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Abstract

Glaucoma is a leading cause of irreversible blindness that is characterized by optic nerve
damage and retinal ganglion cell (RGC) death. Elevated intraocular pressure (IOP) is an
important risk factor in glaucoma and the only that is modifiable. Indeed, current treatments are
directed towards IOP lowering, however many patients continue to lose vision despite successful
IOP control. Therefore, new and more effective treatments are necessary, and targeting
neuroprotection of RGCs is considered to be an additional therapy. RGCs express adenosine A,
receptor (A,R) and its activation confers protection to RGCs following an excitotoxic stimulus,
as occurs in glaucoma. These findings strongly support that AR activation can protect RGCs
from glaucomatous damage. Therefore, we aimed to study the protective properties of A;R
agonist against glaucomatous insult (Chapter 2). Ocular hypertension (OHT) was induced by
laser photocoagulation of the limbal veins and AR agonist (2-CI-IB-MECA, 5 pl, 1.2 yM) was
delivered intravitreally immediately after the induction of OHT. The outcome was assessed 7
days post injection. The treatment with A,R agonist increased RGC survival and attenuated
the impairment in retrograde axonal transport induced by OHT, which is consistent with the
preservation of the optic nerve structure. These beneficial effects of AR activation may be
contributing to the maintenance of the RGC function in OHT animals. Therefore, AR can be
suggested as a good therapeutic target to protect RGCs from glaucomatous damage.

Drug delivery into the posterior part of the eye is mainly achieved by intravitreal injection.
However, frequent intravitreal injections can lead to retinal detachment, cataract, and
endophthalmitis. Therefore, the design of sustained drug delivery systems for the posterior
segment of the eye can encompass a therapeutic breakthrough. The development of these systems
has been a challenge for many years, but it is nowadays used in clinical practice for some retinal
diseases. Biodegradable implants present an additional advantage since they are degraded into
nontoxic products and, then safely eliminated, contrary to nonbiodegradable implants. Aiming
to overcome the need of multiple intravitreal injections, herein a new biodegradable intraocular
implant (porous poly(€-caprolactone) (PCL)-based intraocular implants) was developed for
controlled drug release in collaboration with the Chemical Engineering Department of the
Faculty of Sciences and Technology of the University of Coimbra (Chapter 3, supplementary
information). Thus, the potential of PCL-based implants to be used as intraocular drug delivery
device was assessed (Chapter 3). The presence of the PCL implant or the degradation products
did not cause neuronal cell death, particularly did not affect the number of RGCs, in retinal
primary neural cell cultures and retinal organotypic cultures, reinforcing the possibility of testing
these implants in animal models. The PCL-based implants were surgically introduced in the
vitreous of Wistar rats, and the outcome was evaluated at 4 and 8 weeks after the surgery.
The presence of the PCL implant or the procedure did not change retinal function (evaluated
by electroretinography, ERG) nor retinal structure (evaluated by optical coherence tomography,
OCT). Moreover, PCL implant did not induce alterations in retinal neurons and had no toxic
effect in RGCs in vivo, since the number of RGCs was not altered. The impact to retinal glial
cells was assessed, and both the procedure and the presence of PCL implant may induce Miiller
cell gliosis, without affecting microglial cells and astrocytes. The assessment of retinal structure



and Miiller cell reactivity | year after surgery demonstrated that the structure was not altered
and that Miiller cell gliosis observed in early time points was a transient effect. Taking into
consideration the lack of retinal toxicity of PCL implants, this new device can now be loaded
with drugs to tackle retinal diseases. Indeed, since the activation of A,R confers protection to
the retina, in particular to RGCs, implants loaded with 2-Cl-IB-MECA can be hypothesized as a
new strategy to protect the retina from degeneration (Chapter 4).

2-Cl-IB-MECA-loaded PCL implants were developed in collaboration with the Chemical
Engineering Department of the Faculty of Sciences and Technology of the University of Coimbra
(Chapter 4, supplementary information). The PCL implant loaded with 2-C|-IB-MECA presented
an extended drug release of around 30 days. Then, the drug released from the implant maintained
functional activity, as determined in vitro by single-cell Ca** imaging of RGCs. 2-Cl-IB-MECA-loaded
PCL implants were immersed in a saline solution for 24 h that was able to reduce the glutamate-
evoked increase in intracellular Ca?* concentration in immunopurified RGC cultures. Drug-free
and 2-Cl-IB-MECA-loaded PCL implants were introduced in the vitreous after inducing transient
retinal ischemia, and the outcome was assessed | month after lesion induction. The presence of
2-Cl-IB-MECA-loaded PCL implants in the vitreous preserved the structure of the optic nerve
and preserved the anterograde axonal transport. Moreover, the survival of RGCs was increased
and the function of RGCs was maintained upon transient retinal ischemia, indicating that RGCs
are protected from ischemia-reperfusion damage.

These results suggest that A,R represents a potential drug target for the development of
novel therapeutic strategies for glaucoma. Moreover, the incorporation of 2-C|-IB-MECA in a

biodegradable intraocular implant may be a promising therapeutic strategy for glaucoma.

Keywords: Adenosine A, receptor, glaucoma, intraocular biodegradable implants,

neurodegeneration, neuroprotection.



Resumo

O glaucoma é umas das principais causas de cegueira, sendo caracterizado por danos no nervo
otico e morte das células ganglionares da retina (CGR). A pressio intraocular elevada (PIO) é
um fator de risco e é o Unico que é modificavel. Os tratamentos atualmente usados na clinica sao
direcionados para o controlo da PIO, contudo muitos pacientes continuam a perder visao, apesar
do controlo da PIO. Assim, torna-se necessario desenvolver novas abordagens terapéuticas e a
protecao das CGR ¢é considerada uma abordagem com potencial. As CGR expressam o recetor
A, de adenosina (A,R) e a sua ativagao confere protecio as CGR apos estimulos excitotoxicos.
Assim, o objetivo principal foi estudar os efeitos protetores do agonista do A,R contra o dano
glaucomatoso (Capitulo 2). Utilizou-se um modelo animal de glaucoma induzindo hipertensao
ocular por fotocoagulagao das veias do limbo e o agonista do A,R (2-CI-IB-MECA, 5 pl, 1.2 yM)
foi administrado por injegao intravitrea imediatamente apés a indugao de hipertensao ocular. Os
resultados foram analisados 7 dias apos a injecao intravitrea. O tratamento com o agonista do
A,R aumentou a sobrevivéncia das CGR e atenuou o défice no transporte axonal retrogrado
induzido pela hipertensao ocular. Estes resultados sio consistentes com a preservagao da
estrutura do nervo otico. Os efeitos benéficos observados pela ativagdo do A,R poderio estar
a contribuir para a manutengao da fungao das CGR nos animais com hipertensao ocular. Desta
forma, podemos considerar o AR um bom alvo terapéutico para conferir protecao as CGR
contra o dano glaucomatoso.

A entrega de farmacos para a parte posterior do olho é maioritariamente conseguida através
de injegOes intravitreas. Contudo, repetidas inje¢des podem levar ao descolamento da retina ou
ao desenvolvimento de catarata. Assim, apesar do desenvolvimento de sistemas de libertagao
de farmacos para a parte posterior do olho ser um desafio, é ja uma pratica clinica para algumas
doengas da retina. Os implantes biodegradaveis apresentam a vantagem de serem degradados em
produtos nao toxicos e facilmente eliminados, ao contrario dos implantes nao biodegradaveis.
Com o objetivo de ultrapassar a necessidade de multiplas injegoes intravitreas foi desenvolvido
um novo implante intraocular (2 base de poli(€-caprolactona)) para libertagao controlada de
farmacos. Este implante foi desenvolvido em colaboragao com o Departamento de Engenharia
Quimica da Faculdade de Ciéncias e Tecnologia da Universidade de Coimbra (Capitulo 3,
informacao suplementar). Assim, o potencial deste implante de PCL ser usado como sistema de
libertacao intraocular de farmaco foi avaliado (Capitulo 3). A presenca do implante de PCL, assim
como os produtos de degradagao, nao causaram morte neuronal, e, em particular, nao afetaram
o numero de CGR, em culturas primarias neuronais de retina e em culturas organotipicas de
retina, reforcando a possibilidade de avaliar a seguranca do uso destes implantes em modelos
animais. Os implantes de PCL foram cirurgicamente introduzidos no vitreo de ratos Wistar e os
resultados foram analisados 4 e 8 semanas apos a cirurgia. A presencga do implante de PCL, assim
como o procedimento, nao alteraram nem a fungao da retina (avaliado por electroretinografia,
ERG) nem a estrutura da retina (avaliado por tomografia de coeréncia otica, OCT). Além
disso, os implantes de PCL nao induziram alteragoes nos neurénios da retina e nao alteraram
o numero de CGR. O impacto para as células da glia da retina foi também avaliado e, tanto o
procedimento como a presenga do implante induziram reatividade das células de Miiller, sem



afetar as células da microglia e os astrocitos. A avaliagao da estrutura da retina e da reatividade
das células da retina, apos | ano apos a cirurgia, mostrou que a estrutura se mantém inalterada
e que a gliose das células de Miller observada nos tempos de experiéncia iniciais foi uma reagao
transitoria. Sabendo que os implantes de PCL nao induzem toxicidade para a retina, os implantes
intraoculares de PCL podem ser carregados com um farmaco de forma a conferir protegao as
CGR. Uma vez que a ativagio do A,R confere protecao para a retina, e, em particular para as
CGR, os implantes de PCL carregados com 2-C|-IB-MECA podem ser formulados como uma
nova estratégia terapéutica para a prote¢ao da retina (Capitulo 4).

Os implantes carregados com 2-CI-IB-MECA foram desenvolvidos em colaboragao com o
Departamento de Engenharia Quimica da Faculdade de Ciéncias e Tecnologia da Universidade
de Coimbra (Capitulo 4, informacao suplementar). O implante de PCL carregado com 2-CI-
IB-MECA apresentou uma libertagao prolongada de farmaco durante 30 dias. Além disso, o
farmaco libertado a partir do implante manteve a sua atividade funcional para o recetor, tal como
foi determinado por imagiologia de calcio. Os implantes carregados com 2-Cl-IB-MECA foram
submersos em solugao salina durante 24 h o que reduziu o aumento da concentragao de cilcio
intracelular induzido por glutamato, em culturas purificadas de CGR. Implantes carregados com
2-Cl-IB-MECA, assim como implantes sem farmaco, foram introduzidos no vitreo apos a indugao
de isquémia da retina e, os resultados foram avaliados | més depois. Os implantes carregados
com 2-CI-IB-MECA preservaram a estrutura do nervo otico e aumentaram o transporte axonal
anterogrado. Além disso, aumentou a sobrevivéncia das CGR, assim com preservou a sua fungao
apos isquémia transitoria, o que indica que as CGR estiao protegidas do dano causado pela
isquémia-reperfusao.

Estes resultados sugerem que o A R representa um alvo para o desenvolvimento de uma
nova estratégia terapéutica para o glaucoma. Além disso, a incorporagao de 2-Cl-IB-MECA

nos implantes intraoculares biodegradaveis pode ser uma estratégia terapéutica promissora.

Palavras-chave: Glaucoma, implantes biodegradaveis intraoculares, neurodegenerescéncia,

neuroprotegao, recetor A3 de adenosina.
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I. The visual system

I.l. The eye

The eye is the primary organ of vision and is divided into three layers: the outermost layer,
composed by sclera and cornea; the middle layer (or uveal tract), composed by choroid, ciliary
body, and iris; and the inner layer, composed by retinal pigment epithelium (RPE) and the retina
which is the neurosensory stratum of the eye (Galloway et al.,, 2006, Malhotra et al., 2011).
The eye is divided in three different compartments: anterior chamber, posterior chamber and
vitreous chamber filled by aqueous humor (anterior and posterior chambers) and vitreous humor
(vitreous chamber) (Galloway et al., 2006) (Figure 1). Light rays pass through the cornea and
enters into the eye and are focused on the neurosensory retina (Kaplan 2007).
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Figure | | Schematic cross-section of the eye demonstrating its major anatomical features.

1.2. The retina

The retina is part of the central nervous system (CNS) and is constituted by neurons
(photoreceptors, bipolar cells, horizontal cells, amacrine cells and retinal ganglion cells (RGCs)),
glial cells (astrocytes, Miiller and microglial cells), epithelial cells (RPE) and vascular cells
(endothelial cells and pericytes) (Kolb et al., 1995). The retinal tissue is limited by the RPE that
regulates the transport of nutrients and waste products to and from the retina (Boulton et al.,
2001) and by the inner limiting membrane (ILM) that is a basement membrane that defines the
border between the retina and the vitreous cavity (Halfter et al., 2008).

1.2.1. Retinal neuronal cells

The neuronal component of the retina is composed by six types of neurons: photoreceptors
(rods and cones), bipolar cells, horizontal cells, amacrine cells and RGCs. Photoreceptors, whose

nuclei are located in the outer nuclear layer (ONL), respond to light and make synapses with
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second-order neurons. The cell bodies of retinal interneurons (horizontal, bipolar and amacrine
cells) are located predominately in the inner nuclear layer (INL) and modify and relay the visual
information from the photoreceptors to the RGCs that are located in the innermost layer of
the retina, the ganglion cell layer (GCL) (Figure 2). RGCs are the output cells of the retina that
convey the visual signals to the brain visual targets. The axons of RGCs run initially in the nerve
fiber layer (NFL) and converge into the optic disc, cross the lamina cribrosa at the optic nerve
head (ONH), and form the optic nerve (Figure 2) (Kolb et al., 1995). The neurons interconnect
through synapses in the outer plexiform layer (OPL), where photoreceptors make synapses with
bipolar and horizontal cells, and in the inner plexiform layer (IPL) where bipolar and amacrine
cells make connections with RGCs (Kolb et al., 1995).

Photoreceptors

Photoreceptors are light-sensitive cells and transduce light into an electrical signal. There
are two types of photoreceptors: rods and cones. Both photoreceptors consist of 1) an outer
segment (OS) containing the visual pigment molecules; 2) an inner segment (IS) that contains
mitochondria as an energy-producing region; 3) a cell body with the nucleus; and 4) a synaptic
terminal where neurotransmission with bipolar or horizontal cells occurs.

Rod photoreceptors are responsible for scotopic vision, at low light levels, since rods are the
only that present sensitivity to capture the few photons that are available at those conditions.
Cone photoreceptors are responsible for photopic vision, under higher light levels, since cones
respond selectively to photons in different regions of the visible spectrum (Wassle 2004, Hurley
2009).

Bipolar cells

Bipolar cells receive neurotransmission signals from photoreceptors and transmit them to
RGGs, linking the outer retina to the inner retina (Herrmann et al,, 2011). It was described,
among species, one type of rod driven bipolar cells and several types of bipolar cells that receive
inputs from cones, for instance in mouse retina it was proposed || types of cone bipolar cells
(Wassle et al., 2009). Bipolar cells are functionally divided into two main groups: ON and OFF
bipolar cells, according to their response to light. ON bipolar cells are depolarized by light
whereas OFF bipolar cells are hyperpolarized by light (Euler et al., 2014).

Retinal ganglion cells (RGCs)

RGCs are the output neurons of the retina into the brain, collecting signals from bipolar
and amacrine cells and transmits them through their axons to the brain. Several different types
of RGCs were identified, and in an adult mouse retina there are approximately 30 functional
subtypes of RGCs (Sanes et al., 2015, Baden et al.,, 2016). The RGC morphological maturation
during development occurs, in a mouse, in the first week after birth even before the bipolar cells
to make synapses with RGCs (Diao et al., 2004). RGCs have been identified by physiological,
morphological and molecular criteria, however, some classifications are not yet definitive (VWong
etal, 2012, Sanes et al., 2015).
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Figure 2 | Schematic representation of the neural sensory retina, depicting the organization of the
cells into nuclear and plexiform layers. The nuclei of photoreceptors, rods and cones, are located in
the outer nuclear layer (ONL) and nuclei of interneurons, amacrine, bipolar and horizontal cells, are
located predominately in the inner nuclear layer (INL). The cell bodies of RGCs are in the ganglion cell
layer (GCL) and their axons run in the nerve fiber layer (NFL). There are two types of macroglia: Miiller
cells that span vertically the entire retina and astrocytes that are present in the GCL. Microglial cells are
localized predominately in the inner retina and in the outer plexiform layer (OPL). IPL, inner plexiform
layer; IS/OS, inner and outer segments of photoreceptors (Boia et al., 2020).
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Horizontal cells

Horizontal cells are retinal interneurons and the second neurons that contact directly with
photoreceptors and bipolar cells in OPL. Horizontal cells provide lateral inhibitory feedback
to rods and cones contributing to the maintenance of visual sensitivity to luminance contrast
(Wassle 2004).

Amacrine cells

Amacrine cells are interneurons that interact with bipolar cells and RGCs at the level of IPL
(Kolb et al., 1995). The majority of amacrine cells have their soma in the INL, but there is also
some displaced amacrine cells at GCL (Curcio et al., 1990). Displaced amacrine cells represented

3% of the total cells in central retina and nearly 80% in the far periphery (Curcio et al., 1990).

1.2.2. Retinal glial cells

In the retina there are three main types of glial cells: Miiller cells, astrocytes, and microglia
(Figure 2). Microglial cells are the first line of defence in the retina, however, Miiller cells and

astrocytes also collaborate in this activity (Vecino et al., 2016).

Miiller cells

Miiller cells are the predominant glial cells in the retina that span vertically the entire width
of the retina from inner border at outer limiting membrane (OLM) to the distal end of the
ONL (Vecino et al., 2016). Miiller cells present several functions in order to support the normal
function of the retina (Reichenbach et al., 2013), as uptake and recycling of neurotransmitters,
retinoic acid compounds, and ions (such as potassium K*), control the metabolism and nutrients
supply to the retina, and regulation of blood flow and maintenance of the blood-retinal barrier
(BRB) (Reichenbach et al., 2013).

Gliotic Miiller cells have been described upon retinal injury, namely in human glaucoma (Wang
et al,, 2002). Upregulation of glial fibrillary acidic protein (GFAP) is a non-specific response of
Miiller cells to retinal injury, constituting a good maker of Miiller cell gliosis (Bringmann et al.,
2006). A crosstalk between Miiller cells and other retinal glial cells, as microglia, appears to be

required for the induction of gliosis (Wang et al., 2011, Wang et al., 2014).

Astrocytes

Astrocytes are star-shaped glial cells and in the retina are mostly located in NFL and GCL
(Vecino et al., 2016). Astrocytes are part of BRB, since their processes envelop blood vessels
being very important in the maintenance of the integrity of BRB. Moreover, astrocytes also
provide neurotrophic support, a very important function since they are in close contact with
RGC soma and axons (Vecino et al., 2016). In response to an injury, astrocytes proliferate, change
their morphology and increase the expression of GFAP, a process designated as astrogliosis (de
Hoz et al,, 2016).
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Microglia

Microglial cells are the resident immune cell type in the CNS and are engaged in the
surveillance of the microenvironment. Retinal microglial cells present several preponderant
roles in neurogenesis (Huang et al., 2012), synaptic pruning (Schafer et al., 2012), maintenance of
synaptic structure and function (Wang et al., 2016b) and modulation of inflammatory reactions
(Wang et al., 2014, Madeira et al,, 2016a). In the retina, microglia mainly reside in the OPL and
IPL, but some microglial cells are also found surrounding the soma of RGCs and their axons (Yu
et al.,, 2020). This close contact of microglial cells with plexiform layers allow the maintenance
of synaptic structure and function that underlie the retina’s electrophysiological response to
light (Wang et al., 2016b). In the adult retina in physiological conditions, microglia present a
ramified morphology with highly dynamic processes that provide a coverage of the retinal milieu
(Silverman et al., 2018). However, upon injury, microglia present a more amoeboid morphology
and increase their motility in order to move towards the injured site (Lee et al., 2008). Microglia-
mediated neuroinflammation is a common feature of several retinal degenerative diseases, as
glaucoma, further contributing to RGC loss (Madeira et al., 2015a). In fact, early microglial
activation has been reported in animal models of glaucoma (Bosco et al., 2011, Bosco et al,,
2015), and targeting microglia-mediated neuroinflammation has been demonstrated to prevent
the retinal neurodegenerative process (Madeira et al., 2015a, Madeira et al., 2016a, Boia et al.,
2017).

1.2.3. The vascular retina

Central retinal artery and the short posterior ciliary arteries give the blood supply to the
retina and to the choroid, respectively (Das et al., 2014). Thus, occlusion of the central retinal
artery leads to complete loss of blood supply to the retina that culminates in retinal cell death
and vision loss (Farris et al., 2020). The blood supply to the inner retina is composed of three
different vascular plexuses embedded in the neural tissue: a layer of vessels that lies within the
NFL with branches extending into the GCL, and two layers lying along each side of the INL
(Figure 3) (Santiago et al., 2018). The photoreceptors and RPE are nourished by the vessels within
the choroid (Figure 3) (Kaplan 2007) .

In order to maintain an appropriate, tightly regulated microenvironment of the retina, BRB
plays a crucial role in preserving retinal function and, therefore, vision (Cunha-Vaz 2004). BRB is
divided in two major components: the inner blood-retinal barrier (iBRB) and the outer blood-
retinal barrier (0BRB) (Cunha-Vaz 2004). The iBRB is constituted by the endothelial cells of
the capillaries in the inner retina, and consist of a monolayer of endothelial cells joined by tight
junctions, a basement membrane that surrounds the endothelial cells, and pericytes outside
that are modified smooth muscle cells of capillaries and may have contractile functions to
regulate vascular flow by dilating and contracting (Das et al., 2014). The oBRB is composed by
the endothelium of the choriocapillaris, Bruch’s membrane and RPE (Das et al., 2014). Several
mechanisms for BRB dysfunction and vascular leakage have been proposed for some diseases,
such as diabetic retinopathy, age-related macular degeneration (AMD), retinal vein occlusion and
uveitis (Das et al., 2014).
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Figure 3 | Schematic representation of retinal structure showing the retinal blood vessels lining the
inner surface of the retina and the choroid. There are three layers of retinal vascular plexuses that are
embedded among retinal neurons: the superficial layer lies within the inner nerve fiber layer (NFL) and
the intermediate and deep capillary plexuses align along each sides of the inner nuclear layer (INL). The
choroid that is between retinal pigment epithelium (RPE) and sclera supplies blood to the outer portion
of the retina. GCL, ganglion cell layer; IPL, inner plexiform layer; OPL, outer plexiform layer; ONL, outer
nuclear layer; IS/OS, inner and outer segments of photoreceptors.

1.3. Phototransduction and retinal circuitry

When light reaches the retina, it passes through the inner retina and the photons are
absorbed by the visual pigments of the photoreceptors, and then the neural flow proceeds
back in the opposite direction of the incident light. The process that comprises the absorption
of light by photoreceptors and the conversion of the energy into a neural response in called by
phototransduction and occurs in the OS of photoreceptors (Hurley 2009). Rod photoreceptors
contain rhodopsin as photopigment, while cone photoreceptors contain several photopigments
(opsins) (Nathans 1999). Unlike rods, in vertebrates, there are several subtypes of cone
photoreceptors that are divided by their opsin expression. Generally, the most common cone

subtypes include long wavelength (red or L-), middle wavelength (green or M-) and short
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wavelength (blue or S-) sensitive cones (Nathans 1999). In dim light conditions, the detection by
rods predominates, since they are extremely sensitive in poorly light conditions (scotopic vision).
The activity of cones predominates in photopic conditions, when the retina is responsive to a
broader range of light wavelengths, under bright illumination (Remington 2012).

Under dark conditions, the photoreceptors are not being stimulated by light and are
depolarized, continuously releasing glutamate. The process of phototransduction begins with
the absorption of light photons by photoreceptors that causes the breaking of a double bond
in |l-cis-retinal forming the isomer all-trans-retinal which leads to conformational changes in
rhodopsin. This leads to a cascade of events that culminate in an alteration of the electrical
activity of the cell, causing membrane hyperpolarization of the photoreceptor (Hurley 2009).
Thus, at the photoreceptor synaptic terminals in OPL, the light-evoked signals are transferred
onto postsynaptic neurons by the release of glutamate, which is high in darkness and is reduced by
light. Photoreceptors synapse with bipolar cells or with horizontal cells. Based on two different
types of bipolar cells, the two major functional visual pathways, ON and OFF, are generated.
Under light conditions, horizontal and OFF cone bipolar cells are hyperpolarized, and transfer
their signals in the IPL through excitatory synapses onto OFF RGCs. At the same light conditions,
ON cone bipolar cells are depolarized, and form synapses with ON RGCs. Therefore, OFF
RGCs are excited by stimuli that are darker than the background, and ON RGCs by stimuli that
are brighter than the background (Wassle 2004).

The major and direct signal flow (vertical signal pathway) is from photoreceptors to RGCs via
bipolar cells (Yang 2004). The modulation of this vertical signal pathway is provided by horizontal
and amacrine cells in the OPL and IPL, respectively (horizontal pathway) (Yang 2004). The main
neurotransmitters that mediate these two pathways are glutamate, y-aminobutyric acid (GABA)
and glycine. Glutamate is the main excitatory neurotransmitter in the retina and it is responsible
for the vertical flow of visual signal. GABA and glycine are both inhibitory neurotransmitters that
modulate the synaptic transmission in the horizontal pathway (Yang 2004). Thus, RGCs are the
last cell type to be depolarized and transmit the visual signal into the brain targets (Remington
2012) that will be described below.
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2. Optic neuropathies

Optic neuropathies comprise a group of ocular diseases, like glaucoma (the most common),
anterior ischemic optic neuropathy and retinal ischemia, in which RGCs are the main affected
cells (Carelli et al., 2017). Blindness secondary to optic neuropathies is irreversible since RGCs
lack the capacity for self-renewal and have a limited ability for self-repair (Goldberg et al., 2002a).
The exact mechanism that leads to RGC degeneration and death is still unknown, but axonal
injury has been proposed as an early event that culminates in apoptosis of RGCs (Dratviman-
Storobinsky et al., 2008). It is estimated that glaucoma worldwide will affect |11.8 million people
in 2040 (Tham et al., 2014). However, there is no effective therapeutic strategy now in the clinics
for this disease.

2.1. Glaucoma

Glaucoma is a progressive optic neuropathy and, although the primary site of glaucoma injury
is not well understood, this disease is characterized by death of RGCs and loss of their axons as
well as optic nerve atrophy (Shahsuvaryan 2013). The measurement of retinal NFL thickness and
macular GCL plus IPL thickness was shown to be useful in the early detection of glaucomatous
optic neuropathy (Nouri-Mahdavi et al., 2013). Although both glaucomatous optic neuropathy
and non-glaucomatous optic neuropathy cause thinning of NFL and macular GCL plus IPL
(Mwanza et al., 2012, Jeoung et al., 2013, Larrea et al., 2014), the damage pattern and extent of
NFL and macular GCL plus IPL from the two forms of diseases are distinct (Xiao et al., 2020).
Glaucoma is a multifactorial disease, however, intraocular pressure (IOP) elevation and aging are
the most common risk factors for disease development (Weinreb et al., 2014). Elevated IOP are
currently the only modifiable risk factor that is strongly associated with rates of progressive NFL
loss (Jammal et al., 2020), that way the only therapy in glaucoma management aims to lower IOP
in order to slow the rate of visual field deterioration (EGS 2017). In fact, it was demonstrated
that ocular hypotensive medication leads to a reduction in the visual field deterioration (AGIS
2000, De Moraes et al., 2012) and in the rates of progressive NFL loss (Jammal et al., 2020).
Nevertheless, even in patients with IOP in normal ranges, approximately one-third of cases
present optic nerve degeneration (Wiggs 2013).

IOP is determined by the balance between the rate of aqueous humour production and
outflow from the eye. Aqueous humour is produced by the ciliary body in the posterior chamber
and flows into the anterior chamber. There are two pathways responsible for the drainage of
aqueous humour from the eye that are the conventional pathway through trabecular meshwork
or by unconventional pathway through the ciliary muscle (Goel et al., 2010) (Figure 4). The
iridocorneal angle (the junction of the iris and the cornea) is the most important site of fluid
drainage from the human eye, and abnormalities of this iridocorneal angle may interfere with
ocular fluid drainage that can lead to glaucoma (Smith et al., 2001).

There are two different groups of glaucoma: primary and secondary glaucoma. Primary
glaucoma, like open-angle glaucoma, normal-tension glaucoma, angle-closure glaucoma and
congenital glaucoma, are defined as isolated and idiopathic disease of the anterior chamber of

the eye and optic nerve. Secondary glaucoma, like neovascular glaucoma, pigmentary glaucoma,
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Figure 4 | Schematic representation of iridocorneal angle anatomy and aqueous humour circulation
and drainage. Aqueous humour is produced by the epithelium of the ciliary body, entering the anterior
chamber through the pupil, and then flowing toward the iridocorneal angle where it leaves the eye. The
conventional outflow pathway of aqueous humour is through trabecular meshwork, while the uveoscleral
pathway is through the ciliary muscle.

exfoliation glaucoma and uveitic glaucoma, are associated with known predisposing events as
development abnormalities, systemic diseases, drug therapy or trauma (Wiggs 2013). The two
main types of glaucoma are primary open-angle glaucoma and angle-closure glaucoma, that are
broadly distinguished by the anatomic configuration of iridocorneal angle (Figure 5). Open-angle
glaucoma presents a wide-open iridocorneal angle, that allows unimpeded fluid outflow through
trabecular meshwork, however, there is an increased resistance to drainage humour aqueous
that contribute to elevated |IOP. Angle-closure glaucoma present a narrow iridocorneal angle
with obstructed aqueous humour outflow. However, glaucoma can still occur at normal IOP.
In fact, patients with normal-tension glaucoma develop optic nerve damage and visual field loss
without ever having elevated IOP (Killer et al., 2018).

The primary site of glaucoma injury is not well defined, and whether RGC loss occurs prior
visual field loss is controversial (Hood 2019). However, it is recognised that visual field and NFL
defects occur after a significant loss of RGCs (Harwerth et al., 2007, Medeiros et al., 2013).
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Figure 5 | The anatomical differences in iridocorneal angle between open-angle glaucoma and angle-
closure glaucoma.

2.1.1. Clinical diagnosis of glaucoma

Generally, glaucoma is an assymptomatic disease until it is severe, presenting at this stage
substantial amounts of neural damage, and because of this, glaucoma diagnosis is frequently
delayed (Schuster et al., 2020). In fact, one third of subjects with previously undetected glaucoma
present an advanced or later-stage disease in at least one eye (Heijl et al., 2013).

Since elevated IOP is the major risk factor for development and progression of glaucoma,
the measurement of the IOP (tonometry) on initial diagnosis is mandatory (Quigley 2018a).
IOP lowering delays the progression of disease and preserves adequate visual function in most,
but not in all glaucoma patients (Kass et al., 2002). Reduction of IOP removes stress causing
glaucomatous optic nerve damage, but it does not stimulate cell survival or cell resilience
to withstand pathological insults or prevent cells’ death. However, the relationship between
elevated IOP and vision loss is not straightforward. Normal-tension glaucoma presents the same
ONH features that are characteristic of glaucoma (Shields 2008), suggesting that the pathological
mechanisms in the different types of glaucoma might be similar and independent of ocular
hypertension (OHT).

An accurate diagnosis of glaucoma subtype requires meticulous assessment of the anterior
chamber angle. Ophthalmological examination of the anterior chamber can be achieved by slit-
lamp gonioscopy that is considered the gold-standard technique for anterior chamber angle
evaluation. However, this technique presents some shortcomings, like poor reproducibility
and the long learning curve on how to perform the technique (Riva et al., 2020). Several new
imaging techniques for angle evaluation have been developed in the recent years, like ultrasound
biomicroscopy or anterior segment optical coherence tomography (OCT), however, gonioscopy
is still the clinical reference standard for the assessment of the iridocorneal angle (Riva et al.,
2020). The evaluation of the anterior chamber angle is used only to determine if the angle is
physically open or closed in order to recognize signs of conditions that can produce elevated IOP
(Schuster et al., 2020).
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Despite the differences in the etiology of the different forms of glaucoma, all share a common
characteristic that is the degeneration of RGCs and their axons, accompanied by remodelling
of the lamina cribrosa of the ONH (Alqawlaq et al., 2019). There is now a significant body of
evidence suggesting that multiple non-lIOP factors contribute to RGC degeneration and loss, an
issue that remains to be clarified (Almasieh et al., 2012, Munemasa et al., 2013). Changes in the
optic disc and visual field are similar between angle-closure glaucoma and open-angle glaucoma
(Boland et al., 2008). That way examination with OCT of the progressive excavation of the optic
disc, tissue loss at the neuroretinal rim and the thinning of the NFL are the mainstay for glaucoma
diagnosis (Schuster et al., 2020). The visual fields should also be examined to evaluate the degree
of functional impairment resulting from the loss of optic nerve fibers, and to provide a guide to
treatment (Schuster et al., 2020). A thinning of NFL in glaucomatous eyes was first described in
1995 (Schuman et al,, 1995), and it was demonstrated a high degree of correlation with functional
status of the optic nerve, as measured by visual field examination (Schuman et al., 1995, Leung
et al., 2005).

Early diagnosis and treatment can prevent vision loss from the disease which raises the issue
that there is an unmet need for earlier markers of disease (Beykin et al., 2020). Detection of
Apoptosing Retinal Cells (DARC) technology is a novel method to visualise apoptotic retinal cells
in the retina in humans that is predictive of disease progression (Cordeiro et al., 2017), and it is

now in a phase 2 clinical trial (ISRCTNI0751859) as an earlier biomarker of glaucoma.

2.1.2. Current treatments for glaucoma

Lowering of elevated IOP is currently the only proven treatment strategy to delay the
progression of glaucoma (Heijl et al., 2002, Leske et al., 2003). Glaucoma medications reduce
IOP by increasing aqueous outflow and/or reducing aqueous production. There are several
effective classes of topical therapies for glaucoma, including prostaglandin analogues, 3-blockers,
a-adrenergic agonists and carbonic anhydrase inhibitors, and parasympathomimetic drugs
(Figure 6) (Cvenkel et al., 2020). Combining different medications with different mechanism of
action leads to superior |OP-lowering efficacy compared to each of the components used alone
(Harasymowycz et al., 2016). A new class of IOP-lowering medications for glaucoma has been
developed, such as Rho-kinase inhibitors and nitric oxide-donating prostaglandin analogues that
were both approved by Food and Drug Administration (FDA) in 2017 (Cvenkel et al., 2020).
However, all of these IOP-lowering agents are administered in the form of eye drops that are
accompanied by poor patient compliance due to the need of multiple daily administrations,
difficulties in accurately administering the drug to the eye, and side-effects (Claxton et al., 200,
Sleath et al., 2006). Indeed, the persistence in continuing the treatment is generally below 50% at
| year, making the poor patient adherence to treatment one of the major reasons for treatment
failure in patients with glaucoma (Harasymowycz et al., 2016).

Glaucoma treatment is also accomplished by laser treatment to the eye or ocular surgery, as
second-line treatment, when the eye drops are not so effective. In laser trabeculoplasty, laser
energy is delivered to the trabecular meshwork aiming IOP lowering by increasing aqueous
outflow (Gazzard et al., 2019). Recently, laser trabeculoplasty was proposed as a first-line

treatment since by removing or lessening the need for complex treatment regimens it reduces

35




the risk of non-adherence (Gazzard et al., 2019). Moreover, ocular surgery has been used as
glaucoma therapeutic strategy and trabeculectomy is the most commonly performed incisional
surgical procedure to lower IOP (Weinreb et al., 2014).

Nowadays glaucoma is largely recognized as a neurodegenerative disease (Gupta et al,
2007a, Jutley et al., 2017), however, despite meaningful improvements in the knowledge of the
pathophysiology of the disease, there is no non-IOP lowering medications approved and patients
continue to go blind from glaucoma (Susanna et al., 2015). Therefore, there is a urgent need for
non-lOP therapeutic strategies, and the neuroprotection of RGCs may arise as a new therapeutic
strategy for the treatment of glaucoma (Almasieh et al., 2017).
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Figure 6 | IOP-lowering drugs for the management of glaucoma depicting their site of action.

2.2. Modelling glaucoma to study retinal cell degeneration: in vitro and animal
models

The beneficial effect of decreasing IOP levels in attenuating the loss of the visual field, led to a
great interest in understanding how the mechanical forces of IOP affect the function of different
ocular cells (Wax et al., 2000). Different in vitro and animal models have been developed to mimic
some features of the disease and have greatly contributed to unravel important aspects in the
neurodegeneration and RGC death in glaucoma (Johnson et al., 2010). Models of glaucoma are
fundamental to improve the knowledge of the pathogenesis of the disease and to develop new

potential therapeutic strategies to change the course of the disease.

2.2.1. In vitro models

Culture of dissociated cells allows to study a cell response of individual cell population in a
controlled environment without the interference of other cell types, against noxious conditions.

Most of retinal cell types have been cultured including neurons and glial cells (Santiago et al.,
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2006, Aires et al., 2019a). The cultures of RGCs prepared by sequential immunopanning allow
to study protective agents directed to neuroprotection of RGCs (Barres et al., 1988, Martins et
al., 2015). The main disadvantage of this preparation may be the fact that the components used
to maintain the culture environment may cause a cellular response that differs from the in situ
response and cells may lose cellular features normally expressed in vivo (Weinreb et al., 2005).
Retinal organotypic cultures are a more complex model that maintains the anatomical structure.
The opportunity to investigate whole tissue cultures poses clear advantages compared with a
monolayer of cells, allowing the study of cell-to-cell interactions in vitro (Pattamatta et al., 2016).
Elevated hydrostatic pressure (EHP) has been used to mimic OHT in vitro (Aires et al., 2017).
Because of its simplicity, the application of hydrostatic pressure to cultured cells appears very
attractive for examining the effects of elevated IOP to retinal cells. EHP proved to be a useful
model to test the effectiveness of neuroprotective drugs (Madeira et al., 2015b, Madeira et al,,
2016a, Aires et al., 2019a).

In fact, in vitro models allow to answer important questions in a more rapid and less expensive
way, however, in vitro models do not mimic the intricacy of glaucomatous disease nor replace

animal models.

2.2.2. Animal models

Several animal models have been developed to model the human condition. Rodent models of
glaucoma are essential in understanding disease mechanisms and assessing efficacy of therapeutic
interventions. Since elevated IOP is the main risk factor, relevant animal models for glaucoma
have been developed around the challenge of producing experimental |IOP elevation. However,
other non-related IOP animal models have been developed (Johnson et al., 2010).

The quantitative evaluation of RGC loss is a commonly used end point to assess experimental
glaucomatous degeneration. However, the degree of RGC loss may affect the usefulness of the
animal model to assess a therapeutic intervention efficacy. It means that a glaucoma animal model
that induces loss of only a small proportion of RGCs or induced an injury by which the most
RGC die present several disadvantages. In the first case it is because the number of animals in
a group must be very large to determine if there has been an effect, and in the second case it is
because if most RGC die, again it may be difficult to produce a protective effect without a truly
huge protective power. That way, a useful glaucoma model should generate RGC loss of 25-50%
(Quigley 2018b).

Glaucoma animal models that rely on IOP increase

Animal models of glaucoma with elevated IOP rely on the mechanism of aqueous humour

circulation, mainly by reducing the outflow of aqueous humour.

Episcleral vein cauterization
Episcleral vein cauterization was the first reported rat model of experimental glaucoma that

is induced by cauterization of two or three episcleral veins (Garcia-Valenzuela et al., 1995). This
elevates |IOP by reducing venous outflow, thereby increasing aqueous fluid pressure, and leads to
RGC loss (Garcia-Valenzuela et al., 1995).
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Hypertonic saline OHT model
The Morrison’s model of rat OHT was described in 1997, and it is induced by the injection of

hypertonic saline solution (NaCl, 1.8 M) into the limbal vascular plexus (into an episcleral vein)
(Morrison et al., 1997). A successful injection of hypertonic saline will cause a sclerotic damage
of the trabecular meshwork with variable angle closure, resulting in gradual reduction of aqueous
outflow and IOP elevation (Morrison et al., 2015). The extent of IOP elevation can be variable,
depending on the degree of angle scarring (Morrison et al., 2015), however, a significant positive

correlation between RGC apoptosis and OHT in rats was demonstrated (Cordeiro et al., 2017).

Laser photocoagulation
In the limbal laser-photocauterization to induce OHT, the laser is applied to the trabecular

meshwork, the perilimbar and episcleral veins and, it was already described in mice (Salinas-
Navarro et al., 2009a) and in rats (Salinas-Navarro et al., 2010). The laser photocoagulating of
the limbal vasculature, that is involved in drainage of aqueous humour, induces a chronic angle
closure that results in increased resistance of aqueous humour outflow (Vidal-Sanz et al., 2012).
Laser photocoagulation of the aqueous outflow pathway produces a moderate |IOP increase
that raises in the first 24 h induction and it is constantly maintained elevated during the first
week, decreasing slowly thereafter (Salinas-Navarro et al., 2010). Such OHT results in significant
damage to the RGC population, as shown by RGC loss and decrease in the axonal transport
(Levkovitch-Verbin et al., 2002, Salinas-Navarro et al., 2009a, Salinas-Navarro et al., 2010).

Microbead occlusion model

The microbead occlusion model was described more recently in 2010 (Sappington et al.,
2010). IOP was elevated by the injection of polystyrene microbeads into the anterior chamber
to occlude aqueous outflow through trabecular meshwork, which leads to a 30% elevation
in IOP (Sappington et al., 2010). The use of paramagnetic microbeads, instead of polystyrene
microbeads, allows the occlusion of the iridocorneal angle producing a sustained elevation of
IOP with fewer injections (Samsel et al., 2011). Microbeads model allows to manipulate IOP
magnitude and duration in a relatively simple way, simply by altering the number of microbeads
injected (Morgan et al., 2015). The increase in IOP produced using the microbeads (30% elevation
in IOP) resembles more the changes in untreated human eyes (38% elevation in IOP above |5
mm Hg) (Sappington et al., 2010). This IOP elevation elicits thinning of the axon population in the
optic nerve (Sappington et al., 2010). Moreover, chronic IOP elevation resulted in disruption of

axonal transport and damage of optic nerve axons (Crish et al., 2010, Abbott et al., 2014).

Spontaneous glaucoma (DBA/2] mouse strain)

DBA/2) mouse strain is a well characterized glaucoma animal model. It is a genetically based
model that presents pigment dispersion, iris transillumination, iris atrophy, and anterior synechia
which leads to a blockade of the aqueous outflow (Anderson et al., 2002) and consequent OHT
by the age of 9 months (Libby et al., 2005a). This is accompanied by death of RGCs, optic nerve
atrophy and cupping, and visual deficits (Libby et al., 2005a). The disease is not synchronous in
all eyes and not all eyes develop glaucoma, maybe because some mice do not experience |OP

elevation and/or some eyes may not have sufficient exposure to damaging IOPs (Libby et al,,
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2005a). Additionally, this DBA/2] mouse also develops a slowly typical glaucoma damage, which

makes that the experiments with this animal model are inevitably year-long.

Glaucoma animal models that do not rely on IOP increase

Pressure-independent animal models have been used to model normal-tension glaucoma,
and they have provided insights into the neurodegenerative mechanisms of RGC loss, like optic
nerve crush, optic nerve transection, and retinal ischemia-reperfusion (I-R) injury (Johnson et
al,, 2010).

Optic nerve crush or transection
Optic nerve crush or transection (complete or partial) has been utilized to trigger a specific

loss of RGCs. Upon exposure, the optic nerve may be crushed using forceps to deliver a
consistent amount of force or the optic nerve may be transected with care be taken to preserve
the integrity of the retinal arterial blood supply (Johnson et al., 2010). RGC degeneration begins
quickly being RGC loss significant at day 3 and progressing over time (Sanchez-Migallon et al.,
2018). These models are of particular importance when investigating how axonal injury plays a
role in glaucomatous pathology, and in elucidating mechanisms that may support optic nerve

regeneration.

Retinal ischemia-reperfusion injury
The induction of retinal I-R occurs by the cannulation of the anterior chamber of the eye with

a needle connected to a reservoir infusing sterile saline solution. By setting the IOP to about
110 mmHg, the blood flow through the retinal and uveal vasculature is suppressed. This method
may represent a model of acute angle closure glaucoma (Osborne et al., 2004). When ischemic
exposure period is over, the reperfusion is established and |OP values are normalized. Since this
model involves the induction of acute elevation of IOP, the neurodegenerative effect is thought
to be primarily mediated through the ischemic insult, though it is possible that other IOP-induced
damage to RGCs, similar to that seen in chronic glaucoma models, may also play a role (Johnson
et al., 2010). Besides the damage of RGCs, damage also occurs throughout the various layers of
the retina (Madeira et al., 2016a, Boia et al., 2017, Palmhof et al., 2019), which makes this model

to be considered for global retinal degeneration.

2.2.3. Monitoring glaucoma progression: translation to animal models

Rodent animal models of glaucoma provide several advantages for addressing neurobiological
questions concerning the issues of retinal degeneration, regeneration and neuroprotection in
glaucoma. Accurate monitoring of glaucoma patients is vital to preserve their visual function, and
the main advantage is that several diagnostic methods used in humans are easy to perform and
minimally invasive, being possible to utilize them in animal models (Ban et al., 2018).

Currently, the main evaluation tool used in clinical practice is tonometry for the measurement
of |IOP. The development of tonometric devices that accurately measure IOP in animals helped
in glaucoma research (Hu et al., 2018). Measuring IOP with a tonometer is possible to perform

in awake rats after a short period of training (Boia et al., 2017).
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The structural changes in the ONH and NFL loss, features of glaucoma, are accompanied by
visual field damage. Measuring the rate of NFL loss by OCT might be a useful tool to identify
patients who are at a higher risk of developing visual field loss (Miki et al., 2014). Additionally,
advances in optic nerve imaging techniques have enabled clinicians to detect structural changes
in patients (Lisboa et al., 2012, Na et al., 2013). OCT is a non-invasive procedure used to visualize
the anterior and posterior segments of the eye at high resolution, and substantial progress has
been made in order to use this technique in animals (Kawaguchi et al., 2006, Nagata et al., 2009).

Visual field testing remains one of the most important tools for characterizing and monitoring
vision loss in glaucoma (Wu et al., 2018). It was demonstrated that when visual field changes are
detectable there is a substantial number of RGCs that is lost (Medeiros et al., 2013). That way
the progression of visual field defects may be used as a functional measurement of RGC loss.
Visual field test is not possible to perform in animals since it requires a response to a light spot
that is repeatedly present in different areas of the visual field (Ban et al., 2018). However, retinal
function and, in particular, the function of RGCs can be assessed both in humans and in animals
by electroretinography (ERG). ERG is an important diagnostic tool that allows to identify the
electrical activity of each cell type of the retina in response to a light stimulus (Wilsey et al.,
2016). However, the full-field flash ERG has not been useful for glaucoma diagnosis since it is
dominated by the responses of photoreceptors and bipolar cells (a- and b-wave, respectively, in
both scotopic and photopic conditions) (Wilsey et al., 2016). In animal models of disease, ERG is
widely used to detect changes in retinal function (Martins et al., 2011). Generally, when retinal
function deteriorates, the light-induced electrical activity in the retina reduces (Rosolen et al,,
2008). Despite the full-field flash ERG does not reflect the responses of RGCs, the scotopic
threshold response (STR) that is recorded under deep dark adaptation and upon exposure to
a very dim light flashes, can be used to determine the electrical activity of RGCs (Mead et al,,
2016).

The tests and techniques performed to diagnose and monitor glaucoma progression can be
used, with the necessary adaptations, in animal models. This allows the evaluation of therapeutic

strategies with parallel outcomes in animal models.
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3. Retinal ganglion cells (RGCs)

RGCs serve as “feature detectors” that each encode specific components of the visual
world and convey them to the brain. Based on morphology, functional properties, presynaptic
partners and central projection patterns, approximately 30 different RGC subtypes have been
characterised in the mouse retina (Rheaume et al., 2018). Differentiation of nascent RGCs into
identifiable RGC subtypes occurs postnatally and is regulated by differential transcription factor
expression (as reviewed in Murcia-Belmonte et al.,, 2019). Based on single cell ribonucleic acid
(RNA)-seq transcriptome profiling, most subtypes of RGCs appear to be present proportionally
in both eyes, although a few RGC subtypes predominate in one eye compared to the other
(Rheaume et al., 2018). Increasing evidence suggests that there is a type-specific vulnerability of
RGC:s to different injuries (Boia et al., 2020).

3.1. Connecting the retina to the brain: RGCs projections

RGCs are the output cells of the retina, extending their axons through the optic nerve to a
specific set of targets in the brain (Erskine et al., 2014). Optic nerve forms a link between the
neurosensory retina and the brain and it is an important segment of the visual pathway. During
development, there are several molecular factors that instigate RGC axonal grow away from the
retina to synapse in target areas of the brain (reviewed in Kutsarova et al., 2016). After birth,
there is a peak in cell death that in rodents occurs between postnatal days 2 and 5 (PND 2-5),
ensuring that only RGCs that reached their targets survive (reviewed in Guerin et al., 2006).

The RGC axons from both eyes decussate within the optic chiasm, where the axons segregate
to form two optic tracts on either the same or the opposite side of the brain. There is a
different proportion of RGCs axons that project ipsilaterally (to the same hemisphere as their
side of origin) or contralaterally (to the opposite side of their side of origin) into the brain
targets. This proportion varies widely between species and is directly related to the position
of the eyes in the head, and consequently the degree of binocular overlap in the visual field.
In primates, the number of ipsilateral RGC axons is approximately 45% while in rodents it is
as low as approximately 2-3% (Jeffery et al., 2005). It has been described that there are more
than 50 retinorecipient brain regions that receive direct input from RGCs (Fleming et al., 2006,
Morin et al,, 2014, Martersteck et al., 2017), being superior colliculus (SC) and lateral geniculate
nucleus (LGN) the main RGCs recipient nuclei in the brain (Erskine et al., 2014). The SC plays
an important role in visual information processing in the visual system including coordinating
eye and head movements (Liang et al., 2015), suspension of locomotion (Shang et al., 2015), and
escape or freezing in response to a looming object (Shang et al,, 2015, Wei et al., 2015). The
SC is organized into several synaptic layers, each of which has distinct sources of innervation
(May 2006, Basso et al., 2017). The most superficial lamina of the SC receives direct RGC inputs
from the contralateral retina while the inputs from the ipsilateral retina arrive to the lower
lamina (Drager et al., 1980, Wang et al., 2013b). The SC receives projections from 85% to 90%
of RGCs in mice (Ellis et al., 2016), and more than of 96% of RGC axons project to the SC in rat
(Salinas-Navarro et al., 2009b). The axons of SC-projecting RGCs also pass through the LGN,
being that of all RGCs projecting to the SC, ~80% also send an axon collateral to LGN in mouse

brain (Ellis et al., 2016). The LGN receives input from the retina and projects to the visual cortex
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(Kerschensteiner et al., 2017). Besides RGCs projection into brain target, there is also direct
retino-retinal projection between the two eyes via the optic chiasm of RGCs, that constitutes
0.006% to 0.03% of the total RGC population (Nadal-Nicolas et al., 2015b).

3.2. Process of RGC neurodegeneration in glaucoma

The hypothesis that RGCs are preferentially affected in human and experimental glaucoma
has received remarkable attention some time ago by Quigley and colleagues (Quigley et al., 1987,
Quigley et al., 1988, Glovinsky et al., [991). Moreover, post-mortem examination of the brains of
glaucoma patients show selective neuronal loss in LGN, with greater loss in patients with more
severe glaucoma (Chaturvedi et al., 1993, Gupta et al., 2006).

There is still little understanding of the pathologic events that lead to RGC loss. Since
elevated IOP is a critical risk factor in glaucoma, there are some evidences that this increased
IOP contributes to early stress in the retina (Nickells 2007). A theory that comprises 5 different
stages was proposed, bringing together the relation of elevated IOP and the of events that
culminate in cell death (Nickells 2007). The first stage is that IOP causes activation of glial cells
in the ONH. The stage 2 involves the damage to the RGCs axons and degeneration, which leads
to stage 3 that corresponds to the loss of neurotrophic support and apoptotic death of RGCs
somas in the retina. In a stage 4, dying RGCs may adversely affect their neighbouring cells in a
wave of secondary degeneration involving glutamate exposure. The last stage (stage 5), involves
the function of glial cells that replace the lost of neural cells with a glial scar (Nickells 2007).

It is widely recognized that the initial site of damage in glaucoma is at the level of the lamina
cribrosa in the ONH (Park et al., 2015). However, there are several “trigger events” that
serve as a starting point to a number of disease mechanisms (Algawlaq et al., 2019). These
“trigger events” can be divided into three categories: mechanical, vascular, and immune factors
(Algawlaq et al., 2019). As a mechanical trigger, increased IOP is the most well-characterized
contributor to glaucomatous progression (Leske et al., 2007), and a vascular deregulation has
been also described in glaucoma patients (Cherecheanu et al., 2013). The immune triggers have
received an increased attention as having a pivotal role in the initiation and propagation of the
neurodegenerative process (Madeira et al, 2015a). Microglia activation has a preponderant
role in glaucomatous damage (Rathnasamy et al., 2019), and the control of microglia-mediated
neuroinflammation was demonstrated to protect RGCs from damage (Madeira et al., 2015a,
Madeira et al,, 2016a, Aires et al., 2019a). The concept that microglia should be considered as
central players in the pathophysiology of glaucoma arises since it was observed that microglia
activation occur earlier than RGC pathology, even before elevation of IOP in DBA/2J animals
(Bosco et al.,, 2011). Moreover, even astrocytes isolated from ONH of glaucomatous patients
have more than 150 upregulated genes (Hernandez et al., 2002). Besides glia activation, other
mechanisms have been proposed to contribute to RGC neurodegeneration, like oxidative stress
and excitotoxicity (Caprioli 2007, Munemasa et al., 2013). In fact, it seems that the relationship
between IOP and glaucomatous damage is not straightforward, and whether these mechanisms
are a consequence of |IOP elevation still remains to be clarified.

Whatever the early events that trigger glaucoma neurodegeneration, it is certainly that this

will culminate in RGC loss. As proposed by Nickells in the stage 2 of the cascade of events in
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glaucoma neurodegeneration, axonal damage might precede RGC death (Jakobs et al., 2005).
Upon axonal damage, the neuronal degenerative response can happen by Wallerian degeneration
or dying-back mechanisms (Ghaffarieh et al,, 2012). In glaucoma, it is suggested that focal
axon injury in the lamina cribrosa results in rapid Wallerian degeneration. In fact, a mutation
in Wallerian degeneration slow allele (WId*) strongly protects both RGC axons and soma and
substantially slow axon degeneration (Howell et al., 2007). However, others reported that axons
degeneration occurs in a dying-back fashion in the DBA/2J glaucoma animal model (Schlamp et
al., 2006). In fact, it was reported that both Wallerian degeneration or dying-back occurs with a
nearly identical time course and to a similar magnitude in optic nerve transection animal model
(Kanamori et al.,, 2012). As a result of axonal degeneration there is an impairment in axonal
transport. Several studies have shown an impairment of axonal transport in the optic nerve
in human glaucoma and in glaucoma experimental models, even before the loss of RGC soma
(Mabuchi et al., 2003, Salinas-Navarro et al., 2009a, Salinas-Navarro et al., 2010, Vidal-Sanz et
al., 2012, Fahy et al., 2015). Moreover, the anterograde axonal transport blockade precedes
the deficits in retrograde axonal transport (Dengler-Crish et al., 2014), the blockade of both
could lead to deprivation of neurotrophic signals (Quigley et al., 1979). The ultimate result of
glaucomatous degeneration is the loss of RGCs by apoptotic-dependent mechanisms (Quigley et
al., 1995). The death of a single RGC can lead to the spreading of the death signals, mostly by the
release of intracellular glutamate from the dying cells that affects the survival of surrounding cells
(Caprioli et al., 2008). Moreover, evidences show that photoreceptors are also affected both in
animal models of glaucoma (Salinas-Navarro et al., 2009a, Ortin-Martinez et al,, 2015) as well as
in glaucoma patients (Holopigian et al., 1990, Panda et al., 1992, Nork et al., 2000).

RGCs are the main affected cells in glaucoma, which leads to an interrupting communication
between the eye and brain culminating in blindness. Vision loss secondary to optic neuropathies
is irreversible because RGCs do not have the capacity for self-renewal and have limited capacity

for self-repair.

3.3. Obstacles to RGC survival and regeneration upon injury

The ability of RGCs to extend their axons decreases with age and the capacity to regenerate
their axons is lost early in development (Goldberg et al., 2002a). In fact, cultures of RGCs
(Figure 7) prepared at both embryonic day 20 (ED 20) or PND 8 extend their axons with similar
calibers; however, after 3 days in culture, ED 20 RGCs extend their axons further and faster than
cells isolated at PND 8. The exposure of these cells to conditioned media of SC cells further
potentiates axonal growth of ED 20 RGCs without interfering with PND 8 RGCs, demonstrating
that the loss of ability of RGCs axon growth is mediated by retinal maturation (Goldberg et al.,
2002a). The reason behind the lost in the intrinsic ability of RGCs to regenerate upon injury has
been extensively explored. Several players, including cyclic adenosine monophosphate (cAMP),
phosphatase and tensin homologue (PTEN)/mammalian target of rapamycin (nTOR) and Kriippel-
like family (KLF) transcript factors are implicated in the transition from the rapid axon growth of

immature neurons into the poor axon growth of mature neurons in the CNS.
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Figure 7 | Neurite growth of RGCs in culture. (A) Schematic representation of the experimental design.
Retinas were dissected from Wistar rats at PND 5 and nearly pure RGC cultures (~93% purity assessed
with anti-RBPMS antibody; Abcam, Cat. # ab194213, 1:500) were obtained by sequential immunopanning,
as previously described (Barres et al., 1988, Martins et al., 2015). RGCs were cultured for DIVI, DIV2
and DIV3, followed by fixation in paraformaldehyde and processed for immunocytochemistry. (B) RGCs
were identified by immunolabeling for Brn3a (red, Millipore, Cat. # MABI585, 1:500), a transcription
factor expressed only by these cells in the retina. The neurites, labelled with an antibody that recognizes
B-tubulin Il (green, BioLegend, Cat. # 802001; 1:1000), extended during the period in culture. Nuclei

were stained with DAPI (blue) (Boia et al., 2020).

cAMP plays an important role in neuronal survival and axon growth and guidance (Ming et
al., 1997). For example, in the goldfish, the injection of an analogue of cAMP is able to enhance
axonal regeneration upon optic nerve crush (Rodger et al., 2005). Moreover, PTEN/mTOR
pathway has been implicated in the failure of RGCs axons to regenerate. The deletion of PTEN
in RGCs leads to the activation of phosphoinositide 3-kinases (PI3K)/mTOR pathway, increases
neuronal survival and promotes robust axon regeneration after optic nerve injury (Park et al,,
2008, Huang et al., 2018). Moreover, it has been reported a coordinated regulation of neurite
growth by KLF transcription factors. During development, at least two growth-enhancing KLFs
(KLF6 and 7) are down-regulated, and at least two growth-suppressive KLFs (KLF4 and 9) are
upregulated (Moore et al., 2009). The profile of gene expression from ED 17 through PND
2| RGCs identified the zinc finger transcription factor KLF4 as the most effective suppressor
of neurite outgrowth (Moore et al,, 2009). Indeed, the KLF4 overexpression in ED 20 RGCs
reduces their ability to extend axons and, on the other hand, KLF4 knockout enhances axon
growth ability by PND 12 RGCs (Moore et al., 2009). This decline in the ability of postnatal RGCs
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to grow axons is associated with KLF-regulated changes in axonal growth cone morphology and
protrusive dynamics (Steketee et al., 2014). The knockout of KLF4 during development increases
the regenerative potential of RGCs upon optic nerve crush at adulthood (Moore et al., 2009).
Amacrine cells have been implicated in the process of losing intrinsic growth capability of RGCs
(Goldberg et al., 2002b). In fact, zinc (Zn*") increases in amacrine cell processes upon optic
nerve injury and is transferred to RGCs via vesicular release (Li et al., 2017). The chelation of
Zn** improves cell survival and axon regeneration (Li et al., 2017), raising the possibility that the
dysregulation of mobile Zn?* levels is responsible for the loss of axonal growth.

Other transcription factors have been studied for their role in axon growth and regeneration
(reviewed in Moore et al., 2011). The tumor suppressor p53 plays a central role in the regulation
of apoptosis in RGCs. The overstimulation of N-methyl-D-aspartate (NMDA) receptor activates
a p53-dependent pathway of cell death (Li et al., 2002). The involvement of p53 in neurite
outgrowth and axon regeneration has been explored in CNS injury (Di Giovanni et al., 2006).
However, the deletion of p53 in RGC:s fails to promote axonal regeneration, despite the increase
in RGC survival upon optic nerve crush (Park et al.,, 2008), confirming the hypothesis that
inducing neuronal survival is not enough to allow axonal regeneration. The activation of p53 has
been implicated in the transcription of several factors responsible for apoptosis, as pro-apoptotic
BAX or anti-apoptotic Bcl-2 proteins (reviewed in Maes et al,, 2017). It was shown that there is
an up-regulation of BAX expression after optic nerve crush injury (Isenmann et al., 1997), as well
as after ischemic retinal damage (Kaneda et al., 1999). BAX deficiency completely prevents RGCs
death in a glaucoma animal model (Libby et al., 2005b). However, deficient BAX expression is not
sufficient to hinder axonal degeneration even without RGC death, reinforcing the idea that axon
degeneration is not a consequence of RGC death (Libby et al., 2005b). A down-regulation of the
anti-apoptotic protein Bcl-2 was observed in RGCs in the GCL when the onset of regenerative
failure of RGCs occurs (Chen et al., 1997). Elevating the expression of Bcl-2 maintains neuronal
survival even after withdrawing of all trophic factors in cultures of RGCs (Goldberg et al., 2002a).
However, Bcl-2-overexpressing RGCs fail to elaborate axons or dendrites, unless axon growth-
inducing signals are present, clearly demonstrating that axon growth is not a default function of
a surviving neuron, but must be specifically signalled (Goldberg et al., 2002a). These evidences
clearly demonstrate that manipulation of some intrinsic factors could have beneficial effects,
not only in the prevention of RGC death but also in promoting axon regeneration upon injury.
In the peripheral nervous system the injured neurons are able to regenerate, which does not
happen in the CNS. However, the observation that CNS neurons, including RGCs, regrow into
peripheral nerve grafts (Richardson et al., 1980, Vidal-Sanz et al., 1987), confirms the possibility
that extrinsic factors also have a preponderant role in limiting axonal repair.

Glial scar and myelin that compose the environment of optic nerve particularly at the site of
injury inhibit the axonal regeneration (reviewed in Yiu et al., 2006). Semaphorin-3 is expressed
in the core of the glial scar upon CNS injury (Pasterkamp et al., 1999) and limits regenerating
neurons crossing semaphorin-3A (Sema3A)-expressing regions (Pasterkamp et al., 2001). This
raises the hypothesis that semaphorins may have a potential role in the glia inhibiting effect of
axonal regeneration. Semaphorins have an important function in neuronal polarity and axonal
guidance during RGC development or injury (van Horck et al., 2004). Sema3A is one of the
extracellular factors that is involved in regulating RGC polarity (Tillo etal., 2012, Chan-Juan et al.,
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2019). At PND 14, when all RGCs axons reached their targets (Dallimore et al., 2002), Sema3A
is elevated (de Winter et al., 2004), and increased expression of Sema3A results in strong axonal
inhibition in optic nerve injury model (Zylbersztejn et al., 2012). In line with these findings and
corroborating the role of semaphorin in axonal growth, the intravitreous injection of antibodies
against the Sema3A-derived peptide to neutralize the function of Sema3A, caused a marked
inhibition of RGC loss in an animal model of complete axotomy of the rat optic nerve (Shirvan
et al,, 2002). Sema5A is a semaphorin produced by oligodendrocytes that also contributes to
the inhibitory environment of the injured optic nerve, heralded by the observation that RGC
axonal growth increases when blocking Sema5A (Goldberg 2004). It has been demonstrated
that myelin proteins inhibit axonal regeneration in adult neurons. Following an insult, nonspecific
T cells accumulate at the lesion site on optic nerve (Kipnis et al., 2000, Fisher et al., 2001).
Immunization with T cells specifically against myelin proteins (copolymer-1, Cop-1) reduces the
post-traumatic neuronal loss after optic nerve crush (Kipnis et al., 2000, Fisher et al. 2001).
Moreover, it has been shown to be an effective therapy for glutamate-induced toxicity in mice
and in a rat model of chronically high IOP (Fisher et al., 2001). Although these studies were
only focused on the survival of RGCs, some years after the authors demonstrated that Cop-|
treatment confer functional protection to RGCs (Bakalash et al., 2005). Other studies led to
the identification of several myelin-associated inhibitors of axon growth. Nogo-A is one of the
most potent oligodendrocyte-derived inhibitors for axonal regrowth in the injured adult CNS
(Pernet et al., 2008, Pernet 2017) that is also expressed by RGCs (Badea et al., 2018). In cases
of optic nerve injury Nogo-A is upregulated (Pernet et al.,, 2012), although the overexpression
or down-regulation of Nogo-A does not impact the survival of injured RGCs. However, the
neuronal knockout of Nogo-A diminishes the axonal growth response, demonstrating a role for
Nogo-A in RGCs growth after injury (Pernet et al., 2012). On the other hand, axonal sprouting
is increased in the optic nerves of oligodendrocyte-specific Nogo-A knockout mice (Vajda et al.,
2015), demonstrating that the inactivation of Nogo-A in oligodendrocytes appears to be a good
strategy to promote axonal regeneration. Moreover, it was reported that neutralizing Nogo-A
has beneficial effects on visual recovery and plasticity after retinal injury (Mdzomba et al., 2018).
Moreover, myelin-associated glycoprotein (MAG) is a component of the myelin-derived inhibition
of nerve regeneration (Wong et al., 2003). It seems that a possible mechanism underlying synapse
degeneration and RGCs death in glaucoma is mediated by Nogo-A (Liao et al, 2011). The
antagonism of Nogo receptor (NgR) reduces RGCs loss and attenuates synaptic degeneration
(Fu etal., 2011) and the knockout of NgR is effective in enhancing axonal regeneration after optic
nerve crush (Su et al., 2009).

The failure to regenerate has also been attributed to an environment poor in growth-
promoting trophic factors. In fact, the importance of trophic factors in promoting viability and
axonal regeneration of RGCs has long been recognized (Su et al., 2009). A great variety of
neurotrophins were found to induce axon growth, which include nerve growth factor (NGF),
brain-derived neurotrophic factor (BDNF) and ciliary neurotrophic factor (CNTF). BDNF plays
an important role in RGCs neuroprotection since the levels of BDNF are increased in response
to injury (Vecino et al., 1998, Vecino et al., 1999). BDNF is also highly expressed in the superior
colliculus (Hofer et al., 1990, Wetmore et al., 1990) and it is retrogradely transported to the

retina. However, displaced amacrine cells in the GCL are the main source of BDNF to RGCs
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(Herzog etal., 1998). The application of BDNF to the SC reduces RGC death during development
(Ma et al.,, 1998). Moreover, several studies demonstrated that administration of BDNF into the
eye increases the survival of RGCs upon injury, and ameliorate their function (Mey et al., 1993,
Mansour-Robaey et al., 1994, Peinado-Ramon et al., 1996, Di Polo et al., 1998, Chen et al., 2001,
Galindo-Romero et al., 2013, Domenici et al., 2014).

The survival of RGC:s is increased by co-administration of BDNF and CNTF soon after optic
nerve injury (Zhang et al., 2005). Moreover, RGCs extend their axons in response to BDNF
and CNTF, but both together induce more axon growth than either alone (Goldberg et al.,,
2002a), raising the hypothesis that different factors may be responsible for different facets of
axon growth. However, neurotrophins fail to induce axon growth alone. For instance, RGC:s fail
to survive in the presence of such trophic factors as BDNF or CNTF unless their cAMP levels
are elevated (Meyer-Franke et al., 1995). CNTF overexpression promotes long-term survival
and regeneration of injured adult RGCs (Leaver et al., 2006). It was described that exogenously
applied CNTF stimulates RGCs partially indirectly via a mechanism that depends on astrocyte-
derived CNTF (Muller et al., 2009). The NGF has also an important role in promoting RGCs
survival, being the Schwann cells the main source of this factor (Maffei et al., 1990). Intraocular
injection of NGF has been previously shown to promote RGC survival (Carmignoto et al., 1989).

Studying the mechanisms of glaucomatous damage has been a great opportunity to unravel
the signalling pathways involved in RGC axonal degeneration and growth. Elevated IOP is the
main risk factor of glaucoma and, together with other factors, it has been implicated in RGC
degeneration and death (Morgan 2012). Several in vitro models have been developed (Aires et al,,
2017) and allowed the demonstration that there are pressure-dependent changes in the length
of axons and neurites of RGCs (Wu et al,, 2019). When cultures of RGCs are challenged with
elevated pressure there is a severe impact in axon length and in the total neurite length, with a
weakened neurite extension (Figure 8), without interfering with cell body area (Wu et al., 2019).
In glaucoma, the increased IOP perturbs anterograde and retrograde axonal transports that
lead to deprivation of RGCs of neurotrophic factors produced by brain targets (Quigley et al.
1979). In fact, the retrograde transport of BDNF is impaired after IOP elevation, and this may
contribute to RGC loss (Pease et al., 2000, Quigley et al., 2000). Recently, it was reported that
intravitreal injections of BDNF leads to an increase in the levels of synaptic proteins between
RGCs and bipolar cells in the IPL, meaning that this could have a beneficial effect in the function
of RGCs (Park et al., 2019).

3.4. Clinical trials targeting RGCs neuroprotection

Several therapeutic strategies have been proposed in order to protect RGCs and restore
visual function (Fu et al,, 2019). A therapeutic strategy to optic neuropathies should protect
RGCs from death but should also manipulate axonal regeneration in order to repair the visual
function that was lost due to the disease. However, there is still no effective therapy for optic
neuropathies. Innovative study designs and integrating therapeutic testing with biomarkers have
advanced several neuroprotective and neuroenhancement compounds to clinical trials. Numerous
neuroprotection strategies have been investigated for optic neuropathies, including peripheral

nerve grafting, electrical stimulation, and in agreement with their well-known role in maintaining
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neuronal homeostasis, neurotrophic factors have been proposed as a novel therapy. However,
the outcomes of the completed clinical trials were not completely satisfactory, presenting only
partial or no expected effects (Greenberg et al., 2009, Allen et al., 2013, Shruthi et al., 2017, Cen
etal, 2018).

- i
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Figure 8 | Elevated hydrostatic pressure (EHP) impacts neurite growth of RGCs. (A) Schematic
representation of the experimental design. RGCs were purified from Wistar rats at PND 5 by sequential
immunopanning, as previously described (Barres et al., 1988, Martins et al., 2015) and were cultured for
DIV2. RGCs were challenged with EHP (+70 mmHg above atmospheric pressure) (Madeira et al., 2015b,
Aires et al,, 2019a) for 24 h and 48 h and then processed for immunocytochemistry as described in the
legend of Figure 7. (C) RGCs were plated in a coverslip with a cloning cylinder and neurite extension was
observed beyond the limit established by the cylinder (B, grey dashed circle). Exposure to EHP decreased
the length of the neurites when compared with the control (CTR) condition (normal pressure). (D)
Higher magnification. This effect on the neurites of RGCs is dependent on the duration of the exposure

to EHP (Boia et al., 2020).
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There are several drugs in clinical trials that are currently being developed focused on
RGC neuroprotection (Table I). In the context of neurotrophic factors some clinical trials are
available. NT-501 encapsulated cell therapy (NT-501 ECT) is a device produced by Neurotech
Pharmaceuticals that consists of an intravitreal implant with a capsule filled with human cells
genetically modified to secrete CNTF. NT-501 ECT is in phase 2 for glaucoma (ClinicalTrials.
gov Identifier: NCT02862938) and in phase | for ischemic optic neuropathy (ClinicalTrials.gov
Identifier: NCTO0I1411657). For glaucoma, other therapies have been proposed such as the use
of recombinant human NGF (rhNGF) (ClinicalTrials.gov Identifier: NCT02855450). In this phase
I clinical trial the safety and tolerability of an 8-week treatment with 180 pg/mL of rhNGF
eye drop solution will be determined. Additionally, the study wants to assess the changes in
best corrected distance visual acuity, visual field, ERG and structural changes in GCL and NFL
thickness measured by OCT at |, 4 and 8 weeks of therapy, and at 4 and 24 weeks after therapy
cessation. In another clinical trial the safety of treatment with single and multiple ascending
doses of rhNGF (0.5-180 pg/mL) was tested in healthy patients (ClinicalTrials.gov ldentifier:
NCTO01744704), and the results demonstrated that rhNGF eye drops were well tolerated by the
patients (Ferrari et al., 2014).

The only modifiable risk factor for glaucoma development is elevated |IOP. Brimonidine is
a non-selective 02-adrenergic receptor agonist and is currently used as a treatment option in
glaucoma to lower |IOP (Cantor 2006). Preclinical studies demonstrated the neuroprotective
properties of brimonidine (Donello etal., 2001, WoldeMussie etal., 2001), leading to the hypothesis
that an implant with brimonidine can have beneficial properties for glaucoma patients. Indeed,
this device is being evaluated in patients with glaucomatous optic neuropathy (ClinicalTrials.
gov Identifier: NCT00693485). Moreover, cytidine-50-diphosphocholine (citicoline) is also in a
phase 4 clinical trial for glaucoma (ClinicalTrials.gov Identifier: NCT00404729). Citicoline is an
endogenous molecule that has a role in the biosynthesis of phospholipids of cell membranes
and increases the levels of neurotransmitters, like acetylcholine, in the CNS (Grieb 2014). The
neuroprotective properties of citicoline in glaucoma have been tested (Parisi et al., 1999, Parisi
et al,, 2018). Intramuscular treatment of citicoline improves glaucomatous visual defects (Parisi et
al., 1999), RGC function (assessed by pattern ERG) and neural conduction along postretinal visual
pathways (assessed by visual evoked potential) (Parisi 2005). That way, the phase 4 clinical trial
aims to assess the effects of oral citicoline treatment in visual function outcomes in glaucoma
patients. Memantine, a NMDA subtype of glutamate receptor antagonist, is already being used
for Alzheimer’s disease, and has undergone phase 3 clinical trials for glaucoma (ClinicalTrials.
gov ldentifier: NCT00141882 and NCT00168350). However, the drug did not show significant
efficacy in preserving visual function in glaucoma patients (Weinreb et al., 2018).

Moreover, prostaglandin El (alprostadil) administered by intravenous infusion, is very recently
in phase 2 clinical trial (ClinicalTrials.gov Identifier: NCT03851562). Prostaglandin El is a potent
vasodilator of the microcirculation (Steigerwalt et al., 2011), and may correct the deficits in
the perfusion pressure of the microcirculation that supplies the optic nerve in patients with
ischemic optic neuropathy, improving visual function. In fact, intravenous prostaglandin El is an
effective treatment for ocular and optic nerve ischemia leading to immediate visual improvement
(Steigerwalt et al., 2011). On the other hand, due to the role of endothelin in glaucoma as a

potent vasoconstrictor (Rosenthal et al., 2011), the antagonism of its signalling seems to be a
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good therapeutic strategy for optic neuropathies. Bosentan, an endothelin receptor antagonist,
is in phase 3 clinical trial for ischemic optic neuropathy in order to assess if the treatment
could recover anatomical (NFL in OCT, optic atrophy) and functional (visual acuity, visual field)
criteria (ClinicalTrials.gov Identifier: NCT02377271). The last drug-based therapy for ischemic
optic neuropathy, the retrobulbar injection of triamcinolone acetonide to halt the progression of
the visual acuity and visual field loss in patients improving their chances of avoiding blindness, is
in phase 3 clinical trial (ClinicalTrials.gov Identifier: NCT02329288). In preclinical studies, besides
the neuroprotective effects to RGCs conferred by triamcinolone acetonide, it was demonstrated
that this drug also decreases the activation of retinal microglia (Wang et al., 2016a). For non-
arteritic ischemic optic neuropathy there are several clinical trials targeting neuroprotection.
Erythropoietin (EPO) administered by intravenous injection started recently in phase 2 clinical
trial, in order to assess visual field and thickness of the retinal NFL by OCT in glaucoma patients
(ClinicalTrials.gov Identifier: NCT0371588l). In the same clinical trial, another aim is to assess
the potential retinal neuroprotective effect of prednisolone. Moreover, methylprednisolone
is also in phase 3 clinical trial (ClinicalTrials.gov Identifier: NCT02439866). Preclinical studies
demonstrated that methylprednisolone inhibits the apoptosis of RGCs after optic nerve crush,
probably through an up-regulation of Bcl-2 expression and a down-regulation of BAX expression
(Sheng et al.,, 2004), two of the intrinsic factors that limit the axon regeneration described
previously. Moreover, citicoline is in clinical trials for non-arteritic ischemic optic neuropathy
(ClinicalTrials.gov Identifier: NCT03046693) in order to assess the function of RGCs by pattern
ERG, thickness of GCL and visual field test.

RPh201 is a drug extracted from a botanical source and it has been produced by Regenera
Pharma. RPh20I started recently the phase 3 clinical trial for non-arteritic ischemic optic
neuropathy (ClinicalTrials.gov Identifier: NCT03547206). The results of the phase 2 clinical
trial (ClinicalTrials.gov Identifier: NCT02045212) are already available. Patients showed an
improvement in visual function after the treatment (Rath et al.,, 2019). Dalfampridine is used to
improve the walking ability in multiple sclerosis patients and is in a phase 4 clinical trial for non-
arteritic ischemic optic neuropathy (ClinicalTrials.gov Identifier: NCT01975324).

Anti-vascular endothelial growth factor (VEGF) antibodies (bevacizumab, avastin or
ranibizumab) are used for the treatment of macular edema and neovascular AMD. However,
they have also been tested for neuroprotection in optic neuropathies, and they are in three
different clinical trials for non-arteritic anterior ischemic optic neuropathy (ClinicalTrials.gov
Identifier: NCT01330524, NCT00813059 and NCT00561834) in order to halt the progression
of visual acuity and visual field loss due to the disease. The thickness of GCL increased after
the treatment with bevacizumab in diabetic macular edema (Shaheer et al., 2019). Moreover,
levodopa-carbidopa is used to treat the symptoms of Parkinson’s disease and it is in a phase 4
clinical trial for non-arteritic anterior ischemic optic neuropathy (ClinicalTrials.gov Identifier:
NCT00432393).

A phase | and 2 clinical trial (ClinicalTrials.gov Identifier: NCT01783847) assessing the effect
of EPO demonstrated an improvement in visual function (Kashkouli et al., 2011, Entezari et
al., 2014). These beneficial effects can be due to the protection conferred to RGCs by EPO
previously demonstrated in animal models of retinal degeneration (Kilic et al., 2005). Moreover,

it has been tested whether EPO could improve optic nerve function and help patients to
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recover visual function after methanol associated optic neuropathy (ClinicalTrials.gov Identifier:
NCTO02376881). EPO is currently in phase 3 clinical trial for traumatic optic neuropathy
(ClinicalTrials.gov Identifier: NCT03308448).

Leber’s hereditary optic neuropathy is an inherited optic neuropathy characterized by
mitochondrial dysfunction that leads to vision loss due to RGCs loss (Meyerson et al., 2015).
Idebenone was in clinical trials for the treatment of vision loss due to Leber’s hereditary optic
neuropathy (ClinicalTrials.gov Identifier: NCT02774005 and NCTO00747487). The beneficial
effects of idebenone are due to its antioxidant properties and its ability to act as an electron
carrier in the mitochondrial respiratory chain, thus resulting in the restoration of cellular energy
(adenosine 5'-triphosphate, ATP) generation and contributing to the recovery of visual function
in patients (reviewed in Lyseng-Williamson 2016). That way, idebenone (Raxonefi) is the first, and
currently the only disease-specific treatment for Leber’s hereditary optic neuropathy and the
only approved for optic neuropathies aiming RGCs neuroprotection. Moreover, cyclosporine is
also in a phase 2 clinical trial for Leber’s hereditary optic neuropathy (ClinicalTrials.gov Identifier:
NCTO02176733), due to protective properties against ischemic injury-mediated mitochondrial
dysfunction in RGCs (Kim et al., 2014a).

Currently, there are two clinical trials involving stem-cell based therapies targeting RGCs
(Table 2). One trial aims to assess the safety and efficacy of the transplantation of autologous
purified stem cells (ClinicalTrials.gov Identifier: NCT02638714) on restoring function in damaged
optic nerves using autologous purified populations of bone-marrow derived stem cells in optic
neuropathy. The intravitreal injection of mesenchymal stem cells (ClinicalTrials.gov ldentifier:
NCTO03173638) aims to evaluate if the treatment may reduce the progression of axonal
degeneration caused by non-arteritic ischemic optic neuropathy, but this clinical trial is focused
in the evaluation of the safety of cell therapy as a new treatment for these patients.

Despite all of these clinical trials are focused on RGCs neuroprotection, until now none of
them have been successfully translated to clinical practice. Nevertheless, RGC neuroprotection
remains an exciting field of research with enormous potential for achieving patient visual

restoration, and new targets for new therapeutic strategies should be explored.

Table 2 | Stem cell-based therapies in clinical trials for optic neuropathies (Boia et al., 2020)

ClinicalTrials. Starting

Condition or Disease Intervention o [ e Phase Date

Optic Neuropathy Transplantation of autologous NCT02638714  and 2 2015
purified stem cells

Non-arteritic Ischemic Optic | Intravitreal injection of NCTO03173638 2 2017

Neuropathy mesenchymal stem cells
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4. Adenosine

Adenosine is a purine nucleoside that is widely distributed throughout the body, especially
in the CNS, and acts as a neuromodulator and homeostatic regulator of several physiological
processes (Liu et al, 2019). In the retina, purinergic signalling regulates several events during
its development as well as in the adult damaged tissue (Ventura et al., 2019). The presence of
adenosine in the human, monkey, guinea pig and rat retinas was first characterized with a specific
sensitive antiserum (Braas et al., 1987). Adenosine staining was detected mainly in the RGCs
and their processes in the NFL, but also in the IPL and some cells in the INL (Braas et al., 1987).
Despite the important function of adenosine in physiology (Xiao et al., 2019), adenosine is likely

more important as a key signal of stress, damage, and/or danger (Fredholm et al., 2019).

4.1. Adenosine production and metabolism

Adenosine can be considered as a central excitatory and inhibitory neurotransmitter. Under
physiological conditions the levels of adenosine are low (around 30-300 nM) in both intra- and
extracellular compartment of the cells (Fredholm et al., 2001). The adenosine levels increase
to low micromolar levels under extreme physiological situations, like intensive exercise or low
atmospheric oxygen levels (e.g., at high altitude), and dramatically increase to high micromolar
levels (30 pM) in pathological conditions (Borea et al., 2018). Even, in the retina, adenosine
concentration increases after 5 min of ischemia and even during the reperfusion period (Roth et
al,, 1997).

The extracellular levels of adenosine are highly regulated and are mainly generated by
dephosphorylation of its precursors, adenosine triphosphate (ATP), adenosine diphosphate
(ADP) and adenosine monophosphate (AMP), by the ectoenzymes apyrase (CD39) and ecto-
5-nucleotidase (CD73), whilst the intracellular adenosine depend on hydrolysis of AMP and
S-adenosylhomocysteine (SAH) through the endo-5-nucleotidase and SAH hydrolase, respectively
(Zimmermann 2000, Eltzschig 2009). The levels of adenosine are maintained in equilibrium by
reuptake mechanisms through the action of nucleoside transporters (NTs) that are present in the
cell membrane. Moreover, adenosine can be phosphorylated to AMP by adenosine kinase (ADK)
or it can be degraded to inosine by adenosine deaminase (ADA) (Borea et al., 2017) (Figure 9).

The formation of adenosine is strictly dependent on the metabolic state of a cell, and in
conditions with increased metabolic demand and/or lack of oxygen the adenosine levels
dramatically increased. Under stress conditions or damage the main source of extracellular
adenosine is from released ATP (Jacobson et al., 2019). In fact, EHP (that mimics OHT in vitro)
increases the levels of extracellular ATP and adenosine (Madeira et al., 2015b, Rodrigues-Neves
et al,, 2018). Increased adenosine levels have a significant role in protecting against cell damage
(Borea et al., 2016), even though there are instances in which overproduction of adenosine is

pathological (Borea et al., 2017).
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Figure 9 | Schematic representation of adenosine metabolism and intracellular response of its binding to
the receptors.

4.2. Adenosine receptors

The physiological functions of adenosine are achieved through receptor mediation, acting as a
transmitter stimulating each of four receptors subtypes: adenosine A, receptor (A R), adenosine
A, , receptor (A, R), adenosine A, receptor (A R) and adenosine A, receptor (A,R). Adenosine
receptors are metabotropic receptors coupled to G proteins, being AR and AR coupled to
inhibitory G, and A ,R and A, to stimulatory G_proteins that will both affect cAMP levels (Borea
et al., 2018) (Figure 9). Moreover, adenosine binding to the receptors causes the dissociation of
G-proteins subunits Ga, G, and Gy that will regulate the activities of secondary messengers
and play an important role in transferring extracellular signals to the cytosol (Schulte et al,,
2003, Borea et al., 2018). Although these receptors differ from each other in terms of the type
of G protein they recruit and, thus, the downstream signalling pathways that are activated, these
receptors also differ in their affinity to adenosine. The low physiological levels (nM) of adenosine
lead to a basal level of adenosine receptors stimulation, especially AR, A, R and A R, while A R
activation mainly occurs at higher levels of adenosine (mM) (Fredholm et al., 2001).

Since adenosine receptors are widely distributed throughout the body and they have been
implicated in numerous pathological conditions prompted researchers to search for novel potential
drugs focused on adenosine receptors (Fredholm et al., 2011). In fact, adenosine receptors seem
interesting targets for new pharmacological interventions mainly for pathophysiologic conditions
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(Borea et al., 2018). Although a limited number, there are some adenosinergic drugs (agonist and
antagonist of AR and A, ,R) now approved for clinical used (Borea et al., 2018). A;R has been
recognized as a new potential therapeutic target and great efforts are being concentrated on the
development of A R agonists (Borea et al,, 2015). In the last years, it has been proposed a broad
spectrum of ligands that present an ability to interact with A R, including agonists, antagonists,
partial agonists and inverse agonists (Muller et al., 2011). 2-CI-IB-MECA has proved to be a very
potent and a selective agonist for AR (inhibitory constant, Ki: 1.4 nM (human), 0.33 (rat) and 0.18
(mouse)) (Muller et al., 2020).

4.3. A,R activation: a new therapeutic strategy

AR has been described to be present in several tissues which raises the possibility that
this receptor might be involved in numerous physiological effects (Zhou et al., 1992, Salvatore
et al,, 1993). In addition, the A;R has emerged as a potential drug target for new and effective
therapeutic strategies to treatment of various pathological disorders, like cardiovascular,
respiratory, immune, CNS and ocular disorders (Mailavaram et al., 2019).

The deletion of AR in mice enhances brain neurodegeneration in response to repeated
episodes of hypoxia (Fedorova et al,, 2003), and A,R activation in ischemic brain injury is
neuroprotective (Chen et al,, 2006). Interestingly, in cerebral ischemia, a dual effect for AR
activation was described: if the agonist is administered acutely, it promotes extensive neuronal
loss, but if the agonist is given chronically and during post-ischemia, it improves neuronal survival
(Von Lubitz et al., 1994). Besides the reported dual function of A,R activation associated to the
time of drug administration (Von Lubitz et al., 1994, Von Lubitz et al., 2001), the impact of A3R
activation on glial cells may help explain this dual effect. In fact, AR is expressed in astrocytes
(Wittendorp et al., 2004) and microglia (Hammarberg et al., 2003). The degree of astroglial and
microglial activation depends on the timing of treatment with respect to the insult itself (Von
Lubitz et al., 2001). Noteworthy, the post-ischemia treatment with an A,R agonist decreases
astrogliosis and reduces microglial cell infiltration of the penumbral cortex (Von Lubitz et al.,
2001). Moreover, the expression of nitric oxide synthase (NOS) is reduced with the AR agonist
treatment during the postischemic period (Von Lubitz et al., 1999). The neuroprotective effects
of AR agonist in brain damage after subarachnoid haemorrhage is also associated with the
inhibition of microglia activation and the decrease of proinflammatory cytokine release (Luo et
al,, 2010). In microglial cells, A;R activation suppresses tumor necrosis factor (TNF) in response
to lipopolysaccharide exposure (Lee et al., 2006), and promotes chemotactic process extension
and migration of these cells (Ohsawa et al., 2012). The activation of A;R in astrocytes releases
CCL2 (also known as MCP-I), a neuroprotective chemokine (Wittendorp et al., 2004), but
high concentrations of the A,R agonist (>0 uM) mediate apoptosis of astrocytes via Bcl-2 and
caspase-3 pathways (Appel et al., 2001, Di lorio et al., 2002). More recently, it was demonstrated
that A,R activation following traumatic brain injury protects against tissue damage, brain infarct,
neural inflammation and cognitive dysfunction (Farr et al., 2020). Since the AR agonist has the
ability of controlling inflammation mediated by glial cells in brain, it is tempting to speculate
that AR activation may also control inflammation in the retina, prompting the hypothesis of

targeting A,R activation in glial cells as a new approach for the treatment of retinal degenerative
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diseases. Indeed, the activation of AR hinders microglia reactivity elicited by EHP, suggesting that
AR agonists could afford protection against glaucomatous degeneration through the control of
neuroinflammation (Ferreira-Silva et al., 2020).

The impact of AR activation on retinal degenerative diseases, such as glaucoma and ischemic
diseases, has been explored (as reviewed in Santiago et al., 2020). The activation of A,R protects
the retina from excitotoxic-induced cell death, retinal I-R injury and from damage induced by
partial optic nerve transection (Galvao et al., 2015). In the I-R injury model, the AR agonist
reduces cell death in the INL, which can be an effect mediated by other cells (Galvao et al,
2015). Despite others demonstrated that A,R may be located in neurons of the inner retina
that contribute to the generation of the ERG a- and b-waves (Jonsson et al., 2017), it is possible,
to some extent, that the protective effects of AR activation in the INL might be mediated
through the control of the reactivity of glial cells. Nevertheless, the activation of A,R with high
doses of the agonist 2-Cl-IB-MECA may contribute to optic nerve and white matter damage
since it induces apoptosis of oligodendrocytes and myelin loss in ischemic conditions (Gonzalez-
Fernandez et al., 2014).

The activation of AR protects RGCs from cell death induced by a P2X7 receptor agonist
(Zhang et al., 2006, Hu et al., 2010), and limits the rise in Ca** that accompanies the stimulation
of NMDA receptors (Zhang et al,, 2010). The protective effects may result from the direct
action in RGCs, since these cells are endowed with A3R (Zhang et al., 2006). Moreover, it was
demonstrated that A R agonists promote neurite outgrowth of RGCs (Nakashima et al., 2018),
encouraging that AR activation could be a good therapeutic strategy. Moreover, besides the
neuroprotective potential of activation A,R, it was demonstrated that an AR selective agonist
has efficacy as IOP-lowering agent (Avni et al.,, 2010). Several clinical trials with AR agonists
arose with the aim of controlling inflammation or IOP depending on the pathology (Table 3). The
most promising A,R full agonists, CFI0I (generically known as IB-MECA) and CF102 (generically
known as 2-C|-IB-MECA), are in clinical trials, and it has been demonstrated that both present

good safety profile in patients (Jacobson et al., 2019).

Table 3 | Ongoing clinical trials of adenosine A;R agonist

Condition or Disease Compound CIinicaITr.iz.zIs. Starting
gov ldentifier Date
Anti-inflammatory effect
Dry Eye Disease CFl0I NCT00349466 2 2006
Dry Eye Disease CFl0l NCT01235234 3 2010
Rheumatoid Arthritis CFl0l NCT00556894 2 2007
Rheumatoid Arthritis CFlOl NCT01034306 2 2009
Rheumatoid Arthritis CFl0l NCT02647762 3 2016
Plaque Psoriasis CFlOl NCTO01265667 2and 3 2010
Plaque Psoriasis CFlOl NCTO03168256 3 2017
Hepatocellular Carcinoma CFl102 NCT00790218 l'and 2 2008
Hepatocellular Carcinoma CFl102 NCTO02128958 2 2014
Chronic Hepatitis C CF102 NCT00790673 | and 2 2008
Non-alcoholic Steatohepatitis CFl102 NCT02927314 2 2016
IOP lowering effect
Glaucoma (OHT) CFlOl | NCT01033422 [ 2 [ 2009
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5. Drug administration into the eye

Aiming the administration of neuroprotective agents that can reduce the loss of RGCs
and degeneration of optic nerve fibers, the drug administration must be directed towards the
posterior segment of the eye. Ocular administration to the posterior segment of the eye can
be performed by periocular (that includes subconjunctival, sub-Tenon’s, peribulbar, retro bulbar,
and posterior juxtascleral injection), suprachoroidal, subretinal and intravitreal injection (Figure
10) (Varela-Fernandez et al., 2020). In the clinical practice, the standard procedure for posterior
segment drug administration is the intravitreal injection (Kim et al., 2014b). However, the need
to maintain therapeutic drug levels require frequent injections that may cause several side effects
such as inflammation, endophthalmitis, retinal detachment and cataracts (Sampat et al., 2010).
Therefore, an increasing attention has been paid to intraocular drug delivery systems that allow
the maintenance of therapeutic drug concentrations near the target site with minimal surgical

invasion and reduced frequency of administration (Gote et al., 2019).

Periocular

G

Retina
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|

Subretinal

Intravitreal
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Figure 10 | Drug delivery routes to the posterior segment of the eye.
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5.1. Drug delivery systems for posterior segment of the eye in clinical use

There are several intraocular delivery systems for posterior segment of the eye that had
successful clinical translation and are now available for clinical use (Figure II). Vitrasert and
Retisert are maintained attached to the sclera, while Ozurdex and lluvien are both injected into
the vitreous (Yasin et al., 2014). Implantable drug delivery systems can be nonbiodegradable or
biodegradable devices. One major difference is that removal and re-implantation of a new device
following depletion of the drug is usually required in the case of nonbiodegradable devices (Wang
et al., 2013a), while in the case of biodegradable implants the drug is either inside a reservoir
or dispersed through a biodegradable matrix, conditioning its release to the degradation of the
device (Kaji et al., 2018).

Biodegradable implants Nonbiodegradable implants

Vitrasert | Ganciclovir

Retisert | Fluocinolone acetonide

Ozurdex | bexamethasone lluvien | Fluocinolone acetonide

Figure Il | Biodegradable and nonbiodegradable intraocular implants are in clinical use, and their
locations in the eye upon implantation.

The first intraocular device developed for clinical use, which was released into the market in
1996 for the treatment of cytomegalovirus retinitis in acquired immunodeficiency syndrome, was
the Vitrasert, a polymeric nonbiodegradable device containing ganciclovir coated with polyvinyl
alcohol (PVA) and ethylene vinyl acetate (EVA) (Haghjou et al., 2011). The infection by human
cytomegalovirus, which belongs to [ subgroup of herpes viruses, often leads to retinitis and
progressive loss of vision culminating in blindness (Egbert et al., 1980). The ganciclovir intraocular
implant releases drug for up to eight months (Yasin et al., 2014) and increased the median
time of disease progression when comparing with intravenous administration (Dhillon et al,
1998). Taking into consideration that Vitrasert is already in the clinical practice, it is worth more

research in this field. Indeed, there are three more sustained-release corticosteroid implants
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that was then approved for clinical use. Retisert and lluvien, two nonbiodegradable implants that
release fluocinolone acetonide, and was approved for clinical use in 2005 and 2014, respectively.
Ozurdex, that is the first biodegradable polymer implant that releases dexamethasone and was
approved for clinical use in 2009 (Yasin et al., 2014).

Retisert that releases fluocinolone for up to 2.5 years, is composed by a silicone cup and a
PVA membrane (Haghjou et al., 2011), and is indicated for the treatment of chronic non-infectious
uveitis that affect the posterior segment of the eye (Callanan et al., 2008). lluvien that releases
drug for up to three years, consists of a cylindrical polyimide tube (Haghjou et al., 2011) and is
indicated for the treatment of chronic diabetic macular edema (Soubrane et al.,, 2015). Ozurdex
that releases drug for up to six months, is a biodegradable poly(D,L-lactic-co-glycolic)acid (PLGA)
implant (Haghjou et al., 2011) for macular edema following retinal vein occlusion, diabetic macular
edema, and noninfectious posterior uveitis (Haller et al., 2010, Wang et al., 2013a).

There are other intraocular devices aiming drug release to the posterior part of the eye in
clinical trials (Yasin et al., 2014). The intravitreal route for intraocular drug delivery is the most
suitable for the purpose of RGCs neuroprotection, indeed, the development of new intravitreal

implants for drug release appears to be an effective approach for glaucoma management.

5.2. Polymer-based implants for drug release ocular diseases: the potential of
poly(€-caprolactone)

Despite the advances to have an efficient drug delivery to the back of the eye, there is an
unmet medical need for new drug delivery systems for new as well as already existing ophthalmic
drugs. New drug delivery systems should provide maximum therapeutic efficacy and a long-
term therapy solution increasing patient compliance. Moreover, one of requirements for the
development of new drug delivery systems should be good biocompatibility of the delivery systems
and biodegradable polymer-based drug delivery systems satisfy this requirement. Implantable
polymer-based drug delivery systems have become quite appealing for eye diseases since they are
designed to administer drugs without the repeated injections or self-administration of medical
therapy. In fact, glaucoma patients are willing to accept an ocular drug delivery implants as an
alternative to daily eye drops (Foo etal., 2012, Chong et al., 2013, Chan et al., 2015), showing that
ocular drug delivery implants would be an acceptable route for drug administration.

Biodegradable polymers have been explored as the base polymers to develop new drug
delivery systems. The major advantage in the use of biodegradable polymers is that the implant
is degraded and clearly by the body, avoiding the need of surgical removal (Kimura et al., 2001).
There are several biodegradable polymers that have been used in the research for intraocular
drug delivery devices.

Among synthetic biodegradable polymers, poly(€-caprolactone) (PCL) is a polymer with good
biocompatibility and biodegradability. Several studies have been focused in the use of PCL polymer
for eye drug release. For glaucoma patients it has been evaluated the use of an intracameral drug
delivery implant (Lance et al., 2015, Kim et al., 2016, Kim et al., 2018), providing several advantages
for these patients. In fact, the use of an intracameral implant ends with the need of several eye
drops instillation for drug administration. The evaluation of safety and IOP-lowering effect of

DE-117, a hypotensive drug, for glaucoma treatment is in phase 3 clinical trial (ClinicalTrials.
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gov ldentifier: NCT02981446). To circumvent the disadvantages already described for the use
of eye drops, a PCL implant loaded with DE-I17 for intracameral drug delivery was recently
proposed (Kim et al,, 2018). This PCL implant was found to be safe and tolerable (Bernards et
al,, 2013, Lance et al., 2015, Kim et al., 2016) and, when loaded with DE-117, presented a long-
term reduction of IOP in normotensive rabbits compared to an empty device implantation or no
treatment (Kim et al., 2018).

Others proposed an implantable disc for sustained release of dorzolamide, a carbonic anhydrase
inhibitor used to lower IOP in glaucoma patients (Natu et al., 2011b). The cytotoxicity for corneal
endothelial cells was assessed, and after the introduction of PCL disc implant in subconjunctival
pocket, it was demonstrated that dorzolamide released from the implant decreases the IOP to
values similar to those obtained for drug eye drop instillation (Natu et al., 2011b).

Even to overcome most of the disadvantages of repeated intravitreal injections, intravitreous
devices for long-term drug release has been studied. The use of rapamycin administered by
intravitreal injection is in phase 2 clinical trials for uveitis treatment (ClinicalTrials.gov Identifier:
NCTO0I1280669). However, to bypass the problems associated with repeated intravitreal
injections, an implant was developed for the release of rapamycin for the treatment of chronic
uveitis (Lance et al., 2015). Moreover, a PCL implant for dexamethasone release in the vitreous
was proposed some years ago, that can be used in several retinal diseases (Fialho et al., 2008). It
was also proposed the use of PCL implant for sustained release of ranibizumab in the vitreous
cavity over the course of several months (Lance et al., 2016), showing that even for the release
of proteins during prolonged time it is possible to use this type of devices.

Even though those studies have been investigating several different ways to delivery drugs
into the eye, biodegradable polymer-based intraocular implants have been receiving an increased

attention.
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Aims

Glaucoma is a retinal degenerative disease and a leading cause of irreversible blindness.
Elevated IOP is an important risk factor in glaucoma, namely for optic nerve damage and
RGC death. Current treatment is directed towards |OP lowering, but many patients continue
to lose vision despite successful IOP control. Therefore, new and more effective treatments
are necessary, and neuroprotection of RGCs is considered to offer potential as an additional
therapy. RGCs express adenosine AR and its activation confers protection to RGCs following
excitotoxic stimulus. These findings strongly support that AR activation can protect RGCs from
glaucomatous damage. The intravitreal route for intraocular drug delivery is the most suitable
for the purpose of RGC neuroprotection, and the development of new intravitreal implants
for drug release may be an effective strategy, overcoming the side effects related with multiple
intravitreal injections. Therefore, we proposed the use of a biodegradable intraocular implant
loaded with the selective agonist of A;R and investigated its neuroprotective properties using in

vitro and animal models of glaucoma.
The main aims of the present thesis were:
I) Assess the potential of A,R activation as a new therapeutic approach for glaucoma;
2) Assess the safety and tolerability of PCL-based implants to the retina;

3) Assess the potential of 2-Cl-IB-MECA-loaded PCL implant as a new therapeutic strategy
for RGC neuroprotection.
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I. Abstract

Glaucoma is a progressive chronic retinal degenerative disease and a leading cause of global
irreversible blindness. This disease is characterized by optic nerve damage and RGC death. The
current treatments available target the lowering of IOP, the main risk factor for disease onset
and development. However, in some patients, vision loss progresses despite successful |OP
control, indicating that new and effective treatments are needed, such as those targeting the
neuroprotection of RGCs. AR activation confers protection to RGCs following an excitotoxic
stimulus. In this work, we investigated whether the activation of A,R could also afford protection
to RGCs in the laser-induced OHT model, a well-characterized animal model of glaucoma.
The intravitreal injection of 2-Cl-IB-MECA, a selective A3R agonist, abolished the alterations
induced by OHT in the negative and positive components of STR without changing a- and b-wave
amplitudes both in scotopic and photopic conditions. Moreover, the treatment of OHT eyes with
the A,R agonist promoted the survival of RGCs, attenuated the impairment in retrograde axonal
transport, and improved the structure of the optic nerve. Taking into consideration the beneficial
effects afforded by 2-CI-IB-MECA, we can envisage that AR activation can be considered a good

therapeutic strategy to protect RGCs from glaucomatous damage.

Graphical Abstract

Ocular hypertension
Laser-induced OHT

Intravitreal injection
2-CI-IB-MECA (5 u1, 1.2 um)

Preserves RGC function and promotes RGC survival
Preserves optic nerve structure
Re-establishes retrograde axonal transport

RGCs dysfunction and loss
Optic nerve structural alterations
Retrograde axonal transport impairment
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2. Introduction

Glaucoma is a leading cause of blindness worldwide. It is estimated that in 2020, the global
population with moderate or severe vision impairment by glaucoma will rise to 4.5 million,
and the global population that go blind because of glaucoma will rise to 3.2 million (Flaxman
et al,, 2017). This disease is characterized by optic nerve degeneration and loss of RGCs that
contribute to the vision loss (Kuehn et al., 2005, Boia et al., 2020). The predominant and the
only modifiable risk factor for the onset and progression of glaucoma is elevated IOP. Despite
the growing research in the field of glaucoma, the current strategies only target lowering IOP
either by topical administration of eye drops, laser, or incisional surgery. However, despite a 25%
reduction in IOP in treated patients, half of them still progress in terms of visual deficits (Leske
et al.,, 2003). Moreover, normal-tension glaucoma represents ~50% of glaucoma cases, and in
the clinical practice, antihypertensive drugs remain the mainstay of treatment (Shields 2008).
However, even in patients with controlled IOP the disease still progresses (Anderson et al.,
2001). This demonstrates that IOP-independent mechanisms also contribute to the progression
of the disease, suggesting that an effective therapeutic strategy should incorporate hypotensive
drugs and neuroprotective agents, aiming at preserving RGCs (Cordeiro et al., 2011). Adenosine
is a neuromodulator acting through four adenosine receptors (A, A,,, A, and A,) (Borea et
al., 2018). There is clinical and experimental evidence that activation of A,R mediates protective
effects in ischemic brain injury (Chen et al., 2006). Moreover, the activation of A;R protects
RGCs against P2X7 receptor agonist-induced cell death (Zhang et al., 2006, Hu et al., 2010),
and it limits the rise in intracellular calcium (Ca?") concentration evoked by stimulation of the
NMDA receptor (Zhang et al., 2010). The protective effects may result from the direct action on
RGCs, since these cells are endowed with A;R (Zhang et al., 2006). Moreover, we found that A;R
activation prevents retinal cell death in several in vitro and animal models of retinal degeneration
(Galvao et al., 2015), but the beneficial properties of 2-Cl-IB-MECA were not studied in animals
with OHT. In this study, we investigated the therapeutic potential of 2-C|-IB-MECA administered
by intravitreal injection immediately after inducing OHT.
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3. Materials and methods

3.1. Animals

Female Sprague-Dawley rats (Charles River, Spain) 8-weeks old were housed in animal facilities
of the University of Murcia, Spain, in a 12 h light/I2 h dark cycle, with free access to food and
water. All procedures with animals were approved by the Ethical and Animal Studies Committee
of the University of Murcia, and were in accordance with the Association for Research in Vision

and Ophthalmology and European Union guidelines for animal research use.

3.2. Induction of OHT and treatment with A R agonist

Animals were anesthetized with an intraperitoneal injection of a mixture of ketamine (60
mg/kg, Ketalar, Pfizer, USA) and xylazine (10 mg/kg, Rompun, Bayer, Germany). OHT was
induced in the left eyes in a single session with a series of diode laser burns (Viridis Ophthalmic
Photocoagulator-532 nm, Quantel Medical, France), as previously described (Salinas-Navarro
et al,, 2010, Madeira et al., 2016b). Immediately after OHT induction, both eyes (OHT and
contralateral eyes) were treated with sterile saline solution (0.9% NaCl, 5 pl) or with 2-CI-IB-
MECA (1.2 uM, 5 pl) by intravitreal injection, the same dose used in our previous study (Galvao
et al,, 2015). Topical ointment with tobramycin (Tobrex, Alcon Cusi, S.A., Spain) was used to
prevent corneal desiccation. The animals were randomly assigned into naive, saline treated
and 2-CI-IB-MECA-treated group, and were sacrificed 7 days after OHT induction. IOP was
monitored bilaterally 24 h after OHT induction. The IOP increased (35 + 1.6 mmHg) in the left
eyes, comparing with contralateral eyes (9 + 0.2 mmHg).

3.3. Electroretinography

At 6 days after OHT induction, the animals were darkadapted overnight before the ERG
recordings. To carry out the recordings, we used a dim red light (A > 600 nm) that allowed us
to handle the equipment and the animals, while the animals remained in scotopic conditions.
The rats were anaesthetized with an intraperitoneal injection of a mixture of ketamine (60 mg/
kg, Ketalar, Pfizer, USA) and xylazine (10 mg/kg, Rompun, Bayer, Germany), and maintained on
a heating pad to keep the body temperature. Pupil mydriasis was induced by applying a topical
drop of 1% tropicamide (Colircusi tropicamida 1%®, Alcon Cusi, S.A., Spain) to both eyes, 5 min
before ERG testing. STR, scotopic and photopic ERG responses were recorded in response to
light stimuli produced by a Ganzfeld stimulator using Burian-Allen bipolar electrodes (Hansen
Labs, USA) located on the cornea. The corneal surface had been previously protected with a
nonallergenic ionic conductive drop of methylcellulose (methocel 2%, OmniVision, USA). The
reference electrode was placed on the mouth, and the ground electrode was a needle placed
subcutaneously at the base of the tail.

The STR was recorded by stimulating both eyes with -4.7 log cd-s/m? of light intensity, and a
series of ERG responses were averaged (~20 ERG responses) for each trace. The ERG responses
were recorded by stimulating the retina with light intensities ranging between -1.69 to 2.19 log
cd's/m? for scotopic a-wave, -3.61 to 2.19 log cd's/m? for scotopic b-wave, and 2.19 log cd-s/m?
for photopic b-wave. For each light intensity, a series of ERG responses were averaged (~40 ERG
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responses for the dimmest stimulus intensities to 5 ERG responses for the brightest stimulus)
with an interval between light flashes from 5 s for the dimmest stimulus intensities to 60 s for
the brightest stimulus.

Electrical signals were digitized at 20 kHz using a Power Lab data acquisition board (AD
Instruments, Australia) and displayed on a PC computer. The light stimuli were calibrated
with a photometer (Mavo Monitor USB, Gossen, Germany). The STR was analyzed for each
stimulus as follows: positive STR (pSTR) was measured from the baseline to the peak of the
positive deflection, ~110-120 ms from the flash onset; negative STR (nSTR) was measured from
the baseline to the peak of the negative deflection after the pSTR, ~220 ms from the onset
of the flash. The investigator was blinded to the group when performing the experiment and
extracting data. Standard ERG waves were analyzed according to the method recommended by
the International Society for Clinical Electrophysiology of Vision (Alarcon-Martinez et al., 2009,
Salinas-Navarro et al., 2009a).

3.4. Retrograde tracing of RGCs

After 24 h of laser-induced OHT procedure, animals were anesthetized using the
aforementioned anesthetic protocol. Fluorogold (FG, Fluorochrome Inc., USA) was prepared
at 3% concentration (w/v) in a solution of 10% dimethyl sulfoxide (DMSO)-saline, and it was
applied onto the surface of both superior colliculi (SCi). The animals were sacrificed 6 days after
FG application (7 days after OHT induction), and the retinas were processed for wholemount

preparation.

3.5. Immunolabelling

3.5.1. In retinal wholemounts

Animals were euthanized with an intraperitoneal injection overdose of pentobarbital (Dolethal,
Vetoquinol, France), and perfused with PBS followed by 4% paraformaldehyde (PFA). Then,
eyecups were enucleated and fixed for an additional hour in 4% PFA. For retinal wholemounts,
the eyes were maintained in PBS until dissection as flat mounts. Retinal wholemounts were
permeabilized with 0.5% Triton X-100 and incubated with primary antibody (goat anti-Brn3a,
catalog number sc-31984, Santa Cruz Biotechnology, USA) overnight at 4 °C. Retinas were
incubated with the secondary antibody (donkey anti-goat IgG conjugated to Alexa Fluor 594,
catalog number Al1058, Thermo Fisher Scientific, USA), and mounted with the vitreous side up

and covered with antifading mounting medium.

3.5.2. In retinal cryosections

Immunohistochemistry in retinal cryosections was performed as previously described (Boia
et al,, 2017). The sections were incubated overnight with the primary antibodies: rabbit anti-
AR (catalog number sc-13938, Santa Cruz Biotechnology, USA), mouse anti-Brn3a (catalog
number MABI1585, Millipore, USA), and rabbit anti-RBPMS (RNA-binding protein with multiple
splicing; catalog number abl194213, Abcam, United Kingdom). The sections were rinsed with

PBS followed by incubation with the corresponding secondary antibodies for | h at room
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temperature in the dark: goat anti-rabbit conjugated to Alexa Fluor 488 (catalog number Al1008,
Thermo Fisher Scientific, USA), goat anti-mouse conjugated to Alexa Fluor 568 (catalog number
Al1004, Thermo Fisher Scientific, USA), and goat anti-rabbit conjugated to Alexa Fluor 568
(catalog number Al1036, Thermo Fisher Scientific, USA). For the counting of RBPMS" cells, the
preparations were observed in a fluorescence microscope (Axio Observer.Zl, Zeiss, Germany),
using a 20x objective (Plan Achromat 20%/0.8 M27). From each eye, four sections were analyzed
and the number of RBPMS* cells was counted in the entire retinal section and normalized to the
length of the respective section. The RBPMS survival rate was presented as the percentage of
the ratio between the OHT-injured retina and the contralateral eye. For both RBPMS and AR
immunohistochemistry, representative images were acquired with a 40x objective (EC Plan-
Neofluar 40%/1.30 Oil DIC M27) on a confocal microscope (Zeiss LSM 710, Germany).

3.6. Acquisition of FG and Brn3a labeling in retinal wholemounts

Wholemounted retinas were acquired with a 10% objective in an epifluorescence microscope
(Axioskop 2 Plus; Zeiss, Germany) equipped with a computer-driven motorized stage (ProScan
HI128 Series; Prior Scientific Instruments Ltd, United Kingdom), controlled by ImagePro Plus
(IPP 5.1 for Windows; Media Cybernetics, USA), as previously described (Salinas-Navarro et al.,
2009b). FG*RGC and Brn3a*RGCs were automatically quantified as reported (Salinas-Navarro
et al., 2009b). Reconstructed wholemounts, made up from 185 individual frames, were further
processed for representative images using Adobe Photoshop® CS 8.0.1 (Adobe Systems, Inc.,
USA). The Brn3a survival rate was presented as the percentage of the ratio between the OHT-

injured retina and the contralateral eye.

3.7. Terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling
assay

Cell death was detected in retinal cryosections with a terminal deoxynucleotidyl transferase-
mediated dUTP nick-end labeling (TUNEL) assay kit, as we previously described (Boia et al.,
2017). The preparations were visualized in a fluorescence microscope (Axio Observer.Zl, Zeiss,
Germany) with a 20% objective (Plan Achromat 20x/0.8 M27). From each eye, four sections were
analyzed and the total number of TUNEL" cells was counted in the entire retinal section and

normalized to the length of the respective section.

3.8. Real-time qPCR

Total RNA was extracted from rat retinas using Trizol reagent (Invitrogen, Thermo Fisher
Scientific, USA), as we previously described (Boia et al., 2017). SYBR Green-based qPCR was
performed using StepOnePlus (Applied Biosystems, USA), with the following primers for
Adora3 (F: GCTTGGATTACATGGTCTTC; R: TGAGTTTGTTTCGGATGATG) and Hprtl
(F: ATGGGAGGCCATCACATTGT; R: ATGTAATCCAGCAGGTCAGCAA) was the most
stable gene tested, and it was used as the control gene. Ct values were converted to ‘relative

quantification’ using the 2-22“ method described previously (Livak et al., 2001).
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3.9. Transmission electron microscopy

Following transcardial perfusion, the brain was removed, and optic nerve samples were
collected close to the optic chiasm. Samples were fixed with 2.5% glutaraldehyde in 0. M
sodium cacodylate buffer (pH 7.2) for 2 h. Following three washing steps in buffer, postfixation
was performed using 1% osmium tetroxide for 90 min. Samples were then rinsed in buffer,
dehydrated in a graded ethanol series (70-100%), and embedded in 2% molten agar. Sample
pellets were redehydrated in ethanol (30-100%) and then, impregnated and included in Epoxy
resin (Sigma-Aldrich, USA). Ultrathin sections were mounted on copper grids and observations
were carried out on a FEIl Tecnai G2 Spirit BioT WIN (FEI Company, USA) at 100 kV.

3.10. Statistical analysis

The results are presented as mean * standard error of the mean (SEM). Data points were
excluded if identified as outliers with the ROUT algorithm using Prism (GraphPad Software).
Statistical analysis was performed with the Prism 5.03 Software for Windows (GraphPad
Software, Inc, USA). The normality of the data was assessed with Shapiro-Wilk normality test,

and data were analyzed with parametric or nonparametric tests, depending on data distribution.
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4. Results

In order to assess the protective effects of the selective AR agonist, 2-Cl-IB-MECA was
administered by intravitreal injection (1.2 pM, 5 pl) immediately after the induction of OHT.

4.1. Distribution of A3R in the retina

Previous studies have identified messenger RNA (mRNA) coding for A,R in rat RGCs (Zhang
et al,, 2006). In retinal vertical sections from naive animals, the immunoreactivity of A,R was
mainly observed in the GCL in Brn3a* cells (Figure 12A), confirming that RGCs are endowed with
A,R. The effect of OHT on the levels of A,R mRNA in the retina was determined by qPCR. OHT
caused an increase of |.7-fold in A,R mRNA expression in the retina (Figure 12B).
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Figure 12 | A,R is upregulated after 7 days of OHT induction. (A) Representative images of naive retinal
cryosections immunostained for AR (green) and Brn3a (RGCs, red) are depicted. Nuclei were stained
with DAPI (blue). (B) A,R mRNA expression was assessed by qPCR in naive and OHT retinas. Results are
presented as fold change of OHT eye to naive, from seven independent experiments. ¥p<0.05, significantly
different from the naive, Wilcoxon’s signed-rank test. GCL ganglion cell layer, IPL inner plexiform layer,
INL inner nuclear layer, OPL outer plexiform layer, ONL outer nuclear layer.

4.2. Treatment with 2-CI-IB-MECA attenuates the RGC dysfunction induced
by OHT

Retinal function was assessed by ERG, a record of electrical responses in the eye obtained
by stimulating the retina with light flashes in either dark-adapted (scotopic) or light-adapted
(photopic) conditions (Figure 13A). The a-wave is the first major component of ERG that
corresponds to the function of photoreceptors, being in scotopic conditions mainly due to mixed
rod and cone response, and in photopic conditions mainly due to cones response (Rosolen et
al., 2008). Evidence suggests that the b-wave originates in retinal cells that are postsynaptic to
photoreceptors (Rosolen et al., 2008).

Generally, when retinal function deteriorates, the light-induced electrical activity in the
retina reduces (Vidal-Sanz et al., 2015). As expected, the amplitude for scotopic a- and b-waves
increased with the increase of light intensity in naive animals (Figure 13B, C). In contralateral

retinas, the amplitude of a-wave in scotopic conditions (Figure 13B) and of b-wave in photopic




conditions (Figure 13D) decreased when compared with naive retinas, independently if treated
with saline or 2-CI-IB-MECA. In OHT retinas, the amplitudes of scotopic a- and b-waves, as well
as the amplitude of photopic b-wave decreased. These effects were not modified by 2-Cl-IB-
MECA, except at lower light flash stimuli in scotopic b-wave.
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Figure 13 | Treatment with 2-CI-IB-MECA does not change a-wave and b-wave amplitudes. Saline (5 pl)
or 2-CI-IB-MECA (5 pl, 1.2 uM) was administered by intravitreal injection immediately after laser-induced
OHT, and at day 6 after OHT induction the ERG was recorded. (A) Representative traces of scotopic a-
and b-wave amplitude and photopic b-wave at 2.19 log cd's/m?. (B, C) Scotopic a- and b-wave amplitudes
recorded at different light intensities. (D) Photopic b-wave amplitudes recorded at 2.19 log cd-s/m2.
Results presented were obtained from 5-6 animals. +p<0.05, ++p<0.0l, +++p<0.00l, ++++p<0.0001,
significantly different from naive; *p<0.05, **p<0.01, ***p<0.001, ***¥p<0.000l, significantly different
from contralateral eye; and #p<0.05, ##p<0.01, significantly different from saline-treated OHT.
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The function of RGCs can be assessed by ERG using very dim light intensities after extracting
the positive and negative components (Mead et al., 2016). In this work, STR was elicited with light
stimuli of -4.7 log cd-s/m? (Figure 14A), and the amplitudes of each positive (pSTR, Figure 14B)
and negative (nSTR, Figure 14C) components were extracted. OHT decreased the amplitudes
of both pSTR and nSTR, and the treatment with 2-CI-IB-MECA was able to reduce the effect of
OHT in pSTR and nSTR amplitudes (p<0.05).
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Figure 14 | Treatment with 2-C|-IB-MECA attenuates the loss-of-function of RGCs induced by OHT.
Saline (5 pl) or 2-CI-IB-MECA (5 pl, 1.2 pM) was administered by intravitreal injection immediately after
laser-induced OHT, and at day 6 after OHT induction the STR was recorded. (A) Representative traces
of STR recordings. (B, C) pSTR and nSTR amplitudes recorded at -4.7 log cd's/m?, extracted from 5-6
animals. *p<0.05, significantly different from the saline-treated OHT.

4.3. A,R agonist does not change retinal cell death induced by OHT

The TUNEL assay was performed in retinal vertical sections to quantify cell death (Figure 15).
The majority of TUNEL" cells was found in the ONL and INL (Figure I5A), indicating that cells in
these layers are also affected by OHT, in accordance with a previous report (Ortin-Martinez et
al., 2015). No significant changes in TUNEL" cells were found in the retinas of contralateral eyes
for both groups of animals (saline-treated and 2-Cl-IB-MECA-treated group), when compared
with naive animals. In the OHT-injured retinas treated with saline there were 5.8 + 2.3 TUNEL"
cells/mm (p<0.05, compared with naive) and in the 2-C|-IB-MECA-treated retinas there were 3.4
* 1.7 TUNEL" cells/mm (Figure 15B).
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Figure 15 | Treatment with 2-CI-IB-MECA reduces retinal cell death induced by OHT. Saline (5 pl) or
2-CI-IB-MECA (5 pl, 1.2 upM) was administered by intravitreal injection immediately after laser-induced
OHT. (A) Cell death was assayed in retinal cryosections by TUNEL assay (white). Nuclei were stained with
DAPI (blue). Representative images are depicted. (B) The total number of TUNEL" cells were counted
in the entire retinal section and expressed per length (mm) of the respective retinal section from 5-6
independent experiments. +p<0.05, significantly different from naive. GCL, ganglion cell layer; IPL, inner
plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer.

4.4. Activation of A3R increases the survival of RGCs in animals with OHT

Since RGCs express AR (Zhang et al., 2006) and 2-CI-IB-MECA attenuated the effect of
OHT in STR, we assessed whether the treatment with the AR agonist could protect RGCs. In
retinal wholemounts, RGCs were immunolabelled for Brn3a, a specific marker of RGCs (Nadal-
Nicolas et al., 2009), and the isodensity maps allowed us to visualize the distribution of RGCs
(Figure 16A). The distribution of Brn3a* RGCs in both naive and contralateral retinas is similar
to a previous report (Nadal-Nicolas et al., 2009), with higher density in the superior retina and
a visual-oriented horizontal strip. The total number of Brn3a* cells was automatically counted
(Figure 16B). In naive retinas, the number of Brn3a* cells was 72501 + 1237 cells, similar to our
previous work (Madeira et al., 2016b). The treatment of contralateral retinas with saline or 2-ClI-
IB-MECA did not significantly affect the number of Brn3a* cells (83406 + 5067 cells and 89689
* 6517 cells, respectively) when compared with naive retinas. As expected, laser-induced OHT
induced a significant loss of Brn3a* cells (25328 * 2862 cells, p<0.0l) that was partially attenuated
by the intravitreal injection of 2-CI-IB-MECA (45299 + 9640 cells, p<0.05; Figure 16B). In fact,
the animals treated with 2-CI-IB-MECA presented 48% of Brn3a* cells, which is significantly
(p<0.05) higher when comparing with saline-treated group (survival rate of 31%; Figure 16C).

RBPMS is another RGC marker for quantitative analysis of these cells in animal models of
RGC degeneration induced by IOP elevation (Kwong et al., 2010, Kwong et al., 2011). Therefore,
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the number of RBPMS* cells was counted in retinal cryosections (Figure 16D). Although not
so pronounced, 2-CI-IB-MECA slightly increased the number of RBPMS* cells present in OHT
retinas (survival rate of 96%) comparing with saline-treated group (survival rate of 77%; Figure
16e).
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Figure 16 | A;R agonist increases RGC survival in OHT animals. Saline (5 pl) or 2-CI-IB-MECA (5 pl, 1.2
pM) was administered by intravitreal injection immediately after laser-induced OHT. (A) Representative
RGC isodensity maps generated from wholemount preparations from 2-CI-IB-MECA and saline-treated
OHT, and contralateral retinas immunostained for Brn3a. (B) The number of total Brn3a* cells per retina
was automatically quantified from 5-6 independent retinas. (C) The survival rate of Brn3a* cells was
expressed as the percentage of the ratio between OHT-injured retinas and the contralateral retinas,
from 5-6 independent experiments. (D) Representative images of retinal cryosections immunostained for
RBPMS (red). Nuclei were stained with DAPI (blue). (E) The number of RBPMS* cells were counted in the
entire retinal section and normalized to the length of the respective section. The survival rate of RBPMS*
cells was presented as the percentage of the ratio between the OHT-injured retinas and the contralateral
retinas, from 5-6 independent experiments. ++p<0.0l, ++++p<0.0001, significantly different from naive;
#¥¥p<0.0001, significantly different from the contralateral eye; and #p<0.05, significantly different from
saline-treated OHT.
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Selective A, receptor agonist protects the retina

4.5. A R agonist prevents structural alterations in the optic nerve induced by
OHT and ameliorates the OHT-induced impairment in the optic nerve retro-
grade transport

Changesin the structure of the optic nerves were assessed by transmission electron microscopy
(Figure 17). The optic nerves from animals with OHT presented regions with disorganized axons,
including alterations in the myelin sheath (Figure 17B, indicated by black asterisks). The treatment
with 2-CI-IB-MECA was able to partially halt the alterations caused by OHT.

One feature of laser-induced OHT is the impairment of the axonal transport through the
optic nerve (Salinas-Navarro et al., 2010). Therefore, since A,R agonist was able to protect
RGCs, we assessed if the treatment with 2-CI-IB-MECA could change the course of the disease.
Optic nerve retrograde transport was assessed by counting the number of FG* cells in the retina
after application of the dye in the SCi (Figure 18). The induction of OHT did not significantly
change the number of FG* cells in the contralateral retinas (70067 + 2271 cells and 63504 + 5832
cells, for saline or 2-CI-IB-MECA, respectively) when compared with naive retinas (73949 + 1653
FG* cells); also similar to our previous report (Madeira et al., 2016b). The number of FG* cells
significantly decreased to 34122 £ 4090 cells in OHT retinas, but the treatment with 2-CI-IB-
MECA was able to attenuate the effect of OHT (44934 + 9301 FG" cells; Figure 18B). This result

suggests that A R agonist might improve the axonal transport through the optic nerve.

A OHT
Naive Saline 2-Cl-IB-MECA

Figure 17 | Treatment with 2-CI-IB-MECA prevents the structural alterations of optic nerve induced by
OHT. Saline (5 pl) or 2-CI-IB-MECA (5 pl,1.2 pM) was administered by intravitreal injection immediately
after laser-induced OHT. Semi-thin cross sections of naive, saline-, and 2-ClI-IB-MECAtreated OHT

retinas were imaged by transmission electron microscopy. Representative images are depicted at (A)
low magnification and (B) higher magnification. Structural alterations like degenerating axons and myelin
disarrangement are observed in OHT animals (indicated by black asterisks).
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Figure 18 | Treatment with 2-CI-IB-MECA attenuates the impairment in axonal transport induced by
OHT. Saline (5 pl) or 2-CI-IB-MECA (5 pl, 1.2 uM) was administered by intravitreal injection immediately
after laser-induced OHT. (A) Retrograde axonal transport was assessed after FG application in the superior
colliculus (SCi) at 24 h after OHT induction. Representative isodensity maps generated from wholemount
preparations from 2-CI-IB-MECA, and saline-treated OHT and contralateral retinas labeled with FG. (B)
The total number of FG* cells was automatically quantified from 5-6 independent experiments. ++p<0.0l,
+++p<0.001 significantly different from naive; and ***p<0.001l significantly different from contralateral
eye.
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5. Discussion

The results presented herein demonstrate that the treatment with an agonist of A;R confers
protection to RGCs against damage induced by OHT. In addition, we showed that the activation
of A3R attenuated the loss of function of RGCs and the alterations of their axons. Previously, we
demonstrated that the activation of AR protects the retina, including RGCs against transient
ischemic damage (Galvao et al,, 2015). However, in this previous work, the A,R agonist 2-Cl-
IB-MECA was administered prior injury and the protective effects were evaluated 24 h after. In
the current work, we extended the previous knowledge by evaluating the potential therapeutic
properties of A;R agonist in a model of OHT by administering the drug immediately after inducing
OHT, and assessing the outcome 7 days after the treatment. Previously, we showed that the A R-
selective antagonist (MRS 1191) abolishes the protective effects of the AR agonist against cell
death induced by glutamatergic excitotoxicity in primary rat retinal neural cultures and in retinal
organotypic cultures (Galvao et al., 2015), showing that the protective effects are mediated by
AR activation.

Several animal models have been developed to mimic glaucomaand the laser photocauterization
of the perilimbar and episcleral veins to induce OHT has been a widely used method in adult
albino rats (Vidal-Sanz et al., 2015). In this animal model, IOP raises in the first 24 h post OHT
induction and it is constantly maintained elevated during the first week (Ortin-Martinez et al.,
2015). Our study was conducted to assess the protective properties of 2-Cl-IB-MECA against the
loss of RGCs induced by OHT within the period of elevated IOP to avoid possible confounding
effects of IOP normalization.

Apoptotic cell death has been described in glaucomatous patients and experimental models
(Berkelaar et al., 1994, Quigley et al., 1995, Kerrigan et al., 1997). In the OHT animals, the
majority of apoptotic cells (TUNEL" cells) were located at the ONL. It has been proposed
that glaucoma causes not only RGC death, but also degeneration of cells in the ONL, most
likely photoreceptors that are lost due to laser-induced photocoagulation (Salinas-Navarro et
al., 2009a, Cuenca et al., 2010, Georgiou et al,, 2014, Vidal-Sanz et al., 2015). In fact, death of
photoreceptors has also been described in glaucoma patients (Holopigian et al., 1990, Panda et
al., 1992, Nork et al., 2000). In the animals with OHT, the decrease in the amplitudes of a- and
b-waves of the full-field ERG in scotopic and photopic conditions strongly suggests that other
cells apart from RGC:s are affected in glaucomatous conditions. Surprisingly, TUNEL" cells were
not observed in the GCL, despite the loss of RGCs. Retinal microglia are the resident immune
cells that become reactive in the retinas of laser-induced OHT eyes (de Hoz et al., 2013). One
possible explanation for the lack of TUNEL" cells in GCL could be the fact that microglial cells
are actively clearing the tissue from dead RGC:s. In fact, we recently demonstrated that elevated
pressure increases the number of engulfed TUNEL" cells by microglia (Aires et al., 2019a) and the
observation of transcellularly labeled microglial cells with FG also favors this hypothesis (Nadal-
Nicolas et al., 2017).

Beyond RGC dysfunction, axonal transport is also impaired in experimental glaucoma
(Mabuchi et al,, 2003, Salinas-Navarro et al., 2010, Calkins 2012). FG has been the tracer of
choice to evaluate retrograde transport through axons of RGCs from SCi to the retina (Mead
et al., 2016). The tracer can be applied in SCi and the number of FG* cells in the retina can be
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easily counted (Nadal-Nicolas et al., 2009). In the current study, FG was administered after laser
photocoagulation in order to guarantee that FG* cells represent the RGCs with nonimpaired
axonal transport. In the laser-induced OHT group, impaired retrograde axonal transport and
RGC loss were found, and are in accordance with previous reports (Salinas-Navarro et al., 2010,
Ortin-Martinez et al., 2015).

We found that OHT impacted the amplitudes of scotopic a-wave and photopic b-wave in
the contralateral retinas. These alterations were never reported previously and reinforce the
importance of appropriate controls (naive and contralateral) when assessing the changes triggered
by OHT. In fact, bilateral response to experimental injury in rodents has been described to cause,
at least, microglial activation (Gallego et al., 2012, Choe et al., 2014) and RGC loss (Macharadze
et al,, 2009, Lucas-Ruiz et al., 2019).

AR has been implicated in many ocular diseases, like autoimmune uveitis, dry eye syndrome,
and glaucoma (Fishman et al., 2013). The safety and efficacy of CFI0I (IB-MECA, an agonist for
A,R) is being assessed in a randomized clinical trial in patients with elevated IOP (ClinicalTrials.
gov Identifier: NCTO01033422). CFIOI was able to decrease IOP in a dry eye syndrome phase
Il clinical study (Avni et al,, 2010). In fact, A,R contributes to the regulation of IOP (Avila et
al.,, 2002), and data from the clinical trial demonstrate that CFI0l was effective as an IOP-
lowering agent (Avni et al., 2010). A,R was identified in rat RGCs (Zhang et al., 2006), and more
recently also in NFL and RPE of Rhesus monkeys (Beach et al., 2018). There are no evidences
of AR expression in the outer retina of rodents. However, it has been suggested that AR
may be located in neurons of the inner retina that would contribute to the generation of the
ERG a- and b-waves (Jonsson et al., 2017). Overall, in our experimental conditions, no changes
were observed in a- and b-waves amplitudes in scotopic and photopic ERG, but different drug
concentration and timepoints may help explaining these differences.

The activation of AR attenuated the decrease in FG" cells and increased the survival of
Brn3a* cells induced by OHT. The degenerative process of RGCs is accompanied by structural
alterations in RGC axons (Nickells 2007). The intravitreal injection of 2-Cl-IB-MECA preserved
the structure of the optic nerve, consistent with the data on FG axonal transport. The A,R
agonist 2-Cl-IB-MECA promotes neurite outgrowth in cultured RGCs and axonal regeneration
in the optic nerve crush model through the activation of an Akt-dependent signaling pathway
(Nakashima et al., 2018). In our model, similar pathways could be activated in the RGC soma,
which may contribute to the improvement in axonal transport.

It is well established that RGCs are lost in the laser-induced OHT animal model of glaucoma
(Salinas-Navarro et al., 2010, Ortin-Martinez et al., 2015). Interestingly, even using different
markers (Brn3a and RBPMS) and preparations for assessing RGC loss (retinal cryosections and
wholemounts), the magnitude found for the protection of RGCs due to the treatment with the
AR agonist was very similar. The A R agonist increases the survival of Brn3a® RGCs by 54%
(survival rate: 31% in saline-treated group and 48% in 2-Cl-IB-MECA-treated group) and by
24% in the case of RBPMS*RGCs (survival rate: 77% in saline-treated group and 96% in 2-Cl-
IB-MECA-treated group). There is some controversy regarding the most reliable marker for
RGC, especially in the case of RGC degeneration (Mead et al., 2016). Brn3a is a POU-domain
transcription factor expressed in RGCs (Wegner et al., 1993) and is downregulated in injured
RGCs (Nadal-Nicolas et al., 2012) in a caspase-3-dependent pathway (Sanchez-Migallon et al.,
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2016). However, since this downregulation occurs near the death of RGC, it does not hinder
accurate counting of RGCs using Brn3a, as a cell marker (Nadal-Nicolas et al., 2009, Mead et al.,
2014). Nevertheless, some authors report a downregulation of Brn3a prior RGCs loss (Mead et
al,, 2016), suggesting the use of other markers. RBPMS has been proposed as a marker of RGCs
even in the case of neurodegeneration (Kwong et al.,, 2010, Kwong et al.,, 2011). Despite the
different extension of the injury when comparing Brn3a*RGCs and RBPMS*RGC:s, the protection
conferred by 2-Cl-IB-MECA is similar comparing both markers. Therefore, regardless the most
reliable marker for RGCs, there is no doubt of the protective properties of 2-Cl-IB-MECA. The
STR is considered to reflect the activity of RGCs (Mead et al.,, 2016). Indeed, a single intravitreal
injection of AR agonist was able to attenuate the effect of OHT on the amplitude of pSTR and
nSTR elicited at -4.7 log cd-s/m*. The mechanism by which A R activation mediates protection to
RGCs may involve a decrease in Ca?* influx (Zhang et al., 2010), although this was not addressed
in this work. Indeed, it has been described that an increase in Ca?" influx in RGCs mediated by
transient receptor potential vanilloid | channel activation leads to pressure-induced RGCs death
(Sappington et al., 2009).

One important consideration is that the effects mediated by AR agonist were only assessed
7 days after one single injection. Although repeated injections may cause several side effects,
such as inflammation, endophthalmitis, retinal detachment, and cataracts (Sampat et al., 2010),
one could hypothesize that the beneficial effects of A;R activation could be potentiated if other
therapeutic regimens had been adopted.

Taking together, these results demonstrate that A R activation may be a promising novel

therapeutic strategy focusing on the protection of RGCs for the treatment of glaucoma.
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6. Conclusions

Glaucoma is characterized by the loss of RGCs and degeneration of their axons, affecting
cell function. The current treatments for this disease are dependent on the control of IOP, the
only modifiable risk factor. However, in some patients despite having controlled |IOP, the disease
still progresses. Therefore, there is an emergent need for new therapeutic strategies to manage
glaucoma. Drugs targeting RGCs protection may have potential to be effective for the treatment
of glaucoma, additionally to IOP-lowering agents. The treatment with A R agonist prevented the
loss of RGCs, and attenuated the loss-of-function of RGCs and the retrograde axonal transport
failure induced by OHT. Concluding, our data shed light on a novel potential therapeutic strategy
for glaucoma, using the A,R activation as an IOP-independent neuroprotective therapeutic

strategy for glaucoma.
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I. Abstract

This work reports the development of porous PCL-based intraocular implants, prepared
by green supercritical carbon dioxide (scCO,)-assisted foaming/mixing method (SFM), to
produce implants that degrade faster than typical slow-degrading PCL-based implants. The
higher porosities and surface areas of these implants led to faster degradation rates at in vitro
accelerated alkaline conditions than low porosity/surface area implants prepared by hot melting
(HM) processing. These porous implants also presented distinct (faster) release rates of a test
drug (dexamethasone). Additionally, these porous devices did not cause cell death and did not
reduce the number of neurons, indicating that are not toxic to retinal cells. We further explored
the impact of PCL-based implant to the retina by in vivo evaluation and histological analysis.
Implants were surgically inserted in the vitreous of Wistar rats, and their presence did not
change the function, structure and anatomy of the retina. These devices demonstrated a good
intraocular tolerance, further confirming their viability for prolonged drug delivery applications.
Further comprehensive studies based on this promising preliminary assessment and proof-of-

concept could enable its future translation to clinical protective strategies for retinal diseases.

Graphical Abstract
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2. Introduction

Chronic retinal diseases, as AMD, glaucoma and diabetic retinopathy, represent 84% of visual
impairment worldwide (Bourne et al,, 2017). The therapeutic options mainly include topical
drug administration using eye drops or intravitreal injections (Bourne et al., 2017). Topical drug
delivery is non-invasive and easily performed by the patient (Yellepeddi et al., 2016), however the
application of eye drops needs to be quite frequent and leads to poor patient compliance (Claxton
etal,, 2001, Nordstrom et al., 2005, Sleath et al., 2006, Reardon et al., 2011). Intravitreal injections
are currently the main method to deliver drugs into the posterior segment of the eye (Kim et
al., 2014b), however the need to maintain therapeutic drug levels require frequent injections
that may cause several side effects such as inflammation, endophthalmitis, retinal detachment
and cataracts (Sampat et al., 2010). Therefore, intraocular drug delivery systems based on
biodegradable and biocompatible polymeric materials may have the potential to circumvent some
of the aforementioned drawbacks (Kimura et al., 2001, Yasukawa et al., 2005, Silva-Cunha et al.,
2009). These systems can be designed to maintain the therapeutic concentrations for extended
periods, reducing the frequency of administration and increasing patient compliance (Kimura
et al,, 2001). The use of biodegradable polymeric drug delivery systems usually overcomes the
need of surgical removal after the drug has been exhausted that happens in the case of non-
biodegradable implants (Kimura et al., 2001, Yasukawa et al., 2011).

PCL is a biocompatible and bioresorbable synthetic polymer approved by US FDA that has
been extensively studied and applied in implants for ophthalmic controlled drug delivery (Fialho
et al,, 2008, Silva-Cunha et al.,, 2009, Kim et al,, 2016, Kim et al., 2018). In particular, PCL
intraocular implants have been prepared for the delivery of dexamethasone (Fialho et al., 2008,
Silva-Cunha et al., 2009). In addition to the controlled delivery of drugs loaded within the matrix,
which is mainly controlled by water sorption and by its hydrolytic degradation, PCL presents
other important advantages such as its tailorable physical and mechanical properties, and ease
of shaping and processing at relatively low temperatures (Kimura et al., 2001, Woodruff et al.,
2010).

Typical manufacturing techniques used to prepare these polymeric implants are HM,
extrusion, 3D-printing, injection moulding or solution casting (Yasukawa et al., 2005). However,
these methods may involve hazardous solvents and/or operate at processing conditions (e.g.,
temperature, pH) that could promote the degradation of the polymers, drugs and other additives
(Yasukawa et al., 2005, de Matos et al., 2013). Alternatively, the SFM method can be used to
avoid most of these problems. The temporary plasticizing effect of scCO, leads to operating
temperatures considerably lower than typical polymer melting temperatures at atmospheric
pressure, thus allowing sensitive drugs to be loaded at mild conditions. In addition, hazardous
solvents are usually absent in this method. SFM methodologies have been successfully applied to
several thermoplastic polymers, including PCL and other poly(€-esters), to obtain materials with
tuneable physical and morphological properties, such as polymer crystallinity, porosity, pore size
distributions, pore interconnectivity, and surface area, just by controlling the final depressurization
step rate and/or the amount of absorbed CO, (and varying the other operational conditions such
as processing time, temperature and pressure) (Shieh et al., 2005, de Matos et al., 2013, de Matos
et al,, 2015, Di Maio et al., 2018, Salerno et al., 2019). The typical high porosities introduced in
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thermoplastic polymers by the SFM process may have the potential to increase the hydrolytic
and enzymatic degradation rates of poly(E-esters), namely by increasing surface area, water
sorption/swelling rates, and the available reaction sites at the surface, which are quite important
advantageous features for slow degrading polymers such as PCL (Lam et al., 2008, Vidaurre etal.,
2008). To the best of our knowledge, no porous implant (of the monolithic type) has yet reached
the market. However, previous studies suggest that highly porous materials prepared by SFM can
be designed for a better control of drug release (de Matos et al., 2013).

Therefore, the present work aimed to use the SFM method to develop and to characterize
a new, biodegradable and porous intraocular implant that may present faster degradation rates
and, at the same time, still control the release of drugs over time. The morphologies, thermal
properties and the degradation kinetics profiles (at accelerated alkaline conditions) of prepared
SFM drug-free implants were assessed and compared with non-porous implants prepared by a
typical HM process. Additionally, the safety of SFM drug-free implants to the retina was assessed
by extended and meticulous in vitro and in vivo studies. Finally, these new implants were tested
for the incorporation yields and for the in vitro release kinetics of a test-drug, dexamethasone,
a well-known anti-inflammatory and immuno-suppressant glucocorticoid already used for the
treatment of ocular pathologies (Kaji et al., 1997, Kim et al., 1999, Chim et al., 2012, de Matos et
al., 2013).
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3. Materials and methods

3.1. Animals

Adult Wistar rats were housed in a standard animal room under controlled environment with
free access to food and water. All procedures were approved by the Animal Welfare Committee
of the Coimbra Institute for Clinical and Biomedical Research of the Faculty of Medicine of
University of Coimbra (ORBEA 23/2015) and were conducted in accordance to the Portuguese
law (Decreto-Lei n°113/2013) and to the Association for Research in Vision and Ophthalmology

statement for animal use.

3.2. Safety for the retinal cells: in vitro experiments

3.2.1. Primary culture of rat retinal neural cells

Retinal neural cell cultures were obtained from 3-day-old Wistar rats, as previously described
(Santiago et al., 2006). The cells were plated at a density of 2x10° cells cm? in |12-well plates
with glass coverslips previously coated with poly-D-lysine (0. mg mL"'; Sigma-Aldrich, Missouri,
USA) and cultured in Eagle’s minimum essential medium (MEM, Sigma-Aldrich, Missouri, USA),
supplemented with 26 mM NaHCO3, 25 mM HEPES, 10% heat-inactivated fetal bovine serum
(FBS; GIBCO, Invitrogen, Life Technologies, California, USA), penicillin (100 U mL"; Sigma-Aldrich,
Missouri, USA), and streptomycin (100 g mL"'; Sigma-Aldrich, Missouri, USA) in a humidified
atmosphere of 5% CO, at 37 °C for seven days. After one day in culture (one day in vitro, DIVI),
cell cultures were incubated with PCL-based implants or with medium that was in contact with
drug-free implants for 3 weeks (to check for the effects of any PCL degradation products).

3.2.2. Organotypic retinal cultures

The retinas from Wistar rats (8-10 weeks old) were dissected in Hanks’ balanced salt solution
(HBSS, in mM: 137 NaCl, 5.4 KClI, 0.45 KH2PO4, 0.34 NaZHPO4, 4 NaHCO3, and 5 glucose; pH
7.4) and placed in tissue culture inserts with a 0.4 ym pore size (Millicell, Millipore, Massachusetts,
USA), with the GCL facing up. The retinas were cultured for 4 days in Neurobasal-A medium
(GIBCO, Invitrogen, Life Technologies, California, USA) supplemented with B27 (GIBCO,
Invitrogen, Life Technologies, California, USA), 2 mM L-glutamine (Sigma-Aldrich, Missouri, USA)
and gentamicin (50 mg mL'; GIBCO, Invitrogen, Life Technologies, California, USA), in 5% CO,
humidified atmosphere, as previously described (Madeira et al., 2015b).

The cultures were incubated with PCL-based implant for 24 h, 48 h and 72 h or with
culture medium that was previously in contact for four weeks with these implants (PCL-based

metabolites) for four days.

3.3. Safety for the retina: in vivo experiments

3.3.1. Surgical procedure for implantation of SFM-processed drug-free PCL based implants

The animals were randomly assigned into sham-operated group or implant-inserted group.
Animals were anesthetized with 2.5% isoflurane (IsoFlo; Abbott Laboratories, lllinois, USA) with

I L min"' of O,. Oxybuprocaine (4 mg mL"', Anestocil, Edol, Portugal) and tropicamide (10 mg
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mL"', Tropicil Top, Edol, Portugal) were applied topically for corneal anesthesia and mydriasis,
respectively. One SFM-processed drug-free PCL-based implant (92:00:08, wt.%) was introduced
in the vitreous with a 24-gauge catheter after making an incision in the sclera with a 23-gauge

needle. Animals were sacrificed 4 and 8 weeks after the surgery.

3.3.2. Measurement of intraocular pressure (IOP)

Animals were trained for manipulation for IOP measurement during 2 weeks before surgical
procedure. After implantation, IOP was measured bilaterally with a rebound tonometer
specifically designed for rodents (Tonolab®, Icare, Finland), twice a week until sacrifice, as
previously described (Boia et al., 2017). An average of ten reliable measurements made in each
eye was considered as one reading and reported as the |OP for that eye. The average of the IOP

values obtained during the study interval was reported.

3.3.3. Optical coherence tomography (OCT)

Retinal structure was evaluated by OCT using a Micron IV (Phoenix Research Labs, California,
USA) with a contact lens specifically designed for rat. The animals were anesthetized by
intraperitoneal injection of ketamine (90 mg kg''; Nimatek, Dechra, UK) and xylazine (10 mg kg'';
Sedaxylan, Dechra, UK). After topical anesthesia with oxybuprocaine (4 mg mL"', Anestocil, Edol,
Portugal) and pupillary dilation with tropicamide (10 mg mL"', Tropicil Top, Edol, Portugal), both
eyes were imaged and |3 B-scans centered in the optic nerve head were acquired. Total retinal
thickness was obtained after segmentation using the semi-automatic segmentation software
InSight (Phoenix Research Labs, California, USA).

3.3.4. Electroretinogram (ERG) recordings

Retinal activity was evaluated by electroretinography using corneal gold wire electrodes as
previously described (Martins et al., 2011). ERGs were performed under red dim light after
overnight dark adaptation of the animals. Animals were anesthetized and topical anesthetic
and mydriatic were applied, as described above. Methylcellulose (Methocel 2%, OmniVision,
California, USA) was applied for a good contact between cornea and gold ring electrode. A
Ganzfeld stimulator (Roland Consult GmbH, Germany) with white light flashes (0.0095-9.49 cd-s
m2) was used and scotopic ERG was recorded. The amplitude (uV) and latency (ms) of a-wave
and b-wave in scotopic conditions (reflecting rod response) were extracted. Off-line digital filter
was applied on b-wave (high frequency cut-off of 50 Hz) with the RETIport software (Roland
Consult GmbH, Germany).

3.4. Immunolabelling

3.4.1. Retinal cell cultures

Cell cultures were immunostained as previously described (Madeira et al., 2016a). Cells were
washed with phosphate-buffered saline (PBS, in mM: 137 NaCl, 2.7 KClI, 10 NaZHPO4, 1.8 KHZPO4;
pH 7.4) and fixed with 4% PFA with 4% sucrose for 10 min. Then, cells were permeabilized with
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1% Triton X-100 and blocked with 3% bovine serum albumin (BSA) and 0.2% Tween 20. The cells
were incubated with the primary antibody (Table 4), followed by incubation with the secondary
antibodies (Table 4). The nuclei were stained by incubation with 4’,6’-diamidino-2-phenylindole
(DAPI; 1:2000;5 Invitrogen, Life Technologies, California, USA) for 10 min. The preparations were
mounted with Glycergel mounting medium (DAKO, California, USA) and were observed in a
fluorescence microscope (Axio Observer.ZI, Zeiss, Germany). For each condition, 10 images
per coverslip were randomly acquired with a 20x objective (Plan Achromat 20x/0.8 M27). In
order to compare the different conditions, all images were acquired using identical gain and

exposure settings.

3.4.2. Organotypic retinal cultures

Retinal organotypic cultures were immunostained as previously described (Madeira et al,,
2015b). Briefly, retinas were washed with PBS and fixed with ice-cold 100% ethanol for 10 min
at 4 °C. After washing with PBS, retinas were incubated with blocking solution (3% BSA, 10%
normal goat serum and 0.1% Triton X-100) for | h at room temperature. Samples were then
incubated with the primary antibodies (Table 4) in blocking solution for 48 h at 4 °C, followed by
incubation with the secondary antibodies (Table 4) overnight at 4 °C. Nuclei were counterstained
with DAPI (I1:1000; Invitrogen, Life Technologies, California, USA) and the samples were then
flat-mounted on glass slides with the GCL facing upwards and cover slipped with Glycergel
mounting medium (DAKO, California, USA). The preparations were observed in a confocal
microscope (Zeiss LSM 710, Germany) and images were randomly acquired with a 20% objective
(Plan Achromat 20%/0.8 M27). From each retina, 3 images per quadrant were acquired (total of
12 images per sample). All images were acquired using identical gain and exposure settings to

compare the different conditions.

3.4.3. Retinal cryosections

Retinal cryosections were prepared as previously described (Boia et al., 2017). Retinal sections
were permeabilized with 0.25% Triton X-100 in PBS for 30 min and blocked in 10% normal goat
serum plus 1% BSA in a humidified environment. Then, the sections were incubated with the
primary antibodies (Table 4), followed by incubation with respective secondary antibodies (Table
4). Nuclei were counterstained with DAPI (1:2000; Invitrogen, Life Technologies, California,
USA) and the slices were mounted with Glycergel mounting medium (DAKO, California, USA).
The preparations were observed in a confocal microscope (Zeiss LSM 710, Germany) and images
were acquired with a 20x objective (Plan Achromat 20%/0.8 M27).

3.4.4. Retinal wholemounts

After transcardiac perfusion of animals, eyes were enucleated and retinas were dissected
as flattened wholemounts, as previously reported (Salinas-Navarro et al., 2009b). The retinas
were permeabilized with 0.5% Triton X-100 and incubated with the primary antibodies (Table 4).
Retinas were incubated with the secondary antibodies (Table 4) and mounted with GCL side up

and covered with anti-fading mounting medium.
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Wholemounted retinas were acquired with a 10% objective under an epifluorescence
microscope (Axioskop 2 Plus; Zeiss Microscopy, Germany) equipped with a computer-driven
motorized stage (ProScan HI28 Series; Prior Scientific Instruments, UK), controlled by Image-
Pro Plus (IPP 5.1 for Windows; Media Cybernetics, Maryland, USA), as previously described
(Salinas-Navarro et al., 2009b). Reconstructed wholemounts, made up from 154 individual
frames, were further processed when required using Adobe Photoshop® CS 8.0. (Adobe
Systems, Inc., California, USA). The total population of Brn3a*RGCs was automatically quantified
by processing the individual Brn3a images taken for each retinal wholemount with a specific cell-
counted routine developed for the IPP software. Isodensity maps were generated with the IPP
software to evaluate the spatial distribution of Brn3a"RGCs throughout the entire retinal surface

(for more details, see Salinas-Navarro et al., 2009b).

Table 4 | List of primary and secondary antibodies used in this study

Supplier Cat. No Host Dilution Sample
Primary antibodies
anti-Arrestin Millipore ABI5282 Rabbit 1:500 Retinal cryosections
Millipore MABI585 Mouse | 1:200 Organotypic retinal cultures/
. Retinal cell cultures
anti-Brn3a
Santa Cruz Biotecnologies | sc-31984 Goat 1:750 Retinal wholemounts
anti-Calbindin Swant CB-38a Rabbit 1:500 Retinal cryosections
Anti-Calnexin Sicgen AB0041-500 Goat 1:5000 Protein levels
anti-GFAP Millipore IFO3L Mouse | 1:500 Retinal cryosections/
Protein levels
anti-Ibal Wako 019-19741 Rabbit 1:1000 Retinal cryosections
anti-NeuN Cell Signaling D4G40 Rabbit 1:500 Retinal cell cultures
anti-PKCa Santa Cruz sc-8393 Mouse 1:500 Retinal cryosections
anti-Rhodopsin Millipore MABNI5 Mouse 1:500 Retinal cryosections
anti-Vimentin Abcam AB92547 Rabbit 1:500 Retinal cryosections
Secondary antibodies
Alexa Fluor . ) .
anti-rabbit 488 Life Technologies Al1008 Goat 1:500
Alexa Fluor . .
. Life Technologies Al1004 Goat 1:500
anti-mouse 568
Alexa Fluor Life Technologies Al1058 Donke 1:500
anti-goat 594 g 4 ’
Alexa Fluor . ) .
Anti-Rabbit 568 Life Technologies All1036 Goat 1:200
HRP-conjugate | b, pad 1706516 Goat 1:10000
Anti-mouse
AP Anti-goat Thermo Scientific 31300 Rabbit 1:10000
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3.5. Enzyme-linked immunosorbant assay (ELISA) for quantification of TNF
and IL-IB protein levels

Protein levels of interleukin-1B (IL-1B) and TNF were quantified in the culture medium
supernatants and in the retinas by ELISA, according to the instructions provided by the
manufacturer (PeproTech EC Ltd, UK) and as previously described (Madeira et al., 2016a).

3.6. Terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end
labeling (TUNEL) assay

Rat retinal neural cell cultures were fixed with 4% PFA with 4% sucrose for 10 min. Cell
death was assessed using DeadEnd™ Fluorometric TUNEL System following the manufacturer’s
instructions (Promega, Wisconsin, USA). The nuclei were stained with DAPI (1:2000; Invitrogen,
Life Technologies, California, USA). After washing, the preparations were mounted with Glycergel
mounting medium (DAKO, California, USA). The preparations were observed in a fluorescence
microscope (Axio Observer.Z|, Zeiss, Germany). For each condition, 10 images per coverslip
were randomly acquired with a 20x objective (Plan Achromat 20x/0.8 M27).

3.7. Western blot

Retinas were lysed in ice-cold radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris,
150 mM NaCl, 5 mM EGTA, 1% Triton X- 100, 0.5% DOC, 0.1% SDS) supplemented with | mM
dithiothreitol (DTT, Sigma-Aldrich, Missouri, USA), complete mini protease inhibitor cocktail
tablets (Roche, Sigma-Aldrich, Missouri, USA) and phosphatase inhibitors (I0 mM NaF and |
mM Na,VO,) and protein extracts were prepared as previously described (Baptista et al., 2014).
Samples (20 pg of protein) were separated in 8% sodium dodecyl sulphate-poly(acrylamide)
gel electrophoresis (SDS-PAGE) and the proteins were transferred electrophoretically to
poly(vinylidene difluoride) (PVDF) membranes. The membranes were blocked in 5% skim milk
in Tris-buffered saline (TBS: 137 mM NaCl, 20 mM Tris-HCI, pH 7.6) containing 0.1% Tween-20
(TBS-T) for | hat room temperature. The membranes were incubated with the primary antibodies
(Table 4), followed by incubation with the corresponding secondary antibodies (Table 4). The
membranes were processed for protein detection using enhanced chemiluminescence (ECL)
(Clarity™, Bio-Rad, California, USA) or enhanced chemifluorescence (ECF™) (GE Healthcare
Amersham™, UK) in accordance with the manufacturer’s instructions. Digital quantification
of bands intensity was performed using ImageQuant 5.0 software (Molecular Dynamics, Inc.,

California, USA). Membranes were reprobed for calnexin as a loading control.

3.8. Statistical analysis

The results are presented as mean + SEM. Statistical analysis was performed with the Prism
5.03 Software for Windows (GraphPad Software, Inc, California, USA). The normality of the
data was assessed with Shapiro-Wilk and Kolmogorov-Smirnov normality tests. Accordingly,
data were analyzed with parametric and non-parametric tests, depending on the distribution of
the data.

92



4. Results and discussion

4.1. In vitro evaluation of the effects of SFM-processed drug-free PCL-based
implants

From the characterization of the implants described in the supplementary information, SFM
drug-free glycofurol containing PCL-based (92:00:08, wt.%) implants were selected to proceed
to biological assays. Primary retinal neural cell cultures were exposed to PCL-based implants for
6 consecutive days. The time necessary for the degradation of PCL-based materials is usually
long, and the polymer degradation products can be a major factor influencing the tolerance of
the developed implant (Woodruff et al., 2010). Therefore, PCL-based implants were placed in
culture medium for 3 weeks, which was then used to culture the cells for 6 days. The effect
of the implant or the medium containing degradation products of PCL-based implants to the
death of retinal neural cells was evaluated by TUNEL assay. Furthermore, the survival of retinal
neurons was determined by counting the neuronal nuclear protein (NeuN)-immunoreactive cells
(neuronal marker) (Figure 19A).

The exposure of retinal cells to the implant or to the medium containing degradation products
of PCL-based implants did not alter the number of TUNEL" cells (100 + 3.3% of the control and
105 * 4.8% of the control, respectively) when comparing with control conditions (Figure 19B).
Moreover, the number of NeuN* cells in culture was not significantly different in the three
conditions (Figure 19C). The degradation products of intraocular implants placed in the vitreous
cavity would easily affect RGCs. Therefore, the toxicity of PCL-based implants to RGCs was also
determined by exposing retinal organotypic cultures to PCL-based implants or by incubation
with the medium previously in contact with the implant. The number of RGCs in cultured retinal
explants was determined following immunolabeling for Brn3a (Figure 19D), a marker of RGCs
(Nadal-Nicolas et al., 2009, Nadal-Nicolas et al., 2012). The presence of PCL-based implants for
24 h, 48 h or 72 h did not affect the number of RGCs in the retinal explants (115 + 6.4% of the
control; 106 * 4.2% of the control; 103 + 2.2% of the control, respectively), indicating that PCL
implants do not elicit RGC loss in organotypic cultures. Moreover, the incubation with medium
containing degradation products of PCL-based implants did not significantly change the number
of RGCs (95 £ 11.6% of the control) (Figure 19E).

The use of in vitro models, as a simplified system, presents several advantages to study the
impact of PCL-based implants to retinal neurons. In fact, these retinal cell cultures are composed
by the different cell types present in the retina as neurons and glial cells (Santos-Carvalho et
al., 2013). One of the limitations of retinal cell cultures is the loss of tissue architecture, which
can be circumvented using retinal organotypic cultures. The vitreous body and neural retina are
separated from each other by the ILM, posing a barrier for drug delivery to the retina when an
implant is placed intravitreally. An additional advantage of using in vitro models relates to the
fact that is possible to evaluate the retinal cells tolerance to the PCL-based implant without the
presence of one of the barriers to drug delivery (del Amo et al., 2017). Therefore, by using these
in vitro experimental models, we could conclude that SFM-PCL based implants could be tested

in an animal model.
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Figure 19 | The PCL-based implant (PCL:G (92:00:08, wt%)) or its degradation products did not induce
cell death and neuronal loss in retinal primary neural cell cultures or RGC loss in retinal organotypic
cultures. (A) Primary retinal neural cell cultures were incubated with PCL-based implant or with its
metabolites for 6 consecutive days. Cell death was assessed by TUNEL assay and neurons were identified
by immunocytochemistry with an anti-NeuN. Nuclei were counterstained with DAPI (blue) and
representative images are depicted, scale bar=50 ym. (B) The number of TUNEL' cells per field was
counted and the results are expressed as percentage of control from 3 to 6 independent experiments.
(C) The number of NeuN-immunoreactive cells per field was counted and the results are expressed
as percentage of control from 3 to 7 independent experiments. (D) Retinal organotypic cultures were
incubated with PCL-based implants for 24 h, 48 h and 72 h or with its metabolites for 4 consecutive days.
RGCs were immunostained for Brn3a and representative images are depicted, scale bar=50 pm. (E) The
number of Brn3a* cells were counted and the results are expressed as percentage of control from 3 to 4
independent experiments.
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4.2. Evaluation of the effects of SFM-processed drug-free PCL-based implants
on retinal structure and function

Since there was no toxicity associated to the PCL-based implants using in vitro models, PCL-
based implants were introduced in the vitreous of Wistar rats for 4 and 8 weeks. Sham-operated
animals were also assessed to verify whether the procedure caused alterations in the retina.

Throughout the experiment the weight and the IOP of the animals were monitored. No
significant differences were detected in the weight of the animals (Table 5). IOP was regularly

measured and no significant changes were found as well (Table 5).

Table 5 | The PCL-based implant (PCL:G (92:00:08, wt%)) did not induce changes in animals IOP

4 weeks 8 weeks
Contra Sham Contra Sham Contra Sham Contra Sham
Animal weight (g) 328 + 20 322+ 16 332429 348 + 23
IOP (mmHg) 13404 | 1203 | 14£0.3 | 1£02 | 12£04 | 1304 | 12£02 | 12£0.3

The animals weight (g) and IOP (mmHg) were determined. IOP was measured bilaterally in animals after sham-operated or
implantation procedure at 4 and 8 weeks. Contra, Contralateral eye; Sham, Sham-operated eye; Implant, Implanted eye.

The effect of PCL-based implants for 4 or 8 weeks on retinal structure and function was
evaluated by OCT (Figure 20) and ERG (Table 6 and Figure Sl), respectively. These two
methodologies have the advantage of being non-invasive and allow to follow the same animal
throughout the course of the study.

By focusing the eye fundus image on the vitreous, it was possible to observe the PCL-based
implant and confirm that the implant was not touching the retinal surface (Figure 20A). OCT is
a technique frequently used in the clinics that allows a real time imaging of the retina (Fujimoto
2003). With this technique it is possible to clearly identify the different retinal layers: NFL, GCL,
IPL, INL, OPL, ONL, IS/OS) and OLM (Adachi et al.,, 2016). There are no alterations in retinal
structure in sham-operated animals, as well as, in PCL implanted animals (Figure 20C). The
thickness of the total retinas was determined after image segmentation of the inner and outer
limits (Figure 20D). The surgical procedure necessary for the implantation of the PCL device
(sham-operated animals) did not change retinal thickness (182 + 4.3 pm and 184 + 4.5 ym, at
4 and 8 weeks, respectively) comparing with contralateral retinas. Also, the presence of the
PCL implant did not change the thickness of the retinas (185 * 2.9 ym; 183 + 3.6 um, at 4 and 8
weeks, respectively) when comparing with contralateral eye. These results suggest that both the
procedure and the presence of the PCL-based implants did not elicit neither edema (that would
cause an increase in retinal thickness) nor major cell loss (retinal thinning).

The retinal function was assessed by evaluating the electrical response of the retina to flash
lights using ERG. The a- and b-wave amplitude and latency were extracted from scotopic ERG
recordings at the maximum light intensity (9.49 cd-s m?) (Figure SI). The a-wave amplitude (18I *
13.8 pV and 156 £ 1.0 pV) and latency (10 £ 0.2 ms and 10 + 0.0 ms) from sham-operated animals
determined after 4 and 8 weeks, respectively, were not significantly different from contralateral
retinas. Moreover, the procedure did not change b-wave amplitude and latency, at 4 and 8 weeks,
respectively, comparing with contralateral eye. The presence of PCL-based implants during 4 and
8 weeks did not change a- and b-wave amplitude and latency, comparing with the contralateral
retina (Table 6).
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These results demonstrate that PCL implants can be easily inserted into the vitreous cavity by
a minimally invasive procedure, not harmful to the retina. Moreover, the polymer demonstrates
a strikingly good intraocular tolerance, which is in line with others demonstrating the
biocompatibility of PCL implants (Beeley et al., 2005, Fialho et al., 2008, Silva-Cunha et al., 2009,
Bernards et al.,, 2013, Lance et al., 2015, Kim et al., 2016, Shahmoradi et al., 2017). Moreover, this
study was able to go further by thoroughly characterize these PCL-based intraocular implants,
using in vivo assessment of retinal structure and function.

Contra Sham Contra Implant

4 Weeks

4 wee ks 8 wee ks

Retinal thickness

Contra Sham Contra Implant Contra Sham Contra Implant

Figure 20 | The PCL-based implant (PCL:G (92:00:08, wt%)) did not change retinal structure evaluated
in vivo by optical coherence tomography. PCL-based implant was introduced into the vitreous cavity using
a 24-gauge catheter and 4 and 8 weeks after the animals were sacrificed. (A) Representative image of
the vitreous cavity of the eye showing the presence of the implant. (B) Representative image of the eye
fundus showing the OCT line scan (green line). (C) Representative images of OCT images showing the
different retinal layers and the limits considered to measure total retinal thickness of the retinal layers,
scale bars=50 um. (D) Total retinal thickness was measured and presented from 2 to 8 animals. Contra,
Contralateral eye; Sham, Sham-operated eye; Implant, Implanted eye.

Table 6 | The PCL-based implant (PCL:G (92:00:08, wt%)) did not change retinal activity evaluated by

electroretinography
4 weeks 8 weeks

Contra Sham Contra Sham Contra Sham Contra Sham
amplitude (uV) 19015 18114 | 258%17 25319 172426 1561 177+22 17316
Scotopic a-wave
latency (ms) 10£0.3 10£0.2 10£0.2 11£0.2 10£0.0 10£0.0 10£0.0 10£0.0

amplitude (V) | 266+19 | 259+19 | 36521 360+9 265+5 251+31 | 260+29 | 265%26

Scotopic b-wave

latency (ms) 42+4.8 43+4.5 50+0.4 51+0.6 48+| 48+0.0 | 48%0.9 49x1.1

PCL-based implant was introduced into the vitreous cavity using a 24-gauge catheter and 4 and 8 weeks after the animals
were sacrificed. The intensity-response functions relatively to the scotopic a-wave amplitude and latency and scotopic b-wave
amplitude and latency were presented from 2-9 animals. Contra, Contralateral eye; Sham, Sham-operated eye; Implant,
Implanted eye.
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4.3. Evaluation of the effects of SFM-processed drug-free PCL-based implants
on retinal neurons

The effect of intraocular SFM-processed drug-free PCL-based implants on retinal neurons
was assessed by immunolabelling the different cell types with specific antibodies (Figure S2):
cones with anti-arrestin (Figure 21A); rods with anti-rhodopsin (Figure 21B); horizontal cells
with anti-calbindin (Figure 21C); bipolar cells with anti-protein kinase C a (PKC-a) (Figure 21D);
amacrine cells with anti-choline acetyltransferase (ChAT) (Figure 21E); and RGCs with anti-
Brn3a (Figure 22).

Both the procedure (sham-operated animals) and the presence of the PCL-based implant
did not cause alterations in the morphology and density of the different cell types in the two
periods analysed (Figure 21A-E). Moreover, both the distribution (Figure 22A) and the total
number (Figure 22B) of Brn3a*RGCs were assessed in retinal wholemounts. Young and juvenile
rats have a population of cells that project to the contralateral retina (retino-retinal projection)
that constitutes 0.006% to 0.03% of the total RGC population (Nadal-Nicolas et al., 2015b). The
impact of PCL-based implants on the number of RGCs in the contralateral eye would allow to
determine if this population of cells is affected.

No alterations were detected in the distribution and total number of RGCs, when comparing
naive with contralateral retinas (naive: 78411 + 1264 RGCs mm) (Figure S2B).

The surgical procedure did not change the number of RGCs (74173 + 2186 RGCs mm;
76186 + 1983 RGCs mm™, at 4 and 8 weeks, respectively) comparing with contralateral retinas.
Similarly, the presence of PCL-based implants in the vitreous for 4 and 8 weeks did not change
the number of RGCs (71354 + 5595 RGCs mm?; 77814 £ 2282 RGCs mm™?, at 4 and 8 weeks,

respectively) when compared with contralateral retinas (Figure 22B).

>
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Figure 21 | The PCL-based implant (PCL:G (92:00:08, wt%)) did not induce alterations in retinal neurons.
PCL-based implant was introduced into the vitreous cavity using a 24-gauge catheter and 4 and 8 weeks
after the animals were sacrificed. Retinal cryosections were immunostainned for cones (arrestin) (A),
rods (rohodopsin) (B), horizontal cells (calbindin) (C), bipolar cells (protein kinase C-a, PKC-a) (D) and

amacrine cells (choline acetyltransferase, ChAT) (E). Representative images are depicted from 2 to 3
animals. Contra, Contralateral eye; Sham, Sham-operated eye; Implant, Implanted eye. Scale bar=20 pm.
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Figure 22 | The PCL-based implant (PCL:G (92:00:08, wt%)) did not change the number of RGCs.
PCL-based implant was introduced into the vitreous cavity using a 24-gauge catheter and 4 and 8 weeks
after the animals were sacrificed. (A) Retinal wholemounts were immunostained for RGCs (Brn3a).
Representative isodensity maps demonstrating the topological distribution of Brn3a*RGCs are depicted,
within a colour code of a 28-step colour scale range from 0 (dark blue) to 3500 or higher RGCs mm?
(red). (B) The number of Brn3a*RGCs was calculated from 3 to 7 animals. Contra, Contralateral eye;
Sham, Sham-operated eye; Implant, Implanted eye.

These results demonstrated that the implants are not toxic to retinal neural cells using in vitro
and animal models. Implants prepared from PCL have been studied in the field of ophthalmology
(Fialho et al., 2008, Silva-Cunha et al., 2009). The current work supports previous reports that
indicate that PCL devices intravitreally implanted are well tolerated. In fact, the biocompatibility
of PCL implants has been evaluated as subretinal (Beeley et al., 2005, Shahmoradi et al., 2017),
intracameral (Bernards et al., 2013, Kim et al., 2016) and intravitreal (Fialho et al., 2008, Silva-
Cunha et al, 2009, Lance et al., 2015) devices. Intravitreal PCL devices were shown to be
well tolerated at short- and long-term, without fibrotic reaction, no sign of inflammation and
minimal cell infiltration (Fialho et al., 2008, Silva-Cunha et al., 2009). However, to the best of
our knowledge this is the first study that evaluated the direct impact of PCL implants to retinal

neurons.
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4.4. Assessment of retinal glial cells reactivity

Retinal glial cells (microglia, astrocytes and Miiller cells) may become reactive as a consequence
of reaction to foreign body biomaterials (Anderson et al., 2008). Chronic activation of these cells
may be deleterious to the retina contributing to cell dysfunction and degeneration (Madeira
et al., 2015a, Madeira et al,, 2016a). The impact of the surgical procedure and the effect of
the presence of SFM-processed drug-free PCL-based implants on glial cells were assessed by
immunohistochemistry in retinal vertical sections. Microglial cells were labelled with an antibody
that recognizes ionized calcium-binding adaptor molecule | (Ibal), astrocytes and Miiller cell end
feet were visualized by labelling GFAP, and Miiller cells with vimentin (Figure 23).

Microglial cells have a key role in maintaining the homeostasis of the retinal environment and
become reactive when detect alterations in the parenchyma (Wolf et al., 2017), changing their
morphology, a feature that is easily observed. No major changes were observed in the number,
distribution and morphology of microglia for all conditions analysed (Figure 23A).

Astrocytes have a preponderant role in the maintenance of physiological state of retina,
namely neurotrophic support and the maintenance of the BRB (Vecino et al., 2016). Miiller
cells are the predominant glial cells in the retina, that traverse the entire retina, and modulate
neuronal activity and keep homeostasis by regulating the extracellular levels of neurotransmitters
(Newman et al., 1996). GFAP is expressed by astrocytes (Sofroniew et al., 2010), and it is also
expressed at the end feet of retinal Miiller cells in gliosis (Lupien et al., 2004), thus suggesting that

increased GFAP can be used as a marker of reactive glia (Lewis et al., 2003).
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Figure 23 | The PCL-based implant (PCL:G (92:00:08, wt%)) may induce retinal stress evaluated by
Miller cell gliosis. PCL-based implant was introduced into the vitreous cavity using a 24-gauge catheter

and 4 and 8 weeks after the animals were sacrificed. Retinal cryosections were immunostainned for
microglial cells (Ibal) (A), astrocytes (GFAP) (B) and Miiller cells (vimentin) (C). Nuclei were stained with
DAPI (blue). Representative images are depicted from 2 to 3 animals. Contra, Contralateral eye; Sham,
Sham-operated eye; Implant, Implanted eye. Scale bar=50 pm.
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In the contralateral retinas, the GFAP immunoreactivity was mainly observed in astrocytes,
while in the retinas of the sham-operated animals or PCL implanted animals, GFAP was expressed
in astrocytes but also found in the radial processes of Miiller cells (Figure 23B). Nevertheless,
no major changes were observed for vimentin immunoreactivity, a protein mainly expressed
by Miiller cells (Figure 23C). The increase in GFAP immunolabeling was further confirmed by
western blot (Figure S3).

These results show that there is a foreign body reaction after PCL implantation, as well as due
to surgical procedure, as assessed by the activation of Miiller cells.

Miiller cell reactive gliosis is a hallmark of retinal diseases (Mizutani et al., 1998, Wang et
al., 2002), and this is characterized by a rapid increase in GFAP immunoreactivity that could
be a sign of a disturbance in retinal homeostasis (Kimble et al.,, 2006). Increased GFAP in
Miiller cells, without alterations in microglia reactivity has been reported due to foreign body
reaction (Giordano et al.,, 1995, Zhao et al., 2017). In fact, 2 and 4 weeks after injection of PLGA
microspheres, an increase in GFAP in Miiller cells was observed, returning to normal levels after
12 and 24 months after injection (Giordano et al., 1995). Similar observations were reported
after injection of PLGA microspheres that may induce retinal stress as evaluated by enhanced
GFAP fluorescence (Zhao et al., 2017). In the retina, there is conflicting data whether gliosis is
adverse or beneficial to the tissue. Miiller cell gliosis could contribute to disease development
and chronic gliosis might accelerate neurodegeneration, however, Miiller cells under gliosis, in
such conditions, can protect neurons by releasing neurotrophic factors (Bringmann et al., 2006).
The current work demonstrates that Muiller cells become reactive following PCL implantation
but also react to the surgical procedure, indicating that PCL implants per se do not elicit a change
in these cells. This could be a response induced to protect neurons from a minimal disruption on

retinal homeostasis due to surgical procedure.

4.5. Assessment of the retinal inflammatory response

Taking into consideration that an adverse inflammatory reaction could negatively impact
retinal function, inflammation was assessed in the presence of SFM-processed drug-free PCL-
based implants, or of their degradation products, by quantifying the protein levels and the release
of IL-1B and TNF, two pro-inflammatory cytokines that are known to mediate retinal damage
(Boia et al., 2017). The supernatants of primary retinal neural cell cultures (Figure 24A, B), retinal
organotypic cultures (Figure 24C, D) and retinal protein extracts (Figure 24E, F) were assayed
by ELISA.

Regarding primary retinal neural cell cultures, in control conditions, the extracellular levels of
IL-13 and TNF were 480.6 £ 360.5 pg mL"' and 1.8 + I.I pg mL"', respectively.

The presence of the PCL-based implants, as well as the incubation with medium previously
exposed to the implants did not change the levels of IL-I (Figure 24A) and TNF (Figure 24B).

In organotypic cultures, the levels of IL-I1f3 and TNF in control conditions were 427.9 £ 99.6
pg mL'and 63.2 + 16.4 pg mL"', respectively, and the presence of PCL-based implants or of their
degradation products did not change the levels of IL-13 (Figure 24C) and TNF (Figure 24D).
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Figure 24 | The PCL-based implant (PCL:G (92:00:08, wt%)) or the degradation metabolites did not
induce an inflammatory response in vitro or in vivo. Primary retinal neural cell cultures were incubated with
PCL-based implants or with their metabolites for 6 consecutive days. Retinal organotypic cultures were
incubated with PCLbased implants for 24 h, 48 h and 72 h or with their metabolites for 4 consecutive days.
PCL-based implant was introduced into the vitreous cavity using a 24-gauge catheter and 4 and 8 weeks
after the animals were sacrificed. IL-13 and TNF protein levels were assessed by ELISA in supernatant of
retinal primary neural cell cultures (A, B) and of retinal organotypic cultures (C, D), and in retinal extracts
(E, F). In culture supernatants the results are expressed in pg mL' of 2-4 independent experiments of
primary cultures, and 2-12 animals independent experiments of organotypic cultures. For retinal extracts
the results are expressed in pg mg' of protein of 7-11 animals. Contra, Contralateral eye; Sham, Sham-
operated eye; Implant, Implanted eye.

Although there were no major effects of PCL-based implants or their degradation products
when using cellular and tissue cultures, inflammation was also assessed in animals, since other
signaling pathways could be involved. Retinal protein extracts from sham-operated and PCL-
implanted animals (4 and 8 weeks post-surgery) were used to quantify IL-1f3 (Figure 24E) and
TNF (Figure 24F). PCL-based implants did not significantly change the levels of IL-I3 (18.4
10.3 pg mL' of protein; 41.2 + 22.4 pg mL"' of protein) and TNF (4.8 £ 1.6 pg mL"' of protein;
7.8 £ 2.2 pg mL"' of protein) at 4 and 8 weeks, respectively, comparing with contralateral eyes.
Moreover, the procedure used for the placement of the implants within the vitreous did not
cause alterations in the IL-1 or TNF levels comparing with contralateral retinas.

Inflammation, secondary to implants presence, has been evaluated by the presence of cells or
proteins in the vitreous or in the anterior chamber (Fialho et al., 2008, Silva-Cunha et al., 2009).
In our experiments, the PCL-based implants did not promote visible retinal infiltrations assessed
by OCT analysis (Figure 20). It is known that IL-I3 and TNF are the main pro-inflammatory
cytokines mediating retinal damage (Yoneda et al., 2001, Berger et al., 2008, Boia et al., 2017).
Therefore, the evaluation of the levels of these cytokines would provide a quantitative means
of evaluating in vitro and in the animal model whether the exposure of retinal cells to PCL
metabolites or implant would cause an inflammatory response. No alterations in the levels of IL-
IB and TNF were detected, suggesting that PCL-based implants do not induce an inflammatory

reaction in the retina.
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4.6. Long-time exposure of retinal cells to a SFM-processed PCL-based im-
plant

Since PCL has a slow degradation rate (Woodruff et al., 2010), we assessed the effects of the
presence of a SFM-processed PCL-based implant after one year of implantation. Retinal structure
was assessed by OCT and Miiller cell gliosis was evaluated in retinal cryosections (Figure 25).

Regarding retinal structure, even after a long period with a PCL-based device within the
vitreous, no changes were found in the retinal structure (Figure 25A). Also, the total retinal
thickness was determined in the OCT images, and the presence of the PCL-based implant did
not cause alterations in total retinal thickness (163 £ 4.7 pm) when comparing with contralateral
retinas (168 * 3.5 pm) (Figure 25A). Taking into consideration the observations consistent with
Miiller cell gliosis for the earliest time points, retinal cryosections were immunolabelled for
GFAP. The GFAP immunoreactivity was mostly found in the NFL, consistent with the staining
of astrocytes (Figure 25B), indicating that Miiller cell gliosis observed in early time points after
sham-operation and PCL-implantation is transient. Most likely, the initial reaction of Miiller cells

was necessary to maintain retinal homeostasis after surgical procedure.
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Figure 25 | Long-time exposure of retinal cells to the PCL-based implant PCL:G (92:00:08, wt%) did not
change retinal structure and did not induce Miiller cell activation. PCL-based implant was introduced into
the vitreous cavity using a 24-gauge catheter and 4 and 8 weeks after the animals were sacrificed. (A)
Representative images of OCT images showing the different retinal layers, scale bars=50 pm. Total retinal
thickness was measured and presented from | animal. (B) Retinal cryosections were immunostainned for
astrocytes (GFAP) and nuclei were stained with DAPI (blue). Representative images are depicted from |
animal, scale bar=50 pm. Contra, Contralateral eye; Implant, Implanted eye.
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5. Conclusions

In order to circumvent the adverse effects of multiple intravitreal injections for drug delivery,
several types of delivery systems have been proposed. In this work, a new porous PCL-based
intraocular implant was successfully developed using a SFM method (supplementary information).
Glycofurol was used as a processing and compatibilizing agent between PCL and the model drug
(dexamethasone, DXMT), which led to much higher incorporation yields. The higher surface
areas and porosities of SFM-processed implants led to faster alkaline hydrolytic degradation rates
when compared to those implants processed by the conventional HM process. Moreover, these
new porous PCL-based implants also presented a faster release rate of the test-drug (DXMT),
namely for the initial releasing period, while HM-processed implants present a more sustained
release behaviour. These results were confirmed by two release kinetics models (diffusion-based
and desorption-based models).

The in vitro and in vivo biocompatibility of these new SFM-processed PCL-based implants
was assessed. By in vitro studies, we demonstrated that the presence of PCL implants did not
increase cell death, as well as, did not decrease the number of neurons in retinal primary neural
cell cultures. Moreover, PCL implants did not reduce the number of Brn3a immunoreactive
RGCs in retinal organotypic cultures. By in vivo studies, the presence of PCL-based implants
in the vitreous of Wistar rats did not change the values of IOP and did not cause changes
in the retinal electrical activity nor in the structure. Moreover, PCL implants did not induce
alterations to retinal neurons, in particular did not change the number of RGCs. Nevertheless,
both the procedure and the presence of PCL implants may induce Miiller cells reactivity, without
alterations in microglial cells and astrocytes, but the impact of this to retinal physiology is not
known yet. Taking into consideration the lack of retinal toxicity of the new SFM-processed
PCL-based implants, we can envisage that these porous intraocular PCL implants can be used
for long-term sustained intraocular drug delivery applications in several clinical conditions, thus
avoiding the need of repeated intraocular injections. However, further comprehensive studies
based on this promising preliminary assessment and proof-of-concept, should be performed in a

near future, in order to enable the translation of these devices to the clinics.
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6. Supplementary data

Sham - PCL

Figure S1 | The PCL-based implant (PCL:G (92:00:08, wt%)) did not change retinal activity evaluated by
electroretinography. PCL-based implant was introduced into the vitreous cavity using a 24-gauge catheter
and 4 and 8 weeks after the animals were sacrificed. Representative traces of individual scotopic ERGs
recorded at 8 weeks after sham-operated or implant insertion procedure.

Cones Rods Horizontal cells Bipolar cells Amacrine cells

Figure S2 | (A) Retinal cryosections were immunostainned for cones (arrestin), rods (rohodopsin),

B RGCs

0 23,500 RGCs/mm?
L -

horizontal cells (calbindin), bipolar cells (PKC-a) and amacrine cells (ChAT). Representative images of the
immunostaining in retinal cryosections are depicted. Contra, Contralateral eye; Sham, Sham-operated
eye; Implant, Implanted eye. Scale bar=20pum. ONL, outer nuclear layer; OPL, outer plexiform layer; INL,
inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. (B) Retinal wholemounts were
immunostained for RGCs (Brn3a). A representative isodensity map of a naive retina demonstrating the
topological distribution of Brn3a*RGCs are depicted, within a color code of a 28-step color scale range
from 0 (dark blue) to 3500 or higher RGCs mm? (red).
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Figure S3 | The PCL-based implant (PCL:G (92:00:08, wt%)) induce a slight increase in GFAP protein
levels. Drug-free PCL-based implant was introduced into the vitreous cavity using a 24-gauge catheter
and 4 and 8 weeks after the animals were sacrificed. GFAP proteins levels were analyzed by Western blot
in total retinal extracts. Representative images for GFAP and respective loading control (calnexin) are
presented above the graph. Results are expressed as GFAP levels relative to loading control and presented

as mean * SEM of 2-3 animals.
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7. Supplementary information'

7.1. Material and methods

Z.1.1. Implants processing
PCL pellets (40 k < Mn =< 50 kg mol', 48 k = MW <= 90 kg mol'; Sigma-Aldrich, Missouri, USA)

were processed into powder, as described previously (de Matos et al., 2013), and mechanically
sieved (sieve size 0.25 mm) to particle diameters smaller than 250 ym. PCL, dexamethasone
(DXMT, 298%; Sigma-Aldrich) and glycofurol (G, 99%, Sigma-Aldrich), mixtures (in different
compositions, Table 7), were introduced into polyurethane micro-cylinder moulds (Optiva® I.V.
24 G catheters, Smiths Medical, Minnesota, USA), and processed by a SSCO2 (299.998%, vlv,
Praxair, Portugal) SFM method, at fixed pressure (20 MPa), temperature (45 °C) and processing
time (2 h) conditions. Three distinct depressurization rates (-3 MPa min™') were employed.
The employed experimental SFM set-up and the general followed procedures were previously
described (de Matos et al., 2013, de Matos et al., 2015). Additionally, and for comparison purposes,
two other PCL-based mixtures (Table 7) were also processed by a two-step HM method: 30
min in an oven (at | atm, 50 °C), followed by an additional processing period of 30 min at 80 °C.
The processed materials (cylindrical implants) were removed from the micro-cylindric moulds
and cut to the desired dimensions (approximately 2 X 0.46 mm, length X diameter) under a
stereo microscope (Leica, Wetzlar, Germany). Three batches/replicates (using 25-30 moulds/
batch) were prepared for each tested process condition. Typically, 3-4 implants were obtained

from each mould.

7.1.2. Morphological characterization

Drug-free implants prepared by SFM and HM were previously sputter-coated with a gold
film or with gold/palladium mixture for 15 s (around 4 nm thickness), and analysed in scanning
electron microscope JSM-5310 (Jeol, Tokyo, Japan) or Vega3 (Tescan, Prague, Czech Republic),
respectively, at 2 kV. Processed implants obtained from three different batches (around 25-
30 moulds/batch) were analysed (5 measurements) by helium picnometry (AccuPyc® 1330,
Micromeritics Instrument Corp., Georgia, USA) to obtain the real densities, by nitrogen
adsorption (ASAP 2000, Micromeritics Instrument Corp., Georgia, USA) to determine surface
areas (Brunauer-Emmett-Teller, BET) and average pore diameters (Barrett-Joyner-Halenda, BJH),
and by mercury intrusion porosimetry (Autopore IV 9500, Micromeritics Instrument Corp.,
Georgia, USA) to obtain pore size distribution, porosity, bulk density, and average pore diameter.
A single set of implants was measured for each process condition; and, the process variability was
taken into account by measuring implants prepared from the three different processing batches

for each set.

| The conception and design of porous implants, as well as their experimental production/processing, physicochemical
characterization, and degradation/in vitro release experiments were performed by Chemical Engineering Department of the
Faculty of Sciences and Technology of the University of Coimbra.
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7.1.3. Thermal properties

PCL powder (diameter < 250 pm) and drug-free implants prepared by SFM and HM were
analysed by modulated differential scanning calorimetry (MDSC, QI00, TA Instruments,
Delaware, USA). Calibration was made with Indium, and tests were performed for samples
weighing ~5 mg, in aluminium pans and under a nitrogen atmosphere (50 cm® min™'), by starting
at -80 °C for 5 min, modulating at £ 0.5 °C every 40 s, and heating up to 200 °C at 2 °C min'.

Assessments were performed in duplicate to obtain the melting temperatures (T ) and
enthalpies (AH, (T )). The crystallinity degree (X (%)) was determined by (Kong et al., 2002,
Natu et al., 2008):

AH(T,)
¥.(%)= ———x 100 (1)
‘ AH.O(T?)

where (AHfO(Tf")) is the melting enthalpy of 100% crystalline PCL, which is assumed to be 139.3
] g' (Darwis et al., 1999).

7.1.4. Accelerated alkaline degradation tests

The in vitro hydrolysis degradation patterns of drug-free PCL-based implants formulated
with glycofurol (PCL:DXMT:G, 92:00:08, wt.%) prepared by SFM and by HM were studied at
accelerated alkaline conditions by adapting the method previously developed (Darwis et al.,
1999). Samples of 1.3 mg (3 replicates for each tested processing method) were initially kept
immersed overnight in bi-distilled water. Subsequently, samples were immersed in 3 mL of
NaOH solution (5 M) (Sigma-Aldrich, Missouri, USA), in sealed glass tubes for 10 min; at room
temperature, gently dried in filter paper and weighed to obtain the initial mass (m ). The sealed
tubes were kept in a thermoshaker, at 37 °C and 100 rpm, for sample degradation. Samples were
removed and weighed (m) at several defined time intervals. The variation of mass (Am(%)) was

determined by:

M™ » 100 )
m

0

Am(%)=
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7.1.5. Drug incorporation yield and release kinetics

DXMT-loaded PCL implants prepared by SFM and HM from initial mixtures of PCL:DXMT:G
(66:26:08, wt.%) were tested to determine the drug incorporation yields and the kinetics of drug
release in water. Both tests were performed in triplicate and using samples of around 0.7 mg kept
in sealed vials in a thermoshaker at 37 °C and 100 rpm. For the drug incorporation assessment,
samples were kept in methanol (1.5 mL) and, every 2 h, aliquots (200 uL) were retrieved for
analysis, and the solvent was replaced by fresh methanol. This procedure was repeated until a
negligible amount of drug was detected (less than 0.5% of the accumulated drug). Kinetics of drug
release experiments were performed in bi-distilled water (15 mL) under stirring (100 rpm) and
aliquots (200 pL) were retrieved at defined time t intervals. The release profiles were obtained
by plotting the percentage of released drug over time, which is given by:

M
Released DXMT (%)= Mt x 100 ©)

0

where M, is the amount of drug released at a given time, and M, is the mass of drug that
was loaded into the implant. Results were correlated by applying well-known release kinetics
models. The first model is based on the assumption that the drug is released from the polymer
matrix simply by a diffusional process, after diffusion and absorption of water into the polymer.
Assuming perfect sink conditions, the radial drug diffusion from a cylinder of radius r over time

can be given by (Peppas et al., 1994, Siepmann et al., 1999):

M 12
¢ =4(th)_th @)
M, mr r

where D is the drug diffusivity within the polymer. The diffusion model presented by Eq. (4) is
typically applied for less than 40% of drug released.

The release of drug from slow degrading polymeric matrices such as PCL may not be
dominated only by diffusion, and the desorption of the drug from the pores surface and from the
outer implant surface are probably other additional controlling steps. This can be described by
the following model (Srikar et al., 2008, Natu et al., 2010):

M 2
= L
where T _is the specific process release time, and  is the porosity factor given by:
M
a=——2—< | (6)
MsO + MbO
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M,, and M,  are the fractions of the mass of drug loaded at the surface and at the bulk of the
matrix, respectively, with MO=MSO + Mbo .

Incorporated and released DXMT was quantified by high performance liquid chromatography
(HPLC, Prominence UFLC, Shimadzu, Japan), coupled to a photo diode array detector (DAD,
SPD-M20A, Shimadzu, Japan), and using a reverse phase column (Eurospher 100-5 CI8 RP,
Knauer, Germany, 250 X 4 mm i.d., 5 mm). The employed chromatographic conditions were
described previously (Chim et al., 2012). The mobile phase, a mixture of methanol/water (9:1,
vIv), was applied at the following conditions: isocratic elution (15 min), and flow rate of | mL min"!
at 35 °C. Samples (5 pL) were injected to obtain chromatograms at 239 nm, and acetonitrile runs
were used to clean the column between measurements. Calibration curves (R?=0.999) were
prepared from DXMT solutions of known concentration in methanol (0-45 mg mL", for the drug

incorporation experiments), and in water (0-55 pg mL"'), for the released experiments.

7.1.6. Statistical analysis

Drug release data was fitted by non-linear regression model using the JMP Pro 13 software
(SAS, USA) to obtain the parameters of the diffusion and desorption models. The root-mean-

square error (RMSE) was used to analyze the goodness of fit.
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7.2. Results and discussion

7.2.1. Morphological and thermal characterization

Hydrophobic biodegradable polymers are used to obtain ophthalmic implants of several
shapes including rods, plugs, pellets, disks and sheets (Kimura et al, 200l, Yasukawa et al.,
2011). The commonly used hydrophobic polymers for these purposes are poly(lactic acid) (PLA),
poly(glycolic acid) (PGA), PLGA and PCL (Kimura et al., 2001, Yasukawa et al., 2011). Cylindrical
implants with dimensions of around 2 x 0.46 mm (length x diameter) were successfully obtained
by SFM and HM processes. Important morphological properties of drug-free PCL-based implants

were determined by helium pycnometry, nitrogen adsorption and mercury intrusion (Table 8).

Table 8 | Morphological and thermal parameters of drug-free implants prepared by the SFM and HM
processes

Samples
PCL:DXMT:G (wt.%)

(100:00:00) (92:00:08)
SFM (depressurization rate, MPa min-1)

Properties

Nitrogen adsorption

BET surface area (m?g"') - 11.154+0.28 | 1595+0.72 | 15.38+0.52 | 11.46 + 0.42 4.18 £ 0.16
BJH Average pore diameter (A) - 102.26 30.35 34.07 132.77 23.12
Mercury intrusion

Average pore diameter (um) - 84.86 89.19 52.37 68.66 37.99
Porosity (%) - 41.60 56.93 62.67 62.02 12.68
Bulk density (g cm) - 0.56 0.38 0.39 0.29 0.93
Helium pycnometry

Real density (g cm™?) - 1.04 £ 0.03 0.99 £+ 0.09 1.21 +0.07 1.06 +0.12 1.22 £ 0.05
Thermal properties

Tm (°C) 60.99 £0.20 | 61.40+£0.27 | 61.66 £0.27 | 61.23+£0.31 | 61.15+0.22 | 60.73+0.18
AH (T )(J g") 105.70 + 0.60 | 91.71 £0.08 | 90.64 +2.46 | 95.02 +£0.58 | 92.08 £2.38 | 83.12+ 1.3I
X (%) 7588+ 043 | 65.84+0.06 | 65.07 % 1.77 | 68.21 £ 041 | 66.10+ .71 | 59.67 + 0.94

Glycofurol (G, also known as tetraglycol, average Mn=190.24 g mol"') is a safe and FDA-
approved excipient in some pharmaceutical formulations (usually used as a hydrotrope). It is
relatively non-toxic and non-irritant at the concentrations normally used for pharmaceutical
applications, and presents a LD, of 3.5 mL kg"' (mouse, intravenous) (Rowe et al., 2006). In this
work, glycofurol was used as a processing agent, namely as a pre-mixing solvent for the drug
(DXMT), and as a DXMT-PCL compatibilizer.

As expected and as determined by helium pycnometry, HM and SFM-prepared materials
presented similar real densities of 1.0-1.2 g cm3, which are clearly within the literature values
range for pure PCL (0.991.22 g cm? (Ketelaars et al., 1997, Fanovich et al., 2012)), and showing
that the presence of glycofurol (similar density of 1.09 g cm?, as provided by the supplier) has a

limited effect in real density.



The bulk densities of drug-free SFM-processed implants decreased with the depressurization
rate from 0.56 g cm™ (at | MPa min™') to 0.38-0.39 g cm? (at 2-3 MPa min™'). Also, the addition
of glycofurol led to a lower bulk density (0.29 g cm). On the other hand, and as expected, HM-
processed implants presented a bulk density of 0.93 g cm™, a value that is quite close to the real
density, indicating low porosity.

Previous studies suggested that varying the final depressurization rate of the SFM-process
could allow to control the porosity in PCL samples (Churro et al., 2015b, Salerno et al., 2019).
In this work, the porosity of SFM-processed glycofurol-free PCL implants increased with the
depressurization rate (I-3 MPa min') from 42 to 63%, following the same trend reported
elsewhere (Shieh et al., 2005, Churro 2015a).

After the polymeric matrix swelling by CO, saturation, a fast decrease in pressure will
induce a shift in equilibrium leading to an oversaturation of gaseous CO, inside the polymeric
matrix. Different depressurization rates, at constant temperature, will lead to dissimilar phase
separation pathways, and thus to distinct nucleation rates, number of nucleation sites and cavity/
bubble sizes, all of which originating final different polymer morphologies, porosities, pore sizes/
diameters, and pore interconnectivities/tortuosities. For faster depressurization rates, the energy
barrier for nucleation usually decreases, leading to an increase of the nucleation rate and to the
formation of a large number of smaller CO, bubbles, which will later originate polymeric matrix
presenting a large number of small size/diameter pores (mainly in the micro- and mesoporosity
ranges), and high surface areas (Jacobs et al., 2008). On the contrary, for slower depressurization
rates, there is more time available for the diffusion of CO, into the forming bubbles, as well as to
bubble coalescence and size growth. As a consequence, polymeric matrices will typically present
less pores however of larger pore sizes/diameters and pore interconnectivities (Fanovich et al.,
2012). Therefore, as expected, average pore sizes, determined by mercury intrusion (in the 3-150
pm pore diameter measuring range), decreased from 85 to 89 to 52 pym as the depressurization
rate was increased from | to 2 MPa min"' to 3 MPa min’'. For the same depressurization rate (2
MPa min™') and at the same pressure/temperature conditions, adding glycofurol slightly increased
the porosity from 57 to 62%, and decreased the average pore diameter from 89 to 69 pm (Table
8). These results suggest that, at this pore diameter range, glycofurol may also be playing a
porogenic role. Unsurprisingly, HM-processed implants presented a much lower porosity (~13%)
and average pore diameter (~38 um). Finally, at this pore diameter range, the average pore
diameters obtained by mercury intrusion are in line with what can be observed by SEM (Figure
26). These porosity/pore diameter differences can also be observed at the cross-sections of SFM-
and HM-processed implants (Figure 26). It should be noticed that SFM-processed samples are so
porous that they deform during SEM sample preparation (Figure 26).

Nitrogen adsorption/desorption isotherms (in the 3-150 nm pore diameter measuring
range) show that SFM-processed glycofurol-free implants presented higher BET surface areas if
compared to those processed by HM (~4.2 m? g'). In addition, the corresponding BET surface
areas increased (from Il to 15-16 m? g') as the depressurization rates were increased from | to
2-3 MPa min"', thus showing the typical effect of the depressurization rate on the surface areas of
CO,-saturated thermoplastic polymers (Jacobs et al., 2008). However, results also show that the
addition of glycofurol decreased the BET surface area (from 16 to || m?g"') of the SFM-processed

implants. Average pore sizes (BJH) obtained by this technique were within the microporous and
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mesoporous ranges for the SFM-processed implants, while lower values were obtained for the
HM process (23 A, in the microporous region). Again, the highest depressurization rates (2-3
MPa min-1) decreased the average pore diameters of glycofurol-free implants (from 102 to 30-34
A), as also reported by others (Fanovich et al., 2012, Chen et al., 2019).

A PCL:DXMT:G (100:00:00, wt%)

| SEMHVS0KV | WD:507mm A3 TESCAN|

20 pm

TAIL - University of Coimbra

Figure 26 | SEM images of PCL (100:0:0, wt %) (A) or PCL:G (92:00:08, wt%) (B) implants processed by
SFM (using different depressurization rates) and by HM. (B) Representative images of global views of the
implants (left panel) and cross sections (middle and right panels).

Salerno et al. used ethyl lactate as an additive and as a plasticizer and a blowing agent for
the PCL foaming process, and in order to promote the formation of larger pores and lower
pore density of PCL than by using pure CO, (Salerno et al,, 2013). In the current work, the
addition of glycofurol seems to have a similar effect on SFM-processed implants, originating
larger pore diameters (from 30 to 133 A) and smaller surface areas (as seen, from 16 to |1 m?
g"') in the micro- and mesoporous ranges. On the contrary, and well beyond the lower limit
of the macroporous range, the addition of glycofurol decreased pore diameters and increased
porosity. Therefore, and in conclusion, the pore diameter analyses of SFM-processed implants,
obtained both by nitrogen adsorption and by mercury intrusion, clearly shows the SFM process
“tunability” in terms of the generation of all kinds of pore diameters in these implants, i.e., from
quite small to quite large pores, at the micro-, meso- and macroporous ranges, and simply by

manipulating the depressurization rate or by adding small amounts of glycofurol.
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Micro- and mesopores (pore diameters below 50 nm), together with large surface areas (due
to a large number of these small pores) are known to be important features for attaining faster
degradation rates and/or for faster release of bioactive substances, while larger interconnected
pores are known to be relevant for the transport of fluids and bioactive substances between
implants and adjacent tissues (Shivanand et al., 1998, Srikar et al., 2008, Vidaurre et al., 2008,
de Matos et al., 2015). Thus, the SFM methodology and the addition of small amounts of safe
porogenic liquids clearly presents several additional advantages at the development of high
porosity PCL-based implants and other materials for a wide range of pharmaceutical and
biomedical applications.

Obtained MDSC thermograms presented one main melting point for all analysed samples
(PCL powder and PCL-processed materials), which is typical of semi-crystalline thermoplastic
polymers that went through thermal-based processing (Natu et al., 2008, de Matos et al., 2013,
Salerno et al., 2019).

Typically, and during the SFM process, the sorption and the concentration of CO, within a
semi-crystalline polymer increases as pressure increases, thus promoting a temporary plasticizing
effect that enhances chain mobility and increases polymer free-volume. This process occurs
firstly at the less-ordered (amorphous) regions of the polymer. As sorption continues, and as the
chain mobility and free-volume keeps increasing, the ordered crystalline regions of the polymer
will also be disarranged and the polymer will go easier through a phase of transition into a viscous
molten state. Therefore, this transition will occur at a lower temperature than the polymer
melting temperature at atmospheric pressure. The addition of a plasticizer can also help this
process (Fanovich et al., 2012, Salerno et al,, 2013). As explained before, after saturation and
during the depressurization step, CO, will leave the molten polymer, forming gaseous cavities/
bubbles by nucleation and growth, ending its role as a temporary plasticizer of the polymer.
This will lead to the decrease of chain mobility and free-volume, causing the polymer to freeze.
During this process, the polymer chains will rearrange again into amorphous (less ordered) and
crystalline (more ordered) regions, whose relative extents may not be the same before processing.
This means that the post-processing crystallinity degrees and the melting temperatures of semi-
crystalline polymers may change due to the SFM process. For example, some studies indicated
that SFM processing can significantly change (i.e., increase or decrease) the pure PCL crystallinity
degree, depending on the employed PCL properties (e.g., original crystallinity, average molecular
weight and molecular weight distribution), and on the employed operational conditions (e.g.,
temperature, pressure, processing time) (Shieh et al., 2005, Kiran et al., 2008, Fanovich et al.,,
2012). In this work, the obtained melting temperature of the PCL powder (60.99 + 0.20 °C)
was within the range specified by the supplier (56-64 °C), and both processing methods (SFM
and HM) did not significantly affect the typical PCL melting temperature range. However, the
enthalpies of fusion and, consequently, the crystallinity degrees decreased from 76% (for PCL
powder) to ~65-68% (for SFM-processed implants, with or without the addition of glycofurol),
and to 60% (for HM-processed implants). The HM process led to a much more pronounced
decrease in crystallinity than what was previously observed (Puga et al., 2012), however for
slightly different HM operational conditions (I h at 80 °C or at 150 °C).
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7.2.2. Accelerated alkaline degradation tests

Previous studies confirmed that the in vivo PCL degradation follows a two-step hydrolytic-
based process (Woodruff et al.,, 2010). First, hydrolytic cleavage of the ester linkage in the
water insoluble polymer backbone occurs, producing lower molecular weight polymer segments
(usually inferior to 5000). Then, these segments suffer further chain scission to produce even
smaller fragments that could undergo biodegradation by phagocytosis (Kimura et al., 2001, Lam
et al., 2008, Woodruff et al., 2010).

PCL is known to follow a bulk erosion mechanism that is defined by a homogeneous reduction
of its molecular weight (von Burkersroda et al., 2002, Lam et al., 2008, Laycock et al., 2017).
The results are coherent with typical mass loss profiles that are obtained for those polymers
undergoing bulk erosion (Bat et al., 2014, Laycock et al., 2017). In general, the aqueous medium
has to diffuse first into PCL to promote random hydrolytic chain scission within the polymeric
structure. Then, the newly formed degradation by-products (oligomers and monomers) may
diffuse out to the release medium, or remain in the polymer bulk. If the latter happens, these
by-products are also reported to prompt an internal autocatalytic degradation process due to
the higher concentration of carboxylic acids (at the bulk), which may lead to some potentially
harmful effects, namely in terms of the degradation of incorporated bioactive substances. On
the other hand, their diffusion out to the surrounding medium may cause a sudden burst in the
concentration of smaller oligomers, which may lead to some adverse tissue reactions, inducing
inflammation (due to the locally decreased acidic pH conditions) (Lam et al., 2008).

PCL fully degrades in vivo after 2-4 years (Woodruff et al., 2010), which is a time frame
that is not suitable for most of the in vitro/in vivo degradation tests required to employed to
check the degradation of the produced intraocular implants. However, the accelerated hydrolytic
degradation of polyesters can be attained by methods such as those using high temperature or,
preferably, by those using strong acidic or alkaline media (Lam et al., 2008, Laycock et al., 2017).
Nevertheless, high pH alkaline solutions were found to promote faster degradation rates than
those attained in acidic conditions (Jung et al., 2006, Hernandez et al., 2013, Rydz et al., 2014).
Thus, the degradation kinetics of drug-free 92:00:08 (wt.%) implants (processed both by SFM and
by HM) were studied in a 5 M NaOH solution. These harsh and accelerated conditions allowed
to determine and to compare the effects of the implant processing methodologies on their
degradation rates (Figure 27).

The erosion of SFM-processed implants was significant after 4 h, then followed a quasi-linear
pattern with time. In contrast, the erosion of HM-processed implants was not significant until 32
h. Then, the observed mass loss also followed a clear linear pattern. These results confirm that, in
these accelerated degradation conditions, the SFM process led to implants having properties that
significantly help and increase the degradation rate of PCL, by attaining 50% of mass loss within
31 h (compared to 59 h for the HM process), and 100% (full degradation) around 69 h (compared
to 81 h for the HM process). It should be mentioned that the obtained results presented higher
variability near the end of the degradation test. This is due to a limitation in the methodology to
accurately measure lower amounts of mass.

This means that the SFM process has the ability to originate implants presenting higher

porosities and surface areas, which will be the main factors responsible for the faster degradation.
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These morphological properties will allow a faster water diffusion into PCL bulk, a larger number
of hydrolyses sites (on surfaces), as well as a faster diffusion of the degradation products into the
surrounding liquid Media. Properties such as PCL chain length, molecular weight distribution and,
particularly, crystallinity, may have also an impact on the overall degradation process (Lam et al.,
2008, Laycock et al., 2017). Higher values of crystallinity are known to increase the degradation
time; however, slightly higher values of crystallinity were obtained for the SFM process (Table
8), which reinforces the importance of implant porosity and surface area explaining the different
degradation rates obtained. Despite some expected differences, namely in terms of the periods
that are indeed necessary to obtain 50% and 100% of degradation/erosion, the in vivo degradation
of these implants are supposed to follow trends that are somehow similar to the behaviours that

were observed at these accelerated conditions (Lam et al., 2008).
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Figure 27 | Mass loss variation (%) versus time (h) for PCL:DXMT:G (92:00:08, wt%) implants prepared
by: (e) HM (50 °C for 0.5 h, followed by 80 °C for 0.5 h); (0) SFM (20 MPa, 45 °C, 2 h; depressurization
rate of 2 MPa min™').
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7.2.3. Drug incorporation yield and release

PCL-based implants prepared with glycofurol and loaded with DXMT (66:26:08 wt.%,
PCL:DXMT:G) were prepared by both SFM and HM. DXMT is a corticosteroid used to treat eye
inflammation and macular edema (Dugel et al., 2015). Its low solubility in water makes this drug
a good candidate to be incorporated into the intraocular implant by the SFM process (aiming to
increase its bioavailability). When using glycofurol, the drug incorporation yield achieved by the
SFM process was around 99% of the initially loaded DXMT (Table 7). However, glycofurol-free
implants (74:26:00 wt.%, PCL:DXMT:G) showed a considerably lower drug incorporation yield
(51%). Liquid glycofurol has been used both as a co-solvent to dissolve drugs with low solubility
in water (Barakat 2010) and as also proposed as a plasticizer for SFM-processed PCL-based
materials (Churro et al., 2016). In this work, and based on these incorporation yields, glycofurol
also seems to be acting as a compatibilizer agent between DXMT and PCL.

The in vitro kinetics of DXMT release from SFM- and HM-processed implants (66:26:08 wt.%,
PCL:DXMT:G) was performed at near infinite sink conditions, by keeping the concentration of
DXMT 10% below its saturation value in water (92-116 mg L' at 37 °C) (Yalkowsky et al., 2010,
Churro et al., 2016). The kinetics of DXMT release should present two distinct phases: (i) an
initial burst, due to the release of DXMT deposited at pore surfaces of the implants; and (i) a
diffusive phase (after previous water sorption by the implants), and in which the drug diffuses out
the implants. Any DXMT release favoured by bulk hydrolytic degradation of PCL-based implants,
or to the final and abrupt release due to the collapse of the implants, cannot be clearly observed
since the degradation of PCL is a very slow process in water.

The kinetics of DXMT release obtained for the SFM-and HM-processed implants was assessed
(Figure 28). For the initial release period, (Figure 28A), SFM-processed implants release DXMT
faster than implants processed by HM. This was certainly due to a more efficient mass transfer
and diffusion processes and, as discussed in section 7.2.1, mostly due to their higher porosities
(~57%, in contrast with ~13% for HM-processed implants) and surface areas (~16 m? g', in
contrast with ~4 m? g' for HM-processed implants), as well as to the expected larger amounts
of DXMT that were deposited on their pore surfaces (thus being more prone to be dissolved and
released into the medium in a much faster way). In addition, the involved transfer and diffusion
processes (of drug and/or release fluid) may also benefit from the larger pore diameters obtained
for the SFM technique, both in the microporous range determined by nitrogen adsorption and
well above the lower limit of the macroporous region determined by mercury intrusion. These
observed distinct initial release profiles were later attenuated as the release period increased,
and as the drug deposited on pore surfaces (or nearby) was released, leading to similar DXMT
release profiles after 2-3 months (Figure 28B). The drug that was released, at these prolonged
release periods, should essentially correspond to the DXMT impregnated (ie., molecularly
dispersed) deeper into PCL struts. Moreover, and considering the initial DXMT loaded amounts
(Table 7), it can be observed there was still around 35% of non-released DXMT in the implants
after 80 days of release, which suggests that these porous PCL implants can even be used for

longer periods of time.
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Figure 28 | Released DXMT (%) from implants (PCL:DXMT:G 66:26:08, wt.%) processed by
SFM (0) and by HM (e) considering hours (A) and days of drug release (B).

The obtained drug release data presented in Figure 28 was correlated by two non-linear
regression models: a diffusion-based model (Eq. (4)) and a desorption-based model (Egs. (5)
and (6)). Correlated parameters are indicated in Table 7. The goodness of fit for both models
was confirmed by the relatively small RMSE values. Despite that the diffusion-based model
was fitted only to release data points below 40% of loaded drug, the correlated curves begin
to deviate from the HM and SFM experimental points only after 10 and 13 days, respectively,
which probably indicates an initial diffusion-controlled release process. HM-processed implants
presented a smaller diffusion coefficient, thus confirming a more sustained kinetics of drug
release, if compared with SFM-processed implants, and due to their lower porosities, surface
areas and average pore diameters. However, this model should be applied carefully since it does
not take into account any of the above referred morphological properties, all them known to
strongly affect drug/fluid diffusion from/into solid polymeric matrices.

On the contrary, the desorption-based model can help us to infer about sample porosity effects
on drug release kinetics. It can be observed that, and using this model, SFM-processed implants
presented a higher porosity factor a (0.65) than that obtained for HM-processed implants (0.58),
confirming that SFM-processed samples possess a higher fraction of DXMT deposited on pore
surfaces, which is more readily available for release. On the other hand, HM-processed implants
presented a higher specific process release time (7.5 days) than SFM-processed implants (3.8
days). This therefore confirms the more sustained DXMT release attained from HM-processed
implants: steady state occurred after around 31 days, while it happened after 22 days for the
SFM-processed implants.

The extended release periods attained for both HM and SFM-based implants were within
the range reported for the commercially available Ozurdex implant (30 days) (Amsden et al,,
2016). While Ozurdex releases 100% of the loaded DXMT (700 pg) over 30 days, the HM-
and SFM-processed implants release in this period around 61% and 66% of the initially loaded
DXMT, respectively. Therefore, and as already discussed, these implants might still release the
DMXT that was deeper impregnated in PCL for an additional period of time. In particular, and
due to their enhanced porosity and surface area, the potential faster degradation of the SFM-
processed implants and the additional DXMT release, can also be a further advantage which
could potentially increase the commercial interest of these devices.
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I. Abstract

Optic neuropathies are frequent causes of visual impairment and blindness, in which RGCs
are the mostly affected cells. The available therapeutic strategies for optic neuropathies have
limited potential. However, the activation of AR emerges as a candidate strategy to protect
RGCs. Drug delivery systems have potential to overcome the problems associated with repeated
intravitreal injections needed in chronic diseases, such as glaucoma. Porous biodegradable
intraocular implants based on PCL were loaded with the 2-CI-IB-MECA (selective A R agonist)
by scCO,- SFM to allow the sustained activation of A R. This study allowed to investigate whether
the PCL implants-loaded with 2-CI-IB-MECA could afford protection to RGCs in a retinal [-R
animal model. Drug-loaded SFM implants presented an extended-release of 2-ClI-IB-MECA in
vitro (water) of around 30 days, with drug incorporation yield of around 90% at tested conditions,
which corresponds to 235 * 32 pg of 2-Cl-IB-MECA per mg of the implant.

Single-cell Ca?* imaging was used as a functional measurement of 2-Cl-IB-MECA release from
the implant since released 2-CI-IB-MECA limited glutamate-evoked Ca?* rise in RGCs. We then
assessed the potential protective properties of 2-Cl-IB-MECA-loaded PCL implants in an animal
model of I-R injury, after the implantation of 2-CI-IB-MECA-PCL implants in the vitreous cavity
of the animals. Transient retinal ischemia led to a retinal thinning, mainly a decrease in ganglion
cell complex (NFL+GCL+IPL) thickness, an effect that was not prevented by the treatment with
2-Cl-IB-MECA-PCL implants. However, 2-CI-IB-MECA-PCL implants decreased retinal cell
death and promoted the survival of RGCs in the I-R injury model. Besides enhancing RGC
survival, 2-C|-IB-MECA-PCL implants also preserved optic nerve structure and re-established
anterograde axonal transport. Moreover, 2-Cl-IB-MECA-loaded PCL implants were able to
preserve the function of RGCs that was compromised by I-R injury.

Taking into consideration the described beneficial effects afforded by 2-Cl-IB-MECA released
from the implant, we can envisage that PCL-based implants loaded with the A R agonist can be
considered a good therapeutic strategy to protect RGCs from damage. This study provides a
proof-of-concept for the use of biodegradable implants loaded with the agonist of A;R in retinal
pathologies.
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2. Introduction

RGC death and degeneration underlies several conditions which give rise to significant visual
impairment and blindness. Optic neuropathies comprise a group of ocular diseases, like glaucoma
(the most common), anterior ischemic optic neuropathy and retinal ischemia, in which RGCs
are the main affected cells (Carelli et al., 2017). Blindness secondary to optic neuropathies is
irreversible since RGCs lack the capacity for self-renewal and have a limited ability for self-
repair (Goldberg et al., 2002). Currently, there are no available treatments to recover damaged
RGCs, although some clinical trials focused on RGCs neuroprotection are ongoing (Boia et al,,
2020). Since these chronic diseases would require multiple intravitreal injections to achieve local
therapeutic drug concentrations, intraocular drug delivery systems have raised interest. Indeed,
there are already clinical trials focused on the protection of RGCs using intravitreal implants. For
example, a capsule filled with human cells genetically modified to secrete CNTF, a neurotrophic
factor, the NT-501 encapsulated cell therapy (NT-501 ECT) is in phase 2 clinical trials for
glaucoma (ClinicalTrials.gov Identifier: NCT02862938) and in phase | clinical trials for ischemic
optic neuropathy (ClinicalTrials.gov Identifier: NCTO0I1411657). Previously, we proposed a new
biodegradable intravitreal drug delivery system using PCL as a biocompatible and bioresorbable
synthetic polymer (Chapter 3). We demonstrated that the PCL implants did not cause retinal
toxicity being possible to envisage their use for long-term sustained intraocular drug delivery
applications in several clinical conditions (Chapter 3).

New and more effective therapeutic targets are an emergent need for RGC neuroprotection.
Several therapeutic targets have been proposed, and AR emerged as a good candidate. RGCs
are endowed with AR (Zhang et al., 2006), and we demonstrated that A,R activation prevents
retinal cell death in several in vitro and animal models of retinal degeneration (Galvao et al., 2015).
Recently, we showed that the A;R agonist 2-Cl-IB-MECA is able to confer neuroprotection to
RGCs in the laser-induced OHT model (Chapter 2). We aim to extend the application of AR
agonist for a long-term situation avoiding multiple intravitreal injections and systemic side effects.
Therefore, in this work, we evaluated the potential protective effects of 2-Cl-IB-MECA-loaded
PCL implants in the I-R animal model, a well characterized model (Madeira et al., 2016a, Boia et
al,, 2017), that has been used to identify new potential therapeutic strategies (D'Onofrio et al.,
2013).
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3. Materials and methods

3.1. Animals

Adult Wistar rats were housed in a standard animal room under controlled environment with
free access to food and water. All procedures were approved by the Animal Welfare Committee
of the Faculty of Medicine of University of Coimbra (ORBEA 23/2015) and were conducted
in accordance with the European Community directive guidelines for the use of animals in
laboratory (2010/63/EU), transposed into the Portuguese law in 2013 (Decreto-Lei n°113/2013)
and they were also in agreement with the Association for Research in Vision and Ophthalmology

statement for animal use.

3.2. Culture of retinal ganglion cells

Cultures of RGCs were obtained from the retinas of 4-5 days old Wistar rats by sequential
immunopanning, as previously described (Barres et al., 1988, Winzeler et al., 2013, Martins et
al., 2015), with some modifications, as follows. Rats were euthanized by direct decapitation, the
eyes enucleated and the retinas dissected. Then, the retinas were digested in papain solution
(16.5 U/mL; Worthington Biochemical Corporation, New Jersey, USA) containing 1.65 mM
L-cysteine (Sigma-Aldrich, Missouri, USA) and 125 U/mL deoxyribonuclease | (DNase |; Sigma-
Aldrich, Missouri, USA), at 37 °C for 30 min. The cell suspension was mechanically dissociated
in ovomucoid (Roche, Basel, Switzerland), bovine serum albumin (BSA; Sigma-Aldrich, Missouri,
USA), and DNase | (Sigma-Aldrich, Missouri, USA). RGCs were purified from the whole retina cell
suspension with specific goat anti-rabbit IgG and goat anti-mouse IgM (Jackson ImmunoResearch,
Cambridge, UK) and mouse anti-rat Thyl.l (from the TIID7e hybridoma; TIB-103, ATCC,
Virginia, USA).

The immunopurified cells were cultured in Neurobasal-A medium supplemented with IxNS2|
(R&D systems, Minneapolis, USA), 5 ug/mL insulin, | mM sodium pyruvate (Gibco, Thermo Fisher
Scientific, Massachusetts, USA), IxSato supplement (which includes 100 pg/mL BSA, 100 pg/mL
transferrin, 16 ug/mL putrescine, 60 ng/mL progesterone, 40 ng/mL sodium selenite), 40 ng/mL
trilodo-L-thyronine, 2 mM L-glutamine, 5 pg/mL N-acetylcysteine, 50 pg/mL gentamicin (Gibco,
Thermo Fisher Scientific, Massachusetts, USA), 50 ng/mL BDNF (Peprotech, London, UK), 10
ng/mL ciliary neurotrophic factor (Peprotech, London, UK), 10 ng/mL basic fibroblast growth
factor (Gibco, Thermo Fisher Scientific, Massachusetts, USA) and 5 pM forskolin. RGCs were
plated at a density of 460 cells/mm? using cloning cylinders on 12 mm glass coverslips coated with
10 pg/ml poly-D-lysine and 10 pg/ml laminin. The purity of cultures, determined at the first day of
culture with anti-RBPMS antibody (Abcam, Cat. # ab194213, 1:500), was about 93% (Figure S4).
Cell death at the first day of culture was assessed by TUNEL assay (Figure S4).

3.3. Primary culture of rat retinal neural cells

Retinal neural cell cultures were obtained from 3 to 5-day-old Wistar rats, as previously
described (Aires etal., 2019a). The cells were plated at a density of 2x10° cells/cm?in 12-well plates
with glass coverslips previously coated with poly-D-lysine (0.1 mg/mL; Sigma-Aldrich, Missouri,
USA) and cultured in MEM (Sigma-Aldrich, Missouri, USA), supplemented with 26 mM NaHCO,,
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25 mM HEPES, 10% heat-inactivated FBS (GIBCO, Thermo Fisher Scientific, Massachusetts,
USA), penicillin (100 U/mL; Sigma-Aldrich, Missouri, USA), and streptomycin (100 g/mL; Sigma-
Aldrich, Missouri, USA) in a humidified atmosphere of 5% CO, at 37 °C for seven days.

3.4. Single-cell calcium imaging

RGCs were cultured for 16 h-18 h and retinal neural cell cultures were cultured for seven
days at 37 °C in a humidified environment of 5% CO,. The changes in intracellular free Ca**
concentration [Ca?"], of individual cells were determined using the fluorescent probe Fluo-4.
Cells were loaded with 5 uM Fluo-4-AM (Invitrogen, California, USA) for 40 min at 37 °C in
HBSS (in mM: 138 NaCl, 5.3 KCI, 0.34 Na,HPO,, 0.44 KH,PO,, 5.6 D-glucose, 15 HEPES, 4.2
NaHCO,, 1.8 CaCl, and 0.8 MgCl,, pH 7.4). The cells were rinsed in HBSS and maintained in
Mg?*-free HBSS (in mM: 138 NaCl, 5.3 KCI, 0.34 Na2HPO4, 0.44 KHZPO4, 5.6 D-glucose, 15
HEPES, 4.2 NaHCO,, 2.6 CaCl,, pH 7.4) before data acquisition. The coverslips were mounted
in a chamber-incubator for replaceable round coverslips, and cells were maintained in Mg* -free
HBSS solution. Images were captured every 2 seconds in a confocal microscope (Zeiss LSM 710,
Oberkochen, Germany) using a 20% objective (Plan-Apochromat 20x/0.8).

Cells were stimulated twice with 30 pM glutamate in the presence of 10 yM glycine (co-
agonist of NMDA receptors) for | min. The cells were allowed to recover for 5 min between
the first and second stimulus, and 2-CI-IB-MECA (I pM) was present 3 min before and 2 min
after the second stimulus, a protocol that was previously described (Zhang et al., 2006). When
assessing the effect of 2-CI-IB-MECA released from the implant, cells were exposed to Mg* -free
HBSS that was in contact with 2-Cl-IB-MECA-PCL implants under agitation (100 rpm) during 24
h at 37 °C.

Analysis was performed with Fiji/lmage] software. Briefly, region of interest (ROIl) were drawn
around all visible cell soma that exhibited fluorescence at basal. The mean fluorescence for all ROls
defined was measured throughout the experiments. The peak of both stimuli was determined,
and the maximum fluorescence of each peak was corrected for the correspondent mean baseline
fluorescence determined before stimulation of the cells. The results were expressed as the ratio
between the peak of the second stimulus (Delta 2, A2) and the peak of the first stimulus (Delta I,
Al). The cells that presented a Al lower than 3 or that did not recover to the basal fluorescence

levels after the first stimulus were excluded from the analysis.

3.5. Retinal I-R and implantation procedure

Retinal I-R injury was performed as we previously described (Boia et al., 2017). Retinal ischemia
was induced for 60 min after anterior chamber cannulation with a 30-gauge needle connected
to a reservoir infusing sterile saline solution. At 30 min of reperfusion, PCL implants and 2-CI-
IB-MECA-PCL implants were introduced into vitreous cavity of the animals. The animals were

sacrificed | month after |-R induction.
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3.6. Optical coherence tomography (OCT)

The animals were anaesthetized by intraperitoneal injection of ketamine (90 mg/kg;
Nimatek, Dechra, UK) and xylazine (10 mg/kg; Sedaxylan, Dechra, UK) and, topical anaesthesia
(oxybuprocaine hydrochloride, 4 mg/ml, Anestocil, Edol, Portugal) and pupil dilation (tropicamide,
10 mg/ml, Tropicil Top, Edol, Portugal) were applied. Corneal hydration was maintained using
carmellose sodium (10 mg/ml, Celluvisc, Allergan, Ireland). B-scans were acquired using the
image-guided OCT coupled to the Micron IV Retinal Imaging microscope (Phoenix Technology
Group, Pleasanton, CA, USA). The volumes, composed by 512 B-scans, were acquired vertically
centred and above the optic disc. The OCT data is used for the segmentation that is achieved
using a fully convolutional neural network (FCNN), following a U-type architecture (Ronneberger
et al., 2015), which is composed of two main parts, an encoding path and a decoding path. This
architecture allows for the classification of individual pixels into one of the layers considered in this
study. Furthermore, these neural networks can have short-circuit connections (Ronneberger et
al., 2015). These pathways connect encoding and decoding levels providing finer grain information
and more accurate pixel classification predictions. For details, see (Roy et al., 2017). While the
network was designed to classify pixels into one of the six layers of the retina, the main objective
is to ensure the proper discrimination at these layers’ interfaces. The training set was augmented
in two ways to increase the robustness of the network to distinct acquisitions: by mirroring each
B-scan horizontally, and by modulating the location of the retina across the B-scan image. The
segmentation provided by the neural network was then validated using manual segmentation
examples provided by two graders (Hugo Ferreira and Raquel Boia).

The OCT data was segmented in order to obtain total retinal thickness, by the segmentation of
inner and outer retinal limits, and to obtain the ganglion cell complex thickness (NFL+GCL+IPL),
that is being used to early diagnose glaucoma (Scuderi et al., 2020).

3.7. In vivo detection of caspase activity

The detection of active caspases within the GCL was performed using the FAM-FLIVO®
in vivo poly caspase assay kit (ImmunoChemistry Technologies, Minnesota, USA), similar to a
previous report (Aires et al., 2019b). Animals were anesthetized with 2.5% isoflurane (IsoFlo;
Abbott Laboratories, lllinois, USA) in | I/min O,. Following topical anesthesia (oxybuprocaine
hydrochloride, 4 mg/ml, Anestocil, Edol, Portugal) and pupil dilation (tropicamide, 10 mg/ml,
Tropicil Top, Edol, Portugal), the FLIVO probe (20 ng/uL) was administered by intravitreal
injection with a 36-gauge needle coupled to a Hamilton syringe. Then, 24 h later, the eyes were
enucleated and fixed for | h in 4% (w/v) PFA. The retinas were dissected and post-fixed in
4% PFA for an additional hour. Nuclei were stained with DAPI and the retinas were mounted
with fluorescent mounting media (DAKO, Agilent, California, USA). The samples were observed
with a 20x objective (Plan-Apochromat 20x/0.8) on a confocal microscope (Zeiss LSM 710,
Oberkochen, Germany). From each retina two images per quadrant were randomly acquired in

the GCL focusing plane and the number of FLIVO* cells was counted per image.
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3.8. Terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end
labelling (TUNEL) assay

Cell death was detected with a TUNEL assay kit (Promega Corporation, Wisconsin, USA)
with fluorescein detection following the instructions provided by the manufacturer, and as we
previously described (Boia et al., 2017). Total TUNEL" cells and TUNEL® cells in the GCL were
counted directly in a fluorescence microscope (Axio Observer.Zl, Zeiss, Oberkochen, Germany)
with a 20x objective (Plan Achromat 20x/0.8 M27). In each retinal section, the total number of
TUNEL" cells were normalized to the respective length. Representative images were acquired in
a confocal microscope (Zeiss LSM 710, Oberkochen, Germany) with a 40x objective (EC Plan-
Neofluar 40x/1.30 Oil DIC M27).

3.9. Retinal wholemounts

Retinal wholemounts were prepared as we previously described (Chapters 2 and 3). The
total population of Brn3a® RGCs was automatically quantified by processing the individual Brn3a
images taken for each retinal wholemount with a specific cell-counted routine developed for the
IPP software (IPP 5.1 for Windows; Media Cybernetics, USA). Isodensity maps were generated
with the IPP software to evaluate the spatial distribution of Brn3a® RGCs throughout the entire

retinal surface.

3.10. Transmission electron microscopy of optic nerves

Following transcardial perfusion with PBS (in mM: 137 NaCl, 2.7 KCI, 10 NaZHPO4, 1.8
KH,PO,; pH 7.4) followed by 4% PFA, optic nerve samples were collected close to the optic
chiasm and were processed to transmission electron microscopy (TEM) as we previously
described (Chapter 2). Myelin and inner tongue areas were measured using Fiji/lmage] software,
as described (Dillenburg et al., 2018). Briefly, myelin area was calculated by subtracting the area
of the innermost compact myelin layer to the area of the outermost compact myelin layer. Inner
tongue area was calculated by subtracting the axonal area to the area of the innermost compact

myelin layer. It was analysed between 70 and 120 axons from each animal.

3.11. Anterograde tracing of RGCs

Anterograde transport assay was determined with cholera toxin B subunit (CTB). Animals
were anesthetized with 2.5% isofurane (IsoFlo; Abbott Laboratories, Chicago, USA) in | I/min
O,, it was applied topical anesthesia (oxybuprocaine hydrochloride, 4 mg/ml, Anestocil, Edol,
Portugal) and pupil dilation (tropicamide, 10 mg/ml, Tropicil Top, Edol, Portugal). CTB conjugated
to Alexa Fluor™ 488 (Invitrogen, California, USA) was administered by intravitreal injection (2
pl) using a 36-gauge needle connected to an intraocular injection kit (NanoFil™ Application
Kits, World Precision Instruments, Florida, USA) coupled to a 10 pl syringe and an automated
pump controlled with a footswitch (Micro4; World Precision Instruments, Florida, USA). Five
days after the CTB intravitreal injection, animals were transcardially perfused with PBS followed
by 4% PFA, as previously described (Boia et al., 2017). The brains were dissected and kept on

4% PFA for 24 h, then transferred to a solution of 30% sucrose in PBS for 2 days and, finally,
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stored at -80 °C until further processing. Brain coronal cryosections (30 pm) were obtained on
a cryostat (Leica CM3050 S, Leica Biosystems, Wetzlar, Germany) and nuclei were stained with
the nuclear dye DAPI, diluted 1:5000. Twenty-two consecutive sections per SC, from rostral to
caudal, were selected, and the SC was imaged in a fluorescence microscope (Axio Observer.ZI,
Zeiss, Oberkochen, Germany) with a 5x objective (N-Achroplan 5x/0.15 M27). The area of the
CTB signal in the SC of each section was outlined and the mean fluorescence was measured using

Fiji/lmage] software.

3.12. Electroretinography (ERG)

Retinal electrical activity was evaluated by ERG with corneal gold wire electrodes, as we
previously described (Chapter 3). A Ganzfeld stimulator (Roland Consult GmbH, Brandenburg an
der Havel, Germany) was used to deliver very dim blue light flash (0.000095 cd-s/m?) to elicit STR
and to elicit scotopic and photopic ERG responses white light flashes (0.0095-9.49 c-ds/m?) were
delivered. The amplitudes (pV) of pSTR, nSTR, and of a-wave and b-wave in scotopic conditions
were extracted. Off-line digital filter was applied on STR and on b-wave (high frequency cut-
off of 50 Hz) with the RETIport software (Roland Consult GmbH, Brandenburg an der Havel,
Germany).

3.13. Statistical analysis

The results are presented as mean + SEM. Statistical analysis was performed with the Prism
5.03 Software for Windows (GraphPad Software, Inc, California, USA). The normality of the
data was assessed with Shapiro-Wilk normality test, and data were analysed with parametric or

non-parametric tests, depending on data distribution, as indicated in the figure legends.
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4. Results

4.1. 2-CI-IB-MECA released from PCL implants prevents the glutamate-evo-
ked increase in [Ca™] in retinal ganglion cells

Activation of AR limits glutamate-evoked Ca?** rise in RGCs (Zhang et al., 2010). Therefore,
single-cell Ca?* imaging was used as a functional readout of the release of 2-CI-IB-MECA from
the implant and the consequent activation of A,R. RGCs were loaded with Fluo-4 Ca** probe and
stimulated twice with 30 pM glutamate, in the absence (Figure 29A, Video SI) or in the presence
(Figure 29B, Video S2) of 2-CI-IB-MECA in the second stimulation. As expected, the incubation
with glutamate transiently increased the [Ca*'], similarly in both stimuli (A2/Al ratio=1.0) (Figure
29A and D). The presence of 2-CI-IB-MECA (I uM) decreased by 30% the [Ca*"], changes induced
by glutamate (A2/Al ratio=0.7; p<0.05) (Figure 29B and D). The incubation of RGCs with medium
that was in contact with PCL implant did not change the response to glutamate (A2/Al ratio=1.0)
(Figure 29D). However, when the RGCs were incubated with the solution that was in contact
with 2-Cl-IB-MECA-loaded PCL implant, the [Ca*'] changes were decreased by 30% (A2/Al
ratio=0.7) (Figure 29C and D, Video S3), as observed after direct incubation with | pM 2-CI-IB-
MECA.

The preincubation of mixed retinal neural cell cultures with 2-CI-IB-MECA (I pM) did not
change the Ca?" response to glutamate (Figure S5B and C, Video S5), as expected since these

cultures have virtually no RGCs.
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Figure 29 | 2-Cl-IB-MECA released from the implant decreased the [Ca**], changes triggered by glutamate
in RGCs. (A) Cells were stimulated twice with 30 uM glutamate + 10 uM glycine (referred to as Glut). (B)
Cells were incubated with 2-CI-IB-MECA (I pM) 3 minutes before and 2 minutes after stimulation with
Glut. (C) Cells were exposed to medium that was in contact with PCL implant loaded with 2-CI-IB-MECA
for 3 minutes before and 2 minutes after stimulation with glutamate. (D) The mean fluorescence peaks
of Ca? changes were quantified, and results are presented as A2/Al from 4 independent experiments.

*p<0.05, significantly different from glutamate 30 uM, Unpaired t-test.
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4.2. Treatment with 2-Cl-IB-MECA released from PCL implants does not
prevent retinal thinning induced by retinal ischemia

Retinal thinning is a well described feature of I-R injury in which inner retinal layers are the
most affected layers (Kim et al., 2013). In fact, it was described that OCT is able to detect retinal
changes due to transient retinal ischemia (Sho et al., 2005). Retinal thickness was measured by
OCT (Figure 30A) and, as expected, retinal I-R induced a significant decrease in total retinal
thickness (p<0.001, 216 * |4 pm) comparing with naive (296 * 4 um), an effect that was not
changed by PCL implant loaded with 2-CI-IB-MECA (221 * 14 ym) (Figure 30B). We observed a
significant decrease in the thickness of ganglion cell complex (NFL+GCL+IPL) (p<0.00l) that was
not altered by the treatment with 2-CI-IB-MECA-PCL implants (Figure 30B).
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Figure 30 | Treatment with 2-CI-IB-MECA released from PCL implants did not prevent the reduction
in retinal thickness induced by retinal ischemia. (A) Representative images of OCT scans showing the
different retinal layers and their limits, scale bars=50 pm. (B) Retinal volumes were acquired and total
retinal thickness and ganglion cell complex (NFL+GCL+IPL) thickness were automatically calculated and
presented from 5 to 8 animals. ***p<0.001, significantly different from naive, One-way ANOVA, followed

by Sidak’s multiple comparisons test.
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4.3. 2-CIl-IB-MECA released from PCL implants increases the survival of
RGGCs after transient retinal ischemia

Transient retinal ischemia elicits neuronal cell death (Boia et al., 2017). RGC death by caspase-
dependent mechanisms has been reported in response to |-R injury (Patil et al., 2004), as well as in
other retinal degenerative diseases like glaucoma (Thomas et al., 2017). Therefore, caspase” cells
in the GCL were imaged following intravitreal injection of FAM-FLIVO Poly Caspase Inhibitor
(FAM-VAD-FMK) (Figure 31A). I-R induced a significant increase in FLIVO* cells in the GCL
(p<0.01), and the presence of PCL implant loaded with 2-C|-IB-MECA attenuated the effect of
I-R in the GCL (Figure 31B).

The effect of PCL implants loaded with 2-CI-IB-MECA on retinal cell death was determined
with TUNEL assay (Figure 31C). As expected, I-R significantly increased the number of retinal
apoptotic cells (I-R with drug-free PCL implant) when compared with naive retinas (p<0.001)
(Figure 31D). The treatment of I-R undergoing retinas with PCL implants loaded with 2-CI-IB-
MECA prevented the increase in the number of TUNEL" cells triggered by I-R (Figure 31D)
(p<0.05), suggesting that 2-Cl-IB-MECA released from the implant was able to protect retinal
cells from I-R damage. Knowing that RGCs express AR and that I-R triggers RCG death, we
specifically counted the number of TUNEL" cells in GCL. Indeed, I-R significantly increased
TUNEL" cells in GCL (p<0.05), and the presence of 2-CI-IB-MECA-loaded PCL implants
decreased the death of cells in the GCL (Figure 31E).

RGCs were immunolabelled for Brn3a, a specific marker of RGCs (Nadal-Nicolas et al.,
2009), in retinal wholemounts (Figure 32). The distribution of Brn3a® RGCs (as observed by
the reconstructed isodensity maps; Figure 32A), with higher density in the superior retina and a
visual-oriented horizontal strip, in naive retinas was similar to previous reports (Nadal-Nicolas
et al., 2009, Madeira et al., 2016b). The total number of Brn3a* cells was automatically counted
(Figure 32B), and the number of RGCs in naive retinas (77241 + 8861 cells) was similar to our
previous reports (Madeira et al., 2016b). |-R induced a significant loss of Brn3a® cells (3968| *
8062 cells) that was prevented (p<0.05) by the treatment with PCL implants loaded with 2-ClI-
IB-MECA (65093 + 5793 cells) (Figure 32B).
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Figure 31 | 2-CI-IB-MECA released from the implant attenuated caspase® cells in the GCL and reduced
cell death induced by I-R. (A) The presence of active caspases in the GCL was assessed with FAM-FLIVO
(white) and representative images are depicted. Scale bar: 50 pm. (B) The number of FLIVO™ cells in the
GCL was counted from 10-12 animals. *p<0.05, **p<0.01 significantly different from naive, Kruskal-Wallis
test, followed by Dunn’s multiple comparisons test. (C) Cell death was detected in retinal cryosections
by TUNEL assay (green). Nuclei were stained with DAPI (blue) and representative images are depicted.
Scale bars: 50 ym (top image) and 20 pym (bottom image). (D) TUNEL" cells in the retina were counted
and expressed per mm of retina from 6-11 independent experiments. **p<0.01, significantly different
from naive; #p<0.05 significantly different from |-R + PCL implant, One-way ANOVA, followed by Sidak’s
multiple comparisons test. (E) TUNEL' cells in the GCL were counted and expressed per section from
6-11 animals. *p<0.05, significantly different from naive, Kruskal-Wallis test, followed by Dunn’s multiple
comparisons test.
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Figure 32 | 2-CI-IB-MECA released from the implant reduced the RGC loss induced by I-R. (A)
Representative RGC isodensity maps generated from wholemount preparations immunostained for
RGCs (Brn3a), demonstrating the topological distribution of Brn3a*RGCs, within a colour code of a 28-
step colour scale range from 0 (purple) to 2500 or higher (red) RGCs mm?2. (B) The number of Brn3a*
RGC:s per retina was automatically calculated from 4-6 animals. *p<0.05, significantly different from naive;
#p<0.05, significantly different from I-R + PCL implant, One-way ANOVA, followed by Sidak’s multiple

comparisons test.

4.4. 2-Cl-IB-MECA released from PCL implants preserve the structure of
optic nerve and the anterograde axonal transport of RGCs

Some reports point the optic nerve as a structure severely affected by glaucoma (Jakobs et
al., 2005, Balaratnasingam et al., 2007), and in this |-R model these alterations have been also
described (Renner et al., 2017). In that way we analysed the alterations in the structure of the
optic nerve by TEM (Figure 33A). In adult vertebrate CNS, axons that form optic nerve are
surrounded by compact myelin (Stassart et al., 2018), as observed in optic nerves from naive
animals. Despite the observation of a disorganized axons in I-R undergoing animals, including
alterations in the myelin sheath, the myelin area was not altered by I-R (Figure 33B). Moreover,
the treatment with PCL implants loaded with 2-Cl-IB-MECA did not change the myelin area
(Figure 33B). In contrast, inner tongue abnormalities were clearly observed in I-R animals,
resulting in a significant increase in the inner tongue area (p<0.05, 0.13 * 0.02 ym?) due to I-R
injury comparing with naive animals (0.06 + 0.0 um?) (Figure 33C).

The treatment with PCL implants loaded with 2-CI-IB-MECA attenuated the abnormalities in
the inner tongue caused by I-R and decreased their area (0.08 + 0.0l ym?) (Figure 33C).
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Figure 33 | 2-CI-IB-MECA released from the implant prevented the alterations induced by I-R in the
optic nerve structure. (A) Semi-thin cross-sections of optic nerves from naive, PCL implant- and 2-CI-IB-
MECA-PCL implant-treated I-R retinas were imaged by transmission electron microscopy. Representative
images are depicted. Scale bars: 2000 nm (top image) and 1000 nm (bottom image). (B) Myelin area was
calculated by subtracting the area of the innermost compact myelin layer to the area of the outermost
compact myelin layer. (C) Inner tongue thickness was calculated by subtracting the axonal area to the
area of the innermost compact myelin layer. Results were obtained from 4 animals. *p<0.05, significantly
different from naive, One-way ANOVA, followed by Sidak’s multiple comparisons test.

The optic nerve consists almost entirely of the fibers of the RGCs that mainly project in the
superior colliculus in rodents (Busse 2018). Impairment of the axonal transport may precede
RGC death (Munemasa et al.,, 2013, Le Roux et al., 2020). Therefore, we analysed anterograde
transport by injecting CTB in the vitreous and measuring the mean fluorescence in the SC
(arbitrary units, a.u.) (Figure 34A). I-R injury leads to a decrease in the mean fluorescence of
CTB (365 * 25 a.u.) comparing with naive (469 + 32 a.u.), an effect that was attenuated by the
treatment with PCL implants loaded with 2-C|-IB-MECA (500 * 89 a.u.) (Figure 34B).
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Figure 34 | 2-C|-IB-MECA released from the implant attenuated the impairment in anterograde axonal
transport induced by I-R. (A) Anterograde axonal transport was assessed following intravitreal injection
of CTB (green). Representatives images of retinal terminal projections in the SC were depicted. Scale bar:

500 ym (B) CTB mean fluorescence was measured from 3-5 animals.
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4.5. Treatment with 2-CI-IB-MECA released from PCL implants attenuates
RGC dysfunction induced by I-R

The function of RGCs was assessed by ERG using very dim blue light flashes (0.000095 cd-s/
m?), after extracting the amplitudes of the positive (pSTR) and negative (nSTR) components
(Figure 35A). The amplitudes of both pSTR and nSTR decreased by 30% and 40%, respectively, in
the retinas subjected to I-R that had PCL implants when compared with naive animals, suggesting
loss of function of RGCs induced by I-R injury. The presence of 2-Cl-IB-MECA-loaded PCL
implants significantly reduced the effect of I-R in pSTR (p<0.05) and nSTR amplitudes (Figure
35B).

The function of other retinal cells was also assessed by ERG by exposing the animals to
several light flash intensities in scotopic conditions (Figure S6A). The amplitudes of a- and
b-waves that correspond to the function of retinal cells of the outer and innermost retinal layers,
photoreceptors and bipolar cells, respectively, were extracted at the maximum light intensity
(949 cd's/m?). I-R decreased the amplitudes of a-wave and b-wave, an effect that was not modified
by the presence of PCL implants loaded with 2-CI-IB-MECA (Figure S6B).
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Figure 35 | 2-CI-IB-MECA released from the implant decreased the RGC loss-of-function induced by I-R.
(A) Representative traces of STR. (B) The pSTR and nSTR amplitudes from I-R eyes treated with PCL
implant or 2-Cl-IB-MECA-loaded implant were normalized to the responses obtained from naive eyes.
Results were obtained from 7-8 animals. *p<0.05, significantly different from I-R + PCL implant condition,
Unpaired t-test.
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5. Discussion

Neuroprotection of RGCs is a valuable strategy to treat optic neuropathies that are
characterized by RGC loss. We previously demonstrated that A,R activation confers
neuroprotection to RGCs in an animal model of laser-induced OHT (Chapter 2). In the present
work, we proposed a new therapeutic strategy by the incorporation of 2-C|-IB-MECA in a
biodegradable intravitreal drug delivery system that we demonstrated to be safe and biocompatible
upon insertion in the vitreous cavity of the animals (Chapter 3). The results presented herein
demonstrate that the treatment with 2-Cl-IB-MECA-loaded PCL implants confers protection to
RGCs and optic nerve against damage induced by retinal ischemia.

The use of biodegradable intraocular implants has the potential to replace the need of
several intravitreal injections that are required in chronic retinal diseases (Kim et al., 2014b).
The main advantage of PCL-based implants prepared by SFM is the fact that this methodology
does not require harmful solvents and extreme processing temperatures that could degrade the
components (polymers, drugs, and additives), resulting in solvent-free materials after processing
(Chapter 3, supplementary information). The PCL-based implants loaded with 2-CI-IB-MECA
were developed in collaboration with the Chemical Engineering Department of the Faculty of
Sciences and Technology of the University of Coimbra (supplementary information). 2-CI-IB-
MECA-loaded PCL implant presented an extended-release of 2-ClI-IB-MECA of around 30 days,
corresponding to an average drug release of 1.6 ng/day. This value is within the same order of
magnitude of the amount delivered by intravitreal injection for 2-Cl-IB-MECA (around 3.27 ng)
that we reported neuroprotective to the retina (Galvao et al., 2015), and further confirming the
therapeutic potential of this drug delivery system.

Prior the assessment of the neuroprotective activity of 2-Cl-IB-MECA-loaded PCL implants,
we wanted to evaluate whether the released 2-CI-IB-MECA presented functional activity.
Knowing that RGCs express A R (Zhang et al., 2006) and that stimulation of the AR limits the
rise in Ca?" induced by glutamate (Zhang et al., 2010), single-cell Ca?* imaging was performed as
a functional readout of the activity of 2-CI-IB-MECA released from the implant. In the current
work, the activation of the A3R with | uM of 2-Cl-IB-MECA decreased the Ca?* changes induced
by glutamate, which is in accordance with the literature (Zhang et al., 2010). The confirmation
that 2-CI-IB-MECA released from the PCL-implants has functional activity was achieved by the
observation that the incubation of RGCs with medium that was in contact with 2-Cl-IB-MECA-
loaded PCL implant also decreased the Ca?* entrance induced by glutamate. This effect was
specific of RGCs since in the primary cultures of retinal neural cells, with residual numbers of
RGCs, 2-CI-IB-MECA did not change the Ca* response to glutamate.

The protective activity of 2-Cl-IB-MECA-loaded PCL implants were assessed in an animal
model of I-R injury. We first assessed the retinal thickness, since a thinning of the retina, mainly
NFL, may reflect RGC loss (Chauhan et al., 2012, Chidlow et al., 2014). In fact, ganglion cell
complex thickness (NFL+GCL+IPL) is being used to early diagnose glaucoma (Scuderi et al.,
2020). We observed a decrease in total retinal thickness, in which the main affected retinal
layers are NFL+GCL+IPL. Despite no beneficial effects in retinal thickness were observed with
the treatment with 2-CI-IB-MECA-PCL implants, we further explored retinal cell death, mainly
RGC loss after ischemic injury.
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RGC death by caspase-dependent mechanisms has been reported in response to I-R injury
(Patil et al., 2004), as well as in other retinal degenerative diseases like glaucoma (Thomas et
al., 2017). Caspases are a family of cysteine proteases known to be involved in the initiation and
execution of apoptosis and have been implicated in the death of RGCs (Thomas et al., 2017).
The death of a single RGC can lead to the spreading of death signals, mostly by the release of
intracellular glutamate from the dying cells that affects the survival of surrounding cells (Caprioli
et al., 2008). It has been estimated that 50% of the cellular population of GCL are RGCs, but the
GCL is also composed of astrocytes and displaced amacrine cells (Schlamp et al., 2013, Nadal-
Nicolas et al., 2015a). This might explain the lack of effect of 2-CI-IB-MECA-loaded PCL implants
in reducing the number FLIVO* cells, since we might be counting RGCs and the other cells in the
GCL, amacrine cells for example (Schmid et al., 2014, Palmhof et al., 2019) that might be affected
by I-R. Besides cell death in the GCL, the majority of TUNEL" cells were found in ONL. Previous
reports describe a second wave of cell death that mainly affects outer retinal layers and occurs at
later time points (21 days after ischemic injury) (Schmid et al., 2014), which may help explaining
our observations since cell death was evaluated 30 days post I-R.

Caspase activation is the main driver of the apoptotic process. Caspase-mediated apoptotic
death occurs by the activation of initiator caspases that trigger a cascade to amplify the response
leading to the activation of the effector caspases (a “no return” point) that culminates in DNA
fragmentation (Pollard et al., 2017). It means that the assessment of activated caspases by FAM-
FLIVO Poly Caspase Inhibitor (FAM-VAD-FMK) and the assessment of cell death (apoptotic
DNA cleavage) by TUNEL assay provide different conclusions regarding different points of the
apoptotic process. In fact, it seems that 2-Cl-IB-MECA-loaded PCL implants do not decrease
the number of cells with active caspases, but could prevent cells from undergoing the cell death
process, since we observed that 2-Cl-IB-MECA released from the implant was able to prevent
the increase in TUNEL" cells without interfering with FLIVO™* cells. Another explanation could
reside in the involvement of other proteases. Apart from caspases, Ca?*-dependent proteases
known as calpains play a role in the execution of apoptosis (Momeni 2011). Calpains are activated
under conditions of elevated IOP (Huang et al.,, 2010), and knowing that the activation of AR
leads to a decrease in intracellular Ca?* in RGCs (Zhang et al., 2010), one possible explanation
to the protection afforded by 2-CI-IB-MECA-PCL implant could be the decrease in calpains
activation, as was suggested for the neuroprotection observed in a model of cerebral ischemia
(Von Lubitz et al., 1999).

Enhancing RGC survival is a critical first step for the development of new therapeutic strategies,
and 2-CI-IB-MECA released from the implant prevented the Brn3a® RGCs loss induced by I-R.
However, for RGCs that already present axonal injury merely preventing apoptosis will not
enhance regrowth of axons (Boia et al., 2020). Moreover, the impact of retinal I-R injury extends
to the optic nerve (Renner et al,, 2017). Therefore, we extended the study to the effects of
2-Cl-IB-MECA-loaded PCL implants in the structure of optic nerve and anterograde transport.
Optic nerve axons are surrounded by myelin sheaths that are lost after retinal I-R injury (Renner
et al,, 2017). We observed disorganized myelin sheaths, but this did not interfere with the area
of the myelin sheath. However, the enlargement of axonal inner tongue due to ischemic injury
was attenuated by the treatment with 2-Cl-IB-MECA-PCL implant. RGCs unmyelinated axons

bundle in the optic nerve head and become myelinated as it traverses the lamina cribrosa (Yanoff
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et al., 2015). Oligodendrocytes are responsible for myelination and metabolic support of RGC
axons (Simons et al., 2015). How an oligodendrocyte “wraps” its plasma membrane around the
axons is still an issue under investigation, but it was demonstrated that the inner tongue is the
primary growth zone in growing myelin sheaths (Snaidero et al., 2014). Oligodendrocyte loss
has been implicated in OHT injury, and it has been proposed that this is the mechanism through
which the axons are damaged leading to the subsequent RGC death (Nakazawa et al., 2006, Son
et al,, 2010). Even in retinal ischemic injury, the function of oligodendrocytes is impaired (Renner
et al., 2017). Moreover, others reported that AR activation leads to oligodendrocyte apoptosis
but using a much higher concentration of the agonist (2-CI-IB-MECA between 10 uM and |
mM) (Gonzalez-Fernandez et al., 2014). Although we cannot determine the concentration that
reaches the retina after being released from the implant, in a previous work we injected in the
vitreous [.2 pM of 2-Cl-IB-MECA that was sufficient to confer neuroprotection to RGCs and to
preserve the structure of the optic nerve in an animal model of laser-induced OHT (Chapter 2).

RGC axonal projections form the optic nerve and conduct the visual signal from the retina
to the visual centers in the brain (mainly SCi in rat brain) (Busse 2018). It was reported that
anterograde axonal transport blockade precedes the deficits in retrograde axonal transport
(Dengler-Crish et al., 2014). Retinal I-R leads to a depletion of CTB transport from the retina
to SC that is in line with other reports in DBA/2J glaucoma animal model (Crish et al., 2010).
In fact, besides axonal regeneration it is important that new therapies also rebuild connections
from the eye to the brain, and the treatment with 2-Cl-IB-MECA-loaded PCL implants was able
to preserve the anterograde axonal transport to the same levels of control.

ERG has been used to asses retinal function in vivo, and the ERG response after exposing the
animals to a very dim light flashes reflects the function of RGCs (Bui et al., 2004). In that way
a decrease in the amplitude of both pSTR and nSTR reflects RGC injury (Perez de Lara et al.,
2014). The beneficial effects of 2-Cl-IB-MECA-loaded PCL implants reflected by a decrease of
the impact of I-R on STR, reveals that 2-Cl-IB-MECA-loaded PCL implants were able to preserve
the function of RGCs, but did not inhibit the loss of function of other retinal cells. In fact, we
previously described that the treatment with intravitreal injection of the A,R agonist attenuated
the effect of OHT on STR while it did not affect the amplitudes of a- and b-waves under scotopic
conditions (Chapter 2). These results demonstrate that the beneficial effects of the activation of
AR can be specific and directed to RGCs.

The treatment with 2-Cl-IB-MECA-loaded PCL implants preserved the structure of the optic
nerve and increase the anterograde axonal transport, which is consistent with the preservation
of RGC function and indicates that RGCs are protected from I-R damage. Our results support
that AR could be considered a novel therapeutic target and the incorporation of AR agonist in
a biodegradable intraocular implant may be a promising therapeutic strategy for the treatment

of optic neuropathies.
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6. Supplementary data
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Figure S4 | Purity and viability of immunopurified RGCs at DIVI of culture. The preparations were
observed in a fluorescence microscope (Axio Observer.ZI, Zeiss, Germany), using a 20x objective (Plan
Achromat 20x/0.8 M27). The number of RBPMS* retinal ganglion cells (A) and TUNEL" cells (B) per field
were counted and normalized to the total number of cells (DAPI* cells) (C).
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Figure S5 | AR agonist 2-Cl-IB-MECA did not modify the Ca** changes triggered by glutamate in
primary retinal neural cell cultures. (A) Cells were stimulated twice with 30 pM glutamate + 10 yM
glycine (referred to as Glut) with 5 min interval. (B) Cells were pre-incubated with 2-CI-IB-MECA (I pM)
3 minutes before and 2 minutes after stimulation with glutamate. (C) The mean fluorescence peak of Ca**
changes were quantified, and results are presented as A2/Al from 4 independent experiments.
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Figure Sé6 | 2-CI-IB-MECA released from the implant did not change the a-wave and b-wave amplitudes
following I-R injury. (A) Representative traces of scotopic response. (B) The amplitudes of scotopic
a-wave and b-wave from I-R eyes treated with PCL implant or 2-CI-IB-MECA implant were normalized to
the responses from naive eyes. Results are presented as mean + SEM from [0-11 animals.

1. Supplementary videos

Video S| | RGCs were stimulated twice with glutamate
http://bit.ly/Video_SI

Video S2 | RGCs stimulated twice with glutamate in the presence of 2-Cl-IB-MECA in the second
stimulation.
http://bit.ly/Video_S2

Video S3 | RGCs stimulated twice with glutamate in the presence of medium that was in contact with
2-CI-IB-MECA-PCL implant in the second stimulation.
http://bit.ly/Video_S3

Video S4 | Retinal mixed cultues were stimulated twice with glutamate.
http://bit.ly/Video_S4

Video S5 | Retinal mixed cultues were stimulated twice with glutamate in the presence of 2-CI-IB-MECA
in the second stimulus.
http://bit.ly/Video_S5
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8. Supplementary information'

8.1. Materials and methods

8.1.1. Preparation of PCL implants loaded with 2-C|-IB-MECA
Powder of PCL (40k = Mn < 50 kg/mol, Sigma-Aldrich, Missouri, USA) was obtained as

previously described (de Matos et al., 2013), and mechanically sieved to particle diameters smaller
than 250 pm. Glycofurol (G, 99%, Sigma-Aldrich, Missouri, USA) was used as a compatibilizer to
homogenize the 2-CI-IB-MECA (Tocris Bioscience, Bristol, UK) and PCL mixture (Chapter 3).
Preliminary tests were used to define the concentration ratios of the mixture (data not shown)
and the depressurization rate (2 and 3 MPa/min were tested) (Braga et al., 2017). Physically mixed
combinations of PCL:2-CI-IB-MECA:G (66:26:08, wt.%) were introduced into polyurethane
micro-cylinder moulds and were processed by SFM at 20 MPa and 45 °C for 2 h. The system
was then depressurized at 2 MPa/min. The employed experimental SFM set-up and the followed
general procedures were described elsewhere (Chapter 3).The processed materials (cylindrical
implants) were removed from the micro-cylindric moulds and cut to dimensions of approximately

2 mm % 0.46 mm (length x diameter) under a stereomicroscope (Leica, Wetzlar, Germany).

8.1.2. Release profile of 2-C|-IB-MECA from the PCL implant

The 2-C|-IB-MECA-loaded PCL implants prepared by SFM were tested to determine the drug
incorporation yields and the drug release curves in water by a chromatographic method. A total
of two and three replicates were used for the drug incorporation and for the drug release test,
respectively. Samples were kept in sealed vials in a thermoshaker at 37 °C and 100 rpm while
performing both tests.

For the drug incorporation assessment, samples were kept in methanol. Aliquots were
retrieved for analysis every 2 h, followed by a complete replacement of the solution with fresh
solvent. This procedure was repeated until a negligible amount of drug was detected (less than
0.5% of the accumulated drug). Solubility data retrieved from the literature was used to define the
conditions applied for the drug release test (Braga et al., 2017, manuscript in preparation). These
experiments were performed in Milli-Q water (15 mL), with aliquots (200 pL) being retrieved at
defined time t intervals. The release profiles were obtained by plotting over time the percentage

of the released drug, which is given by Eq. 7:

M
Released 2-CI-IB-MECA (%)= Tt x 100 7)

0

where Mt is the amount of drug released at a given time, and M_ is the mass of drug that was

loaded into the implant.

I The conception and design of porous implants, as well as their experimental production/processing, physicochemical
characterization, and degradation/in vitro release experiments were performed by Chemical Engineering Department of the
Faculty of Sciences and Technology of the University of Coimbra.
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Incorporated and released 2-Cl-IB-MECA was quantified by high performance liquid
chromatography (HPLC, Prominence UFLC, Shimadzu, Japan), coupled to a photo diode array
detector (DAD, SPD-M20A, Shimadzu, Japan) and using a reverse-phase column CI8 RP (250
X 4 mm i.d., 5 mm). The mobile phase was a mixture of acetonitrile/water (8:2, v/v) in isocratic
elution (12 min), and flow rate of | mL/min at 35 °C, with quantification at 270 nm and injection
volume of 5 pL. Calibration curves were prepared from 2-Cl-IB-MECA solutions of known
concentration in methanol from 0 up to 228 pg/mL (R?=0.9995) for the drug incorporation

experiments, and in water from 0 to 5 pg/mL (R?=0.9930) for the drug release tests.

8.2. Results

8.2.1. Profile for 2-CI-IB-MECA release from PCL implants

The porosity of PCL implants increased for higher depressurization rates (I to 3 MPa/min)
from 42% to 63%, while the addition of glycofurol, for the same depressurization rate of 2 MPa/
min, leads to slightly increased porosity from 57% to 62%, as we previously described (Chapter
3). At this SFM conditions (20 MPa and 45 °C for 2 h, and depressurization rate of 2 MPa/min)
implants are highly porous with a surface area of around 11-16 m?/g (Chapter 3). Besides the
porogenic effect, glycofurol was used as a pre-processing mixing solvent of the drug, and as a
compatibilizer between the drug and PCL, as previously reported (Chapter 3).

The 2-CI-IB-MECA incorporation yield in the produced implants was determined by applying
a quantification method using methanol as an extraction solvent, due to the higher solubility of
the drug in methanol when compared with water-based systems (manuscript in preparation).
The 2-CI-IB-MECA loaded implants presented an incorporation yield of 90.7 + 12.4% at defined
conditions (Figure 36), which corresponds to 235 + 32 pg/mg (mass of drug per mass of implant).
Since the drug is kept in the polymeric matrix, it is also usual to present drug loading in terms of
the mass of 2-CI-IB-MECA per mass of PCL, which was 357.5 + 49.0 ug/mg. It should be noted
that these results are valid only for the considered dimensions used for the implants (2 mm % 0.46
mm, length X diameter). Therefore, for different implant dimensions and drug concentrations
additional studies should be developed since the solubility in the polymer-additive-solvent
mixtures must be considered in the SFM processing.
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Figure 36 | Released 2-C|-IB-MECA (%) in water from intraocular PCL-based implants (PCL:2-Cl-IB-
MECA:G proportion 66:26:08, wt.%) processed by SFM.
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General discussion

Optic neuropathies comprise a group of ocular diseases, like glaucoma (the most common),
anterior ischemic optic neuropathy and retinal ischemia. Glaucoma is a leading cause of
irreversible blindness and the main risk factor for disease development is elevated IOP (Weinreb
et al.,, 2014). RGCs are the main affected cells (Carelli et al., 2017) and blindness secondary to
optic neuropathies is irreversible since RGCs lack the capacity for self-renewal and have a limited
ability for self-repair (Goldberg et al., 2002). Currently, the treatments are focused on lowering
the IOP, but vision loss progresses in some patients despite successful IOP control, suggesting
that there are other mechanisms beside OHT that lead to the loss of RGCs. Therefore, new and
more effective treatments are needed, and RGCs neuroprotection have emerged as a strategy
with great potential (Boia et al., 2020).

The AR is an adenosine receptor that preferentially couples to G, proteins (Borea et al.,
2015). In the past years, great attention has been given to the potential of the modulation of A,R
activity since it has been demonstrated that the activation of A,R confers neuroprotection in
several animal models of CNS pathological conditions, like cerebral ischemic conditions (Chen
et al., 2006, Pugliese et al., 2007, Choi et al., 2011) or traumatic brain injury (Farr et al., 2020).
Moreover, the genetic knockout of A,R in animals leads to an increase in neurodegeneration
in response to repeated episodes of hypoxia (Fedorova et al., 2003). Regarding the retina, the
activation of AR using selective agonists was shown to confer neuroprotection (Galvao et al,
2015), and particularly neuroprotection to RGCs (Zhang et al., 2006, Hu et al., 2010). The effects
of 2-Cl-IB-MECA are abolished in the presence of A R antagonist (MRS [191), confirming the
selectivity of 2-CI-IB-MECA in mediating the activation of AR (Galvao et al,, 2015). In a phase
2 clinical trial for the treatment of dry eye syndrome, an AR selective agonist demonstrated
to have efficacy as an IOP-lowering agent (Avni et al., 2010, Fishman et al., 2013). Nevertheless,
others have previously reported A,R antagonists as hypotensive drugs for the treatment of
glaucoma (Avila et al., 2001, Avila et al., 2002, Yang et al., 2005, Wang et al., 2010), but this
discrepancy can be due in differences in the treatment protocol and the time-point at which the
IOP was measured (Avni et al., 2010). Indeed, CFI0I (IB-MECA, A R agonist) entered a phase 2
clinical trial (ClinicalTrials.gov identifier: NCT01033422) to assess the safety and efficacy of daily
oral administration in subjects with elevated IOP.

In addition to neuroprotection and the IOP lowering effect, A,R activation also improves the
outcome of several pathological conditions by reducing the inflammatory milieu (Choi et al., 2011,
Ohsawa et al., 2012). Indeed, A,R agonists have been in several clinical trials aiming the control
of inflammation in several pathologies (Table 3, Chapter I). Knowing that microglia-mediated
neuroinflammation contributes to neurodegeneration in glaucoma (Madeira et al.,, 2015a), A;R
activation was studied to evaluate whether it could control microglia reactivity triggered by
EHP. In fact, the incubation of microglia exposed to EHP with 2-CI-IB-MECA was able to hinder
retinal microglia reactivity induced by EHP, suggesting that AR agonists could afford protection
against glaucomatous degeneration through the control of retinal neuroinflammation (Ferreira-
Silva et al., 2020). All of these evidences reinforce the hypothesis that the A R agonist might be
a suitable treatment for glaucoma.
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The fact that 2-CI-IB-MECA is a selective ligand for both human and rodent A Rs allows
the use of rodents as a model for the evaluation of protective effects of A;R activation. In this
work, two different animal models were used to mimic several features occurring in glaucoma:
the laser-induced OHT (Chapter 2) and retinal I-R injury (Chapter 4). The laser-induced OHT
leads to a chronic increase of IOP that persists for consecutive days to weeks, depending on the
number of laser burns (Biermann et al., 2012), and the retinal I-R encompasses the induction of
retinal ischemia by acute |OP increase followed by reperfusion (Johnson et al., 2010). Despite
these differences the outcome of both animal models is the dysfunction and ultimately death of
RGCs, two characteristics of glaucoma (Johnson et al., 2010).

Knowing from literature that RGCs express A R (Zhang et al., 2006) and that the activation
of A,R confers protection to RGCs following excitotoxic stimulus (Zhang et al., 2006, Hu et al,,
2010, Galvao et al., 2015), in Chapter 2, it was investigated the potential of 2-C|-IB-MECA to
protect the retina from glaucomatous damage.

In a previous work, the A,R agonist (2-CI-IB-MECA, 1.2 yM) was administered by intravitreal
injection 2 h prior the ischemic insult (Galvao et al., 2015). One of the reasons for the failure of
several neuroprotective agents identified in preclinical studies in clinical trials has been argued
to be the timing of drug administration (Danesh-Meyer et al., 2009). In most preclinical studies,
the drug is given before inducing injury, different from the clinical trials in which the patient is
enrolled after acute injury or disease establishment, when the neurons are already committed
to death (Danesh-Meyer et al,, 2009). Knowing from the previous study that A R activation
has the potential to protect RGCs from glaucomatous damage (Galvao et al,, 2015), the A,R
agonist was delivered by intravitreal injection to the eyes of OHT animals, immediately after
inducing injury, aiming a more relevant and translational study. The treatment with A R agonist
increased the RGC survival and attenuated the impairment in the retrograde axonal transport
induced by OHT, which is consistent with the preservation of the optic nerve structure. These
beneficial effects of A,R activation may be contributing to the maintenance of the RGC function
in the OHT animals, as determined by the STR components. In order to perform a preclinical
study that can be extrapolated into a clinical study an accurate and reliable assessment of RGC
numbers along with appropriate testing of RGC function is required. Several preclinical studies
in animal models of disease rely on the assessment of RGC number. The quantification of RGC
loss in experimental glaucoma include counting RGCs using specific markers, as Brn3a or RBPMS
(Nadal-Nicolas et al., 2009, Kwong et al., 2010) that can be done in histological retinal cryosections
or wholemounts (Mead et al., 2016). The most reliable preparation is wholemount, but retinal
sections also provide a qualitative result with equal fidelity (Mead et al., 2014). In Chapter 2, the
survival of RGCs was assessed by immunolabeling for Brn3a or RBPMS in retinal wholemounts
and cryosections, respectively. The magnitude of the determined protection was similar in the
two approaches, further confirming that both are reliable to assess RGC neuroprotection.
Despite being a gold standard method in preclinical research, this is an endpoint experiment
that can not be assessed in humans. However, the assessment of individual RGC apoptosis in
humans is being validated using DARC technology (Cordeiro et al., 2017). It is therefore essential
to have a standard procedure for preclinical assessment when evaluating RGC loss and survival,

combining both histological and structural/functional analysis.
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The study was completed by the assessment of RGC function, and the treatment with 2-CI-
IB-MECA attenuated the effect of OHT. Since the degenerative process of RGCs is accompanied
by structural alterations in RGC axons, the evaluation of optic nerve structure revealed that
2-CI-IB-MECA preserved the structure of the optic nerve, which is consistent with the data
on FG retrograde axonal transport. The results demonstrating the beneficial effects of the
treatment with 2-CI-IB-MECA in OHT animals are supported by others that show the role of
A R activation in RGC axonal regeneration, using cultured RGCs and the optic nerve crush animal
model (Nakashima et al., 2018). In this study, the authors revealed that the activation of an Akt-
dependent signalling pathway promotes neurite outgrowth (Nakashima et al., 2018). In the OHT
animal model, similar pathways could be activated in the RGC soma and may contribute to the
improvement in the axonal transport and optic nerve structure. Moreover, other mechanisms
by which A R activation mediates protection to RGCs may be involved, like a decrease in Ca**
influx (Zhang et al., 2010).

Currently, the most common method of pharmacological intervention in glaucoma therapy
is the topical instillation of eye drops, indeed it was reported that 90% of ophthalmic drug
formulations are for topical use (Edelhauser etal., 2010). However, when aiming drug administration
to the posterior segment of the eye, the eye drops face several barriers to achieve the target
site with an effective and therapeutic drug concentration (Agrahari et al., 2016, Varela-Fernandez
et al., 2020). Moreover, topical eye drops are associated with poor patient compliance which is
the most important reason for treatment dropout in glaucoma patients (Claxton et al., 200,
Sleath et al., 2006, Harasymowycz et al., 2016). Therefore, intravitreal injections are widely used
to deliver drugs near the retina, bypassing the ocular barriers and decreasing the need of higher
drug concentrations to attain a therapeutic effect (Meyer et al.,, 2016). The need of repetitive
injections presents several side-effects that might include raised IOP, retinal detachment,
cataract, and endophthalmitis (Jager et al., 2004, Sampat et al., 2010). Intraocular drug delivery
systems are receiving a lot of attention in the last years, once they allow to overcome the
various ocular barriers (Gote et al., 2019). Although the implantation of intravitreal devices also
requires a surgical intervention that is not free of injection-related complications, they provide
the maintenance of therapeutic drug concentrations at the target site along time with only one
injection avoiding the cumulative side effects of repeated intravitreal injections. In fact, it was
found that 62.8% of glaucoma patients were willing to accept a subconjunctival implant instead
of eye drops, even though the implantation procedure is more invasive (Foo et al., 2012). Indeed,
sustained drug release systems are now routinely used in patients (Wang et al., 2013)a.

With the aim to overcome the need of multiple intravitreal injections, a new biodegradable
intraocular implant for controlled drug release was developed in collaboration with the Chemical
Engineering Department of the Faculty of Sciences and Technology of the University of Coimbra
(Chapter 3, supplementary information). The PCL-based implant was successfully developed
using a SFM method and was physicochemical characterized. The application of PCL as a
biomaterial return into the spotlight with a particular focus on medical devices, drug delivery
and tissue engineering (Woodruff et al., 2010). Regarding intraocular drug delivery devices, the
potential of PCL-based devices has been explored as subretinal (Beeley et al., 2005, Shahmoradi
et al,, 2017), intracameral (Bernards et al., 2013, Kim et al., 2016) and intravitreal (Fialho et al,,
2008, Silva-Cunha et al., 2009, Lance et al., 2015) devices. Moreover, PCL-based devices have
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been designed for glaucoma treatment by the incorporation of a IOP-lowering drug and by
subconjunctival placement (Natu et al,, 20lla, Natu et al., 2011b). All of these proposed PCL-
based devices presented good ocular compatibility, however, they were prepared using methods
that may involve hazardous solvents and/or operate at processing conditions (e.g., temperature,
pH) that could promote the degradation of the polymers, drugs and other additives. In order
to circumvent the above-mentioned problems alternative methods based on supercritical fluids,
and namely on scCO,, have been proposed (de Matos et al., 2013). The SFM method allows to
produce a porous implant in which the higher surface area contributes to a faster degradation
when compared to implants processed by the conventional HM processes. Moreover, SFM-
processed implants also presented a faster release rate of the test-drug. Thus, the potential of
PCL-based implants prepared by SFM to be used as intraocular drug delivery devices was assessed
(Chapter 3). Since nonclinical studies should be conducted using in vitro approaches before using
in vivo animal models (Andrade et al., 2016), the safety of PCL-based implants was determined
using retinal primary neural cell cultures and retinal organotypic cultures. Two approaches were
defined to test the safety of the implants to retinal cells: exposing the cells directly to the
implant and exposing the cells to the degradation products of the PCL-based implants, since the
polymer degradation products can be a major factor influencing the tolerance of the developed
implant (Woodruff et al.,, 2010). PCL degradation can occur via surface erosion that involves
the hydrolytic cleavage of the polymer backbone only at the surface, or via bulk degradation
that occurs when water penetrates the entire polymer bulk, causing hydrolysis throughout the
entire polymer matrix (Woodruff et al., 2010). In our experimental conditions, whether PCL-
based implants are being degraded by surface erosion or by bulk degradation is not known.
However, in both preparations, the presence of the PCL implant or the degradation products
did not cause neuronal cell death, particularly did not affect the number of RGCs, reinforcing
the possibility to test the safety of PCL-based implant in animal models. Taking into account that
PCL-based implants were not toxic to retinal cells, the devices were introduced in the vitreous
of Wistar rats. PCL implants can be easily inserted into the vitreous cavity by a minimally
invasive procedure that is not harmful to the retina, as observed in sham-operated experimental
group. The implantation was performed in order to avoid the obstruction of the visual axis, and
throughout the course to the study no change in the location of the device was observed. The
presence of PCL-based implants in vitreous cavity did not elicit neither edema (that would cause
an increase in retinal thickness) nor major cell loss (retinal thinning) as assessed by analysis of
the B-scans acquired by OCT, and the retinal electrical function was also not affected. Moreover,
histological data showed that intraocular PCL implants did not cause changes to retinal neurons,
specifically loss of RGCs, further confirming that the implants are not toxic to retinal neural
cells. Additionally, despite no major signs of inflammation, like microglia activation or increased
levels of cytokines, both the surgical procedure and the presence of the implants induced Miiller
cell activation. The expression of GFAP in Miiller cells is a feature of gliosis and could be a
sign of a disturbance in retinal homeostasis (Mizutani et al., 1998, Wang et al., 2002, Kimble
et al., 2006). Enhanced GFAP immunostaining in Miiller cells, without alterations in microglia
reactivity has been reported due to foreign body reaction (Giordano et al., 1995, Zhao et al,,
2017), which may explain the results obtained. Since the Miiller cell gliosis observed in early time

points is a transient effect, not being observed | year after the procedure, one could suggest
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that the initial reaction of Muller cells is necessary to maintain retinal homeostasis after the
surgical intervention to place the PCL implant in the vitreous. In fact, this transient expression
of GFAP in Miiller cells has been reported previously by others (Giordano et al., 1995, Zhao et
al,, 2017). Since, Miiller cells become reactive following PCL implantation but also react to the
surgical procedure, allowed us to conclude that this is a typical retinal response after surgical
procedure. The injection of PLGA microspheres in the retina of rabbits triggered GFAP increase
in Miller cells that was normalized after 12 and 24 months (Giordano et al., 1995). Similarly,
the intravitreal injection of PLGA microspheres in the eyes of Wistar rats caused an increase in
GFAP fluorescence in activated Miiller cells (Zhao et al., 2017). The fact that Mdller cell gliosis
was also observed in rabbits, apart from rats, and with other type of drug delivery system (PLGA
microspheres) reinforces that this reaction is due to the surgical procedure. Given that PCL
presents a slow degradation rate (Woodruff et al., 2010) arises the need to evaluate the impact
of the implants in the eye during a longer period of time (| year). However, the exposure to the
PCL for | year did not cause Miiller cells gliosis, or alterations in retinal structure and thickness.

Taking into consideration the lack of retinal toxicity, the new SFM-processed PCL-based
implants can be envisaged for long-term intraocular drug delivery in several ophthalmological
conditions, avoiding the need of repeated intraocular injections. Since the activation of AR
confers protection to the retina, in particular to RGCs, these implants loaded with A,R agonist
could be a new strategy to protect the retina from degeneration. Therefore, a biodegradable
PCL intraocular implant loaded with AR agonist (2-CI-IB-MECA) was developed and its
neuroprotective potential was addressed (Chapter 4).

2-Cl-IB-MECA-loaded PCL implants were developed in collaboration with the Chemical
Engineering Department of the Faculty of Sciences and Technology of the University of Coimbra
(Chapter 4, supplementary information). The release profile of 2-C|-IB-MECA from the PCL
implant revealed an extended-release of 2-Cl-IB-MECA of around 30 days, corresponding to an
average drug release of |.6 ng/day, which is within the same order of magnitude of the amount
delivered by an intravitreal injection for 2-CI-IB-MECA (5 pl, 1.2 pM) that we reported to be
neuroprotective to the retina (Galvao et al., 2015). Besides confirming that 2-CI-IB-MECA s
being released from the implant, it is also important to study whether the drug released from
the implant maintains functional activity to the receptor. Knowing that AR activation blocks the
Ca? rise in RGC cultures induced by the P2X7 agonist (Zhang et al., 2006) or by the stimulation
of NMDA receptors (Zhang et al., 2010), single-cell Ca?* imaging was used as a functional readout
of the release of 2-CI-IB-MECA from the implant. Purified RGC cultures were prepared and Ca*
imaging was performed. In order to ensure that the amount of drug release from the implant
is compatible with the time-frame of Ca%** experiments, 2-Cl-IB-MECA-loaded PCL-based
implants were immersed in a saline solution for 24 h that was used to stimulate the cells. This
period of time was sufficient to have around 30% of drug released from the implant (Chapter 4,
supplementary information). 2-Cl-IB-MECA released from the implant was able to reduce the
Ca* response of RGCs to glutamate, showing that more important than being released from
the implant is the fact that the methodology used to produce the device does not interfere with
the ability of the drug to activate the A,R. Indeed, this result clearly indicate that 2-CI-IB-MECA
released from the implant activates A,R.
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The neuroprotective properties of 2-Cl-IB-MECA-loaded PCL-based implants were further
evaluated in the retinal I-R animal model. Although this is considered an animal model of global
retinal degeneration (Johnson et al., 2010), it triggers apoptosis in RGCs (Palmhof et al., 2019)
which are the main affected cells in glaucoma and the goal read out of our study. Furthermore,
this is an animal model is well-established and it has been widely used by our group to asses new
neuroprotective strategies namely to RGCs (Madeira et al., 2016a, Boia et al., 2017).

The PCL implants loaded with 2-CI-IB-MECA preserved the structure of the optic nerve and
increased the anterograde axonal transport, which is consistent with the preservation of RGC
function and indicates that RGCs are protected from |-R damage. The use of PCL-based devices
for intravitreal drug released has been explored (Fialho et al., 2008, Silva-Cunha et al., 2009,
Lance et al., 2015). Generally, these studies show that PCL-based devices can be used for long-
term drug release, since PCL has a slow degradation rate.

Intravitreal devices offer a therapeutic advantage and have been considered to replace the
clinical practice of monthly injections. For example in the case of AMD, the anti-VEGF therapies
present a significant burden for the patients (Edelhauser et al., 2010). The Port Delivery System
with ranibizumab developed by Genentech is a novel, innovative, long-acting drug delivery
system that enables the continuous delivery of a customized formulation of ranibizumab in the
vitreous (Campochiaro et al., 2019). The implant is in phase 3 of the randomized Archway trial
(ClinicalTrials.gov Identifier: NCT03677934) and could ease treatment burden by reducing the
number of injections needed (Regillo 2020). Moreover, aiming RGCs neuroprotection there is
one intravitreal implant for sustained release of soluble CNTF that is in phase 2 clinical trial for
glaucoma (ClinicalTrials.gov Identifier: NCT02862938). Although there is still a long way to go,
pertinent future challenges and opportunities in the development of intraocular implants are
arising.

The activation of A,R could be considered a novel therapeutic target and the incorporation
of A,R agonist in a biodegradable intraocular implant may be a promising therapeutic strategy
for the treatment of optic neuropathies. There is a major unmet need in the treatment of optic
neuropathies, specifically for glaucoma. Although the adequate control of IOP obtained with
topical drugs decreases the progression of disease, an effective treatment to protect RGCs
from damage is far from available. An effective therapeutic strategy should be able to control
elevated IOP, but also should induce a protective effect on RGCs. That way the most successful
therapeutic strategy could rely on combining IOP lowering agents that are being used in clinical
practice with neuroprotective strategies to protect RGCs. Despite some clinical trials focused
on RGCs neuroprotection are ongoing (Boia et al., 2020), a treatment for optic nerve or RGC
neurodegeneration is still largely unavailable. This work constitutes a step forwardin the search
for new and improved treatments for patients with compromised visual function due to optic

neuropathies.
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Conclusions

This work demonstrated that A,R represents a potential drug target for the development of
an additional therapeutic strategy for glaucoma. Moreover, the incorporation of 2-Cl-IB-MECA
in a biodegradable intraocular implant may be a promising therapeutic approach conferring long

time protection to RGCs.

This thesis is composed by three complementary chapters, which allowed to obtain a range

of different conclusions:

- Chapter 2: The intravitreal injection of A R agonist (2-CI-IB-MECA, 5 pl, 1.2 yM) increased
the RGC survival and attenuated the impairment in the retrograde axonal transport induced by
OHT, which is consistent with the preservation of the optic nerve structure. These beneficial
effects of A R activation may be contributing to the maintenance of the RGC function in the
OHT animals. Indeed, we proposed that A;R could be considered a good therapeutic target to
protect RGCs from glaucomatous damage.

- Chapter 3: A biodegradable intraocular implant for controlled drug release was developed
in collaboration with the Chemical Engineering Department of the Faculty of Sciences and
Technology of the University of Coimbra (supplementary information). Both in vitro and in vivo
studies demonstrated that PCL implant is not toxic to retinal cells. However, the presence
of PCL implant in the vitreous may induce transient reactivity of Miiller cells. However, after
one year with the PCL-based implant within the vitreous, no changes were found in the retinal
structure nor in total retinal thickness. We concluded that PCL-based implants can be used for
long-term sustained intraocular drug delivery applications.

- Chapter 4: 2-CI-IB-MECA-loaded PCL implants were developed in collaboration with the
Chemical Engineering Department of the Faculty of Sciences and Technology of the University
of Coimbra (supplementary information). The release profile of 2-Cl-IB-MECA from the PCL
implant revealed an extended-release of 2-Cl-IB-MECA of around 30 days, and 2-CI-IB-MECA
released from the implant maintains its ability to activate de A,R, despite the methodology used
to produce the device. The implantation of 2-Cl-IB-MECA-loaded PCL implants in the vitreous
after inducing retinal ischemia, revealed that 2-Cl-IB-MECA preserved the structure of the optic
nerve and attenuated the impairment in anterograde axonal transport induced by I-R, which is
consistent with the preservation of RGC function, indicating that RGCs are protected from I-R

damage.

This work meets one of the major needs in glaucoma management that is finding new
strategies to protect the retina from glaucomatous neurodegeneration, minimizing the number
of intravitreal injections. In order to progress in the preclinical study, the experiments should be
performed under Good Laboratory Practices (GLP), as described in International Organization
for Standardization (ISO) standard ISO-10993, that regulates the biological evaluation of medical
devices. Moreover, the assessment of the rodent visual function with behavioural vision tests, as
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visual water tank and optomotor response, should be considered in the future work.
Although much work lies ahead, this work sheds light on a new therapeutic strategy to
RGC neuroprotection using the AR agonist (2-CI-IB-MECA), already in several clinical trials,

incorporated in a new biodegradable implant for sustained drug release.
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