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Abstract

Age-related Macular Degeneration (AMD), the leading cause for visual
impairment in the elder population (over 55 years old) of developed countries, is a
degenerative disease of the macula, the central area of the retina, that causes central vision
loss. It is initially characterized by an accumulation of extracellular deposits, called
drusen, between the retinal pigment epithelium (RPE) and Bruch’s membrane. Over time,
AMD can evolve to one of two known advanced states, usually described as dry and wet
AMD. The former is often named geographic atrophy (GA) and is characterized by the
appearance of atrophic areas in the retina. The latter can be identified by the formation of
new choroidal vessels, the cause of many associated problems, including the formation
of subretinal fibrosis, responsible for the destruction of retinal cells. Currently, AMD has
no cure and just a few treatments can be used to slow the progression of the disease. In
fact, the only type of treatable AMD is wet AMD, and the choices revolve around laser
photocoagulation (almost obsolete), anti-vascular endothelial growth factor (VEGF)
therapy, and photodynamic therapy (PDT) (currently, not used in AMD). Anti-VEGF
therapy is the most used and effective treatment in wet AMD, stopping the formation of
new vessels from choroid, however, this treatment is not effective for subretinal fibrosis.

PDT is a therapy based on three non-toxic components: a photosensitizer (PS),
molecular oxygen (O2), and a light source with adequate wavelength (dependent on the
PS). It has been used in combination with anti-VEGF therapy for wet AMD treatment.
Moreover, previous studies have utilized PDT for fibrosis treatment in skin scars and
glaucoma.

Based on exosome's intrinsic ability of cell-to-cell communication, the
encapsulation of a PS (a galacto-PS, ZnTPPF16(SGal)s), with recognition for the diseased
tissue, in exosomes could offer an innovative approach for delivering the payload to the
fibrous tissue and new capillaries of the choroid in the case of AMD. In this work, we
present a drug delivery system composed by a zinc-porphyrin conjugated with four
thiogalactose molecules, ZnTPPF16(SGal)s, and exosomes, to act as drug carriers, as a
potential alternative for PDT treatment of fibrosis in wet AMD patients. This galactose-
PS was designed for a specific target, namely galactose-binding proteins, galectins that
are overexpressed in subretinal fibrosis and choroidal neovascularization (CNV) in AMD.
Exosomes obtained from porcine eyecups were used to load the PS. Exosomal
ZnTPPFs(SGal)s has been purified and the loading was evaluated by transmission
electron microscopy (TEM) and fluorescence. In the sonication bath, ZnTPPF1s(SGal)s
encapsulation/association with exosomes was more successful than in the probe
sonication. We have assessed the photophysical properties of the PS and its photodynamic
potential in ARPE-19 cell line (with morphology reminiscent of fibroblasts) was
compared with exosomal ZnTPPF16(SGal)s. Free and exosomal ZnTPPF1s(SGal)s were
found to be incorporated by ARPE-19 cells in a concentration and time-dependent
manner. Both were non-toxic until activation by light. PDT-induced cytotoxicity was not
significantly different when comparing free ZnTPPF(SGal)s and exosomal
ZnTPPF16(SGal)as incubation.

We also aimed to establish a CNV induction model by laser photocoagulation in
mice. Based on previous studies, we used a green laser at 532 nm to rupture the Bruch’s
membrane of wild-type C57BL/6J mice, thus inducing CNV. Results showed we were
able to establish the CNV model, in which cells adjacent to the normal RPE monolayer
were positive to a-SMA and Ki67, suggesting fibrosis development in this model.

We have shown that after photoactivation, ZnTPPF16(SGal)s showed high
efficacy in inducing ARPE-19 toxicity. The lack of enhancement of photodynamic effect
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with exosomal ZnTPPFis(SGal)s may be related to the source of exosomes, as
demonstrated by its lower accumulation in these cells. The presence of CNV and
associated fibrotic tissue in the CNV mice model will allow shortly to test the efficacy of
PDT for subretinal fibrosis and CNV in AMD.
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Resumo

A degenerescéncia macular da idade (DMI), a principal causa de deficiéncia
visual na populacdo idosa (acima de 55 anos) de paises desenvolvidos, é uma doenca
degenerativa da macula, a area central da retina, que causa perda de visdo central. E
inicialmente caracterizado por uma acumulacdo de depositos extracelulares, chamados
drusa, entre o epitélio pigmentado da retina (EPR) e a membrana de Bruch. Com o tempo,
a DMI pode evoluir para um de dois estados avancados conhecidos, geralmente descritos
como DMI seca e exsudativa. O primeiro é frequentemente chamada de atrofia geografica
(AG) e é caracterizada pelo aparecimento de areas atroficas na retina. Este Gltimo pode
ser identificado pela formac&o de novos vasos da coroide, a causa de muitos problemas
associados, incluindo a formacdo de fibrose sub-retiniana, responsavel pela destruicdo
das células retinianas. Atualmente, a DMI ndo tem cura e apenas alguns tratamentos
podem ser usados para retardar a progressdo da doenca. Na verdade, o Unico tipo de DMI
tratavel é a DMI exsudativa, e as escolhas giram em torno da fotocoagulacéo a laser
(quase obsoleta), da terapia anti-fator de crescimento endotelial vascular (VEGF) e
terapia fotodindmica (PDT) (atualmente, ndo é usada na DMI). A terapia anti-VEGF é o
tratamento mais utilizado e eficaz na DMI exsudativa, impedindo a formacdo de novos
vasos da coroide, no entanto, o tratamento néo é eficaz para fibrose sub-retiniana.

A PDT é uma terapia baseada em trés componentes ndo toxicos: um
fotossensibilizador (PS), oxigénio molecular (O2) e uma fonte de luz com comprimento
de onda adequado (dependente do PS). Para o tratamento de DMI exsudativa, tem sido
utilizada em combinagcdo com terapia anti-VEGF. Além disso, estudos anteriores ja
recorreram a PDT para o tratamento de fibrose em cicatrizes da pele e glaucoma.

Com base na capacidade intrinseca do exossoma na comunicacao célula a célula,
a encapsulacdo de um PS (um galacto-PS, ZnTPPF16(SGal)s), capaz de reconhecer o
tecido doente, em exossomas poderia oferecer uma abordagem inovadora para a entrega
do PS ao tecido fibroso e aos novos capilares da coroide presentes num caso de DMI.
Neste trabalho, apresentamos um sistema de entrega de farmacos composto por uma
zinco-porfirina conjugada com quatro moléculas de tiogalactose, ZnTPPF16(SGal)s, €
exossomas, para atuar como veiculo de farmacos, como uma potencial alternativa para o
tratamento de fibrose em pacientes com DMI exsudativa. Este galactose-PS foi projetado
para um alvo especifico, nomeadamente proteinas com afinidade a galactose, galectinas,
que sao sobreexpressas na fibrose sub-retiniana e neovascularizacao coroideia (CNV) na
DMI. Exossomas obtidos de olhos de suino foram usados para veicular o PS. O
ZnTPPFs(SGal)s exossémico foi purificado e o seu conteddo foi avaliado por
microscopia eletronica de transmissdo (TEM) e fluorescéncia. A encapsulacdo/associagdo
de ZnTPPF16(SGal)s com exossomas usando banho de sonicacéo foi mais bem-sucedida
do que recorrendo a sonicacdo com sonda. Foram avaliadas as propriedades fotofisicas
do PS e seu potencial fotodindmico na linhagem celular ARPE-19 (com morfologia
reminiscente de fibroblastos) foi comparado com o do ZnTPPF1s(SGal)s exossomico.
ZnTPPF16(SGal)s livre e exossémico foi incorporado pelas células ARPE-19 em funcéo
da concentracdo de PS e do tempo utilizados. Ambos se revelaram ndo toxicos até a
ativacdo pela luz. A citotoxicidade induzida por PDT néo foi significativamente diferente
quando se comparou a administracdo de ZnTPPFis(SGal)s livie com a de
ZnTPPF6(SGal)s exossomico. Outro dos objetivos deste trabalho passou por estabelecer
um modelo de inducdo de CNV por fotocoagulacéo a laser em ratinhos. Com base em
estudos anteriores, usamos um laser verde a 532 nm para romper a membrana de Bruch
de ratinhos C57BL/6J do tipo selvagem, induzindo assim a CNV. Os resultados
mostraram que fomos capazes de estabelecer o modelo CNV, no qual as células
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adjacentes a monocamada RPE normal foram positivas para a.-SMA e Ki67, sugerindo o
desenvolvimento de fibrose neste modelo.

Aqui demonstramos que, apés fotoativacdo, o ZnTPPF1s(SGal)s apresentou alta
eficacia na inducdo de toxicidade em ARPE-19. A auséncia de um aumento do efeito
fotodindmico esperado para 0 ZnTPPF16(SGal)s exossomico pode estar relacionada com
a origem dos exossomas, conforme demonstrado pela sua menor acumulagdo nessas
células. A presenca de CNV e tecido fibrotico, associada ao modelo de CNV em ratinhos,
permitird em breve testar a eficicia da PDT para fibrose sub-retiniana e CNV na DMI.
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1.1 The Human Eye

“Vision is the most important sense of human beings. It is estimated that ~90%
external information was collected by the vision system in humans” (Shang, 2017, p.
247). The eye, the fundamental organ for vision, comprises a set of different structures,
some of them presented in Fig. 1.1, each with its own function. Light is focused onto the
retina by the cornea and lens, which are transparent structures. The retina detects light
and turns it into electrical signals, which are then transmitted to the brain via the optic
nerve, where they are processed and interpreted by the human brain and translated to
images, with a variety of shapes and colors, constituting the ability of sight (Shang, 2017).

Anterior segment Posterior segment
/‘A N A N
Retina

wiy. \Vitreous

Optic
nerve

g \\
/4

™. Choroid
Sclera

Figure 1.1. Diagram of the human eye. Adapted from (Chuang, Fields, & Priore, 2017).

In order to have a better understanding of how humans are able to see, we need to
analyze the human eye. This organ is divided in two segments, anterior and posterior
(Chuang, Fields, & Priore, 2017), and even though the second one is of greater interest
for this study, both are very important for a normal vision and require characterization,
as follows.

1.1.1 Anterior Segment

As illustrated in Fig. 1.1, the anterior segment, the part of the human eye closest
to the surface of the eyeball, is composed of the cornea, the lens, the iris, and the ciliary
body. Besides these structures, there is also aqueous humor, a liquid flowing in from the
ciliary body with plasma-like composition (with less protein and glucose, but more lactic
and ascorbic acids) in charge of providing nutrients to avascular structures, remove some
of their waste, and keep the intraocular pressure necessary for a proper shaped eye, filling
the space between the cornea and both the lens and the iris and even the space surrounding
the lens (Gamm & Albert, 2007).

Firstly, regarding the cornea, this being a superficial, transparent, and avascular
tissue, it represents the first layer of protection, both to light, by focusing it to the retina

3



and avoiding scattering, and external agents of infection, like viruses or bacteria (Miesfeld
& Brown, 2019; Sridhar, 2018). With these purposes, the cornea consists of six tiers of
tissue: three cellular (the corneal epithelium, the stroma, and the endothelium) and three
membranous (the epithelial basement, the Bowman’s, and the Descemet’s membranes).
The cellular layers confer structural integrity, health and function when fully developed
(Miesfeld & Brown, 2019). On the other hand, Bowman’ membrane is helpful in
maintaining the shape of the cornea, Descemet’s membrane consists of a supporting layer
for endothelial cells (Sridhar, Anatomy of cornea and ocular surface, 2018), and the
epithelial basement membrane is responsible for anchoring the epithelial cells to the
stroma and also to scaffold the embryonic development of these, as well as their processes
of migration, differentiation and maintenance of the epithelial phenotype (Torricelli,
Singh, Santhiago, & Wilson, 2013).

Regarding the lens, it is important to know that it acts as the second refractive
surface of the eye, converging incident light rays to the retina, according to the position
of their source, thus enabling the visualization of objects at different distances, in a
process called accommodation (Miesfeld & Brown, 2019).

Moving on to the iris and the ciliary bodies, two structures connected by the iris
root, it has been described the first one is in charge of controlling intraocular pressure,
originated by the circulation of aqueous humor, regulating the amount of photons passing
through to the retina, and help focusing nearby objects on the lens; the second is
responsible for secreting the previously mentioned aqueous humor, glycoproteins,
antioxidant enzymes, and neuropeptides, as well as handling lens accommodation, with
the contraction of the ciliary muscles (Miesfeld & Brown, 2019).

1.1.2 Posterior Segment

The posterior segment, as shown in Fig. 1.1, which constitutes the inner part of
the ocular globe, is divided in the sclera, optic nerve, choroid, and retina (with a special
region called the fovea). It is also worth noting the presence of the vitreous humor, a
fragile and transparent hydrogel composed almost exclusively of water, with small traces
of type II collagen and hyaluronic acid, involved in the eye’s growth during development
and its protection against impact (especially the lens and the retina), in the interior of this
segment, between the lens and the retina (Tram & Swindle-Reilly, 2018). The  sclera,
known as the outermost layer of the eye (along with the cornea), is a white and opaque
structure, a result of its irregularly arranged collagen fibers, that aims to protect, support,
and anchorage the eye as a whole, as well as maintain the shape of the globe (Armstrong
& Cubbidge, 2019).

Then, there is the optic nerve, a structure that is estimated to be constituted by
“38% of all the axons entering and leaving the central nervous system, that is why humans
have such a highly developed visual system (Selhorst & Chen, 2009). Anatomically, it is
the result of the aggregation of nearly 1.2 million retinal ganglion cells (RGC), merging
from the lamina cribrosa (a three-dimensional network of trabeculae that provides
structural and nutrient support to the RGC (Downs & Girkin, 2016)) to the optic papilla
and forming the optic nerve, that can be divided into four compartments: intraocular,
intraorbital, intracanalicular, and intracranial (Selhorst & Chen, 2009). With the ability to
carry action potentials (generated by the retinal photoreceptors), the optic nerve enables
the transfer of visual information from the retina to the brain by electrical impulses
(Healthline Editorial Team, 2018).



Another very important part of the posterior segment is the choroid, an extremely
vascularized, thin, and variably pigmented tissue, located between the sclera and the
retina. The choroid is the result of three distinct layers, the choriocapillaris, the stroma,
and the lamina fusca. The first one, the so-called choriocapillaris, is responsible for
providing nutrients to the RPE and the outer part of the retina. As for the stroma, since it
contains dendritic melanocytes (along with fibroblasts and mast cells), conferring it a dark
color, it absorbs light that does not reach the retina, thus avoiding light scattering inside
the eye. Last, but not least, the lamina fusca, separating the choroid and the sclera, is
composed of flattened fusiform melanocytes and fibroblast-like cells, with some bundles
of myelinated axons in the middle. The functions of these fibroblast-like cells are to
synthesize and secrete extracellular matrix components, namely elastin, collagens, and
proteoglycans (Zeiss, Tu, & Treuting, 2017; Armstrong & Cubbidge, 2019). Apart from
the functions already described above, the choroid has a role in the thermoregulation of
the eye, the adjustment of the position of the retina by changing its thickness, and the
secretion of growth factors (Nickla & Wallman, 2009).

Separating the choroid’s choriocapillaris and the retina, there is a thin, acellular
layer called Bruch’s membrane. This membrane, with a composition mostly synthesized
by the RPE and the choroid, acts as an attachment site for RPE cells and allows the
selective passage of nutrients, from the choroidal vasculature to the retina, and metabolic
wastes, from the retina to the circulation (Kwon & Yoo, 2017).

1.1.2.1 Retina

Since the retina is of greater interest for this study, it is only natural that a more
detailed explanation is given about this eye structure. The retina is the light-sensitive part
of the eye, being able to convert light stimuli into action potentials, that then pass to the
brain via the visual pathway (Armstrong & Cubbidge, 2019).

In the outer part of the retina, we can find the RPE, the most posterior part of the
retina, characterized as a monolayer of pigmented cells, which has an apical surface with
microvilli that connect the RPE with the photoreceptors’ outer segments. These outer
segments are constantly shed by the photoreceptors, and then phagocyted and degraded
by the RPE, ending up on its basal surface, which abuts the choroidal vasculature. Aside
from waste removal, the RPE also supplies nutrients and metabolites to the neural retina
(RGC, amacrine cells, bipolar cells, horizontal cells, cones, rods, and Muller cells). The
RPE monolayer stands between the neuroretina and the choroid, constituting the outer
retinal-blood barrier (Miesfeld & Brown, 2019; Armstrong & Cubbidge, 2019).
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Figure 1.2. Detailed view of the retina. Adapted from (Imamoto & Shichida, 2014).

It is important to describe the specialized light-sensitive cells present in the retina,
which support vision. These are called photoreceptors, and they can be separated into two
types, rods and cones. The rods are responsible for our eyesight in dim light or night
vision, in a process involving a photosensitive pigment called rhodopsin, present in this
type of cells, as well as numerous mitochondria, a nucleus area, and unique synaptic
structures. When photoactivated, rhodopsin causes a chemical cascade reaction, that
results in the conversion of light energy into electrical energy. Since rods can only sense
the intensity of light, but not its wavelength, they can only represent black and white
images. Regarding cones, these are much less numerous than rods, even though they
enable color detection, by the photoactivation of a set of different opsins (pigments). On
this matter, much like a pixelated screen (television, computer, ...), there are three types
of cones, sensitive to the colors red, blue, and green, whose interaction allows the
production of all colors of the visible spectrum (Armstrong & Cubbidge, 2019; Imamoto
& Shichida, 2014).

Both the cornea and the lens focus incoming light rays onto the retina, as
previously described. The point of focus is in the central part of the retina, called macula
lutea, and especially its center, denominated fovea centralis. The reason behind this is that
the macula lutea is composed almost entirely of cones, particularly in the fovea centralis,
which is exclusively made of cones. Visual acuity, or the ability to distinguish different
colors in detail, is influenced by the density of these photoreceptors, and the higher it is,
the more detailed human eyesight will be (Armstrong & Cubbidge, 2019).

As it can be seen in Fig. 1.2, the retina is also composed by retinal ganglion,
bipolar, amacrine, horizontal, and glial cells (Muller cells, astrocytes, and microglia),
each with a distinct role to perform in the creation and transmission of vision. RGC
represent the main neuron output of the retina and simultaneously constitute another light-
sensitive type of cells, crucial in melatonin release modulation and pupil size regulation.
Regarding bipolar cells, classified as neurons, these are in charge of receiving visual
inputs from photoreceptors and projecting their axons onto RGC (Mahabadi & Khalili,
2021). As for horizontal and amacrine cells, two types of retinal interneurons, these are
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responsible for the modulation of information flow in the retina. Specifically, horizontal
cells modulate information from photoreceptors to bipolar cells in the outer plexiform
layer, and amacrine cells do the same from bipolar cells to RGC in the inner plexiform
layer. As for glial cells, they constitute about half the cells of the central nervous system
and participate in almost every part of its formation and function (Allen & Lyons, 2018).
The primary type of glial cells found in the retina are Miller cells. Muller cells play a
significant role in the maintenance of the function and health of the retina. Since it is the
only cell type that spans across the entire retina, Muller cells are particularly important
for retinal homeostasis. In healthy conditions, Miller cells are responsible for recycling
neurotransmitters, preventing glutamate toxicity, redistributing ions by spatial buffering,
participating in the retinoid cycle, and regulating nutrient supplies. Any loss of function
in these cells will affect the entire retina (Coughlin, Feenstra, & Mohr, 2017). Astrocytes
(or astroglial cells) are almost exclusively restricted to the innermost retinal layers. They
are believed to be originated in the optic nerve, migrate from it, and enter the retina with
its blood vessels. Astroglial cells are deeply involved in retinal neovascularization, as the
main producers of VEGF. Other roles played by astrocytes are neurotrophic support,
enhanced mechanical aid for degenerating axons, and maintenance of the blood-retina
barrier (Vecino, Rodriguez, Ruzafa, Pereiro, & Sharma, 2016). Microglia consist of tissue
macrophages that represent the innate immune system of the central nervous system. It is
believed that microglia originates from mesodermal elements that penetrate nervous
tissue during embryonic and fetal stages, and becomes fully established during postnatal
life. Its main function is to create a protective environment within the central nervous
system, by scanning the brain and searching for signs of brain damage. In case of a neural
injury, microglia shows morphological changes characterized as its “activation”
(Cardona, Ransohoff, & Akassoglou, 2013).

1.2 Age-Related Macular Degeneration (AMD)

1.2.1 Pathology

AMD is a chronic and progressive disease that affects the retina, more specifically,
its central area, the macula lutea (described in 1.1.3), resulting in central vision loss. This
retinal disease is initially characterized by an accumulation of extracellular deposits of
lipoproteins and inflammatory constituents (Gelfand & Ambati, 2016), called drusen,
between the RPE and Bruch’s membrane (Zhang & Sivaprasad, 2021). Loss of
photoreceptors can also occur in the early/intermediate stages of the disease
(Fleckenstein, et al., 2021). AMD is also linked to chronic inflammation, lipid deposition,
oxidative stress, or abnormalities of extracellular matrix turnover (Fleckenstein, et al.,
2021).

AMD is classified as early or intermediate based on the size, position, and quantity
of drusen, as well as the presence of pigmentary alterations (a marker of RPE illness)
(Gelfand & Ambati, 2016). AMD can progress to one of two types of advanced/late
stages: dry or GA and wet or exudative.
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Figure 1.2. Retinal anatomy in the different AMD stages (Ambati, Atkinson, &
Gelfand, 2013).

Firstly, dry AMD, also identifiable as GA, consists of a progressive deterioration
of the RPE, the photoreceptor layer, and the choroidal capillaries in the macula (Ruan,
Jiang, & Gericke, 2021). This process results from the accumulation of drusen, generating
areas of atrophy that become more and more confluent with time, causing vision loss
(Yonekawa, Miller, & Kim, 2015).

Secondly, wet AMD, commonly described as neovascular or exudative AMD, is
characterized by the formation of new choroidal vessels. These newly formed vessels tend
to invade the retina, breaking through the Bruch’s membrane and causing fluid exudation,
retinal hemorrhages, and possibly detachment of the RPE or the retina. This form of AMD
causes vision loss to occur quicker than GA (Ruan, Jiang, & Gericke, 2021).

Lastly, since it constitutes the focus of this work, it is important to highlight
subretinal fibrosis, a prevalent issue in neovascular AMD patients. The formation of
subretinal fibrosis can result in the local destruction of the RPE, photoreceptors, and even
choroidal vessels, inducing permanent dysfunction of the macula and consequent vision
loss. Subretinal fibrosis is thought to be a wound healing response to the tissue damage
caused by CNV. The formation of this type of fibrosis shares molecular mechanisms with
fibrosis in other organs, which means that, shortly after tissue injury, epithelial cells
release mediators that recruit, amongst other types of cells, fibroblasts (Ishikawa, Kannan,
& Hinton, 2015). Another source of fibrosis formation is the epithelial-mesenchymal
transition (EMT) that cells undergo, consisting of a conversion of epithelial cells to
myofibroblasts. Aside from these natural processes of fibrosis formation, anti-VEGF

8



therapy (described in 1.2.4.3), the most common treatment for CNV, can also induce
fibrosis formation, a consequence of the frequent intravitreal injections associated with
this treatment (Ishikawa, Kannan, & Hinton, 2015). In fact, a study showed that half of
the eyes treated with anti-VEGF therapy for a 2-year period developed scar tissue (Daniel,
etal., 2014).

1.2.2 Prevalence and Risk Factors

AMD is the leading cause of vision impairment in the elder population,
particularly for those over the age of 55, of developed countries. Currently, the global
prevalence of AMD is estimated at around 196 million cases (Tan, Zou, Yoshida, Jiang,
& Zhou, 2020). For any form of AMD between the age of 45 and 85 years is
approximately 8.7%, even though it varies substantially among races and ethnicities
(Ricci, et al., 2020). For example, metanalysis results of AMD prevalence in 129664
subjects, with 12727 cases from 39 studies, showed a range from 7.3% in Asian
populations to 12.3% in European ancestry populations (Wong, et al., 2014). These
significant variations in prevalence can be attributed to genetic, lifestyle, and/or diet
differences (Ricci, et al., 2020).

In addition, for people 70 years old or older, the prevalence of early and late AMD
was found to be 13.2% and 3.0%, respectively. These were the results of a study that
encompassed 42080 subjects from ten European countries (Colijn, et al., 2017). At the
same time, it is important to refer that, even though dry AMD accounts for most AMD
cases (80 to 85%), wet AMD is responsible for approximately 80% of severe vision loss
cases (Thomas, Mirza, & Gill, 2021).

Moreover, due to the increase in life expectancy, it is fair to assume AMD
prevalence will rise in years to come. Metanalysis estimates the number of AMD patients
worldwide to reach 288 million by 2040 (Ricci, et al., 2020).

Regarding risk factors, the most relevant for any stage of AMD is age. With aging,
the accumulation of oxidative damage associated with it is believed to be the primary
trigger of age-related degenerative diseases (Tan, Zou, Yoshida, Jiang, & Zhou, 2020).
Another well-established risk factor is ethnicity, as results revealed significantly higher
values of AMD prevalence for Europeans and North Americans when compared to
Asians, Africans, and Hispanics (Wong, et al., 2014). Other risk factors include lifestyle
(smoking, sleep patterns, obesity, light exposure, amongst others), dietary habits, and
some systemic diseases (such as hypertension, diabetes mellitus, or cardiovascular
diseases) as determining factors for the development of a specific type of AMD,
depending on the risk factor in question (Singh, et al., 2017).

1.2.3 Galectins in Wet AMD

Galectins (Gal) constitute a family of proteins with high affinity to carbohydrates,
particularly B-galactose residues. The binding of Gal with these molecules is mediated by
a carbohydrate recognition domain (CRD), composed of 130 amino acids, present in all
Gal types. Until today, 15 different types of Gal have been identified in mammals (only
11 in humans). These can be categorized according to their structure, dividing them into
three groups: prototypical Gal, namely Gall, Gal2, Gal5, Gal7, Gall0, Galll, Gall3,
Gall4, and Galls, distinguishable by their single CRD, with the ability to act as
monomers or form homodimers; the chimeric Gal3 (a group by itself), composed of a
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single CRD and a large amino-terminal domain, easing the formation of oligomers;
tandem repeat Gal, which includes Gal4, Gal6, Gal8, Gal9, and Gal12, formed by two
CRDs, connected through a small peptide domain (Manero-Rupérez, Martinez-Bosch,
Barranco, Visa, & Navarro, 2020).

In the cases of Gall, Gal3 and Gal9, these are expressed across a variety of tissues,
such as immune, endothelial, and epithelial cells, as well as sensory neurons. On the other
hand, other Gal are found in specific tissues and localizations, like the cases of Gal7,
commonly found in the skin, Gal 12, abundant in adipose tissues, or even Gal5, only
discovered on rat reticulocytes (Bacigalupo, Manzi, Rabinovich, & Troncoso, 2013).

In general, Gal take part in several cellular and intercellular mechanisms, for
binding to endogenous glycans. Biologically, Gal play roles in development, tissue
regeneration, regulation of immune cell activities (inflammatory responses and immune
system) among other cellular functions (Hara, et al., 2020). In addition, different members
of the Gal family are able to monitor the endosomal or lysosomal membrane by binding
with B-galactose present in glycoconjugates exposed after membrane damage (Banfer &
Jacob, 2020).

Specifically, Gal-1 has already been proved to take responsibilities in cell growth,
migration, and proliferation. Moreover, Gall was found to facilitate angiogenesis and
fibrosis by altering the signaling pathways of the receptors of VEGF-A and transforming
growth factor beta (TGF-B), known angiogenic and fibrogenic factors, respectively. In
wet AMD, a laser-induced CNV and subretinal fibrosis model developed by Wu in 2019
(Wu, et al., 2019), proved the involvement of Gall in CNV and subretinal fibrosis
(mediated via EMT).

As for Gal-3, it constitutes an active part in cell-to-cell or cell-to-matrix
interactions, cell growth, cell differentiation, macrophage activation, antimicrobial
activity, angiogenesis, fibrosis, and apoptosis (Hara, et al., 2020). The discovery of the
important role played by Gal3 in VEGF and basic fibroblast growth factor- (bFGF)
mediation for angiogenic response raised interest on if it may be part of the pathogenesis
of wet AMD. Other studies reported elevated levels of Gal 3 in advanced dry AMD
(Argueso & Panjwani, 2011).

1.2.4 Current Therapies

1241 Early and Intermediate AMD

As of today, there are no therapies available for early or intermediate AMD. In
fact, the only strategy available is to try to prevent it from worsening. In this regard,
lifestyle changes such as quitting smoking, wearing coated lenses to protect the eyes from
ultraviolet A and B radiation, and increasing antioxidants intake and supplementation in
diet can help slow down oxidative stress, which is one of the causes of tissue degeneration
in early and intermediate AMD (Kniggendorf, Dreyfuss, & Regatieri, 2020).

Specifically for intermediate AMD, results from AREDS 2 (Age-Related Eye
Disease Study 2), developed by the Age-Related Eye Disease Study 2 Research Group
(AREDS 2 Research Group, 2014), demonstrated that vitamin supplementation can
reduce disease progression for 25% of the patients and the risk of vision loss within five
years by 19% (Kniggendorf, Dreyfuss, & Regatieri, 2020).
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1.2.4.2 Dry AMD

Currently, dry AMD lacks treatment, so, just as early and intermediate AMD,
preventing its progression is the only course of action for patients. As described in 1.2.4.1
for intermediate AMD, AREDS 2 revealed vitamin supplementation can also be helpful
in dry AMD cases (Kniggendorf, Dreyfuss, & Regatieri, 2020).

As for future therapies, several studies are presently in progress. Based on the
work of Donoso (Donoso, Vrabec, & Kuivaniemi, 2010), that identified degeneration
mechanisms as pathogenic pathways of dry AMD, particularly those involving
complement factor H, interfering with these pathways has become of interest as a
therapeutic strategy. In that regard, preclinical studies on this and other complement
factors are in current development. Another area of focus has been cell therapy,
particularly clinical trials of cell transplantation on patients with severe vision loss
associated with GA. The use of stem cells to try to repair the RPE (Song, et al., 2015) and
the use of induced pluripotent stem cells engineered to function and express photoreceptor
features are two examples of cell therapy (Garcia, et al., 2015).

1.2.4.3 Wet AMD

Contrarily to dry AMD, patients suffering from wet AMD have many treatment
alternatives. Interestingly enough, the first paper published about wet AMD treatment
dates back to 1982, when a research group revealed the results from a therapy called Laser
Photocoagulation (Macular Photocoagulation Study Group, 1982). This technique used
an Argon laser to coagulate new choroidal vessels but has since become obsolete due to
its side effects, registered in a study conducted by the same group in 1994 (Macular
Photocoagulation Study Group, 1994). Soon after, in 1999, the Food and Drug
Administration (FDA) approved the first PS, Verteporfin (Visudyne™; Novartis
Ophthalmics, Basel, Switzerland), for PDT in AMD (described in 1.3.1). This therapeutic
approach involves the intravenous administration of a photosensitive molecule which,
when activated by light of a specific wavelength, reacts with O in target tissues to
produce reactive oxygen species (ROS), that cause cell death (Kwiatkowski, et al., 2018).
At the time, this new treatment had success in slowing the rate of vision loss, but visual
stabilization or improvement were rarely seen (Khanna, et al., 2019). In the early 2000s,
a new type of treatment came to fruition, anti-VEGF therapy, which consisted of
periodical injections. This solution was developed due to the critical role of VEGF (a
group of proteins that includes VEGF-A, VEGF-B, VEGF-C, VEGF-D, and VEGF-E,
along with placental growth factor) in angiogenesis and vascular permeability. The first
anti-VEGF agent approved by the FDA was pegaptanib sodium (Macugen; Eyetech
Pharmaceuticals, New York, New York), in 2004, since fallen out of favor (Khanna, et
al., 2019).

Nowadays, almost all wet AMD treatments are made by anti-VEGF therapy, the
reason being that this type of treatment shows stabilization and improvement of visual
acuity, by preventing the bond between VEGF and its endothelial cell receptor. The most
common anti-VEGF agents for clinical use today are Ranibizumab (Lucentis; Genentech,
Inc., San Francisco, California), Bevacizumab (Avastin; Genentech, Inc., San Francisco,
California), and Aflibercept (EYLIA; Regeneron Pharmaceuticals, Inc., Tarrytown, New
York) (Kniggendorf, Dreyfuss, & Regatieri, 2020).

Ranibizumab, a recombinant humanized immunoglobulin G1 (IgGl) kappa
monoclonal antibody fragment that binds to all active isoforms of VEGF-A, was

11



approved for clinical use in wet AMD in June of 2006. Since then, several clinical trials
have confirmed the safety and efficacy of intravitreal injections with this anti-VEGF
agent. Moreover, treatments with this drug resulted in morphological enhancements of
the retina, more specifically, decreases the area of CNV lesions and retinal thickness
(Kniggendorf, Dreyfuss, & Regatieri, 2020).

Bevacizumab is another humanized recombinant IgG1 monoclonal antibody that
binds to activated VEGF-A, developed by the same company. It differs from ranibizumab
because it consists of a complete IgG1 molecule (ranibizumab contains only the antigen-
binding fragment of the same antibody). Despite the fact that systemic administration of
bevacizumab has been used in the treatment of wet AMD with good results (improved
visual acuity and decreased central retinal thickness) in the SANA (drug safety) clinical
trial, and several studies have confirmed the safety and efficacy of intravitreal injections
with this drug for this disease, bevacizumab has not been approved for intraocular use
(Kniggendorf, Dreyfuss, & Regatieri, 2020).

Aflibercept, one of the most recently FDA approved anti-VEGF agent, back in
2011, is characterized as recombinant fusion protein composed by ligand-binding
elements of VEGF receptor 1 (VEGFR-1) and VEGFR-2, fused to the human IgG1 Fc
segment, able to block all VEGF-A isoforms, VEGF-B, and placental growth factor. This
drug stands out from the previous two since its bimonthly administration was proved to
have a similar efficacy to a monthly administration of ranibizumab (Yonekawa, Miller,
& Kim, 2015). This seems to be the result of higher binding affinity of aflibercept to
VEGF-A, VEGF-B and placental growth factor than ranibizumab and bevacizumab
(Papadopoulos, et al., 2012).

These anti-VEGF agents demonstrate efficacy in wet AMD, allowing patients to
improve or retain visual function. Sometimes, however, patients do not respond to this
treatment and continue to lose vision over time, and slowly lose the abilities to read, drive,
amongst other daily activities. For these reasons, it is of upmost importance to continue
the research of new therapies, new diagnostics, and even new anti-VEGF agents. Some
examples of new approaches in current development include the inhibition of nucleoside
reverse transcriptase, gene therapy, RNA interference, and epiretinal radiotherapy
(Kniggendorf, Dreyfuss, & Regatieri, 2020).

1.3 Photodynamic Therapy (PDT)

1.3.1 Principle of PDT and its Applications

PDT is a non-invasive therapeutic approach that can be employed in a variety of
cancers, dermatological (such as actinic keratoses, psoriasis, verruca vulgaris, and
others), gynecological and urological conditions. Concerning wet AMD, it was used in
combination with anti-VEGF therapy (Kwiatkowski, et al., 2018). Some studies also
indicate PDT as a treatment for fibrosis in skin scars (Mendoza-Garcia, Sebastian,
Alonso-Rasgado, & Bayat, 2015) and glaucoma (Diestelhorst & Grisanti, 2002).

This type of therapy is based on three non-toxic components: a photosensitizer,
0., and a light source with adequate wavelength (dependent on the PS) (Kwiatkowski, et
al., 2018). The PS is a prodrug sensitive to light at one or more wavelengths, that targets
malignant or diseased tissues and accumulates inside them (Dobson, Fernandes de
Queiroz, & Golding, 2017). Once inside the cells, the PS is photoactivated with the
appropriate light wavelength, coincident with the absorption spectrum of the PS, which
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leads the PS to its first excited singlet state. This unstable state can decay by emitting
fluorescence or the intersystem crossing process, it can attain the more stable excited
triplet state. In its triplet state, the PS can directly react with biomolecules (Type |
photochemical reaction) or transfer its energy to O2 (Type Il photochemical reaction) to
produce ROS, especially singlet oxygen (*0Oz), described in detail below (Kwiatkowski,
etal., 2018).

Excited singlet state \
Intersystem

crossing

Excited triplet state

uorescence

:blalnloalo"

phosphorescence

Ground singlet state

Figure 1.3. - Type I and Type Il photochemical reactions in PDT (Calixto, Bernegossi,
de Freitas, Fontana, & Chorilli, 2016).

1.3.1.1 Type | Photochemical Reaction

In type | photochemical reactions, the PS in its excited triplet state (T1) can transfer
energy to surrounding biomolecules, constituents of the targeted area. In this interaction,
a hydrogen or an electron are transferred (reduction-oxidation reactions), leading to the
formation of free radicals and anion radicals of the PS and the biomolecule, respectively.
The electrons originated in this process will then react with O, producing ROS
(specifically, superoxide anion radicals (O27)) inside the target cells. Due to the
cytotoxicity of this and of a subsequent generation of ROS, consequent oxidative stress
will lead to the destruction of the cells (Kwiatkowski, et al., 2018).

1.3.1.2 Type Il Photochemical Reaction

Regarding type Il photochemical reactions, the energy involved in the transition
of the PS to the excited triplet state passes directly to the O, present in the targeted cells.
With this energy, O, the so-called basic triplet state of Oz, will transition to a singlet
state, highly cytotoxic. The result of this process is oxidative stress and consequent cell
death (Kwiatkowski, et al., 2018).

Even though there are many factors (oxygen concentration, pH, tissue dielectric
constant and the structure of the PS) that influence the ratio of contribution between the
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two types of photodynamic reactions, it is believed that type Il mechanisms represent a
bigger share in the conditioning of PDT efficiency (Kwiatkowski, et al., 2018).

1.3.2 Photosensitizers (PS)

As reported by Daniell and Hill in 1991, the therapeutic use of light goes back to
ancient civilizations, namely Egyptians, Chinese, Indians, and Greeks. At the time, it was
a treatment for diseases like vitiligo, psoriasis, skin cancer, or even psychosis (Daniell &
Hill, 1991). Despite this, it was not until 1841 that the first PS was discovered, when H.
Scherer extracted hematoporphyrin (Hp) by removing iron from dried blood. Since then,
three different generations of photosensitizers have been developed and used in PDT
(Kou, Dou, & Yang, 2017).

The first generation of photosensitizers consisted of Hp, after its derivative HpD
was found to possess cancer cell selectivity. Further research led to the creation of
photofrin (porfimer sodium, a purified form of HpD) for possible use in cancer treatment
(Chau, Xie, & Wong, 2021). Early clinical trials with HpD in PDT for cancer showed
some efficiency in several organs (brain, laryngeal, lung, skin, gastric, and esophageal
carcinomas) (Kou, Dou, & Yang, 2017). However, after numerous clinical studies,
limitations like long clearance time, low chemical purity, and a short excitation
wavelength were identified, thus promoting the development of a second generation of
PS (Chau, Xie, & Wong, 2021).

Most of the second generation of PS, such as benzoporphyrins, purpurins,
texaphyrins, phthalocyanines, naphthalocyanines, and protoporphyrin IX are based on the
structure of porphyrins, due to its ability to generate O, (provoking oxidative stress).
Other second-generation PS are chlorin-based PS, such as mono-aspartyl chlorin €6,
temoporfin, and hexylpyropheophorbide, as well as some specially designed PS, designed
for specific clinical applications (e.g., mitochondria-targeting photosensitizers). In
comparison with the first generation, this one was characterized by clear compositions
and structures of the PS, as well as improvements in photosensitivity, absorption spectrum
and tissue selectivity. With time, PDT with second-generation photosensitizers stopped
fulfilling the expectations of investigators, hoping for more accurate targeting and,
consequently, less phototoxicity in normal tissues, creating the need for a third generation
of photosensitizers (Kou, Dou, & Yang, 2017).

Third-generation PS can dramatically improve PDT efficacy against malignant
and nonmalignant diseases. Due to their composition and structure, the third-generation
photosensitizers can present higher tissue affinity. When combined with drug delivery
systems, they can lead to an enhancement of the phototoxic effect in the damaged tissue
without affecting neighboring healthy tissues. In this case, eventually, the dosage required
for optimal therapeutic effects will be lower. At the moment, gene engineering for PDT
mediation (e.g., Babincova, Sourivong, & Babinec, 2000; Shahzidi, et al., 2013;
Takehara, et al., 2017) and the use of nanotechnology in PDT (e.g., Ohulchanskyy, et al.,
2007; Lima, et al., 2013; Son, et al., 2018) emerge as the two main branches of research
for third-generation photosensitizers (Kou, Dou, & Yang, 2017).
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1.4 Drug Encapsulation in Extracellular Vesicles

1.4.1 Extracellular Vesicles (EVSs)

EVs constitute a group of membrane vesicles, with typical diameters ranging from
50 to 1000 nm, containing different types of RNA (MRNA, miRNA, Inc RNA, lipids, and
proteins, secreted by most living cells (Vader, Mol, Pasterkamp, & Schiffelers, 2016).
These include microvesicles (bud directly at the plasma membrane), exosomes (derived
from multivesicular bodies), and apoptotic bodies (released by the cell upon its death).
(Fuhrmann, Serio, Mazo, Nair, & Stevens, 2014).

Recent studies revealed that small-sized EVs, namely exosomes (50-200 nm), play
a key role in intercellular communication and in the removal of cellular contents.
Exosomes possess certain organotropic behaviors (affinity to particular tissues or organs)
as active participants in cell-to-cell communication, and transport and deliver their
protein-, lipid- or nucleic acids-cargo to recipient cells. Moreover, exosomes cargo
molecules may play a key role in secreting certain factors, eliciting a response in distant
cells (Antimisiaris, Mourtas, & Marazioti, 2018).

As previously stated in 1.3.2., new drug delivery systems are in need, particularly
those showing higher affinity to diseased tissues. Due to their high and specific affinity
to certain organs and participation in intercellular communication, exosomes have been
studied as drug carriers with therapeutical applications for the past few years
(Antimisiaris, Mourtas, & Marazioti, 2018).

Exosomes can be isolated from cells or biological fluids in a variety of ways.
However, it is hard to obtain a purified fraction of exosomes that are totally free of other
EVs types. Exosomes can be isolated by ultracentrifugation (most common method,
based on the size and density differences of the components present in the sample),
immunoaffinity (results from the affinity between antibodies and specific exosome
surface proteins), precipitation (enabled by the alteration of the solubility of the
exosomes), and a few other methods (Antimisiaris, Mourtas, & Marazioti, 2018).

1.4.2 Drug Loading Methods

On one hand, EVs possess a lipid bilayer membrane that confers protection to its
cargo from degradation in the bloodstream, essential in drug administration. On the other
hand, this membrane, along with the content already present in EVs, makes drug loading
in EVs a challenging process (Vader, Mol, Pasterkamp, & Schiffelers, 2016).
Nevertheless, presently, drug loading can be performed in many ways, based on three
different approaches: pre-loading, microfluidic, and post-loading methods (Antimisiaris,
Mourtas, & Marazioti, 2018).
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Figure 1.5 Drug Loading Methods (Antimisiaris, Mourtas, & Marazioti, 2018).

In pre-loading methods, investigators start by producing (programming of
parental cells) or loading (drug treatment of parental cells) the desired drug in parental
cells. From these pre-loaded parental cells, extracellular (or cellular) vesicles are then
isolated or produced, already containing the drug (Antimisiaris, Mourtas, & Marazioti,
2018).

Microfluidic methods are based on the use of technology to precisely control and
manipulate fluids and fluid interfaces at a very small scale. In drug loading, these methods
can be applied to the synthesis of exosome-based nanoparticles that act as drug carriers
(Yu, Lee, & Lee, 2009).

Regarding post-loading methods, these are characterized by performing drug
loading in EVs after their isolation. On that subject, post-loading methods include
incubation with the drug, electroporation, extrusion, freeze/thaw cycle method, saponin-
assisted loading, and sonication (used in this study) (Antimisiaris, Mourtas, & Marazioti,
2018).

In summary, incubation is a simple mix of EVs with the drug, based on the
concentration gradient and consequent passive diffusion; electroporation is characterized
by the use of an electric field to increase the EV’s membrane permeability, allowing the
passage drug access into the EVs; extrusion consists of a mixture of EVs and the drug
loaded into a syringe-based lipid extruder, whose extrusion results in membrane
disruption, enabling the entrance of the drug into the EVs; freeze/thaw cycle method
comprises a mix of EVs with the drug at room temperature, followed by, at least, three
cycles of freezing at -80°C and thawing at room temperature, to ease drug encapsulation;
saponin-assisted loading uses a surfactant molecule, namely saponin, to originate pores
in the membrane of EVs, increasing membrane permeability (Antimisiaris, Mourtas, &
Marazioti, 2018).

As for sonication, the post-loading method used in this project, it is characterized
by the utilization of sound waves to produce physical vibrations in the solution in study.
This can be achieved with a bath sonicator or a probe sonicator (Ghauri, Ghauri, Elhissi,
& Ahmed, 2020). For drug loading, EVs are mixed with the desired drug and then
sonicated, either by bath or probe sonication, resulting in the deformation of the
membrane of EVs and consequently an increase in drug influx into the EVs (Antimisiaris,
Mourtas, & Marazioti, 2018).
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1.4.3 Applications

At the moment, most studies performed with small EVs as drug delivery systems
used exosomes derived from cancer cells, dendritic cells, mesenchymal stem cells, and
biological fluids (Antimisiaris, Mourtas, & Marazioti, 2018). Being a novel locus of
research, the majority of these projects are proof-of-concept studies, focused on the ability
to efficiently load drugs into exosomes, the capability of these exosomes to retain the
drug content in in vivo conditions, and the drug delivery potential of these loaded-
exosomes, in comparison with the free administration of the drug (Antimisiaris, Mourtas,
& Marazioti, 2018).

Nevertheless, pre-clinical studies using exosome-like vesicles as drug delivery
systems have already been conducted for a variety of diseases, including several types of
cancer (e.g., Munoz, et al., 2013; Ohno, et al., 2013; Ding, et al., 2021), cardiovascular
diseases (e.g. Bei, et al., 2017), neurodegenerative diseases, like Alzheimer and Parkinson
(e.g., Cunha, Amaral, Sousa Lobo, & Silva, 2016), musculoskeletal diseases (e.g.,
Bellavia, et al., 2018), and diabetes-related complications (e.g., Yao & Ricardo, 2016).
Moreover, some projects have been studying the possibility of small EVs crossing the
blood-brain barrier (Antimisiaris, Mourtas, & Marazioti, 2018).

From the preliminary results of early clinical studies, it is clear there are obstacles
to overcome in the use of exosome-like vesicles as drug carriers. These barriers include
the abundance of starting material and the logistics of the process of exosome-like
vesicles production; the drug loading efficiency; the targeting efficiency; the development
of scalable methods for drug-loaded exosome manufacturing (Antimisiaris, Mourtas, &
Marazioti, 2018).

1.5 Animal Model for CNV Induction

A reproducible animal model for CNV induction was first developed by S. J. Ryan
in 1979. By observing the occurrence of subretinal neovascularization after laser therapy
in macular lesions, the author postulated that laser therapy itself could induce subretinal
neovascularization, through the disruption of Bruch’s membrane, and performed an
experiment in adult rhesus monkeys. Using an argon laser, inserted in a slit lamp, small-
sized eye spots (50 to 100 um) were irradiated with high-intensity (200 to 900 mW) and
short duration (100ms) pulses. Results showed that laser induction led to the development
of subretinal neovascularization (Ryan, 1979). This model accurately mimicked CNV
present in wet AMD, even though it differed from wet AMD in the origin of these new
choroidal vessels, being a wounding model for a symptom initiated by aging changes
(Gong, et al., 2015).

Over time, other CNV induction studies have been conducted (e.g., Gong, et al.,
2015; Lambert, et al., 2013; Balser, Wolf, Herb, & Langmann, 2019), all based on the
work of S. J. Ryan. These studies were performed almost exclusively in mice (mostly
C57BL/6J), with the help of several types of laser (e.g. Quantel Medical Vitra™ — Balser
et. al, 2019; Alcon Ophthalas 532 EyeL.ite - Lambert, et al., 2013; green argon laser -
Gong, et al., 2015), and laser irradiation was made with distint laser settings, including
spot size, power and duration, and different numbers and locations of the laser burns, all
successful (in the case of the examples presented) in the induction of CNV, due to the
disruption of Bruch’s membrane (Gong, et al., 2015).
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1.6 Objectives

In this work, we propose an alternative drug delivery system for a PS in PDT as a
treatment for CNV and subretinal fibrosis found in wet AMD (as stated in 1.2.1).

The PS consists of a zinc-porphyrin conjugated with four thiogalactose molecules
(ZnTPPF16(SGal)s). Due to the aforementioned high affinity of Gal to carbohydrates and
their role in angiogenesis and fibrosis (particularly, Gall and Gal3), described in 1.2.4,
the galactose molecules present in the PS should serve as a diseased tissue targeting
booster.

Figure 1.6. — Chemical structure of ZnTPPF1s(SGal)4. Adapted from (Melo, 2020).

For delivery system, exosomes derived from the RPE were chosen. The use of
exosomes is justified by their participation in intercellular communication and the affinity
showed to specific tissues (detailed in 1.4.1), since they may also contribute to diseased
tissue targeting.

To investigate the use of exosomes as drug carriers of our PS, we will characterize
the PS according to absorption spectrum, photostability, and fluorescence to assure this
PS has the right physical and chemical properties to be a good therapeutic agent in PDT.
After, we will perform drug encapsulation tests, mixing exosomes with our PS and testing
post-loading methods to facilitate the entry of the PS into the exosomes. The objective of
this part of the work is to find the best method to encapsulate the PS in exosomes and
evaluate the efficacy of this process, which required a characterization of the exosomal
PS (PS attached/encapsulated in exosomes) regarding fluorescence, particle size, and
electrodensity.

In vitro studies will be performed aiming to prove the utility of this PS in PDT for
the treatment of subretinal fibrosis in wet AMD. Assessment of cellular uptake and
photototoxicity of free PS will be carried out in ARPE-19 cells, an immortalized cell line
of RPE with a fibroblast phenotype. After that, we will test the uptake and photototoxicity
of exosomal PS against free PS in ARPE-19 cells, with the aim of understanding the
therapeutic potential of the PS when delivered by exosomes.

We also intended to establish an animal model of CNV based on laser
photocoagulation, and on the works mentioned in 1.5. In this case, we will use a green
laser at 532 nm. The main objectives are to assess the best laser settings (namely laser
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power, spot size and pulse duration) and spot distributions to be used for the disruption
of Bruch’s membrane, essential to this wounding response model (explained in 1.5).

The success of this model can be determined by the rupture of Bruch’s membrane,
the appearance of retinal fluid leakage, and/or the development of CNV (not included in
this study) or fibrosis in lesions areas.
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2.1. Preparation of ZNnTPPFis(SGal)s

A zinc porphyrin conjugated with four units of galactose (ZnTPPF1¢(SGal)s) was
provided by Dr. Jodo Tomé team at Centro de Quimica Estrutural, Chemical Engineering
Department, Instituto Superior Técnico, University of Lisbon, Portugal.

A stock solution at 10 mM of ZnTPPFis(SGal)s was prepared in dimethyl
sulfoxide (DMSO), from Sigma-Aldrich®. After solubilization in an ultrasonic bath for
30 min, aliquots were made and stored at -20°C, in dark conditions. Freshly working
solutions were prepared from the stock solution at different conditions, for the different
experiments.

2.2 Visible Characterization of ZNnTPPF5(SGal)s

Solutions of ZnTPPF16(SGal)s at the concentrations of 2, 20 and 50 uM were
freshly prepared in DMSO, phosphate buffered saline (PBS) with 0.5% DMSO and 1%
sodium dodecyl sulfate (SDS) (Sigma-Aldrich®). Then, 100 pL of each solution were
added directly to each well in a 96-well plate. The absorption spectra were assessed by
measuring the absorbance between 400 nm and 800 nm. PBS was prepared in Milli-Q
water and consisted of 137mM of NaCl, 27mM of KCI, 81mM of Na,HPO4 and 15mM
of KH2POs4, pH 7.4 (Sigma-Aldrich®). Visible absorbance was measured using the
Synergy™ HT microplate reader from BioTek Instruments®. The data acquisition was
performed using the Biotek’s Gen5™ Data Analysis Software.

2.3 Photostability Assay

To assess ZnTPPF16(SGal)s photostability, the PS was irradiated with white light
using a light-emitting diode (LED) array system (with a matrix of 17x11 LEDs) for 40
min. The LED system emits white light with two emission peaks at wavelengths at 450 +
20 nm and 550 + 50 nm, with a total fluence rate of 8.4 mW.cm™2. This system was
energetically supplied by an 800-mA plug-in adaptor from MW. The absorbance readings
(Synergy™ HT) at 415 nm for different time points were performed. For this assay, a
working solution of 20 uM ZnTPPF16(SGal)s4 was prepared in PBS from the stock solution
of the PS at 10 mM.

2.4 Isolation of Exosomes from Porcine Eyecups

Exosomes used in this work were collected from porcine RPE eyecups. The
porcine eyes were collected at the Beira Litoral slaughterhouse, Aveiro, Portugal. Under
sterile conditions, the RPE eyecups were produced from porcine eyes by removing the
anterior segment and neuronal retina. RPE eyecups were then used to produce exosomes.
They were incubated with Dulbecco's Modified Eagle's Medium (DMEM)/ Ham’s F-12
Nutrient Mixture (F-12) (ATCC), supplemented with 1% exosome-depleted fetal bovine
serum (FBS; Gibco), and 1% (v/v) of a mixture of penicillin, streptomycin and
amphotericin B, (Sigma-Aldrich), for 30 minutes. After medium collection, an initial
centrifugation at 300 x g for 10 minutes was performed, with a Universal 320 R
centrifuge, from Hettich®. The supernatant was collected, and another centrifugation was
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then carried out at 2000 x g (Universal 320 R) for 30 minutes, at 4 °C. The resulting
supernatant was used to isolate exosomes using the Total Exosome Isolation kit, from
Invitrogen. Soon after, 0.5 mL of precipitation solution were mixed with 1 mL of
supernatant and incubated overnight, at 4°C. On the following day, the samples were
centrifuged at 10000 x g, for 1 hour, at 4°C, with a refrigerated microcentrifuge 1730R,
from Gyrozen. The resulting pellet was resuspended in sterile PBS. Under sterile
conditions, the exosomes were filtered with a 0.22 um syringe filter (Fioroni). One aliquot
of exosomes was used to quantify the concentration of protein using the BCA assay kit
(described in 2.1.1.6). Exosomes were kept at -20°C until use.

2.5 ZnTPPF1(SGal)s Loading into Exosomes

For the loading of ZnTPPF16(SGal)s into exosomes, two approaches were used:
probe sonication and bath sonication. Per 100 pL reaction volume, different quantities of
exosomes (5, 10 and 20 uL, corresponding approximately to 7.25, 14.5 and 29 nug of
protein, respectively) and three concentrations of the PS (12.5, 25 and 50 uM) were tested.

The conditions of encapsulation of the PS into the exosomes were based on a
previous work (Antimisiaris, Mourtas, & Marazioti, 2018). Solutions of
ZnTPPF16(SGal)s were freshly prepared in sterile PBS from the stock concentration at 10
mM, keeping the final concentration of DMSO of 0.5%. Bath sonication: After mixing
the exosomes with the PS, two 30-second sonications (using an ultrasonic bath Sonorex™
TK 52 from Bandelin), separated by a 1-minute break with the sample on ice were
performed. Probe sonication: The mixture of exosomes with PS was sonicated (with an
Ultrasonic Processor for small volume applications VCX 130 from Sonics®) in two
cycles of six pulses of 4s on/2s off, with a 2-minute break between cycles with the sample
on ice. The probe sonicator was set at 40% amplitude.

After both procedures, the samples were incubated for 3 hours at room
temperature and then purified using Centricons (Amicon Ultra-2mL with a cut-off of 10
kDa; Merck Millipore). To remove free PS (purification), three washes with PBS
containing 0,5% DMSO were performed by centrifugation (with an Eppendorf®
Centrifuge 5810R, made by Sigma-Aldrich®) at 7500 x g for 30 minutes. To recover the
newly purified samples, a final centrifugation of 2 minutes at 1000 x g (Eppendorf®
Centrifuge 5810R) with the centricons upside down was carried out. Exosomal
ZnTPPF6(SGal)s was placed in a 96-well black bottom plate and fluorescence was
measured on a microplate reader (Synergy™ HT), with the excitation and emission filters
set to 360/40 nm and 645/40 nm, respectively.

2.6 Protein Quantification

To measure the protein concentration of exosomes and total protein concentration
in cell extracts, the bicinchoninic acid (BCA) assay was performed. This was carried out
with a Pierce™ BCA Protein Assay Kit from Thermo Scientific.

In a transparent 96-well plate, 25 puL of sample (diluted in Milli-Q water in a
proportion of 1:9) were placed into each well. For the standard curve, the concentration
of the bovine serum albumin (BSA) ranged from 12.5 to 800 ug.mL*. The BCA reagent
used in this assay was a mix of 50 parts of reagents A with one part of BCA reagent B,
for a volume of 200 pL of BCA (A+B) reagent per well. After incubation at 37°C for 30
min, the absorbance was measured at 570 nm on a microplate reader (Synergy ™ HT). By
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plotting the average absorbance at 570 nm for each BSA standard as a function of its
concentration (g.mL™), the protein concentration in the samples was directly determined.

2.7 Nanoparticle Tracking Analysis (NTA)

For NTA, samples of exosomes and exosomes loaded with the PS were diluted in
1mL of PBS and run in a NanoSight NS300, from Malvern Panalytical. Results included
mean, mode, median and concentration per particle size and were obtained with the
NanoSight NTA 2.2 analytical software.

2.8 Transmission Electron Microscopy (TEM)

For TEM, exosomes and exosomes loaded with the PS were fixed in 2%
paraformaldehyde (PFA) and deposited on Formvar-carbon coated grids (TAAB
Laboratories Equipment). Grids were contrasted with uranyl acetate for 5 minutes.
Samples were examined by electron microscopy with accelerating voltage set at 100kV.
This was performed using a G2 Spirit BioTWIN electron microscope from FEI Tecnai
and analyzed with its 3.2 software.

2.9 Cell Culture and Maintenance

For in vitro studies, a human retinal pigment epithelial cell line (ARPE-19 cell
line) was obtained from the American Type Culture Collection (ATCC number: CRL-
2302™)_ This cell line was derived from normal eyes of a 19-year-old male.

Defrosting cells: ARPE-19 cells frozen (in 10% DMSQ) were quickly thawed in a 37°C
water bath and pipetted to falcons containing 5 mL of pre-warmed DMEM/F-12 culture
medium. After centrifugation (Universal 320 R) at 370 x g for 5 minutes, the cell pellet
was resuspended in fresh medium. Cells were grown in complete DMEM/F-12, with 10%
(v/v) heat-inactivated FBS and 1% (v/v) antibiotic/antimycotic in 75 cm? cell culture
flasks (Corning) and maintained at a humidified incubator at 37°C and 5% CO..
Subculturing cells: When cultures reached 85-90% confluency, ARPE-19 cells were
subcultured. For that, the medium was discarded, the cells were rinsed twice with warm
PBS and then incubated with trypsin-EDTA (Gibco), until the cells detached from
surface. After centrifugation (Universal 320 R) at 370 x g for 5 minutes, the cell pellet
was resuspended in complete DMEM/F-12 culture medium and cells were subcultured
under the above-mentioned conditions. Subcultivation was performed at ratios ranging
from 1:3 to 1:5.

Moreover, to prepare cells for uptake and MTT assays, cell pellet was resuspended
in medium, and viable cells were counted (from a mix of 20 uL of cell suspension with

20 pL of trypan blue) using a Neubauer chamber (or hemocytometer; VWR). The cells
were seeded into 96-wellplates at a density of 3.0 x 10* cells/well.
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2.10 Incubation of ARPE-19 Cells with ZnTPPF5(SGal)s and
Exosomal ZnTPPF1s(SGal)s

ARPE-19 cells were seeded on 96-well plates at 30000 cells per well and cultured
for 24 hours at 37 °C and with 5% CO2 and 95% air. On the next day, the medium was
removed, cells washed with PBS and incubated with freshly prepared ZnTPPF1s(SGal)4
(0.5-15 uM) or exosomal ZnTPPFis(SGal)4 (0.5-3 uM) in 50 uL of PBS or DMEM/F-12
containing 1% FBS, in dark conditions. For the incubation with the ZnTPPFis(SGal)s
exosomal, we have chosen the condition in which mixtures of 10 ul exosomes with 50
uM ZnTPPF1s(SGal)« for a total volume 100 uL, were performed. The cells were exposed
to ZnTPPF1s(SGal)« or exosomal ZnTPPF1s(SGal)s for selected time points (1 to 24 hours)
in the humidified incubator gassed with 5% CO. and 95% air. In all experiments, the
concentration of DMSO was kept less than 0.5% (v/v). Triplicates of each condition were
considered in the assay.

2.11 Determination of Intracellular Concentration of
ZNTPPF15(SGal)s

Since the porphyrin ZnTPPF1(SGal)s exhibits fluorescent properties, its
intracellular accumulation was assessed by fluorimetry. After incubation with free
ZnTPPF16(SGal)s or exosomal ZnTPPF1s(SGal)s, cells were washed twice with 100 puL of
sterile PBS and then lysed in 120 pL of 1% (m/v) SDS in PBS, pH of 7.0. After a quick
homogenization on the shaker, 90 puL were removed from each well and plated in a black
96-multiwell plate. The shaker used in this work was a PSU-20i, a multi-functional orbital
shaker from Biosan. Fluorescence was assessed with a microplate reader (Synergy™
HT), using the excitation and emission filters set to 360/40 nm and 645/40 nm,
respectively. With the aim of normalizing fluorescence data to total protein quantity, a
BCA assay was performed for each sample.

2.12 Photodynamic Assays

After incubation with the PS, detailed in 2.1.2.2, free and carried by exosomes,
100 uL of PBS were used to wash out the samples from all wells. PBS was removed soon
after and 200 pL of fresh DMEM/F-12 with 10% FBS were added to each well. Using the
LED system, (described in 2.1.1.3), one of the plates was irradiated for 40 minutes, whilst
the other was kept in the dark, but otherwise in the same conditions, ensuring PDT was
the only factor differentiating the two. Following PDT, plates were placed inside the
humified incubator, at 37°C, where they stayed for about 24 hours.

2.13 ARPE-19 Cell Viability Assays

For MTT colorimetric assays, ARPE-19 cells were seeded at a density of 30,000
cells per well in 96-well plates. The following day, the cells were incubated with the PS
and photodynamic treatment was performed, as described in 2.1.2.2. and 2.1.2.4,
respectively. Twenty-four hours after treatment, 150 uL of DMEM:/F12 medium were
removed from every well of both plates. Soon after, 10 uL of 3-[4,5-dimethylthiazol-2-
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yl]-2,5-diphenyltetrazolium bromide (MTT; Sigma-Aldrich), at a concentration of 3
mg.mL* were added to each of them, in dark conditions. The cells were then incubated
in the humidified incubator for 4 hours, enabling the formation of formazan crystals. The
resulting purple needle-shaped crystals were dissolved by the addition of 150 pL of a
solution of 0.04 M of acidic isopropanol. Since these crystals do not dissolve by the
simple addition of this solution, up and down pipetting was performed in every well until
all crystals disappeared. The absorbance was measured at 570 nm (using 620 nm as the
background wavelength) using the microplate reader (Synergy™ HT). The percentage of
viable cells was obtained using the following equation:

(Absorbance at 570 nm—Absorbance at 620 nm) ps reated samples

MTT reduction (%) = x 100%

(Absorbance at 570 nm—Absorbance at 620 nm) control samples

2.14 Laser-induced model of CNV

All animal procedures were performed according to the decree law n° 113/2013
(a national legislation that transposes the European directive 63/2010/CE) and other
related legislations. Moreover, this study was approved by the Animal Welfare
Committee of the Coimbra Institute for Clinical and Biomedical Research (iCBR),
Faculty of Medicine, University of Coimbra and the Portuguese Veterinary Direction
(ORBEA: 03/2021). All the procedures carried out on animals were performed by a
researcher (MSc Joana Martins) with an accreditation for animal research from the same
entity (Ministerial directive 1005/92).

Wild-type C57BL/6J mice (pigmented mice) were born and raised at the bioterium
of Coimbra’s Institute for Clinical and Biomedical Research. Throughout the animal
model, mice were kept in individually ventilated cage systems and fed with a standard
laboratory diet, including water intake.

The CNV induction model, based on the works of S. J. Ryan (Ryan, 1979), Gong
(Gong, et al., 2015) and Balser (Balser, Wolf, Herb, & Langmann, 2019), started with the
preparation of the anesthesia. Starting from stock solutions of Nimatek (ketamine) and
Sedator (medetomidine), both from Dechra, at concentrations of 100 mg.mL™* and 1
mg.mL™, respectively, mixtures of the two were prepared for each animal in a saline
solution of 0,9% NaCl, with the aim of delivering 75 mg.kg™* of Nimatek and 1 mg.kg™
of Sedator per animal. After anesthesia preparation, the subject was intraperitoneally
injected with it, quickly fell asleep, and drops of 10 mg.mL* of Tropicil Top®
(tropicamide), a pupil dilator, and 4 mg.mL™ of Anestocil® (oxybuprocaine), a topical
anesthetic, both from Edol, were topically administered to eyes of the mice. Celluvisc®
(carmellose sodium) 1% w/v, an Allergan product, was also topically applied to the eyes
throughout the whole procedure. Laser irradiation was performed in both eyes, with a
Vitra™ 2 laser, by Quantel Medical, focusing on four different spots, with specific laser
settings (Power: 120 mW; Spot size: 50 um; Pulse duration: 100 ms), with the assistance
of a slit lamp and a coverslip (in contact with the eye). These laser spots were distributed
in square or diamond shapes, across four different quadrants, since they were meant to be
equally distanced between themselves and to the optic nerve, around double the diameter
of the optic nerve disc.
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2.14.1 Optical Coherence Tomography (OCT)

Eye fundus photographs and cross-sectional images of the retina were taken by
spectrum-domain OCT using a Phoenix Micron™ IV Retinal Imaging Microscope
(Phoenix Technology Group) before and immediately after laser irradiation, as well as at
days 3, 7, and 14 after laser photocoagulation.

2.14.2 Fluorescein Angiography

Fluorescein angiography was performed using the Phoenix Micron™ IV at days
7 and 14 after laser photocoagulation. For this procedure, mice were anesthetized, in the
same conditions described for CNV induction. After falling asleep, they were
intraperitoneally injected with 5% fluorescein sodium, to better visualize the retinal and
choroidal vessels and the laser-induced lesions. In some cases, Revazol (atipamezole
hydrochloride), from Dechra, with an initial concentration of 5mg.mL™, was also
administered at a concentration of 10 mg.kg™, thus reversing the sedating effects of
medetomidine, awakening the mice within minutes. Mice were sacrificed on day 15 by
transcardial perfusion.

2.14.3 Tissue Preparation and Immunohistochemistry

Mice were anesthetized, in the same conditions described for CNV induction.
Soon after falling asleep, its abdominal cavity was cut open, the sternum was opened, and
a catheter was placed inside the left ventricle. Thereafter, a transcardial perfusion with
warmed PBS was made, cleansing all blood traces, followed by another one with warmed
4% PFA in 0.1 M PBS, fixating all tissues. Eyes were enucleated and postfixed with 4%
PFA. The cornea was then carefully removed. After one hour in PFA, eyes were washed
with PBS and cryoprotected with 15% and 30% sucrose. The eyecups were covered with
a mixture of embedding medium (Shandon Cryomatrix™, Thermo Scientific) with 30%
sucrose in a proportion of 1:1, and frozen at -80°C. Retinas were sectioned into 14 pum
sections using a freezing microtome (Leica CM3050 S cryostat, from Leica Biosystems).
Retinal cross-sections were collected onto Menzel-Glaser Superfrost® Plus glass slides,
from Thermo Scientific, and stored at -20°C until immunostaining.

For immunohistochemistry on mouse retinal sections, the cryosections were air
dried for 30 minutes. Sections were then fixed in cold acetone (-20°C) for 10 min, washed
several times with PBS, permeabilized with a 1% Triton X-100 solution (Sigma-
Aldrich®) in PBS for 15 minutes. After washing with PBS and blocking with 0.02% BSA
Fraction (Sigma-Aldrich) and 0.25% Triton X-100 in PBS for 30 minutes, slices were
incubated in primary antibodies (rabbit polyclonal Ki67 (Abcam, # Ab15580) and mouse
monoclonal alpha-smooth muscle actin (aSma; Santa Cruz Biotechnology, #sc-53142),
1:100 dilutions in 0.02% BSA and 0.25% Triton X-100 in PBS), for 90 minutes, in a
humidity chamber (built inside a StainTray™ Slide Staining System). One section was
incubated with 5% BSA in PBS, as a negative control. Sections were rinsed with PBS and
incubated with secondary antibodies (Alexa fluor 550 anti-mouse (1:200) and Alexa fluor
488 anti-rabbit (1:200)) diluted in PBS containing DAPI (1:5000) for 1 hour, protected
from light. After washing several times with PBS, sections were mounted with glycergel
(Glycergel Mounting Medium, from Dako) and covered with coverslips. Samples were
imaged using a confocal microscope (LSM 710 confocal microscope, Carl Zeiss).
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2.15 Statistical Analysis

The results are presented as mean = standard error. One-way ANOVA followed by
Tukey’s or Kruskal-Wallis’ tests, employed to calculate the statistical difference between
three or more groups. Data analyses and graphical presentations were performed using
GraphPad Prism 8.0.1. P-value was considered at the 5% level of significance to deduce
inference of the significance of the data.
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3.1 Photophysical Characterization

ZnTPPF16(SGal)4 (a zinc porphyrin conjugated with four molecules of galactose)
shows a characteristic absorption spectrum of porphyrins, with an intense band between
400-420 nm (Soret band) and a weaker band between 540-580 nm (Q band). Fig. 3.1
displays the absorption spectra of ZnTPPF16(SGal)s in DMSO (A) and in an aqueous
solution (B). The optical density of both Soret (maximum at 415 nm) and Q bands are
higher in DMSO than in an aqueous solution.
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Figure 3.1. Absorption spectra of 2 (black line), 20 (green line) and 50 uM (red line)
ZnTPPF1(SGal)s4 in (A) DMSO and (B) PBS containing 0.5% DMSO and 1% SDS.

The broadening of the bands is related with a reasonable solubility of
ZnTPPF6(SGal)s in aqueous solution. However, its behavior in DMSO and aqueous
solution did not follow strictly the Beer-Lambert at the studied concentrations tested,
which suggest that some aggregation may exist.

The photostability of ZnTPPF16(SGal)s was investigated to assess its potential for
PDT. When in PBS solution, ZnTPPF1s(SGal)s showed to be very stable in the dark
conditions. Light irradiation for 40 min did not also induce a significant absorption
decrease (at 415 nm) of ZnTPPF16(SGal)s in PBS solution (Fig. 3.2). It was important to
guarantee that the PS did not experience considerable degradation when exposed to
visible light. The good photostability of ZnTPPF16(SGal)4 upon 40 min of light irradiation
allowed us to establish that it would be promising for in vitro PDT assays.
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Figure 3.2. Stability of 20 uM ZnTPPF1s(SGal)4 in PBS (with 0.5% DMSO) in dark
conditions (black) and under white LED at a fluence rate of 8.4 mW.cm-.

Other properties of ZnTPPF16(SGal)s such as its potential to generate 'O, are
relevant for photoinduced processes in PDT, although they were not investigated in this
study.

3.2 Manufacture and Characterization of Exosomal
ZNTPPF15(SGal)s

The main goal was to devise a new approach for bettering AMD management by
focusing on fibrosis and CNV. Exosomal ZnTPPF16(SGal)s was originated to test the
ability of exosomes to deliver ZnTPPF16(SGal)s to fibroblast-like cells. Given the
potential of EVs to serve to cell-to-cell communication, this approach could provide a
significant benefit in terms of more efficient PS delivery to fibroblast-like and endothelial
cells of choroidal neovessels in patients with wet AMD.

As a source of exosomes, we used porcine eyecups with the RPE exposed to the
culture medium. Although ultracentrifugation is the gold standard for exosome isolation
(Antimisiaris, Mourtas, & Marazioti, 2018), we have chosen a commercially available
isolation reagent kit. The main benefit of using this kit was that it produced a high yield
of exosomes while also being a simple and rapid procedure that did not require any extra
equipment. TEM was used to analyze exosomes isolated from conditioned media bathing
the RPE surface of pig eyecups in terms of morphology and size (Fig. 3.3). They showed
a round-shaped vesicular morphology, and their size varied from 50 to 80 nm (Fig. 3.3A),
which is consistent with what has been reported in the literature (Antimisiaris, Mourtas,
& Marazioti, 2018). When we characterized the RPE-derived exosomes using NTA, we
found that mean particle diameter and modal diameter are about 145 nm and 115 nm,
respectively (Fig. 3.3B). Although the origin of released exosomes was not confirmed,
the content of a RPE marker, such as RPEG5, could indicate whether exosomes are mostly
produced from RPE cells (Klingeborn, et al., 2017).
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Figure 3.3. Exosomes isolated from conditioned medium bathing the RPE surface
(30 min of incubation) of porcine eyecups. Exosomes released by porcine eyecups
under control conditions (in DMEM/F-12, GlutaMAX containing 1% exo-free FBS) were
isolated using Total Exosome Isolation kit, filtered, and analyzed by (A) TEM and (B)
NTA. (A) Representative image of EVs released by pig eyecups visualized by TEM. Scale
bar 100 nm (B) NTA showing the concentration of EVs from porcine eyecups when a
solution of 100 uL was prepared with 10 uL of the exosome sample.

One of the most significant drawbacks of EVs as a potential drug delivery system
is their inability to properly load drugs. Exosome loading has been examined using a
variety of methods, including a simple incubation of the vesicles with lipophilic
molecules and hydrophobically modified compounds, repetitive freezing-thawing
techniques, saponin permeabilization, extrusion, sonication, and electroporation (Villa,
Quarto, & Tasso, 2019).

Bath sonication and probe sonication, both in combination with passive diffusion,
were used in this work. Different quantities of exosomes from eyecups and PS in
concentrations ranging from 12.5 to 50 uM were tested (Fig. 3.4A). Entrapped
ZnTPPF(SGal)s into exosomes were purified using Centricons® (Centrifugal
purification device), with a cut-off of 10 kDa. If we assume that free PS has around 1.8
kDa, it is expected that it passes through the filter. Based on the fluorescent characteristics
of the PS, fluorescence spectroscopy (Synergy™) was used to assess the loading
efficiency of the PS into the exosomes. For that, fluorescence after bath sonication or
probe sonication and after purification of exosomal ZnTPPF16(SGal)s for each of the
conditions used, was measured (Fig. 3.4).
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Figure 3.4. ZnTPPF16(SGal)s encapsulation efficacy. (A) Conditions tested with
different amounts of exosomes (5, 10 and 20 uL) and PS (0, 12.5, 25 and 50 uM) used in
PS encapsulation studies. (B) PS encapsulation efficacy after exosomal permeabilization
using sonication bath and probe sonication; (C) PS encapsulation efficacy with a 3-hour
period of passive diffusion after exosomal permeabilization using sonication bath. (D) PS
encapsulation efficacy with a 3-hour period of passive diffusion after exosomal
permeabilization using probe sonication.

Passive diffusion for 3 hours after sonication bath or probe sonication (Fig.
3.4C&D) led to a higher loading efficacy compared to the condition in that exosomal
ZnTPPF16(SGal)4 purification was performed shortly after sonication (Fig. 3.4B). For the
conditions using 10 uL of exosomes in the mixture, the encapsulation efficacy increased
in a concentration-dependent manner. The sonication bath improved the encapsulation
efficiency compared to probe sonication. For instance, considering the condition in which
10 uL of exosomes and 50 uM PS were used, a higher loading efficiency was obtained,
about 80% and 55% for sonication in an ultrasonic bath and probe sonication, respectively
(Fig. 3.4C & D). However, doubling the number of exosomes (to 20 uL) did not lead to
a significant increase in the loading efficacy of any of the conditions tested.

According to Antimisiaris et al. (Antimisiaris, Mourtas, & Marazioti, 2018),
passive diffusion, which is achieved by incubation of a drug with EVs, usually results in
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a poor loading efficacy, depending on the lipophilic properties of the drug and the
concentration gradient. Due to this drawback, both sonication bath and probe sonication
approaches were used, which are known to cause deformations in exosome membranes,
most likely by the development of temporary holes (Haney, et al., 2015). Under
sonication, reformation of exosomal membranes may allow drugs to penetrate through
lipid bilayers (Soo Kim, et al., 2016). In this study, the combination of diffusion with the
sonication procedure enhanced PS incorporation/association efficiency. However, the
stability of both the ZnTPPF16(SGal)s structure and exosomal ZnTPPF16(SGal)s were not
explored in this work.
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Figure 3.5. Particle concentration, size distribution profile and TEM of exosome
samples and exosomal ZnTPPFis(SGal)s from pig eyecups. (A) Exosomal
ZnTPPF16(SGal)s preparation after exosomes permeabilization with sonication bath and
(B) probe sonication. (A) and (B) TEM images of exosomal ZnTPPF16(SGal)a. Triplicates
to quintuplicates measurements of the same sample were measured. Scale bar: 100 nm.
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Exosomal ZnTPPF16(SGal)s formulations were analysed by NTA (Fig 3.5A&B).
The concentration of exosomes in solution without PS and any sonication was 2.99x108
+ 1.37x107 particles/mL. Although sonication bath and probe sonication followed by
centrifugation in Centricons® showed a decrease in the concentration of the particles,
their morphology was not impaired as observed by TEM (Fig. 3.5A&B). When
ZnTPPF16(SGal)s loading was conducted, the modal diameter of the vesicles increased
(Fig. 3.5A,B&C). Interestingly, exosomal ZnTPPFi(SGal)s formulations presented
denser vesicles comparing with vesicles that were not loaded with the drug, which
suggests encapsulation/association of the zinc (I1) metalated porphyrin (Fig. 3.5A&B).
The membrane appeared to be intact as well. Although these findings suggest that the PS
is encapsulated, further studies are needed to determine whether the PS is loaded in the
exosomes or is associated with their surface. Scanning Electron Microscopy, a 3D
imaging technology based on the same principle as TEM, the employment of electron
beams to detect nanoparticles, is one viable option. (Wu, Deng, & Klinke 11, 2015).

Following the outcome of NTA, we assumed a loss of exosomes was occurring
either during permeabilization (sonication) and/or purification (in Centricons®),
decreasing the concentration of these vesicles. However, this hypothesis should be further
investigated by Diffuse Light Scattering, the most common technique used in the
assessment of the size distribution of nanoparticles (Kim, Beng Ng, Bernt, & Cho, 2019).

Table 3.1. Protein concentration of exosomes or exosomal ZnTPPFis(SGal)a.

Sonication bath Probe sonication
Exosomes A E A E
[Protein], pg/pL  1.47+0.02 1.35+0.08 1.35+0.08 1.34+0.12 1.351+0.16

Data are presented as mean + SD.

We noticed a small decrease in protein concentration after exosomal
permeabilization, consistent with the lower vesicles” concentration after the two
sonication methods and purification in Centricons® (Table 3.1). We also measured the
protein concentration of exosomes after their permeabilization, but before the purification
in Centricons®. We found that exosomal permeabilization may have slightly affected
protein concentration (Concentration of exosomal protein after permeabilization: i)
Sonication bath: A —1.39 + 0.092 mg/mL; E — 1.37 £ 0.093 mg/mL; ii) Probe sonication:
A — 135+ 0.11 mg/mL; E - 1.38 £ 0.14 mg/mL). These results are consistent with the
exosome loss seen by NTA (Fig. 3.5) and revealed it was mostly due to sonication. This
loss in protein concentration was expected since studies report that sonication can
compromise the integrity of the exosome’s membrane (Luan, et al., 2017). To reestablish
its integrity, Luan et al. suggested an incubation at 37°C, which could be a possible
solution to overcome exosome loss.
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3.3 Cellular Uptake of Free ZnTPPF1s(SGal)s by ARPE-19 Cells

In vitro research began with the assessment of cellular uptake of free
ZnTPPFe(SGal)s. In previous PDT studies from our group, the incubation of the cells
with PSs was usually in PBS and for a short period. Since we were interested in
performing cellular uptake assays with the exosomal ZnTPPF16(SGal)s for long periods,
we began by comparing free ZnTPPF16(SGal)s uptake in PBS against DMEM/F-12
supplemented with 1% FBS.
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Figure 3.6. Cellular uptake of free ZnTPPFis(SGal)s by ARPE-19 cells. (A)
Calibration curves of the fluorescence of ZnTPPF16(SGal)s in (A) PBS and (B) DMEM/F-
12 + 1% FBS and. (C) ARPE-19 cells were incubated with increasing concentrations of
ZnTPPFe(SGal)s (5, 10 and 15 pM) for different period times in PBS or DMEM/F-12
supplemented with 1% FBS. PS intracellular accumulation was assessed by fluorimetry
and normalized to protein concentration. Data are the mean value + SEM of three
independent experiments performed in triplicates.

The first step was to create calibration curves with known PS concentrations for
both solutions. With this purpose in mind, several concentrations of PS prepared in
DMEM/F-12 supplemented with 1% FBS and PBS (all containing 0.5% DMSO) were
evaluated by fluorescence spectroscopy, yielding the calibration curves shown in Fig.
3.6A&B. There was a similar linear relationship between fluorescence intensity and
concentration of the PS in the two tested incubation solutions. For assessment of the
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cellular uptake of the PS, ARPE-19 cells were incubated with increasing concentrations
of free PS (5, 10, and 15 pM, all with 0.5% DMSO) in PBS, for 1 hour and 2 hours and
DMEM/F-12 supplemented with 1% FBS, for up to 24 hours. Although the cellular
uptake of ZnTPPF16(SGal)s was concentration- and time-dependent for both incubation
solutions, except for the 24-hour incubation in DMEM/F-12, the intracellular
accumulation of the PS up to 2 hours of incubation was significantly increased in PBS
against medium containing FBS (Fig. 3.6C).

Even though the calibration curves in PBS and DMEM/F-12 are similar, the fact
that fluorescence was read immediately after the preparation of the working solutions
may have influenced these findings. To verify whether longer periods lead to aggregation
or changes in fluorescence properties of the PS, calibration curves with the same
incubation periods used for cellular uptake (1h, 2h, 12h, and 24h), should have been
performed. Concerning the differences obtained for cellular uptake between PBS or
DMEM supplemented with 1%FBS, we postulated that a possible interaction between the
FBS and the PS, which could impair the PS” fluorescent properties or prevent it from
being recognized by the cells, could be the reason for the low values of cellular uptake,
which is based on the fluorescence of the compound.

3.4 Toxicity of Free ZnTPPF15(SGal)s in ARPE-19 cells in dark
conditions and after light irradiation

One of the properties a PS should possess to be suitable for PDT is the absence of
cytotoxicity per se in the absence of light (dark). The toxicity in dark conditions of
ZnTPPFe(SGal)s in ARPE-19 cells was examined 24 hours after treatment by the MTT
colorimetric assay. Cells were incubated with 5, 10 and 15 uM of PS for 1, 2, 12 and 24
hours in darkness. As expected, non-irradiated cells did not present significant changes
in cellular viability after PS incubation (Fig. 3.7A). When cells were incubated with the
PS and then irradiated using a LED system, for 40 min, there was a significant decrease
in cell viability (Fig. 3.7B). Moreover, phototoxicity was greater when incubation for 1
hour with the PS (only up to 10 uM) was performed in PBS comparatively to DMEM/F-
12. The increase in phototoxicity was concentration- and time-dependent (Fig. 3.7B). The
lower phototoxicity found in DMEM/F-12 solutions can be related to the lower cellular
uptake, as mentioned previously. For example, one study reported a significant influence
of FBS in the cytotoxicity of biodegradable metals (Jablonska, Kubések, VVojtech, Ruml,
& Lipov, 2021).
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Figure 3.7. ZnTPPF16(SGal)4 toxicity in ARPE-19 cells in the dark (A) and after light
irradiation (B). ARPE-19 cells were incubated with ZnTPPFi(SGal)s at various
concentrations (5, 10, and 15 uM) for up to 2 hours in PBS and 24 h in DMEM/F-12, in
dark conditions. Cell viability was assessed 24 hours after treatment (dark or after
irradiation with LEDs at 8.4 mW.cm2 for 40 min) using the MTT colorimetric assay. The
percentage of cytotoxicity was calculated relatively to control cells (cells incubated with
PBS or DMEM/F-12). Data are the mean value + S.E.M. of three independent
experiments performed in triplicates. ****P<0,0001) significantly different from control
cells at the same time point (in PBS). One-way ANOVA followed by Tukey’s multiple
comparison test. “P<0.05, #P<0.01, *#*P<0.001 and *##P<0.0001 significantly different
from control cells at the same time point (in DMEM/F-12). One-way ANOVA followed
by Dunn’s multiple comparison test.
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3.5 Cellular Uptake of Free vs Exosomal ZnTPPF1s(SGal)s by
ARPE-19 Cells

After drug loading trials, the delivery capability of exosomal ZnTPPF1s(SGalys
was investigated. After we found that the free PS is quite effective for concentrations
higher than 10 uM, we assessed whether the compound carried in exosomes is an asset
over the free compound, by testing low concentrations of the compound.
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Figure 3.8. Intracellular accumulation of free and exosomal ZnTPPF1s(SGal)s in
ARPE-19 cells. ARPE-19 cells were incubated in the dark with various concentrations
(0.5, 1, 1.5 and 3 puM) in DMEM/F-12 supplemented with 1% FBS at concentrations, for
12 and 24 hours. The intracellular accumulation of the PS was determined by fluorometry
and normalized to total protein quantity. Results are the mean value £ SEM of at least
three independent experiments performed in triplicates. ***P<0.001, ****P<0.0001
significantly different from cells incubated with 0.5 uM of free PS, at the same time point.
#P<0.01, *#P<0.001 significantly different from cells incubated with 0.5 uM of
exosomal PS, at the same time point. No significant changes found between the free form
of the PS and exosomal PS for the concentration and time point. One-way ANOVA
followed by Kruskal-Wallis multiple comparison test was performed.

Exosomal ZnTPPF16(SGal)s generated the previous day was incubated in ARPE-
19 cells at the same nanomoles utilized in free PS administration. For both the 12- and
24-hour incubation periods, although there was a tendency to an increase in the cellular
absorption of ZnTPPF16(SGal)s for free PS compared to exosomal PS, the differences
were not statistically significant (Fig. 3.8). Moreover, cellular uptake was concentration-
dependent. According to these results, the use of exosomes as drug carriers did not lead
to enhanced PS internalization in fibroblast-like cells, the ARPE-19. Exosomes came
from a different species (swine) and cell type (RPE cells) than the target cells (human
origin and fibroblast-like). The vesicles usually carry important features of the parental
cells and can act on the cell itself (have an autocrine activity) (Antimisiaris, Mourtas, &
Marazioti, 2018). We used the native RPE as a source of exosomes for PS loading
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purposes as a proof-of-concept in our investigation, even though it was not the best
choice. Following this study, the assessment of PDT effect of exosomal
ZnTPPF1e(SGal)s, with exosomes derived from ARPE-19 cells would be of interest.

3.6 Toxicity of Free vs Exosomal ZnTPPFs(SGal)s in ARPE-19
cells in Dark Conditions and after Light Irradiation

The following step of this study was to understand how exosomal PS affects
cellular viability in the dark and after light irradiation, in comparison with free PS. The
toxicity in dark conditions of ZnTPPF1(SGal)s and exosomal ZnTPPF1(SGal)s on
ARPE-19 cells was examined 24 hours after treatment by MTT. As we intended to assess
whether the exosomal PS would be of added value over the PS in its free form, lower
concentrations were tested. The cells were incubated for 12 hours or 24 hours in darkness
with 0.5, 1, 1.5 and 3 uM PS. As expected, ZnTPPF(SGal)s and exosomal
ZnTPPF16(SGal)s were not toxic in the absence of light (Fig. 3.9A). Exosomal PS
incubation for 12 and 24 hours revealed no cytotoxicity, indicating that using exosomes
as a PS carrier is safe.

For the PDT assays, ARPE-19 cells were incubated with free and exosomal
ZnTPPF16(SGal)4 at various concentrations (0.5, 1, 1.5 and 3 uM) for 12 or 24 hours in
the dark and then irradiated for 40 min. Similar to what was observed for higher
concentrations, the PS in its free and exosomal forms at lower concentrations induced
phototoxicity in a concentration- and time-dependent manner. However, for all the
concentrations tested, the differences in MTT reduction were not statistically significant
between free PS and exosomal PS (Fig. 3.9B). Here, we did not see the expected increase
in cell death for exosomal PS samples, contrarily to a previous study made with exosomes
isolated from MDA cells (breast cancer cells) in these same cells, where the encapsulated
porphyrin showed a higher phototoxicity than its free form (Fuhrmann, Serio, Mazo, Nair,
& Stevens, 2014). Once again, this could be the result of the use of non-specific exosomes
(not derived from the treated cells), possibly incompatible (little to no affinity) with
ARPE-19 cells. For further understanding of these results, future in vivo studies should
be performed, preferably with exosomes derived from the same type of cells.
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Figure 3.9. ZnTPPF1s(SGal)4 and exosomal ZnTPPF16(SGal)4 toxicity in ARPE-19
cells in the dark and after light irradiation. ARPE-19 cells were incubated with
ZnTPPFs(SGal)s at 0.5, 1 and 1.5 mM for 12 and 24 hours in DMEM/F-12, in dark
conditions. Cell viability was assessed 24 hours after treatment (dark (A) or after
irradiation with LEDs at 8.4 mW.cm™ for 40 min (B)) using the MTT colorimetric assay.
The percentage of cytotoxicity was calculated relatively to control cells (cells incubated
without PS). Data are the mean value = S.E.M. of three independent experiments
performed in triplicates. Free PS: *P<0.05, **P<0.01, ***P<0.001 significantly different
from cells incubated in DMEM/F-12, at the same time point. Exosomal PS: #P<0.05,
##P<0,001 significantly different from cells incubated in DMEM/F-12, at the same time
point. No significant changes found between the free form of the PS and exosomal PS
MTT reduction for the same concentrations and time points. One-way ANOVA followed
by Kruskal-Wallis multiple comparison test was performed.
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3.7 Laser-induced Choroidal Neovascularization leads to Retinal
Lesions

As we intend to assess the effectiveness of PDT with ZnTPPF16(SGal)s and
exosomal ZnTPPFie(SGal)s in vivo soon, we established a laser-induced CNV animal
model in our laboratory. Lesions were created by one laser-induced CNV protocol. The
mice were anesthetized, their pupils dilated, and CNV induction involved laser burning
of Bruch’s membrane at four positions around the optic disc. We did not consider lesions
that were bleeding after initial laser burn. The lesions were confirmed by OCT at 3, 7,
and 14 days post-laser and fundus fluorescein angiography at 7, and 14 days post-laser.
They were found to be in the outer layers of the retina, according to OCT (Fig. 3.10).
Fluorescein angiography revealed fluorescein leakage at day 7 (bright spots), which
remained unchanged at day 14, indicating the CNV model was successfully induced (Fig.
3.10). Results showed the presence of a bubble in Bruch’s membrane after laser burn,
thus confirming the success of the laser impact at the RPE (Fig. 3.10B — Day 0). The
appearance of fluorescein leakage at days 7 and 14 was another indicator the CNV model
was successfully induced. Moreover, these spots matched the thickening of the RPE on
cross-sectional retinal images taken from the regions where the rupture of Bruch’s
membrane occurred (Fig. 3.10B).

Because there are inherent differences between mice and human eyes, no single
model can properly recapitulate all features of wet AMD, so this does not constitute a wet
AMD model. Besides the fact that mice do not have macula, this model of CNV is a laser
trauma model (not spontaneous) based on a wound-healing process that occurs after a
Bruch’s membrane damage with laser burning, as described in 1.5, and it is largely reliant
on inflammation (Espinosa-Heidmann, et al., 2003). However, it can be a very useful
model for the study of CNV treatment, an application already seen in previous studies
(e.g., Wolf, Herb, Schramm, & Langmann, 2020). Of note, in this model there is a
spontaneous regression of lesions after 14-21 days. This was obviously not observed due
to the duration of this experiment (14 days).
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A Baseline Day 3

Figure 3.10. Fundus images, OCT and FFA of subretinal lesions. Subretinal lesions
were induced using a laser Vitra 2 in wild-type C57BL/6J mice with four burns on the
fundus of each eye, with the laser settings of 120 mW power, 50 um spot size, and 100
ms pulse duration. Representative eye fundus photographs, cross-sectional retinal images
and fluorescein angiography images from a (A) control mouse (no laser irradiation) and
(B) laser-CNV model.

3.7.1 Immunophenotype of Subretinal Lesions

To further characterize the subretinal lesions, mice were sacrificed at day 14 post-
laser, the eyes enucleated and frozen. Eye cross-sections were double-stained for a-SMA
and Ki67. a-SMA stains fibrosis and the proliferator marker Ki67 identifies cells in G1
phase, phase S, G2 phase, or mitosis, but not in GO. Ki67 is normally expressed in the
nucleus, and its cytoplasmic expression is supposed to signify that the cell is in active
mitosis. Ki67 staining was essentially at the cytoplasm of the cells (Fig.3.11). a-SMA
stained also in the area of the lesion, suggesting that this area became a fibrotic lesion
(Fig. 3.11; arrows). Co-localization of Ki67 and a-SMA was observed on the laser-
induced CNV (Fig. 3.11; asterisks).
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Control

Laser-induced CNV

Figure 3.11. Double immunofluorescence staining of a-SMA and Ki67 in
cryosections of eyes from laser-induced CNV mice at 14 days p.l. Representative
confocal images for control and laser-induced CNV mice, showing a-SMA (red) and
Ki67 (green) immunoreactivity and nuclear staining with DAPI (blue) in retinal sections.
Scale bar: 20 um. Legend: GCL - ganglion cell layer; IPL: inner plexiform layer; INL:
inner nuclear layer; ONL: outer nuclear layer; PRL: photoreceptor layer.

The results shown in Fig. 3.11 revealed the afore-mentioned co-localization of
Ki67 and a-SMA, an indication of newly formed fibrosis, since a-SMA and Ki67 identify
fibrosis and proliferating cells, respectively. This fibrosis should be the consequence of a
wound healing response to the tissue damage provoked by the CNV (in data not shown,
immunostaining of CD31, a marker for endothelial cells, revealed the presence of CNV
in some lesions), as reported by Ishikawa (Ishikawa, Kannan, & Hinton, 2015). Hence,
this model can also be useful for the study of retinal fibrosis.
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Chapter IV

Conclusion and Future
Perspectives
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This work consisted of the study of a drug delivery system composed by a zinc-
porphyrin conjugated with four thiogalactose molecules, ZnTPPFi(SGal)s, and
exosomes, to act as drug carriers, as a potential alternative for PDT treatment of fibrosis
in wet AMD patients. Exosomes are known to take part in intercellular communication
and show affinity to certain tissues, depending on their origin. The inclusion of galactose
molecules was an attempt to increase the selectivity to Gall and Gal3 since previous
studies had shown the expression of Gall and Gal3 in angiogenic and fibrogenic
processes found in wet AMD.

The photophysical characterization of the PS, specifically its absorption spectrum,
photostability and fluorescence, was performed. Results showed the PS exhibits Soret and
Q bands characteristic of porphyrins, that it can be described as photostable and that it
possesses fluorescence properties (essential for the assessment of drug encapsulation and
cellular uptake). The next step was the manufacturing of PS-loaded exosomes, the so-
called exosomal PS. This was done successfully, as all exosomal PS preparations revealed
some encapsulation efficacy, dependent on the quantity of exosomes and the
concentration of PS. Sonication bath led to better encapsulation efficacy than probe
sonication.

In vitro studies performed in ARPE-19 cells revealed that free PS had a bigger
cellular uptake and phototoxicity in PBS than DMEM/F-12 for 1 and 2 hours (only for
the cellular uptake). We postulate that it may be the result of an interaction with FBS. As
for the cellular uptake and the toxicity in dark conditions and after light irradiation of free
versus exosomal PS for 12 and 24 hours, even though we saw a bigger cellular uptake
and phototoxicity for free PS, statistical analysis revealed it was not significantly different
to the results with exosomal PS. We suppose it might be an incompatibility between the
pig-derived exosomes and the human ARPE-19 cells.

Future research of this alternative treatment for fibrosis in wet AMD should
include some improvements. The most important is that it should be performed with
exosomes derived from the same animal species and type of cells as the ones in study.
Another possible upgrade could be the increase of the incubation period (passive
diffusion) during drug encapsulation, as it may result in an even better encapsulation
efficacy. Lastly, a greater characterization of the exosomal PS, particularly by 3D
imaging, should come as a priority, since it may be important for the understanding of the
bond formed by the PS and the exosomes.

The animal model of CNV induced by laser photocoagulation was well
established, using previous studies used as a reference. Results showed it was efficient in
inducing the rupture of Bruch’s membrane, triggering the development of CNV (data not
shown revealed possible signs of CNV) and fibrosis (probably provoked by the CNV) in
lesion areas. The establishment of an animal model of CNV induced by laser
photocoagulation that also presents fibrosis, opens up the possibility to assess the
photodynamic effect of both free ZnTPPF16(SGal)s and exosomal ZnTPPF1(SGal)a.
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