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Resumo

A ataxia espinocerebelosa do tipo 3 (SCA3), também conhecida como doenca de
Machado-Joseph (MJD), é uma doenga neurodegenerativa hereditaria autossomica
dominante. Esta doenca é devida a uma mutagdo no gene MJD1/ATXN3 envolvendo
um aumento do numero de repeticdes no codao CAG, que se traduz numa expansao
de poliglutaminas na proteina Ataxina-3. O gene mutado apresenta 55-87 repeticoes
CAG, enquanto o gene normal tem 10-51 repeticdes. A MJD caracteriza-se pela
presenca de inclusdes intranucleares e extensa morte neuronal, afetando diversas
regides cerebrais, particularmente o cerebelo. Clinicamente, os doentes apresentam
varios sintomas, como comprometimento da coordenagdo motora, disartria e
disfagia. Atualmente, ndo ha terapia disponivel para interromper ou atrasar a
progressao da doenca.

Existem varios estudos que comprovam a disseminacao de proteinas aberrantes
associadas a doencas neurodegenerativas entre varias regides do Sistema Nervoso
Central. Vesiculas extracelulares (EVs), como exossomas, microvesiculas e corpos
apoptoticos, demonstraram nos Ultimos anos envolvimento em varias patologias, em
particular, doengas neurodegenerativas. As EVs tém sido associadas a disseminacao
de proteinas aberrantes em doencas como a doenca de Creutzfeld-Jacob, a doenca
de Huntington ou a doenga de Alzheimer. Foi proposto que a disseminacao
“infeciosa” de proteinas mutantes pode desempenhar um papel crucial na morte
neuronal e progressao da doenca.

Para estudar este processo, € atualmente possivel utilizar Células-estaminais
pluripotentes induzidas (iPSCs), obtidas pela reprogramacéo de células somaticas. As
iPSCs revolucionaram o campo dos modelos de doenca, na medida em que permitem
0 acesso a neurdnios dos doentes, portanto com toda informagdo genética do
doente, o que lhes confere particular relevancia fisiolégica. Neste trabalho as EVs

testados foram obtidas de células-estaminais neuroepiteliais derivadas de iPSCs
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(NESCs), e de culturas neuronais derivadas de NESCs de individuos controlo e de
doentes de MJD.

O presente trabalho teve como objetivo investigar se a neuropatologia da MJD é
disseminada pelo cérebro por meio de EVs, o que podera promover a agregacao de
Ataxina-3 mutante, neuroinflamacdo, mediadores apoptoéticos e alteragdes da
autofagia, desencadeando morte neuronal em regides distantes do cérebro,
contribuindo para o agravamento da neuropatologia. Para testar esta hipdtese, na
primeira tarefa, EVs derivadas de NESCs controlo e MJD foram submetidas a uma
caracterizacao fisica (tamanho, forma, concentracdo) e de conteldo (tais como
marcadores de autofagia, marcadores de inflamacdo, niveis de Ataxin-3 mutantes,
marcadores apoptdticos), com o intuito de avaliar potenciais diferencas entre EVs
derivados de células controlo e de células MJD.

A segunda tarefa teve como objetivo testar a hipotese das EVs funcionarem como
veiculos de propagacdo de Ataxina-3 mutante e de fatores agravantes da
neuropatologia. Para isso, foram adicionadas EVs derivadas de NESCs de doentes de
MJD a culturas neuronais derivadas de iPSCs de individuos controlo. Em seguida, os
niveis de Ataxina-3 mutante, de autofagia e de mediadores apoptoticos foram
avaliados nessas células neuronais, a fim de avaliar se as EVs de doentes MJD
conseguem induzir neuropatologia em células controlo. Além disso, nesta tarefa,
também averiguamos se o contato celular é necessario para a formagdo de inclusdes
de Ataxina-3 mutante e o agravamento da neuropatologia.

Na terceira tarefa, investigdmos se a disseminagdo de Ataxina-3 mutante ocorre in
vivo. Com esta finalidade, NESCs derivadas de iPSCs foram transplantadas no
cerebelo de murganhos e foi avaliada a presenca de inclusdes de Ataxina-3 mutantes
fora do enxerto.

O nosso trabalho sugere que poderao existir diferengas fisicas e fisioldgicas entre EVs
derivadas de doentes de MJD e controlos. Observamos também diferencas em
processos celulares relevantes apds a incubacdao com EVs derivadas de doentes MJD
e controlos. Finalmente, concluimos que a disseminacao da Ataxina-3 mutante

podera ocorrer tanto in vitro como in vivo.
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Abstract

Spinocerebellar Ataxia Type 3 (SCA3), also known as Machado-Joseph Disease (MJD),
is an inherited autosomal dominant neurodegenerative disease. This disease arises
from a mutation in the MJDI/ATXN3 gene, in which an increased number of CAG
repeats result in an expanded polyglutamine tract in the Ataxin-3 protein. The
mutated gene presents 55-87 CAG repeats, while the normal gene has 10-51 repeats.
Pathologically, MJD is characterized by the presence of neuronal intranuclear
inclusions and extensive neuronal death, affecting diverse brain regions, particularly
the cerebellum. Clinically, the patients present several symptoms such as impaired
motor coordination, dysarthria and dysphagia. Presently there is no therapy available
to stop or delay the progression of this disease.

Evidence for the neuropathological spreading of aberrant, disease-causing proteins
across the brain exist. Extracellular vesicles (EVs), such as exosomes, microvesicles and
apoptotic bodies, rouse in recent years as playing an important role in several
diseases, in particular, neurodegenerative diseases. EVs have been linked to the
spreading of aberrant proteins in diseases such as Creutzfeld-Jacob disease,
Huntington’s disease and Alzheimer’s disease. It is hypothesized that “infectious
spread and seeding” of mutant proteins may play a crucial role in neuronal death and
disease progression.

To test this hypothsesis, induced Pluripotent Stem Cells (iPSCs), obtained by
reprogramming somatic cells, can be used, iPSCs came to revolutionize the field of
disease modeling in a way that researchers have now access to patient’s neurons and
are able to work with all the genetic background related to the diseases. In this work
the tested EVs were obtained from control and MJD-patient’s iPSCs-derived
neuroepithelial stem cells (NESCs), and their differentiated neural cultures.

The present work aimed at investigate whether MJD neuropathology is spread

through the brain via EVs, which may promote seeding of mutant Ataxin-3,
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neuroinflammation, apoptotic mediators and autophagy alterations, triggering
mutant Ataxin-3 aggregation and neuronal death in distant brain regions and so
contributing for neuropathology aggravation. To test this hypothesis, in the first task,
EVs derived from control NESCs and MJD NESCs were submitted to a physical (e.g.
size, shape, concentration) and content (e.g. autophagy markers, inflammation
markers, mutant Ataxin-3 levels, apoptotic markers) characterization in order to
evaluate potential differences between control and MJD patient-derived EVs.

The second task aimed to test the hypothesis of EVs being the spreading vehicles of
mutant Ataxin-3 and neuropathology aggravation factors. For this, MJD NESCs-
derived EVs were added to control cultures of human iPSCs-derived neurons. Then,
mutant Ataxin-3 inclusions, autophagy and apoptotic mediators levels were evaluated
in these cells in order to assess if EVs from MJD patients can deliver disease causing
factors to control "healthy” cells. Moreover, in this task we also investigated whether
cellular contact is needed to seed mutant Ataxin-3 inclusions and aggravation of
neuropathology.

In the third task, we investigated whether neuropathological seeding occurs in vivo.
For this, MJD iPSCs-derived NESCs were transplanted into the cerebellum of mice and
it was assessed the presence of mutant Ataxin-3 inclusions outside the graft.

In general, our research hint physical as well as physiological differences between
MJD and control-derived EVs. We also observed differences in key cellular processes
upon incubation with MJD and control-derived EVs. Finally we concluded that mutant

Ataxin-3 spreading occurs both in vitro and in vivo.

Keywords: SCA3, Mutant Ataxin-3, Polyglutamine Disorder, iPSCs-derived NESCs,

Extracellular Vesicles, Spreading.
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Introduction

1.1. Machado-Joseph Disease

Machado-Joseph Disease (MJD), also known as Spinocerebellar Ataxia Type 3 (SCA3)
is the most common form of SCA and was first described in Portuguese immigrants
living in the USA, in 1972 (Nakano, Dawson, and Spence, 1972; Schdls et al., 2004). In
fact, Portugal is one of the countries most affected by this disease and the Azorean
island of Flores has the highest worldwide prevalence (1:239) (Bettencourt et al.,
2008). Nevertheless, SCAs are rare diseases, with a worldwide prevalence ranging
from 0.3 to 2 per 100,000 (Van De Warrenburg et al., 2002). The mean age of onset is
40, with a wide range between 4 (Carvalho et al., 2008) and 70 years (Coutinho, 1992).
The mean survival time after diagnosis is 21 years (Kieling et al., 2007).

MJD is an inherited autosomal dominant neurodegenerative disease that arises from
a mutation in the MJD1 (or ATXN3) gene, present in the exon 10 (Ichikawa et al.,
2001) of the chromosome 14g32.1, in which an increased number of the cytosine-
adenine-guanine (CAG) trinucleotide result in an expanded polyglutamine (polyQ)
tract in the Ataxin-3 protein, consequently causing protein misfolding and
aggregation. The normal ATXN3 gene has 10-51 CAG repeats and the mutated gene
presents 55-87 repeats (Takiyama et al., 1993; Kawaguchi et al., 1994).

Although not yet fully clarified, it is believed that the physiological function of Ataxin-
3 is involved in regulating the ubiquitin-proteosome system and, with the regulation
of some transcriptional factors (Li et al., 2002; Evert et al., 2006; Nobrega et al., 2018).
Whereas, the mutant Ataxin-3 leads to a toxic gain of function, because this mutated
protein has a tendency to aggregate and form insoluble oligomeric structures
causing impairment of several cellular mechanisms (Doss-Pepe et al., 2003; Liu et al,
2016). As well as by the recruitment of other proteins into the inclusions, impairing
their normal functions and causing cellular toxicity at several pathways (Donaldson et
al., 2003).
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1.1.1. Neuropathology of MJD

MJD is characterized by the presence of neuronal intranuclear inclusions and
extensive neuronal death, affecting diverse brain regions (Paulson et al., 1997) such as
the cerebellum, vermis, dentate nucleus, brainstem, basal ganglia, substantia nigra,
thalamus and spinal cord (Figure 1.1); whereas the cerebral cortex seems to be
spared from this atrophy (Rib et al., Brunt, and Deller 2008; Schulz et al., 2010;
Scherzed et al., 2012; Paulson, 2012). Despite being a hallmark of the disease,
evidence suggests that no direct correlation exists between neuronal inclusions and
neurodegeneration (Yamada et al., 2004; Paulson, 2012) and, in some studies with
other polyQ diseases, it is even suggested that these aggregates may play a
neuroprotective role (Arrasate et al., 2004). Interestingly, a direct correlation between
the number of CAG repetitions (extension of the polyQ tract) and disease severity has
been established, and an inverse correlation exists between the number of CAG
repetitions and the age of onset, indicating that the higher the number of repetitions,

the sooner the age of onset (Maciel et al., 1995).

Basal ganglia

Thalamus

Substantia
nigra

Cerebellum Brainstem

Figure 1.1. Brain regions affected in MJD. Large dots indicate severe neuronal loss. Blue
dots indicate involvement of extrapyramidal nuclei. Green dots indicate cranial nerve
involvement (Adapted from Taroni and DiDonato, 2004).
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1.1.2.1. Proteolytic Cleavage of Mutant Ataxin-3

One of the molecular mechanisms associated to the neurodegeneration observed in
MJD is the proteolytic cleavage of mutant Ataxin-3 protein (Figure 1.2). The “toxic
fragment” hypothesis postulates that protein fragments are more toxic and
aggregation prone than the full length mutant Ataxin-3 protein (Wellington et al,
1998). In fact, it was shown that mutant Ataxin-3 fragments increase in direct relation
with disease severity in post mortem brains of MJD patients and transgenic animal
model (Goti, 2004). These cleaved fragments are thought to be essential for inclusion
formation and sequestration of other proteins, causing toxicity and neuronal loss
(Goti, 2004; Jung et al., 2009). Particularly, the C-terminal fragment of Ataxin-3, where
the expanded polyQ tract is found, was shown to be prone to aggregate in the
nucleus, the main subcellular compartment where mutant Ataxin-3 accumulates
(Breuer et al., 2010; Evers, Toonen, and van Roon-Mom, 2014). Caspases and calpains
were shown to play important roles in this proteolytic cleavage (Shoesmith Berke et
al., 2004; Hibener et al., 2013) and, their inhibition alleviated MJD neurodegeneration
(Haacke, Hartl, and Breuer, 2007; Simdes et al., 2012; Simoes et al., 2014).

1.1.2.2. Impairment of Cellular Clearance Mechanisms (UPS and Autophagy)

Cellular clearance processes, like Ubiquitin-Proteosome System (UPS) and autophagy,
are impaired in MJD (Figure 1.2). These two mechanisms are cellular “cleaning”
systems responsible for the management of cellular waste. Ataxin-3 directly interferes
with UPS by deubiquitination (DUB activity) of proteins before degradation (Doss-
Pepe et al., 2003; Winborn et al., 2008). However, this is not completely clear because
the DUB function seems not to be compromised by mutant Ataxin-3 (Burnett, Li, and
Pittman, 2003). Even so, the presence of the polyQ tract and the proteins tendency to
accumulate may impair the UPS, leading to deficient removal of misfolded proteins
and an accumulation of ubiquitin tagged proteins (Bence, Sampat, and Kopito, 2001).
Concerning to autophagy evidence suggests that it is impaired in MJD patients
(Ravikumar, 2002; Onofre et al., 2016). It has been reported that proteins associated

with autophagy machinery, like p62, LC3-B and Beclin-1, are entrapped within mutant
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Ataxin-3 aggregates (Nascimento-Ferreira et al, 2011), which might explain the
autophagy impairment given that these protein will not be available to carry out their
functions. In this matter, induction of autophagy was shown to alleviate
neuropathological and phenotypical hallmarks of MJD (Menzies et al, 2010;

Nascimento-Ferreira et al., 2011).

1.1.2.3. Impaired Axonal Transport

Other cell function that might be affected in MJD is the axonal transport, given that
the presence of intracellular inclusions may affect the normal transport of signaling
molecules and organelles over the axon, leading to neuronal vulnerability and
ultimately neuronal death, as was already shown for other polyQ diseases like
Huntington’s Disease (HD) (Szebenyi et al., 2003). This axonal transport anomaly
could help to explain some of the symptomatic manifestations presented by MJD
patients (Klockgether et al., 1999) (Figure 1.2). But ultimately no direct correlation
could yet be established between impaired axonal transport and MJD

neuropathology.
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Figure 1.2. Altered cellular mechanisms in MJD. Adapted from Ndébrega, and Pereira de
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Almeida, 2012.

1.1.2.4. Dysregulation of Calcium Homeostasis

Calcium homeostasis is another neuronal mechanism that evidence suggests to be
dysregulated in neurodegenerative diseases (Bezprozvanny, 2009). This cellular
process is crucial for neural viability and synaptic activity and lack of equilibrium in
intranuclear calcium concentration may be sufficient to cause toxicity and consequent
neurodegeneration (Figure 1.2) (Brini et al., 2014). Evidence specifically linking calcium
deregulation to MJD is lacking, however, one study showed motor coordination
improvement and prevention of neuronal loss in a MJD transgenic mouse model with

long-term treatment with dantrolene, a general calcium stabilizer (Chen et al., 2008).

1.1.2.5. Dysregulation of Transcription

Endogenous Ataxin-3 also presents transcription regulation activity by interacting
with several transcription factors like cAMP-response element binding protein (CBP),
p300 and their associated coactivators, repressing their transcriptional activity (Figure
1.2) (Li et al., 2002; Chou et al., 2008). The dysfunctional transcription caused by the
mutant Ataxin-3 has been implicated in the overexpression of inflammatory signals
that cause the characteristic neuroinflammation observed in MJD. Evert and
colleagues found that cells expressing mutant Ataxin-3 had increased expression of
matrix metalloproteinase 2 (MMP-2), transmembrane protein amyloid precursor
protein (APP), interleukin-1 receptor-related Fos-inducible transcript, and the
cytokine stromal cell-derived factor lalpha (SDF1la) mRNA. In the same study, the
referred cells also had an upregulation in proinflammatory cytokine interleukin-1beta
(IL-1B) and the proinflammatory chemokine SDF1, as well as increased reactive
astrocytes and activated microglia (Evert et al., 2001). Another study of the same
authors identified several other genes which expression is dysregulated in MJD cells.
One of these genes is Brain-Derived Neurotrophic Factor (BDNF), which they show to
be downregulated in MJD neurons, resulting in the lack of the essential neurotrophic

support provided by this factor (Evert et al., 2003). Additionally, the microRNA's
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(miRNA) expression, which have important functions in gene expression regulation, is

also dysregulated in MJD (Carmona et al., 2017).

1.1.2.6. Mitochondrial Dysfunction

Regarding mitochondria, evidence suggests that this organelle is highly dysfunctional
in several neurodegenerative diseases such as MJD (Figure 1.2) (Johri and Beal, 2012).
Particularly for MJD, some studies hinted a mitochondrial dysfunction. These studies
showed that mutant Ataxin-3 induces mitochondria-associated apoptotic pathways
by upregulating Bax protein and downregulating Bcl-x(L) protein expression, causing
oxidative stress and promoting damage and reduction in mitochondrial DNA
(mtDNA) copy number (Chou et al, 2006; Yu et al., 2009; Kazachkova et al., 2013;
Ramos et al., 2014). Interestingly, fragments from proteolytic cleavage of mutant
Ataxin-3 were found inside mitochondria, hinting a potential toxic role of these

fragments in damaging this organelle (Pozzi et al., 2008).

1.1.3. Clinical Features of MJD

MJD is a very heterogeneous disease and patients present a wide range of symptoms
(Bettencourt and Lima, 2011). Among these symptoms, progressive ataxia is one of
the most common, leading to motor incoordination which influences gait, balance
and speech (dysarthria and dysphagia) (Jacobi et al., 2015; Lo et al., 2016). Other
described symptoms are pyramidal syndrome, spasticity, peripheral neuropathy
(affecting both motor- and sensatory- neurons), oculomotor abnormalities, fascial
and lingual fasciculation, extrapyramidal signs, including dystonia and rigidity, and
parkinsonism (tremors) (Bettencourt and Lima, 2011). Besides these movement
impairments, MJD patients also usually present other non-motor symptoms like sleep
disorders, cognitive impairment, psychiatric symptoms (including depression and
anxiety), fatigue, cramps and chronic pain (D’Abreu et al., 2009; Pedroso et al., 2011,
Kawai et al., 2004; Braga-Neto et al., 2012; Cecchin et al., 2006; Schmitz-Hibsch et al.,
2010; Friedman and Amick, 2008; Kanai et al., 2003; Franca et al., 2007).
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Because of this wide range of symptoms presented by patients and, regarding their
non-specificity, for correct diagnosis a combination of the evaluation of these
symptoms with imagiological exams (to assess cerebellar atrophy) may be helpful
(Mendonca et al., 2018). Ultimately, the genetic test confirms the presence of the
disease.

To this day, no disease modifying treatment, capable of stopping or delaying MJD
progression, is available. However, some therapeutic approaches may help reducing
the associated symptoms. Regular physical activity and physiotherapy can
substantially improve patient's motor coordination and balance. Regular speech
therapy and occupational therapy are also desirable (D'Abreu et al., 2010; Mendonca

et al., 2018).

1.2. iPSC-derived Neural Progenitors (NPCs) as Disease Model for MJD

1.2.1. Disease Models

Animal models (such as mice and rats) and immortal cells lines (e.g. N2A, HEK293,
etc.) are by far the disease models most used in R&D. However practical, these
models are very limited. Particularly for neurodegenerative disease is important
taking into account the higher complexity of the human brain as compared to
rodents” brains, which might explain the failure of several clinical trials (Bart van der
Worp et al, 2010; Sayed, Liu, and Wu, 2016; Liu et al., 2018). As for commercial
available cells lines as disease models, they lack essential genetic background of the
diseases, particularly for neurodegenerative diseases. Also, the specific mechanistic of
a given disease, very often not completely known to the scientific community, may
not be present (Grskovic et al., 2011; Maury et al., 2011; Xu and Zhong, 2013). Taken
together, a need for better models for diseases seems imperative as we render
towards personalized medicine (Younesi and Hofmann-Apitius, 2013). As so, induced
Pluripotent Stem Cells (iPSCs), with their capacity of originating all type of cells of an
organism, present themselves as attractive alternative in disease modeling field,

especially for neurodegenerative diseases.
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1.2.2. Induced Pluripotent Stem Cells (iPSCs)

The induction of human somatic cells into iPSCs was first demonstrated by Takahashi
and colleagues, over a decade ago. In this groundbreaking work, they obtained iPSCs
by the retroviral transduction of fibroblast with four transcription factors: Oct3/4,
Sox2, KIf4, and c-Myc (Takahashi et al., 2007). The obtained iPSCs resembled human
Embryonic Stem Cells (hESCs) in morphology, proliferation, telomerase activity and
pluripotency status. Furthermore, this experiments showed the ability of iPSCs to
differentiate into any cell from the tree germ layers (ectoderm, mesoderm and
endoderm), including neuronal cells. This pioneering work opened the avenue for
researchers to gain access to disease- and patient-specific cell lines of any kind. In
fact, disease-specific motor neurons of Amyotrophic Lateral Sclerosis (ALS) patients
were one of the first disease models to be generated (Dimos et al., 2008). Since then,
several other models for neurodegenerative diseases based in iPSCs have been

created (Figure 1.3) (Bahmad et al., 2017; Poon et al., 2017).
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Figure 1.3. Cell reprogramming and potential applications of iPSCs as disease models,
drug screening platform and, source of cells for cell replacement therapies (adapted from
Fairchild, 2010).
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1.2.3. Applications of iPSCs

The potential applications of iPSCs are outstanding and the advantages of their use
as disease-models undoubtful. iPSCs have three main applications: i) a source of cells
for regenerative therapy, ii) to be used in drug screening and iii) development of
disease models (Ebert, Liang, and Wu, 2012; Singh et al., 2015). For cell therapy
applications, these cells hold the promise of allowing the implementation of patient-
specific cellular therapy and transplantation with minimal probability of immune
rejection, as they can be generated from the patient to be transplanted (Liu et al.,
2017). In the drug screening field, the exact response from a patient to a drug might
be predicted with the use of these cells, avoiding cases of non-responsiveness or
severe side effects (Efthymiou et al, 2014). Finally, as a disease model,
reprogramming cells from patients will provide iPSCs with the cellular and molecular
mechanistic of the disease, then iPSCs can be differentiated in any cell of interest (for
example neurons) (Onder and Daley, 2012; Xu and Zhong, 2013; Xie and Zhang,
2014). These features make them a strong model to study pathogenesis and response
to treatment. Beside this, their use is not associated to the ethical controversies that
the use of hESCs in research triggered. However, the use of iPSCs also presents some
limitations. The more frequently used protocol of iPSCs generation requires viral
mediated integration of genes in the cells genome. This may result in genome
instability, caused by the not controlled integration of the genes that can activate
oncogenes or suppress important genes, leading to mutations and aberrant
phenotypes (Yoshihara, Hayashizaki, and Murakawa, 2017). Additionally, usually the
induction efficiencies are very low, about 1%, and the obtained cells may present
epigenetic memory from their progenitor cells (Robinton and Daley, 2012; Xu and
Zhong, 2013), contributing to cell genomic instability. Nevertheless, iPSCs are not to
be considered as models to be use for all type of diseases. In fact, in case of sporadic
diseases, iPSCs may not be able to completely mimic the phenotype since some
important environmental key factors may not be present. It is also important to have
in mind that the culture system also affects the ability of the cells to model the

disease. Given that 2D model does not mimic the complexity of a diseased organ,
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with several cell types associated and many supporting structures that may be
disease causing. This last limitation however, can be rendered obsolete in a near
future with the creation of 3D organoids and organ-on-a-chip platforms (Poon et al.,

2017; Liu et al., 2018).

1.2.4. iPSCs-derived Neural Cells

To study the disease mechanisms and potential therapeutic approaches for
neurodegenerative diseases, mature neurons, preferentially derived from patients, are
the ideal research tools. As so, after the reprogramming of adult somatic cells into
IPSCs, a cell stage transition mimicking the embryo neural tube development must
occur. Thus, following induction for neural differentiation iPSCs become
neuroepithelial cells (NESCs) and, then they might be differentiated into distinct
neural lineages such as neurons, astrocytes and oligodendrocytes (Conti and
Cattaneo, 2010). In the embryo development NESCs are the first primitive form of
neuronal progenitor cell (NPC) to be formed, which can be recreated in vitro with the
aid of specific morphogenic factors (Reinhardt et al., 2013).

Early approaches in the neural induction field were made in embryoid bodies derived
from hESCs that when cultivated with FGF2 gave rise to Nestin-positive neural
rosettes, an early structure in human neurodevelopment (Okabe et al., 1996; Zhang et
al, 2001). These colonies however, showed limited expansion potential and high
genetic variation, as well as required laborious culturing techniques. Later on,
observations showed that it is possible to obtain robust and immortal NPCs, without
manual culture or selection steps, using only small molecules that activate the
neuroectoderm inducing Wnt and SHH signaling pathways (Reinhardt et al., 2013).
The obtained NPCs were efficiently differentiate in neural lineage and neural crest
(peripheral neurons and mesenchymal cells) progenitors and exhibited useful features
as disease model (Reinhardt et al., 2013).

Koch and colleagues successfully isolated from ESCs a type of NESCs that exhibited
long-term self-renewing capacity and termed them It-NES cells (Koch et al., 2009). Lt-

NESCs could derive functional neurons that showed ability to undergo synaptic
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integration into the host's brain. Furthermore, the same group observed that It-
NESCs could also be derived from iPSCs, with the same self-renewing, expansion
abilities (Falk et al., 2012) and ease to differentiate in neuronal cells, demonstrating
that the formation of a robust line of NESCs is independent of the type of PSCs line
from which is derived. The fact that NESCs represent an early developmental stage,
their excellent expansion and differentiation abilities, and, consequently, their less
expensive culturing requirements as compared to other sources of human neural
progenitors, make them ideal tools in basic research. Moreover, NESCs were already
used to model neurodegenerative diseases (Koch et al., 2011; Koch et al.,, 2012), and
more recently were used as cell therapy tool to treat adenosine-deficient brain

diseases (Poppe et al., 2018)

1.2.5. iPSCs-derived Neural Cells in the Context of MJD

The first MJD patient-specific iPSCs-derived neuronal model was published in 2011
by Koch and associates (Koch et al., 2011). In this work, they were able to differentiate
MJD patient-specific neurons with the expanded CAG triplet and, under calcium
excitation, promoted the formation of Ataxin-3 insoluble aggregates. These
aggregates were only found in iPSCs-derived neurons and not in the original
fibroblasts nor in the progenitor iPSCs, demonstrating a neuron specificity of mutant
Ataxin-3 aggregates. Furthermore, they did not observed any relevant neuronal death
related to these aggregates, hinting that this may be an early disease stage
phenomenon. Since then, several other groups successfully created iPSCs-based
neuronal models for MJD, with specific protein markers, morphological, physiological
and pathological characteristics presented by typical NSCs and neurons and from
diverse progenitor cells (Hansen et al,, 2016; Soong et al., 2017). However promising,
the cells produced in these experiments appear to be quite immature, which can
represent a problem given that MJD is a late-onset disease (Miller and Studer, 2014).
So, there is an urge to induce aging in these neurons. The aging-related protein

progerin has successfully been able to induce this necessary aging (Miller et al., 2013),
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nevertheless this might be a too artificial approach, thus, this is an issue that still
needs to be overwhelmed.

Transplantation of patients-specific iPSCs-derived neuronal cells to promote the
replacement of dead neurons is the ultimate goal in neuroregeneration approaches
for neurodegenerative disease treatment. This kind of therapy ultimately replaces the
lost neurons and gives important neurotrophic support to the damaged ones.
Mendonga and colleagues successfully demonstrated behavioral impairments
alleviation and reduction of typical neuropathological signs in a transgenic MJD
mouse model upon transplantation of cerebellar neural stem cells (NSCs). The
injected NSCs were able to differentiate into neurons, astrocytes and
oligodendrocytes and provide neurotrophic support to the diseased cerebellum as
well as promoting reduction in inflammation levels (Mendonca et al., 2015). This work
has opened the avenue for the transplantation of iPSCs-derived neural progenitors in
MJD patients.

The recent development of precise and very efficient gene editing tools, such as the
CRISPR-Cas9 system, opened another interesting avenue in iPSCs-based research for
MJD. It is expected in the near future that the two technologies may be combined for
the correction of the disease causing mutation, rendering the patient specific neurons

ready for transplantation (Bassett, 2017; Ouyang et al., 2018).

1.3. Extracellular vesicles (EVs)

Extracellular vesicles (EVs) are organelles with membrane origin, which have been
associated with several physiological and pathological mechanisms. The term
extracellular vesicles is a broad terminology that englobes exosomes, microvesicles,
ectosomes, apoptotic bodies and other similar structures that have been described
over the years. In the dawn of their discovery it was usual to give different names to
the same type of vesicles, this fact causes some confusion due to a lack of
terminology consensus that is only now been reached. For example, given their

described characteristics, microvesicles and ectosomes may be considered the same
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kind of EVs. To simplify the nomenclature, the term extracellular vesicles (EVs),
englobing the entire set of described vesicles, is considered the most correct
terminology (Gould and Raposo, 2013; Raposo and Stoorvogel, 2013; Cocucci and
Meldolesi, 2015; van Niel, D'Angelo, and Raposo, 2018).

EVs are phospholipid bilayers enriched in cholesterol, sphingomyelin and ceramide,
with the capability of transporting several cargoes such as proteins, lipids and RNA in
their aqueous lumen or in the membrane (Budnik, Ruiz-Cafiada, and Wendler, 2016).
Interestingly, EVs react to stimuli, so their cargo is highly dependent on the cell
context (Lotvall et al., 2014). Consequently, the scientific community has been
exploring the potential use of EVs as biomarkers for diagnostic, evaluation of disease
progression and, measure of response to therapy (Thompson et al., 2016; Croese and
Furlan, 2017). In fact it is believed that this vesicles can transport pathologic
molecules (proteins and RNAs) between different cells, leading to disease spreading.
Nevertheless, EVs may also display a neuroprotective role, namely in AD, Yuyama and
colleagues, described that neuronal EVs, when injected into the brain of APP
transgenic mice, act as scavengers for toxic Ap protein (Yuyama et al., 2015). This
neuroprotective role for EVs in AD is reinforced by the presence of Cystatin C, which
is thought to be neuroprotective in AD, in EVs derived from primary mouse neurons
cultures (Ghidoni et al,, 2011). MicroRNA miR-193b is believed to target APP mRNA,
blocking its translation. In EVs, this miRNA was observed to be decreased in blood
and CSF of AD patients as compared to patients in early stages of the disease and
controls (Liu et al., 2014). These finding reinforce the notion that EVs have potential
to be used as biomarkers in AD. Finally, EVs have been evaluated as vehicles for
therapeutic approaches in neurodegenerative diseases and cancer (Sarko and

McKinney, 2017; Rufino-Ramos et al., 2017; Gilligan and Dwyer, 2017).

1.3.1. EVs Overview
References to a platelet “dust”, described in the mid 1960's, can nowadays be
considered as the first report of the pelleting of microvesicles, commonly shed by

platelets (Wolf, 1967). As for exosomes, the first concrete report that describes them
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is from 1983, when two different publications described them as a consequence of
reticulocyte maturation. In these works, reticulocyte were shown to use these
structures to recycle transferrin receptors and eliminate its excess from cell
membrane (Pan and Johnstone, 1983; Harding, Heuser, and Stahl, 1983). Initially they
were thought as cellular waste and with no part to play in relevant biological
processes. Consequently, the scientific community practically ignored these particles
for long decades. It was only in the late 1990’s that two publications sparked a new
interest regarding extracellular vesicles. These works described, for the first time, the
role of EVs in intercellular communication, as they were shown to be released by B
lymphocytes and Dendritic Cells (DC's) (Raposo and Nijman, 1996; Zitvogel et al,
1998). These publications hinted a role for EVs in immune modulation as the
presence of MHC-II in the vesicles stimulate specifically CD4" T cells in vitro and,
further the ability to suppress tumor growth in vivo. A decade later, the discovery that
EVs can also transport functional RNA, such as miRNA, reinforced the interest in these
structures (Ratajczak et al., 2006; Valadi et al., 2007). Recently, references to structures
called exophers have been made. These are extremely large vesicles (4000 nm in size),
described to be released in C. elegans under neurotoxic stress conditions and carry
protein aggregates and damaged mitochondria (Melentijevic et al., 2017). However
interesting, this information requires further investigation to evaluate if exophers are
also present in human cells.

The fact that EVs are present in all eukaryotic, as well as prokaryotic, organisms, as
communication or defense system (Deatheragea and Cooksona, 2012), shows that
these vesicles are an evolutionary conserved mechanism. EVs are constitutively
released by virtually all cell types and can be found in any biofluid, including breast
milk, saliva, blood, urine and semen (Raposo and Stoorvogel, 2013; Yafez-Mo¢ et al.,

2015; van der Merwe and Steketee, 2017; Paolicelli, Bergamini, and Rajendran, 2018).

1.3.2. EVs Cargo and EVs-Cell Interaction
Cargo transport between cells via EVs is important because it protects molecules that

otherwise would be degraded by the extracellular conditions (like pH or enzymes)
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(Keller et al, 2011). Consulting online databases like ExoCarta (Available online:
http://www.exocarta.org) and Vesiclepedia (Available online: http://microvesicles.org),
where researchers add information about their findings concerning EVs cargo; it can
be appreciated that thousands of molecules were already described to be carried by
EVs. Over 40 000 proteins, 7000 RNA and 1000 lipids were already associated to EVs
(Keerthikumar et al, 2016) and the number is increasing every day, due to the
extensive research developed in this filed in recent years. Interestingly, using next-
generation sequencing, it has been described that a large number of RNA molecules
carried by EVs are non-coding RNAs, underlining the regulatory gene expression
exercised by EVs in target cells (Nolte'T Hoen et al., 2012).

Nevertheless, for EVs to execute their biological functions they need to be taken up,
or at least have some sort of contact, with recipient cells. It has been reported that
this process is not random, instead results from a specific interaction of EVs with
target cells (Figure 1.4) (Fitzner et al, 2011; Montecalvo et al., 2012; Prada et al,
2016); whereas the docking and cellular uptake of EVs can be mediated by several
pathways with multiple key players. In some cases, the docking of EVs surface
proteins or lipids with specific cell receptors is enough to induce a cascade of events
leading to a biological response (Zhang et al., 2006); Prada et al., 2016). In other
pathways, internalization and delivery of EVs content into the target cell are crucial
(Valadi et al, 2007; Fitzner et al, 2011; Montecalvo et al., 2012). This protein
interaction has been shown to be orchestrated by families of proteins like
tetraspanins, integrins, proteoglycans and lectins. The main internalization
mechanisms involved in EVs uptake are endocytosis (clathrin-dependent and
independent, pinocytosis, macropinocytosis and calveolin-mediated internalization)
and plasma membrane fusion with EVs (Mulcahy, Pink, and Carter, 2014; French,
Antonyak, and Cerione, 2017). Evidence suggests that EVs internalization is a quick
process (as fast as 15 minutes after incubation), energy-dependent, as demonstrated
by the reduced internalization verified when cells are kept at 4°C, and highly
dependent on cytoskeleton dynamics (Feng et al., 2010; Fitzner et al., 2011; Fabbri et
al., 2012; Montecalvo et al,, 2012; Tian et al., 2013; Christianson et al., 2013).
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Figure 1.4. Signaling/uptake pathways for extracellular vesicles (EVs). (A) EVs can be
internalized by endocytosis, which is believed to be the main uptake pathway. EVs can also
be internalized by (B) direct fusion with the plasma membrane of the target cell releasing
their cargo into the lumen. Finally, (C) EVs can interact with the target cells without being
internalized via surface receptor interaction and activation of signaling pathways.

1.3.3. Physiological Functions of EVs

Among the outstanding functions that have been associated with EVs are cellular
waste management and regulation of inflammation, cellular differentiation,
coagulation and cell adhesion and communication (van der Pol et al., 2012). The first
described immune modulation is particularly important in several aspects. EVs have
been shown to present on their surface Fas ligand (FasL), a death receptor agonist.
These EVs are able to interact with T cells, causing apoptosis and, consequently,
immune suppression. This mechanism is used by tumor cells to evade the immune
system and proliferate and, is also important in pregnancy, so that the mother's
immune system does not recognize and attacks the forming embryo (Frangsmyr et
al., 2005; Abrahams et al., 2003; Jeong et al., 2005). Tumor-derived EVs are also able
to inhibit NK cells proliferation, again suppressing the immune response against
cancer cells (Liu et al., 2006; Berchem et al, 2016). The role of EVs in cancer
progression was empathized by Chalmin and colleagues that observed an increased
efficacy of the chemotherapeutic drug cyclophosphamide when co-administered with
dimethyl amiloride, a drug that inhibits EVs production (Chalmin et al., 2010). The
opposite is also valid, since EVs derived from synovial fibroblasts of rheumatoid
arthritis patients expose in their surface TNF-a. This delays T cell mediated apoptosis,
prolonging cell survival (Zhang et al., 2006). This mechanism was already shown in
cancer and infectious diseases (viral and bacterial) (Robbins, Dorronsoro, and Booker,
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2016). These observations lead to the idea that EVs, depending on the physiological
or pathological state of their progenitor cell, may have different cargo and, therefore,
display different activities when interacting with acceptor cells. EVs derived from
Antigen Presenting Cells (APCs), such as Dendritic Cells (DCs), macrophages and B
cells, have also been shown to carry factors that modulate the immune system in
both, stimulatory and suppressor ways (Bobrie et al., 2011; Robbins and Morelli, 2014;
Lindenbergh and Stoorvogel, 2018). The fact that EVs derived from these cells express
the same surface proteins as their progenitor cells reinforces the hypothesis that they
may assume similar functions as their progenitor APCs in terms of
immunomodulation (Robbins and Morelli, 2014). Due to EVs mobility, this
immunomodulatory effect may occur in cells that are distant from APCs, leading to a
long distance immunoregulation via EVs. Examples of factors present in these EVs are
the Major Histocompatibility Complex (MHC) I and II and adhesion molecules
(Raposo and Nijman, 1996; Zitvogel et al., 1998; Segura, Amigorena, and Théry, 2005),
which indicates a potential role of EVs in antigen presentation and, thus, immune
system modulation when internalized or in contact with T cells, NK cells,
macrophages or, most importantly, other APCs (Raposo and Nijman 1996; Monleon
et al, 2001; Bhatnagar et al., 2007; Munich et al., 2012).

The removal of unwanted molecules via EVs is also a key factor. This cellular pathway
is apparently crucial in cell homeostasis and response to internal and external stress.
Cancer cells have been shown to release EVs enriched in anticancer drugs (Aubertin
et al, 2016). Caspase-3, an inductor of cell apoptosis, was also enriched in EVs as a
mechanism of cell survival (Boing et al., 2013). EVs have the ability to mediate
inflammation by transporting key inflammatory mediators, such as Interleukin-1p (IL-
1B) (MacKenzie et al., 2001), and carry in their surface tumor necrosis factor (TNF)
receptor 1 (Hawari et al., 2004) and also carry functional enzymes for the production
of leukotrienes (Esser et al., 2010). The lipid components of EVs are also able to
activate inflammation through activation of Toll-like receptor 4 (TLR4) (Maneek-Keber
et al., 2015). Interestingly, mesenchymal stem cells-derived EVs, enriched in miR-

133b, were capable to promote neural regeneration and neurite outgrowth in
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neurons and astrocytes (Xin et al, 2012). Taken together, the above mentioned
observations hint important functions for EVs in the organism homeostasis and

pathological processes.

1.3.4. EVsin the CNS

The Central Nervous System (CNS) is based in the cellular communication between
neurons, microglia, oligodendrocytes and astrocytes. This communication is essential
to maintain the homeostasis in this organ and, its response to stimuli and
developmental signals. The mechanisms underlying the many ways of interneural
communication have been widely studied. Over the past few years, EVs secreted by
brain cells (Fauré et al., 2006) have risen as a key component in several CNS stages of
development, functions and, its response to stimuli and pathology. It is clear that
neural cells-derived EVs are able to specifically recognize other brain cells (Chivet et
al, 2013). The information carried by EVs may promote a series of functions in the
CNS, including neuronal plasticity, synaptic activity, signaling or even the CNS
biogenesis (Budnik et al., 2016).

Wnt is a family of morphogens critical in processes of brain development, cell
migration and proliferation, as well as cell differentiation and plasticity (Mulligan and
Cheyette, 2012). Evidence suggests that the transmembrane protein type II known as
Evenness Interrupted/Wntless/Sprinter (Evi/WIs/Srt) is crucial for Wntl secretion and,
therefore, to correct synapse formation in the neuromuscular junction of D.
melanogaster (Bartscherer et al., 2006; Korkut et al., 2009). The Evi protein was found
associated with EVs in synapse formation and neuronal network development
processes. Given this, it can be assumed that both, Evi and Wnt, are released from
presynaptic junctions via EVs. This work also demonstrated that this transport can
occur in a trans-synaptically fashion (Korkut et al., 2009).

Additionally, glutamate release at the synaptic level was demonstrated to be
influenced by microglia-derived EVs in a dose-dependent way, independently of EVs
cargo. In this work, the sole contact of the vesicles with the neuron’s surface was

enough to increase synapse activity, via promotion of sphingolipid metabolism,
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indicating that this excitatory effect is promoted by EVs surface components. This
work is another proof of the complex network of communication between neurons
and glia using EVs as message carrier (Antonucci et al., 2012). Microglia-derived EVs
carry inflammatory signals (such as IL-1p and COX2), which can promote reactivity of
other uptaking microglial cells, leading them to produce also inflammatory signs,
contributing to the inflammation in the brain (Frihbeis, Frohlich, Kuo, and Kramer-
Albers, 2013). Interesting work showed that oligodendrocytes, upon glutamate
stimulation, were able to release EVs, in a calcium-dependent manner (using NMDA
and AMPA receptors) that were internalized by neurons, which protected them under
conditions of oxidative stress and starvation (Frihbeis, et al, 2013). Indeed, in
neuronal activity upon glutamate stimulation, the calcium equilibrium of the cell and
particularly the NMDA receptors seem to be key mediators in the mechanism of EVs
release by neural cells as shown by the experiments where NMDA inhibition or
calcium depletion at the synapse was sufficient to abruptly reduce EVs release. These
results indicate that oligodendrocyte-derived EVs are active and display a
neuroprotective role when internalized by primary cultured mouse cortical neurons.
Although interesting, this work did not explore the nature of the oligodendroglial-
derived EVs content responsible for the neuroprotection observed.

It is well known that oligomannosidic glycans play interesting roles in brain
development and brain function maintenance, promoting neurite outgrowth. Wang
and colleagues found that the protein Synapsin I, which is implicated in neural
development and synaptic transmission because it is an oligomannose-binding
protein, and that the presence of oligomannose is essential to promote neurite
outgrowth and synaptogenesis. Synapsin I was further demonstrated to be released
from cultured cortical astrocytes via EVs in conditions of glucose depravation or
oxidative stress, in a selective fashion, indicating a neuroprotective function for these
EVs (Wang et al., 2011).

These studies strengthen the hypothesis that EVs represent an active way of
communication in the brain. Remarkably, it has been reported that glial cells release

EVs enriched in factors that are specific of their cellular function. For example, a
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notable work showed that oligodendrocytes release EVs enriched in myelin and other
trophic factors responsible for axon support (Kramer-Albers et al., 2007).

Interestingly, as EVs are able to cross the Blood-Brain Barrier (BBB), their effects may
not be exclusive to the CNS, as neural-derived EVs can be found in peripheral
compartments (Zhuang et al., 2011).

In conclusion, these works emphasized the role of EVs in the CNS as vehicles for
important factors, contributing for neural development and neuroprotection under

stress conditions.

1.3.5. EVs Biogenesis

1.3.5.1. Exosomes Biogenesis

Exosomes are the most studied EVs regarding biogenesis. Exosomes are derived from
late endosomes that, by inward budding of the cell membrane, form small structures
called Intraluminal Vesicles (ILV) inside a larger structure, the Multivesicular Bodies
(MVB). MVB then undergo one of two possible faiths: they fuse with the plasma
membrane, releasing ILV as exosomes into the extracellular medium, or they fuse with
lysosomes, leading to degradation of their content (Hanson and Cashikar, 2012). How
MVB chooses one of these faiths remains undisclosed but some evidence suggests
that cholesterol presence may play an important role in this choice (M&bius et al,
2003). The formation of MVB can be mediated by two distinct pathways: the
Endosomal Sorting Complex Required for Transport (ESCRT)-dependent pathway and
the ESCRT-independent pathway (Figure 1.5).

The ESCRT-dependent pathway is a highly complex multimolecular machinery
composed of four sub-units: ESCRT-0, ESCRT-I, ESCRT-II and ESCRT-IIL. In this
process, ubiquitinated cargo is recognized by ESCRT-0, -I and -II, and invagination is
promoted by curvature-inducing factors present in ESCRT-I and ESCRT-IL Finally, the
binding of ESCRT-II to ESCRT-II leads to deubiquitination of the cargo and
consequent abscission, creating ILV (Williams and Urbé, 2007; Hurley and Hanson,

2010; Rusten, Vaccari, and Stenmark, 2012).
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The ESCRT-independent pathway accounts for structural lipid alterations in the
membrane of late endosomes. In specific regions of the membrane, a lipid raft
occurs, with the substitution of sphingomyelin by ceramide, promoted by the enzyme
sphingomyelinase 2, inducing the inward budding of the region and forming ILV
(Trajkovic et al., 2008). Both mechanisms seem to interfere in exosome biogenesis
and the input of both for the end result depends on the cell type and state (van Niel
et al, 2018). The final step in exosome formation is the docking and fusion of the
MVB with the plasma membrane. In this regard Rab GTPases, such as Rab27a, Rab27b
and Rab35 have been shown to be crucial (Ostrowski et al., 2010; Hsu et al., 2010).

Once in the extracellular medium, ILV are termed exosomes (Colombo et al., 2014).
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Figure 1.5. Extracellular vesicles biogenesis. (1) Biogenesis of microvesicles/ectosomes by
direct pinching off from the plasma membrane. Biogenesis process of exosomes (2) via
ESCRT-dependent and (3) ESCRT-independent pathways. (4) Biogenesis process resulting
from fusion with the plasma membrane and ILV release as exosomes. Adapted from
Thompson et al., 2016.

1.3.5.2. Microvesicles/Ectosomes Biogenesis

The biogenesis of microvesicles/ectosomes is a highly irregular process that begins
with the gathering of the cargo in the inside surface of the plasma membrane in
specific regions. Then, by physical reorganization of the actin cytoskeleton involving
Arf6 and RhoA, an outward budding occurs leading to the pinching off of
microvesicles (D'Souza-Schorey Crislyn and Clancy, 2012; Li et al, 2012). These
plasma membrane regions are enriched in cholesterol and glycosphingolipids, and
are called lipid rafts (Budnik et al, 2016). Again, hydrolysation of sphingomyelin by
the enzyme sphingomyelinase originate ceramide, as well as some components of
the ESCRT machinery, which appear to be crucial in the curvature and scission of the

blebs (Raposo and Stoorvogel, 2013).

1.3.5.3. Apoptotic Bodies Biogenesis

Apoptotic bodies are the largest type of extracellular vesicle (1-5pm in diameter)
(Poon et al., 2014; Atkin-Smith and Poon, 2017). These particles share a similar
biogenesis process with microviscles/ectosomes, in a way that both kind of vesicles
bleb from the plasma membrane due to molecular rearrangements (Akers et al.,
2013). Nevertheless, apoptotic bodies are generated from apoptotic cells through a
process termed apoptotic cell disassembly (Atkin-Smith et al., 2015), giving rise to
EVs that carry intact organelles and complete pieces of DNA from the dying cell
(Holmgren et al, 1999; Elmore, 2007; Taylor, Cullen, and Martin, 2008). As so,
apoptotic bodies are often characterized by the presence of histones. Additionally,
they are highly irregular in shape and size when visualized by TEM due to this
biogenesis process (van der Pol et al, 2012). Interestingly, recent data hints that

apoptotic bodies share surface markers from their cell of origin, linking possibly their
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function with their origin, and that their content highly depends on their biogenesis
process (Jiang et al., 2017). In Table 1.1 are summarized the main physical

characteristic of the aforementioned EVs.

Table 1.1. Physical and biological characteristics of  Exosomes,
Microvesicles/Ectosomes and apoptotic bodies.

Biogenesis Enriched Sedimentation* Origin
markers
ESCRT- Alix, CD63, Late
30-150 dependentor CD81, TSG101 100,000g endosome
independent;  and flotilin-1 MVB
lipid raft
w
< 9 Cytoskeleton Plasma
3 § 50-1000 reorganization CD40, PS 20,0009 membrane
5 § and pinching
S 8 off
=
(%))
% Cytoskeleton Cells
2 1000- reorganization Histones, DNA 10,0009 undergoing
v 5000 and apoptosis
§ disassembly of
§ apoptotic cells
<

*centrifugation acceleration. PS: phosphatidylserine; ESCRT: Endosomal Sorting Complex
Required for Transport; MVB: Multivesicular Body. The displayed data was adapted from:
Basso and Bonetto, 2016; Cocucci and Meldolesi, 2015; Raposo and Stoorvogel, 2013; van
Niel, D'Angelo and Raposo, 2018; Thompson et al., 2016; van der Pol et al., 2012.

1.3.6. EVs Isolation Methods

Often, it is difficult to distinguish between the different types of EVs due to some size
overlap and presence of the same cell surface makers. Thus, there is an increasing
demand for strategies that can correctly distinguish them. Noteworthy, presently

there are no specific markers for the different EVs types. What is observed is an



enrichment in some markers, characteristic of the different EVs types (Kowal et al,
2016). These markers are often related to the biogenesis process of the vesicles
above explained. As so, EVs are typically enriched in ESCRT machinery-related
components such as ALIX, Flotilin-1, TSG-101 and tetraspanins (CD9, CD63) and lipid
raft associated glycoproteins such as phosphatidylserine (Raposo and Stoorvogel,
2013; Colombo, Raposo, and Théry, 2014; Thompson et al., 2016).

Given the complexity associated with EVs, there is no consensus regarding the best
isolation method (Lotvall et al,, 2014). The most used isolation method for EVs is
differential centrifugation (Théry et al., 2006). This method consists in a series of
centrifugations, followed by a filtration step, to clean up the vesicles from cell debris
and, a final ultracentrifugation to pellet the EVs. However, this method is not ideal in
the way that it is very difficult to discriminate between different types of vesicles and
other molecules that can be trapped in the pellet, consequently leading to
overestimation of the cargo content of the vesicles. Additionally, EVs functionality
may also be compromised by this isolation method. Other isolation methods consist
in approaches such as density gradient centrifugation, size exclusion
chromatography, immune affinity based methods, ultrafiltration and commercially
available EVs precipitation kits (for example Exo Quick). Konoshenko and associates
recently made a detailed and accurate review of all EVs isolataion methods available
(Konoshenko et al., 2018).

Thus, having this in mind, the isolation method adopted should take into account the
downstream application of the EVs (van Deun et al, 2014; Lotvall et al., 2014,
Szatanek et al.,, 2015).

To minimize the discrepancy of isolation methods used and to standardize the criteria
applied in terms of positive and negative controls used to identify EVs, the
International Society for Extracellular Vesicles (ISEV) published a set of minimal
experimental requirements (Lotvall et al, 2014) that should be followed to avoid
substantial differences in experimental results from similar experiments. This position

paper recommends that research articles exploring EVs functions and biogenesis
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should be extensively detailed in the methodologies used and correct use of all

appropriate negative and positive controls.

1.4. Neurodegenerative Disease Seeding and Spreading

1.4.1. Common Features of Neurodegenerative Diseases

Neurodegenerative diseases share a number of clinical features and
neuropathological molecular processes. Loss of autonomy, dementia, and movement
incoordination are common clinical characteristics of patients suffering from
neurodegenerative diseases. Neuropathologically, protein-specific inclusions, brain
inflammation and oxidative stress are found in the great majority of cases. Particularly
the protein aggregates represent a relevant hallmark of neurodegenerative diseases
and are characteristic for each disease; for example, amyloid-p and tau are hallmarks
in Alzheimer's disease (AD), a-synuclein in Parkinson's disease (PD), mutant
huntingtin (mHtt) in Huntington’s disease, and mutant Ataxin-3 in MJD. Interestingly,
these aggregates share an abnormal enrichment in B-sheet structures, filamentous
physical characteristics, and may suffer proteolytic cleavage, which results is even
more aggregation prone oligomers (Guo and Lee, 2014). Another interesting
common characteristic is the fact that disease onset affects primarily one specific
brain region. Apparently, from this focal point, occurs a spread of the pathology,
topographically predictable, to other brain areas according to the disease and its

progression as demonstrated in Figure 1.6. (Goedert, 2015).
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Figure 1.6. Disease spreading across the brain of pathology-associated proteins: B-
amyloid (blue), tau (green) and a-synuclein (red). Spreading occurs with an initial focal
point and in late-stage disease cases is present in most brain areas. Adapted from Goedert
et al, 2015.

1.4.2. Creutzfeld-Jacob Disease

Nevertheless, only Creutzfeld-Jacob disease is proven to be “infectious”. In this type
of disease, the normal prion protein can be corrupted by the misfolded pathogenic
form (seeding process) (Figure 1.7.), and then, spread from cell to cell (spreading
process), between individuals and even between different species, as the transmission
prions from cattle to humans by consumption of contaminated meat is well
documented (Prusiner, 1998; Aguzzi, Montrasio, and Kaeser, 2001). The “infectious”
inter-species and inter-individuals spread of the pathogenic protein, to date, is
exclusive to Creutzfeld-Jacob disease (Guest et al., 2011). However some evidence

points out a possible similar mechanism of spreading and seeding of disease-specific
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misfolded proteins in other neurodegenerative diseases. Over the last decade, the
possibility of a prion-like spreading and seeding of disease-related pathogenic
proteins from cell to cell in the CNS has been risen (Guo and Lee, 2014; Thompson et
al, 2016). This phenomenon spiked the interest of the researchers given the
possibility of delaying or even stopping disease progression by arresting the

transmission of the aberrant disease causing proteins between cells.
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Figure 1.7. The prion-like protein “seeding” hypothesis. This theory states that like prions,
misfolded disease-specific proteins are prone to corrupt normal proteins and induce
disease propagation via aggregation.

1.4.3. Parkinson’s Disease

The first evidence that a toxic protein might spread between cells came from the
post-mortem analysis of PD patients who had received an embryonic stem cell-
derived transplant of neurons. It was observed that grafted healthy neurons
presented PD characteristic inclusions, called Lewy bodies, which demonstrated the
transmission between the host neurons and the grafted ones (Kordower et al. 20083,
2008b; Li et al., 2008). Furthermore, this hypothesis was tested in several in vitro and
in vivo experiments (Desplats et al., 2009; Hansen et al., 2011; Angot et al, 2012).
Desplants and colleagues were among the first to show that transgenic mice,
overexpressing human a-synuclein, when transplanted with mouse stem cells, are
able to transfer human a-synuclein to the grafted cells. Also, they demonstrated in
vitro that fluorescently tagged human a-synuclein can be internalized by cultured
mouse cortical neuronal stem cells and that in co-culture conditions, human a-

synuclein is transferred from neuronal cells to mouse stem cells (Desplats et al., 2009).
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The seeding properties of a-synuclein have also been explored with several studies
reporting a cytoplasmatic spread of the disease causing protein and an induction of
a-synuclein aggregation in the recipient cells (Luk et al., 2009; Volpicelli-Daley et al.,
2011; Sacino et al., 2013). Interestingly, there are experiments that show that a single
intracerebral inoculation of brain tissue from old transgenic PD mice or synthetic a-
synuclein fibrils is enough to seed aggregation in young asymptomatic PD mice and
in wild-type mice, proving the possibility of a prion-like transmission in PD (Luk et al,,

2012a, 2012b; Mougenot et al., 2012; Osterberg et al., 2015).

1.4.4. Alzheimer's Disease

AD is characterized by extracellular pB-amyloid (Ap) plaques and intraneuronal
hyperphosphorylated tau in the form of neurofibrillary tangles. Evidence of a seeding
mechanism of tau aggregates were developed by Clavaguera and associates, which
performed intracerebral injections of brain extracts from transgenic mice expressing
mutant human tau into the brain of transgenic mice expressing wild-type human tau,
and observed the formation of inclusions of wild-type tau. Moreover, these inclusions
where able to travel to brain areas distant from the injection site (Clavaguera et al.,
2009). Furthermore, the intracerebral injection of human brain homogenates from
patients with tauopathies into wild-type mice also seeded the inclusion of tau.
Interestingly, the species barrier was not present, since human mutant tau was able to
aggregate wild-type mice tau (Liu et al., 2012; De Calignon et al., 2012; Clavaguera et
al., 2013). Similar results were also obtained with intraperitoneal injection of tau
inclusions in pre-symptomatic transgenic mice, albeit with less inclusion formation
(Clavaguera et al., 2014). This data is supported by in vitro experiments that show the
ability of aggregated tau to be internalized by cultured cells, possibly via endocytosis,
and seed the fibrillation of endogenous tau. The de novo formed aggregated proteins
where posteriorly able to transfer between cells. Interestingly, it was observed that
only the assembled tau and, not the monomeric form, where internalized by the cells
(Frost, Jacks, and Diamond, 2009). Moreover, in the early 90's, it was observed

transmission of B-amyloidosis in marmoset monkeys upon intracerebral injection of
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brain homogenates of early AD patients (Baker et al., 1993). This first observation
paved the way for further studies regarding prion-like spread of AB protein. Similar to
the experiments performed for tau, several studies demonstrated the formation of AB
plaques in the brain of transgenic mice expressing human mutant amyloid precursor
protein (AAP) after intracerebral injection of AD brain homogenates, hinting a
possible “infectious” function of Ap (Kane et al., 2000; Meyer-Luehmann et al., 2006;
Langer et al, 2011). In these studies observations indicated that AD brain
homogenates were able to induce disease progression in young asymptomatic
transgenic mice. Additionally, it was demonstrated that the intraperitoneal
inoculation of AB enriched extracts could induce the formation of AB plaques in the
brain of transgenic mice, with less aggregation efficiency that intracerebral
inoculation, as observed for tau (Eisele et al, 2010). It was also observed that
amyloidosis can be induced in transgenic mice expressing wild-type human APP by
injection of post-mortem brain extracts of AD patients. Interestingly, amyloidosis
spread to regions anatomically distant from the injection site (Morales et al., 2012). In
vitro, Wang and colleagues observed a transfer of AB oligomers between primary co-
cultures of rat astrocytes and neurons, indicating that pathological spread can occur
between different neural cell types (Wang et al, 2011). Accordingly, in a donor-
acceptor cell model it was observed a transmission of A oligomers, dependent on
direct cellular connections, with considerable accumulation of AB oligomers and
cellular damage in the acceptor cells (Nath et al, 2012). This data indicates that,
unlike tau, it is not the fibrillary aggregates of Ap that are damaging the cells, but

their oligomeric form, which is more aggregation prone.

1.4.5. Polyglutamine Diseases

Both HD and SCAs are genetic neurodegenerative disorders caused by an
overexpression of ployglutamines (polyQ) in a specific protein, which aggregate and
accumulate mostly in the neurons” nucleus. It was demonstrated that several cell
types are able to internalize synthetic mutant huntingtin aggregates. Once in the

cells, these aggregates can travel to the nucleus, where they trigger their pathogenic
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functions, or stay in the cytoplasm and serve as seeds for new aggregates (Yang,
2002; Ren et al., 2009).

hESCs- derived neurons were transplanted into a transgenic mouse model of HD and,
it was observed a transynaptical spread of mHTT (Pecho-Vrieseling et al., 2014).
Moreover, it was also observed an accumulation of mHTT in the synaptic terminals of
a Drosophila model of HD. These aggregates were shown to travel and accumulate
into other neurons causing neuropathology (Babcock and Ganetzky, 2015). Unlike the
observations for PD, postmortem analysis of HD patients transplanted with fetal grafts
of stratial tissue did not show any signs of mHTT aggregation, despite considerable
neurodegeneration in this area (Cicchetti et al., 2009).

Regarding SCAs there is an in vitro study demonstrating that cultured cells are able to
internalize synthetic polyQ fragments. These fragments were capable of seed
aggregation of homologous proteins and interact with cytosolic chaperones and UPS
constituents, leading to their co-aggregation. The aggregates persisted over several
cell generations, leading to the hypothesis that there is a self-sustaining seeding
mechanism (Ren et al,, 2009). Nevertheless, there are no substantial studies regarding
this hypothesis for SCAs and no information concerning disease spreading in SCA3 is

available.

1.4.6. Spreading Mechanisms in Neurodegenerative Diseases

Despite all the excitement promoted by these discoveries, the precise way, how these
seeds spread from cell-to-cell is still controversial. Nevertheless, it is accepted that for
this cytotoxic spread to occur, the disease-causing species need (I) a mean for exiting
the diseased cell and (II) an internalization mechanism into a healthy acceptor one. In
fact, the presence of a-synuclein, AB and tau in CSF is proof that these proteins are
able to escape the cells (Blennow et al., 1995; Tapiola et al., 2009; Mollenhauer et al.,
2013; van Dijk et al., 2014; Mo et al,, 2015). Therefore, several studies pointed out
some strong evidences for the transcellular transfer of these “prion-like” seeds. There
are several possible routes for these seeds to travel and reach the target cells, namely

through soluble oligomers, synaptic connection, tunneling nanotubes and
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extracellular vesicles (Figure 1.8). Nevertheless, further investigation elucidating the

exact transfer mechanism of these seeds is required.

< - > o
> <
<

<@ Mutant protein

Figure 1.8. Two of the mechanisms of pathological spreading of neurodegenerative
disease related proteins. Upper panel: cell-to-cell transmission via Tunneling Nanotubes
(TNT) and Down panel: spreading via Extracellular Vesicles (EVs).

1.4.6.1. Soluble Oligomers

Soluble oligomers are able to disseminate into the extracellular medium and freely
travel to adjacent cells, where they display their toxic functions (Nath et al., 2012). But
for large, insoluble protein aggregates the direct dissemination into the extracellular

milieu seems quite unlikely.

1.4.6.2. Synaptic Connection

One possible route for transneural spread of toxic aggregates is through synaptic
connections. Ahmed and associates showed, by infusion of hyperphosphorylated
fibrillary tau tangles in the hippocampus of a transgenic mouse model for human tau,

a strong and fast propagation of the aggregates preferentially between neurons that
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were synaptically connected, rather than between the spatially close ones (Ahmed et
al, 2014). Similarly, oligomeric AB transmission in co-cultured primary rat neurons
and human neuronal cells, with rat neurons being the donor of oligomeric AB and the
human neurons as acceptor cells, showed a direct spread through the synaptic cleft,
which resulted in time dependent cytotoxicity in the human neurons (Nath et al,
2012). Aggregates of a-synuclein were also shown to be taken up in nerve terminals,
hinting a possible synaptic connection underlying the transfer. Furthermore once
internalized, these aggregates were able to induce impairment in synapse

connectivity and promote neuron death (Volpicelli-Daley et al., 2011).

1.4.6.3. Tunneling Nanotubes (TNT)

Tunneling Nanotubes are tunnel-like structures that connect two cells, acting as a
natural "highway” for the transfer of molecules between cells. TNT have been shown
to mediate prions transfer for its dissemination between neural cells (Gousset et al.,
2009). An interesting study observed an increase in TNT formation in a co-culture of
rat hippocampal astrocytes and neurons upon oxidative stress. Furthermore, AB was
transferred from astrocytes to neurons via TNT. This work highlights the hypothesis
that under stress cells promote the toxic transfer of Ap (Wang et al., 2011). It was also
demonstrated that assembled tau protein is transferred between neurons in primary
cell cultures via TNT. Interestingly, the internalization of the assembled tau promoted
the creation of new TNT, increasing the spreading capacity of the system (Abounit et
al., 2016b; Tardivel et al., 2016).

Moreover, lysosomes loaded with a-synuclein fibrils are also involved in the
spreading of the pathogenic protein to target cells via TNT. It is proposed that the
diseased cell, in an attempt to dispose of the a-synuclein aggregates, loads them into
lysosomes. However, instead of being degraded, they display the ability to spread to
adjacent neurons via TNT. Additionally, these fibrils, when in the cytosol of the
acceptor neurons were able to seed the aggregation of a-synuclein (Abounit et al.
2016b). The transfer of a-synuclein via TNT in the cell model SH-SY5Y overexpressing

a-synuclein and primary human pericytes derived from post-mortem PD patients was
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also assessed. In this work, a-synuclein was able to quickly transfer between cells via
TNT. Interestingly, this work demonstrated that TNT are not an exchange system
exclusive to neural cells and that it can transfer different types of molecules in a non-
selective way (Dieriks et al., 2017).

Regarding mHTT, a rapid transfer of polyQ aggregates between cells was observed in
a neuronal cell line and also between primary cultured neurons. This spread was not
dependent on aggregates secretion but rather occurred via TNT. Noteworthy, it was
observed that the mutant fragments, but not the wild-type ones, induced the
formation of new TNT, which further promoted the pathological transfer of the

fragments to neighbor neurons (Costanzo et al., 2013).

1.4.6.4. Extracellular Vesicles (EVs)

Extracellular vesicles (EVs) have several biological functions; among these is the ability
to incorporate into their cargo and transfer pathological seeds, spreading them into
other cells, often very distant between each other, contributing to disease spreading
and progression. Given their physical and physiological characteristics, EVs represent
the perfect ‘infection” method as they are endogenous and, as so, the immune system
does not recognize them as a hazard. Additionally, they protect their content from
extracellular degradation pathways (e.g. low pH, proteases, etc.), and they can spread
to long distant cells (Thompson et al., 2016).

The fact that EVs are naturally occurring structures and that their content reflects the
state of the cell of origin makes EVs good biomarker candidates for disease
progression and diagnose establishment. Nowadays, the gold standard in disease
progression assessment is brain imaging, such as MRI or PET. This is not an ideal
method considering that it is not suitable for early-stage diagnosis of
neurodegenerative disease (Croese and Furlan, 2017). As so, the presence of CNS
derived EVs in peripheral fluids (blood and CSF) represents a potential source of
disease information that can be used as biomarkers to establish the disease diagnosis
long before the first symptoms and to supply information regarding the disease

progression during clinical trials.

Investigation of Mutant Ataxin-3 Spreading in Machado-Joseph Disease 65



1.4.6.4.1. EVs in Creutzfeld-Jacob Disease

The first evidence that EVs could shuttle pathological proteins come from an
interesting study where EVs were associated to the infectious prion protein.
Furthermore, the prion bearing EVs were able to induce pathology in recipient cells,
contributing to the infectious spreading (Fevrier et al., 2004). Years later, it was shown
that neuron-derived EVs are able to induce pathology in healthy cells, and that non-
neural cell derived EVs bearing the infectious form of the prion protein were also able
to induce pathology in healthy neurons. The same EVs were then able to induce prion
disease when inoculated in mice (Vella et al., 2007). Interestingly, evidence exists that
by inhibiting the EVs biogenesis mechanisms (namely the ESCRT-dependent and -
independent pathways), the secretion of the pathogenic form of the prion protein
could be decreased, and consequently, prion infectivity (Vilette et al., 2015). Even
more surprising is the fact that plasma-derived EVs from mice bearing prion disease
are infectious, and can transmit the pathology upon injection into other animals

(Cervenakova et al.,, 2016).

1.4.6.4.2. EVs in Alzheimer’'s Disease

For AD, the association of the disease causing mechanisms with EVs is long known
(Rajendran et al., 2006; Sharples et al., 2007). In these works, EVs were shown to
transport APP, a key player in AD and a characteristic EVs protein was found in Ap
plaques, hinting a role for EVs in the physiopathology of AD. Also tau was found to
be present and transmit pathology via EVs. Moreover, by inhibiting EVs biogenesis, it
was also observed a reduction of tau propagation both in vitro and in vivo (Asai et al.,
2015). Additionally, phosphorylated tau was observed associated to EVs in CSF of
mild AD patients, reinforcing the potential use of EVs as biomarkers for AD diagnose
and progression assessment (Saman et al., 2012). Of note is the fact that EVs enriched
in A (specially on the surface) are capable of disturbing Ca®* homeostasis, impairing
mitochondrial function, and making neurons vulnerable to excitotoxicity; thus

contributing to neuronal damage (Eitan et al., 2016).
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1.4.6.4.3. EVs in Parkinson’s Disease

Emmanouilidou and colleagues demonstrated, in a cell model of PD, that prefibrilar
oligomers of a-synuclein are also secreted in EVs. In these experiments, EVs secretion
was dependent on Ca?" stimulation and further incubation of these EVs with naive
neurons induced a-synuclein aggregation and neuronal death (Emmanouilidou et al.,
2010). This work was the first report that described the cell secretion of a-synuclein
via EVs. Later on the ability of a-synuclein oligomers to be internalized by recipient
cells and display toxic processes was assessed. Interestingly, a higher uptake of EVs-
associated a-synuclein oligomers, and consequent more cytotoxicity, by recipient
cells was observed in comparison to free forms of the fragments (Danzer et al., 2012).
Notably, the authors also described the presence of a-synuclein oligomers both in
the lumen and on the surface of EVs. A mouse cell line of microglia was also shown to
be stimulated to secrete EVs upon contact with a-synuclein. It was observed that the
secreted EVs induced apoptosis, possibly by the transmission of inflammatory signals
such as TNF-a (Chang et al, 2013). This work empathizes the role of EVs in a-
synuclein-mediated neurodegeneration in PD.

Lipid extracts derived from EVs are also able to accelerate aggregation, leading to the
hypothesis that EVs lipids alone are enough to produce this catalytic effect (Marie et
al., 2015; Fernandes et al., 2016). Mutations in Leucine-Rich Repeat Kinase 2 (LRRK2)
are associated with some forms of PD. EVs-associated LRRK2 is elevated in urine
samples of PD patients and directly correlates with disease severity (Fraser et al.,
2016). In another work, a-synuclein oligomers present in EVs extracted from CSF of
PD patients was also correlated with disease severity. Furthermore, when
administered to a reporter cell line, these EVs were able to induce oligomerization of
soluble a-synuclein in a dose-dependent manner (Stuendl et al, 2016). Taken

together, this data hints a role for EVs in PD pathology.
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1.4.6.4.4. EVs in Polyglutamine Diseases

Regarding polyQ diseases, the information associating the spread of pathologic seeds
and EVs is still very scarce. Concerning to HD, Zhang and collaborators showed the
presence of the polyQ tract of mHTT and its mRNA in EVs in vitro. Furthermore, the
derived EVs were internalized by cultured mouse striatal neurons, and polyQ mRNA
was detected in cytoplasm. However, the presence of the polyQ tract in the neurons
did not triggered toxicity over the short period of time of this experiment (Zhang et
al., 2016). This pioneering work is the first to describe a potential pathologic transfer
of mutant mRNA via EVs in HD. For SCAs, and in particular MJD, the issue of
pathologic seeds transfer between neurons via EVs was still not addressed to this day.
If EVs are proved to play a critical role in disease progression, drugs that block their
release or intake by target neurons may appear as an attractive therapeutic tool to
treat proteinopathies. Moreover, its use as biomarkers might improve diagnose and
evaluation of disease progression. This would be a major breakthrough in the quest
of finding better biomarkers and new therapeutic options for misfolded protein-
associated neurodegenerative diseases.

In the present work, we took advantage of already established lines of control and
MJD-patient’s iPSCs-derived neuroepithelial stem cells (NESCs), which can be
differentiated into neuronal cultures. Human NESCs and extracellular vesicles (EVs)-
produced by human NESC or human neural cultures of diseased and control
conditions were used in this work to further physical, cellular and molecular analysis,
with the goal of evaluate differences between both normal and diseased cells-derived

vesicles that could be used as biomarkers of MJD.
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Objectives

The main goal of this work was to assess the potential of EVs in the

neuropathological spreading of mutant Ataxin-3 and other mediators in the context

of MJD. For this, the following aims were proposed:

Characterization of EVs obtained from control and MJD iPSCs-derived NESCs,
and control and MJD neuronal cultures of iPSCs-derived NESCs, and
assessment of potential differences between control and MJD EVs;

In vitro assessment of the effect of the EVs obtained from MJD iPSCs-derived
NESCs and from MJD neuronal cultures of iPSCs-derived NESCs in MJD
neuropathological players as mutant Ataxin-3 aggregation, and autophagy
and apoptosis mediators;

In vitro evaluation whether cell contact is required for neuropathological
mediators spreading;

In vivo assessment of mutant Ataxin-3 spreading.
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Materials and Methods

2.1. iPSCs-derived Neuroepithelial Stem Cells Culture

Human iPSCs-derived Neuroepithelial Stem Cells (NESCs) established in our lab, were
obtained by reprogramming fibroblasts of Control and MJD-patients into iPSCs using
lentivirus encoding for four reprogramming factors (Oct-4, KIf4, c-Myc and Sox-2)
(Takahashi and Yamanaka 2006) (Takahashi et al. 2007) as previously described (Koch
et al. 2011). IPSCs were later induced into NESCs (Reinhardt et al., 2013) and cultured
as monolayers in Matrigel (Corning)-coated flasks at 37°C with 5% CO2. Cells were
maintained in culture medium composed of Neurobasal medium (Invitrogen) and
DMEM/F-12 (Invitrogen), in a 1:1 ratio, 1% Penicillin/Streptomycin (Invitrogen), 2 mM
L-Glutamine (Invitrogen), 1:200 N-2 supplement (Gibco), 1:100 B-27 without vitamin
A (Gibco), 150 uM Ascorbic Acid (Sigma-Aldrich), 3 uM CHIR 99021 (Axon-

Medchem), and 0.75 uM Purmorphamine (PMA) (Enzo) and were split every 5-7 days.

2.2. NESCs Differentiation in Neural Cells

NESCs were differentiated into neural cells in Matrigel-coated flasks and coverslips
(MW6, MW12 and MW096), by changing the culture medium to Neurobasal medium
(Invitrogen) and DMEM/F-12 (Invitrogen), in a 1:1 ratio, 1% Penicillin/Streptomycin
(Invitrogen), 2 mM L-Glutamine (Invitrogen), 1:200 N-2 supplement (Invitrogen), 1:100
B-27 without vitamin A (Invitrogen), 0.25 uM Dibutyryl cyclic Adenosine
Monophosphate sodium salt (CAMP) (Sigma-Aldrich), 5 uM Forskolin (Sigma-Aldrich),
and 2 uM Retinoic Acid (Sigma-Aldrich). Differentiation media was changed every 3-4
days.
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2.3. EVs Isolation

NESCs and differentiated neural cells culture medium was collected and stored at
20°C until EVs isolation. EVs were isolated by defrosting the medium overnight
followed by differential centrifugation. Firstly, the medium was centrifuged at 300 g
(1300 rpm) for 10 minutes at 4°C to pellet cells. Then, the supernatant was
centrifuged at 2000 g (3400 rpm) for 10 minutes at 4°C to remove remaining cells
and cell debris. The resulting supernatant was filtered using a 0.8 um filter to remove
bigger vesicles. Finally, the medium was ultracentrifuged at 100 000 g (28 500 rpm)
for 1 hour and 30 minutes at 4°C, using the SW-41Ti rotator, in the Optima XE-100
ultracentrifuge (Beckman Coulter). The resulting pellet was resuspended according to
the final use of the same: for Western-Blot analysis the pellet was resuspended in lysis
buffer, for RNA analysis in lysis buffer (provided by miRCURY™ RNA Isolation kit,

Quiagen) and 1% B-mercaptoethanol, and for NTA and functional analysis in sterilized

PBS.
Cells Cell debris, dead cells Blgger vesicles EV peIIet
I'st Centrifugation: 2nd Centrifugation: Filtration: Ultracentrifugation:
1300rpm, 10" @ 4°C 3400rpm, 10’ @ 4°C 800nm filter 28500rpm, 1h30 @ 4°C

Figure 2.1. Differential centrifugation method used to isolate EVs.

2.4. Nanoparticle Tracking Analysis (NTA)

NTA was performed using NanoSight NS300 (Malvern) equipped with a syringe
pump. EVs isolated as previously described were resuspended in 100 uL PBS after
ultracentrifugation and diluted in water before loading in the syringe. Each sample
was diluted accordingly for ideal reading. Pump speed was set to 20, camera level
was 12-14, and detection threshold at 3. Five 60 second videos were recorded for

each sample and analyzed using NTA software.
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2.5. Transmission Electron Microscopy (TEM)

Transmission electron microscopy was performed according to Théry et al., 2006.
Briefly, After isolation, EVs were fixed with 2% paraformaldehyde (PFA) and deposited
on Formvar-carbon coated grids (TAAB Laboratories Equipment) for 20 min. Grids
were washed with PBS 1X and fixed for 5min with 1% glutaraldehyde. Following a
cycle of washes using distilled water, grids were contrasted with a uranyl-oxalate
solution (pH=7) for 5 minutes, and transferred to methyl-cellulose-uranyl acetate for
10 minutes on ice. Images were obtained using a Tecnai G2 Spirit BioTWIN electron

microscope (FEI) at 80kV.

2.6. Western-Blot

Cultured cells were washed twice with PBS and kept at -80°C until processing. EVs
were resuspended with lysis buffer and stored at -80°C until further use. Both cells
and EVs were disrupted using lysis buffer composed of 150 mM NaCl, 50 mM Tris, 5
mM EDTA, 1% Triton, 0.5% sodium deoxycholate and 0.1% SDS added freshly with
protease inhibitor (Complete Mini), phosphatase inhibitor (PhosStop Easy, Roche), 1
mM Phenylmethane Sulfonyl Fluoride (PMSF) (Sigma-Aldrich) and 10 pg/mL
Dithiothreitol (DTT) (Sigma-Aldrich), strong vortex and sonication for 3 cycles of 10
seconds at middle speed (40-60 kHz).

For each sample the amount of protein was quantified using Pierce BCA Protein
Assay Kit (Thermo Fischer Scientific). The amount of protein loaded was 25 or 50 ug
for cell lysates and 50 or 100 pg for EVs.

The sample was prepared with sample buffer composed of 0.5 M Tris-HCI pH: 6.8,
30% glycerol, 10% SDS, 0.6 M DTT and 0.1 mg/mL blue bromophenol, denatured by
heating at 95°C for 5 minutes and stored at -20°C until use.

Proteins were separated by SDS-polyacrylamide gel electrophoresis (PAGE), in 8 or
12% resolving acrylamide gels at 70V for 10-15 minutes and 100V for the rest of the
run. After electrophoresis, proteins were transferred to polyvinilidene diflouride
(PVDF) membranes (Millipore) previously activated by diving 1 minute in methanol, 5

minutes in water and 5 minutes in CAPS (N-cyclohexylamino-3-aminopropanesulfonic

Investigation of Mutant Ataxin-3 Spreading in Machado-Joseph Disease 75



acid)/10% methanol. Transference was performed at 0.75 A for 2-2:30 hours, with 4°C
cooling. Then, the membranes were blocked with 5% milk in TBS (Tris-Buffered
Saline) with 0.1% Tween 20 (TBS-T) for 1 hour and incubated with primary antibodies
overnight at 4°C. Then, membranes were washed three times (5, 10 and 15 minutes)
with TBS-T and incubated with alkaline phosphatase linked secondary antibodies
(diluted 1:10000) for 2 hours at room temperature. Again, the membranes were
washed with TBS-T three times (5, 10 and 15 minutes) and proteins were assessed
using Enhanced Chemifluorescence substrate (ECF, Amersham Bioscences) in the
Versadoc 3000 Imaging System (Bio-Rad). The signals obtained were quantified using
Image) software (NIH, USA).

A complete list of the antibodies used is provided in Table 2.1. All antibodies used

were diluted in 5% milk in TBS-T.

Table 2.1. Antibodies used in western-blot.

Antibody Dilution Manufacturer Reference Molecular Specie
Weight
p62 1:1000  Cell Signaling 5114S 62 kDa rabbit
SOD-1 1:500 Santa Cruz sc-17767  16-18 kDa mouse
LC3-B 1:1000  Cell Signaling 2775S 18 kDa rabbit
Alix (3A9) 1:1000  Cell Signaling 2171S 96 kDa mouse
Spinocerebellar 1:1000 Millipore MAB5360 26, 34,50 mouse
ataxin-3 (1H9) and 66 kDa
Cleaved CASP3 1:1000 Cell Signaling 9661S 19 kDa rabbit
B-tubulin 1:1000 Sigma SAP.4G5 50 kDa mouse
Calnexin 1:500 Santa Cruz sc-11397 90 kDa rabbit
HSP70 1:500 Santa Cruz sc-24 70 kDa mouse
CDs1 1:500 Santa Cruz sc-9158 26 kDa rabbit
CD63 1:500 Santa Cruz sc-15363  30-60 kDa  rabbit
Bcl-2 1:500  Cell Signaling 2876S 26 kDa rabbit
Atg3 1:500  Cell Signaling 3415S 37 kDa rabbit
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Atg7 1:500  Cell Signaling 8558S 77 kDa rabbit

Atgl2 1:500  Cell Signaling 2010S 21 kDa rabbit

Beclin-1 1:1000 BD 612113 61 kDa mouse
Biosciences

Aktl 1:500 Santa Cruz sc-5298 62 kDa mouse

p-ERK 1:500 Santa Cruz sc-7383 43 kDa mouse

HSP20 1:500 Santa Cruz sc-51955 20 kDa mouse

p-p38 1:500 Santa Cruz sc-7973 38 kDa mouse

2.7. Quantitative Reverse Transcriptase (RT) - Polymerase Chain Reaction (PCR)
and Semi-Quantitative RT-PCR

After resuspension in RNA extraction lysis buffer with 1% B-mercaptoethanol, the
RNA present in the samples was extracted using miRCURY™ RNA Isolation kit
(Quiagen), according to manufacturer's recommendations. The RNA purity and
concentration was measured using NanoDrop™ 2000 (Thermo Scientific). From this
RNA, cDNA was synthesized with iScript™ cDNA Synthesis Kit (Bio-Rad), from 300 ng
of total RNA, as instructed by the manufacturer. Quantitative real time PCR (qRT-PCR)
was performed with SsoAdvanced™ SYBR® Green Supermix Kit (Bio-Rad). The cDNA
obtained by reverse transcription was diluted (how any times) in DNase-free
deionized water (Sigma). Briefly, qRT-PCR was performed with a single cycle of 95°C
for 30 seconds, followed by 45 cycles of two steps: first step of 5 seconds at 95°C, and
a second step of 15 seconds at temperature depending on the annealing
temperature of each primer (Table 2.1.). The threshold cycle (CT) for each gene was
generated automatically by the StepOne™ Software (Applied Biosystems). For all
genes, a standard curve was performed, and quantitative PCR efficiency was
determined by the software. Additionally, no template and no reverse transcriptase

controls were performed. The primers used are indicated in Table 2.2.
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Table 2.2. List of genes screened. Indicated are also the manufacturer of the primers, the
reference of each primers, and the annealing temperature as well.

Gene Manufacturer Reference Annealing
temperature

CASP3 Sigma KPP 60°C

CASP7 Sigma KPP 60.5°C
CASP8 Sigma KPP 58°C
CASP9 Sigma KPP 59°C
CYcs Sigma KPP 59°C
IL-8 Sigma KPP 60°C
LC3-B Sigma KPP 58°C
Beclin-1 Quiagen 79237 60°C
TNF-a Sigma KPP 60°C
HPRT Quiagen QT00059066 60°C
ATXN3 Invitrogen R5569 58°C

KPP: KiCqStart Pre-designed Primers.

Semi-quantitative RT-PCR was performed using 40 ng of cDNA obtained as described
above. The reaction mix used was as follows: 10 % HF or GC buffer, 10 mM dNTP, 500
nM of each forward and reverse primers, 5% DMSO, 1% Phusion® enzyme (Quiagen)
and DNase-free deionized water. The PCR was performed with a single cycle of 98°C
for 10 seconds, a second step composed of 35 cycles of: 98°C for 10 seconds, variable
temperature (according to primer’s annealing temperature) for 10 seconds and 72°C
for 30 seconds; and a third step of 72°C for 30 minutes. After the reaction, samples
were kept at 4°C until agarose gel electrophoresis resolution. Thus, samples were
loaded in 2% agarose gel and electrophoresis was performed at 90 V for 45 minutes

to 1 hour. Images were taken using Image Lab software (Bio-Rad).
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2.8. EVs Labeling

After isolation, as previously described, EVs pellet was resuspended in PBS. Then 10
uM of Carboxyfluorescein Diacetate Succinimidyl Ester (CFSE) (CellTrace, Invitrogen)
in DMSO were added to fluorescently label the vesicles. Incubation of CFSE with the
vesicles was done for 45 minutes, with shaking every 15 minutes, at 37°C. Following,
the marked EVs were diluted in 9.5 mL of PBS and ultracentrifuged at 100 000 g
(28 500 rpm) for 1 hour and 30 minutes, at 4°C, to remove the unbound dye. In
parallel, a negative control (without EVs), composed of the same concentration of
CFSE was added to 9.5 mL of PBS and submitted to the same steps as the EVs sample.

After ultracentrifugation, both pellets were resuspended in 100 uL of sterile PBS.

2.9. Immunocytochemistry

NESC-derived neurons plated in coverslips were washed twice with PBS, fixed with 4%
paraformaldehyde (PFA) (Sigma) for 20 minutes at room temperature, washed again
twice with PBS and stored at 4°C until use. Fixed cells were permeabilized with 1%
Triton™ X-100 (Sigma), followed by 1 hour blocking with 3% bovine serum albumin
(BSA)/PBS (Sigma) and overnight incubation with primary antibodies at 4°C. The
primary antibodies used were diluted in 3% BSA/PBS according to manufacturer
instructions. In the following day, after washing twice with PBS, incubation with the
secondary antibodies was performed for 2 hours at room temperature. The secondary
antibodies were diluted in 1% BSA/PBS. Nuclear DNA was stained blue using 4', 6-
diamidino-2-phenylindoline, DAPI (1:5000, Applichem).

Primary antibodies used: mouse anti-MAP2 (1:250), rabbit anti-B3-tubulin (1:400) and
mouse anti-1H9 (1:1000).

Secondary antibodies used: Alexa 594 anti-mouse (1:250), Alexa 488 anti-rabbit
(1:250) and Alexa 594 anti-rabbit (1:250).

2.10. Co-culture without Contact (indirect co-culture)

Control NESCs were plated in MW12 with 300.000 cells per well with differentiation

medium. In half of the wells of each plate (6 per plate) cells were plated with cell
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culture inserts (Millicell) containing 200.000 MJD NESCs also in differentiation-
inducing medium. Cells were allowed to share medium through the 1 um pore of the
insert membrane. These experiments were carried for 1 or 3 weeks. After these
periods, cells were immunostained for ataxin-3 and B3-tubulin or processed for

Western-Blot.

2.11. Mixed Cultures (direct co-culture)

The lentiviral vectors encoding for green fluorescent protein (GFP, SIN-PGK-GFP-
WHYV) were produced in 293Tcells using a four plasmid system (de Almeida et al.
2001). Control NESCs were transduced with lentiviral vectors encoding GFP. Briefly,
4.5 million control NESCs were incubated in a T75 flask for 24h with lentiviral vectors
encoding GFP (the equivalent to 100 ng of p24 antigen) 30 minutes after passage.
Twenty-four hours later, the maintenance medium was changed. After 3-4 days
NESCs were constitutively expressing GFP.

150.000 GFP-expressing control NESCs were mixed with MJD NESCs in a 1:1 ratio and
plated in MW12 (300.000/per well in total) in differentiation-inducing media. This
experiment carried for 2 weeks. After this period, the cells were fixed and

immunostained for Ataxin-3 and B3-tubulin as described above.

2.12. Reactive Oxygen Species (ROS) Measurement

For the reactive oxygen species (ROS) quantification, control NESCs were plated in
black/clear bottom MW96 (75.000 per well) and differentiated for one week. Then,
differentiated neurons were washed twice with Hanks' Balanced Salt Solution (HBSS)
(Sigma-Aldrich) and incubated with 100 pg of control and MJD NESCs-derived EVs for
one hour for ROS induction. Reactive Oxygen Species Detection Assay Kit (Red
Fluorescence) (Abcam) was used according to manufacturer’s instructions. The probe
was incubated with the cells for two hours and fluorescence reading was performed
in Cytation (BioTek) with an excitation wavelength of 520 nm, emission of 605 nm and

cutoff of 590 nm.
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2.13. Cell Viability

One week differentiated control NESCs were incubated for 3 days or 2 weeks with 50
ug/mL or 100 ug/mL EVs isolated from control NESCs or MJD NESCs culture medium.
After this period cell viability was assessed by the resazurin reduction assay (O'Brien
et al. 2000). The assay measures the chemical reduction of the resazurin dye resulting
from cellular metabolic activity. For this, cells were incubated with 0.1 mg/mL
resazurin, prepared in the differentiation culture medium, for 3-4 hours at 37°C and
5% CO,. The absorbance for the reduced and oxidized species of resazurin were read
at 570 nm and 600 nm, respectively, using spectrophotometer (SpectraMax Plus 384,
Molecular Devices). Cell viability was calculated according to the equation: [(As7g -

Acgoo)treated cells * 100)/(As70 — Asoo)control cells].

2.14. Transplantation of iPSCs-derived NESCs

Immunodeficient NOD.CB17-Prdc scid/J mice (Charles River), 5-6 weeks old, received
a single stereotaxic injection at postnatal days of 150 000 MJD or control human
iPSCs-derived NESCs in lobule 5 of the cerebellum at 0.25 puL/min and were sacrificed
8 weeks after the transplantation. Mice were housed in sterile conditions (Ventiracks).
Food and water were provided ad libitum. All experiments were conducted in
accordance with the European Community Council directive (86/609/EEC) for care

and use of laboratory animals.

2.15. Tissue Preparation for Imnmunohistochemistry

Animals were sacrificed by xylazine/ketamine overdosing and intercardically perfused
with cold 4% paraformaldehyde (PFA). After, the brains were removed and kept in 4%
PFA for 24h at 4°C, then cryoprotected by incubation in 25% sucrose in PBS solution
for 48h at 4°C. Finally, the brains were frozen at -80°C until further sectioning. The
cerebellum was sliced in 25 um sagittal sections using a cryostat (Thermo Fisher
Scientific). Free-floating brain sections were collected in 48-well plates with

PBS/0.05mM sodium azide and kept at 4°C until processing.
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2.16. Immunohistochemistry.

The brain sections were first washed three times with PBS, blocked and permeabilized
for 2h in 0.1% Triton™ X-100 and 10% normal goat serum (NGS)/PBS at room
temperature. After that, brain sections were incubated overnight at 4°C with the
following primary antibodies prepared in 10% NGS: mouse anti-1H9 (1:1000,
Millipore), quail anti-ataxin-3 (1:1000) and rabbit anti-Iba-1 (1:500, Dako).

In the following day, sections were washed three times with PBS and incubated with
secondary antibodies prepared in 2% NGS/PBS for 2h at room temperature. After
this, brain sections were washed three times with PBS and nuclear DNA was stained
using DAPI (1:5000). Sections were washed three times with PBS and mounted on
gelatinized slides. After drying for 15 minutes at 37°C, slides were mounted with

Mowiol reagent (Sigma).

2.17. Microscopy

Widefield fluorescence images were acquired with a 10x and 20x objective on a Zeiss
Axiovert 200 imaging microscope. Confocal fluorescence images were obtained using

a 40x and 63x objective on a LSM Zeiss microscope.
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Results
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Results

3.1. Extracellular Vesicles Characterization

3.1.1. Assessment of Size and Sample Concentration of EVs from Human iPSCs-
derived NESCs

In the first part of this work, the physical characteristics of control and MJD iPSCs-
derived NESCs EVs, henceforward designated as control and MJD NESCs-derived EVs,
were assessed by NTA. Features such as particle size average and size mode, particles
concentration and size distribution were analyzed (Figure 3.1). No statistically
significant differences were observed between the two types of populations in terms
of (Figure 3.1 A) particle size average, (Figure 3.1 B) particle size mode and (Figure 3.1
C) particle concentration. Being the mean average size of 186.96 + 17.36 nm for
control NESCs-derived EVs and 176.18 + 11.72 nm for MJD NESCs-derived EVs.
Which is in accordance with the accepted size for EVs. Moreover, particle
concentration was of 2.37x10° + 0.39x10° particles/ml for control NESCs-derived EVs
and 2.22x10° + 0.34x10° particles/ml for MJD NESCs-derived EVs. Additionally, no
major differences in the size distribution profile between (Figure 3.1 D) control
NESCs-derived EVs and (Figure 3.1 E) MJD NESCs-derived EVs were found. Control
NESCs-derived EVs (Figure 3.1 A and B) appear to be slightly bigger but (Figure 3.1 D

and E) with a more irregular size distribution.
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Figure 3.1. Physical characterization of control and MJD NESCs-derived EVs. Comparison of
the (A) particle size average (B) particle size mode and (C) particle concentration. (D) Control
NESCs-derived EVs and (E) MJD NESCs-derived EVs size distribution profile. Unpaired t test
with Welch’s correction, n=6.

3.1.2. Assessment of Size and Sample Concentration of EVs from Human
Neuronal Cultures of iPSCs-derived NESCs

The NTA analysis was also made to EVs derived from control and MJD neuronal
cultures differentiated from iPSCs-derived NESCs, henceforward designated as
control and MJD neuronal cultures-derived EVs (Figure 3.2). No statistically significant
differences were observed between control and MJD neuronal cultures-derived EVs in
terms of (Figure 3.2 A) size average and (Figure 3.2 B) size mode. The mean average
size of control neuronal cultures-derived EVs is 123.87 + 24.04 nm, and for MJD
neuronal cultures-derived EVs of 154.57 + 3.99 nm. Regarding the concentration
values, the two populations are statistically different, control neuronal cultures-
derived EVs present 2.27x10° + 0.09x10° particles/ml, while MJD neuronal cultures-
derived EVs have a concentration 2 times less particles/ml (1.14x10° + 0.16x10°
particles/ml). Additionally, the size distribution profile of (Figure 3.2 D) control
neuronal cultures-derived EVs appears to be more heterogeneous as compared to
(Figure 3.2 E) MJD neuronal cultures-derived EVs. Thus, in general, the differences in
the referred physical characteristics appear to be bigger in neuronal cultures-derived

EVs than in NESCs-derived EVs.
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Figure 3.2. Physical characterization of control and MJD neuronal cultures-derived EVs.
Comparison of the (A) particle size average, (B) particle size mode, and (C) particle
concentration. Size distribution profile of (D) control neuronal cultures-derived EVs and (E)
MJD neuronal cultures-derived EVs. Unpaired t test with Welch's correction, **p<0.01; n=3.

3.1.3. Visualization of MJD and Control EVs by Transmisson Electron
Mircroscopy

The structure and integrity of MJD and control NESCs and neuronal cultures-derived
EVs was further analyzed by Transmission Electron Microscopy (TEM) (Figure 3.3). As
expected, round nanometric structures were observed. After measurement, the
(Figure 3.3 A) control NESCs-derived EVs present 128.37 nm and (Figure 3.3 B) MJD
NESCs-derived EVs exhibited 165.58 nm. (Figure 3.3 C D) Both control and MJD
NESCs-derived neuronal cultures present 120.63 nm. This result are consistent with
NTA measurements; however demands further confirmation by increasing the

number of samples evaluated by TEM.
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Figure 3.3. Transmission Electron Microscopy (TEM) analysis of control and MJD-derived EVs.
(A) Control NESCs-derived EVs. (B) MJD NESCs-derived EVs. (C) Control neuronal cultures-
derived EVs. (D) MJD neuronal cultures-derived EVs.

3.1.4. EVs Protein Cargo Characterization
After the physical characterization of the control and MJD NESCs-derived EVs
population, an assessment of the protein content of these EVs was performed by

Western-Blot.

3.1.4.1. Assessment of Typical EVs Markers

Firstly, using western blot we investigated the presence of protein markers typically
associated to EVs, to assure that the EVs isolation protocol used result in EVs
populations (Figure 3.4). It was observed that control and MJD NESCs-derived EVs
samples are positive for the EVs markers such as ALIX, CD63 and Flotilin-1. We also

tested the presence of the negative EVs marker Calnexin, which was not found in our
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samples, as comparing with the progenitor cells (MJD NESCs and CNT NESCs). The
observed results are in accordance with the previously observations made in NTA and
TEM, indicating the isolation of EVs by this method. Thus, it was confirmed the

presence of EVs in our samples by the current standards.
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Figure 3.4. Evaluation of EVs positive (ALIX, CD63 and Flotilin-1, upper panel) and negative
(Calnexin, down pannel) markers in MJD NESCs-derived EVs (MJD NESCS EVs) and control
NESCs-derived EVs (CNT NESCs EVs) through western blot. Control samples of MJD iPSCs-
derived NESCs (MJD NESCs) and control iPSCs-derived NESCs (CNT NESCs).

3.1.4.2. Screening of Proteins Related to MJD-associated Neuropathological
Pathways

Then, a series of proteins that might be related to pathways deregulated in MJD, as
apoptosis and autophagy, and the disease causing mutant Ataxin-3 protein, were
screened to assess which ones were present in the NESCs-derived EVs. Several
proteins were screened, namely protein associated with (Figure 3.4 A) apoptosis as

Akt-1, p-ERK, p-p38 and SOD-1, and (Figure 3.4 B) autophagy, namely Atg7, p62,

Investigation of Mutant Ataxin-3 Spreading in Machado-Joseph Disease 89



Beclin-1, Atg3 and Bcl-2. A control of progenitors iPSCs-derived NESCs (MJD NESCs

and CNT NESCs) for each population of EVs was also used.
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Figure 3.5. Evaluation of (A) proteins associated with apoptosis (Akt-1, p-ERK, p-p38 and
SOD-1) and (B) proteins involved in autophagy (Atg7, p62, Beclin-1, Atg3 and Bcl-2) in
control NESCs-derived EVs (CNT NESCs EVs) and MJD NESCs-derived EVs (MJD NESCs EVs)
through western-blot. Control samples of MJD iPSCs-derived NESCs (MJD NESCs) and
control iPSCs-derived NESCs (CNT NESCs).

As can be observed in Figure 3.5, the apoptosis-related protein SOD-1 and the
autophagy proteins p62 and Beclin-1 were found to be present in both control and
MJD NESCs-derived EVs. These proteins were further quantified, to evaluate possible

differences between the two populations of EVs.
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Regarding autophagy, the proteins (Figure 3.6 A, D) p62 and (Figure 3.6 B, D) Beclin-1
have a tendency to be less abundant in MJD NESCs-derived EVs. The p62 levels in
MJD NESCs-derived EVs were 40% (0.598 + 0.059) lower as compared to the control
NESCs-derived EVs. As for Beclin-1, it was observed a 31% (0.686 + 0.060) lower
expression in MJD NESCs-derived EVs. On the other hand, (Figure 3.6 C, D) SOD-1
protein was found to be three times more expressed (3.021 = 0.739) in the MJD
NESCs-derived EVs than in the control NESCs-derived EVs (1.000 + 0.190).
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Figure 3.6. Evaluation of autophagy and apoptosis-related proteins in control NESCs-derived
EVs (CNT) and MJD NESCs-derived EVs (MJD) through western blot. (A) Quantification of
p62, (B) Beclin-1 and (C) SOD-1 levels normalized for B-tubulin and control average. (D)
Western-blot representative image. Control samples of MJD iPSCs-derived NESCs (MJD
NESCs) and control iPSCs-derived NESCs (CNT NESCs). Data are expressed as mean + SEM;
*p<0.05, unpaired t test with Welch's correction; p62 n=8, Beclin-1 n=3, SOD-1 n=9.

The presence of mutant Ataxin-3 protein in MJD NESCs-derived EVs was also

assessed but, as demonstrated in Figure 3.7, this protein was not found in the EVs.
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Figure 3.7. Evaluation of mutant Ataxin-3 protein presence in MJD NESCs-derived EVs
through western blot analysis. MJD NESCs-derived EVs (MJD NESCs EVs) and control NESCs-
derived EVs (CNT NESCs EVs). Control samples of MJD iPSCs-derived NESCs (MJD NESCs) and
control iPSCs-derived NESCs (CNT NESCs).

3.1.4.3. Screening of Autophagy and Apoptosis-related Proteins in Neuronal
Cultures-derived EVs

Guided by the results obtained above, the autophagy and apoptosis-related markers
found in the NESCs-derived EVs were also sought in the neuronal cultures-derived
EVs population (Figure 3.8).

The p62 protein (Figure 3.8 A, D) levels were significantly decreased in 34 % (0.664 +
0.081) in MJD neuronal cultures-derived EVs population (MJD) comparing to the
control EVs (CNT). Relatively to Beclin-1 and SOD-1 (Figure 3.7 B, C, D) no significant

differences were observed between the EVs populations.
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Figure 3.8. Quantification of autophagy and apoptosis-related proteins in neuronal cultures-
derived EVs. (A) Quantification of p62, (B) Beclin-1 and (C) SOD-1 normalized with B-tubulin
and the average of the controls. (D) Western-blot image of P62, Beclin-1 and SOD-1
expression of control neuronal cultures-derived EVs (CNT Neuro EVs) and MJD neuronal
cultures-derived EVs (MJD Neuro EVs). Control samples of control iPSCs-derived NESCs
neuronal cultures (Neuro CNT) and MJD iPSCs-derived NESCs neuronal cultures (Neuro MJD).
Data are expressed as mean + SEM; *p<0.01, unpaired t test with Welch's correction; n=6.

Thus, our results indicate differences in terms of protein content between MJD and

control EVs.

3.1.5. Screening of Mutant Ataxin-3, Autophagy, Apoptosis and Inflammation-
related RNA in NESCs-derived EVs

Furthermore, the RNA content from control and MJD NESCs-derived EVs was
analyzed.

For all samples was possible to extract total RNA. The RNA of several proteins related
to apoptosis such as CASP3, CASP8, CASP7, CAS9 and Cytochrome C; inflammation,
as IL-8 and TNF-0, and autophagy, as LC3-B and Beclin-1 were screened through
gRT-PCR. As summarized in Table 3.1, several of the screened RNA were non-
detectable by this method, and the ones that were detected exhibited high and
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irregular threshold cycles making the quantification not possible. The exception was
the gene of the mitochondrial-related apoptosis marker Cytochrome C (CYCS) that

exhibited regular threshold cycles.

Detected mRNA Non-detected mRNA

CASP3 (CT=38.24) IL-8

CASP8 (CT=30.77) CASP9

CASP7 (CT=33.11) LC3-B
Beclin-|

Table 3.1. Detected and non-detected RNA of genes related to autophagy, apoptosis and
inflammation. CASP: Caspase; CYCS: Cytochrome C; IL: Interleukin; LC3-B: Light Chain Protein
3; TNF-a: Tumor Necrosis Factor-o; CT: Threshold Cycle.

The presence of mutant ATXN3 in EVs derived from NESCs carrying MJD was
evaluated through semi-quantitative RT-PCR. As can be observed in Figure 3.9, the
band that characterizes wild type Ataxin-3 (182 bp) is present both in control and
MJD NESCs-derived EVs; while the mutant Ataxin-3 (353 bp) was only found in 3 of
the 5 MJD NESCs-derived EVs tested.

CNT NESCs- MJD NESCs-
derived EVs derived EVs

Figure 3.9. Evaluation of mutant Ataxin-3 mRNA presence in MJD NESCs-derived EVs
through semi-quantitative RT-PCR.

3.2. In Vitro Studies with Extracellular Vesicles

Next, a series of in vitro experiments assessing potential interactions between EVs
and neuronal cultures were performed. Additionally, effects of NESCs and neuronal

cultures-derived EVs in control NESCs-derived neuronal cultures were also evaluated.
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3.2.1 EVs Internalization by NESCs-derived neuronal cultures

Before starting the evaluation of the impact of EVs administration in cellular pathways
related to MJD, it was first evaluated if the cells used in this study internalize the
obtained EVs. For this, CFSE-labeled EVs were incubated with control NESCs-derived

neuronal cultures for 14 hours. As can be observed in Figure 3.10, CFSE-labeled EVs

(green puncta) are internalized by the neuronal culture (white arrow).

Figure 3.10. EVs internalization by control NESCs-derived neuronal cultures. Neural
cultures stained for MAP2 neuronal marker (red), CFSE-labeled EVs (green) and nuclei
(DAPI, blue). Representative confocal microscopy images of 3 independent experiments.

3.2.2. Incubation of Neuronal Cultures with Control and MJD NESCs-derived EVs
for 2 Weeks

To study the effects of control and MJD NESCs-derived EVs in control NESCs-derived
neuronal cultures, with one week of differentiation, these cells were incubated with 50
and 100 pg/ml of control and MJD NESCs-derived EVs for two weeks. Cell viability
(Figure 3.11) was performed and as indicated, the tested vesicles triggered no effect

on cell viability at any of the tested concentrations.
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Figure 3.11. Cell viability of control NESCs-derived neuronal cultures incubated for two
weeks with 50 and 100 pg/ml of control NESCs-derived EVs (CNT EVs) and MJD NESCs-
derived EVs (MJD EVs). The variables were normalized to control neuronal cultures that
were not incubated with EVs. Data are expressed as mean + SEM of 3 independent
experiments; One-way ANOVA with Tukey’s multiple comparison test.

Then, the proteins found to be differently expressed between control and MJD EVs
were also evaluated here. Thus, the autophagy-related p62 and Beclin-1, as well as
the apoptosis-related protein SOD-1 levels were quantified (Figure 3.12).

The p62 protein levels were found to be decreased with the incubation of 100 pg/ml
of MJD NESCs-derived EVs (0.916 + 0.041), comparing to the amount of protein in
the control NESCs-derived neuronal cultures. On the other hand, this protein shows a

tendency to increase 1.74 times when control NESCs-derived EVs are added to the

culture.
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Figure 3.12. Levels of p62 protein in control NESCs-derived neuronal cultures incubated 2
weeks with (CNT EVs) 50 and 100 ug/ml of control NESCs-derived EVs and (MJD EVs) MJD
NESCs-derived EVs. (A) Western-blot image of p62 levels in cells incubated with control
NESCs-derived EVs or (B) MJD NESCs-derived EVs. (C) Quantification of p62 levels normalized
for control NESCs-derived neuronal cultures (CNT) p62 levels. Data are expressed as mean *
SEM of 3 independent experiments. One-way ANOVA with Tukey’s multiple comparison test;
multiplicity adjusted p values.

Beclin-1 levels of control NESCs-derived neuronal cultures incubated with 50 and 100
pug/ml of control NESCs-derived EVs (Figure 3.13 A, C) or with 50 and 100 pg/ml of
MJD NESCs-derived EVs (Figure 3.13 B, C) have a tendency to be decreased,
comparing to the amount of protein in the control NESCs-derived neuronal cultures.
The higher change was observed with 50 pug/ml of MJD NESCs-derived EVs

promoting 43% reduction (0.574 + 0.011) in the protein levels.
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Figure 3.13. Beclin-1 protein levels in control NESCs-derived neuronal cultures incubated 2
weeks with 50 and 100 pg/ml of control and MJD NESCs-derived EVs. Western-blot image of
Beclin-1 in cells incubated with (A) control NESCs-derived EVs or (B) MJD NESCs-derived EVs.
(C) Quantification of Beclin-1 levels normalized for control NESCs-derived neuronal cultures
(CNT) Beclin-1 levels. Data are expressed as mean + SEM of 3 independent experiments.
One-way ANOVA with Tukey’s multiple comparison test.

Taken together, our results indicate that autophagy may be affected by the presence
of EVs at the time point of 2 weeks. Noteworthy is the fact that the presence of the

two different types of EVs appears to have opposite effects in p62 levels.

Furthermore, the apoptosis-related protein SOD-1 was also assessed in control
NESCs-derived neuronal cultures incubated with 50 and 100 pg/ml of control NESCs-
derived EVs (Figure 3.14 A) or with 50 and 100 pg/ml of of MJD NESCs-derived EVs
(Figure 3.14 B). Similar to the results for p62, the biggest observed difference for the
variables presented is between the incubation with 100 pg/ml of control NESCs-
derived EVs (1.220 £ 0.315) and the incubation with 100 ung/ml of MJD NESCs-derived
EVs (0.475 + 0.090). Therefore, SOD-1 has a tendency to be decreased when 100
ug/ml of MJD NESCs-derived EVs are incubated with the cells.
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Figure 3.14. SOD-1 protein quantification in control NESCs-derived neuronal cultures
incubated 2 weeks with 50 and 100 pg/ml of control NESCs-derived EVs (CNT EVs) and MJD
NESCs-derived EVs (MJD EVs). Western-blot image of SOD-1 protein in cells incubated with
(A) control NESCs-derived EVs or (B) MJD NESCs-derived EVs. (C) Quantification of SOD-1
levels normalized for control NESCs-derived neuronal cultures (CNT) SOD-1 levels. Data are
expressed as mean + SEM of 3 independent experiments. One-way ANOVA with Tukey's
multiple comparison test.

3.2.3. Incubation of Neural Cultures with Control and MJD NESCs-derived EVs
for 3 days

In order to evaluate whether shorter incubation times might result in higher changes
in the cells, we performed the evaluation of the effect of the incubation of EVs at 3
days after adding the vesicles.

Thus, control NESCs-derived neuronal cultures were incubated with 50 and 100 pug/ml
of control NESCs-derived EVs or with 50 and 100 ug/ml of MJD NESCs-derived EVs
and 3 days after the impact of the EVs in cell viability and p62, Beclin-1 and SOD-1
protein levels was assessed.

Again no significant changes in cell viability were performed by the studied vesicles

(Figure 3.15).
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Figure 3.15. Cell viability assay of control NESCs-derived neuronal cultures incubated for 3
days with 50 and 100 pg/ml of control NESCs-derived EVs (CNT EVs) and MJD NESCs-
derived EVs (MJD EVs). Data are expressed as mean + SEM; n=9 for CNT EVs and n=12 for
MJD EVs, One-way ANOVA with Tukey's multiple comparison test.

As observed for 2 weeks of incubation with EVs, the p62 protein levels are increased
with 100 pg/ml of control NESCs-derived EVs (Figure 3.16 A, C) (1.569 + 0.142), and
this enhancement is dependent of the concentration, being more reduced for 50
nug/ml of control NESCs-derived EVs, 1.099 + 0.128. Additionally, the MJD NESCs-
derived EVs promote no significant changes in the p62 levels (Figure 3.16 B, C).
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Figure 3.16. Evaluation of p62 protein levels in control NESCs-derived neuronal cultures
incubated for 3 days with 50 and 100 pg/ml of control and MJD NESCs-derived EVs.
Western-blot image of p62 in cells incubated with (A) control NESCs-derived EVs (CNT EVs)
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or (B) MJD NESCs-derived EVs (MJD EVs). (C) Quantification of p62 levels normalized for
control NESCs-derived neuronal cultures (CNT) p62 levels. Data are expressed as mean +
SEM; n=9 for CNT EVs and n=11 for MJD EVs; *p<0.05. One-way ANOVA with Tukey's
multiple comparison test; multiplicity adjusted p values.

No significant changes were observed for Beclin-1 (Figure 3.17) and SOD-1 (Figure
3.18) protein levels of neuronal cultures incubated with control and MJD NESCs-

derived EVs during 3 days.
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Figure 3.17. Beclin-1 protein levels in control NESCs-derived neuronal cultures incubated for
3 days with 50 and 100 pg/ml of control NESCs-derived EVs (CNT EVs) and MJD NESCs-
derived EVs (MJD EVs). Western-blot image of Beclin-1 in cells incubated with (A) CNT EVs
and (B) MJD EVs. (C) Quantification of Beclin-1 normalized for control NESCs-derived
neuronal cultures (CNT) Beclin-1 levels. Data are expressed as mean + SEM; n=9 for CNT EVs
and n=5 for MJD EVs; One-way ANOVA with Tukey’'s multiple comparison test; multiplicity
adjusted p values.
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Figure 3.18. SOD-1 protein levels in control NESCs-derived neural cultures incubated for 3
days with 50 and 100 ug/ml of control and MJD NESCs-derived EVs. Western-blot image of
SOD-1 in cells incubated with (A) control NESCs-derived EVs (CNT EVs) and (B) MJD NESCs-
derived EVs (MJD EVs). (C) Quantification of SOD-1 normalized for control NESCs-derived
neuronal cultures (CNT) SOD-1 levels. Data are expressed as mean = SEM; n=9 for CNT EVs
and n=11 for MJD EVs; One-way ANOVA with Tukey's multiple comparison test; multiplicity
adjusted p values.

3.2.4. Incubation of Neural Cultures with Control and MJD Neuronal Cultures-
derived EVs for 3 days

The effect of control and MJD neuronal-derived EVs on neuronal cultures was also
assessed. In these experiments, control NESCs-derived neuronal cultures were
incubated with control and MJD neuronal-derived EVs for 3 days and the impact of
the vesicles in cell viability and p62, Beclin-1 and SOD-1 protein levels was assessed.
Again, no differences were triggered by the tested EVs in the cell viability (Figure
3.19).
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Figure 3.19. Cell viability of control NESCs-derived neural cultures incubated for 3 days
with 50 and 100 pg/ml of control neuronal cultures-derived EVs (CNT EVs) and MJD
neuronal cultures-derived EVs (MJD EVs). Data are expressed as mean + SEM of 3
independent experiments. One-way ANOVA with Tukey’s multiple comparison test.

Relatively to p62, it was observed that control neuronal cultures incubated with 50
and 100 pg/ml of control neuronal cultures-derived EVs (Figure 3.20 A, C) have a
tendency to have p62 levels increased in 1.184 + 0.092 and 1.133 + 0.087 times,
respectively. As observed for the previously tested particles at 2 weeks, the MJD-
derived vesicles promote reduction in the p62 levels (Figure 3.20 B, C), 21 % (0.787 +
0.027) with 50 pg/ml and 32% (0.684 + 0.089) with 100 ug/ml of EVs. As previously
observed the effect triggered by the control and MJD EVs in the p62 levels are

significantly different.
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Figure 3.20. Protein p62 levels in control NESCs-derived neural cultures incubated 3 days
with 50 and 100 pg/ml of control and MJD neuronal cultures-derived EVs. Western-blot
image of p62 in cells incubated with (A) control neuronal cultures-derived EVs (CNT EVs)
and (B) MJD neuronal cultures-derived EVs (MJD EVs). (C) Quantification of p62 normalized
for control NESCs-derived neuronal cultures (CNT) p62 levels. Data are expressed as mean *
SEM of 3 independent experiments; *p<0.05, One-way ANOVA with Tukey's multiple
comparison test, multiplicity adjusted p values.

Relatively to SOD-1 protein, likewise the quantifications for p62, for the same

quantity of EVs of each of the population, this protein was significantly decreased
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(from 1.116 £ 0.074 to 0.750 %= 0.003 with 100 pg/ml) in the cells that were exposed
to MJD neuronal cultures-derived EVs as compared to cells exposed to control
neuronal cultures derived EVs. Additionally, no differences were found regarding the

two different concentrations tested.
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Figure 3.21. SOD-1 quantification in control NESCs-derived neural cultures incubated for 3
days with 50 and 100 pg/ml of control neuronal cultures-derived EVs (CNT EVs) and MJD
neuronal cultures-derived EVs (MJD EVs). Western-blot image of SOD-1 in cells incubated
with (A) control neuronal cultures-derived EVs and (B) MJD neuronal cultures-derived EVs.
(C) Quantification of SOD-1 normalized for control NESCs-derived neuronal cultures (CNT)
SOD-1 levels. Data are expressed as mean = SEM of 3 independent experiments. **p<0.01,
One-way ANOVA with Tukey’s multiple comparison test; multiplicity adjusted p values.

3.2.5. Reactive Oxygen Species Production Upon Treatment with NESCs-derived
EVs

The production and processing of reactive oxygen species (ROS) by cells is an
important mechanism and often associated with neuropathological conditions. These
ROS are hazardous for the cell and their quick processing is crucial for cell survival.

As so, and since the presence of an important ROS processing enzyme had been
found to be present in the EVs, the effect of the administration of EVs in the cellular

production of ROS was also assessed with the aid of a probe of ROS (Figure 3.22).
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Our results indicate that, as expected control neuronal cultures per se exhibit some
production of ROS (Figure 3.22 A), since it is a physiological process related energy
production. Surprisingly, when 100 pug/ml of control (Figure 3.22 B) and MJD (Figure
3.22 C) NESCs-derived EVs were administrated to these cells a 4 times increase in ROS
production was observed (Figure 3. 22 A-F). Additionally, no significant differences

were observed between cells treated with control and MJD NESCs-derived EVs.
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Figure 3.22. Reactive oxygen species production upon treatment with NESCs-derived EVs.
(A, E.1, F) Control neuronal cultures without EVs added (CNT), (B, E.2, F) Control neuronal
cultures incubated 1 h with 100 pug/ml control NESCs-derived EVs (CNT NESCs EVs), (C, E.3,
F) Control neuronal cultures incubated 1 with 100 pg/ml MJD NESCs-derived EVs (MJD
NESCs EVs), were incubated 2 h with ROS probe; (D) free probe signal. (E) Fluorescence
intensity: (1) neuronal cultures; (2) neuronal cultures with control EVs; (3) neuronal cultures
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with MJD EVs; (4) free probe; (5) blank well. (F) Quantification of fluorescence intensity
units (RFU). Data are expressed as mean = SEM of 6 independent experiments.
****%0<0.0001 One-way ANOVA with Tukey’s multiple comparison test; multiplicity adjusted
p values.

3.2.6. Assessment of effects of MJD neuronal cells media in neuropathology

To evaluate whether other vesicles and mediators beside EVs might be interfering in
the MJD neuropathological spreading it was submitted control neuronal cells to the
effect of MJD neuronal cells media, through contactless media sharing (indirect co-
culture). Thus, MJD neuronal cells were plated in inserts (top) and the control
neuronal cells were plated in the bottom well, this way both type of cells shared the
same culture medium, and this contactless medium sharing was performed during
one or three weeks.

The main goals of these experiments were to evaluate the possibility of transmission
of mutant Ataxin-3 between cells without the need of cellular contact, as well as
possible physiological modifications such as autophagy or typical apoptosis markers

deregulations.

3.2.6.1. Mutant Ataxin-3 spreading

As so, with the aim to evaluate the presence of mutant Ataxin-3 aggregates in control
neurons, these cells that shared the media with MJD neuronal cells (B3-tubulin
positive cells) were immunostained for mutant Ataxin-3 aggregates (Figure 3.23).
Control neuronal cells present no mutant Ataxin-3 aggregates (Figure 3.23 A).
Nevertheless, after one week of sharing culture medium with MJD neuronal cultures
mutant Ataxin-3 aggregates could be observed (Figure 3.23 B); although a very low
number of aggregates were detected, indicating that this process might require

longer time points.
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Figure 3.23. Mutant Ataxin-3 spreading assessment with contactless culture medium sharing
for 1 week. (A) Control NESCs-derived neuronal cultures not sharing culture medium, (B)
Control NESCs-derived neural cultures that shared culture media with MJD NESCs-derived
neural cultures for one week, and (C) MJD neuronal cultures, all stained for B3-tubulin
neuronal marker (red), mutant Ataxin-3 aggregates (green, white arrows) and nuclei (DAP],
blue). Representative images of 3 independent experiments.

Therefore, a longer time of incubation, 3 weeks, was tested to further assess mutant
Ataxin-3 aggregates presence in control neurons (Figure 3.24). Control cells exhibited
no presence of mutant Ataxin-3 aggregates (Figure 3.24 A), as for the control NESCs-
derived neuronal cultures that shared culture media with MJD NESCs-derived
neuronal cultures the mutant Ataxin-3 aggregates were also found (Figure 3.24 B).
Surprisingly, apparently it was not observed higher levels of mutant Ataxin-3
aggregation at 3 weeks. Nevertheless mutant Ataxin-3 aggregates number
quantification is required to determine whether there is or not differences between

the aggregation levels between 1 and 3 weeks.
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Figure 3.24. Mutant Ataxin-3 spreading assessment with contactless culture medium
sharing for 3 weeks. (A) Control NESCs-derived neuronal cultures not sharing culture
medium, and (B) control NESCs-derived neural cultures that shared culture media with MJD
NESCs-derived neural cultures for 3 weeks. All stained for p3-tubulin neuronal marker (red)
and mutant Ataxin-3 aggregates (green, white arrows) through immunocytochemistry;
nuclei (DAPI, blue). Representative images of 3 independent experiments.

Mutant Ataxin-3 protein presence in control neurons that shared culture media,
without cell contact, with MJD neurons, for 1 and 3 weeks, was also evaluated with
Western-blot analysis (Figure 3.25). As can be observed in Figure 3.25, mutant Ataxin-
3 (67 KDa) is present in the MJD NESCs-derived neuronal cultures (NESCs MJD), but it
was not detected in control neuronal cells that shared culture media with MJD
NESCs-derived neural cultures (CNT + MJD) for one week (Figure 3.25 A) or three
weeks (Figure 3.25 B). The not detection of mutant Ataxin-3 through this technique
might be explained by the very low amount of mutant Ataxin-3 transferred between
MJD and control NESCs-derived neuronal cultures, as suggested by
immunocytochemistry analysis, which is not enough to be detected in the Western-

blot analysis.
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Figure 3.25. Mutant Ataxin-3 protein evaluation in control NESC-derived neuronal cultures
sharing culture media, without cell contact, with MJD NESC-derived neuronal cells. Mutant
Ataxin-3 evaluation through Western-blot in MJD NESCs-derived neuronal cultures (NESCs
MJD), control NESCs-derived neuronal cultures without sharing culture medium (CNT) and

control NESCs-derived neuronal cultures sharing culture medium with MJD NESCs-derived
neuronal cultures (CNT + MJD) for (A) one week or (B) three weeks.

3.2.6.2. Evaluation of impaired cellular mechanisms

As previously performed, the cellular mechanisms analyzed were autophagy,
quantifying changes in p62, LC3-B and Beclin-1 protein levels, and apoptosis,
quantifying changes in SOD-1 protein levels.

At the time point of one week (Figure 3.26) the autophagy-related protein p62
presents no significant differences between the control cells (1.000 + 0.082) and the
cells that shared culture media with MJD NESCs-derived neuronal cultures (0.882 +
0.044) (Figure 3.26 A); while LC3-B has a tendency to be 1.938 + 0.041 times
increased in the cells that shared culture media with MJD NESCs-derived neuronal
cultures (Figure 3.26 B). In opposition, the survival signal SOD-1 (Figure 3.26 C)
displays a tendency to be 23 % decreased in the control cells that shared media with

the diseased neurons (0.766 + 0.001).
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Figure 3.26. Quantification of autophagy and apoptosis-related proteins in control NESCs-
derived neuronal cultures sharing culture media, without cell contact, with MJD NESC-derived
neuronal cells for one week. Quantification of (A) p62, (B) LC3-B and (C) SOD-1 in MJD
NESCs-derived neuronal cultures (NESCs MJD), control NESCs-derived neuronal cultures
without sharing culture medium (CNT) and control NESCs-derived neuronal cultures sharing
culture medium with MJD NESCs-derived neuronal cultures (CNT + MJD) through Western-
blot analysis, normalized for B-tubulin. Data are expressed as mean + SEM of 3 independent
experiments. Unpaired t test with Welch'’s correction, multiplicity adjusted p values.

To assess if a longer exposure time of the control neuronal cultures to medium of
MJD neurons might result in aggravation of autophagy and apoptosis mediators
changes, three weeks time point was tested (Figure 3.27). The observed changes in
p62, LC3-B and SOD-1 in control neuronal cells that shared culture medium with MJD
neurons during 3 weeks are smaller as compared to the observed for 1 week
protocol. Nevertheless, these results are from only two independent experiments,

thus further N enhancement is required.
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Figure 3.27. Quantification of autophagy and apoptosis-related proteins in control NESCs-
derived neuronal cultures sharing culture media, without cell contact, with MJD NESC-derived
neuronal cells for three weeks. Quantification of (A) p62, (B) LC3-B and (C) SOD-1 in MJD
NESCs-derived neuronal cultures (NESCs MJD), control NESCs-derived neuronal cultures
without sharing culture medium (CNT) and control NESCs-derived neuronal cultures sharing
culture medium with MJD NESCs-derived neuronal cultures (CNT + MJD) through Western-
Blot analysis, normalized for B-tubulin. Data are expressed as mean + SEM of 2 independent
experiments. Unpaired t test with Welch's correction.

3.2.7. Assessment of effects of MJD neuronal cells in neuropathology

Next, the spread of mutant Ataxin-3 from MJD neuronal cells to control ones through
direct cellular contact (direct co-culture) was assessed. Having this in mind, a mixed
culture of control GFP-expressing and MJD neuronal cells was incubated and the
presence of Ataxin-3 inclusion evaluated after two weeks.

In Figure 3.28 the MJD neuronal cells are clearly distinguishable from control ones
since they are only stained for MAP2 (red) (Figure 3.28 A), while the control neuronal
cells express both GFP (Figure 3.28 B) and MAP2. Mutant Ataxin-3 aggregates (Figure

3.28 C, D, white arrows) were observed in the MJD neuronal cells.
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Figure 3.28. Discrimination of MJD and control NESCs-derived neuronal cells incubated for
two weeks in a mixed culture. (A) Control and MJD NESCs-derived neuronal cells stained for
neuronal marker MAP2 (red), (B) control NESCs-derived neural cells expressing GFP (green),
and (C) mutant Ataxin-3 aggregates (purple, white arrows) through immunocytochemistry;
nuclei (DAPI, blue). Representative images of 2 independent experiments.

Furthermore, (Figure 3.29 A) in the mixed neuronal cultures, some control GFP-
expressing neuronal cells (Figure 3.29 B) were found to have (Figure 3.29 C, white
arrows) mutant Ataxin-3 aggregates. This result confirms the diseased-to-control

neuronal spread of mutant Ataxin-3 upon direct cellular contact.
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Figure 3.29. Mixed culture of MJD and control NESCs-derived neuronal cells incubated for
two weeks. (A) Control and MJD NESCs-derived neuronal cells stained for neuronal marker
MAP?2 (red), (B) control NESCs-derived neural cells expressing GFP (green), and (C) mutant
Ataxin-3 aggregates (purple) in MJD NESCs-derived neurons (yellow arrow) and in control
NESCs-derived neurons (white arrows) through immunocytochemistry; nuclei (DAPI, blue).
Representative images of 2 independent experiments.

3.3. In vivo assessment of mutant Ataxin-3 spreading

In this task, immunodeficient adult NOD.scid mice were transplanted in the

cerebellum with control and MJD iPSC-derived NESCs expressing GFP.
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Eight weeks after the transplantation, the potential seeding of mutant Ataxin-3 by
MJD NESCs, evaluated by the presence of mutant Ataxin-3 aggregates outside the
cells graft, was evaluated (Figure 3.28). As can be observed in Figure 3.28 A, no
mutant Ataxin-3 aggregates (red puncta) was observed in control NESCs and in the
surrounding tissue. Regarding MJD NESCs (Figure 3.28 B), several mutant Ataxin-3
aggregates were observed in the graft and in the surrounding tissue. Thus, there are
aggregates in the GFP-expressing MJD NESCs; as can be observed (white arrows,
Figure 3.28 B) some aggregates are present outside the transplanted cells, which

indicates that MJD NESCs trigger mutant Ataxin-3 seeding and spreading in vivo.

Figure 3.30. Expression of mutant Ataxin-3 protein two months upon the transplantation of
iPSC-derived NESC of MJD patients in the cerebellum of adult NOD.scid mice. Brain sections
transplanted with (A) control NESCs and (B) MJD NESCs expressing GFP (green) were
immunostained for Ataxin-3 (red) and mutant Ataxin-3 aggregates were identified (white
arrow); n= 3.
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CHAPTER 4

Discussion
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Discussion

Machado-Joseph disease (MJD) is caused by an expanded polyQ tract in the Ataxin-3
protein, causing its misfolding and aggregation (Takiyama et al., 1993; Kawaguchi et
al.,, 1994). Evidence exists that several key cellular pathways, such as autophagy, are
altered in MJD (Nascimento-Ferreira et al., 2011; Onofre et al., 2016). Extracellular
vesicles (EVs) are nanometric structures secreted by all cell types (Raposo and
Stoorvogel, 2013) that have been proposed to play an important key role in
intercellular communication, namely in the nervous system (van der Pol et al., 2012;
Budnik, Ruiz-Canada, and Wendler, 2016). Furthermore EVs have been associated
with the disease progression of several neurodegenerative diseases, such as
Creutzfeld-Jacob disease, Alzheimer’'s disease and Parkinson’s disease (Cervenakova
et al., 2016; Fevrier et al., 2004; Rajendran et al., 2006; Emmanouilidou et al., 2010). In
these works, EVs have been shown to seed aggregation of the disease associated
protein, aggravating neuropathology. Regarding polyQ diseases and SCAs, the
information regarding the involvement of EVs in the neuropathology is very scarce,
and for MJD there are no studies assessing this topic. This fact enhances the
relevance of the present study, which is the first work to characterize MJD patients
specific neural cells-derived EVs and assess their potential enrolment in MJD
neuropathology. Additionally, it was also evaluated for the first time if MJD patients-
derived neuronal cells might be involved in in vivo spreading of mutant Ataxin-3.

In our samples we observed no significant differences between MJD and control
NESCs-derived EVs concerning to size and particles concentration. However, MJD and
control neuronal cultures-derived EVs apparently exhibit differences, with the MJD
neuronal cultures-derived EVs presenting bigger size and much less concentration
than control neuronal cultures-derived EVs. In addition, MJD neuronal cultures-

derived EVs appear to be less heterogeneous concerning to the particles size. Thus, a
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further enhancement in the number of samples analyzed is required to better clarify
these results.

Thus, this data indicates that, beside the possible differences between MJD and
control-derived EVs, also the type of cells from which the EVs derive, NESCs or
neuronal-cultures, play a role in the observed differences. Nevertheless, this result
also requires further confirmation.

Recent data implicate both, autophagy and EVs biogenesis as cellular mechanisms
that work in synergy to protect the cell from external insults such as oxidative stress
or starvation, maintaining the cell homeostasis, either by lysosomal degradation or
cell secretion via EVs (Baixauli, Lopez-Otin, and Mittelbrunn, 2014; Ojha et al., 2017).
Autophagy and EVs biogenesis are mechanistically linked by the Endolysosomal
pathway, which is implicated in both (Xu, Camfield, and Gorski, 2018).

As so, the finding of key autophagy proteins, such as Beclin-1 or p62 with EVs is not
surprising. In our findings, these proteins were present in both, control and MJD
neuronal cultures-derived EVs, as well as their respective progenitor cells, with a
considerable decrease in the MJD neuronal-cultures and NESCs-derived EVs. This
result suggests the presence of differences in autophagy between MJD and control
cells. Which is not surprising, since several previous works indicate that autophagy is
impaired in MJD (Nascimento-Ferreira et al., 2011; Onofre et al,, 2016).

Due to its high energetic demands, the brain and neuronal tissue present particularly
high levels of ROS. Moreover, the brain is an organ uniquely sensitive to ROS because
of its myriad of peroxidation-susceptible cells and the constant demand of high levels
of oxygen. Oxidative stress is commonly associated with the pathophysiology of
neurodegenerative diseases, such as AD and PD (Kim et al., 2015). Regarding polyQ
diseases, in HD oxidative damage has been detected to be increased in postmortem
tissue from patients and animal models. In consequence, a role in the
neuropathology and disease etiology of HD has been given to oxidative damage (Van
Raamsdonk, Vega, and Brundin 2017; Browne and Beal 2006). The accumulation of

polyQ proteins also demonstrated direct production of free radicals (Hands et al.,
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2011). Concerning MJD, patients exhibit decreased antioxidant capacity and increased
production of ROS (de Assis et al., 2017).

SOD-1 is a ROS gathering enzyme, which is linked to cell survival under oxidative
stress (Michiels et al., 1994). Our results indicate that this protein is overexpressed in
the MJD NESCs-derived EVs population, which can be an attempt of the diseased
cells to respond to oxidative stressors by increasing SOD-1 levels, which is reflected in
the content of the secreted EVs.

The results obtained when control NESCs-derived neuronal cultures are incubated
with (MJD or control) NESCs-derived or neuronal cultures-derived EVs regarding the
quantifications of p62, Beclin-1 and SOD-1, indicate that both MJD and control-
derived EVs induce cellular alterations in autophagy and cell survival signaling at
different time points. Interestingly, MJD-derived EVs, obtained both from NESCs and
neuronal cultures, promote reduction in p62 and SOD-1 levels. Regarding p62, as it’s
decrease is related to autophagy activation (W. J. Liu et al., 2016), these results might
indicate that the MJD-EVs cargo includes other mediators that are impairing this
autophagy process, leading to p62 enhancement. Nevertheless, this topic requires
further investigation, namely incubating the EVs with autophagy inhibitors (as
chloroquine) and in autophagy activation conditions (starvation).

Recently it was hypothesized that stem cells and progenitor cells-derived EVs can
promote alleviation effects (Zhang et al, 2016). This might explain the p62
enhancement triggered by control EVs on neuronal cultures. Nevertheless, this
hypothesis requires further confirmation.

Surprisingly, no alterations regarding cell viability were observed, possibly due to an
agile recovery mechanism from the control NESCs-derived neuronal cultures.
However we observed a significant induction of ROS in control neuronal cultures
upon incubation over a short period of time with MJD and control NESCs-derived
EVs. This result might be a consequence of a too high concentration of EVs used in
this experiment that induces an oxidative cell stress, and therefore no differences
between control and MJD vesicles were observed. Thus, this experiment has to be

repeated with lower vesicles concentrations.
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In neurodegenerative diseases like PD, where autophagy is impaired (Karabiyik, Lee,
and Rubinsztein, 2017), the cells responds to the insult caused by mutant proteins
accumulation by secreting the mutant protein and/or its mRNA via EVs. This
interesting mechanism was already shown for several neurodegenerative diseases
(Fevrier et al., 2004; Emmanouilidou et al., 2010; Yuyama et al., 2015). This cell
mechanism to get relieved from the burden of the disease causing proteins result in
its spreading to neighbor cells, aggravating the neuropathology.

This neuropathological spreading was already shown for HD. In a pioneer study, the
polyQ tract of mutant hungtintin and its mRNA were found to be present in EVs (X.
Zhang et al, 2016). Additionally, they also observed that incubation of striatal
neurons with the disease bearing EVs do not induced any toxicity in the neurons,
which is in accordance with ours in a way that we proved the presence of mutant
Ataxin-3 mRNA in the MJD NESCs-derived EVs, but the incubation of these vesicles
carrying the mutant RNA with control neuronal cultures result in no cellular toxicity.
Concerning to seeding of mutant Ataxin-3 aggregates promoted by these vesicles in
control neuronal cultures, western blot assay was performed (data not shown) and no
mutant protein was detected. Nevertheless, the amount of spread protein might not
be enough to be detected by this assay. Therefore, immunocytochemistry should also
be performed to assess this topic.

However, our results demonstrate that spreading of mutant Ataxin-3 occurs when
MJD NESCs-derived neuronal cultures are co-cultured with control NESCs-derived
neuronal cultures in conditions without cellular contact. In this conditions control
NESCs-derived neuronal cultures exhibit the presence of mutant Ataxin-3 aggregates
after one and three weeks. These results suggest that MJD NESCs-derived neuronal
cultures release in the media factors that induce mutant Ataxin-3 protein aggregation
in the control NESCs-derived neuronal cultures.

Additionally, our in vivo results of MJD patient iPSCs-derived NESCs transplanted into
NOD.scid mice also indicate that the transplanted cells induce mutant Ataxin-3
seeding and aggregation in vivo, given that some of the aggregates were found
outside the transplanted cells. Although no work with iPSCs-derived NESCs in MJD
have been done before. There is a recent work in PD that demonstrated an
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upregulation in a-synuclein levels in mouse brain after transplantation of PD patient
iPSCs-derived neurons (obtained from NESCs) bearing the LRRK2-G2019S mutation.
However, these elevated levels of a-synuclein were not able to induce protein
seeding, aggregation or spreading in the mouse brain (Hemmer et al., 2017). Thus,
this work is in accordance with our findings, in the aspect that there is also a

neuropathological brain spreading mediated by the diseased cells.
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Concluding Remarks and Future Perspectives

In this work, we aimed to assess the potential of mutant Ataxin-3 spreading in MJD as
well as other mediators and players of neuropathology spreading using control and
MJD-patient specific iPSCs-derived NESCs and neural cultures as source of EVs to
investigate whether vesicles from diseased human neural cells might promote this
process. Additionally, it was also evaluated the potential disease spreading not
mediated by EVs.

In general, the EVs from MJD and control NESCs and their derived neuronal cultures
appear to have some differences in terms of the physical characteristics evaluated,
mainly the EVs derived from neuronal cultures. Regarding their content, both types of
vesicles carry proteins important for key cellular processes, such as autophagy and
apoptosis. Additionally, these proteins are differently expressed in MJD and control
EVs. Moreover, MJD NESCs-derived EVs were shown to carry the mutant Ataxin-3
mRNA.

The incubation of control NESCs-derived neuronal cultures with MJD and control EVs
(derived from NESCs and neuronal cultures) also resulted in differences in the
expression of autophagy and apoptosis-related proteins, demonstrating that vesicles
from MJD cells promote deregulation of important cellular pathways known to
interfere with MJD neuropathology.

Cellular experiments of MJD and control NESCs-derived neuronal cultures co-cultured
without contact proved that mutant Ataxin-3 aggregates spread to control cells
without the need of cellular contact. Finally, in vivo spreading of mutant Ataxin-3
from MJD iPSCs-derived NESCs into the cerebellum of transplanted mice was
observed through the presence of Ataxin-3 aggregation outside the graft in mice
transplanted with MJD iPSCs-derived NESCs, which was not observed for mice

transplanted with control iPSCs-derived NESCs.
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In conclusion, this work provides evidences of the pathological spread and seeding of

mutant Ataxin-3 and neuropathological mediators in MJD.

This work paved the way for further exploration of the relationship of EVs with MJD
neuropathology. As so, it would be interesting to explore:
- Some of the presented experiments that indicated tendencies, namely the
physical characterization of MJD vs control EVs;
- Further characterize the presence of non-coding RNA in the MJD vesicles;
- Explore beneficial effects of control EVs in MJD NESCs-derived neuronal
cultures;
- Directly inject EVs into the cerebellum of mice and evaluate their capacity

to induce mutant Ataxin-3 aggregation or neuroinflammation.
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