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Abstract

Synucleinopathies are neurodegenerative disorders characterized by intracellular protein aggregates,
progressive neurodegeneration, and neuroinflammation. Alpha-synuclein (a-syn) is the principal
component of intracellular aggregates and can be modified by several mutations and post-translational
madifications (PTMs), which can alter the protein structure affecting its aggregation, toxicity, and ability to
spread.

Microglia and astrocyte cells are important cells for the immuno-defense within the brain. Although these
cell populations are distributed in all brain parenchyma, their density, morphology, and transcriptomes are
variable. Whether and how these differences could lead to different inflammatory responses in several
brain regions are not well understood.

Studies demonstrated that a-syn oligomers or aggregates could trigger microglial and astrocytic activation.
In contrast, other authors showed that some a-syn PTMs could derive from an inflammatory condition.
These findings suggest the presence of mutual relations between a-syn and the inflammatory system,
which could affect the course of these pathologies. While several studies concentrated on the ability of a-
syn species to induce an inflammatory response, a few were dedicated to the impact of neuroinflammation
on a-syn pathology.

This thesis aimed to explore the role of neuroinflammation in synucleinopathies in relation to a-syn
pathology and dopaminergic synaptic loss and neurodegeneration. Firstly, we generated a microglial-like
cell model that stably expressed a-syn. Using this model, we investigated a-syn PTMs induced by these
cells, their ability to develop aggregates, and their toxicity. Then, we performed a high-throughput
screening using a FRET-based system. We identified three compounds that interfere with the a-syn
aggregation process in HEK 293T cell line over-expressing a-syn. Subsequently, we investigated whether
the inflammatory response within the brain was different in several brain regions. We observed
heterogeneity for several parameters and a peculiar inflammatory activation in the substantia nigra (SN). In
the end, we investigated a-syn conformations in different human brain regions and synucleinopathies. We
found different conformations and identified an a-syn truncation that is more common in Parkinson’s
disease than dementia with Lewy bodies and multiple system atrophy. Our studies indicated that
inflammation could have an impact on neurodegeneration in SN and on a-syn processing.
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Popular science summary

Synucleinopathies are a group of progressive neurodegenerative disorders,
including Parkinson's disease (PD), Lewy bodies dementia, and multiple system
atrophy. These pathologies primarily affect older people, and their incidence
increase with aging, which is considered the main risk factor. Synucleinopathies are
characterized by motor and non-motor symptoms that highly decrease the quality of
life for patients and their families. These pathologies affect around 24 million people
worldwide, and their number is meant to raise due to the increase in life expectancy.
Although our knowledge about these pathologies has increased, we still have no
cure available, and we only could partially treat some symptoms.

Recently, several studies suggested a fundamental role of inflammation in PD and
related disorders. Previously, neuroinflammation was considered only a
consequence induced by an abnormal accumulation of a-synuclein protein inside
neurons. Currently, this vision partially changed, and inflammation seems to
actively co-participate in the pathology progress.

This Ph.D. thesis aimed to explore the neuroinflammatory role in synucleinopathies.
We first investigated whether the brain's most important immune cell population,
known as microglial cells, can process a-synuclein. We found that these cells could
generate aggregates and observed that the presence of intracellular aggregates could
be toxic to microglial cells. Then, we created a cell model useful to screen several
molecules able to interfere with the generation of intracellular inclusion, we
identified three different inhibitors, and we investigated their mechanisms.
Subsequently, we explored whether inflammation affects the mouse brain uniformly
or if it hits specific regions. We found differential inflammatory responses in several
brain regions. Interestingly, most regions where we observed more robust, sensitive,
or extended inflammatory reactions, are involved in neurodegenerative diseases
such as PD and Alzheimer's disease. We also explored the role of CX3C receptor-1
as a possible pharmacological target and we found that mice that present a partial
ablation of this receptor decreased their inflammatory response respect the control.
Lastly, we investigated whether o-synuclein inclusion presents different
conformations within several human brain regions, observing that this is indeed the
case. Further, studies need to be performed to investigate the correlation between
inflammation and a-synuclein conformations in these samples.

Complessively, our results suggest that inflammation could influence the
progression of synucleinopathies.
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Popularvetenskaplig sammanfattning

Synukleinopatier dr en grupp av progressiva neurodegenerativa sjukdomar som
bland annat inkluderar Parkinsons sjukdom (PS), Lewy-body demens och multipel
systematrofi. Dessa patologier drabbar fraimst dldre méanniskor och forekomsten
Okar med éldrande, vilket anses vara den frimsta riskfaktorn. Synukleinopatier
kinnetecknas av motoriska och icke-motoriska symtom som kraftigt minskar
livskvaliteten hos patienterna och deras nirstaende. Synukleinopatier paverkar cirka
24 miljoner ménniskor och denna siffra vintas 6ka pa grund av forvintad okad
livslingd. Aven om var kunskap om dessa patologier har 6kat finns idag inget
botemedel tillgéngligt och nuvarande likemedel behandlar endast symtom.
Mainniskor som drabbas av synukleinopatier har ocksd en pagdende
neuroinflammation. Tidigare ansdgs neuroinflammationen endast vara en
konsekvens av en onormal ackumulering av proteinet a.-synuklein inuti nervceller.
Pé senare tid har flera studier visat pa en grundlidggande roll for neuroinflammation
vid sjukdomsforloppet av PS och relaterade sjukdomar. Denna doktorsavhandling
syftar till att utforska den neuroinflammatoriska rollen i synukleinopatier. Vi
undersokte forst om hjdrnans frimsta immuncellspopulation, mikrogliaceller, kan
bearbeta a-synuklein. Vi fann att dessa mikrogliaceller kunde generera
intracelluldra ansamlingar av a-synuklein och observerade att dessa ansamlingar
kunde vara toxiska for cellerna. Sedan skapade vi en cellmodell for att screena flera
molekyler for att undersoka om dessa kan stora ansamlingen av a-synuklein, vi
identifierade tre olika molekyler som minskade ansamlingen och vi undersokte
deras mekanism. Dérefter undersdkte vi om generell inflammation péverkar hela
hjdrnan eller endast specifika regioner. Vi hittade distinkta inflammatoriska svar i
flera olika hjirnregioner. Vi fann bland annat att de flesta regioner dér vi
observerade skillnader i det inflammatoriska svaret ocksd &r involverade i
neurodegenerativa sjukdomar som PS och Alzheimers sjukdom. Slutligen
undersokte vi om ansamlingarna av o-synuklein har olika strukturer i olika
hjarnregioner hos méanniskor, och observerade att detta verkligen ar fallet.
Sammanfattningsvis antyder véra resultat att inflammation kan péaverka forloppet
av synukleinopatier.
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Introduction

General Introduction

Synucleinopathies are progressive neurodegenerative disorders that include
Parkinson's disease (PD), Lewy bodies dementia (DLB), and multiple system
atrophy (MSA). These diseases are characterized by intracellular inclusions,
neuroinflammation, iron accumulation, and, in most cases, dopaminergic
neurodegeneration in the substantia nigra pars compacta (SNpc). Synucleinopathies
affect around 24 million people worldwide (0,3%), and their incidence increases
with aging, from 1% of 60 years old people to 3% of 80 years old people [1, 2]. For
this reason, aging is considered the leading risk factor for synucleinopathies [3].
Interestingly, males are generally more affected than females, and smokers and
coffee users seem partially protected [4, 5].

Clinical features and diagnosis

The diagnosis of synucleinopathies represents a complex issue due to clinical
heterogeneity. This variability could depend on an overlap with other
neuropathological conditions and cognitive decline due to natural aging [6-9].
Although several biomarkers have been suggested to increase the success in
diagnostic rate, the diagnosis still needs to be confirmed by post-mortem
histological analyses.

The cardinal features of PD are unilateral tremors at rest, rigidity, bradykinesia
(slowness of movement), and postural instability. Moreover, flexed posture and
freezing (motor blocks) are also included among classic features of parkinsonism
and PD [10]. Other non-motor symptoms include sleep behaviour disorder, loss of
smell, constipation, global cognitive decline that consists of depression, executive
dysfunction, and working memory deficits. These non-motor symptoms can precede
motor disorders or may arise later in the disease [11]. DLB and PD have common
clinical characteristics such as progressive cognitive impairment associated with
parkinsonism, sleep behaviour disorder, hallucinations, altered attention, and
wakefulness. The timing of dementia relative to parkinsonism is the primary clinical
distinction between PD and DLB. Dementia arises after motor alterations in PD,
while these symptoms precede movement disorders in DLB [12]. MSA is clinically
characterized by autonomic failure, parkinsonism, ataxia, and sleep behaviour
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disorder and present two main phenotypes, termed either parkinsonism or cerebellar
depending on the area of the brain that are affected by the pathology [13, 14].

Genetic and environmental risk factors

As mentioned, aging is considered the main risk factor of synucleinopathies.
However, genetic mutations have been identified and linked with 5-10% of PD
cases, involving genes decoding for proteins such as a-synuclein (o-syn),
Parkinson-associated deglycase 1 (DJ1), leucine-rich repeat kinase 2 (LRRK2),
Parkin, PTEN-induced putative kinase 1 (PINK1), and others. The familial cases
generally have an earlier onset than the sporadic ones.

Moreover, different environmental factors have been identified, such as the
exposure to environmental toxins and pesticides. The link between parkinsonism
and toxins was first identified in 1976. Barry Kidston, a 23 year old chemistry
student, independently tried to produce the opioid analgesic drug 1-methyl-4-
phenyl-4-propionoxypiperidine (MPPP) and self-injected the result. Three days
later, he started to develop parkinsonism symptoms. During MPPP production,
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) can be obtained as an
impurity. This compound can penetrate the brain through the blood-brain barrier
(BBB), which is oxidized into the toxic species MPP' by monoamine oxidase [15,
16]. This compound induces the neurodegeneration of dopaminergic neurons in
SNpc and the development of parkinsonism. After this discovery, other toxins were
identified to induce similar effects on the dopaminergic system, such as
6-hydroxydopamine (6-OHDA) and the pesticides paraquat, rotenone, DDT, and
others [17-19].

The discovery of these toxins led to the generation of several animal models, which
resemble some features of parkinsonism and PD, such as the dopaminergic
degeneration in SNpc with consequent motor deficits and iron accumulation [20,
21]. These models were particularly useful for investigating the neuronal circuitry
involved in these pathologies and several pharmacological treatments. Additionally,
they allowed the identification of some milestone discoveries, such as the
involvement of mitochondria, the higher susceptibility of dopaminergic neurons to
reactive oxygen species (ROS), and the dopamine ability to self-oxidized. However,
most of these models present limits, such as the absence of intraneuronal inclusions.
The only exceptions seem to be rotenone and MPTP. In fact, the administration of
these toxins was able to reproduce dopaminergic neurodegeneration and the
formation of intracellular inclusions in animal models [22-29].

Since all these toxins have mitochondria as the primary target and induce an increase
of ROS, these findings suggested a prominent role of these reactive species in PD
and related disorders [30]. However, ROS alone do not explain why the midbrain’s
dopaminergic neurodegeneration affects the SNpc and leaves almost intact the same
neurons in the neighbouring region, the ventral tegmental area (VTA).

16



Dopaminergic neurodegeneration and basal ganglia
circuitry

Although several brain regions are affected in synucleinopathies, the most robust
and common neurodegeneration observed is the one in substantia nigra (SN) (Figure
1). This region is a small midbrain nucleus histologically divided into pars
compacta and reticulata (SNpr). SNpc consists mainly of highly compacted
dopaminergic neurons that project their axons to basal ganglia (BG). SNpr presents
a lower neuronal density but is enriched by fibers and glial cells [31-34]. Most of
these neuronal fibers come from BG nuclei and are known as striatonigral bundles
[33]. SNpr is also enriched by dopaminergic dendrites from neurons located in
SNpr. Interestingly, these dendrites can release dopamine in SNpr, and some authors
suggested that this dendritic release could be related to a modulatory activity on the
gamma aminobutyric acid (GABA) neuronal population in SNpr [35-38].

Control Parkinson’s Disease Patient

Fig. 1. Midbrains from PD patient and control subject. Images adapted from
https://neuropathology-web.org/

BG consists of interconnected nuclei located between the basal forebrain and
midbrain (Fig. 2). These nuclei receive projections from the motor cortex and are
crucial for movement selection and control. Cortical fibers project to the caudate
and putamen in the basal forebrain, making synapses with local neurons. Then, from
these neuronal populations depart two different main projections known as direct
and indirect bundles. The first one project directly to internal globus pallidus and
SNpr, that represent the two main circuitry output of BG. The indirect bundle project
to external globus pallidus before reaching the two output nuclei. Other nuclei take
arole in BG modulation, such as SNpc and subthalamus [33]. The well-functioning
of this neuronal circuitry depends on the activity of each of its components.
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The studies performed on subject affected by parkinsonism and animal models
based on toxins, showed that the dopaminergic degeneration in SNpc alone can
modify this circuitry and induce the onset of motor deficits that characterize
parkinsonism and PD.

Motor cortex and Midbrain ! :

: i Brain regions
( o : Cortex :
- @ ‘\ : : Cortex

Thalamus

‘ Caudato-Putamen (CP)
QW Globus Pallidus (GP)
GP internal (GPi)

GP external (GPe)

BG Coronal section
Thalamus

Subthalamus (STN)

J SNpc - SNpr

L )

Neuronal connections

Glutamatergic
GABAergic - direct pathway
GABAergic - indirect pathway

Dopaminergic
Midbrain coronal section

0/)

: 111

Spontaneous oscillatory
activity

Fig. 2. Schematic BG circuitry. Figure created with https://biorender.com/
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Lewy Bodies

In 1910, Fritz Heinrich Lewy described for the first time the intraneuronal inclusions
that are currently considered one of the hallmarks of synucleinopathies. Some of
these inclusions appeared as eosinophilic spherical masses with a dense core
localized within the cytoplasm of neuronal cells and were defined as Lewy bodies
(LBs) (Fig. 3). Others were localized in neurites and identified as Lewy’s neurites
(LNs) (Fig. 3). In MSA cases, intracellular inclusions were also observed in
oligodendrocytes, representing one of the main characteristics that distinguishes this
synucleinopathy from the others.
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® : \ . > R
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Figure 3. Lewy bodies (B, C and D) and neurites (A) [39]

Proteome analyses showed that the intracellular inclusions consist of 300 proteins
mainly related to mitochondria, the ubiquitin-proteasome system, and the autophagy
apparatus [40, 41]. Some of the proteins identified are related to familial forms of
PD, such as a-syn, DJ1, LRRK2, Parkin, and Pink-1, strongly linking these proteins
to synucleinopathies [39, 40, 42]. Furthermore, a study based on electron
microscopy revealed the presence of lipid organelles and mitochondria, confirming
the involvement of these organelles in the pathological process [43].

a-Synuclein: structure, expression, and function

a-Syn is the most abundant component of LBs, which is found in an insoluble
fibrillar form [39, 40]. This protein consists of 140 amino acids (a.a.) and three main
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domains: 1) the N-terminal domain (1-60 a.a.) with an alpha helix structure and a
positive charge conferring to this region the ability to bind lipid membranes; 2) the
non-amyloid beta component (NAC) domain (61-95 a.a.) that could form cross beta-
structures; 3) the C-terminal acid tail (96-140 a.a.) that possess a low hydrophobicity
and high negative charges leading to the formation of random coil structures [44]
(Fig. 4).

N-terminal domain

C-terminal domain

N-terminal
domain NAC domain

Fig. 4. a-Syn protein and domains. (Image adapted from [45]).

a-Syn is mainly expressed in the central nervous system (CNS), but it can be found
in low amounts also in others tissues. In the brain, a-syn protein is expressed in
neurons and localized mainly in the pre-synaptic terminals. c.-Syn can be found free
and soluble in the cytosol or bound to membranous organelles, and it has a particular
affinity for membranes that present high curvatures and lipid rafts [46-49].
Although many authors have made several hypotheses about the a-syn function, this
is still unknown. The most accredited hypothesis suggests that a-syn interacts with
SNARE proteins, which are crucial for the pre-synaptic system for
neurotransmitters' vesicle release [50-54] (Fig. 2). Liu and colleagues proposed that
o-syn regulates mitochondria activity, as it has been detected in this organelle and
seems to be able to modulate the complex I of the respiratory chain [55]. Other
scientists indicated that the a-syn C-terminal is homologous to small heat shock
proteins (HSPs) and suggested that it exerts a protective role in maintaining proteins
away from the degradation process [56]. Mice knocked out for a-syn showed a few
alterations, leaving this question open [57]. However, these mice were more
resistant than control mice to dopaminergic degeneration when treated with MPTP,
indicating a crucial role of a-syn in the neurodegeneration observed [58, 59].

a-Synuclein aggregations

a-Syn can polymerize, form tetramers, oligomers, and fibrils. Some of these
polymers could represent physiological species or could be toxic. a-Syn
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multimerization process, known as amyloidosis (Fig. 5), seems to be intrinsically
determined by the amino acid sequence of this protein. In particular, the NAC
domain seems to be involved in this process due to its ability to form beta-sheet
structures. These structures are typical of proteins that form insoluble aggregates,
such as amyloid proteins.

Amyloidosis is a process that consists of several steps (Fig. 5). "Primary nucleation"
is the first stage and can be homogeneous or heterogeneous. In the homogeneous
primary nucleation, the initial seed involves a-syn monomers only. It is a slow
process and it requires high energy demand when reproduced in vitro (in cell-free
conditions). In the heterogeneous primary nucleation, a different molecule is added
to a-syn monomers, acting as a catalyst for the seeding. The second step of
amyloidosis is known as "elongation." In this stage, a-syn monomers bind to the
seed formed during the nucleation process and rapidly increase their mass, forming
large fibers. The last stage is “secondary nucleation”, where new seeds originate
from previously formed aggregates. This last step amplifies the formation of
aggregates, restarting the cycle till the equilibrium between all a-syn species is
reached.

Currently, different laboratories in the field developed different cell-free in vitro
protocols to generate a-syn pre-formed fibrils (PFFs) [60, 61]. Altering pH,
temperature, salt concentrations, and other factors, it is possible to obtain several
fibril strains presenting differences between each other. These a-syn PFFs and/or
oligomers are routinely used for research purposes to investigate their toxicity and
ability to induce aggregation in cells or animal models that overexpress a-syn [62-
65]. Studies investigating the toxicity of a-syn PFFs and/or oligomers, revealed that
these species are harmful to neurons in vitro, while contradictory results were
obtained in vivo [64-68].

Secondary nucleation
Stable H
Oligomers p = H M
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Fig. 5. Schematic a-Syn amyloidosis. Figure created with https://biorender.com/

21



a-Synuclein mutations and transgenic animal models

o-Syn structure and its chemical characteristics could be altered by different
mutations, post-translational modifications (PTMs), and interactions with some
metals. These modifications or interactions could modify a-syn ability to bind lipid
membranes, translocate in other cell regions, be more or less prone to form
oligomeric or aggregates species, and may be toxic.

Different autosomal point mutations were identified on the a-syn gene and linked
with familial forms of PD pathology. These mutations are mainly localized in the
N-terminal domain (Fig. 6) and seem to modify the a-syn ability to aggregate.
Alterations in a-syn aggregation kinetics were observed stimulating the aggregation
process via PFFs in cells overexpressing WT and different a.-syn mutations [69, 70].
Furthermore, different transgenic mice overexpressing o-syn were created.
Contradictory data were obtained in models overexpressing WT a-syn about
forming Lewy-like inclusions. The models developed some motor deficits, but no
dopaminergic degeneration [71, 72]. Similar results were observed when mutated
forms of a-syn were overexpressed in mice and combined with a-syn PFFs
injections [73]. However, different results were obtained when a-syn PFFs were
used in combinations with a-syn overexpression induced by adeno-associated
viruses (AAVs). In this case, intracellular inclusions, dopaminergic degeneration,
and motor deficits were observed [74]. However, we must to be aware of the high
o-syn concentrations expressed in these models, far away from the human
physiological condition.
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Fig. 6. a-Syn protein and mutations. (Image adapted from [45]).
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a-Synuclein interaction with metals

As previously mentioned, the primary nucleation is the step limiting the formation
of a-syn aggregates both in vitro and in vivo. Although a-syn can form aggregates,
this process needs high energy demand, and how the first nucleation happens in vivo
is still unknown. /n vivo, this issue could be overcome through a-syn binding with
some catalyst or structural changing mediated by enzymes.

It has been shown that the a-syn amino acidic sequence contains sites for binding
divalent metals such as iron, copper, calcium and manganese [75-77]. The
interactions with these ions seem to increase the tendency of a-syn to aggregate [78,
79]. Surprisingly, a.-syn also possesses an iron-responsive element (IRE) in its 5'-
untranslated region, and its expression increases when iron binds this region [75].
Interestingly, the IRE element is a characteristic shared with few other proteins,
including ferritin [80]. Moreover, a-syn is able to reduce ferric iron into ferrous iron
in the presence of nicotinamide adenine dinucleotide phosphate (NADPH),
suggesting a possible physiological role concerning mitochondrial activity [81]. The
link between o-syn and iron seems to be strong. However, an increase in metal
levels has been observed for many neurodegenerative diseases and seems to be a
common characteristic of aging [82].

a-Synuclein post-translational modifications

Several a-syn PTMs were described, such as phosphorylation, nitration, oxidation,
methylation, glycation, and truncations. These PTMs have been observed in soluble
and/or insoluble fractions. Anderson and colleagues found phosphorylation of
serine 129, ubiquitination at Lys residues 12, 21, and 23, and truncation at Asp-119
in all LBs they examined [83]. Other PTMs commonly found were nitration at Tyr
39, 125, 132, and 135, truncations at Asp-115, Asn-122, Tyr-133, and Asp-135. A
small amount of phosphorylated a-syn (pS129 a-syn) and truncated Asp 119 a-syn
(trunc-119 a-syn) have also been found in the soluble fraction. At the same time,
ubiquitination seems to be only present in aggregated form and primarily associated
with pS129 a-syn [83-85].

Among these a-syn PTMs, pS129 is prominent in LBs and the most studied. In
physiological conditions, a small amount (>4%) of a-syn present pS129, while it
increases up to 90% in the brain of patients affected by synucleinopathies [83, 86,
87] and animal models [71, 88]. These findings suggested that pS129 could play a
role in a-syn aggregation, while controversial observations were obtained about its
toxicity [89-92]. It has been observed that the inhibition of the ubiquitin-proteasome
system led to an increase in o.-syn phosphorylation, suggesting a possible function
of these PTMs in regulating a-syn turnover [93, 94]. Moreover, pS129 seems to
alter the a-syn ability to bind metals and lipid membranes and induce nuclear
translocation [95-99]. Additionally, WT a-syn interacts with mitochondrial proteins
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such as complex I, II, and IV of the electron transport chain, while pS129 has higher
affinity for cytoskeletal and pre-synaptic proteins [100].

N-terminal domain
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Fig. 7. a-Syn protein and PTMs. (Image adapted from [45]).

Another a-syn PTM commonly observed in patients and animal models is nitration.
This PTM seems to increase with aging in humans and primates [84, 85, 101].
Nitration could happen due to an increase of ROS that could derive from
mitochondrial malfunction or an inflammatory response. Studies on PD patients
presenting LBs, suggested that nitrated a-syn could increase the capacity of this
protein to aggregate [84, 85, 102]. However, other studies showed that nitrated o-
syn is more prone to form stable and soluble oligomers and to decrease its ability to
bind lipid membranes [103-105]. Interestingly, a-syn oxidation of methionine 1, 5,
116, and 127 also induces the formation of stable oligomers [106-108]. These
observations could suggest a physiological role of a-syn PTMs generated by ROS
species.

As already mentioned, trunc-119 a-syn has been described ubiquitously in all LBs,
while truncations at 115, 122, 133, and 135 are more variable [83]. Different studies
suggested that these species induced a-syn aggregation and observed trunc-119 in
the LBs core [109-111]. Daher and colleagues tried to mimic the effects mediated
by truncation and created a conditional animal model expressing trunc-119 a-syn.
The authors observed a reduced striatal dopamine release but no spontaneous LBs
pathology or dopaminergic neurodegeneration [112].
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a-Synuclein spreading

In 2008, two independent studies showed that fetal dopaminergic neurons
transplanted in PD patients presented LBs pathologies 11-16 years after
transplantation, suggesting host-to-graph disease propagation [113, 114]. Several
authors speculated that LBs pathology observed in the graft derived from the
transmission of misfolded o-syn from host PD-affected neurons in a prion-like
manner [115-117]. Subsequently, several studies confirmed o-syn ability to be
transmitted. When a-syn PFFs are added to cell cultures, they can be phagocyted
and act as a seed for new aggregates formation if the recipient cells overexpress
o-syn. Several studies injected a-syn PFFs in transgenic animal models
overexpressing o-syn, showing that the number of cells that develop aggregates
increases in different brain regions in a time-dependent manner and confirming that
o-syn pathology can propagate also in vivo [63, 118].

The same results were obtained by injecting human brain homogenates from
patients affected by synucleinopathies. Interestingly, homogenates from MSA
patients seem to be more toxic and have a greater ability to spread than homogenates
from PD and DLB patients [116, 119]. These finding indicate that the o-syn
processed in the oligodendrocytes intracellular environment could present peculiar
PTMs that confer to this protein a higher ability to spread and to be toxic. Moreover,
a-syn from human homogenates presents different structures and induced different
effects compared to a-syn PFFs [120, 121]. The researchers still did not identify
how the pathological a-syn species can be transported between cell-to-cell, but
several mechanisms have been suggested as vesicle transport, nanotubules, simple
diffusion, and others.

Staging hypothesis and their validity

The idea that LBs pathology could propagate from cell to cell and between different
regions suggested that these synucleinopathies might have a specific origin and then
propagate following ordered neuronal patterns. Based on this concept, Braak and
McKeith defined pathological stages in PD and DLB established on LBs and LNs
pathology distribution within several brain regions [122-124]. Braak's hypothesis
suggested six different pathological stages that define the course of PD pathology.
According to this hypothesis, LBs pathology in sporadic PD originates in the
anterior olfactory nucleus and the dorsal motor nucleus of the glossopharyngeal and
vagal nerves. Then, it propagates following an ascending course involving different
grey nuclei and cortical regions [122] (Fig 3). McKeith defined some criteria to
identify the pathology course for DLB, with seven stages mainly involving cortical
regions [123, 124].

Many researchers around the world follow these systems currently. However,
although this is a fascinating hypothesis, it received various criticism that should be
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considered [125-127]. Two robust studies tried to assess the accuracy of Braak and
McKeith stages, taking into consideration 904 and 1720 human brains and
performing a retrospective clinical assessment. These studies showed low
correlation between Braak and McKeith staging system and the clinical picture
[128, 129]. These discrepancies underlie the heterogeneity of these pathologies and
suggest that different pathological sub-types with distinct origins and courses might
be present. Furthermore, LBs pathologies could be influenced by other neurological
conditions or by other alterations related to aging.

Another interesting observation from these two works was that 30 - 43% of the cases
that presented a-syn pathology did not show any neurological impairments. The
lack of clinical correlation was also observed in brains with widespread LBs
pathology in cortical regions that are supposed to be at the V-VI stages of Braak's
hypothesis [128, 129]. A possible explanation could be that these cases represent
pre-clinical stages of DLB or PD that still did not manifest symptoms. In the field
is known that almost 30% of dopaminergic degeneration and 50-70% of axonal
denervation must be present before observing the onset of motor symptoms [130-
132]. Another hypothesis is that the toxic species of a-syn could be soluble and LBs
formation represent a defence mechanism of the cells seizing a-syn pathological
species. In the end, another hypothesis is that a-syn alone cannot entirely explain
synucleinopathies and something else needs to be present.

A considerable contribution in understanding LBs pathology progression
concerning clinical aspects could arrive from positron emission tomography (PET)
when a tracer for LBs will be developed.

Stages 1 and 2 Stages 3and 4 Stages 5and 6

Figure 8. Schematic representation of Braack’s Stages. Brain regions affected in
several stages in dark color. Figure created with https://biorender.com/
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Neuroinflammation

Neuroinflammation is a common characteristic observed in synucleinopathies and,
as well, in almost all neurodegenerative diseases [133-141]. The inflammatory
system could be involved in these pathologies for different reasons. It could happen
by the presence of pathogens or toxic molecules but also by tissue damage. This
broad neuroinflammatory presence in different pathologies probably explains why
this system has been underestimated for a long time.

The inflammatory system consists of different cells within the CNS, such as
microglia and astrocytes. In the presence of a neuroinflammatory event, immune
cells from the peripheric system can also be involved, which migrates inside the
brain parenchyma through the BBB. Evidence showed that a robust or a chronic
inflammatory response could be deleterious for the surrounding tissue and
interesting observations tightly link this system to synucleinopathies.

Microglia

Microglia cells represent the macrophage population of the brain and are widely
distributed in all the CNS. During development, these cells originate from the yolk
sac and migrate within the brain before the BBB is completely formed [142]. Here,
these cells continuously explore the surrounding tissue and participate in
maintaining its homeostasis. In the presence of pathogens or toxic agents, microglia
and other inflammatory cells act to remove them and re-establish the homeostatic
conditions [142]. However, a robust and/or chronic inflammatory response could
harm the surrounding tissues. This dangerous effect could be related to the release
by inflammatory cells of ROS or mediators that could trigger programmed cell
death.

Microglial cells can present pro-inflammatory or protective phenotypes. For this
reason, many authors have started using binominal criteria and defined them as M1
and M2 phenotypes. However, evidence showed that there is variability in microglia
populations, and different intermediary phenotypes could be present [143].
Although microglia cells are ubiquitously distributed within the brain, their density,
morphology, and transcriptomes differ in spatiotemporal dimensions. Lawson and
colleagues described different microglia morphologies and densities in several brain
regions [31]. For example, clear differences in microglia morphology and density
between substantia nigra pars reticulata (SNpr), SNpc and VTA can be observed.
De Biasi and collaborators conducted a whole transcriptome RNA sequencing data
analysis. They revealed that microglial populations between SN, VTA, Nucleus
Accumbens (NAc), and cortex share just 48% of their gene expression [32]. Other
studies showed a higher expression of essential inflammatory factors such as the
major histocompatibility complex (MHC) I and II and the toll-like receptors 4
(TLR4) in the midbrain compared with the cortex, hippocampus, and striatum [144].
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Other investigations also suggested a different expression of crucial inflammatory
cytokines such as the tumor necrosis factor-alpha (TNFa) and interleukin 1-beta
(IL1B) under inflammatory conditions [144, 145]. Interestingly, after microglia
depletion via colony-stimulating factor 1 receptor (CSF1r) inhibition, these cells can
repopulate the different brain regions maintaining the original differences [32].
Although many studies focused on studying microglial heterogeneity in resting
conditions, it is still unclear whether and how this could lead to different
inflammatory responses.

Other studies focused on microglia changing in relation to aging, showing that the
morphology and transcriptome of these cells can change throughout all life,
becoming more susceptible to getting activated during aging [146].

An increase of evidence showed that microglia are well integrated with the other
cells of the CNS and carry out critical physiological functions not correlated with
their inflammatory role. These cells can actively interact with neurons and probably
have a role in modulating their synapses. This function seems particularly important
during the early stage of development when they are crucial to remove the synapses'
excess in a process known as pruning [147]. The lack of this process was observed
in CX3CRI1 total ablated mice, which induced aberrant neuronal circuits and
consequent cognitive deficits [147, 148]. Interestingly, rare genetic variants were
linked between this receptor and increased risk of developing schizophrenia and
autism spectrum disorders [149]. Moreover, inducing microglial depletion in the
early stages of mouse brain development caused ventricle enlargement, increased
neuronal and astrocytic density, and decreased oligodendrocytes population [150].
Different observations were made when microglial cells were depleted in adult
mice, showing no evident alterations. However, studies showed that in the adult
mouse brain, microglial cells could modulate neuronal activity, eliminate synapses,
stimulate synaptogenesis, and model the extracellular matrix for new synapses [151-
157]. These observations suggest that, although microglial cells can modulate
neuronal synapses and circuitry at several ages, this role seem less extended and
essential in adult mice than in young ones.

Additionally, other interesting functions have been found, such as microglia's ability
in iron retention and their possible role in metabolic physiology in the hypothalamus
[158-160].

Astrocytes

Astrocytes are another glial cell often involved during a neuroinflammatory event
[161, 162]. This cell population is distinct from microglial cells and other immune
cells. These cells derive from the primary neuroepithelium and are already present
at the early stage of brain development. Here, they are known as glial radial cells
and are essential for brain development, driving neurons to their final location [163].
In adult tissue, astrocytes distribute ubiquitously within all CN'S maintaining contact
through a complex network of gap junctions [164].
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Similar to microglial cells, astrocytes present a high level of heterogeneity between
different brain regions [165, 166]. These cells represent one of the most versatile
cell types within the brain, performing many different functions. They have crucial
roles in tissue scaffolding, formation and modulation of BBB, maintaining
homeostasis, synaptogenesis, synaptic regulation, neurotransmitter inactivation, and
supporting neurons with lactate for their energy demand [165-169]. In the last
twenty years, increasing evidence showed that astrocytes carry out crucial functions
during inflammation [161, 162, 170-173]. They can express TLR2 and 4 and crucial
cytokines such as TNFa and IL1pB [161, 174-176]. Some authors suggested their
role as sentinel cells due to their strategic position between the BBB and brain
parenchyma [171, 177, 178]. Other studies indicated that they might act as antigen-
presenting cells, while others showed that these cells could adopt a toxic phenotype
and be directly harmful to the neighboring neuronal cells [170, 171, 179].

Neuroinflammation in synucleinopathies

Although inflammatory responses were detected in many neurodegenerative
diseases, some studies suggest that the link with PD and related disorders is stronger
than previously imagined. Activated microglial and astrocytes cells have been
described together with infiltrated lymphocytes in post-mortem examinations of
patients affected by synucleinopathies [171, 172, 180, 181]. A significant
contribution in the field comes from PET imaging studies that revealed an early and
chronic involvement of the neuroinflammatory system in patients affected by these
pathologies [182-187]. Studying the human post-mortem brain of PD patients that
received human embryonic dopaminergic neuronal implant into the striatum after
18 months, 4 and 16 years, Olanow and colleagues observed that microglia
activation precedes LBs formation. Microglia were active 18 months after implant,
while LBs pathology appeared later [188]. These findings are in line with the work
of George and colleagues, who simulated these human studies by grafting
dopaminergic embryonic cells in mice either microglia-depleted or inflamed via
lipopolysaccharide (LPS). This study showed that activated microglia could
increase o-syn transfer in the host-graft direction [189].

Other interesting correlations were obtained in humans via PET imaging. Using a
tracer for microglial activation and one for dopamine transporter, Ouchi and
colleagues observed a decrease in dopamine transporter and an increase of microglia
signal in PD patents [182]. Another study observed a correlation between
inflammation and iron accumulation in SNpc, suggesting a link between these two
pathological features [190]. Moreover, neuroinflammation was observed to give an
essential contribution to the pathological changes observed in most of the PD animal
models, and its inhibition seems to prevent eventual detrimental effects.
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Neuroinflammation in experimental models based on a-synuclein

The investigation of how o-syn species could activate the neuroinflammatory
system, revealed o-syn interaction with different inflammatory receptors such as
TLR2 and 4, cluster of differentiation (CD) 113 (CD11p), and others [174, 191-
198]. Microglia activation was observed in vitro after exposure to o.-syn oligomers
or PFFs, but not with monomers [199].

Studies in mice overexpressing WT or mutated a-syn found microglial activation
preceding o-syn inclusions and neurodegeneration [200-202]. Watson and
colleagues observed this activation in the striatum and SN (1-5 months) but not in
the cerebral cortex, indicating a different a-syn expression or a different
inflammatory susceptibility to a-syn in different brain regions [200]. Inflammation
was described in the absence of dopaminergic degeneration in wild-type animals
five months after a-syn PFFs injection [203]. Moreover, it seems to precede
neurodegeneration in models where this was observed, suggesting its involvement
in the neurodegenerative process itself [74, 204]. Interestingly, intranasal
administration of a-syn PFFs also induced microglia iron deposition [205].

Several studies underlie the crucial impact that also peripheric immune system could
have in synucleinopathies. Infiltrated immune cells were observed prior to
dopaminergic inflammation in an animal model injected with a-syn PFF, and
blocking this cell infiltration was protective [206, 207]. As mentioned, chronic or
intense inflammation can be harmful to the surrounding tissue via ROS species or
other factors. Several anti-inflammatory treatments seem beneficial for these
models [174, 208]. Gordon and colleagues, after inhibiting the neuroinflammasome-
3 (NLRP3), observed a reduced pS129 and nitrated a-syn five months after PFFs
injection [208].

Several studies observed astrocytes to be particularly vulnerable and sensitive in
synucleinopathies [209, 210]. La Vitola and colleagues observed microglial and
astrocyte activation after intra-ventricular injection of o-syn oligomers. They
showed that astrocyte activation precedes microglia, and it is characterized by IL1[3
production [174]. These findings suggest a possible sentinel role for these cells. Lee
and colleagues indicate that a-syn can directly trigger astrocytes' pro-inflammatory
phenotype [209]. Interestingly, blocking astrocytes' pro-inflammatory conversion
seems neuroprotective in a transgenic model overexpressing a-syn (A53T) injected
with a-syn PFFs [211]. Additionally, an interesting study showed that the
expression of a-syn (A53T and A30P) in astrocytes induces endoplasmic reticulum
stress and Golgi apparatus fragmentation [212].

Comparing a-syn PFFs uptake and clearance capacity between neurons, microglia,
and astrocytes, Lee and colleagues observed that astrocytes and microglia uptake a
more significant amount of a.-syn PFFs than neurons and that microglia cells present
the highest clearance ability. However, the clearance capacity decreases when LPS

30



activates microglial cells [213]. Another study showed a microglial age-dependent
decrease in capacity to uptake o-syn oligomers [214].

Several authors suggested the involvement of microglial cells in a-syn spreading.
Xia and colleagues showed that microglia cells can uptake plasma exosomes derived
from PD patients and be triggered by them both in vitro and in vivo. Furthermore,
they described that microglial-like cell lines (BV2) presented dysregulated
autophagy after exosome administration, inducing o-syn accumulation and
accelerated a-syn secretion into extracellular space [215]. In the same year, Guo
and colleagues treated microglial cells with humanized a-syn PFFs and confirmed
that these cells secrete exosomes containing o-syn. Moreover, they observed that
these exosomes could induce a-syn aggregation in neuronal cultures over-
expressing a-syn and neurodegeneration in the nigrostriatal pathway in vivo [216].
Interestingly, Dutta and colleagues showed that inhibition of the TLR2 pathway
decreases inflammation and a-syn spreading both in vitro and in vivo [217].

Neuroinflammation in experimental models based on toxins and LPS

Several studies investigated the role of inflammation in toxin-based PD models.
Although the first hypothesis about the toxin’s mode of action was associated with
mitochondrial dysfunction and dopamine oxidation, several treatments directed
against inflammatory targets had a neuroprotective effect [218-232]. These
observations indicate a fundamental role of the neuroinflammatory system also in
toxin-based models of PD.

Interesting and useful models to study inflammation are the ones obtained through
administration of LPS, a pro-inflammatory component of the extracellular
membrane of gram-negative bacteria [233].

Intra nigral or striatal LPS injections trigger progressive and specific SNpc
dopaminergic neurodegeneration in rodents [234-237]. Some of these works
indicated that ROS species produced during inflammation are the main detrimental
factor in these models. In fact, inducible nitric oxide synthase (iNOs) or NADPH-
oxidase inhibition partially rescues the neurodegeneration observed in these animals
[235-237]. However, Castafo and colleagues did not find the same protective effect
when inhibiting iNOs and suggested that other mechanisms might be involved[234].
When LPS is injected intraperitoneally (i.p.), it can induce a systemic inflammatory
response that can activate microglial and astrocyte cells in the brain via TNFo
signalling. The neuroinflammatory response was absent in mice depleted for TNFou
receptors, indicating that this mediator is crucial for the glial activation observed in
the brain [238]. Other studies showed that this acute inflammation could be
converted to a chronic one, which induces progressive dopaminergic
neurodegeneration [238-240]. Recently, Zhao and colleagues showed that chronic
inflammation could depend on ILI local expression since mice knocked out for
this receptor did not develop chronic effects [241]. Other studies found that IL1f
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expression after systemic LPS injection differs between brain regions [144, 145],
suggesting that chronic inflammation could be differentially present in several brain
regions.

La Vitola and colleagues found that transgenic mice for a-syn (A53T), but not
C57BL6 mice, present dopaminergic neurodegeneration after systemic LPS
exposure. Moreover, they observed different chronic responses between microglia
and astrocytes in transgenic mice treated with LPS. While microglia presented a
pro-inflammatory phenotype, astrocytes atrophied [242]. The same observation was
done using another double hit model obtained through i.p. LPS injection coupled
with intra-ventricular injection of a.-syn oligomers [174].

Other studies observed other neuroinflammatory characteristics interesting for
synucleinopathies. For example, chronic inflammation increases iron concentration
and ferritin expression in microglial cells [243-246]. Ferritin is a chelator for iron,
and its expression is under IRE that, as we mentioned before, is typical of a few
other proteins, a-syn included [75, 80]. These data indicate that inflammation per
se can induce an increase in iron levels in the brain but that these cells also have a
role in the iron seizure, probably with homeostatic function. Moreover, Liu and
colleagues identified significant gender differences, with female mice being more
resistant to dopaminergic degeneration when injected systemically with LPS than
male mice [239]. It seems that female mice could depress inflammation via
estrogens inhibiting the Kir2.1 inward-rectifier potassium channel [247]. This
channel is usually expressed in activated microglial cells, except in SNpr where it
is also expressed in control condition [32]. Another study showed that when 16
months old mice were systematically treated with LPS, they presented higher
neurodegeneration than those treated at 3 months old, indicating that inflammatory
responses become stronger with aging [240]. Additionally, nicotine attenuates the
neuroinflammatory response induced by LPS or other pro-inflammatory agents
[248, 249]. All these features strongly link inflammation to Parkinson’s disease and
related disorders.

a-Synuclein PTMs induced by neuroinflammation

Several a-syn PTMs were linked with inflammation. Gao and colleagues found
insoluble a-syn aggregates and nitrated o-syn in transgenic mice overexpressing
(A53T) a-syn 5 months after systemic LPS injection. These insoluble o-syn
aggregates and nitrated a-syn depended on inducible nitric oxide synthases (iNOs)
activity [250]. Reimer and colleagues showed that inflammation-associated serine-
threonine kinase (PKR, EIF2AK?2) could phosphorylate a-syn at S129 in vitro and
in vivo [251].

An increased interest is growing regarding the involvement of caspase-1 in a-syn
processing [252-255]. It seems that it can induce a-syn truncation at 121 a.a., which
consequently increase o-syn aggregation and cytotoxicity [252, 253]. Both the
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a-syn truncation and caspase-1 were found in the core of LBs in human brains,
suggesting their role in the early stages of LBs formation [252]. Caspase-1 is a
critical NLRP3 component responsible for pro-IL1f3 cleavage to generate mature
IL1PB. Caspase-1 activation has been associated to the age-dependent a-syn
aggregation in the gut-brain axis [256]. Reducing C-terminal truncation mediated
by this caspase mitigates LBs pathology and neurodegeneration in a model of MSA
[255]. These observations are in line with what we mentioned before about other
PTMs. The inhibition of NLRP3 in animal models based on a-syn PFFs prevented
nitration and pS129 a-syn [208].

An interesting study compared mice overexpressing human o-syn mutations with
mice knocked out for a-syn after LPS intra-nigral injection. Mice ablated for a-syn
were the only that did not present any dopaminergic neurodegeneration [257]. Taken
together, these results suggest the presence of a vicious cycle between a-syn and
inflammation, where each of these components is able to trigger and modulate the
activity of the other. This could represent the pathological driving force for
sustaining synucleinopathies over time.
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A1m of the thesis

Neuroinflammation seems to be crucial for PD and related disorders. Several a-syn
PTMs were found to be partially dependent by neuroinflammation, and may other
exist. Moreover, it is still unclear whether and how inflammation have the same
impact in all brain regions.

This thesis aimed to investigate the role of neuroinflammation in synucleinopathies
in relation to microglial ability to process a-syn and the inflammatory system
heterogeneity.

1.

The first project focused on generating a microglial-like cell model that
stably over-express a-syn (WT and mutated). We aimed to study a-syn
PTMs generated in the intracellular environment of these cells and the
following consequences in terms of aggregation and toxicity.

The second study aimed to establish a high-throughput screening system to
investigate the mechanism involved in a-syn aggregation in HEK293T
cells. We used this system to identify new pharmacological targets and
explore their molecular mechanisms.

The third project aimed to explore whether and how microglial and
astrocyte heterogeneity could lead to different inflammatory responses
across brain regions. Moreover, we evaluated acute and chronic
inflammatory effects in dopaminergic neurons in SNpc and investigated the
CX3C axis as a possible pharmacological target.

The fourth study focused on whether LLBs pathology and o-syn

conformations differ within several brain regions of human post-mortem
brains from patients affected by PD, DLB, and MSA.
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Summary of key results

Paper [: Generation and characterization of a.-synuclein
expressing BV2 cells for studying a-synuclein
aggregation and neuroinflammatory responses

The presence of chronic neuroinflammation since the early stages of PD and related
disorders suggest that it can partially influence the course of these pathologies [182-
187]. Several findings indicate that chronic inflammation has not only an effect on
the surrounding neuronal populations but also on a-syn pathology. In fact, several
PTMs identified seem partially depended on inflammation, and other may exist
[252-255, 257]. In this project, we generated a microglial-like cell model that stably
overexpresses o-syn to investigate these cells' ability to form PTMs and aggregates,
and to understand whether an inflammatory condition can modulate this ability.

Generation and characterization of BV2 cells expressing o-syn

Through lentiviral transduction and FACS sorting, we generated several
monoclonal BV2 cell lines that stably overexpress a-syn under the eukaryotic
translation initiation factor 1 (elFla) promoter. We obtained several clones
expressing various a-syn mutations (WT, A30P, G51D, A53T) with and without
green fluorescent protein (GFP). To determine the more suitable clones for future
examinations, we performed an initial characterization. We defined o-syn
expression levels in each clone (Fig. 9A and B), and we examined whether a-syn
overexpression could modify the inflammatory conditions (Fig. 9C and D). From
these analyses, we found significantly Ibal intensity changes only in 7 clones of 41
in total, and in most cases, they showed a decrease in this parameter. These
observations suggested that a-syn expression in BV2 cells per se does not trigger a
prominent inflammatory reaction.
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Figure 9. a-Syn (AS3T)-GFP expression in BV2 cells does not alter the inflammatory
baseline. A) a-Syn expression levels in a-syn A53T-GFP clones. One-way ANOVA with
Tukey’s correction. F = 143,8; P value < 0,0001. Multiple comparisons are reported in
supplementary statistical tables. B) Qualitative images, scale bars = 50 um. C) Ibal
quantification in same clones. One-way ANOVA with Tukey’s correction. F = 6,374; P
value < 0,0001. Significance (*) respect naive BV2 cells. D) Qualitative images of Ibal in
BV2 cells. Scale bars = 50 um
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Examination of a-syn aggregation in BV2 cells caused by o-syn PFFs and LPS
administration

We aimed to investigate whether BV2 clones could develop aggregates when treated
with a-syn PFFs and if the simultaneous exposure with LPS could modulate this
process.

We treated BV2 clones expressing a-syn-A5S3T-GFP and GFP alone with several
concentrations of a-syn PFFs (1, 5, 10, and 20 nM) with and without LPS (10 ug/ml)
for 48 hours. We observed a-syn aggregates in BV2 cells expressing a-syn-A53T-
GFP (up to 10% with 5, 10, and 20nM of a-syn PFFs; Fig. 10A and B). We did not
detected differences in a-syn aggregation induced by the presence of LPS (Fig. 10A
and B). However, this effect could be due to the presence of GFP that could prevent
some PTMs, such as truncation in C-terminal. More experiments need to be
performed with clones without GFP.

Then, we verified whether the aggregates observed in BV2 clones were positive for
pS129 a-syn. We immune-stained cells with an antibody specifically against this
PTM, and found that some pS129 a-syn profiles co-localized with the a-syn GFP
signal (arrowheads) (Fig. 11A and C). We also found pS129 a-syn positive signal a
surrounded by the GFP one, suggesting that some of the endogenous a-syn may be
truncated between S129 and the C-terminal (Fig. 11C). Moreover, a-syn-GFP and
pS129 a-syn positive signals also appeared extracellularly. This observation
suggested that BV2 cells release these a-syn aggregates or that the aggregates
induced BV2 cell death (Fig. 11B and C).

Assessing cell density, we found a significantly lower density in all BV2 clones in
all the conditions investigated compared to relative vehicles treated cells (Fig. 11D).
Moreover, the combination of a-syn PFFs and LPS induced a significant decrease
in BV2 density compared to those treated with a-syn PFFs alone (Fig.
11D). Comparing BV2 expressing asyn-A53T-GFP and GFP alone, we did not find
any differences, suggesting that both clones were sensitive to a-syn PFFs and
LPS (Fig. 11D).

Performing live imaging with identical conditions, we found that the formation of
intracellular inclusions a-syn-GFP positive induced BV2 cell death (Fig. 12A).

To increase the efficiency of the aggregation, we performed liposome transfection
with a-syn PFFs. By doing so, we facilitated a-syn PFFs entrance within the cells,
skipping the internalization step, and synchronized the development of intracellular
a-syn inclusions in BV2 cells. Twenty-four hours after treatments, we observed a
significant number of cells (up to 60% of the total cells) containing a-syn-GFP
inclusions at 2,5 nM, 5 nM, and 10nM a-syn PFFs, while 10% of BV2 cells with
InM (Fig. 12B and E). Moreover, a significantly lower cell density was present
between BV2 clones expressing a-syn-GFP administered with lipofectamine and -
syn PFFs (2,5 nM, 5 nM, and 10nM) and compared with the relative control (only
lipofectamine) (Fig. 12C). In the end, comparing both BV2 clones, we observed
significantly lower changes in BV2 expressing only GFP than those expressing
a-syn-AS53T-GFP (Fig. 12D).
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Figure 10. BV2 clones generate intracellular aggregates when exposed to a-syn
PFFs. A) Intracellular inclusion in BV2 cells 48 hours after a-syn PFFs administrations in
presence or absence of LPS. Statistic performed via two-way ANOVA Fieatments (9, 20)
=5,691, p < 0,0006. Fa-genotypes (1, 20) = 324,8, p < 0,0001. Finteractions (9, 20) = 8,267, p <
0,0001. Significance (*) compared to respective vehicle. B) Representative images of BV2
clones administered with vehicle, LPS, and a-syn PFFs 20nM and with or without LPS after

48 hours. Scale bars = 50 um
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Figure 11. BV2 clones generate pS129 positive inclusion and release aggregates
extracellularly. A) Representative images of BV2 cells expressing a-syn-A53T-GFP 48
hours post o -syn PFFs 10 nM administration. a-Syn-A53T-GFP (in green) and pS1299 a-
syn (in red). Scale bars = 50 um B and C) Representative images of extracellular aggregates
GFP-positive (yellow arrow) in the same previous conditions. Scale bars = 50 um D)
Relative cell density changes 48 hours post a-syn PFFs administrations in presence or
absence of LPS. Statistic performed using a two-way ANOVA F treatments (9, 20) =131,1, p <
0,0001. F Genotypes (1, 20) = 14,96, p < 0,0010. F interactions (9, 20) = 3,304, p < 0,0125.
Significance (*) respect relative control, (#) in presence or absence of LPS.
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Figure 12. Intracellular aggregates toxicity and o-syn PFFs via lipofectamine
transfection. A) Qualitative images extracted from live-imaging acquisitions of BV2 clones
overexpressing o-syn-A53T-GFP and administered with a-syn PFFs 20nM. Every image
shows the same frame at four sequential times (15 min between each frame). BV2 clones
developed a-syn inclusion intracellularly and died subsequently, releasing extracellularly
GFP-aggregates. Scale bars = 50 um B) Analyses of intracellular aggregates in BV2 clones
24 hours after lipo-transfection in presence or absence of a-syn PFFs (1, 2,5, 5, 10 nM).
Statistic performed using a two-way ANOVA Fueatmens (5, 12) =275,5, p < 0,0001.
F genotypes (1, 12) = 1773, p < 0,0001. F mteractions (5, 12) =275,5, p < 0,0001. Significance (*)
respect relative control. C) Relative changes in cell density 24 hours post lipo- transfection
in presence or absence of a-syn PFFs (1, 2,5, 5, 10 nM). Statistic performed using a one-
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way ANOVA Fieatmenss (5, 6) =29,17, p < 0,0004. Significance (*) respect BV2
overexpressing a-syn-A53T-GFP administered with lipofectamine. D) Relative changes in
BV2 clone density 24 hours after lipo-transfection in presence or absence of a-syn PFFs (10
nM). Statistic performed using a two-way ANOVA F treatments (2, 6) = 44,53, p < 0,0003. F
genotypes (1, 6) = 31,51, p < 0,0014. F tteractions (5, 12) = 2,475, p < 0,1645. Significance (*)
respect relative control, (#) between BV2 cells overexpressing a-syn-A53T-GFP or GFP
with the identical treatments. E) Qualitative images of BV2 cells administered with the
vehicle, lipofectamine 0,5 ul/well, and the combination between lipofectamine and a-syn
PFFs 5nM for 24 hours. Scale bars = 50 um

BV2 cells expressing a-syn-GFP release and uptake vesicles

Another interesting feature regarding microglial cells is the release and uptake of
vesicles and their possible role in a-syn spreading. We conducted live-imaging
acquisitions of BV2 a-syn-AS53T-GFP clones in control conditions along 24 hours.
We detected vesicles moving in the extracellular media and released/taken up by
BV2 cells (Fig. 13A). This finding indicate that these vesicles can carry a-syn
protein, since they were positive for GFP signal.

To evaluate whether BV2 vesicles can be exchanged between different kind of cells,
we conducted a co-culture between BV2 a-syn-A53T-GFP and HEK a-syn-A53T-
mCherry cells. We found that the vesicles could easily be exchanged between
them (Fig. 13B). Further investigations have to be executed to assure that these
vesicles can carry a-syn and to detect possible aggregates species.

Figure 13. BV2 clones release and uptake vesicles.

A) Representative images of BV2 clone vesicles extrapolated from live-cell imaging.
Vesicles are indicated by the. Scale bars = 50 um B) Co-cultures between BV2 cells
overexpressing a-syn-A53T-GFP with HEK cells overexpressing a-syn-AS53T-mCherry.
Scale bars = 50 um
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Paper II: FRET-based screening identifies p38 MAPK
and PKC inhibition as targets for the prevention of
seeded a-synuclein aggregation.

Although there has been considerable progress in knowledge regarding o-syn
aggregation, much is still unknown regarding key molecular events. The
identification of molecular mediators could form the basis for new therapeutic
interventions. A possible way to identify new targets can be obtained through high-
throughput screening (HTS) of annotated compound libraries.

Generation and validation of FRET-based reporter and kinases inhibitor library
screening.

In this work, we developed a fluorescent resonance energy transfer (FRET)-based
cellular reporter in HEK293T cells. FRET is suitable for HTS due to the specificity
of the signal and the ease of automatization using flow cytometry [258]. Our system
showed concentration-dependent sensitivity down to 90 ng/ml and 300 ng/ml,
respectively, for liposome-mediated transfection and direct addiction to a-syn PFFs
(Fig. 14A and B). These intracellular aggregates were confirmed by pS129
positivity, the presence of detergent-insoluble a-syn, and cross beta-sheet-structures
stained with congo red (Fig. 14C - G).

Using this model, we explored possible molecular targets affecting o-syn
aggregation. We screened small molecule kinases inhibitors and found three
inhibitors (GF; SB80; SB90) of 81 tested, which prevented induced o-syn
aggregation (Fig. 15A and B). Two of these molecules were linked to p38 mitogen-
activated protein kinase (p38 MAPK) and the last to protein kinase C (PKC).
Then, we investigate their potential as pharmacological targets. We benchmarked
our lead compounds with two compounds (Enza and Vx) which were previously
involved in clinical trials for other conditions and had an overlapping target with
our lead compounds. We found all three of our molecules and Enza exhibited
preventative effects on the induced a-syn aggregation as assessed by microscopy
and flow cytometry (Fig. 15C and D). Interestingly, Vx showed a comparable
aggregation with the control condition (Fig. 15C and D).

Effects of hit compounds on phospho-proteome

Mass spectrometry (MS)-based phospho-proteomics is an interesting methodology
for investigating kinases activity and signaling. Aiming to explore the signaling
involved in our selected inhibitors, we found a discrete and unique phosphor
proteome profile for each. However, comparing the global phosphor-proteome,
similarities among inhibitors with the same target were evident according to the
inter-sample Pearson's correlation coefficient (PCC) (Fig.16A and B).
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Figure 14. Validation of a FRET-based cell reporter for a-syn aggregation.

A) FRET signal validation for inducing aggregation in the cell line. Cells with aggregates
showed a strong co-localized FRET signal. B) Assessment of biosensor sensitivity after o-
syn PFFs treatment. C) Both treatment with PFFs directly and by lipofection leads to a-syn
aggregates as seen by oa-synuclein detection in the insoluble phase. D) Co-localization
analysis of generated a-synuclein aggregates. GFP positive aggregates co-stain for pS129 o-
syn and the cross-f specific dye CongoRed. (scale bar = 20 um) E) Scatterplot for co-
localization between a-syn-GFP and pS129 a-syn. F) Scatterplot for co-localization between
a-syn-GFP and CongoRed. G) PCC correlation between a-syn-GFP and the relative
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markers. Bar chart show mean = SD, *p < 0.05, **p < 0.005, ***p < 0.001. One-way
ANOVA for multiple comparisons to a control group.
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Figure 15. Kinase inhibitor libary screening for the ability to interfere with a-syn
aggregation. A) Results from screening a kinase inhibitor library. Z-scores were calculated
for each sample, and the resulting output follows a waterfall distribution with similar shapes
across concentrations. B) Sample’s heatmap with Z-scores >1.5 or <-1.5. C) Representative
images of cell clones treated with inhibitors and a-synuclein PFFs. (Scale bar = 20 um) D)
Inhibitor effects quantification by flow cytometry. Bar charts show mean + SD, ***p <
0.001. One-way ANOVA with Dunnett’s T3 post hoc test for multiple comparisons to a
control group.

Further in-depth analyses allowed us to find pathways regulated by our inhibitor
treatment. We found the main enrichment/depletion signatures among RNA
transport and spliceosome pathways by comparing the annotated KEGG pathway
database (Fig. 16C) [259]. These changes suggest that the effects caused by the
inhibitors may lie at the translational level.
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We also performed proteomic analysis to examine if any changes were present at
the protein level. We assessed protein abundance after compound treatment. As we
observed for the phospho-proteomic analyses, we found distinct profiles and
grouped compounds of similar targets (Fig. 17A and B). Conducting KEGG
pathway analyses with the proteome data, we found a depletion of protein related to
neurodegeneration pathways, such as the one involved in PD, Alzheimer's disease,
and Huntington's disease. This depletion depends mainly on a decrease in
mitochondrial proteins such as CYC, NDUF, and COX, which are shared among
the annotated pathways (Fig.17C).
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Figure 16. Phopho-proteome analyses for the kinase inhibitors identified.

A) Distinct patterns for each inhibitor are revealed through unsupervised clustering of the
significantly regulated phosphor-proteome. B) Pearson's correlation matrix reveals sample
similarity among replicates and inhibitors with the same target. C) Pathway analysis
indicated that spliceosome and RNA transport is the most enriched and depleted pathways
in terms of phosphor-epitopes.

Examination of mechanisms implicated in prevention of induced a.-syn aggregation.
The depletion in genes mapping these pathways contributed to the prevention of
aggregation, except for SB80, despite its anti-aggregation effects. Moreover, we
observed an enrichment in lysosomal-related proteins for all our compounds, except
for Vx.

Lysosomes are membrane-bound cell organelles containing digestive enzymes able
to break down cellular components and preserve homeostasis. Our analyses detected
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several lysosome-related proteins. Therefore, we quantified the relative abundance
of lysosomes via live-cell microscopy and flow cytometry using Lyso Tracker. We

A C KEGG pathways

.ﬁ - Biosynthesis of antibiotics
EEEE

- Biosynthesis of amino acids

o s N O

- Glycine, serine and threonine metabolism
- Phagosome

- Metabolic pathways

log1(P)
Enriched KEGG pathways

- Protein processing in endoplasmic reticulum
- Proximal tuble bicarbonate reclamation

- Cardiac muscle contraction

SB90 Enza GF DMSO SB80 VX - Parkinson’s disease

- Huntington’s disease
B PCC

—

04 004 1

- RNA transport

Ry,
8,
@ ...--. .- .

- Oxidative phosphorylation

(P)
G pathways.

- Carbon metabolism

-log4

Depleated KE!

- Metabolic pathways

o s ® N O

- Alzheimer's disease
- Biosynthesis of antibiotics

- Non-alcoholic fatty liver disease (NAFLD)

]

- Proteasome

Yy

o3
&6

&
Ry,
6’&0

Figure 17. Proteome analyses for the kinase inhibitors identified.

A) Distinct patterns for each inhibitor are revealed through unsupervised clustering of the
significantly regulated phosphor-proteome. B) Pearson's correlation matrix indicates sample
similarity among replicates and inhibitors with the same target. C) KEGG pathway analysis
exhibits an enrichment in lysosome-related proteins.

found that lysosomal abundance increased following GF, SB90, and Enza treatment
but not after SB80 and Vx (Fig. 18A and B). However, further quantification of
transcription factor EB (TFEB) [260], the master regulator of lysosomal biogenesis,
showed no significant difference for all inhibitors tested (Fig. 18C and D). The lack
of TFEB translocation within the nucleus indicated that the increased lysosomes
observed did not depend on a new expression of these organelles but derived from
other steps of lysosomal maturation.

FITC-dextran was used to investigate the rate of endocytic uptake [261]. Using this
tool, we observed a significant decrease in FITC-dextran internalization for GF,
SB80, and Vx but not for SB90 and Enza (Fig. 18E and F). The decrease induced
by Vx without any protective effects on a-syn aggregation suggested that the

49



decrease in endocytoses would not explain the protection observed by our hit

compounds.

Subsequently, we explored the effects on vesicular permeabilization using a
galectin-3 reporter cell line [261]. We observed a significant reduction for all
inhibitors, except for Vx, indicating a lower vesicular permeabilization (Fig.18G).

10000

8000

6000

4000

FITC-dextran MIF
530 nm (A.U.)

2000

FITC-dextran MFI

610nm (A.U.)

30000

25000

20000

15000

10000

5000

s}
@
&

.
1000 o
e
800
i
5 600
S
§2
2 400
T
=
200
’ o+
O PSE LS
R R
1.2 4
1.0
£
2 084
a
2
3
30 064
38
°
E}
2 044
o
w
o
0.2
00~ o < S O o
V) Aoy SSEY
S ==
©
o
© —
Hwex ?) o
38
8'g
2E
3 0
RS
=
©
[}
O 2 & & &+
& & %@Q)Q %@q“ S+ A

Figure 18. Investigation of mechanisms involved in the inhibition of a-syn
aggregation observed by kinase inhibitors A) Representative images of lysotracker in
samples treated with inhibitors. B) Flow cytometry quantification of lysotracker staining. C)
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Representative images of nuclear translocation of Transcription Factor EB
(TFEB). D) Quantification of nuclear translocation of TFEB. E and F) Intracellular FITC-
dextran quantification by flow cytometry. E) at 530 nm; D) at 610nm. G) Quantification of
vesicular permeabilization using a Gal3-GFP model. Bar chart values show MFI + SD, *p <
0.05, **p < 0.005, ***p < 0.001. One-way ANOVA for multiple comparisons to a control
group. (Scale bar =20 um).
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Paper III: Brain region-specific microglial and astrocytic
activation in response to systemic LPS exposure

Several studies indicate that microglial and astrocyte populations are heterogeneous
among different brain regions in their density, morphology, and transcriptomes [31,
32, 144, 146]. However, whether and how these differences could lead to distinct
inflammatory responses is not clear. Microglial or astrocyte phenotypes and
responses could potentially direct the course of several neurodegenerative diseases,
including synucleinopathies.

In this study, we conducted a topographic study quantifying microglia and astrocyte
alterations in 16 brain regions through immunohistochemical examination and
computational image analysis. To have a uniform and simultaneous stimulation, we
used a systemic LPS mouse model obtained by a single i.p injection. We
investigated microglial and astrocytic responses, the impact on the dopaminergic
neuronal population in SN, and the possible pharmacological role of the CX3C axis.

Microglia heterogeneity in control C57BL6 mice.

We began evaluating microglia cells in C57BL6 control mice. SNpr appeared as the
brain region having the most elevated marked area by Ibal compared to other brain
regions (Fig. 19A and C). On the contrary, the VTA, SNpc, hypothalamus,
thalamus, cerebellum, and corpus callosum were the lowest. The other regions
presented a similar microglia-marked areas. We found a similar condition when we
analysed the cell density (Fig. 19B and C).
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Figure 19. Microglia heterogeneity in control C5S7BL6 mice.

A) Quantification of the marked area by microglial cells in vehicles C57BL6N mice.
Statistic performed using One-way ANOVA: Fprainregions (15, 32) = 12.06, p <0.0001. n=3
mice per region. Significance: (*) respect SNpr; (#) respect VTA. Other significances are
summarized in Supplementary Methods. B) Quantification of microglial cell density per
mm?. Statistic performed using One-way ANOVA: Farainregions (15, 32) = 29.35, p < 0.0001.
n = 3 mice per region. Significance: (*) respect SNpr; (#) respect VT A. Other significances
are summarized in Supplementary Methods. C) Qualitative images of Iba 1 staining. Scale
bar = 50 um.

Brain region-specific microglia responses to systemic LPS administration.
To explore whether microglia populations in different brain regions could present

differential inflammatory responses, we first compared microglia activation in mice
administrated systematically with either 5 mg/kg LPS or vehicle (PBS).

We found a significant increase in the marked area by the Ibal and cell density in
all brain regions upon LPS exposure (Fig. 20A, B and E). Microglial population in
SNpr and entorhinal cortex revealed the most robust Ibal increase, while in the
VTA, cerebellum, and corpus callosum showed the lowest. Investigating the fold
changes between LPS-treated and vehicle group, we detected a 2-3-fold increase in
microglia marked area and comparable changes in microglia density (Fig. 20C, D
and E). Microglial cells in VT A showed the most robust increase in the marked area,
while the lowest were in the PSM cortex. Regarding fold changes in microglia
density, the most significant changes were observed in the entorhinal cortex, VTA,
and SNpc, while the least altered were in the PSM cortex and SNpr.

Lastly, we conducted a semi-quantitative analysis of CD68 changes under LPS
exposure. We detected a general increase in all regions. However, the most
pronounced change occurred in the SNpr (data not showed). These findings suggest
the presence of different microglial responses to systemic LPS administration
among several brain regions.

Brain regional specific microglia inflammation induced by several LPS doses.

To investigate whether microglia heterogeneity also influences the sensitivity to a
pro-inflammatory agent, we conducted a dose-dependent injection of LPS (from
0.005, 0.05, 0.5 to 5 mg/kg) and PBS as the vehicle control. Microglia changes were
examined 24 hours after LPS administration.

We observed that the area marked by microglial cells and cell density significantly
increased at 5 mg/kg LPS in most brain regions (such as the thalamus, striatum,
VTA, PSM cortex, PPA cortex, hippocampus, and corpus callosum) . In the SNpr,
entorhinal cortex, NAc, and hypothalamus, Ibal area marked and cell density
increased from 0,05 mg/kg LPS dose, while the other regions at 0,5 mg/kg LPS
dose (Fig. 21A, B and E). Considering the relative changes, microglia populations
in the hypothalamus, entorhinal cortex, VT A, and cerebellum presented significant
alterations in the marked area and cell density at low doses (Fig. 21C, D and
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E). Then, we semi-quantitatively compared the CD68 modifications in the
hypothalamus, SNpr, and entorhinal cortex. We detected evident changes in the
SNpr at 0.05 mg/kg dose (Fig. 22A, B and C).
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Figure 20. Heterogeneous inflammatory response after systemic injection of Smg/kg
LPS. A) Quantification of the percentage of the marked area by microglial cells in vehicles
(white columns) and LPS-treated mice (black columns). Statistic performed using a two-
way ANOVA Fauinkegions (15, 64) = 46.13, p < 0.0001. Frreatment (1, 64) = 1127, p < 0.0001.
Finteraction (15, 64) = 6.081, p<0.0001. n= 3 mice per region. Significance: (*) respect relative
vehicles. B) Quantification of microglial cell density per mm? in vehicles (white columns)
and LPS-treated mice (black columns). Statistic performed using a two-way ANOVA
Fprainkegions (15, 64) = 56.84, p < 0.0001. Frreatment (15, 64) = 786.7, p < 0.0001. Finteraction (15,
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64) = 5.138, p < 0.0001. n = 3 mice per region. Significance: (¥) respect relative vehicles.
C) Fold changes in the percentage of the marked area by microglial cells between LPS-
treated and vehicle-treated mice. Statistic performed using a one-way ANOV A FirainRegions
(15,32)=7.453,p<0.0001. n=3 mice per region. Significance: (#) respect VTA; (°) respect
PSM cortex. Other significances are summarized in the supplementary results. D) Fold
changes in cell density between LPS-treated and vehicle-treated mice. Statistic performed
using a one-way ANOVA Fguinregions (15, 32) = 4.890, p < 0.0001. n = 3 mice per region.
Significance: (*) respect the Entorhinal cortex; () respect the PSM cortex. Other
significances are summarized in supplementary results. E) Qualitative Iba 1 staining images
in SNpr, VTA, NAc, PSM cortex, entorhinal cortex, hippocampus (CA1), and cerebellum.
Scale bar = 50 um.

In the end, we examined the vessel distribution to verify that the difference in
sensitivity was independent of TNFa. / LPS diffusion within the brain. We found
more vessels in the thalamus, cerebellum, PSM, PPA, and visual cortices, indicating
that our data does not depend by different TNFa / LPS diffusion (Fig. 22D and E).

Brain region-specific chronic inflammation 30 days after LPS treatment.

Another interesting feature of inflammation is the ability to maintain a pro-
inflammatory ~ phenotype  chronically. = However, = whether  chronic
neuroinflammation is distributed uniformly within the brain is still unclear.

To investigate this, we systematically administered mice with 5 mg/kg LPS and
vehicle and sacrificed them 30 days after treatment. We detect a slight increase in
the microglial density and area marked in some brain regions, such as the amygdala,
SNpr, PSM cortex, and the piriform cortex (Fig. 23A, B and C). These data suggest
sustainable microglia activation in selected brain regions one month after LPS
administration.

Specific and transient synaptic alterations due to neuroinflammation in SNpr.
The peculiar microglial histology in SNpr, together with our data, brought us to

examine the consequences of neuronal profiles in this specific region. We
conducted a double immune-labeling for tyrosine hydroxylase (TH), the key
enzyme for dopamine synthesis, and Ibal. We found that the dopaminergic
dendrites from the SNpc are intermingled with microglial branches in SNpr,
indicating possible interactions (Fig. 24A and B). Quantitative confocal
examinations revealed the density of the dopaminergic dendrites decreased
significantly in medial SNpr in mice treated with 5 mg/kg LPS compared to the
vehicle mice 24 hours post injection (Fig. 24C and E). Interestingly, this decrease
was no more evident 30 days post LPS administration (data not showed).
Quantitative analyses of gephyrin, a marker for GABAergic synapses, indicated no
alteration in all conditions examined (Fig. 24D). These findings suggest that the
acute inflammatory response generated by LPS leads to specific and reversible
alterations of dopaminergic dendrites in SNpr.
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Figure 21. Region-specific inflammatory susceptibility to different LPS doses.

A) Quantification of percentage of the marked area by microglial cells in vehicles (white
columns), LPS treated mice with 0.005 mg/kg (clear gray columns), 0.05 mg/kg (medium
gray columns), 0.5 mg/kg (dark gray columns), 5 mg/kg (black columns). Statistics were
performed using a two-way ANOVA with Tukey correction. Fprainregions (15, 160) = 57.94,
p < 0.0001. Frreatment (4, 160) = 188.3, p < 0.0001. Finteraction (60, 160) = 1.599, p <0.0110. n
= 3 mice per region. Significances are respecting relative vehicles. B) Quantification of cell
density mm?. Same column color as panel (A). Statistics were performed using a two-way
ANOVA with Tukey correction. Farainregions (15, 160) = 112.7, p < 0.0001. Frreatment (4, 160)
= 222.1, p < 0.0001. Funteraction (60, 160) = 2.039, p < 0.0002. n = 3 mice per region.
Significance: (*) Significance is respecting relative vehicles. C) Fold changes in the
percentage of the area marked by microglial cells. Same column color as panel (A). Statistic
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performed using a two-way ANOVA with Tukey correction. Fprainregions (15, 160) = 4.169,
p < 0.0001. Frreatment (4, 160) =202.4, p < 0.0001. Finteraction (60, 160) = 1.259, p <0.1304. n
= 3 mice per region. Significance: (*) respect relative vehicles. D) Fold changes in cell
density. Same column color as panel (A). Statistics were performed using a two-way
ANOVA with Tukey correction. FprainRegions (15, 160) = 5.660, p < 0.0001. Frreatment (4, 160)
= 247.6, p < 0.0001. Fteraction (60, 160) = 1.848, p < 0.0013. n = 3 mice per region.
Significance: (*) respect relative vehicles. E) Qualitative images of Iba 1 staining in Veh,
0.05, and 5 mg/kg LPS doses. Scale bars = 50 um.
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Figure 22. Region-specific CD68 alterations and vessel distribution.

A) Quantification of the percentage marked area by CD68 immunoreactivity in vehicles
(white columns), LPS treated mice with 0,05 mg/kg (medium grey columns), 0,5 mg/kg
(dark grey columns), 5 mg/kg (black columns). Statistics were performed using a two-way
ANOVA with Tukey correction. Fprain Regions (2, 24) = 79,43, p < 0,0001 Frreatment (3, 24) =
13,26, p < 0,0001. Finteraction (6, 24) =1,787, p < 0,1443. n=3 mice per region. Significances
are respecting relative vehicles. B) Fold changes in CD68 marked areas between the vehicle-
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and different doses of LPS (0.05-5mg/kg) treatments in different brain regions. The same
column color as graph A). Statistics were performed using a two-way ANOVA with Tukey
correction. Fprain Regions (2, 24) :4,131, p < 0,0001 Frreatment (3, 24) :14,11, p < 0,0287
Finteraction (6, 24) = 0,8165, p < 0,5678. n=3 mice per region. Significance: (*) respect relative
vehicles. C) Qualitative images of CD68 staining in the dose-dependent treatment. Scale
bars = 20 um D) Quantification of the percentage of the marked area by podocalyxin in
vehicles C57BL6ON mice. Statistic performed using a one-way ANOVA FBrain Regions (15, 32)
=11,69, p <0,0001. n=3 mice per region. Significance: (*) respect the cerebellum; (#) respect
the thalamus Other  significances are  summarized 1in  supplementary
results. E) Representative images of podocalyxin staining.
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Figure 23. Brain regional chronic inflammatory response 30 day after LPS
administration. A) Quantification of the percentage of the marked area by microglial cells
in vehicles (white columns) and LPS-treated mice (black columns) 30 days post-
administration. Statistic performed using a two-way ANOVA FprainRegions (15, 64) =25.33, p
< 0.0001; Frreatment (1, 64) = 44.38, p < 0.0001. Fnteraction (15, 64) = 2.069, p <0.0233; n =3
mice per region. Significance: (*) respect relative vehicles. B) Quantification of cell density
mm? in vehicles (white columns) and LPS-treated mice 30 days post-administration (black
columns). Satistic performed using a two-way ANOVA FBrainRegions (15, 64) = 37.93, p <
0.0001; Frreatment (1, 64) = 32.59, p < 0.0001; Finteraction (15, 64) = 1.517, p < 0.1259; n =3
mice per region. Significance: (¥) respect relative vehicles. (C) Qualitative images of Iba 1
staining. Scalebar = 50 um.
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Figure 24. Dopaminergic dendritic loss in medial SNpr 24 hours after Smg/kg LPS
administration. A) Representative images of TH staining in the SNpc. Scale bar = 100 um
B) Qualitative confocal images of dopaminergic (TH") dendrites (red) and microglial cells
in SNpr (green). C) Quantification of the percentage of the marked area by TH dendrites in
medial and lateral SNpr 24 h after 5 mg/kg LPS or vehicle administration. Statistics were
performed using an Unpaired t-test: Medial SNpr: Frreatment 2.250, p < 0.0007. Lateral SNpr:
Frreatment 2.842, p < 0.7245. D) Quantification of the percentage of the marked area by
Gephyrin in medial and lateral SNpr 24 h after 5 mg/kg LPS or vehicle administration.
Statistics were performed using an Unpaired t-test. Medial SNpr: Frreatment 1.469, p <0.7793.
Lateral SNpr: Frreatment 4.027, p < 0.4810. E) Representative confocal images of TH+
dendrites in medial SNpr 24 h after treatment.

CX3CRI1 partial ablation decreased microglia inflammation and prevented the
chronic one.

CX3C axis was widely studied in various models of neurodegenerative diseases,
and it seems that an increase of its ligand or a decrease of its receptor could have
anti-inflammatory effects. However, contrasting data were obtained regarding the
total ablated mice for CX3C receptor 1 and systemic LPS models. Here, we
examined microglia changes in CX3CR1 partially ablated mice (CX3CR1""),
We first compared CX3CR 17" with C57BL6 in the control condition. We did not
observe any alteration in microglial population (Fig. 25A). Then, comparing relative
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changes between 5 mg/kg LPS- and vehicle-treated groups in both mice models, we
observed a significant reduction in activation across all regions in mice partially
ablated by CX3CR1 compared with C57BL6 (Fig. 25B, C and E). These data
indicate that partial ablation of this receptor reduce microglia activation induced by
TNFa /LPS.

Recently, a study examined the chronic LPS effects in C57BL6 mice, comparing 1
and 5 mg/kg doses. They showed that only the higher dose presented chronic
microglial activation [241]. Here, we examined whether the lower microglia
activation detected in CX3CR1"“*" mice 24 hours post systemic LPS injection can
be maintained for a long time. Thirty days post LPS treatment, we did not detect
any microglia alteration compared with vehicle-control mice (data not shown).
These findings suggest that CX3CR1 partial ablation decreased sensitivity to
microglia activation and sustainability in response to systemic LPS administration.

Brain region-specific astrocytes activation in response to systemic LPS
administration.

In the end, we also explored astrocytic heterogeneity using the glial fibrillary acid
protein (GFAP) as a marker. Although this marker is the most common used in the
field, its expression is highly heterogenous between different brain regions. For this
reason, we need to be aware that the following analyses could be influenced by this
heterogeneity.

We started investigating the marked area by GFAP in C57BL6 mice in the vehicle
condition. SNpr, hippocampus, and corpus callosum showed a significantly higher
density of GFAP positive cells (Fig. 26A). Moreover, their morphology seemed
different among different brain regions. Then, we compared C57BL6 mice treated
with 5 mg/kg LPS and relative control. This analysis revealed a heterogeneous
increase in GFAP signal between different brain regions. We found a significant
astrocyte increase in the hippocampus, SNpc, SNpr (Fig. 26B and C), and corpus
callosum, but not in the other areas. Additional alterations were observed
qualitatively. GFAP increases in the hypothalamus, but intra-regional differences
mitigate this increase. GFAP also increased in other regions, such as the cerebellum
and the thalamus. However, the signal was below the threshold considered in the
analyses, and this increase was not detected. When we compared GFAP-positive
cells between C57BL6 and CX3CR1"7°*" mice, we found a similar GFAP pattern in
the naive (non-LPS treated) mice (data not shown). The only exception was a
significant increase in GFAP marked area in SNpr in CX3CR17“*" mice. Exploring
astrocytic activation in CX3CR17"" mice treated with 5 mg/kg of LPS compared
to the vehicle-treated mice, we found an increase in GFAP signal only in the
hippocampus but not in SNpr (data not shown). These data indicated that astrocytes
present a brain regional-specific activation and a lower inflammatory response in
CX3CR1 partially ablated mice compared to mice that express the physiological
level of this receptor.
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Figure 25. Partial ablation of CX3CRI1 decrease the inflammatory response
induced by systemic LPS A) Quantification of the percentage of the marked area by
microglial cells between C57BL6 (black column) and CX3CR1+/GFP mice (gray columns)
in control conditions. Statistics were performed using a two way-ANOVA FBrainRegions
(15, 64) = 32.50, p < 0.0001. FGenotype (1, 64) = 36.68, p < 0.0001. FInteraction (15, 64)
= 0.7510, p < 0.7241. n = 3 mice per region. Significance: (*) respect the same regions
between two genotypes. B) Quantification of the percentage of the marked area by microglial
cells in CX3CR1+/GFP mice. Vehicles (white columns) and LPS-treated mice (black
columns). Statistics were performed using a two-way ANOVA FBrainRegions (15, 64) =
34.78, p < 0.0001. FTreatment (1, 64) = 164.9, p < 0.0001. FInteraction (15, 64) = 1.327, p
< 0.2129. n= 3 mice per region. Significance: (*) respect relative vehicles. C) Fold changes
in the percentage of the marked area by microglial cells between LPS 5 mg/kg and vehicles
mice 24 h post treatment in C57BL6 mice (black columns) and CX3CR1+/GFP mice (gray
columns). Statistics were performed using a two-way ANOVA FBrainRegions (15, 64) =
10.13, p < 0.0001. FTreatment (1, 64) = 687.5, p < 0.0001. FInteraction (15, 64) = 2.862, p
< 0.0018. n = 3 mice per region. Significance: (*) respect relative vehicles. D) Qualitative
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images of microglial activation n C57BL6 and CX3CR1+/GFP mice treated with 5 mg/kg
LPS or vehicles. Scale bar = 100 um.
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Figure 26. Region-specific astrocytic response to systemin LPS administration.
A) Quantification of the percentage of the marked area by GFAP positive astrocytes in
vehicles C57BLON mice. Statistics were performed using a one-way ANOVA FprainRegions
(15, 32) = 206.8, p < 0.0001. n = 3 mice per region. Significance: (*) respect SNpr; (#)
respect hippocampus and corpus callosum. Other significances are summarized in
supplementary results. B) Quantification of the percentage of the marked area by GFAP
positive cells in vehicles (white columns) and LPS-treated mice (black columns). Statistics
were performed using a two-way ANOVA Fgrainregions (15, 64) = 100.6, p <0.0001. Frreatment
(1, 64) = 39.24, p < 0.0001. Fnteraction (15, 64) = 3.406, p < 0.0003. n = 3 mice per region.
Significance: (*) respect relative vehicles. C) Qualitative images of GFAP positive
astrocytes in hippocampus and SNpr in vehicles and LPS treated mice.
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Paper IV: Epitope-specific a-synuclein pathology in
different synucleinopathies

Several studies described different a-syn PTMs, such as phosphorylation, nitration,
oxidation, methylation, glycation, and truncations [83-85]. Each of these PTMs can
induce alterations in a-syn conformation and influence its ability to aggregate [103-
111]. Moreover, other indications suggest that some PTMs are more frequent in LBs
than others [41-43]. Furthermore, studies also showed that LBs pathology affects
several brain regions differently [122-124]. However, in most cases, few antibodies
and o-syn epitopes were considered, and it is not well understood whether we could
identify a different distribution of this protein considering its varied conformations.
This study aimed to explore whether a-syn presents different epitopes within several
brain region in synucleinopathies. We analysed a-syn distribution in six different
brain regions of patients affected by PD, DLLB, MSA, and age-matched control using
several a-syn antibodies able to bind a number of a-syn epitopes.

a-Synuclein presents different structural conformations patterns in different brain
regions

Firstly, we observed that all the antibodies used in this study were able to stain our
tissues (Fig. 27; Antibodies” table pag.81). The staining for the epitope 1-20
regularly detected LBs pathology and a-syn in the terminal nerve. The epitope 34-
45 showed a particular pattern, presenting robust staining in all regions except in
the hippocampus of DLB patients, while it stained primarily white matter pathology
in PD and MSA in the same region. pS129 antibody showed consistent and
numerous LNs-like structures not detected by other antibodies. This observation
could indicate that pS129 a-syn could assume a conformation that hides the other
epitopes. Other antibodies detected LNs pathology, but these were different in
number and morphology compared to the ones identified by the pS129 antibody. In
the end, the 103-108 epitope antibody mostly detected a-syn in the nerve terminals.

Differences in brain region LBs distribution in synucleinopathies

In PD patients, the SNpc region was the most affected by LBs pathology, followed
by the amygdala. On the contrary, the frontal cortex and cerebellum were the less
affected (Fig. 28). Patients affected by DLB showed more pathology in SNpc,
hippocampus, and amygdala than in the other regions (Fig. 28 annd 29). MSA
patients presented a wide distribution of intracellular inclusion in almost all regions,
particularly in SNpc and putamen. Moreover, as expected, it was the only
synucleinopathy where we observed LBs pathology in the cerebellum (Fig. 29).
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Figure 27. Region-specific a-syn conformations in human post-mortem brains.
Representative images of hippocampus sections from a patient with DLB stained with
antibodies against different o-syn epitopes. Scale bar =20 um
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Figure 28. Different a.-syn epitopes and distribut
different synucleinopathies. LBs and LNs assessment in several brain regions of patients

with various synucleinopathies utilizing antibodies for several a-syn epitopes.
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Figure 29. Different a-syn epitopes and distribut
different synucleinopathies. LBs and LNs assessment in several brain regions of patients

with various synucleinopathies utilizing antibodies for several a-syn epitopes.
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C-terminal truncation is more frequent in PD than in DLB and MSA

Subsequently, we systematically evaluated whether we could identify diseases or
brain signatures of a.-syn pathology. We stained consecutive sections of each region
and pathology considered in the study (Fig. 30).

Interestingly, we observed varied patterns among different regions and pathologies
concerning C-terminal a-syn staining. Although the C-terminal antibody (134-138)
was detected in some LBs in PD brains, NAC 80-96 and pS129 antibodies were
more frequently observed, indicating the presence of a truncation between amino
acids 129 and C-terminal a-syn. This difference was not present in DLB and MSA.
To confirm this observation, we performed double-labeling using NAC 80-96 and
C-terminal 134-138 antibodies. Through this staining, we confirmed that in PD
patients, most LBs were marked by NAC 80-96 but not C-terminal 134-138
antibodies, while both antibodies were co-labeled in MSA and DLB.

80-96 134-138 Merge

Figure 30. a-syn C-terminal truncation is more common in PD patients than MSA
and DLB. Representative images of SN from PD patient and corpus callosum from MSA

patient. Double-labelling with antibodies targeting a-syn epitopes 80-96 and 134-138 of -
syn. Scale bar = 20 um.
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Discussion and future perspective

Synucleinopathies are a group of neurodegenerative disorders characterized by
intracellular inclusions, neurodegeneration, neuroinflammation, and iron
accumulation. This thesis aimed to better understand the neuroinflammatory
involvement in these pathologies. The classic hypothesis supports the idea that
oligomeric and fibrillar a-syn species can trigger microglia and astrocyte pro-
inflammatory phenotypes that, in turn, could participate in the synaptic loss and
neurodegeneration observed [174, 199-202, 211]. However, several other studies
suggest that the inflammatory system might have a more critical role in PD and
related disorders [234-240].

The involvement of neuroinflammation seems to be present since the early stage of
these pathologies, as shown by PET imaging studies [182-187]. This chronic
inflammation could be able to induce a progressive dopaminergic
neurodegeneration in SNpc [238-240]. Moreover, investigating the dopaminergic
grafts in PD patients have showed that microglial activation precedes the formation
of LB pathology, suggesting that inflammation could facilitate o-syn spreading
from the host to grafts or create the conditions favourable for a-syn aggregation
[188, 189].

Inflammation could induce a-syn PTMs directly in neurons by activating neuronal
inflammasome NLRP3 and caspase-1 [208, 255, 256]. As we mention, this caspase
can form trunc-121 a-syn, which seems to increase the o-syn capacity to form
aggregates [252, 253]. Other PTMs that could partially be derived from pro-
inflammatory conditions have been described, such as pS129 and nitrated a-syn
[208, 250, 251], and may others need to be discovered. Moreover, microglia and
astrocytes can internalize a-syn, contribute to its clearance, induce PTMs within
their intracellular environment, and may contribute to a-syn spreading [215, 217].
These findings suggest a vicious cycle between a-syn and inflammatory cells that
could sustain the pathology progression.

Our first manuscript explored the consequence of a high amount of a-syn within the
microglial intracellular environment. We generated microglial-like cell clones
overexpressing a set of o-syn mutations. In the control condition, we observed
neither pro-inflammatory alterations induced by a-syn over-expression nor the
formation of spontaneous aggregates. Inducing the aggregation via a-syn PFFs, we
observed that microglial-like cells can develop aggregates and some positive pS129
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a-syn. Interestingly, we also observed that some pS129 a-syn was not co-localizing
with GFP, indicating the presence of truncated o-syn between S129 and the
C-terminal.

Stimulating BV2 clones expressing o-syn-GFP with LPS, we did not observe any
aggregates. We also did not detect evident alterations of the aggregation process
when LPS was combined with a-syn PFFs. These findings were in contrast with the
studies previously mentioned [208, 252, 253]. However, GFP could prevent some
PTMs and hide consequent alterations. Further investigations need to be performed
to systematically explore the presence of a-syn PTMs and soluble species in control
conditions and investigate alteration in a-syn aggregation using LPS with or without
o-syn PFFs in BV2 cells expressing o-syn without GFP.

Another intriguing aspect of our experiments was the susceptibility observed in BV2
cells to a-syn PFFs internalization and subsequent a.-syn aggregation process. Both
BV2 expressing a-syn-GFP and GFP suffered from a-syn PFFs and LPS treatment
after 48 hours, implying that this cell line is probably susceptible to conditions used
in our work. However, our live-imaging recording also indicated toxicity induced
during the formation of intracellular aggregates, suggesting that also the aggregates
developed intra-cellularly were toxic.

Furthermore, we observed exchanges of a-syn loaded vesicles between BV?2 cells,
indicating that these models could be helpful for studying the role of these vesicles
in a-syn propagation.

A useful tool to investigate the mechanisms behind a-syn aggregation is represented
by a high-throughput screening system. Our study used a FRET-based reporter
system in HEK293T to follow the a-syn aggregation process and to screen a kinases
library. We identified three compounds linked with PKC and p38 MAPK, and
further analyses indicate a compromised lysosomal system.

A similar approach can be used to explore a-syn PTMs formation and aggregation
in our BV2 clones. For example, this system could be useful to identify the
molecular pathway responsible for the truncation observed between S129 and
C-terminal a-syn or to find a target to against the toxicity observed.

Recently, several studies showed that microglial and astrocyte populations are
heterogeneous within the brain in many aspects [31, 32, 144]. Considering the
peculiar histology regarding microglia and astrocyte cells in SNpr compared to all
other regions [31, 32], we speculated this characteristic could highly affect the
dopaminergic neuronal population in SNpc. To examine the uniqueness of this brain
region, we choose to compare it with other 15 brain areas. Using a mouse model
based on systemic LPS administration, we showed that the inflammatory response
within the brain differs in intensity, sensitivity, and ability to persist one month after
injection. Moreover, we showed that the microglial population in SNpr seemed to
induce one of the most robust inflammatory responses, to be one of the most
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sensitive populations to systemic TNFo and/or LPS, and to be altered chronically.
We also observed a peculiar activation of lysosome-associated protein CD68 in the
microglial population exclusively in SNpr, indicating that this microglial population
possess a peculiar lysosomal system.

Additionally, we also observed that the acute inflammatory response in this region
induced a transitory dopaminergic dendritic loss, which recovered one month after
treatment. This transitory effect is not in agreement with other studies that showed
dopaminergic neurodegeneration followed by chronic inflammation. However, we
did not investigate neurodegeneration in SNpc and other forms of compensative
mechanisms could re-establish the average dendritic density, such as an increase of
TH activity [262]. Moreover, the molecular mechanisms driving the acute effects
may not coincide with the ones driving neurodegeneration chronically.

The classic hypothesis of dopaminergic neurodegeneration observed in SNpc was
initially linked to ROS and mitochondrial damage. However, this explanation does
not justify why this neurodegenerative process almost spares the same neuronal
population in VTA. Subsequently, to explain this aspect, studies focused more on
the neuronal networks involved in these pathologies and a-syn propagations. Here,
we suggest that the peculiar histological characteristics together with our
observation in SNpr could highly affect the dopaminergic neurons in SNpc. This
characteristic could represent the main differential factor between SNpc and VTA,
explaining the differential neurodegeneration observed in PD and related disorders.

In nature, the “structure” has always a link with its functions. However, the reasons
and functions behind the peculiar histology observed in SNpr are entirely unknown.
The presence of high density in glial cells and fibers, opposed to the low neuronal
density, suggests that these two components could interact. SNpr is one of the main
outputs of BG nuclei, and it receives projections from the striatonigral bundle which
make synapses with local neurons and dendrites from dopaminergic neurons in
SNpc [33]. These dendrites appear to be intermingled with microglial cells which,
as we mentioned before, can modulate neuronal synapses. On the other way around,
these dendrites could release dopamine in SNpr, which could modulate the
microglial cells [35-38, 263-267]. This microglial population presents a higher
amount of TLR4 receptors, is particularly sensitive to systemic TNFa and/or LPS,
and shows other characteristics that indicate a fast-reacting phenotype [32, 144].
However, the same population in SNpr is the only one compared to the cortex,
striatum, and hippocampus that expresses anti-inflammatory cytokines TGFf and
IL-10 48 hours after systemic LPS injection in mice [144]. This finding indicates
the presence of negative feedback that could be essential to preserve the surrounding
tissue and suggest that these cells could be finely modulated.

All these characteristics taken together brought us to speculate that SNpr could
represent the “bridge” between the systemic immune system.and the BG circuitry.
According to this hypothesis, the microglial population in SNpr could perceive the
systemic immune condition and convert this message altering the neuronal circuitry.
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The result of this could be a modulation of motor behaviour depending on organism
conditions, decreasing unnecessary movement and allowing healing in case of some
pathology.

Shifting our attention to other pathologies, we also observed a peculiar microglial
or astrocytic activation in regions more affected in Alzheimer's disease, such as the
entorhinal cortex, hippocampus, piriform cortex, NAc, amygdala, and corpus
callosum. Moreover, our data on chronic inflammation induced by systemic
inflammation could also suggest the role of neuroinflammation in cognitive
symptoms observed in long-Covid19 cases. Similar to LPS, Covid-19 also causes
an increase of systemic TNFa that can pass the BBB and trigger chronic
neuroinflammation [268-271].

The presence of region-specific inflammatory responses could significantly
influence the course of neurodegenerative diseases and the characteristics observed
in post-mortem tissues. In the last work, we set the preliminary conditions to study
the neuroinflammatory influence on a-syn conformations and pathology.

Studying the human post-mortem brains of patients affected by PD, DLB, and MSA,
we found differential a-syn epitopes and pathology distribution in several brain
regions and between synucleinopathies. Our findings also highlight the presence of
a truncation between S129 and C-terminal a-syn in PD patients but not in DLB and
MSA. Whether this truncation could be related to the one observed in our first
manuscript is not clear, but this redundancy needed to be mentioned.

Using the same human samples, we already stained for Ibal, GFAP, and NeuN,
aiming to assess possible correlations between inflammation and a.-syn PTMs.

Currently, different clinical trials are using anti-inflammatory treatment in PD and
related disorders. Studies indicate a beneficial effect of ibuprofen and other drugs
[272-275]. In our third project, we explored the role of the CX3C axis in the
neuroinflammatory response induced by systemic TNFa and/or LPS. Our data
showed that partial ablation of CX3C receptor 1 generally decreases the acute
inflammatory response and prevents the chronic one. Our data agree with many
other studies in different animal models and suggest the CX3C axis as a potential
pharmacological target [276-278].
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Materials and Methods

Experimental models

Cell cultures

We used BV2 and HEK 293T cell lines in the first two projects. These cells were
cultured at 37 °C, 95% humidity, and 5% CO,. Cells were kept in DMEM
supplemented with 10% FBS and 1% penicillin-streptomycin. For the experimental
procedure, HEK 293T cells were plated in a coated plate (Collagen-PBS 1:20),
while no coating was used for BV2 cells.

At the end of the experiments, cells were fixed with 4% paraformaldehyde (PFA)
for 20 min, followed by 3 gentle washes with PBS at room temperature.

Mouse models

For the third project, adult male 6-months-old C57BL6 and CX3CRI1"%*F were
used. C57BL6 were bought by Janvier labs (Saint Berthevin Cedex, France), while
CX3CRI1"*? mice were bred in loco. Mice were housed in an environment with a
temperature of 21°C, controlled humidity, 12 hours light/dark cycle, an environment
enriched by stimuli, and fed ad [libitum with a rodent pellet diet and
water. Experiments involved three mice in each group and were conducted on the
same day. Mice were sacrificed 1 or 30 days post-administration.

Mice were deeply anesthetized using pentobarbital and perfused with 4% PFA.
Brains were collected and post-fixed O/N in the same fixative and submerged in
30% sucrose in PBS until their use.

All animals and the procedures were conducted according to the Malmd/Lund
Animal Ethical Committee (Dnr 5.8.18-09454/2021).

Human post-mortem brains

Human samples used in the fourth study were obtained from the Division of
Oncology and Pathology of Lund University Hospital and the Brain Bank at Mount
Sinai. These patients were affected by PD, DLB, and MSA and compared with age-
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matched controls. Six different regions were analyzed for each subject: midbrain,
putamen, amygdala, hippocampus, frontal cortex, and cerebellum.

Molecular biology

Cloning

The principal method for construct generation used in our cell works was the Gibson
cloning due to its scarless DNA assembly, ease of planning, high efficiency, and
low background.

Clonings were planned using the online tool New England Biolabs, NEBuilder, for
all Gibson assemblies performed.

To linearize the vector backbone, we used restriction digestion and subsequently
isolated it using Zymo Gel DNA recovery Kkits.

Inserts were generated by PCR amplification utilizing guides designed with
NEBuilder and Phusion Hotstart Il DNA polymerase 2x Master Mix. PCR reactions
were composed of 25 pl Phusion Hotstart II 2x Master Mix, 5 ng template DNA, 1
ul forward primer (10 pM), 1 pl reverse primer (10 uM), and water till 50 ul total
reaction volume. Thermo cycling was performed by standard protocol:
Subsequently, the PCR product was purified on an agarose gel and recovered by a
Zymo Gel DNA recovery kit. Purified vector backbone (50 ng) and insert (2x molar
excess) were then used in an isothermal Gibson reaction (New England Biolabs) at
50 °C for 1 hour. The consequent ligation mix was then transformed into Shure2
competent cells to determine positive colonies.

Lentivirus production and titration

Production of lentivirus was performed by PEI-based transfection in HEK 293T
cells. On the day preceding virus production, 14x10° (for the first project)
and 12.5x10° (for the second project) HEK 293T cells were seeded in a T175 flask
to reach 85-90% confluence the next day. The following day, the culture medium
was replaced 1-2 hours before transfection. DNA was prepared by diluting 5.1pg
pMD2G, 7.1 pg pMDL, and 4 pg pRsvRev along with 18 pg lentiviral vector
plasmid in 1.7 ml OPTI-MEM and mixed by the vortex.

Liposomes were made by adding 102.6 pg PEI to diluted DNA, vortexed, and
incubated for 15 min at RT before adding it to cells for transfection. Lentiviruses
were collected with the supernatant 48 hours after transfection, spun at 800xg for
10 min to eliminate cell debris, and filtered through a 0.45 um syringe filter. The
supernatant was further concentrated by ultracentrifugation for 1.5 hours, 107000xg
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at 4 °C. Then, the pellet with lentivirus was resuspended 0/N at 4 °C in PBS to
produce the final lentivirus preparation.

Aiming to assess the lentiviral titer, we established a reference batch of lentivirus
with GFP-driven by elF1a. The reference batch titer was functionally assessed by
flow cytometry. Lentiviral preparations were subsequently compared by qPCR
based on WPRE integrations to the reference batch to select titers. HEK 293T cells
were seeded at 100.000 cells in each well in a 6-well plate and incubated at 37 °C
to permit sedimentation and adherence. These cells were then transduced with 0.3
pl, 1 pl, or 3 pl virus preparation. 72 hours after incubation, we extracted the
genomic DNA using Qiagen DNeasy Blood & Tissue kit. Viral integration was
quantified by qPCR utilizing self-quenching FAM probes for WPRE and albumin.

Generation of monoclonal cell lines

Cells were harvested 6 days after lentiviral transfection and resuspended in PBS
supplemented with 2% FBS. Subsequently, these suspensions were sorted as single
cells on a FACS Aria Il equipped with a 100 M nozzle into a 96 well plate. These
sorted cells were then expanded till the formation of stable cell lines.

Treatments

a-synuclein PFFs

a-syn PFFs were obtained from a-syn monomers in Tris buffer (10 mM Tris, 150
mM NaCl, pH 7.5) at a concentration of 0.5 pg/ul incubated for 14 days at 37 °C
under 1000 rpm shaking utilizing a 3 mm magnetic stir-bar. Fibrillation was
followed by individual readings of Thioflavin T fluorescence in control well to
confirm that a plateau was reached. PFFs generated were collected, aliquoted, and
stored at -80 °C until their use.

o-syn PFFs administration was preceded by sonication. This step was performed
using a cup-horn sonicator at 100% amplitude 1 sec on/off cycles for 6 minutes (for
the first project) or 60% amplitude in 3 sec on/off cycles for 15 sec (for the second
project).

Lipo-transfection was conducted utilizing lipofectamine 2000 (Thermo Fisher
Scientific, Cat. 11668019) and diluted with Opti-MEM (Thermo Fisher Scientific,
Cat. 31985070) at 1 ul every 10 ul total solution. Subsequently, Opti-MEM with
lipofectamine was combined with 10ul Opti-MEM in the presence or absence of a-
syn PFFs.
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Lipopolysaccharides

Freeze-dried LPS (clone O55:B5, Sigma Aldrich) was resuspended in distilled water
with a concentration of 1 mg/ml and frozen at minus 20°C for subsequent use.
Before using it for cell cultures, LPS was thawed and diluted in media at final
concentrations (10 ug/ml).

For mice treatments, we diluted LPS in PBS at final concentrations.

We performed a single intraperitoneal injection (i.p.) of LPS (5 mg/kg, 0,5mg/kg,
0,05 mg/kg, 0,005 mg/kg doses) or vehicle alone.

Immunochemistry

Cells samples

Fixed cells were immuno-stained for a-syn 211 (Cat. sc-12767, Santa Cruz
Biotechnology), phosphorylated-129 a-syn (Cat. AB51253, Abcam), Iba 1 (1:1000,
Nordic Cat. #019-19741, Biolabs, Wako Chemicals), HSP60 (Cat. #4870, Cell
signaling), BIP (Cat. #AB21685, Abcam), TFEB (Cat. #A303-673A, Thermo
Fisher), and DAPI. Primary antibodies were diluted in PBS with the serum (5-10%)
and 0,1% Tween or Triton-X 100.

Animal samples

Perfused brains were sectioned at 25 pm thickness using a microtome (Leica
SM2010R) and preserved at -20°C in an anti-frozen solution in the presence of
sodium azide. Slices were immune-stained for Iba 1 (Cat. #019-19741, Nordic
Biolabs, Wako Chemicals), TH (Cat. #AB152 and #MAB358, Chemicon,
Millipore), Gephyrin (Synaptic Systems, Cat. #147011C3). The primary antibody
was diluted in PBS with the serum (5-10%) and 0,3% Triton-X 100.

Human samples

Formalin-fixed paraffin-embedded samples were sectioned at 5 um thickness
utilizing a paraffin microtome (Galileo AUTO) and mounted onto Thermofrost
glass slides.

Before immunostainings, the sections were dried at 60°C for 1 hour. Subsequently,
they were deparaffinated with xylene and ethanol baths. Subsequently, sections
were immersed in 80% formic acid for 10 minutes and washed in distilled water.
Subsequently, we performed a heat-mediated antigen retrieval in 0.01M Citrate
buffer (pH 6.0) for 40 minutes at 95°C. Samples were washed and cooled in PBS.
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Quenching was conducted using a 3% H,O, in PBS solution for 15 minutes at RT.
Primary antibodies were diluted in PBS with the serum (5-10%) and 0,3% Triton-X

100.
Antibody Epitope Source Host Dilution
animal | used
EGT 403 a-syn residues 1-5 EPFL Mouse 1:200
EGT 410 o-syn residues 1-10 EPFL Mouse 1:500
BL-LASH-N- o-syn residues 1-20 EPFL Rabbit 1:2000
Term
BL-LASH- a-syn residues 34-45 EPFL also available at Mouse 1:500
34-45 Biolegend (849101)
BL-LASH- o-syn residues 80-96 EPFL also available at Mouse 1:2000
80-96 Biolegend (848301)
Syn-1 a-syn residues 91-99 | BD Biosciences Mouse 1:500
(BD610787)
4B12 a-syn residues 103- Biolegend (807804) Mouse 1:500
108
EGT 406 a-syn residues 108- EPFL Mouse 1:500
120
EGT 408 o-syn residues 107- EPFL Mouse 1:500
140
Far C- o-syn residues 134- Abcam (ab131508) Rabbit 1:2000
terminal 138
pS129 o-syn phosphorylated | Abcam (ab51253) Rabbit 1:1000
at Serine 129
Biotinylated | Mouse IgG (H+L) Vector Laboratories Horse 1:500
anti-mouse (BA2001)
Biotinylated | Rabbit IgG (H+L) Vector Laboratories Goat 1:500
anti-rabbit (BA1000)
Cy3-anti- Mouse IgG (H+L) Jackson Immuno Research | Donkey | 1:400
mouse (715-165-150)
Cy5-anti- Rabbit IgG (H+L) Jackson Immuno Research | Donkey | 1:400
rabbit (711-175-152)
Imaging
Microscopes

Cells were acquired using a Nikon Eclipse Ti microscope. The same microscope
was used for live-imaging acquisition, where cells were maintained in standard
conditions (at 37 °C, 95% humidity, and 5% CO).
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Mice and human samples were acquired using the Olympus BX53 microscope, the
scanner microscope Olympus Virtual Stage 120 with an extended focus imaging
setting (EFI), and LEICA Stellaris 8 Dive for confocal images.

FRET-based flow cytometry

To perform the FRET analyses, cells were fixed in suspension at the endpoint. Cells
were transferred to DMEM +10%FBS +1% P/S and centrifuged at 800g for 10 min
to pellet. The pellet was resuspended in PBS 2% PFA. Fixed cells were washed
three times in PBS before analysis on a BD LSRFortessa. To detect the FRET signal,
a scatterplot of CFP vs. FRET was set up by exciting with the 405 nm laser, and
emission was collected at a detector equipped with a 405/50 nm and 525/50 nm
filter, respectively. We calculated the normalized FRET score (% FRET+ x FRET
mean fluorescence intensity) to quantify FRET intensity.
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