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ABSTRACT

Parkinson's disease (PD) is a common neurodegenerative disorder characterized by motor
symptoms resulting from the degeneration of dopaminergic neurons in the substantia nigra. o-
synuclein (a-syn) is major constituent of Lewy bodies (LBs), proteinaceous inclusions prevalent in
idiopathic and familial PD. This doctoral research initially aimed to investigate the mechanism
underlying the internalization of a-syn oligomeric/fibril forms, which are involved in the seeding
of a-syn aggregation. While previous studies implicated Clathrin-mediated endocytosis as the
entry mechanism, our findings proposed a rapid form of macropinocytosis as the primary form of
entry for pre-formed fibrils (PFFs) of a-syn. This conclusion was supported by the generation of
nanogold-labelled PFFs, used to examine the endocytosis of PFFs via EM. Utilizing our
established nanogold-labelled PFFs, we examined the trafficking of PFFs long-term and found that
PFFs are incorporated into organellar, filamentous, LB-like inclusions when administered along
with an immune challenge, such as interferon-gamma. Our data suggests that dopaminergic
neurons are more adept at forming LB-like inclusions than other cell types. This doctoral thesis
provides insights into the journey of a-syn PFFs from internalization to their incorporation into

newly formed LB-like inclusions.



RESUME

La maladie de Parkinson est une maladie neurodégénérative caractérisée par des symptdmes
moteurs résultant de la dégénération des neurones dopaminergiques dans la partie substantia nigra
du cerveau. L’a-synucléine (a-syn) est le constituent majeur des corps de Lewy (Lewy bodies;
LBs), des inclusions protéiques prédominants dans les patients de la maladie de Parkinson
idiopathique et familiale. Ce projet doctoral investigue le mécanisme d’internalisation des fibrilles
et oligoméres d’a-syn impliqués dans la propagation des agrégats a-syn. Bien que des études
précédentes démontrent I’endocytose dépendante de la clathrine comme mécanisme
d’internalisation, nos données suggerent qu’une macropinocytose permet 1’entrée primaire et
rapide des fibrilles précoces d’a-syn (preformed fibrils; PFFs). Cette conclusion est supportée par
la génération des PFFs couplées au nanogold utilisées pour examiner cette endocytose par
microscopie électronique (EM). A 1’aide d’un protocole bien établie pour ces PFFs marquées au
nanogold, nous avons suivi le trafic des PFFs pour de longues durées et trouvé qu’une fois
soumises a un défi immunologique comme 1’interféron-gamma, ces fibrilles s’incorporent dans des
filaments ressemblant les inclusions LBs. Nos données proposent que les neurones
dopaminergiques sont plus habiles a former ces inclusions LBs que les autres types cellulaires.
Cette these doctorale apercoit le parcours des PFFs a-syn du moment de leur internalisation

jusqu’a leur incorporation dans les inclusions similaires aux LBs qui sont nouvellement formées.
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ABBREVIATIONS

o-syn a-synuclein

BSA Bovine Serum Albumin

CHC Clathrin heavy chain

CME Clathrin-mediated endocytosis
CPA Chaperone-mediated autophagy
DA Dopaminergic

ddH>O Double distilled water

DLS Dynamic light scattering

EDTA Ethylenediaminetetraacetic acid
EEA1 Early endosome antigen 1

EGF Epidermal Growth Factor

EIPA Ethylisopropylamiloride

EM Electron microscopy

ER Endoplasmic reticulum

FOXA2 Forkhead box protein A2

FS FluoSpheres

GBA Glucosidase, Beta, Acid 1

GClIs Glial cytoplasmic inclusions
GFAP Glial fibrillary acidic protein
GPe Globus Pallidus external segment
GPi Globus Pallidus internal segment
Hsc70 Heat shock cognate 70

HSP90 90 kDa heat-shock protein
IFN-y Interferon-gamma

1P Immunopercipitated

iPSC Induced pluripotent stem cells
IPTG Isopropyl-B-D-thiogalactoside
KD Knockdown

KO Knockout

LAG3 Lymphocyte-activation gene 3



LAMP1/2 Lysosomal associated membrane protein 1/2

LatA/B Latrunculin A/B

LBD Lewy body dementia

LBs Lewy bodies

LPS Lipopolysaccharides

LRRK2 Leucine-rich repeat kinase 2

Lys Autolysosome/Lysosome

M, M, Manders’ coefficients

MA Manumycin A

MAP2 microtubule-associated protein 2
Mito Mitochondria

MSA Multiple system atrophy

MVBs Multivesicular bodies

MW Molecular Weight

NAC Non-amyloid component

NGN2 Neurogenin 2

NPC Neuronal progenitor cells

NRF2 Nuclear factor erythroid 2-related factor 2
PAH Perillaldehyde

PBS Phosphate-buffered saline

PD Parkinson’s disease

PDB Protein data bank

PFFs Pre-formed fibrils

PINK1 PTEN Induced Kinase 1

PLL Poly-L-Lysine

PO Poly-L-Ornithine

PRKN parkin RBR E3 ubiquitin protein ligase
Racl Ras-related C3 botulinum toxin substrate 1
RFP Red fluorescent protein

SM Starting material

SNc Substantia nigra pars compacta
SNr Substantia nigra pars reticulata



STED
STN
Tf
TFEB
TH
TMEM
UB

VA

VL

Stimulated emission depletion microscopy
Subthalamic nucleus

Transferrin

Transcription factor EB

Tyrosine hydroxylase

Transmembrane

Unbound material
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Statement of Original Contribution

In chapter 2 and 3, we establish a protocol to conjugate PFFs with nanogold beads, and
then explore the sequence of events involved in the internalization of PFFs using EM. We showed,
for the first time, the engulfment of PFFs by membrane ruffles, their internalization into the cells
via macropinosomes, which are then rapidly transported to lysosomes and multivesicular bodies,
circumventing the conventional endosomal pathway. We further disproved the role of CME in PFF
internalization, by taking a genetic approach to knockdown Clathrin. We found that cells with a
knockdown of Clathrin heavy chain showed similar PFF internalization ability as control cells. As
CME was thought to be the way in which PFFs are internalized into cells, this marked a paradigm
shift in the field.

Using our EM assay, we then went onto explore the trafficking of PFFs immediately
following internalization. We found PFFs not only in lysosomes, but in newly forming MVBs, on
the surface of intralumenal vesicles, and were able to capture PFFs attached to membrane
invaginations in newly-forming MVBs. We also found PFFs in mature and acidic MVBs, again on
the surface of intralumenal vesicles. We followed this further to find that PFFs are exocytosed and
transported to other cells via exosomes, while remaining on the surface of exosomes. This data
implies that PFFs that were initially internalized by cells, may still play a role in their
internalization into other cells, as they are on the exosomal surface. We found that macropinocytic
inhibitors that blocked the initial internalization of PFFs into the cell, also blocked the
internalization of exosomal-PFFs into other cells. All these findings were novel contributions to
the field.

At this point, we hypothesized that some external factor or cellular stress, such as an

immune challenge, may push the neurons into a state in which a-syn inclusions could be formed

14



via the release of PFFs from lysosome into the cytoplasm. We believed an external stressor to the
lysosomal system was required to allow the exit of PFFs from lysosomes and allow their seeding
of endogenous a-syn. This was achieved by interferon gamma and allowed us to develop a
treatment regime to consistently form homogenous Lewy body-like inclusions in DA neurons. We
then used this treatment regime to further characterize the structure of the LB-like inclusions, their
formation, and the potential molecular underpinnings. The strength of our observations regarding
LB-like inclusion formation, lend further credibility to our molecular findings which can be
summarized as follows: IFN-y along with exogenous PFFs, work cooperatively in impairing
lysosomal biogenesis and downregulating lysosomal proteins involved in degradation and
autophagy, i.e., LAMP1 and LAMP2. Lastly, our findings further emphasize the importance of
microglia and the immune system, in the formation of LB-like inclusions, and therefore,
potentially PD.

Our last project represents our most unique contribution which combines
neuroimmunology and lysosomal biology to help us understand the sequence of events that may be
involved in the formation of Lewy bodies in Parkinson’s disease. Not only do we use a dual hit
approach to form inclusions reliably and repeatedly in dopaminergic neurons, but we also take the
characterization of Lewy body-like inclusions to the next level, with some of the highest resolution

images to ever capture Lewy body morphology.
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CHAPTER 1. INTRODUCTION TO PARKINSON’S DISEASE, ALPHA-SYNUCLEIN,
ALPHA-SYNUCLEIN SPREAD, AND LEWY BODY INCLUSIONS
1.1 Parkinson’s disease

Parkinson’s disease (PD), is the second most common neurodegenerative disease,
characterized by motor symptoms such as bradykinesia, dystonia, rigidity, postural instability, and
resting tremors (Figure 1.1) (Thomas & Beal, 2007). PD is also accompanied by a whole host of
nonmotor symptoms, such as depression, anxiety, cognitive impairment, and several
gastrointestinal-related impairments (Magistrelli et al., 2021). Motor symptoms in PD are mainly
associated with the death of the pigmented dopaminergic (DA) neurons in the substantia nigra pars
compacta (SNc), along with the formation of proteinaceous inclusions known as Lewy bodies
(LBs; Figure 1.2). The main recipient of the dopamine output of these neurons is the dorsal
striatum, located in the basal ganglia, whose lack of dopaminergic innervation is detrimental to
“smooth” and “fluid” movement (Diaz-Hernandez et al., 2018; Parker et al., 2016; Smith et al.,
2004). The dorsal striatum, composed of the caudate and the putamen, is involved in assessing
motor patterns and complex motor plans outputted by the cortex along with the selection of motor
movements (Herrero et al., 2002). The dorsal striatum’s inhibitory output is necessary for
curtailing unnecessary movements and creating a smooth gait (Figure 1.3). With the lack of
dopamine stimulation, the necessary inhibitory outputs of the striatum are abolished (Figure 1.4),

leading to many of the motor symptoms seen in PD patients.

1.2 Ramifications for the Basal Ganglia
The dopaminergic input into the basal ganglia plays a role in two different pathways: the

direct and the indirect pathway (Figure 1.3) (Calabresi et al., 2014). In the direct pathway,
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dopamine stimulates neurons in the lateral striatum equipped with D1 receptors. Excitatory cortical
projections outputted from the glutamatergic neurons of the cortex also feed into the striatum. The
lateral striatum, which contains inhibitory GABAergic neurons, then inhibits the Globus Pallidus
internal segment (GPi) and the substantia nigra pars reticulata (SNr). Outputs of the SNr and GPi
are directed to the thalamus. The excitatory outputs of the ventral anterior (VA) and the ventral
lateral (VL) regions of the thalamus are then directed to the frontal cortex, modulating the planning
of movement. In the indirect pathway, inputs from the SNc stimulate the D2 receptors of the lateral
striatum. Cortical glutamatergic projections also feed into this region. The lateral striatum then
outputs an inhibitory signal to the external segment of the Globus Pallidus (GPe). Inhibitory
projections from the GPe feed into the subthalamic nucleus (STN), whose excitatory outputs
stimulate GPi. GPi goes on to inhibit the thalamus, as it does in the direct pathway. Excitatory
signals are then outputted from the thalamus to the motor cortex, responsible for the selection of
movement. Together, the direct and indirect pathways affect the planning and the selection of
movements.

In the absence of the DA output from the SNc, due to degeneration observed in PD, the
GABAergic neurons of the lateral striatum over-inhibit the GPe and do not sufficiently inhibit the
GPi (Figure 1.4) (McGregor & Nelson, 2019). For the direct pathway, the lack of inhibition of the
GPi leads to over-inhibition of the thalamus, resulting in less excitatory output to the cortex,
impairing motor planning. For the indirect pathway, the lack of inhibition of the subthalamic
nucleus, leads to overstimulation of the GP1i, which in turn over-inhibits the thalamus, crippling its
excitatory signal to the cortex, impairing the selection of movement. The impairments of these

pathways explain the rigidity and bradykinesia symptoms of PD.
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1.3 Beyond Motor Symptoms

Although the motor symptoms of PD drastically reduce patients’ quality of life, these motor
symptoms are not responsible for the widespread degeneration of neurons that occurs in PD. The
degenerative mechanism that first initiates by the death of DA neurons in SNc, continues to spread
and affect neurons through the central nervous system (Bayati & Berman, 2017). The hallmark of
this degeneration are proteinaceous inclusions known as LBs (Figure 1.2) (Lewy, 1912), which are
also present in Lewy body dementia (LBD) (McKeith et al., 2004). LBD, another
neurodegenerative disease with no initial motor symptoms, is marked with an onset of cognitive
and memory impairments. In sum, while treating the motor symptoms of PD is important to
improve quality of life, it is more important to understand the mechanism involved in the
degeneration of neurons. Due to it being a major constituent of LBs, and its aggregation being
present in all synucleinopathies (Calabresi et al., 2023), a-synuclein (a-syn) will be the focus of

this review.

1.4 a-syn

With the discovery that a.-syn is a major component of LBs (M. G. Spillantini et al., 1997),
coupled with its role in familial Parkinson’s disease (Polymeropoulos et al., 1997), both in its
mutated and overexpressing form (Chartier-Harlin et al., 2004; Ki et al., 2007; Li et al., 2002;
Nishioka et al., 2006; Singleton et al., 2003), a-syn has become the central protein in PD research,
and one of the most enigmatic proteins in biology. With its 14 kDa size, composed of 140 amino
acids, it is hard to imagine how this protein has remained a mystery for so long. Part of this
mystery stems from its intrinsically disordered nature (Kumari et al., 2021), with its native

structure and form being hard to ascertain. Moreover, it has also been posited that physiologically,
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a-syn may function as a multimeric protein (Bartels et al., 2011; Dettmer et al., 2015; Dettmer et
al., 2017; Nuber et al., 2018). a-syn’s cellular localization and function are somewhat diverse, as
physiologically, it resides in the cytoplasm but has an affinity towards membranes (Fortin et al.,
2004). Findings in recent years have found that a-syn interacts with anionic phospholipids,
associate with membrane curvature, and is involved in the organization and tethering of synaptic
vesicles (Davidson et al., 1998; Vargas et al., 2017), modulating synaptic vesicle release (Liu et al.,
2004), vesicle recycling (Wang et al., 2014), and mediating SNARE-complex assembly (Burre et
al., 2010). Its ability to interact with membranes is enabled through its seven imperfect KTKEGV
repeats (Figure 1.5) (Zarbiv et al., 2014). Under disease conditions, ci-syn accumulation has been
shown in the cytosol, endolysosomal system, exosomes, and even the nucleus (Fortin et al., 2004;
Guardia-Laguarta et al., 2015; Lee et al., 2005; Miraglia et al., 2018; Pan et al., 2022). Its ability to
aggregate is largely due to its non-amyloid-component (NAC) which is hydrophobic (Ihse et al.,
2017). A detailed structure accompanied by labeling of domains, regions, repeats, and mutations of
the c-syn are illustrated in Figure 1.5.

Although c-syn’s association with membranes is undeniable, few have suggested that these
membrane-associated functions of c-syn are only secondary to its main function in the cell: stress,
cellular homeostasis, and mRNA stability (Hallacli et al., 2022; Hashimoto et al., 2002; Lam et al.,
2022; Ludtmann et al., 2016; Zhang et al., 2005). a-syn expression levels are indicators of cellular
function when it comes to autophagy (Arotcarena et al., 2019; Fussi et al., 2018; Lee et al., 2013;
Sarkar et al., 2021), specifically chaperone-mediated autophagy (CPA) (Cuervo et al., 2004;
Malkus & Ischiropoulos, 2012; Sala et al., 2016). Stress signaling (such as immune activation) and

exposure to toxic chemicals have also been shown to upregulate a-syn (Jiang et al., 2014; Kasen et
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al., 2022; Sala et al., 2013). Increased c-syn expression has also been associated with
mitochondrial stress, higher levels of oxidative species, and even endoplasmic reticulum (ER)
stress (Mou et al., 2020; Pukass & Richter-Landsberg, 2014; Puspita et al., 2017; Shaltouki et al.,
2018). Lastly, a-syn’s clear ability to interact and modulate processing bodies, organelles that play
a role in mRNA turnover and storage, adds yet another facet to our understanding of c-syn’s
function in the cell (Hallacli et al., 2022). For all these reasons, it is clear that c-syn homeostasis is
paramount to maintaining healthy neuronal function (Dettmer et al., 2016). These functions
suggest that although membrane association and synaptic vesicle trafficking might be some of a.-
syn’s roles in the cell, they are certainly not the only functions this protein serves. Table 1.1 lists

some of the more recent findings about the physiological functions of c-syn.

1.5 a-syn in Lewy bodies

Under disease conditions, especially in synucleinopathies, a-syn is known for its
accumulation and aggregation (Calabresi et al., 2023). a-syn’s accumulation in cytoplasmic
inclusions, such as LBs and glial cytoplasmic inclusions (GClIs) (Araki et al., 2020), have earned
a-syn its “toxic” and “pathological” labels. Perhaps the most crucial question to be addressed is
whether a-syn is a symptom or the reason behind the cellular aggresomal/sequestration processes.
Most would argue that ci-syn is essential for the pathophysiology and the mechanisms driving
inclusion formation and that its aggregation is linked to the formation of inclusions through
tethering and pulling together of cellular organelles, stabilizing them in inclusionary bodies in the
cytoplasm, which go on to mature into LBs (Fares et al., 2021; Lee & Lee, 2002; Mahul-Mellier et

al., 2020), in a cell-autonomous manner. This fibrillization theory is contrary to what others have
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suggested: a-syn fibrillization is not the underlying process (Conway, Lee, et al., 2000), or may
not even be necessary (Shahmoradian et al., 2019), in driving the formation of LBs, but that its
oligomerization and accumulation leads to downstream effects such as oxidative stress and
impaired organelles (Hijaz & Volpicelli-Daley, 2020; Scudamore & Ciossek, 2018; Zhang et al.,
2005). This, coupled with dysfunctional autophagy (Arotcarena et al., 2019), degradation (Cuervo
et al., 2004; Rahmani et al., 2022; Vila et al., 2011), and exposure to external toxic chemicals

(Scudamore & Ciossek, 2018), may lead to the onset and progression of PD.

1.6 a-syn in familial PD

Genetic data involving familial PD cases suggests that a-syn plays a more fundamental
role in the formation of cellular inclusions, as individuals with mutations in SNC4, the gene
encoding a-syn, exhibit an autosomal dominant inheritance of PD (Lesage et al., 2020). Two types
of modifications of the SNCA locus have become central in PD research: missense point mutations
and locus multiplication. The first type of mutation, missense mutations, have been shown to
occur across different families (Xu & Pu, 2016), with the AS3T mutation being the first to be
discovered (Polymeropoulos et al., 1997), and garnering the most attention. Common amongst
most of these missense mutations in the SNCA locus, is that they enhance the aggregation ability of
a-syn (Ohgita et al., 2022). Additionally, most of these mutations occur near the end of the
membrane-binding region of the protein (Figure 1.5), immediately preceding the aggregation-
prone NAC region. These misfolded monomers are then believed to act as prions to enable the
misfolding of other a-syn monomers, and, therefore, serve as a seed for the aggregation of c-syn

(Karpowicz et al., 2019; Tyson et al., 2016).
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The second type of modification of the SNCA locus is SNCA duplication and triplication
(Chartier-Harlin et al., 2004; Nishioka et al., 2006; Singleton et al., 2003) (Figure 1.6). In these
familial cases, patients present with extra copies of the SNCA locus in their genome, driving higher
expression levels of a-syn in cells. These cases show another side of a-syn aggregation: higher
concentrations of a-syn increase the likelihood of its aggregation (Pinto-Costa et al., 2023; Song et
al., 2015). This relationship between a-syn concentration and aggregation has been well-
established in in vitro and in vivo models (Delenclos et al., 2019; Lee & Lee, 2002; Parihar et al.,
2009).

The missense mutations and multiplication of SNCA have cemented the role of a-syn
aggregation in PD. One key question is why patients with SNCA mutations, with cells expressing
misfolded and aggregate-prone c-syn variants, or those expressing higher concentrations of c-syn,
present with PD-related symptoms in middle age or even later in life. Although patients with
missense mutations usually exhibit early-onset PD (Magistrelli et al., 2021), (i.e., < 50 age of PD
motor symptoms), it is still puzzling why it takes so many years for higher concentrations and
misfolded forms of a-syn to form aggregates, disrupting neuronal function and initiating
neurodegeneration. In vitro, c-syn variants have been shown to quickly form oligomers and initiate
fibrilization (Conway et al., 1998; Fredenburg et al., 2007; Ghosh et al., 2013; Narhi et al., 1999;
Rutherford et al., 2014), yet this aggregation alone seems to be not associated with the onset of the
motor symptoms of PD but are associated with more prodromal PD (Cheng et al., 2023; Kulkarni
et al., 2022; Mahlknecht et al., 2022). This has led some to explore a secondary hit, an additional
insult, that must present for the manifestation and onset of PD motor symptoms (Tan et al., 2020;

Tansey et al., 2022).
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Finally, it is important to note that more prevalent and penetrant forms of PD-related mutations
exist, such as GBA, LRRK2, PRKN, and PINK1 (Tomiyama et al., 2015), which provide another
view to our understanding of PD pathophysiology. Many patients with LRRK2 mutations and all
patients with PRKN and PINK1 mutations, do not present with Lewy pathology while exhibiting
all the symptoms of PD. However, since idiopathic PD comprises more than 85% of cases in PD
(Rajput et al., 1984), most of which present with LBs (Braak et al., 2003), the focus on a-syn-

related aggregation has become one of the main avenues of inquiry into PD.

1.7 a-syn propagation

One reason why PD, whether idiopathic or familial, has an age of onset later in life, and a
long prodromal period might be associated with a-syn propagation; disease progression and a-syn
propagation may, therefore, be linked (Hansen & Li, 2012). Many have emphasized the role of ¢-
syn propagation, allowing aggregated or misfolded forms of a-syn originating from one neuron, to
propagate and seed the aggregation of endogenous a.-syn in neighboring neurons. These are said to
follow connectivity pathways in the brain (Yau et al., 2018). Although this process has been
observed on a rapid time scale in vitro, partially facilitated by a smaller number of cells and higher
concentrations exogenous a-syn, this process may take years to occur in vivo. While some have
suggested their disbelief in the role of the prion-like transfer of ct-syn in PD (Surmeier et al.,

2017), others have maintained that it is a crucial and a central event in PD (Masuda-Suzukake et

al., 2013; Visanji et al., 2013; Volpicelli-Daley & Brundin, 2018).
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1.8 a-syn oligomers

If a-syn propagation plays a central role in PD, it is then important to find out exactly what
form of a-syn is involved in propagation (Figure 1.7); a hotly debated topic in a-syn research
(Cascella et al., 2022). For many years, the fibril form of c-syn was thought to be responsible for
propagation due to its ability to seed a-syn aggregation in cells once internalized. More recently,
protofibril and oligomeric forms of c-syn have gained prominence for their potential to act as the
propagating form of a-syn due to their ability to be quickly internalized while still maintaining the
ability to seed aggregates (Alam et al., 2019). Also, as point mutations in SNCA enhance
oligomerization but not fibrillization (Conway, Lee, et al., 2000), it suggests that fibrillization is
not a major factor in disease progression and that the fibril form of ct-syn is not the most “toxic”
form. Whether soluble or insoluble forms of c-syn are involved in seeding and aggregate
formation in PD will need to be investigated further. These studies will need to ascertain which

form of a-syn can be found early in PD and is, therefore, involved in its onset.

1.9 Strains of a-syn

Further complexities are associated with a-syn oligomers and fibrils, as different strains of
a-syn aggregates have different branching characteristics, different thioflavin T fluorescence, and
have different cell internalization and aggregation properties. In one study, the fibrillization of c-
syn in presence and absence of NaCl, resulted in markedly different fibrillized products (Bousset et
al., 2013). These different strains then targeted different brain regions in vivo, along with a
propensity to target specific cell types (Lau et al., 2020). These strains went on to form

conformationally different intracellular phospho-a-syn aggregates. The establishment of ribbons
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and fibrils strains of ci-syn led to the strain-dependent propagation in another in vivo study
(Peelaerts et al., 2015). These findings further complicate research into a.-syn propagation;
however, research into this topic can potentially provide us with an explanation of the differential
nigral and striatal pathologies, along with morphologically different aggregates/inclusions that

form in various synucleinopathies (Malfertheiner et al., 2021; Peng et al., 2018).

1.10 a-syn endocytosis

The next important question in the propagation of a-syn is how it is internalized into the
cell (Figure 1.8). For many years, researchers believed that Clathrin-mediated endocytosis (CME)
was involved in the uptake of c-syn (Hoffmann et al., 2019; Liu et al., 2007; Oh et al., 2016;
Samuel et al., 2016; Shearer et al., 2021), with some papers even proposing that the internalization
mechanism is receptor-mediated, the most known and somewhat controversial receptor being
Lymphocyte-activation gene 3 (Emmenegger et al., 2021; Mao et al., 2016). Although some papers
are very careful to differentiate between dynamin-mediated internalization and CME (Masaracchia
et al., 2018), most papers conflate dynamin-mediated inhibition of a-syn uptake to also suggest
that a-syn internalization occurs through CME. As we discussed in our previous paper (Bayati et
al., 2022), dynamin inhibition can affect multiple endocytic pathways (Henley et al., 1998;
Krueger et al., 2003; Mulherkar et al., 2011; Oh et al., 1998; Schlunck et al., 2004). Additionally,
inhibitors such as Dynasore and Pitstop have many off-target effects (Park et al., 2013; Willox et
al., 2014), making them a suboptimal option for selective inhibition of cargo internalization.
Multiple other pathways for a-syn internalization have been proposed such as the macrophage-

specific phagocytosis (Du et al., 2018), lipid raft-mediated endocytosis (Park et al., 2009), and
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caveolae-dependent internalization (Kawahata et al., 2021). The lack of specific inhibitors, the
employment of silencing technology to inhibit CME directly, and the various pathways suggested

in the internalization of a-syn, led us to study this process ourselves (Bayati et al., 2022).

1.11 a-syn macropinocytosis

Previously, very few papers discussed the macropinocytic entry of a-syn, with only one
paper showing that macropinocytosis may play a role (Holmes et al., 2013), while another paper
reported the ability of a-syn to induce membrane ruftling but its internalization was not inhibited
by EIPA (Zeineddine et al., 2015), a macropinocytic inhibitor. Much of the confusion arises from
the many different forms of ct-syn used to study its internalization (i.e., monomeric, oligomeric,
protofibril, and fibril), and the lack of specific cell biological assays to assess internalization.
Using the genetic approach of Clathrin heavy chain knockdown, coupled with following a-syn
internalization via electron microscopy (EM) we found no evidence for CME as it pertains to -
syn preformed fibrils (PFFs) uptake (Bayati et al., 2022). Actin-mediated membrane ruffling, the
recruitment of Racl, and the engulfment of c.-syn PFFs by membrane ruffles captured via EM,
provide convincing evidence for the macropinocytic uptake of PFFs. Since publishing our

findings, others have corroborated our results in other studies (Hivare et al., 2022).

1.12 a-syn exocytosis
Another area of research regarding a-syn propagation focuses on its exocytosis. One
hypothesis suggests that membrane leakage caused by cellular apoptosis or necrosis, results in the

release of aggregate forms of ct-syn, which are then available for uptake by neighboring cells
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(Valdinocci et al., 2017). Others have suggested regulated pathways in which a-syn can be
transported to other cells (Bieri et al., 2018). The apoptosis model of a-syn spread has remained
less than convincing to us since in vitro a-syn overexpression and internalization models have
rarely resulted in cellular apoptosis in our hands. Additionally, while degeneration is rampant in
dopaminergic (DA) neurons of the SNc, this degeneration takes decades to occur, as does the onset
of PD motor symptoms, while c-syn aggregates continue to spread during the prodromal period
(Horsager et al., 2022; Klann et al., 2021).

Exosomal release of c-syn internalization has garnered the most support in the study of the
intercellular transfer of c-syn aggregates (Danzer et al., 2012; Fussi et al., 2018; Guo et al., 2020;
Kluge et al., 2022; Loov et al., 2016; Nakase et al., 2015). Still, a few have suggested that
tunneling nanotubes may play a role in this process (Abounit et al., 2016; Dieriks et al., 2017;
Grudina et al., 2019; Rostami et al., 2017). In our previous study of a-syn internalization and
trafficking, we inquired into the exocytic transport of a-syn PFFs (Bayati et al., 2022). We
observed that c-syn PFFs, previously internalized, are then transported to other cells via
extracellular vesicles/exosomes, with a-syn PFFs residing on the surface of exosomes and not
within their lumen. Furthermore, we found that internalization of a-syn exosomes was inhibited
using the macropinocytic inhibitors, previously used to inhibit the initial internalization of PFFs
into the cell, suggesting that c-syn aggregates may continue to play a role in their own propagation
even after their internalization by cells, due to their position on the surface of exosomes. Table 1.2
contains a collection of previous publications that studied the internalization and/or intercellular

transmission of c-syn.
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1.13 Lysosomal membrane permeabilization

One aspect of a-syn propagation that has been difficult to ascertain is how do
intercellularly propagating a-syn aggregates seed endogenous a-syn in their intercellular journey. A
closer look into lysosomal membrane permeabilization and the recruitment of galectin-3, used as a
marker for ruptured vesicles/vacuoles (Ray et al., 2010), has provided a potential answer (Jiang et
al., 2017). Lysosomal membrane rupture can occur due to cellular stress (Gomez-Sintes et al.,
2016). Although, we have not found PFFs alone to induce lysosomal leakage, others have
(Dilsizoglu Senol et al., 2021; Freeman et al., 2013). This would allow the contents of lysosomes
meeting cytosolic proteins, allowing a-syn aggregates to seed the aggregation of endogenous a-
syn. Several papers have shown the mechanisms underlying lysosomal membrane
permeabilization, and galectin-3 recruitment (Freeman et al., 2013). The only question left: how is
this level of lysosomal dysfunction readily-induced, and how does it occur in the brains of PD
patients. In our recent study (Bayati et al., 2023), we show direct evidence for the leakage of
lysosomal contents, specifically PFFs, into the cytosol, caused by the combined exposure of a-syn

PFFs and Interferon-gamma.

1.14 a-syn inclusions in synucleinopathies

The discussion regarding forms of ct-syn, its endocytosis and propagation, are all important
steps that lead to the eventual consequence of a-syn accumulation and aggregation in PD:
formation of LBs. Whether c-syn, in its different forms, plays a mechanistic role in the initiation

of LBs or are incorporated in LBs is debated; however, the presence of c-syn in LBs is not. a-syn

has been found in LBs, repeatedly, since its original localization in LBs (M. G. Spillantini et al.,
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1997). However, a-syn aggregation is not specific to PD and is present in other synucleinopathies,
most notably Lewy body dementia (LBD), multiple system atrophy (MSA), and Krabbe disease
(Jellinger, 2018; McKeith et al., 2004; Smith et al., 2014). In LBD, a-syn accumulates in LBs as in
PD; however, LBD differs symptomatically from PD due to the initial neurodegeneration also
occurring in the neocortex, rather than just the substantia nigra, as is the case in PD (Donaghy &
McKeith, 2014; Jellinger & Korczyn, 2018; Lin & Truong, 2019). In MSA, a-syn accumulates in
inclusions termed Papp-Lentos bodies (Jellinger & Lantos, 2010), which occur in mostly in glial
cells. Krabbe disease, a rare case of infantile neurodegenerative disease, is a disease in which -
syn aggregation and inclusion formation occurs in infant brains (Hatton et al., 2022). Due to the
prevalence of PD and LBD, LBs have garnered more attention than c-syn-positive inclusions
occurring in other synucleinopathies; however, even in the case of LBs, the field is still lagging in
understanding their structure, origin, and formation.

a-syn aggregates and inclusions look different across different synucleinopathies. This may
be due to the different strains of a-syn aggregates that are formed. Environmental differences such
as the presence of NaCl, have drastic effects on the aggregation of a-syn (Bousset et al., 2013).
Cryo-EM and NMR structures of a-syn fibrils/filaments formed in vitro using patient aggregate
seeds, have exemplified how different a-syn aggregates can be. Four examples of the different in
vitro aggregates formed from different synucleinopathy seeds or using patient cerebrospinal fluid

to feed a-syn aggregation, have been shown in Figure 1.9.
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1.15 LB ultrastructure

For many years, the ultrastructural study of LBs yielded a unanimous observation: a
proteinaceous inclusion, filled with filaments and aggregated proteins, most prominent of which
was a-syn (M. Baba et al., 1998; Philip E. Duffy & Virginia M. Tennyson, 1965; Forno, 1996;
Galloway et al., 1992; Kuzuhara et al., 1988). Although some evidence was presented for the
incorporation of organelles in LBs (L. S. Forno & R. L. Norville, 1976; Gai et al., 2000; James H
Soper et al., 2008), the paper by Shahmoradian et al. (2019) cemented the following findings and
uncovered the true nature of LBs: LBs are composed of an organellar medley, filled with
membranous and organelle fragments that also contains filamentous structures. This has
dramatically changed our understanding regarding the structure of LBs and their origin. As
opposed to LBs simply being aggregated proteins within the cytoplasm of neurons, they are now a
collection of dysfunctional organelles, membrane fragments, filaments, and cytoskeletal structures.
The scope of our understanding regarding then contents of LBs has changed, and with it, the

understanding of the underlying mechanisms involved in the formation of LBs should also change.

1.16 Formation of LBs

Prior to James H Soper et al. (2008) and Shahmoradian et al. (2019), the process in which
LBs were formed was simple: c-syn in the cytosol begins aggregation, due to mutation, increased
expression, or some external factor, and the protein begins the process of LB formation; however,
with the incorporation of membranes and organelles, the issue of LB formation is now more
complex. Still, the majority opinion in the field is that LB formation occurs as a function a-syn
fibrilization (Lashuel, 2020): through its fibrilization, c.-syn associates with a multitude of

membranes and organelles during its fibrillization, brings together a plethora cellular components,
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and packages them into an inclusionary body (Figure 1.10). However, that hypothesis would entail
that fibril forms of a-syn be readily found in LBs, during their formation and following their
maturation, as they are the driving force behind the formation of LBs. However, Shahmoradian et
al. (2019) pointed out the relative absence of fibrils in their isolated LBs.

In our recent study (Bayati et al., 2023), we characterize the formation of LB-like
inclusions that are membrane-enclosed. In the formative stages of inclusion formation, there are no
signs of fibrils, and the “mini-inclusions” consists mainly of dark, aberrant lysosomes. Fibrils and
filaments are incorporated into these structures at later stages. This finding suggests that c-syn
fibrillization is not the driving force behind LB formation. Our membrane-bound inclusions
continued to mature through incorporation of more and more organelles including mitochondria,
endoplasmic reticulum, lysosomes, and neurofilaments, resulting in similar structures as those
shown by Shahmoradian et al. (2019). A model of the possible mechanism by which our LB-like
inclusions formed is illustrated in Figure 1.11.

In recent years, a few papers have attempted to form LB-like inclusions in vitro, and each
have been able to recapitulate different characteristics of LBs. Table 1.3 lists studies that included

an ultrastructural study of their LB-like inclusions.

1.17 LBs: neurotoxic or neuroprotective

If LBs are the result of a-syn fibrillization, and a-syn’s need to aggregate, then the
formation of inclusions such as LBs occur in a cell-autonomous manner: a-syn aggregates bind
and tether organelles as they continue aggregation, which lead to cytosolic LBs (Figure 1.10). This
would most likely make LBs neurotoxic, as the sequestration of organelles, inhibiting the transport

of enzymes, proteins, and RNAs to and from them, would result in impaired mitochondria
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releasing cytochrome c¢ and leaky lysosomes releasing hydrolases into the cytosol (Nagakannan et
al., 2020; Ott et al., 2007; Rocha et al., 2018; Tait & Green, 2008; Van Opdenbosch & Lamkanfi,
2019; Zhu et al., 2020). The fibrillization of a.-syn would therefore not only cause the formation of
inclusions, but would lead to Caspase-mediated cell death, necrosis, and apoptosis.

If LBs are formed not by the fibrillization of a-syn, but through the cell’s attempt to
sequester aggregates and damaged organelles, clearing them from the cytosol, this would make
LBs neuroprotective, protecting the host neuron from the deleterious releases of damaged
organelles, protein misfolding, and aggregation. If LBs are formed through cell-mediated
processes, this can only be accomplished through an aggresomal response (Olanow et al., 2004;
Tanaka et al., 2004), or through autophagic uptake of damaged organelles and protein aggregates.
The former would result in the formation of inclusions with a somewhat impermeable cytoskeletal
cage (Johnston et al., 1998), while the latter would result in the formation of gigantic
autophagosomes, that could not degrade the contents in their lumen due to lysosomal defect
(Button & Luo, 2017), but could at least recognize and sequester protein aggregates and damaged

organelles and clear them from the cytosol (Figure 1.11).

1.18 Contents of LBs

Consistent among previous research, LBs were described as collection of fibrillar and
filamentous materials. With the new ultrastructural information that has been described by
Shahmoradian et al. (2019), organelles such as lysosomes, autolysosomes (double membrane),
mitochondria, cytoskeletal/filamentous materials, and vesicles are all present in LBs. Despite their
unprecedented insights into LBs, Shahmoradian et al. (2019) were not the only ones to report the

incorporation of cellular organelles in LBs (L. S. Forno & R. L. Norville, 1976; Gai et al., 2000;
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James H Soper et al., 2008). In fact, James H Soper et al. (2008) published some of the most clear
electron micrographs of LBs known to date. However, all of these previous studies were limited to
the resolution afforded to them by post-mortem tissues; hence, much more information about the
ultrastructural nature of LBs is yet to be unearthed, using in vitro 2D and 3D models or perhaps
through culturing of post-mortem sections, allowing neurons to recover prior to fixation (Verwer et

al., 2002).

1.19 LBs and lysosomal proteins

As mentioned previously, the main question in PD and DLB is whether LBs are part of the
pathophysiology of these diseases, or a by-product/symptom of their pathophysiology. Some have
suggested that LBs are the result of an aggresomal response, resulting from the accumulation of
proteins (Olanow et al., 2004; Wakabayashi et al., 2013). This response is indicative of impaired
autophagy and dysfunctional degradation by lysosomes. Supporting this hypothesis, others have
posed the idea that PD is a type of lysosomal storage disorder (Klein & Mazzulli, 2018), and recent
research have implicated multiple lysosomal proteins as playing a role in PD such as TMEM175
(Jinn et al., 2017; Krohn et al., 2020; Palomba et al., 2023; Wie et al., 2021), GBA (Alcalay et al.,
2015; Gan-Or et al., 2019; Gan-Or et al., 2018; Kim et al., 2018; Lwin et al., 2004; Sidransky et
al., 2009), LAMP1 (Cheng et al., 2018; Rahmani et al., 2022; Sjodin et al., 2019), and LAMP2
(Alvarez-Erviti et al., 2010; Malkus & Ischiropoulos, 2012; Murphy et al., 2015; Sala et al., 2016).
LAMP2A, the lysosomal membrane protein responsible for CPA (Bandyopadhyay et al., 2010), is
hypothesized to be involved in maintaining ci-syn homeostasis (i.e., controlling a-syn
concentration) under physiological conditions (Xilouri et al., 2016), since impaired CPA and

downregulation of LAMP?2 has not only been reported in PD (Alvarez-Erviti et al., 2010; Sala et
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al., 2016) but has also been associated with higher c-syn levels in in vivo models (Malkus &
Ischiropoulos, 2012). Moreover, LAMP2 is also responsible for autophagy-lysosomal fusion
(Eskelinen, 2006; Eskelinen et al., 2002), and therefore critical for the degradation of contents
accumulating in autophagosomes. Lastly, misfolded, and aggregated forms of c-syn that form in
the cytosol lead to the disruption of the LAMP2A translocation pore, through altering its structure,
inhibiting CPA (Xilouri et al., 2016). Thus, LAMP?2 is responsible for controlling a-syn levels in
the cell to prevent aggregation, its expression is associated with lower a-syn levels, but a-syn
aggregates can disrupt its function, causing a buildup of cytosolic c-syn.

Other lysosomal-related proteins such as TMEM106B (Schweighauser et al., 2022), TFEB
(Cortes & La Spada, 2019; Decressac et al., 2013; Gu et al., 2022; Martini-Stoica et al., 2016), and
NRF2 (Abokyi et al., 2020; Gan & Johnson, 2014; Rojo et al., 2017; Saha et al., 2021; Suzen et al.,
2022; Zoungrana et al., 2022) have also been implicated in neurodegenerative diseases. TFEB is a
master transcription factor encoding much of the proteins associated with lysosomal activity and
biogenesis (Bajaj et al., 2019). NRF2 is involved in the cellular inflammasome response and also
serves as a transcription factor for LAMP2 (Ahmed et al., 2017; Pajares et al., 2018), making
NRF2 expression vital in preserving CPA and autophagosome-lysosomal fusion (Abokyi et al.,
2020; Zhu et al., 2022). Its upregulation is associated with cellular antioxidative response. In sum,
researchers studying neurodegeneration have come to understand and further explore the role of
lysosomes in neurodegenerative diseases, especially in PD and AD; making the inclusions that

form a symptom of the disease and not the disease-causing factor.
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1.20 LBs and an immune challenge

Finally, it is important to note the most recent trend in the field of neurodegeneration:
neuroinflammation. The involvement of the immune system and microglia in neurodegeneration
has been in the zeitgeist (Cao & Zheng, 2018; Cao et al., 2013; Doty et al., 2015; Smith et al.,
2012; Thakur et al., 2017; Zhang et al., 2005), but has recently received more attention (Berriat et
al., 2023; DeMaio et al., 2022; Guo et al., 2020; Hammond et al., 2019; Hobson & Sulzer, 2022;
Kasen et al., 2022; Mason & McGavern, 2022; Panagiotakopoulou et al., 2020; Tan et al., 2020),
with its most staunch support stemming from a paper by Matheoud et al. (2019) in which
researchers show that PINK 17"mice, notorious for not recapitulating PD-like neurodegeneration
(Gispert et al., 2009; Hernandez et al., 2019; Kitada et al., 2007; McWilliams et al., 2018; Moisoi
et al., 2014; Zhi et al., 2019), experience Parkinsonism and neurodegeneration only after the
introduction of gastrointestinal bacteria. Their research suggests, that although the PINK 1
mutation (a PD insult) is present in the mice, it takes an external factor, a gastrointestinal infection
and associated immune system activity, to initiate the onset of PD motor symptoms. Other papers
have also come to similar conclusions in other neurodegenerative diseases, such as a recent work
published by Burberry et al. (2020), focusing on the role of the immune system in amyotrophic
lateral sclerosis mice models. The potential involvement of proinflammatory cytokines in
neurodegeneration (Ahmadi Rastegar et al., 2022; Panagiotakopoulou et al., 2020), coupled with
research further popularizing the possible infiltration of immune cells into the brain (Yang et al.,
2020; Zhang et al., 2022), has resulted in another viewpoint in neurodegenerative research. This
has culminated into researchers’ increased awareness of microglia and the immune system’s role in

neurodegeneration.
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Data collected in our most recent work on observing the formation of LB-like inclusions in
vitro (Bayati et al., 2023), involves a treatment regime, resulting in the formation of LB-like
inclusions in DA neurons exposed to [FN-gamma (IFN-y). In the absence of this dual hit treatment
regime, internalized exogenous c-syn PFFs remain within lysosomes and MVBs, maintaining their
punctate fluorescence. Neurons that are exposed to IFN-y, on the other hand, exhibited diffuse PFF
fluorescence and underwent the process of forming large PFF-positive aggregates. By EM, these
PFF-positive aggregates were full of organelles and filaments, resembling the organelle-filled LBs
previously reported (Shahmoradian et al., 2019; James H Soper et al., 2008). A summary of our
dual hit hypothesis is illustrated in Figure 1.12. Our findings cement the dual hit treatment as a

possible pathway for the formation of LBs, the pathological hallmark of PD.
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1.21 Figures
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Figure 1.1 Symptoms and pathology of PD

The onset of PD in patients is marked by the appearance of the Parkinsonian motor symptoms
which include dystonia, bradykinesia, rigidity, postural instability, resting tremors, and
walking/gait difficulties. Accompanying these motor symptoms are a multiple nonmotor symptoms
including depression, anxiety, cognitive impairment, gastrointestinal symptoms and more. The
presence of the motor symptoms in PD are marked by the loss of dopaminergic neurons of the
substantia nigra, located in the midbrain. While healthy patients show many pigmented cells in this

region, PD patients show a loss of these cells.
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Figure 1.2 Immunohistology samples show the loss of pigmented DA neurons in the SN¢
Healthy patients show a high density of the melanin-filled DA neurons in the substantia nigra,
while PD patients exhibit the loss of cells in this region. Upon a closer look, many of the
remaining DA neurons in PD patients show a structure similar to what is shown in the inset: a
larger than normal neuron containing a Lewy body. Histological images were retrieved from

https://neuropathology-web.org/.
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Figure 1.3 The downstream effects of the SN¢’s dopaminergic output into the basal ganglia
DA neurons of the substantia nigra release dopamine to stimulate and inhibit nuclei located in the
lateral striatum, which include the caudate and the putamen. Both pathways require DA input from

the SNc to appropriately modulate planning and selection of motor actions.
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Figure 1.4 Consequences of Parkinson’s disease on the basal ganglia pathways

With adequate DA stimulation of the lateral striatum, neurons with D1 and D2 receptors, both the
direct and indirect pathways that modulate the planning and selection of movement, respectively,
are carried out by the basal ganglia. In short, the loss of dopaminergic input results in decreased
activity of the direct pathway, and the increased activity of the indirect pathway, which all

culminates in the lack of thalamic input to the motor cortex.
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Figure 1.5 a-syn protein structures containing mutation sites, phosphorylation sites, and
labelled domains

a-syn, 14 kDa protein with 140 amino acids, contains three domains: Membrane binding domain,
the NAC region, and the protein binding domain. The membrane binding domain which is on the
N-terminal side of the protein contains most of the KTKEGV (imperfect) repeats that aid in
membrane binding. The NAC domain is the hydrophobic region that is critical for the aggregation
of a-syn monomers. The C-terminal contains the protein-binding domain, that also includes the
most widely known phosphorylation site: serine 129. Familial PD caused by mutations in SNC4,
translate to the variants detailed in the membrane binding region of the protein. These mutations
include: AS3T, A53E, A53V, A30P, H50Q, G51D and E46K. H50Q and A53T are best known for

their rapid aggregation ability.
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Figure 1.6 SNCA multiplication schematic

Patients with familial cases of PD, due to multiplication of the SNCA locus, have one additional
copy of the SNCA gene compared to WT, when an extra copy is inherited from one parent (i.e.,
heterozygous duplication). In cases where additional copies of the gene are inherited from both
parents, patients have two additional copies of the SNCA gene. Such cases are referred to as
homozygous duplication. Finally, patients that are known to have a heterozygous triplication of the
SNCA gene, inherited three copies of the SNCA gene from one parent, and inherited only one copy
of the SNCA gene from another parent. Theoretically, homozygous duplication and heterozygous
triplication should express similar amounts of a-syn, but epigenetic factors and allele preferences
creates a lot of variety in protein expression. Both homozygous duplication and heterozygous

triplication are associated with earlier onset of PD.
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Figure 1.7 The forms of a-syn through its aggregation journey

a-syn monomers have been shown to aggregate into oligomers and protofibrils prior to their
fibrillization. Protocols have been established for the generation of oligomeric and protofibril a-
syn, along with protocols to produce full-length fibrils (larger than 100 um) or preformed fibrils
(smaller than 100 um), usually made from the sonication of full-length fibrils into smaller chunks.

With enough time, a-syn fibrils have been shown to form aggregates in vitro.
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Figure 1.8 a-syn internalization pathways

Multiple pathways have been proposed for the internalization of a.-syn monomers, oligomers, and
fibrils. Here we illustrate five of the most reported pathways: receptor-mediated (CME), lipid raft,
caveolae, macropinocytic, and phagocytic internalization pathways. Cargo internalized through
CME, lipid raft, and caveolae, all go through the endosomal system, undergo endosomal
maturation, and are then transported to lysosomes. Although traditional macropinocytosis also
colocalizes with markers of early endosomes and late endosomes, the type of macropinocytic
pathway discovered by us did not undertake this maturation, therefore, cargo within
macropinosomes is quickly transported to lysosomes. Finally, phagocytosis, an internalization
mechanism specific to macrophages, has been shown to take up a-syn, be transported into
phagosomes, and eventually be transported to lysosomes. Conventional phagocytic internalization
also colocalizes with markers of early endosomes and undergoes maturation prior to reaching

lysosomes.
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Figure 1.9 a-syn aggregates in different synucleinopathies

Structures of a-syn fibrils and filaments, seeded in vitro or isolated from brains, were resolved
using Cryo-EM. The protein data bank (PDB) number for each structure is listed. The structure in
TNCA, was assembled using an MSA seed, incubated with recombinant ct-syn. This structure was
resolved by Lovestam et al. (2021). 8CY'V, shows the resolved structure of a-syn fibrils amplified
using CSF from a DLB case, resolved by Sokratian et al. (2022). 7V49, shows an a-syn fibril
seeded by CSF of a PD patient (Fan et al., 2023). 8BQV, shows the structure of a-syn filament
from Juvenile-onset synucleinopathy (Yang et al., 2023). Although c-syn is the building block of
all these aggregates, the distinct fibril/filamentous structures of these indicates some of the, yet
unknown, factors that lead to distinct strains of a-syn aggregates, with distinctly different folds,

twists, and stabilization.
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Figure 1.10 Model for the formation of LBs through fibrillization of a-syn

Internalization of PFFs and their accumulation in lysosomes (1), is followed by the introduction of
cytosolic a-syn into lysosomes through CPA (2), initiating the first steps of endogenous c-syn
aggregation. Lysosomal stress caused by c-syn accumulation and aggregation, both from the
cytosol and PFFs, and potentially external factors, lead to lysosomal membrane permeabilization
which leads to lysosomal leakage (3). Aggregated c-syn then gain access to the cytosol and seed
the aggregation of endogenous c-syn (4 and 5). Impaired lysosomal activity is then exacerbated by
aggregated forms of c-syn blocking the CPA pore, composed mostly of LAMP2A, leading to
further accumulation of monomeric a-syn (6). Fibrillization of a-syn continues and a-syn
aggregates begin to associate with different organelles through membrane and protein interactions

(7-9). a-syn fibrils then act as tethers and form a cytoplasmic inclusion, eventually maturing into

LBs (10).
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Figure 1.11 Potential model for the formation of membrane-bound LBs

Formation of membrane-bound LBs can occur through the internalization of aggregate forms of c.-
syn, potentially coupled with an external factor (1). Endogenous a-syn, whose concentration is
controlled by CPA then meets internalized PFFs in lysosomes, leading to ci-syn aggregation
occurring within lysosomes (2). Eventually, mounting lysosomal stress caused by PFFs (and
potentially an external factor) leads to lysosomal membrane permeabilization (lysosomal leakage),
leading to the leaking of PFFs into the cytosol (3). PFFs then seed the aggregation of endogenous
a-syn (4 and 5). CPA is then impaired as aggregated and misfolded a-syn block the pores required
in CPA (6). Autophagosomes attempt to clear aggregation and damaged/dysfunctional organelles
through autophagic uptake (7). Due to impaired lysosomal activity, contents within
autophagosomes are not degraded, and autophagosomes begin expanding in size as the
sequestration of aggregates and organelles continues (8 and 9). Eventually, this leads to the

formation of membrane-bound LB inclusions (10). This model was adapted from Bayati et al.,

(2023).
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Figure 1.12 Model of LB-like inclusion formation through a dual hit treatment regime
Internalization of an aggregate form of a-syn, coupled by exposure to proinflammatory cytokines
(released by microglia or T-cells), results in two different pathways that work to stress the cell.
PFF internalization (a PD insult), results in lysosomal stress, and their occupation of lysosomes
results in impaired degradative activity in the cell. The introduction of proinflammatory cytokines
result in the activation of immune-related pathways in the cell that lead to the alteration of gene
expression. Downregulation of lysosomal proteins result in exacerbating lysosomal dysfunction.
Proinflammatory cytokines also lead to the rise of oxidative stress and elevated expression of
endogenous a-syn in the cell. The combination of PFF accumulation in lysosomes, altered gene
expression, and oxidative stress, leads to lysosomal membrane permeabilization and the leaking of
PFFs into the cytosol. PFFs gain access to the cytosol and seed the aggregation of endogenous a-
syn. Autophagosomes attempt to clear aggregation and dysfunctional organelles, but they cannot
be due to impaired lysosomal activity. This leads to the formation of membrane-bound LB-like

inclusions. This model was adapted from Armin Bayati et al. (2023).

1.22 Tables

Table 1.1 Physiological functions of a-syn

Function of a-syn Reference

Involved in synaptic vesicle exocytosis, through modulating the assembly of the SNARE- (Burre et al., 2010)

complex

Detection and formation of membrane curvature (Westphal & Chandra, 2013)
Highly abundant and localized to the synaptic bouton (Wilhelm et al., 2014)
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Attenuates neurotransmitter release and synaptic vesicle clustering

(Wang et al., 2014)

Regulation of synaptic vesicle endocytosis

(Vargas et al., 2014)

Tethering of synaptic vesicles, determinant of synaptic size, and involved in synaptic vesicle

clustering

(Vargas et al., 2017)

Interaction with endocytic trafficking, retromer complex, and mRNA binding proteins

(Chung et al., 2017)

Association with calcium allow for synaptic vesicle binding at the C-terminal

(Lautenschlager et al., 2018)

Modulation of exocytosis, binding to membranes, association with mitochondria

(Ramezani et al., 2019)

Enables endocytosis through upregulation of phosphatidylinositol 4,5-bisphosphate, mutations

alter Clathrin-mediated endocytosis

(Schechter et al., 2020)

Modulation of dopamine release in substantia nigra neurons — in an action potential related

manner

(Somayayji et al., 2020)

Regulation of cellular iron homeostasis

(Bi et al., 2020)

Docking of synaptic vesicles to the presynaptic membrane through lipid links

(Man et al., 2021)

Involved in Clathrin assembly

(Vargas et al., 2021)

Regulation of Iron metabolism

(Shekoohi et al., 2021)

Modulates processing bodies along with mRNA stability

(Hallacli et al., 2022)

Table 1.2 Internalization and intercellular transfer of a-syn.

Findings

Reference

Rab5A-mediated uptake of monomeric o-syn was observed.

(Sung et al., 2001)

Cytochalasin D treatment led to decreased fibril a-syn uptake in microglia.

(Zhang et al., 2005)

Co-immunoprecipitation of Clathrin and o-syn aggregates; colocalization of aggregated a-syn with
Clathrin in microglia.

(Liu et al., 2007)

Microglia can internalize and degrade a-syn aggregates; accumulation occurred upon activation of
microglia.

(H.-J. Lee et al., 2008)

Internalization of a-syn fibrils was inhibited by low temperature and dynamin dominant-negative.
Monomeric a-syn entered cells through diffusion and colocalized with EEA1 and LAMP2.

(H.J. Lee et al., 2008)

Internalization of a-syn monomers not inhibited with dynamin dominant-negative nor with Dynasore, but
lipid-raft mediated.

(Park et al., 2009)
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a-syn transmission was inhibited with the use of dynamin dominant-negative; using an endogenous
expression model.

(P. Desplats et al., 2009)

a-syn endocytosis was inhibited in cells expressing dynamin dominant-negative; using an endogenous
expression model.

(Lee et al., 2010)

a-syn endocytosis and transfer occur in a dynamin-dependent manner.

(Hansen et al., 2011)

Monomeric a-syn endocytosis was decreased by inhibiting dynamin GTPases.

(Konno et al., 2012)

Intercellular transfer of a-syn from rat brain to graft DA neurons. The transferred a-syn colocalize with
EEA1. Non-aggregated forms of a-syn can transfer from host to graft.

(Angot et al., 2012)

Administered together, tau, TAT, and a-syn colocalize, indicating a-syn fibrils are internalized using
macropinocytosis.

(Holmes et al., 2013)

Dynasore inhibited monomeric, oligomeric, and fibril a-syn uptake in a concentration-dependent manner.

(Reyes et al., 2014)

Monoclonal antibodies targeting a-syn inhibit its internalization and intercellular transfer.

(Tran et al., 2014)

a-syn fibrils induced membrane ruffling, but EIPA, a macropinocytic inhibitor, did not inhibit its
internalization.

(Zeineddine et al., 2015)

Clathrin-mediated internalization of a-syn, using an endogenous expression model and intercellular
transfer of a-syn. Colocalization of a-syn with EEA1, NR1, and NR2A.

(Oh et al., 2016)

Oligomeric a-syn’s intercellular trafficking is elevated following knockdown of Rab8b and Rab13.
Endocytic recycling of a-syn relies on Rabl1a and Rab13; overexpression leads to increased secretion.

(Goncalves et al., 2016)

Dynamin is partially required for the uptake, but not the intercellular transfer of a-syn fibrils.
Colocalization of the fibrils with LAMP1. Intercellular spread of a-syn relies on tunneling nanotubes.

(Abounit et al., 2016)

Inhibition of Clathrin-mediated endocytosis using Dynasore resulted in decreased uptake of a-syn fibrils
and phospho-fibrils.

(Samuel et al., 2016)

LAG3 mediated endocytosis of a-syn PFF: receptor-mediated endocytosis. Colocalization with Rab5,
Rab7, and LAMPI.

(Mao et al., 2016)

PFFs are transported through the endolysosomal pathway and colocalizes with LAMP1.

(Karpowicz et al., 2017)

DIJ-1 knockdown reduces phagocytic uptake of soluble a-syn by microglia.

(Nash et al., 2017)

GGA3 contributes to endosomal oligomerization of a-syn and drives its secretion.

(von Einem et al., 2017)

Serine protease KLK6, along with proMMP2, can cleaves extracellular fibril a-syn, inhibiting its
propagation. KLK6 deficient showed increased a-syn uptake.

(Pampalakis et al., 2017)

a-syn aggregates depend on heparan sulfate for internalization.

(Ihse et al., 2017)

In vivo injection of phosphorylated fibrils resulted in more toxicity and neuronal loss compared non-
phosphorylated fibrils. S129 phosphorylation enhanced a-syn fibril uptake by neurons.

(Karampetsou et al., 2017)

Exosome associated-oligomeric a-syn does not rely on Heparan sulfate proteoglycans for internalization,
and its internalization is much higher than naked a-syn oligomers.

(Delenclos et al., 2017)

a-syn monomers use dynamin-mediated endocytosis, colocalize with Rab4, 5, and 7. a-syn fibrils
undertake a different pathway.

(Masaracchia et al., 2018)

Ubiquitin C-terminal hydrolase L1 is involved in the intercellular transmission of a-syn.

(Kang et al., 2018)

LAG3 and RABS5A found to be genetic predictors for regional brain atrophy. Highly expressing LAG3
regions of brain correlated with greater atrophy.

(Freeze et al., 2018)

FcyRIIB binds a-syn fibrils and mediated intercellular transmission through its signaling.

(Choi et al., 2018)

Oligomeric a-syn binding and colocalization with connexin-32, during its uptake. Expression of
connexin-32 was linked to the intercellular transfer of a-syn. Inhibitors of connexin-32 reduce a-syn
uptake.

(Reyes et al., 2019)

TRPMLI activation, resulted in the upregulation of lysosomal exocytosis, reducing the burden of a-syn
accumulation.

(Tsunemi et al., 2019)
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CME of aggregated a-syn: colocalization of a-syn with transferrin, EEA1, LAMP1, LAMP2, and Rab11.
Aggregated a-syn shows higher cellular accumulation than monomeric a-syn.

(Hoffmann et al., 2019)

Rab27b is involved in the release and clearing of a-syn, using a doxycycline-inducible a-syn expression.

(Underwood et al., 2020)

Cellular entry of a-syn fibrils is facilitated through a myosin-7B-dependent pathway.

(Zhang et al., 2020)

Caveolae-dependent uptake of a-syn in dopaminergic neurons was observed.

(Kawahata et al., 2021)

Synaptic transmission of a-syn is bidirectional, mainly occurring in retrograde. Retrograde trans-synaptic
uptake of a-syn occurred through an endophilin-independent manner.

(X. Wang et al., 2021)

a-syn fibrils are intercellularly transferred through tunneling nanotubes.

(Dilsizoglu Senol et al.,
2021)

Large oligomers are dependent on Clathrin-mediated endocytosis and colocalize with early endosomes
and lysosomes.

(Shearer et al., 2021)

LAG3 D1 and APLP1 E1 domains bind to a-syn’s c-terminal. Phosphorylation of a-syn at S129,
enhances its internalization.

(Zhang et al., 2021)

Sequestration of LC3 by mutated endogenously expressed a-syn, stresses the degradative/autophagy
pathway, facilitating exocytosis of a-syn.

(Stykel et al., 2021)

a-syn PFFs were found to colocalize with Lysotracker.

(Jarvela et al., 2021)

Endogenously expressed a-syn undergoes caveolin-dependent endocytosis and colocalizes with EEA1
and Rab7.

(Fakhree et al., 2021)

Lysosomes release non-membrane-bound a-syn aggregates from neurons.

(Xie et al., 2022)

Heparan sulfate proteoglycans mediate a-syn PFFs toxicity. Knockdown of proteins responsible for
heparan sulfate proteoglycan synthesis was protective against degeneration.

(Chen et al., 2022)

a-syn fibrils utilize actin-mediated macropinocytosis to be internalized into cells. No significant
involvement of caveolae-mediated endocytosis and Clathrin-mediated endocytosis was found.

(Hivare et al., 2022)

a-syn PFFs use a rapid form of macropinocytosis to be internalized into cells and be transferred to
lysosomes. PFFs are transported on the surface of exosomes to neighboring cells.

(Bayati et al., 2022)

Antibodies targeting the c-terminal of a-syn, block PFF uptake; decreased phospho-synuclein
accumulation.

(Brendza et al., 2023)

Table 1.3 In vitro models of LB-like inclusions

Publication Recapitulated Structure of LB-like inclusions formed Reference
characteristic of LBs
Yamagishi et al., 2007 Ubiquitin-positive Fibril containing, dense, proteinaceous inclusions (Yamagishi
inclusions et al., 2007)
Bedford et al., 2008 Ubiquitin, p62, and c-syn | Inclusions include mitochondria, membrane-bound | (Bedford et
positive inclusions. vesicles, autophagosome like structures, al., 2008)
filamentous contents
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Luk et al., 2009 Ubiquitin, phospho-ci-syn | Proteinaceous aggregate with fibrillar a-syn (Luk et al.,
and thioflavin S positive 2009)
inclusions

Mahul-Mellier et al., 2019 | Phospho-a-syn positive Cytoplasmic organellar medley (Mahul-
inclusions Mellier et

al., 2020)

Trinkaus et al., 2021 a-syn-positive inclusions a-syn fibrils crisscrossing organelles such as (Trinkaus

lysosomes, mitochondria, and MVBs. etal., 2021)

Joetal., 2021 Halo-like a-syn staining in | LB-like core with fibrillar a-syn in the periphery (Joetal,
TH-positive neurons 2021)

Lam et al., 2022 Ubiquitin, p62, c-syn An organellar medley, containing vesicles, (Lam et al.,
positive inclusions lysosomes, and filamentous materials. 2022)

Bayati et al., 2023 Phospho-c.-syn positive Membrane-bound filamentous structures (Armin
inclusions with containing an organellar medley. Organelles Bayati et
mitochondria, lysosomal within inclusions look dysfunctional. al., 2023)
contents within
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Preface for Chapter 2

Although the paper describing the conjugation process c-synuclein PFFs to nanogold beads was
published following our initial paper on PFF endocytosis, the protocol involved in the conjugation
process is integral to our findings in our initial paper, hence why that methodology is presented
here first, prior to our initial paper on PFF endocytosis. By following PFF internalization using
nanogold-labeled PFFs, we were able to follow the step-by-step internalization of PFFs in a way
that had never been visualized before. Apart from our genetic and chemical approaches to show
that CME does not play a role in PFF internalization, we definitively show that PFFs do not use
CME through our EM data, showing no signs of Clathrin-coated pits internalizing PFFs, but the
presence of membrane ruffles engulfing PFFs. This is what set our paper apart from the many
others that explored the internalization of a-syn fibrils. Additionally, the nanogold-labeled PFFs
allowed us to make unprecedented observations about PFF trafficking including their association
with the formation of intraluminal vesicles, the presence on the surface of intraluminal vesicles in
MVBs, which led us to discovering the transport of PFFs on the surface of exosomes. All these
discoveries would not have been possible without the methodology detailed in our protocol paper

in Chapter 2.
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CHAPTER 2. VISUALIZATION OF ALPHA-SYNUCLEIN TRAFFICKING VIA
NANOGOLD LABELING AND ELECTRON MICROSCOPY
2.1 Summary

There is conflicting evidence regarding the mechanisms of a-synuclein internalization, and
its trafficking itinerary following cellular entry remains largely unknown. To examine these issues,
we describe steps for coupling a-synuclein preformed fibrils (PFFs) to nanogold beads and their
subsequent characterization by electron microscopy (EM). Then we describe the uptake of
conjugated PFFs by U20S cells plated on permanox 8-well chamber slides. This process
eliminates the reliance on antibody specificity and the need to employ complex immunoEM
staining protocols.
2.2 Before you begin

The protocol below outlines the conjugation of PFFs with nanogold beads, to observe PFFs
internalization using EM. Before beginning this conjugation process, please plan to have the
necessary protocol and reagents in place to produce a-synuclein PFFs. We recommend following
the production protocol established by Maneca et al. (2019). Below we outline a summary of the
production process.
2.3 Production of alpha-syn preformed fibrils
Timing: ~12 d

1. Produce recombinant human a-synuclein monomers
a. Transform the pGEX6 plasmid construct into BL21 (DE3) E. coli for expression.
The GST tag is incorporated on the N terminus of a-synuclein along with a 3C

protease cleavage site providing a straightforward route to enrich and cleave GST-
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a-synuclein using glutathione beads. Through this route, high levels of monomeric
synuclein can be enriched and purified from GST-a-synuclein

b. Separately, express GST-a-synuclein and GST-HRV 3C protease in cultures using
Isopropyl-B-D-thiogalactoside (IPTG) induction and purify them with a Glutathione
Sepharose 4B affinity column

c. Cleave off the GST tag from GST-a-synuclein with GST-HRV 3C protease

d. Remove GST and GST-HRV 3C protease with the Glutathione Sepharose 4B
column and purify untagged a-synuclein to homogeneity as demonstrated by SDS-
PAGE gel (with purity at least >95%)

e. Exchange the purified a-synuclein into PBS buffer, pH 7.4, and adjust the final
protein concentration to 5 mg/ml as determined by Bradford assay with Bovine
Serum Albumin (BSA) as a reference

f. Filter-sterilize a-synuclein solution through a 0.22-pm filter. Make 0.5 ml aliquots
in each 1.5-ml low protein binding microtube and store at -80°C

2. Generate a-synuclein PFFs

a. Place monomeric a-synuclein tube(s) in a thermomixer with constant shaking at
1000 rpm at 37°C for 5 d. The contents in the tube(s) will become turbid/opaque,
indicating the formation of aggregates

b. Sonicate the resulting PFFs in the Bioruptor Pico sonicator using at least 40 cycles
of 30s ON-30s OFF program ensuring the particle size after sonication is ~50 -
80nm in hydrodynamic diameters as assessed using dynamic light scattering (DLS)

Zetasizer Nano S (using the Malvern Zetasizer software)

92



c. The sonicated PFFs will be stored in aliquots (5-50 pl depending on experimental

needs) at -80°C

Note: The ideal concentration of PFFs required for conjugation can vary based on the size of the
nanogold particles used (see the nanogold manufacturer’s instructions). For instance, for 5 nm
nanogold beads, the manufacturer recommends a protein concentration of 5 mg/mL; conversely,

with 10 nm nanogold beads, they recommend a 2.5 mg/mL concentration for the protein.

Timing: 2 days
The following steps should be carried out on parafilm. This protocol is adapted from Del Cid
Pellitero et al. (2019).
1) Prepare a diluted sample of PFFs at I mg/mL
a) Dilute using ddH>O
2) Place 5 pL of diluted PFFs on a carbon/formvar covered copper grid and allow the sample to
sit for 10 min at room temperature
a) Using a Whatman filter paper, remove the liquid drop from the grid
3) Fix PFFs on the grid using 2% PFA
a) Place one drop of 2% PFA onto the grid and let the sample sit for 10 min at 4°C
b) Remove the PFA drop with Whatman filter paper
4) Wash the grid with ddH>O
a) Add one drop of ddH2O onto the grid for 1 min at room temperature
b) Remove the drop with Whatman filter paper

c) Repeat steps a-b once more
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5) Stain the grid with uranyl acetate

a) Centrifuge 1 mL of uranyl acetate at 14,000 x g for 1 min

b) Add one drop of the supernatant to the grid and wait for 5 min at room temperature

6) Wash the grid with ddH,O
a) Repeat step 4

7) Let the grid sit overnight on parafilm

8) Visualize by EM to assess and measure the length of fibrils

a) See Figure 2.1

Characteristics of optimal PFFs:

- A mean length of less than 100 nm

- Sonicated PFFs must retain the same thickness as full length PFFs

Note: for PFFs visualization (unlabeled, use a magnification between x10,000 and x30,000).

Note: The characterization of a-synuclein PFFs was adapted from Del Cid Pellitero et al. (2019).

2.4 Methods and equipment

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins
DMEM high-glucose GE Healthcare Cat# SH30081.01
Bovine calf serum GE Healthcare Cat# SH30072.03
L-Glutamine Wisent Cat# 609065EL
Penicillin-Streptomycin solution Wisent Cat# 450201
Nunc 8-well slide (Permanox) Lab-Tek Cat# 177445
Phosphate-buffered saline Wisent Cat# 311-010-CL
Paraformaldehyde Thermo Fisher Cat# A1131322
Scientific
Poly-L-Lysine Sigma Aldrich Cat# A-005-M
Glutaraldehyde 2.5% in Sodium Cacodylate Buffer Electron Microscopy | Cat# 15960

Sciences
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Diamond Knife (Ultra 35°)

Electron Microscopy
Sciences

Cat# 30-SL

Epon-812 or EMbed-812

Electron Microscopy
Sciences

Cat# 14900

Whatman qualitative filter paper

GE Life Sciences

Cat# 1001-0155

Sodium Cacodylate Buffer, 0.2M, pH 7.4 Electron Microscopy | Cat# 11650
Sciences

Calcium Chloride Solution, Fisher Chemical Fisher Scientific Cat# SC101

Osmium Tetroxide Aqueous Solution Electron Microscopy | Cat#19100
Sciences

Uranyl Acetate, Reagent, A.C.S. Electron Microscopy | Cat# 22400
Sciences

UranyLess Electron Microscopy | Cat# 22409

Sciences

Potassium Ferrocyanide Aqueous Solution

Electron Microscopy
Sciences

Cat# 25154-2

Carbon/formvar covered copper grid

Electron Microscopy
Sciences

Cat# FCF400CU50

1.5 ml low protein-binding microtube SARSTEDT Cat# 72.703.600
5 nm gold beads Cytodiagnostics Cat# CGN5K-5-2
0.05% Trypsin/0.53 mM EDTA Wisent Cat# 325-042-CL
Ethanol/Ethyl alcohol, Pure Sigma Cat# 459836
Glutathione beads Sigma Aldrich G4251
Glutathione Sepharose bead slurry GE Healthcare Life 17075605
Sciences
Isopropyl-B-D-thiogalactoside (IPTG) Biobasic IB0168

Syringe filter 0.22-um

Mandel Scientific

WYV-SENY013022NC

Equipment

Tecnai 12 BioTwin 120 kV transmission electron FEI N/A
microscope (TEM) or Tecnai G2 Spirit Twin 120 kV

Cryo-TEM

The Perfect Loop Science Services Cat# E70944

Zetasizer Nano S

Malvern Panalytical

https://www.malvernpanalytic
al.com/en/support/product-
support/zetasizer-
range/zetasizer-nano-
range/zetasizer-nano-s

Digital heating shaking thermomixer Thermo Fisher Cat# 88880027
Scientific

Bioruptor® Plus sonication device with metallic Diagenode Cat# B01020001

soundproof box (B01200001) and water cooler

(B02010003)

Bacterial strain

BL21(DE3) Competent E. coli cells New England Cat # C2527H
Biolabs

Recombinant DNA/Vector

GST-o-synuclein plasmid, human (Maneca et al., 2019) | N/A

GST-HRV 3C plasmid (Maneca et al., 2019) | N/A
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pGEX6P1 University of Cat# DU30005
Dundee MRC
Protein
Phosphorylation and
Ubiquitination Unit
Critical commercial assays
Mycoplasma detection kit Biotool Cat# B39038
Bradford Assay Kit Thermo Fisher Cat# 23236
Scientific
Experimental models: Cell lines
U-2 0S | ATCC Catf HTB-96
Software and algorithms
Imagel (Schneider et al., https://imagej.nih.gov/ij/
2012)

Malvern Zetasizer Software

Malvern Panalytical

https://www.malvernpanalytic
al.com/en/support/product-
support/software/Zetasizer-
family-software-update-v8-02

GMS 3

Gatan

https://www.gatan.com/produc
ts/tem-analysis/gatan-
microscopy-suite-software

U20S complete growth medium (store at 4°C when not in use)

REAGENT Final Concentration | Amount
DMEM high-glucose N/A 500 mL
Bovine calf serum 10% 56 mL
L-Glutamine 200uM 5mL
Penicillin-Streptomycin 10,000 U/mL (100x%) Ix SmL

This protocol explains the conjugation of PFFs to nanogold beads while preventing PFFs

from aggregating into longer or more aggregated fibrils. Once the nanogold PFFs are generated,

the protocol describes the use of EM to visualize their internalization into cells and their

subsequent cellular trafficking. This protocol can be used to visualize the cellular trafficking

itineraries of numerous proteins. Furthermore, this protocol can be used to examine the

internalization of PFFs and trafficking in various cell types, provided that the appropriate changes
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are made to facilitate cell attachment to the plate (e.g., poly-L-ornithine and Laminin would be
used instead of poly-L-lysine for neuronal cultures).

PFFs are conjugated with 5 nm nanogold beads, and a small portion of the conjugated
sample is prepared and characterized using EM (Steps 1-3: PFFs conjugation and characterization).
Provided that the nanogold-labeled PFFs match the ideal criteria (see below for details), cells are
plated onto poly-L-lysine treated Nunc 8-well Permanox plates, and nanogold-PFFs are added to
the cells (Steps 4-8: Cell attachment, culturing, and PFFs administration, fixation). Finally, a brief
description of the processing of the cell monolayers for EM is provided (Steps 9-10: Processing
samples and imaging with EM).

The main advantage of an EM approach to protein internalization is that the specific details
involved in internalization (e.g., membrane ruffling and the attachment of proteins to cell
membrane) can be visualized directly, rather than using fluorescent microscopy and antibodies or
more indirect approaches. We hope that this protocol can be used to elucidate other trafficking

pathways for other proteins, specifically those involved in neurodegenerative diseases.

2.5 Main body

In this section, we explain the protocol used to conjugate PFFs to 5 nm nanogold beads
(Cytodiagnostics). We altered and optimized the standard conjugation protocol provided by the
manufacturer (see product sheet on the manufacturer’s website:

https://www.cytodiagnostics.com/collections/NHS-Activated-Gold-Nanoparticles).

Note: Since PFFs are very susceptible to aggregation, the nanogold-PFFs need to be administered

to cells immediately after conjugation. Prepare the cells such that they are ready to coincide with
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the conjugation of PFFs to nanogold. Following the administration of PFFs to cells, proceed to

prepare grids to characterize the nanogold-PFFs.

Timing: 1 day

Note: all of step 1 should be performed in a tissue culture hood.

1) The conjugation of PFFs with 5 nm nanogold

a)

b)

d)

Add 48 pL of 5 mg/mL PFFs to 60 pL of the reaction buffer provided with the nanogold

conjugation kit.

1) Thaw reaction buffer for 1 h on ice

i1) Retrieve 48 uL of 5 mg/mL PFFs (stored at -80°C) and immediately add 60 pL of ice-
cold reaction buffer to the aliquot

ii1) Incubate for 2 min at room temperature

iv) Slowly pipette the mixture up and down

Add the reaction buffer-PFFs mixture to 1 vial of 5 nm nanogold

Incubate for 1 h at 18°C

Add 10 pL of quencher buffer (provided by the manufacturer) to the mixture

1) Slowly pipette up and down using a p10 pipette set at 10 uLL

ii) Avoid creating bubbles in the solution

Incubate at room temperature for 5 min

Note: the amount of reaction buffer and quencher buffer used, the amount and concentration of

protein used, are all specified by the manufacturer (Cytodiagnostics). The steps above are an

adaptation of their protocol for our specific conjugation assay.
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Note: for PFFs visualization (labeled with nanogold beads, use a magnification between x30,000
and x68,000).
Critical: Avoid rapid pipetting of the samples or sudden movements of the experimental

microtube as they will aid in protein aggregation.

2) Characterization of conjugated PFFs

a) Prepare a diluted sample of PFFs with a 1 mg/mL concentration
1) Dilute using ddH>O

b) Place one drop of diluted PFFs on a carbon/formvar covered copper grid and allow the
sample to sit for 10 min at room temperature
1) Using a Whatman filter paper, remove the drop from the grid

c) Fix the PFFs sample on the grid using 2% PFA (retrieved immediately from storage at 4°C)
i) Place one drop onto the grid and let the sample sit for 10 min at room temperature
ii)) Remove PFA drop using filter paper

d) Add one drop of ddH20 onto the grid for 1 min at room temperature.
1) Remove with filter paper
ii)) Repeat once more

e) Stain the grid with Uranyless
1) Centrifuge 1 mL of UranyLess at 14,000 x g
i1) add one drop of the supernatant to the grid and wait for 5 min at room temperature

f) Wash grid with ddH>O as detailed in d

g) Remove the drop using a Whatman filter paper

h) Let the grid sit overnight on parafilm at room temperature
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Critical step: place grids in a box/chamber for their storage overnight to avoid the addition of
contaminants (such as bacteria, dust, etc.) to the EM grid.
3) Visualize using EM to assess and measure the length of fibrils

a) See Figure 2.2 for an example

Criteria for successful/ideal PFFs conjugation
a. The majority of PFFs should have a length of less than 100 nm
b. Most PFFs should be conjugated with at least one nanogold bead

c. Only 1 in 20 nanogold beads should be unconjugated (free-floating).

Cell attachment, culturing, and PFFs administration
Here, we will be culturing and plating cells onto Nunc 8-well permanox plates previously treated

with poly-L-lysine. The protocol described below uses U20S cells, however, this protocol can be
adapted for use with other cell types. We have used the same protocol to examine the
internalization of PFFs in primary human astrocytes and glioblastoma cell lines (i.e., U87 and
U251).
Timing: ~3 days
4) Treat 8-well permanox plates with poly-L-lysine

a) Wash wells with 100% ethanol

1) Repeat 3 times
b) Wash wells with ddH,O

1) Repeat 3 times
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c) Add 200 pL of 0.01% poly-L-lysine (stock concentration and working concentration) to
each well.
1) Incubate wells for 1 h at 37°C

d) Wash wells with ddH>O

1) Repeat 3 times

Critical: For better attachment, allow cells to grow in wells for over 48 h. Allowing cells 48 h
between passaging and experimentation will result in healthier cells, which will improve
experimental results (i.e., PFFs uptake) and a lower incidence of cells lifting due to fixation.
5) Subculture U20S cells

a) Trypsinize U20S cells currently in culture, pellet, remove supernatant, resuspend with

growth media
b) Plate ~50,000 cells per well
c) Atotal of 150-200 pL of media per well is optimal

d) Incubate for 48 — 72 h.

Note: Before the experiment, use the mycoplasma kit to test samples for mycoplasma infection.
The presence of mycoplasma could have effects on cellular processes, altering your experimental

results.

6) Add 5 pL of conjugated PFFs to each well (assuming a final concentration of 2 mg/mL of
conjugated PFFs).

a) Following the addition of conjugated PFFs to each well, incubate cells for 30 min at 37°C
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7)

8)

b)

Remove cell media

The following step is optional as it details our exclusion assay involving the use of trypsin to

wash off extracellular PFFs.

a)

b)

d)

Place cells on ice and administer 200 pL of ice-cold trypsin (0.05% Trypsin/EDTA 0.53
mM) to each well

Incubate for 60-90 s on ice

1) exposure time may need to be adjusted to prevent the lifting of cells

remove trypsin and wash cells with 200 pL of ice-cold trypsin

wash cells gently with PBS

Sample fixation

a)

b)

fix cells with 2.5% glutaraldehyde (in sodium cacodylate buffer) supplemented with 2 mM

Calcium chloride (CaCls)

1) CaCl; is used to aid in membrane preservation during fixation. The concentration might
need to be optimized for specific cell types.

i1) Fix cells at 4°C overnight (a minimum of 2 h of fixation is recommended at 4°C)

Wash cells with 0.1 mM sodium cacodylate buffer (dilute stock solution using ddH-O)

1) Remove fixative solution

i1) Add 200 pL of sodium cacodylate buffer to each well

ii) Aspirate the buffer

iv) Replace with 200 pl of sodium cacodylate buffer
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Note: a more detailed description of handling the samples will be provided in Step 9.

Processing samples and imaging with EM
Timing: 2-3 days
Here, we discuss the steps to process the monolayer samples for EM imaging. This should be
conducted following overnight fixation of samples in 2.5% glutaraldehyde.
9) Processing samples for EM
a) Wash out glutaraldehyde fixative
1) Remove fixative
i1) Add 300 pL of 0.1M sodium cacodylate buffer
ii1) Incubate for 10 min at room temperature
iv) Repeat i-iii twice
b) Post-fix samples
1) Add the following post-fixation solution to each well: 1% osmium tetroxide and 1.5%
potassium ferrocyanide (diluted in ddH»O)
(1) This step should be done in a fume hood
(2) Add potassium ferrocyanide powder in ddH>O
(3) Add the appropriate amount of osmium tetroxide to the mixture (based on the
concentration used)
i1) Incubate at 4°C for 1-2 h
c) Wash out the post-fixative solution
1) Wash cells with ddH>O

i1) Incubate for 10 min at room temperature
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iii) Repeat i and ii twice
d) Gradual dehydration of samples
1) Aspirate ddH2O
i1) Add 30% ethanol/ddH>O (dilute using pure ethanol)
ii1) Incubate at room temperature for 10 min
iv) Repeat i-iii using 50%, 60%, and 70% ethanol solutions
e) Block staining with uranyl acetate
1) Prepare a solution of 2% uranyl acetate in 70% ethanol.
il) Add 200 pL of staining solution to each well (200 pL volume should be used for all the
following steps).
ii1) Incubate at 4°C for 2 hours
f) Wash out the staining solution
1) Aspirate samples
i1) Wash samples twice with 70% ethanol
g) Continue sample dehydration
1) Aspirate wells
i1)) Add 80% ethanol solution to each well
ii1) Incubate for 10 min at room temperature
iv) Repeat i-iii once more, and remove the solution
v) Add 90% ethanol solution to each well
vi) Incubate for 15 min at room temperature
vii) Repeat v-vi once more, and remove the solution

h) Add 100% ethanol solution to each well
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)

k)

1) Incubate for 15 min at room temperature

i1) Remove solution

iii) Repeat viii-x twice more

Infiltration with Epon-812

1) Add a 50% solution of Epon-812 (diluted in 100% ethanol) to each well
ii) Incubate at room temperature for 1 h

iii) Aspirate wells

iv) Add a 75% solution of Epon-812/ethanol to each well

v) Incubate at room temperature for 1 h

vi) Aspirate wells

vii) Add a 100% solution of Epon-812 to each well

viii)  Incubate at room temperature for 1 h

ix) Aspirate wells

x) Add a 100% solution of Epon-812 to each well

Incubate samples with Epon-812 at 60°C for 48 h

1) Allow samples to cool at room temperature overnight before sectioning

Trim and section prepared blocks

1) Trim the block to a small area of interest (use a light microscope to find regions of

interest).

ii) Use a diamond knife to section samples (Ultra 35°) — samples will end up floating in

the ddH»O-filled boat of the diamond knife where they can be collected.
ii1) Place one section onto a grid using the Perfect Loop tool.

iv) Place the grid onto a Whatman filter paper and allow it to dry
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Note: ideally, each section should be 70-100 nm thick.
1) Stain grids with uranyl acetate and lead citrate (concentration is based on tissue and

staining preferences).

Note: our grid staining protocol is based on a previously published paper by Santhana Raj et al.
(2021).

Note: EMbed 812 is a suitable alternative to Epon-812

Critical: Do not let samples dry out. Ensure that they do not go without a covering of liquid for
more than 10 sec.

10) Image grids using a transmission EM at x9300 to x18500 magnification (allowing imaging of

the fibrils along with cellular structures).

Note: Electron micrographs can be viewed and analyzed with ImageJ or GMS software, both

freely available at the links mentioned in the Key Resource Table.

2.6 Expected outcomes

One would expect to observe conjugated PFFs with mostly small, preformed fibrils (<100
nm) and not large, aggregated fibril structures. We expect that the internalization and the
trafficking of nanogold-PFFs can be easily spotted in cells when viewing sections using EM. In
Figure 2.2, one can see an example of what a typical fibril sample should look like: mostly small,
preformed fibrils, conjugated by 2-8 nanogold particles per PFFs. See internalization of nanogold

labeled PFFs in Figure 2.3.
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Note: as mentioned above, the objective is to have a very small number of free nanogold beads

that have not been conjugated with PFFs.

2.7 Limitations and troubleshooting

One major limitation of this protocol is that there is no specific ratio between PFFs and the
number of conjugated nanogold particles. This makes quantification of the results difficult as the
number of nanogold particles does not directly imply the size of the fibrils or the number of fibrils
when imaging intracellular PFFs trafficking.

The other limitation is the inability to control the size of the resulting conjugated fibrils.
Although our protocol yields many PFFs with a length that is less than 100 nm, the appearance of
larger fibrils cannot be avoided. We believe that this issue is largely moot in quick endocytic
experiments, where administered nanogold-PFFs are in contact with cells for 30 min or less. It
remains that our protocol does not allow for PFFs size-related experiments to occur (i.e., 50 nm

PFFs internalization vs 75 nm PFFs internalization).

Troubleshooting

While certain outcomes are unavoidable using our protocol, such as the presence of a small
number of free-floating nanogold particles, and the formation of large fibrils conjugated with
nanogold, experimental conditions can be optimized to reduce the likelihood of such events
occurring. Here we address some of the common issues that can be addressed. As a guiding
principle, it is okay to have unconjugated PFFs if almost all nanogold beads are attached to PFFs

(i.e., unconjugated PFFs are acceptable but unconjugated nanogold beads are not).
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Problem 1: Presence of unconjugated nanogold particles

Our guideline for using a sample is that only 1 out of 20 nanogold particles can be unconjugated
when characterizing a conjugated sample. Should free gold particles be more frequent (Figure 2.4
A), the sample should be discarded, and the conjugation process should be optimized. Below, we

outline some ways in which this problem can be alleviated.

Potential solution: Manipulate the temperature or duration of the conjugation experiment

Instead of incubating the mixture of reaction buffer, nanogold, and PFFs at 18°C as
suggested by our protocol, try incubating the mixture at a higher temperature (e.g., 21°C/room
temperature). This will ensure that more covalent bonds occur between the PFFs and nanogold
beads.

Increased conjugation of nanogold beads with PFFs can also be achieved by increasing the
incubation time from 1 h to 1.5 or 2 h. This enables the ability to keep the incubation temperature

at 18°C which results in a less aggregated product.

Problem 2: Over-conjugation of PFFs

While successful conjugation of PFFs with multiple nanogold beads is the desired outcome,
over-conjugation of fibrils with nanogold beads can also occur (Figure 2.4 B). This is not optimal,
as the increased size and weight of the resulting conjugated protein might affect its internalization
and delay or even prevent its uptake by cells. Below we describe a solution that effectively

eliminates this issue.

Potential solution: Increase PFFs concentration
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As the conjugation experiment is a chemical reaction that results in the formation of
covalent bonds between PFFs and nanogold, stoichiometry, or more simply, the amount of each
reactant is important. By increasing the number of PFFs added, through the increase of
concentration and not volume, you can decrease the likelihood of over-conjugation of nanogold
particles onto PFFs. A concentration range of 1-5 mg/mL is desirable when conducting the
conjugation experiment. Refer to the manufacturer's protocol regarding the desirable concentration

for different sizes of nanogold beads.

Problem 3: Presence of large fibril aggregates: Most common

The most common, and least favorable outcome is the presence of conjugated PFFs with
lengths over 100 nm. Although a low number of such fibrils will occur, samples that mostly
contain these large structures must be discarded (Figure 2.4 C), since the conjugated proteins can
no longer be referred to as PFFs, and hence, may utilize a different pathway for entry and

trafficking into cells.

Potential solutions: Manipulate experimental conditions and utilize proper handling of PFFs
Prior to conjugation, characterize the PFFs batch by aliquoting and visualizing the

unconjugated sample using EM. If the presence of large fibrils is frequent, do not conjugate the

batch as the issue with PFFs length will only be exacerbated during conjugation.

In addition, avoid the following behaviors when conjugating nanogold beads onto PFFs:

e rapid movement of the sample

¢ holding the tube with PFFs between one’s fingers
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0 the transfer of body temperature to the tube can result in accelerating the aggregation
process.
e rapid pipetting up and down
e repeated freeze and thaw
Another solution to reduce the aggregation of conjugated PFFs is to allow the experiment to
occur at a lower temperature. The correct temperature (e.g., room temperature, 4°C, 37°C, etc.) for
your experiment will therefore be a balance between decreased aggregation and decreasing the

likelihood of nanogold conjugation onto PFFs.

Problem 4: Spotting of nanogold-PFFs in lysosomes

Lysosomes are electron-lucent organelles when observed using EM, which makes it
difficult to spot nanogold-conjugated proteins in their lumen. Although this issue can often be
resolved by adjusting image contrast, sometimes a change in protocol is necessary for clear

viewing of lysosomal contents.

Potential solution: No grid staining

In our protocol, the samples are stained with uranyl acetate both prior to embedding (en
bloc) and after embedding (grid staining). To lower the overall staining of the samples, and have a
better view of the lysosomal lumen, avoid grid staining with uranyl acetate and lead citrate. This

will result in samples with much less staining, and hence, a better look into the lysosomal lumen.

Problem 5: Uranyl acetate-related artifacts
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Uranyl acetate staining can have potential drawbacks since its exposure to light results in
its precipitation. Stock solutions of uranyl acetate are also prone to precipitation with age. The

result will be large, dark artifacts in EM samples, which will result in suboptimal images.

Potential solution: Regular filtration and centrifugation of uranyl acetate before use
To avoid uranyl acetate-related artifacts, first centrifuge an aliquot of uranyl acetate to
pellet aggregate chunks. Collect the supernatant and run it through a 0.22-um filter. Uranyl acetate

can now be used for sample staining
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Figure 2.1

PFFs visualized using negative staining before and after sonication

Samples are stained with uranyl acetate. The arrow points to an example of a long fibril.
Arrowheads point to multiple examples of preformed fibrils with a length of less than 100 nm,

Scale bar = 200 nm and 100nm for insets.
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Figure 2.2

Electron micrograph of nanogold conjugated PFFs

Uranyless was used for staining. Arrowheads point to a few examples of conjugated nanogold
beads. Arrows indicate optimal examples of nanogold-labeled PFFs: small size and the appropriate

amount of conjugation (>1 and <20 beads per PFFs). Scale bar = 100 nm.
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Figure 2.3

Internalization of nanogold-PFFs visualized using EM

Images show the internalization of PFFs in U20S cells in 4 stages (a-d). Nanogold PFFs (arrows)
are seen at the cell surface, being engulfed by membrane ruffles (arrowhead). They are then
trafficked to macropinosomes, early multivesicular bodies (MVBs), and lysosomes. Scale bar =

200 nm, and 100 nm for insets.
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Figure 2.4

Problematic outcomes of PFFs conjugation

(A) an example of many free-floating unconjugated nanogold beads (arrows). (B) an example of
PFFs over-conjugation with nanogold particles. (C) an example of PFFs conjugation that results in

large PFFs aggregates spanning several hundred microns. Scale bar = 100 nm.
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Preface to Chapter 3

This chapter provides evidence for the internalization of PFFs through a rapid macropinocytic
pathway. Using the nanogold-labelled PFFs, described in the previous chapter, we were able to
follow the internalization process via electron microscopy. Furthermore, due to the increased
resolution and the ability to view ultrastructural details, we found that PFFs are trafficked in
multivesicular bodies as well lysosomes. Additionally, within these multivesicular bodies, PFFs sat
on the surface of the intralumenal vesicles. Through collection and purification of exosomes from
cells given PFFs, we found that exosomes were released with PFFs on their surface, that could be
easily cleaved off using trypsin. This, along with additional electron microscopy data, allowed us
to provide proof that PFFs resided on the surface of exosomes, a trafficking pathway for PFFs not
explored previously. Lastly, we discovered that the intercellular transfer of exosomal-PFFs was

halted with the use of macropinocytic inhibitors.
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CHAPTER 3. RAPID MACROPINOCYTIC TRANSFER OF ALPHA-SYNUCLEIN TO
LYSOSOMES
3.1 Abstract

The nervous system spread of alpha-synuclein fibrils is thought to cause Parkinson’s
disease (PD) and other synucleinopathies; however, the mechanisms underlying internalization and
cellular spread are enigmatic. Here, we use confocal and superresolution microscopy, subcellular
fractionation, and electron microscopy (EM) of immunogold-labeled a-synuclein preformed fibrils
(PFFs) to demonstrate that this form of the protein undergoes rapid internalization and is targeted
directly to lysosomes in as little as 2 min. Uptake of PFFs is disrupted by macropinocytic
inhibitors and circumvents classical endosomal pathways. Immunogold-labeled PFFs are seen at
the highly curved inward edge of membrane ruffles, in newly formed macropinosomes, in
multivesicular bodies and in lysosomes. While most fibrils remain in lysosomes, a portion is
transferred to neighboring naive cells along with markers of exosomes. These data indicate that

PFFs use a unique internalization mechanism as a component of cell-to-cell propagation.

3.2 Introduction

A classic hallmark of Parkinson’s disease (PD) is the formation of Lewy Bodies (LBs).
First discovered in 1912 (Lewy, 1912), LBs are cytoplasmic inclusions composed of fragments of
membranous organelles and filamentous proteins (Shahmoradian et al., 2019; Tanaka et al., 2004).
LBs are also observed in PD-related disorders such as Lewy body dementia. Alpha-synuclein (o-
syn), encoded by the SNCA gene, is a major component of LBs and is implicated in their formation
(Conway et al., 1998; Maria Grazia Spillantini et al., 1997). a-syn appears to function in

membrane trafficking and membrane curvature (Fortin et al., 2004; Jao et al., 2004; Nakamura et
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al., 2008; Vargas et al., 2017), and increased knowledge of its protein structure and the
conformation of altered variants has led to enhanced understanding of a-syn misfolding and
aggregation in disease (Lee et al., 2002; Li et al., 2002; Sandal et al., 2008).

Since the early 2000s, the Braak hypothesis has stated that PD develops with the spread of
a-syn through the brain (Braak et al., 2003). This model gained traction with the observation that
proteinaceous inclusions spread from brain tissue into implanted embryonic stem cells (Li et al.,
2008), a result subsequently confirmed in animal models (P. Desplats et al., 2009; Li et al., 2010;
Recasens & Dehay, 2014; Recasens et al., 2018). Propagating pathology is also observed following
injection of the fibril form of a-syn into localized brain regions of mice (Betemps et al., 2014; Luk
et al., 2012; Masuda-Suzukake et al., 2014). This tendency to spread, along with the ability of a-
syn fibrils to disrupt the conformation of endogenous a-syn, has earned the protein a label as a
prion-like (Masuda-Suzukake et al., 2013; Mougenot et al., 2012). However, questions remain
regarding the cell biological itinerary of a-syn propagation, notably the mode of cellular entry
(Fenyi et al., 2019; Gelpi et al., 2014; Nakamura et al., 2015; Uemura et al., 2018; Yan et al.,
2018).

Different mutations in the SNCA locus have varying penetrance that may correlate to the
propensity of a-syn to aggregate (Lazaro et al., 2016; Rutherford et al., 2014). a-syn concentration
is also a factor in aggregation as increased protein levels enhance aggregation, be it mutant or
wild-type protein (Anthony L. Fink, 2006; Manning-Bog et al., 2002; Uversky, 2007). Further, a-
syn preformed fibrils (PFFs) and other fibril assemblies of a-syn have the ability to seed, propagate
and amplify in size via the recruitment of a-syn monomers (Alam et al., 2019). PFFs comprise a
heterogeneous number of a-syn monomers with various structural conformations (Pieri et al.,

2016). Early studies using PFFs revealed their ability to seed and induce PD pathology in cultured
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cells (Luk et al., 2009); hence, developing a protocol for consistent production of PFFs was a
significant contribution (Volpicelli-Daley et al., 2014; Volpicelli-Daley et al., 2011).

A key question in PD research relates to how a-syn fibrils enter cells (Bieri et al., 2018).
Several studies have concluded that a-syn endocytosis is Clathrin-dependent, based on the use of
dynamin and Clathrin inhibitors, Dynasore and Pitstop, respectively, and Clathrin heavy chain
(CHC) colocalization (Konno et al., 2012; Liu et al., 2007; Rodriguez et al., 2018). It is generally
thought that PFFs are then trafficked to lysosomes via the endosomal system over the course of
tens of minutes to multiple hours. We found approximately 40 studies examining o-syn
endocytosis with variable conclusions (Supplementary Table 3.8). Some of the variability may
arise from examining a-syn internalization at longer time courses and not immediately after its
addition to cells. Moreover, dynamin inhibition is not synonymous with inhibition of Clathrin-
mediated uptake and the specificity of Dynasore and Pitstop as inhibitors of Clathrin-mediated
endocytosis (CME) has come under scrutiny as both have off-target effects (Gu et al., 2010; Oh et
al., 1998; Park et al., 2013; Pelkmans et al., 2002; Preta et al., 2015). Apart from CME, it is
suggested that a-syn enter cells via direct permeation of the plasma membrane (Danzer et al.,
2007), via the formation of tunneling nanotubes that allow direct connections between cells
(Dieriks et al., 2017), or through caveolae-dependent endocytosis (Madeira et al., 2011). Thus,
there appears to be no consensus nor definitive evidence regarding the nature of a-syn endocytosis.

We thus sought to examine endocytosis of PFFs immediately after their addition to cells.
Surprisingly, PFFs are internalized rapidly and appear in lysosomes within 2 min, bypassing
conventional endosomal trafficking pathways. We confirmed this result in multiple cell lines,
primary human cells, and neurons derived from induced pluripotent stem cells (iPSC). The

internalization is not dependent on Clathrin but instead uses macropinocytosis. We used gold-
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labelled PFFs and EM and discovered PFFs in membrane ruffles that form macropinosomes and in
lysosomes. We also detected gold-labelled PFF on the outer edges of inward invaginating vesicles
and on the outside of vesicles within multivesicular bodies (MVBs). While a portion of PFFs
remain in lysosomes for a long period, a smaller portion are transferred to naive cells along with
markers of MVBs. Thus, our data unveils a unique form of macropinocytosis that mediates

internalization of PFFs and allows for endocytosis to be coupled to release.

3.3 Results
PFFs are rapidly endocytosed to lysosomes

We used fluorescently-labeled PFFs (Del Cid Pellitero et al., 2019; Maneca et al., 2019)
(Supplementary Figure 3.1 A/B) with live-cell imaging and a trypan blue exclusion assay
(Karpowicz et al., 2017) that quenches extracellular PFF fluorescence (Supplementary Figure 3.1
D) to examine PFF internalization at the earliest possible time points. PFFs are rapidly internalized
in U20S cells and are targeted to lysosomes where they colocalize with Lysosomal Cytopainter
within as little as 2 min (Figure 3.1 A). Similar results are seen when incubating cells with PFFs at
4°C for 30 min and then transferring the cells to 37°C (Supplementary Figure 3.1 E). We
confirmed the live imaging findings in fixed samples of U20S cells. PFFs are significantly
internalized within 2 min and continue to accumulate within cells for up to 60 min (Figure 3.1 B &
Supplementary Figure 3.1 H). Nearly all labeled PFFs that enter cells are colocalized with
LAMPI1-TurboRFP by 2 min, and this colocalization remains stable with all PFFs trafficking to
lysosomes for up to 60 min in these experiments (Figure 3.1 C). As fixation makes cells permeable

to trypan blue, for fixed cell experiments, we used trypsin to proteolyze off extracellular PFFs
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(Supplementary Figure 3.1 F/G). The rapid uptake of PFFs and transport to lysosomes within 2
min was also observed in U87 (Supplementary Figure 3.2 A/D/E) and U251 (Supplementary
Figure 3.2 B/F/G) glioblastoma cells.

To confirm the rapid transport of PFFs to lysosomes, we incubated U20S cells expressing
HA-TMEMI192-RFP, a lysosomal protein, with PFFs for various time periods, then lysed the cells
and purified lysosomes using HA-magnetic beads (Abu-Remaileh et al., 2017). The enrichment of
lysosomes was confirmed in the immunoprecipitated fractions with antibodies recognizing
LAMPI and 2 (Figure 3.1 D). Rab7 was also enriched in the lysosome fractions, whereas Rab5
and LRRK2 were not detected. CD63/LAMP3, a marker of lysosomes and MVBs, was the most
highly enriched marker. PFFs were enriched in the lysosome fractions as early as 2 min,
confirming their rapid transport to lysosomes (Figure 3.1 D). The enriched lysosomes were placed
on coverslips and visualized through the fluorescently labeled PFFs (Alexa Fluor 488) and
TMEM192-RFP (Figure 3.1 E). PFFs were detected in the lumen of the lysosomes, which was
most readily seen using STED super-resolution microscopy (Figure 3.1 F). Fluorescently
conjugated PFFs of various sizes (Figure 3.1 G) were administered to U20S cells revealing no
significant difference in uptake in samples ranging from 50-100 nm (Figure 3.1 H). Thus, PFFs are
rapidly endocytosed and transported to lysosomes in as little as 2 min, an unprecedented time

frame for lysosomal targeting.

Rapid transfer of PFFs to lysosomes in nervous system cells including human dopaminergic
neurons
Human cortical neurons derived from iPSCs (Supplementary Figure 3.1 I) were incubated

with fluorescently labeled PFFs and colocalization with lysosomes was examined using a fixable
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form of Lysotracker. PFFs were endocytosed in neurons with lysosomal colocalization observed as
early as 2 min (Supplementary Figure 3.2 C/H/I), although lysosomes continued to accumulate in
PFFs for up to 30 min. In both human dopaminergic neural progenitor cells (NPC) derived from
iPSCs and in dopaminergic neurons derived from the NPC, PFFs were rapidly internalized and are
detected at lysosomes within 2 min (Supplementary Figure 3.1 [; Figure 3.2 A, B, D, E). Similar
results are seen in human astrocytes (Supplementary Figure 3.1 I; Figure 3.2 C and F). Thus, in
multiple cell types, including those from the human nervous system, PFFs are rapidly transported
to lysosomes.

To assess the localization of PFF over longer time periods, U343 glioblastoma cells were
incubated with PFFs for 24 h followed by a change to fresh media. PFFs are seen to traffic to
lysosomes and remain predominantly in the organelle, with fluorescent signal detected for up to 10
days (Supplementary Figure 3.2 J). In contrast, internalized fluorescently tagged epidermal growth
factor (EGF) is detected at only very low levels in lysosomes at both 1 and 10 days after addition
(Supplementary Figure 3.2 J). Similar to U343 glioblastoma cells, fluorescent PFFs are readily
detected in the lysosomes of human astrocytes at 1 and 7 days (Figure 3.3 A) with the total
fluorescent signal slowly decreasing over time (Figure 3.3 B). In human dopaminergic neurons,

PFFs are detectable in lysosomes for up to 7 days (Figure 3.3 C).

PFFs are trafficked to lysosomes avoiding early/recycling endosomes

Considering the speed at which PFFs reach lysosomes it seems unlikely that PFFs follow
endosomal pathways to lysosomes (Lee et al., 2005; Lee et al., 2008; Lee et al., 2016) as
endosomal maturation generally takes 10-15 min (Huotari & Helenius, 2011). Transferrin (Tf), a

well-studied marker of early and recycling endosomes (Trischler et al., 1999) was added to cells
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along with PFFs and there was no co-localization at 2 min nor 30 min (Supplementary Figure 3.3
A and D). While a significant co-occurrence of Tf with PFFs was detected at 30 min
(approximately 20%; M < 0.2), the co-occurrence of PFFs with Tf was not significant. Moreover,
internalized PFFs do not colocalize with EEA1, a marker of early endosomes (Mills et al., 1998),
even at time points as early as 2 min (Figure 3.3 B and E). PFFs colocalize with the late
endosome/lysosome markers Rab9 and LAMP1 but show little co-localization with early and
recycling Rabs 4, 5 and 8 (Supplementary Figure 3.3 C, F, and G). Thus, PFFs appear to reach

lysosomes independently of the early and recycling endosomal systems.

Endocytosis of PFFs is Clathrin-independent

The current consensus is that PFFs enter cells via CME (Uemura et al., 2020). However,
we are aware of no mechanism by which cargo that enters cells via CME can gain access to
lysosomes in 2 min while bypassing early endosomes. To test if CME is involved in the
endocytosis of PFFs, we used an established genetic approach involving the knockdown of CHC
with previously validated siRNA (Galvez et al., 2007; Kim et al., 2011). Immunoblot reveals
effective CHC knockdown in U20S cells (Figure 3.4 A). We then plated cells treated with control
siRNA or CHC-targeting siRNA as a mosaic in the same well and incubated them with PFFs.
Unlike previous studies showing the Clathrin-dependence of PFF entry (Supplementary table 3.8),
we observed no difference in internalization of PFFs when comparing knockdown and control cells

(Figure 3.4 B and C). Thus, it does not appear that CME plays a major role in PFF endocytosis.

Lysosomal transfer of PFF’s does not depend on phagocytosis
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Due to the rapid transport of PFF to lysosomes, we tested if internalization of PFFs utilizes
phagocytosis. RAW 264.7 macrophage cells were activated with LPS (1 pg/ml) and after 24 h,
cells were given fluorescent latex beads FluoSpheres (FS), along with PFFs. Little colocalization
was observed between FS and PFFs (Supplementary Figure 3.4 A/B), indicating phagocytosis is

not involved in the uptake of PFF.

Internalization of PFFs occurs through a unique form of macropinocytosis

Holmes et al. (2013) demonstrated that tau fibrils utilize macropinocytosis for cellular entry
and that fibril a-syn colocalizes with tau during uptake, suggesting a potential role for
macropinocytosis in the internalization of fibril a-syn. Similarly, Zeineddine et al. (2015) found
that a-syn fibrils induce membrane ruffling, an early step in forming macropinosomes. Although
macropinocytic cargo generally follow the endosomal pathway (Mayor & Pagano, 2007), we
sought to test if macropinocytosis is involved in the internalization of PFFs. We first examined if
EIPA, an established inhibitor of macropinocytosis (Commisso et al., 2014; Koivusalo et al., 2010;
Nakase et al., 2015) influences the internalization of PFFs. EIPA disrupts the Na*/H" exchanger,
decreasing cytosolic pH and inhibiting the activation of Cdc42 and Racl, required for
macropinocytosis (Koivusalo et al., 2010). At a concentration of 20 uM, EIPA inhibits uptake of
PFFs in human astrocytes (Figure 3.4 D and E). Latrunculin B (LatB), which inhibits
macropinocytosis by disrupting actin polymerization (Williams & Kay, 2018), had a similar block
on uptake of PFFs when used at 5 pM (Figure 3.4 D and E). In contrast, neither drug influenced
the uptake of EGF (Figure 3.4 D and F), which at the concentration used, enters cells via CME
(Sigismund et al., 2005). In addition to astrocytes, we confirmed our findings in dopaminergic

NPCs. Latrunculin A (LatA), which like LatB is a potent actin polymerization inhibitor (Fujiwara
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et al., 2018), demonstrated a dose-dependent inhibition in the uptake of PFFs in dopaminergic
NPCs with uptake reduced by 81% compared to control at 2 uM (Figure 3.4 G).

Consistent with a role for macropinocytosis in endocytosis of PFFs, PFFs induce the
formation of actin-rich membrane ruffles, precursors of macropinosomes (Condon et al., 2018)
(Supplementary Figure 3.5 A and B). More specifically, PFFs induce recruitment of Racl to actin-
rich membranes on the cell surface, a characteristic of macropinocytosis (Grimmer et al., 2002)
(Supplementary Figure 3.5 A). The ability of PFFs to induce membrane ruftling is also observed
by EM (Supplementary Figure 3.5 C). As a control, we examined the influence of EGF, a
documented inducer of membrane ruffles, even though it does not use macropinocytosis itself for
internalization (Bryant et al., 2007). We also examined Tf, which is not known to induce
membrane ruffling or macropinocytosis. As expected, EGF causes the recruitment of Racl to the
surface, where it colocalizes with F-actin, whereas no Rac1 recruitment is seen upon the addition
of Tf (Supplementary Figure 3.5 D). Thus, PFFs appear to stimulate membrane ruffles and use
macropinocytosis to gain direct access to lysosomes.

Dextrans are fluid phase endocytic markers that can utilize macropinocytosis (Li et al.,
2015). Dextrans of different molecular weights were added to cells alongside PFFs. Colocalization
of dextrans with PFFs (M) was ~25% while PFF colocalization with dextran (M>) was less than
20% (Supplementary Figure 3.5 E and F). Thus, PFFs appear to use a unique form of

macropinocytosis that only partially overlaps with conventional bulk entry.

Trafficking itinerary of PFFs revealed by immunogold EM
To observe the trafficking itinerary of PFF directly, we labeled the fibrils with gold

(Supplementary Figure 3.1 C) and followed their trafficking by EM. At 2-3 min following addition
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of PFFs, astrocytes were fixed and processed for EM. Gold-labeled PFFs appear under membrane
ruffles and within intracellular macropinosomes formed by ruftle closures (Figure 3.5 Ai/ii). The
immunogold-labeled PFFs remain in the lumen of the macropinosomes/endosomes that begin to
demonstrate inward invagination of vesicles (Figure 3.5 Aiii/iv). At 3-5 min the PFFs can be found
in the lumen of intracellular membranes that gradually acquire electron density, indicating that
they are likely lysosomes (Figure 3.5 B and C; Supplementary Figure 3.6 A and B).

Remarkably, gold-labeled PFFs are often found in close association with regions of
membrane curvature as they begin to bud inward into electron-lucent organelles approximately
300-500 nm in diameter (Figure 3.6 A). Thus, PFFs may contribute to the formation of MVB. In
fact, PFFs are readily detected on the surface of vesicles in MVBs (Figure 3.6 B). Fluorescently
labeled PFFs were also detected in LAMP1-positive MVBs using STED microscopy (Figure 3.6
C). Live-cell studies were performed to examine the dynamics of these structures, which appear to
undergo multiple rounds of fusion and membrane budding (Figure 3.6 D and E). Thus, PFFs enter

cells via macropinocytosis and appear rapidly in lysosomes and MVBs.

PFFs are transferred to naive cells using exosomes

The spread of PFFs throughout the nervous system requires that the fibrils escape cells and
be transferred to neighboring naive cells. Exosomes provide a mechanism for cell-to-cell transfer
of protein, lipids, and other cellular molecules, and the presence of PFFs in MVBs suggests a
potential mechanism for cellular release. To test this hypothesis, U20S cells with stable expression
of CD63-GFP were incubated with fluorescently labeled PFFs for 24 h and then washed with
trypsin and buffer before re-plating with PFF-naive cells with stable expression of LAMP1-RFP.

From 12-24 h following the start of co-culture, PFFs were observed to transfer from the CD63-
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positive cells to the LAMP1-positive cells (Figure 3.7 A and C). Moreover, we observed transfer of
CD63 (Figure 3.7 A and B), suggesting that transfer of PFFs involves exosomes. Similar results are
seen with transfer to naive cells expressing CD9-RFP (Supplementary Figure 3.7 A). Notably, the
transfer of both CD63 and PFFs is blocked by the addition of manumycin A, a compound that
disrupts exosome release (Supplementary Figure 3.7 A-C).

We next took CD63 expressing donor cells and incubated them with fluorescently labeled
PFFs for 24 h before extensive trypsin/buffer wash. The cells were then re-plated in serum-free
media and incubated for 36 h before the media was collected, spun at low speeds to remove any
cells or cellular debris. The supernatant, containing exosomes was transferred to naive cells.
Extracellular vesicles (with CD63-GFP and PFF-Alexa633) were detected in PFF naive cells using
confocal microscopy (Figure 3.7 D). The appearance of these fluorescent signals in the naive cells
was blocked by using EIPA (Figure 3.7 D and E). We then followed a similar procedure but using
gold-labelled PFFs. We detected exosomes decorated with PFFs in contact with naive cells,
sometimes seemingly near sites of membrane ruffles and forming macropinosomes (Figure 3.7 F).

We next used a series of centrifugation steps to isolate exosomes (Chhoy et al., 2021) from
the culture media of U20S cells that were exposed to unlabeled PFF for 24 h. EM analysis
revealed fibril-like structures on their surface while exosomes isolated from the media of cells not
exposed to PFFs did not (Supplementary Figure 3.7 B). A portion of the isolated exosomes from
the PFF-treated samples were trypsinized to determine whether PFFs remains exclusively on the
exosomal surface. Immunoblotting of the exosomal samples not only confirmed the identity of the
exosomes (CD63-positive, GM130-negative) but additionally showed that the trypsinized

exosomes did not contain any a-syn, hence PFF resides on their surface (Supplementary Figure 3.7
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C). In summary, PFFs that have entered cells by macropinocytosis, are trafficked to MVBs and

appear to be transported on the outer surface of exosomes to neighbouring cells.

3.4 Discussion

The mechanisms underlying PFF uptake remain incomplete (Bieri et al., 2018; Grozdanov
& Danzer, 2018). Most studies investigating internalization of a-syn or PFFs evaluate uptake hours
following addition to cells (Paula Desplats et al., 2009; Hansen et al., 2011; Konno et al., 2012; H.
J. Lee et al., 2008; Liu et al., 2007; Luk et al., 2016; Luk et al., 2009; Madeira et al., 2011;
Rodriguez et al., 2018; Sung et al., 2001; Volpicelli-Daley et al., 2014; Volpicelli-Daley et al.,
2011). While such uptake assays are valuable for genetic screening, they lack the temporal
resolution to identify the pathways involved in endocytosis, an early event. We performed a
detailed analysis of early events in endocytosis of PFFs and were surprised to discover a unique
uptake mechanism that allows the protein to reach lysosomes within 2 minutes, bypassing the early
endosomal system.

Endocytosis of PFFs has been thought to follow canonical CME pathways, entering cells
via Clathrin-coated pits and vesicles followed by trafficking through endosomes to lysosomes
(Konno et al., 2012; H. J. Lee et al., 2008). However, we found no evidence for trafficking of PFFs
through early or recycling endosomes, inconsistent with a CME pathway. Moreover, using a
previously established pool of CHC siRNA (Bayati et al., 2021; Galvez et al., 2007; Kim et al.,
2011), we attained ~95% knockdown efficiency, yet PFF endocytosis remained unperturbed. Thus,
our data does not support a role for CME in uptake of PFFs.

PFFs induce the formation of actin- and Rac1-rich membrane ruffles, precursors of

macropinocytic vesicles (Cox et al., 1997; Grimmer et al., 2002). Further, inhibitors of
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macropinocytosis (Commisso et al., 2014; Koivusalo et al., 2010; Zwartkruis & Burgering, 2013)
including EIPA, LatA and LatB (Erami et al., 2017; Furstner et al., 2007; Morton et al., 2000;
Wakatsuki et al., 2001) significantly inhibited uptake of PFFs, while not affecting EGF uptake. Our
findings point to endocytosis of PFF through a form of macropinocytosis, where macropinosomes
either mature into MVBs and lysosomes or fuse with pre-existing LAMP1-positive compartments,
i.e., late endosomes and lysosomes. Recent papers show promising results regarding the role of
actin in PFF internalization (Underwood et al., 2020; Zhang et al., 2020).

Aspects of our findings corroborate previous studies. First, although slower, previous
research demonstrates the direct fusion of macropinosomes with lysosomes (Yoshida et al., 2018).
Second, the findings of previous studies on dynamin inhibition and reduction in uptake of PFFs
can be due to dynamin’s role in some forms of macropinocytosis and its involvement in actin
remodeling (Gu et al., 2010; Krueger et al., 2003; Mulherkar et al., 2011). In fact, at high
concentrations, we observed that Dynasore does block PFF internalization (data not shown).
Finally, amilorides, such as EIPA, which block uptake of PFFs have been shown to have
neuroprotective effects in PD (Arias et al., 2008).

Although previous studies attempted to examine the localization of exogenous a-syn using
immuno-EM (Volpicelli-Daley et al., 2011), we conjugated PFFs directly with gold. Many
antibodies to a-syn cannot distinguish between different conformations of the protein (Kumar et
al., 2020), making the direct conjugation of gold to PFFs a more specific method. Consistent with
previous literature (Vargas et al., 2017), we found that PFFs were almost always in close
association with membranes, whether at the cell surface, during internalization, or while in MVBs

and lysosomes.
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At early time points after addition to cells, we observed gold-PFFs on inward invaginating
vesicles within MVBs. At longer time points, gold-PFFs were seen to be transported on exosomes,
which confocal microscopy, demonstrated were CD63-positive. Two important discoveries were
made as a result of this: (1) PFF transmission is at least partly due to the exosomal transport of
PFF; (2) PFFs reside on the surface of exosomes, rather than being contained within their lumen.
Further, exosomes isolated from cells exposed to PFFs contained PFFs on their outer surface.
Biochemically, we were able to show that PFFs can be removed from exosomes through
trypsinization; this would only be possible if PFF resided on the surface of exosomes. We then
used Manumycin A, a drug that blocks the release of CD63-positive exosomes (Datta et al., 2017),
and found that Manumycin A disrupts PFF transmission from cell-to-cell. We suspect that since
PFFs reside on the outside of exosomes, drugs like EIPA, LatA, and LatB that blocked their initial
uptake can be used to block the spread of PFFs. Our hypothesis was confirmed with our
experiment using EIPA, showing the inhibition in the uptake of PFF-transporting exosomes by
PFF-naive cells.

Although all evidence presented indicates that PFFs use macropinocytosis to gain access
into cells, we are also cognizant that the properties of a-syn itself could drive membrane curvature
and protrusions. As previously observed, PFFs associate and may even drive membrane curvature
(Vargas et al., 2017; Westphal & Chandra, 2013). This could mean that PFFs drives its own
internalization into the cell by causing membrane curvature, and then, once trafficked to
MVB/lysosomes, it drives membrane invaginations, resulting in intralumenal vesicle formation,
leading to its eventual release via exosomes. Once released, PFFs then go on to disrupt other cells,
all the while remaining on the outer surface exosomes, allowing it to drive membrane curvature,

enabling its internalization into neighbouring cells. Although PFFs are just oligomers, they
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certainly have many prion-like characteristics. Above all else, PFFs may be taking advantage of a-
syn’s interaction with membranes to drive their own endocytosis, exocytosis, and drive the
production of more aggregated a-syn. It is this evolutionary drive for PFFs to create more
fibrillated forms of a-syn, that truly makes it more than just an oligomer and more like a prion.

In conclusion, our data demonstrate that PFFs enter cells via macropinocytosis, with
seemingly direct transfer to MVBs and lysosomes, bypassing early endosomal pathways. It
remains unclear if this represents fusion of macropinosomes with MVBs and lysosomes or
maturation of macropinosomes into these structures. A portion of the PFFs that enter the cells are
subsequently secreted on exosomes, providing a mechanism for cell-to-cell transport; yet our data
does not explain how fibrillar a-syn interacts with a-syn in the cytosol to allow prion-like
propagation. Regardless, inhibition of macropinocytic pathways may prove useful in limiting the

progression of PD and other synucleinopathies.

Limitations of this study

While our experiments demonstrate the rapid transport of a-syn PFFs to lysosomes through
a unique form of macropinocytosis in a Clathrin-independent manner, we acknowledge that our
study has several limitations. First, amilorides and their inhibitive activity is not limited
exclusively to macropinocytosis and their addition to cells can have other non-specific effects
(Arias et al., 2008; Levenson et al., 1980; Mine et al., 2015; Vila-Carriles et al., 2006). Second, it is
important to note that while we attempt to examine the internalization of a-syn preformed fibrils,
PFFs may not be the true pathogenic component seen in synucleinopathies, as there are several
forms of pathogenic a-syn that may be responsible (Alam et al., 2019; Emadi et al., 2009). In

addition, we acknowledge that there are multiple strains of a-syn fibrils (Bousset et al., 2013; Peng
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et al., 2018), which may utilize different endocytic pathways. Third, although we see gold-labeled
PFFs in both MVBs and lysosomes, we have not established the relationship between these two
pools of internalized a-syn; furthermore, our knowledge regarding the amount of PFFs in these
two compartments is limited. Lastly, while our data suggests the role macropinocytosis could play
in the spread of a-syn PFFs, further work needs to be done to address the relationship between
internalized PFFs and its influence on endogenous a-syn, a key component in understanding the

pathophysiology of PD.
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Figure 3.1 Rapid internalization and transport of PFFs to lysosomes

(A) U20S cells were stained with Lyso-Cytopainter and placed in a live-cell imaging chamber at
37°C. Imaging was performed at 1 frame/sec. PFFs tagged with Alexa488 at 2 ng/mL were added
to cells while imaging. PFF (red) colocalization with lysosomes (gray) can be seen in as early as 2
min in both low mag and inset. Arrowheads point to lysosomes accumulating PFF. Scale bars = 10
um for low mag images, and 5 um for insets. Inset location shown at 0 min. (B) Quantification of
PFF uptake in U20S. Cells were plated on coverslips and transfected with LAMP1-TurboRFP.
PFFs were added to each coverslip at 2 pg/ml. Cells were incubated for 0, 2, 10, 30 min at 37°C
following addition of PFF. Cells were washed with trypsin and fixed. n = 12 for each condition
(i.e., n = 48 total). (C) Manders’ coefficients for LAMP1 and PFF were calculated using JACoP
plugin. n = 12 for each condition (i.e., n = 48 total), from three independent experiments. M;
describes the colocalization of LAMP1 with PFFs while M; describes the colocalization of PFFs
with LAMP1. For both B and C, mean + SD and data was statistically analyzed using one-way
ANOVA followed by multiple comparisons Tukey’s test to assess significance from control (0
min). p <0.0001 denoted as **** (D) Lysosomes were immunoprecipitated from U20S cells
expressing HA-TMEM192-RFP using HA-magnetic beads. Starting material (SM), unbound
material (UB), and Immunoprecipitated (IP) sample for each time point were collected and
processed for Western blot with the indicated antibodies. (E) IP samples from the experiments in D
were fixed and placed on coverslips and imaged using confocal microscopes. HA-TMEM192-RFP
construct allowed us to visualize the lysosomes (white), many of which contained PFF tagged with
Alexa Fluor 488 (red). Scale bars =5 um for low mag and 2.5 um for inset. (F) Confocal samples
of U20S cells described in A imaged using STED microscopy. Scale bar= 10 um for low

magnification, and 0.5 um for insets. (G) Dynamic light scattering measurement of 10 different
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batches (3 different measurements using DLS for each batch) of conjugated PFFs, were
administered to U20S cells and their uptake was measured in H. No significant difference was
observed in the uptake of the different sizes of PFFs. n = 9 for images analyzed corresponding to

each batch (i.e., n = 90 total) from three independent experiments. p > 0.05 is denoted as ns for not

significant.
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Figure 3.2 Rapid PFF colocalization with lysosomes in human dopaminergic NPCs,
dopaminergic neurons, and astrocytes

(A) Dopaminergic NPCs, stained with Lysotracker, were incubated for 0, 2, 10, 30 min at 37°C
following addition of Alex488 labeled PFF (white) at 2 pg/mL. The cells were then washed lightly
and briefly with trypsin and fixed. Scale bar =20 pm. (B) NPCs differentiated into dopaminergic
neurons were used in experiments described in A. Scale bar = 20 pm. (C) Human astrocytes,
grown and mounted on coverslips, were given fluorescently labeled PFFs at 1 ng/ml concentration.
Cells were then incubated for 0, 2, 10, 30 min at 37°C. Cells were washed with trypsin, fixed,
permeabilized, and stained with LAMP1 antibody. Scale bar =20 um and 2.5 pm insets. (D/E)
Manders’ coefficients were calculated using the JACoP plugin to ascertain the colocalization of
Lysotracker with PFFs from experiments described in A and B. n = 6 for NPCs and n = 6 for
neurons in each condition (i.e., n = 48 total for NPCs and n = 48 total for neurons), from three
independent experiments. (F) Manders’ coefficients for LAMP1 with PFFs were calculated for
experiments described in C. n = 10 for each condition (i.e., n = 40 total), from three independent
experiments. For histograms depicting colocalization of lysosomes and PFFs as in D, E and F, M;
represents the co-occurrence of Lysotracker/LAMP1 with PFFs, and M represents the co-
occurrence of PFFs with Lysotracker/LAMPI. In addition, for all histograms: mean = SD and one-
way ANOVA and multiple comparisons Tukey’s test was conducted to assess significance from

control (0 min). p <0.0001 denoted as ****,
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Figure 3.3 PFFs remains in lysosomes days after exposure in dopaminergic neurons and
astrocytes

(A) Human astrocytes were mounted on coverslips and were given PFF488 at 2 pg/ml on ice for 1
h. Cells were removed from ice, given fresh media, and were then incubated for O h, 1 day or 7
days at 37°C. Media was changed 24 h following the addition of PFFs. Following incubation, cells
were lightly trypsin washed and fixed. Arrowheads point to LAMP1 and PFF colocalization. Scale
bar = 20 pm for low magnification and 5 pm for insets. (B) Adult human astrocytes at passage 7,
were plated on coverslips at 50% confluency and incubated with PFFs for 24 h. The cells were
then trypsin washed and given fresh media. Some cells were fixed 1d while others were incubated
for an additional 6 d or 13 d before fixation. Scale bar = 20 pm. PFF fluorescence intensity was
then quantified. n = 5 for each condition (n = 15 total) collected from five independent
experiments. Data was then analyzed using one-way ANOVA, and Tukey was conducted post-hoc
to compare difference between means. p < 0.001 depicted as **, p > 0.05 was set to be not
significant, denoted as ns. (C) Dopaminergic neurons derived from human iPSCs mounted onto
coverslips and treated as in A. Lysosomes were stained using LAMP1 (red) antibody. PFF (blue)
remains localized to lysosomes 7 days following its addition to the cell. Scale bar =20 pm for low

magnification and 5 pm for insets.
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Figure 3.4 PFF internalization is unaffected by CHC KD but decreased using macropinocytic
inhibitors

(A) U20S cells previously transfected with EBFP2-LAMP1 were transfected with CHC siRNA or
control siRNA. Cell lysates were immunoblotted with antibodies recognizing the indicated
proteins (B) At 24 h, control and CHC siRNA-treated cells were re-plated as a mosaic onto
coverslips. PFFs were added to each coverslip at 2 pg/ml. Cells were incubated for 0, 2, 10 at 37°C
following addition of PFFs. Cells were washed with trypsin and fixed. Arrowheads show large
LAMPI(red)- and PFF (white)-positive vesicles in both CHC (blue) positive and CHC negative
cells, outlined by the CHC antibody. KD cells are outlined with dashed lines. Scale bar = 20 pm.
(C) Internalization of PFF in CHC KD vs control cells at 2 min were quantified from experiments
as in B, except that for quantification, KD and control cells were mounted on separate coverslips. n
= 6 for each condition (i.e., n = 12 total), from three independent experiments. Individual data
points shown and mean + SD. Data was analyzed using two-sample #-test; p > 0.05 denoted as ns
for not significant. (D) Astrocytes were grown and mounted on coverslips. Cell media was
replaced with serum-free media containing 20 uM EIPA, 5 uM LatB or DMSO (vehicle control)
for 30 min. Fluorescently labeled PFF or EGF (green) were added to each coverslip (at 2 pg/ml
and 0.2 pg/ml, respectively) for 0, 2, 10, 30 min at 37°C. Cells were trypsin washed and fixed. Cell
nuclei were stained with DRAQ7 (blue). Scale bar =20 um. (E) Quantification of PFF uptake from
experiments as in D. n=6 for each condition (i.e., n = 96 total). (F) Quantification of EGF uptake
from experiments shown in D. n=6 for each condition (i.e., n = 96 total), from three independent
experiments. For both D and E, control was compared to LatB and EIPA treated samples at each
time point; mean + SD. Data was statistically analyzed by two-sample #-test; p < 0.001 denoted as

*#% and p < 0.0001 denoted as **** ns = not significant. (G) Human dopaminergic NPCs were
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treated with LatA and PFF for 24 h before fixation. y-axis: % intracellular PFF-Alexa fluorescence
relative to DMSO (vehicle) only control (DMSO=100%). X-axis: Latrunculin A treatment

concentration in pM.
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Figure 3.5 Trafficking itinerary of PFFs revealed by nanogold-labeled PFFs and EM

(A) Early events involved in the internalization of PFFs were captured with EM. To allow direct
detection, PFFs were conjugated with 5 nm gold. Astrocytes were plated on permanox 8 well
plates, administered PFF-gold for 2-3 min, fixed, and processed for EM. Uranyl acetate staining
was conducted both pre- and post-embedding. (i) shows the membrane protrusion/ruffle forming
around PFF-gold and the subsequent closure of the ruffle, leading to the internalization of PFF. (ii)
shows PFF inside a closed membrane ruffle, leading to a macropinosome containing PFF-gold.
(ii1) shows the internalized PFFs in a macropinosome. (iv) shows PFFs in large newly formed
MVBs in proximity to the membrane, suggesting PFF and membrane interaction. Scale bar= 200
nm for low magnification images, and 50 nm for insets. (B) In order to visualize the contents of
lysosomes, which appear as highly electron dense compartments using EM, astrocytes exposed to
PFFs for 3-5 min were fixed and processed for EM; however, only en bloc uranyl acetate staining
was conducted. Without staining of grids using uranyl acetate, PFF was easily visualized in
multiple electron dense, lysosomal structures. Scale bar= 100 nm. (C) Uranyl-stained grids highly

show electron dense lysosomes with PFF contents. Scale bar = 100 nm and 50 nm for insets.
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Figure 3.6 PFF trafficking to lysosomes and MVB

(A) Astrocytes administered PFFs for 10 min localize PFFs in larger newly forming MVB, always
in proximity to the vesicular membrane, sometimes at invaginations, potentially signifying the
early stages of exosome formation. Scale bar = 100 nm for low magnification, 80 nm for moderate
magnification, 50 nm for highest magnification inset. (B) Localization of PFFs outside of vesicles
in electron dense MVBs signifies the progression of MVB maturation. Scale bar= 100 nm and 50
nm for inset. (C) Similar findings regarding the formation of MVBs (LAMP1 positive; white)
containing PFF (red) was confirmed using STED microscopy. Scale bar = 20 um for low
magnification, and 2.5 pm for high magnification images. (D) Large-field image showing
colocalization of PFFs (red) with lysosomes(white): enhancement of lysosomal structures and their
contents was carried out using “Find Edges” function in ImagelJ, showing hollow lysosomal
structures and the appearance of large acidic MVB at ~25 min following the addition of
fluorescently labeled PFFs. Scale bar = 10 pm. (E) Higher magnification of images in D showing

multiple budding events (arrowheads). Scale bar = 5 pm.
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Figure 3.7 PFFs containing exosomes play a role in the transmission of PFFs from donor to
acceptor cells

(A) U20S cells stably expressing CD63-GFP were exposed to PFFs or PBS (vehicle control) for
24 h. CD63-GFP (donor cells; blue) were then trypsin washed three times, pelleted, trypsinized
again, pelleted and PBS washed, prior to being co-plated with acceptor cells (PFF naive cells
stably expressing LAMP1-RFP; red). Donor and Acceptor cells were then incubated for 12 or 24 h.
Half of the 24 h sample were given Manumycin A (MA) at 1.2 uM while the other half was given
DMSO (vehicle control) at the time of plating. Both 12 h and 24 h samples show PFF (white) and
CD63 (blue) fluorescence in acceptor cells, while the acceptor cells in the PBS and the MA treated
condition show very little PFF and CD63 fluorescence. Arrows point to LAMP1 positive
compartments in acceptor cells that contain both CD63 and PFF fluorescence within them. Scale
bar = 10 pm for low magnification and 5 pm for insets. (B/C) Quantification of CD63 and PFF
fluorescence in acceptor cells. n = 8 for each condition (i.e., n = 32 total), from three independent
experiments, mean + SD. No PFF, 12 h and 24 h conditions were statistically compared (two-
sample #-test) to the 24 h samples with MA; p < 0.0001 denoted as **** p <0.01 denoted as **,
and p > 0.05 denoted as ns for not significant. There was a significant reduction in CD63 and PFF
in acceptor cells with MA. (D) At 24 h following the exposure of donor cells (CD63 positive) to
PFF, cells were thoroughly trypsin washed and passaged onto plates and incubated with serum-free
media for 36 h. The media was then collected, centrifuged for 5 min at 1000 RPM to pellet any
floating cells, and given to acceptor cells (wildtype U20S) some treated with DMSO (control) and
other treated with EIPA. The cells were fixed following 6 h of incubation. Donor cells in control
showed both PFF (blue) and CD63 (green) fluorescence, while EIPA treated cells did not. (E)

Quantification of PFF and CD63 fluorescence in D. Multiple paired ¢-test was used to statistically
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compare CD63 and PFF fluorescence in acceptor cells (control vs EIPA); n = 6 per condition (i.e.,
n = 12 total) from three independent experiments. p < 0.001 denoted as ***. (F) U20S cells were
given media (from donor cells treated with PFF-gold) isolated using the same protocol as D and
incubated for 12 h. Cells were then processed for EM. Insets show extracellular vesicles with PFF-

gold on their surface. Scale bar = 100 nm for low magnification images and 100 nm for inset.
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3.7 Supplemental figures and tables
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Supplementary Figure 3.1

Characterization of PFFs, trypan blue exclusion assay, live PFF uptake, trypsin wash and
characterization of cell types

(A) Sonication of a-syn fibrils results in significantly smaller fibril length, allowing the a-syn
oligomers to be characterized as PFF with a length of below 100 nm. (B) The mean length of
unconjugated PFFs samples used were 51.72, 52.89, 58.28, 67.95, 95.04 nm; mean + min and max.
Once size was confirmed with electron microscopy, the corresponding batches were tagged with
Alexa Fluor 488, Alexa Fluor 633, or 5 nm gold (C). Scale Bar = 100 nm. (D) Trypan blue
exclusion assay was used to discriminate against intra- and extracellular PFFs. HeLa cells were
grown on glass-bottomed plates and placed on ice for 30 min. They were then transferred to an
imaging chamber for live imaging. In the first experiment, PFFs were administered to cells on ice
(4°C) and the live imaging chamber was not heated, allowing cells to remain at a low temperature
(retrieved from ice immediately before imaging). Images were taken from before and after PFF
addition. Trypan blue was added to cells 2 min following PFF. Next, the chamber was heated to
37°C, and samples were placed within the imaging chamber, prior to the addition of PFFs. PFFs
were then added, and 2 min following PFFs, trypan blue was added. PFF fluorescence that was not
quenched by trypan blue is internalized. Scale bar = 20 pm for low magnification and 5 pm for
insets. (E) PFF was added to cells at 4°C for 30 min to allow the binding of PFFs to the cell
surface without internalization. Cells were then transferred to a pre-heated live imaging chamber
and live imaging was started immediately after. Arrows point to specific PFF (green) punctae that
eventually colocalize with lysosomes (red) over time. Scale bar = 10 um for the low magnification
image and 5 um for the insets. (F) Unlike cargo proteins like Tf and EGF, trypsinization for 90 sec

on ice is needed to remove extracellular PFF. In this experiment, Cells were incubated with PFFs
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for 30 min at 4°C. Since PFF internalization is temperature dependent, we expected no PFF
internalization. We then assessed the efficacy of PBS, Acid, and Trypsin wash on their ability to
remove extracellular PFF. We found that trypsinization was the only method that removes
extracellular PFFs. Scale bar = 20 um. (G) To further confirm the efficacy of trypsin wash for the
removal of extracellular PFFs, PBS (control) or PFFs were added to cells. Cells were incubated at
4°C for 30 min. Cells exposed to PFFs were then washed with either PBS or with trypsin. Cell
lysates were then immunoblotted for a-syn, to assess the presence of PFFs. Samples washed with
trypsin showed no a-syn signal, while the cells washed with PBS did, confirming the efficacy of
trypsin in removing extracellular PFFs. (H) To better visualize the buildup of PFFs in cells, we
also counted the number of PFF puncta appearing in cells at different time points; n = 50
(individual cells) for each time point (i.e., n = 150 total), from 9 images per time point collected
from three independent experiments. One-way ANOVA and Tukey’s test was conducted to assess
the significance across means; mean + min and max. p < 0.0001 denoted as ****. (I) To confirm
the identity of astrocytes, glioblastoma cell lines, and the iPSC derived neural progenitor cells
along with differentiated neurons, marker antibodies were used. Astrocytic and glial identity was
confirmed using the glial fibrillary associated protein (GFAP) antibody. As expected, fetal
astrocytes, and U251 had high levels of GFAP fluorescence while U343 had less, and U87 did not
show any GFAP fluorescence. For neurons, the neuronal marker microtubule-associated protein 2
(MAP2) was used. To confirm the identity of dopaminergic neurons, tyrosine hydroxylase
antibody (TH) was used. The confirm the identity of neural progenitor cells beta-III tubulin was
used. Finally, to confirm the identity of dopaminergic neural progenitor cells, Forkhead box

protein A2 (FOXA2) was used. Scale bar =20 um.
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Supplementary Figure 3.2

PFF colocalization with lysosomes in glioblastomas and cortical neurons

(A) U87 cells were plated on coverslips and transfected with LAMP1-TurboRFP. PFFs were added
to each coverslip at 2 pg/ml. Cells were incubated for 0, 2, 10, 30 min at 37°C following addition
of PFFs. Cells were washed with trypsin and fixed. PFF (green) colocalization with LAMP1 (red)
can be seen in as early as 2 min. Scale bar = 20 um and 5 pm for insets. (B) U251 cells transduced
with LAMP1-RFP lentivirus, were mounted onto coverslips, and were incubated with PFFs as in
A. Cells were then trypsin washed and fixed. PFF colocalization with LAMP1 was once again
observed at 2 min. (C) Cortical NPCs were mounted on coverslips and stained with lysotracker.
PFF was added to each coverslip at 2 pg/ml. Cells were incubated for 0, 2, 10, 30 min at 37°C
following addition of PFFs. PFF colocalization with lysotracker can be seen in as early as 2 min.
Scale bar = 20 um. (D/E) Uptake of PFFs and colocalization of LAMP1 and PFFs from
experiment in A. n =9 for each condition (i.e., n = 36 total for uptake and n = 36 for
colocalization) from three independent experiments. (F/G) Uptake of PFFs and colocalization of
LAMP1 with PFFs from experiment in B. n = 10 for each condition (i.e., n = 40 total for uptake
and n = 40 for colocalization) from three independent experiments. (H/I) Uptake of PFFs and
colocalization of Lysotracker with PFFs from experiments in C. n = 6 for each condition (i.e., n =
18 total for uptake and n = 18 for colocalization), from three independent experiments. All data
reported as mean + SD. For statistical analysis one-way ANOVA followed by Tukey’s test was
conducted to assess significance from control. For all colocalization experiments, Manders’
coefficients, M; (lysosomal co-occurrence with PFFs) and M» (PFF co-occurrence with lysosomes)
were compared across different time points. p < 0.0001 denoted as **** p < 0.001 denoted as

*xk p <0.05 denoted as *. (J) U343 human glioblastoma cells were mounted on coverslips given
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PFF488 or EGF488 at 2 ng/ml and 0.2 ug/ml concentration respectively on ice for 1 h. Cells were
removed from ice, replaced with fresh media, and were then incubated for O h, 1 day or 10 days at
37°C. Following incubation, cells were trypsin washed and fixed. Samples were then
permeabilized, blocked and stained with LAMP1 antibody. PFF fluorescence is readily detected
over 10 days while EGF fluorescence is very weak even at 1 day. Arrowheads point to large PFF
and LAMP1 structures which are only present in cells that were exposed to PFFs. Scale bar = 20

um for low magnification and 5 um for insets.
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Supplementary Figure 3.3

PFFs are not trafficked through early/recycling endosomes

(A) Fluorescently-labelled PFFs (green) and Tf (red) were added to U20S cells at 2 pg/ml and 0.2
pg/ml concentration, respectively. Cells were incubated for 2, 10, 30 min at 37°C, washed with
trypsin and fixed. Arrowheads point to PFF punctae. Scale bar = 20 pm and 10 um for insets. (B)
U20S cells were mounted on coverslips, PFFs (green) were added to each coverslip at 2 ng/ml and
the cells were incubated for 0, 2, 10, 30 min at 37°C. Cells were washed with trypsin, fixed,
permeabilized, and stained with EEA1 antibody (red). Arrowheads point to PFF punctae. Scale bar
=20 pm and 5 pm. (C) PFF (green) colocalization with early endosome markers: Rab4 and Rab5;
Rabg; and late endosome and lysosomal markers: Rab9 and LAMP1 was examined using
antibodies (red). PFFs colocalized only with Rab9 and LAMP1 at 5 and 60 min. Scale bar for low
magnification images is 10 um and 5 um for insets. (D) Colocalization of Tf with PFFs from
experiments as in A. n = 9 for each condition (i.e., n = 36 total), from three independent
experiments. (E) Colocalization of EEA1 with PFFs from experiments in B. n =9 for each
condition (i.e., n = 36 total), from three independent experiments. (F) U20S cells were incubated
with PFFs at 2 pg/ml for 5 minutes. Cells were washed with trypsin, fixed, permeabilized, and
stained with Rab5 antibody. Scale bar = 20 pm. (G) Colocalization of Rab5 with PFF from
experiments as in F. n =9 for each condition (i.e., n = 36 total), from three independent
experiments. For all colocalization quantifications, data is presented as mean + SD. Manders’
coefficients M1 and M2 were calculated using JACoP plugin in ImageJ. Statistical analysis of the
data was done with one-way ANOVA followed by Tukey’s test for mean comparisons; p < 0.01 is

depicted as **, and p < 0.05 is depicted as *; lastly, p > 0.05 denoted as ns for not significant.
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Supplementary Figure 3.4

PFF internalization does not depend on phagocytosis

(A) RAW 264.7 cells were plated on coverslips and administered FluoSpheres (FS) alongside
PFFs. Scale bar = 20 pm. (B) Quantification of the colocalization (Manders’ coefficients) of FS
and PFFs showed no significant difference when compared to control using. M (co-occurrence of
FS with PFFs) and M (co-occurrence of PFFs with FS) were calculated using JACoP plugin in
Imagel. Statistical analysis of the data was done with two-sample #-test; p > 0.05 denoted as ns for
not significant. n = 6 for each condition (n = 12 total) collected from three independent

experiments. Data represented as mean + SD.
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Supplementary Figure 3.5

PFF internalization is mediated through a unique form of macropinocytosis

(A) Astrocytes were grown and mounted on coverslips. Fluorescently labelled PFFs (green) were
added to each coverslip at 2 pg/ml and cells were incubated for 0, 2, 10, 30 min at 37°C. Cells
were washed with trypsin, fixed, permeabilized, and stained with Rac1(red) and F-actin (blue)
antibodies. Arrows point to colocalization of F-actin and Racl1 at the cell surface, an indicator of
membrane ruffling. Scale bar = 20 um. (B) Phalloidin (red) was used to stain F-actin in astrocytes
with varying PFF (green) incubation times. The Z-stacks were then combined to produce 3D
images. Arrowheads point to actin ruffles. Scale bar = 20 um and 5 pm for XY and YZ insets. (C)
EM of astrocytes exposed to PBS or PFFs for 5 min. Arrows point to membrane protrusions and
ruffling. Scale bar = 1 um. (D) Astrocytes were grown and mounted on coverslips. PFFs, EGF, or
Tf (all tagged with Alexa 488; green) were added to each coverslip at 2 pg/ml. Cells were then
incubated for 0 or 15 min at 37°C. Cells were washed with trypsin, fixed, permeabilized, and
stained with Racl (red) and F-actin (blue) antibodies. Arrowheads point to colocalization of F-
actin and Racl at the cell surface, a marker for membrane ruffling. Scale bar = 20 um. (G) U20S
cells were plated on coverslips and administered dextrans with different molecular weights
(10,000; 70,000; 2,000,000) alongside PFFs. Scale bar =20 um. (H) Quantification of dextran
colocalization with PFFs during uptake indicates a slight overlap in the endocytic pathway.
Manders’ coefficients were used to calculate colocalization. M and M, were tabulated using the
JACoP plugin in ImagelJ; n = 6 for each condition (n = 18 total) collected from three independent

experiments; mean + SD.
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Supplementary Figure 3.6

PFFs induce membrane ruffling at the cell membrane and is localized to macropinosomes,
MYVBs, and lysosomes

(A) Astrocytes exposed to 10 min PFF-gold, showed PFF-gold localized to macropinosomes (i-iii).
(iv) PFFs were also found in MVBs. (v) PFFs can also be found in electron dense lysosomes. Scale
bar =2 um for low magnification, and 100 nm for all insets. (B) PFF located in various
compartments within astrocytes exposed to PFF-gold for 30 min. (i) Visible PFFs in lumen of
large electron-lucent vesicles (arrowhead). (i) Long fibrils of a-syn (arrowhead) found in
macropinosomes at 30 min, suggesting that it takes longer for lengthy fibrils to enter the cell. (iii)
PFFs found both within (white arrowhead) and outside (black arrowhead) the lumen of large

intralumenal vesicles. Scale bar = 100 nm.
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Supplementary Figure 3.7

CD63 positive exosomes play a role in the intercellular transmission of PFFs from donor to
acceptor cells

(A) U20S cells stably expressing CD63-GFP were exposed to PFFs or PBS (vehicle control) for
24 h. CD63-GFP (donor cells) were then trypsin washed three times, pelleted, trypsinized again,
pelleted and PBS washed, prior to being co-cultured with acceptor cells (PFF naive cells stably
expressing CD9-mCherry). 24 h samples show PFF (blue) and CD63 (green) fluorescence in CD9-
positive (red) acceptor cells. Arrows point to compartments in acceptor cells that contain both
CD63 and PFFs. Scale bar = 20 um for low magnification images and, and 10 um for inset. (B)
U20S cells exposed to PFFs were trypsin washed three times and replated with media. Following
incubation, cell media was collected and underwent multiple centrifugation steps to isolate
exosomes. A small portion of the exosome samples were then processed for EM. Exosomes
(indicated by *) collected from cells exposed to PFFs showed fibril-like structures on their surface.
Scale bar = 20 nm. (C) The remaining portion of the exosome samples were immunoblotted along
with their cells of origin. The exosome samples were enriched in CD63 and were negative for
GM130. A portion of the exosomes isolated from PFF-treated cells were exposed to trypsin before
being processed for immunoblotting. Like the control, trypsin exposed exosomes were not positive

for a-syn.
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Supplemental table 3.1

Previous studies on a-syn endocytosis

Type of a-syn | Inhibition/Inhibitors Incubation Reported Findings Publicatio
used time Intracellular n
following a- trafficking
syn addition
Monomer lh Rab5A Rab5A-mediated uptake of a-syn (Sung et
al., 2001)
Fibril Cytochalasin D 2and 12 h Cytochalasin D treatment resulted in (Zhang et
decreased a-syn uptake in microglia al., 2005)
Fibril 3h Co-immunoprecipitation of Clathrin (Liuetal,
and a-syn; colocalization of a-syn and | 2007)
Clathrin
Fibril dynamin-1 K44A lh Partial Internalization of a-syn fibrils was (H.J. Lee
colocalization | inhibited by low temperature and etal.,
of a-syn with | dynamin dominant-negative, while 2008)
EEAI and monomeric a-syn entered cells through
LAMP2. diffusion. It was concluded that the
endolysosomal pathway is involved.
Monomer Dynamin dominant lh Internalization of a-syn was not (Park et
negative and inhibited with dynamin dominant- al., 2009)
Dynasore negative or Dynasore but lipid-raft
mediated.
Cellular Dynamin-1 K44A 24 and 48 h Synuclein transmission was inhibited (P.
synuclein (dominant negative) with the use of dynamin dominant- Desplats
expression negative etal,
2009)
Vector Dynamin dominant- Coculture —3 | Endolysosom | a-syn endocytosis is inhibited in cells (Lee etal.,
expression of | negative days al system expressing dynamin dominant-negative | 2010)
a-syn
Transfected Dynasore, Coculture, a-syn endocytosis and transfer occur in | (Hansen
and monodansylcadaverin | injection in rat a dynamin-dependent manner etal.,
exogenous a- | € cortex 2011)
Syn monomer
Monomeric a- | siRNA knockdown of | 24 h Rab5A and Synuclein endocytosis was decreased (Konno et
syn dynamin, inhibition of LAMP1 by inhibiting dynamin GTPases al., 2012)
dynamin GTPase
activity by sertraline
Tau and a-syn | Inhibition of tau 3and5h When administered together, tau, TAT, | (Holmes
fibrils, TAT uptake via and a-syn colocalize, suggesting a-syn | et al.,
Cytochalasin, fibrils are endocytosed via 2013)
Latrunculin, Rottlerin, macropinocytosis. Tau fibrils did not
Amiloride. Tau colocalize with the Clathrin antibody.
uptake was not
inhibited by
Dynasore. a-syn
uptake was inhibited
by heparin and
chlorate
Monomer, Dynasore 0,3,6,12,24 h Dynasore inhibited synuclein uptake in | (Reyes et
oligomer, a concentration-dependent manner al., 2014)
fibril
Transfection: Dynasore, Pitstop 2, EEA1, NR1, Clathrin-mediated internalization of a- | (Oh et al.,
o-syn NR2A syn 2016)
expression
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Fibril EIPA a-syn induced membrane ruftling, but (Zeineddi
EIPA, a macropinocytic inhibitor, did ne et al.,
not inhibit its internalization 2015)
Fibrils Dynamin 1 dominant lh LAMP1 Dynamin is partially required for the (Abounit
negative uptake, but not the intercellular transfer | et al.,
of a-syn fibrils. 2016)
Fibrils and Dynasore 20 min Inhibition of Clathrin-mediated (Samuel
phospho- endocytosis through Dynasore; etal.,
fibrils decreased uptake of fibrils 2016)
Fibrils LAG3 KO, LAG3 5, 10, 20 min Rab5, Rab7, LAG3 mediated endocytosis of a-syn (Mao et
antibodies and more LAMP1 PFF, which then undergoes receptor- al., 2016)
mediated endocytosis
Fibrils chloroquine 3,15,60 min Endolysosom | PFF is transported through the (Karpowic
and longer al pathway, endolysosomal pathway zetal,
LAMP1 2017)
staining
Fibrils 4and 24 h Amyloid fibrils depend on Heparan (Ihse et
sulfate for internalization al., 2017)
Monomer and | Dyngo, Pitstop 24 h Endosomal a-syn monomers use dynamin- (Masaracc
fibril maturation, mediated endocytosis, colocalize with hia et al.,
and finally, Rab4, 5, and 7, and trafficking through | 2018)
lysosomes the endosomal system. a-syn fibrils
undertake a different pathway
Monomer, 24 h Colocalization | Clathrin-mediated endocytosis of a-syn | (Hoffman
oligomer, and with colocalization of synuclein and netal.,
fibril endolysosoma | transferrin 2019)
1 markers
Monomer and | Dynasore, caveolin-1 48 h Caveolae-dependent uptake of a-synin | (Kawahat
fibril siRNA, dopaminergic neurons aetal,
2021)
Various Pitstop 2h Rab5 and Larger oligomers are more dependent (Shearer
oligomers LAMP-1 on Clathrin-mediated endocytosis, etal.,
(varying colocalization with early endosomes 2021)
sizes) and lysosomes
3.8 Materials and methods
REAGENT or RESOURCE | SOURCE | IDENTIFIER
Antibodies
LAMP1 (IF) Cell Signaling Cat# 9091S
LAMP1 (IP) Cell Signaling Cat# 15665
EEA1 BD Biosciences Cat# 610457
Rab4 Abcam Cat# ab109009
Rab5 (IF) Abcam Cat# ab18211
Rab8 Abcam Cat# ab188574
Rab9 Abcam Cat# ab179815
Clathrin heavy chain Abcam Cat# ab21679
Rab5 (for WB and IP) Cell Signaling Cat# 3547S
GFAP Invitrogen Cat# PAS3-16727
MAP2 Abcam Cat# ab5392
TH Millipore Sigma Cat# AB9702
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Beta-III Tubulin Abcam Cat# ab18207
FOXA2 Abcam Cat# ab108422
LRRK?2 Abcam Cat# ab133474
LAMP2 Abcam Cat# ab25631
HSC70 Invitrogen Cat# PA5-27337
HSP90 Invitrogen Cat# MA1-10372
GM130 Invitrogen Cat# PA1-077
CD63 Abcam Cat# ab1318
HA-Tag Cell Signaling Cat# 2367S
Rab7 Abcam Cat# ab137029
Alpha-synuclein Invitrogen Cat# 32-8100
Racl Emd Millipore Cat# 16319
Corp.
Phalloidin Abcam Cat# ab176756/ ab176759/
ab176752
Alexa Fluor Secondary Antibody Invitrogen Multiple:
https://www.thermofisher.co
m/antibody/secondary/query/
alexa
Bacterial and virus strains
LAMP1: pLenti-III-RFP-C Applied Biological | Cat# LVP719
Materials
Chemicals, peptides, and recombinant proteins
DMEM high-glucose GE Healthcare Cat# SH30081.01
Bovine calf serum GE Healthcare Cat# SH30072.03
L-glutamate Wisent Cat# 609065
Pen/Strep Wisent Cat# 450201
DynaMag-2 Invitrogen Cat# 12321D
anti-HA magnetic beads Thermo Fisher Cat# 88836
Scientific
Hoechst Invitrogen Cat# H3570
DAPI Invitrogen Cat# D1306
DRAQ7 Abcam Cat# ab109202
Latrunculin A Cayman Chemical Cat# 10010630
Latrunculin B Abcam Cat# ab144920
Ethylisopropylamiloride Tocris Cat# 3378
384 well plates Corning Cat# 353962
Neomycin Gibco LS21810031
Nunc 8-well plate (Permanox) Lab-Tek Cat# 177445
Paraformaldehyde Thermo Fisher Cat# A1131322
Scientific
Triton X-100 Sigma Aldrich Cat# X100-1L
Phosphate-buffered saline Wisent Cat# 311-010-CL
Bovine Serum Albumin Wisent Cat# 800-095
Poly-L-Lysine Sigma Aldrich Cat# A-005-M
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Lysosomal Staining Reagent - Orange - Cytopainter Abcam Cat# ab176827

35 mm glass-bottom dish MatTek Cat# P35G-1.5-14-C-GRD

Lipofectamine 3000 Invitrogen Cat# 13000015

Lysotracker Red DND-99 Invitrogen Cat# L7528

Manumycin A Cayman Chemical | Cat# 10010497

FluoSpheres Invitrogen Cat# F13082

Trypsin Wisent Cat# 325-052-EL

Fluorescence Mounting Medium Dako, Agilent Cat# 53023

Dextran 10,000 MW Thermo Fisher D1817
Scientific

Dextran 70,000 MW Thermo Fisher D1818
Scientific

Dextran 2,000,000 MW Thermo Fisher D7139
Scientific

Transferrin Invitrogen Cat# T13342

Epidermal Growth Factor Invitrogen Cat# E13345

Glutaraldehyde 2.5% in Sodium Cacodylate Buffer Electron Cat# 1653715
Microscopy
Sciences

Matrigel Corning 354277

mTeSR1 medium STEMCELL Cat# 85857
Technologies

StemPro Accutase Thermo Fisher Cat# A1110501
Scientific

DMEM/F12 Thermo Fisher Cat# A4192001
Scientific

N2 Supplement Thermo Fisher Cat# 17502001
Scientific

B27 Supplement Thermo Fisher Cat# 17504044
Scientific

Brainphys Neuronal medium STEMCELL Cat# 05790
Technologies

Neurocult SM1 Neuronal Supplement STEMCELL Cat# 05711
Technologies

N2A Supplement A STEMCELL Cat# 07152
Technologies

BDNF Peprotech Cat# 450-02

laminin Sigma Aldrich Cat# L2020

Ascorbic acid Sigma Aldrich Cat# A5960

db-cAMP Carbosynth Cat# ND07996

Compound E STEMCELL Cat# 73954
Technologies

Carbon-covered grids Electron Cat# FCF400CUS50
Microscopy
Sciences

5 nm gold beads Cytodiagnostics Cat# CGN5K-5-2
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Trypan Blue Solution, 0.4% | Gibco | Cat# 15250061

Critical commercial assays

Mycoplasma detection kit Biotool Cat# B39038

Cytotune reprogramming kit Thermo Fisher Cat# A34546
Scientific

Deposited data

Raw data and analysis This paper doi:10.17632/nh3cvm3m3p.

1

Experimental models: Cell lines

HeLa ATCC Cat# CRM-CCL-2

U-2 OS ATCC HTB-96

U-87 ATCC HTB-14

U-343 ATCC Discontinued

RAW 264.7 ATCC TIB-71

U-251 Sigma Aldrich 09063001

Human Fetal Astrocyte Cell Applications 882AK-05f

Human Adult Astrocyte Cell Applications 882AK-05a

AIW002-2 Neuro’s C-BIG https://www.mcgill.ca/neuro/
Biorepository files/neuro/aiw002-02-

datasheet.pdf

Oligonucleotides

ON-TARGETplus Human CLTC siRNA Horizon L-004001-01-0010
Dharmacon

Recombinant DNA

EBFP2-Lysosomes-20 Michael Davidson, | Addgene plasmid# 55246
Unpublished

tdTurboRFP-Lysosomes-20 Michael Davidson, | Addgene plasmid# 58061
Unpublished

pLIMI1-Tmem192-mRFP-3xHA

(Lim et al., 2019)

Addgene plasmid# 134631

pLJC5-Tmem192-3xHA

(Abu-Remaileh et
al., 2017)

Addgene plasmid # 102930

CD63-pEGFP C2

Paul Luzio,
Unpublished

Addgene plasmid# 62964

Software and algorithms

Imagel (Schneider et al., https://imagej.nih.gov/ij/
2012)

LAS X 3.5.5 Leica https://www.leica-
microsystems.com/products/
microscope-software/p/leica-
las-x-Is/

Prism Gaphpad https://www.graphpad.com/s

cientific-software/prism/
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ZEN 3.5 Zeiss https://www.zeiss.com/micro
scopy/int/products/microsco
pe-software/zen.html

GMS 3 Gatan https://www.gatan.com/prod
ucts/tem-analysis/gatan-
microscopy-suite-software

RESOURCE AVAILABILITY

Lead Contact

Further information and requests for resources and reagents should be directed to the Lead
Contact, Dr. Peter Scott McPherson (peter.mcpherson@mcgill.ca) and will be fulfilled.

Materials Availability

This study did not generate new unique reagents.

Data and Code Availability

All the raw data, along with statistical calculations used in this paper have been deposited at
Mendeley Data. and is publicly available as of the date of publication. DOIs are listed in the key
resources table. This paper does not report original code. Any additional information required to
reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODELS AND SUBJECT DETAILS

Cell lines

HeLa, U20S, U87, U-343, RAW 264.7 were obtained from American Type Culture Collection
(Cat# CRM-CCL-2, HTB-96, HTB-14, discontinued, TIB-71, respectively). U-251 cells were
obtained from Sigma (Cat# 09063001). Human fetal and adult astrocytes were obtained from Cell
Applications (Cat# 882AK-05f and 882AK-05a, respectively). For studies with iPSCs, we used the
line ATW002-2 obtained from the Neuro’s C-BIG Biorepository. This line was reprogrammed from

peripheral blood mononuclear cells of a healthy donor with the Cytotune reprogramming kit
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(Thermo Fisher, Cat# A34546). The process of reprogramming and quality control profiling for
this iPSC was outlined in a previous study (Chen et al., 2021). The use of iPSCs in this project is
approved by the McGill University Health Centre Research Ethics Board (DURCAN_IPSC /
2019-5374).

All cells were cultured in DMEM high-glucose (GE Healthcare, Cat# SH30081.01) containing
10% bovine calf serum (GE Healthcare, Cat# SH30072.03), 2 mM L-glutamate (Wisent, Cat#
609065, 100 IU penicillin and 100 pg/ml streptomycin (Wisent cat# 450201). Cell lines were
routinely checked for mycoplasma contamination using the mycoplasma detection kit (Biotool cat#

B39038).

Production, Characterization, and Nanogold labeling of PFF

Production and characterization of recombinant a-syn monomers and PFFs have been described
previously (Del Cid Pellitero et al., 2019; Maneca et al., 2019). Both electron microscopy and
dynamic light scattering were used for the characterization of a-syn monomers and PFFs
(Supplementary Figure 3.1 A-B). Previously characterized PFF, was then conjugated with 5 nm
gold beads (Cytodiagnostics, Cat# CGN5K-5-2), immediately before experimental use.
Cytodianostic’s conjugation protocol was optimized to conjugate gold onto PFF. Following
conjugation, some PFF was collected for characterization on carbon-covered grids (Electron

Microscopy Sciences, Cat# FCF400CUS50) (Supplementary Figure 3.1 C).

IPSC Culturing
AIWO002-2 hiPSC cultures were maintained as feeder-free cultures following the protocol

described previously (Chen et al., 2021). AIW002-2 hiPSCs were plated onto Matrigel (Corning,
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Cat# 354277)-coated plates containing mTeSR1 medium (STEMCELL Technologies, Cat# 85857).
The culture medium was changed daily until cells reached ~80% or required confluency (usually
5-7 days after plating). The cells were then passaged, frozen, or differentiated. A previously
described protocol was used to generate ventral midbrain dopaminergic neural progenitor cells
(Jefti et al., 2020). Dopaminergic neural progenitor cells were dissociated with StemPro Accutase
Cell Dissociation Reagent (Thermo Fisher, Cat# A1110501) into single-cell suspensions. 50,000
cells were plated onto coated coverslips in 24-well plates with neural progenitor plating medium
(DMEM/F12 supplemented with N2, B27 supplement; Thermo Fisher, Cat# A4192001, 17502001,
17504044). To further differentiate into dopaminergic neurons, neural progenitor medium was
switched to dopaminergic neural differentiation medium (Brainphys Neuronal medium,
STEMCELL Technologies, Cat# 05790) supplemented with N2A Supplement A (STEMCELL
Technologies; Cat# 07152), Neurocult SM1 Neuronal Supplement (STEMCELL Technologies;
Cat# 05711), BDNF (20 ng/mL; Peprotech, Cat# 450-02), GDNF (20 ng/mL; Peprotech, Cat# 450-
10), Compound E (0.1 uM; STEMCELL Technologies, Cat# 73954), db-cAMP (0.5 mM;
Carbosynth, Cat# ND07996), Ascorbic acid (200 pM; Sigma Aldrich, Cat# A5960) and laminin (1
nug/mL, Sigma Aldrich, Cat# L.2020).
Plasmids and lentivirus

EBFP2-Lysosomes-20, tdTurboRFP-Lysosomes-20 were gifts from Michael Davidson
(Addgene plasmid# 55246 and 58061). pLIM1-Tmem192-mRFP-3xHA was a gift from Roberto
Zoncu (Addgene, plasmid# 134631). pLIC5-Tmem192-3xHA was a gift from David Sabatini
(Addgene plasmid # 102930). CD63-pEGFP C2 was a gift from Paul Luzio (Addgene, Cat#
62964). LAMP1-RFP lentivirus was obtained from Applied Biological Materials Inc. (Cat#

LVP719).
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Trypan Blue Exclusion Assay

HeLa (ATCC, Cat# CRM-CCL-2) cells were grown on poly-L-lysine coated 35 mm glass-
bottom dishes (MatTek, Cat# P35G-1.5-14-C-GRD) for 48 h to 50% confluency. When ready for
imaging, cells were stained with Hoechst (Invitrogen, Cat# H3570) for 30 min and dishes were
placed in the pre-heated live imaging chamber of the Zeiss LSM-880 confocal microscope.
Imaging was commenced before the addition of PFF tagged with Alexa Fluor 488 (PFF488) at a

speed of 1 frame/sec. PFF was added during live imaging.

PFF Live Internalization Assay

U20S (ATCC, HTB-96) cells were grown on Poly-L-Lysine (Sigma Aldrich, Cat# A-005-
M) coated 35 mm glass-bottom dish (MatTek, Cat# P35G-1.5-14-C-GRD) for 72 h to 70%
confluency. Before imaging, cells were stained with Lysosomal Cytopainter (Abcam, Cat#
ab176827) for 30min. Dishes were placed in the pre-heated live imaging chamber of the Zeiss
LSM-880 confocal microscope. Imaging was commenced before the addition of PFF at a speed of
1 frame/sec using the Airy imaging mode for higher resolution (~1.3x resolution of conventional

confocal microscopy). PFF488 was added during imaging.

Live MVB Assay
These live experiments were carried out the same way as above. For the hollow lysosome
morphology, the “Find Edges” processing was used on ImageJ (NIH,

https://imagej.net/software/fiji/).
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Lysosomal Staining in Fixed Samples

Lysosomal staining was achieved in one of the following ways: transfection with plasmids
stated above with the aid of Lipofectamine 3000 (Thermo Fisher, Invitrogen, Cat# L3000015),
fixable Lysotracker (Thermo Fisher, Invitrogen, Cat# L7528) for staining of lysosomes in neurons
and neural progenitor cells, or with the use of LAMP1 antibody (Cell Signaling, Cat# 9091S).
Transfection was done 24 h prior to experimentation. Staining with Lysotracker was done 30 min
before experimentation. LAMP1 antibody staining was done following fixation and

permeabilization.

PFF Endocytosis Assays

Cells mounted on coverslips were plated in 24 well plates at 37°C with 200 pl of media in
each well. Immediately prior to experimentation, cells were taken out of incubators and placed in
the cell culture hood. PFF aliquots were then removed from dry ice, diluted with serum-free media,
and added to each well. Cells were then incubated at 37°C for 0, 2, 10, 30, or longer. Cells were
then placed on ice and washed with trypsin (Wisent, Cat# 325-052-EL) for 90 sec (to remove
extracellular PFF). Following 2 washes with PBS (Wisent, Cat# 311-010-CL), cells were fixed. In
experiments where trypsin was not used, cells were washed three times with PBS and fixed. In
experiments using iPSC neurons, trypsinization was avoided and only PBS was used to wash cells.
Same protocol was followed for samples prepared for EM, except for plating cells on Nunc 8-well
dishes (Lab-Tek, Nunc, Thermo Scientific, Cat# 177445) and fixation with Glutaraldehyde and not

PFA.

PFF Long-term Endocytosis Assays

179



Cell plating and culturing was done as described above. Cells were then incubated at 37°C
for 24 h. Following 24 h, cells were trypsin washed three times, pelleted, resuspended and re-
plated onto fresh coverslips. For iPSC neurons, trypsinization (Wisent, Cat# 325-052-EL) and re-
plating was avoided and only the media was changed at 24 h. Cells were then incubated for
varying amount time afterwards. Prior to imaging, sample fixation and mounting were conducted
as above.

For quantifying the PFF fluorescence over 14 d, the same protocol as above was employed;
however, in order to control for cell growth, human adult astrocytes (Cell Applications, Cat#
882AK-05a) at passage 7 were used as these cells have a very slow doubling time. This allowed us
to control for growth without needing to inhibit cell replication through treatment with chemicals

that could have a negative effect on PFF uptake, fluorescence, or retention.

Macropinocytic Inhibitors

Ethylisopropylamiloride (EIPA; R&D Systems, Tocris, Cat# 3378), Latrunculin A (LatA;
Cayman Chemical, Cat# 10010630), and Latrunculin B (LatB, respectively; Abcam, Cat#
ab144920, ab144291) were the macropinocytic inhibitors used in this study. Cells normally
incubated in media with serum were washed 3 times with serum-free media to remove any
remaining serum. Serum-free media was added with a final concentration of 20 uM of EIPA, 0-2
uM of LatA, 5 uM of LatB. Cells were then incubated at 37°C for 30 min before experimentation
for EIPA and LatB, and 1 h for LatA. Due to the autofluorescence of EIPA, DRAQ7 (Abcam, Cat#

ab109202) was used to stain cell nuclei.

LatA Inhibition in Dopaminergic NPCs
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Dopaminergic NPCs were seeded in polyornithine/ laminin coated 384 well plates
(Corning, Cat# 353962) at 4000cells/ well. After 24 h Latrunculin A (LatA; Cayman Chemical,
Cat# 10010630) was added. After 1 h, Alexa488-PFF was added. After another 24 h incubation
period, the wells were washed twice with PBS (Wisent, Cat# 311-010-CL) and the cells fixed with
2% FA/PBS. Cells were counterstained with Hoechst 33342 (Thermo Fisher, Cat# H3570) and
imaged on a high content imager (Celllnsight CX7, Thermo Fisher Scientific). The amount of
intracellular Alexa488-PFF was measured as the total intensity of Alexa488 fluorescent stain in the
perinuclear area. Nuclei count and nuclear area (px?) were also obtained as indicators for cell
toxicity. All data was normalized against DMSO (vehicle) only controls. Data represents the mean

and standard deviation of 3 independent experiments.

Lysosomal Immunoprecipitation

U20S cells expressing 3xHA-TMEM192-RFP were incubated with PFF for varying
lengths of time, washed with trypsin (Wisent, Cat# 325-052-EL) three times to remove
extracellular PFF, and then trypsinized and pelleted. Lysosomes were immunoprecipitated based
on the protocol described in Abu-Remaileh et al. (2018). Briefly, cells were washed twice with
KPBS and centrifuged at 4°C for 2 minutes at 1000 x g. Pelleted cells were resuspended in lysis
buffer (20 mM HEPES pH 7.4, 100 mM NaCl, and protease and phosphatase inhibitor cocktail)
and manually homogenized with 25 up and down strokes. Homogenates were centrifuged for 2
min at 4°C at 1000 x g and 10% of the total volume for each IP was reserved for starting material
(SM) fractions. Homogenates were incubated with gentle rocking at 4°C for 3 minutes with 100 pL.
anti-HA magnetic beads (Thermo Fisher, Thermo Scientific, Cat# 88836) pre-washed with KPBS.

After collecting the total IP volume for the unbound materials (UM), immunoprecipitates were
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washed three times with KPBS using a DynaMag-2 Magnet (Thermo Fisher, Invitrogen, Cat#
12321D) before resuspension in 1X SDS-PAGE sample buffer. Protein aliquots were then analyzed
by SDS-PAGE and Immunoblot.

For samples to be processed via confocal microscopy, 20 puL pre-washed anti-HA beads
were used in the IP and were resuspended using PFA. The sample was then pelleted and

resuspended with PBS (Wisent, Cat# 311-010-CL) and mounted onto slides.

PFF Intercellular (with contact) Transfer Assay

U20S cells were transfected with CD63-EGFP or LAMP1-tdTurboRFP using
Lipofectamine 3000 transfection reagent and incubated for 24 h. Cell media was then changed, and
cell selection process was initiated through the addition of Neomycin (Gibco Cat# L.S21810031).
U20S cells stably expressing CD63-GFP were exposed to PFF or PBS (vehicle control) for 24 h.
CD63-GFP (donor cells) were then trypsin washed three times, pelleted, trypsinized again, pelleted
and PBS washed, prior to being co-plated with acceptor cells (PFF naive cells stably expressing
LAMP1-tdTurboRFP). Donor and Acceptor cells were then incubated for 12 or 24 h. Half of the 24
h sample were given Manumycin A (MA; Cayman Chemical, Cat# 10010497) at 1.2 uM while the
other half was given DMSO (vehicle control) at the time of plating. Cells were then fixed,

mounted, and imaged.

PFF Intercellular (without contact) Transfer Assay
U20S cells were stably expressing with CD63-EGFP, the cells were exposed to PFF, for 24
h then trypsin washed three times and re-plated prior to the addition of serum-free media. The

media was collected following 36 h of incubation at 37°C and given to naive U20S cells. Some of
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the cells given this media were exposed to EIPA while others were given DMSO as a vehicle
control. For fluorescent microscopy samples, the naive cells were plated on coverslips, while for
samples to be examined with EM, naive cells were plated on Nunc 8-well plates (Lab-Tek, Nunc,

Thermo Scientific, Cat# 177445).

Fixation and Antibody Staining Following PFF Uptake

Fixation was done with 2% freshly made paraformaldehyde (PFA; Thermo Fisher
Scientific, A1131322) for 10-15 min on ice. In experiments where antibody staining was done,
cells were then blocked and permeabilized for 30 min using 0.05% Triton X-100 (Sigma, Cat#
X100-1L) in Phosphate-buffered saline (PBS; Wisent, Cat# 311-010-CL) along with 5% BSA
(Wisent, Cat# 800-095). Coverslips were then transferred into a wet chamber and incubated with
1:500 dilution of the antibody in 0.01% Triton X-100 and 5% BSA. Cells were incubated with the
diluted antibody for 2 h at room temperature. Coverslips were then gently washed 3 times with
PBS, and 1:500 dilution of secondary antibody was added in 0.01% Triton X-100 and 5% BSA.
Cells were then washed 2 more times with PBS and stained with DAPI (Thermo Fisher,
Invitrogen, Cat# D1306) for 10 min at 1 ug/ml concentration. Coverslips were then mounted on a
glass slide using Fluorescence Mounting Medium (Dako, Agilent, Cat#S3023). All fixed samples
were then imaged using a Leica TCS SP8 confocal microscope. STED samples were imaged using

Abberior STED super-resolution nanoscope.

CHC Knockdown
U20S cells at 60% confluency were transfected with siRNA retrieved from Dharmacon

(SMARTpool, ONTARGETplus, see KRT) or control siRNA (Dharmacon; ON-TARGETplus
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CONTROL) using Lipofectamine 3000 (Thermo Fisher, Invitrogen, Cat# L3000015). At 24 h
following transfection, cells were passaged, with some cells retrieved for imaging experiments and
mounted onto coverslips. At 48 h, cells were collected in HEPES lysis buffer (20 mM HEPES, 150
mM sodium chloride, 1% Triton X-100, pH 7.4) accompanied with protease inhibitors. Cells in
lysis buffer were then placed at 4°C and gently rocked for 30 min. Lysates were then spun at
238,700 x g for 15 min at 4°C. Lysates were run on 5-16% gradient polyacrylamide gel and
transferred onto nitrocellulose membranes. Subsequently, proteins were visualized using Ponceau
staining. Blots were then blocked with 5% milk for 1 h. Antibodies were then incubated overnight
at 4% in bovine serum albumin/TBS/0.1 Tween 20. The secondary antibody was incubated at
1:2500 dilution in 5% milk/TBS/0.1 Tween 20 for 1 h at room temperature. Concurrently, cells
mounted onto coverslips underwent the endocytosis assay with both knockdown and control cells

mounted onto the same coverslips.

FluoSpheres and Dextran Uptake Assays

RAW 264.7 cells (ATCC, Cat# TIB-71) were plated onto coverslips treated with Poly-L-
Lysine (Sigma, Cat# A-005-M). FluoSpheres (Thermo Fisher, Invitrogen, Cat# F13082), latex
beads with 1 pm diameter, and orange fluorescence were incubated with PFF. Cells were then
washed with trypsin (Wisent, Cat# 325-052-EL), washed twice with PFF, and fixed. Cells were
then counterstained with DAPI prior to mounting using Fluorescence Mounting Medium (Dako,
Agilent, Cat#S3023).

U20S cells were used in the dextran and PFF uptake experiment. U20S cells were plated
and prepared as described above. Three different dextran (10,000 MW, 70,000 MW, 2,000,000

MW:; Thermo Fisher, Cat# D1817, D1818, D7139) were added to cells alongside PFF.
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Membrane Ruffling Assay

Cellular response to PFF addition was done using human fetal astrocytes (Cell
Applications, 882AK-05f). Cells were treated with PFF, and their recruitment of Racl (Emd
Millipore Corporation, Cat# 16319) to the cell surface and colocalization with F-actin (Phalloidin;
Abcam, Cat# A22287) was analyzed. For negative and positive control, Transferrin (Tf; Thermo
Fisher, Invitrogen, Cat# T13342) Epidermal growth factor (EGF; Thermo Fisher, Invitrogen, Cat#
E13345) were added to cells, respectively. A null condition was also in place, where cells were

administered PBS (a vehicle control for PFF).

Exosomal Isolation

For exosomal isolation, a previously published protocol was followed (Chhoy et al., 2021).
Following isolation, samples were prepared for immunoblotting and EM. For immunoblotting, a
portion of exosomes retrieved from PFF treated cells were treated with trypsin for 5 min. The
exosomes were then re-pelleted at 10,000 g’s, and the supernatant removed. These trypsinized
exosomes were run alongside exosomes collected from PBS and PFF treated cells, to compare PFF

content.

TEM

Human astrocytes and U20S cells were plated onto 8 well chamber slides (Lab-Tek, Nunc,
Thermo Scientific, Cat# 177445) and were administered PFF conjugated with gold. Cells were
then fixed with glutaraldehyde 2.5% in 0.1M sodium cacodylate buffer (Electron Microscopy, Cat#

1653715), post-fixed with 1% OsO4 and 1.5% potassium ferrocyanide in sodium cacodylate buffer.
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Cells were then en bloc stained with 4% uranyl acetate. Post-embedding, some grids were stained
with uranyl acetate for enhanced membrane staining. Samples were viewed with a Tecnai Spirit

120 kV electron microscope and captured using a Gatan Ultrascan 4000 camera.

Graphical Abstract

Created with BioRender.com

QUANTIFICATION AND STATISTICAL ANALYSIS
Colocalization Analysis

Colocalization analysis was conducted using JACoP plugin (Bolte & Cordelieres, 2006) in
ImagelJ (imagej.net). This plugin was used to calculate the Manders’ Colocalization Coefticients
(MCC) as performed previously. Unlike Pearson’s correlation coefficient, MCC provides a direct
measure colocalization: the ratio of with which one probe co-occurs with a second probe (Dunn et
al., 2011), hence we found it to be the most appropriate measure of colocalization for our study.
Due to the sensitivity of MCC to background noise, a 20% threshold was used for all
colocalization analysis to minimize the effect of fluorescent noise and bleed-through on our
colocalization analysis. M1 coefficient represents the ratio of the sum of pixel intensities in probe 1
for which probe 2 has an intensity above zero compared to the total intensity of probe 1. M2
represents the same concept for probe 2. For consistency, M1 and M, were calculated so that M;
would always represent the ratio to which lysosomes (LAMP1/Lysotracker) colocalize with PFF
(i.e., the portion of lysosomes that contain PFF) while M always represents the ratio in which PFF

colocalizes with lysosomes (i.e., the portion of PFF that colocalize with lysosomes). In
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experiments where different markers or cargo were used alongside PFF, M3 still represents the

degree in which PFF colocalizes to the other probe.

Quantification and Statistics

For all quantifications, including uptake and colocalization, the Leica LAS X and Image]
(imagej.net) software were used. Readout from ImagelJ for signal intensity and colocalization
(using the JACoP plugin) was then used to tabulate results. In each experiment, images were
selected from a large field imaged at low quality using the Leica SP8 spiral scan. From the large
field, regions were selected that contained a minimum of 4 cells. Graphs were then prepared using
GraphPad Prism 9 software. For statistical comparisons, two-sample #-test and one-way ANOVA
were used. When significance was detected under ANOVA, multiple comparisons Tukey’s test was
conducted to find significant differences across means. All data is shown as mean + SD, with only

a few exceptions. For statistical significance, p < 0.05 was used.
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Preface to Chapter 4

The momentum in the field towards an immune-centered aspect of neurodegeneration,
coupled with the nanogold-labeled PFF internalization assay established in chapter 2 and 3, served
as the perfect platform for us to explore the destiny of exogenous PFFs internalized into neurons.
In data presented in chapter 3, we found that PFFs maintain a punctate morphology, with most
remaining localized to lysosomes, days after internalization. We were not able to observe PFF-
related aggregation, and inclusion formation under standard conditions. It was at this point that we
decided to further stress cells, with a proinflammatory cytokine, IFN-y, which drastically altered
our results. We found that IFN-y, works in concert with PFF to create an environment in which DA
neurons form LB-like inclusions. We decided to further characterize the formed inclusions and
investigate the molecular changes in neurons as they undergo PFF and IFN-y exposure. This led us

to the findings presented in chapter 5.
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CHAPTER 4. A DUAL HIT OF ALPHA-SYNUCLEIN INTERNALIZATION AND
IMMUNE-CHALLENGE LEADS TO FORMATION AND MAINTENANCE OF LEWY
BODY-LIKE INCLUSIONS IN HUMAN DOPAMINERGIC NEURONS
4.1 Abstract

Lewy bodies (LBs), rich in a-synuclein, are a hallmark of Parkinson’s disease (PD).
Understanding their biogenesis is likely to provide insight into the pathophysiology of PD, yet a
cellular model for LB formation remains elusive. The realization that the immune challenge is a
trigger for neurodegenerative diseases has been a breakthrough in the understanding of PD. Here,
iPSC-derived human dopaminergic (DA) neurons from multiple healthy donors were found to
form LB-like inclusions following treatment with a-synuclein preformed fibrils, but only when
coupled to an immune challenge (interferon-gamma or interleukin-1 beta) or when co-cultured
with activated microglia. Human cortical neurons derived from the same iPSC lines did not form
LB-like inclusions. Exposure to interferon-gamma impairs autophagy in a lysosomal-specific
manner in vitro, similar to the disruption of proteostasis pathways that contribute to PD. We find
that lysosomal membrane proteins LAMP1 and LAMP?2 and transcription factors regulating
lysosomal biogenesis and function are downregulated in DA but not cortical neurons. Finally, due
to the excellent sample preservation afforded by cells compared to post-mortem PD brain tissue,
we conclude that the LB-like inclusions in DA neurons are membrane-bound, suggesting they are

not limited to the cytoplasmic compartment.

4.2 Introduction
Lewy bodies (LBs) are proteinaceous inclusions that are a prevalent pathological marker in

Parkinson’s disease (PD) (M. Baba et al., 1998; M. G. Spillantini et al., 1997). Their presence in
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patients can only be confirmed using post-mortem tissue. LBs are present in most patients
diagnosed with idiopathic/sporadic PD (Braak et al., 2003), which comprises almost 80-90% of
cases (Rajput et al., 1984). LBs also appear in many of the familial forms of PD. Coupled with the
appearance of LBs, dysfunctional neurons also exhibit granular and filamentous deposits, referred
to as Lewy neurites (LNs) (Braak et al., 1999). Despite their incidence in PD and other
synucleinopathies such as Lewy body dementia (LBD) (Kim et al., 2014; Wakabayashi et al.,
2013), and their histological discovery in the early 20" century (Engelhardt & Gomes, 2017),
insights into the formation, structure, and function of LBs remain limited. This is primarily due to
reliance on post-mortem tissue, in which LB morphology and content may be affected by
alterations in tissue pH, oxygen levels, and autolytic activity during the post-mortem interval
(Glausier et al., 2019). Using superior approaches to collecting and processing post-mortem tissue,
Shahmoradian et al. (2019) demonstrated that LBs are not exclusively filamentous aggregates but
are composed of a collection of membrane-bound compartments and organelle fragments. Their
data, corroborating other previous studies (L. S. Forno & R. L. Norville, 1976; Gai et al., 2000;
James H Soper et al., 2008), has spurred renewed interest in the structural study of LBs, the role
that dysfunctional organelles play in the formation of LBs, and the underlying causes leading to the
formation of membranous, proteinaceous, and organelle-filled inclusions.

While LBs may be a symptom of cellular dysfunction, they might also play a role in PD
pathophysiology, neurotoxicity, or neuroprotection(Wakabayashi et al., 2013). LBs have been
hypothesized to be an aggresomal response to the accumulation of aggregated proteins (Frigerio et
al., 2011), which is perhaps a symptom of dysfunction in the degradative/autophagic machinery of
the cell, a pattern also observed in lysosomal storage diseases (Monaco & Fraldi, 2020). PD bears

many similarities with lysosomal storage diseases (Klein & Mazzulli, 2018), and PD has been
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linked to impaired autophagy (Durcan & Fon, 2015). Moreover, mutations in mitochondrial
proteins PINK1 and parkin result in dysfunctional mitophagy (Sato et al., 2018). It is thus plausible
that deficits in autophagy found in PD are responsible for LB formation (Boman et al., 2016).

Consistent with protein degradation defects in LB formation, lysosomal proteins including
GBA and TMEM175, are implicated in PD pathophysiology (Navarro-Romero et al., 2020; Sato et
al., 2018). LAMP1 and LAMP2 are major lysosomal proteins that maintain lysosome integrity,
pH, catabolism, and both function in autophagy (Eskelinen, 2006; Eskelinen et al., 2002).
Interestingly, there are reduced levels of both proteins in PD (Boman et al., 2016). Such
perturbations to the protein degradation machinery are not only common in PD, but a combination
of such disturbances to lysosomal activity may play a crucial role in PD pathophysiology.

There is growing interest in the role of microglia and the immune system in
neurodegenerative diseases. A seminal paper by Matheoud et al. (2019) reveals that PINK 17~ mice
only exhibit PD-like symptoms when introduced to infections, emphasizing the importance of an
immune-related trigger in the manifestation of PD motor symptoms. Further, the authors found
cytotoxic T-cells, trained on recognizing mitochondrial antigen-presenting cells, targeted PINK1-
knockout dopaminergic neurons in culture. The role of an immune challenge in PD has been
highlighted by other studies, focusing on LRRK?2 and cytokines (Ahmadi Rastegar et al., 2022;
Panagiotakopoulou et al., 2020). In a mouse model of amyotrophic lateral sclerosis, the same line
housed at two different facilities had different phenotypic outcomes, with more severe motor
symptoms in animals at a facility where they had measurably more exposure to bacterial pathogens
(Burberry et al., 2020). Clearly, the immune system and cytokines play a role in neurodegenerative

diseases (Kulkarni et al., 2016; Roy & Cao, 2022; Seifert et al., 2014).
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Given the link between the immune system and neurodegenerative disease, we
hypothesized that a dual hit of a PD-insult followed by an immune challenge led to the formation
of LBs. We exposed iPSC-derived dopaminergic (DA) neurons to a-synuclein (a-syn) preformed
fibrils (PFFs), which are rapidly internalized and transported to lysosomes (Bayati et al., 2022).
After a delay, we presented the neurons with an acute treatment of [IFN-gamma (IFN-y), a
compound shown to be released by microglia and immune cells in response to infections
(Kawanokuchi et al., 2006; Lv et al., 2020; Wang & Suzuki, 2007; Yang et al., 2022). As Matheoud
et al. (2019) demonstrated the targeting of PINK1-knockout DA neurons by T-cells, who are major
producers of [IFN-y (Ghanekar et al., 2001; Jorgovanovic et al., 2020; Nicolet et al., 2020; Wang &
Suzuki, 2007), we decided that IFN-y would be a good candidate to represent the involvement of
the immune system. Exposure to PFF and IFN-y results in the formation and long-term
maintenance of PFF-positive inclusions absent in neurons treated with either substance alone. Like
LBs, the LB-like inclusions formed in DA neurons are organellar, membranous and filamentous as
determined by light and electron microscopy. LB-like inclusions also formed when interleukin-1
beta (IL-1p), a more microglia-specific proinflammatory cytokine, was used instead of IFN-y.
Remarkably, the resulting LB-like inclusions were membrane-bound, suggesting that they do not
form in the cytoplasm but within an organelle lumen, likely in the endo/lysosomal system, or that
they originate in the cytoplasm but are eventually engulfed by membranous organelles such as
autophagosomes. These inclusions do not form in other cell types, including cortical neurons.
Analysis of protein expression in response to the dual hit treatment reveals DA neuron-specific
downregulation of transcription factor EB (TFEB) and nuclear factor erythroid 2-related factor 2

(NRF2), transcription factors involved in lysosomal biogenesis and function, along with the
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downregulation of lysosomal membrane proteins LAMP1 and LAMP2. These data provide a

unique cellular model for LB formation

4.3 Results
DA neurons form LB-like inclusions following a dual hit of PFF internalization and immune
challenge

a-syn PFFs, a potentially toxic form of the protein, are internalized into a variety of cell
types by macropinocytosis and are rapidly transported to lysosomes and multivesicular bodies
(MVBs) where they remain for several days (Bayati et al., 2022). Given the growing link between
immune challenges and neurodegenerative diseases, we sought to examine if an immune challenge
could alter the cellular fate of internalized PFFs. IFN-y, a cytokine released by immune cells and
microglia in response to infections (Kawanokuchi et al., 2006), affects autophagy and inhibits
lysosomal activity by downregulating lysosomal membrane proteins LAMP1 and LAMP2 (Fang et
al., 2021). Our treatment regime, described in Figure 4.1 A and in Extended Data Figure 4.1 A and
4.1 B, involves the addition of sonicated PFFs (Extended Data Figure 4.1 C) and/or [FN-y to DA
neurons derived from human iPSCs, which express IFN-y receptor 1 and 2 (IFNGR1 and IFNGR2;
Extended Data Figure 4.1 D and 4.2 A). Remarkably, we observe the formation of PFF-positive
inclusions using both light and electron microscopy analysis but only when the PFF treatment is
combined with 0.2 mg/mL of IFN-y (Figure 4.1 B and C, Extended Data Figure 4.2 B). PFFs pre-
labeled with nanogold are seen in dark lysosomes and autolysosomes inside the inclusions, which
also contain mitochondria and filamentous materials, all characteristic of LBs (Shahmoradian et
al., 2019; J. H. Soper et al., 2008). These LB-like inclusionary bodies are ~5-10 um, located in the

perinuclear region, and in most cases, there is only one of these bodies per neuron. Approximately
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10-15% of neurons form LB-like inclusions (Supplementary Figure 4.1). Some neurons also form
inclusions within neurites (Figure 4.1 D), similar to Lewy neurites in PD. Formation of LB-like
inclusions was achieved in DA neurons generated from three different iPSC cell lines (Extended
Data Figure 4.2 C and D; Supplementary Figure 4.2 A-G).

In the treatment regime, we added PFF for 48 h, and then waited 3 days to add IFN-y. This
maximized cell survival compared to when we added PFF and IFN-y simultaneously. PFF
fluorescence and cell counts were quantified over 14 d (Figure 4.1 E and F). Neurons treated with
PFFs alone exhibited significantly less PFF fluorescence than those treated with PFFs and I[FN-y,
suggesting disruption of lysosomal degradation caused by IFN-y treatment. A general decrease in
cell count was observed with the treatment of PFF and IFN-y. There was also a significant increase
in the number and size of inclusions with increased incubation time (Figure 4.1 G and H).

Lastly, to ascertain whether the formation of LBs using the dual hit treatment regime was
IFN-y specific, we conducted the same experiments but replaced IFN-y with 50ng/mL of IL-1f3.
We found that DA neurons treated with PFF and then IL-1f also formed PFF-positive inclusions
(Extended Data Figure 4.3 A and B). Using EM, we found that these inclusions are filled with
aberrant lysosomes, dysfunctional mitochondria, and are also membrane bound as seen with the

IFN-y treated samples.

Evaluation of the formation of LB-like inclusions
Following LB-like inclusions in cultured neurons allows for observation of the sequence of
events leading to their formation and maturation. The inclusions formed in DA neurons (Figure 4.1

C, Extended Data Figure 4.2 C and D, and Supplementary Figure 4.2 A-G) are very similar to
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those observed by Shahmoradian et al. (2019) in PD brains in that they both contain a medley of
organelles, membranous fragments, filaments, lysosomes, autolysosomes, and mitochondria. To
explore how they develop, a timeline of inclusion formation was established over 14 d (Figure 4.2
A and B). At 2 d (described in Extended Data Figure 4.1 B), an accumulation of nanogold PFFs in
lysosomes occurs in both PFF-only and the PFF + IFN-y conditions. In the 6 d samples, where
neurons were recently treated with IFN-y (or vehicle in the PFF-only samples), we see dramatic
signs of cellular stress including swollen mitochondria and endoplasmic reticulum, along with
dark, aberrant lysosomes. In the 7 d samples, the formation of miniature LB-like inclusions
containing aberrant lysosomal structures can be observed. In the 10 d samples, a larger LB-like
inclusion has formed, containing not only aberrant lysosomal structures but also mitochondrial
fragments and a plethora of filamentous structures.

The most noticeable difference between the PFF-treated neurons and those treated with
PFF + IFN-y is seen at 14 d. The PFF + IFN-y samples exhibit large inclusions that contain dark
lysosomes, MVBs, filaments, and mitochondria. Additional examples can be found in Extended
Data Figure 4.2 C-D and Supplementary Figure 4.2 A-G. Almost all inclusions formed by the 14 d
PFF + IFN-y treated DA neurons are membrane-bound. We followed the LB-like inclusions for up
to 30 days, revealing highly compact, complex, filamentous/organelle-filled, membrane-enclosed
inclusions (Figure 4.3 A-C). Additional examples of inclusions formed in 30 d DA neurons can be

found in Supplementary Figure 4.3 A-D.

IFN-y-treated samples exhibit lysosomal leaking of PFF’s
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The mechanism by which internalized oligomeric a-syn, which is in the lumen of the
endosomal system, leads to seeding and misfolding of endogenous a-syn found in the cytoplasm
has been a topic of study for many years (Bieri et al., 2018). More recently, the presence and
characterization of lysosomal membrane permeabilization have provided clues as to how this
process might occur (Freeman et al., 2013; Jiang et al., 2017). Here, we observe that neurons
treated with PFF + IFN-yshow clear signs of PFF leakage from lysosomes at early time points
(Extended Data Figure 4.4 A), where ruptured lysosomes have nanogold PFFs within their lumen
and immediately outside their lumen. Coinciding with leakage of PFF into the cytosol, IFN-y-
treated samples show many large autolysosome/autophagosome structures containing organelle
fragments (Extended Data Figure 4.4 B), indicating impairment in autophagy (Vergarajauregui et
al., 2008). In the 14 d PFF + IFN-y samples, where neurons have formed inclusions, leakage of
PFFs into the cytosol, is a common occurrence (Extended Data Figure 4.4 C). Multiple examples
of PFFs leaking outside of lytic compartments can be seen in the collection of LB-like inclusions

shown in Supplementary Figure 4.2.

Biochemical extraction of inclusions

We extracted the inclusions formed in DA neurons by subcellular fractionation. Their large
size allowed for pelleting with low-speed centrifugation after cellular homogenization. DA neurons
undergoing the dual hit treatment regime exhibited an accumulation of PFF in the pelleted
inclusions compared to the total homogenate (Extended Data Figure 5SA), whereas those not
receiving IFN-y treatment had a far less prominent accumulation of PFF. The same trend was
present when examining the accumulation of phospho-a-syn. Compared to DA neurons, U20S, an

osteosarcoma cell line, had no noticeable accumulation of PFF or phospho-a-syn in the pellet
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fractions in either PFF-only or PFF + IFN-y treatment (Extended Data Figure 4.5 B). Additionally,
we noted that the a-syn signal in DA neurons consists of a double band, a likely indication of a-syn
phosphorylation in DA neurons that does not occur in U20S. This is further confirmed by our
phospho-a-syn blots. Inclusions formed in DA neurons were concentrated and prepared for EM.
Detergent-free cell lysis preserved the structure of the inclusions and the resulting samples showed
morphologically similar structures to those observed within DA neurons (Extended Data Figure 4.5
C and Supplementary Figure 4.4). The isolated inclusions were filled with lytic compartments
(lysosomes and autolysosomes), MVBs, and most importantly, even in their isolated state, still
maintained a relatively intact surrounding membrane, further suggesting that these inclusions are

membrane-enclosed structures.

Activated microglia cause inclusion formation in neighboring DA neurons

Proinflammatory cytokine-producing immune cells infiltrate the central nervous system in
multiple sclerosis and other neurodegenerative diseases (Duffy et al., 2014; Lees & Cross, 2007;
Molteni & Rossetti, 2017; Rezai-Zadeh et al., 2009; Yang et al., 2020). To assess whether
communication between microglia, which produce both IL-13 and IFN-y (De Simone et al., 1998;
Kawanokuchi et al., 2006; Liu & Quan, 2018; Suzuki et al., 2005; Wang & Suzuki, 2007), and
neurons leads to formation of LB-like inclusions in DA neurons, we co-cultured a human
microglial cell line (HMC3), treated with LPS (10 pg/mL) to induce microglial activation, with
fully differentiated DA neurons (Figure 4.4 A). Neurons co-cultured with activated microglia
formed PFF-positive inclusions. Large-field images of co-cultured microglia and neuronal samples
reveal that DA neurons neighboring microglia were most affected by microglial secretions

(Extended Data Figure 4.6 A). These neurons have significantly higher PFF fluorescence than the
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control (i.e., neurons co-cultured with PBS-treated microglia; Figure 4.4 B). Media from microglia
exposed to phosphate-buffered saline (PBS), PFF, LPS, and LPS + PFF were collected and
analyzed for the presence of [FN-y (Figure 4.4 C). Microglia treated with LPS, PFF, and LPS +
PFF showed elevated levels of IFN-y. It is, therefore, clear that IFN-y are released by microglia
and lead to inclusion formation in neurons. Consistent with previous findings, PFF treatment alone

elicited a microglial response (Zhang et al., 2005), suggesting a positive feedback loop might be at

play.

LB-like inclusions are primarily restricted to DA versus other neuronal types.

Although the substantia nigra is most studied for its degeneration in PD, cortical neurons
also degenerate in this disease (Zhang et al., 2018). We generated forebrain cortical neurons from
the same lines used to produce DA neurons (Extended Data Figure 4.6 B) and subjected them to
the 14 d dual hit treatment regime. Cortical neurons did not form PFF-positive LB-like inclusions
up to the 14 d time point (Figure 4.4 D). They did contain aberrant, dark, and large lysosomes
(Figure 4.4 E), similar to the lysosomes observed within the LB-like inclusions of DA neurons;
however, unlike DA neurons, the cortical neurons were unable to package these structures into LB-
like inclusions, i.e., structures that are compact, tightly packed with multiple vesicular and
organellar structures, and distinct in morphology. Neurogenin 2 (NGN2)-induced neurons, broad
spectrum excitatory neurons also failed to form inclusions (Figure Extended Data 4.6 C and D) but
exhibited dark lysosomes filled with PFF throughout the cytoplasm. Quantification of PFF
fluorescence in cortical neurons over 14 d (Figure 4.4 F) showed a similar trend to DA neurons
(Figure 4.1 E); however, overall cell numbers were markedly decreased in the PFF and IFN-y-

treated samples in cortical neurons (Figure 4.4 G) relative to DA neurons (Figure 4.1 F). Since the
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reduction in cortical neurons occurs very quickly, we rule out the possibility that the formation of
LB-like inclusions causes the death of the neurons, as the formation process takes some time to
occur.

The specificity of inclusion formation in DA neurons was further explored by examining
neuroblastoma (SH-SY5Y), glioblastoma (U87), and osteosarcoma (U20S) cells. When treated
with the dual hit regime, none of these cells formed inclusions (Extended Data Figure 4.7 A and
B); however, each cell line exhibited signs of lysosomal abnormalities: a loss of LAMP1 and an
increase in lysosomal size (Extended Data Figure 4.7 C and D). Thus, treatment of various cell
types with PFF and IFN-y causes lysosomal defects, but the formation of LB-like inclusions is

restricted to DA neurons.

The formation of LB-like inclusions is dependent on the endogenous levels of o-syn

a-syn is present in LBs (M. Baba et al., 1998; Conway et al., 1998; Polymeropoulos et al.,
1997; M. G. Spillantini et al., 1997). The phosphorylation of a-syn in these aggregates is
considered the best marker for a-syn aggregation and LB formation (Luk et al., 2009). To explore
whether the inclusions formed in our treatment regime coincide with the presence of phospho-a-
syn, DA neurons that underwent the dual hit regime were stained with phospho-a-syn antibody.
These neurons formed phospho-a-syn-positive inclusions (Extended Data Figure 4.8 A), and PFFs
were localized in inclusions along with phospho-a-syn (Extended Data Figure 4.8 B). To assess the
influence of endogenous a-syn levels on LB-like inclusions, we used iPSCs from a patient with an
SNCA triplication, in which we used a double knockout (KO) to generate wildtype (WT) cells and
a quadruple KO to generate an SNCA null. These isogenic lines were differentiated into DA

neurons and exposed to PFFs and /FN-y. The level of phospho-a-syn fluorescence was influenced
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by a-syn expression levels more so than the addition of PFFs (Extended Data Figure 4.8 C, D, and
E). We observed a striking increase in phospho-a-syn fluorescence following treatment with IFN-y.
a-syn expression levels also influenced the formation of PFF-positive inclusions with higher levels
leading to a progressive increase in the number and size of these structures (Extended Data Figure
4.8 F, G and H). We noted, however, that SNCA triplication could form phospho-a-syn-positive
inclusions, but at a much smaller level than when coupled with IFN-y administration (Extended
Data Figure 4.8 1)

We next transduced WT neurons with a-syn-HA adenovirus and treated them with IFN-y
(Extended Data Figure 4.8 J and K). We observed formation of phospho-a-syn-positive inclusions
in the absence of PFFs (Extended Data Figure 4.8 L and M). In summary, IFN-y can also induce

the formation of inclusions using endogenously expressed a-syn.

Downregulation of lysosomal proteins and disruption in autophagic flux coincides with the
formation of LB-like inclusions

Given the numerous lysosomal defects seen in cells treated with PFF and IFN-y we sought
to examine if this treatment alters proteins regulating lysosomal biogenesis and function. NRF2
and TFEB are transcription factors regulating the expression of lysosomal proteins and function
(Abokyi et al., 2020; Dodson et al., 2021; Joshi et al., 2021; Pajares et al., 2018; Park et al., 2019).
As LAMP1 and LAMP2, major lysosomal proteins have previously been implicated in PD (Boman
et al., 2016), and both TFEB and NRF2 have been suggested to play a role in neurodegenerative
diseases (Cortes & La Spada, 2019; Suzen et al., 2022), we sought to examine expression levels in

these proteins. While LAMP1 and LAMP?2 expression were higher in cortical neurons than DA
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neurons at baseline conditions, treatment with PFF and IFN-y caused a strong reduction in LAMP1
and LAMP?2 levels in DA neurons but not in cortical neurons. TFEB and NRF2 followed a similar
trend and were downregulated in DA neurons but remained nearly unaffected in cortical neurons
(Figure 4.5 A-H). Using CellROX and MitoSOX to look at generalized oxidative stress and
superoxide production, respectively, we found that general oxidative stress levels were similar in
both DA and cortical neurons (Figure 4.5 I); however, the production of superoxide species was
found to be significantly different, as cortical neurons treated with PFF and those treated with PFF
+ IFN-y exhibited significantly higher levels of MitoROX fluorescence compared to DA neurons
(Figure 4.5 J).

Due to their constant need to mitigate oxidative stress generated through the production and
metabolism of dopamine (Meiser et al., 2013; Zhang et al., 2019), DA neurons are probably more
adept at dealing with oxidative stresses, partly through the sequestration of damaged organelles.
Should oxidative species impair organellar function, specifically mitochondria, the release of
cytochrome c can lead to Caspase-dependent cell death (Callizot et al., 2019). Furthermore,
protecting the cell from leaky lysosomes, another consequence of oxidative stress (Nagakannan et
al., 2020), is also vital for cell survival (Zhu et al., 2020). This is why the sequestration of
damaged organelles is protective. Cortical neurons, unable to form LB-like inclusions, leave
themselves vulnerable to the consequences of oxidative stress. This is perhaps why DA neurons
can survive at much higher rates than cortical neurons when confronted with our treatment regime.

By tracking LC3B staining, a marker for autophagy (Huang et al., 2015), over the 14 d
treatment regime, we found that large autophagosomes form, merge, and then eventually result in
the large PFF-positive structures we have repeatedly observed (Extended Data Figure 4.9 A and B).

These large LC3B-positive structures are only present in PFF + IFN-y treated samples. The
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accumulation and perseverance of these large LC3B structures is indicative of autophagic
dysfunction and an inability of the cell to clear the contents within these autophagosomes (Runwal
et al., 2019). Furthermore, when we observed lysosomal pH using LysoSensor and LysoTracker as
done previously by Guerra et al. (2019), we found that neurons treated with IFN-y or PFF + IFN-y
all presented with lysosomes at a higher pH compared to the control and PFF-treated samples
(Extended Data Figure 4.9 C). This was complemented by our Lysotracker staining, which showed
neurons treated with IFN-y or PFF + IFN-y as having lower numbers of LysoTracker-positive
lysosomes (Extended Data Figure 4.9 D and E).

Lastly, the expression levels of lysosomal proteins were also examined in SH-SYS5Y, U87,
and U20S (Extended Data Figure 4.9 F), cells that did not form inclusions. Although NRF2,
LAMPI1, and LAMP2 levels were decreased in samples treated with PFF + IFN-y, TFEB was
unaffected, indicating that impairment of lysosomal biogenesis is critical for a more detrimental

impairment of lysosomal function, which may lead to the formation of inclusions.

Formation of LB-like inclusions is prevented by Perillaldehyde (PAH)

As NRF2 and LAMP?2 are highly downregulated in samples treated with both PFF and
IFN-y we searched to use a chemical activator for the lysosomal-inflammasome pathway and
found PAH to be a perfect candidate. PAH is an activator of NRF2 and its ability to activate NRF2
and therefore increase lysosomal activity and degradation has been shown repeatedly in previous
studies (Fan et al., 2020; Fuyuno et al., 2018; Tang et al., 2023; Zheng et al., 2021). To
reduce/counteract the inclusion-forming effects in neurons caused by PFF and IFN-y, PAH

treatment experiments were conducted on neurons treated with PFF + IFN-y (Figure 4.6 A and B).
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A cell survival assay indicated that PAH was cytotoxic at higher concentrations (Figure 4.6 C),
therefore the concentration of 10 uM of PAH was used to minimize cell death related to PAH
treatment. Samples treated with PAH 1 d following IFN-y treatment, exhibited significantly less
PFF-positive inclusions compared to those not treated with PAH (Figure 4.6 D). The 1 d samples
also exhibited significantly smaller inclusions compared to the PAH-untreated condition (Figure
4.6 E).

Lastly, we found that TFEB, LAMP1, LAMP2, and NRF2 protein expression levels were
similar to control levels in the 1 d and 4 d PAH conditions (Figure 4.7 A-H). IFN-y-only conditions
exhibited a higher level of a-syn expression than control, as was observed previously (Figure 4.5
A). In addition, an increase in IFN-y incubation time in previously PFF-treated neurons also
resulted in higher levels of a-syn. Taken together, these results demonstrate that the DA neurons
undergoing the dual hit treatment regime exhibit lysosomal impairment through the
downregulation of LAMP1 and LAMP?2, and the transcription factors NRF2 and TFEB, which
creates an environment allowing for the formation of large LB-like inclusions. This phenotype can

be partially prevented by recovering these lysosomal proteins after 1 d of PAH treatment.

4.4 Discussion

LBs are a hallmark of PD, LBD and other synucleinopathies. Although many studies have
reported the ultrastructure of LBs, the reliance on post-mortem tissue has resulted in less-than-
ideal analysis and an ongoing dispute regarding their origins. Many studies report that LBs are
cytoplasmic structures, filamentous, and lacking a delineating membrane (M. Baba et al., 1998;
Colosimo et al., 2003; Philip E Duffy & Virginia M Tennyson, 1965; Lysia S Forno & Roxana L

Norville, 1976; Gai et al., 2000; Galloway et al., 1992; Watanabe et al., 1977). However, a recent
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study using a shorter post-mortem interval and better processing of post-mortem tissues indicates
that LBs contain filaments but also numerous organelles, vesicles, and membrane fragments
(Shahmoradian et al., 2019). Despite this, limited information can be understood from post-
mortem tissue samples, such as the formative stages involved in assembling LBs, their
progression, and the incorporation of organelles and membranes. Here we determine that a dual
treatment of a PD insult (fibrils of a-syn) and an immune challenge (IFN-y or IL-1p3) leads to
structures with a remarkable similarity to LBs, and this occurs specifically in DA neurons. This has
allowed us to study the stages involved in their formation and their morphology. Our findings
bring together two separate fields of inquiry into the pathophysiology of PD: (1) the
internalization, propagation, seeding, overexpression, and incorporation of a-syn in LBs (Lam et
al., 2022); (2) the involvement of the immune system in PD (Matheoud et al., 2019).

IFN-y is one of many proinflammatory cytokines released by microglia and other immune
cells that can serve as an immune challenge. IL-1f3 used in this paper, tumor necrosis factor, and
other cytokines are also released by immune cells (Smith et al., 2012). These cytokines could also
contribute to an environment in which DA neurons can form inclusions in PD. In our co-culture
experiments, we found that DA neurons readily formed inclusions within 48 h following co-
culturing with microglia. Although IFN-y secretion by microglia was detected and has been
reported previously (Fares et al., 2021; Mahul-Mellier et al., 2020), it is likely a combination of
microglia-secreted factors driving this effect in vitro, including IL-1f. In addition to microglia, we
believe that neuronal exposure to IFN-y may also occur through immune cell secretions, following
their infiltration into the brain (Yang et al., 2020), as immune cells are robust producers and

secretors of IFN-y (Lam et al., 2022). In fact, aging microglia have been shown to facilitate
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immune system infiltration into the brain (Zhang et al., 2022). Exposure to IFN-y can induce
antigen presentation in neurons (Lam et al., 2022), which may lead neurons to be further
vulnerable to the immune system via autoimmune-mediated mechanisms (Frucht et al., 2001), and
perhaps more likely to form inclusions as a response to a-syn upregulation and oxidative stress
(Kasen et al., 2022; Scudamore & Ciossek, 2018). Overall, our goal is not to implicate any one
specific cell type for the secretion of proinflammatory cytokines, or that one specific cytokine is
responsible for inclusion formation. We simply present a model in which proinflammatory
cytokines IFN-y and IL-13 administered alongside a PD-insult, result in the formation LB-like
inclusions.

Due to their formation in cultured cells, we can examine LB-like inclusions with
ultrastructural integrity not currently possible with post-mortem tissue. This has allowed us to
make a significant observation regarding the structure of these LB-like inclusions: they are
membrane-bound. Whether LBs are membrane-enclosed has significant implications for their
origin. If LBs are formed in the cytoplasmic compartment aided by the fibrilization of a-syn,
which allows for the tethering and pulling of organelles and membranes together, then a-syn
aggregation becomes the central event in inclusion formation and will lead to the formation of LBs
given enough time (Fares et al., 2021). If LBs are membrane-bound, they may form within the
lumen of the endo/lysosomal system. This would rely on impairments in autophagy and lysosomal
function and would be less dependent on a-syn aggregation. Our in vitro LB-like inclusions were
consistently membrane-bound across all our EM data, even when biochemically isolated. Coupled
with our findings regarding the downregulation of lysosomal transcription factors and proteins, our

data support the latter hypothesis that LBs are membrane-bound and ultimately form in the lumen
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of ever expanding, dysfunctional autophagosomes since the PFF-positive inclusions that form are
LC3B-positive and enveloped by a double membrane.

As shown in our model (Extended Data Figure 4.10), a-syn aggregation occurs, for the
most part, in the cytosol. This is initiated by cytosolic seeding of aggregation through the leaking
of PFFs from lysosomes into the cytosol. Downregulation of LAMP2 results in impaired
chaperone-mediated autophagy, resulting in a buildup of monomeric a-syn in the cytosol,
contributing to aggregation. While aggregating in the cytosol, phosphorylation of a-syn also takes
place. The cell, in an attempt to degrade aggregates, induces autophagy, and takes up aggregated
a-syn along with damaged organelles. Contents within autophagosomes are not degraded however
due to dysfunctional lysosomal activity, and the lack of lysosomal fusion with autophagosomes,
which is caused by the downregulation of LAMP1 and LAMP2. Autophagosomes continue to take
up more aggregates from the cytosol but continue building in size as no degradation takes place.
These events finally lead to the formation of membrane-bound inclusions.

In our study, PFF and IFN-y cooperatively enable the downregulation of lysosomal
transcriptional factors and lysosomal proteins, most notably LAMP2. Downregulation of LAMP2
inhibits the degradative activity of lysosomes by blocking chaperone-mediated autophagy and
autophagosome-lysosomal fusion (Morell et al., 2016). LAMP2A, the isoform responsible for
chaperone-mediated autophagy, has been previously studied for its potential role in PD (Morell et
al., 2016). The mutant forms of a-syn are responsible for altering the chaperone-mediated
autophagy activity of LAMP2A (Martinez-Vicente et al., 2008). LAMP2 downregulation in brain
regions has also been associated with increased a-syn aggregation in those regions (Malkus &
Ischiropoulos, 2012). Whether PFF and IFN-y downregulate LAMP2 expression by affecting

NRF2 expression, and, therefore, the transcription of LAMP2, or by affecting LAMP2 expression
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through other means remains to be studied. Still, the downregulation of NRF2 ensures that the cell
cannot increase LAMP2 expression when needed as an inflammasome response (Saha et al.,
2021).

It is worth noting that the lack of inclusion formation in cortical neurons in our treatment
regime is not an indicator of LB formation in PD. Clearly, cortical neurons form LBs in PD as
shown by Braak et al. (2003); however, the mechanism by which these neurons are pushed into
forming inclusions is perhaps different and may rely on a-syn overexpression as other models have
suggested (Yang et al., 2020). In our model, we find that DA neurons respond to the dual hit
treatment regime, as they have evolved mechanisms to mitigate the deleterious effects of oxidative
stress response (Meiser et al., 2013; Zhang et al., 2019), which doesn’t occur with cortical
neurons. Through sequestration of damaged mitochondria and leaky lysosomes into inclusions,
LB-like inclusions protect DA neurons from harmful species that can play a role in neuronal
apoptosis, including the release of cytochrome ¢ from mitochondria and the release of degradative
enzymes from lysosomes (Callizot et al., 2019; Nagakannan et al., 2020). This is perhaps why DA
neurons survive at much higher numbers than cortical neurons. We believe that the dual hit
treatment may, therefore, not facilitate the appropriate environment for the formation of LB-like
inclusions in cortical neurons. Different neuronal subtypes probably require different conditions to
induce the formation of LB-like inclusions, which needs to be explored in future research.

a-syn likely plays a large role in formation of inclusions, and our findings do not discount
that. In patients with overexpression of a-syn due to locus duplication and triplication, and in
models where overexpression of a-syn is used to drive inclusion formation, it is very likely that the
tethering of organelles by a-syn fibrils does in fact result in inclusions. Our model aims to only

suggest another possible way for the formation of inclusions, that has not been studied previously.
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It is very likely that both pathways are at play in PD: the overexpression of a-syn driving inclusion
formation, and the intercellular transport of a-syn oligomers coupled with immune system
activation. We believe our results, along with more recent work on inclusions formation shown by
Mahul-Mellier et al. (2020), Tanudjojo et al. (2021), [annielli et al. (2022), and Gribaudo et al.
(2019), mark the beginning of new era, where the formation of LB-like inclusions can be studied
and the mechanisms involved in the formation can be understood.

The consistent formation of LB-like inclusions in vitro marks the next step in investigating
the molecular underpinnings of LB formation. Our in vitro treatment regime can serve as a starting
point for future investigators to modify our protocol and explore the different stages of LB
formation, changes in protein expression, and the onset of protein sequestration into LB-like
inclusions. This treatment regime provides a reproducible and unlimited source of LB-like
inclusions. It allows for a level of sample preservation and ultrastructural resolution that is
currently impossible to attain with post-mortem tissue. Biochemical isolation of these LB-like
inclusions at different time points and assessment of their protein contents over time will provide
the field with a wealth of information regarding the molecular changes underlying LB formation.
Lastly, adapting our protocol for use with midbrain organoids (Mohamed et al., 2021), brain
assembloids (Birey et al., 2017; Miura et al., 2022), and other 3D models can allow for the
recreation of PD in vitro, mapping the entire sequence of events in neurodegenerative disorders,

ushering in the next era of research into neurodegenerative diseases.
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Figure 4.1

IFN-y treated DA neurons form PFF-positive inclusions.

(A) Graphical representation indicates the steps involved in the dual hit regime. iPSC-derived DA
neurons underwent a 14 d dual hit treatment, in which fluorescent PFFs were administered for 48
h, incubated in fresh media for 72 h, followed by the administration of IFN-y (or PBS for control)
for 24 h. Neurons were then incubated for 8 d, in fresh media. (B) Samples were fixed, stained
with B-III-tubulin antibody, and prepared for confocal microscopy. Confocal images indicate the
formation of PFF-positive inclusions in PFF + IFN-y-treated neurons. These inclusions are not
present in neurons only treated with PFF at 14 d. Arrowhead points to the PFF-positive inclusion.
Scale bar = 20 um and 10 pm for inset. (C) Following the same protocol as in A, but using
nanogold-labeled PFF, neurons underwent the dual hit treatment regime, were fixed, and processed
for EM. Lys (lysosome), Mito (mitochondria), Nuc (nucleus), Fil (filaments). Arrowhead points to
the inclusion spotted in the neuron. Arrows point to nanogold-labeled PFF. Scale bar = 500 nm and
100 nm for insets. (D) Neurons undergoing the same treatment described in A showed inclusions
within neurites. MVB (multivesicular bodies). Scale bar = 500 nm and 200 nm for insets. (E)
Quantification of PFF fluorescence over 14 d in neurons both treated and not treated with IFN-y, n
= 8 for each condition, and quantification was done on data collected from three independent
samples. One-way ANOVA and post-hoc Tukey’s test were conducted to ascertain the significance
between means. (F) Cell count was quantified over 14 days, n = 8 for each condition, and
quantification was done on three independent samples. The control (Cont) and IFN-only conditions
were fixed and counted simultaneously to the 14 d samples; this allows our control conditions to
serve as a better control for our main experimental conditions: 14 d PFF and 14 d PFF + IFN.

Conditions were analyzed using one-way ANOVA. (G) The number of inclusions per 387.5 x
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387.5 um images was counted. PFF puncta of 2 um and larger were counted as inclusions, n = 15
for each condition, from three independent experiments. One-way ANOVA and post hoc Tukey’s
test were conducted for statistical analysis. (H) The size/diameter of inclusions was calculated, n =
75 for each condition, and data was collected from three independent experiments, with ANOVA
and post hoc Tukey’s test for statistical analysis. **** denotes p < 0.0001, *** denotes p < 0.001,

and ** denotes p < 0.01. ns = not significant.
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Figure 4.2

LB-like inclusions form over 14 d.

(A) DA neurons' ultrastructure and organelle morphology were analyzed over 14 d, as neurons
were put through the dual hit treatment. In the control (Cont) sample, lysosomes are unremarkable
and appropriately sized (~1 pm in diameter), and mitochondria show healthy, and the cristae are
not as defined as in the control neurons. In the IFN-only condition, mitochondria are more
prominent and swollen, and the cristae are not as perfectly defined as in Cont. Neurons in the 2 d
PFF condition exhibit lysosomes that have accumulated nanogold-labeled PFFs and lysosomes that
have increased in size compared to the control. In the 2 d PFF + IFN-y sample, mitochondria have
irregular cristae, and an accumulation of nanogold-labeled PFF is seen. 6 d PFF neurons show
accumulation of nanogold-PFF in their lumen, with enlarged lysosomes compared to control. 6 d
PFF + IFN-y samples show signs of drastic levels of ER stress, swollen mitochondria, and
lysosomes with nanogold-PFFs. (B) 7 d PFF samples show lower PFF accumulation levels in
lysosomes than 2 d PFF neurons. 7 d PFF and IFN-y treated neurons exhibit miniature LB-like
inclusions with aberrant lysosomal structures within them. 10 d PFF samples show very similar
morphology to 7 d PFF neurons. 10 d PFF + IFN-y-treated neurons exhibit larger LB-like
structures (compared to the 7 d PFF + IFN-y samples) with aberrant lytic structures and abnormal
mitochondria with irregular cristae. Accumulation of a dense web of cytoskeletal filaments is
evident around some of the dense lysosomes. 14 d PFF neurons look very similar to the control,
except that they show nanogold-PFF accumulation. Finally, 14 d PFF and IFN-y samples show
large inclusions containing a collection of filaments, granules, lysosomes, MVBs, and

mitochondria. Lys (lysosome, autolysosomes), Mito (mitochondria), ER (endoplasmic reticulum),
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Nuc (nucleus), and Fil (filaments). Scale bar =1 pm, 500 nm for inset A, 200 nm for inset B, and

100 nm for inset C.
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Figure 4.3

Highly dense, mature inclusions form in DA neurons with increased incubation time.

(A) DA neurons underwent the 14 d dual hit treatment regime and were then incubated for an
additional 16 d, for a total of 30 d in culture since the beginning of the experiment. Since the end
of the 14 d treatment, neurons were given fresh media every 3 d and incubated at 37°C. A large
overview shows the presence of five inclusions (arrows) in close proximity. The inclusions appear
to be at various stages of development within the neurites, some containing an extensive collection
of cytoskeletal filaments (Fil). Magnified views of the enclosed areas are seen in B and C. Mito
(Mitochondria), Lys (lysosome/autolysosome), MVB (multivesicular body). Scale bar = 1 pm and

0.5 um for insets.
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Figure 4.4

Microglial co-culture led to inclusions in DA neurons while cortical neurons did not form
inclusions with IFN-y treatment

(A) DA neurons previously exposed to PFF for 48 h and given fresh media for 72 h were co-
cultured with LPS-treated and PBS-treated microglia (previously treated with Cell Tracker Violet
dye). Microglia, HMC3 cell line, were co-cultured with neurons for 48 h prior to sample fixation
and staining for B-III-tubulin. Neurons co-cultured with PBS-treated (Cont) Microglia exhibited
small PFF puncta, while those co-cultured with LPS-treated microglia showed large PFF-positive
inclusions. Scale bar = 20 pm. (B) PFF fluorescence of DA neurons co-cultured with microglia
treated with LPS (or PBS for control: Cont) was quantified where n = 12 for each condition, and
data was collected from three independent experiments. (C) Microglia were treated with PBS
(Cont), LPS, PFF, and PFF + LPS for 24 h. They were then washed with trypsin to remove PFF
from the cell surface. They were washed three times with PBS, given serum-free media, and
incubated for 48 h. Media were then collected, concentrated, and secreted proteins were analyzed
for each condition. Equal amounts of protein from the media were resolved by SDS-PAGE
followed by a WB to detect secretory proteins. Microglia treated with LPS, PFF, and LPS + PFF
secreted IFN-y, with the LPS + PFF condition showing the most IFN-y expression. Microglia
treated with PFF also secreted a-syn, with the LPS + PFF treated microglia showing higher levels
of a-syn release. Midkine secretion is shown as a loading control. (D) iPSC-derived forebrain
cortical neurons, derived from iPSCs, underwent the 14 d dual hit treatment, with the control
receiving PBS treatment while the IFN-y condition was exposed to IFN-y. Scale bar = 20 pm. (E)
Samples were prepared in the same way described in D but given nanogold-labeled PFF and

prepared for EM. Dark lysosomes and autolysosomes are scattered across the cytosol and not
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packed into inclusions; Lys (lysosomes and autolysosomes) and Mito (mitochondria). White
arrows point to nanogold-labeled PFF. Scale bar = 1 pum and 100 nm for inset. (F and G) 14 d
experiments were conducted to explore the effects of PFF and IFN-y on cortical neurons with PFF
fluorescence and cell count being quantified, n = 8 for each condition. Data were statistically

analyzed using one-way ANOVA and PFF fluorescence data was further analyzed using post-hoc

Tukey’s test.
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Figure 4.5

The dual hit treatment resulted in the downregulation of lysosomal proteins.

(A) Protein expression in cortical and DA neurons were measured across five conditions. DA
neurons show downregulation in LAMP1, LAMP2, NRF2, and TFEB, to a greater extent than
cortical neurons in response to PFF and IFN-y. At base line, LAMP1 and LAMP2 expression is
much higher in cortical than in DA neurons. This is also the case with TFEB. Additionally,
treatment with IFN-y alone resulted in elevated a-syn expression in DA but not cortical neurons.
(B-H) Protein expression was quantified across three independent Western blot experiments, using
Imagel. The mean gray value for each signal was quantified, subtracted from 255, and then
plotted. (I and J) Cortical and DA neurons were plated onto separate glass-bottomed dishes, given
CellROX and MitoSOX, and imaged live at 14 d across four conditions. n = 12 for each condition,
collected from three independent experiments. Two-way ANOVA and post-hoc Tukey’s test were
done to compare each condition to the control. **** denotes p < 0.0001, ** denotes p <0.01, and

ns = not significant.
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Figure 4.6

PAH treatment reduces inclusion formation.

(A) An overview of the PFF, IFN-y, and PAH treatment regime. DA neurons were given
fluorescently labeled PFF for 48 h and then fresh media for 72 h, followed by treatment with IFN-y
for 24 h. All conditions were then given fresh media. PAH was administered at different time
points following IFN-y administration at a concentration of 10 uM. Some conditions received no
PAH treatment (B) Neurons treated with PAH, or DMSO as a control, were fixed, stained with
Tujl and DAPI, and prepared for fluorescence microscopy. Arrowheads point to PFF-positive
inclusions. Scale bar = 80 pm. (C) PAH concentration was determined through a cell survival
experiment, where DA NPCs were differentiated into neurons on 24-well plates. They were then
treated with different concentrations of PAH for 24 h, stained with Hoechst, and the fluorescence
of each well was calculated using a plate reader, with laser excitation set at 400 nm and emission
detectors set to 450 nm. A rapid decline in neuronal survival occurs at concentrations higher than
0.2 mM. n = 6 for each condition. A log (agonist) vs. normalized response function was used to
calculate the survival curve. (D) The number of inclusions per field (387.5 um by 387.5 pm) was
quantified with inclusions larger than 2.0 um being incorporated in the calculation, n = 10 for each
condition, and data was collected from five independent experiments. (E) The size of inclusions in
each condition was calculated following thresholding of images to exclude faint and smaller PFF
puncta, n = 20 for each condition, and data was collected from five independent experiments. Data

in D and E were analyzed using one-way ANOVA and post hoc Tukey’s test.
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Figure 4.7

PAH restores lysosomal protein expression.

(A) Western blot was conducted to analyze protein expression changes in response to PAH
exposure in DA neurons that underwent the treatment described in Figure 4.6 A. (B-H) Protein
expression was quantified across three independent Western blot experiments, using ImagelJ. The
mean gray value for each signal was quantified, subtracted from 255, and then plotted. An increase
in IFN-y incubation time results in even more a-syn signal coupled with a higher phospho-a-syn
signal. A decrease in the time between PAH treatment following IFN-y results in the upregulation

of LAMPI1, LAMP2, TFEB, and NRF2.
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Extended Data Figure 4.1

Dual hit treatment, PFF characterization, and neuronal characterization.

(A) Graphical representation for the dual hit treatment regime used for DA neurons grown and
differentiated in 8 well permanox chambers. (B) Graphical representation of the shortened dual hit
treatment protocol for the 2 d time point. (C) Characterization of unsonicated (full length) and
sonicated a-syn fibrils. Scale bar = 200 nm. (D) DA neurons that were differentiated and matured
were characterized using the following antibodies: Dopamine Transporter (DAT), GIRK2,
Neurofilaments (160kD), and Tyrosine Hydroxylase (TH). Neurons were also positive for MAP2.
While DAT and TH confirm the dopaminergic identity of the neurons, GIRK2 specifies the
regional specificity of these DA neurons to the substantia nigra. MAP2 and Neurofilaments

confirm the neuronal maturity of the neurons.
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Extended Data Figure 4.2

IFN-y receptor expression, IFN-y dose-response curve, and inclusions in DA neurons from
other iPSC cell lines.

(A) Antibodies against IFN-y receptors 1 and 2 were used to illustrate the expression of these
receptors in DA neurons. Scale bars =40 pm and 10 um for insets. (B) The dose-response curve
for the concentration of IFN-y used and the corresponding cell count, using Hoechst to stain nuclei.
Cells were counted using plate reader (Tecnai). (C) Inclusions found within DA neurons generated
from the DYR-0100 line (cell line #2). An exceptionally large inclusion that is mostly filled with
filamentous materials, with islands of organelles, can be observed. Scale bars =2 pm, 1um and
200 nm, respectively from lowest to highest magnification images. (D) A mostly lysosomal- and
mitochondrial-filled inclusion generated in 3450 iPSC DA neurons (cell line #3). Scale bar =2 um
for large field, 1 um for inclusion, and 200 nm for insets. Lysosomes/autolysosomes (Lys),
mitochondria (Mito), filaments (Fil), endoplasmic reticulum (ER), white arrows point to the
membrane surrounding the inclusions, and dark arrowheads point to a few examples of nanogold-

labeled PFF inside lytic vesicles.
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Extended Data Figure 4.3

IL-1B administration following PFF treatment also leads to the formation of PFF-positive
inclusions.

(A) DA neurons were treated with PFF for 48 h, followed by 72 h rest following administration of
50 ng/mL of IL-1f for 24 h. The cells were then incubated in fresh media until day 14. Neurons
were stained for LAMP1 and Tujl. IL-1 data treated cells formed PFF-positive inclusions. Scale
bar = 20 pm and 10 um for insets. (B) Inclusions formed in neurons following dual hit treatment
regime using IL-1f. Lysosomes/autolysosomes (Lys), mitochondria (Mito), white arrows point to
the membrane surrounding the inclusions, and dark arrowheads point to a few examples of

nanogold-labeled PFF inside lytic vesicles. Scale bar = 2 um and 0.5 um for insets.
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Extended Data Figure 4.4

Lysosomal leakage of PFFs occurs in PFF + IFN-y treated samples.

(A) DA neurons that underwent the dual hit treatment regime and the more rapid 2 d treatment
were fixed and processed for EM. PFFs can be seen accumulating in lysosomes, and some can be
spotted outside of lysosomes as early as 2 d. More evidence for the leaking of PFFs into the
cytosol can be seen with the 6 d samples. White arrows point to nanogold-labeled PFF inside
lysosomal/autolysosome compartments, and arrowheads point to nanogold-labeled PFF outside
lysosomes and in the cytosol. Few examples of endoplasmic reticulum (ER), mitochondria (Mito),
and nuclei (Nuc) have been indicated. Scale bar = 1 pm, and 0.5 pm for inset A, and 100 nm for
inset B. (B) Lytic compartments showing nanogold-PFF localization differ in the 14 d PFF-treated
and the 14 d PFF + IFN-y-treated samples. In the 14 d PFF-treated samples, very few nanogold-
PFFs can be seen inside autolysosomes/autophagosomes, and lysosomes contain most of the
internalized pool PFFs. In the 14 d PFF + IFN-y-treated samples, PFFs are mostly localized in
autolysosomes and autophagosomes. An accumulation of autolysosomes and autophagosomes can
be seen in the PFF + IFN-y-treated samples which are not present in the PFF-only samples. White
arrows point to nanogold-labeled PFF inside lysosomal/autolysosome compartments. Scale bar =
200 nm. (C) In neurons where inclusions have formed, clear evidence of PFF leakage into the

cytosol can be seen. Arrowheads point to cytosolic PFF. Scale bar = 500 nm and 200 nm for inset.
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Extended Data Figure 4.5

Isolation of inclusions formed in DA neurons.

(A and B) a-syn WB in DA neurons and U20S in different subcellular fractions. In DA neurons,
the LB-like inclusions and some enlarged lysosomes were pelleted at low speed after cellular
homogenization in a detergent-free buffer. Control DA, where only PFF is added, shows the
enrichment of a-syn in large organelles found in the pellet (P) compared to the total homogenate
(total) and post-nuclear supernatant (PNS). IFN-y-treated DA shows a much greater a-syn
enrichment in the pellet, where more LB-like inclusions are collected compared to the control. In
U20S, where no LB-like inclusions are formed, no significant enrichment of a -syn was seen in
the pellet, and no difference was observed between control and IFN-y-treated cells. HDAC6 WB is
shown as a loading control. Note that the difference in the total a-syn signal in the PFF condition
compared to the PFF + IFN-y-treated samples indicate a much more active degradation system in
the PFF-only neurons compared to the PFF + IFN-y-treated ones. Also note the double band in the
a-syn signal, present only in DA and not U20S cells. This is an indication of phosphorylation. (C)
Inclusions isolated by subcellular fractionation were fixed, embedded, and sectioned for EM.
Inclusions imaged were membrane-enclosed with the same morphology as those found in DA
neurons. Lysosomes/autolysosomes (Lys), mitochondria (Mito), multivesicular bodies (MVB), and

white arrows point to the membrane surrounding the inclusions. Scale bar = 2 pm.
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Extended Data Figure 4.6

Microglia-neuron co-culture, characterization of forebrain and NGN2-induced neurons, and
NGN2-induced neurons did not form inclusions.

(A) Microglia, treated with LPS, were co-cultured with differentiated DA neurons with previous
exposure to fluorescently labeled PFFs. Neurons near microglia were seen to form PFF-positive
inclusions, as shown in i. Neurons not in proximity to microglia did not form inclusions and
showed lower PFF fluorescence, as shown in ii. Scale bar = 80 um and 50 pm for insets. (B)
Cortical and NGN2-induced neurons were characterized using microtubule-associated protein 2
(MAP2) and post-synaptic density 95 (PSD95). Using a broad-spectrum induction process,
forebrain cortical neurons derived from iPSC include excitatory and inhibitory neurons. NGN2-
induced neurons are exclusively excitatory neurons and hence showed much higher levels of
PSD95 fluorescence. Scale bar = 80 um, 20 um for inset A, and 5 um for inset B. (C and D) EM
images showing NGN2-induced excitatory neurons filled with swollen mitochondria and dark
lysosomes; however, these compartments are not packaged into inclusions.
Lysosomes/autolysosomes (Lys), mitochondria (Mito), and dark arrowheads point to examples of

nanogold-labeled PFF inside lytic vesicles. Scale bar =2 pm.
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Extended Data Figure 4.7

Cell lines do not form LB-like inclusions but show signs of lysosomal dysfunction.

(A) U208, U87, and SH-SYSY cells were given PFF and grown on 6-well plates before being
passaged onto coverslips at low confluency to be treated with IFN-y or PBS (control). Cells were
then incubated for 8 d prior to fixation. Cells only given PFF showed LAMP1-PFF colocalization.
U20S and SH-SYS5Y cells treated with PFF + IFN-y formed large lysosomal structures, while U87
cells exhibited a loss in LAMP1 staining. Scale bar = 25 pm. (B) Cells underwent the 14 d dual hit
treatment regime, described in A, except that they were given nanogold-labeled PFF and grown on
6-well plates prior to being passaged onto 8-well permanox chambers. They were then treated with
IFN-y or PBS and prepared for EM. U20S and SH-SYS5Y treated with PFF showed an
accumulation of nanogold-PFF in electron-dense lysosomes. U20S and SH-SYSY cells treated
with PFF + IFN-y showed large lysosomal structures containing high amounts of nanogold-PFF.
U87 cells exhibited abnormal lysosomal morphology in both IFN-y-treated and untreated samples.
Scale bar for a-f is 500 nm, for a’ to f” is 200 nm, and for a” to f”’ is 100 nm. (C) The number of
lysosomes (LAMP1-positive puncta) was quantified. U87 and SH-SY5Y showed a significant
decrease in lysosomal number, n = 50 for each condition, and data was collected from five
independent experiments. (D) The lysosomal size was calculated using electron micrographs
collected following the dual hit treatment. U20S and SH-SY5Y showed a significant increase in
lysosomal size with IFN-y treatment, n = 50 for each condition. Data were collected from two
independent experiments. Both data collected in C and D were analyzed using one-way ANOVA

with post-hoc Tukey’s test to compare means.
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Extended Data Figure 4.8

Phospho-a-syn is a marker for inclusions and is dependent on the endogenous pool of a-syn.
(A) iPSC-derived DA neurons underwent the 14 d dual hit treatment regime, in which unlabeled
PFFs were administered to neurons for 48 h, incubated in fresh media for 72 h, followed by the
administration of [FN-y (or PBS for control) for 24 h. Neurons were then incubated for 8 d in fresh
media, fixed, and stained with tyrosine hydroxylase antibody (TH, blue) and phospho-a-syn
(pSyn) antibody (red). Scale bar =20 um and 10 pm for insets. (B) Neurons underwent the same
experiment as described in A, except fluorescent PFFs were used to ascertain localization. Both
PFFs and phospho-a-syn localized to inclusions. Scale bar = 10um. (C) DA NPCs derived from
patient cells with SNCA triplication were knocked out to WT (two copies of SNCA) and KO (no
SNCA). NPCs were then differentiated into neurons, and the dual hit treatment regime was carried
out using unlabeled PFF. Scale bar =20 um. (D) Neurons with different levels of endogenous a-
syn expression underwent the dual hit treatment regime without PFF treatment. (E) phospho-a-syn
fluorescence was calculated in neurons that underwent the dual hit treatment regime with
fluorescently labeled PFF, n = 6 for each condition. A threshold was set to exclude small and faint
PFF puncta. (F) DA neurons with different number of copies of SNCA underwent the dual hit
assay. Scale bar =200 pm and 100 pm for insets. (G) The number of PFF-positive inclusions per
field in experiment F were quantified, with only inclusions larger than 2.0 um included in the
calculation, n = 15 for each condition (H) Size of PFF-positive inclusions in the experiment
described in F, were quantified, following thresholding. n = 30 for each condition, collected from
three independent experiments. Data in D, E, G, and H were collected from three independent
experiments, and one-way ANOVA and Tukey’s test were used to analyze the data. **** denotes

that p <0.0001, *** denotes p < 0.001, ** denotes p < 0.01, and ns = not significant. (I) Phospho-
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a-syn staining in SNCA triplication line (in absence of PFF) shows possible inclusions even
without IFN-y; however, number of inclusions is drastically increased with the treatment of [FN-y
for 24 h. Cells were maintained until 14 d and then fixed and stained. (J) Protocol used to form
phospho-a-syn positive inclusions through a-syn overexpression. (K) WT DA neurons were
transduced with a-syn-HA adenovirus DA for 48 h, given fresh media for 72 h, and collected for
Western blotting. Transduced DA neurons showed higher levels of a-syn expression compared to
WT and SNCA KO neurons. (L and M) WT neurons transduced with a-syn-HA adenovirus then
underwent the dual hit treatment regime shown in J. Neurons were then fixed and stained for
phospho-a-syn antibodies. Neurons not treated with IFN-y did not form inclusions at the earlier
time point, immediately following a-syn-HA adenovirus transduction at day 2, nor did they show
inclusions at day 14. Neurons treated with IFN-y begin showing accumulation of phospho-a-syn in
the cell body at day 7. This accumulation becomes more apparent and more prominent with an
increase in incubation time, leading to large phospho-a-syn positive accumulations (white

arrowhead). Scale bar =20 um.
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Extended Data Figure 4.9

Inclusions forming in DA neurons are enveloped by LC3B, PFF and IFN-y impair autophagic
flux by altering lysosomal pH, and lysosomal proteins are also affected in cell lines
undergoing the dual hit treatment.

(A and B) Neurons undergoing the 14 d treatment regime, were tracked overtime for their staining
of LC3B. At day 2, just following the administration of PFF barely any LC3B staining can be seen.
Following 48 h following IFN-y administration on day 5, the PFF + IFN-y sample show large
LC3B positive structures. LC3B staining is also high in the PFF only samples, but the neurons in
this condition do not possess large LC3B structures. While the LC3B staining abates in the PFF
only sample following the passage of time, the LC3B staining in the PFF + IFN-y sample remains
high and large LC3B-positive autophagosomes still remain at 21 d. Scale bar = 10 um. (C)
Lysosomal acidity was ascertained in DA neurons at day 7 of the dual hit treatment regime using
LysoSensor (Thermo Fisher Scientific). The I[FN-y-treated neurons showed much higher lysosomal
pH (more blue staining) compared to the PFF-only and the control neurons. Scale bar = 10 um. (D)
Lysosomal pH was also tested using LysoTracker (Thermo Fisher Scientific) which fluoresces at a
pH of ~ 6. Scale bar = 10 um. (E) LysoTracker-positive punctae were counted using ImagelJ (NIH)
and divided by the number of cells per field across conditions. Data was collected from three
independent experiments, (n=6 for each condition). One-way ANOVA and Tukey’s test were used
to analyze the data. **** denotes that p < 0.0001. (F) U20S, U87, and SH-SYS5Y cells were given
PFF and grown on 6-well plates at low confluency to be treated with IFN-y or PBS (control). Cells
were then incubated for 8 d prior to collection. Protein expression in cells that underwent the 14 d

dual hit treatment regime (with or without IFN-y treatment), along with control (labeled as Cont,
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No IFN-y + No PFF) and IFN-y were examined via WB. LAMP1, LAMP2, and NRF2 expression

decreased with exposure to PFF and IFN-y, while TFEB was unaffected.
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Extended Data Figure 4.10

Possible mechanism for the formation of membrane-bound, membranous, organelle filled,
LB-like inclusions.

The internalization of oligomeric forms of a-syn, released by neighboring neurons serves as the
first insult to lysosomal activity (1). The transport of monomeric a-syn into lysosomes through
chaperone-mediated autophagy (CPA) leads to aggregation of a-syn inside lysosomes (2). Further
lysosomal stress caused by IFN-y results in lysosomal leakage (3 and 4). Leaking of
oligomeric/misfolded a-syn leads to seeding and oligomerization of endogenous a-syn into
aggregates (5 and 6). Downregulation of LAMP2 leads to dysfunctional CPA, leading to a buildup
of endogenous a-syn, allowing more a-syn to be available for aggregation (7). To clear aggregates
from the cytosol, autophagosomes form and take up a-syn aggregates and damaged organelles (8).
Dysfunctional lysosomes are unable to fuse with autophagosomes, and even when fused with
autophagosomes, are unable to degrade organelles and aggregates. This leads to the enlargement of
autophagosomes (9). a-syn aggregation continues within the lumen of the autophagosomes (10),

leading to the formation of membrane-bound LB-like inclusions (11).
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Supplementary Figure 4.1

Overview of PFF staining over 21 days in DA neurons undergoing the treatment regime.
DA neurons underwent the dual-hit assay with fluorescent PFF as described previously, were
stained with B-III-tubulin, and prepared for confocal microscopy. With the passage of time, PFF-
only treated samples showed a decline in PFF fluorescence while PFF + IFN-y treated samples

formed inclusions. Scale bar = 80 pm and 40 um for insets.
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Supplementary Figure 4.2

Collection of inclusions formed in DA neurons.

(A-C) Inclusions formed within DA neurons generated from the AIW002-02 iPSC cell line.
Inclusion showed in A contains a variety of organelles and filamentous (cytoskeletal) materials.
Inclusion showed in B, consists of a collection of organelles but does not show a lot of filaments.
In C, we see a mostly filamentous (a variety of filaments with different thickness) inclusion that
contains islands of organelles at its edge. (D — E) shows inclusions, representative of the type of
inclusions commonly found in the DYR-0100-derived DA neurons. (F) Inclusions formed within
DA neurons generated from the 3450 iPSC cell lines. Similar to E, the inclusion shown in i is filled
with lytic compartments (lysosomes and autolysosomes); however, ii shows a membrane-enclosed
inclusion mostly filled with electron-dense MVBs. (G) Lewy neurite-like inclusion formed in DA
neurons generated from AIW002-02. Lysosomes/autolysosomes (Lys), mitochondria (Mito),
multivesicular bodies (MVB), filaments (Fil), white arrows point to the membrane surrounding the
inclusions, white arrowheads point to nanogold-labeled PFFs found outside of lytic compartments,

and dark arrowheads point to a few examples of nanogold-labeled PFF inside lytic vesicles.
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Supplementary Figure 4.3

Collection of inclusions formed in DA neurons after 30 d of incubation.

(A-D) Inclusions formed in DA neurons generated from the 3450 iPSC line. Neurons underwent
the 14 d treatment regime, with PFF + IFN-y treatment, and were then allowed to incubate an
additional 16 d, for a total of 30 d in culture since the beginning of the treatment regime. The
resulting inclusions are very tightly packed and compressed. Some inclusions contain a highly
dense array of filaments (cytoskeletal), as seen in A and B. In contrast, others contain large
amounts of seemingly dysfunctional organelles, as seen in C and D. Lysosomes/autolysosomes
(Lys), mitochondria (Mito), multivesicular bodies (MVB), filaments (Fil), white arrows point to

the membrane surrounding the inclusions.
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Supplementary Figure 4.4

Isolated inclusions formed in DA neurons.

(A and B) Inclusions isolated by subcellular fractionation were fixed, embedded, and sectioned for
EM. Inclusions imaged were membrane-enclosed with the same morphology as those found in DA
neurons. Lysosomes/autolysosomes (Lys), mitochondria (Mito), multivesicular bodies (MVB), and

white arrows point to the membrane surrounding the inclusions.

4.8 Materials and methods

Reagents/Resources/Equipment Table

RESOURCE | MANUFACTURER | CAT# OR URL

Antibodies

LAMP1 (D2D11) XP Rabbit Antibody Cell Signaling Technology Cat# 9091,
RRID:AB 2687579

Tyrosine Hydroxylase antibody Abcam Cat# ab76442,
RRID:AB 1524535

LAMP?2 antibody [H4B4] - Lysosome Marker Abcam Cat# ab25631,

RRID:AB 47070

HDACG6 (D2ES5) Rabbit monoclonal Antibody Cell Signaling Technology Cat# 7558,
RRID:AB 10891804

Anti-NRF2 (D1Z9C) XP Rabbit monoclonal Cell Signaling Technology Cat# 12721,

Antibody RRID:AB 2715528
Clathrin heavy chain antibody Abcam Cat# ab21679,
RRID:AB 2083165
alpha Synuclein antibody [syn211] Abcam Cat# ab75305,
RRID:AB 1309948
TMEM106B (E7H7Z) Rabbit mAb Cell Signaling Technology Cat# 93334,
RRID:AB 2924267
Rab5 Antibody Cell Signaling Technology Cat# 2143,
RRID:AB 823625
alpha Synuclein (phospho S129) antibody Abcam Cat# ab59264,
RRID:AB 2270761
Anti-Phosphorylated o-Synuclein, Monoclonal | Wako, FUJIFILM Cat# 015-25191,
Antibody (pSyn#64) RRID:AB 2537218
Beta-III-Tubulin antibody Abcam Cat# ab41489,

RRID:AB 727049
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MAP2 Antibody Novus Cat# NBP1-48604,
RRID:AB 10011223
Anti-PSD95 antibody [7E3-1BS§] Abcam Cat# ab18258,
RRID:AB 444362
Anti-HA tag antibody - ChIP Grade (ab9110) Abcam Cat# ab9110,
RRID:AB 307019
Anti-HA tag antibody [HA.C5] (ab18181) Abcam Cat# ab137838,
RRID:AB 2810986
IFN-y (D3H2) XP Rabbit mAb #8455 Cell Signaling Technology Cat# 8455,
RRID:AB 2797644
IFN-y (3F1E3) Mouse mAb #3159 Cell Signaling Technology Cat# 3159,
RRID: N/A

Midkine antibody Thermo Fisher Scientific Cat# MAS5-32538,
RRID: AB 2809815

Alexa Fluor Plus 405 Phalloidin Thermo Fisher Scientific Cat# A30104,
RRID: N/A

TFEB (D207D) Rabbit mAB Cell Signaling Technology Cat# 37785,
RRID:AB 2799119

Recombinant Anti-TFEB antibody [EPR22941- | Abcam Cat# ab267351,

6] RRID: N/A

Human TFEB Antibody R&D Systems Cat# MAB9170
RRID: N/A

TFEB Antibody Cell Signaling Technology Cat# 4240,

RRID:AB 11220225

Hsc70/Hsp73 monoclonal antibody

Enzo Life Sciences

Cat# ADI-SPA-815-488-
E, RRID: AB 2039277

Goat anti-Chicken IgY Secondary Antibody,
Alexa Fluor 647

Thermo Fisher Scientific

Cat# A-21449,
RRID:AB 2535866

Goat anti-Mouse IgG Highly Cross-Adsorbed
Secondary Antibody, Alexa Fluor 647

Thermo Fisher Scientific

Cat# A-21236,
RRID:AB 2535805

Goat anti-Mouse IgG Highly Cross-Adsorbed
Secondary Antibody, Alexa Fluor Plus 488

Thermo Fisher Scientific

Cat# A32723,
RRID:AB 2633275

Goat anti-Rabbit IgG Highly Cross-Adsorbed
Secondary Antibody, Alexa Fluor 568

Thermo Fisher Scientific

Cat# A-11036,
RRID:AB 10563566

Goat anti-Chicken IgY Cross-Adsorbed
Secondary Antibody, Alexa Fluor Plus 405

Thermo Fisher Scientific

Cat# A48260,
RRID:AB 2890271

Bacterial and virus strains

(a-syn) SNCA-HA Adenovirus (Human)

Applied Biological Materials
Inc.

Cat# 445410520200

Chemicals, peptides, and recombinant proteins

Advanced DMEM/F-12

Gibco, Thermo Fisher
Scientific

Cat# 12634028

Eagle's Minimum Essential Medium (EMEM)

ATCC

Cat# 30-2003

Human IFN-gamma Recombinant Protein

Gibco, Thermo Fisher
Scientific

Cat# PHC4033

DMEM high-glucose

Gibco, Thermo Fisher
Scientific

Cat# 11965092

Bovine calf serum

GE Healthcare

Cat# SH30072.03
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L-Glutamate Wisent Cat# 609065
Pen/Strep Wisent Cat# 450201
DynaMag-2 Invitrogen Cat# 12321D
Anti-HA magnetic beads Thermo Fisher Scientific Cat# 88836
Hoechst Invitrogen Cat# H3570
DAPI Invitrogen Cat# D1306
DRAQ7 Abcam Cat# ab109202
Paraformaldehyde Thermo Fisher Scientific Cat# A1131322
Triton X-100 Sigma Aldrich Cat# X100-1L
Phosphate-buffered saline Wisent Cat# 311-010-CL
Bovine Serum Albumin Wisent Cat# 800-095
Poly-L-Lysine Sigma Aldrich Cat# A-005-M
Trypsin Wisent Cat# 325-052-EL
Fluorescence Mounting Medium Dako, Agilent Cat# 53023

Glutaraldehyde 2.5% in Sodium Cacodylate
Buffer

Electron Microscopy Sciences

Cat# 1653715

Matrigel Corning 354277
mTeSR1 medium STEMCELL Technologies Cat# 85857
StemPro Accutase Thermo Fisher Scientific Cat# A1110501
DMEM/F12 Thermo Fisher Scientific Cat# A4192001

N2 Supplement

Thermo Fisher Scientific

Cat# 17502001

B27 Supplement

Thermo Fisher Scientific

Cat# 17504044

Brainphys Neuronal medium STEMCELL Technologies Cat# 05790
Neurocult SM1 Neuronal Supplement STEMCELL Technologies Cat# 05711
N2A Supplement A STEMCELL Technologies Cat# 07152
STEMdiff™ Midbrain Neuron Maturation Kit STEMCELL Technologies Cat# 100-0041
STEMdiff™ Midbrain Neuron Differentiation STEMCELL Technologies Cat# 100-0038
Kit
STEMdiff™ Neural Progenitor Medium STEMCELL Technologies Cat# 05835
Purmorphamine STEMCELL Technologies Cat# 72204
GlutaMAX™ Supplement Gibco, Thermo Fisher Cat# 35050061
Scientific
BDNF Sigma Aldrich Cat# SRP3014
Laminin Sigma Aldrich Cat# 1.2020
Ascorbic acid Sigma Aldrich Cat# A5960
db-cAMP Sigma Aldrich Cat# D0260
Compound E STEMCELL Technologies Cat# 73954
Carbon-covered grids Electron Microscopy Sciences | Cat# FCF400CU50
Poly-L-Ornithine Solution (0.01%) Millipore Sigma Cat# A-004-C
GDNF Peprotech Cat# 450-10
CNTF Peprotech Cat# 450-13
Antibiotic-Antimycotic Gibco, Thermo Fisher Cat# 15240062
Scientific
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MitoSOX Invitrogen, Thermo Fisher Cat# M36008
Scientific

CellROX Invitrogen, Thermo Fisher Cat# C10444
Scientific

Trypsin Neutralizer Solution Gibco, Thermo Fisher Cat# R002100
Scientific

CellTracker Violet BMQC dye Invitrogen, Thermo Fisher Cat# C10094
Scientific

CellTracker Deep Red Dye Invitrogen, Thermo Fisher Cat# C34565

Scientific

10nm NHS-Activated Gold Nanoparticle
Conjugation Kit

Cytodiagnostics

Cat# CGN5K-10-2

2% Uranyl Acetate

Electron Microscopy Sciences

Cat# 22400-2

Critical commercial assays

Mycoplasma detection kit Biotool Cat# B39038

Cytotune reprogramming kit Thermo Fisher Scientific Cat# A34546

Pierce™ Chromogenic Endotoxin Quant Kit Thermo Fisher Scientific Cat# A39552

Pierce™ BCA Protein Assay Kit Thermo Fisher Scientific Cat# 23225

Deposited data

Raw and analyzed data Mendeley Data doi:
10.17632/kp3774p92d.1

Experimental models: Cell lines

U-2 OS ATCC Cat# HTB-96

U-87 MG ATCC Cat# HTB-14

SH-SY5Y ATCC Cat# CRL-2266

HMC3 ATCC Cat# CRL-3304

AIW002-2 MNI C-BIG Biorepository (Castellanos-Montiel et
al., 2023; Chen et al.,
2021)

3450 MNI C-BIG Biorepository (Castellanos-Montiel et

al., 2023; Chen et al.,
2021)

Patient Synuclein Triplication

Dr. Tilo Kunath/University of

(Mohamed et al., 2021)

Edinburgh.
ATCC-DYRO0100 ATCC Cat# ACS-1011
Bacterial strain
BL21(DE3) Competent E. coli cells ‘ New England Biolabs Cat# C2527H
Recombinant DNA/Vector
GST-a-synuclein plasmid, human Maneca, et al. (Maneca et al.,, | N/A
2019
GST-HRV 3C plasmid Mangca, etal. (Manecaetal., | N/A
2019
pGEX6P1 Univzzrsity of Dundee MRC Cat# DU30005
Protein Phosphorylation and
Ubiquitination Unit

Software and algorithms

Imagel

| (Schneider et al., 2012)

‘ https://imagej.nih.gov/ij/
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LAS X 3.5.5 Leica https://www.leica-
microsystems.com/produc
ts/microscope-
software/p/leica-las-x-Is/

Prism Gaphpad https://www.graphpad.co
m/scientific-
software/prism/

ZEN 3.5 Zeiss https://www.zeiss.com/mi
croscopy/int/products/mic
roscope-software/zen.html

GMS 3 Gatan https://www.gatan.com/pr
oducts/tem-analysis/gatan-
microscopy-suite-software

Materials & Equipments

35 mm glass-bottom dish MatTek Cat# P35G-1.5-14-C-
GRD

Nunc 8-well plate (Permanox) Lab-Tek Cat# 177445

200 mesh copper carbon grids SPI Supplies Cat# 3520C-FA

0.22 um PVDF syringe filter Millipore Cat# SLGVO033RS

100 mesh hex grids EMS Diasum Cat# HD100H-Cu

mPrep/ g capsules, storage box, 16 label sets Microscopy Innovations, Cat# 85010-04

(16/bx) EMS

ThermoMixer C Eppendorf (purchased from Cat# CA11028-280

VWR)

GSTrap 4B column Cytiva Cat# 28401748

Glutathione Sepharose® 4B resin Cytiva Cat# 17075601

Tecnai 12 BioTwin 120 kV transmission FEI N/A

electron microscope (TEM)

Tecnai G2 Spirit Twin 120 kV Cryo-TEM FEI N/A

Zetasizer Nano S

Malvern Panalytical

https://www.malvernpanal
ytical.com/en/support/pro
duct-support/zetasizer-
range/zetasizer-nano-
range/zetasizer-nano-s

Bioruptor® Plus sonication device with metallic
soundproof box

Diagenode

Cat# B01020001
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Cell Lines

U208, U87, SH-SYS5Y, and HMC3 were obtained from American Type Culture Collection
(HTB-96, HTB-14, CRL-2266, CRL-3304, respectively). For studies with iPSCs, we used the lines
AIW002-2 and 3450 obtained from the Neuro’s C-BIG Biorepository, and ATCC-DYR0100
obtained from ATCC (ACS-1011). ATW002-2 was reprogrammed from peripheral blood
mononuclear cells of a healthy donor with the Cytotune reprogramming kit (Thermo Fisher
Scientific, A34546). 3450 was also generated from peripheral blood mononuclear cells, but
episomal reprogramming was used as described by Wen et al. (2016). The process of
reprogramming and quality control profiling for these iPSCs was outlined in a previous study
(Chen et al., 2021). The use of iPSCs in this project is approved by the McGill University Health
Centre Research Ethics Board (DURCAN IPSC /2019-5374). The SNCA lines (originally named
AST23, AST23-2KO, AST23-4KO) were provided and generated by Dr. Tilo Kunath from The
University of Edinburgh.

Cell lines were routinely checked for mycoplasma contamination using the mycoplasma

detection kit (Biotool, B39038).

Production, Characterization, and Nano-Gold Labeling of PFF's

Production, characterization, and conjugation with nanogold beads of recombinant a-syn
monomers and PFF were previously described (Del Cid Pellitero et al., 2019; Maneca et al., 2019).

Purification of a-syn was described previously by Feller et al. (2023). In brief, the pGEX-
6P-1 plasmid (University of Dundee MRC Protein Phosphorylation and Ubiquitination Unit,

DU30005) cloned with full-length human wild-type a-syn was transformed to BL-21(DE3) E.coli.
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(New England Biolabs, C2527H) and over-expressed as GST-tagged a-syn in the presence of
inducer IPTG. The protein was isolated by affinity binding to Glutathione Sepharose® 4B resin
(GE Healthcare, 17075601). GST tag was then cleaved off with GST-HRV 3C protease, and a-syn
was purified by passing through a GSTrap 4B column (GE Healthcare, 28401748). The purified a-
syn was evaluated to be of homogeneity on SDS-PAGE, adjusted to a final concentration of 5
mg/mL with PBS (pH 7.4), and filter-sterilized througth a 0.22-um PVDF syringe filter
(MilliporeSigma, SLGVO033RS). The endotoxin level was less than 0.05 EU per mg of a-syn as
assayed with a chromogenic endotoxin quant kit by following the manufacturer’s instruction
(Thermo Fisher Scientific, A39552). Finally, a-syn was aliquoted and stored at -80°C.

PFF was prepared by shaking 0.5-mL of purified a-syn held in a 1.5-mL microtube on a
ThermoMixer (VWR, CA11028-280) at 37°C and 1000 rpm for 5 days. Then PFF was sonicated at
least 40 cycles of 30-sec on/30-sec off using a Bioruptor® Pico sonication unit (Diogenode,
B01020001). Samples (~20 uL) were reserved for PFF quality control by thioflavin T assay,
dynamic light scattering (using Zetasizer Nano S, Malvern, DLS assay) and TEM imaging as
described (Feller et al., 2023).

PFFs were characterized using a negative staining protocol (Del Cid Pellitero et al., 2019).
PFFs were added to 200 mesh copper carbon grids (SPI Supplies, 3520C-FA), fixed with 4% PFA
(Thermo Fisher Scientific, A1131322) for 1 min and stained with 2% uranyl acetate (Electron
Microscopy Sciences, FCF400CUS50) for 1 min. PFFs were visualized using a transmission
electron microscope (FEI Tecnai 12 Bio Twin 120kV TEM) coupled to an AMT XR80C CCD
Camera and analyzed with Fiji-ImageJ1.5 and GraphPad Prism 9 software.

Characterized PFF were conjugated with 10 nm gold beads (CytoDiagnostics, CGN5K-10-

2), immediately before experimental use, as described by A. Bayati et al. (2023).
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Differentiation and Culture of AIW002-02 and 3450 DA Neurons

A previously reported differentiation protocol was used to generate DA neurons from two
different iPSC cell lines: AIW002-02 (MNI, C-BIG) and 3450 (MNI, C-BIG) (Jefti et al., 2020).
hiPSCs were plated onto Matrigel (Corning, 354277)-coated plates in mTeSR1 medium
(STEMCELL Technologies, 85857). The culture medium was changed daily until the cells reached
~80% confluency. The cells were then passaged, frozen, or differentiated. A previously described
protocol was used to generate ventral midbrain dopaminergic neural progenitor cells (Jefri et al.,
2020). Dopaminergic neural progenitor cells were dissociated with StemPro Accutase Cell
Dissociation Reagent (Thermo Fisher Scientific, A1110501) into single-cell suspensions. Plating
on coverslips was done using neural progenitor plating medium (DMEM/F12 supplemented with
N2, B27 supplement from Thermo Fisher Scientific, A4192001, 17502001 and 17504044,
respectively). To further differentiate into dopaminergic neurons, neural progenitor medium was
switched to dopaminergic neural differentiation medium (Brainphys Neuronal medium from
STEMCELL Technologies, 05790) supplemented with N2A Supplement A (STEMCELL
Technologies, 07152), Neurocult SM1 Neuronal Supplement (STEMCELL Technologies, 05711),
BDNF at 20 ng/mL (MilliporeSigma, SRP3014), GDNF at 20 ng/mL (Peprotech, 450-10),
Compound E at 0.1 uM (STEMCELL Technologies, 73954), db-cAMP at 0.5 mM
(MilliporeSigma, D0260), Ascorbic acid at 200 uM (MilliporeSigma A5960) and laminin at 1

pug/mL (MilliporeSigma, L2020 ).
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Differentiation and Culture of DYR0100 DA NPCs

The monolayer method was used for the differentiation of DYRO0100 iPSCs into DA NPCs
as described by Chen et al. (Chen, 2019). Frozen DYR0100 NPCs were thawed and allowed to

recover for one week prior to seeding for downstream assays.

Generation and Differentiation of NGN2-induced Neurons

AIW002-02 iPSCs expressing doxycycline-inducible NGN2 were generated as described
previously (Sheta et al., 2022). Briefly, the parental AIW002-02 iPSC line was split with ReLesR
(STEMCELL Technologies, 100-0484) and seeded at a density of 135,000 cells per well in a 6-
well plate in mTesR1 media plus Y27632 one day prior to simultaneous transduction with separate
lentiviruses encoding Ngn2 and rtTA. The media was changed to mTesR1 only 1 h prior to
transduction at a dilution factor of 1/100 for each virus. This resulted in a MOI of one. The
transduction was carried out in mTesR1 media plus 4ug/ml of polybrene over a period of 24 h prior
to puromycin selection at 1ug/ml for a total of 48 h. Throughout the transduction, selection and
iPSC expansion steps, the media was changed daily. The AIW002-02 Ngn2 rtTA line was tested for
pluripotency by immunofluorescence for Nanog, Tra-1-80, Oct3/4 and SSEA (positive for all
markers, data not shown) and for mycoplasma (negative, data not shown). Subsequently, ATW002-
02 iPSCs were differentiated into Ngn2 neurons based on a protocol adapted from Zhang et
al.(Zhang et al., 2013) and Meijer et al.(Meijer et al., 2019) and characterized by

immunofluorescence for neuronal markers (MAP2 and PSD95) at the differentiation endpoint.
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iPSC Culturing of Forebrain Cortical Neurons

AIW002-02 iPSCs were differentiated into forebrain cortical neurons according to a
protocol based on EB formation combined with dual SMAD inhibition (STEMCELL, 08581)
(Chen et al., 2021). In summary, AIW002-02 iPSCs were dissociated into single cells and allowed
to form EBs on low-attachment plates for one week in DMEM/F12 media supplemented with N2,
B27, 10 uM SB431542, and 2 uM DMHI1. This was followed by neural rosette formation onto
polyornithine- and laminin-coated (MilliporeSigma, A-004-C and L2020, respectively) plates in
the same media, which were selected semi-manually after 7 days. The rosettes were dissociated
with Gentle Cell Dissociation Reagent for 5 min at room temperature (RT) and cultured on
polyornithine- and laminin-coated plates in DMEM/F12 media supplemented with N2 and B27 to
generate NPCs. The NPCs were passaged every 5-7 days until day 25. Final differentiation, was
carried out in Neurobasal media supplemented with N2, B27, 1 pg/mL laminin, 500 uM db-cAMP,
20 ng/mL BDNF, 20 ng/mL GDNF, 200 pM ascorbic acid, 100 nM Compound E, and 1 ng/mL

TGF-B.

SNCA Triplication, Double KO, and Quadruple KO iPSCs

SNCA lines (originally named AST23, AST23-2KO, AST23-4KO) were generated and
provided by Dr. Tilo Kunath from The University of Edinburgh according to methodology
described previously (Chen et al., 2019; Mohamed et al., 2021). The AST23 line carries a

triplication of the SNCA gene, while the AST23-2KO line has been corrected by CRISPR/Cas9-
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mediated deletion of 2 copies of the SNCA gene to create the isogenic control for the former. The
AST23-4KO line is a complete SNCA knockout.

PFF + IFN-y treatment Regime

The 14 d PFF and IFN-y treatment was described for confocal and Western blot analysis in
Figure 4.1 A. For EM, the regime was described in Extended Data Figure 4.1 A. The earlier 2 d
time point, used in Western blots and quantifications, was described in Extended Data Figure 4.1
B. Briefly, differentiated dopaminergic neurons, grown on 15 mm coverslips, were administered
PFFs at 1 pg/mL. The cells were incubated for 48 h with PFF, in Brainphys Neuronal media
(STEMCELL Technologies, 05790), and then given fresh Brainphys media and incubated for 72 h.
Neurons were then given media supplemented with 0.2 pg/mL of I[FN-y (Thermo Fisher Scientific,
PHC4033) or PBS control. Cells were incubated for 24 h, and then given fresh media. 6 d neurons
were collected at this point. 7 d neurons were collected 24 h after fresh media was given to cells.
10 d neurons were collected 72 h following the collection of 7 d neurons, and so on. 14 d neurons
were collected 8 d following fresh media being given to neurons.

For 2 d neurons, PFF was administered for 24 h, followed by the addition of IFN-y (or PBS
for control) to the PFF containing media for 24 h. A graphical representation of the 2 d treatment is
shown in Extended Data Figure 4.1 B.

The staggered nature of the PFF and IFN-y treatment was to enable neurons to survive and
form inclusions. In earlier iterations of this protocol, PFF and IFN-y were treated simultaneously.
This led to massive (over 70%) neuronal cell death, and left very few cells for imaging and
analysis, and very few inclusions to study. By increasing PFF exposure to 48 h, we were able to

increase PFF fluorescence in samples at 14 d and ensure nanogold-PFF could be easily found in
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EM samples. Incubation in fresh media allowed for neuronal recovery and greatly enhanced
neuronal survival. IFN-ytreatment was then limited to 24 h to enhance survival while allowing for
the formation of PFF-positive inclusions to occur as early as 7 d into our treatment. Overall, our
treatment aimed to increase cell survival while creating the environment necessary for the
formation of inclusions in DA neurons. All fixed samples were imaged on an SP8 microscope
(Leica).

The same protocol was used for the administration of IL-1p (Thermo Fisher Scientific,
RIL1BI), where IL-1f was administered at 50 ng/mL instead of IFN-y This concentration was

used previously by Tong et al. (2008).

Maintenance of iPSC-derived Neurons

We note here, that if stressed, iPSC-derived neurons can present with structures that are
ultrastructurally somewhat similar to the inclusions we have observed. These structures can even
appear in control cells, if care is not taken to: 1) Incubate iPSCs at the back of the incubator (most
stable temperature), 2) Avoid the use of cold media when changing cell media (temperature shock
related stress), 3) ensure cells are never dry while changing media, and 4) avoid contamination. All
of these factors can lead to cellular stress and cell death, which when viewed under an electron
microscope, may lead to cells with dark lysosomes and disorganized cytoskeletal elements, which
can be mistaken for Lewy bodies. Fortunately, these apoptotic features in cells lack major
compaction and organization when compared to LB-like inclusions, which make them easy to
differentiate from bona fide inclusions. Apoptotic cells (or remnants of cells) also lack PFF-gold

staining and mitochondrial incorporation.
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The utmost importance is to check the quality of the cells and the level of neuronal stress in
cultured iPSCs in the control conditions before starting these experiments. If cells are regularly
present with pyknotic nuclei, contain dark lysosomes, or unclear mitochondrial cristae in control
conditions, measures should be taken to improve cell culturing techniques to ensure the most
minimal amount of cellular stress. This will lead to less confusion as to what structures are

inclusions and what structures are not when looking at their cellular ultrastructure.

Reactive Oxygen Species Experiment

In order to quantify the amount of reactive oxygen species (ROS) that were forming as a
result of our 14 d treatment, DA neurons and forebrain cortical neurons were plated on live
imaging chambers and underwent our 14 d treatment in the presence or absence of IFN-y, along
with an IFN-y only condition and a control condition where no PFF or IFN-y was administered
(PBS was used instead). Cells were then stained with CellROX and MitoSOX (Thermo Fisher
Scientific, C10444 and M36008, respectively) for 1 h prior to live imaging. MitoSOX and
CellROX fluorescence was then quantified for both cortical and DA neurons, across two

independent experiments. Images were captured on an LSM 880 microscope (Zeiss).

EM Processing

Neurons and cell lines were plated in 8 well chamber slides (Lab-Tek, Nunc, Thermo
Fisher Scientific, 177445) and were put through the dual hit treatment. After treatment, the media
was removed and cells were fixed with 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer

(Electron Microscopy Sciences, 1653715) supplemented with 2 mM calcium chloride, washed in
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buffer, and then post-fixed with 1% osmium tetroxide and 1.5% potassium ferrocyanide in sodium
cacodylate buffer. Cells were then en bloc stained with 4% uranyl acetate (Electron Microscopy
Sciences, 22400-2) and dehydrated in ascending ethanol concentration to 100% and infiltrated with
a 50:50 mixture of 100% ethanol and Spurr’s resin, followed by pure Spurr’s resin overnight. After
a fresh addition of resin, samples were polymerized overnight at 70°C in an oven. Ultrathin
sections were cut on a Leica Ultracut E using a 45° diamond knife and collected on 100 mesh
copper hex grids (Electron Microscopy Sciences, HD100H-Cu). Some sections were stained with
uranyl acetate for 5 min for enhanced membrane staining. Grids were examined with a FEI Tecnai
Spirit 120 kV transmission electron microscope and images captured using a Gatan Ultrascan 4000

camera.

Plasmids and Lentivirus

a-synuclein-HA-tagged adenovirus was obtained from Applied Biological Materials Inc.

(LVP719). Protocols provided by the manufacturer were followed for transduction.

Fixation and Antibody Staining

Cells were fixed with 4% paraformaldehyde (PFA; Thermo Fisher Scientific, A1131322)
for 10 min at 4°C, washed with PBS and then permeabilized for 30 min with 0.05% Triton X-100
(MilliporeSigma, X100-1L) in PBS (Wisent, 311-010-CL) along with 5% bovine serum albumin
(BSA, Wisent, 800-095). Coverslips were then transferred into a wet chamber and incubated for 2
h at RT with a 1:500-1:1000 dilution of the primary antibody diluted in PBS containing 0.01%

Triton X-100 and 5% BSA (dilutions varied depending on the antibody). Coverslips were then
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gently washed twice with PBS, and a 1:1000 dilution of secondary antibody diluted in the same
buffer was added and incubated for 2 h. Cells were then washed with PBS and, in some situations,
stained with 1 pg/ml Hoechst 33342 (Fisher Scientific, H3570) diluted in PBS for 10 min at RT.
Coverslips were mounted on a glass slide with Fluorescence Mounting Medium (Dako, Agilent,

S3023). Samples were then imaged using a Leica TCS SP8 confocal microscope.

LB-like Inclusion Extraction (Western Blot and EM)

Neurons undergoing the dual hit treatment regime were collected at day 7 and 10 for the
extraction of inclusions. This was done since previous attempts at extraction of inclusions from 14
d samples resulted in very little isolated material, perhaps due to cellular stress and cell death
common with that time point. In brief, cells were washed three times in PBS 1x, pH 7.4 and
scraped off in a hypotonic lysis buffer (20 mM HEPES, 1 mM EDTA, pH 7.4) supplemented with
protease and phosphatase inhibitor cocktail mix. Cells were kept on ice for 30 min then passed 8
times through a 27G needle until homogenized. Homogenates were kept on ice for 30 min and then
10% of the homogenate was transferred into a fresh tube (total homogenate sample), and the
remainder was centrifuged at 720 x g for 10 min at 4°C using a tabletop centrifuge. The post-
nuclear supernatant (PNS sample) was transferred into a fresh tube and the pellet (P sample)
containing large LB-like inclusions and nuclei was suspended in lysis buffer. For Western blot, all
samples were sonicated for 10 sec at 40% amplitude and lysates were prepared in Laemmli sample

buffer (1x) followed by SDS-PAGE. For EM, the pellet was kept at -80°C until processed.

Western blot protocol
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Cells were washed three times in PBS (pH 7.4) and then scraped off in RIPA bufter: 50
mM TRIS-HCI pH 7.4, 150 mM NaCl, ImM EDTA, 0.5% sodium deoxycholate, 0.1% SDS (pH
7.4). RIPA lysis buffer was supplemented with a protease and phosphatase inhibitor cocktail mix.
Lysates were sonicated for 10 sec at 40% amplitude, kept on a nutating rocker for 30 min at 4°C
and centrifuged at 21,000 x g for 15 min at 4°C using a tabletop centrifuge. Supernatants were
collected in a new tube and protein concentrations were measured using a BCA protein assay kit
(Thermo Fisher Scientific, 23225).

Equal amounts of protein from each condition tested were prepared in Laemmli sample
buffer prior to SDS-PAGE. Samples were resolved on large gels with the appropriate gradient of
polyacrylamide. Proteins were transferred to nitrocellulose membrane and labelled appropriately.
For Western blot, membranes were blocked in 5% milk in TBST (20 mM TRIS, 150 mM NaCl,
0.1% Tween20, pH 7.4). Primary antibodies were diluted in 5% BSA in TBST and membranes
incubated overnight at 4°C with constant rocking. Membranes were washed three times (10 min
each) in TBST and then incubated in the corresponding secondary antibody for 1 h at RT.
Membranes were then washed three times in TBST with constant rocking. For signal exposure,
membranes were incubated with the Pierce ECL Western Blotting Substrate (Thermo Fisher
Scientific, 32106) for 1 min and developed on autoradiography film in a dark room.

All Western blots were done three times prior to being incorporated into the manuscript.
For Figures 5 and 7, Western blots were quantified across three experiments using the mean gray
value measurement function in ImageJ (NIH). Outputs were then subtracted by 255 (pixel range)
in order to invert the expression levels so that higher expression would correspond to a higher

number.
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IFN-y and PAH Treatment in DA Neurons and Cell Survival

DA NPCs were thawed and cultured on 24 well plates, pre-treated with PO and laminin.
NPCs were then matured into neurons using the Midbrain Neuronal Maturation Kit (STEMCELL
Technologies, 100-0041) for 14 d. Following differentiation, neurons were treated with varying
concentrations of [FN-y or PAH for 24 h. Cells were then stained with Hoechst 33342 for 20 min at
RT, washed with PBS and nuclear fluorescence quantified using Infinite 200 Pro Tecan plate
reader. Six measurements for each concentration of PAH were conducted and used in the
quantification. Quantification was done by setting the control condition’s nuclear fluorescence to
100% and dividing all subsequent cell counts by the control, resulting in the percentage of cell

count compared to control.

PAH Treatment in DA Neurons for Western Blot Experiment

DA NPCs were thawed and cultured in 6-well plates in STEMdiff™ Neural Progenitor
Medium (STEMCELL Technologies, 05835). The cells were then differentiated into neurons using
Midbrain Neuron Maturation Kit (STEMCELL Technologies, 100-0041) for 14 d. Following
differentiation, 6 wells were established as various controls: (1) null condition with PBS and
DMSO treatment, (2) IFN-yonly condition in which neurons were treated with IFN-y for 48 h and
then incubated in fresh Brainphys Neuronal media (STEMCELL, 05790) and maintained for 14 d,
(3) PFF only condition in which neurons were only treated with PFF for 48 h and then incubated in
fresh media and maintained for 14 d, (4) PAH only condition in which cells were treated with 10
uM PAH for 24 h, given fresh media and maintained for 14 d, (5) PFF and PAH condition in which

neurons were incubated with PFF for 48 h given fresh media for 72 h, and then treated with PAH

293



for 24 h, (6) IFN-yand PAH condition, in which neurons were treated with PBS (control for PFF)
for 48 h, given fresh media, incubated with IFN-y for 24 h, given fresh media for 24 h, and then
given 0.025 mM of PAH for 24 h, then given fresh media and maintained until 14 d. 5 wells were
then designated as experimental conditions: (7) cells were given PFF for 48 h, fresh media for 72
h, IFN-y for 24 h, 24 h of fresh media, 24 h of media supplemented with 0.025 mM PAH,
following by 72 h of incubation with fresh media before cell collection, (8) same as condition 7,
except that 96 h elapsed between IFN-y treatment and PAH treatment, (9) same as condition 7
except that 8 d elapsed between IFN-yand PAH treatment. (10) same as condition 7 except that no
PAH treatment was done and samples were maintained until 14 d, (11) same as condition 10,
except that IFN-y treatment was done for 48 h, followed by incubation in fresh media until 14 d.

All cells were fixed 72 h after the addition of PAH.

Endogenous o-syn Expression in KO and WT SNCA DA Neurons

KO and WT SNCA DA NPCs from Mohamed et al. (2021) were differentiated into neurons
as described above. Neurons were then treated for 48h with a-syn-HA adenovirus (Applied
Biological Materials, 445410520200) at concentration of 2 x 10° IFU/PFU (infectious unit)/ml.
Neurons were then collected, lysed, and processed for Western blotting.

For imaging experiments, neurons grown on coverslips, then underwent the protocol described
above and in Extended Data Figure 4.8 J, in which they are given 72 h of rest in fresh media,
followed by administration of IFN-y for 24 h, followed by administration of fresh media. Neurons

were then fixed at various timepoints, stained with HA and phospho-a-syn antibodies.
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A 2 d shortened treatment was also conducted to serve as controls for the longer timepoint

experiments (Extended Data Figure 4.1 B).

Microglia Media Analysis

HMC3 cells were grown on 150 mm plates using EMEM (ATCC, 30-2003) supplemented
with 10% bovine calf serum (GE Healthcare, SH30072.03) and Pen/Strep (Wisent, 450201). Once
cells reached 80% confluency, cells were given PBS, LPS, PFF, and LPS + PFF. LPS (Thermo
Fisher Scientific, 00-4976-93) was administered at 10 pg/mL concentration, while PFF was
administered at 1 pg/mL concentration. Cells were incubated for 24 h in the treatment media then
trypsin washed three times to remove PFF on the cell surface. Cells were passaged onto new plates
and incubated in complete media for 24 h. Cells were washed four times with PBS 1x and
incubated in serum-free media (EMEM + Pen/Strep) for 48 h. Media from each condition were
collected, centrifuged for 10 min at 500 x g to eliminate any cells or large contaminants, then for
10 min at 4000 x g to eliminate any small contaminants. Media were concentrated by centrifuging
at 4000 x g for 30min using Amicon Ultra-15 Centrifugal Filter Units with a membrane NMWL of
10kDa (MilliporeSigma, UFC901024). Concentrations of protein in the media were quantified and
equal amounts of protein from each condition were resolved by SDS-PAGE followed by the

corresponding Western blot to detect each protein.

LysoTracker and LysoSensor Experiment

To assess the lysosomal pH and health of neurons undergoing the 14 d dual hit treatment

regime, LysoTracker (Thermo Fisher Scientific, L7528) and LysoSensor (Thermo Fisher
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Scientific, L7545) were used. LysoTracker was added to cells 15 min prior to imaging, while
LysoSensor was added 5 min prior to imaging. Neurons were plated on 35 mm glass bottomed
dishes (MatTek, Cat# P35G-1.5-14-C-GRD). Cells were imaged using LSM 880 (Zeiss), equipped
with a live imaging chamber.

LysoTracker lysosomal count was done by taking thresholded images (50% threshold) and
loading them into ImageJ (NIH) and using the “3D Object Counter” function. The software then
outputted the number of lysosomes in each image. Cell count was done by taking the Cell tracker
(Thermo Fisher Scientific, C10094) channel and loading it into ImagelJ and using the “Find
Maxima” function to count the number of cells. The number of lysosomes was then divided by the
number of cells to attain the “Number of Lysosomes per Cell” quantity. This was averaged across

three independent experiments, with 3 images from each experiment being taken.

Co-culture experiments

HMC3 cells were grown in EMEM media supplemented with 10% of bovine calf serum
and 1x of Gibco Antibiotic and Antimycotic (Thermo Fisher Scientific, 15240062). Glioblastoma,
U87 cell line were grown in DMEM media (Gibco, Thermo Fisher Scientific, 11965092)
supplemented with 10% of bovine calf serum, 2 mM of L-Glutamine (Wisent, 609065), and 100
IU Penicillin 100 pg/ml Streptomycin. Cells were grown and expanded on 150 mm plates and were
passaged onto 6-well plates prior to the beginning of the experiment. HMC3 (microglia) were
treated with LPS at 10 pg/mL concentration or given PBS of equal volume (for control). Cells
were also given 5 pL of CellTracker Violet dye (Thermo Fisher Scientific, C10094). 24 h

following LPS treatment, cells were trypsinized, washed and pelleted three times, and added to
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coverslips containing differentiated DA neurons previously exposed to PFFs (5.0 x 10* cells per
coverslip). Microglia were incubated with DA neurons, in Neurobasal media for 48 h prior to

fixation. Samples were then stained with B-III tubulin and prepared for microscopy.

Cell Line Panel Experiments

U87 and U20S cells were grown in 500 mL DMEM media, supplemented with 10%
bovine calf serum, 2 mM of L-Glutamine, and 100 IU Penicillin 100 pg/ml Streptomycin. SH-
SYSY cells were grown in 500 mL of Advanced DMEM (Gibco, Thermo Fisher Scientific,
12634028) supplemented with 10% bovine calf serum, 2 mM of L-Glutamine, and Antibiotic-
Antimycotic at 1x. Cells were grown and expanded on 150 mm plates and were passaged onto 6-
well plates. Cells were treated with PFF for 48 h, trypsin washed on ice for 30 s, trypsinized,
plated onto new 6-well plates and incubated for 48 h. Cells were then plated at low confluency
onto poly-L-lysine (MilliporeSigma, A-004-M) treated coverslips and incubated in fresh media for
another 24 h. Cells were then treated with IFN-y (or PBS for the PFF-only condition), for 24 h.
Cells were then given fresh media, and incubated for 8 days. The cells in the PFF-only condition
had to be passaged once more 96 h later, due to overconfluency. Cells were then fixed, stained with
LAMP1 (Cell Signaling Technology, 9091S) and Phalloidin (Thermo Fisher Scientific, A30104)

and prepared for imaging.

Graphical Abstract and Graphical Representation of treatment regimes

Graphical abstract, graphical representation of treatments, and models were created using

Biorender.com.
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Cell and Inclusion Count

An automated approach was taken for the cell and inclusion counts as described by Labno .
Cells and inclusions were counted by loading single-channel images into ImageJ (NIH) and
performing the “analyze particles” function, following thresholding of images. The same threshold
was used for all the conditions within each experiment (thresholds were different for different
experiments). For cell count, the nuclear staining channel was used, and for inclusions the PFF
channel was used. For inclusions, particles smaller than 2.0 um in diameter were not included in

our count.

Inclusion Size

Using the “analyze particles” function in ImageJ, thresholded single channel images were
loaded into ImagelJ and particles of high circularity and 0-infinity in size were selected. The
“show” and “outline” options were also chosen. From the outlines produced by ImagelJ, the
diameters of the inclusions were then measured manually. For the images in which inclusion size
was measured, a high threshold was set to exclude most lysosomal-PFF but include smaller puncta
with high intensity levels. This was done so that a measure of the more intensely fluorescent
puncta was incorporated in our size calculation. Although some puncta measured were under 2.0
um in diameter, which is below our inclusion definition set above, we believe that this provides a
better representation of where most PFFs are located, and what sort of structures they are localized
to. In samples where PFFs are less aggregated, the brightest puncta were smaller, whereas in 14 d

samples, more of the brightest PFF puncta will be localized to inclusions and therefore the PFF
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puncta will be of larger size. In short, we wanted to measure the size of the PFF puncta with the

highest fluorescence intensities.

Lysosomal Count, Lysosomal Size, Fluorescence Intensity

To count the number of lysosomes per cell, results shown in Extended Data Figure 4.7, the
MorphoLibJ plugin (Legland et al., 2016) was used, using fluorescent microscopy data. Single
plane, single cell, single channel images previously thresholded were then loaded into ImageJ, and
the number of puncta was calculated according to the methods outlined by Peters et al. (Peters et
al., 2021). Lysosomal size was calculated using electron micrographs, and the lysosomes were
measured manually using GMS 3.0 (Gatan). Fluorescence intensity was calculated using LAS X

(Leica) software, where channel intensities are quantified using the “Quantification” function.

Quantification Analysis

Measurements, including cell/inclusion count, inclusion size and puncta number, were all
inputted into Graphpad Prism 9.0. Quantification data was statistically analyzed, using Student’s t-
test when only two conditions were being compared, one-way ANOVA for multiple conditions
(along with post hoc Tukey’s test), and two-way ANOVA when comparing multiple independent
variables and multiple dependent variables (multiple comparisons was done within each column
across different rows). All raw data and statistical analyses (not multiple comparisons analyses)

have been deposited into Mendeley data online repository.
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Antibodies

Anti-LAMP1 (D2D11) Antibody was from Cell Signaling Technology Cat. number 9091,
RRID: AB 2687579. Anti-Tyrosine Hydroxylase antibody was from Abcam Cat. number ab76442,
RRID:AB 1524535. Anti-Tyrosine Hydroxylase antibody [EP1532Y] - Neuronal Marker was
from Abcam Cat. number ab137869, RRID:AB_2801410. Anti-LAMP2 antibody [H4B4] —
Lysosome Marker was from Abcam Cat. number ab25631, RRID:AB_47070. Anti-HDAC6
(D2E5) Rabbit monoclonal Antibody was from Cell Signaling Technology Cat. number 7558,
RRID:AB 10891804. Anti-NRF2 (D1Z9C) was from Cell Signaling Technology Cat. number
12721, RRID:AB _2715528. Anti-alpha Synuclein antibody [syn211] was from Abcam Cat.
number ab75305, RRID:AB_1309948. Anti-Rab5 Antibody was from Cell Signaling Technology
Cat. number 2143, RRID:AB_823625. Anti-alpha Synuclein (phospho S129) antibody was from
Abcam Cat. number ab59264, RRID:AB_2270761. Anti-Phosphorylated a-Synuclein (pSyn#64)
was from Wako, FUJIFILM Cat. number 015-25191, RRID:AB_2537218. Anti-Beta-III-Tubulin
(Tuj1) antibody was from Abcam Cat. number ab41489, RRID:AB_727049. Anti-MAP2 Antibody
was from Novus Biologicals Cat. number NBP1-48604, RRID:AB 10011223. Anti-PSD95
antibody [7E3-1B8] was from Abcam Cat. number ab18258, RRID:AB_444362. Anti-HA tag
antibody - ChIP Grade (ab9110) was from Abcam Cat. number ab9110, RRID:AB_307019. Anti-
HA tag antibody [HA.C5] (ab18181) was from Abcam Cat. number ab137838,
RRID:AB 2810986. Anti-IFN-y (D3H2) was from Cell Signaling Technology Cat. number 8455,
RRID:AB 2797644. Anti-GIRK2 antibody was from Abcam Cat. number ab65096,
RRID:AB 1139732. Anti-Dopamine Transporter antibody [EPR19695] was from Abcam Cat.

number ab184451, RRID:AB 2890225. Anti-160 kDa Neurofilament Medium antibody
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[EPR23510-76] was from Abcam Cat. number ab254348, RRID: N/A. Recombinant Anti-IFNGR1
antibody [EPR7866] was from Abcam Cat. number ab134070, RRID: N/A. Anti-IFN gamma
Receptor beta/AF-1 antibody (IFNGR2) was from Abcam Cat. number ab77246,

RRID:AB 1951968. Anti-LC3B (D11) was from Cell Signaling Technology Cat. number 38688,
RRID:AB 2137707. Anti-Midkine antibody was from Thermo Fisher Scientific Cat. number
MAS5-32538, RRID: AB_2809815. Anti-TFEB (D207D) was from Cell Signaling Technology Cat.
number 37785, RRID:AB 2799119. Anti-Recombinant Anti-TFEB antibody [EPR22941-6] was
from Abcam Cat. number ab267351, RRID: N/A. Anti-Human TFEB Antibody was from Bio-
Techne Cat. number MAB9170, RRID: N/A. Hsc70/Hsp73 monoclonal antibody was from Enzo
Life Sciences Cat. number ADI-SPA-815-488-E, RRID:AB_2039277. Alexa Fluor Plus 405
Phalloidin was from Thermo Fisher Scientific Cat. number A30104, RRID: N/A. Alexa Fluor 647
Goat anti-Chicken IgY Secondary Antibody was from Thermo Fisher Scientific Cat. number A-
21449, RRID:AB_2535866. Alexa Fluor 647 Goat anti-Mouse IgG Highly Cross-Adsorbed
Secondary Antibody was from Thermo Fisher Scientific Cat. number A-21236,

RRID:AB 2535805. Alexa Fluor Plus 488 Goat anti-Mouse IgG Highly Cross-Adsorbed
Secondary Antibody was from Thermo Fisher Scientific Cat. number A32723,

RRID:AB 2633275. Alexa Fluor 568 Goat anti-Rabbit IgG Highly Cross-Adsorbed Secondary
Antibody Thermo Fisher Scientific Cat. number A-11036, RRID:AB_10563566. Alexa Fluor Plus
405 Goat anti-Chicken IgY Cross-Adsorbed Secondary Antibody was from Thermo Fisher

Scientific Cat. number A48260, RRID:AB_2890271.
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Software and algorithms

e Imagel: https://imagej.nih.gov/ij/

e LAS X 3.5.5 by Leica: https://www.leica-microsystems.com/products/microscope-

software/p/leica-las-x-1s/

e Prism by Gaphpad: https://www.graphpad.com/scientific-software/prism/

e ZEN 3.5 by Zeiss: https://www.zeiss.com/microscopy/int/products/microscope-

software/zen.html

e GMS 3 by Gatan: https://www.gatan.com/products/tem-analysis/gatan-microscopy-suite-

software

Resource Availability

Lead Contact

Further information and requests for resources and reagents should be directed to the Lead
Contact, Dr. Peter Scott McPherson (peter.mcpherson@mecgill.ca) and will be fulfilled. Further
information regarding experimental protocols and procedures should be directed to Armin Bayati
(armin.bayati@mail.mcgill.ca).

Materials Availability

This study did not generate new unique reagents.

Data and Code Availability

e All the raw data, along with statistical calculations used in this paper have been deposited at
Mendeley Data: Bayati, Armin; McPherson, Peter (2023), “Formation and maintenance of
Lewy body-like inclusions in human dopaminergic neurons”, Mendeley Data, V1, doi:
10.17632/kp3774p92d.1. This is publicly available as of the date of submission. DOIs are
listed in the key resources table.

e This paper does not report original code.
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e Any additional information required to reanalyze the data reported in this paper is available
from the lead contact upon request.
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CHAPTER 5. DISCUSSION, GENERAL CONCLUSIONS
5.1 The dual nature of a-syn

Since the presence of c-syn was confirmed in LBs (M. G. Spillantini et al., 1997),
scientists have tried to understand this protein's characteristics. They have done so through many
biochemical studies to understand its affinity towards organelles, membranes, proteins, and its
localization in different regions of the cell (Bertoncini et al., 2005; Fredenburg et al., 2007; Heise
et al., 2005; H.-J. Lee et al., 2008). At every point, a-syn has remained elusive. While it may have
a multimeric form in the cell (Bartels et al., 2011; Dettmer et al., 2017), it is also present in the cell
in an intrinsically disordered monomeric form (Ludtmann et al., 2016; Westphal & Chandra,
2013). While it is mostly localized to the synapse in neurons (Vargas et al., 2021; Vargas et al.,
2014; Vargas et al., 2017), a-syn’s functions seem to go beyond simply the modulating synaptic
vesicle release and aiding in their organization in the presynaptic region (Lautenschlager et al.,
2017; Vargas et al., 2017). As some have shown, this protein also acts as a stabilizing agent for
RNA throughout the cell, and also plays a role in the cellular stress response (Chung et al., 2017;
Hallacli et al., 2022). At the same time, SNCA knockout mice seem to function normally with
regular cognitive and motor functions (Cabin et al., 2002).

As a biological phenomenon, c-syn is the perfect question to be lost in, as a scientist
pursuing a career in biomedical research. From a disease/treatment perspective, a-syn could not be
a more elusive and indecisive protein. Even its pathological form is puzzling, as different
oligomeric sizes of a-syn have a different propensity for aggregation and seeding (A. L. Fink,
2006; Pieri et al., 2016). In addition, a-syn WT oligomers and fibrils act differently than those

generated from mutant forms of a-syn (Conway et al., 1998; Conway, Harper, et al., 2000;
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Conway, Lee, et al., 2000; Narhi et al., 1999; Stefanis et al., 2001). There are also different strains
of a-syn fibrils (Peelaerts et al., 2015; Peng et al., 2018). Also, while the oligomeric form of the
protein has a higher affinity for membranes than its endogenous form, its non-oligomeric form still
acts as a tether between membranous synaptic vesicles (Vargas et al., 2017).

This elusive nature of a-syn, similar to how matter acts as both a wave and a particle, is not
limited to its biochemical characteristics. This elusiveness is also present in the diseases that
involve a-syn, otherwise known as synucleinopathies. Current research on the mechanistic aspect
of PD falls into one of two main categories: mitochondrial versus c-syn. The mitochondrial
approach to the study of the mechanistic underpinnings of PD, suggests that the ultimate
dysfunction of mitochondria and impairment of cellular respiration cause all matters that give rise
to PD (Surmeier & Sulzer, 2013). This theory is often supported by evidence found in two familial
forms of PD: PINK 1 and Parkin (Dawson & Dawson, 2010; Valente et al., 2004). These two forms
of familial PD are highly penetrant and do not involve Lewy bodies, protein aggregation, and a-
syn spread. The other side of PD research focuses exclusively on the aggregation of a-syn
(Minami Baba et al., 1998; Beyer, 2006; Anthony L. Fink, 2006; Vilar et al., 2008), whether
through the propagation of the exogenous form of a-syn or through using mutations or locus
multiplication models of SNCA.

Having studied both sides, it was interesting to see how deep the chasm between these two
factions of PD research is. Research falling on either side does its best not to acknowledge the
other side. Luckily, an emerging and ever-expanding faction exists in PD research: the focus on the
lysosomal side of PD (Dehay et al., 2010). The lysosomal side involves studies looking at

lysosomal dysfunction caused by mutations in GBA, TMEM175, LRRK2, and others (Alcalay et
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al., 2015; Gan-Or et al., 2018; Krohn et al., 2020; Sosero et al., 2021; Ysselstein et al., 2019).
While it is easy to imagine that this faction will also become very isolated, as the research on a-
syn aggregation and mitochondrial dysfunction have become, the lysosomal side is by its very
nature multidisciplinary, due to the role that lysosomes play in autophagy (Gan-Or et al., 2015).

Defects in autophagy can bring together all the different sides of PD research under one umbrella.

5.2 PD is a result of dysfunction in autophagy

Looking at PD as a disease of autophagy-lysosomal pathway (ALP), brings together all the
separate factions of research into the pathophysiology of PD. For instance, although mitochondrial
defects and mitochondrial health play a large part in PD, PINK1 and Parkin mutations specifically
alter mitophagy (Durcan & Fon, 2015). This results in poor quality control and an inability to
degrade dysfunctional mitochondrial fragments. If the a-syn approach to the disease is taken,
whether done through SNCA multiplication models, a-syn mutants such as A53T or E46K, or
through the use of exogenous a-syn, a-syn accumulation all eventually lead to a failure in cellular
lysosomal degradation and autophagy. The overexpression model allows endogenous c-syn more
opportunities to aggregate (Lee & Lee, 2002). The aggregated structures then cling to different
organelles and impair parts of the cell (Mahul-Mellier et al., 2020). Failure to clear these
cytoplasmic aggregates through a functioning autophagic machinery leads to inclusion formation
(Malkus & Ischiropoulos, 2012; Manecka et al., 2017; Monaco & Fraldi, 2020). If mutant forms of
a-syn are present in the cell, they have a higher propensity to aggregate and associate with
membranes (Imberdis et al., 2019; Narhi et al., 1999). They will, just like WT a-syn, aggregate

and disrupt organelle function and trafficking (J. H. Soper et al., 2008). Failure to clear these
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aggregates through chaperone-mediated autophagy or macroautophagy allows these aggregates to
prosper, eventually incorporating more and more proteins and organelles into their orbit (Dehay et
al., 2010; Lee et al., 2013; Malkus & Ischiropoulos, 2012; Nash et al., 2017; Xilouri et al., 2016).
Finally, if the exogenous form of c-syn is used to model PD propagation, the accumulation of
oligomeric forms of a-syn in the cell will lead to dysfunctional lysosomes that are unable to
degrade their contents and, therefore cannot fuse with autophagosomes (Dehay et al., 2010; P.
Desplats et al., 2009; Kovacs et al., 2014; Lee et al., 2013; Shachar et al., 2011). Even if lysosomes
filled with exogenous c-syn were able to fuse with autophagosomes, their degradative activity
would be largely impaired (Bayati et al., 2022), leading to the cell’s inability to clear harmful and
aggregated proteins. All these different pathways, lead to and from autophagy.

Focusing on the lysosomal aspect of PD will lead to a more holistic understanding of the
mechanisms at play and will not have the blind spots that more traditional avenues of research into
PD’s mechanisms have. Looking at PD through the lens of ALP, one can explain almost all the
different mutations that can contribute to PD. For instance, LRRK2, physiologically plays a role in
protein degradation through regulating ALP. LRRK2 mutations, one of the most common causes of
familial PD, lead cells down a road of ALP-related dysfunction, eventually leading to impaired
autophagy (Senkevich & Gan-Or, 2020). Mutations in GBA, also very common in familial PD,
lead to abnormal lysosomal activity, which lead downstream to impairments in autophagy
(Navarro-Romero et al., 2022). Even rare forms of familial PD, stemming from mutations in
VPS35, ultimately lead to autophagy impairments caused by the retromer complex's dysfunctional

assembly (Cui et al., 2018).
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5.3 Lewy bodies are impaired, enlarged, and failed autophagosomes

Our approach to studying the formation of LBs and understanding the cellular dysfunction
in PD was to observe how exogenous a-syn fibrils can access the cytosol. Our research reached its
first setback as we were unable to develop an assay that allowed us to visualize the escape of PFFs
from lysosomes following their initial internalization and rapid transport to lysosomes. Although a
decrease in colocalization between LAMP1 and PFFs was observed over time, we failed to see the
formation of large PFF-positive aggregates (Bayati et al., 2022). We then hypothesized that another
factor may be needed, a trigger of some sort, that leads to further impairment of lysosomes and
allows PFFs to robustly gain access to the cytoplasm (i.e., lysosomal membrane permeabilization).
We were inspired by case studies conducted during the COVID-19 pandemic in which individuals
afflicted with moderate to severe forms of COVID-19, following infection by SARS-CoV-2,
developed parkinsonian movement disorders soon after their recovery (Cohen et al., 2020; Faber et
al., 2020; Mendez-Guerrero et al., 2020). Mostly, we were inspired by findings by Matheoud et al.
(2019), how found that PINK1 knockout mice only exhibit Parkinsonian movement dysfunction
following the immune system activation by administration of a gastrointestinal bacteria through
oral gavage. This, coupled with research on the deleterious effects of proinflammatory cytokines
on lysosomal proteins (Fang et al., 2021), led us to use IFN-y, as an immune stressor, which turned
out to be the missing piece to our puzzle.

The formation of the double membrane-bound LB-like inclusions in our in vitro model has
led us to believe that at least a subset of LBs may have been membrane-bound at an earlier stage of
their formation and maturation. Considering the cellular deterioration that occurs following the
formation of LBs, such as apoptosis (P. Desplats et al., 2009), coupled with the poor quality of

post-mortem tissue (Lewis et al., 2019; Sele et al., 2019), it is not at all impossible to believe that
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the organellar-medley-filled LBs presented to us by Shahmoradian et al. (2019), were at some
point an ever-expanding autophagosome. If this were to be true, it would have serious implications
for our understanding of LBs. First, it would be clear that LBs were formed as a part of an active
process by the cell, similar to the aggresomal response (Johnston et al., 1998), in which cells detect
and target the clearance of abnormal organelles and aggregated proteins. This turns the current
perception of LBs upside down, as currently, the popular belief suggests that a-syn fibrilization
drives the process of inclusion formation (Fares et al., 2021; Lashuel, 2020), indicating that LBs
occur passively, without the involvement of the cell: through its fibrillization, a-syn incorporates
more and more proteins and organelles, leading to an inclusion that renders a significant portion of
the cell useless. If the cellular aggresomal approach is to be adopted, then a-syn fibrillization
cannot be the main driving force behind the formation of inclusions, as cellular pathways exist for
sequestering and packaging aggregated proteins and harmful materials (Johnston et al., 1998).
From the aggresomal perspective, a-syn is simply the passenger and not the driver behind LBs.
Secondly, if LBs are autophagosomes that were not able to degrade their contents, then
they are neuroprotective and not the cause of cellular dysfunction, as are aggresomes (Tanaka et
al., 2004). Even without the cell being able to clear the contents contained within LBs, packaging
all of these organelles and proteins into a membrane-bound inclusion protects the cell from further
damage, since damaged mitochondria could release cytochrome ¢ and lysosomes undergoing LMP
can release harmful hydrolases into the cell. It could be possible that neurons naturally form
precursors to LBs that never get large enough, since a functioning lysosome fuses with the newly
formed autophagosomes and degrades its contents. This way of thinking makes the formation of

LBs a regular part of cellular processes that went awry.
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Lastly, if LBs result from an autophagosome that was not cleared and kept on expanding,
then the trickle-down effect of the immune stress in PD must be the impairment of lysosomal
activity, which leads to impaired autophagy. Of course, it should be noted that proinflammatory
cytokine signaling has been shown to have many deleterious effects on cells and implicated in
neurodegeneration (Fang et al., 2021; Hobson & Sulzer, 2022; Kulkarni et al., 2016; Lees & Cross,
2007; Seifert et al., 2014), but this thinking suggests, that at least in the case of PD, the most
important downstream effects of immune activation results in lysosomal dysfunction and
impairment of the ALP. In our most recent work, we show clearly that a LAMP2 knockdown,
coupled with PFF administration, results in the formation of LB-like inclusions ((Armin Bayati et

al., 2023).

5.4 a-syn is a bystander in PD pathophysiology

It might be interesting to consider a-syn as a bystander in PD. If a-syn was simply an
indicator of cellular stress, as posited by recent research (Hallacli et al., 2022), then its
accumulation and increased expression can happen transiently following neuronal stress, which
has been shown previously (Sala et al., 2013). With its increased expression, there is an ever-
increasing chance for it to aggregate due to its NAC/hydrophobic region (Bisaglia et al., 2006).
This results in the formation of aggregates that then lead to the trapping and incorporation of
proteins and organelles. Aggregates can alter the shape and function of the LAMP2 pore (Cuervo
et al., 2004), which is responsible for transporting materials from the cytoplasm to the lysosomes
in CPA. Impairment in CPA leads to more accumulation of proteins in the cytoplasm (Manecka et

al., 2017; Sala et al., 2016), and the altered LAMP structures lead to an inability for lysosomes to
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fuse with autophagosomes (Huynh et al., 2007). All roads once again lead to a failure in
autophagy.

This hypothesis also explains why mutations in a-syn or locus multiplication of SNCA
result in the formation of LBs. If the SNCA mutations increase the aggregative ability of a-syn
(Conway et al., 1998; Narhi et al., 1999), then the formation of aggregates leads to the downstream
dysfunctions stated above. If more c-syn is present, then a-syn is not only more likely to
aggregate (Lee & Lee, 2002), but it is also present in high numbers without the presence of cellular
stress: the indicator for cellular stress is present in large amounts without the need for a source of
stress. As oxidative stress and the presence of c-syn go hand-in-hand (Luk, 2019; Scudamore &
Ciossek, 2018), this becomes a dangerous slippery slope for the cellular health.

Admittedly, when mutations and locus multiplications of the SNCA locus are present, ci-syn
acts as the trigger to the downstream impairment in autophagy. In cases where an increase in a-syn
expression has occurred due to exposure to toxins or increased cellular stress (Pinto-Costa et al.,
2023; Pukass & Richter-Landsberg, 2014; Puspita et al., 2017; Sala et al., 2013), a-syn
accumulation and all the downstream dysfunctions are a by-product of the real trigger, which is
cellular stress. It, therefore, makes perfect sense why DA neurons would be the most susceptible to
this process: their regular function of anabolism and catabolism of dopamine is a highly oxidative
process (Meiser et al., 2013). These neurons endure higher levels of cellular stress compared to
other neurons, making them very sensitive to further cellular stress. If any additional source of
stress were to present itself, these neurons would be pushed into an environment that would foster

the increased expression of ci-syn and dysfunctional organelle activity resulting in LB formation.
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5.5 Proinflammatory cytokines: the trigger for neurodegeneration

Why does Parkinson’s disease mainly affect older adults? Why is the prodromal stage of
PD such a long process? What is going wrong in the cell in the prodromal period to cause
prodromal symptoms but not result in Parkinson’s disease symptoms? Clearly, a-syn aggregates
are present years before the onset of the motor symptoms of PD (Stokholm et al., 2016; Wood,
2016). If so, are a-syn aggregates truly pathogenic in that their accumulation results in cellular
apoptosis? These are all questions that have been asked in one form or another in more recent
years. We believe these questions could all be answered when neuroimmunology is considered,
and when the scope of PD is expanded to include more than just neurons.

Astrocytes, which support neurons through the release of trophic factors, also aid neurons
with neurotransmission, reduce the metabolite burden, and inflammation (Ricci et al., 2009), may
not be as effective as a support system when dealing with an accumulation of a-syn, as it results in
an inflammatory response within astrocytes (C. Wang et al., 2021). Astrocytes’ neuronal support is
further inhibited by the release of proinflammatory cytokines by activated microglia, due to the
presence of aggregated a-syn (Kam et al., 2020). Aging microglia can also facilitate the immune
system infiltration of the brain, as observed in mice (Zhang et al., 2022), resulting in the presence
of even more proinflammatory cytokine-releasing cells within the central nervous system.
Essentially, the presence of aggregated a-syn can result in a chain reaction, leading to increasing
neuronal stress since astrocytes’ supportive activity is heavily compromised. This situation is only
exacerbated with aging astrocytes, where their supportive function is even further limited (Palmer
& Ousman, 2018).

As indicated above, multiple factors can affect the “perfect storm” of factors that lead to

stressed neurons with dysfunctional ALP, but there is a common factor: aging. Aging microglia are
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more likely to produce proinflammatory cytokines (Norden & Godbout, 2013). Aging microglia
also facilitate the infiltration of T-cells into the brain, perhaps as an effort to restore the lost
immune surveillance in the brain. However, like microglia, the aging immune cells are also more
likely to release proinflammatory cytokines in response to mild and moderate infections resulting
in a cytokine storm (Costagliola et al., 2021; Nidadavolu & Walston, 2021; Tizazu et al., 2022).
All of the above, explains how aging becomes a risk factor for poor neuronal health, and
results in an environment where neurodegeneration can occur. Neurons will be more likely to
produce high levels of reactive oxygen species and will be unable to rid the cell of harmful
materials. In addition, organellar biogenesis may be altered, and dysfunctional organelles cannot
be degraded. This will push cells into forming inclusions, to protect healthy parts of the cells from
degeneration. We believe it is the combination of a PD-specific insult (e.g., genetic mutation, a-syn
upregulation and aggregation) along with an external factor such as toxin exposure, immune
system activation, or increased secretion of proinflammatory cytokines, that result in an
environment ripe for the onset and occurrence of PD. However, the ease in which this “perfect
storm” occurs, and the chances that this dual hit occurs at the same time, is increased with aging,

resulting in much higher incidence of PD and other synucleinopathies, to occur later in life.

5.6 General conclusions

Our goal was to understand how a-syn is internalized and how it then seeds the formation
of endogenous a-syn and lead to the formation of inclusions. This thesis answered both of those
questions using multiple cell types. Our overarching finding, stemming from our data presented in
chapter 4, is that the acute immune challenge and the release of proinflammatory cytokines in the

brain, may be the triggering event that bridges the gap between prodromal PD and the onset of PD
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motor symptoms. The involvement of the immune system and proinflammatory cytokines provide
an explanation for the propensity of older populations, susceptible to cytokine storms in response
to infections, to develop PD. In short, research into the role of the immune system and microglia
may hold the key to our understanding of the pathophysiology of neurodegenerative diseases.
Using the conjugation protocol established in chapter 2, the internalization assay described in
chapter 3, and the dual hit treatment regime provided in chapter 4, future researchers can explore
more findings relating to LB formation, the molecular pathophysiology of PD, and the triggering

events that give rise to neurodegeneration.
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