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TRIGGERS OF PARKINSON’S DISEASE
PATHOGENESIS:
INTERACTION OF EXOGENOUS AND ENDOGENOQOUS
FACTORS CONTRIBUTING TO DIFFERENT DISEASE
PATHOLOGIES

by

Kristopher John SCHMIT






Abstract

Parkinson’s disease (PD) is the most common movement disorder. Empiric observations
brought forth that clinical and pathogenesis do not progress the same in all patients.
This is most likely due to the multi-factorial nature of PD. Different endogenous, e.g.
genetic predispositions, and exogenous factors such as pesticides and diet,
independently or together, can be at the origin of the disease or accelerate and alter
disease progression. One particular “organ” is most exposed to such factors: the gut and
its residing microbiota. Findings of aggregated a-synuclein (a.Syn) in the enteric nervous
system (ENS) and altered gut microbiomes in PD patients suggest that gut-brain axis is a
potential route for corrupted oSyn to spread to the central nervous system (CNS).
Additionally, the impact of various environmental (exogenous) factors on the gut
microbiome in the context of disease progression has been brought to the limelight.
Resulting dysbiosis can lead to different physiological reactions such as “leaky gut” and
inflammation (systemic and neuroinflammation). Subsequent interactions with other
exogenous or endogenous toxins can act as triggers or accelerators in the disease
process. Understanding the underlying mechanisms of such factors could give new
insights into differing disease progressions, help to venture into novel therapeutic
approaches and mitigate disease progress. Thus, we used different sophisticated in vivo

approaches to investigate these complex interactions and mechanisms.

First, we exposed a transgenic human wild-type a-synuclein (aSyn)
overexpressing mouse model (Thyl-Syn14) to a fibre deprived diet and the bacterial
Curli protein. We aimed to understand how these factors exacerbate, individually or in
combination, the disease-related phenotype in the enteric (ENS) and central nervous
(CNS) systems. Using 16S rRNA amplicon sequencing, various histopathology
approaches and motor behaviour tests, we uncovered that the combination of fiber

deprivation and microbiome-born insults can be a trigger in PD progression along the



gut-brain axis. It provides a model for the heterogeneity observed in and entails

implications for lifestyle management of PD patients.

Next, we investigated the effect of a newly isolated archaeal compound, 2-
hydroxypyridine (2-HP), which was found to be increased in stool samples of PD and
idiopathic REM sleep behaviour disorder (iRBD) patients. 2-HP showed a positive
correlation with Methanobrevibacter smithii, which belongs to the most abundant
archaeal genus Methanobrevibacter. Initial in vitro data suggested that 2-HP is seeding
aSyn aggregation in an aSyn-overexpressing yeast model and a human iPSC-derived ENS
model. When we injected 2-HP into the right striatum of Thy1-Syn14 mice we observed
motor behaviour changes, a.Syn aggregation in the prefrontal cortex and TH-fiber loss in
the striatum. To our knowledge, we are the first to show a connection of an archaeal

molecule in PD.

Finally, we studied the mechanisms after intrastriatal injection of fibrillary aSyn
forms. We performed quantitative analyses of oaSyn inclusion formation,
neurodegeneration and neuroinflammation/microgliosis. Our most important
observation was that neurodegeneration and microgliosis, or only microgliosis, could be
observed in the absence of aSyn inclusions. The longitudinal gene expression study
revealed a dominant inflammatory profile early after injury, which precedes
neurodegeneration. Our findings suggest a crucial role of microgliosis which be induced
by environmentally induced changes in the gut microbiota, in the induction of PD

pathologies.
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General Introduction






1 Parkinson’s disease

1.1 Short historic summary

It's been more than 200 years that James Parkinson published his “Essay on the shaking
palsy” (Parkinson, 1817). Here, the main milestones in Parkinson’s disease (PD) research
will briefly be summarized (Figure 1). He further described this disease to be
accompanied by “Involuntary tremulous...” motions, in which the muscular power and
posture worsens over time, whilst “...the senses and intellects being uninjured.” In his
manuscript, he details the etiopathology of six subjects, in between whom he observed
many common symptoms such as worsening tremors and muscle weakness. The
subjects had more and more difficulties to write, read, walk or even sleep. Further, their
posture and gait were affected to a level where they had to walk on the tip of their feet
to avoid falling over. Motor symptoms continued to worsen, including digestive

agitations, another common symptom in the etiopathology.

Previous works and James Parkinson’s manifesto, described merely symptoms of
the disease. With advancements in anatomical pathology around the turn of the 20t
century, PD pathology was proposed to be mainly located in the Substantia nigra (SN).
Frederick Lewy, almost 100 years after Parkinson, described aggregated bodies in the
SN, which were later termed Lewy bodies by Konstantin Tretiakoff. Following advances
were made in disease stage scaling (Hoehn-Yahr scale) and treatment optimisations
such as novel combinatorial medication treatment, cell therapies and deep brain
stimulation approaches. One pivotal milestones was the molecular decomposition of

Lewy bodies in 1997 and the identification of aSyn as main component (Spillantini et al.,



1997). The following years and the progress in molecular biology led to the identification
of more than 20 different genes involved in the development of PD. This allowed to
develop novel models helping researchers around the world to study in greater detail

the complexity of PD.

Edouard Brissaud
suggested that the SN could Hoehn-Yahr scale for
be the site of PD pathology staging PD progression

James Parkinson Oleh Hornykiewicz found
publishes An essay dopamine level was reduced MPTP induced
in the striatum of PD parkinsonism

on the shaking paisy
Year 1817 1872 1899 1912 1919 1960 1961 1967 1970 1983 1987

George Cotzias tested
antiparkinsonian effect

Jean-Martin [L-dopa was the first
of apomorphine

Frederick Lewy and || effective anti-PD dru
Charcot renamed Konstantin Tretiakoff .

describes inclusions
located in SN in PD [AIim-Louis Benabid ]

the disease after
Parkinson

introduced DBS for
treating the tremor of PD

Heiko Braak

proposed a
a-synuclein was pathological staging
identified to be an of PD
important component of E

Lewy Body and the first

genetic cause of PD

dentifications of DJ1, PINK1,
NR4A2 LRRK2, GBA and ATP13A2

1997 2001 2003 2006 2014

The first double-blind
controlled trial of a
cell-based therapy in PD

cell-to-cell transmission of
a -synuclein in PD

New hypothesis of }

Figure 1 | Milestones since James Parkinson’s “An essay on the shaking palsy” (Fig. 2 from Lie and Le, 2017)

1.2 Prevalence, clinical features, diagnosis and treatment

There are about 10 million PD patients worldwide. With an ever-aging population, this
number is estimated to almost double by 2030. The majority of cases are sporadic (90-
95%) and diagnosed in people older than 60 years of age. Beyond 80 years of age,
roughly 3% of the world population suffers from PD and, in most populations, there is a

higher prevalence in men.



Diagnostic criteria are a set of motor symptoms and other criteria defined by the
International Parkinson and Movement disorder Society-Unified Parkinson’s disease
rating scale (MDS-UPDRS)(Goetz et al., 2008), adapted from the UK Parkinson’s disease
society Brain Bank Clinical Diagnostic criteria (Table 1) (Hughes et al., 1992). The cardinal
motor symptoms are bradykinesia, the progressive slowness of movement initiation,
and at least one amongst muscular rigidity, postural instability, and resting tremor
(Table 1, Figure 2). Motor deficits differ in PD patients. Two major subtypes have been
distilled from empiric observations: tremor-dominant and non-tremor dominant PD.
The non-tremor dominant subtype has a stronger postural instability phenotype.
Further, this subtype and later age of onset PD have been reported to progress faster

and show a generally more severe motor phenotype (Jankovic et al., 1990).

As the disease progresses, other motor symptoms appear such as dyskinesia.
However, PD is marked by several non-motor symptoms. These manifest themselves
already prior motor symptoms. This so called pre-clinical or prodromal phase can

precede the onset of motor deficits 10-20 years. This will be further elucidated below.

To date there is no cure for PD. Current approved therapies focus on reducing
clinical symptoms to relief the patients (Ellis and Fell, 2017). The common mode of
action of current treatments is the elevation of dopamine in the striatum (see below for
details on pathogenesis). Unfortunately, the efficacy declines over time since the
degenerative process is still ongoing. The most common prescribed drug is Levodopa (L-
DOPA), a dopamine agonists, which is often given in combination with other drugs (Ellis
and Fell, 2017). Alternative, once medication loses efficacy, is deep brain stimulation.
Current studies focus on stopping or at least slowing down disease progression. Ongoing
clinical trials mainly focus on direct and indirect dopamine modulators, to find more

stable approaches (Ellis and Fell, 2017).



Table 1 | UK PD Society Brain Bank clinical diagnostic criteria (adapted Panel 1 from Lang, 2015)

Step 1
diagnosis of parkinsonian
syndrome

Step 2
exclusion criteria for
Parkinson’s disease

Step 3
supportive prospective
positive criteria for
Parkinson’s disease

Bradykinesia (ie, slowness of
initiation of voluntary
movement with progressive
reduction in speed and
amplitude of repetitive actions)
plus one or more of the
following features:

One or more of the following
features suggest an alternate
diagnosis:

Three or more of the following
features are required for
diagnosis of definite
Parkinson’s disease:

e Muscular rigidity

® 4—6 Hz rest tremor

e Postural instability not caused
by primary visual, vestibular,
cerebellar, or proprioceptive
dysfunction

e History of repeated strokes
with stepwise progression of
parkinsonian features

e History of repeated head
injury

e History of definite encephalitis

e Neuroleptic treatment at
onset of symptoms

e 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP)
exposure

¢ Negative response to large
doses of levodopa (if
malabsorption excluded)

e More than one affected
relative*

e Sustained remission

o Strictly unilateral features
after 3 years

e Early severe autonomic
involvement

e Early severe dementia with
disturbances of memory,
language, and praxis

e Oculogyric crises

e Supranuclear gaze palsy

e Babinski sign

e Cerebellar signs

e Presence of a cerebral tumour
or communicating
hydrocephalus on CT scan or
MRI

e Unilateral onset

e Rest tremor present

e Progressive disorder

e Persistent asymmetry
affecting the side of onset
most

e Excellent response (70—100%)
to levodopa

e Severe levodopa-induced
chorea

e Levodopa response for 5
years or more

o Clinical course of 10 years or
more
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(] Non-motor symptoms

Time (years)

Figure 2 | Progression of clinical features in PD (Figure 5 from Poewe, 2017)

1.3 Pre-clinical/Prodromal PD and non-motor symptoms

PD is mainly defined by its motor deficits. However, PD has a long list of pre-

clinical/prodromal and accompanying progressive non-motor symptoms (Table 2).

Table 2 | Non-motor features of PD (adapted from Poewe, 2008)

Neuropsychiatric Autonomic Sensory symptoms
Sleep disorders
dysfunction dysfunction and pain
Mood disorders Sleep Orthostatic Olfactory
fragmentation and hypotension dysfunction
insomnia
Apathy and RBD Urogenital Abnormal
anhedonia dysfunction sensations
Frontal executive PLMS/RLS Constipation Pain

dysfunction

Dementia and Excessive daytime
psychosis somnolence

RBD, rapid eye movement sleep behaviour disorder; PLMS, periodic limb movement in sleep; RLS, restless
legs syndrome (Poewe, 2008)



The most common non-motor symptoms are hyposmia, constipation and REM sleep
behaviour disorder (RBD). Regions relating to these symptoms are often affected in PD
patients. For instance, the locus coeruleus is involved sleep-wake cycling/RBD (Van
Egroo et al., 2022) and the myenteric plexus is responsible for the peristaltic movement
of the gut (Shahrestani and Das, 2021). Current therapies, however, are mainly focusing

on dopamine replacement in the nigrostriatal pathway.

Some non-motor symptoms (e.g. RBD and constipation) are indicative of a
potential risk to develop PD (Poewe, 2008). Such so called pre-clinical or prodromal PD
symptoms appear up to 20 years prior PD motor deficits (Figure 2) (Poewe et al., 2017)

and could serve as markers for early diagnosis.

1.5 Neuropathology
1.5.1 Neurodegeneration

Even though the accuracy of clinical diagnosis has improved over the last decades
(Marsili et al., 2018), only post-mortem autopsy provides a definitive diagnosis for PD.
The pathological hallmarks of PD are neuronal loss of dopaminergic neurons and Lewy
pathology in the substantia nigra. Individually, these pathologies are not exclusive to PD.

Only when found together, a definitive diagnosis for PD can be made.

Neurodegeneration in PD is required but not limited to the substantia nigra.
Other regions showing neuronal loss in PD are amongst others the ventral tegmental
area, nucleus basalis of Meynert, cortex, amygdala, dorsal motor nucleus of the vagus,
locus coeruleus and pedunculopontine nucleus (Giguere et al., 2018; Kalia and Lang,
2015). The in-depth description of all regions is beyond the scope of this work. Here, the
focus will remain on the substantia nigra, pedunculopontine nucleus (PPN) and locus

coeruleus.

The substantia nigra, first described in 1786 by French anatomist Félix Vicq d’Azyr
(Parent and Parent, 2010), is located in the ventral midbrain and comprises two
functionally and morphologically distinct regions (Sonne et al., 2022). The neuromelanin

pigmented dopaminergic neurons, which are lost in PD, are located in the dorsolateral

10



pars compacta (SNpc) region of the substantia nigra (Sonne et al.,, 2022). The
ventrolateral tier of that neuron population is the most affected (Kalia and Lang, 2015)
and projects to the dorsal striatum (or caudate putamen), which is mainly involved in
conscious motor control (Young et al., 2021). Estimates of striatal dopamine terminal
loss at disease onset vary between studies, ranging mostly from 50%-70% (Bernheimer
et al., 1973; Cheng et al., 2010; Fearnley and Lees, 1991; Greffard et al., 2006). The
neurodegenerative process is suggested to be a “dying-back process” starting in the
striatum (Ehringer and Hornykiewicz, 1960; Hornykiewicz, 1998), preceding and
exceeding the loss of dopaminergic neurons in the SNpc. At disease onset loss of
dopaminergic neurons in the SNpc is estimated to be around 30% (Cheng et al., 2010;

Fearnley and Lees, 1991), rising to about 68% at end stage (Giguére et al., 2018).

The SNpc receives glutamatergic and cholinergic inputs from the PPN, which is
located in the upper pons (French and Muthusamy, 2018). As the substantia nigra, the
PPN can be subdivided into two subregions, the pars compacta (PPNc) and the pars
dissipates (PPNd) (French and Muthusamy, 2018). The PPNc presents the more
prominent region of the PPN and almost exclusively comprises large cholinergic neurons
(Pahapill and Lozano, 2000; Winn, 2008). In PD, neuronal (mainly cholinergic neurons)
loss in the PPNc reaches almost 60% at end stage (Hirsch et al., 1987; Jellinger, 1988)
and the degree of loss is associated with disease severity (Chambers et al., 2020). It
remains, however, unclear if the neuronal loss in the PPN precedes or is consequence
of nigrostriatal degeneration (Bensaid et al., 2016; MaclLaren et al., 2018). There is
evidence for both processes, which would provide an explanation for the heterogeneity

of PD (Chambers et al., 2020).

Another key CNS nuclei in PD is the locus coeruleus (LC). It is, identical to the
PPN, located in the upper pons. It is mainly composed of noradrenergic neurons, which
have widespread projections throughout almost the entire brain including the
substantia nigra (Bari et al., 2020). In PD, up to 93% of neurons from the LC are lost
(Giguére et al., 2018; Oertel et al., 2019). In PD patients with REM behaviour disorder
(RBD), changes to the autonomic system and LC precede changes of the nigrostriatal

system (Borghammer and Van Den Berge, 2019).

11



Interestingly, both the PPN and the LC are involved in rapid-eye-movement
(REM) sleep control and consequently RBD, which is a prominent prodromal PD non-

motor symptom (Chambers et al., 2020; Van Egroo et al., 2022) as described before.

1.5.2 Alpha-synuclein and Lewy pathology

There are three different synuclein proteins of which only aSyn and B-synuclein can be
found in the brain, and only aSyn has been implicated in PD (George, 2002). Alpha-
synuclein is a 140 amino acid long and 14.4kDa heavy protein mainly located in pre-
synaptic terminals (Emamzadeh, 2016). Its primary structure consists of three
functionally distinct domains: the lipid interacting N-terminus, the central amyloid
binding domain or NAC, and the acidic C-terminal tail (Emamzadeh, 2016). The NAC
sequence is essential for aggregation of aSyn typical to PD and other synucleinopathies

(Lashuel et al., 2013).

The overall physiological function of aSyn remains unknown. On the cellular level
it occurs mainly in the cytosol, and to a more limited extend in the nucleus and
mitochondria (Lashuel et al., 2013). However, along its high prevalence in pre-synapses
it has been shown to be involved in synaptic vesicle recycling and neurotransmitter

release (Bendor et al., 2013; Lashuel et al., 2013).

While the knowledge about the normal function of aSyn is still scarce, there is a
great body of evidence on its role in neurodegenerative diseases. Especially
synucleinopathies! are characterized by the presence of abnormal forms of aSyn. There
is evidence for different aSyn conformations. The most prominent forms and at the
same time the second diagnostic hallmarks in PD are Lewy bodies (LB) or Lewy neurites
(LN). Electron microscopy analysis revealed that LBs and LNs consist of unbranched a.Syn

filaments with lengths ranging from 200-600nm and widths varying between 5-10nm

1 “The synucleinopathies refer to a group of disorders characterized by abnormally misfolded a-synuclein
aggregates in the peripheral and central nervous systems. Differences in the cellular location and pattern
of a-synuclein deposition lead to clinically distinct entities of synucleinopathies: pure autonomic failure,
multiple system atrophy (MSA), dementia with Lewy bodies (DLB), and Parkinson disease.” (Coon and
Singer, 2020)
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(Goedert et al., 2013; Spillantini et al., 1998). The core of the filaments are stacked [3-
sheets (Vilar et al., 2008) and the majority of its aSyn is hyperphosphorylated at serine
129 (Anderson et al., 2006). LBs, one or multiple, occupy the intracellular space, whereas

LNs can be found in axons and dendrites of affected neurons.

In PD, aSyn structures can be found throughout the brain at different disease
stages. Braak and colleagues (Braak et al., 2003a) proposed a pathological staging for
the sporadic form of the disease based on the distribution pattern of aSyn structures.
They subdivided the disease associated pathologies into 6 stages (Table 3, Figure 3).
Briefly, prior to any clinical symptoms, the first regions presenting aSyn positive
structures are the dorsal motor nucleus of the vagus and to a lesser degree the olfactory
bulb (Stage 1). The pathology subsequently progresses in a caudorostral manner
reaching the midbrain structures (Stages 3-4) such as the SNpc and finally the neocortex

at end stages (Stages 5-6).

Table 3 | Braak stages (adapted Table 1 from Braak et al., 2003a)

Stage 1

Medulla oblongata Lesions in the dorsal IX/X motor nucleus and/or
intermediate reticular zone

Stage 2

Medulla  oblongata and pontine Pathology of stage 1 plus lesions in caudal raphe nuclei,
tegmentum gigantocellular reticular nucleus, and
coeruleus—subcoeruleus complex

Stage 3

Midbrain Pathology of stage 2 plus midbrain lesions, in particular in
the pars compacta of the substantia nigra

Stage 4

Basal prosencephalon and mesocortex Pathology of stage 3 plus prosencephalic lesions. Cortical
involvement is confined to the temporal mesocortex
(transentorhinal region) and allocortex (CA2-plexus). The
neocortex is unaffected

Stage 5

Neocortex Pathology of stage 4 plus lesions in high order sensory
association areas of the neocortex and prefrontal
neocortex

Stage 6

Neocortex Pathology of stage 5 plus lesions in first order sensory

association areas of the neocortex and premotor areas,
occasionally mild changes in primary sensory areas and
the primary motor field
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Figure 3 | “Progression of PD-related intraneuronal pathology”

“The pathological process targets specific subcortical and cortical induction sites (a—i).(a and e) Lesions
initially occur in the dorsal IX/X motor nucleus and frequently (a and d) in the anterior olfactory nucleus
as well. Thereafter, less susceptible brain structures gradually become involved (see white arrows). The
pathology in the anterior olfactory nucleus expands less readily into related areas than that evolving in
the brain stem. The brain stem pathology takes an upward course (see white arrows). (a—d, g—h) Cortical
involvementfollows, commencing with the anteromedial temporal mesocortex (tr and er in g and h). From
there, the neocortex succumbs, beginning with high order sensory association and prefrontal areas. First
order sensory association/premotor areas and, thereafter, primary sensory and motor fields follow suit.
In(a—h), the gradual decrease in shading intensity is intended to represent the topographical expansion of
the lesions during the course of the disease. Simplified diagram (i) showing the topographic expansion of
the lesions (from left to right: dm to fc) and, simultaneously, the growing severity on the part of the overall
pathology (from top to bottom: stages 1-6). With the addition of further predilection sites, the pathology
in the previously involved regions increases. List of abbreviations: ab, accessory basal nucleus of the
amygdala; ac, accessory cortical nucleus of the amygdala; ai, agranular and dysgranular insular cortex; ba,
basal nucleus of the amygdala; bn, basal nucleus of Meynert; ca, caudate nucleus; CA1l, first sector of the
Ammon’shorn; CA2, second sector of the Ammon’s horn; cc, corpus callosum; ce, central nucleus of the
amygdala; cl, claustrum; c¢cm, centromedian nucleus of the thalamus; co, coeruleus—subcoeruleus
complex; cr, nucleus raphes centralis; db, interstitial nucleus of the diagonal band; dm, dorsal motor
nucleus of the glossopharyngeal and vagal nerves; do, dorsomedial nucleus of the hypothalamus; dr,
nucleus raphes dorsalis; dv, dorsal nuclear complex of the glossopharyngeal and vagal nerves containing
melanized projection neurons; en, entorhinal region; er, ectorhinal region (mesocortex); fo, fornix; fc, first
order sensory association areas, premotor areas, as well as primary sensory and motor fields; gi, granular
insular cortex; gr, granular nucleus of the amygdala; hc, high order sensory association areas and
prefrontal fields; hn, motor nucleus of the hypoglossal nerve; in, infundibular nucleus of the
hypothalamus; iz, intermediate reticular zone; |a, lateral nucleus of the amygdala; Id, laterodorsal nucleus
of the thalamus; Ig, lateral geniculate body of the thalamus; It, lateral nuclei of the thalamus; me, medial
nucleus of the amygdala; ml, medial lemniscus; mf, medial longitudinal fascicle; mc, anteromedial
temporal mesocortex; ot, optic tract; pa, paraventricular nucleus of the thalamus; pe, pallidum, external
segment; pf, parafascicular nucleus of thalamus; pi, pallidum, internal segment; pn, parabrachial
pigmented nucleus; po, pontine nuclei; pu, putamen; pv, paraventricular nucleus of the hypothalamus;
re, reticular nucleus of the thalamus; ru, red nucleus; ro, nucleus raphes obscurus; sb, subiculum; sc,
superior cerebellar peduncle; sn, substantia nigra; so, supraoptic nucleus; sp, subparafascicular nucleus;
st, solitary tract; tl, lateral tuberal nucleus of the hypothalamus; tm, tuberomamillary nucleus of
thehypothalamus; tr, transentorhinal region (mesocortex); vm, ventromedial nucleus of the
hypothalamus; zi, zona incerta.”

from Braak et al., 2003
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1.6 Disease mechanisms/pathogenesis
1.6.1 Overview

Determining the cause for PD has been a longstanding challenge for researchers around
the world. In the past, the disease was thought to be of complete idiopathic nature with
age being the strongest feature. While age still is the most crucial risk factor of PD today,
many factors have been shown to increase the risk for PD onset and progression. Today,
it is known that the majority of cases (90-95%) and often heterogeneous clinical profiles
are due to a highly complex, multi-factorial interplay of genetic and environmental
factors. Even tough rare (5-10%), the discovery of genetic familial forms of the disease
and thereby genetic mutations, researchers were able to unravel some aspect of the
disease pathogenesis. Since familial and idiopathic/sporadic PD cases, have a very
similar behavioural phenotype, one can deduce that the underlying mechanisms,
leading up to the various symptoms, are the same or at least closely related with
intersecting common pathways (Hirsch et al., 2013). These mechanisms can be splitinto
cell-autonomous and non-cell-autonomous processes (Hirsch et al., 2013). Cell-
autonomous processes contributing to PD are impairment of proteostasis and
degradation systems, mitochondrial dysfunction, and oxidative stress. The non-cell-
autonomous processes, which will be discussed in more detail below, are prion-like

spreading of aSyn and neuroinflammation.

aSyn aggregation is seen in all PD patients. The imbalance in aSyn levels or
misfolding and oligomerization of aSyn due to different mutations in or multiplications
of the aSyn gene SNCA have been associated with increased PD risk. To restore
proteostasis, the cellular degradation systems, ubiquitin-proteasome system and
lysosomal autophagy system, are crucial. In PD, these systems are impaired. Thus, the

cell is not properly cleared, aSyn can aggregate, and form LBs and LNs.

Aggregation can have a direct impact on mitochondrial function, and vice versa,
entering a vicious cycle. In PD patients, the mitochondrial complex | activity is reduced.
Underlying causes leading to this deficit are accumulation of aSyn or different genetic

mutations. It has been proposed that the subsequent energy deficit leads to

16



dysfunctional and degenerate axon terminals in the striatum before culminating in

neuronal death in the SNpc.

A direct consequence of mitochondrial dysfunction is cellular oxidative stress.
Especially, dopaminergic neurons are highly susceptible to oxidative stress due to their
long, unmyelinated processes and their high energy demand because of their
pacemaking activity. Further, the synthesis of dopamine and other metabolites can
cause additional oxidative stress. Together, mitochondrial dysfunction and oxidative

stress can further lead to impairments in the lysosomal autophagy system.

1.6.2 Prion-like spreading

In recent years, the concept of aSyn spreading in a cell-to-cell manner and acting as a
seed for corrupting endogenous aSyn has gained momentum. The propagation
mechanism is referred to as “prion-like” (Brundin et al., 2010). Prion proteins are
infectious agents originating from misfolded cellular protein with the ability to jump
from an infected cell to a healthy one seeding the misfolded conformation (Prusiner,
1991). Such behaviour has been suggested to for other mammalian proteins carrying

prion-like domains (Jucker and Walker, 2018).

The spreading of aSyn was first proposed in Braak’s pathology staging, as
described above, and later post mortem LB findings in patients who received foetal
mesencephalic dopaminergic neurons supported this hypothesis (Kordower et al., 2008;
Li et al., 2008). It is proposed that under pathological conditions, toxic aaSyn moieties
(various oligomeric or fibrillar forms) are evacuated from neurons via exocytosis (Lee et
al., 2008), exosomal release (Danzer et al., 2011; Emmanouilidou et al.,, 2010) or
penetration (Jao et al., 2008) into the extracellular domain. It has been shown that such
extracellular aSyn forms can enter neighbouring cells via simple endocytosis (Kordower
et al., 1998) or penetration (Tang et al., 2012), trans-synaptic dissemination (Danzer et

al., 2011) and membrane-receptor-mediated uptake (Lee et al., 2008).

In vitro and in vivo model systems have demonstrated the prion-like spreading
properties of aSyn (Chu et al., 2019; Luk et al., 2012; Luna and Luk, 2015; Rey et al.,

2016; Ulusoy et al., 2013). One of the most prominent in vivo models investigating
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spreading of aSyn was established by Luk and colleagues. They injected pre-formed
fibrils of recombinant aSyn intrastriatally into C57BI/6j mice (Luk et al., 2012). They
could show that after injection, there was aSyn deposits (LBs and LNs) formed in the
nigrostriatal pathway, led to selective dopaminergic neurodegeneration in the SNpc and

drove the appearance of motor deficits (Luk et al., 2012).

1.6.3 Neuroinflammation

Neuroinflammation is by definition the immune reaction upon an insult of the CNS
(Streit et al., 2004). The involved cell types are microglia, astrocytes, oligodendrocytes,
and oligodendrocyte precursor cells. The CNS was considered to be an immune-
privileged site due to the blood brain barrier, however, even though delayed, the
adaptive immune system does also play its part (Wraith and Nicholson, 2012).
Nevertheless, microglia are the key effector cells of neuroinflammation (Ransohoff et
al., 2015). They are the first responders to brain injuries and insults and phagocytic

properties (Bilbo and Stevens, 2017).

McGeer and colleauges were the first to describe reactive microglia and
infiltrating lymphocytes in the SN of PD patients (McGeer et al., 1988). Increased
expression of various microglia associated markers, and cytokines, have since been
described in the midbrain (Boka et al., 1994; Croisier et al., 2005; Hunot et al., 1999;
Imamura et al., 2003; McGeer et al., 1988), and in plasma, serum and cerebrospinal fluid,
respectively, in PD patients (Brodacki et al., 2008; Lindqvist et al., 2013; Mogi et al.,
1994).

The exact mode of action of the neuroinflammatory response in PD is not fully
understood. Since microgliosis has been described in iRBD patients, which suggests that
the response precedes PD motor symptoms and is involved in the disease progression
early on (Tansey and Romero-Ramos, 2019). While different environmental factors have
been proposed to be at the origin of neuroinflammation (Tansey and Goldberg, 2010),
the main culprit are toxic forms of aSyn. The molecular structure is key concerning which
receptor it binds. Oligomeric aSyn is exclusively recognized by the toll-like receptor 2

(TLR2) (Kim et al., 2013), while fibrillar forms are recognized by TLR4 (Fellner et al.,
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2013). Using transgenic models overexpressing aSyn, microglia was activated early on
(1-month) and remained reactive until 14 months of age (Watson et al., 2012). Other
models confirmed that aSyn led to microglia activation (Wilms et al., 2009) and
preceded neurodegeneration (Duffy et al., 2018; Whitton, 2007; Wu et al., 2002). Thus,
there is mounting evidence that microglia response is directly implicated in the

pathogenesis of PD.

1.7 PDinthe periphery
1.7.1  Body-first vs Brain-first hypothesis

In recent years, the hypothesis that PD originates in the periphery has gained
momentum, supported by pathological aSyn in sympathetic, parasympathetic ganglia
and ENS (Hilton et al., 2014; Shannon et al., 2012; Stokholm et al., 2016; Van Den Berge
et al., 2019). However, neuropathologically not all patients fit those criteria as some do
not, for instance, show pathological changes in the dorsal motor nucleus of the vagus

(Borghammer and Van Den Berge, 2019; Kalaitzakis et al., 2008). The debate on body-
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first versus brain-first is controversial and discussions often take on a dichotomous
format. Similar to what is observed clinically, one should though consider that there are
different disease scenarios depending on the site of onset and progression

(Borghammer and Van Den Berge, 2019).

The brain-first scenario, appears to be restricted to mainly familial rare forms of
the disease with the exception of PD patients carrying GBA mutations or SNCA
multiplications (Borghammer and Van Den Berge, 2019). In a body-first scenario, there
are measurable damages in the peripheral nervous system (PNS) preceding those in the
CNS (Figure 5). It has to be noted that this type of scenario is especially associated with
RBD. Different in vivo imaging studies showed that in RBD-positive cases the nigrostriatal
pathway is in most cases still intact, while there is autonomic denervation (Bauckneht
et al., 2018; Knudsen et al., 2018). Changes in the LC are increased in PD patients with
RBD, while dopamine levels are only reduced 20-25% as compared to 50% in H&Y I-II
stage PD patients (Bauckneht et al., 2018; Knudsen et al., 2018).
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There is unfortunately only a limited number of studies (Leclair-Visonneau et al.,
2017; Sprenger et al., 2015; Vilas et al., 2016) that investigated a.Syn pathology between
RBD positive and RBD negative PD patients in the periphery. Nevertheless, aSyn
pathology in the colon (ENS) and the submandibular glands is more frequent in RBD

positive PD patients (Borghammer and Van Den Berge, 2019).

In summary, there is a difference between RBD-positive and RBD-negative PD
patients. The body-first scenario is especially seen in RBD-positive idiopathic PD

patients, where the gut is potentially the site of onset (Figure 5) (Lionnet et al., 2018).

1.7.2  The gut-brain axis in the pathogenesis of PD

Even though the involvement of the gut and the propagation via the preganglionic fibers
of the vagus nerve (Figure 6) to lower brainstem regions of the CNS is still debated
(Lionnet et al., 2018), there is mounting evidence that at least a subset of PD cases

originate in the gut.

Constipation is a progressive non-motor symptom observed in at least 30% up to
80% of PD cases (inter-study variations). It was considered to be a symptom of
progressed PD, but today it is known that it is also a pre-clinical/prodromal symptom.

Further, constipation and early enteric Lewy pathology coincide (Abbott et al., 2007).

The myenteric and submucosal plexuses of the gut are greatly innervated by the
vagus nerve (Hopkins et al., 1996). Therefore, Braak and colleagues proposed that based
on their aSyn aggregation findings in the DMV, aSyn potentially spreads from the ENS
to the brain via the preganglionic fibres of the vagus nerve. Lewy pathology in the ENS
has been described in post mortem studies (Braak et al., 2006; Wakabayashi et al., 1988,
1990), which also led to a degree of criticism regarding the dynamics of Braak’s
hypothesis. Multiple studies (Hilton et al., 2014; Shannon et al., 2012; Stokholm et al.,
2016) were able to show that Lewy pathology can be detected in the ENS years prior to
the first motor symptoms. Epidemiological studies also showed that the risk to develop
PD was reduced in people whom have undergone a truncal vagotomy (Liu et al., 2017,

Svensson et al., 2015), supporting the gut-brain axis scenario in PD.
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Truncal vagotomy but also hemivagotomy in mice has also been shown to
prevent aSyn from spreading to the DMV (Kim et al., 2019; Pan-Montojo et al., 2012).
Without the vagotomy, both models, exhibited aSyn aggregation in the SNpc after 3
months (Kim et al., 2019; Pan-Montojo et al., 2010). While, Kim and colleagues used a
model based on intramuscular injection of preformed aSyn fibril into the gut wall, Pan-
Montojo showed that chronic low-grade exposure to the environmental toxin rotenone
causes aSyn to aggregate and the subsequent spreading to the CNS. Interestingly, it was
shown that a product from commensal E. coli, the amyloidogenic protein Curli, can also

reproduce these observations (Chen et al., 2016; Sampson et al., 2020).

The gut represents a gateway to the environment. Changes in the gut and its
microbiome in PD have been documented (Boertien et al., 2019; Keshavarzian et al.,
2020; Romano et al., 2021). The interaction of environmental factors and the gut
microbiome are a potential risk factor in PD. This provides potentially novel therapeutic

targets to mitigate PD progression.
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2 The gut microbiome and PD

2.1 From Leeuwenhoek to multi-omics: defining the microbiome

“I then most always saw, with great wonder, that in the said matter there were many

very little living animalcules, very prettily a-moving.”

Antonie van Leeuwenhoek

The microbiome research as it is known today, started with the first handcrafted
microscope by Leeuwenhoek at the end of the 17t century (Figure 7). In his letter to the
royal society in 1683, he described what he called animalcules, known today as
microbes, from his and others’ saliva. He went on to compare oral and fecal microbiota
and observed body site differences as well as differences between healthy and diseased
subjects. He also discovered biofilm formations. The first indication of complex
interactions within the microbial world. Fast forwarding to 1853, Joseph Leidy published
the book what many consider the origin of microbiota research: A flora and fauna within
living animals. This was followed by works of Pasteur, Escherich and Metchnikoff. They
all believed that understanding the endogenous microbiota and its interaction with the
host were essential in health and disease. At the end of the 19™ century Koch postulated
the causative relationship between microorganisms and diseases (Berman, 2019). This
led researchers to focus on single disease-related microorganisms and their eradication.

However, environmental microbiology at the time introduced a paradigm shift and
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presented the concept of beneficial host-microbe interactions. More than 50 years later,
the concept of beneficial interactions was translated to humans. Ben Eiseman and
colleagues treated four patients suffering from a C.difficile infection using the fecal
microbiota transplant (FMT) approach. Later it was shown that normal physiology
lacking in germ free mice could be reconstituted after FMT. It was not until the
development of novel cultivation and molecular biology techniques though that the field
saw its next big leap. Today, researchers perform complex high-throughput sequencing

to understand the crucial roles that microbial communities have in health and disease.

Paradigm shifts Method Innovations Important Discoveries 17th century
1670 ||| 1670 Y Y L “Father of "
1729 classification of plants and fungi (Pier Antonio Micheli)
f 1796 first vaccination (Edward Jenner)
=) =3
1837 yeast in alcoholic fermentation (Charles C. de la Tour, Friedrich T. Kitzung and Theodor Schwann)
1857 cultivation based approaches ||| 1857-1855 Pasterisation, fermentation, vaccine against rabies (Louis Pasteur)
1875 for v ohn)
single-acting, unsocial organisms causing diseases 1884 Robert Kochs’ postulates
1888-begin of by Sergei 8! y ) gen-fi , 50il
1911 fluorescence microscopy ||| cycle-of-life)
1911 mass spectrometry 1892 tobacco-mosaik-virus extraction from leafs (Dmitri . lvanovski and Martinus Beijerinck)
1922 chemolithotrophy (Sergei Winogradsky)
poe 1904 the rhizosphere concept (Lorenz Hiltner)
§ .‘ n‘ 1928 the genetic their offsprings (Frederick Griffith)
1931-38 electron & scanning- 1928 y of antibiotics Fleming)
transmission microscopy ||| 1944 DNA as carrier of genetic information (Oswald Avery, Colin MacLeod, Maclyn McCarty)
strongly interacting microbes that built up stable network structures & 1946 ‘sexual reproduction’ of bacteria (Joshua Lederberg and Edward Tatum)
interact with host/environmentin a variety of ways 1953 3D-double-helix structure (James Watson and Francis Crick )
1969 in situ Hybridization
1970s HPLC 1970 central dogma of molecular biology (Francis: Crick)
C\ 1975 DNA array/colony hybridization
p. 1977 Sanger sequencing 1977 discovery of Archaea (Carl Woese and George E. Fox) and first full genome sequence of a virus
Fi= and molecular 1982 y (Stanley . Prusiner)
$_aa 1983 PCR technique
i) 1988 fluorescence-insitu-hybridization ||| 1991 theoryof the holobiont (Eugene Rosenbergand llana Zilber-Rosenberg)
Cer™y 1993 discovery of the complex structures of biofilms (Hans-Curt Flemming)
S . 4 1993 PCR (1] 1995 first f f (John C. Venter and
- - 1995 full-cyle rRNA approach
2005 next-genera tion se quencing g ||| 2005 HMP: Human Microbiome Project
advances in microbiome research leading to the One Health concept that 2008/9 third 2008 Reference Soil Project
implies interconnection of all areas of life through their respective
microbiota 2010 EarthMicrobiome Project

21th century

Figure 7 | The history of microbiome research (Fig. 1 from Berg et al., 2020)

Microbial communities were defined as a collection of microorganisms
occupying a specific niche. The term microbiome was first introduced in 1988 by
Whopps and colleagues. It is the combination of “micro”, defining a characteristic
microbial community, and “biome”, a well-defined habitat with distinct physio-chemical
properties. Many different definitions followed. The most cited today is by Lederberg
describing microbiomes as communities of commensal, symbiotic, and pathogenic
microorganisms within a body or other environment (Berg et al., 2020). Its members are
bacteria, archaea, fungi, algae and small protists. The status of phages, virus or other
mobile non-living particles is controversial. Some researchers therefore differentiate
between microbiome and microbiota. For the latter usually only living microorganisms
such as bacteria and archaea are considered. The microbiome encompasses all genomes

of both living and non-living organisms. Non-living organisms, such as phages and

24



viruses, are considered to be part the “theatre of activity” including the whole spectrum

of molecules produced by the microbiota.

2.2 The gut microbiome in health and disease

Microbiomes in mammals are present in and on different body sites. In humans
functionally relevant microbiota/microbiomes are found on skin, in different mucosal
passages, in the lung and, the most prominent, in the gut. Under healthy conditions,
microbiomes are large communities of different microbes, both symbiotic/commensal
and pathogenic, occupying these different sites, forming stable communities which are
resistant to external pathogens. Here, the focus will be kept on the gut microbiome, and

its implications in health and disease mechanisms.

On a cellular level the microbiome is estimated to encompass 100 trillion
microbes, exceeding 10 times the count for cells in the human body. This number is
made of approximately 500-1000 different microbial species. The species are however
not common to every person. A study, investigating the collective human gut microbiota
make up, suggests that there are more than 35,000 different species (Frank et al., 2007).
On the phylum level, the gut microbiome is very much conserved between people
containing 6 different phyla: Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria,
Fusobacteria, and Verrucomicrobia. The most common phyla Firmicutes and
Bacteroidetes and their shifting ratios used to serve as a disease indicator. Most disease
relevant changes are seen in the colon, which makes up about 70% of the entire human

microbiome.

The microbiome has essential functions contributing to the host physiology. The
gut microbiome is involved in the development and maturation of both the mucosal and
systemic immune system. The mucosal immune system requires to function in two
seemingly uncoupled ways: on one hand it needs to tolerate the mucus resident
microbiota, while keeping them from overgrowing and entering systemic sites. Besides
that, the gut microbiota does pose a physical barrier to competitive exogenous
pathogens. The commensal microbes have therefore developed different strategies

such as production of various bacteriocins, bacteriophage deployment or abortive
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infection (Hou et al., 2022). Another crucial role of the indigenous microbiome is the
structural and functional development and maturation of the intestinal peristalsis,
surface and barrier, and the regenerative capacity (Sekirov et al., 2010). The microbiome
alsoinfluences drug metabolism and lastly, specialized microbes aid the host in digesting
foods, such as the fermentation of non-digestible substrates e.g. dietary fibres (Sekirov
et al., 2010). Latter promotes the growth of specialized microbial species synthesizing
short-chain fatty acids (SCFA), which are involved in glucose and energy homeostasis,
gluconeogenesis, cholesterol metabolism and can regulate inflammatory responses
(Jovel et al., 2018; Valdes et al., 2018). Even though the microbiome is involved and
crucial for drug (e.g. antibiotics) and diet metabolisms, they and others (e.g. heavy
metals and pesticides) are strong modulators of the microbiome and can cause it to shift.
Such a shift is referred to as dysbiosis and is observed in various disorders/diseases.
Additionally, dysbiosis can also be a result of enteric bacterial or viral infections (Sekirov
et al., 2010). These compositional and consequently functional changes have been
associated with cardiovascular diseases, chronic liver and kidney diseases, diabetes,
inflammatory bowel diseases, respiratory diseases, cancer and brain disorders such as

PD (Sekirov et al., 2010).

2.3  Microbial changes in PD

Braak postulated that toxins or pathogens could trigger idiopathic PD in the gut (Braak
et al., 2003b). The interaction of external toxins/pathogens with aSyn in the ENS
ultimately leads to misfolded oligomeric toxic forms of the protein, which would
subsequently propagate to the CNS via the vagus nerve (Braak and Del Tredici, 2017;
Braak et al., 2003b). Otherwise such factors could also lead to physiological changes in
the gastrointestinal tract (GIT). The GIT harbours the most complex “organ” of the
human body contributing to crucial physiological functions. Changes to its composition
can have disease altering consequences, such as inflammation and increased gut barrier

permeability allowing toxins and pathogens to access the ENS more easily (Figure 8).

In many studies from the USA, Northern, Western and Eastern Europe, and Asia
(see Table 3 in Keshavarzian et al., 2020) the gut microbial composition in PD patients

has been shown to be significantly altered compared to healthy controls. Even though
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Figure 8 | Proposed gut to brain spreading of aSyn after environmental impact and dysbiosis

(Figure 1 from Perez-Pardo et al., 2017)

the studies show differences between each other for certain taxa, a core set of taxa has
emerged whose abundance differs significantly between healthy controls and PD
patients (Boertien et al., 2019; Keshavarzian et al., 2020)(Table 4). Observed o-diversity
changes can be explained by a significant decrease of the most abundant taxa in healthy

conditions and an increase of usually low abundant species (Romano et al., 2021).

Many of the decreased taxa, such as Prevotella, Faecalibacterium or the
Lachnospiraceae family, in PD patients are SCFA-producing bacteria. As mentioned
before, SCFAs are involved in various homeostatic functions. Consequently, reduced
SCFA levels have been associated with constipation, leaky gut and increased enteric and
systemic inflammation (Keshavarzian et al., 2020). Sampson and colleagues (Sampson
et al., 2016) showed that in germ-free mice overexpressing human aSyn colonized with
a PD microbiota low in SCFA-producing bacteria would exacerbate motor impairments.

(Sampson et al., 2016).

Genera increased across most PD microbiome studies are Lactobacillus,
Bifidobacterium and Akkermansia (Boertien et al., 2019; Romano et al., 2021)(Table 4).

Interestingly, Lactobacillus and Bifidobacterium are considered beneficial for human
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health. While, the enzymatic interaction with Levodopa provides a potential explanation
for the vast increase in Lactobacillus (van Kessel et al., 2019; Maini Rekdal et al., 2019),

the role in PD for both species needs to be further elucidated.

Table 4 | Most common microbial changes in PD patients (Boertien et al., 2019)

Phylum Family Genus Number of Increased Decreased

citations abundance abundance

(statistically (statistically (statistically

significant) significant) significant)
Verrucumicrobia  Verrucomicrobiaceae 9 (6) 9 (6) 0(0)
Bacteroidetes Prevotellaceae 8(3) 0(0) 8(3)
Firmicutes Lactobacillaceae 7 (6) 5(4) 2(2)
Verrucomicrobia  Verrucomicrobiaceae!  Akkermansia 6 (6) 6 (6) 0(0)
Actinobacteria Bifidobacteriaceae Bifidobacterium 6 (4) 5(4) 1(0)
Firmicutes Lachnospiraceae 6 (5) 1(1) 5(4)
Verrucomicrobia 5(4) 5(4) 0(0)
Firmicutes Clostridiaceae Faecalibacterium 5(3) 0(0) 5(3)
Bacteroidetes Prevotellaceae Prevotella 5(1) 0(0) 5(1)
Proteobacteria Enterobacteriaceae 5(4) 4(4) 1(0)
Firmicutes Lactobacillaceae Lactobacillus 5(5) 4(4) 1(1)
Actinobacteria Bifidobacteriaceae 5(3) 4(3) 1(0)
Firmicutes Lachnospiraceae Roseburia 4(4) 0(0) 4(4)
Firmicutes Enterococcaceae 4(4) 3(3) 1(1)
Firmicutes 4(3) 1(1) 3(2)
Bacteroidetes 4(3) 2(1) 2(2)
Firmicutes Erysipelotrichaceae 4(3) 2(2) 2 (1)
Firmicutes Ruminococcaceae 4(1) 2(1) 2 (0)

Akkermansia, consistently increased in PD patients, has also been associated
with human health. However, under neurodegenerative conditions, concerns have been
raised to use A. muciniphila as therapeutic probiotic (Hazards (BIOHAZ) et al., 2020).
Based on animal studies, enteric dysbiosis with increased abundance of the mucin
degrading A. muciniphila, due to e.g. fibre deprivation, has been shown to cause
significant colonic mucus erosion, drier stools, reduced numbers of goblet cells, and gut
barrier integrity loss (Romano et al., 2021). Intriguingly, such conditions are seen in
patients with constipation, one of the most common non-motor symptoms of PD. The
methanogenic archaeon Methanobrevibacter, is also found in people with constipation.
Two recent studies (Li et al., 2019; Romano et al.,, 2021) have reported increased
Methanobrevibacter in PD patients, suggesting that methane production is increased
leading to greater intestinal transit times due to methane-induced decreased peristaltic

movements (Triantafyllou et al., 2014; Vandeputte et al., 2016).
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It is yet to be answered if microbial changes are involved in the onset or if they
are a consequence of the disease. Evidence suggests (Keshavarzian et al., 2020) that
changes to the microbiome do at least contribute to the disease. For example,
specialized Gram-negative and Gram-positive bacteria can produce and secrete amyloid
proteins. These proteins have similar molecular tertiary structure as seen in Tau, PrPc,
-amyloid or aSyn. Under physiological conditions, the gut microbiota makes use of
these amyloids to enhance bacterial adhesion, colonization and biofilm formation.
Additionally, as shown for e.g. B-amyloid or a.Syn, bacterial amyloids have cross-seeding
abilities of other amyloid protein. The best described amyloidogenic bacterial protein is
Curli. It is predominantly expressed in Escherichia coli (E. coli) and Salmonella
typhimurium, and it is implicated in the bacterial colonization and biofilm formation
(Chapman et al.,, 2002). Both E. coli and S. typhimurium belong to the
Enterobacteriaceae family, which is associated with faster progression and a more
severe, non-tremor-dominant, motor phenotype (Klingelhoefer and Reichmann, 2015).
Such a phenotype is additionally associated with higher loads of aSyn aggregates in the
ENS (Klingelhoefer and Reichmann, 2015). This is potentially due to seeding ability of
Curli, which has been shown in vitro and in vivo to promote a.Syn aggregation (Chen et

al., 2016; Johansson et al., 2011; Sampson et al., 2020).

2.4 Dietand PD

Diet is a strong modulator of gut microbiota composition. As previously elaborated, such
changes could have direct implications on the onset or progression of PD. Various
studies (reviewed in Agim and Cannon, 2015; Erro et al., 2018; Seidl et al., 2014)
investigated the direct link to different nutrients such as vitamins and fats. While a few
associations between individual nutrients have been confirmed, the research interests

are shifting towards the disease relevant impact of complex dietary patterns.

Higher intake of complex carbohydrates or dietary fibre from plant-based diets
has been associated with a decreased risk for disease overall (O’Keefe, 2019a, 2019b).
Therefore, in PD, a Mediterranean diet richer in vegetables, fruits, nuts, whole grain,

and healthy fats has been proposed as a therapeutic strategy to mitigate disease
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progression (Alcalay et al., 2012). Functional comparative metagenomics analysis of
rural “hunter-gatherer” compared to “westernized” urban gut microbiomes has shown
significant gene expression differences for carbohydrate to SCFA fermentation related
genes (Rampelli et al., 2015). A “western style” diet, with low amounts of fibre and high
amounts of saturated fats and simple carbohydrates, has been associated with generally
altered gut microbiomes and many different diseases, such as constipation (Cotillard et
al., 2013; Sonnenburg et al., 2016). These changes are consequently leading to low grade
inflammation and gut barrier integrity loss (Keshavarzian et al., 2020). In different
mouse models a low to no fibre intake was shown to alter the gut microbiome leading
to lower abundance of fibre fermenting bacteria (Schroeder et al., 2018) and higher
abundance of mucus foraging species like A. muciniphila (Desai et al., 2016) as also seen
in PD. Hence, susceptibility to exogenous pathogens (Desai et al., 2016) and potentially

endogenous bacterial toxins, e.g. Curli, increases.
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PD is a complex multi-factorial disease. Over the past decade many different
factors have been described that could potentially contribute to the disease. Since 1997,
about 20 PD-related genes have been described with only a few responsible for
hereditary PD cases. The majority of PD cases are of idiopathic origin where age is the
dominant risk factor. Aside from latter, exposure to various environmental and lifestyle
factors such as diet for instance in the onset and progression of the disease has gained
momentum in recent years. Especially the impact on the gut microbiome consequently
interacting with the host is of great interest. A lot more studies will be needed to
understand the interactions of the different, and occasionally interacting, factors with
the host in the disease development. Current observations indicate that under dysbiotic
conditions, mucosal vulnerability and inflammation is increased. This allows various
pathogens to invade the ENS and peripheral systems, corrupting physiological states,

potentially triggering, and contributing to disease mechanisms.

Additonally, there has been a paradigm shift regarding pathogenic PD
mechanisms in recent years. The aSyn centrist point of view has been challenged as sole
driver of PD pathogenesis. Neurodegeneration was observed in the absence of aSyn
inclusions, evoking additional mechanisms in the pathogenesis of PD.
Neuroinflammation was evoked as potential contributor to PD pathogenesis. Especially

early changes are believed to be microglia/neuroinflammation-driven.
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Aim 1 | Does fibre deprivation in combination with the bacterial protein Curli

increase aSyn pathology in the ENS?

The gut is a potential route of entry for different pathogens. Impacted by environmental
or lifestyle factors such as diet, the microbiome shifts and the resulting dysbiosis would
lead to physiological enteric and microbial changes allowing pathogens or commensal

bacterial toxins to penetrate more easily into the mucosa and the ENS.

Our first aim was to characterize microbial changes due to a fibre poor diet, the
related impact on mucosal barrier integrity and aSyn changes in the ENS upon exposure

to the amyloidogenic bacterial protein Curli in genetically predisposed PD mouse model.

Therefore, we combined 16S rRNA amplicon sequencing and histology
approaches to identify the combined effect of fibre deprivation and Curli exposure to

investigate the potential a.Syn aggregation in the ENS.

Aim 2 | Does fibre deprivation accelerate PD CNS pathologies in bacterial protein
Curli exposed animals? Are already presenting motor deficits exacerbated?
It has already been shown that Curli interacts with aSyn (Chen et al., 2016; Sampson et

al., 2020), leading to PD different PD pathologies in vivo. We were interested in the

additional impact of a fiber-deprived diet.

As for our first aim, where we expected to see increased aSyn aggregation in the
ENS, we wanted to investigate pathological changes of the nigrostriatal pathway after

fibre deprivation and Curli exposure.

Using different immunofluorescent approaches we looked into changes of aSyn

and dopaminergic neurons.
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Aim 3 | Are other regions affected besides the nigrostriatal pathway after fiber

deprivation and Curli exposure?

Braak’s hypothesis states that aSyn propagates from the ENS to the lower regions on
the CNS brainstem and then propagates in caudorostral manner throughout the brain
(Braak et al., 2003b). Amongst the most reported and vulnerable nuclei in the lower
regions are the DMV, LC and PPN. Extensive LB pathology and cell loss have been
reported in the LC and PPN (Giguére et al., 2018; Hirsch et al., 1987; Jellinger, 1988;
Oertel et al., 2019). Additionally, both regions innervate directly the SNpc (Bari et al.,
2020; French and Muthusamy, 2018).

Hence, we expected to observe similar or greater changes in the LC and PPN as
compared to the SNpc and the dorsal striatum. To analyse neuronal changes we stained
for noradrenergic neurons in the LC using the tyrosine hydroxylase marker and for
cholinergic neurons in the PPN using the choline acetyltransferase marker. Additonally,

we looked into aSyn changes in both regions.

Aim 4 | Do intrastriatal injections of the archaeal compound 2-hydroxypyridine lead
to PD-like pathologies?

Interaction mechanisms between host and microbes are, still today, elusive. Multi-omics
approaches hold great promise in helping to decipher at least in parts this complex
machinery. Our team developed a multi-omics pipeline where fecal samples from PD,
iRBD and healthy controls patients were analysed on the DNA, RNA, protein and
metabolite levels. Metabolomics results revealed a yet unknown metabolite, which was

identified as 2-hydroxypyridine (2-HP).

Not much was known about that metabolite. Further analysis revealed a
significant positive correlation with Methanobrevibacter smithii. The genus
Methanobrevibacter is the most abundant archaeal taxa in the human gut microbiome
(Tyakht et al., 2013) and was recently shown to be elevated in PD patients (Romano et

al., 2021).
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Further in-house in vitro models showed that 2-HP can lead to a.Syn aggregation
and increased cytotoxicity. Previously, a ring-fused 2-pyridone (tautomer of 2-HP)
molecule (FNO75) showed in vitro to interact with aSyn and to lead to different PD

pathologies in vivo (Chermenina et al., 2015; Horvath et al., 2012; Kelly et al., 2021).

Our goal was to test whether 2-HP itself can lead to PD pathologies and confirm
our in vitro findings. Therefore, we used a human aSyn overexpressing mouse model
and injected 2-HP intrastriatally. We performed behaviour tests, and analysed aSyn and

neuronal changes in different PD-relevant brain regions.

Aim 5 | Does neuroinflammation contribute to the neurodegenerative process?

Changes to the microbiome, especially regarding SCFA-producing bacteria and the
resulting altered SCFA levels have been associated with neuroinflammation in PD
models. Neuroinflammation, where microglia is the most important representative, has
been proposed to actively participate in PD pathogenesis, since aSyn pathology does
not always correlate with neuronal loss or clinical progression (Jellinger, 2009).
Additionally, microglia have been shown to bind and even phagocytose abnormal forms

of aSyn (Fellner et al., 2013; Janda et al., 2018; Kim et al., 2013).

To investigate this question, we used a seeding/spreading model, where
preformed fibrils (PFF) are injected into the right striatum of wild-type mice. Previously,
this model showed aSyn inclusions in dopaminergic neurons the SNpc 90 days post
injection (dpi). So we set an early (13dpi) and a late timepoint (90dpi), since we
hypothesized that microglia activity is an early event. We analysed different brain
regions by immunohistochemistry using neuronal, aSyn and microglia associated

antibodies.
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Aim 6 | What is the molecular profile in the ventral midbrain and what is the

translational relevance?

Immunohistochemistry analysis is very informative regarding regional morphological
changes, but does miss dynamic and functional changes. Especially early changes
preceding notable morphological differences are not visible using classical histological
approaches. Especially microglia has been described to be a highly diverse and dynamic

population with regional differences (Uriarte Huarte et al., 2021).

Hence, we used a microarray system to elucidate transcriptional changes in our
seeding/spreading model, performed comparative analysis using meta-analysis data
from literature and conducted a translational relevance assessment using the LCSB

curated PD map.
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3.1 Preface

There is a long list of risk factors involved in the progression or even the onset of Parkinson’s
disease. The “body first” hypothesis has gained momentum in recent years, in which amongst
others a dysbiotic gut microbiome and the role of the microbiome-gut-brain axis was proposed
as a potential key modulator of disease progression. An adapted diet is crucial for the
maintenance of a balanced, well-functioning gut microbiome. Hence, a diet altering gut
microbial diversity and abundance could increase disease risk by facilitating host-pathogen

interactions.
To investigate such disease promoting events, we developed a multi-step protocol:

a. A fibre deprived diet causing a microbial shift leading to colonic mucus erosion and
decreased barrier function

b. Exposure to the bacterial amyloid protein Curli, which can act as seed for alpha-
synuclein aggregation

¢. Analpha-synuclein overexpressing mouse model

The following manuscript is currently in preparation to be submitted to the community review
service in Cell Press and figures already as pre-print on bioRxiv. The pre-print version is slightly

different to the current version, due to the Cell Press formatting guidelines.

The results presented in this manuscript are part of the main project of my doctoral thesis work
entitled “CoMiMePa —A combinatorial microbiome-driven mechanism for the pathogenesis of
Parkinson’s disease” for which | received the AFR Individual PhD grant (Application ID:
12515776) from the national funding agency FNR.

| was involved in all and even led most aspects of the study, starting from the study design, the
animal ethics protocol, the experiments, the analyses (except for the 16S rRNA gene amplicon
sequencing), generation of figures and tables, and interpretations of the results. Further, | wrote
the manuscript and together with my co-supervisor Paul Wilmes | am corresponding author for

this publication.

Supplementary figures and table, and additional information not included in the published

manuscript can be found in Appendix A.
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Graphical abstract
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Summary

The microbiome-gut-brain axis has been proposed as a pathogenic route in Parkinson’s
disease (PD). Diet-driven dysbiosis and reduced gut barrier function may increase
exposure of the enteric nervous system to toxic compounds thereby triggering PD.
Amyloid bacterial proteins such as Curli can act as seed to stimulate enteric a.-synuclein
aggregation. Misfolded a.-synuclein can subsequently propagate to and throughout the
brain. Here, we studied if a combination of fiber deprivation and exposition to the
amyloidogenic protein Curli could, individually or together, exacerbate the disease-
related phenotype in both the enteric and central nervous system in a transgenic mouse
model overexpressing wild-type human a-synuclein. We analysed the gut microbiome,
motor behaviour, gastrointestinal and brain pathologies in these mice. Our findings
show that both dietary and microbiome-derived factors can exacerbate PD-like
pathologies in mice. Our results shed important insights on how combinations of diet
and microbiome-born insults may trigger key disease processes along the gut-brain axis

entailing implications for lifestyle management of PD.

Keywords
Parkinson’s disease, lifestyle, fiber deprivation, dysbiosis, Curli, microbiome-gut-brain

axis, a-synuclein
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Introduction

Lifestyle and environmental factors contribute to a variety of chronic, degenerative
diseases burdening socio-economic structures in an expanding and ever-ageing
population (Council (US) et al., 2013; Nations). The incidence of Parkinson’s disease (PD),
the second most common neurodegenerative disease, has consistently increased over
the last three decades (Dorsey et al., 2018) and is predicted to increase further (Yang et
al., 2020). Of all current cases, only 5-10% can be attributed to heritable genetic factors
alone (Poewe et al., 2017). For most cases, PD is a complex multi-factorial disease with
genetic and environmental/lifestyle risk factors contributing to its onset and progression
(Gorell et al.,, 2004). Environmental and lifestyle factors modulating PD risk and
progression are exposure to different chemicals (e.g. pesticides), head trauma, physical
activity, stress, smoking, and diet (Marras et al., 2019). Except for smoking and caffeine
consumption, all other factors have been associated with increased risk of PD (Marras
etal., 2019). In recent years, a growing body of evidence has put forward the importance
of diet and its implications in PD progression. It has been proposed that a Mediterranean
diet rich in fresh unprocessed foods, especially vegetables, reduces the risk for PD
(Maraki et al., 2019). On the other hand, a “western” diet with low amounts of fiber,
high amounts of saturated fats, and simple carbohydrates has been shown to increase
risk for a variety of diseases, including PD (Hirschberg et al., 2019; Martinez Leo and

Segura Campos, 2020) and is a strong modulator of the gut microbiome.

The contribution of dietary habits to the disease is only beginning to be
understood (Nag and Jelinek, 2019). Functional comparative metagenomic analysis has
shown that such a diet is associated with reduced gene expression related to complex
carbohydrate fermentation (Rampelli et al., 2015). In different mouse models, low to
fiber-free diets led to lower abundance of fiber fermenting bacteria (Schroeder et al.,
2018) and higher abundance of mucus foraging species like Akkermansia muciniphila
(Desai et al., 2016). Increased levels of Akkermansia muciniphila are consistently found
in PD patients (Rosario et al., 2021) and they lead to mucus erosion in humans (Rosario
etal., 2021) and mice (Desai et al., 2016). Consequently, mucus thinning has been linked

to increased pathogen susceptibility (Desai et al., 2016).

51



While such pathogens typically originate from infectious agents (Nerius et al.,
2020), there is evidence that they can also originate from commensal bacteria of the
resident gut microbiome, and contribute to disease (Miller et al., 2021). Commensal
bacteria occupy the outer mucus layer of the colon and can form biofilms (Johansson et
al., 2011, 2013). Even though there is no consensus on biofilm formation in the healthy
gut (Tytgat et al.,, 2019; de Vos, 2015), it has been observed in a variety of
gastrointestinal disease scenarios. One biofilm forming microbial family,
Enterobacteriaceae, has been associated with severity of a specific subtype of PD
(Scheperjans et al., 2015). Amongst the most prominent biofilm forming species are
Escherichia coli (E. coli) and Salmonella, which both express Curli, a major biofilm
component (Miller et al., 2021). Curli is an amyloidogenic protein, which has structural
and physiological similarities to B-amyloid and a-synuclein (aSyn) (Barnhart and
Chapman, 2006; Chapman et al., 2002), and it has been shown to act as a seed for aSyn
aggregation in vitro and in vivo (Chen et al., 2016; Sampson et al., 2020). Alpha-synuclein
aggregations in the gut have been observed in many PD patients (Qualman et al., 1984;
Wakabayashi et al., 1988, 1990, 1993). Braak and colleagues proposed that aSyn
aggregations in the enteric nervous system (ENS) precede those in the lower brainstem
regions of the central nervous system (CNS), and that, subsequently, aSyn propagates
retrogradely in a “prion-like” manner, via the vagus nerve, to and throughout the brain

(Braak et al., 2006).

Because PD is a multifactorial disease and because environmental factors
modulating disease act in combination, we wanted to investigate the effect of dietary
fiber deprivation and bacterial Curli exposure, individually or combined, on a human
BSyn overexpressing transgenic mouse. Our treatment protocol was to first prime the
naive untreated microbiome with a “westernized” fiber deprived diet (Desai et al.,
2016), followed by exposure to Curli producing bacteria (Chen et al., 2016). We analysed
the mice at gut microbial, behavioural, gastrointestinal, and neuropathological levels.
Overall, transgenic, but not wild-type mice, were susceptible to the different challenges.
In transgenic mice, our findings suggest that even though aSyn overexpression was
largely responsible for the observed behavioural impairments, the fiber deprivation

caused dysbiosis, with increased levels of Akkermansia spp. and Bacteroides spp.,
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sparked mucus erosion, and favoured enteric pathogen accessibility. This resulted in
exacerbated PD-like pathologies, such as aSyn aggregation in the ENS, nigro-striatal
degeneration, and aSyn aggregation in the CNS, which further exacerbated impaired
coordinative skills of our transgenic mice. We believe that our study sheds light on how
a combination of internal and external pathogenic factors can differentially contribute
to PD-like pathologies in the CNS and ENS. Therefore, our findings may have important

implications for lifestyle adjustments that could mitigate PD.
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Results
Thy1-Syn14 overexpress aSyn in brain and gut with regional differences

The mouse model used in this study was created by Kahle et al., 2001. It overexpresses
human wild-type aSyn under the transcriptional control of the neuron-specific Thyl
promotor, and carries 13 copies of the transgene (Kahle et al., 2001). The model has so
far not been fully described in the literature, and only protein levels in bulk brain tissue
have been reported (Kahle et al., 2001). Thus, determining baseline expression and
protein levels of aSyn in different CNS regions and in the gut was crucial for the
subsequent interpretation of data generated in our study.

In the CNS, we focused on ventral midbrain and dorsal striatal structures using
RT-gPCR for gene expression, and Western blot for protein level quantifications. We
focused on both the differences between genotypes and the PD-relevant brain regions
(dorsal striatum and ventral midbrain). First, we saw that gene expression levels for the
murine o.Syn (Snca) gene (Figure 1A, left panel) did not change between genotypes, but
were significantly different (p < 0.0001) between the ventral midbrain and dorsal
striatum. On the other hand, for the human transgene of aSyn (SNCA), (Figure 1A, right
panel), we were only able to detect a signal in transgenic (TG) mice and those levels did
not differ significantly between regions. In particular, we saw similar protein profile
changes for total aSyn protein levels. To measure total aSyn protein levels, we used a
pan-a.Syn antibody that detects both murine and human aSyn. We observed significant
differences between genotypes in the dorsal striatum and the midbrain. For transgenic
mice, we measured a 2.91-fold increase (p = 6.67E-4) in the dorsal striatum and a 6.67-
fold increase (p = 6.67E-4) in the ventral midbrain compared to their wild-type
littermates (Figure 1B). However, aSyn protein levels were significantly higher in the
dorsal striatum compared to the ventral midbrain (WT: p = 1.52E-2; TG: p = 1.55E-4;
Figure 1B).

Next, we checked the aSyn expression profile in the colon. We split the colon
into proximal and distal parts, and measured both Snca and SNCA expression levels via
RT-gPCR. We observed that the levels for Snca and SNCA were much lower compared to
those in the CNS (Figure 1C). This is most likely due to the much lower density of neurons

in whole colon compared to e.g. ventral midbrain tissue. In the colon, only about 1% of
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all cells are neurons (Drokhlyansky et al., 2020), whereas ventral structures of the
midbrain (e.g. Substantia Nigra and Ventral Tegmental Area), comprising several
populations of dopaminergic neurons, have a roughly estimated proportion of 15-20%
neurons (Keller et al.,, 2018; Murakami et al.,, 2018; Zhang et al.,, 2007, 2012).
Nevertheless, we observed that SNCA was only expressed in transgenic mice, and Snca
was expressed at significantly different levels between proximal and distal colonic
regions but not between genotypes (Figure 1C). Additionally, we stained for human
aSyn and total aSyn (Figure 1D). The latter was expressed in both genotypes, while only
the transgenic mice expressed human aSyn (Figure 1D, left bottom panel).

Based on our detailed analysis, the Thy1-Syn14 model presents an appropriate
system to investigate the effect of environmental challenges directed toward the gut in

the context of aSyn overexpression.

Thy1-Syn14 mice exhibit progressive motor deficits

PD-like motor deficits have been reported in a variety of mouse models of the disease
(reviewed in Barber Janer et al., 2021). Here we assessed grip strength, hindlimb reflexes
and coordination/movement which represent key phenotypic features associated with
PD.

To assess grip strength, which is indicative of striatal dysfunction and
neurotransmitter loss (Tillerson et al., 2002a), we used a simplified version of the
inverted grid test (Tillerson and Miller, 2003; Tillerson et al., 2002b). We only measured
the hanging time and, hence, assessed the simultaneous 4-limb grip strength. Grip
strength gradually decreased as the TG mice aged (3M: 16.2 £ 9.88s, p = 3E-4; 6M: 11
9.39s, p = 3E-4; 13M: 0.17 + 0.41s, p = 4.86E-7; Figure 1E). Grip strength in wild-type
littermates remained unchanged.

The hindlimb clasping or reflex test, an additional test assessing striatal
dysfunction (Fernagut et al., 2004; Lieu et al., 2013), confirmed that the performance of
TG mice decreased with age (3M: p = 9.33E-3; 6M: p = 5.7E-2; 9M: p < 0.0001; 13M: p =
4E-3; Figure 1F), while, in contrast, we did not observe an age-dependent motor

impairment in the wild-type littermates.
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Finally, we tested mice for coordination and fine motor skills with the adhesive
removal test. Deficits in time for removal have been associated with loss of
dopaminergic neurons (Fleming et al., 2013). We did not observe relevant motor deficits
in young mice (3M and 6M; Figure 1G). At 9 and 13 months, we saw that both sensitivity
(Time at touch, left panel), as well as coordination (Time at removal, right panel), were
significantly delayed in TG mice (Time at touch — 9M: p = 7.57E-7, 13M: p = 0.057; Time
at Removal — 3M: p= 0.016, 9M: p = 1.12E-6, 13M: p = 0.016).

Taken together, these data indicate that overexpression of human wild-type

BISyn drives progressive motor dysfunction in the Thy1-Syn14 mice.

Fiber deprivation induces PD-related microbiome changes

Onset and progression of PD, especially idiopathic PD, have been linked to various
environmental factors (Chen and Ritz, 2018; Di Monte et al., 2002; Dick et al., 2007,
Warner and Schapira, 2003), of which some, e.g. diet, impact the gut microbiome
(Bernardo-Cravo et al., 2020; Singh et al., 2019). Changes in gut microbial composition
in PD have been described extensively in humans (Boertien et al., 2019; Gerhardt and
Mohajeri, 2018; Heintz-Buschart et al., 2018; Keshavarzian et al., 2015; Scheperjans et
al., 2015; Shen et al., 2021; Unger et al., 2016), but also in different animal models
(Gorecki et al., 2019; Sampson et al., 2016; Yan et al., 2021). Using 16S rRNA gene
amplicon sequencing, our goal was to understand how the different exogenous
challenges affected, independently or in combination, the gut microbiome in our mice.

The exogenous challenges were:

e Diet; a normal fiber-rich (FR) or a fiber-deprived (FD) diet

e Gavages; PBS, Curli knock-out isogenic E. coli (AEC) or Curli producing E. coli (EC)

First, we looked on a large scale how the challenges affected microbial diversity.
Overall, we saw that the fiber deprived (FD) diet and TG challenges both reduce inner-
group diversity (alpha diversity), while we saw no changes due to the gavage challenges
(Figure S1A). Alpha diversity was lowest at weeks 2 (WT: p = 0.045; TG: p = 6.1E-4) and

9 (TG: p =9.7E-3) in FD challenged and more prominently so in TG mice (Figure 2A). We
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made similar observations for beta diversity, where the diet challenge was the main
driver (adonis p = 0.001) of dissimilarities between groups (Figure S1B, middle panel).
However, in contrast to alpha diversity, the gavage challenges (adonis p = 0.001)
appeared to contribute to microbial community structural shifts as well (Figure S1B,
right panel). This observation might however be due to the PBS gavaged mice having all
been FD challenged. Hence, solely the FD challenge drove the observed rapid shift in
microbiome structure (Figure 2B). Already at week 2, the FD and fiber rich (FR)
challenged groups, independent of the other challenges, formed two homogeneous
clusters until the end of the experimental in-life phase. Such a shift is indicative of
dysbiosis, an imbalance in the microbiome. Changes in the Firmicutes to Bacteroidetes
ratio, the two most abundant phyla in the gut, can indicate an overall microbial and
functional imbalance (Magne et al., 2020; Mariat et al., 2009). Our data particularly
showed significant increases in the Firmicutes to Bacteroidetes ratio in FD challenged
mice (Figure S2).

Next, we focused our analysis on taxa abundance changes at the genus level. We
first subdivided the taxa according to their abundance into three separate groups (high,
mid, and low; Figure S3). Analogous to what we had seen before, the diet challenge was
the main driver of microbial abundance changes (Figure S3). Next, we focused our
analysis on the most relevant genera in our data, which were Alistipes, Faecalibaculum,
Bacteroides, Lachnospiraceae NK4A136 group, Lactobacillus, Intestinimonas,
Odoribacter, Colidextribacter, Lachnoclostridium, Lachnospiraceae UCG 006,
Rikenellaceae RC9 gut group and Akkermansia (Figure 2C). FD challenged mice had
increasing or constantly higher levels in Faecalibaculum, Intestinimonas, Odoribacter,
Colidextribacter, Rikenellaceae RC9 gut group and Akkermansia, and decreasing levels
in Lachnospiraceae NK4A136 group and Lactobacillus over time (Figure 2C, Figure S3).
Alistipes, Bacteroides, Lachnoclostridium and Lachnospiraceae UCG_006 on the other
hand saw fluctuations over time. They first increased in abundance before dropping
back down to initial levels in FD challenged mice.

Additionally, when compared to data from PD patients (Table 3 in Boertien et al.,
2019), FD challenged mice showed similar changes in Akkermansia (and its
corresponding family and phylum), Lachnospiraceae, Roseburia and Prevotellaceae,

while Lactobacillaceae and its genus Lactobacillus were inversely altered (Table S1).
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Other taxa that are often reported to be dysregulated in human PD stool samples were
not detected, e.g. Bifidobactericaceae, Faecalibacterium (Clostridiaceae) or
Enterobacteriaceae (Table S1). When we checked for the relative abundance of
Escherichia coli, the Enterobacteriaceae species that we gavaged with, it was barely
detected in our 16S rRNA gene amplicon sequencing data (not shown).

In summary, the FD challenge caused reduced gut microbial diversity and similar
shifts as seen in PD patients. To note are reduced levels of Lactobacillus, a genus with
many known probiotic species (Heeney et al., 2018; Martin et al., 2013) and possible
neuroprotective effects (Wang et al.,, 2021) as well as associated with gut barrier
integrity (Blackwood et al., 2017), and Lachnospiraceae NK4A136 group, which inversely
correlates with risk for PD or dementia (Stadlbauer et al., 2020). Additionally,
Lachnospiraceae NK4A136 group and Roseburia are important butyrate producers, thus
associated with gut barrier function (Ploger et al., 2012). Consequently, even though
plasma endotoxin levels were not significantly increased in FD challenged mice (not
shown), it is reasonable to assume that FD challenged mice had reduced gut barrier
function. Despite pronounced inner group variability, Western blot analysis for ZO-1
indicated a loss in tight junctions for WT FR EC and TG FD EC mice, implying a further
involvement of Curli in barrier integrity loss (Figure S4). Nevertheless, together with
higher levels of the known mucin-foraging genera Akkermansia and Bacteroides (Desai
etal., 2016; Tailford et al., 2015), the susceptibility for pathogenic agents were therefore

most likely increased.

Microbiome-driven mucus erosion of the colon in fiber deprived mice

The mucus layers of the colon have two basic functions: the inner layer acts as physical
barrier to prevent pathogens from reaching the gut epithelium, and the outer layer
harbours commensal bacteria interacting with the host (Johansson et al., 2013).
Increasing levels of mucin degrading bacteria, such as Akkermansia muciniphila and
certain Bacteroides spp. (Desai et al., 2016), have been shown to cause mucus thinning
and consequently enabling epithelial access for potential pathogens.

In our animals, we did not detect changes of the inner mucus layer (Figure S5A,

B). This is most likely due to the extended treatment period triggering adaptational host
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processes (Schroeder et al., 2018). Therefore, we focused on the outer mucus layer here.
Our results clearly showed that the FD challenge caused significant (p = 1.15E-12)
thinning of the outer mucus layer (Figure 3A). The layer thickness decreased extensively
by 49.1t092.9% in the FD diet group (Figure 3B). Hence, the habitat for gut bacteria was
reduced, which we expected to have direct consequences on microbial diversity.
Therefore, we compared alpha diversity and mucus thickness using the Spearman’s rank
test (Figure S5C). We were specifically interested in dietary or transgene driven
associations. While we only saw moderate dietary driven correlations (FR: r=-0.47,
p=0.051; FD: r=0.38, p=0.087; Figure S5D, E), there was a significant positive correlation
between alpha diversity and mucus thickness in TG mice (Figure 3C). This puts forth a

potential higher risk under specific endogenous-exogenous interactions.

Bacterial Curli drives alpha-synuclein aggregation in the colonic myenteric plexus in

fiber-deprived Thy1-Syn14 mice

aSyn aggregation in the gut has been observed in a substantial number of PD patients
(Braak et al., 2006; Del Tredici and Braak, 2012; Del Tredici and Duda, 2011). To test for
aSyn aggregation in the gut of our mice, we used an antibody directed against
phosphorylated Ser129 aSyn (pS129-a.Syn). This type of antibody is commonly used to
detect aSyn aggregation in both the murine and human CNS (Vaikath et al., 2019) and
ENS (Shannon et al., 2012; Stokholm et al., 2016). We quantified the pS129-aSyn
positive deposits in protein gene product 9.5 (PGP9.5), a neuronal cytoplasmic marker
(Sidebotham et al., 2001), positive ganglions of the myenteric (or Auerbach) plexus.
Other pS129-aSyn positive deposits in the submucosal plexus and submucosa were
irregular and mainly detected in TG mice. This did however not differ between the
different treatment groups, and we could not determine the cell types involved using
our approach.

First, the staining showed that both WT and TG mice had pS129-a.Syn positive
signals in ganglions of the myenteric plexus (not shown). The quantification of the area
occupied showed that only TG mice exposed to the combined challenges of fiber
deprivation and Curli-expressing E. coli (FD EC) had increased levels of pS129-aSyn in

PGP9.5 positive ganglions (vs TG FD PBS: p = 0.019; vs WT FR EC: p = 0.019; vs TG FR EC:
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p = 0.008; vs WT FD RIEC: p = 0.019; Figure 4). Besides having a greater area occupied,
the average particle size of the aSyn aggregations appeared increased in TG FD EC
challenged mice (representative images Figure 4).

We can sum up that even though, as seen above, the FD challenge in general led
to anincreased pathogen/pathobiont susceptibility, only TG EC challenged mice showed
significantly higher levels of pS129-aSyn positive aggregates in the myenteric plexus of

the colon.

Combination of bacterial Curli protein and dietary fiber deprivation challenges further

exacerbate motor deficits in already impaired Thy1-Syn14 mice

The exposure to Curli, herein as well as in previous studies (Chen et al., 2016; Sampson
et al., 2020), has been shown to lead to increased accumulation of abnormal aSyn in the
gut. The subsequent spreading to and within the brain has been associated with the
progression of motor impairment, as hypothesized by Braak and colleagues (Braak et al.,
2003, 2006). In our aged TG mice, we did already observe motor performance deficits
compared to their WT littermates. Therefore, we turned our interest to the exacerbation
of motor performance deficits after the challenges, individually or in combination.

Three different tests were chosen to assess motor performance: hindlimb
clasping, grip strength and adhesive removal. Hindlimb clasping and grip strength are
basic or gross motor function tests and were used to monitor motor performance
changes along the in-life phase of the study. Already at baseline, our aged mice differed
significantly in their clasping and grip strength phenotype (Figure S6A,B). Over the
course of the experiments only TG mice showed changes for both features (Figure
S6A,B). The behavioural changes in TG mice were, however, neither linked to the diet,
nor the gavage challenges. Hence, the progressive impairment of these features was
driven by the overexpression of aSyn.

The adhesive removal test was used to assess changes in fine motor function.
The test consists of measuring the latencies of touch and removal, which at baseline
were significantly (p < 0.0001) greater in TG mice compared to their WT littermates
(Figure 1G, 9M). This was still the case at the end of the 9-week long experimental phase

(p <0.0001; Figure 5A, Figure S6C). Hence, aSyn overexpression was again key in driving
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motor impairment. For the external challenges, particularly TG EC challenged mice,
independent of diet, showed increased timespans of touch and removal compared to
the WT littermates (Figure 5A, Figure S6C). Further, we saw a much greater increase in
both measures for a subset of TG FD EC challenged mice. This raised additional
questions: How did the performance change over time for these TG mice? And what is
the interval between the time of touch and time of removal? To answer these questions,
we 1) subtracted the time of touch from the time of removal and then 2) compared
“Baseline” to “Endpoint” results. We found that for the TG FD EC group 3 out of 6 mice
had reduced coordinative ability to remove the adhesive tape compared to their initial
performance (Figure 5B). While we did not observe statistically significant differences,
the combination of the diet and Curli challenges did appear to further exacerbate the

motor phenotype in aged TG mice.

Bacterial Curli mediates aggregation of a.Syn in the nigrostriatal pathway

All neuropathological analyses were limited to TG mice, since they have shown to be
more susceptible to the challenges. In a first step, we wanted to determine abnormal
aSyn aggregates by immunofluorescence staining in the nigrostriatal pathway.
Therefore, we used again the pSy129-aSyn antibody and quantified pS129-aSyn positive
aggregates in the dorsal striatum and the substantia nigra pars compacta (SNpc).
Overall, we observed that the EC challenge was the main driver of pS129-aSyn
aggregation in both regions of interest (Figure 6).

In the dorsal striatum, the FR EC challenged TG mice had the highest levels of
pS129-aSyn positive aggregates, with even a significant difference to the FR AEC (p =
0.018) group (Figure 6A, top panel), as seen in the representative microscopy images
(Figure 6A, lower panels). In the SNpc, we saw that the impact of the FD challenge was
greater than in the dorsal striatum (Figure 6A). Both pS129-aSyn positive cell body
counts and all “other” pS129-aSyn positive aggregates were especially increased in FD
EC challenged mice (“Cell Body”, vs FR AEC: p = 0.127; “Other”, vs FD PBS: p = 0.109, vs
FR AEC: p = 0.019, vs FR EC: p = 0.072, vs FD AEC: p = 0.13, Figure 6B, top panel).
Qualitatively, the pS129-aSyn positive aggregates that we observed in cell bodies were

usually diffused when in the cytoplasm but, in contrast, more compact in the nuclei
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(Figure 6B, bottom panel, white arrowhead). However, in FD EC challenged mice we also
found dense pS129-aSyn positive deposits in cell bodies (Figure 6B, bottom panel, blue
arrowheads). All other pS129-aSyn positive aggregates, not limited to cell bodies,
appeared generally more intensively immunopositive. We observed three different
forms of aggregates:

1. bead like varicosities (Figure 6B, bottom panel, white arrow), similar to what has
been observed in other in vivo (Lauwers et al., 2003) and in vitro (Kouroupi et al.,
2017) models, and human post-mortem brains (Del Tredici et al., 2002).

2. spheroid shaped aggregates (Figure 6B, bottom panel, open arrow).

3. corkscrew-like spheroid aggregates (Figure 6B, bottom panel, blue arrow). This
form of aggregates, however, was rare and only observed in FD EC challenged
mice.

In summary, the EC challenge drove increased pS129-aSyn positive aggregate

formation, a process that was further exacerbated in FD challenged TG mice.

Combination of bacterial Curli protein and dietary fiber deprivation challenges drive

neurodegeneration in Thy1l-Syn14 mice

The loss of neurons in the SNpc and their projections to the dorsal striatum is amongst
the main pathological hallmarks of PD (Poewe et al., 2017). To detect
neurodegeneration in our TG mice, we stained against tyrosine hydroxylase (TH), an
enzyme involved in dopamine synthesis and a marker for dopaminergic neurons and
their projections, in both the SNpc and dorsal striatum. Additionally, in the dorsal
striatum, we stained for the dopamine transporter (DAT), a marker for dopamine-cycling
synapses.

In the dorsal striatum, the combination of FD and EC challenges in TG mice
resulted in a significantly reduced area occupied by TH positive projections when
compared to the FR BIEC (p = 0.029) and FR EC (p = 0.04) groups (Figure 6C, top panel).
For DAT, we observed almost the exact same pattern (Figure 6D, top panel). The FD EC
challenged TG mice showed significantly reduced levels in DAT area occupied when
compared to FD REC (p = 0.05) and strong trends compared to the FD PBS and FR EC

groups (Figure 6D, top panel).

62



Tyrosine hydroxylase positive fibers in the dorsal striatum are the projections from
dopaminergic neurons located in the SNpc. Quantitation of the area occupied by TH
positive neurons (Figure 6E, top panel) showed that the exposure to Curli caused
significant neuronal loss (EC-PBS: FDR = 0.041; EC-AEC: FDR = 1.68E-4). Fiber-deprived
mice showed an exacerbation of this loss. The difference between the FR EC and FD EC
groups does show a strong (p = 0.054) trend. Hence, this indicates that the FD challenge

leads to an increased susceptibility to a Curli-driven neurodegenerative process.

The combination of fiber deprivation and bacterial Curli exacerbates PD-like

pathologies in Thy1l-Syn14 mice

To obtain an integrated view that parsed out the contribution of each disease challenge
to PD pathologies’ progression in our mice, we generated a radar plot summarising the
collection of our findings. We simplified the output by classifying the results of the
different treatment groups (FD PBS, FR AEC, FR EC, FD AEC, FD EC) from lowest (centre
of plot, Figure 7A) to highest (plot outline, Figure 7A). We further split our findings over
two categories (brain and gut) and 8 sub-categories (gut: alpha diversity decrease,
mucus foraging genera, lower gut barrier integrity, mucus erosion and aSyn aggregation
(ENS); brain: motor impairment, neurodegeneration and aSyn aggregation (CNS); Figure
7A).

Especially in TG mice, fiber deprivation was the underlying cause for changes in
the gut microbiome and barrier, while bacterial Curli drove aSyn aggregation in both
ENS and CNS (Figure 7A). However, overall the combination of the different challenges
(TG FD EC) had the greatest effect on all PD relevant pathologies (Figure 7A).

Based on our results, we propose a sequence of events (Figure 7B) whereby
chronic dietary fiber deprivation leads to changes in microbial populations (enrichments
in mucus-foraging taxa including Akkermansia spp.) and enteric physiology. These
changes cumulate in an increase of gut permeability. The linked higher exposure to the
bacterial protein Curli caused increased aSyn aggregation in the ENS and in the CNS
accompanied by neurodegeneration in the nigrostriatal pathway. These changes finally

resulted in the further exacerbation of already strong motor deficits in these TG mice.
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Discussion

Most PD cases have a complex multi-factorial risk and progression profile. Not much is
known about how various factors affect or exacerbate PD initiation and progression
(Nag and Jelinek, 2019). In our study, we investigated how genetically predisposed aged
mice were affected by a fiber-deprived diet and exposure to Curli-producing E. coli,
individually or combined. Based on these findings we propose a possible sequence of
events, starting with diet induced dysbiosis, leading to reduced barrier integrity,
culminating in the exacerbation of PD pathologies.

There is a great body of evidence on the impact of diet on microbial gut health.
In vivo studies in which rodents were fed a fiber-deprived diet reported rapid shifts in
microbial gut populations (Desai et al., 2016; Neumann et al., 2021; Riva et al., 2019;
Schroeder et al., 2018). Accordingly, our data showed decreased diversity, increased
Firmicutes/Bacteroidetes ratios and altered abundances of many PD-associated taxa
when mice were fed a fiber-deprived diet. The lack of dietary fiber was shown to make
specialized taxa, such as Akkermansia spp. and Bacteroides spp., switch to host glycans
as energy resource, which results in increased mucus erosion and susceptibility to
pathogens (Desai et al., 2016; Martens et al., 2008). Longer-term lack of dietary fiber is
thought to trigger a compensatory mechanism, increasing mucin production, and re-
establishing at least the inner mucus thickness (Schroeder et al., 2018). In our study,
however, the outer mucus layer does not show such a compensatory mechanism. In the
present work, the thin outer mucus layer was associated with reduced bacterial diversity
and therefore it can be assumed that there are changes in host-microbe interactions.
Recent studies showed the impact of microbial metabolite changes on gut barrier
integrity. The metabolite butyrate for instance is essential in regulating energy
metabolism, proliferation, and differentiation of gut epithelial cells, has anti-
inflammatory properties, stimulates mucin production, and most importantly is involved
in gut barrier protection by stimulating expression of ZO-1, Z0O-2, cingulin and occludin
(Ploger et al., 2012; Riviere et al.,, 2016). We observed reduced abundances of the
butyrate producing genera Lachnospiraceaea NK4A136 and Roseburia. Additionally,
Lactobacillus, which was also reduced in our fiber deprived fed mice, has been proposed

to stimulate butyrate production of such bacteria (Lin et al., 2020). There is still
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conflicting evidence on the effect of short-chain fatty acids, in particular butyrate, in PD
(Silva et al., 2020). Most animal studies however report beneficial effects (Paiva et al.,
2017; Sharma et al., 2015; St. Laurent et al., 2013). Taken together, our observations of
reduced outer mucus thickness, higher levels of mucus foraging taxa and reduced gut
health relevant taxa under fiber deprived conditions let us to conclude that these mice’s
gut barrier integrity was affected, and that they were more susceptible to potential
pathogenic factors such as Curli.

Curli is a bacterial protein produced by Enterobacteriaceae. This bacterial family
has been reported to be increased in PD patients and is associated with disease severity
(Barichella et al., 2019; Li et al., 2017). The Curli protein has amyloidogenic properties
and has been shown to act as a seed for aSyn aggregation in vitro (Sampson et al., 2020).
In physiological conditions, either gavaged (Chen et al., 2016) or supplemented in a
human faecal microbiota transplant (Sampson et al., 2020), Curli presence induced or
aggravated different PD pathologies in gut and brain. Chen and colleagues observed
increased aSyn aggregation in the gut of exposed Fischer 344 rats (Chen et al., 2016).
Similarly, we found increased pS129-aSyn positive aggregation in the gut, more
specifically in the myenteric plexus. A separate study by Sampson and colleagues
(Sampson et al., 2020) did not investigate a.Syn in the ENS, but they did, similar to our
findings, show increased pS129-aSyn positive levels in the brain in transgenic mice
exposed to Curli-producing E. coli.

PD initiation and progression can be modulated by a number of external factors,
for which an important entry point may be the gut from where abnormal forms of a.Syn
could spread in a prion-like manner via the vagus nerve to the brain (Braak et al., 2003,
2006). One of the most obvious factors is diet, and a “"western” diet poor in fibers
worsens PD progression, whereas a fiber-rich diet delays it (Mischley et al., 2017). The
gut is inhabited by the microbiome, which has been reported dysregulated in PD in
numerous studies (Boertien et al., 2019). In this study, using an a.Syn transgenic animal
model, we show how these factors work together in worsening PD progression. Fiber
deprivation shifts the composition of the microbiome toward bacteria that harm gut
barrier integrity. Dysbiosis in PD is also thought to enhance bacteria that produce

amyloidogenic peptides and induce an inflammatory response (Albani et al., 2020). We
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show that oral administration of E.coli to aSyn mice exacerbates PD-like pathologies, in
particular aSyn aggregation, a process more pronounced in mice fed a fiber deprived
diet. We show that this effect was most likely due to the production of the
amyloidogenic peptide Curli by E. coli. Thus, our study indicates that, in the context of
initial PD-like disease induced by abnormal aSyn production, PD pathologies can be
significantly precipitated by environmental factors action through the gut and its
microbiome. Our study provides insights on why PD progresses with different degrees
of severity among patients. Whether similar mechanisms also play a role in modulating
PD initiation remains to be studied, and will be the subject of future studies.

To our knowledge, we are the first to propose a combinatorial mechanism of
interdependent exogenous and endogenous factors contributing to PD progression. We
further underline the importance of a balanced healthy diet and its implications in PD
progression. Hence, our results point to a translational PD-relevant sequence of events
exacerbating disease progression and putting forth the idea for lifestyle adaptations to

mitigate the disease.
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Data Availability
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https://www.ebi.ac.uk/ena/browser/home under the accession number PRJEB51988.
All other original datasets are available upon reasonable request to the corresponding

author (kristopher.schmit@hotmail.com).
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Material and Methods

Animals and experimental design

Ethical Approval

All animal experiments were approved by the Animal Experimentation Ethics Committee
of the University of Luxembourg and the appropriate Luxembourg governmental
agencies (Ministry of Health and Ministry of Agriculture) and registered under LUPA
2020/25. Additionally, all experiments were planned and executed following the 3R
guidelines (https://www.nc3rs.org.uk/the-3rs) and the European Union directive
2010/63/EU.

Mice

The transgenic line B6.D2-Tg(Thy1-SNCA)14Pjk (Kahle et al., 2000, 2001) was used,
referred to as Thy1-Syn14 or TG from here on forth. This line overexpresses wild-type
human aSyn under the transcriptional regulation of the neuron specific Thyl promoter.
As control animals, wild-type (WT) littermates were used. All mice used were male. For
the characterization of the line, different cohorts were used. For the experimental
challenge cohort, 72 male animals, 36 TG and 36 WT littermates, were used. They were
singly-caged to avoid coprophagy, had access ad libitum to food and water and were
exposed to a regular 12h-day-night cycle. Animals were monitored twice a week.
According to welfare guidelines, humane endpoints were set based on different physical
parameters, e.g. weight loss/gain, body temperature and coat condition. At the end of
the in-life phase, the mice were anesthetized with a mix of 150mg/kg ketamine + 1mg/kg
medetomidine and subsequently transcardially flush-perfused with 1X PBS. Prior to
perfusion, blood was collected from the right atrium.

During the in-life phase of the study, 10 mice were either found dead in their
home cage or reached a humane endpoint (Figure S7A). This measure agrees with the
animal welfare guidelines.

Experimental Design

For the challenge study, mice were randomly assigned to 10 different treatment and
respective control groups (Figure S7A) and treated for a total of 9 weeks; 1-week dietary
priming of the colon and additional 8 weeks combined diet and bacterial challenges

(Figure S7B). Food was replaced every other week and the mice were gavaged with the
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respective bacteria or sham solution weekly. Body weight and overall health was
checked twice a week. Stool samples for microbiome analysis and monitoring of basis
gross motor functions via hindlimb clasping and grip strength was also performed
weekly (Figure S7B). After euthanasia, blood, brains and colons for molecular biology

and histology were collected.

Bacterial solution preparation and gavage

The E. coli strains used for treatment were C600 (EC) and its isogenic Curli-operon knock-
out (AEC) (Chapman et al., 2002; Chen et al., 2016). Both strains were a kind gift from
Matthew Chapman, University of Michigan. Expression/absence of Curli operon was
tested via PCR using the following primer pairs: csgA_F-5'-GCG-TGA-CAC-AAC-GTT-AAT-
TTC-CA-3’, csgA_R-5’-CAT-ATT-CTT-CTC-CCG-AAA-AAA-AAC-AG-3’; csgB_F-5'-CCA-TCG-
GAT-TGA-TTT-AAA-AGT-CGA-AT-3’,  csgB_R-5-AAT-TTC-TTA-AAT-GTA-CGA-CCA-GGT-
CC-3’. Additionally, Curli protein expression was confirmed by Congo red staining (not
shown). Both strains were grown in Lennox broth under aerobic (5% CO2) conditions at
37°C agitating at 300rpm. Bacteria were resuspended in sterile PBS for oral
administration at 1010CFUs/mL.

They were gavaged 100uL of bacterial solution, or PBS for the gavage control
groups, at a total bacterial load of 109CFUs. Reusable stainless steel 20G feeding needles
(Fine Science Tools, 18060-20) were used. Prior and in-between gavages, the feeding
needle was washed with filtered 70% ethanol and rinsed with sterile PBS. One group of
feeding needles per treatment was used to avoid cross-contamination. Importantly, the
mice were not pre-treated with an antibiotic mix because 1) antibiotics have been
shown to prevent aSyn aggregation and to be neuroprotective (Yadav et al., 2021), and
2) measuring the impact of the fiber deprivation on a native microbiome was an

essential readout.

Tissue collection and preparation
Prior to the transcardial perfusion, up to 400uL of venous blood from the right atrium
were collected in EDTA K3 coated collection tubes (41.1504.005, Sarstedt), for blood-

endotoxin measurements. The tubes were gently inverted and then kept on ice. Plasma
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was collected after centrifugation at 2000 x g for 10 mins, transferred to RNase-free
tubes and stored at -80°C.

After perfusion, the brain was placed on ice, and split along the longitudinal
fissure into two hemibrains. For molecular biology analyses, one hemibrain was
dissected into different regions of interest (striatum and ventral midbrain). The
dissected regions were then put on dry ice and stored at -80°C. The other hemibrains
were fixed for immunohistochemistry in 4% PBS-buffered paraformaldehyde (PFA) for
48h at 4°C and then stored in PBS-azide (0.02%) at 4°C. Subsequently, they were cut to
generate 50um thick free-floating sections using the Leica vibratome VT1000 (Wetzlar,
Germany), and sections were stored in a 1% (w/v) PVPP + 1:1 (v/v) PBS/ethylene glycol
anti-freeze mix at -20°C until staining.

Colon samples for mucus measurements and histopathology were fixed in
methacarn (60% absolute methanol: 30% chloroform: 10% glacial acetic acid) solution
for 2-4 hours, then transferred to 90% ethanol and kept at 4°C. Next, whole colon
samples were first transversally cut by hand with a microtome blade into 4-5mm long
sections. Those pre-cut sections were then put into a histology cassette while respecting
the proximal to distal order. They were held in place in an ethanol-soaked perforated
sponge. After 24h post-fixation in 10% formalin, the samples were processed in a
vacuum infiltration processor. Finally, all samples were embedded in paraffin, and cut
at 3um on a microtome. If not processed immediately, the slides were stored at 4°C

before being stained.

RNA extraction and RT-qPCR

RNA from dissected colon and different brain regions was extracted using the Qiagen
RNeasy Plus Universal Mini Kit (Qiagen, 73404). Briefly, 900uL QlAzol lysis buffer
(Qiagen, 79306) and three cold 5mm steel balls were added to each sample (previously
stored at -80°C). In ice cooled racks, samples were homogenized at 20Hz for 2mins using
the Retsch Mixer Mill MM400. Homogenates were transferred to new RNase clean 2mL
tubes and left to rest for 5mins at room temperature (RT). 100uL gDNA eliminator
solution was added and the tubes were shaken vigorously for 15 seconds. Then 180uL
of chloroform was added and another strong shake was applied for 15 seconds.

Homogenates were left to incubate for 3mins at RT. Samples were then centrifuged at

70



12000 x g for 15 mins at 4°C. Five hundred pL of the upper aqueous phase was collected
and transferred to new 2mL RNase free tubes. Five hundred pL of ethanol was added to
the supernatant and mixed by inverting the tubes back and forth. RNeasy mini spin
columns were then loaded with 500uL of the mix, centrifuged at 8000 x g for 30s at RT,
followed by discarding the flow-through from the collection tube. This step was
repeated once more. The spin columns were then washed with two different buffers in
three steps: one time with 700uL of RWT buffer and twice with 500uL of RPE buffer. At
each washing step, the columns were centrifuged at 8000 x g for 30s at RT, and the flow-
through was discarded. Columns were then transferred to new collection tubes and
spun at maximum speed for 1min. Finally, columns were transferred to an RNase free
1.5mL Eppendorf tubes. Fifty uL of RNase-free water was added to the columns to elute
total RNA. RNA purity and quantity were checked by spectrophotometry using the
NanoDrop™ 2000 (ThermoFisher Scientific) and the Agilent 2100 Bioanalyzer,
respectively. Finally, RNA samples were stored at -80°C.

The model used in this study, Thy1-Syni14, carries a transgene for wild-type
human aSyn (SNCA). To determine the levels of transcript expression in comparison to
endogenous murine aSyn (Snca), quantitative RT-PCR was performed on a separate
untreated age-matched male cohort (N=15), using the following primer pairs: Snca F 5’-
GAT-CCT-GGC-AGT-GAG-GCT-TA-3’, R 5’-CT-TCA-GGC-TCA-TAG-TCT-TGG-3’, SNCA F 5’-
AAG-AGG-GTG-TTC-TCT-ATG-TAG-GC-3’, R 5’-GCT-CCT-CCA-ACA-TTT-GTC-ACT-T-3" and
reference gene Gapdh F 5-TGC-GAC-TTC-AAC-AGC-AAC-TC-3’, R 5’-CTT-GCT-CAG-TGT-
CCT-TGC-TG-3'. For the reverse transcription of RNA to cDNA the SuperScript™ Ill RT
reverse transcriptase from Invitrogen was used. Briefly, 1uL of oligo (dT) 20 (50uM) and
1uL of 10mM dNTP mix was added to 1ug of total RNA. If needed, nuclease free water
was added to obtain the final reaction volume of 13uL. The mixture was briefly
centrifuged for 2-3s, heated at 65°C for 5 minutes, and again chilled on ice for at least 1
minute. Another mixture of 4L 5x first strand buffer, 1uL RNaseOUT (RNase inhibitor),
1uL of 0.1M DTT, and 1uL of Superscript reverse transcriptase (200 U/ul), was added.
The final mixture was briefly centrifuged and incubated at 50°C for 1h followed by
15mins at 70°C for enzyme deactivation. 80uL of RNase free water were added to the
reaction mixture. The obtained cDNA was then placed on ice for immediate use, or

stored at -20°C for future use.
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The gPCR reaction mix contained 2uL of cDNA, 10uM forward and reverse
primers, 1X iQTM SYBR® Green Supermix (Bio-Rad) and PCR grade water up to a volume
of 20uL. Each gPCR reaction was run in duplicates on a LightCycler ® 480 Il (Roche). The
thermo cycling profile included an initial denaturation of 3 minutes at 95°C, followed by
40 cycles at 95°C for 30 seconds, 62°C (annealing) for 30 seconds and 72°C (elongation)
for 30 seconds, with fluorescent data collection during the annealing step. Data

acquisition was performed by LightCycler® 480 Software (version 1.5.0.39).

Protein extraction and Western blot

For the mouse line characterisation, total protein was extracted as described before
(Garcia et al., 2010; Keller et al., 1997) with minor adaptations. Briefly, fresh frozen
(stored at -80°C) dissected dorsal striatal and midbrain tissue was homogenized in a lysis
buffer solution using a dounce homogenizer. The lysis buffer volumes were adapted
based on sample size (midbrain: 400uL; dorsal striatum: 800uL). Protein concentrations
were determined by Bradford assay.

Samples at 20ug of total protein were run on an SDS-PAGE gel. For total aSyn,
the polyclonal rabbit anti-pan-aSyn antibody (53062, Sigma-Aldrich, 1:1000) was used,
and, as internal reference, a monoclonal mouse anti-B-tubulin antibody (clone [DM1A],
ab7291, Abcam, 1:1000), followed by LI-COR IRDyeR 700 CW donkey anti-rabbit
(1:10000) and IRDyeR 800 CW donkey anti-mouse (1:10000) incubated for 1 hour at RT
incubation. Images were captured using the LI-COR Bioscience C-Digit

Chemoluminescence scanner.

Microbial DNA extraction and 16S rRNA gene amplicon sequencing

For microbial DNA extraction from single faecal pellets, an adapted version of the IHMS
protocol H (Dore et al., 2015) was used. Faecal samples were preserved in 200puL of a
glycerol (20%) in PBS solution, and stored at -80°C. Prior to the extraction, the samples
were slightly thawn and added 250uL guanidine thiocyanate and 40uL N-lauryl sarcosine
(10%). The samples were then left at RT to fully thaw. Then, 500uL N-lauryl sarcosine
(5%) were added before the faecal pellet was scattered and vortexed to homogeneity.
Samples were then shortly spun down and incubated at 70°C for 1h. Seven hundred fifty

uL pasteurized zirconium beads were added to the tubes, then put in pre-cooled racks
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and horizontally shaken for 7.5mins at 25Hz in a Retsch mixer mill MM400. Fifteen mg
polyvinylpyrrolidone (PVPP) was added and vortexed until dissolved. Then the samples
were centrifuged at 20814 x g for 3mins. The supernatants were transferred to new 2mL
tubes and kept on ice. The pellet was washed with 500uLTENP (Tris, EDTA, NaCl and
PVPP) and centrifuged at 20814 x g for 3mins. This step was repeated three times in
total, and each supernatant was added to the previously new 2mL tube. To minimize
carryover, the tubes were centrifuged again at 20814 x g for 5mins, and the supernatant
was split equally in two new 2mL tubes. One mL isopropanol (Merck) was added to each
tube, and mixed in by inverting the tubes. After a 10min incubation at RT, the samples
were centrifuged at 20814 x g for 15mins. The supernatant was discarded, and the
remaining pellet air dried under the fume hood for 10mins. The pellet was then
resuspended in 450uL phosphate buffer and 50uL potassium acetate by pipetting up and
down, before the duplicates were pooled and incubated on ice for 90mins. Then, the
sample was centrifuged (20814 x g) at 4°C for 35mins, the supernatant transferred into
a new tube. Next, 2uL of RNase (10mg/ml) were added. Then, the tube was vortexed,
briefly centrifuged, and finally incubated at 37°C for 30mins. Then, 50uL of sodium
acetate, and 1mL of ice cold 100% ethanol (Merck) were added, and mixed in by
inverting the tube several times. The sample was again incubated at RT for 5mins, and
centrifuged at 20814 x g for 7.5min. The supernatant was discarded, and the newly
formed pellet was subsequently washed three times with 70% ethanol (Merck), and
centrifuged at 20814 x g for 5mins. The supernatant was discarded each time. Finally,
the clean pellet was dried at 37 °C for 15 min, then resuspended in 100ul TE Buffer, and
homogenized by pipetting. After incubation at 4°C overnight, DNA quality and quantity
were checked by Nanodrop ™ 2000/2000c and Qubit 2.0 fluorometer (Thermo Fischer
Scientific). Samples were stored at -80°C until sequencing.

Five ng of isolated gDNA was used for PCR amplification using primers (515F
(GTGBCAGCMGCCGCGGTAA) and 805R (GACTACHVGGGTATCTAATCC)) specific to the
V4 region of the 16S rRNA gene. For the first round of PCR, samples were amplified for
15 cycles to avoid over-amplification. Six additional PCR amplification cycles were
performed in the second round to introduce sample specific barcode information. All

samples were pooled in equimolar concentration for sequencing. Sample preparation
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and sequencing were performed at LCSB Sequencing platform using v3 2x300 nucleotide

paired end sequencing kit for MiSeq.

16S rRNA gene amplicon sequence analysis

Sequence analysis Amplicon Sequence Variants (ASVs) were inferred from 16S rRNA
gene amplicon reads using the dada2 package (Callahan et al.,, 2016) following the
paired-end big data workflow (https://benjjneb.github.io/dada2/bigdata_paired.html,
accessed: September, 2020), with the following parameters: truncLen = 280 for forward,
250 for reverse reads, maxEE = 3, truncQ = 7, and trimLeft = 23 for forward, 21 for
reverse reads. The reference used for taxonomic assignment was version 138 of the
SILVA database (https://www.arb-silva.de)(Quast et al., 2013).

Microbial diversity and related statistics Microbiome count data was managed
using the phyloseq R package (McMurdie and Holmes, 2013). This package was also used
to calculate the Shannon index for alpha diversity and the Bray-Curtis dissimilarity based
non-metric multidimensional scaling (NMDS) ordination for beta diversity. Statistical
significances of alpha diversity differences were evaluated with the Kruskal-Wallis test
(overall comparison between all groups) and the Wilcoxon Rank Sum Test with false
discovery rate correction for multiple comparisons (pairwise contrasts). For beta
diversity comparisons, the adonis PERMANOVA test from the R package vegan (Oksanen
et al., 2020) was used. All diversity comparisons were performed using ASV count data
rarefied to the lowest number of sequences in a sample. Taxon-specific plots (genus and

family level) were made using relative abundances (% of taxa out of total).

Endotoxin plasma level measurement by ELISA

Plasma samples were diluted 1:10 in 1X PBS. To measure the endotoxin plasma, the
EndoLISA® kit from BioVendor was used, based on supplier’s protocol. Briefly, a serial
dilution for the standard for the non-linear regression model was prepared. In
duplicates, 100uL of well mixed standard and samples were applied on the supplied 96-
well plate. Then, 20uL of 6X binding buffer were added to each well, and the plate was
sealed with a cover foil. The plate was incubated at 37°C for 90mins on a shaker at
450rpm. The reaction buffer was removed by quickly inverting the plate. The excess

buffer was removed as best as possible by tapping the plate gently on a paper towel.
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The wells were then washed twice with 150uL of wash buffer. Again, the plate was
inverted quickly, and the excess buffer was removed by tapping the plate gently on a
paper towel. Finally, 120uL of detection buffer were added and measurements were

taken in a 37°C pre-heated plate reader at 15 mins intervals, form T=0min to T=90mins.

Alcian blue staining and outer mucus thickness measurements
The Alcian blue stainings were performed at the National Center of Pathology (NCP) of
the Laboratoire National de Santé in Dudelange (Luxembourg). The sections were
stained for Alcian blue (Artisan Link Pro Special Staining System, Dako, Glostrup,
Denmark) according to manufacturer’s instructions.

Five-10 images per section at 20x magnification were collected for each mouse.
This resulted in up to 24 images per animal. The criterion for the correct images was that
the sections were cut at the correct plane level. This was determined by the orientation
and definition of the colonic crypts, which had to be fully visible pointing towards the
colonic lumen. Only the outer mucus areas which could clearly be distinguished from
the inner mucus layer and the colonic content were measured. In Image J, the scale of
each image was adapted using the imprinted scale bar as reference and an average of 6

measure points, spanning the outer mucus layer, per image were taken.

Immunofluorescent staining of colon sections

Sections were deparaffinised in xylene 3 x 5mins. Before proceeding to rehydration, the
slides were checked for paraffin residues. If not, the sections were treated another
round with xylene. A three-step rehydration with 100%, 70% and 50% ethanol each
twice for 10 mins followed deparaffinization. After washing with dH20, slides were
treated with a citrate buffer (0.1M, pH6.0, + 0.1% Tween 20) for antigen retrieval at 80°C
for 30-35mins. After letting the sections cool down for 20mins, the slides were again
washed with dH20 2 x 5mins. Next, endogenous peroxidase activity was quenched by
incubating the slides in a 3% H202 methanol solution for 15 mins, followed by tissue
permeabilization in PBS + 0.4% Triton X100 (PBS-T) + 1% BSA (2 x 10mins). Finally,
unspecific antigen binding was blocked by incubation with PBS-T + 5% BSA for 30-45
mins. After washing again with dH20, the tissue was circled with a hydrophobic Dako

pen (52002, DAKO), and the primary antibodies were added. They were incubated at
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room temperature (RT) for 2 hours (hrs), and then transferred to 4°C for overnight
incubation in a humidified chamber. The following day, slides were washed briefly with
dH20, then washed with 1% BSA + PBS-T 2 x 5mins, and finally rinsed with dH20. Tissues
were circled again with the hydrophobic pen and secondary antibodies were added.
Slides were then incubated for 2 hrs at RT in the humidified chamber. Finally, they were
washed 3 x 5mins with PBS-T, and rinsed with dH20. Excess water was removed by
gentle tapping, and slides were coverslipped with DAPI Fluoromount-G® (0100-20,
SouthernBiotech).

To detect phosphorylated aSyn in the ENS, double staining using the following
antibodies: polyclonal chicken anti-PGP9.5 (ab72910, Abcam; 1:1000), monoclonal
rabbit anti-pS129-aSyn (ab51253, Abcam; 1:500) was used.

For the localisation of total and human aSyn in the colon, primary antibodies
used were a polyclonal rabbit anti-pan-aSyn (53062 Sigma-Aldrich, 1:1000) and a
monoclonal mouse anti-human-aSyn (clone 211, S5566, Sigma-Aldrich, 1:1000). The
protocol was the same except for the revelation steps. Briefly, after primary antibody
incubation, slides were incubated with the appropriate secondary biotinylated antibody
for 2 hours. Next, they were incubated with an avidin-biotin-complex mix for 1 hour.
After washing 2x10mins in PBS-T, the revelation was done using 3,3’-diaminobenzidine
(DAB) and H202 for 3mins. The slides were finally washed in twice ddH20 for 2mins
each and again once in dH20 for 2mins. As counterstain, the slides were emersed 2
times in haematoxylin for 20s and washed in dH20. A final rinse under tap water was
done to intensify the colorization. All slides were again dehydrated (70% EtOH, 95%

EtOH and Xylene) and coverslipped using Merck’s Neo-Mount®.

Behaviour

Hindlimb clasping

The method was adapted from Guyenet et al., 2010. In brief, animals were taken by the
tail near the base and suspended for 10 seconds. If both hindlimbs stayed stretched and
did not touch the abdomen for more than 50% of the suspension time, the mouse was
scored 0. A score of 1 or 2 was given if one respectively both hindlimbs were retracted
for more than 50% of the suspension time. If they were retracted and touched the

abdomen for the entire suspension time, a score of 3 was given. In the most severe
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cases, the animals twisted around the vertical body axis or even rolled up to a so-called
bat position. These cases were given a score of 4. This test was repeated weekly.

Grip strength

The grip strength test (Mao et al., 2016) was performed using Bioseb’s grip strength
meter (Vitrolles, France). Animals were gently placed on a grid, allowed to grab onto it
with all four paws, and then gently pulled off in a continuous backwards motion by their
tail. Technical triplicates were taken for each mouse. Values were normalized to the
weight of the respective mouse. The test was repeated weekly.

Adhesive removal

The test was adapted from Bouet and colleagues (Bouet et al., 2009). Briefly, animals
were placed in a round transparent arena for one minute as habituation. A piece of
rectangular tape (3x5mm) was placed on each forepaw. The time was taken once the
animals touched the bottom of the arena. Then, the time of first touch and first removal
was taken. The test was performed in duplicates, and performed at baseline as well as

at the end of the in-life phase.

Immunofluorescent staining on free-floating brain sections

Immunofluorescent stainings on free-floating sections were performed following a
standard protocol (Ashrafi et al., 2017) with minor adaptations. Briefly, sections were
washed in PBS + 0.1% Triton X100 (TX100) to rinse off the anti-freeze solution. Then,
they were treated with a permeabilization/peroxidase inactivation solution (PBS + 1.5%
TX100 + 3% H202) for 30mins, followed by 2x5mins washing. To prevent unspecific
antibody binding, the sections were incubated in 5% BSA + 0.02% TX100 for 1 hour. After
a short washing step, sections were incubated with primary antibody(ies) diluted in
antibody solution (PBS + 2% BSA) over night at room temperature (RT) on an orbital
shaker. The next day, sections were washed with PBS + 0.1% TX100 to remove all excess
first antibody. Sections were then incubated with secondary antibody (+ antibody
solution) for 2hrs at RT on an orbital shaker under a light trap. Finally, sections were
washed with simple PBS (at least three times for 10mins) and then mounted on
Superfrost™ (ThermoFisher Scientific) slides, left to dry for up to 12hrs, and cover-

slipped using the Fluoromount-G® (Invitrogen) mounting solution.
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The following antibodies were used: monoclonal rabbit anti-pS129-aSyn (Abcam,
ab51253; 1:1000), monoclonal mouse anti-pS129-aSyn (Prothena Biosciences Inc.,
11A5; 1:1000), polyclonal chicken anti-tyrosine hydroxylase (Abcam, ab76442; 1:1000),
polyclonal rabbit anti-tyrosine hydroxylase (Merck (Sigma-Aldrich), AB152; 1:1000),
polyclonal rat anti-dopamine transporter (MAB369, Merck (Sigma-Aldrich); 1:1000),
polyclonal rabbit pan-aSyn (53062, Sigma-Aldrich, 1:1000), monoclonal mouse human
aSyn 211 clone (S5566, Sigma-Aldrich, 1:1000), monoclonal rabbit murine specific aSyn
D37A6 clone (4179S, Cell Signalling, 1:1000).

Quantitative neuropathology

Sections were imaged using a Zeiss Axiolmager Z1 upright microscope, equipped with a
PRIOR motorized slide stage and coupled a “Colibri” LED system to generate
fluorescence light of defined wavelengths, and a Zeiss Mrm3digital camera for image
capture. The complete imaging system was controlled by Zeiss’ Blue Vision software. All
histological analyses were performed blinded.

The quantification of TH-positive fibers and DAT-positive synaptic terminals was
done as described before in Garcia et al., 2022. Briefly, two doubly labelled (rabbit anti-
TH and rat anti-DAT) sections were used. A total of 6 (3/section) 40x (223.8 x 167.7 um2)
pictures of the dorsal striatum were acquired using the optical sectioning system
Apotome.2 (Zeiss). The percent area occupied of TH and DAT by intensity thresholding
was determined using Image J software and averaged for each mouse.

The quantification of TH-positive neurons in the SNpc has been described and
the obtained results were shown to correlate with stereological cell counts (see
supplementary information in Ashrafi et al., 2017). Briefly, to estimate TH-positive
neurons in the SNpc, anatomically distinguishable levels were identified and applied to
7-12 fifty-micron sections/mouse. Then, 2x2 tiled pictures/section were taken at 10X
objective and converted into single Tiff files for image analysis. Next, the region-of-
interest (ROI) of the area occupied only by TH-positive neurons was outlined. After
thresholding, the ROI occupied (in pixels) by TH-positive neurons was measured. For
each anatomical levels of the SN, up to 2 sections/level were measured. Single and/or
averaged values/level were finally summed up to one single representative value, the

“cumulative SN surface” and converted to mm?2.
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To quantify pS129-aSyn in the dorsal striatum (Double label: area reference
marker polyclonal rabbit anti-TH; pS129-aSyn marker monoclonal mouse 11A5), 40x
images were converted to 8-bit and the threshold was automatically set to
“MaxEntropy”. Next, the images were appropriately scaled from pixel to um. Greater
non-synaptic particles were excluded by selecting them using the “Analyze Particles”
tool (Size (Lm2): 30.00-Infinity; Circularity: 0.25-1) and adding them to the ROl Manager.
Before measuring the area occupied by pS129-aSyn+ synapses, all images were again
manually curated for wrongly selected areas. Finally, the ROIs to be excluded were
selected using the “XOR” tool from the ROl manager. This resulted in a final curated ROI
for quantification of the percent area occupied by pS129-aSyn+ synaptic areas.

To estimate pS129-aSyn positive aggregates in the SNpc (monoclonal rabbit anti-
pS129-aSyn), the same ROIs as chosen for TH quantification were used. In Image J, a
virtual grid with a square area of 2500um2 was overlaid. Pictures were then manually
analysed for pS129-aSyn positive accumulations. Based on morphology, pS129-aSyn
positive cell bodies (1 count = 1 cell body) and other pS129-aSyn positive particles
(number of particles per square) of non-cell shapes were counted seperately. Finally,
counts were normalized per square (area of ROl/area of square) and summed up for all

4 zones (see TH quantification).

Statistics

For the statistics of the 16S rRNA gene amplicon sequencing data see above. For all other
measurements of the challenged mouse cohort, the non-parametric Mann-Whitney U
test was performed. False discovery rate (FDR) was used to correct for multiple
comparison. However, in many cases the uncorrected p-values were used to illustrate

noteworthy differences. This is specified in the figure legends.
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Figure 1 | Thyl-Syn14 mice have pronounced alpha-synuclein and motor
impairment phenotypes

(A) Relative mRNA expression levels for Snca (left panel) do not differ between Thy1-
Synl4 (TG, blue) mice and wild-type littermates (WT, red), but are significantly different
between ventral midbrain and dorsal striatum. SNCA (right panel) is only expressed in
TG mice and at identical levels between regions. Mice were 9 months old. Normalized
to Gapdh.

(B) Relative density measures from Western blots for pan-aSyn in the ventral midbrain
and dorsal striatum. Mice were 9 months old. Normalized to a-tubulin. See also Figure
S2.

(C) Relative mRNA expression levels for Snca (left panel) do not significantly differ
between Thyl-Synl4 (TG, blue) mice and wild-type littermates (WT, red), but are
significantly different between proximal and distal colon regions. SNCA (right panel) is
only expressed in TG mice at identical levels between regions. Mice were 9 months old.
Normalized to Gapdh.

(D) Representative images (Scale bar: 25um) from immunohistochemical stainings
showing that SNCA in enteric neurons (arrow, right lower panel) is only expressed in TG
animals, while both WT and TG mice express pan-aSyn (top row panel, black arrows).
Mice were 9 months old.

(E-G) Animals were tested at different ages (3M, 6M, 9M*, 13M) for gross and fine motor
skills by (E) inverted grid (*not for 9M), (F) hindlimb clasping, and (G) adhesive removal.
All tests show a progressive increase in motor deficits. Each age group was a separate
cohort. The results for 9M are the baseline results of the experimental cohort.

Stats: Mann-Whitney U, corrected for FDR; *, p < 0.05, **, p < 0.01, ***, p < 0.001, ****p
< 0.0001

WT, wild-type littermates; TG, Thyl-Syn14 animals, 3M, 3 months old; 6M, 6 months old;
9M, 9 months old; 13M, 13 months old
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Figure 2 | Longitudinal changes in microbial diversity and composition shifts are
dietary driven

(A) Boxplots illustrating alpha diversity for the two diet challenges at different time points
and both genotypes separately. The absence of dietary fibre (FD) reduced microbial
diversity significantly at week 2 in WT (p < 0.05) and TG (p < 0.001) animals. At week 2
we started the gavages. In TG animals, microbial diversity is again significantly (p < 0.01)
reduced at week 9. Stats: Mann-Whitney U corrected for FDR; *, p < 0.05; **, p < 0.01;
*** p <0.001.

(B) Non-metric multi-dimensional scaling (NMDS) representations for beta diversity
showing the different treatment groups facetted by genotype (row) and the different time
points (week, column). We observe a composition shift leading to two homogeneous
clusters by week 2. This separation came from the dietary challenges.

(C) Temporal distribution of relative abundance for the 12 most abundant and relevant
taxa on the genus level for weeks 0 (baseline), 1, 2, 5, 6 and 9. Both WT (top row) and
TG (bottom row) mice showed similar changes in relative abundance for the different
taxa. Differences were observed between the diet challenge groups.

See also Figure S3.
WT, wild-type littermates; TG, Thyl-Synl14 mice; FD, fibre deprived; FR, fibre rich; PBS,

phosphate buffered saline solution; AEC, curli-KO E. coli; EC, wild-type curli expressing
E. coli
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Figure 3 | Microbiome-mediated outer mucus erosion is associated to reduced
diversity

(A) Boxplot of outer mucus thickness measurements. The FD challenge causes a vast
reduction in outer mucus thickness. Stats: Mann-Whitney U test, corrected for FDR; **,
p <0.01; *** p <0.001; ***; p <0.0001.

(B) Representative images illustrating the differences in outer mucus erosion between
FR (top) and FD (bottom) challenged mice. The red arrows delimit the outer mucus
layer.

(C) Scatterplots of Spearman rank tests comparing alpha diversity (y-axis) and mucus
thickness (x-axis) in both genotypes separately. There is a significant positive correlation
between microbial diversity and mucus thickness in Thy1l-Syn14 animals independent of
the other challenges. Stats: Spearman rank test. See also Figure S8.

WT, wild-type littermates; TG, Thyl-Synl4; FD, fibre deprived; FR, fibre rich; PBS,

phosphate buffered saline solution; AEC, curli-KO E. coli; EC, wild-type curli expressing
E. coli
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Figure 4 | Curli-driven phospho-synuclein accumulation in fibre deprived
challenged Thy1-Syn14 mice

Boxplot illustrating the changes of area occupied by pS129-aSyn* forms in ganglions of
the myenteric plexus of the colon. Only TG mice on the combined challenge have an
increased area occupied for pS129-aSyn+ forms. Stats: Mann-Whitney U test, not
corrected for FDR. Representative images below, illustrate the average differences
between FR AEC and FD EC challenged Thy1-Syn14 mice. Besides the area occupied,
the pS129-aSyn* particles are also bigger in FD EC challenged mice. See also Figure
S9.

WT, wild-type littermates; TG, Thyl-Synl4; FD, fibre deprived; FR, fibre rich; PBS,

phosphate buffered saline solution; AEC, curli-KO E. coli; EC, wild-type curli expressing
E. coli
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Figure 5 | Challenge effect on motor impairment in a subset of Thy1-Syn14 mice
despite of an already strong transgene driven phenotype

(A) Boxplots illustrating the latency for removal in the different treatment groups (x-axis)
for WT (red) and TG (blue) animals after 9 weeks. The results shown are for the first paw
and from the first replicate. WT animals do not show any difference. TG mice on the
other hand that have been FD EC challenges showed greater latency to remove the
adhesive tape. There are significant in the FR EC and FD EC groups between WT and
TG mice. Stats: Mann-Whitney U test, not corrected for FDR; *, p < 0.05; **, p < 0.01.

(B) Summary plot for TG animals illustrating how the adhesive removal performance
changed from baseline to endpoint when focusing on the time difference from touch to
removal. Most animals improved in performance from baseline to endpoint. Only the FD
EC group shows for 3 out of 6 animals a performance drop. Note: for the TG FR AEC
group only one animal performed normally and is therefore not representative. (FD PBS:
n=3, FR AEC: n=1, FR EC: n=5, FD AEC: n=6, FD EC: n=6).

WT, wild-type littermates; TG, Thyl-Synl4; FD, fibre-deprived; FR, fibre-rich (normal

chow); PBS, phosphate buffered saline; AEC, curli-KO E. coli; EC, wild-type curli
expressing E. coli
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Figure 6 | Curli-driven nigrostriatal pathological changes in Thy1-Syn14 mice are
exacerbated after fibre deprivation

(A - B) Quantification and representative images of immunofluorescent pS129-aSyn
stainings of the (A) dorsal striatum and (B) the SNpc.

(A) The pS129-aSyn* area occupied is increased under the EC challenge. The diet
challenge does contribute to lesser extent. The representative images (40X, scale bar:
50um) below, illustrate the differences in pS129-aSyn accumulations between FR AEC
and FR EC challenged TG mice.

(B) In the SNpc we distinguished between accumulations in cell bodies (left panel) and
other forms (right panel) based of cellular morphology. See Material and Methods for
details on relative quantification. Again, in EC challenged animals, we found increased
pS129-aSyn* accumulation. For other forms (see details in the main text) the dietary
challenge appeared to exacerbate the EC pathology. The representative images (left:
10X tiles, scale bar: 250um; right: zoom in, scale bar: 100um) below illustrate the
different observed forms of pS129-aSyn* accumulations (see details on the different
forms in main text).

(C - E) Quantification and representative images for (C) TH and (D) DAT in the dorsal
striatum and (E) TH in the SNpc.

(C-D) FD EC transgenic animals exhibit a decrease in fibre and synaptic density. The
representative high magnification (40X, scale bar: 50um) images below illustrate more
pronounced differences between FR AEC and FD EC transgenic animals.

(E) In the SNpc, curli drives neurodegeneration independently of the diet. FD does
however exacerbate the pathology. The representative images (10X; scale bar: 250um)
illustrate the average differences between FR AEC and FD EC transgenic animals.
Stats: Mann-Whitney U test, not corrected for FDR

SNpc, substantia nigra pars compacta; FD, fibre-deprived (diet); FR, fibre-rich (diet)

(normal chow); PBS, phosphate buffered saline; AEC, curli-KO E. coli; EC, wild-type curli
expressing E. coli
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Figure 7 | A multi-challenged driven sequence of events for PD progression

(A) Radar plot of the total output for each challenge group in Thyl-Synl14 mice. The
centre of the plot defines the treatment with the lowest and the outline the one that
showed the highest effect on Thyl-Synl14 mice. Overall, the combination of FD and EC
has the greatest impact on aSyn overexpressing mice. View main text for more details.

(B) Scheme of a potential sequence of events based on the results in this study. FD
challenge leads to changes in the microbiome (dysbiosis), which in turn affects the gut
barrier integrity and consequently facilitates the interaction of curli with the submucosa
and the plexuses. As a result, aSyn abnormally accumulates. This is further seen in the
brain where we observed aSyn accumulation, accompanied by neurodegeneration in the
nigrostriatal pathway. these changes impact the locomotion and exacerbate the already
strong motor deficits in Thy1-Synl14 mice.

CNS, central nervous system; ENS, enteric nervous system; FD, fibre-deprived; FR,

fibre-rich (normal chow); PBS, phosphate buffered saline; AEC, curli-KO E. coli; EC, wild-
type curli expressing E. coli
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4 Pathological changes in the pedunculopontine
nucleus and locus coeruleus after fiber
deprivation and Curli exposure

4.1 Preface

The Substantia Nigra pars compacta (SNpc) and the dorsal striatum are the hallmark regions
affected in PD. Neurodegeneration and consequently the depletion of dopamine trafficking in
the nigrostriatal pathway is the pathognomonic mechanism manifesting in the typical clinical
motor symptoms of the disease. Braak’s spreading hypothesis, however, suggests that aSyn
inclusions are found in regions preceding the nigrostriatal pathway decades before the
appearance of clinical motor symptoms (Braak et al., 2003b, 2003a). It posits that the
intracerebral diease process starts in the dorsal motor nucleus of the vagus (DMV) and continues
to spread to higher regions of the brainstem before reaching midbrain structures (Braak et al.,
2003b, 2003a). Amongst these regions are the locus coeruleus (LC) and the pedunculopontine

nucleus (PPN).

In the previous chapter, | mentioned the role of the gut-brain-axis in disease progression and
how aSyn can spread from the enteric nervous system (ENS) to lower brainstem structures, such
as the DMV, LC and PPN. Due to non-validated methodological limits, | did not include my

analysis of these structures in that publication.

Therefore, the following results have to be taken with caution and the quantitative analyses
have to be seen as an approximation of the actual neuropathological changes. | limit the value
of the results to such because our experimental protocol was initially not foreseen to analyse

these regions (see Material and Methods in Chapter 3). Most protocols, for the analysis of
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brainstem structures, use coronal sections of 20-30um (Kim et al., 2019; Kroeger et al., 2017;

Schmidt et al., 2019; Thompson and Felsen, 2013; Zhou et al., 2008).

There were two main problems | faced to analyse these regions using our standard preparation

protocol:
1) Sagittal sectioning

To my knowledge there are no comparative studies analysing the different regions
using sagittal sections. Consequently, a reference atlas had to be created to

distinguish between the different lateromedial levels.

2) 50um thick sections

The thickness of the sections made it difficult to
a) capture the regions of interest
and

b) getthe same level for every sample

The following Material and Methods will focus on the elaborate approach allowing an
approximative morphometric quantification of the LC and PPN. Additionally, to simplify the
analysis, the focus was kept on the Thy1-Syn14 animals, identical to what was done in Schmit et

al., 2022.

Looking into these regions was initially suggested by Prof. Dr. Wolfgang Oertel after discussions
with Prof. Paul Wilmes (co-supervisor). All subsequent work, from immunofluorescent staining,
microscopy, morphometric atlas creation, analysis and figure generation was performed by

myself.

Additional information can be found in Appendix B.
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4.2 Material and Methods

Morphometric atlas

These morphometric atlases were created to allow an approximative quantification in the
pedunculopontine nucleus (PPN) and the locus coeruleus (LC). This allowed me to group the
acquired microscopy pictures from the experimental samples (see Material and Methods from
“Pathogenic effects of fibre deprivation and Curli in Parkinson’s disease”) according to their

lateral-to-medial levels.

The preparation of the brain sections was performed as described before (Garcia et al., 2022;
Schmit et al., 2022) with a minor adjustment. Fixed hemibrains were cut at 30um and not 50um.
The subsequent Immunofluorescence stainings were performed as previously described (Garcia
etal., 2022; Schmit et al., 2022). To stain for cholinergic neurons in the PPN, the polyclonal goat
anti-ChAT antibody (ab144P, Merck Millipore, 1:500) and for noradrenergic neurons in the LC,
the polyclonal rabbit anti-TH antibody (AB152, Merck Millipore, 1:000) were used. The former
was coupled to a donkey anti-goat Alexa Fluor® 488 (ab150133, Abcam, 1:1000) and the latter
to a goat anti-rabbit Alexa Fluor® 647 (ab150063, Abcam, 1:1000).

The procedure was the same for both regions (Supplementary Figure 1). A consecutive series of
sections were stained either for ChAT (PPN) or TH (LC). The images were acquired with a Zeiss
Axiolmager Z1 upright microscope as described before (Garcia et al., 2022; Schmit et al., 2022).
For the PPN, | acquired 2x2 tile images at 10x magnification per tile, while for the LC is acquired

1x2 tile images at 10x magnification.

The collected images were further compared to the reference atlas from Allen Brain Atlas

(https://mouse.brain-map.org/experiment/thumbnails/100042147?image type=atlas) to

confirm the regions of interest.

For the PPN, | retained 23 sequential images (Supplementary Figure 2), and for the LC, 13
sequential images (Supplementary Figure 3). Next, the images were grouped by morphologically
comparable levels. In Image J, the grouped images were stacked, superposed accordingly and a
maximum projection image was generated. Based on this image, the regions of interest (ROI)
was defined. This ROl was then used to 1) adjust XY-coordinates and orientation of the images
from the experimental samples and 2) measure the relative area occupied of either cholinergic

or noradrenergic neurons.
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4.3 Results

In the pedunculopontine nucleus and locus coeruleus the combination of bacterial
Curli and fiber deprivation leads to a comparable pattern of changes observed in the

nigrostriatal pathway

The study by Schmit et al., 2022 elaborated on the sequence of events after mice, particularly
transgenic Thy1l-Syn14 mice, were fibre-deprived and exposed to bacterial Curli. In the CNS they
reported that particularly the combination of both challenges led to an exacerbation of neuronal
loss and increased levels of pS129-aSyn* accumulations in the nigrostriatal pathway. It was
proposed that these observations were a consequence of a retrograde propagation of abnormal
forms of a.Syn from the gut to the brain. It was therefore of great interest to further investigate

the impact of these challenges on regions preceding the nigrostriatal pathway.

Pedunculopontine nucleus

The pedunculopontine nucleus (PPN) is greatly affected in PD patients and is involved in various
locomotor mechanisms (Pahapill and Lozano, 2000). While it has a heterogeneous neuronal
population, it densely innervates thalamic structures, the subthalamic nucleus (STN) and the
SNpc almost exclusively via cholinergic projections (Pahapill and Lozano, 2000). It has been
shown that the PPN connections to the SNpc and the ventral tegmental area (VTA) alter
dopamine release to the striatum, further affecting cortical and thalamic structures which get
input from the striatum. Hence, changes to the PPN can have a crucial impact on the nigrostriatal

pathway and its relayed structures.

Here, the cholinergic neuron population of the PPN were of interest. Therefore the
choline acetyltransferase (ChAT) marker was used, which is highly abundant in cholinergic
neurons and their projections (Ichikawa et al., 1997). After the images were mapped and
grouped according to the reference atlas, the relative area occupied by ChAT" cell bodies was
measured. The results indicate that the combination of both bacterial Curli and fiber deprivation
have the greatest impact and cause a minor but detectable loss of cholinergic neurons in the
PPN ( ). The representative images ( ) capture this difference between TG FR
AEC and TG FD EC mice. To note is that even though the differences were greater to the TG FD
PBS mice ( ), it was more relevant to compare the TG FR AEC and TG FD EC groups since

FD was a challenge and AEC is considered a negative control for EC.
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Changes in aSyn were investigated by targeting pS129-aSyn. | observed that the
bacterial Curli challenge had the greatest impact on pS129-aSyn* accumulations ( ).
However, compared to the SNpc and dorsal striatum results from Schmit et al., 2022 (Figure
6A,B), fibre-deprivation alone appears to already affect the accumulation of pS129-aSyn (

. In combination, however, | observed, on average, the highest accumulations of pS129-
aSyn*. When looking at the pS129-aSyn* cell bodies and other forms separately, it appeared
that actually pS129-a.Syn* cell bodies were overall less frequent in presence of dietary fibre and
independent of the bacterial Curli challenge. However, when combined, aSyn pathology was
exacerbated. ( , left panel). The increase of “Other” pS129-a.Syn* forms was mainly
driven by the Curli exposure and did not seem to be exacerbated under fibre-deprivation (

, right panel) similar to what has been observed in the dorsal striatum (Schmit et al., 2022,
Figure 6). Conformationally, “other” pS129-aSyn* forms ranged from small spheroids ( ,
white open arrow head) to dense bead-like varicosities ( , White arrow). Latter,
oftentimes resembled Lewy neurites based fluorescent intensity and shape, similar to what is
observed in post-mortem PD tissue (Del Tredici et al., 2002). In more rare cases they were even
more of a corkscrew-like shape ( , blue open arrowhead). In bodies, two types of pS129-

aSyn* accumulations were observed: nuclear (majority) and cytoplasmic spheroids.

Locus coeruleus

In PD, cell loss in the LC, which projects into the caudal PPN (Jones and Yang, 1985; Martinez-
Gonzalez et al., 2011), can be as high as 93% in the most severe cases (Giguére et al., 2018;
Oertel et al., 2019). The LC is involved in a variety of basic physiological function. In PD, the loss

of neurons in the LC is associated with both non-motor and motor symptoms (Bari et al., 2020).

The noradrenergic neurons express tyrosine hydroxylase (TH) (Weihe et al., 2006). Therefore,
an anti-TH antibody was used to investigate neuronal changes in the LC. The results showed
that, similar to what was already observed in the PPN, the combination of bacterial Curli and
fibre-deprivation led to increased loss of TH* neurons in the LC ( ). The two low values
observed for the FR AEC mice is most likely a consequence of the above elaborated technical
limits and the reduced number of sections containing the LC. Consequently, the representative
images were chosen based on matching latero-medial depth. In , the images are from
a medially located LC plan and depict rather extreme differences observed between

combinatorial challenged (FD EC) and control mice (FD PBS).
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Overall, there was a striking similarity between the patterns observed here and the results from
the nigrostriatal pathway in Schmit et al., 2022. Nevertheless, as mentioned above, these results
have to be taken with caution and viewed as quantitative approximations due to the

aforementioned methodological limits.
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Figure 9 | Loss of cholinergic neurons in the pedunculopontine nucleus upon
combining challenges in transgenic animals

(A - B) Assessment of relative area occupied of ChAT* neurons in the pedunculopontine
nucleus (A) including outliers and (B) after the removal of outliers. (Stats: Mann-Whitney
U, not FDR corrected for multiple comparison)

(C) Representative images (10x tiles, scale bar: 250um) of the area occupied of ChAT*
neurons in the pedunculopontine nucleus in FR AEC and FD EC transgenic animals
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Figure 10 | Phosphorylated alpha-synuclein accumulations in the PPN are mainly
increased in curli challenged transgenic animals

(A) Curli is the main driver for the accumulations of pS129-aSyn* accumulations in the PPN.
Accumulations on the cell bodies additionally appear to be increased under fibre-
deprivation. (Stats: Mann-Whitney U, not FDR corrected for multiple comparison)

(B) Representative images of the PPN for TG FR AEC mice (10x, Scale bar: 150um). Neither
pS129-a.Syn* cell bodies nor other pS129-aSyn* forms are notably increased in these
animals.

(C) Representative images of the PPN for TG FR EC mice (10x, Scale bar: 150um). This image
shows an exceptionally high count of pS129-aSyn* cell bodies. However, the amount of
other pS129-a.Syn* forms reflects overall observations and is comparable to what was seen
in TG FD EC mice.

(D) Representative images of the PPN for TG FD EC mice (10x, Scale bar: 150um). This image
shows a rather low count of pS129-aSyn* cell bodies for this group. It does reflect the
overall amount of other pS129-aSyn* forms observed in these mice.

(E) Zoom in of the picture (D) (Scale bar:100um). Details in the main text.
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Figure 11 | Curli and fibre deprivation lead to loss of TH+ neurons in the Locus
coeruleus

(A) Boxplot illustrating the approximative quantitation assessment of TH+ neurons of
the Locus coeruleus. (Stats: Mann-Whitney U, not FDR corrected for multiple
comparison)

(B) Representative images (10X tiles, scale bar: 250um) illustrating more extreme cases
comparing FD PBS to FD EC transgenic mice.
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Figure 12 | Curli is the main driver of phosphorylated aSyn in the Locus coeruleus

(A) Curli is the main driver of pS129-aSyn* accumulations in the LC. Accumulations of
other forms, more dense and aggregated moieties, appear to be increased under fibre-
deprivation. (Stats: Mann-Whitney U, not FDR corrected for multiple comparison)

(B) Representative images of pS129-a.Syn staining in TG FR AEC and TG FD EC mice (10X
tiles, Scale bar:250um). Aggregated forms are almost completely absent in the TG FR
AEC animals. Expecially striking are the surrounding areas, which are intensily pS129-
aSyn+in TG FD EC mice.
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5.1 Preface

Microbial changes in PD are well documented. However, understanding the underlying
mechanisms of host-microbes interactions is to this date very limited. Multi-omic approaches
help to shed light on these complex matters. Our team developed a multi-omics workflow to
investigate fecal samples from PD, iRBD and healthy controls on the DNA, RNA, protein and

metabolite levels.

Metabolomics analysis identified two unknown compounds increased in PD and iRBD
patients, of which one was subsequently identified as 2-hydroxypyridine (2-HP). The compound

was tested in different in vitro systems and in vivo.

The following manuscript has been submitted to Nature and once it is accepted for

review, will be available as pre-print on the Nature servers.

| was involved in the in vivo part of this study: | participated in study design and writing
of the animal ethics protocol, and assisted in the experimental procedures led by Mélanie
Thomas and Pierre Garcia (results shown in Figure 3 and Extended Data Figure 9). Additionally,
| assisted Dr. Jean-Pierre Trezzi in the early stages of the project to prepare human stool samples
for extraction. Additionally, we received funding from the Jean Think Foundation to finance the

initial steps of the in vivo experiments.

Supplementary data can be found in Appendix C.
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Abstract

Patients with Parkinson’s disease (PD) exhibit differences in their gut microbiomes
compared to healthy individuals (Benakis et al., 2020; Boertien et al., 2019; Romano et
al., 2021). Although differences have most commonly been described in the abundances
of bacterial taxa, viruses and archaea have also been implicated (Qian et al., 2020;
Romano et al., 2021; Rosario et al., 2021). Mechanistic links between gut microbes and
PD pathogenesis remain elusive but could involve molecules that promote a-synuclein
aggregation (Benakis et al.,, 2020; Fang et al., 2020). Here, we show that 2-
hydroxypyridine (2-HP) represents a key molecule for the pathogenesis of PD. We
observe significantly elevated 2-HP levels in faecal samples from patients with PD or its
prodrome, idiopathic REM sleep behaviour disorder (iRBD), compared to healthy
controls. 2-HP is correlated with the archaeal species Methanobrevibacter smithii and
with genes involved in methane metabolism, and it is detectable in isolate cultures of
M. smithii. We demonstrate that 2-HP is selectively toxic to transgenic a-synuclein
overexpressing yeast and increases a-synuclein aggregation in a yeast model as well as
in human induced pluripotent stem cell derived enteric neurons. It also exacerbates PD-
related motor symptoms, a-synuclein aggregation, and striatal degeneration when
injected intrastriatally in transgenic mice overexpressing human a-synuclein. Our results
highlight the effect of an archaeal molecule in relation to the gut-brain axis, which is

critical for the diagnosis, prognosis and treatment of Parkinson’s disease.
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Main

Changes to the gut microbiome have been implicated in the pathogenesis of idiopathic
conditions such as cancer, autoimmune, metabolic, and neurodegenerative diseases.
For all, incidences have been rising in the past decades (Sung et al., 2021; Matson et al.,
2021; Fan and Pedersen, 2021; Dorsey et al.; Miyauchi et al., 2022; Fang et al., 2020).
However, the causal mechanisms remain largely elusive, not least for disorders such as
Parkinson’s disease (PD), where connections between distal body sites (the gut) and
organs classically associated with the disease (the brain) are not obvious. Nevertheless,
as the hub of exposures to microbiome-derived molecules, the gut represents a main
candidate site for the initiation of pathogenic processes which may subsequently spread

systemically, for example via the gut-brain axis (Fang et al., 2020; Hawkes et al., 2007).

Cross-sectional studies have highlighted microbial community differences in the
gut of PD patients compared to healthy control subjects (Benakis et al., 2020; Fang et
al., 2020; Romano et al., 2021). Changes in microbial abundances have also been
identified in patients with idiopathic rapid eye movement sleep behaviour disorder
(iRBD) (Heintz-Buschart et al., 2018), which is recognized as a prodromal stage of a-
synucleinopathies (Hogl et al., 2018). A smaller number of studies have explored specific
molecules, such as faecal short-chain fatty acids (SCFAs) (Aho et al., 2021; Unger et al.,
2016), or used multi-omic and computational approaches to identify microbial genes or
functions which may be enriched or depleted in PD (Baldini et al., 2020; Qian et al., 2020;
Rosario et al., 2021). However, although agreement exists in relation to taxa found to
be enriched in PD including the genera Akkermansia, Bifidobacterium and Lactobacillus
(Boertien et al., 2019; Romano et al., 2021), there is currently no consensus on the
functional impact of these microbes on PD pathogenesis, or even whether their role is

causal or not.

Multi-omic approaches that provide detailed information on the functional
attributes of the microbiome are essential for understanding the molecular links
between microbes and disease (Heintz-Buschart and Wilmes, 2018). Here, we
performed an integrated multi-omic analysis of faecal samples from PD and iRBD
patients and healthy control subjects to systematically investigate the functional

consequences of altered gut microbiota in PD. Untargeted metabolomics results
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revealed an initially unidentified candidate molecule, which was significantly enriched
in PD and iRBD and which we identified as 2-hydroxypyridine (2-HP; tautomer: 2-
pyridone). We characterized the effects of this molecule in cellular and animal models
of PD pathogenesis, which uncovered an effect on relevant a-synuclein aggregation, and
an association with hydrogenotrophic methanogenic archaea which were identified as

the likely source.

Integrated multi-omic analyses

Using our previously developed methodological framework (Heintz-Buschart et al.,
2016; Roume et al., 2013), we performed a systematic multi-omic analysis of DNA, RNA,
proteins, and metabolite fractions isolated from flash-frozen faecal samples obtained
from 46 PD and 27 iRBD patients as well as 49 healthy controls (Extended Data Fig 1,
Extended Data Table 1a). Statistical comparisons were performed for seven data types:
taxonomically and functionally annotated metagenomic (MG), metatranscriptomic (MT)
and metaproteomic (MP) data, as well as metabolite data (Extended Data Fig 2,
Supplementary Tables 1-3, Supplementary Discussion). Taxonomic comparisons
revealed no differences in alpha diversity with any data type or metric, while beta
diversity differed significantly between cases (subjects with either PD or iRBD) and
controls in MT and MG data when adjusted for age and sex (Extended Data Fig 3a-b,
Supplementary Table 4). Many previously reported differences between specific
microbial taxa were replicated, particularly in the MT data (Extended Data Fig 3c-d,
Supplementary Tables 5-6). This data type also had the largest number of differentially
abundant features in functionally annotated data (Extended Data Fig 3e-f,
Supplementary Tables 7-8), highlighting the importance of using multiple omic datasets
instead of focusing on DNA-based analyses. Metabolite comparisons highlighted
significantly elevated levels of two unidentified compounds in iRBD and PD (Fig 1a-b,
Extended Data Fig 4a, Supplementary Table 9). An integrated analysis of all omic
datasets (Extended Data Fig 5, Supplementary Table 10) also selected these compounds

among the features that best differentiate between cases and controls.
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The first unidentified metabolite was significantly correlated with disease duration in PD
patients (P=0.025 for Pearson correlation, P=0.001 for Spearman correlation; Extended
Data Fig 4b, Supplementary Table 11). This metabolite was annotated as 2-
hydroxypyridine by matching its electron ionization mass spectrum against publicly
available mass spectral libraries (e.g. http://gmd.mpimp-golm.mpg.de/). Finally, a
commercially available chemical standard was used for definitive identification by its
mass spectral fingerprint and retention index. We further validated the difference in 2-
HP between PD patients and controls with targeted metabolomics (Fig 1c) using 60

additional faecal samples (30 PD, 30 controls, Extended Data Table 1b).

2-HP is a microbial degradation product of chlorpyrifos (Uniyal et al., 2021), a pesticide
known to increase the risk of PD (Freire and Koifman, 2012). We explored our faecal LC-
MS/MS data for the presence of this pesticide but did not detect it or related molecules
(Supplementary Tables 12-16, Supplementary Discussion). However, in comparisons
with other data types (Extended Data Fig 4d-f, Supplementary Tables 17-19,
Supplementary Discussion), 2-HP was significantly correlated with the metagenomic
(MG) and metatranscriptomic (MT) abundances of archaea, specifically of
Methanobrevibacter smithii (P=0.006 in MT and P=0.014 in MG relative abundances
with fdr-adjusted Pearson correlation; Fig 1d, Extended Data Fig 4d, Supplementary
Table 17). M. smithii, a hydrogenotrophic methanogen, is the most abundant archaeal
species in the human gastrointestinal tract (Mohammadzadeh et al., 2022). It is
associated with constipation (Vandeputte et al., 2016b), which is also a common early
non-motor symptom of PD (Warnecke et al., 2022). Although M. smithii exhibited a
numerically higher mean relative abundance in PD and iRBD subjects in taxon data, the
difference to controls was not statistically significant in any omic dataset (Extended Data
Fig 6a-c, Supplementary Tables 5-6). This could be due to the overall low levels of
archaea in the gut, and the fact that our methodological workflow was not optimised
for archaeal detection. However, a significant increase in the genus Methanobrevibacter
in PD was previously reported in a meta-analysis combining 16S rRNA gene amplicon
data from nine studies (Romano et al., 2021). Furthermore, we detected a significantly

higher abundance of this genus in faecal samples from another independent large
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Parkinson’s disease cohort from Luxembourg (NCER-PD cohort (Baldini et al., 2020;

Extended Data Table 1c, Extended Data Fig 6d, Supplementary Table 20).

The second unidentified metabolite, which was elevated in iRBD compared to PD or
controls, was identified as B-glutamate. We found it to also be correlated with M. smithii
relative abundance (fdr-adjusted P = 0.001 for Pearson correlation of relative abundance
in MT data and P < 0.001 in MG data; Extended Data Fig 4d, Supplementary Table 17).
B-glutamate is a known archaeal osmolyte (Robinson et al., 2001), thereby further
supporting a connection between PD and archaeal metabolism. 2-HP and B-glutamate
were also positively correlated (Extended Data Fig 4e, Supplementary Table 18). Other
signals that were highly correlated with both 2-HP and B-glutamate were analytes with
such low abundances in the samples that structure elucidation based on electron

ionization mass spectrum interpretation was not possible.

We hypothesized that archaeal metabolism could be the main source of the increased
2-HP levels in PD and iRBD patients’ faecal samples. One potential source could be the
cofactor of the enzyme 5,10-methenyltetrahydromethanopterin hydrogenase (Hmd),
which is produced by hydrogenotrophic methanogenic archaea, as this cofactor contains
a 2-pyridone structure (Schick et al., 2012). To confirm the presence of 2-HP in M.
smithii, we measured it in isolate cultures of this species, as well as of an environmental
methanogenic archaeal species not found in the gut, Methanosarcina mazei. 2-HP was
detectable in cells of both species, with higher levels at mid-exponential compared to

late-exponential phase (Fig 1e).

We additionally quantified 2-HP in cerebrospinal fluid (CSF) and plasma samples from a
subset of subjects. It was not detectable in CSF but was detectable at low levels in
plasma (Extended Data Fig 4c), although concentrations did not differ between cases
and controls. This indicates that 2-HP can pass from the gut to circulation and could
therefore trigger systemic effects beyond the gut. Based on computational prediction
with three different tools (Lee et al., 2003; Li et al., 2005; Liu et al., 2014), it can also

penetrate the blood-brain-barrier with high confidence.

2-HP shares a substructure with the curlicide/pilicide FNO75, which contains a ring-fused

2-pyridone (Horvath et al.,, 2012). This compound inhibits fibrillation of the
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amyloidogenic curli protein CsgA, but stimulates a-synuclein amyloid fibre formation
(Horvath et al., 2012). Based on this common substructure, we hypothesized that 2-HP
could also influence a-synuclein aggregation, providing a potential mechanistic
connection to PD pathogenesis, and prompting us to study the effect of 2-HP on a-

synuclein aggregation and neurotoxicity.

2-hydroxypyridine and a-synuclein

One of the main histopathological hallmarks of PD is the formation of intracellular
inclusions known as Lewy bodies, the main constituent of which is a-synuclein (Burré et
al., 2018). We used multiple experimental approaches, including an in vivo model, to

explore the connection between 2-HP and a-synuclein aggregation.

First, we used a yeast model overexpressing human a-synuclein, HiTox. In agreement
with human PD pathology, galactose-inducible expression of a-synuclein in yeast leads
to cytosolic a-synuclein aggregation and severe growth defects by disrupting vesicle
trafficking, mitochondrial function and lipid homeostasis (Fanning et al., 2019; Su et al.,
2010; Vincent et al., 2018; Willingham et al., 2003). These phenotypes have been
translated in human-derived cell models, demonstrating the strength of this model to
study cellular a-synuclein-induced cytotoxicity (Mazzulli et al., 2016; Vincent et al.,
2018). Based on preliminary testing, micromolar concentrations had no detectable
effects, and a range of 1 mM to 100 mM was chosen for the subsequent experiments.
We confirmed that at these levels, 2-HP exacerbates a-synuclein-induced toxicity in the
HiTox model in a dose-dependent manner (Fig 2a, Extended Data Fig 7a). Growth defects
were already seen at 1 mM, and a 100 mM concentration was almost lethal. In contrast,
the control strain, which does not express human a-synuclein, showed a slight growth
improvement in the presence of higher doses of 2-HP. Under non-inducing conditions,
both strains showed only a mild growth defect at 100 mM (Extended Data Fig 7a-b),
confirming that 2-HP is toxic only when the strain expresses human a-synuclein. We
additionally tested two related compounds, namely 3-hydroxypyridine (3-HP) and 4-
hydroxypyridine (4-HP). 4-HP had only a mild effect on the HiTox strain at 30 mM and

above, while 3-HP was very toxic to both strains at concentrations above 10 mM
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(Extended Data Fig 7c). Based on this, 2-HP has the clearest dose-response effect when
compared to the two other hydroxypyridine isomers. Furthermore, microscopic
inspection of the HiTox strain under moderately toxic conditions (30 mM 2-HP) revealed
a significant increase in cells with cytosolic a-synuclein aggregates in comparison to the
control conditions (Fig 2b-c). Taken together, our results demonstrate that 2-HP
stimulates a-synuclein aggregation and exacerbates its cytotoxic effect in the HiTox

yeast model.

To further evaluate the toxicity of 2-HP in human induced pluripotent stem cell (iPSC)-
derived enteric nervous system (ENS) neurons (Fattahi et al., 2016) (Extended Data Fig
8a-b), we treated ENS cells with 60 uM 2-HP, the highest concentration that did not
severely impair cell viability in preliminary dose tests. After 120 hours of exposure, we
did not observe a significant decrease in the viability of the cultures (Extended Data Fig
8c). However, we observed a significant increase in both total and fibrillated a-synuclein
(Fig 2d-e) with a concomitant increase in the apoptotic marker cleaved-caspase 3 (CC3)
(Extended Data Fig 8d-e), supporting that exposure to 2-HP also drives a-synuclein

accumulation in ENS neurons.

Finally, we explored the effects of 2-HP on the central nervous system (CNS) in vivo using
an established experimental approach for studying the effect of a-synuclein toxicity-
promoting agents in mice (Garcia et al., 2022; Luk et al.,, 2012b). We performed
intrastriatal injections of 100 mM 2-HP into a mouse model overexpressing human wild-
type SNCA (hSNCA) under the transcriptional control of the neuronal Thyl promoter,
and wild-type littermate controls. The concentration was selected based on previous
literature of neurodegeneration-inducing molecules for which the dose used in
stereotaxic injections in vivo is typically 100 x higher than the one used in vitro (Desbene
et al., 2012). The mice were all heterozygous for the transgene, males, and 2-3 months
old. Two months after the injection, we observed that fine motor skills, assessed with
the adhesive removal test(Bouet et al., 2009), were significantly impaired in hSNCA mice
injected with 2-HP compared to those injected with vehicle solution without 2-HP (Fig
3a). To determine the pathological basis of the impairment, we measured the relative
levels of tyrosine-hydroxylase (TH), a marker for dopaminergic neurons and their

projecting fibres into the dorsal striatum (Garcia et al., 2022). We found that TH was
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significantly reduced in the dorsal striatum, and somewhat reduced in the substantia
nigra pars compacta (SNpc) in the 2-HP injected hSNCA mice (Fig 3b-c). We also
measured $129 phosphorylated a-synuclein (phospho-aSyn), the most commonly used
marker to identify a-synuclein inclusions (Vaikath et al., 2019), in synaptic boutons
(striatum, substantia nigra) and in cell body profiles in different brain regions of mice in
our study cohort. We found a decrease of phospho-aSyn in the dorsal striatum of 2-HP-
injected transgenic mice, possibly reflecting the structural neuronal injury induced in
this region by 2-HP (Extended Data Fig 9a). We observed no significant effect in the SNpc,
where a longer timespan between injection and analysis may be necessary to elicit an
effect (Extended Data Fig 9b). Interestingly, in the prefrontal cortex, a brain region
neuronally connected to the dorsal striatum, we observed a significant increase in the
number of intracellular a-synuclein inclusions in 2-HP injected transgenic mice

compared to their control counterparts (Extended Data Fig 9c).

Discussion

In mammals, 2-HP is a known metabolite of pyridine (Damani et al., 1982). While
pyridine ring structures are commonly present in biological systems and in man-made
compounds, such as drugs and pesticides, unsubstituted pyridine is not common in
nature (Gupta et al., 2019). We initially hypothesized that the 2-HP we measured in
faecal samples could originate from bacterial breakdown of the pesticide chlorpyrifos,
where 2-HP is an established intermediate product (Uniyal et al., 2021). However, we
did not detect chlorpyrifos or other related compounds in our faecal metabolomic data.
Instead, our results indicate an association of 2-HP and the archaeal species
Methanobrevibacter smithii as well as methanogenesis-related genes on the
metagenomic and metatranscriptomic level. Moreover, we found B-glutamate, which is
also linked to archaeal metabolism (Robinson et al., 2001) to be statistically significantly
different between PD, iRBD, and healthy control samples. At present, there is no
established biosynthetic pathway for 2-HP in Methanobrevibacter smithii or in any other
organism, but many hydrogenotrophic methanogenic archaea produce a cofactor which
has a 2-pyridone structure (Schick et al., 2012). We detected 2-HP in methanoarchaeal

cells, suggesting that there is a metabolic process that produces this compound.
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Our results show that 2-HP has effects relevant to PD pathogenesis in several model
systems: increased a-synuclein aggregation in a humanized yeast model and in human
iPSC-derived enteric neurons, and exacerbated behavioural symptoms and
neuropathological changes in a mouse model of PD. 2-HP has not been widely studied
in mammals previously, and there are no reported neurotoxic effects thus far. However,
a ring-fused 2-pyridone compound (FNO75) was shown to increase a-synuclein
aggregation through a mechanism that involves the formation of oligomers with a
flexible solvent-exposed C-terminal end; these oligomers then drive a-synuclein
fibrillation (Horvath et al., 2012). Injection of FNO75 into the striatum or the substantia
nigra of mice also causes PD-like behavioural, metabolic and neuropathological changes,
and these changes are absent in mice that do not produce a-synuclein (Chermenina et
al., 2015)(Chermenina et al., 2015). An analogous mechanism could explain our in vitro

and in vivo findings concerning 2-HP and a-synuclein.

We detected 2-HP at highest concentrations in faecal samples compared to plasma or
CSF, implicating the gut as a likely anatomic origin. This is in line with Braak's dual hit
hypothesis (Hawkes et al., 2007), which posits that in PD a-synuclein aggregation begins
in the gut and spreads from the enteric nervous system to the central nervous system.
Furthermore, the presence of 2-HP in plasma, combined with our prediction that it can
likely pass the blood-brain barrier, represents another potential route for spreading. We
hypothesize that 2-HP could act together with other PD-influencing microbial
mechanisms. This would be parallel to the gut microbiome-dependent process, which
has been described in mouse models of PD using the pesticide/insecticide rotenone,
administered via intrastriatal injections (Dodiya et al., 2020; Perez-Pardo et al., 2019).
For example, intestinal barrier disruption due to mucus erosion by Akkermansia
muciniphila (Desai et al., 2016), a microbe that is often reported to be increased in PD
patients (Heintz-Buschart et al., 2018; Romano et al., 2021), could lead to increased
exposure to harmful microbial metabolites, such as 2-HP produced by
Methanobrevibacter smithii. This would then drive a-synuclein aggregation, initiating or
exacerbating PD pathogenesis. In this context, it has not escaped our attention that a
mechanism involving Methanobrevibacter smithii represents a first known example for

a clear role for archaea in a human disease pathogenesis.
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Methods

Patient cohorts and sampling

Individuals with PD (n = 46) or iRBD (n = 27) and healthy control subjects (n = 49) were
recruited from two study sites in Germany (Paracelsus-Elena Klinik, Kassel, and Philipps-
University, Marburg). The studies conformed to the Declaration of Helsinki and the
ethical guidelines of the respective institutions (Kassel: approved by the ethics
committee of the Physician’s Board Hesse, Germany (FF 89/2008), and the DeNoPa trial
registered at the German Register for Clinical trials (DRKS00000540); Marburg:
approved by the ethics committee of the Medical Faculty of the Philipps-University,
Marburg, Germany (46/14)). All subjects provided informed written consent. The
sample analysis was approved by the Comité National d’Ethique de Recherche of
Luxembourg (reference no.: 140174 _ND). For the targeted validation measurements of
our main metabolomics finding, we used a set of DeNoPa cohort samples consisting of
25 later-time point samples from individuals included in the main multi-omic analyses,
and 35 samples from previously unmeasured individuals. Further details on recruitment,
inclusion and exclusion criteria and clinical data collection are provided in the

Supplementary methods.

For both cohorts, faecal samples were collected at the clinic via a stool specimen
collector (MedAuxil) and collection tubes (Sarstedt), as previously described(Heintz-
Buschart et al., 2018). Samples were immediately flash-frozen on dry ice after collection.
Samples were subsequently stored at —80 °C and shipped on dry ice. For the Kassel
cohort, blood and cerebrospinal fluid samples were also obtained, as described

previously (Mollenhauer et al., 2016).

Extractions from faecal samples were performed according to a previously
published protocol (De Saedeleer et al., 2021; Roume et al., 2013), conducted on a
customized robotic system (Tecan Freedom EVO 200); see Supplementary methods for

additional details.
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Metagenomic and metatranscriptomic sequencing

For metagenomics, all DNA samples were subjected to random shotgun sequencing.
Following DNA isolation, 200-300 ng of DNA was sheared using a Bioruptor NGS
(Diagenode) with 30s ON and 30s OFF for 20 cycles. Sequencing libraries were prepared
using the TruSeq Nano DNA library preparation kit (lllumina) following the

manufacturer’s protocol, with 350 bp average insert size.

For metatranscriptomics, 1 pg of isolated RNA was rRNA-depleted using the
RiboZero kit (lllumina, MRZB12424). Library preparation was performed using the
TruSeq Stranded mRNA library preparation kit (lllumina) following the manufacturer’s

protocol, apart from omitting the initial steps for mRNA pull down.

For metagenomic and metatranscriptomic analyses, the qualities of the libraries
were checked using a Bioanalyzer (Agilent) and quantified using Qubit (Invitrogen).
Libraries were sequenced on an lllumina NextSeq500 instrument with 2x150 bp read

length.

Metaproteomics

Following isolation, 20 ul of protein extracts were processed using the paramagnetic
bead approach with SP3 carboxylate coated beads (Bannuscher et al., 2020; Hughes et
al., 2019); further details are provided in the Supplementary methods. The resulting
peptide lysates were analysed on a Q Exactive HF instrument (Thermo Fisher Scientific)
equipped with a TriVersa NanoMate source (Advion) in LC chip coupling mode. Peptide
lysates were injected on a trapping column (Acclaim PepMap 100 C18, 3 um, nanoViper,
75 um x 2 cm, Thermo Fisher Scientific) with 5 uL/min by using 98% water/2% ACN 0.5%
trifluoroacetic acid, and separated on an analytical column (Acclaim PepMap 100 C18, 3
um, nanoViper, 75 um x 25 cm, Thermo Fisher Scientific) with a flow rate of 300 nl/min.
The mobile phase was comprised of 0.1% formic acid in water (A) and 80 % ACN/0.08 %
formic acid in water (B). Full MS spectra (350-1,550 m/z) were acquired in the Orbitrap
at a resolution of 120,000 with automatic gain control (AGC) and a target value of 3x106

jons.
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Metabolomics

Untargeted GC-MS and SCFA measurements from faecal samples were performed
according to a previously published protocol (De Saedeleer et al., 2021). Details for
untargeted LC-MS measurements from faecal samples are provided in the

Supplementary methods.

For targeted 2-HP detection in faecal samples, polar metabolites were extracted
as follows: 500 pL of MilliQ water was added to 50 mg of faecal matter. Samples were
homogenized using a Precellys24 homogenizer (Bertin Technologies): 6000 rpm, 1x30 s
at 0 to 5 °C. Plasma and CSF as well as further sample preparation of samples and
measurement parameters were performed as previously described (Glaab et al., 2019).
For unambiguous identification and precise quantification of 2-HP, concentrations were
determined using a standard addition approach. Aliquots of the same sample (faecal
sample, plasma or CSF, with added internal standards: pentanedioic acid-D6, [U-13C]-
ribitol and tridecanoic acid-D25) were separately spiked with different concentrations
of 2-HP (10, 50, 100, 150 and 200 umol/I) to extrapolate compound levels. Derivatization

and GC-MS measurements were performed as reported before.

All  GC-MS chromatograms were processed using MetaboliteDetector,
v3.220190704 (Hiller et al., 2009). Compounds were initially annotated by retention
time and mass spectrum using an in-house mass spectral library. Internal standards were
added at the same concentration to every medium sample to correct for uncontrolled
sample losses and analyte degradation during metabolite extraction. The data was
normalized by using the response ratio of the integrated peak area of the analyte and

the integrated peak area of the internal standard.

Bioinformatics and statistics for multi-omics

Metagenomic and metatranscriptomic sequencing data were analysed using the IMP
pipeline, version 01.07.2020 (https://git-r3lab.uni.lu/IMP/imp3, tag 6f1badf7), using the
HPC facilities (Varrette et al., 2014) of the University of Luxembourg. Metagenomic and
metatranscriptomic reads were quality-controlled and co-assembled, ORFs predicted,

reads and contigs taxonomically annotated, and ORFs functionally annotated as
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previously described (Narayanasamy et al., 2016). Protein libraries were generated from
the IMP output and used for protein identification on a per sample basis using SearchGUI
(Barsnes and Vaudel, 2018) (v. 3.3.20). Further details are provided in the

Supplementary methods.

All statistical analyses and visualizations were performed in R(Team, 2021) (v. 4.1.0)
using targets(Landau, 2021) (v. 0.8.1) for workflow management and knitr(Xie, 2014,
2015, 2021) (v. 1.36) for reporting. Unless otherwise specified, false discovery rates
were used for multiple comparison correction. Differential abundance comparisons
were performed with DESeq2 (adjusted for age and sex) for metagenomic and
metatranscriptomic data, and with ANOVA (adjusted for age and sex) and two-sided t-
tests (not corrected for confounders) for the metabolomic and metaproteomic data.
Integrated multi-omic testing was implemented with the DIABLO workflow from
mixOmics(Rohart et al., 2017) (v. 6.17.29). Additional details are provided in the

Supplementary methods.

2-HP detection in methanoarchaeal cultures

The archaea Methanosarcina mazei (DSM #3647) and Methanobrevibacter smithii (DSM
#861) were cultivated under anaerobic conditions in closed serum bottles containing 50
mL minimal medium complemented with 1 mM sodium sulphide, 2 mM cysteine and
ampicillin to avoid bacterial contamination(Ehlers et al., 2002). As carbon and energy
sources, 150 mM methanol for M. mazei and H2/C0O2 (80:20) in the gas atmosphere for
M. smithii were added. Cultures were incubated at 37 °C. For monitoring growth, the
turbidity at 600 nm was measured using an Ultraspec 2100 Pro Photometer (Amersham
Biosciences) Cell numbers were determined in parallel using a Thoma cell counting
chamber. Cells were harvested in mid and late exponential phase by centrifugation at
2,455 x g for 20 min and 4 °C. The cell pellets were resuspended in 0.9 % sodium chloride
solution and centrifuged again (21,130 x g, 10 min, 4°C). All samples were stored at -80
°C. 2-HP was measured using targeted GC-MS, with sample quantities normalized for

cell counts; full details are provided in the Supplementary methods.
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Yeast model

The human SNCA gene was cloned into pAG306GAL-ccdB-EGFP and pAG304GAL-ccdB-
EGFP plasmids using the Gateway cloning system (Alberti et al., 2007). Yeast cells were
transformed with the constructs using the standard polyethylene glycol/lithium acetate
protocol (Gietz and Woods, 2002). The PDR5 gene was subsequently replaced by URA3
marker in the HiTox and control strains followed by selection in synthetic complement
(SC) media lacking uracil using the same transformation protocol(Gietz and Woods,
2002). Gene integration or disruption was verified by PCR. Strain details are provided in

the Supplementary methods.

Four fresh single colonies of the HiTox strain and its respective control strain
were inoculated from SC-2% glucose plates into 5 mL SC-2% raffinose (SCR) and
incubated overnight with shaking (200 rpm) at 30 °C for 20 h. Cultures were
subsequently diluted to OD 0.5 and 2 puL of culture was added to 78 uL 2-HP containing
media to a final optical density of 0.0125 in a 384-well microplate. 2-HP was diluted in
SC-2% raffinose/galactose (SCR/SCG) and tested at different concentrations (1-100
mM). Finally, plates were measured in a microplate reader (TECAN™ Infinite M200Pro),
at an interval of 10 minutes during 72 h at 30 °C. Yeast growth phenotyping was
performed as previously described74. For better comparability between batches, strains
and methods, the final biomass was corrected using the GATHODE software(Jung et al.,
2015). The OD600 at 48 h was recorded for biomass quantification, with the means and

standard deviations calculated from four biological replicates.

To evaluate a-synuclein aggregation, one single colony was inoculated in 5 mL
SCR (a-syn 'off') and incubated at 30 °C overnight. The following day, 1 mL of culture was
transferred into an sample tube and cells were centrifuged. Pellets were resuspended
with SCG (a-syn 'on') in presence or absence of 30 mM 2-HP and incubated at 30 °C.
After 24 h, cells were visualized using a Nikon Microscope (100x oil). Ten pictures per
condition were randomly taken. The total number of cells and cells showing aggregates
were manually quantified in Imagel. Statistical significance between conditions was

determined using an unpaired two-sided t-test in R.
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Enteric neuron model

Enteric neurons were derived from human induced pluripotent stem cells (hiPSCs)
following a previously published protocol (Fattahi et al., 2016); the full details are

available in the Supplementary methods.

For cytotoxicity testing, enteric neurons were detached with accutase (Sigma) after 21
days of culturing in 6-well plates. The cells were replated into 96-well plates coated with
poly-ornithine/laminin/fibronectin as described in the Supplementary methods. They
were then maintained under differentiating conditions until day 31, when they were
treated with 2-HP (Sigma,) at 1 uM, 3 uM, 6 uM, 10 uM, 30 uM, 60 uM, 100 uM, 300
UM, 600 uM, 1 mM and 3 mM. 2-HP was reconstituted to 10 mM in the differentiation
medium. Cells were treated for 24h, then assessed using a tetrazolium assay for viability;

see Supplementary methods for details.

For immunostaining, enteric neurons were replated into 96-well imaging plates
(Cell Carrier Ultra, Perkin Elmer) after three weeks in culture. Cells were maintained
under differentiating conditions until day 31, when they were treated with 60 uM 2-HP
for 72 h and 120 h. After treatment, cells were immunostained with a-synuclein
antibody (NOVUS biologicals, NBP1-05194, 1:1000), a-synuclein filament antibody
(Abcam, ab20953, 1:5000), TUJ1 (Millipore, AB9354, 1:600) and cleaved caspase-3
(Asp175) antibody (CST, 9661, 1:200) and imaged to quantify each marker (full details in
the Supplementary methods). Differences were evaluated using one-way ANOVA with
the mean values of three independent replicates and a two-sided Dunn’s multiple

comparison test at each time point versus the untreated using Graphpad Prism (v. 9).

Mouse model

A transgenic mouse line, B6.D2-Tg(Thy1-SNCA)14Pjk (Line 14), which overexpresses
human wildtype a-synuclein under the transcriptional control of the Thyl promoter,
was used (Kahle et al., 2000, 2001). Genotyping of the mice is described in the
Supplementary methods. The mice were all heterozygous for the transgene, males, and
2-3 months old. Between 6 and 14 mice were used for each analysis. Mice had access to

food and water ad libitum and were exposed to a regular 12h-day-night cycle. Mice were
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injected intracranially with 100 mM 2-HP (Sigma), or PBS vehicle solution (control mice),
in volumes of 2 uL, within the right dorsal striatum; full details of the injection protocol

are provided in the Supplementary methods.

At two months post-injection, motor function was evaluated with the adhesive
removal test (Bouet et al., 2009). Briefly, animals were placed in a round transparent
arena for one minute for habituation. Rectangular white tape, 3 x 5 mm was placed on
the left forepaw (expected to be affected by injection of 2-HP into the right dorsal
striatum). The time intervals to first touch and removal of the tape were recorded. The
test was performed twice, sequentially, for each mouse, and times for both measures
were averaged. The sequence of the mice being tested was randomized, and the

experimenter was blinded to their genotype and treatment.

After behavioural evaluation, the mice were deeply anesthetised (i.p. injection
of medetomidine, 1mg/kg and ketamine, 100 mg/kg) and then euthanised by
transcardial perfusion with PBS. Brains were removed from the skull and post-fixed in
fresh phosphate-buffered 4% paraformaldehyde for 48 h at 4 °C, then stored in PBS with
0.05% sodium azide (as a preservative) at 4 °C, before being processed for

immunofluorescence analysis.

Immunofluorescent stainings on 50 um sections, generated with a Leica VT 100
vibratome, were performed following a standard protocol (Ashrafi et al., 2017). Briefly,
sections were first washed in PBS with 0.1% Triton X100 (TX100). They were
subsequently treated with a permeabilization solution (PBS + 1.5% TX100 + 3% H202)
for 30 minutes. This was followed by washing with PBS + 0.1% TX100. To prevent
unspecific antibody binding, the sections were then incubated for 1 h in PBS + 0.1%
TX100 with 5% BSA. After one short washing step, sections were incubated with the first
antibodies diluted in antibody solution (PBS + 0.1% TX100 + 2% BSA) overnight at room
temperature (RT) on an orbital shaker. The following antibodies were used: anti-a-
synuclein (aSyn, phosphorylated at S129; Prothena Biosciences Inc., 11A5; 1:1000), anti-
tyrosine hydroxylase (TH; Abcam, ab76442/Merck (Sigma-Aldrich), AB152; 1:1000). The
sections were double-stained for TH and S129 phosphorylated a-synuclein (phospho-
aSyn). The next day, sections were washed with PBS + 0.1% TX100 to remove any excess

of the first antibody. Sections were then incubated with a secondary antibody in
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antibody solution for 2 h at RT on an orbital shaker. Finally, sections were washed with
PBS + 0.1% TX100 (at least 3 times for 10 mins), then mounted on Superfrost™
(ThermoFisher Scientific) slides, left to dry, and finally covered with a cover-slip using

Fluoromount-G® (Invitrogen).

Imaging of the sections was performed using a Zeiss Axiolmager Z1 upright
microscope, coupled to a “Colibri” LED system, and an Mrm3 digital camera for image
capture using the Zeiss ZEN 2 Blue software. Measurements were performed on blinded
sections, and codes were broken only after all measurements were completed. TH-
positive signals were quantified in the dorsal striatum and substantia nigra pars
compacta, and phospho-aSyn in these two regions as well as the prefrontal cortex;
details of the quantifications for each region and antibody are given in the

Supplementary methods.

Behaviour and neuropathology data were analysed with Graphpad Prism (v. 9).
All datasets passed normality tests and were analysed by ANOVA followed by Tukey’s or

Dunn’s post hoc tests.

The animal study was approved by the University of Luxembourg Animal
Experimentation Ethics Committee (LUPA 2020/26) and the overseeing Luxembourg

Government authorities (Ministry of Health and Ministry of Agriculture).
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Data availability
The datasets generated by this study are available in the following repositories:
metagenomic and metatranscriptomic data at the NCBI BioProject collection with the ID

PRINA782492 (http://www.nchi.nlm.nih.gov/bioproject/782492), metaproteomic data

at the Proteomics Identifications (PRIDE) database with accession number PXD031457

(https://www.ebi.ac.uk/pride/archive/projects/PXD031457), and metabolomic data at

MetabolLights with ID MTBLS5092 (https://www.ebi.ac.uk/metabolights/MTBLS5092).

Due to privacy restrictions, clinical and demographic data are available on request from
the corresponding author. NCER-PD clinical and 16s rRNA amplicon sequencing data are

available on request from https://www.parkinson.lu/research-participation.

Code availability
The IMP pipeline, which was used for analysis of metagenomic and metatranscriptomic

data, is available at https://gitlab.lcsb.uni.lu/IMP/imp3. The R code used for statistical

analyses and visualisations is available at https://gitlab.lcsb.uni.lu/ESB/mibipa-2-hp.
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Figure 1. Metabolite differences between patients with PD and iRBD and control subjects, and

findings connecting the results to the gut archaeal species Methanobrevibacter smithii.

a. Normalized peak area of 2-hydroxypyridine (2-HP) in faecal extracts of PD and iRBD patients
and control subjects (Ctrl). b. Normalized peak area of B-glutamate in faecal extracts from PD
and iRBD patients and control subjects. c. Validation of differential concentration of 2-HP in
faecal extracts with targeted metabolomics. d. Pearson correlations of relative abundances of
taxa with 2-HP and B-glutamate, trimmed to taxa with the most overlap between different data
analysis strategies (complete results: Extended Data Fig 4d and Supplementary Table 17); MG =
metagenomic data, MT = metatranscriptomic data. e. 2-HP in cells of the archaeal species
Methanobrevibacter smithii (M. smithii) and Methanosarcina mazei (M. mazei); five biological
replicates, normalized by cell count prior to measurement. In a-c, P-values reflect unpaired t-
tests corrected for multiple comparisons across all metabolites; * P < 0.05. In all box plots: box
hinges: 1st and 3rd quartiles; whiskers: hinge to highest/lowest values that is within 1.5*IQR of

hinge.
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Figure 2. Effects of 2-hydroxypyridine in human a-synuclein expressing yeast model and in human

induced pluripotent stem cell (hIPSC) derived enteric neurons.

a. Dose-response assay in a-synuclein expressing yeast cells (HiTox) and control strain (Ctrl);
showing means and standard deviations calculated from four biological replicates for each strain.
b. Microscopy-based quantification of yeast cells exhibiting a-synuclein aggregates (based on 10
pictures per condition). Box hinges: 1st and 3rd quartiles; whiskers: hinge to highest/lowest values
that is within 1.5%IQR of hinge. c. Representative microscopy images of HiTox cells after 24 h
treatment with 30 mM 2-HP; scale bar: 20 um. d. High-content imaging of hIPSC derived enteric
neurons, showing total a-synuclein (aSyn), a-synuclein filament (aSyn Filament), TUJ1-positive
neurons and Hoechst-positive nuclei (with a representation of the mask applied to segment the
nuclei); scale bar: 100 um. e. Total a-synuclein and filamentous a-synuclein normalized to the
amounts of TUJ1-positive neurons (mean + SEM of three independent neuronal differentiations; 8
wells per condition and 30 fields per well quantified for each). * P<0.05, ** P<0.01, *** P<0.001,
**%* p < 0.0001.
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Figure 3. Effects of intrastriatally injected 2-hydroxypyridine on fine motor behaviour and the
dopaminergic neuron marker tyrosine hydroxylase (TH) in transgenic mice overexpressing

human a-synuclein.

a. Fine motor behaviour of mice 2 months after 2-HP injection, measured using the adhesive
removal test (time to touch: upper panel, time to remove: lower panel); hSNCA: human a-
synuclein overexpressing transgenic mice; n of mice = 12-14 per group. b. Quantification of TH-
positive structures in the nigro-striatal circuit of hSNCA mice at 2 months after 100 mM 2-HP
injection; Upper panel: TH-positive axons in the dorsal striatum; lower panel: TH-positive
neurons in the substantia nigra pars compacta; n of mice = 6-8 per group. c. Microphotographs
showing examples for 0 mM and 100mM in hSNCA mice only; upper panel: dorsal striatum (scale
bar: 25 um); lower panel: substantia nigra pars compacta (scale bar: 200 um). All bar plots show

mean and standard deviation. * P < 0.05, ** P < 0.01.
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6.1 Preface

PD is a multifactorial disorder clinically characterized by different motor and non-motor
dysfunctions, and pathologically characterized by the loss of dopaminergic neurons and Lewy
body formations. The formation of Lewy bodies, thus, a gain of function of a.Syn and its prion-

like spreading ability is still considered the main pathogenic eventin PD.

However, over the last years, it is strongly debated if these toxic aSyn aggregating forms
are the only event triggering PD pathogenesis. Neuroinflammation has been proposed as an
additional player in PD pathogenesis. We were particularly interested in the disease progression

timeline of these different events.

To mimic the spreading of aSyn, we injected preformed fibrils (PFFs) of aSyn into the
dorsal striatum of wild-type mice, and followed its spreading across brain regions over time. We
were interested in the underlying mechanisms contributing to PD pathology. Especially early
events were of interest to us and so we compared early (13dpi) to late events (90dpi). We used
classical neuropathological techniques to identify the different PD pathologies such as aSyn
aggregation and neuronal death and microgliosis. Additionally, we performed transcriptomics

on nigral tissue to identify crucial pathways in PD pathogenesis at different timepoints.
The manuscript was published in Glia (IF (2020) 7.452) on 29" January 2022.

| was the lead researcher on the transcriptomic analysis for this project. | also assisted
in the interpretation of the data, generated the corresponding figures and tables (Figures 6-9,
Figures S4-S7, Table S2-S6), and assisted in manuscript writing. | am, together with my colleagues
Pierre Garcia, Wiebke Jlirgens-Wemheuer and Oihane Uriarte Huarte, first co-author of this

publication.

Supplementary material can be found in Appendix D.
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Abstract

A key pathological process in Parkinson's disease (PD) is the transneuronal spreading of
a-synuclein. Alpha-synuclein (a-syn) is a presynaptic protein that, in PD, forms
pathological inclusions. Other hallmarks of PD include neurodegeneration and
microgliosis in susceptible brain regions. Whether it is primarily transneuronal spreading
of a-syn particles, inclusion formation, or other mechanisms, such as inflammation that
cause neurodegeneration in PD is unclear. We used a model of spreading of a-syn
induced by striatal injection of a-syn preformed fibrils into the mouse striatum to
address this question. We performed quantitative analysis for a-syn inclusions,
neurodegeneration, and microgliosis in different brain regions, and generated gene
expression profiles of the ventral midbrain, at two different timepoints after disease
induction. We observed significant neurodegeneration and microgliosis in brain regions
not only with, but also without a-syn inclusions. We also observed prominent
microgliosis in injured brain regions that did not correlate with neurodegeneration nor
with inclusion load. Using longitudinal gene expression profiling, we observed early gene
expression changes, linked to neuroinflammation that preceded neurodegeneration,
indicating an active role of microglia in this process. Altered gene pathways overlapped
with those typical of PD. Our observations indicate that a-syn inclusion formation is not
the major driver in the early phases of PD-like neurodegeneration, but that microglia,
activated by diffusible, oligomeric a-syn, may play a key role in this process. Our findings
uncover new features of a-syn induced pathologies, in particular microgliosis, and point

to the necessity for a broader view of the process of a-syn spreading.
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Introduction

Protein misfolding and aggregation are central pathological processes in
neurodegenerative diseases, where they are believed to play a key role in driving the
pathology (Chiti & Dobson, 2017; Selkoe, 2003). Proteins such as the amyloid beta
peptide (AB) and tau in Alzheimer's disease (AD), TAR DNA-binding protein 43 (TDP43)
in motor neuron disease, prion in Creutzfeldt-Jakob disease, and finally alpha-synuclein
(a-syn) in Parkinson's disease (PD), are all examples of physiologically occurring proteins
that, upon pathological misfolding, form oligomers, fibrils, and extracellular (AB, prion)
orintracellular (TDP43, tau, a-syn) deposits, and injure neurons in the process (Goedert,
2015; Ross & Poirier, 2004; Scheckel & Aguzzi, 2018). An important property of these
disease-associated proteins is their ability to self-propagate, a process first described in
prion diseases, in which disease-associated misfolding proteins induce the disease when
transposed into a susceptible recipient host (Scheckel & Aguzzi, 2018; Walker & Jucker,
2015). They do so by acting as a seed and corrupting the endogenous form of the
protein, leading it to aggregate and form, over time, inclusions along interconnected
neuronal pathways (Jucker & Walker, 2018; Mezias et al., 2020). The “spreading
hypothesis” posits that misfolded/aggregated particles of a disease protein move trans-
synaptically from neuron to neuron, causing dysfunction and damage along the way
(Goedert, 2015; Mezias et al., 2020). Major support for this hypothesis comes from two
observations. First, the neuropathological studies by Braak and colleagues, staging tau
inclusions in AD (Braak & Braak, 1995), and Lewy inclusions in PD (Braak et al., 2003),
suggest a progression, starting first in a population of susceptible neurons, of
proteinaceous intraneuronal inclusions, a process that takes place over decades.
Second, postmortem studies of PD patients that had received striatal fetal neuron
transplants to combat dopamine loss, revealed Lewy bodies in a subset of the grafted
neurons, indicating a spreading of abnormal a-syn from the diseased neurons of the
recipient to those of the donor (Brundin et al., 2016; Chu & Kordower, 2010). Alpha-syn
is a presynaptic protein that normally is involved in the regulation of the synaptic vesicle
cycle (Bendor et al., 2013; Burre et al., 2018). Its involvement in PD was discovered when
it was identified as an essential component of a PD pathological hallmark, the Lewy body
(Spillantini et al., 1998), and when mutations in its gene, as well as dupli- or triplication

thereof, were shown to lead to hereditary forms of the disease (Lin & Farrer, 2014;
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Singleton & Hardy, 2019). Its prion-like spreading properties have been demonstrated
in in vitro and in vivo model systems, using intracranial injection of Lewy-body
containing brain extracts, of viral-construct mediated a-syn overexpression, or
administration of pre-formed fibrils (PFFs) from recombinant a-syn as seeds, to induce
spreading and progressive aggregation (Chu et al., 2019) (Luk et al., 2012; Luna & Luk,
2015; Rey et al., 2016; Ulusoy et al., 2013). The role of a-syn spreading and inclusion
formation in PD pathogenesis is still unclear, since no correlation between PD symptoms
and a-syn inclusion load was consistently found (Dijkstra et al., 2014; Espay & Marras,
2019; Jellinger, 2009a, 2009b). Different possibilities that could explain what ultimately
causes neuronal dysfunction and injury and, hence, neurological symptoms, have
surfaced (Poewe et al., 2017; Surmeier et al., 2017b). Oligomers, rather than deposited
forms of a-syn, may be more neurotoxic that deposited forms (Bengoa-Vergniory et al.,
2017; Walsh & Selkoe, 2004). While some studies report the toxicity of a-syn oligomers,
notably through activation of microglia (Bengoa-Vergniory et al., 2017; Helwig et al.,
2016), others contend only inclusions cause neuronal dysfunction and injury
(Abdelmotilib et al., 2017; Osterberg et al., 2015). In this study, we addressed this issue
by inducing a-syn seeding/ spreading in wildtype mice (Luk et al., 2012). We used
intracranial administration of recombinant murine a-syn PFFs to induce a-syn spreading
and inclusion formation in the brain, and examined neurodegeneration and microgliosis
in regions with a-syn inclusions and, importantly, in those without. We observed
neurodegeneration in both cases, indicating that neuronal injury can occur
independently of the formation of a-syn inclusions. Because neuroinflammation has
emerged as a key player in neurodegenerative disease (Hammond et al., 2019), and
because microglia are the main cellular effectors of this process (Crotti & Ransohoff,
2016; Wolf et al., 2017), we measured microgliosis in our model. We noticed, in regions
with or without inclusions, a surprisingly strong microgliosis (4-5 over baseline), which
far surpassed that observed after administration of neurotoxins such as the
dopaminergic lesioning agent 6-hydroxydopamine (6-OHDA). In contrast to mice
injected with 6-OHDA, neurodegeneration and microgliosis did not correlate with each
otherin the brains of a-syn PFFs injected mice. Moreover, by measuring gene expression
profiles after striatal a-syn PFF injection, we observed numerous changes in

inflammation-related genes and pathways, and an unusual microglial molecular
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activation profile that preceded neurodegeneration and pointed toward an involvement
of these cells in the process. We also saw that key PD pathways were recapitulated in
this model. These findings indicated that, in the a-syn seeding/spreading mouse model,
microgliosis does not occur primarily as a response to neuronal damage, but as part of
a response that occurs independently of a-syn inclusion formation. Our results
demonstrate that PD-like neurodegeneration can occur in the absence of a-syn
inclusions, and thus that PD-like pathology is more than just the progressive formation
of such inclusions. It may involve spreading of other, more soluble forms of toxic
aggregates, such as oligomers, that could induce an excessive microglial response. We
believe these results add an important aspect on how the pathogenic properties of
“prion-like” a-syn should be viewed, highlight an important role of microglia in the

process, and stress the translational relevance of the a-syn seeding/spreading model.
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Results

Western blot and electron microscopy characterization of a-syn moieties

A non-denaturing blot of the a-syn moieties used in this study is shown in Figure S1
(upper panel). For striatal injections, a-syn oligomers were used non-sonicated, whereas
a-syn PFFs were sonicated. Based on their Western blot (WB) profile, the oligomer
preparation was composed mainly of monomers, dimers, and trimers, as well as higher
molecular weight species. The sonicated PFFs were composed mainly of monomers and
dimers, and higher molecular weight species. When compared to their non-sonicated
counterparts, sonicated PFFs seemed to have less of all these components, consistent
with a shearing effect of sonication that produces smaller a-syn fragments, which may
then act as seeds. Electron microscopy confirmed the presence of different sized
moieties in the different preparations. At the ultrastructural level (Figure S1, lower
panels), we observed that oligomers were mostly composed of small globular
assemblies, unsonicated PFFs were formed of highly complex large agglomerates, and a
number of smaller assemblies, and sonicated PFFs were mostly composed of small
fibrillar fragments. Because we wanted to follow the original protocol of Luk et al. (Luk
et al., 2012), no effort was made to purify particular a-syn moieties. In addition, defining
the pathobiological properties of the different moieties, while also making sure these
moieties stayed stable in their respective conformation over the whole course of an
experiment, was beyond the scope of the present study. Other studies have looked at
that issue (Grozdanov et al., 2019; Peelaerts et al., 2015; Rey et al., 2019). We were
instead focused on determining whether the pathologies resulting from intracerebral
injection of the moieties we used resulted in translationally relevant PDlike phenotypes,

and on understanding underlying mechanisms of neurodegeneration.

Striatal injection of PFFs causes bilateral a-syn inclusions in multiple brain regions

Because we wanted to capture the early features of a-syn spreading associated
pathologies, we decided to focus our investigations on time points when these
pathologies have not peaked yet (Luk et al., 2012). Since a-syn inclusions have been

suggested to be a major driver of PDlike pathology (Abdelmotilib et al., 2017; Spillantini
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& Goedert, 2018), we first looked at the appearance of such inclusions in our model. To
determine if striatal injection of murine a-syn PFF reliably induced propagation of
fibrillar a-syn in our mice, we performed immunohistochemistry against pSER129- a-syn
on sections of both brain hemispheres 13 and 90 days after they had been injected with
PFFs (13 and 90 dpi). Immunostaining for pSER129- a-syn is the most commonly used
approach to detect a-syn inclusions in rodent or human brain tissues (Vaikath et al.,
2019). At an early time point after a-syn PFF administration (13 dpi), we only detected
few pSER129-a-syn positive inclusions in frontal cortex, amygdala, and SN, and a few
more in the ipsilateral striatum (Figure S2). However, at 90 dpi, we observed robust
appearance of pSER129- a-syn positive cellular and neuritic inclusions ipsi- and
contralaterally, in the same brain regions (Figure 1a). Quantitation of image area
occupied revealed median coverage of 10% for the ipsilateral frontal cortex, 5% for the
contralateral frontal cortex, 8% for the ipsilateral amygdala, 4.2% for the contralateral
amygdala, and 12% for the ipsilateral SN. No or very few a-syn inclusions were found in
the contralateral SN and striatum, and no inclusions in either side of the hippocampus.
Cells containing inclusions had neuronal morphology. In the ipsilateral SN, fluorescent
double staining for pSER129-a-syn and TH, a marker for dopaminergic neurons in the
SN, showed that 85% of inclusions colocalized with TH-positive neurons, indicating that
most, if not all, inclusions were localized in neurons. To determine if pSER129-a-syn
positive inclusions were Proteinase-K resistant, we performed a Paraffin-Embedded
Tissue blot (Kramer & Schulz-Schaeffer, 2007; Milber et al., 2012). We observed
numerous pSER129-a-syn positive signals in these tissue sections (Figure 1b), indicating
that most inclusions were proteinase-K resistant. Inclusions are not the only a-syn
species that have been suggested to be linked to neurodegeneration in PD. To
determine if regions without detectable a-syn inclusions, such as the hippocampus,
were still affected by abnormal a-syn after injection of PFFs, we performed a proximity
ligation assay (Malaplate-Armand et al., 2006). This assay has been used for detecting
oligomeric forms of a-syn in human (Roberts et al., 2015) and mouse models of PD
(Ulusoy et al., 2015). We observed greatly enhanced signal intensity in the hippocampi
of PFF-injected mice than in those of control mice (Figure 1c), indicating the presence of
abnormal levels of oligomeric a-syn in that region. Overall, the pattern of a-syn

inclusions we observed 90 dpi matched that described at a similar time point by Luk et
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al. (2012) (Luk et al., 2012). The robust appearance of intracellular a-syn inclusions in
this model, at just 90 dpi after injection of PFFs, opened up the possibility of analyzing
how they are associated with other pathological hallmarks, such as neurodegeneration

and —inflammation, and which of these events precedes the other.

Striatal injection of PFFs causes bilateral synaptic loss and unilateral dopaminergic

neuron injury that was independent of a-syn inclusions

We set out to determine to what extent the presence of neuronal a-syn deposition was
linked to neurodegeneration, 90 dpi after striatal administration of PFFs. First, we
analyzed synaptic degeneration in the hippocampus and frontal cortex. In these brain
regions, we measured the level of the presynaptic protein synaptophysin.
Synaptophysin is a good marker for synaptic integrity (Buttini et al., 2005; Calhoun et al.,
1996; Zhan et al., 1993), and pathological synaptic alterations have been reported in PD
post-mortem tissues (Bellucci et al., 2016). Roughly 60% of PD patients suffer from
cognitive impairments and dementia (Aarsland et al., 2017), indicating that their
hippocampus and their higher cortical association areas are affected. Addition to PFFs
to cultured primary hippocampal neurons was reported to affect these neurons'
synaptic integrity and function (Wu et al., 2019). Thus, we measured synaptophysin ipsi-
and contralaterally in these brain regions in mice 90 days after PFF administration
(Figure 2). We found, in both regions, a highly significant, bilateral 20%—25% reduction
of this protein in PFF-injected mice. Interestingly, we noticed this decrease in the
absence of a-syn inclusions in the hippocampus. The a-syn oligomers though (Figure 1)
in that region colocalized with synaptophysin loss. Next, we examined the SN, because
it contains dopaminergic neurons that are one of the most susceptible population in PD.
We measured the area occupied by tyrosine hydroxylase (TH)-positive neuronal profiles
in the SN ipsilaterally, where a-syn inclusions were present (see above), but also
contralaterally, which was without such inclusions. We found a statistically significant
16% decrease of TH-positive neurons in the ipsilateral SN, but not so in the contralateral
SN (Figure 2). To determine if striatal axonal projections of dopaminergic neurons were

affected in our model, we analyzed the morphological integrity of these projections and
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their synaptic terminals. We observed, 90 dpi, a significant decrease in TH-positive
axonal fibers as well as in dopamine transporter (DAT) positive synaptic terminals, in the
ipsilateral, but not the contralateral striatum. We did not find any sign of degeneration
in the striatum or SN at 13 dpi (Figure S3, 3 first rows). To confirm ipsilateral striatal
injury, we measured the neurotransmitter dopamine (DA) in dissected ipsi- and
contralateral striata of PFF injected and PBS control mice (n = 8—12/group). We found a
significant decrease in ipsilateral striatum of PFF mice compared their ipsilateral PBS
controls (19.5+/-5.8 vs. 27.5+/-7.3 pmol/mg; p = .02 by ANOVA followed by Sidak's post
hoc, results are means +/- SD), but no difference between contralateral striatum of PFF
mice compared to their compared their ipsilateral PBS controls (27.3+/-3.7 pmol/mg vs.

28.5+/-5.7 pmol/mg). This substantiated our histological observations.

Striatal injection of a-syn PFFs caused profound microgliosis in different brain

regions that was independent of a-syn inclusions

Microglia, the local CNS innate immune defense cells (Michelucci et al., 2018), react
rapidly to CNS infection or injury. Functional imbalance of these cells can precipitate
disease outcomes (Biber et al., 2014; Crotti & Ransohoff, 2016; Wolf et al., 2017). While
strong microgliosis has been reported in PD and models thereof (Doorn et al., 2012;
Joers et al., 2017; Tan et al., 2020), the role of these cells in disease initiation and
progression is poorly understood. To better understand the role of microglia in the
context of a-syn spreading, and more precisely to determine if these cells have a role in
driving the neurodegeneration we observed, we first analyzed their response using a
specific marker (lbal), in mouse brains after injection of a-syn PFFs. We observed a
surprisingly strong (4-5 times over control) microgliosis in different brain regions
(bilaterally in frontal cortex, amygdala, SN) at 90 dpi. The microgliosis was present in
brain regions with inclusions, but also those without (hippocampus) or very little
(contralateral SN) inclusions (Figure 3). While no significant Ibal increase was seen at 90
dpi in the ipsilateral striatum in PFF injected mice, microglial Cluster-of- Differentiation
68 (CD68), a marker for phagocytic activity, was increased in that location, indicating

that these cells, while having a different kind of response, were still activated. No

175



significant microgliosis was observed in the SN at 13 dpi (Figure S2, lower row). Microglia
in PFF-injected mice had thickened, though still ramified, processes, and an intensely
stained cell soma. In the cerebellum, which was devoid of a-syn deposits in all mice, we
could not detect any differences in Ibal positive microglia between PFF-injected and
control PBS injected mice (not shown). Our observations indicate that a robust,
widespread microglial reaction is an important part of the a-syn spreading process, and

warranted further investigation into the pathological implications of that reaction.

Neurodegeneration and microgliosis correlated neither with a-syn deposition, nor

with each other

To gain insight into the pathological properties of a-syn inclusions, we correlated the
inclusion load with neurodegeneration and with microgliosis measured locally in frontal
cortex and SN. We found that inclusion load correlated with neither of the two (Figure
4). Thus, neurodegeneration as well as microgliosis induced by a-syn PFFs are probably
independent of a-syn deposition. The strong microgliosis in different brain regions after
administration of PFFs prompted us to look into this observation further. In the brain,
microglia react rapidly to tissue injury to control the damage and clear up cell debris (Fu
et al., 2014; Wolf et al., 2017). Thus, microglial reaction is typically secondary to an
underlying neurodegenerative process, and, as a consequence, increase of microglial
reaction is directly associated with decrease of neuronal integrity. For instance, we have
observed that microglial reaction (measured on Ibal immunostained sections)
correlated negatively with TH neuron loss in the ipsilateral SN after unilateral lesioning
by 6-OHDA (Figure 4b2), and with synapse or dendritic loss in the cortex after lesioning
with the excitotoxin kainic acid (Jaeger et al., 2015). After intracerebral injection of a-
syn PFF though, we found that microglial reaction was not only much stronger than after
injection of neurotoxins (4-5 vs. 2—3 over control), but also failed to correlate with
measures of neurodegeneration (TH neuron loss in the SN, synaptophysin in the cortex
and hippocampus) (Figure 4b). This observation indicates that the microglial reaction to
a-syn spreading may be a direct response to factors produced during that process, and

not just a secondary response to neuronal degeneration.
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Microglia across several brain regions reacted strongly to striatal injection of a-syn

oligomers

Several studies have indicated that microglia are activated in vitro by a-syn oligomers
(Hughes et al., 2019; Kim et al., 2013). As described above, we have observed the
presence of a-syn oligomers, notably in the hippocampus, after striatal injection of a-
syn PFFs. To test whether a-syn oligomers could be the factor that led to a strong
microglial reaction during the a-syn spreading process, we injected such oligomers into
the same location as the PFFs, the dorsal striatum. Just 13 dpi, we observed, on Ibal
stained sections, a strong microglial reaction in the ipsilateral striatum, frontal cortex,
and hippocampus (Figure 5). Qualitatively, the reaction was even stronger than 90 dpi
after PFF injection. We did not move forward in quantifying this reaction and its
consequences, since our goal was just to show that microglia react to the injection a-
syn oligomers, even in regions distant to the injection site, and because the number of
animals used to test this was only three per group. Further studies will investigate these
issues. Thus, microglial cells in vivo respond strongly to a-syn oligomers, and further

analyzing the possible role of these cells was warranted.

Transcriptional profiling of ventral midbrain revealed most gene expression changes

occur 13 days after a-syn PFF injection

To investigate the molecular underpinnings of the neurodegeneration and the microglial
response accompanying a-syn spreading, we generated a gene expression profile from
ventral midbrain of PFF injected and control mice using the Affymetrix gene expression
profiling platform. Because microglial response typically starts early after an insult
(Michelucci et al., 2018; Tansey & Romero-Ramos, 2019), we analyzed the midbrain
gene expression profiles 13 dpi (no neurodegeneration) and 90 dpi (neurodegeneration
in the ipsilateral striatum and midbrain) after striatal a-syn PFF injection. We focused on
two comparisons of ventral midbrain gene expression profiles: 1. Ipsilateral midbrain of
PFF-injected mice (ipsi PFF, with degeneration of nigral TH neurons and their striatal
projections) versus ipsilateral midbrain of control PBS-injected mice (ipsi PBS); 2.

Ipsilateral midbrain of PFF-injected mice versus contralateral midbrain of the same, PFF-
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injected, mice (contra PFF, without loss of nigral TH neurons and their striatal
projections). We figured that these two comparisons would be best suited to reveal
relevant gene expression changes. Venn diagrams for the number of DEGs that emerged
in the comparisons between the two time (13 and 90 dpi) are shown in Figure S4. The
heatmaps are shown in Figure S5. By comparing ipsi PFF to ipsi PBS, applying a cut-off of
p < .05, we found a total of 3.584 significant DEGs at 13 dpi, and significant 2.990 DEGs
at 90 dpi, with 960 overlapping DEGs between the two time points. After correcting for
multiple hypothesis testing at a cut-off of pfp < 0.1, we found 308 DEGs at 13 dpi, and
94 DEGs at 90 dpi, with 37 DEGs overlapping between the two times points. The majority
of overlapping DEGs showed enhanced expression at 13 dpi, but reduced expression at
90 dpi. By comparing ipsi PFF to contra PFF, we found 4.268 significant DEGs at 13 dpi,
and 3.976 DEGs at 90 dpi, with 1312 overlapping DEGs. At pfp < 0.1, we found 674 DEGs
at 13 dpi, and 688 DEGs at 90 dpi, with 210 overlapping DEGs. At 13 dpi, we found a
similar number of DEGs with enhanced versus reduced expression, but at 90 dpi, we saw
that most DEGs were, interestingly, had reduced expression. To capture all potentially
relevant molecular changes, we used the all DEGs with p < .05 for the subsequent
analyses. Taken together, these two comparisons indicate that enhanced gene
expression changes occurred in the ventral midbrains of both hemispheres at 13 dpi,
possibly setting the stage for the subsequent pathological events. In contrast, at 90 dpi,
in the ipsilateral midbrain, most DEGs dial their expression level back, indicating a
reduction in gene transcription, while the major pathological events now appear to take

place at the protein level, and are measurable with quantitative histology (see above).

Gene set enrichment revealed early involvement of inflammation in the a-syn

seeding/ spreading process

To investigate which molecular pathways underlie the a-syn spreading process and its
associated pathologies, in particular microgliosis, we generated an enrichment map
based on a Gene-Set Enrichment Analysis (GSEA, see Materials and Methods, Section 2)
for Biological Processes (BP, see Materials and Methods, Section 2). To obtain a global

view of the BPs alterations during the evolution of a-syn spreading induced pathologies,
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we used manual curation to group gene sets into biologically meaningful gene-set
clusters associated with high order pathological processes (Figure 6). Our first
observation was that, in ipsilateral midbrains of PFF injected mice compared to those of
PBS-injected ones, 261 BPs were enriched at 13 dpi, but, surprisingly none at 90 dpi. In
contrast, we observed that, at 90 dpi, all BPs in ipsilateral midbrains of PFF injected mice
versus those of PBS-injected ones (total of 1067 BPs), showed reduced gene activity.
This observation indicates a significant shift from enhanced to greatly reduced
transcriptional activity in the time frame between 13 and 90 dpi, and confirms the
observations on DEGs depicted in Figure S5. We then observed that many gene set
clusters with enhanced transcriptional activity at 13 dpi in ipsi PFF were associated with
inflammation/immune processes (Figure 6, upper panels), while gene set clusters
associated with similar profiles had reduced transcriptional activity at 90 dpi, in
particular compared to ipsi PBS (Figure 6, lower left panel). This indicated that, after an
initially enhanced activity of genes regulating inflammation/immune responses, that
activity was strongly reduced at a stage when pathology was histologically detectable.
Another interesting observation we made was that some gene set clusters containing
BPs associated with reduced gene activity at 90 dpi, were related to dopaminergic
neuron function (e.g., catecholamine/ dopamine metabolic processes, locomotor
behavior, regulation of synaptic transmission regulation of signaling pathways upon
growth factor stimulus). The reduced gene activity in midbrain dopaminergic neurons
was likely a reflection of their pathological demise. Taken together, these observations
point to an important role for inflammatory/immune processes in the initiation and,

possibly, progression of neurodegeneration in the context of a-syn spreading.

Gene expression changes based on cell type confirmed early microglial response to

a-syn seeding/ spreading

To identify the immune cell type(s) active in the inflammatory response to a-syn
seeding/spreading, we attributed all DEGs of ipsi PFF versus ipsi PBS and ipsi PFF versus
contra PFF to cell types, using a widely used public database (see Materials and

Methods, Section 2). We found that the majority of DEGs with increased expression at
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13 dpi were microglial, whereas many of these DEGs had decreased expression at 90 dpi
(Figure 7a). We also looked at the 20 top DEGs and their cellular source for each time
points after PFF injection (Figure 7b). At 13 dpi, in both the ipsi PFF versus ipsi PBS as
well as the ipsi PFF versus contra PFF comparison, we observed that the majority of
these 20 DEGs with enhanced expression were microglial (ipsi PFF versus ipsi PBS: 9 out
of 20, or 45%, ipsi PFF versus contra PFF: 8 out of 20, or 40%). This indicates a strong
gene expression activity of these cells, well before pathological changes can be detected
histologically. In contrast, at 90 dpi, we observed that only 1 out of 20 (5%) DEGs was
microglial in both comparisons (ipsi PFF versus ipsi PBS, ipsi PFF versus contra PFF). Here,
the majority (>50%) of DEGs in the ipsi PFF versus ipsi PBS comparison were neuronal.
The observation that the majority of DEGs at 13 dpi were microglial confirmed an early

response of these cells to a-syn spreading.

Unusual microglial molecular signature, induced by striatal injection of a-syn PFFS,

preceded neurodegeneration

Recent studies using transcriptomics technologies have shed light on microglial
activation profiles at baseline and in disease models. In one study (Uriarte Huarte et al.,
2021), single-cell transcriptomics in mouse nigro-striatal brain regions revealed an
enrichment of a microglia subtype with an “immune-alerted” expression signature of 68
genes, and 2 other subtypes (homeostatic, intermediate) with a much smaller number
of signature genes. A list of the DEGs in our study that overlap with the genes for these
microglial subtypes is given in Table S3. At 13 dpi, 20 microglial ipsi PFF versus ipsi PBS
DEGs, and 21 microglial ipsi PFF versus contra PFF DEGs were of the “immune-alerted”
class. In contrast, at 90 dpi, the corresponding numbers were 9 microglial DEGs for ipsi
PFF versus ipsi PBS, and 7 for ipsi PFF versus contra PFF. At both time points, the number
of DEGs for other microglial subtypes (homeostatic, intermediate) was, for both
comparisons, less than 5 (Table S3). This indicated a predominant participation of
“immune-alerted” microglia in the a-syn seeding/spreading model. In neurological
disease and models thereof, the term “disease-associated microglia” (DAM) defines

molecular microglial states, as reflected by a gene expression signature, that are
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associated with these diseases and may modulate their pathologies (Hakim et al., 2021;
Hammond et al., 2019; Keren-Shaul et al., 2017; Mathys et al., 2017; Mrdjen et al., 2018;
Tay et al., 2018; Uriarte Huarte et al., 2021). Some DAM genes show expression changes
common to many diseases, while others may only change in a specific disease, or at
specific time points across one or many diseases. There is little information on such
microglial states for PD. It is beyond the scope of our study to compare our data with all
the available DAM gene expression profiles. One study though (Holtman et al., 2015)
presents a meta-analysis of aged mice and four different mouse neurological disease
models. We compared our DEG datasets to each of these models, and the Venn
Diagrams are shown in Figure S6. We then extracted the overlapping microglia genes
from the five models in that study, and found a core DAM signature of 50 genes. We
compared our datasets with those DAM core genes and found that, at 13 dpi, almost
double as many genes overlap with these core genes than at 90 dpi. Venn diagrams
illustrating these results are shown in Figure 8, and the list of overlapping genes are
found in Table S4. Further studies, in particular on single microglial cells, will have to
determine how that number changes over the course of the disease. To look at more
unique characteristics of the microglial gene signature in the a-syn seeding/spreading
model, we looked at individual genes typically associated with inflammation during
neurodegeneration (Table S5). Curiously, there were no changes, at 13 or 90 dpi, in the
expressions of Il1b, 116, Ccl2, Tnfa, or Nos2, genes that are often involved in
inflammation. Gene expression was enhanced for Cybb, Ptgs2, and Cxcl10. NADPH
oxidase 2 (Nox2), coded by Cybb, generates free oxygen radicals, which can harm
neurons (Ma et al., 2017). Cyclooxygenase 2 (Cox2), coded by Ptgs2, generates
arachidonic acid metabolites, some of which have been reported to be neurotoxic
(Figueiredo-Pereira et al., 2016) or form neurotoxic dopamine-quinone adducts
(Teismann et al., 2003). Thus, this may be the mediators of the neurodegeneration
observed in ipsi PFF midbrains at 90 dpi. Other microglial activation markers whose
products may be involved in promoting pathology were Mrcl, Cd68, Tyrobd, Trem2,
TIr2, P2ry6, and Aif1, which showed increased expression at 13 dpi and/or 90 dpi. Mrc1,
Cd68, P2ry6, Aifl gene products are all involved in phagocytic processes and/or signal
transduction (Bhattacharya & Biber, 2016; Janda et al., 2018; Ransohoff & El Khoury,

2015). We had observed CD68 upregulation by immunostaining in the striatal projection
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area of dopaminergic neurons (Figure 3), indicating that the arrays' results reflect actual
gene product changes. The TIr2 gene product is a receptor for a-syn, an interaction that
elicits the production of microglial neurotoxins (Kim et al., 2016). Tyrobp and the gene
for its receptor, Trem2, whose product is involved, among other processes in the
regulation of microglial phagocytosis (Konishi & Kiyama, 2018), also showed enhanced
expression. Finally, to see if there was an astroglial and peripheral immune cell
involvement in the a-syn seeding/spreading model, we listed gene expression data for
typical markers of these cells from our gene expression dataset (Table S6). Enhanced
expression of a series of astroglial genes in ipsi PFF midbrain indicates a reaction of these
cells. Enhanced expression of Ptprc, which codes for CD45, a marker that can be both
expressed by microglia and invading macrophages, and of Cd4, which codes for the
helper T cell antigen CD4, in the same region, indicated possible infiltration of peripheral
immune cells that could contribute to neuronal injury (Brochard et al., 2009; Harms et
al., 2017; Kannarkat et al., 2013). Overall, we tentatively conclude that a unique
molecular signature in the ipsilateral ventral midbrain at 13 dpi underlies the initial
molecular events that lead to the neurodegeneration we observed at 90 dpi. Since
neurodegeneration in the contralateral SN has been reported at later time points after
PFF injection previously (Luk et al., 2012), in one study even in the absence of a-syn
inclusions (Paumier et al., 2015), one can speculate that, at a point past 13dpi, the same
molecular signature appears there as well. Our data indicate that inflammatory events,
in particular those associated with microglia, but not a-syn inclusion formation, could
be initiators of neurodegeneration in the context of a-syn spreading in the model used

in our study.

Translational relevance assessment

Finally, we evaluated the translational value of the main pathological changes we
observed in the a-syn seeding/spreading model in this study. Pathologically, Braak
staging indicates a-syn spreading (Braak et al., 2004), and the presence of important
microgliosis, detectable by medical imaging, are happening at early stages of PD (Terada

et al.,, 2016). Hence, at that level of investigation, evidence suggests that the a-syn
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seeding/spreading model holds translational value. There is however, to our knowledge,
no studies systematically comparing the transcriptional profile of the ventral midbrain
in the a-syn seeding/spreading model to that of the SN in different stages of PD. There
are numerous studies describing transcriptional profiles of the SN in PD, and comparing
them all to our data is beyond the scope of this study. We therefore picked two studies
that seemed particularly pertinent: one study lays out the transcriptional profiles of
different Braak stages in PD (Dijkstra et al., 2015), and another one presents a meta-
analysis study of end-stage PD studies (Glaab & Schneider, 2015). We limited our
analysis to comparing DEGs between the ipsi PFF versus ipsi PBS brain sides with human
databases, since we did not expect the comparison of ipsi PFF versus contra PFF, (done
to reveal molecular features of activated microglia in the presence (ipsi PFF) versus the
absence (contra PFF) of neurodegeneration) with those databases to reveal
translationally meaningful information. Venn diagrams of overlapping DEGs of the a-syn
model with different stages of PD were not very informative, as they revealed anywhere
from around 300 to a bit less than 700 overlaps (Figure S6). Overlapping DEGs revealed
no pattern and were seemingly random (list not shown). In studies comparing mouse
models of inflammatory diseases with their human counterparts, analysis of overlapping
DEGs also show poor similarities (Seok et al., 2013). However, a follow-up meta-analysis,
looking at pathways and biologically meaningful gene sets, revealed great similarities
between the same mouse models and human inflammatory conditions (Takao &
Miyakawa, 2015). Similar observations were made when comparing transcriptome
profiles of Alzheimer's disease mouse models with those of Alzheimer brains (Wan et
al., 2020). We thus proceeded to investigate overlapping pathways between the a-syn
seeding/ spreading model and different stages of PD. To do this, we used the PD map
online tool (Fujita et al., 2014) (see Materials and Methods, Section 2). By selecting
pathways that were significantly represented in at least one of the human databases, as
well as in at least one of the two mouse model datasets, we found 15 highly PD-relevant
pathways that were shared between the model and PD (Figure 9). Among those,
“neuroinflammation” (highest score) and “microglial phagocytosis” were noteworthy,
reinforcing the role of microglia in this PD mouse model and in human. While the
pathways identified in the mouse model were, perhaps not unexpectedly (see

Discussion, Section 4), not completely overlapping in extent and directionality of change,
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the similarities were surprisingly close. We thus tentatively conclude that the a-syn
seeding/ spreading mouse model of PD provides a valuable preclinical tool to study
disease mechanisms, as well as the efficacy of experimental therapeutics, in particular

if they relate to microglial-mediated neuroinflammation.

Discussion

In this study, we have used a seeding/spreading model of a-syn, based on striatal
injection of a-syn PFFs in the mouse brain, to investigate key questions on how two
major pathological features of PD, a-syn inclusion formation and neuroinflammation,
contribute to neurodegeneration. Using a transcriptomics approach, we also shed light
into the molecular underpinning the disease process in this model. We provide evidence

that:

1. a-syninclusionformation did not correlate with neurodegeneration in areas with
inclusions;

2. An exceptionally strong microglial response was seen across different brain
regions, but this response did also not correlate with neurodegeneration;

3. The most likely driver of the microglial response were diffusible a-syn oligomers;

4. Gene expression changes indicative of early neuroinflammatory events in the
ventral midbrain, in particular in microglia, appeared before nigro-striatal
degeneration, and microglial factors could be the driver for downstream
neurodegeneration;

5. Atranslational relevance analysis revealed that 15 key molecular pathways that
change in the model overlap with those found altered in PD, with

neuroinflammation scoring at the top.

Our study provides novel insights into underlying pathological processes of a-syn
spreading mediated PD-like neuronal injury, and stress the value of the a-syn spreading
model for investigation of disease mechanisms and preclinical testing of therapeutics.
We undertook this study because it is unclear how different pathological processes
relate to each other in PD. In particular, it is debated whether a-syn inclusion formation
is the main driving force in disease initiation and progression, or whether other
processes, such as neuroinflammation are (Brundin & Melki, 2017; Surmeier et al.,

2017a; Walsh & Selkoe, 2016). The Braak hypothesis (Braak et al., 2003) posits that a-
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syn inclusion pathology starts in lower motor nuclei of the brainstem (e.g., Dorsal Motor
Nucleus of the Vagus), or even in the PNS, then gradually moves upwards and, in doing
so, causes various PD symptoms, from early non-motor to later motor and cognitive and
psychiatric ones, to appear. More direct evidence for the importance of a-syn spreading
in inducing PD-like disease comes from experimental models. In rodent or primate
models, direct injection, in different brain regions, of PD brain tissue, isolated Lewy
bodies, PFF made out of recombinant a-syn, or viral vector driven local overexpression
of a-syn, induces a variety of PD-related pathologies, including a-syn spreading and
inclusion formation along connected neurons (Rey et al., 2016). Peripheral PFF
injections, such as intramuscular, intestinal, or intravenous have been reported to also
lead to PD-like pathologies in the brain of rodents (Ayers et al., 2017; Holmqvist et al.,
2014; Peelaerts et al., 2015; Sacino et al., 2014). These studies have cemented,
experimentally, the process of “prion-like” propagation and inclusion formation of a-
syn. The mechanism of this process has been investigated in in vitro systems. Cultured
neurons secrete as well as take up circulating a-syn, and various underlying mechanisms
have been proposed, such as unusual forms of endo- and exocytosis, or nanotubes
(Rodriguez et al., 2018; Vasili et al.,, 2019). Ingested, presumably misfolded a-syn,
corrupts its endogenous counterpart and leads it to form pathological inclusions
(Spillantini & Goedert, 2018). Glial cells have also been reported to take up a-syn, and,
in some cases, this can lead to pathological inclusions, as is the case for oligodendrocytes
in Multiple System Atrophy (Filippini et al., 2019). Microglia, in particular, have recently
been shown to uptake and degrade abnormal a-syn, a process facilitated by through the
formation of intercellular connections that distribute the “work-load” through a
microglial cellular network (Scheiblich et al., 2021). The toxic potential of inclusions has
also been investigated in vivo. In a mouse model of a-syn spreading, where inclusion
formation was followed in vivo by multi-photon laser microscopy, the formation of
intraneuronal inclusion was reported to coincide with neuronal dysfunction (Osterberg
et al., 2015). Another study has shown a weak correlation between loss of TH neurons
in the SN and a global score of inclusion load after striatal PFF injection in both mice and
rats, but a strong correlation between the two measures after direct injection of PFFs
into the SN of rats (Abdelmotilib et al., 2017). Thus, it is tempting to conclude that a-syn

inclusions are a major driver of PD pathology. But a closer look at other evidence reveals
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several unresolved questions in this otherwise elegant picture. In post-mortem brain
tissues of early or late PD, the correlation between a-syn inclusion (Lewy body) load and
nigral degeneration is unclear (Jellinger, 2009a, 2009b). Across different studies looking
at various brain structures affected in PD, a-syn inclusions have been reported in areas
with high, moderate, or no neuronal loss (Jellinger, 2009b). Some PD patients, including
some familial forms, have PD symptoms and loss of nigral neurons without detectable
a-syn inclusions (Surmeier et al., 2017b). Interestingly, one study, comparing Incipient
Lewy Body Disease (ILBD) to PD autopsy material, reported that neuronal loss precedes
a-syninclusion formation in the SN (Milber et al., 2012). In mice injected with a-syn PFFs
into the pedunculopontine nucleus, appearance of inclusions was not related to
strength or extent of neuronal connection of that brain region (Henrich et al., 2020). In
a rodent models where spreading is driven by viral overexpression of a-syn in the Dorsal
Motor Nucleus of the Vagus, while intact neuronal architecture was essential for the
spreading process to happen, neurodegeneration and inclusion formation were also
found to be independent processes (Ulusoy et al., 2015). Non-fibrillar forms of misfolded
a-syn, notably oligomers, diffusing for long distances have been suggested to drive
neuronal dysfunction and degeneration (Bengoa-Vergniory et al., 2017; Walsh & Selkoe,
2016). In our study, we indeed found evidence of neurodegeneration that was
independent of inclusions, and, in the hippocampus, even appeared in the complete
absence of them, but in the presence of oligomers. Published evidence suggests that the
hippocampus remains devoid of a-syn inclusions even 180 days after PFF injection into
the striatum (Luk et al., 2012). Our data therefore does 954 GARCIA ET AL. not support
the notion of a direct relationship between the formation of a-syn inclusions and
neurodegeneration, but rather indicate that the a-syn spreading process may lead to
the formation of pathological oligomers, at least in the early stages of the disease.
Pathologically misfolded a-syn can drive neuronal injury in PD by different means,
including mitochondrial dysfunction, oxidative stress, endoplasmic reticulum stress and
lysosomal dysfunction, disequilibrium in cytosolic Ca2+, neurotoxic oxidized dopamine,
disruption of axonal transport, and, notably, neuroinflammation (Rocha et al., 2018).
The relative contribution of these different processes to neuronal demise is unclear.
Neuroinflammation has received particular attention because of its widespread

involvement in various neurological diseases and the potential for therapeutic
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modulation (Hirsch & Standaert, 2020; Lema Tome et al.,, 2013; Tansey & Romero-
Ramos, 2019). The major cellular mediators of this process are microglia. Microglia are
a particular kind of myeloid cells that originate from the yolk sack and populate the
nervous system during early stages of development, where they act as the innate,
resident immune cells (Michelucci et al., 2018; Ransohoff & El Khoury, 2015). During
development and under normal conditions, they modulate nervous system
homeostasis, prune synapses, and regulate their formation. Under pathological
conditions, they act as the primary line of defense against infectious organisms, and
clear endogenous tissue debris after injury (Michelucci et al., 2018; Ransohoff & El
Khoury, 2015; Wolf et al., 2017). They undergo a substantial morphological and
functional transition to activated, or reactive, microglia, which makes them functionally
equivalent to macrophages (Michelucci et al., 2018). Evidence suggests though that, in
many neurological conditions, they are not only reacting to disease, but also drive tissue
injury (Ransohoff & El Khoury, 2015). This pathological process is, in particular in PD,
incompletely understood. While microglial activation can be induced by neuronal injury
and/or misfolded and aggregated protein, notably a-syn oligomers or fibrils (Fellner et
al., 2013), it is still unclear how and when microglial activation damages healthy tissue
and exacerbates the neurological disease process. In PD, a strong microgliosis is
observed post mortem in the SN (Croisier et al., 2005; Joers et al., 2017). Longitudinal
imaging studies with PET ligands demonstrated an early microglial activation in various
regions beyond the SN, such as cortex, hippocampus, basal ganglia, and pons, but no
correlation with other pathological measures, including clinical scores, of PD emerged
(Gerhard et al., 2006; Terada et al., 2016). Interestingly, in striatal fetal grafts implanted
in PD patients (Chu & Kordower, 2010), microglia activation was observed years before
the appearance of a-syn inclusions (Olanow et al., 2019). In different toxin-induced PD
rodent models, microgliosis was reported to precede, coincide, or follow the
appearance of neuronal demise (Joers et al., 2017), while in a transgenic human a-syn
model (Watson et al., 2012), and in rats injected with PFFs into the striatum (Duffy et
al., 2018), microgliosis, measured histologically, was shown to precede
neurodegeneration. These studies are based mainly, if not exclusively, on the
observation of morphological changes of microglial response using immunostaining

techniques for generic cell markers. While informative, the detection of morphological
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changes indicating microglial activation does not yield enough information on the actual
physiological or molecular profile of these cells. Microglia commonly have a spectrum
of activation states that may change over the course of the disease (Ransohoff, 2016).
Recent gene expression profiling approaches have revealed a bewildering complexity in
microglial heterogeneity (Crotti & Ransohoff, 2016; Dubbelaar et al., 2018; Uriarte
Huarte et al., 2021). Evidence suggests a “core” gene expression profile response that is
associated with every neurodegeneration condition, while expression changes of a more
restricted set of genes may be specific for each condition, leading to the concept of
disease-specific microglial signatures, or “disease-associated microglia” (DAM)
(Dubbelaar et al., 2018). Our study provides new insights into the molecular
underpinnings of neuroinflammation preceding neuronal injury in the PD-like context of
a-syn spreading, and highlights a microglial gene signature that may drive
neurodegeneration. First, we show, at the level of gene expression, that
neuroinflammation-linked processes were activated, and that many microglial genes
had increased expression levels early (13 dpi), which then were downregulated later (90
dpi) after PFF injection. Microglia genes that code for factors that could cause
neurodegeneration showed increased expression 13 dpi only in the ipsilateral midbrain,
where TH loss was observed later, at 90 dpi. Among these were Cybb, which codes for
NAPDH oxidase 2, an enzyme that catalyzes the production of tissue harming free
radicals (Ma et al., 2017), and Ptgs2, which codes for cyclooxygenase 2 (Cox2), an
enzyme that forms prostanoids from arachidonic acid, some of which are neurotoxic
(Figueiredo-Pereira et al., 2016; Hsieh et al., 2011). TIr2, Trem2, and Tyrobp RNAs
showed increased levels in our model at 13 dpi. Many genes linked to microglial
activation are regulated by Tyrobp, a tyrosine kinase binding protein that binds to
Trem2. The Tyrobp/ Trem2 pair triggers pathways that are involved in the inhibition of
TLR-mediated inflammation, and in the modulation of phagocytosis (Konishi & Kiyama,
2018). In prodromal PD, enhanced TLR2 immunoreactivity on microglia was observed,
whereas in late stage PD, it wasn't (Doorn et al., 2014), indicating that, just like in our
model, the microglial response happens in early phases of the disease and changes over
time. Alpha-syn, in particular in its oligomeric form, activates microglia in vitro through
Toll-like receptors (Fellner et al.,, 2013; Kim et al., 2013), and targeting TLR2 by

immunotherapy was shown to be beneficial in a-syn pathology models (Kim et al., 2018).
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The absence of increased gene expression of common proinflammatory mediators such
as ll1b and Tnfa in our a-syn spreading model is puzzling, since these are factors
associated with most, if not all, inflammatory conditions. Of note though is that we also
did not observe enhanced expression of these factors when primary microglia were
exposed to our a-syn PFFs, while they responded strongly to bacterial
lipopolysaccharide (not shown). It is possible tough that the increased expression for
these genes was missed and occurs at a time point after PFF injection that we have not
looked at. Future studies will have to focus on isolated microglia and use the latest
transcriptional technology in a longitudinal fashion in this model to better GARCIA ET
AL. 955 understand the specific microglial response, in particular the response of
microglial subtypes. It is crucial to demonstrate the translational relevance of a rodent
model by drawing parallels between the disease manifestations and mechanisms
observed in it with those found in human. Our comparative analysis of molecular
pathways altered in the a-syn seeding/ spreading model revealed several overlaps of
disease-relevant pathways with the pathways that change in different stages of PD.
There was no absolute 1-1 overlap of any of the two mouse datasets with any of the
human datasets, but this may not be surprising. One of the limitations of rodent models
is that studies are typically done in inbred strains (genetically identical subjects that are
homozygotes in all loci), whereas humans are genetically quite heterogeneous. One can
thus expect more variation in human than in the typical inbred strain mouse model.
Another one is that, in the field of chronic neurological diseases, it is necessary to
compress a disease that in human takes decades to develop into the comparatively short
lifespan of a mouse. The similarities we saw though between the a-syn
seeding/spreading model and PD are encouraging. Taken together, our data indicate
that, at least in the initial period of PD-like disease progression that is associated with a-
syn spreading, non-deposited pathological forms of a-syn, such as oligomers, may drive
neurodegeneration in different brain regions via their action on microglia. Activated
microglia respond early, before neurodegeneration is apparent, by producing
potentially neurotoxic compounds. Our findings contribute toward answers to
unresolved questions around neuroinflammation in PD (Hirsch & Standaert, 2020), and
have important implications for the design of therapeutic interventions during the early

stages of the disease.
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Materials and Methods

Expression and purification of recombinant murine a-Syn, and generation of pre-

formed fibrils (PFFs), and of oligomers

Expression and purification of recombinant murine a-syn and generation of PFFs were
performed as described (Weihofen et al., 2019). PFFs were stored aliquoted at -80°C
until use. For the preparation of oligomers, recombinant a-syn was purchased from
Analytik Jena (Jena, Germany). Oligomers were generated as described (Almandoz- Gil
et al., 2018; Malaplate-Armand et al., 2006), by incubating soluble a-syn in 10 mM Tris—
HCI, 100 mM NaCl under continuous shaking in an Eppendorf Thermomixer at 650 rpm

and 37°C for 24 h, then stored aliquoted at 2 mg/ml at -80°C until use.

Western blot of a-syn PFFs and oligomers

The composition of a-syn PFFs and oligomers was checked by nondenaturing Western
Blot. Three different concentrations of oligomers of PFFs (10, 100, and 500 ng), were
loaded on 4%—-10% Precast Gel Mini Protean TGX (BioRad) according to manufacturer's
instructions. To reveal a-syn bands, anti-synuclein antibody clone 4D6 (Covance) was
used at 1:2000 dilution (2 h at RT incubation), followed by IRDyeR 800 CW donkey anti-
mouse, diluted 1:10,000 (1 h at RT incubation). Image was captured with a LI-COR

Bioscience C-Digit Chemoluminescence scanner.

Electron microscopy of a-syn PFFs and oligomers

Samples were prepared for transmission electron microscopy by negative staining using
a direct application method (Doane, 1987). The Formvar/carbon coated 100 mesh
copper grids (EMS, FCF100H-CU, Lot# 190405) were charged using a glow discharge
apparatus (Cressington 208: 10s at HT10 0.1 bar). This renders the carbon surface
negatively charged and allows the sample and stain to spread more effectively (Hayat &
Miller, 1990). To load the samples (diluted to 0.2—0.5 pg/ul in PBS), a 2 ul drop was
placed directly onto the carbon coated grid for 1 min without drying, and excess volume

was blotted off the grid with a piece of filter paper, then the samples were let to air-dry
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under a hood. Then the grids were washed three times, to remove salts, by applying a
small (100 pl) droplet of sterile purified water (Millipore) to the sample side of the grid.
Excess water was blotted off the grid with a piece of filter paper, and the samples were
let to air-dry. The samples were then stained with agueous 2% uranyl acetate for 20 s.
Excess liquid was blotted off the grid surface with filter paper, and the grid was let to
dry. The samples were then examined and photographed in a scanning electron
microscope (Zeiss GeminiSEM 300) using a scanning transmission electron detector at

an accelerating voltage of 20 Kv.

Animals

All 3- to 6-month-old C57BI/6) mice were purchased from Jackson via Charles River
(Bois-des-Oncins, France), or Janvier Labs (Le- Genet-St.-Isle, France). Mice were housed
in individually-ventilated cages (IVC) in a conventional animal facility of the University of
Luxembourg, or in the facility of SynAging, in Vandeouvre-les-Nancy, France. All animal
studies were in agreement with the requirements of the EU Directive 2010/63/EU and
Commission recommendation 2007/526/EC. Male and female mice were housed,
separated by sex, under a 12 h—12 h dark/light cycle with ad libitum access to water and
food (#2016, Harlan, Horst, NL). For time point of 90 dpi PFF injections (see below), the
youngest mice were used, for time point 13 dpi PFF injections, the oldest mice were
used, so that, at euthanasia, all the mice were of comparable age (6—6.5 months).
Animals were otherwise randomly and equitably assigned to groups. For quantitative
histology (see below), ten-eleven mice/group were injected and all were quantified, and
for transcriptional profiling, six mice/group were injected and all were profiled. Such
sample numbers are similar or higher than the ones used in the original study by Luk et
al (Luk et al., 2012), and have proven sufficient in previous studies on different models
of neurodegeneration, while also keeping in line with the rule of the “3Rs” (Buttini et al.,
1999; Buttini et al., 2005; Cabeza- Arvelaiz et al., 2011; Jaeger et al., 2015; Miller et al.,
2007). Animals used for 6-hydroxydopamine injection have been described elsewhere
(Ashrafi et al., 2017). For injections of a-syn oligomers, three mice/ group were used, as

this experiment was for qualitative purpose only (see results). Animal studies were
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approved by the institutional Animal Experimentation Ethics Committee of the
University of Luxembourg and the responsible Luxembourg government authorities
(Ministry of Health, Ministry of Agriculture). Alternatively, experiments done at the
SynAging site were approved by ethics committee “Comité d'Ethique Lorrain en Matiére
d'Expérimentation Animale”, and by the governmental agency the “Direction
Départementale de la Protection des Populations de Meurthe et Moselle- Domaine

Expérimentation Animale”.

Striatal injections of a-syn PFFs, a-syn oligomers, and 6-hydroxydopamine

Alpha-syn PFFs were sonicated in a sonicating waterbath (Branson 2510, Danbury, CT)
for 2 h at RT, keeping the temperature constant at 25°C by adding ice as needed, or using
the Bioruptor UCD 300 (Diagenode, Seraing, Belgium) with 30 cycles of 15s ON/15 s OFF
at 4°C. Sonicated PFFs were kept on ice and used within 10 h. Mice were injected under
isoflurane anesthesia (2%) on a heating pad. A 1 cm long mid-line scalp incision was
made into the desinfected surgical area and a 0.5 mm hole drilled unilaterally into the
skull using stereotaxic coordinates for striatum according to the Mouse Brain Atlas of
Franklin and Paxinos (Paxinos & Franklin, 2008). Ten ug of PFFs, or just PBS solution
(control mice) were administered, in volumes of 2 pl, within the right dorsal striatum at
the following relative-to-bregma coordinates: anterior +0.5 mm, lateral +2.1 mm; depth
+3.2 mm. The 24-gauge blunt tip needle of the Hamilton syringe (7105KH, Bonaduz, CH)
was inserted down 3.3 mm for 10s to form aninjection pocket, and the needle remained
in place for 2 min before and after the injection procedure. The hole was covered with
bonewax (Lukens, Arlington, VA), and the wound closed using 7 mm Reflex wound clips
(Fine Science Tools, Heidelberg, Germany). Two % xylocaine gel was applied to the
wound, and mice were allowed to recover from anesthesia before being put back into
their home cages. The day of injection of PFFs was named day 0. Same coordinates and
a similar procedure were used for 6-OHDA or a-syn oligomers injections. Striatal
injection of 6-OHDA has been described elsewhere (Ashrafi et al., 2017). Striatal
injections of a-syn oligomers were done with 4 pg oligomers in 2 pl vehicle. Control mice

received the same volume of vehicle (see above). Mice were euthanized in a deep
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anesthesia (i.p. injection of Medetomidin, 1 mg/kg and Ketamin, 100 mg/kg) by
transcardial transfusion with PBS. PFF-injected mice were euthanized either at day 13
(13 dpi) or at day 90 (90 dpi) after striatal injections (“day 0”: day of injection). Mice

injected with oligomers or with 6-OHDA were euthanized at 13 dpi.

Tissue extraction and preparation

For immunohistochemistry, extracted brains were fixed in in 4% buffered PFA for 48 h
and kept in PBS with 0.1% NaN3 until they were cut with a vibratome (VT1000 S from
Leica) into sagittal 50 um free-floating sections. Before the staining procedure, sections
were kept at -20°C in a cryoprotectant medium (1:1 vol/vol PBS/ethylene glycol, 10 g/L
polyvinyl pyrrolidone). Alternatively, for dopamine measurement or RNA extraction,
after removal from the skull, brains were dissected on ice into regions. Isolated striatum
and ventral midbrain were quickly weighted, then snap-frozen on dry ice until further
processing. Extraction and measurement of striatal dopamine (DA) has been described
elsewhere (Jager et al., 2016). Briefly, after homogenization and derivatization, striatal
metabolites were measured with a gas-chromatography/ mass-spectrometry set-up
(Agilent 7890B GC — Agilent 5977A MSD, Santa Clara, CA). Absolute level of DA were
determined using an internal standard, 2-(3,4-Dihydroxyphenyl)ethyl-1,1,2,2-d4- amine
HCI (D-1540, C/D/N isotopes, Pointe-Claire, Canada). For RNA extraction from the
ventral midbrain, the RNEasy Universal Kit (Quiagen) was used. After homogenization of
midbrain tissues in a Retsch MM 400 device (2 min at 22 Hz, Haan, Germany). RNA
concentrations and integrity were determined using a Nanodrop 2000c (Thermo
Scientific) and a BioAnalyzer 2100 (Agilent), respectively. Purified RNAs were considered
of sufficient quality if their RNA Integrity Number (RIN) was above 8.5, their 260/230

absorbance ratio > 1, and their 260/280 absorbance ratio = 2.

Single and double-label immunohistochemistry

Immunostaining procures followed standard protocols, as described (Buttini et al., 1999;

Buttini et al., 2005). All stainings, except those for proteinase-K resistant a-syn inclusions
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(see below), were performed on free-floating 50 um-thick sections. Table S1 lists all
primary and secondary antibodies used in this study, as well as their dilutions. All other
reagents were from Sigma unless indicated otherwise. All antibody incubations were at
room temperature, except for the anti-synaptophysin antibody, which was incubated at
4°C. Sections were washed 3 in PBS between each incubation step. To block endogenous
peroxidases and for permeabilization, sections were incubated with 3% H202 vol/vol
and 1.5% Triton 100 vol/vol for 30 min. For immoperoxidase staining with anti-synuclein
antibody, this step was followed by an epitope unmasking step with 75% vol/vol formic
acid for 5 min. To avoid unspecific antibody binding, sections were incubated with 5%
serum (Vector Laboratories, Burlingame, CA) or 5% BSA wt/vol in PBS for 1 h before they
were incubated with the respective primary antibody, or antibodies in case of double
labeling. The following day, sections were incubated with a secondary antibody for 1-2
h  (fluorophore-coupled for immunofluorescence, or biotinylated for
immunoperoxidase). Singly or doubly fluorescently stained sections were mounted on
Superfrost plus slides (Thermoscientific, Walham, MA), air-dried, and coverslipped using
ProLong Gold antifade mounting medium (Life technologies, Darmstadt, Germany). For
immunoperoxidase staining, antibody binding was visualized using an ABC Vectastain Kit
(Vector Laboratories), followed by detection with diaminobenzidine (Merck) and H202
as peroxidase substrates. Sections were mounted, dried overnight and coverslipped
with Neo-mount (Merck) after soaking in Neo-clear xylene substitute (Merck) for 10 min.
Visualization of Proteinase-K resistant a-synuclein inclusions was done by Paraffin-
Embedded Tissue blot (PET blot) on 3 um paraffin sections mounted on nitrocellulose

membrane (0.45 um, BioRad), as previously (Kramer & Schulz-Schaeffer, 2007).

Proximity ligation assay

Protocol for proximity ligation assay (PLA) was adapted for free floating sections. All
reactants were prepared according manufacturer's recommendations (Duolink, Sigma)
and incubation times were as described (Trifilieff et al., 2011). Washes were performed
in 24-well plates at RT, and reactions volumes were 40 ul at 37°C. First, 20 pg of anti-

PSER129- a-syn mouse monoclonal 11E5 antibody (Prothena Biosciences, see Table S1)
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were conjugated with either plus or minus oligonucleotide probes according
manufacturer's recommendations, and stored 4°C until use. Free floating sections were
washed in PBS and permeabilized as described above. Blocking was performed with
DuolLink blocking solution for 2 h at RT. Sections were incubated overnight with both
plus and minus probe-linked antibody (1:1 1/750 in Duolink antibody diluent solution).
For ligation of the probes, after washing of the probelinked antibodies (2 5 min in
Duolink's Buffer A), the ligationligase solution was added and incubated for 30 min at
37°C. For detection, after washing of the ligation-ligase solution (2 5 min in Duolink's
Buffer A), sections were incubated with the amplification polymerase solution for 2.5 h
at 37°C. Sections were washed in Buffer B for 10min, and in Buffer B 0.01 for a minute
prior to mounting, then dried in the dark, and coverslipped. Z-stacks of pictures were
acquired at 40 with a Zeiss LabAl microscope, a maximum intensity projection was

created using the Zen Blue 2012 software (Zeiss).

Quantitative neuropathology on immunostained sections

Imaging of peroxidase-labeled sections for pSER129-a-syn, and of fluorescently labeled
sections for tyrosine-hydroxylase (TH), dopamine transporter (DAT), or ionized calcium
binding adaptor molecule 1 (Ibal), was done using a Zeiss LabA1 microscope, coupled
to a Zeiss Axiocam MRm3 digital camera, and to a PC running the Zeiss Zen Blue 2012
software. Alpha-syn inclusions were visualized by immunostaining for pSER129-a-syn.
For the quantitation of a-syn inclusions in the frontal cortex and the amygdala
(basolateral nucleus), two immunoperoxidase labeled (see above) sections/animal were
imaged, using the 10 objective (frontal cortex) or the 20 objective (amygdala). A total of
four-six images was collected for each region (10 objective, 2 1.52 mm2 each image),
and digitized. After manually drawing regions of interests and thresholding, the percent
image area occupied by immunopositive structures was determined using the ImageJ v.
1.45 (NIH, Bethesda, MD) public domain software. All values obtained from sections of
the same animal were averaged. For the quantitation of a-syn inclusions in the SN,
double immunostainings for TH and pSER129-a-syn were performed using one section

of each hemibrain for each animal. TH staining was used to locate the SN, and images
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were acquired at 10 magnification. Percent overlap of pSER129- a-syn signal within the
TH immunopositive area was calculated using Imagel. For the quantitation of
synaptophysin-positive synaptic terminals, two fluorescently stained sections, selected
randomly for each hemibrain, from each animal were viewed by a Zeiss LSM 710 laser-
scanning confocal microscope, using a 20 objective and a software magnification zoom
factor was used to obtain images of 180 180 um2 each. From each of the two
hemibrains of all animals, a total of four-six images were collected from the frontal
cortex, and four from the hippocampal pyramidal region. Images were then transferred
to a PC personal computer, and average intensity of positive presynaptic terminals was
guantified for each image using the Imagel software. Values from individual animals
were averaged. This method to quantify synaptic integrity has been validated by
electron microscopy quantitation of synaptic densities in a previous study (Buttini et al.,
2005). The quantitation of degeneration of TH positive neurons in the SN has been
described, and results obtained with this approach have been shown to correlate with
stereological cell counts (supplemental material in Ashrafi et al. (2017)). For the
guantitation of striatal TH-positive neuronal fibers and of DAT-positive synaptic
terminal, two doubly labeled sections with anti-TH and anti-DAT were used from each
hemibrain for all animals. A total of six to nine 40 pictures (223.8 167.7 um2 each) of
the dorsal striatum, from two-three sections per hemibrain, were acquired using the
optical sectioning system Apotome.2 (Zeiss). The percent area occupied by TH and DAT
was determined using Image J software and averaged for each mouse. For the
guantitation of microglial activation in the hippocampus and frontal cortex, two
randomly selected sections/hemibrain for each animal were labeled for the microglial
marker Ibal. For the frontal cortex, a total of six/hemibrain, and, for the hippocampus,
a total of three-four images/hemibrain were collected with a 40x objective (223.8 167.7
um2 each image). Digitized images were transferred to a PC, and, with Imagel v. 1.45,
after thresholding, average area occupied by Ibal-positive microglia was measured. All
values obtained from sections of the same animal were averaged. For the quantitation
of the microglial activation in the SN, TH, and Ibal- double-labeled sections were imaged
with a 10 objective. Average area covered by TH-positive neurons in control mice was
used to determine the region of interest, restricted to the SN, to measure microglial

activation. Four subregions of the SN were imaged and quantified for each hemibrain of
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each mouse (Ashrafi et al., 2017). Ibal immunopositive cells were quantified within each
subregions, averaged for each of them, and converted in mm2. For each mouse, the sum
of the four averaged subregions was used as a measure of microglial activation. All
guantitative neuropathological analyses were performed blinded on coded sections,
and, for each of the measurements, codes were only broken when quantification for
that measure in all animals was complete. For all measures, the ipsilateral and
contralateral values of PBS-injected control mice were similar (no statistical difference
detected), thus these values were grouped. Statistics on quantitative histological data
were done using the GraphPad Prism 8 software. Neurodegeneration and microgliosis
measurements were analyzed by ANOVA followed by Dunnett's post hoc for all datasets,
which were all parametric. Figures 2 and 3 are mixed graphs of bars and scattergrams.
Bars represent means +/- SD, and points in the scatters represent the individual animal
values. Pearson's test was used for linear correlations, except for correlations involving
a-syn inclusion load (non-parametric dataset), for which Spearman's rank was used.

Adjusted P values smaller than 5% were considered significant for all tests.

Microarray analysis and calculation of differentially expressed genes

GeneChip Mouse Gene 2.0ST Arrays (Affymetrix) were used for transcriptional profiling.
Total RNAs (150 ng) were processed using the Affymetrix GeneChip® WT PLUS Reagent
Kit according to the manufacturer's instructions (Manual Target Preparation for
GeneChip® Whole Transcript [WT] Expression Arrays P/N 703174 Rev. 2). In this
procedure, adapted from (Bougnaud et al., 2016), the purified, sense-strand cDNA is
fragmented by uracil-DNA glycosylase (UDG) and apurinic/apyrimidinic endonuclease 1
(APE 1) at the unnatural dUTP residues and breaks the DNA strand. The fragmented
cDNA was labeled by terminal deoxynucleotidyl transferase (TdT) using the Affymetrix
proprietary DNA labeling reagent that is covalently linked to biotin; 5.5 ug of single-
stranded cDNA are required for fragmentation and labeling, then 3.5 ug of labeled DNA
+ hybridization controls were injected into an Affymetrix cartridge. Microarrays were
then incubated in the Affymetrix Oven with rotation at 60 rpm for 16 h at 45°C, then the

arrays were washed and scanned with the Affymetrix® GeneChip® Scanner 3000, based
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on the following protocol: UserGuide GeneChip® Expression Wash, Stain and Scan for
Cartridge Arrays P/N 702731 Rev. 4, which generated the Affymetrix raw data CEL files
containing hybridization raw signal intensities were imported into the Partek GS
software. First, probe intensities were summarized to gene expression signals using
Partek default options (GCcontent adjustment, RMA background correction, quantile
normalization, log2 transformation and summarization by means). For statistical
analysis, the normalized and log2 transformed data was loaded into the R/Bioconductor
statistical environment. The rank product (Package: RankProd) approach was chosen to
determine the differentially expressed genes (DEGs) (Breitling et al., 2004; Del Carratore
et al,, 2017; Hong et al., 2006). Rank product statistics were computed, since they have
been shown to enable a robust non-parametric analysis of microarray datasets with
limited number of samples (Breitling et al., 2004). Estimated p-values and pfp
(percentage of false prediction) values were determined and used as nominal and
adjusted significance scores, respectively. Pfp scores estimate the significance of
differential expression after adjusting for multiple hypothesis testing, and can have
values larger than 1. The chosen significance cut-offs were p-value <.05 and pfp <0.1. A
cut-off (pfp < 0.1 instead of <.05) was chosen to avoid loss of information for the
subsequent enrichment analysis, which combines several genes below this threshold to
enable detection of pathway alterations. No minimal fold change threshold was applied.
For visualization of differential gene expression, Venn diagrams and heatmaps were
generated using the VennDiagram and gplots packages, respectively, in R. Data pre-
processing included removal of all transcripts missing gene IDs and duplicated entries
(after ranking). Mouse “Gene Symbols” were used to calculate the overlapping DEGs
between the different comparisons. Diagrams were generated for the following criteria
and comparisons: (a) 13 and 90 dpi - ipsiPFF versus ipsiPBS (p-value <.05); (b) 13 and 90
dpi — ipsiPFF versus ipsiPBS (pfp < 0.1); (c) 13 and 90 dpi - ipsiPFF versus contraPFF (p-
value <.05); (d) 13 and 90 dpi — ipsiPFF versus contraPFF (pfp < 0.1). In a second step, we
were interested in investigating the expression direction of the overlapping transcripts
between the early to late timepoint. Therefore, we extracted the probe IDs, matched
the individual lists and grouped them into high and low expressed transcripts. Then, the
above mentioned Venn diagrams were generated with these newly generated lists.

Heatmaps were generated using the heatmap.2 function for ipsiPFF versus ipsiPBS and
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ipsiPFF versus contraPFF for p-value <.05 and pfp < 0.1 at 13 and 90 dpi, respectively.
The log2-transformed data matrix was used to plot. Additionally, we applied hierarchical
top down clustering (cor and hclust basic R functions) and the data matrix was scaled

row-by-row generating Z-scores.

Gene set enrichment analysis (GSEA)

The enrichment analysis for GO terms (biological processes [BP] only) was performed
using the GUI (graphical user interface) version GSEA (version 3.0) published by the
Broad Institute (download: http://software.broadinstitute.org/gsea/downloads.jsp)
(Subramanian et al., 2005). All parameters were set to default in GSEA, except “Collapse
dataset to gene symbols” was set to “false”, “Permutation type” was set to “gene_set”
and “Max size: excluding larger sets” was set to “250”. One optimization step was
introduced: a customized GMT/GMX file was generated in R/Bioconductor with mouse
NCBI EntryzIDs as gene identifiers. This file was used as the “Gene sets database” in
GSEA. The resulting enrichment scores (ES) were obtained applying the weighted
Kolmogorov—Smirnov-like statistics. ES reflect the level to which a gene set is
overrepresented among the top up- or down-regulated genes in a ranked gene list, then,
the ES statistic was normalized (normalized enrichment scores, NES) as described
(Subramanian et al., 2005). Finally, the p-value significance scores were adjusted for
multiple hypothesis testing (Benjamini, 1995) to provide final FDR scores. A network
map of the enrichment analysis results was generated using Cytoscape (Shannon et al.,
2003). The mapping parameters used in Cytoscape were: p-value <.05, FDR Q-value <0.1
(default setting is 1) and Overlap >0.5. The enrichment map was automatically launched
from GSEA and created in Cytoscape. In the enrichment maps, nodes represent enriched
gene sets associated with BPs, and edges the degree of similarity between them using
the overlap coefficient (threshold >0.5). Further curation of gene sets was done
manually. Since gene sets with similar gene compositions tend to group together, such
gene set clusters were easily identifiable. Nodes grouped into more than one gene

cluster according to this procedure were assigned to the most overlapping cluster, that
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is, the cluster they were associated with by a shorter sequence of connecting edges in

the ontology graph. All software used are given in Table S2.

Identification of cellular source of DEGs

For the identification of the cellular source of specific DEGs, the public database
GSE52564 (https://www.ncbi.nlm.nih.gov/geo/query/ acc.cgi?acc=GSE52564) was
used. An easily accessible online resource of this database is found here:
https://www.brainrnaseq. org/. Data were filtered based on FPKM values relative to the
sum of FPKM per gene across different cell types. The filter criteria focused on isolating
genes that were specifically expressed by individual cell types or cell type groups (mixed
glial cells (e.g., for instance microglia and astrocytes), mixed oligodendrocytes (e.g.,
myelinated, precursors, and newly formed oligodendrocytes), and pan-cellular (e.g.,

expressed in all cell types). The selection criteria were:

Group description Inclusion criteria Exclusion criteria
Single cell type >40% >26.6% other cell types
> 0,
More than one cell S%CellType >50% + not in single cell type 15% all other cell
type types
. All <20% + not in single or more than one cell
Pan cellular expression type

Datasets were finally checked for their uniqueness to each specific group. No overlaps

were found.

Characterization of microglial molecular profile

Overlaps were determined using the “calculate.overlap” function of the VennDiagram-
package in R, and, in select analyses, diagrams were generated with the “ggvenn”
function of the package with the same name. Datasets from (Uriarte et al., 2021) were
from Table S2 of that study. Datasets from (Holtman et al., 2015) were from Table S3 of

that study. The datasets of that study were analyzed each separately (for each of the

200



mouse models) and compared to our datasets. Then an overall overlap was generated
from all the datasets in that study, to extract a “disease-associated” microglial core gene
signature, which was termed “disease-associated microglia” (DAM) signature. This
resulting dataset of 50 genes was compared to our datasets, to generate overlaps and

Venn diagrams.

Translational relevance assessment: comparison of DEGs and of pathways between

the a-syn seeding/spreading model and different stages of PD

To generate overlaps and Venn diagrams of our data with PD human databases, datasets
from two studies were used: (Dijkstra et al., 2015) (GSE49036), and (Glaab & Schneider,
2015). Gene symbols of these datasets were first changed to mouse gene symbols using
the “convert_human_to_mouse” function of the NicheNet-package (Browaeys et al.,
2020). Then the same procedure to generate overlaps and Venn diagram was applied as
described above. To compare pathways between the mouse model used in this study
and PD, the PD map (https://pdmap.uni.lu/minerva/) on the MINERVA platform was
used (Gawron et al., 2016; Hoksza et al., 2019). All datasets were prepared appropriately
before analysis. In short, a list of DEGs per dataset containing ‘Gene Symbols’ and the
respective log-fold changes was produced. First, Gene symbols had to be under the
format proposed by the HUGO Gene Nomenclature Committee (HGNC). For mouse
datasets, gene symbols were converted using the “convert_mouse_to_human” function
from the NicheNet-package in R. Next, log-fold changes were altered as follows:
arranged in decreasing order, all positive log-fold-changes were divided by the highest
positive log-fold-change and analogous for the negative log-fold-changes. Finally, each
DEG list in a tab delimited format was uploaded to https://pdmap.uni.lu/minerva/ and
the integrated GSEA plugin was activated. To visualize directionality of changes, the
number and expression changes of DEGs in each pathway that mapped to the PD map
was simply categorized as “Up” or “Down”, based on the original expression data. This
was done by accessing the hits information in the PD map for the significantly altered
gene sets, using the API calls of the MINERVA Platform that is hosting the map

(https://minerva-web.lcsb.uni.lu).The extracted information was distilled to keep multi-
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hit genes as unique hits only. The generated point plots allowed to differentiate
between number or counts of DEGs and the expression directionality of those genes for
pathways that were significantly altered in at least one of the datasets (human or

mouse).
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Figure 1: Striatal injection of murine a-syn PFFs induced a-syn inclusions in
various brain regions.

Mice were euthanized 90 days after injection (90dpi, n=10-11/group). (a)
PhosphoSER129 a-syn immunostaining showed numerous a-syn inclusions in
neuritic and neuronal body structures in different brain regions. Widespread a-
syn inclusions were observed bilaterally in frontal cortex and the amygdala,
ipsilaterally in the striatum and the substantia nigra (SN), and only minimally in the
contralateral striatum and SN. None were observed in the hippocampus. No
inclusions were observed in either side of the brains of PBS-injected control mice.
Pictures show the ipsilateral side of these mice. (b) Proteinase-K digestion on thin
sections generated from paraffin-embedded tissue (PET) revealed the presence of
digestion-resistant a-syn inclusions stained for PhosphoSER129 a-syn. Shown here
are ipsilateral striatum and amygdala for illustration. (c) Proximity-ligation assay
using a monoclonal PhosphoSER129 a-syn antibody showed the presence of
enhanced levels of oligomeric forms of a-syn in the hippocampus of PFF-injected
mice, where no inclusions could be detected 90 dpi, compared to PBS-injected
controls. Scale bar = 250 um (a), 250 um (b), 25 um (c)
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Figure 2: Striatal injection of murine a-syn PFFs induced neurodegeneration in various
brain regions.

Mice were euthanized 90 dpi. In the frontal cortex and the hippocampus, a significant
bilateral loss of synaptophysin-positive presynaptic terminals was observed (first two
rows). In the striatum, a significant ispilateral loss of TH-positive axonal fibers and DAT-
positive synaptic terminals was observed (3rd and 4th row). In the SN, a significant loss
of TH-positive neurons was observed only ipsilaterally. For group comparisons and
graphing, ipsilateral PBS measures were combined contralateral PBS measures, since
they were similar. Pictures show the ipsilateral side of PBS-injected mice. ****p <.0001,
**p < .01, compared to PBS controls by Dunnett's post hoc; n = 10-11/group; graphs are
mixed scattergrams/bar diagrams, where points represent the individual values for each
animal, and bars represent the means +/- SD; 95% confidence intervals of differences:
Frontal cortex — PBS versus PFF ipsi: 11.6 to 28.7, PBS versus PFF contra: 11.42 to 28.52;
hippocampus — PBS versus PFF ipsi: 16.2 to 30.5, PBS versus PFF contra: 13.9 to 28.3;
striatum (TH) — PBS versus PFF ipsi: 3.56 to 16.3, PBS versus PFF contra: -9.8 to 2.9;
striatum (DAT) — PBS versus PFF ipsi: 7.8 to 20.6; PBS versus PFF contra: -7.8 to 5.7; SN
(TH) — PBS versus PFF ipsi: 0.002 to 0.152, PBS versus PFF contra: -0.017 to 0.112). Scale
bars: 18 um (for frontal cortical and hippocampal synaptophysin panels), 22.5 um (for
striatal TH and DAT panels), 80 um (for Subst. Nigra panels)
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Figure 3: Striatal injection of murine a-syn PFFs induced widespread microgliosis in
different brain regions.

Mice were euthanized 90 dpi. Panels show microgliosis measured on Ibal-stained
sections of frontal cortex (upper row), hippocampus (second row), striatum (third row),
and Subst. Nigra (last row), and on CD68-stained sections of striatum (4th row). A very
strong microgliosis (up to 4x over control) was observed bilaterally in frontal cortex,
hippocampus, and SN. No increase in Ibal signal, but a significant bilateral increase in
CD68 signal was observed in the striatum of PFF-injected mice. For group comparisons
and graphing, ipsilateral PBS measures were combined contralateral PBS measures,
since they were similar. Pictures show the ipsilateral side of PBS-injected mice.
****¥p <.0001, *p<.05, compared to PBS controls by Dunnett's post hoc; n=10-
11/group; graphs are mixed scattergrams/bar diagrams, where points represent the
individual values for each animal, and bars represent the means +/- SD; 95% confidence
intervals of differences: Frontal cortex — PBS versus PFF ipsi: =23.9 to -14.5, PBS versus
PFF contra: -19.5 to -10.1; hippocampus: — PBS versus PFF ipsi: -31.5 to -17.7, PBS
versus PFF contra -31.0 to -17.2; striatum (lbal) — PBS versus PFF ipsi: -2..9 to 1.1, PBS
versus PFF contra: -1.9 to 2.1; striatum (CD68) — PBS versus PFF ipsi: -0.9 to -0.4, PBS
versus PFF contra: -0.5 to -0.01; SN — PBS versus PFF ipsi:-0.31 to -0.17, PBS versus PFF
contra: -0.28 to -0.15. Scale bars: 22.5 um (for all panels)
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Figure 4: Different PD-related pathologies in the brains of mice injected striatally with
a-syn PFFs do not correlate with each other.

Mice were euthanized 90dpi. (a) a-syn inclusion load did no correlate with
neurodegeneration (loss TH-positive neurons, Al) or with microgliosis (A2) in the SN
(Nigra), nor with neurodegeneration (loss of synaptophysin-positive synaptic terminals,
A3) or with microgliosis (A4) in the frontal cortex (cortex). (b) Microgliosis did not
correlate with loss of TH-positive neurons in the SN after intrastriatal PFF injection, but
did so after intrastriatal injection of the toxin 6-OHDA. The microgliosis, measured on
Ibal-stained section, was also much higher in the Subst. Nigra of PFF-injected mice than
in that of 6-OHDA-injected mice. All measures shown are from the ipsilateral brain sides;
similar observations were made for the contralateral sides of PFF-injected mice.
Correlation analyses were done using Spearman rank test for data set including a-syn
inclusion load measures (non-parametric), and with Pearson's test for data sets with the
other measures (parametric)
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Figure 5: Strong microglial response after striatal injection of a-syn oligomers.

Oligomers were prepared and injections were performed as described in Materials and
Methods, Section 2. A strong microgliosis was observed in different brain regions 13 dpi,
confirming that these cells react strongly to oligomers. Scale bar = 40 um
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Figure 6: Enriched inflammatory pathways precede neurodegeneration in mouse
ventral midbrains after intrastriatal a-syn PFFs injection.

Enrichment map of gene expression profiles were derived from GSEA. Statistics were
done by weighted Kolmogorov—Smirnov, gene set size limits were set to minl5 —
max250. Details of curation procedure used to group BPs (represented as dots, either
red if upregulated, or blue if downregulated) into high-level functional gene set clusters
of BPs of related biological function are described in Material & Methods. At 13 dpi,
comparing ipsi PFF to either ipsi PBS or contra PFF, most BPs were upregulated and
associated with gene sets related to immune and inflammation processes. This shows
that, in the ipsilateral nigro-striatum, neuroinflammation precedes neurodegeneration
(measurable at 90 dpi), and might contribute to its development. At 90 dpi, comparing
ipsi PFF toipsi PBS, all BPs, including those associated with inflammation gene sets, were
downregulated, possibly reflecting the neurodegenerative process itself. Comparing ipsi
PFF to contra PFF at this time point, most BPs were upregulated
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Figure 7

(a) Deconvolution of cell types for DEGs at 13 and 90 dpi after striatal injection of a-syn
PFFs. Many DEGs were expressed in multiple, but not all cell types. DEGs that were
expressed in all cell types are named “pan-cellular”. DEGs expressed in related cells (e.g.,
“multiple glia”, “multiple oligodendrocytes”), have been grouped for simplicity. The
majority of DEGs, at 13dpi, expressed uniquely by one cell type were in microglia. (b)
Top 20 DEGs in mouse ventral midbrain after striatal injection of a-syn PFF indicate
involvement of microglia in initial pathological events. At 13 dpi, comparing ipsi PFF with
ipsi PBS or contra PFF, 45% and 40%, respectively, of the top 20 DEGs were microglial.
At 90 dpi, comparing ipsi PFF with ipsi PBS, 50% of top 20 DEGs were neuronal, possibly
areflection of neurodegeneration. The bottom panel lists the gene products of the gene
symbols, coded proteins, the associated cell type, the fold change (FC) and the pfp of all

top 20 DEGs for each comparison
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Figure 8: Venn diagrams of DEGs 13 and 90 dpi after striatal injections of a-syn PFFs
overlapping with a core gene signature of microglia associated with five different
mouse neurological disease models (disease-associated microglia, DAM).

More DEGs at 13dpi overlap with the core DAM signature than at 90 dpi. See main text
for details

237



Pathway

Neuroinflammation

Signalling in neurons

Transcription in dopamine neurons

Postsynaptic terminal

Microglial phagocytosis

Dopamine secretion and recycling

Calcium signaling

Autophagy

Cell death

Mitochondrial Electron Transport Chain

TFEB activity

Striatal D1 neuron intracellular signaling

MTOR/AMPK signaling

Dopamine metabolism

Whnt signaling

Braak
1-2

Braak
34

Braak
5-6

13dpi
ipsiPFF

vs
ipsiPBS

90dpi
ipsiPFF

Vs
ipsiPBS

238

Direction
@ DOWN

@ vp

Counts
e 1
10

[ ]

@ »
. 30
°-



Figure 9: Translational relevance assessment of gene expression changes at 13 and
90 dpi after striatal injection of a-syn PFFs.

The PD map (https://pdmap.uni.lu/minerva/) was used to extract pathways from human
databases (first 4 columns) and from the DEG datasets of this study (two last columns).
The percentages in each row give the proportion of genes in each pathway that were
found as DEGs in each dataset that were mapped. There were strong similarities
between human PD gene expression changes and those found in the a-syn
seeding/spreading model. See main text for details
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PART IV
Discussion, Conclusion &
Perspective






Discussion

The multifactorial complexity of PD poses a great challenge in research and therapy
development. Various factors — genetic, environmental and lifestyle — have been
associated with onset, progression and severity of the disease. Braak’s spreading
hypothesis provided novel conceptual insights, but did also meet criticism with Lewy
pathology not necessarily reflecting PD symptomatology (Dijkstra et al., 2014; Espay and
Marras, 2019). The clinical heterogeneity in PD cannot be explained by a single model
(Borghammer and Van Den Berge, 2019). Hence, we have to consider that PD, even
though showing the same pathological hallmarks in the SN at post mortem, has different

origins and underlying pathways of pathogenesis.

In the last decade, the importance and potential implications of the gut
microbiome in disease onset and progression have been brought to the limelight.
Changes to the microbiome in PD are particularly marked by the decrease of SCFA
synthesizing bacteria. Consequently, protective mechanisms are weakened, and
mucosal and systemic inflammation sets in, potentially extending to the brain (Baizabal-
Carvallo and Alonso-Juarez, 2020; Sampson et al., 2016). This is additionally
accompanied by a weakening of the gut barrier integrity allowing various toxins or
pathogens to cross the barrier and access the vasculature or the ENS. Braak and
colleagues postulated that the gut could be at the origin of PD, where an exogenous
pathogen would reach the submucosal and myenteric plexuses corrupting endogenous
aSyn. Such turned-toxic forms would subsequently spread in a prion-like manner via the
vagus nerve to subsequently spread in a caudorostral manner throughout the brain

culminating in the known PD pathologies.
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Fibre deprivation leads to microbial changes driving colonic outer mucus erosion and

gut barrier vulnerability

Various studies have documented significant changes in the microbiome of PD patients
compared to healthy controls. If these changes are at the origin or a consequence of the
disease still needs to be answered. Nevertheless, it has been shown that altered
microbiomes do affect disease progression (Lubomski et al., 2022) and one of the
strongest microbiome modulators is diet. A “western-style”, poor in vegetables and rich
of processes foods, opposite to a balanced, fiber rich diet, has been associated with
exacerbation of PD progression (Mischley et al., 2017). In animals, a fiber-deprived diet
has been shown to cause rapid gut microbial shifts, selectively increasing potentially
harmful bacteria (Desai et al., 2016; Neumann et al., 2021; Riva et al., 2019; Schroeder
et al., 2018). We were able to confirm that the lack of dietary fibre did cause a diversity
drop and shift, further reflected in altered Firmicutes/Bacteroidetes ratios and in various
PD-associated taxa levels.

Under fiber deprived conditions, mucus foraging taxa, such as Akkermansia spp.
and Bacteroides spp., move to the host’s glycans as energy source found in enteric
mucus layers. This consequently leads to mucus erosion, weakening of the physical
barrier that the mucus layers provides and ultimately allows toxins or pathogens easier
access to the different gut epithelial layers (Desai et al., 2016; Martens et al., 2008).
While our study did not show immediate changes to the inner mucus due to potential
compensatory mechanisms (Schroeder et al., 2018), the outer mucus layer was
drastically reduced in fiber-deprived conditions. Being the habitat of resident
commensal bacteria (Johansson et al., 2011), the decrease of the outer mucus layer
thickness correlated with reduced microbial diversity.

In PD, SCFA-producing bacteria are reduced. Lower levels of SCFA have been
associated with different physiological reactions such as constipation, inflammation and
“leaky gut” (Keshavarzian et al.,, 2020). In our data, genera of the butyrogenic
Lachnospiraceae family amongst others were decreased in fiber deprivation groups.
Butyrate is involved in different essential regulatory processes including mucin
production stimulation and gut barrier protection via the stimulation of tight junction

expression (Ploger et al., 2012; Riviére et al., 2016).
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Hence, under fiber-deprived conditions the enteric barrier is weakened and

more susceptible to pathogenic factors as e.g. Curli.

Curli exposure drives PD pathologies, further exacerbated under fiber deprived

conditions

In PD, key regulators of microbial homeostasis are decreased, whereas others
potentially harmful if overgrowing are increased. One particular family which has been
associated with a more severe PD phenotype and faster disease progression is
Enterobacteriaceae (Barichella et al., 2019; Li et al., 2017; Scheperjans et al., 2015).
Several Enterobacteriaceae members can synthesize the amyloidogenic protein Curli,
known to seed aSyn aggregation in vitro (Sampson et al., 2020). a.Syn aggregation is well
documented in the ENS of PD patients (Braak et al., 2006; Wakabayashi et al., 1988,
1990). Different rodent models either treated with rotenone, MPTP or Curli have
replicated PD pathologies in the gut (Chen et al., 2016; Lai et al., 2018; Pan-Montojo et
al., 2010). We observed increased levels of pS129-aSyn+ forms in the myenteric plexus
of mice which had been exposed to Curli producing E. coli. The levels were many-fold
higher in transgenic mice which received the fiber-deprived diet.

Braak hypothesized that abnormal a.Syn would subsequently propagate via the
vagus nerve to the brain. Epidemiological studies support this hypothesis, suggesting
that truncal vagotomy is a protective factor for PD (Liu et al., 2017; Svensson et al.,
2015). The previously mentioned rotenone model showed that ENS pathology preceded
CNS changes and propagation of aSyn after injection of PFFs into the gut wall of wild-
type mice was prevented by truncal vagotomy (Kim et al., 2019; Pan-Montojo et al.,
2010). While our data does not confirm the propagation via the vagus nerve to lower
brainstem regions, we investigated different interconnected PD-relevant regions.
Amongst the affected nuclei are the locus coeruleus, the pedunculopontine nucleus and
of course the nigrostriatal pathway with the SN and striatum. These nuclei exhibit strong
neuronal loss and aSyn deposits in PD (Cheng et al., 2010; Giguére et al., 2018; Hirsch
et al., 1987; Oertel et al., 2019). According to Braak’s pathology staging, a.Syn spreads in
a caudorostral manner. Kim and colleagues showed that in an incremental time-

dependant manner, aSyn deposits and neurodegeneration in wild-type mice are
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observed from caudal to rostral regions between 3 to 7 months (Kim et al., 2019). Our
data suggests that this process is accelerated under all three pathological challenges;
transgene overexpression, fiber-deprivation and Curli. We observed very similar
patterns between the LC, PPN and SNpc for neurodegeneration and aSyn aggregation
after only 9 weeks. More specifically, in transgenic animals, exposure to Curli was the

key modulator and fiber-deprivation accelerated the pathogenic process.

Neurodegeneration and motor impairment in the absence of aSyn aggregation after

2-HP injection

Current microbiome research efforts try to further explore the functional host-microbe
relationships. Using the in-house developed multi-omics approach, we identified
increased levels of 2-hydroxypyridine (2-HP) in PD and idiopathic RBD patients
compared to healthy controls. 2-HP is a microbial breakdown product of a known PD
associated pesticide, chlorpyrifos (Freire and Koifman, 2012; Uniyal et al., 2021). Our
data however did not indicate a direct link to chlorpyrifos, instead we identified the
Methanobrevibacter species M. smithii to be significantly correlated with 2-HP and
confirmed its expression by the archaeon. Methanobrevibacter is the most abundant
archaeal genus in the human gut microbiota (Tyakht et al., 2013) and has been reported

enriched in PD patients (Li et al., 2019; Romano et al., 2021).

2-HP is novel compound and has not been studied extensively. However, a ring-
fused 2-pyridone compound (FNO75) can act as seed for aSyn fibrillation (Horvath et al.,
2012). Accordingly, we saw in our in vitro systems increased aSyn aggregation and
cytotoxicity. In rodents FNO75 caused different PD pathologies (Chermenina et al., 2015;
Kelly et al.,, 2021). When injected into the striatum of wild-type mice, motor
impairments appeared after 6 months and it took 3 months for dopaminergic neuron
loss when FNO75 was injected directly into the SN (Chermenina et al., 2015). An AAV-rat
model expressing either WT aSyn or the A53T mutant aSyn injected with FNO75 into
the SN did neither show motor deficits nor neurodegeneration but showed increased
expression and more so phosphorylation of aSyn in the SN and striatum. Our results

showed neurodegeneration in the striatum and, to a more reduced extend, on the SNpc
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only 2 months after 2-HP injection in Thyl-Syn14 mice. This was accompanied by
significant motor impairments. Interestingly, we did not observe increases in pS129-
aSyn in these brain structures, suggesting that neurodegeneration was independent of

aSyn pathology.

Neuroinflammation is a trigger of neurodegeneration independent of a.Syn pathology

Microbial changes have an impact on various physiological systems in humans. Changes
in SCFA levels, as can be expected in PD patients, have been shown to actively modulate
microglia, therefore neuroinflammation, in the CNS. Neuroinflammation, however, was
not considered to actively participate in PD pathogenesis. Many studies focused on
dysregulated pathways directly related to aSyn aggregation and its cytotoxicity (Fields
etal., 2019; Periquet et al., 2007). However, aSyn load was found to not always correlate
with disease severity or dopaminergic loss (Jellinger, 2009). Intriguingly, aggregated
forms of aSyn can directly interact with microglia via TLR2 setting off an inflammatory
reaction, which has been reported to potentially precede neurodegeneration (Croisier
et al., 2005; Duffy et al., 2018; Kim et al., 2013; Tansey and Romero-Ramos, 2019).
Unfortunately, reactive microglial population appear to not only react but also cause
tissue injury (Ransohoff and El Khoury, 2015). This process is however not fully

understood.

Using a PD mouse model of aSyn seeding and spreading, as described before
(Luk et al., 2012), we intended to further investigate the underlying pathological events.
The most relevant neuropathological findings were that aSyn inclusion load and
microgliosis did not correlate with neurodegeneration. While these findings, based on
immunohistochemistry, are very informative, they do not capture the dynamics and
complexity of reactive microglia populations (Ransohoff, 2016; Uriarte Huarte et al.,
2021). Using a microarray system, we analysed the transcriptional profile of the ventral
midbrain at an early and late timepoint after injection. Our results highlight an early
(13dpi) microglia dominant, reactive profile, which might be the driver of
neurodegeneration. This is supported by several microglia genes, such as Cybb, Ptgs2,

Cox2m TiIr2, Trem2 and Tyrobp, whose expression was upregulated ipsilaterally of PFF
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challenged mice. These genes have been associated with neurotoxicity and regulation
of phagocytosis (Konishi and Kiyama, 2018). At 90dpi, these mice showed ipsilateral

neurodegeneration.

Finally, we wanted to assess the translational relevance of our model. We loaded
our data onto the PD map (developed at the LCSB). For comparison, we used data from
different human studies (Dijkstra et al., 2015; Glaab and Schneider, 2015). We observed
several overlapping pathways between the different datasets. Noteworthy are the
“neuroinflammation” and “microglial phagocytosis” pathways, which again underline

the role of microglia in early PD.
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General conclusion and perspectives

The complexity and multi-factorial nature of PD is a continuous challenge in
understanding and treating the disease. We showed that the interactions of
endogenous and exogenous factors can modulate the progression of the disease and
provide an explanation for the heterogeneous disease profiles between PD patients. The
different mechanisms identified here and in other studies add on to the complexity, but
also provide potential therapeutic target for early treatment of the disease or disease

mitigation.

While having provided many new insights on PD pathogenesis in regard of
progression profiles, novel disease relevant compound and early disease mechanisms,

this PhD project gave rise to several important questions:

e The microbial changes caused by diet are known to influence
neuroinflammation. In our study we did not yet answer this question. One might
argue that the timepoint is too advanced and that microglia do not show a
reactive profile anymore. As seen in our spreading and seeding model, reactive
microglia is an early mechanism preceding neurodegeneration. The diet and curli
model did report significant neurodegeneration, which would suggest that
neuroinflammatory pathways are again downregulated. However, in this model
the exposure was chronic and other factors, such as SCFA, besides different aSyn
forms could contribute to inflammation. Immunohistochemistry and RNA-seq on
nigral tissue could provide insights into other changes aside from aSyn
aggregation in the neurodegenerative process and the gene-environment

interplay of that model.
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So far we have investigated the short term consequences of 2-HP on different
PD pathologies. Neurodegeneration and motor impairment were present in the
absence of aSyn inclusions or aggregates. Based on our findings from the
seeding/spreading model, neuroinflammation could be underlying driving
mechanism. Therefore, one would need to perform an in-depth analysis for
different inflammatory markers combined with transcriptomics to capture early

events.

To further investigate if 2-HP triggers aSyn spreading, a longer incubation
time could provide more information on how 2-HP acts in a complex in vivo

system.

Additionally, 2-HP levels were different in stool samples of PD/iRBD
patients and it is hypothesized to be a product of Methanobrevibacter
metabolism, which indicates that the site of action is the gut. To test the impact
of 2-HP via the enteric route, one could provide animals 2-HP via the drinking
water or perform fecal microbiota transplants of patient material enriched in 2-

HP in germ-free mice.

The microbiome and its host have an interdependent functional relationship.
Using different approaches such as single-cell or spatio-temporal sequencing
could help to look into how microbes interact directly with host cells in the gut.
Further, it would be important to take a closer look into the microbial changes in

the mucus layer.
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Figure S1 | Alpha and beta diversity assessment for the different challenges

(A) Boxplots for alpha diversity of the different variables/challenges. Genotype and Diet challenges
were both altering alpha diversity. No significant changes were induced by gavage alone. P-values
were determined using the Kruskal-Wallis test and were corrected for FDR.

(B) Non-metric multi-dimensional scaling (NMDS) plots for beta diversity of the different
variables/challenges. Here Diet and Gavage appear to lead to changes in beta diversity. However,
one has to take into account that the PBS gavaged mice were exclusively FD challenged. The
dissimilarities were genotype independent. P-values were determined using the adonis test.

WT, wild-type littermates; TG, Thyl-Syn14; FD, fibre deprived; FR, fibre rich; PBS, phosphate
buffered saline solution; AEC, curli-KO E. coli; EC, wild-type curli expressing E. coli
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Figure S2 | Fibre-deprivation induced increased Firmicutes to Bacteroidetes ratios

Boxplots illustrating the Firmicutes to Bacteroidetes ratios for each tested time point between FR
and FD challenged mice. Both genotypes show significant increases in ratios at 9 weeks. Thy1-Syn14
mice do already show significant differences at week 6.P-values were determined using the Kruskal-
Wallis test and were corrected for FDR.

WT, wild-type littermates; TG, Thyl-Syn14; FD, fibre deprived; FR, fibre rich; PBS, phosphate
buffered saline solution; AEC, curli-KO E. coli; EC, wild-type curli expressing E. coli
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Figure S3 | Differential taxa abundance over time is diet regulated

Complex heatmap visualizing the effect of different challenges on the relative abundance changes
over time. The taxa were subdivided into three different groups according to their relative
abundances: High, at least for one time point there was an average relative abundance of 10% or
higher for at least one treatment group; Mid, at least for one time point there was an average
relative abundance between at least 1 and maximum 10% for at least one treatment group; Low,
less then 1%. All data was scaled and centred per row. Main effect is seen between FR and FD
challenges. For some taxa, we observed also difference between genotypes.

WT, wild-type littermates; TG, Thy1-Syn14; FD, fibre deprived; FR, fibre rich; PBS, phosphate
buffered saline solution; AEC, curli-KO E. coli; EC, wild-type curli expressing E. coli
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Figure S4 | Curli contributes to the loss of gut barrier integrity of the colon

Relative semi-quantitation of Western blots for ZO-1 indicate that Curli (EC groups) contributes
to gut barrier integrity loss and/or a so-called “leaky gut”. Due to the inner-group variability,
these results should, however, be taken with caution.

WT, wild-type littermates; TG, Thyl-Syn14; FD, fibre deprived; FR, fibre rich; PBS, phosphate
buffered saline solution; AEC, curli-KO E. coli; EC, wild-type curli expressing E. coli

278



] ] Inner Mucus
=y __30
= 75 g
2 = =
"
g 2 . .
f € 20
‘£ 50 S ? . \ ¢
~ IR |
» = .
3 @ : ‘ e * °
S 3 10 -+ .
= 25 5 ry
S .
- L
(o} = ] Q
[ H H c
£
FD FR FR FD FD FD FR FR FD FD
PBS \EC EC \EC EC PBS \EC EC \EC EC
Genotype WT TG
fpei > Genotype = WT = TG
Region M Outer Mucus Ml Inner Mucus
.'0 L 5
z 45 ﬁ 45 o | z &.°
o © & o g
£ £, £ | & >
s 4.0 £ £ 4 Z . , |
@ 35 g e S | T8
£ £ . L LY
(0] ® (0] 'Y v 3 s
s 30l ® .
30§ o S
R=039, p=0015 R=-0.47,p=0.051 R=0.52 p=0.11
. * 1
0 50 100 0 50 100 0 50 100
Outer Mucus Thickness (pm) Outer Mucus Thickness (um) Outer Mucus Thickness (um)
Dict ® FR ® FD Group ™ WTFR ® TGFR

® WTFD ® TGFD

Figure S5 | Inner mucus thickness compensation and outer mucus to diversity associations
(A) Barplot illustrating the combined mucus thickness in all different treatment groups.

(B) Inner mucus thickness does not vary significantly between the different treatment groups
in the separate genotypes. To note is however, the significant ticker inner mucus layer in the
TG FD EC group compared to its WT equivalent. This inferred a greater compensatory/rescue
mechanism in TG animals.

(C-E) Scatterplots of Spearman rank tests comparing alpha diversity (y-axis) and mucus
thickness (x-axis) (C) overall, (D) for the different diet groups, and (D) combining genotype
and diet groups.

WT, wild-type littermates; TG, Thy1-Syn14; FD, fibre deprived; FR, fibre rich; PBS, phosphate
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Figure S6 | Gross motor and sensorimotor functions are transgene driven

(A - B) Longitudinal gross motor function monitoring visualized in line plots indicating the
median value changes for the different treatment groups. Alpha-synuclein overexpression
drives motor deficits in transgenic animals.

(A) Hindlimb clasping scores increase within all transgenic groups (dotted lines) independent of
their treatment. Differences between WT and TG animals were significant from baseline to week
9. All p-values were determined using the Mann-Whitney U test and FDR to correct for multiple
comparison.

(B) Grip strength results confirm that there is only a difference between the genotypes and there
is no observable difference due to any kind of treatment. Differences between WT and TG
animals were significant from baseline to week 9. All p-values were determined using the Mann-
Whitney U test and FDR to correct for multiple comparison.

(C) Boxplots illustrating the latency for touch in the different treatment groups (x-axis) for WT
(red) and TG (blue) animals after 9 weeks. The time of touch refers to the sensory ability of the
mice. Here we saw a clear significance between genotypes (Kruskal-Wallis, corrected for FDR; p
< 0.0001). More specifically there are significant differences in the FR AEC, FR EC, and FD EC
between genotypes. All p-values were determined using the Mann-Whitney U test.

* p<0.05; ** p<0.01; **** p<0.0001; WT, wild-type littermates; TG, Thy1l-Syn14; FD, fibre
deprived; FR, fibre rich; PBS, phosphate buffered saline solution; AEC, curli-KO E. coli; EC, wild-
type curli expressing E. coli
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Figure S7 | Experimental design and in-life experiments

(A) Hierarchy graphs illustrating the complex experimental design. See details in Material and
Methods. The white on black background numbers refer to the numbers of animals we were left
with at the end of the in-life phase.

(B) Graph indicating which treatments were given or tests were performed during the in-life
phase. Gross motor functions were tested weekly, while the adhesive removal test was only
performed twice, at start and end of the in-life phase. Faeces were checked weekly and
afterwards six time points were chosen for analysis. Mice were gavaged weekly starting at week
2 for a total 8 times and their food was changed every second week.
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A.2 Supplementary Table
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Appendix B

B.1 Supplementary Figures
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Supplementary Figure 1 | Morphometric atlas generation workflow
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Supplementary Figure 2 | PPN morphometric atlas

Image series for cholinergic neurons of the pedunculopontine nucleus to determine
morphologically distinct levels. (10x tiles; scale bar: 250um)
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Supplementary Figure 3 | LC morphometric atlas

Image series for noradrenergic (TH positive) neurons of the locus coeruleus to determine
morphologically distinct levels. (10x tiles; scale bar: 250um)
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Appendix C

C.1 Supplementary Figures

DeNoPa cohort
13 IRBD DNA
(metagenomics)

De novo PD cases
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- Single-omic statistics
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- 20 Ctrl annotation)
RNA
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Extended Data Figure 1 | Multi-omic data analysis workflow. PD = Parkinson's disease, iRBD = idiopathic REM sleep behavior disorder, Ctrl = control
subject.
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Extended Data Figure 2 | Independent Principal Component Analysis (IPCA) for each data type. Testing was performed separately for each data
type, with total number of components chosen based on kurtosis. The first two components are shown for each data type regardless of total number
of components. In the 1st column, green triangles and dashed line correspond to control subjects, and black circles and solid line to patients with PD
or iRBD. Ellipses reflect 95% confidence. 2nd and 3rd columns show 10 features with the highest loadings. a. Untargeted metabolomics; showing 2/2
components, b. Taxonomically classified metagenomic reads; 2/3 components, ¢. Taxonomically classified metatransprictomic reads; 2/2 components, d.
Taxonomically classified metaproteomic spectra; 2/4 components, e. Functionally classified (KEGG orthologs; KOs) metagenomic reads; 2/3 components,
f. Functionally classified (KOs) metatranscriptomic reads; 2/4 components, g. Functionally classified (KOs) metaproteomic spectra; 2/4 components. The
numbers in taxon names (b, ¢) refer to identifiers from the mOTUs workflow. For KOs (e-g), details are provided in Supplementary Table 3.
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Extended Data Figure 3 | Microbial diversity and differential abundance comparisons of taxonomic and functional data. a. Alpha diversity and
group in taxonomically classified metagenomic (MG) and metatranscriptomic (MT) sequence reads; box hinges: 1st and 3rd quartiles; whiskers: hinge to
highest/lowest values that is within 1.5*IQR of hinge; grey cross: mean, b. Beta diversity and group (Non-metric Multidimensional Scaling based on Bray-
Curtis dissimilarity) in MG and MT species data, with ellipses showing 95% confidence, ¢. Number of differentially abundant taxa (g (false discovery rate
adjusted P) < 0.05), d. Genera with g < 0.05 in MG or MT data for the two-group case (either PD or iRBD) vs control contrast, e. Number of differentially
abundant (g < 0.05) KEGG orthologs (KOs) in MG, MT, and metaproteomic (MP) data, e. 10 pathways most commonly represented by the differentially
abundant KOs (g < 0.05) for the case vs control comparison in MG, MT and MP data. In heatmaps, . 0.1 > g > 0.05, * g < 0.05, ** ¢ < 0.01, *** g < 0.001.
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Extended Data Figure 4 | Additional results for metabolomics. a. Metabolites with g (false discovery rate adjusted P) < 0,05 for the two-group case
(PD or iRBD) vs control contrast and at least one pair of three-category groups, b. 2-HP normalized peak area and disease duration in PD patients; grey
values = full data, black values = two longest-duration subjects excluded, ¢. 2-HP in plasma (targeted metabolomics); 2 extreme outliers excluded (2-HP
concentration > 30 UM, both in the iRBD group); box hinges: 1st and 3rd quartiles; whiskers: hinge to highest/lowest values that is within 1.5*IQR of hinge;
grey cross: mean, d. Correlations of metabolites and taxa, showing taxa with g < 0.05 in more than 20 comparisons out of a total of 32 approaches: 2
metabolites, 2 data types (MG or MT), 2 annotation methods (Kraken or mOTUs), 2 normalizations (RA = relative abundance, CLR = centered log ratio
transform) and 2 correlation coefficients (Pearson or Spearman), e. Correlations of 2-HP and beta-glutamate and other metabolites, showing top 5 by g in
full data for each metabolite and correlation coefficient, f. 10 most common pathways represented by KEGG orthologs significantly correlated with 2-HP
(g < 0.05, and for MG and MT data, absolute value of correlation coefficient > 0.4). In all plots, MG = metagenomic data, MT = metatranscriptomic data,
MP = metaproteomic data. In plots with stars, . 0.1 > g > 0.05, * g < 0.05, ** g < 0.01, *** ¢ < 0.001.
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Extended Data Figure 5 | Results of integrated multi-omics with DIABLO. The classification was run for the two-category case (IRBD or PD) vs
control variable, selecting the 5 best features for differentiating between these categories on 2 axes for each of the seven data types (MG = metagenomic,
MT = metatranscriptomic, MP = metaproteomic; KOs: functional annotations as represented by KEGG orthologs). a. Design matrix used for DIABLO,
calculated based on running PLS for each pair of data blocks, b. Component tuning, based on which 2 was selected as the number of components to use;
ER = error rate, BER = balanced error rate, error bars = standard deviations, c. Plots of samples and sample classes per data type; green triangles with
dashed lines = controls, black circles with soldi lines = PD and iRBD patients, ellipses represent 95% confidence d. Correlation circle plot showing the
selected features together, with labels for MG and MT taxa and metabolites, e. Loadings for the five selected features for each data type and component.
Annotations for the selected KOs are provided in Supplementary Table 10.
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Extended Data Figure 6 | Additional results on 2-hydroxypyridine and genus Methanobrevibacter. a. log10(relative abundance) of metagenomic
reads classified as Methanobrevibacter smithii by diagnosis group in main study cohort, b. log10(relative abundance) of metatranscriptomic reads classi-
fied as Methanobrevibacter smithii by diagnosis group in main study cohort, €. % of metaproteomic spectra classified as Methanobervibacter by diagnosis
group in the main study cohert, d. log10(relative abundance) of 16S rRNA gene amplicons classified as Methanobrevibacter in the Luxembourgish NCER-
PD cohort. e. Summaries of g-values (fdr-adjusted P-values) of correlations for 2-hydroxypyridine and 74 methanogenesis-related genes found in the
sequence data (Pearson correlations, tested either in full data or with data containing samples of a specific group, as given on the x-axis). f. % of samples
with predicted proteins containing the HmdB or HmdC genes, which code for the biosynthesis of the cofactor for Hmd. g. 2-hydroxypyridine normalized
peak area depending on the presence of HmdB or HmdC gene in samples. MG = metagenomic data, MT = metatranscriptomic data; in boxplots, box
hinges: 1st and 3rd quartiles; whiskers: hinge to highest/lowest values that is within 1.5*IQR of hinge; grey cross: mean.
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Extended Data Figure 7 | Additional results from the HiTox yeast model. a. Representative growth curves of control and HiTox strains in presence
of 2-hydroxypyridine (2-HP) at the indicated concentrations. b. 2-HP dose-response assay in uninduced condition in HiTox and control strains. e.
Dose-response assay in control strain and HiTox strain in aSyn-expressing condition after treatment with either 2-HP, 3-hydroxypyridine (3-HP) or 4-
hydroxypyridine (4-HP). In b and ¢, ODg,, was measured 48 h after inoculation and mean and SD were calculated from four biological replicates.
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Extended Data Figure 8 | Additional results from the induced human pluripotent stem cell enteric neuron model. a. Induced human pluripotent
stem cell characterization stainings show robust expression of OCT4, SEEA4 and NANOG pluripotency markers. Scale bars: 200 pm. b. Enteric neuron
characterisation stainings at 40 days of differentiation detect presence of neural crest stem cell markers MASH1 and PHOX2A, and of different neuronal
identities, such as GABAergic, serotoninergic and dopaminergic. Scale bars: 100 um. c. Relative viability after 2-hydroxypyridine exposure. Comparison
to untreated sample was not significant when evaluated with a Kruskal-Wallis test. d. High-content imaging of apoptosis marker cleaved-caspase 3 (CC3),
TUJ1-positive neurons and Hoechst-positive nuclei. Nuclei images contain a representation of the mask applied to segment the nuclei; scale bar: 100
pUm. e. Quantification of CC3-positive staining normalized to the amount of TUJ1-positive neurons. In ¢ and d, data is represented as mean + SEM of
three independent neuronal differentiations, with 30 fields per well and 8 wells per condition quantified for each. ** P < 0.01.
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Extended Data Figure 9 | Effects of intrastriatal injections of 100 mM 2-hydroxypyridine in transgenic mouse model of PD on phospho-aSyn
accumulation in different brain regions. a. Striatum: 2-HP-induced decrease of phospho-aSyn signals in synaptic boutons; scale bar: 50 pm, b.
Substantia nigra: 2-HP-induced non-significant increase of phospho-aSyn in synaptic boutons; scale bar: 350 um, c. Prefrontal cortex: 2-HP-induced
significant increase of phospho-aSyn signals in cell body profiles with neuronal morphology (double-stained with DAPI, lower row of images); scale bar:
50 pm. Microphotographs show examples for 0 mM and 100 mM in hSNCA mice only. Bar plots show mean and standard deviation; n of mice = 5-8 per
group. P-values are given between group means that are different. * P < 0.05.
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C.2 Supplementary Tables

Extended Data Table 1 | Demographic and clinical data on study subjects

Variable Ctrl iRBD PD

a. Main multi-omic analyses

n 49 27 46

Sex (f/m/NA) 26/23/0 4/23/0 19/27/0
Constipation (no/yes/NA) 26/3/20 13/14/0 21/22/3
Antidepressant medication (no/yes/NA) 26/3/20 12/1/14 35/1/10
Metformin medication (no/yes/NA) 27/2/20 11/2/14 34/2/10
Statin medication (no/yes/NA) 27/2/20 9/4/14 31/5/10
PPl medication (no/yes/NA) 27/2/20 NA 29/7/10
Levodopa medication (no/yes/NA) NA NA 5/31/10
Agonist medication (no/yes/NA) NA NA 10/26/10
Entacapone medication (no/yes/NA) 29/0/20 13/0/14 31/5/10
Age sampling 68.14 +6.07 6596 +7.83 658 +9.85
Disease duration months NA 76.37 + 56.3 63.46 + 42.52
PD NMS sum 452+305 831+353 7.83+3.65
UPDRS | lll sum 3.31+426 6.08+4.94 314717
Scopa AUT sum 8.86+6.22 10.17+4.91 13.09 +6.21
Sniffin Sticks Identification 12.07 +2.07 7.46+3.31 6.39+4.15
Hoehn and Yahr 0+0 0+0 2.01+£0.77
b. 2-HP targeted validation

n 30 30

Sex (f/m/NA) 12/18/0 8/22/0
Constipation (no/yes/NA) 27/21 21/9/0
Antidepressant medication (no/yes/NA) 28/2/0 24/6/0
Metformin medication (no/yes/NA) 30/0/0 29/1/0
Statin medication (no/yes/NA) 30/0/0 27/3/0
PPl medication (no/yes/NA) 30/0/0 23/7/0
Levodopa medication (no/yes/NA) NA 2/28/0
Agonist medication (no/yes/NA) NA 8/22/0
Entacapone medication (no/yes/NA) 30/0/0 25/5/0
Age sampling 68.63 + 5.18 66 + 8.25
Disease duration months NA 94.43 + 28.5
PD NMS sum 4.09 +2.11 8.55 + 4.02
UPDRS | lll sum 1.27 £2.39 38.27 +21.87
Scopa AUT sum 7.5+4.09 14.74 + 8.52
Sniffin Sticks Identification 12.93 + 2.26 6.79 + 3.76
Hoehn and Yahr 0+0 2.05 + 0.88
c. NCER-PD cohort (16S rRNA gene amplicons)

n 343 194

Sex (f/m/NA) 145/198/0 63/131/0
Constipation (no/yes/NA) 325/18/0 116/78/0
Levodopa medication (no/yes/NA) 341/2/0 55/139/0
Other dopaminergic treatment (no/yes/NA) 340/3/0 45/149/0
Age sampling 60.15 + 12.25 67.09 + 9.69
Age at PD onset NA 61.15+ 10.99

NA = data not available, Ctrl = control subject, PD = Parkinson'’s disease patient, iRBD = patient with idiopathic REM sleep behavior disorder, PPI| =
proton pump inhibitor, PD NMS = Non-Motor Symptoms questionnaire, UPDRS | Ill = Unified Parkinson’s Disease Rating Scale, Scopa AUT = Scales for
Outcomes in Parkinson's Disease - Autonomic Dysfunction.
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Appendix D

D.1 Supplementary Figures

O a-Syn Trimers
o a@-Syn Dimers
O a@-Syn Monomers
a-Syn a-Syn PFF  a-Syn PFF
Oligomers (not sonicated) (sonicated)
(not sonicated)
A B c {

&

Figure S1 Upper panel: Western blot characterization of a-syn moieties used for intrastriatal
injections. Loading of the gel was as follows: lanes 1, 6, 14 — ladder; lanes 5, 10,11- blank; lanes
2,3,4 — a-syn oligomer, 10, 100, and 500 ng respectively; lanes 7, 8, 9 — a-syn PFFs, not sonicated,
10,100, 500 ng respectively; lanes 11, 12, 13 — a-syn PFFs (sonicated), 10,100, 500 ng respectively.
Bands from corresponding to the MW of a-syn monomers, dimers, and trimmers are circled (red,
blue, orange, respectively). Note the presence of high molecular weight moieties (visible as a
smear) after loading of non-sonicated PFFs. The sonication process of PFFs appears to reduce all
higher molecular weight species of a-syn and the amount of dimers and monomers, since smears
and monomer/dimer bands were visible after loading 100 ng of non-sonicated PFFs, but not after
loading the same amount of sonicated PFFs. Lower panels: Electron microscopy of a-syn moieties.
A: Oligomers; B: unsonicated a-syn PFFs; C: sonicated a-syn PFFs. Oligomers were primarily
composed of small globular moieties. Unsonicated PFFs contained many large assemblies of a-syn
fibrils, whereas sonicated PFFs were composed mainly of small fibrillar fragments, resulting from
the sonication-induced disruption of the large assemblies. Scale bar = 152 nm.
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Striatum Amygdala Frontal Cortex

Subst. Nigra

Figure S2 Minimal presence of a-syninclusions in different brain regions 13 DPI after intrastriatal
injection of a-syn PFFs. Only few a-syn inclusions were seen, ipsi- and contralaterally, in the
frontal cortex, amygdala, and ipsilaterally, but not contralaterally, in the striatum and SN. Scale
bar =130 um.
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Figure S3 No nigro-striatal degeneration and microgliosis 13 dpi after intrastriatal injection of a-
syn PFFs. No loss of striatal TH-positive axons (first row), striatal DAT-positive synaptic terminals
(second row), nigral TH-positive neurons (third row) was observed 13 dpi after injection of PFFs.
No increase of lbal-positive microglial reaction in the SN was observed (last row).
Microphotographs show examples of PBS-injected control brains (ipsilateral) and ipsilateral a-
syn PFF-injected brains. Scale bars = 25 um (striatal panels), 200 um (Subst. Nigra panels).
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Figure S4 Venn diagrams of DEGs induced in the ventral midbrain of mice at 13 dpi and 90 dpi
after striatal injections of a-syn PFFs. Comparisons for each time point were made between
DEGs in ipsilateral ventral midbrain of PFF-injected mice versus those in the ipsilateral ventral
midbrain for PBS-injected mice (ipsi PFF vs. ipsi PBS, n = 6/group; upper 4 panels), and between
DEGs in ipsilateral ventral midbrain versus the contralateral ventral midbrains of PFF-injected
mice (ipsi PFF vs. contra PFF, n = 6/group; lower 4 panels). Diagrams on the left show Venn
diagrams with numbers of DEGs with a significance level of p <.05 (n = 6 mice/group). Because
some gene products have an effect within biological pathways while the expression of their
genes may only change minimally, we show DEGs that emerge with this low level of statistical
stringency. In ipsi PFF vs. ipsi PBS, the number of DEGs was 2631 at 13 DPI, and 2584 at 90 DPI,
with 985 DEGs common to both time points. In ipsi PFF vs. 3584 at 13 DPI, and 2990 at 90 DPI,
with 960 DEGs common to both time points. In ipsi PFF vs. contra PFF, the number of DEGs was
4268 at 13 DPI, and 3976 at 90 DPI, with 1312 DEGs common to both time points. Panels on the
right show Venn diagrams with the number of DEGs after adjusting for multiple hypothesis
testing at pfp < 0.1. In ipsi PFF vs. ipsi PBS, the number of DEGs was 308 at 13 DPI, and 94 at 90
DPI, with 37 DEGs common to both time points. In ipsi PFF vs. contra PFF, the number of DEGs
was 674 at 13 DPI, and 688 at 90 DPI, with 210 DEGs common to both time points. The Venn
diagrams below the main ones indicate the number of DEGs that show enhanced (“up”) versus
decreased (“down”), as well as the overlaps, in the different comparisons.
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ipsi PFF versus ipsi PBS

ipsi PFF versus contra PFF

Figure S5 Heatmaps illustrating the ventral midbrain gene expression patterns at 13 dpi and 90
dpi after intrastriatal injection of a-syn PFFs. Heatmaps are shown for p-values <0.05 or
pfp < 0.1. Scaled row expression values (row Z-score) in red indicate higher, in blue lower, and
in white unchanged gene expression (see Materials and Methods for details). Comparisons of
ipsi PFF versus ipsi PBS (upper panel row) and ipsi PBS versus contra PFF (lower panel row) reveal
distinctive gene expression patterns at 13 dpi for both comparisons (whether higher, pfp < 0.1,
or lower, p <0.05, statistical stringency is used), whereas a distinctive pattern at 90 dpi only
appears in the ipsi PFF versus contra PFF, but not in the ipsi PFF versus ipsi PBS, comparisons.
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Figure S6 Venn diagrams of DEGs, induced in the ventral midbrain of mice at 13 dpi and 90 dpi
after striatal injections of a-syn PFFs, overlapping with DEGs of isolated microglia from different
neurological disease models. APP stands for Alzheimer model mice, ERRCC1 mice are a model
of premature aging, SOP1 mice are a model for amyotrophic lateral sclerosis, and LPS are mice
injected with endotoxin. See main text for details and literature reference.
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Figure S7 Venn diagrams of DEGs, induced in the ventral midbrain of mice at 13 dpi and 90 dpi
after striatal injections of a-syn PFFs, overlapping with DEGs from PD databases. No clear pattern
was observed at this level of analysis. See man text for details and literature references.
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D.2 Supplementary Tables

antigen species Manu- dilution blecking Secondary
facturer antibody
alpha Rabbit Abcam 1:2000 5% horse biotynilated
synuclein polyclonal Ab51253 serum (immo- | goat-anti-rabbit
phospho S129 peroxidase) (Vector
Laboratories)
5% BSA Alexa 488 anti-
(immuno- rabbit
fluorescence)
Alexa 568 anti-
rabbit
11AS5 Mouse Prothena n/a n/a PLA assay
Anti SER monoclonal
p129 a-syn
ionized Chicken Abcam 1:800 5% BSA Alexa 568 anti-
calcium- polyclonal Ab139590 chicken
binding
adapter
molecule 1
(Ibal)
Ibal Rabbit Wako 1:2000 5% BSA Alexa 568 anti-
polyclonal 019-19741 rabbit
Tyrosine Chicken Abcam 1:1000 5% BSA Alexa 488 anti-
hydroxylase | polyclonal Ab76442 chicken
(TH)
Tyrosine Rabbit Millipore 1:1000 5% BSA Alexa 568 anti-
Hydroxylase | polyclonal AB152 rabbit
(TH)
Dopamine Rat Millipore 1:1000 5% BSA Alexa 594 anti-
transporter monoclonal | MAB369 rat
(DAT)
Synapto- Mouse Dakopatts 1:800 5% BSA Alexa 488 anti-
physin monoclonal | Clone SY38 mouse

Table S1 Antibodies used.
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PRISM 7 (v. 7.04)

R(v.3.4.3)
R Studio (v. 1.1.414)

RankProd (v. 3.4.0)

VennDiagram (v. 1.6.20)

GSEA (v. 3.0)

Cytoscape (v. 3.6.1)

Table S2 Softwares used

Name of Software or Package

Vendor or public url
GraphPad Software Inc.
(https://www.graphpad.com/)

The R Foundation (https://www.r-
project.org/)
https://www.rstudio.com/
Bioconductor (DOI:
10.18129/B9.bioc.RankProd)

CRAN —R (https://CRAN.R-
project.org/package=VennDiagram)
Broad Institue, Inc. (http://www.gsea-
msigdb.org/gsea/index.jsp)

The Cytoscape Consortium
(http://manual.cytoscape.org/en/3.6.0/)
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Uses
Basic statistics (normality test,
ANOVA, Kruskall-Wallis, posthoc test
for multiple groups)
Basic Statistical Computing and Data
Manipulation
User Interface for R
Differential Gene Expression Analysis
for Microarray Datasets. A non-
parametric approach. FDR statistics.

Generate High-Resolution Venn and
Euler Plots

Analyze, annotate and interpret
enrichment results

Visualizing complex networks from
GSEA




Comparison Microglia Subtype  Gene Symbols FC Nom.pVal Pfp

Cd14 1.439 3.01E-05 1.56E-02
H2-Ab1 1.357 1.51E-04  4.01E-02
Rrad -1.296 6.33E-04  1.37E-01
Nfkbia 1.318 6.38E-04  1.01E-01
Cdknla 1.309 7.28E-04  1.11E-01
Ccd74 1.282 1.65E-03  1.82E-01
Fos -1.193 3.72E-03 3.48E-01
Gpré4 1.229 7.86E-03  4.10E-01
Egrl -1.035 1.17E-02  5.31E-01
Btg2 1.101 1.08E-02  4.81E-01
Immune alerted
H2-Aa 1.135 1.52E-02  5.50E-01
Gadd45b 1.201 1.65E-02  5.72E-01
13dpi ipsiPFF vs ipsiPBS Ccla 1.201 1.87E-02  5.98E-01
Csfl 1.184 2.62E-02 6.82E-01
Dusp1 1.067 2.84E-02  7.02E-01
Thea -1.117 3.04E-02  7.47E-01
KIf2 1.073 2.97E-02  7.10E-01
Evi2a 1.151 3.20E-02  7.29E-01
Atf3 1.17 3.65E-02  7.62E-01
Mir692-1 1.158 3.72E-02  7.68E-01
Ferls 1.423 3.93E-05  1.87E-02
Intermediate Ttr -1.188 7.10E-04 = 1.46E-01
Clga 1.372 1.04E-04  3.39E-02
) Hexb 1.338 4.14E-04  7.69E-02
Homeostatic
Cx3erl 1.203 1.57E-02  5.60E-01
H2-Abl 1.607 8.31E-07  6.38E-04
Gpré4 1.55 2.43E-06  1.26E-03
Ccd74 1.535 4.47E-06  1.94E-03
Cdi4 1.529 5.20E-06 = 2.19E-03
H2-Aa 1.372 2.88E-04  3.97E-02
Rrad -1.333 6.65E-04  7.96E-02
Egrl 1.238 2.16E-03  1.40E-01
Atf3 1.294 2.54E-03 = 1.54E-01
H2-K1 1.269 4.24E-03  2.07E-01
Evi2a 1.235 7.76E-03 = 2.88E-01
Immune alerted Ccl4 1.223 1.29-02  3.77E-01
Junb 1.202 1.45E-02 4.03E-01
Mir692-1 1.217 1.56E-02 4.16E-01
13dpi ipsiPFF vs contraPFF Adamtsl 1.195 1.71E-02  4.34E-01
Cds3 -1.161 2.98E-02  6.03E-01
Gadd45b 1.192 2.87E-02  5.62E-01
II1a 1.172 3.09E-02  5.76E-01
Snapcl -1.176 3.51E-02  6.47E-01
Cdkn1la 1.039 4.42E-02 6.70E-01
Btg2 1.147 4.81E-02  6.95E-01
Duspl 1.07 4.90E-02  6.99E-01
Ferls 1.762 4.54E-08  7.31E-05
. P2ry12 1.257 5.29E-03 = 2.36E-01
Intermediate
Ttr 1.1 2.17E-02  4.91E-01
Clga 1.547 1.80E-06  1.06E-03
Homeostatic Hexb 1.427 7.98E-05 1.66E-02
Cx3erl 1.338 7.29E-04  7.33E-02
Jun -1.367 5.39E-04 1.41E-01
Dusp1l -1.269 4.27E-03  3.62E-01
Egrl -1.206 6.94E-03 = 4.20E-01
Kif2 -1.223 1.28E-02  5.12E-01
90dp ipsiPFF vs ipsiPBS Immune alerted Btg2 -1.185 1.42E-02  5.36E-01
Adamts1 -1.222 1.50E-02 5.41E-01
Mir692-1 -1.212 2.17E-02  6.10E-01
Jund -1.187 3.40E-02  6.98E-01
H3f3b -1.173 4.88E-02  7.66E-01
Intermediate Ttr -1.303 6.95E-04  1.66E-01
Gadd45b 1.253 5.97E-03  2.74E-01
KIf6 -1.226 1.43E-02 3.99E-01
Cda3 -1.205 1.97E-02 4.65E-01
Immune alerted Casp4 1.192 4.19E-02  6.59E-01
- Duspl -1.142 4.10E-02  6.18E-01
90dpi ipsiPFF vs contraPFF Rrad 1153 437602 | 6.35E-01
Jun -1.115 4.69E-02  6.47E-01
Intermediate Ttr 1.439 4.87E-05  1.29E-02
H . Cx3crl 1.239 9.81E-03 3.50E-01
omeostatic Hspaia 1149 476E-02 6.82E-01

Table S3 Overlapping genes of the datasets of the a-syn seeding/spreading model at 13dpi and
90 dpi with genes of microglial subtypes isolated from the nigro-striatal circuit. See main text for
details.
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Comiparison Gene Symbols Gene Nanie FC Nom.pVal Pfp

Sppl secreted phosphoprotein 1 1.921 8.25E-10 9.29E-06
Cst7 cystatin F (leukocystatin) 1.921 1.93E-09 1.63E-05
Ch25h cholesterol 25-hydroxylase 1.470 1.93E-05 1.09E-02
Cybb cytochrome b-245, beta polypeptide 1.407 5.17E-05 2.24E-02
Vatl vesicle amine transport protein 1 homolog (T californica) -1.291 1.23E-03 1.98E-01
Gpré5 G-protein coupled receptor 65 1.287 1.90E-03 2.01E-01
Ctsz cathepsin Z 1.249 3.43E-03 2.68E-01
Cxcll6 chemokine (C-X-C motif) ligand 16 1.256 3.97E-03 2.88E-01
Rnaseb ribonuclease, RNase A family, 6 -1.268 3.15E-03 3.27E-01
Cd9 CDY antigen 1.208 7.46E-03 4.00E-01
13dpi ipsiPFF vs ipsiPBS Gpr84 & protein-coupled receptor 84 1.229 7.86E-03 4,10E-01
Egrl early growth response 1 -1.035 1.17E-02 5.31E-01
Kenj2 potassium inwardly-rectifying channel, subfamily J, member 2 1.208 1.44E-02 5.36E-01
TIr2 toll-like receptor 2 1.199 1.51E-02 5.48E-01
Selplg selectin, platelet (p-selectin) ligand 1.178 1.93E-02 6.07E-01
Cer5 chemokine (C-C motif) receptor 5 1.185 2.07E-02 6.24E-01
Csfl colony stimulating factor 1 (macrophage) 1,184 2.62E-02 6,82E-01
Cde3 CD63 antigen 1.180 3.36E-02 7.37E-01
Npm1 NA -1.119 4.11E-02 8.19E-01
Slco2b1 solute carrier organic anion transporter family, member 2b1 1.170 4.63E-02 8.25E-01
Abcal ATP-binding cassette, sub-family A (ABC1), member 1 1.123 4.66E-02 8.27E-01
Cst7 cystatin F (leukocystatin) 2412 4,09E-13 3,46E-09
Sppl secreted phosphoprotein 1 2232 2.28E-12 1.28E-08
Ch25h cholesterol 25-hydroxylase 1.683 2.72E-07 2.97E-04
Gpr84 G protein-coupled receptor 84 1.550 2.43E-06 1.26E-03
Vatl vesicle amine transport protein 1 homolog (T californica) -1.408 7.97E-05 1.75E-02
Cd9 €D antigen 1.418 1.02E-04 1.98E-02
Cybb cytochrome b-245, beta polypeptide 1,413 1,09e-04 2,06E-02
Cxcll6 chemokine (C-X-C motif) ligand 16 1.389 1.86E-04 2.99E-02
Selplg selectin, platelet (p-selectin) ligand 1.332 7.98E-04 7.89E-02
Gpré5 G protain coupled recaptor 65 1.322 1.09E-03 9.44E-02
Egrl sarky growth response 1 1.238 2.16E-03 1.40E-01
13dpi ipsiPFF vs contraPFF Ctsz cathepsin Z 1.286 2.79E-03 1,62E-01
P2ry12 purinergic receptor P2Y, G-protein coupled 12 1.257 5.29€-03 2.36E-01
Rassf3 Ras association (RalGDS/AF-6) domain family member 3 1.167 6.00E-03 2.49E-01
Cer5 chemokine (C-C motif) receptor S 1.255 6.65E-03 2.63E-01
Upklb uroplakin 18 1.250 7.16E-03 2.73E-01
Kenj2 potassium inwardly-rectifying channel, subfamily J, member 2 1.235 1.07E-02 3.43E-01
TIr2 toll-like receptor 2 1.196 2.15E-02 4.89E-01
1d2 inhibitor of DNA binding 2 1.206 2.37E-02 5.14E-01
P2ry13 purinergic receptor P2Y, G-protein coupled 13 1.195 2.41E-02 5.19E-01
Lilr4b leukocyte immunoglobulin-like receptor, subfamily B, member 48 1.170 3.53E-02 6.14E-01
Slco2b1 solute carrier organic anion transporter family, member 2b1 1.187 3.75E-02 6.29E-01
Ifitm3 interferon induced transmembrane protein 3 1.163 4.09E-02 6.52E-01
Ifitm3 interferon induced transmembrane protein 3 -1.358 8.19E-04 1.81E-01
Sppl secreted phosphoprotein 1 -1.235 1.48E-03 2.24E-01
Cybb cytochrome b-245, beta polypeptide -1.221 5.36E-03 3.95E-01
Cdk5r1 cyclin-dependent kinase 5, regulatory subunit 1 (p35) -1.247 6.36E-03 4,21E-01
Egrl carly growth respanse 1 -1.206 6.94E-03 4.20E-01
Ch25h cholesterol 25-hydroxylase -1.234 7.48E-03 4.32E-01
90dpi ipsiPFF vs ipsiPBS Cxcl16 chemokine (C-X-C motif) ligand 16 -1,193 7.84E-03 4.44E-01
Vatl vesicle amine transport protein 1 homolog (T californica) -1.209 9,25E-03 4,65E-01
Kenj2 potassium inwardly-rectifying channel, subfamily J, member 2 1.021 9.55E-03 5.57E-01
Rassf3 Ras association (RalGDS/AF-6) domain family member 3 -1.169 1.50E-02 5.41E-01
Anxa2 annexin A2 -1.168 1.83E-02 5.76E-01
Selplg selectin, platelet (p-selectin) ligand -1.185 3.49E-02 7.03E-01
Gpr65 G-protein coupled receptor 65 -1.159 4,56E-02 7.51E-01
Rassf3 Ras association (RalGDS/AF-6) domain family member 3 -1.589 7.57E-07 5.56E-04
Sppl secreted phosphoprotein 1 1.441 4.55E-05 1.23E-02
Vatl vesicle amine transport protein 1 homolog (T californica) -1.427 4,82E-05 1.04E-02
Cdk5r1 cyclin-dependent kinase 5, regulatory subunit 1 (p35) -1.357 4.32E-04 4.77E-02
Kenj2 potassium inwardly-rectifying channel, subfamily ), member 2 1.176 7.77E-03 3.15E-01
Cxcll6 chemokine (C-X-C motif) ligand 16 1.219 8.39E-03 3.28E-01
S0dpi ipsiPEE vs contraPEE Sh3pxd2b SH3 and PX domains 2B -1.246 8.65E-03 3.12E-01
Capg capping protein (actin filament), gelsolin-like 1.225 1.84E-02 4,83E-01
Ifitm3 interferon induced transmembrane protein 3 1.155 2.49E-02 5.45E-01
Cst7 cystatin F (leukocystatin) 1.194 3.276-02 6.01E-01
Cd9 CD9 antigen 1.161 3.68E-02 6.27E-01
Anxa2 annexin A2 1172 3.87E-02 6.42E-01
Ch25h cholesterol 25-hydroxylase 1.156 4.52E-02 6.74E-01
P2ry13 purinergic receptor P2Y, G-protein coupled 13 1.183 4,98E-02 6.93E-01

Table S4 Overlapping genes of the a-syn seeding/spreading model at 13dpi and 90 dpi with
genes of a disease-associated microglia core signature (see main text for details).
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Table S5 Unusual microglial gene expression signature in the a-syn seeding/spreading model

at 13dpi and 90 dpi. The bold highlighted genes may be involved in inducing

neurodegeneration (see main text for details).
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Table S6 Molecular astrocyte and peripheral immune cell genes after striatal PFF
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