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«The brain is the last and grandest biological frontier, the most complex thing we have yet
discovered in our universe. It contains hundreds of billions of cells interlinked through trillions of
connections. The brain boggles the mind.». James D. Watson
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Thesis summary

Parkinson's disease is a neurodegenerative disorder that becomes more prevalent with age.
Diagnosis is based on the presence of motor symptoms such as bradykinesia, rigidity and resting
tremor. Patients also develop non-motor symptoms, including cognitive impairment and dementia.
Significant heterogeneity exists in the presentation and temporal onset of symptoms for each
individual. While the precise cause of Parkinson's disease remains unknown, the loss of
dopaminergic nerve cells in the substantia nigra contributes to the development of motor symptoms.
The administration of dopaminergic medications is a crucial part of managing these symptoms.
Furthermore, individuals with Parkinson's disease develop deposits of the protein alpha-synuclein,
which aggregate in Lewy bodies inside neurons. Many individuals, in particular those who develop
dementia, also exhibit deposits of the proteins amyloid-beta and tau, commonly associated with
Alzheimer's disease. Despite alleviating medication, there is currently no treatment available to stop

or slow the disease progression.

In the past three decades, genetic risk factors for Parkinson's disease have been identified. Studies
on families with multiple affected members have uncovered rare, monogenic forms of the disease.
Additionally, large-scale population studies called genome-wide association studies (GWAS) have
identified common genetic risk factors for Parkinson’s disease. Genetic risk factors can also
influence the disease course by lowering the age at disease onset or elevate the risk for symptoms
such as dementia. Moreover, genetic risk factors have provided insights into the molecular
mechanisms underlying the development of Parkinson's disease, potentially opening avenues for

future disease-modifying treatments.

This thesis presents results from three studies building on previously identified genetic risk factors
to gain a deeper understanding of how they contribute to Parkinson's disease. The first study
investigated the association between risk variants in the APOE and MAPT genes and the
development of dementia. Our findings suggest that both of these variants contribute to an earlier
onset of dementia in individuals with Parkinson's disease. In the second study, we explored the
relationship between polygenic risk scores, reflecting the cumulative effect of genetic risk factors,
and the three common protein aggregates seen in Parkinson's disease. Notably, we found that the
polygenic risk score reflecting lysosomal functions was associated with increased Lewy pathology
in patients with low levels of amyloid-f and tau deposits. Lysosomes are cellular compartments

responsible for breakdown and recycling of various molecules, including alpha-synuclein, and

X1



genetic alterations linked to lysosomal functions have previously been identified as risk factors for
Parkinson's disease. In the third study, we examined the association between the lysosomal
polygenic risk score and the development of cognitive impairment in Parkinson's patients. We
discovered that a higher lysosomal polygenic risk score was associated with an earlier development

of cognitive impairment in patients with a low risk of amyloid-beta and tau deposits.

These three studies delve into the genetic influence on protein accumulation and cognitive decline
in Parkinson's disease, in the intersection between clinical neurology, neuropathology and genetics.
Gaining a deeper understanding of genetic risk factors for Parkinson’s disease is anticipated to play
a pivotal role in developing future disease-modifying treatments and selecting patients who would

benefit the most from such interventions.
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Sammendrag péd norsk

Parkinsons sykdom er en nevrodegenerativ sykdom hvor forekomsten gker med alderen. Diagnosen
stilles pa bakgrunn av de motoriske symptomene bradykinesi, rigiditet og hviletremor. Pasientene
utvikler ogsa ikke-motoriske symptomer som blant annet kognitiv svekkelse og demens.
Sykdommen preges av stor grad i variasjon av hvilke symptomer som rammer og nér de inntreffer
hos den enkelte. Den underliggende &rsaken til Parkinsons sykdom er ukjent, men sentralt for
utvikling av de motoriske symptomene er tap av dopaminerge nerveceller i et omrade av hjernen
som kalles substantia nigra, og tilfersel av dopaminerge legemidler er derfor en viktig del av
symptombehandlingen av Parkinsons sykdom. Videre har pasienter med Parkinsons sykdom
avleiringer av proteinet alfa-synuklein, som hoper seg opp inne i nerveceller i Lewylegemer.
Mange, og spesielt de som utvikler demens, har ogsé avleiring av proteinene amyloid-beta og tau,
som er vanlige proteinavleiringer ved Alzheimers sykdom. Til tross for at man har legemidler som
demper symptomene, finnes det ingen behandling som kan bremse eller stoppe utviklingen av

sykdommen.

De siste tiarene har man pavist genetiske risikofaktorer for Parkinsons sykdom. Undersekelser av
familier hvor mange slektninger er rammet har avdekket sjeldne arvelige former for Parkinsons
sykdom. Videre har store populasjonsstudier, kalt genomvide assosiasjonsstudier, avdekket vanlige
genetiske risikofaktorer som gker sannsynligheten for & utvikle sykdommen. Genetiske
risikofaktorer kan ogsa bidra til & senke debutalderen eller oke risiko for utvikling av enkelte
symptomer som f.eks. demens. Kartlegging av genetiske risikofaktorer har ogsa gitt et innblikk i de
underliggende molekylere mekanismene som bidrar til utvikling av Parkinsons sykdom. Disse

mekanismene kan vare potensielle angrepspunkt for fremtidig sykdomsmodifiserende behandling.

I denne avhandlingen presenteres resultater fra tre studier hvor vi bygger videre pa tidligere
identifiserte genetiske risikofaktorer for & forseke & forstd bedre hvordan disse bidrar til Parkinsons
sykdom. I den forste studien undersgkte vi sammenhengen mellom risikovarianter i genene APOE
og MAPT og utvikling av demens. Vére resultater gir holdepunkter for at begge disse variantene
bidrar til tidligere utvikling av demens hos pasienter med Parkinsons sykdom. I den andre studien
undersekte vi ssmmenhengen mellom polygene risikoskéarer som reflekterer summen av genetiske
risikofaktorer og de tre vanligste proteinavleiringene ved Parkinsons sykdom. Hovedfunnet i denne
studien var at summen av genetiske risikofaktorer for Parkinsons sykdom involvert i lysosomale

funksjoner (lysosomal polygen risikoskér) var forbundet med sterre utbredelse av Lewylegemer i
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hjernen hos pasienter som hadde lite amyloid-beta- og tau-avleiringer. Lysosomer er cellenes
nedbrytings og gjenvinningsstasjon, og kan bla. bryte ned alfa-synuklein. Forandringer i gener
knyttet til lysosomale funksjoner har tidligere blitt identifisert som risikofaktorer for Parkinsons
sykdom. I den tredje studien undersgkte vi ssammenhengen mellom den lysosomale polygene
risikoskaren og utvikling av kognitiv svekkelse hos pasienter med Parkinsons sykdom. Vi fant at en
hayere lysosomale polygen risikoskar var forbundet med tidligere utvikling av kognitiv svekkelse

hos pasienter som hadde lav risiko for utvikling av amyloid-beta- og tau-avleiringer.

De tre studiene utforsker genetisk pavirkning knyttet til proteinavleiring og kognitiv svekkelse ved
Parkinsons sykdom, i skjeringspunktet mellom klinisk nevrologi, nevropatologi og genetikk. En

dypere forstaelse av genetiske risikofaktorer for Parkinsons sykdom er forventet a spille en sentral
rolle i utvikling av fremtidig sykdomsmodifiserende behandling og utvelgelse av pasienter som vil

ha mest nytte av slike legemidler.

Xiv



List of publications

Paper 1 (Published)

Tunold JA, Geut H, Rozemuller JIMA, Henriksen SP, Toft M, van de Berg WDJ, Pihlstrom L.
APOE and MAPT Are Associated With Dementia in Neuropathologically Confirmed Parkinson's
Disease. Front Neurol. 2021; doi: 10.3389/fheur.2021.631145

Paper 2 (Published)

Tunold JA, Tan MMX, Koga S, Geut H, Rozemuller AJM, Valentino R, Sekiya H, Martin NB,
Heckman MG, Bras J, Guerreiro R, Dickson DW, Toft M, van de Berg WDJ, Ross OA, Pihlstrem

L. Lysosomal polygenic risk is associated with the severity of neuropathology in Lewy body

disease. Brain. 2023; doi: 10.1093/brain/awad183

Paper 3 (Published after submission of the thesis. Presented here as a manuscript)

Tunold JA*, Tan MMX*, Toft M, Ross OA, van de Berg WDJ, Pihlstrom L. Lysosomal polygenic
burden is associated with cognitive progression in Parkinson’s disease in patients with low risk of

Alzheimer co-pathology.

*Shared first authorship

XV



Additional publications

Pihlstrem L, Shireby G, Geut H, Henriksen SP, Rozemuller AJM, Tunold JA, Hannon E, Francis P,
Thomas AJ, Love S, Mill J, van de Berg WDJ and Toft M. Epigenome-wide association study of

human frontal cortex identifies differential methylation in Lewy body pathology. Nat Commun.
2022;13(1):4932.

XVi



Introduction

1.1 A brief history of Parkinson’s disease

Throughout history, several civilizations have observed and recognized features of Parkinson’s
disease (PD). In the Indian tradition of Ayurveda, the plant Mucuna Pruriens, now known to
contain the dopamine precursor levodopa, has even been used for treatment of symptoms
resembling PD(1). In 1817, James Parkinson provided the first modern description of PD as a
neurological condition when he published his monograph “Essay on the shaking palsy”(2).
Parkinson’s text portrayed six individuals exhibiting characteristic disease features of what he
termed “shaking palsy” or “paralysis agitans”, by the characteristic tremor displayed by patients.
The term Parkinson’s disease was first introduced by the renowned neurologist Jean-Martin Charcot
in the 1870s, who in addition to tremor identified bradykinesia and rigidity as cardinal
symptoms(3). Advances in the neuropathological underpinnings of PD were made in the late 19™
and early 20" century. Early evidence that PD originated from lesions in the substantia nigra came
from a case-description of a young man suffering from tuberculosis and signs of left sided unilateral
parkinsonism. At autopsy, a tubercle in the right substantia nigra was identified, matching the left
sided symptoms(4). In 1912, the German-American neurologist Fritz Heinrich Lewy first described
eosinophilic intraneuronal inclusions in the dorsal nucleus of the vagus and other brainstem nuclei
in patients with PD(5). These inclusions were in 1919 further shown to locate to the substantia nigra
and named Lewy bodies (corps de Lewy) by Konstantin Nikolaevitch Trétiakoff(6). Trétiakoff also
described depigmentation of the substantia nigra, now known to be a result of loss of neurons
containing neuromelanin. The combination of depigmentation of the substantia nigra and Lewy

bodies in the brains of affected patients still remain the main histopathological features of PD.

The search for a link between the substantia nigra and PD intensified in the last half of the 20"
century. Arvid Carlsson and colleagues demonstrated that the dopamine precursor 3,4-
dihydroxyphenylalanine (dopa) was able to reverse the effects of reserpine in animals — which
causes pharmacologically induced PD(7). Further, they found that dopamine was depleted in the
brains of research animals when administering reserpine, and repleted upon administering dopa,
suggesting that the motor symptoms of PD were related to dopamine(8). Subsequent studies by
Oleh Hornykiewicz and colleagues demonstrated that patients with PD in fact had profound loss of
dopamine in the striatum(9) and the substantia nigra(10), leading to the recognition of the

nigrostriatal pathway(11). Concurrently, clinical trials with intravenous administration of the



dopamine precursor levodopa to patients with PD showed striking yet short-lived improvement of
motor symptoms(12). In the late 1960s George Cotzias and colleagues demonstrated a prolonged
effect of oral levodopa when administered with a peripheral carboxylase inhibitor (carbidopa),
which inhibited extracerebral metabolization of levodopa to dopamine, allowing a smaller dose of
levodopa to be effective and less peripheral adverse effects of dopamine(13). This combination
known as levodopa-carbidopa quickly became the gold standard for symptomatic therapy of
Parkinson’s disease and is still the main pharmacological therapy for most patients. In 1970, Cotzias
and colleagues also discovered the therapeutic effectiveness of the dopamine receptor agonist
apomorphine for symptomatic treatment of PD(14). This marked the introduction of the second

dopaminergic replacement therapy that continues to be utilized in the management of PD.

1.2 Current concepts of Parkinson’s disease

1.2.1 Epidemiology

PD is the second most common neurodegenerative disorder after Alzheimer’s disease (AD)(15). PD
may affect all age groups, but a sharp increase in incidence and prevalence is seen after the age of
60(16, 17) (Figure 1). In European populations the overall prevalence is 1.8 % above the age of 65
and 3 % above the age of 80(16, 18). Moreover, men are more susceptible to PD than women, with
a male-to-female ratio of approximately 2:3(19, 20). The Global Burden of Disease study found PD
to be the fastest growing neurological condition with a doubling in global prevalence from 1990 to
2015, reaching 6.2 million affected people(21). As the incidence increases with age, the global
population is aging and life expectancy is increasing, a doubling in prevalence is projected to
happen again within the next generation(22). This projection presents a formidable public health
challenge known as the “Parkinson Pandemic”(22), demanding the concerted efforts from
researchers, clinicians and policymakers to understand the underlying cause and find effective

interventions for PD.
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Figure 1: A) Incidence, and B) prevalence for PD stratified by gender. Crude data has been plotted
from two meta-analyses on incidence and prevalence of PD(16, 17). Figure adapted from Poewe W
et al., Parkinson Disease, 2017(15), Macmillan Publishers Limited, part of Springer Nature,
reproduced with permission of SNCSC.

1.2.2  Symptoms

Affected individuals typically experience an insidious onset and gradual deterioration in
functioning, leading to increasing disability over time. However, individuals with PD exhibit a high
degree of heterogeneity due to the wide variation in the combination of symptoms experienced and
the timing of their occurrence. The three cardinal motor symptoms of PD are bradykinesia
(slowness of movement and decrement in amplitude or speed), rest tremor (involuntary rhythmic
and oscillatory movement in a body part at rest) and rigidity (velocity-independent resistance to
passive movement), collectively known as parkinsonism(23). With disease-progression, motor
symptoms become more troublesome to manage, as many patients develop motor complications
such as motor fluctuations and dyskinesia which are associated with long-term levodopa
therapy(15). Moreover, patients may develop axial deformities, postural instability and eventually
falls (Figure 2). Additionally, a range of less visible non-motor symptoms are a major source of
disease-related disability(24). These include sensory disturbances, autonomic dysfunction, sleep
disorders and neuropsychiatric features(25) (Figure 2). Some of these features such as dream
enactment during rapid eye-movement (REM) sleep (REM sleep behavior disorder (RBD)),
hyposmia (reduced sense of smell), depression and constipation may precede the onset of motor

symptoms by many years(26). Consequently, the initial stages of PD pose a challenge for detection,



as the individual non-motor symptoms are non-specific for the disease. The burden of non-motor
symptom often increases as the disease progresses. With limited treatment options available, non-
motor symptoms often predominate as the disease advances, severely affecting health-related

quality of life and function(25).

Cognitive impairment is recognized as one of the most debilitating non-motor symptoms of PD,
ranging from mild cognitive impairment (MCI) to PD dementia (PDD). MCI may be regarded as an
intermediate phase between normal cognition and dementia where the cognitive impairment does
not significantly interfere with daily activities and thus not sufficient to meet diagnostic criteria for
dementia. Already at diagnosis ~20 % of patients may have developed MCI, with a high conversion
rate to dementia within the following years(27). In PDD, cognition is more severely affected, with a
marked impact on quality of life, overall survival, increased caregiver burden and health care
costs(28, 29). PDD is common and may affect as many as ~80 % of patients long term(30).
However, the time to dementia onset is highly variable with some patients developing dementia
within the first few years after PD diagnosis, while others remain dementia free for decades(28). As
treatment options remain limited, identifying risk factors contributing to early development of
dementia is a current focus of research with the aim to better inform individual prognosis but also
increase our understanding of the biological and molecular basis of PDD, and facilitate the

detection of potential therapeutic targets.
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Figure 2: Motor and non-motor symptoms of PD. Figure from Poewe W et al., Parkinson Disease,
2017(15), Macmillan Publishers Limited, part of Springer Nature, reproduced with permission of
SNCSC.

1.2.3 Treatment

Current treatment of PD is symptomatic, aiming to alleviate motor and non-motor symptoms.
Pharmacological treatment of motor symptoms is primarily dopaminergic, seeking to replace the
action of dopamine in the depleted striatum. Oral treatment with agents such as levodopa, in
combination with a decarboxylase inhibitor to prevent peripheral metabolism of levodopa, and
dopamine agonists are the mainstay of pharmacotherapy for most patients, and may control motor
symptoms for years. Monoamine oxidase B (MAO-B)-inhibitors, blocking the degradation of
dopamine, may also be used as mono therapy in the early stages of disease for patients with less
troublesome motor symptoms or in adjunct with levodopa or dopamine agonists. Current evidence
supports to initiate treatment with levodopa due to its superior effect on motor symptoms compared
to dopamine agonists and MAO-B inhibitors, and the impulse control disorders frequently
associated with dopamine agonists(31). As the disease progresses, fluctuations in the response to
pharmacotherapy often develops, known as motor fluctuations. Moreover patients may develop
dyskinesias which are involuntary movements often occurring at peak medication
concentration(32). At this stage of disease, more frequent administration of lower doses of levodopa

and combination of dopaminergic agents is often necessary. Adjunctive treatment with agents such



as catechol-O-methyltransferase (COMT) inhibitors which block the enzyme responsible for
metabolizing levodopa, may prolong the effect of levodopa. Nevertheless, some patients do not
achieve optimal symptom control of motor symptoms with oral medication. For these patients, more
advanced treatment options with pump-delivered therapies, deep brain stimulation (DBS) or
magnetic resonance imaging (MRI)-guided focused ultrasound (MRgFUS) may be considered.
Pump-delivered therapies include continuous subcutaneous administration of the dopamine agonist
apomorphine or intrajejunal administration of levodopa with or without a COMT-inhibitor(33-35).
DBS is a well-established treatment with long-term benefits for selected patients with motor
complications, dyskinesias or tremor refractory to medical therapy(36). The procedure includes
unilateral, or more commonly bilateral surgical placement of leads to the subthalamic nucleus
(STN) or the globus pallidus internus (GPi). More recently, MRgFUS has emerged as a less
invasive treatment option for patients with suboptimal control of tremor. The procedure uses highly
focused ultrasound to produce a lesion in the ventral intermediate nucleus (VIM), STN or GPi, yet

the optimal target is yet to be determined(37).

In contrast to the motor symptoms, the majority of non-motor symptoms respond poorly to
dopaminergic therapy. However, deficits in other neurotransmitters including acetylcholine,
serotonin and norepinephrine/noradrenaline have also been implicated in PD and are now
recognized to be responsible for a range of non-motor symptoms(25). In general, pharmacotherapy
used to treat similar symptoms in the non-PD population are chosen. For instance, cholinesterase
inhibitors may have beneficial effects on cognitive symptoms in patients with dementia, while
selective serotonin reuptake inhibitors (SSRI) may be useful for treating depression(38). Moreover,
mineralcorticoids (florinef) and medication targeting adrenergic receptors such as midrodine and
droxidopa may be used to treat orthostatic hypotension, and phosphodiesterase inhibitors
(sildenafil) may be efficacious for treatment of erectile dysfunction(38). For a more comprehensive

review of treatment of motor and non-motor symptoms, please refer to(31, 32, 38).

As evident from the preceding discussion, current treatment of PD often involves combining
various classes of pharmacological agents, and for some patients supplemented with invasive
treatments to treat the individual motor and non-motor symptoms. However, there are currently no
available disease-modifying therapies that either slow or halt the disease progression. Gaining a
deeper understanding of the mechanisms underlying the disease is of key importance to identify
potential drug targets and develop disease modifying therapies. Additionally, the discovery of

biomarkers with the potential to identify individuals at risk for disease is crucial, as it would enable



the initiation of treatment at an early stage, before neurodegeneration has become profound. If these
endeavors succeed, they hold promise for improved outcomes and quality of life for individuals

living with PD.

1.2.4 Clinical diagnostic criteria for Parkinson’s disease

Still today the diagnosis of PD remains a clinical diagnosis based on patient history and physical
examination. However, the diagnosis remains challenging as the clinical features of PD can overlap
with various types of secondary parkinsonism and other neurodegenerative disorders. In particular
distinguishing PD from atypical parkinsonian disorders in the early stages of disease poses a
challenge, even for experienced neurologists(39). Atypical parkinsonism encompasses several
neurodegenerative diseases such as multisystem atrophy (MSA), progressive supranuclear palsy
(PSP) and corticobasal degeneration (CBD), where parkinsonism is a prominent clinical feature, but
the full range of symptoms, progression and underlying pathology differ from PD. Additionally, PD
share a range of features with dementia with Lewy bodies (DLB), with timing of dementia being the

major clinical distinction between the two conditions.

There are currently no biomarkers in clinical utility to sufficiently discriminate between PD and
related neurodegenerative disorders in the earliest phases of disease. However, Dopamine Transport
(DaT) imaging assessed by brain single-photon emission computed tomography (SPECT) may be
used to evaluate the density of presynaptic dopaminergic terminals in the striatum, as a surrogate of
neurodegeneration of the substantia nigra pars compacta. Although abnormal DaT imaging alone is
not conclusive for a PD diagnosis, normal DaT binding is considered an exclusion criterion for
PD(23). Magnetic resonance imaging (MRI) may also aid in the diagnosis of PD, and importantly
reveal structural changes to distinguish between PD and atypical parkinsonism(40). Moreover,
Flourine-18 fluorodeoxyglucose positron emission tomography/computed tomography ('*F-FDG
PET/CT) may detect patterns of altered glucose metabolism, supportive of atypical

parkinsonism(41).

Clinical diagnostic criteria aim to minimize the diagnostic error. The current diagnostic criteria for
PD, the International Parkinson and Movement Disorder Society (MDS) clinical diagnostic criteria
for PD, were published in 2015 and require a two-step process of PD diagnosis. The first step is to
establish the presence of parkinsonism, defined as bradykinesia in combination with rest tremor or
rigidity(23). In the second step positive features (supportive criteria) that argue for the diagnosis of

PD, and negative features (absolute exclusion criteria and red flags) that argue against PD are



assessed. Then positive and negative features are weighted to determine whether the parkinsonism
is attributable to PD with two levels of diagnostic certainty i.e., clinically established PD or
clinically probable PD. Nevertheless, clinicopathological studies have shown that the diagnostic
error rate is high, in particular in the early disease stages where the full range of symptoms have not
developed(39). Thus, the gold standard for a definitive diagnosis remains post-mortem

identification of neuropathological hallmark changes in the brain.

1.2.5 Clinical diagnostic criteria for dementia with Lewy bodies

Traditionally, clinical distinction between PDD and DLB is based on the temporal onset of
dementia relative to parkinsonism. Dementia presenting before or within one year of parkinsonism
onset is diagnosed as DLB, while dementia developing in the setting of establish PD as PDD.
However, in the most recent clinical diagnostic criteria for PD, dementia predating the onset of
parkinsonism was removed as an exclusion criterion for PD, diluting the distinction between PD
and DLB(23). The most recent revision of the diagnostic criteria for DLB recommends maintaining
the distinction between PDD and DLB based on the onset of dementia relative to parkinsonism in
clinical practice(42). However, the guideline also recognize DLB as one of the phenotypes within

the broader spectrum of Lewy body disease (LBD)(42).

DLB is a progressive dementia sufficient to interfere with daily activities. The core features of the
disease are fluctuations in cognition, visual hallucinations, RBD and parkinsonism. While
parkinsonism is not necessary for a diagnosis of DLB, it will eventually develop in 85 % of
patients(42). Additional supportive criteria are postural instability with repeated falls, severe
autonomic dysfunction with constipation, orthostatic hypotension or urinary incontinence,
hyposmia, apathy, anxiety and depression, which overlaps with the non-motor symptoms of
PD(42). Similar to PD, no biomarkers are yet sufficient to diagnose DLB, but DaT-SPECT imaging
may be used to demonstrate reduced DaT uptake in the striatum which serves as an important
distinguishing factor between DLB and AD. The diagnostic error rated for DLB are even higher
than for PD, with the most frequent misdiagnosis being AD(43).

1.3 Neuropathology

The loss of dopaminergic neurons in the substantia nigra pars compacta with subsequent depletion

of dopamine in the striatum is a central neuropathological feature of PD. The resultant



dopaminergic deficiency is associated with the motor symptoms of PD, in particular bradykinesia
and rigidity(44). It has been estimated that by the time motor symptoms have developed, 50 % of
dopaminergic neurons in the substantia nigra pars compacta have been lost and striatal dopamine
has been reduced by up to 80 %(45). Consequently, the neurodegeneration is already advanced at
the time of clinical diagnosis, thus limiting the effectiveness of potential disease modifying

therapies at this stage.

Aggregation of misfolded proteins and formation of inclusion bodies is a common feature of
neurodegenerative diseases such as PD, atypical parkinsonian disorders, DLB and AD. Whereas
alpha-synuclein (a-synuclein) is the most commonly aggregated protein in PD and DLB, amyloid-
beta (amyloid-p) and tau are characteristic for AD. These proteins undergo a polymerization
process where soluble monomers form oligomers that ultimately may aggregate into large insoluble
fibrils. Although still a matter of debate(46), the aggregates or their precursors are believed to result
in deleterious consequences for the cells harboring these accumulated proteins(47). While each
neurodegenerative disorder displays the accumulation of distinct protein aggregates, the co-
occurrence of pathologies is common, pointing to pathogenic links between these diseases. Further,
the presence of overlapping protein aggregates adds complexity to the diagnosis and treatment, and
raises the question of which is most important to the disease. The three most common protein

pathologies found in PD are discussed below.

1.3.1 Lewy pathology

In PD, vulnerable neurons develop inclusions in perikarya called Lewy bodies (LB) and within their
neuronal processes known as Lewy neurites (LN)(5, 6, 48). Collectively, Lewy bodies and Lewy
neurites are known as Lewy pathology (LP). Because Lewy pathology is a shared feature between
PD and DLB, they are together referred to as Lewy body disease (LBD). The discovery of a-
synuclein as a major component of Lewy bodies represented a significant milestone in PD research,
and has since served as a key marker for the disease(49). Additionally, a diverse range of other
proteins including ubiquitin and tau, lipids and distorted mitochondria and lysosomes have been
identified in these inclusions(50, 51), providing insights into mechanisms underlying the formation

of Lewy pathology.

In PD, Lewy pathology anatomically extends beyond the substantia nigra, and can be found in the

olfactory bulb, dorsal motor nucleus of the vagus nerve, the lower raphe nuclei and locus coeruleus.



In the later stages of disease, Lewy pathology can also be detected in the amygdala, hippocampus,
thalamus and the neocortex(52, 53). These observations imply that the distribution of Lewy
pathology follows a non-random pattern, displaying predilection for certain subcortical and cortical
regions. Moreover, the degenerative process in PD is not only confined to the central nervous
system (CNS). In addition, Lewy pathology has been found in the peripheral autonomous nervous
system, and organs innervated by the latter, including the gastrointestinal tract, the heart, kidneys,
urogenital system and skin(54). The involvement of the peripheral autonomous nervous system is
believed to explain the high prevalence of autonomic symptoms in PD. In particular involvement of
the enteric nervous system (ENS) of the gastrointestinal tract has been hypothesized to be an early

event, preceding the involvement of the CNS(55).

Several neuropathological staging schemes for Lewy pathology have been developed(52, 56, 57).
Braak and co-workers hypothesized that Lewy pathology progresses in a stereotypical pattern
starting in the enteric nervous system and the olfactory bulb, known as the dual-hit-hypothesis(52,
58). Lewy pathology then spreads within the central nervous system through six stages in caudal to
rostral direction, roughly aligning with the clinical symptoms of the disease(52) (Figure 3). Each
stage represents affection of new regions and worsening of the pathology in previous regions.
Importantly, according to the Braak staging, Lewy pathology is first encountered in the substantia
nigra at stage 3, corresponding to the onset of motor symptoms. Further, this implies that the early
non-motor symptoms are primarily caused by Lewy pathology in the enteric nervous system,
olfactory bulb and lower brainstem. Consequently, the extent of neuropathology is well progressed
at the time of diagnosis. While the caudal to rostral spread of Lewy pathology between
interconnected brain regions may not be universal(59), subsequent studies have confirmed that the
criteria are applicable for most cases(60). Although not all clinical symptoms may align with
proposed distribution of Lewy pathology(61), in particular dementia is associated with widespread
Lewy pathology. Most PD patients with dementia exhibit neocortical Lewy pathology,
corresponding to Braak LP stage 5-6(62-64). However, dementia may also occur in the absence of
neocortical Lewy pathology in a proportion of cases(65), suggesting that other features in addition

to neocortical Lewy pathology contribute to development of dementia.
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Figure 3: Proposed spread of Lewy pathology according to Braak et al.(52). The Figure was partly
generated using Servier Medical Art, provided by Servier, licensed under a Creative Commons

Attribution 3.0 unported license.

Whether PD first develops in the brain or in the peripheral autonomous nervous system is a matter
of debate. Emerging data from postmortem and imaging studies have suggested that at least parts of
the clinical and neuropathological diversity in PD can be explained by variable disease onset sites.
This has led to a recent hypothesis that spread of Lewy pathology follow two different trajectories:
“brain first” and “body first” (66-68). In “brain first”, Lewy pathology first develops in one of the
cerebral hemispheres with secondary spread to the peripheral autonomous nervous system.
Accordingly, the clinical symptoms are predominantly unilateral at onset and there are few
autonomic symptoms. In the “body first” subtype, Lewy pathology arises in the peripheral
autonomous nervous system and then spreads to the brain. Consequently, autonomic symptoms are
an early feature. Further, Lewy pathology is expected to spread to both brain hemispheres almost
simultaneously through the ascending left and right vagus nerve, leading to early development of
cognitive impairment(68). Whether the Braak hypothesis or the brain-first/body-first model best
explains the progression of Lewy pathology remains elusive without a validated biomarker that

enables longitudinal monitoring of pathology from the pre-symptomatic to late stages of disease.
1.3.2 Alzheimer’s disease pathology

In addition to Lewy pathology, varying degrees of concomitant AD-pathology are often present.

The two major hallmark protein pathologies of AD are extracellular deposits containing amyloid-3
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peptides, referred to as amyloid-f plaques and intracellular aggregates of hyperphosphorylated tau,
known as neurofibrillary tangles (NFT)(69). The burden of AD co-pathology in PD patients varies
between studies, in part because of different staging systems and cut-off criteria used, but in general
levels of amyloid-f and tau pathology sufficient to meet a secondary diagnosis of AD is more
common in PDD than in non-demented PD(63, 64, 70, 71). While AD co-pathology is present in
20-30 % of PD patients upon autopsy when cognitive status is not accounted for, as many as 40-90
% of demented patients may have AD co-pathology(72). Although AD pathology is associated with
aging and frequently observed in the brains of elderly individuals, several lines of evidence suggest
it contributes to the clinical phenotype and rate of progression in PD. AD co-pathology has in
particular been associated with reduced overall survival, cognitive decline and dementia(62, 73).
Interestingly, AD co-pathology is also associated with a greater burden of Lewy pathology,
suggesting a potential synergistic relationship between Lewy and AD-co pathology(62). However,
the parallel increase in co-occurring neuropathologies makes it challenging to determine the

individual contribution of each pathology to the clinical course of PD.

Accumulation of amyloid-p plaques and tau NFT also follow a unique pattern of spread. In contrast
to Lewy pathology, amyloid-P plaques usually first appears in the neocortex. Subsequently
amyloid-p deposits extend to the allocortical region and involve key structures such as the
hippocampus and amygdala, before spreading to the subcortical region, the brainstem and finally
the cerebellum(74) (Figure 4A). Tau NFTs are usually first detected in the transentorhinal cortex,
then spread into the entorhinal region and further into the amygdala and hippocampus before
extending to most of the neocortex(75). This sequence differs from that observed for amyloid-f3

plaques (Figure 4B).
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Figure 4: The proposed progression of A) amyloid-f§ plaques according to Thal et al.(74) and B)
tau neurofibrillary tangles according to Braak et al.(75). The Figure was partly generated using
Servier Medical Art, provided by Servier, licensed under a Creative Commons Attribution 3.0

unported license.

1.4 Non-genetic and genetic risk factors

The association between PD and age has been well documented in epidemiological studies(16, 17),
and aging is recognized as the primary risk factor for the development of PD. Aging is associated
with dysregulation of several cellular and molecular processes, including genomic instability,
epigenetic alterations, altered immune response and dysfunction of mitochondria and protein
degradation pathways(76), many of which also have been linked to the pathogenesis of PD, as
discussed below. Tissues composed of primarily post-mitotic cells, such as the brain, are believed to
be especially vulnerable to these changes. However, most elderly people do not develop PD
meaning that aging alone is not sufficient to cause PD. In addition to aging, both genetic and non-

genetic risk factors are believed to modify the risk of disease(77).

1.4.1 Non-genetic risk factors
A broad range of non-genetic risk factors such as environmental exposure, lifestyle factors, drug use
and comorbidities have been linked to PD(78). However, the search for non-genetic risk factors has

proven difficult as an exposure could potentially occur decades before disease onset. Moreover,
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non-genetic risk factors such as environmental exposure are constantly changing. Most studies to
date have been retrospective case-control studies, making them prone to various forms of bias,
including reverse causation (i.e., the outcome influences the exposure) or recall bias (i.e.,
participants may remember or report information inaccurately). The discovery that the neurotoxin
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) can cause parkinsonism by dopamine neuron
degeneration provided a link between PD and environmental exposure(79). Later, exposure to
several pesticides such as rotenone, maneb and paraquat have shown a positive association with PD
risk(80, 81). In a comprehensive review, the following factors associated with PD risk were
supported by prospective studies: Consumption of dairy products, diabetes, hormone replacement
therapy, depression, mood disorder, bipolar disorder and the use of aspirin were positively
associated with PD(78). Contrary, physical activity, smoking, caffein consumption, fat intake, the
use of drugs such as ibuprofen, calcium channel blockers, statins and thiazolidinediones and high
serum urate levels were negatively associated with PD(78). According to the Braak hypothesis, PD
pathogenesis may be initiated in the olfactory bulb and enteric nerves of the digestive system. While
biologically plausible that environmental triggers may access the nervous system through the nose
or the gut and potentially initiate the disease, this remains to be proven. Moreover, genetic and non-
genetic risk factors are believed to interact, with one possible mechanism being through epigenetic
modification(82). Epigenetic modifications refer to changes in gene expression and include

mechanism such as DNA methylation and histone modification.

1.4.2 The genetic landscape of PD

Although it has been long known that 10-15 % of cases have affected relatives, PD was until the
1980s regarded as a disease with a negligible genetic basis(83). We now know that genetic factors
are likely to contribute to virtually all PD cases across a continuum from causal, rare variants to
common variants with low effect sizes that only marginally increase the disease susceptibility
(Figure 5). By our current understanding of the genetic architecture of PD, a differentiation between
monogenic PD (also known as familial or Mendelian PD) and idiopathic PD (also known as
sporadic PD) is often made. High penetrance single-gene variants are usually associated with
monogenic PD, while low-penetrance risk alleles predispose to idiopathic PD. While this distinction
may be practical in a clinical setting, this is likely an oversimplification as there is a considerable
overlap between genes associated with monogenic and idiopathic PD and the pathways that they

exert their effect on, as will be discussed below.
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Figure 5: The genetic landscape of PD across a continuum of allele frequencies and effect sizes.

+++ indicates additional known variants not included in the plot. Adapted from: The Genetics of
Parkinson’s disease and Implications for clinical practice by Day JO and Mullin S(84), 2021,
licensed under CC BY 4.0.

1.4.3 Monogenic Parkinson’s disease

More than 20 genes have been reported as causal for monogenic PD, although only a few have
unequivocally been associated with a phenotype resembling idiopathic PD(85). Many genes still
lack replication, and their relevance in PD are debated. Genes reported as causative for PD are listed
in Table 1. Broadly, monogenic PD often display reduced penetrance and variability in expressivity
such as age at onset, clinical presentation, and progression, even among carriers of identical
mutations within the same families. These observations suggest that additional genetic and non-
genetic factors may contribute to the disease(85). In support of this hypothesis, one study reported
that more than 30 % of patients with monogenic PD had one or more additional variants of

unknown significance in other PD genes, apparently modifying age at onset(86).
The first definitive monogenic cause of PD was discovered in 1997 when variants in the SNCA

gene, the gene encoding a-synuclein, were found to cause autosomal dominant PD(87). Later,

duplications and triplications of the entire SNCA locus have been discovered(88-90). Since then,
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variants in several genes have been shown to cause autosomal dominant or autosomal recessive PD.
Variants in SNCA, LRRK2, VPS35 cause autosomal dominant disease(87, 91-94). Broadly,
autosomal dominant PD more frequently display a phenotype resembling idiopathic PD, with good
levodopa response, albeit with an earlier age at onset (age at onset ~ 50 years)(95). However, in
patients with SNCA duplications, and in particular triplications, the age at onset is even lower and
the phenotype may be more similar to DLB(90, 96). Pathogenic variants in PRKN, PINK and
PARK?7 cause autosomal recessive PD(97-99). Clinically, variants in these genes predominantly
result in early onset PD (age at onset <40 years) with typical PD symptoms, good levodopa
response and slow disease progression. However, dystonia is more prevalent and cognitive decline
less frequent compared to idiopathic PD(100). Variants in ATP13A42, PLA2G6, FBXO7, DNAJCG,
SYNJI and VPS13C also cause autosomal recessive PD with an early or even juvenile onset(101-
105). Unlike the former group, patients display a more complex phenotype with additional
neurological signs and symptoms such as dementia, spasticity or abnormal ocular movements, have
a more rapid disease progression and poor or absent levodopa response. (Reviewed by (106)).
Additionally, several other genes have been implicated in monogenic PD such as UCHLI, HTRA?,
GIGYF2, EIF4G1, DNAJC13, TMEM230, LRP10, CHCHDZ2 and ATP10B(84, 85, 107).These

genes either lack replication in independent families or studies have shown conflicting results.

Table 1: Confirmed and unconfirmed genes associated with monogenic PD.

‘Confirmed Autosomal dominant  Classical PD symptoms  SNCA, LRRK2, VPS35

PD genes Autosomal recessive  Classical PD symptoms  PRKN, PINKI, PARK7
Atypical PD symptoms ATPI1342, PLA2G6,
FBXO7, DNAJC6, SYNJI,
VPSI13C
Unconfirmed Autosomal dominant - UCHLI, HTRA2, GIGYF2,
PD genes EIF4G1, DNAJCI3,
TMEM?230, LRP10,
CHCHD?
Autosomal recessive - ATPI10B
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In most populations only 5-10 % of PD cases are known to have monogenic forms with mendelian
inheritance(106). However, some variants display population specific frequencies. For example, the
most common LRRK?2-variant (p.G2019S) has a high prevalence among North African Arabs and
Ashkenazi Jews (36 % and 28 % of patients with hereditary PD respectively), while being
uncommon in east Asians(108). While monogenic PD only account for a small proportion of the
total PD cases in most populations, these variants provide insight into the pathways associated with
PD. It is also apparent from patients harboring monogenic mutations that PD is phenotypically

diverse, and that there is a significant overlap with atypical forms of parkinsonism.

1.44 GBAIl

Falling between a monogenic variant with reduced penetrance and a strong genetic risk factor is the
GBAI gene. GBAI encodes the lysosomal enzyme glucocerebrosidase (GCase). Homozygous and
compound heterozygous variants in GBA! cause the lysosomal storage disorder Gaucher disease
(GD). GD is divided into clinical subtypes according to the involvement of the central nervous
system: Type I (mild, non-neuronopathic), type II and type III (severe, neuronopathic). Clinical
observations identified an increased frequency of parkinsonism among heterozygous relatives of
GD patients(109, 110). Later, a large multicenter study of PD patients and controls of different
genetic origins confirmed an overall fivefold increased risk of PD in heterozygous and homozygous
GBAI variant carriers(111). Subsequent genetic investigations successfully reproduced these
findings, providing evidence that variants in the GBA I gene serve as the numerically most
important genetic risk factor for PD. The frequency of GBA! variants in PD patients is population-
specific and varies between 3 and 20 %, with the highest carrier frequency found among Ashkenazi
Jews(111). Approximately 300 variants in GBA I have been associated with GD, many of which
have also been observed in PD patients(112). However, the pathogenicity of each individual GBA1
variant varies. Rare variants that cause Gaucher disease in the homozygous state (hereafter referred
to as Gaucher-causing GBA variants) can be stratified as severe variants (causing GD type II or III,
e.g., p.L444P) and mild variants (causing GD type I, e.g., p.N370S). Severe Gaucher-causing GBA 1
variants are associated with a higher risk of PD (odds ratio (OR) >10) than mild variants (OR
>2)(113). Interestingly, low-frequency GBA [ variants that do not cause GD in the homozygous
state such as p.E326K(p.E365K) and p.T369M (hereafter referred to as non-Gaucher causing GBA [
variants) have also been identified as risk factors for PD(114, 115). These variants confer the lowest

risk for PD with OR <2(114, 115).
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Gaucher-causing GBA variants are low penetrant and large population studies suggest that only
about 9.1 % of carriers will develop PD(116). Further, the penetrance is age-dependent(117, 118)
and may be modified by additional genetic risk variants(119). Therefore Gaucher-causing GBA1

variants are regarded as a risk factor for developing PD, rather than a mendelian cause of disease.

On an individual level, PD patients with Gaucher-causing GBA [ variants are clinically
indistinguishable from PD patients not carrying GBA [ variants. On a group level, carriers of
Gaucher-causing GBA 1 variant have an earlier age at onset, more rapid disease progression,
increased risk of dementia and increased mortality(120-123). Further, the severity of the variant
correlates with the risk of developing cognitive impairment(124). Upon autopsy PD patients
carrying Gaucher-causing GBA [ variants show similar neuropathological features as non-carriers,
with nigrostriatal degeneration and widespread Lewy pathology(125), with some reports suggesting

a more severe Lewy pathology(126).

1.4.5 Idiopathic Parkinson’s disease

For the majority of individuals with PD no causative single-gene variant can be identified. Rather,
the disease is likely resulting from a complex interplay between genetic and non-genetic factors.
These cases are known as idiopathic or sporadic, although PD neither develops from a completely
unknown cause or spontaneously as these terms may suggest. The genetic underpinnings of
idiopathic PD have been advanced by landmark efforts including the human genome project(127),
the international HapMap project(128) and the 1000 Genomes project(129). Collectively, these
projects have provided databases on the human genome sequence, genetic structure and variation

that have been essential for understanding the impact of the human genome on health and disease.

Although the human genome sequence is remarkably similar, every unrelated individual differs by
millions of base pairs (bp)(129) that potentially can increase or decrease the susceptibility for
disease. Single nucleotide variants (SNV) are the most abundant type of genetic variability, in
which individuals differ in a single genomic position. Other forms of variation come from
insertions, deletions and larger structural changes such as copy number variation (CNV). Genetic
variants are classified by the frequency of the least common allele (minor allele frequency (MAF))
in a population. By convention, variants are considered common (MAF >1 %), low-frequency
(MAF 0.1-1 %) and rare (MAF <0.1 %), although different cutoffs in the literature exist. Common
SNVs are usually referred to as single nucleotide polymorphisms (SNPs). Further, the human

genome exhibits a haplotype block structure where recombination occurs at relatively few
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recombination hotspots, while the regions between these hotspots tend to have low recombination
rates(128). Consequently, SNPs in physical proximity tend to be inherited together more often than
expected by chance, i.e., they are in linkage disequilibrium (LD), and genotyping only a few

common genetic variants is strongly predictive of variants within the same haplotype block.

In parallel, advances in technology have made it feasible to conduct large scale genetic studies.
Development of cost-effective SNP-arrays which genotype 300,000-1,000,000 selected variants
with genome wide coverage, and imputation of variants that have not been assayed directly, have
been instrumental to conduct genetic studies in large population samples. By tagging nearby
variants through patterns of linkage disequilibrium (LD), these SNP-arrays should give a
representation of the entire genome. In this context, genome wide association studies (GWAS) have
been a successful approach in linking genetic variants to disease(130). GWAS systematically and in
a hypothesis-free manner assess million of common genetic variants for association with a
phenotype by comparing differences in allele frequencies. For PD, the commonly investigated
phenotype has been case vs. control status (i.e., PD susceptibility). However, it could potentially
also encompass continuous variables like age at onset or time-to-event such as time to
dementia(85). More recently, a transition towards whole exome sequencing (WES) and whole
genome sequencing (WGS) techniques, which provide a denser coverage and high genotype
precision have emerged. These advances hold promise to uncover rare variants and other types of
genetic variation including CNVs that are not readily detected with SNP-arrays(131). However, due
to the substantial computational and financial resources required, the sample sizes in WES and

WGS studies are still small compared to GWAS.

Over the past two decades, significant progress has been made in identifying genetic risk variants
associated with idiopathic PD, largely through the use of GWAS. The two initial PD GWAS were
published in 2005 and 2006 respectively. However, due to limited samples size these early
investigations had limited power to reliably detect risk loci(132, 133). In 2009 the two first
genomewide significant PD loci were identified in European cases, specifically in SNCA and
MAPT(134). Concurrently in Japanese PD cases, significant loci were identified in PARK 16, BST1
and LRRK2(135). Since then, a substantial number of PD GWAS with progressively larger sample
size have been published, and a considerable proportion of risk loci have been replicated,
suggesting that they represent true associations. Meta-analyses, combining data from several
GWAS have become an important approach to enhance discovery of PD-associated variants. The

most recent PD GWAS based on meta-analysis was published in 2019 and involved a large cohort
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of 37,700 PD cases, 18,000 proxy cases (first degree relatives of PD patients) and 1.4 million
controls(136). This study identified 90 genetic variants across 75 loci associated with PD
susceptibility, providing further evidence for the polygenic architecture of PD. Heritability
estimates for PD range from 27-34 % bases on twin-studies(137, 138) to 22-27 % based on GWAS
(SNP-based heritability)(136, 139). However, identified GWAS loci only explain ~1/3 (16-36 %) of
the estimated heritability, suggesting a large proportion of genetic variants are yet to be

discovered(136). For a summary of some important GWAS publications in PD, please see Figure 6.
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Figure 6: Evolution of PD GWAS from 2006 to 2019. Each bubble represents a GWAS(133, 134,
136, 140-142) and the number of genome wide significant SNPs associated with PD are displayed
in the center of each bubble. Note that the 2019 GWAS in addition to 37,700 PD cases also
included 18,000 proxy cases(136).

Genetic factors do not only influence the risk of developing PD, but likely also contribute to the
progression and heterogeneity in manifestation of motor and non-motor symptoms. Evidence from
studies on monogenic PD highlights that different mutations lead to diverse phenotypes
characterized by variations in age at onset, disease progression and susceptibility to dementia.
Genetic factors that influence the expression or severity of the disease are called genetic modifiers.
The search for genetic modifiers has gained significance interest, as these factors could potentially
serve as targets for therapeutic interventions. Through the identification of genetic modifiers that
influence key disease milestones, such as the time at which certain motor or non-motor symptoms

appear, novel avenues for drug development could be uncovered. While much attention has been
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directed towards known PD risk loci, a more unbiased investigative approach has begun to gain
traction in recent large-scale studies. Nevertheless, such approaches have been limited by the
scarcity of comprehensive patient cohorts with extensive phenotyping, adequate sample size and
sufficient longitudinal follow-up. Nevertheless, using a GWAS approach, Bluwendraat et al.
showed that SNCA and TMEM175, both established PD susceptibility loci, were associated with an
earlier age at onset(143). Moreover, the heritability for age at onset was estimated to 11 %, much
lower than the heritability estimates for PD, perhaps related to the subjective nature of the outcome.
Subsequent studies have confirmed the role of TMEM175 in age at onset, and a novel BST locus
has been nominated(144, 145). Similarly, in GWAS on longitudinally followed cohorts GBA/ and
two loci not known to alter PD susceptibility, APOE and RIMS?2, have been associated with
cognitive decline(145-148). As discussed above, Gaucher-causing variants in GBA [ associate with
a higher rate of cognitive decline and dementia. The APOE gene, located on chromosome 19, has
three common alleles (E2, E3 and E4). While the APOE E4 allele is a major genetic risk factor for
AD(149) and DLB(150), it does not appear to alter PD susceptibility. However, several early
studies have reported significant associations between the E4 allele and cognitive decline in PD,
although results have been inconsistent(151). Variants in the MAPT locus have robustly been
associated with PD risk in GWAS(134). MAPT encodes the tau protein which is the main
component of neurofibrillary tangles (NFTs) and has consistently been related to several other
neurodegenerative disorders, including frontotemporal dementia (FTD), PSP, CBD and AD(152).
Therefore, MAPT has become an attractive candidate gene for cognitive decline in PD. Some
studies have indicated a potential role for MAPT in influencing cognitive decline in PD, however
findings have been inconsistent(151), and the more recent GWAS on cognitive progression have not
confirmed the association(145-148). Collectively these studies suggest that the there is only a partial
overlap between the genetic architecture of PD susceptibility and progression, indicating distinctive

genetic factors are at play for these two aspects of the disease.

1.4.6 Lessons learned from GWAS

Following the successful identification of genetic risk loci through GWAS, several valuable insights
have been gained. GWAS variants individually only exert a modest effect on disease risk, typically
exhibiting an odds ratio less than 1.5. To detect these variants with small effect sizes, large
population samples are required to ensure sufficient statistical power. In addition to discovering
novel loci, several GWAS loci are in close proximity of known monogenic PD genes indicating
shared biological pathways in both forms. Examples of such pleomorphic loci are SNCA, LRRK?2,
GBAI and VPS13C(85). Further, PD also shares genetic influence with other neurodegenerative
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diseases such as DLB (SNCA, GBAI, TMEM175)(153) and AD (HLA locus and MAPT)(154, 155),
suggesting shared genetic etiology of potential clinical importance. Such insight can potentially
pave the way for identifying convergent therapeutic targets and advance our understanding of the

interplay among these neurodegenerative diseases.

Despite the progress highlighted above, the translation of discovered genetic variants into improved
clinical care has been limited. One of the bottlenecks lies in functionally validating the disease-
associated variants. Only a few PD loci have been functionally validated, among them SNCA,
LRRK?2, GBAI that are also implicated in monogenic PD. GWAS variants are most often not
causative, but rather inherited together, i.e. in high linkage disequilibrium (LD) with one or more
causal variants(156). Further, most GWAS variants are located in non-protein coding regions of the
genome without any obvious effect on normal protein function. Rather, non-coding variants are
more likely to be located in regulatory regions(157), thereby contributing to disease risk though
regulation of transcription or expression of one or more nearby or distant genes(158). Adding to the
complexity, the functional role of the disease associated variant may be context dependent, as the
regulatory function is expected to be tissue and cell type specific. Thus, identification of causal
variants and the target genes remain challenging and requires follow-up studies using various
approaches including fine-mapping, and integrating several sources of functional data from disease

relevant tissue and cell-types. A detailed discussion on the topic can be found in (156, 159).

1.5 Pathways associated with Parkinson’s disease

Apart from discovering causative genes, another challenge is to understand the mechanisms through
which these factors contribute to disease. It is now recognized that genes may operate collectively
within biological pathways rather than in isolation. In a comprehensive analysis involving ~26,000
PD patients and ~403,000 controls, a total of 2,199 curated gene sets representing biological
pathways were assessed for association with PD risk. Among these, 46 partly overlapping gene sets
were linked to PD susceptibility in both the testing and replication phase of the study(160). Both
genes leading to monogenic PD and genes nominated through GWAS appear to converge on
common pathways. In particular pathways involved in a-synuclein misfolding and aggregation,
lysosomal dysfunction, endosomal trafficking, mitochondrial dysfunction and immune response

have been highlighted(160-162). Consequently, as we currently only know a proportion of PD
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associated genes, collective rather than individual assessment of variants may be a promising

approach to understand the biological underpinnings of PD.

1.5.1 Alpha synuclein aggregation and misfolding

The discovery of mutations and multiplications in the SNCA gene as a cause of monogenic PD,
identification of a.-synuclein as a major component of Lewy pathology, as well as common
variation in the SNCA locus increasing the risk for idiopathic PD collectively point to a pivotal role
of a-synuclein in the pathogenesis of PD. The physiological role of endogenous a-synuclein
remains poorly understood, although it appears to play a role in synaptic vesicle function, vesicular
trafficking and neurotransmitter release(163, 164). a-synuclein acquires pathogenic properties
through a polymerization process where soluble monomers form oligomers that ultimately may
aggregate into large insoluble fibrils that may be incorporated in Lewy pathology(165). However,
both oligomeric and fibrillar a-synuclein conformations have been reported to exhibit toxic
properties, yet which is most relevant in the induction and progression of PD remains
unresolved(165). More recently, different strains of a-synuclein have been recognized. These
strains are distinct forms of a-synuclein exhibiting different conformational arrangements and
properties, including differences in toxicity(165). While the precise mechanisms underlying the
spread of a-synuclein in the nervous system remain incompletely understood, emerging evidence
indicates that a-synuclein can have prion-like properties. At the center of this hypothesis is the
notion that a-synuclein can self-aggregate(166), transmit from one cell to another(167), and act as a
seed to induce aggregation of a-synuclein in the recipient cell(168). Human evidence supporting
such prion-like properties of a-synuclein comes from reports of Lewy pathology acquired in grafted
fetal mesencephalic neurons(169, 170). The potential prion-like spread of a-synuclein fits into the
current hypothesis of Lewy pathology progression, perhaps explaining the fairly consistent
anatomical progression of interconnected brain regions. Collectively, these properties suggest
potential self-propagating features of a-synuclein that often are referred to as prion-like properties,
although there is no evidence to support direct transmission of PD between individuals, unlike prion

diseases.

1.5.2 Lysosomal pathway
Lysosomes are cellular organelles that have a pivotal role in maintain cellular homeostasis.
Specifically, they function as the terminal degradative station for multiple cellular trafficking

routes, including the autophagy and endosomal trafficking pathways(171). Importantly, lysosomes
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are involved in a-synuclein degradation, in particular through the autophagy-lysosomal
pathway(172, 173). An intricate, bi-directional relationship between a-synuclein and lysosomes
have been suggested: Inhibition of lysosomal function increases intracellular accumulation of a.-
synuclein(173). Moreover, aggregated a.-synuclein has been shown to inhibit the autophagy-
lysosomal pathway, either by impeding lysosomal uptake(172), or by causing a more generalized
lysosomal dysfunction(174) thus impairing its own degradation. Consequently, lysosomal

dysfunction may impede a-synuclein clearance, promoting its aggregation and propagation.

Genes causing rare forms of monogenic PD such as VPS13C, ATP1342 and PLA2G6 have been
suggested to be involved in lysosomal functions(175). Additionally, although involved in several
biological pathways, one key role LRRK? is potentially maintaining lysosomal homeostasis(176).
Genetic studies on idiopathic PD have further highlighted a broad contribution of genes implicated
in lysosomal storage disorders(177). Among the lysosomal genes, GBA! variants are confirmed as a
major risk factors for both PD(111) and DLB(178), as previously discussed in section 1.4.4. In
addition to GBA1, several other genes involved in lysosomal functions including lysosomal
enzymes, lysosomal membrane proteins and proteins involved in lysosomal trafficking and
autophagy have been nominated by GWAS as risk factors for PD. These include loci in the
proximity of TMEM175, SCARB2, GAK, GALC, VPS13C, CTSB(136, 140-142, 179), that have
been replicated, and loci in the proximity of ATP6V0AI, GRN, GUSB, and NEU] that been
nominated(136, 142). A functional association between lysosomal impairment and a-synuclein
aggregation has been suggested for several of these(174, 180, 181). Collectively, these studies point
to a major contribution of the lysosomal pathway in the pathogenesis of PD where both rare and
common variants influence disease susceptibility. For a more comprehensive review of lysosomal

genes associated with PD, please refer to(175, 182).

1.5.3 Endosomal trafficking pathway

The endosomal trafficking pathway is a network of membrane-enclosed structures involved in
collection, sorting and dissemination of protein and lipid cargo between the plasma membrane and
the intracellular compartment(183). Internalization of membrane-bound protein and lipid cargo
through endocytosis is the first step in the endosomal trafficking pathway. Following endocytosis,
the cargo converges in the early endosome, the initial sorting station of the pathway. Once in the
early endosome, cargo can either be recycled back to the plasma membrane, transported to the

trans-Golgi network or be retained in the early endosome which matures into a late endosome. The
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late endosome ultimately fuses with the lysosome for degradation of proteins and lipids, linking the
endosomal trafficking and lysosomal pathways(184). A significant proportion of genetic variation
in PD has been linked to the endosomal trafficking pathway. This includes both monogenic genes
such as VPS35(94), DNAJC6(105), and SYNJ1(185, 186) and genes nominated by GWAS such as
GAK, VAMP4, NOD2, RAB29, and SH3GL2(136, 141, 142). These genes have been linked to
various steps in the endosomal trafficking pathway, supporting the notion that the endosomal
trafficking pathway is of particular importance in PD. Also, LRRK? is linked to vesicle trafficking,
in particular as a regulator of endocytosis(187). Bandres-Ciga et al. conducted a recent study on
~29,000 PD cases and 22,000 controls, focusing on 252 genes associated with the endosomal
trafficking pathway(161). Their findings emphasize the involvement of this pathway in PD
susceptibility and identified additional genes that go beyond the associations previously identified

through GWAS.

1.5.4 Mitochondrial pathway

Mitochondria are essential in energy metabolism and regulation of cell death via apoptosis. Decline
in mitochondrial function has been demonstrated to occur in humans during aging, and neurons,
which have high metabolic requirements, are particularly susceptible to these age-related
impairments(76). Mitochondrial dysfunction represents another well-established mechanism in the
pathogenesis of PD. The first evidence of mitochondrial dysfunction in PD came from cases
exposed to the neurotoxin MPTP which target nigrostriatal dopaminergic neurons through blocking
mitochondrial respiration(188). A deficiency of the complex I of the mitochondrial respiratory
chain has further been found in post-mortem brains from patients with idiopathic PD, implicating
mitochondrial dysfunction as a more general phenomenon in PD(189). PD genetics have further
strengthened the link between PD and mitochondria. Mutations in autosomal recessive PD genes
including PRKN, PINK1, PARK?7, and FBXO?7 directly impact mitochondrial function, in particular
mitophagy, by which damaged mitochondria are selectively removed via autophagy and ultimately
degraded in the lysosome(190-193). Additionally, SNCA, LRRK?2 and VPS35 have been reported to
indirectly regulate mitochondrial function, suggestion crosstalk between disease pathways
(reviewed in (194)). The discovery of putative mitochondrial genes through GWAS has been
limited, although some exceptions exist. Common variation in the MCCCI gene, which encodes a
subunit of the mitochondrial enzyme MCC, has been consistently replicated(136, 141, 142), while
COQ7 and ALASI have been nominated(142). More recently, Billingsley et al. nominated

25



additionally 14 genes associated with mitochondrial dysfunction using Mendelian

randomization(162).

1.5.5 Immune system

While not considered an autoimmune disease, compelling evidence also implicate innate and
adaptive immune mechanisms in PD. Whether these processes are a cause or effect of
neurodegeneration remains unresolved. Activated microglia in the substantia nigra in post-mortem
brains of PD-patients were described several decades ago(195), and increased levels of pro-
inflammatory cytokines have been reported in the cerebrospinal fluid (CSF) and brain-tissue(196).
More recently, the involvement of the adaptive immune system has been suggested, and in
particular CD4+ and CD8+ T cells have been shown to accumulate in the substantia nigra of PD
patients(197). Immune mechanisms have also been highlighted by PD GWAS where non-coding
variants in the human leukocyte antigen (HLA) and bone marrow stromal cell antigen 1 (BST1)
locus have been consistently associated with PD-risk(135, 136, 141, 198). Intriguingly, while both
common and rare variants in LRRK?2 are strongly linked to PD, LRRK2 has in GWAS been
identified as a susceptibility factor for the autoimmune disorder Crohn’s Disease(199). Moreover,
there is a considerable genetic overlap between PD and seven autoimmune diseases, in particular
Crohn’s disease(200). More recently, a significant cell-type heritability enrichment for microglia
has been reported in PD(155). These findings suggest that immune dysregulation may serve as a
common pathway underlying more PD associated genes than previously recognized. For a more

comprehensive discussion of immune dysfunction in PD, a recent review has been published(201).

As discussed above, genetic studies have revealed several pathways associated with PD. Moreover,
many of these pathways are interconnected, with the lysosome appearing to be a central nexus as
the terminal degrative station for several intracellular trafficking routes(171). Consequently,
dysfunction in one pathway can result in secondary effects in another pathway, as highlighted by
the reciprocal relationship between mitochondria and lysosomes. Dysfunctional mitochondria
impair lysosomal function and vice versa, suggesting a mutually destructive relationship(202, 203).
Importantly, impairment of the lysosomal, endosomal and mitochondrial pathways as well as
immune mediated mechanisms are not only limited to PD, but appear to converge in several

neurodegenerative diseases, pointing to shared pathological mechanisms(204).
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2 Thesis aims

There is a current lack of disease-modifying therapies for PD. The projected doubling in the
prevalence of PD within the next generation underscores the pressing need for effective
interventions. Numerous genetic risk factors for PD have been identified, and they converge on
shared pathways. However, how these genetic risk factors either individually or through common
pathways modify the disease, and how they relate to the key neuropathological substrate of PD
remains poorly understood. Addressing these knowledge gaps forms the foundation for the studies
presented in this thesis. The overall aim of my PhD work is to increase our understanding of the
interplay between genetic and neuropathological heterogeneity and how they contribute to cognitive

deterioration in PD.

Paper 1: In this paper we explored the influence of common variation in the Apolipoprotein E
(APOE) and microtubule associated protein tau (MAPT) loci, and time to development of dementia

in PD, in neuropathologically characterized samples.

Paper 2: In this paper we investigated how common genetic variants associated with PD and AD
influence Lewy and AD co-pathology respectively in patients with PD and DLB. With the
hypothesis that differential genetic mechanisms may influence Lewy pathology depending on the

level of AD co-pathology, samples were stratified by the presence or absence of AD co-pathology.
Paper 3: In this paper we examined if the lysosomal PD polygenic risk score (PRS) highlighted in

Paper 2 was associated with an earlier onset of dementia in PD patients with a reduced vulnerability

to AD co-pathology.
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3 Summary of results

3.1 Paper1

APOE and MAPT Are Associated With Dementia in Neuropathologically Confirmed
PD

Genetic risk factors are potential predictors for cognitive decline and dementia. Both the APOFE and
MAPT loci have previously been linked to cognitive decline in PD, but the results have been
conflicting. In this paper we investigated whether SNPs tagging the APOE (rs429358 and rs7412)
and MAPT (rs1800547) loci were associated with the onset of dementia. We conducted survival
analysis on 152 samples with PD from the Netherlands Brain Bank (NBB), taking advantage of the
neuropathological confirmed diagnoses. We showed that both the APOE E4 allele and the MAPT
HI haplotype were associated with an accelerated onset of dementia. Further, we demonstrated the
influence of APOE E4 on the level of amyloid-p pathology, indicating APOE influence dementia
development through deposition of amyloid-f plaques. Identifying PD patients at high risk for early
dementia has prognostic implication and can potentially improve the selection for clinical trials in a

precision medicine context, and aid in identification of potential therapeutic targets.

3.2 Paper 2

Lysosomal polygenic risk is associated with the severity of neuropathology in Lewy body disease

In paper 2 we investigated how common genetic variants associated with AD and PD risk influence
the key neuropathologies in patients with PD and DLB. The study was divided into a discovery
phase in samples from the NBB (n=217) where associations were nominated for replication in the
Mayo Clinic Jacksonville Brain Bank (n = 394). We constructed AD-PRS and assessed the
relationship with measures of amyloid-f and tau pathology. Further, we constructed a PD-PRS and
PRS reflecting 6 different pathways and 2 cell types previously implicated in PD, and investigated
their relationship with Lewy pathology in samples with and without significant AD co-pathology.
We found that a higher polygenic burden for AD (AD-PRS) was associated with the level of
amyloid-f} and tau pathology in both cohorts. In a sensitivity analysis where the APOE region was

removed from the AD-PRS, associations with measures of amyloid-§ and tau pathology were still
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significant in the Mayo Clinic cohort, suggesting that variants beyond the well-established APOE
locus contribute to the level of AD pathology. Moreover, our data showed that the PRS reflecting
the lysosomal pathway (lysosomal PD-PRS) was associated with Lewy pathology in the subset of
samples without significant AD co-pathology in both the discovery and replication cohort. The
association between lysosomal PD-PRS and Lewy pathology was more consistent than the genome-
wide PD-PRS, suggesting that only a subset of SNPs associated with PD risk contribute to the level
of Lewy pathology. Further, we showed that the lysosomal PD-PRS associated with an earlier onset
of dementia in the subset of individuals without significant AD co-pathology from the NBB.

Our results extend the current knowledge about the contribution of both AD and PD risk variants on
the heterogenous neuropathologies in PD and DLB. In particular, our data highlight variants within
the lysosomal pathway as relevant to the level of Lewy pathology and development of dementia in
the absence of significant AD co-pathology. Our findings provide evidence that PRS may serve as

potential markers to enhance the selection of participants for clinical trials.

3.3 Paper3

Lysosomal polygenic burden is associated with cognitive progression in Parkinson’s disease

patients with low risk of Alzheimer co-pathology

In Paper 3 we followed up our results from Paper 2 and investigated whether the lysosomal PD-
PRS was associated with faster progression to cognitive impairment in longitudinally followed
patients with a low vulnerability to AD co-pathology. We included patients from two longitudinal
PD cohorts, the Parkinson’s Progression Markers Initiative (PPMI) (n = 374) and the National
Institute of Neurological Disorders and Stroke (NINDS) Parkinson’s Disease Biomarker Program
(PDBP) (n = 777). In the absence of gold-standard assessment of AD co-pathology, we stratified
patients based on CSF measures of amyloid-f and tau, as well as AD-PRS. The optimal AD-PRS
threshold for discriminating between patients with and without significant AD co-pathology was

determined in neuropathologically verified LBD samples from the NBB (n =217).

Our results show that the lysosomal PD-PRS was associated with an earlier onset of cognitive
impairment in patients with a low vulnerability to AD co-pathology, both based on CSF measures
of amyloid-p and AD-PRS in the PPMI samples. The association between lysosomal PD-PRS and

cognitive impairment in samples with a low vulnerability to AD co-pathology was replicated in the
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independent PDBP samples. Further, our results suggest that the association between the lysosomal

PD-PRS and cognitive impairment extends beyond the well-established GBA! locus.

Our results underscore the role of lysosomal polygenic burden in the cognitive progression of PD
patients with a low vulnerability of AD co-pathology, replicating our results from Paper 2.
Moreover, our data provide compelling evidence for the potential use of AD-PRS as a means to

discriminate between patients with and without vulnerability to AD co-pathology.
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4 Methodological considerations

4.1 Subjects

In paper 1, 2 and 3 we included neuropathologically verified donors with LBD from the
Netherlands Brain Bank (NBB) (www.brainbank.nl). Donors enrolled from 1989 to 2017 (n =
3,853) were considered for study inclusion, and cases with available Lewy and AD pathology

staging, clinical information and genotype data were included.

For Paper 1, our focus was on cases with neuropathologically confirmed PD with and without
dementia, resulting in a sample size of 152. Cases were diagnosed based on the combination of the
UK Parkinson’s Disease Society Brain Bank criteria(205), moderate to severe loss of neurons in the
substantia nigra and Lewy pathology at minimum within the brainstem. Cases with DLB were
excluded from this study based on the presence of dementia within the first year of disease
onset(42). Dementia was diagnosed during life by a neurologist or geriatrician, or retrospectively
based on neuropsychological test results indicating impairment in at least two core cognitive

domains(206), or a Mini-Mental State Examination (MMSE) score below 20.

In paper 2 we included 222 subjects from the NBB with PD or DLB. DLB cases had a clinical
diagnosis of probable DLB(42) in combination with the presence of limbic-transitional or diffuse-
neocortical Lewy pathology. After excluding extreme age outliers (n = 1) and cases with an atypical
distribution of Lewy pathology (n = 4) 217 cases remained for the final analysis. Additionally,
neuropathologically healthy controls (n = 82) and AD cases (n = 64) were included to assess the
discriminative ability of AD- and PD-PRS. Furthermore, we included autopsy-confirmed cases (n =
402) with an antemortem diagnosis of PD(205) or DLB(42) from the Mayo Clinic Jacksonville
Brain Bank for Neurodegenerative Disorders for replication of results. 394 cases were included in

the final analysis after removing extreme age outliers (n = 8).

In paper 3 the same LBD cases from NBB used in Paper 2 were included (n = 217). These cases
were used to identify the optimal cut-point for AD-PRS to distinguish between cases with and
without AD co-pathology. For the main analysis in Paper 3 we included patients from two
longitudinal cohorts: the Parkinson’s Progression Markers Initiative (PPMI) and the National

Institute of Neurological Diseases and Stroke (NINDS) Parkinson’s Disease Biomarker Program
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(PDBP)(207, 208). PPMI (www.ppmi-info.org) is a multicenter prospective longitudinal study
including PD patients over 30 years of age within 2 years of diagnosis and not requiring
symptomatic therapy at baseline. The study started in 2011, and recruitment is still ongoing.
Patients enrolled in the initial phase of the study with a clinical diagnosis of PD and positive DaT-
SPECT imaging (n = 423) were considered for inclusion. Clinical variables from baseline and
annual study visits for the first five years were used. PDBP (https://pdbp.ninds.nih.gov) is a
consortium of sites collecting data to well characterized longitudinal cohorts. Patients are included
at various stages and duration of disease, irrespective of dopaminergic therapy. PDBP is designed to
mimic a broad PD population, thereby representing prototypical candidates for future clinical
trials(208). Inclusion criteria are a diagnosis of PD according to the UK PD Society Brain Bank
criteria(205). Additional inclusion criteria, such as positive DaT-SPECT imaging, age requirements
or response to dopaminergic therapy, apply at the various sites contributing to the consortium(208).
A total of 374 individuals from PPMI and 777 from PDBP fulfilling diagnostic criteria for PD and

with available genotypes, demographic variables and cognitive assessment were included.

4.1.1 Advantages and limitations of post-mortem samples

Identification of relevant genetic associations rely on precise phenotypes. Due to overlap of
symptoms with other neurodegenerative diseases, the diagnostic error rates of PD and DLB are
high, in particular in the early stages of disease, as previously discussed. While advances in clinical
diagnostic criteria have been made, autopsy remains the gold standard for confirming the disease.
Consequently, brain bank cohorts of neuropathologically confirmed cases offer a more accurate
phenotype essential to research into neurodegenerative diseases. However, the access to brain bank
samples is limited, likely reflecting the substantial financial and time investments required to
recruit, collect, characterize and store human brain tissue(209). Nevertheless, brain-bank cohorts are
inherently cross-sectional in nature and clinical data often collected retrospectively, limiting
longitudinal assessment. Moreover, systematic clinical examination may not be consistently
conducted, particularly in the last years of life when clinical deterioration often hinders assessment.
Further, samples are biased towards the advanced disease stages, with most cases displaying end-
stage pathology. As Lewy and AD co-pathology are expected to evolve over the entire disease
course, even in the prodromal phases before clinical symptoms are evident, brain bank cohorts are

not representative of the early stages of disease.
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4.1.2 Combining PD and DLB

In Paper 2, we chose to focus on the genetics of neuropathology in individuals with PD and DLB
collectively. The clinical differentiation between PD and DLB has become less clear as dementia at
onset no longer is an exclusion criterion for PD(23). From a clinical point of view, it is meaningful
to maintain a distinction between PD and DLB, in terms of prognostic implications and treatment
strategies. However, PD and DLB also have overlapping pathological hallmarks and genetic risk
factors, pointing to a shared underlying pathological process. While neuropathological differences
between PD and DLB have been described on a group level(210), these distinctions alone are
insufficient for definitive differentiations in the absence of clinical information(211). A significant
genetic correlation between PD and DLB has also been reported(212) and variants in the proximity
of SNCA, GBAI and TMEM175 have in GWAS been nominated as risk loci in both diseases(153).
Combining PD and DLB has certain advantages, such as increase in the statistical power and the
potential to uncover associations that are common to both entities. However, if the underlying
disease mechanisms in PD and DLB are fundamentally different, the combination of the two
conditions would introduce statistical noise and lead to overgeneralization of results beyond their

relevant context.

4.2 Cognitive assessment

In Paper 3, cognition was assessed using the Montreal Cognitive Assessment (MoCA)(213). The
MoCA is a brief screening tool of global cognition covering multiple cognitive domains, including
assessment of short-term memory recall, visuospatial abilities, executive functions, phonemic
fluency, verbal abstraction, attention, concentration, working memory, language and orientation.
One additional point is added for people with less than 12 years of education, with a maximum total
score of 30. While comprehensive neuropsychological evaluation is more reliable for a diagnosis of
PDD(206), these assessments are resource-intensive and often challenging to obtain for the number
of patients required for genetic studies. Consequently, researchers will often have to settle for more
crude measures of cognition like the MoCA score due to practical limitations. The majority of
PPMI subjects had more detailed cognitive evaluation available, yet cognitive assessment of PDBP
samples relied on the MoCA score. Consequently, to harmonize between the two cohorts, the
MoCA score was chosen in Paper 3. The MoCA is well-recognized for detecting cognitive
symptoms in individuals with PD(214, 215). Moreover, the MoCA score has also been

demonstrated to differentiate between various cognitive stages in individuals with PD and healthy
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controls(215). While various cut-off scores have been proposed, we chose <21/30 to classify
cognitive impairment in Paper 3, which has previously been determined as the optimal cut-off for

PDD(215).

4.3 Staging of neuropathology

In Paper 1 (NBB), 2 (NBB and the Mayo Clinic) and 3 (NBB) neuropathological characterized
samples were included. All brain autopsies were performed by experienced neuropathologists. A. J.
M. Rozemuller and W. D. J. v. d. Berg conducted the brain autopsies at NBB and D. W. Dickson at
the Mayo Clinic.

4.3.1 Lewy pathology

Lewy bodies and Lewy neurites were immunostained by antibodies against o.-synuclein (Mouse
monoclonal anti a-synuclein, clone KM51, 1:500 Monosan Xtra, the Netherlands and Rabbit
polyclonal anti a-synuclein, 1:3000 Mayo Clinic antibody, FL). Various staging schemes have been
devised to systematically assess and evaluate the extent of Lewy pathology. These staging systems
offer valuable frameworks to better understand the progression and impact of Lewy pathology,
enhance diagnostic accuracy and facilitate research. Kosaka et al. were the first to introduce a
standardized staging of Lewy pathology. They classified cases with LBD into three pathological
subtypes according to the distribution of Lewy pathology: Brainstem LBD (BLBD), transitional
LBD (TLBD) and diffuse LBD (DLBD)(57). Building on the concept of a caudal to rostral spread
of Lewy pathology delineated by Kosaka, Braak et al. described a more detailed six stage
progression of Lewy pathology in PD(52, 53). In addition to refining the staging system of the
brainstem and cortex, Braak also suggested that Lewy pathology originated outside the central
nervous system. Similarly, the DLB consortium later adapted the staging by Kosaka in the
pathological criteria for DLB as described by McKeith and colleagues(56). In addition, several

other staging systems have been developed but are beyond the scope of this thesis to discuss.

The donors from NBB were assigned a Braak Lewy pathology stage (3-6 for LBD donors) using the
BrainNet Europe (BNE) Consortium protocol(216). In the BNE protocol the presence or absence of
lesions rather than lesion counts are assessed, improving the inter-rater agreement(216). In the
Mayo Clinic donors, Lewy pathology was staged as BLBD, TLBD and DLBD according to

Kosaka(57). Comparison between the two staging schemes have previously been published(60) and
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is provided in Table 2. While an approximate conversion from Braak Lewy pathology stage to
Kosaka stage has been proposed, such adaptations are prone to inaccuracies, as Braak Lewy
pathology stage 3 could represent both the BLBD and TLBD, and Braak Lewy pathology stage 5
could represent both TLBD and DLBD if assessment instructions are strictly followed(216).
Importantly, our study design involved an initial discovery analysis in the NBB cohort followed by
an independent replication attempt in the Mayo Clinic cohort, and we did not consider it justified to
subsequently revise the original discovery analysis based on a potentially suboptimal conversion
from Braak Lewy pathology stage to Kosaka stage. The difference in staging schemes represent an
important limitation to the study. However, one may also argue that methodological differences are
most concerning in cases where findings are not reproduced, whereas an association that still

replicates across somewhat different cohorts is an indication of a robust signal.

Table 2: Staging of Lewy pathology according to the two major classifications schemes by Braak et
al.(52) and Kosaka et al.(57). Used with permission of John Wiley & Sons — Books, from Evidence
in Favor of Braak Staging of Parkinson’s Disease, Dickson DW et al.(60), Vol. 25, Suppl. 1, 2010,

permission conveyed through Copyright Clearance Center Inc.

Braak LP Kosaka LBD
Anatomical region stage types
Anterior olfactory nucleus 1 (Not assessed)
Dorsal motor nucleus of vagus Brainstem
Locus coeruleus 2
Substantia nigra 3
Basal nucleus of Meynert Transitional
Amygdala 4
Parahippocampal and cingulate limbic cortices
Multimodal association cortices of temporal, frontal, and 5 Diffuse

parietal lobes

Primary motor and visual cortices 6

4.3.2 Alzheimer’s disease pathology
Current criteria for the neuropathological assessment of AD from the National Institute on Aging-
Alzheimer’s Association Guidelines (NIA-AA) incorporates two staging systems for Amyloid-3

pathology and one score for tau pathology(217).
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Amyloid-p pathology is measured by the Consortium to Establish a Registry for Alzheimer's
Disease (CERAD) neuritic plaque score and Thal amyloid-B(A)-phase. The CERAD score is a
semi-quantitative measure of the density of neuritic plaques in three areas of the cortex (frontal,
temporal and parietal) graded as none, sparse, moderate or frequent(218) (Table 3). The Thal AB-
phase reflects the anatomical distribution of amyloid-f plaques (considering both diffuse and
neuritic plaques)(74) (Table 4). In the NBB samples (Paper 1, 2 and 3) Thal AB-phases were
analyzed in the medial temporal lobe (MTL) (Thal AB-MTL)(219). As the cerebellum was often not
sampled for these cases to distinguish between Thal AB-phase 4 or 5, a 4-tier version of the Thal
APB-phase was used. For the Mayo Clinic samples (Paper 2), the 5-tier version of Thal AB-phase
was used. Although differences in protocols used to determine Thal AB-phase may limit the
comparability between the two cohorts, a strong correlation between Thal AB-MTL and Thal AB-
phase has been reported(220), which in our view justifies the comparison in the context of
polygenic risk score associations. In both brain banks tau NFTs were scored according to Braak,

ranging from 0 to VI(75) (Table 5).

Table 3: CERAD score for the density of neuritic plaques in the neocortex(218).

0 None

A/l Sparse
B/2 Moderate
C/3 Frequent

Table 4: Thal-Ap phase and corresponding hallmark brain regions(74).
ThalApphase  Hallmarkregon
Thal AB-phase 0 No amyloid-f pathology

Thal AB-phase 1 Amyloid-f pathology exclusively in the neocortex

Thal AB-phase 2 Amyloid-p pathology spread to the allocortex

Thal AB-phase 3 Amyloid-p pathology spread to the subcortical nuclei (diencephalon/striatum)
Thal AB-phase 4 Amyloid-p pathology spread to the brainstem

Thal AB-phase 5 Amyloid-f pathology spread to the pontine nuclei and cerebellum




Table 5: Braak NFT stages and corresponding hallmark brain regions(75).

0 No NFT pathology

I NFT pathology in the transentorhinal region

II NFT pathology in the entorhinal region

I NFT pathology in the neocortex of the fusiform and lingual gyri

v NFT pathology in the neocortical association areas

A% NFT pathology in the frontal, parietal and occipital (peristriate) regions

v NFT pathology in the primary and secondary neocortical regions and striate
area in the occipital lobe

According to the NIA-AA criteria, the “ABC score” is a composite of the three abovementioned
AD pathology scores, where the combination of Thal AB-phase (A), Braak NFT stage (B) and
CERAD neuritic plaque score (C) designate donors as having no, low, intermediate or high AD
neuropathological change(217). Donors with cognitive impairment and an intermediate or high
“ABC score” fulfill criteria for AD, while cases with a not or low “ABC score” do not, regardless of
cognitive function(217). The NBB donors had all three neuropathology scores available, while the
Mayo Clinic donors had been scored according to Thal AB-phase and Braak NFT stage. To
harmonize the classification of AD pathology between the two cohorts, we used an adaptation of the
NIA-AA criteria considering the combination of Thal AB-phase and Braak NFT stage (hereafter
referred to as composite AD-score). Following the NIA-AA criteria, Thal AB-phases were
categorized as 0, 1-2, 3 and 4-5 and Braak NFT stages were categorized as 0, I-II, III-IV and V-VI
(Table 6).

Table 6: The composite AD-score, an adaptation of the “ABC score”, encompassing Thal-Af phase
and Braak NFT stage to NBB and Mayo Clinic donors.

No

No
No Low Low Low
No Low Intermediate Intermediate

No Low Intermediate High
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A major obstacle in discerning the genetic contribution to Lewy and AD co-pathology in LBD is the
neuropathological heterogeneity. The level of AD co-pathology is positively correlated with the
severity of Lewy pathology, which challenges the interpretation of the underlying genetic
relationship with the extent of each pathology(221, 222). Thus far, most clinico-pathological studies
have compared patients regardless of AD co-pathology. However, two recent studies have
suggested a distinct genetic architecture dependent on the level of concomitant AD-pathology in
DLB(223, 224). These studies show that non-Gaucher causing GBA variants are associated with a
“pure” form of DLB i.e., without any significant AD co-pathology, while APOE E4 is a risk factor
for DLB with AD co-pathology. Thus, the genetic contribution to Lewy and AD co-pathology may
be more clearly assessed by stratifying patients based on the level of AD co-pathology. Therefore,
we divided the LBD donors into two groups in Paper 2, where LBD without AD co-pathology had a
“no” or “low” composite AD-score and LBD with AD co-pathology had an “intermediate” or
“high” composite AD-score. However, this categorization is a crude division, and one could hope
that more sensitive and biologically accurate models incorporating both Lewy and AD co-pathology
could be developed in the future when larger cohorts of neuropathological characterized samples

become available.

4.4 Genotyping and quality control

For the NBB (Paper 1, 2 and 3) and Mayo Clinic samples (Paper 2) human brain tissue was
obtained in the course of autopsy, and specimens were genotyped. Genotyping of NBB samples was
carried out on the Infinium® NeuroChip Consortium Array (Illumina, San Diego, CA US)(225).
The NeuroChip is a SNP-array with an extensive genome-wide backbone of ~ 300,000 variants
enriched for variants associated with neurodegenerative diseases (~ 180,000). Genotype calling
from raw intensity files for NBB samples was conducted in [llumina GenomeStudio by JA Tunold
and L Pihlstrem(226). The Mayo Clinic brain bank samples were genotyped on the Infinium®
OmniExpress-24 (version 1.3) array (Illumina, San Diego, CA) including ~ 714,000 variants(227).

For the PPMI and PDBP cases used in Paper 3, WGS data was available. DNA was extracted from
whole blood and sequenced on the Illumina HiSeq X Ten Sequencer. Genotypes were obtained

from the Accelerating Medicines Partnership-Parkinson’s Disease program (AMP-PD; www.amp-

pd.org).
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Despite the decrease in the cost of genome sequencing facilitated by next-generation technologies,
the expense of WGS remains a significant barrier for many studies lacking a substantial financial
backbone. Thus, SNP-arrays remain the mainstay in many genetic studies, providing a cost-
effective approach to assess common genetic variants across a wide range of samples. Variants not
directly genotyped can be statistically inferred by comparing each sample to a reference panel,
known as genotype imputation. While different genotyping arrays were used for the NBB and Mayo
Clinic cohorts, genotype imputation ensured the inclusion of most common SNPs for both cohorts

although not necessarily directly assayed on the genotyping array.

No genotyping method is perfectly accurate, and genotyping errors can introduce both random
errors and bias. Further, sample mix-up and population stratification, referring to the systematic
differences in allele frequencies between subpopulations, are potential sources of bias(228). Hence,
implementing robust quality control (QC) measures becomes crucial to ensure reliability of genetic
data and prevent spurious associations in downstream analyses. Quality control is performed on
variants and samples (individuals), and follows similar sequential steps across studies as
summarized below. Several publications explaining the QC steps in more detail have been
published, including(228). The thresholds used may vary slightly across the different studies due to

variations in sample size(228). For details, please refer to the individual papers.

For Paper 1 and Paper 2, sample and variant QC was carried out by L Pihlstrem in PLINK version
1.9(229). Individuals with genotyping call rate <0.95, excess heterozygosity (>+4 standard
deviations (SD) from mean), conflicting sex assignment, cryptic relatedness (pi-hat >0.125) or
ancestry outliers assessed by genetic principal component plots were excluded. Variants were
excluded if genotyping call rate was <0.95, MAF <0.05 or if the genotype distribution departed
from the Hardy-Weinberg equilibrium (p < 10%). Sex-chromosomes and multi-allelic variants were
removed. Variants were imputed on the Michigan Imputation Server(230), using reference data
from the Haplotype Reference Consortium(231), and SNPs with an imputation 2 < 0.3 were filtered

out.
The WGS data from PPMI and PDBP samples used in Paper 3 underwent similar QC steps and

were performed by H Leonard and H Iwaki prior to our acquisition of the data. The steps are

described in detail in(232).
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4.5 Polygenic risk scores

PRS for paper 2 and 3 were calculated by MXX Tan.

Since each genetic risk variant identified through GWAS can only explain a small proportion of the
disease susceptibility, the predictive value of any individual variant is limited. Polygenic risk scores
(PRS) estimate the cumulative effect of many variants by summing the trait-associated alleles
weighted by their effect size and can thus be seen as an individual-level estimate of genetic
liability(233). Correspondingly, a higher PRS indicates an increased number of risk alleles,

reflecting a greater genetic risk for the outcome.

4.5.1 Genomewide polygenic risk scores

PRS analysis require input from two data sets: Base data, which is usually summary statistics
containing allele weights and p-values from GWAS, and targe data containing genotypes and
phenotypes from independent samples. As base data for AD-PRS in Paper 2 and 3 we used
summary statistics from Jansen et al. AD GWAS(234). As APOE is a major AD-susceptibility
locus, we also calculated the AD-PRS excluding the APOE region (GRCh37 chr:bp 19:45116911-
46318605) in Paper 2. At the time of calculating AD-PRS, two recent AD GWAS had been
published: Jansen et al. (71,880 cases and 383,378 controls, 29 risk loci) and Kunkle et al. (35,274
cases and 59,163 controls, 25 risk loci)(234, 235). We chose the former based on the larger sample
size and more risk loci identified. However, it should be noted that a large proportion of the AD
cases in the Jansen et al. GWAS were AD proxy cases, i.e., cases with a parental history of AD, as
well as proxy-controls, i.e., unscreened controls. The use of proxy cases in AD GWAS has been
problematized(236). In essence, the clinical diagnostic accuracy of AD is generally low, and by
including a large number of unscreened proxy-cases the proportion of actual AD cases will be
further diluted. The use of proxy cases is believed to be the explanation for heritability estimates for
AD decreasing as the sample size (and number of proxy cases) are increasing(236). Consequently,
GWAS using proxy cases or other patients with minimal phenotyping may capture genetic effects

not related to AD specifically.
For PD-PRS in Paper 2 and 3, the largest PD-GWAS meta-analysis to date was used as base

data(136). This meta-analysis also contains proxy-cases. However, the use of poxy-cases in PD-

GWAS seems to be less problematic, as heritability estimates have been fairly consistent, even after
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inclusion of proxy cases(236). This may in part be because the diagnostic accuracy of PD is higher

than for AD.

After standard QC of the target data as described above, we used the software PRSice2 to calculate
the individual PRS(237). To ensure the accuracy of PRS and that the variants included are
independent of each other and thus additive, LD between GWAS variants had to be accounted for.
PRSice2 uses a method called clumping and thresholding (C+T). Clumping selects the SNP with
the lowest p-value association with the trait in each LD block, and variants that are only weakly
correlated with each other, measured by 12, are retained(233). In the thresholding step, SNPs with a
p-value larger than a chosen threshold are removed. The 1000 Genomes European samples (n =
503) were used to calculate LD structure and the standard clumping algorithm that identifies SNPs
within a 250 kb window in LD with an r? greater than 0.1 was used. PRS were calculated over a
range of p-value thresholds (5x108-0.05). Selecting the optimal p-value threshold is an important
tuning parameter for PRS to balance the signal to noise ratio. A less stringent threshold yields a
greater number of variants, including non-related genetic risk variants, to the PRS, thus increasing
the noise. A more significant p-value threshold favors the inclusion of variants more likely
associated with the disease, increasing the signal, but at the cost of potentially excluding disease
associated variants just above the threshold. No single p-value threshold maximizes the PRS
accuracy in all circumstances, and it is therefore customary to evaluate a range of thresholds when
developing PRS. To evaluate the various p-value thresholds we examined the ability of AD- and
PD-PRS to discriminate between AD and PD cases respectively and neurologically healthy
controls. This assessment was conducted through area under the receiver-operating characteristic
(ROC) curve (AUC) analysis. For a more detailed description of ROC-AUC analysis, please see
section 4.6.3. The best performance was defined as the maximum AUC, and for both AD-PRS and
PD-PRS a p-value thresholds of p < 5x10-® outperformed the PRS with p-value threshold of p <
1x107 and p < 0.05 (Figure 7). The PRS with p-value threshold of p < 5x10-® were thus chosen for

the subsequent analyses.
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Figure 7: Area under the receiver-operating characteristic (ROC) curve (AUC) for case-control
discrimination. A) PD-PRS. Pr 0.05: AUC = 0.58, Pr5x107: AUC = 0.55 and Pr 5x10°%: AUC =
0.61. B) AD-PRS. Pr 0.05: AUC = 0.63, Pr 5x107°: AUC = 0.72 and Pr 5x107%: AUC = 0.73. Pr =
P-value threshold.

PRS were calculated independently for NBB and Mayo clinic samples. Only minor differences in
the SNPs included from the PRSice algorithm were seen for some PRS, likely caused by different
genotyping arrays used between the two cohorts. However, imputation ensured most variants were
available. See Table 7 for comparison of the number of SNPs included in AD- and PD-PRS for
cases from NBB and the Mayo Clinic.

Table 7: Number of SNPs in the genome-wide AD-PRS with and without the APOE region and the
genome-wide PD-PRS for NBB and Mayo Clinic samples from Paper 2.

AD-PRS 81 82 78
AD-PRS excluding APOE 34 34 34
PD-PRS 181 186 180
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4.5.2 Stratified polygenic risk scores

Another approach to compute PRS is to select variants based on knowledge of biological pathways,
molecular processes or cell-types, referred to here as stratified PRS (Figure 8). Stratified PRS may
help nominate biological pathways of etiological relevance to the disease. Further, this approach
may be more appropriate in discovering genetic influence on disease endophenotypes, as not all
variants associated with disease risk may contribute to a certain endophenotype as discussed in
section 1.4.5. For a review of pathway-based analyses in the context of PD, please refer to(238). As
discussed in section 1.5 one previous report linked 46 partly overlapping gene-sets reflecting
biological pathways to PD(160). To ensure sufficient statistical power, we narrowed our focus to a
few extensively investigated pathways and cell types, considering the relatively smaller sample size
compared to the former study. In Paper 2 we chose to investigate six pathways (adaptive and innate
immune system, a-synuclein, endosomal trafficking, lysosomal and mitochondrial pathways) and
two cell types (microglia and monocytes) that have been previously reported to associate with PD
susceptibility(155, 160-162) (Table 8). Pathway gene-sets were obtained from the Molecular
Signatures Database (MSigDB)(239), while curated lists of genes involved in the mitochondrial
pathway and the endosomal trafficking pathway were selected from previous publications(161,
162). For the stratified PRS reflecting pathways, SNPs were mapped to genes using physical gene
boundaries, while the stratified PRS reflecting cell-types were based on publicly available data on
open chromatin regions mapped by Assay for Transposase-Accessible Chromatin sequencing
(ATAC-seq)(240, 241). In Paper 3 we only calculated the lysosomal PD-PRS for replication of

results from Paper 2.

Following the association between the lysosomal PD-PRS and Lewy pathology (Paper 2) and time
to dementia (Paper 2 and Paper 3), we also calculated the lysosomal PD-PRS excluding the GBA!
region. This step was taken due to our suspicion that variants in the GBAI region were driving the
association. We excluded SNPs in the whole locus 1 region from the most recent PD GWAS
including GBAI and variants in PMVK, KRTCAP2 (GRCh37 1:154898185-155214653, GRCh38
1:154925709-155244670).
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Figure 8: Colored boxes represent genes, while the lines connect genes belonging to the same
pathway. A) The upper model represents the genome-wide PRS where all SNPs below a certain
threshold are aggregated. The lower model represents the stratified PRS where risk-alleles
annotated to biological pathways or cell-types are aggregated. B) Manhattan plot representing
summary statistics from which genome-wide and stratified PRS are calculated. Each GWAS signal
corresponds to an alternative functional route to disease. Reused from: The pathway polygenic risk

score approach by ©Choi SW et al 2023(242), under the terms of the CC BY 4.0 license.

Table 8: Number of SNPs in the stratified PD-PRS for NBB and Mayo Clinic samples from Paper
2. Although different

Adaptive immunity 17 17 17
Alpha synuclein 9 7 7
Endosomal trafficking 10 9 9
Innate immunity 10 10 10
Lysosomal 12 12 11
Lysosomal excluding 11 11 11
GBAl

Microglia 45 45 45
Mitochondria 2 2 2
Monocytes 44 44 44
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4.5.3 Limitations of PRS

The use of polygenic risk scores come with several limitations needed to be considered in order to
ensure their appropriate interpretation. GWAS have proven the polygenic architecture of PD, yet
these variants only account for a small proportion of PD heritability, meaning the genetic
architecture of PD remains incompletely understood. It is crucial to recognize that PRS are derived
from genetic variation captured by GWAS only, and therefore do not account for the complete
genetic architecture of PD, which may include rare and structural variants, gene-gene or gene-
environment-interactions yet to be discovered(243). Furthermore, as highlighted in section 1.4.5,
the heritable component of PD is estimated to 22-27 %, indicating that additional and largely
unknown factors contribute to the overall heritability of the disease, thus limiting the predictability
based on genetic risk factors alone. Moreover, another concern is the lack of diversity in study
populations(244, 245). The majority of GWAS have focused on populations of European genetic
ancestry, leading to an underrepresentation of a large proportion of the global population. As a
consequence of distinct genetic backgrounds, the applicability of PRS across different populations

becomes problematic, thus limiting their transferability(246, 247).

In the stratified PRS, genes are annotated to specific biological pathways or cell types, and variants
within the physical boundaries of these genes or within open chromatin regions respectively, are
aggregated. For the majority of PD GWAS loci, the implicated genes remain uncertain, as
highlighted in section 1.4.6. Consequently, determining which pathway they belong to is even more
complex. One clear limitation of the stratified PRS approach is the assumption that SNPs primarily
affect the nearest gene, although it is now recognized that they can also regulate genes located more
than 1 Mb away(158). Further, pathways are not well-defined, and may represent partially
overlapping biological mechanisms. Most of our gene-sets were obtained from the MSigDB, which
is one of the most comprehensive repositories of curated gene sets. However, we acknowledge that
our mapping of SNPs to pathways is limited by the current incomplete knowledge about PD GWAS
variants, target genes and their contributions to biological pathways. Finally, when calculating PRS,
target data should ideally be independent of the samples in the base data in order to prevent
inflation of the association with the outcome. In Paper 3, both PPMI and PBDP samples were
included in the PD GWAS used to derive the PRS weights. However, the extent of inflation aligns
with the degree of overlap between target and base data(248), which was limited in Paper 3.
Moreover, we investigated a completely different outcome (i.e., cognitive impairment in cases only)

than in PD GWAS (i.e., disease status among cases and controls). Recalculating the base data
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excluding PPMI and PDBP samples would have been preferable, but this would require access to

individual level genotypes for the entire study, which were unavailable to us.

4.6 Statistical analyses

JA Tunold conducted statistical analyses for Paper 1-3 using the statistical software package R

v.4.0.2,v.4.2.1 and v4.3.1(249).

Medical research starts with a question that can be translated into a testable hypothesis. Two
competing hypotheses are formulated: A null hypothesis (Ho) and an alternative hypothesis (Ha).
The null hypothesis states that there is no difference or relationship between the variables under
investigation, and often represents the default position researchers aim to challenge. The alternative
hypothesis proposes that the null hypothesis is untrue, and usually represents the researcher’s claim.
Through statistical hypothesis testing, we seek to evaluate the evidence provided by the data to
either accept or reject the null hypothesis in favor of the alternative hypothesis. Prior to conducting
statistical tests, a significance level denoted alpha (o) is selected to decide whether or not the null
hypothesis is rejected. For Paper 1-3 the significance level was set to a = 0.05. The p-value is the
probability of obtaining a result equal to or more extreme than the observed result, assuming the
null hypothesis is true(250). Consequently, there are two possible types of errors that can occur,
leading to incorrect conclusions about the null hypothesis. Type I errors refer to situations when a
true null hypothesis is mistakenly rejected (false positive), while type II errors occur when a false

null hypothesis is not rejected (false negative)(251).

4.6.1 Survival analysis

In paper 1, 2 and 3 we assessed the relationship between survival time and genetic variants (Paper
1) or PRS (Paper 2 and 3), using Cox proportional-hazards regression models. Cox proportional-
hazards regression models are multivariate models for survival analysis, allowing adjustment for the
impact of confounders that may influence the outcome(252). Confounding refers to a situation
where the relationship between the independent variable and the outcome is influenced by the
presence of a third variable (confounder). In genetic association studies, population stratification is
a potential confounder due to systematic differences in allele frequencies between subpopulations.
As discussed in section 4.4, calculating genetic principal components capture the underlying genetic

variation in a population and are commonly included as covariates to correct for population
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stratification. Additionally, we included sex, age at onset and level of education (only Paper 3) as
covariates to account for potential differences in the risk of survival outcome. The effect measure of
Cox proportional-hazards regression is the hazard ratio (HR) which is the probability of an event at
a given time. If HR = 1, there is no effect of the independent variable on survival, while HR >1
indicates an increased hazard and HR<1 a reduced hazard. A fundamental assumption of Cox
proportional-hazards models is that the relative hazard remains constant over time, known as the
proportional hazards assumption(252). The proportional hazards assumption was assessed by a
goodness-of-fit test assessing the correlation between the Schoenfeld residuals and survival time,
using the cox.zph function in the R package “survival”. In addition, a graphical diagnostic was
conducted by plotting the Schoenfeld residuals with the ggcoxcph function. There was no evidence

of violation of the proportional hazards assumption in the Cox models.

4.6.2 Proportional odds ordinal logistic regression analysis

In Paper 2 we assessed the relationship between measures of neuropathology and PRS. The
neuropathological scores represent ordinal outcomes that can be ranked in a meaningful order, but
the differences between each category is not quantifiable as they lack measurable units. Therefore,
specific statistical tests designated for ordinal data are required to analyze and interpret the results
accurately. We used proportional odds (PO) ordinal logistic regression models (hereafter referred to
as ordinal logistic regression models) to account for the ordered nature of outcomes(253). Age at
death, sex and genetic principal components were added as covariates. The effect measure of
ordinal logistic regression models is the odds ratio (OR). Since the PRS were converted to z-scores,
the effect sizes were interpreted as the OR per 1 SD increase in PRS. A key assumption of ordinal
logistic regression models is the proportional odds assumption(253). This assumption states that the
relationship between the independent variables and the outcome variable is consistent across all
levels of the outcome variable. Several methods to assess the proportional odds assumption,
including plotting, statistical tests and comparison to other non-proportional odds models
exist(254). Some of these methods may be over conservative, rejecting the proportional odds
assumption even if it may be more meaningful to use such a model. To assess the proportional odds
assumption, we fitted partial proportional odds model (PPO) where the proportional odds
assumption was relaxed for the explanatory variable (i.e., PRS). When comparing PO to PPO
models the likelihood ratio test p-values were non-significant, indicating that the PPO models were

not superior to the PO models, and that the PO assumptions were reasonable.
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4.6.3 Area under the receiver operating characteristic curve

In Paper 2 and Paper 3 we developed classification models to discriminate between high risk and
low risk individuals. In Paper 2 we assessed how well AD- and PD-PRS discriminated between
cases and controls, how well an AD-risk score discriminated between cases with and without AD
co-pathology, and how well a Lewy pathology risk score discriminated between cases with and
without neocortical Lewy pathology. In Paper 3 we assessed the ability of AD-PRS to discriminate
between cases with and without AD co-pathology and to determine the optimal cut-point to
distinguish these subgroups. The area under the receiver operating characteristic (ROC) curve
(AUC) statistics were used to assess the discriminative ability of the classification models.
Common metrics to assess the performance of a classifier are sensitivity, referring to the ability to
correctly identify patients with a condition (e.g., disease or AD co-pathology), and specificity which
is the ability to correctly identify patients without the condition. The ROC is a graphical
representations of the diagnostic performance, generated by plotting 1-specificity on the x-axis
against sensitivity on the y-axis across a range of cut-points(255). The AUC quantifies the global
performance of the prediction model and can take any value between 0.5 and 1. An AUC of 0.5
indicates performance no better than chance, while an AUC of 1 refers to perfect discrimination
(i.e., 100 % sensitivity and 100 % specificity). What is regarded as a good discriminative ability
may depend on the context. While an AUC >0.80-0.90 may be required for individual level
discrimination in clinical practice, a lower AUC may still be meaningful for discrimination on a

group level.

The ROC can also be used to determine the optimal cut-point for a classifier. Taking advantage of
having a neuropathological assessment of the presence or absence of AD co-pathology in the NBB
samples, we sought to determine the optimal cut-point for AD-PRS to discriminate between
samples with and without AD co-pathology in Paper 3. A good practice in developing a predictive
model is to train the model on one set of data and then test the model performance in independent
data. 70 % of NBB samples were allocated for training the model, and the remaining 30 % were
held out as an independent test set, with equal proportions of AD-positive samples in both groups.
When developing a prediction model a critical concern to address is overfitting, which refers to the
model's tendency to fit the training data so well that it fails to generalize to new data, leading to
unreliable predictions. We used k-fold (k = 10) repeated (r = 3) cross-validation to reduce the risk
of overfitting. In short, the method included dividing the data into k (k = 10) equally sized folds,
that are trained and evaluated k (k = 10) times, each time using a different fold as the test data and

the remaining folds as training data. This process was repeated three times. The final model
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achieved an AUC of 0.72 and was validated on the held-out test data where it achieved an AUC of
0.71. To determine the optimal cut-point we used the maximum value of the Youden index (J)(256),
defined by (sensitivity+specificity-1). Using this method, the optimal cut-point of AD-PRS was
0.29 SD.

4.6.4 Chances of statistical errors

To account for type I errors in Paper 2 and 3 we applied a two-stage design, where identified
associations passing o = 0.05 in the discovery cohorts (NBB and PPMI respectively) were selected
for replication in the independent samples from the Mayo Clinic cohort and PDBP respectively.
Only associations replicating at o = 0.05 with a consistent direction of effect in both the discovery
and replication stages were considered positive findings. In Paper 2, the subset of NBB samples
with AD co-pathology was considerably smaller than the subset without AD co-pathology, and few
cases had lower Braak Lewy pathology stages (Braak LP <5) in the former. The restricted samples
size and uneven distribution of Lewy pathology limited the utility of ordinal logistic regression in
this subset. As a result, Braak LP stages 3-5 were collapsed and associations with Lewy pathology
were assessed with logistic regression analysis. Limited statistical power to detect associations in
this subset increases the risk of type II error. Selecting the optimal p-value threshold for calculating
PRS is a tradeoff between type I and type II error. A higher p-value threshold allows for inclusion
of more variants and potentially capturing a broader spectrum of genetic influence, at the cost of
increasing the risk of type I error. Contrary, a lower p-value threshold includes fewer SNPs, thus
reducing the risk of type I error, but increasing the risk of type II error. As discussed in section 4.5.1
we selected SNPs passing the genome-wide significance level for calculating PRS in Paper 2 and
Paper 3. Consequently, the risk of type I error was reduced, at the cost of potentially not detecting

true associations.

4.7 Ethical considerations

The studies included in thesis (Papers 1-3) were approved by the Regional Committees for Medical
Research Ethics South East Norway (REK30552) and the data protection representative at Oslo
University hospital. Written informed consent was obtained from the participants included in Papers
1-3. For the brain bank samples from NBB and the Mayo Clinic, written informed consent was
obtained from the donors or their next of kin, while written informed consent from the PPMI and

PDBP cohorts were obtained from all participants directly. The NBB follow the ethical principles
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for brain banking outlined in the BrainNet Europe Code of Conduct(257), which have further been
approved by the VU University Medical Center, Amsterdam, the Netherlands. Similarly, the
procedures of the Mayo Clinic Jacksonville Brain Bank of Neurodegenerative diseases were
approved by the Mayo Clinic institutional review board. The PPMI and PDBP study included
patients from various sites in the United States, Europe, Israel and Australia, with approval from

local institutional review boards or ethics committees prior to study initiation.

With the advancement of faster and more cost-effective genetic analyses, next-generation
sequencing methods like WES or WGS are often preferred over more focused sequencing
approaches in research studies. The genome contains information related to disease susceptibility,
potential monogenic conditions, and carrier status for recessive diseases that may be unknown to
the individual participant, and unrelated to the main scope of investigation. An ongoing ethical
concern is whether and when to provide feedback to research participants about such incidental
findings. None of the studies included in this thesis involved Norwegian patients. However,
handling potential incidental findings is highly relevant in the context of the Prospective Study of
Parkinsonism in Oslo (PROSPOS), to which I have enrolled patients throughout the course of my
PhD work. At inclusion, the appropriate management of incidental findings is discussed with
participants and addressed in the informed consent documentation. Guidelines for management and
disclosure of incidental findings have been provided by The Norwegian National Research Ethics
Committee(258). Nevertheless, the determination of which incidental findings should be reported is
a matter of discussion and is anticipated to evolve over time, although guidelines have been
published(259). In this context, actionability, i.e., if there is an effective preventive treatment
available, plays a pivotal role. While effective preventive measures are available for conditions like
hereditary breast and ovarian cancer or familial hypercholesterolemia, the same does not hold true

for neurodegenerative diseases. This will hopefully change in the future.
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5 Discussion

As for most complex diseases, the primary focus of genetic research in idiopathic PD thus far has
been identification of genetic variants that increase the individual risk of disease. We now know
that PD is highly polygenic with a range of variants influencing disease risk. It is becoming
increasingly apparent that genetic variation also can influence disease progression, where one
potential mechanism is though the aggregation of disease relevant protein pathologies. However,
the remarkable clinical and pathological heterogeneity likely reflects a complex interplay between
genetic variants and protein pathologies. The common theme for Papers 1-3 is linking genetics,
neuropathology and cognitive outcomes in PD. Identification of genetic risk factors contributing to
protein pathology and clinical outcomes may advance our understanding of the molecular

mechanisms leading to disease development and progression.

PD and other neurodegenerative diseases such as DLB and AD have in common that protein
aggregates represent pathological hallmark lesions. By convention, pathological classification of
these neurodegenerative diseases is based on the predominant protein pathology, which in the case
of PD are the a-synuclein immunoreactive inclusions collectively called Lewy pathology. Although
the temporal sequence of protein pathology in PD is yet to be determined, neuropathological studies
have described a progressive pattern of Lewy pathology that spreads to interconnected regions
within the nervous system, implying that Lewy pathology becomes more severe as the disease
progresses(52). These observations are supported by experimental studies suggesting that
pathogenic forms of a-synuclein can seed misfolding of endogenous a-synuclein(168) and

potentially spread through cell-to-cell transmission(167).

In addition to Lewy pathology, variable degrees of amyloid-p plaques and tau NFTs, changes
primarily associated with AD, are common(72). Acknowledging that a substantial proportion of
patients with PD and DLB have concomitant proteinopathies may provide important insight into
disease pathogenesis, and potentially be an important aspect in distinguishing between disease
subtypes. In general, concomitant AD-pathology is associated with a poorer prognosis and in
particular dementia(64, 71, 73). However, studies differ in whether Lewy pathology(72) or the
combination of AD and Lewy pathology(62) is more important for development of dementia. A

crucial question to expand our understanding of PD pathogenesis is thus how a-synuclein, amyloid-
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B and tau pathology develop and spread over time, and how these processes shape clinical

symptoms in the individual patient.

5.1 Linking genetics to Lewy pathology

While accumulating evidence point to a.-synuclein aggregation and Lewy body formation as central
events in the pathogenesis of PD, the genetic influence on these processes remains largely
unknown. One way to link genetic variants to neuropathological endophenotypes is to make the
endophenotypes the outcome of GWAS. Yet, the sample size required to perform GWAS is limited
by the challenges associated with the collection of biological specimens such as brain tissue. Thus
far, no GWAS focusing on neuropathological outcomes in patients with PD or DLB has been
published, according to the GWAS catalog (https://www.ebi.ac.uk/gwas/). To date, only a few
genetic association studies of Lewy pathology in patients with idiopathic PD or DLB have been
published, and early studies have primarily focused on candidate variants. In a study on patients
with autopsy-confirmed LBD, no associations between 28 PD susceptibility variants and Lewy
body counts or LBD subtype were detected(260). SNPs tagging the MAPT H1 haplotype have
consistently been associated with PD risk in GWAS. While MAPT encodes the tau protein found in
neurofibrillary tangles, two small studies on neuropathologically confirmed PD and DLB cases,
reported that MAPT H1/H1 carriers had a higher burden of neocortical Lewy pathology or total -
synuclein score respectively, compared to non-carriers(261, 262). However, these results are not
consistent, and have been opposed by others(62, 260). Perhaps surprisingly, a post-mortem study on
individuals with LBD demonstrated that the APOE E4 was associated with increased Lewy
pathology in samples with low AD co-pathology(263), suggesting that APOE E4 impacts the
severity of Lewy pathology independently of amyloid-f and tau-pathology. These results were
supported by an earlier study where the APOE E4 allele associated with patients with DLB and
PDD with no or low levels of AD co-pathology(264). However, a more recent study on
neuropathologically characterized DLB samples found no association between the APOE E4 allele
and “pure DLB”, i.e., DLB without AD co-pathology(223). Contrary, in this study, the SNP tagging
the non-Gaucher causing GBA [ variant p.E365K (p.E326K) was significantly associated with “pure
DLB”.

Several factors may be responsible for the inconsistent associations between genetic variants and

neuropathological endophenotypes. These include weak effects of most variants, limited availability
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of neuropathological characterized samples, and different criteria used to define pathology. Another
strategy to discover associations between susceptibility variants and neuropathological
endophenotypes is by assessing the polygenic contribution of genetic variants on measures of
neuropathology. However, in a study on autopsy-confirmed LBD samples from the Mayo Clinic,
Heckman and colleagues did not find any associations between PD-PRS consisting of 28 variants
derived from PD GWAS and measures of Lewy pathology(260). Cerebrospinal fluid (CSF)
measures of a-synuclein have been investigated as a potential biomarkers and in-vivo proxy of
Lewy pathology. Total CSF a-synuclein is modestly, but significantly decreased in patients with
PD compared to age-matched controls(265). However, CSF a-synuclein has low sensitivity and
specificity for PD, and no clinical utility yet. Several previous studies on PD patients in various
disease stages have found no association between PD-PRS and cross-sectional or longitudinal
measures of total CSF a-synuclein(266-268). While the lack of association may result from low
statistical power, it also remains unclear whether total CSF a-synuclein levels accurately reflect the

pathological accumulation of a-synuclein in the brain.

In an attempt to overcome previous limitations, we calculated PD-PRS derived from a more recent
GWAS meta-analysis, including a larger number of significant association signals in Paper 2.
Moreover, it is increasingly recognized that many PD susceptibility variants may exert their
influence in the context of interconnected pathways or within specific cell types. Thus, PRS may be
further enhanced by generating stratified PRS. This approach can potentially discover connections
between the involved pathways and their influence on endophenotypes, such as Lewy pathology.
We therefore sought to explore the cumulative contribution of genetic variants annotated to selected
pathways and cell-types previously enriched for PD susceptibility. The use of stratified PRS is still
in its infancy within the PD research field, and to our knowledge a novel approach to dissect LBD
cases for their pathological patterns. As discussed in section 4.3.2 the positive correlation between
Lewy and AD co-pathology precludes the ability to fully examine the genetic contribution to each
protein pathology. One approach to overcome this obstacle is to stratify patients by the level of AD
co-pathology, a strategy that previously has identified potential differences in the underlying
genetic architecture within the LBD continuum(223, 224). The aim of such stratification is to
leverage the signal-to-noise ratio and increasing the chances for successful identification of
influential genetic markers while moderating the need for a large sample size. In Paper 2, we
therefore sought to explore how genetics influence the level of Lewy pathology in patients with and

without significant concomitant AD-pathology. We found a significant association between the
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genome-wide PD-PRS and Lewy pathology in the NBB samples without significant AD co-
pathology. However, this association was not replicated in the Mayo clinic samples, indicating that
not all PD susceptibility variants act through mechanisms that promote Lewy pathology. These
findings are generally consistent with prior research that has found no significant association
between a genome-wide PD-PRS and measures of Lewy pathology or CSF levels of a-

synuclein(260, 266-268).

However, in Paper 2, we showed that the lysosomal PD-PRS was associated with Lewy pathology,
an effect that was specific to the subgroup of samples without AD co-pathology. This was the only
signal nominated in the NBB cohort that was replicated in the independent samples from the Mayo
Clinic cohort (Figure 9). As discussed in section 1.5.2, mounting evidence imply lysosomal
mechanisms in PD liability and pathogenesis, best documented for GBA 1. PD patients carrying
Gaucher-causing GBA 1 variants have in most brain bank studies been found to have widespread
cortical Lewy pathology(125). In most(126, 269-271), but not all(123) reports, PD and DLB
patients carrying Gaucher-causing GBA [ variants have been found to have more widespread Lewy
pathology compared to non-carriers. In accordance with our results, autopsy studies have also
suggested that PD and DLB individuals carrying Gaucher-causing GBA ! variants have a “purer”
Lewy body disease with advanced Lewy pathology and less prevalent AD co-pathology(221, 223,
270, 272). Corroborating these results, in a study where CSF biomarkers were used as an in vivo
proxy of AD co-pathology, the authors found that the non-Gaucher causing GBA [ variant p.E365K
(p.E326K) was more strongly associated with “pure” DLB than DLB with AD co-pathology(224).
Consequently, we strongly suspect variants in the GBA locus to drive the association signal. GBA1
encodes the lysosomal enzyme GCase which has been found to be reduced in post-mortem brains of
PD patients with and without Gaucher-causing GBA variants(273). Moreover, experimental studies
have suggested that loss of GCase function causes accumulation of a-synuclein, and that o-
synuclein inhibits GCase activity(174), functionally linking lysosomal impairment to a-synuclein
aggregation. Although GBAI currently is the best documented lysosomal gene in PD and DLB, a
broader contribution of lysosomal genes to the pathogenesis has been reported(177). Aligning with
the former study, the association between the lysosomal PD-PRS and Lewy pathology remained
significant in the Mayo Clinic samples in Paper 2, even after excluding the GBA1 component. Our
data do not provide evidence about which additional variant(s) associate with Lewy pathology.
However, in addition to GBA 1, the lysosomal PD-PRS included SNPs annotated to CTSB, GALC,
SCARB2, LAMP3, ABCBY9 and IDUA. CTSB, GALC, SCARB2 and LAMP3 have previously been
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associated with PD risk through GWAS(136, 140-142). IDUA is among the candidate genes in
locus 19 on chromosome 4 in the lates PD-GWAS(136), while ABCB9 has been associated with
hypomethylation in a whole-blood epigenome wide association study (EWAS) in PD(274). The
genetic influence of lysosomal function comes in addition to the previously reported age-related
failure of the lysosomal pathway(275), perhaps further lowering the threshold for developing Lewy
pathology.

The underlying cause for the observed variability in genetic associations depending on the level of
AD co-pathology remains uncertain. One explanation may be that AD-pathology render the brain
more susceptible to additional neuropathological change, creating a vulnerable environment where
genetic risk factors for PD are less important. In conclusion, it may be hypothesized that alteration
in the lysosomal pathway resulting from the interplay between genetic factors and the aging process
may be a common mechanism underlying PD pathogenesis through increased Lewy pathology in a

subset of patients where AD co-pathology is absent.
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Figure 9: Predicted probability of Lewy pathology vs. lysosomal PD-PRS for Mayo Clinic samples
without AD co-pathology. BLBD (Brainstem Lewy Body Disease), TLBD (Transitional Lewy Body
Disease), DLBD (Diffuse Lewy Body Disease).

While aggregation and accumulation of ai-synuclein are considered a hallmark feature of PD, the

biological significance of Lewy pathology is not fully understood. It may be assumed that .-

synuclein aggregates are the driving force in PD pathogenesis, directly neurotoxic or at least
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intimately linked to neuronal death and dysfunction. However, it is possible that o.-synuclein
aggregates serve a protective mechanism to reduce the exposure of harmful proteins to neurons, or
merely an epiphenomenon without pathogenic or protective properties(46). These theories are
fueled by studies indicating that Lewy pathology seems neither necessary nor sufficient to develop

clinical PD(222, 276-279).

While most individuals with PD have widespread Lewy pathology at autopsy, a significant
proportion of patients harboring mutations in LRRK2 and PRKN do not develop discernible Lewy
pathology(276-278). Additionally, in idiopathic PD, some reports suggest that cases fulfilling
clinical diagnostic criteria for PD lack Lewy pathology upon autopsy(222). While it is possible that
Lewy pathology may not always develop in PD, these observations do not exclude a role for a.-
synuclein in its pathogenesis. Lewy pathology represents late-stage a-synuclein aggregation. Earlier
stages of a-synuclein aggregation such as a-synuclein oligomers are however not detected using
routine immunohistochemistry protocols. Indeed, studies using newer techniques such as proximity
ligation assay (PLA) have detected widespread a-synuclein oligomers, including in brain regions
not affected by Lewy pathology(280). These a-synuclein oligomers, which precede the formation
of Lewy pathology, are also suggested to be more toxic than later stages of a-synuclein
conformations(281), although still a matter of debate(165). It is therefore possible that cases lacking
Lewy pathology at autopsy have earlier stages of a-synuclein aggregation, not visible on routine
histopathological assessment(282). Conversely, Lewy pathology is not an exclusive feature of PD
and DLB but is also found regularly in other neurodegenerative diseases such as AD(283) as well as
in elderly neurologically unimpaired subjects referred to as incidental Lewy body disease
(iILBD)(205). While iLBD cases with relatively little Lewy pathology may represent a prodromal
state of disease, cases lacking clinical parkinsonism or dementia with extensive Lewy pathology
(Braak LP stage 5-6) have also been reported(279), challenging this view. Differences in the total
burden of Lewy pathology, which are not always measured in post-mortem studies, between iLBD
and PD cases may potentially explain why cases with a similar distribution of Lewy pathology do
not display identical phenotypes(284). Given the widespread presence of Lewy pathology, it is
highly likely that it plays a significant role in the pathogenesis of PD. However, association does
not imply causation, and additional factors may be required for disease initiation and progression.
Consequently, a deeper understanding of the underlying biological processes involved in o.-

synuclein aggregation, accumulation and dissemination is needed.
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5.2 Linking genetics to AD pathology

It is evident that PD neuropathologically is characterized by the presence of multiple protein
aggregates, with amyloid-f and tau NFT aggregates frequently observed alongside Lewy pathology.
AD co-pathology is so frequently encountered that is has been proposed that cognitively normal PD
patients with incipient AD pathology may be ideal for clinical trials on targeted AD-therapy(285).
Following the recent approval of the anti-amyloid-f3 monoclonal antibody aducanumab by the Food
and Drug Administration (FDA), this scenario has become more likely. Although the approval is
controversial, due to concerns regarding the clinical efficacy of the drug(286), it highlights the
importance of gaining insights into underlying pathological process leading to AD pathology, not
only within the context of AD itself, but also in related neurodegenerative disorders like PD and
DLB. However, studies need to clarify the relationship between amyloid deposits and clinical
symptoms as well as how to most efficiently detect patients with incipient pathology. In general,
AD co-pathology is associated with an unfavorable prognosis, in particular reduced overall-
survival, faster cognitive decline and development of dementia(62, 73). While it is likely that AD
co-pathology may contribute to the clinical heterogeneity of PD, the relative contribution of each
pathology to the clinical course of PD is unknown. Studies differ in whether tau(221) or amyloid-
B(287) is the primary driver of this dysfunction, rather than the combination of the two.
Consequently, understanding the genetic architecture of AD co-pathology may aid in diagnostic
accuracy and prognosis, provide insight into potentially shared underlying molecular mechanisms
between PD and AD, and identify genes or pathways that could be targets for disease-modifying

treatments.

Several studies have previously explored the genetic contribution to AD co-pathology in patients
with idiopathic PD or DLB and been supported by studies from the AD research field. The APOE
E4 allele has in post-mortem studies been associated with more severe AD co-pathology in
individuals with PD or DLB, although best documented for amyloid-f pathology(62, 263, 270, 288,
289). The association between APOE E4 and amyloid-f pathology is further supported by
biomarker studies on patients with PD or DLB. In these studies the APOE E4 allele has been
associated with lower levels of the 42 amino acid isoform of amyloid-f (ABi-42) in the CSF and
greater cortical binding of amyloid-f tracers on PET imaging(267, 290-293). Importantly, a
mendelian randomization analysis has suggested a causal association between the APOE locus, CSF

APi-42 and PD(267).
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A broader contribution of AD genetic risk factors to AD co-pathology has been suggested by a
study on post-mortem samples with PD or DLB(294). In this study, a clinical genetic risk score
based on age at onset, the number of APOE E4 alleles and the genotype for two additional AD risk-
variants (BINI and SORL]I) predicted intermediate or high AD co-pathology(294). In univariate
analysis, only the number of APOE E4 alleles was significantly associated with AD co-pathology.
However, the combined model, selected through backward stepwise regression, including all four
variables, outperformed the univariate association judged by the Akaike Information Criterion

(AIC).

As anticipated, a robust association was observed between the AD-PRS and AD co-pathology,
including both measures of amyloid-f and tau NFT in Paper 2. Considering the substantial evidence
supporting APOE-mediated co-pathology in LBD, we expected that APOE was the driver of the
association signal. However, in the larger of the two datasets, the association remained significant
even after removing the APOE region from the AD-PRS. Our study expands on the current
knowledge by demonstrating association between a genome-wide AD-PRS and the two hallmark
pathologies of AD in LBD samples. Moreover, our study demonstrates a polygenic contribution to
AD co-pathology beyond the potent influence of APOE. Our results are in line with post-mortem
and biomarker studies suggesting genetic variants beyond 4APOE E4 influence amyloid-p and tau

pathology in LBD(268, 294).

Studies in patients with LBD are corroborated by neuropathology GWAS performed in patients
with a clinico-pathological diagnosis of AD(295, 296). In the first of these studies, the association
between APOE and measures of both amyloid-P and tau-pathology was confirmed(295). Three
additional loci were also nominated for association with amyloid-p pathology. Moreover,
previously identified AD susceptibility variants, showed nominal associations with amyloid-§
(including BINT) and tau pathology (including BINI and SORL)(295). In the second study, BIN/
was associated with both amyloid-f and tau pathology, yet only the association with tau passed the
genome-wide significance threshold(296). Moreover, a preprint of a neuropathology GWAS has
recently been published(297). In this study, patients with various neurodegenerative diseases were
stratified based on the presence or absence of AD and Lewy pathology. The association between
both APOE E4 and BINI and AD-pathology were replicated. However, the majority of samples in
this study had pure AD pathology (n = 2004) compared to patients with pure Lewy pathology (n =
97), although a considerable amount of samples had combined AD and Lewy pathology (n =
787)(297). This likely reflects a high proportion of samples with clinical AD. While our results are
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consistent with studies on patients with AD, it should be emphasized that the patient population in
Paper 2 is different (i.e., LBD). Therefore, these studies complement each other, both contributing

to our understanding of the genetic influence on AD pathology.

While the physiological role of APOE is to mediate lipid transport, animal and cellular studies have
suggested that APOE among many functions mediates amyloid-f3 aggregation, amyloid-f clearance
and tau aggregation(298). BINI and SORL1 encode proteins involved in endosomal
trafficking(299). Basic research studies have mechanistically linked BINI to processes related to
both amyloid-P and tau pathology(300). SORL has more consistently been linked to processes
related to amyloid-f, where overexpression of SORLI reduces amyloid-f levels, and loss of SORL1

increases amyloid-p levels(301).

Collectively, post-mortem, CSF and PET imaging studies support the APOE E4 allele as a major
driver of AD co-pathology in LBD. However, the relationship may be complex, considering studies
suggesting APOE E4 independently promotes Lewy pathology(223, 264). Beyond APOE, we and
others have provided evidence that support additional genetic influence on AD co-pathology, with
one study highlighting BINI and SORL1 as potential risk loci in LBD, supported by studies in AD.
Functional studies have also provided evidence for these genes in processes related to amyloid-f3

and tau pathology.

5.3 Linking genetics and protein pathology to dementia

The risk of dementia in PD is considerably increased compared to age- and sex-matched controls
with a cumulative prevalence of 80 %(30). However, the onset of cognitive decline and rate of
progression to dementia shows considerable variability. Age is the most important risk factor for
dementia, but dementia can also occur at a younger age as is evident in many forms of monogenic
PD. It is therefore likely that the individual genetic background also may influence the onset of
dementia. As the number of people diagnosed with PD is predicted to increase in the coming years
as a result of an aging population, there is an urgent need to better understand the molecular basis of
dementia. Neuropathologically, PDD is strongly correlated with limbic and neocortical Lewy
pathology(72). Nevertheless, amyloid- and tau pathology is also common in patients with PDD,

and independently contribute to cognitive decline(72). It may therefore be expected that genetic risk
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factors contributing to more advanced Lewy and AD co-pathology also increase the susceptibility to

cognitive impairment and dementia.

A large number of studies have previously investigated the genetic contribution to dementia in
patients with idiopathic PD or DLB. While most previous studies have been candidate gene studies,
GWAS have more recently confirmed some of these associations. Cross-sectional studies have
reported that the inheritance of the APOFE E4 allele is associated with an increased risk for dementia
in PD(302, 303), faster cognitive decline(304) and lower performance on neuropsychological
testing(305). Although not all studies have found this association, and in-between-study
heterogeneity and publication bias may confound the results, meta-analyses have weighted in favor
of an effect of APOE E4 on dementia risk(306, 307). Moreover, longitudinal studies have found
faster cognitive decline measured by global cognitive function tests such as MoCA and
MMSE(308-310), and more comprehensive neuropsychological assessment among 4APOE E4
carriers(311, 312). On the contrary, the APOE E4 allele did not show any significant association
with cognitive decline or dementia during the 10-year follow-up period in the CamPalGN study,
which is a UK-based incident cohort of PD patients(313, 314). Moreover, the APOE E4 allele was
not found to be associated with a shorter time to dementia in another longitudinal study(315).
However, in hypothesis free studies such as GWAS, the association between 4APOE and cognitive
decline has more recently been confirmed(147, 148). Subsequent, after the publication of our paper,
a study combining six population-based longitudinal PD cohorts found that the APOE E4 allele had

the strongest effect on cognitive decline and progression to dementia(124).

MAPT has also been studied as a risk factor for cognitive decline and dementia. In the previously
mentioned CamPalGN study, the MAPT H1 haplotype was linked to a faster rate of cognitive
decline and earlier onset of dementia in individuals with PD(313, 316). In two separate studies
including longitudinal follow-up of PD patients, associations between the MAPT H1 haplotype and
lower scores on the memory subscale of the Mattis Dementia Rating Scale (DRS-2) and MMSE
were observed(311, 317). However, no significant associations were found between the MAPT H1
haplotype and overall rate of cognitive decline. In the former study, the authors hypothesized that
the association signal observed in the CamPalGN study may be specifically related to development
of dementia early in the disease course(311) because the CamPalGN patients were enrolled at the
time of diagnosis, and evaluated for progression to dementia after 3 and 5 years. Notably, the MAPT
HI haplotype was the only genetic factor associated with dementia in the 10-year follow-up of the

CamPalGN cohort(314). The association between the MAPT H1 haplotype and dementia has been
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independently replicated, and a novel H1 sub-haplotype (H1p) also implicated(318), although
contradictory results have been reported by several, including larger cross-sectional and

longitudinal studies(124, 147, 148, 309, 319).

Results concerning non-Gaucher causing GBA 1 variants have been mixed, likely explained by the
complexity of the GBAI gene, and the extensive range of variants linked to PD. In the first
longitudinal study to examine non-Gaucher causing GBA variants, an association with dementia
was only found after adjusting for MAPT haplotype(320). Conversely, in a much larger multi-center
study no association between non-Gaucher causing GBA/ variants and global cognitive impairment
or cognitive decline was detected(321). In another study, combining PD patients from three
longitudinal cohorts, a modest yet significant association between non-Gaucher causing GBA
variants and dementia was reported(322). More recently, the association between non-Gaucher

causing GBA I variants and cognitive decline has been confirmed in GWAS(145, 146, 148).

In Paper 1 we investigated the association between risk variants in the two candidate genes MAPT
and APOE and time to dementia by retrospective survival analysis. We took advantage of studying
neuropathologically well characterized samples where the risk of misdiagnosis was small and
clinical data from the patient’s entire lifespan were available. We showed that both the APOE E4
allele and the MAPT H1 haplotype were associated with a faster progression to dementia. Further,
we showed that the APOE E4 had a dose dependent effect with carriers of two E4 alleles having a
more than three-fold increase in risk of dementia compared to non-carriers. Consistent with our
findings, a dose-dependent effect of the E4 allele on dementia risk has later been replicated, albeit
with higher hazard ratios (HR) compared to our results(124). Further, our data from Paper 1 do not
support the proposed explanation for previously inconsistent findings regarding MAPT H1, where
MAPT has been proposed to contribute to dementia early in the disease course(311). The
participants in our study progressed to dementia on average 9 years after onset of motor symptoms,

which does not align with this proposed explanation.

The chromosome 17q21 region, where MAPT is located, exhibits a highly complex architecture
with multiple genes and a high number of variants with complete LD. An inversion polymorphism
within the region has led to two distinct haplotypes(323). The H1 haplotype is prevalent across all
populations, while the H2 haplotype is almost exclusively found in populations of European genetic
ancestry(323). This complex architecture poses a significant challenge in localizing the genetic

signal, and may be one reason for previous inconsistent results regarding the role of MAPT H1 in
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PDD. Although MAPT appears to be the most obvious candidate gene within this region, given its
relation with protein tau and association with other neurodegenerative diseases(152), in theory, the

association signal could be related to any of the genes in high LD within the region.

The precise mechanism through which APOE and MAPT may promote dementia remains uncertain,
although neuropathological investigations suggest protein aggregation is central in this association,
as discussed in section 5.2. Our results from Paper 1 demonstrated that individuals with dementia
had more advanced amyloid-f, tau and Lewy pathology than non-demented individuals. Moreover,
APOE E4 was associated with more severe amyloid-p pathology, suggesting APOE E4 exerts its
risk on dementia through increasing amyloid- neuropathology. In contrast, we found no
associations between the MAPT H1 haplotype and neuropathology scores in Paper 1. Although
MAPT encodes tau which is a common protein pathology associated with dementia(221), a post-
mortem study on various neurodegenerative diseases including patients with dementia and
movement disorders reported the MAPT H1 haplotype associated with reduced NFT pathology in
certain brain regions(324). Yet other studies have found a higher burden of Lewy pathology in
MAPT H1 haplotype carriers, as discussed above(261, 262). Tau and a-synuclein have been found
to co-localize in Lewy bodies, and both proteins may synergistically promote the fibrillization of
each other(325, 326). Collectively, these studies provide supporting evidence of an intricate

relationship between a-synuclein and tau, but also mechanistically linking MAPT to LBD.

The polygenic contribution to dementia has also previously been investigated. In a longitudinal
study, Paul et al. demonstrated an association between a PD-PRS consisting of 23 SNPs and
cognitive decline, defined as a four-point decrease in MMSE score from baseline(327). Contrary to
this, no association between a PD-PRS consisting of the 90 lead SNPs from the latest PD GWAS
and conversion to PDD was detected in a more recent, large scale longitudinal study with PD
patients from 15 cohorts(148). In Paper 2, we showed that the lysosomal PD-PRS was significantly
associated with an earlier onset of dementia in samples with no or low AD co-pathology, but not in
samples with intermediate or high AD co-pathology. In paper 3, we investigated whether these
results could be extended to cognitive impairment in PD, early in the disease process. We showed
that the lysosomal PD-PRS was associated with an earlier onset of cognitive impairment in samples
with a low AD risk based on CSF measures and AD-PRS in two longitudinal cohorts. To our
knowledge, the use of stratified PRS is a novel approach to investigate the polygenic contribution to
dementia in PD. Our results are supported by longitudinal studies and GWAS that have shown an

association between non-Gaucher-causing GBA [ variants and cognitive outcomes in PD(145, 146,

62



148, 322). Moreover, cross-sectional studies have observed a higher frequency of dementia among
patients carrying Gaucher-causing GBA 1 variants(126), and longitudinal studies have consistently
shown that these variants confer a higher risk of cognitive progression(124, 320-322). Further, these
studies have demonstrated that the risk of cognitive impairment increases with the severity of the
variant, as patients carrying severe Gaucher-causing variants have a greater risk than patients
carrying mild Gaucher-causing variants(124, 322). Despite our initial expectation that GBAI was
the main driver of the association signal, the significant relationship between the lysosomal PD-
PRS and earlier cognitive impairment persisted even after removing GBA 1 from the PRS in both
PPMI samples with a negative (i.e., high) CSF AP 1.42 and PDBP samples with a low AD-PRS —
both indicative of a low vulnerability to AD co-pathology. Notably, the effect-sizes increased rather
than decreased, although the corresponding p-values showed a slight decrease in strength. Thus, our
results provide novel evidence for a role of lysosomal variants beyond GBA 1 on cognitive
progression in PD. As discussed above, GBAI and lysosomal variants have been linked to increased
a-synuclein pathology. As advanced Lewy pathology has been reported to be the main substrate of
dementia in PD(72), it may be hypothesized that GBAI and other lysosomal variants alter pathways
involved in a-synuclein clearance leading to a faster development of cortical Lewy pathology, and

thus faster cognitive decline.

5.4 Potential utility for PRS in risk stratification

A fundamental principle of precision medicine involves intervention strategies towards individuals
with the greatest risk of disease by considering a combination of individual-level risk factors. In this
context, PRS has emerged as an attractive tool to stratify patients based on the genetic risk for
disease or endophenotypes. In Paper 2, we showed that the Lewy pathology risk score, derived from
NBB samples, discriminated between LBD samples with and without neocortical Lewy pathology
in the Mayo clinic samples with an AUC of 0.76 (95 % CI 0.71-0.81). Further, the AD co-
pathology risk score including AD-PRS, sex and age at onset discriminated between LBD samples
with and without AD co-pathology with an AUC of 0.70 (95 % CI 0.65-0.75). Although not
sufficient for individual level prediction yet, these results show a potential for PRS as enrichment
markers of Lewy and AD co-pathology. In Paper 3, we extended on these results, and sought to
identify the optimal cut-point for AD-PRS to stratify patients for the vulnerability to AD co-
pathology. The cut-point was determined in NBB samples with neuropathological assessment of

AD co-pathology. By applying the pre-determined cut-point to patients from the PPMI and PDBP
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cohorts, we were able to replicate our findings from Paper 2, as the lysosomal PD-PRS was
associated with an earlier onset of dementia in samples with a low vulnerability to AD co-pathology
based on AD-PRS. While we lacked a gold-standard assessment of AD co-pathology for the PPMI
and PDBP samples, our results suggest that the AD-PRS could serve a similar purpose in
meaningful stratification into subgroups, although with obvious limitations compared to
neuropathological assessment. CSF measures of AP and tau are well established biomarkers of AD,
and have been validated in samples with post-mortem confirmation of AD pathology(328) and
amyloid PET imaging(329, 330). However, their utility in PD is less clear. Among the AD CSF
biomarkers, the strongest association with cognitive decline in PD is found for low CSF ABi.42
levels(293, 331, 332). Few studies have validated AD CSF biomarkers in autopsy-confirmed
samples or against PET imaging in PD. However, one study showed that CSF APi.4> correlated with
global cerebral amyloid-f score and a weaker, yet significant correlation was also reported for CSF
measures of total tau (t-tau) and neuropathological tau score(333). However, the optimal cut-points
for CSF AD biomarkers in PD remains uncertain, although there is some evidence to suggest that
they diverge from those established in AD patients(333, 334). In Paper 3, we also used CSF AD
biomarkers to stratify between cases with and without AD co-pathology. In lack of established cut-
offs for PD patients, we used cut-offs determined in patients from the Alzheimer’s Disease
Neuroimaging Initiative (ADNI)(329, 335). In Paper 3, the lysosomal PD-PRS was significantly
associated with an earlier development of cognitive impairment in PPMI individuals with a low risk
of AD co-pathology based on CSF APi.42, but not CSF t-tau or tau phosphorylated at threonine 181
(p-tau). Further, CSF Api.42 was significantly lower in PPMI individuals with a high vulnerability
to AD co-pathology based on the AD-PRS, potentially reflecting a higher level of AD co-pathology
in these samples. ABi-42 continues to decrease over the course of disease(336), which may
potentially parallel the increase in AD co-pathology(333, 337). In contrast, PRS offers a benefit
compared to fluid biomarkers, as it allows for risk evaluation at an early stage of disease, preceding
the usual trajectories for fluid biomarkers throughout the disease course. Although the AD-PRS cut-
point suggested in Paper 3 should be interpreted with precaution and validated against PET or
neuropathological assessment of AD co-pathology in a large sample, our results highlight the
potential prognostic use of AD-PRS to identify patients with an elevated vulnerability to AD co-
pathology on a group level.
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5.5 Conclusion

The interplay between neuropathological and genetic factors are intricate and multifaceted.
Alpha-synuclein, amyloid-p and tau are highly correlated as they increase in parallel(62), and their
relationship is likely complex, highlighted by the interactions between them(338). Adding to the
complexity are the number of genes implicated in PD, and our incomplete understanding of the
pathways they alter. However, an intriguing overlap among genes linked to the predominant protein
pathologies and dementia risk in PD may be discerned. The most consistently observed
neuropathological features of PDD are advanced limbic and neocortical Lewy pathology and AD-
related amyloid-p and tau pathologies(72). Reflecting this dual nature of neuropathology, the risk
loci established for cognitive decline include both GBA 1, which is linked to Lewy pathology, and
APOE which is strongly associated with more severe AD co-pathology. Although this most likely
represents an oversimplification, it underscores a relationship between genetic variants and
pathways leading to different types of pathology where dementia is a common outcome. An
increased understanding of genetic mechanisms underlying endophenotypes such as Lewy and AD
co-pathology or clinical outcomes, such as dementia can be expected to improve clinical care. The
most immediate application of such knowledge is individualized predictions of the disease course.
Further, identification of causative genes and biological pathways important to disease pathogenesis
can facilitate development of targeted therapeutics. Ultimately, characterization of distinct disease
subtypes and individuals likely to respond to specific treatments based on their genetic makeup can

lead to a more targeted approach in managing the disease.

65



6 Future directions

The accumulation of evidence is steadily uncovering the molecular etiology and pathogenic
mechanisms underlying PD, offering prospects of disease-modifying therapies. While the core
motor-features (bradykinesia, rigidity and rest tremor) remain the mainstay for a clinical diagnosis
of PD, it is evident that the pathological process leading to disease starts years if not decades before
development of motor symptoms, hindering an early diagnosis. Further, the unitarian view of PD
has been questioned following the identification of genetic subtypes and involvement of only
partially overlapping disease pathways, but also providing an opportunity for a biological diagnosis
of PD within a precision medicine context(339). For AD, the amyloid, tau, neurodegeneration
(A/T/N) classification scheme provides an updated biological definition of AD relying solely on
biomarkers(340). This framework provides an opportunity for selection of patients within the AD

continuum for enrichment of clinical trials.

Similar biological definitions of PD have recently been proposed, based on the presence of neuronal
a-synuclein and dopaminergic dysfunction(341) or genetics, a-synuclein pathology and
neurodegeneration(342). Both these biological staging systems emphasize the importance of
identifying pathologic a-synuclein. However, there is a pressing need for a reliable approach to
detect a-synuclein pathology in living patients. Although there are currently no biomarkers that can
reliably distinguish PD patients from individuals with other parkinsonian disorders and healthy
controls, a-synuclein seed amplification assays (SAA) have shown promising results(343). These
assays can detect small amounts of misfolded a-synuclein in various tissue, although best
documented for CSF, and reliably distinguish between patients with PD/DLB, controls and other
neurodegenerative diseases such as PSP and CBD(reviewed in (344)). Notably, preliminary results

also suggest that SSAs may have the potential to distinguish between PD and MSA(345).

While a-synuclein SAAs may improve the diagnostic accuracy of PD, the current dichotomous
outcome of the test does not allow for tracking the course of disease. Neuroimaging has the
potential to investigate the progression of protein pathology in vivo. PET radiotracers for amyloid
pathology have been available for more than a decade, and a tau PET radiotracer has just recently
been approved by the FDA(346, 347). Contrary there is currently no equivalent method for

visualizing a-synuclein aggregates in living patients. The development of a suitable a-synuclein
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PET tracer has faced several challenges including a relatively low concentration of a.-synuclein
compared to amyloid-p and tau aggregates in the brain(348). Additionally, the co-existence and
structural similarity between aggregated forms of a-synuclein, amyloid-f and tau, makes it difficult
to selectively target a-synuclein(348). An a-synuclein PET tracer offers several advantages,
including non-invasive early detection of pathology, monitoring disease progression and assessment

of the effectiveness of potential therapeutic interventions.

Despite the ongoing progress in uncovering the genetic underpinnings of idiopathic PD, we can
only explain a proportion of disease heritability by variants captured through current research
methods. Increasing GWAS sample size, shifting focus towards rare and structural variants enabled
by next generations sequencing technique as well as investigating gene-gene and gene-environment
interactions are expected to uncover some of this missing heritability(349). However, a major
concern of genetic research in general is the lack of diversity in study populations(244, 245). While
the sample size and number of PD GWAS conducted have increased, they are not representative for
the global population, as most studies to date have been performed in populations of European
genetic ancestry. Expanding GWAS to include underrepresented populations is expected to increase
the yield of new risk loci as was recently proven in a PD GWAS meta-analysis in East Asian
populations(350). Although the few studies conducted in PD patients of non-European genetic
ancestry have revealed overlapping genetic risk loci, they have also highlighted genetic
heterogeneity. For example, LRRK?2 appears to be a common risk factor for PD in European and
East Asian populations. However, the LRRK?2 p.G2019S risk variant which is common in
individuals of European ancestry is rare among East Asians, where the p.A419V, p.G2385R and
p-R1628P variants are more common(351, 352). Population-specific differences in LD pattern,
allele frequencies, gene-gene and gene-environment interactions are all factors likely to explain
genetic heterogeneity across diverse populations(353). Further, the lack of diversity in genetic
research may have broader implications for the underrepresented populations. As discussed in
section 4.5.3 the accuracy of PRS may be compromised when applied to a population of different
genetic ancestry than the population in which the PRS was developed, not only leading to
inaccurate risk predictions, but also potentially increasing health care inequities(247).
Consequently, an understanding of the genetic architecture of PD in ancestrally diverse populations
is an unmet research need. Efforts to address the fundamental gap in the genetics of understudied

PD populations are a central focus of global initiatives, such as the Global Parkinson’s disease

67



Genetics Program (GP2)(354). Such endeavors hold potential to greatly benefit the global PD

population.

While GWAS have successfully identified disease susceptibility variants through large cross-
sectional studies, a comprehensive understanding of genetic influence on the disease course and the
discovery of disease relevant biomarkers necessitates longitudinal cohorts with greater depth of
phenotyping. The AMP-PD and PPMI cohorts used in Paper 2 serve as prime examples of such
longitudinal studies designed to discover and replicate PD biomarkers. Efforts to combine data from
multiple longitudinal studies have discovered promising progression markers as discussed in section
1.4.5. However, the sample sizes remain relatively small compared to case-control GWAS. To
ensure generalizability, additional cohorts are imperative for replication, confirmation and
validation of these findings(355). An ongoing effort, the PROSPOS study, is collecting a
comprehensive range of clinical and biological data from Norwegian patients with PD and atypical
parkinsonism. The study harmonizes data collection with collaborators from the International
Parkinson’s Disease Genomics Consortium (IPDGC) and GP2, with the first 96 PROSPOS samples
already submitted to GP2. Throughout my PhD, I have enrolled patients in the PROSPOS study,
with a specific focus on including patients for cognitive assessment and amyloid-B PET imaging
using the radiotracer '*F-Flutemetamol. Since enrollment started as recent as February 2020, with
further delay arising from the COVID-19 pandemic, limited follow-up time prevented the inclusion
of PROSPOS data in my PhD thesis. Nevertheless, the extensive longitudinal data expected to be
generated in this study holds promise in providing a deeper insight into the long-term progression of

PD.

Current treatment options for PD primarily aim at alleviating symptoms, and do not modify disease
progression. In parallel with our increased understanding of PD pathophysiology, a diverse range of
therapeutic candidates are being explored. These include treatments targeting o.-synuclein,
organelles such as mitochondria or lysosomes, or proteins such as LRRK2 or GCase(356).
Nevertheless, none of the examined treatments have yet successfully evolved into clinically verified
disease modifying therapies. Clinical trial failures may arise due to a number of reasons, one of
which may be the inability to account for heterogeneity in PD(356). As discussed in section 1.4.5
and demonstrated in Paper 1, 2 and 3 variations in progression of PD may in part be attributed to
differences in the underlying genetic architecture. Thus, having an uneven distribution of fast
progressors in either the treatment or placebo group could yield misleading conclusions about the

drug’s efficacy. Consequently, it has been suggested that clinical trials, in addition to age- and
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gender matching, should account for genetic imbalances(357). Further, it is unlikely that one drug
will benefit the broader PD group, as the underlying pathophysiology may differ between patients.
To address this heterogeneity, patient stratification may aid in identifying individuals most likely to
benefit from a targeted therapy. Stratification based on genetic predisposition such as type of
LRRK?2 or GBAI variant, provides one approach to cluster more homogenous patients. Despite the
myriad of genetic variants associated with PD, the discovery that many of these converge in highly
coherent disease pathways offers promise for the development of therapies with broad applicability.
For the larger idiopathic PD population, stratified PRS may be one method to identify patients with
a similar underlying disease process, thereby improving the signal-to-noise ratio in clinical trials
focusing on targets like lysosomes or mitochondria. However, given the likely perturbation of
multiple pathways in individual PD patients, a combination of therapies, rather than one single
therapy, may be a more likely scenario for future disease modifying treatment(358). Nevertheless,
each medication will likely need to be proven efficacious on their own before a multi-drug regime
can be implemented. Moreover, an AD PRS above a predetermined threshold might serve as a
means to select patients with an increased vulnerability to AD co-pathology likely to benefit from
treatments targeting amyloid-p3, as suggested in Paper 3. However, considering the current limited
predictive ability of PRS, it is plausible that a combination of PRS with other biomarkers will be a
more promising approach. This is the goal of precision medicine, where treatment strategies are

customized to the individual s disease subtype.
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Introduction: Cognitive decline and dementia are common and debilitating non-motor
phenotypic features of Parkinson’s disease with a variable severity and time of onset.
Common genetic variation of the Apolipoprotein E (APOE) and micro-tubule associated
protein tau (MAPT) loci have been linked to cognitive decline and dementia in Parkinson’s
disease, although studies have yielded mixed results. To further elucidate the influence
of APOE and MAPT variability on dementia in Parkinson’s disease, we genotyped
postmortem brain tissue samples of clinically and pathologically well-characterized
Parkinson’s donors and performed a survival analysis of time to dementia.

Methods: We included a total of 152 neuropathologically confirmed Parkinson’s disease
donors with or without clinical dementia during life. We genotyped known risk variants
tagging the APOE ¢4 allele and MAPT H1/H2 inversion haplotype. Cox proportional
hazards regression analyses adjusted for age at onset, sex and genetic principal
components were performed to assess the association between the genetic variants
and time from motor onset to onset of dementia.

Results: We found that both the APOE ¢4 allele (HR 1.82, 95 % CI 1.16-2.83, p = 0.009)
and MAPT H1-haplotype (HR 1.71, 95 % CI 1.06-2.78, p = 0.03) were associated with
earlier development of dementia in patients with Parkinson’s disease.

Conclusion: Our results provide further support for the importance of APOE ¢4 and
MAPT H1-haplotype in the etiology of Parkinson’s disease dementia, with potential future
relevance for risk stratification and patient selection for clinical trials of therapies targeting
cognitive decline in Parkinson’s disease.

Keywords: parkinson’s disease, dementia, neuropathology, genetics, association study, APOE, MAPT

INTRODUCTION

Parkinson’s disease (PD) is a heterogenous disorder in terms of clinical presentation and rate of
progression. Dementia is one of the most debilitating non-motor manifestations of the disease,
with broad implications for both patients and caregivers (1-3). Longitudinal studies have shown
that most patients ultimately develop Parkinson’s disease dementia (PDD) if they survive long
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enough, although the time of onset is highly variable (4, 5).
Cognitive disability is not only a feature of advanced disease,
as 36% of patients meet criteria for mild cognitive impairment
already at clinical diagnosis (6) and 17% of patients develop
dementia within five years from disease onset (7). Identification
of biomarkers, including common genetic variants predicting
early cognitive decline and dementia, could provide important
insights into the biological and molecular underpinnings of PDD,
benefit recruitment to clinical trials and identify potential targets
for novel therapeutics.

Genome-wide association studies (GWAS) have identified
genetic susceptibility loci for sporadic PD, with the latest meta-
analysis bringing the number up to 90 risk signals across 78 loci
(8). Genetic variability may not only affect the risk of developing
PD, but also influence the clinical course of the disease. Several
genetic loci have been hypothesized as risk factors for dementia
in sporadic PD, among them APOE and MAPT, showing partly
conflicting results in previously published reports (9).

Coding variation in APOE on chromosome 19 gives rise to
three common alleles: €2, €3, and €4. The APOE ¢4 allele is a
strong and well-established genetic risk factor for Alzheimer’s
disease (AD) (10), and the top GWAS signal in dementia with
Lewy bodies (DLB) (11). While APOE does not seem to alter
the risk for PD in itself according to GWAS results, the €4 allele
has been studied as a potential risk factor for cognitive decline
and development of dementia in PD patients, with several larger
studies reporting a significant association (12, 13).

An inversion polymorphism on chromosome 17q21,
containing MAPT and several other genes, gives rise to the
H1 and H2 haplotypes in European populations (14). Single-
nucleotide polymorphisms (SNPs) tagging the HI-haplotype
have consistently been among the most significant association
signals in GWAS of PD-risk (8, 15, 16). The MAPT gene encodes
the tau protein that is found to aggregate in neurofibrillary
tangles (NFT), a core neuropathological feature of AD, but also
found in varying degrees in PD and PDD patients upon autopsy
(17, 18). Interestingly, the MAPT HI1-haplotype has also been
reported to be associated with an accelerated rate of cognitive
decline and earlier development of dementia in PD patients
(7, 19, 20), yet larger studies have not been able to replicate this
finding (12, 21).

Discrepant results across previous genetic association studies
of cognitive outcomes in PD could potentially arise from
differences in methodology, in particular with respect to
inclusion criteria, duration of follow-up and outcome measures
used to assess cognitive decline. A study based on brain bank
samples can take advantage of gold standard diagnostics and
clinical data that cover the patients’ entire lifespan. In this study,
we investigated the association of SNPs in the APOE and MAPT
loci with time to dementia by retrospective survival analysis in
neuropathologically defined PD brain donors.

METHODS
Subjects

All subjects were neuropathologically confirmed patients
with PD or PDD from the Netherlands Brain Bank (NBB,

www.brainbank.nl). All brains available from the NBB from
1989 to 2017 (n = 3,853) were considered for study inclusion
according to the selection criteria. Written, informed consent for
the use of clinical information and tissue samples for research
purpose, was collected from the donors or their next of kin.

Standardized brain autopsies and neuropathological
examinations were performed by experienced neuropathologists
(AR and WB). Neuropathological assessment of Lewy Body
(LB)-related a-synuclein pathology was done according to
BrainNet Europe guidelines (22) and assessment of AD
neuropathologic change was done according to National Institute
on Aging-Alzheimer’s Association (NIA-AA) guidelines (23).

Clinical information was extracted from the medical records
provided by the NBB. The diagnosis of PD was based on the
combination of the clinical syndrome of PD [UK Parkinson’s
Disease Society Brain Bank criteria (24)], and moderate to severe
loss of neurons in the substantia nigra in association with Lewy
pathology in at least the brainstem with or without limbic and
cortical brain regions (25). When dementia had been diagnosed
during life, donors fulfilling these criteria were classified as PDD.
A diagnosis of dementia was made during life by a neurologist
or geriatrician, or retrospectively based on neuropsychological
test results showing disturbances in at least two core cognitive
domains (26) or Mini-Mental State Examination (MMSE) score
<20. Distinction between DLB and PDD was made based on the
1-year rule, where dementia presenting before or within 1 year of
parkinsonism onset was diagnosed as DLB, and not included in
this study (27). Cases diagnosed as having both PD and AD were
also excluded from the study.

Genotyping

DNA was extracted from brain tissue. Genotyping was carried
out on the Infinium® NeuroChip Consortium Array (Illumina,
San Diego, CA USA) (28). Quality control was carried out
in PLINK version 1.9 (29). Samples passing standard quality
control, including filtering of variants and individuals based on
call rate (< 0.95), Hardy-Weinberg equillibrium (p < 0.000001),
relatedness (pi-hat > 0.125), excess heterozygosity (> 4SD from
mean), sex-check and ancestry assessed by principal component
plots, were imputed using the Michigan Imputation Server (30).
We selected rs1800547 to discriminate between the MAPT H1
and H2 haplotypes, and used rs429358 and rs7412 to define the
APOE €2, 3, and ¢4 alleles as previously described (31, 32).

The NeuroChip array was also used to screen for known
pathogenic mutations in relevant Mendelian PD genes. Covering
the majority of definitely and probably pathogenic variants in
the autosomal dominant genes SNCA, LRRK2, and VPS35, we
identified no mutation carriers (Supplementary Table 1).

Statistical Analysis

All statistical analyses were carried out in R (version 4.0.2;
http://www.r-project.org). Differences in baseline demographics
and clinical variables between patients with PD and PDD
were assessed using f-tests for continuous variables and
chi-square tests for categorical variables. Ordinal variables
(neuropathological scores) were compared using the Wilcoxon
Rank Sum Test, while associations between neuropathology
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TABLE 1 | Clinical characteristics of cases with Parkinson’s disease
non-demented (PDnD) and Parkinson’s disease dementia (PDD).

PDnD PDD P
N=T71 N =81
Sex, male (%) 43 (60.6) 57 (70.4) 0.271
Age at disease onset, mean (SD) 61.3(13.0) 64.2 (9.5) 0.117
Age at dementia onset, mean (SD) 73.7 (7.0)
Disease duration, mean (SD) 16.5(7.7) 13.6 (6.7) 0.102
Motor dementia interval, mean (SD) 9.4 (5.8)
Dementia duration, mean (SD) 4.1 (2.8)
Age at death, mean (SD) 77.0(9.3) 77.8(6.5) 0.515

SD: standard deviation. P value from t-tests for continuous variables and chi-square tests
for categorical variables (sex).

and genotypes were measured by odds ratios using ordinal
logistic regression adjusting for age at death and sex. For
the survival analysis we used the R package “survival.” Cox
proportional hazards regression models were employed to assess
the relationship between genotype and dementia onset. The event
variable was presence of dementia. As time variable we used
disease duration at dementia onset for PDD and disease duration
at death for PD. Separate analyses were carried out for each
risk locus, with sex, age at motor symptom onset and the first
five genetic principal components as covariates. We estimated
hazard ratio (HR) and the 95% confidence interval (CI). P
values for each covariate were obtained from the Wald test.
The results were visualized as Cox regression-adjusted curves
using the R package “survminer.” A combined plotting and
testing approach was employed to check the proportional hazards
assumptions. A p < 0.05 was used as significance threshold in
this study.

RESULTS

One hundred sixty five donors (PD n =79 and PDD n = 86) were
identified. A total of 13 cases were excluded for missing clinical,
neuropathological or genotype data, or failing quality control. A
total of 152 cases (PD n = 71 and PDD n = 81) meeting clinical
and neuropathological criteria were included in the final analysis.
The demographic and clinical characteristics are displayed in
Table 1. There were no significant differences in sex distribution,
age at disease onset, disease duration or age at death between PD
and PDD patients.

Braak a-synuclein stage (p = 0.01), Thal amyloid-p (Af) phase
(p = 0.001), Braak NFT stage (p = 0.003) and CERAD neuritic
plaque score (p < 0.001) were all higher in PDD compared to
PD patients (Figure 1 and Supplementary Table 2). Applying
the NIA-AA criteria, intermediate or high AD co-pathology was
present in 7% (5 of 67) of PD patients and 14% (11 of 80) of PDD
patients. APOE &4 was significantly associated with Thal Ap phase
(OR 4.85, p < 0.001) and CERAD neuritic plaque score (OR
497, p < 0.001), but not Braak NFT or Braak a-synuclein stage

TABLE 2 | Risk variant frequencies and results from Cox proportional hazards
regression models with age at onset, sex, and genetic principal components as
covariates.

Variant Frequency HR 95% CI for HR p

APOE ¢4 PDnD: 0.11 1.82 1.16-2.83 0.009*
PDD: 0.14

MAPT H1/H1 PDnD: 0.68 1.71 1.06-2.78 0.03*
PDD: 0.77

APOE, Apoliporotein E; HR, hazard ratio; Cl, confidence interval; MAPT, microtubule-
associated protein tau.
*P value from the Wald test.

(Supplementary Table 3). The MAPT H1-haplotype was not
significantly associated with any of the neuropathological scores.

In the Cox proportional hazards model the APOE ¢4 allele
was significantly associated with a shorter time between PD onset
and diagnosis of PDD (HR per ¢4 allele 1.82, 95 % CI 1.16-
2.83, p = 0.009, Table 2 and Figure 2A). When Thal AB phase
or CERAD neuritic plaque score were added as covariates, the
association with time to dementia was no longer significant (p
= 0.23 and p = 0.11, respectively). The MAPT HIl-haplotype
was also significantly associated with a shorter time to dementia
(HR per H1 haplotype 1.71, 95% CI 1.06-2.78, p = 0.03, Table 2
and Figure 2B). Later age at onset was significantly associated
with shorter time to dementia in both models (HR 1.09, 95% CI
1.06-1.12, p < 0.001).

DISCUSSION

In this study we explored the genetic effects of MAPT and
APOE on onset of dementia in PD in a neuropathologically
characterized cohort. With the advantages of definite diagnosis
and clinical data from the patients’ entire lifespan, we found that
even in a small sample, both the APOE ¢4 allele and the MAPT
H1-haplotype were significantly associated with an accelerated
onset of dementia in PD patients.

Several studies have examined the effects of APOE €4 on
cognitive decline and dementia in PD. Many of these have had
cross-sectional design, and while some have demonstrated an
association with APOE &4 and lower cognitive performance (21),
others have failed to do so (33). Consistent with our results, a
previous study of PD patients demonstrated earlier development
of dementia among APOE e4-carriers (HR 1.90, 95% CI 1.05-
3.44) (34). In line with our data, two recent meta-analyses
reported an increased risk of dementia in PD patients who carried
the APOE ¢4 allele, although regional differences in effect size
were noted (35, 36). Longitudinal studies have found associations
with APOE €4 and a more rapid cognitive decline measured on
both screening instruments for global cognition (37, 38) and
battery-style assessment of mental status (12, 39). In a recent
GWAS on PD progression using longitudinal data from three
large cohorts, the top hit for cognitive progression was rs429358
tagging APOE e4 (40). In contrast, variants in the APOE-gene
were not associated with cognitive decline or dementia at 3.5,
5, or 10 year follow-up in the CamPaIGN study, a UK incident
cohort of PD patients (7, 20), or with shorter time to dementia
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FIGURE 1 | Neuropathological scores for PD and PDD patients. (A) Braak a-synuclein stage. (B) Thal amyloid-p phase. (C) Braak neurofibrillary tangle (NFT) stage.
(D) CERAD neuritic plague score. PDD patients display more advanced LB, A, and tau pathology compared to PD patients.

in another longitudinal study (41). While longitudinal designs
represent a gold standard for tracking disease progression, they
may be hampered by small sample size, short follow-up time and
loss to follow-up. Taken together, the weight of evidence favors an
effect of APOE on cognitive decline and dementia in PD, further
supported by our results.

We also found a significant association between MAPT H1
and time to dementia in PD. This locus is less established

than APOE in the previous literature on genetic risk factors
of cognitive progression. The CamPaIlGN study was the first
to report an association between the MAPT HI1/HI1 genotype
and cognitive decline in PD (19). The results were confirmed
in the subsequent 5- and 10-year follow-up studies, supporting
the MAPT H1/H1 genotype as predictive of dementia (7, 20).
The association between MAPT genotype and PDD has later
been replicated (42), while other studies have failed to do so
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FIGURE 2 | Adjusted survival curves for Cox proportional hazards model. (A) Apolipoprotein E (APOE) ¢4 (0 = negative, 1 = g4 heterozygous, 2 = ¢4 homozygous),
and (B) Microtubule-associated protein tau (MAPT) H1-haplotype (O = negative, 1 = heterozygous, 2 = homozygous).

(12, 21, 38). Contrary to our results, no association between
MAPT HI1/HI1 genotype and dementia onset was found in a
previous survival analysis of 298 PD patients where 59 progressed
to dementia (34). A prospective investigation of 212 patients
noted associations between MAPT HI1 and specific cognitive
outcome measures, but not with the overall rate of cognitive

decline (12). The authors of this study hypothesized that
the significant signal reported in the CamPaIlGN study could
represent an effect specific to early dementia development, as
the CamPaIGN patients were included at diagnosis and assessed
for progression to PDD at 3 years. Our data do not support this
explanation of previously discrepant results, as the mean disease

Frontiers in Neurology | www.frontiersin.org

February 2021 | Volume 12 | Article 631145



Tunold et al.

APOE, MAPT, and PD Dementia

duration at dementia onset in the PDD group was 9-10 years
in our study.

The underlying mechanisms linking APOE and MAPT
variants to dementia are unclear, however neuropathological
studies suggests that protein aggregation is pivotal in this
association. In our study APOE e4 was significantly associated
with both Thal AB phases and CERAD neuritic plaque scores,
supporting that APOE €4 exerts its genetic risk on dementia
primarily through AB neuropathology. The MAPT H1 haplotype
was not associated with any neuropathological scores in our
study. Concomitant AD pathology (AP plaques and NFT) is
found in variable amounts upon autopsy in PD and PDD brains,
and is more prevalent in PDD compared to PD (17, 43, 44). This
is indeed true for our cases, as neuropathological examination
revealed significantly more advanced Thal A phases, Braak NFT
stages and CERAD neuritic plaque scores in PDD compared to
PD samples.

Several lines of evidence support the role of cortical LB
pathology as the major pathological driver of dementia in PD
(17, 45), and in our study PDD donors had significantly more
advanced Braak a-synuclein stages than PD donors. While it
seems likely that APOE €4 mediates dementia through an Ap-
dependent pathway, previous studies have also reported an
effect of APOE €4 on cognitive outcome and severity of cortical
LB pathology in patients with low concomitant AD-pathology
(46, 47). Corroborating these findings, two recent experimental
studies have shown evidence that APOE €4 may promote LB
pathology independent of AP pathology (48, 49). In our results,
however, the association with dementia was dependent on A, as
the signal was no longer significant when adjusting for Thal Ap
phase or CERAD neuritic plaque score.

While the presence of tau pathology has been correlated with
reduced time to dementia (50), some evidence also supports that
the MAPT H1-haplotype may influence the cortical LB burden
(51), suggesting MAPT also may promote dementia in more
than one way. This idea was not supported by our data, but
we note that the size of our study provided limited statistical
power to disentangle potentially complex correlations between
genotype and various neuropathologies. We also acknowledge
that although the H1 inversion haplotype on chromosome 17
is commonly named after MAPT, it contains a number of other
genes, and the mechanism driving the association signal for PD
risk has yet to be unequivocally established. Recent evidence
suggest that rather than MAPT, the disease-relevant gene could
be the neighboring KANSLI, which is involved in autophagy
regulation (52).

The clinical diagnosis of PD can be challenging, with a
diagnostic accuracy of 80.6% when pathological examination
is used as the gold standard (53). The strength of this study
lies in the neuropathological confirmation of diagnosis and the
retrospective overview of the clinical disease course from the
patients’ entire lifespan. Some limitations of our study should be
noted. First, clinical information was obtained by retrospective
review of medical records posing a risk for information bias,
in particular regarding approximation of timing of events.
However, the timing of motor symptom onset and dementia
onset observed in this study harmonize well with previous

reports (17, 54). Second, we acknowledge that lack of extensive
neuropsychological evaluation is a limitation. In theory, death
and dementia may be competing events and potentially bias
the estimated effect of genotypes on dementia development.
APOE 4 has been associated with decreased longevity, but
we observed similar age at death in PD and PDD, and any
theoretical bias from this effect would skew results in the opposite
direction of our findings (55). Further corroboration of the
genetic associations reported here is warranted, preferably in
longitudinal cohorts. Third, given the limited sample size and
statistical power of our study, we narrowly selected only two
candidate loci among several previously reported as associated
with cognition in PD. A broader perspective on the genetic
architecture of PDD would have to consider the contribution
from loci such as SNCA, GBA, COMT and potentially others
(9), and ideally also the possibility of synergistic interactions
between these.

In conclusion, our study adds to the growing evidence
supporting the role for not only APOE €4 but also the
MAPT HI1 haplotype in development of dementia in PD.
Detecting significant associations in a small, but well-
characterized neuropathological sample, we anticipate that
larger genetic association studies of neuropathological
phenotypes will be a fruitful strategy to further disentangle
molecular mechanisms in neurodegenerative disorders.
Ultimately, a better understanding of genotype-phenotype
correlations may facilitate precision medicine in PD,
improving risk prediction and patient stratification for novel
targeted therapies.
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Lysosomal polygenic risk is associated
with the severity of neuropathology
in Lewy body disease
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Intraneuronal accumulation of misfolded a-synuclein is the pathological hallmark of Parkinson’s disease and demen-
tia with Lewy bodies, often co-occurring with variable degrees of Alzheimer’s disease related neuropathology.
Genetic association studies have successfully identified common variants associated with disease risk and phenotyp-
ic traits in Lewy body disease, yet little is known about the genetic contribution to neuropathological heterogeneity.
Using summary statistics from Parkinson’s disease and Alzheimer’s disease genome-wide association studies, we
calculated polygenic risk scores and investigated the relationship with Lewy, amyloid-p and tau pathology.
Associations were nominated in neuropathologically defined samples with Lewy body disease from the
Netherlands Brain Bank (n=217) and followed up in an independent sample series from the Mayo Clinic Brain
Bank (n=394). We also generated stratified polygenic risk scores based on single-nucleotide polymorphisms anno-
tated to eight functional pathways or cell types previously implicated in Parkinson’s disease and assessed for asso-
ciation with Lewy pathology in subgroups with and without significant Alzheimer’s disease co-pathology.

In an ordinal logistic regression model, the Alzheimer’s disease polygenic risk score was associated with concomitant
amyloid-B and tau pathology in both cohorts. Moreover, both cohorts showed a significant association between lyso-
somal pathway polygenic risk and Lewy pathology, which was more consistent than the association with a general
Parkinson’s disease risk score and specific to the subset of samples without significant concomitant Alzheimer’s dis-
ease related neuropathology.

Our findings provide proof of principle that the specific risk alleles a patient carries for Parkinson’s and Alzheimer’s
disease also influence key aspects of the underlying neuropathology in Lewy body disease. The interrelations be-
tween genetic architecture and neuropathology are complex, as our results implicate lysosomal risk loci specifically
in the subset of samples without Alzheimer’s disease co-pathology. Our findings hold promise that genetic profiling
may help predict the vulnerability to specific neuropathologies in Lewy body disease, with potential relevance for the
further development of precision medicine in these disorders.
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Introduction

Lewy body disease (LBD) represents a continuum of closely related
neurodegenerative diseases with overlapping clinical characteris-
tics, genetic risk factors and neuropathological features. The most
common manifestations of LBD are Parkinson’s disease (PD) and
dementia with Lewy bodies (DLB). A defining neuropathological
hallmark of LBD is the deposition of a-synuclein (a-syn) rich intra-
neuronal inclusions called Lewy bodies and Lewy neurites, collect-
ively referred to as Lewy pathology." In addition to Lewy pathology,
varying degrees of Alzheimer’s disease (AD) co-pathology, includ-
ing amyloid-B plaques and tau positive neurofibrillary tangles
(NFT), are often present.? Elucidating biological mechanisms that
underlie the heterogenous neuropathological substrates of LBD is
crucial for understanding disease aetiology and progression, with
the ultimate aim to discover novel therapeutic avenues for disease
modification.

Genome-wide association studies (GWAS) have provided in-
sights into the complex polygenic architecture of clinical LBD phe-
notypes, and successfully identified common genetic risk variants
in PD? and to a lesser extent in DLB.**> Each GWAS locus explains
only a small proportion of disease susceptibility, yet the cumulative
effect of many risk variants can be estimated as a polygenic risk
score (PRS). A PRS is calculated as the weighted sum of the number
of risk alleles an individual carries. In PD, PRSs have been applied
successfully to a number of traits, including age at onset, disease
status, motor progression and cognitive decline.®® In DLB, the
PRS has been linked to disease risk.”

The general PRS approach includes all independent single-
nucleotide polymorphisms (SNPs) with associated P-values below
a specified threshold in summary statistics from GWAS. However,
stratified PRSs may be generated from subsets of SNPs that are anno-
tated to specific pathways, thus helping to nominate mechanisms
that contribute to disease development.'® Pathway-specific PRS
studies have provided further support for a number of biological
pathways and mechanisms previously implicated in PD, including
mitochondrial dysfunction, lysosomal mediated autophagy/lyso-
somal dysfunction, endocytic membrane trafficking, a-syn misfold-
ing and neuroinflammation.****

A major challenge in understanding how genetic risk influences
LBD relates to the clinical and neuropathological heterogeneity.
While LBD is defined by the accumulation of Lewy bodies, co-
morbid AD pathology is common and found more frequently in
DLB and PD with dementia than in non-demented PD.>**"*€ The
level of AD co-pathology shows association with the severity of
Lewy pathology,'® which makes it challenging to determine
the causal relationships underlying genetic associations. Two
recent publications have shown that risk variants in the
B-glucocerebrosidase (GBA) gene are primarily associated with
‘pure’ DLB, while the APOE ¢4 allele is a risk factor for DLB with

AD co-pathology,'®?° suggesting the existence of distinct genetic

architectures within the LBD continuum.

To assess how common genetic risk variants associated with PD
and AD influence the multifaceted neuropathologies of LBD, we
generated PD- and AD-susceptibility PRSs as well as stratified
PD-PRSs and explored their relationship to key neuropathological
markers in two post-mortem cohorts, using the Netherlands
Brain Bank (n=217) for discovery and the Mayo Clinic Brain Bank
(n=1394) for replication. Based on the hypothesis that distinct gen-
etic profiles associate with Lewy pathology depending on the pres-
ence or absence of AD co-pathology, we divided the LBD samples
into two subgroups based on the level of AD co-pathology.

Materials and methods

Cases of LBD with available data from neuropathological assess-
ment of Lewy pathology and AD pathology, as well as genotype
data, were considered for inclusion. From the Netherlands Brain
Bank (NBB, www.brainbank.nl), donors enrolled from 1989 to 2017
(n=13853) were assessed, and 222 subjects with a neuropathologi-
cally confirmed diagnosis of PD or DLB were included. In addition,
neurologically healthy controls (n =82) and samples with a neuro-
pathological diagnosis of AD (n=64) were included to evaluate
the discriminative ability of AD- and PD-PRSs. Written, informed
consent for the use of clinical information and tissue samples for
research purposes, was collected from the donors or their next of
kin.

Brain dissection was performed according to international guide-
lines of Brain Net Europe II (BNE) consortium (www.brainnet-europe.
org) and the National Institute on Aging-Alzheimer’s Association
(NIA-AA)?* by an experienced neuropathologist (A.R.). Formalin-
fixed paraffin-embedded 6-um thick sections were immunostained
with antibodies against p-tau (clone AT8, 1:500, Thermo Fisher
Scientific), amyloid-p (clone 6F/3D, 1:500, Dako) and a-syn (clone
KM51, 1:500, Monosan Xtra), or stained with haematoxylin and eosin
(H&E) or Congo red according to current diagnostic guidelines of
BrainNet Europe.?>*?

To assign a Braak NFT stage (Braak NFT 0-VI), NFTs were scored
in association cortices (medial frontal gyrus, medial temporal and
superior parietal cortex), primary cortices (primary visual cortex
and pre/postcentral gyrus), hippocampus (CA1, CA4 and subicu-
lum) and adjacent (trans)entorhinal and fusiform cortex,
amygdala, caudate-putamen and cerebellum (if available), as previ-
ously described.?? Thal amyloid-f phases (0-4) were scored accord-
ing to Thal et al.>* on the medial temporal lobe. For the majority of
the cases, a distinction between Thal phase 4 and 5 could not be
made, as the cerebellum was not available. Pathological staging
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for neuritic plaques in the above-described cortical brain regions
was based on the Consortium to Establish a Registry for
Alzheimer’s Disease (CERAD) score.?”

Braak Lewy pathology stages, ranging from 3 to 6 in LBD cases,
were based on a-syn immunostaining in the neocortices (medial
frontal, medial temporal, superior parietal, primary visual and mo-
tor cortex), anterior cingulate gyrus, hippocampus (CA1, CA2),
(trans)entorhinal cortex, amygdala, basal forebrain, midbrain (sub-
stantia nigra), tegmentum (locus coeruleus) and medulla oblongata
(dorsal motor nucleus of the vagal nerve), according to the protocol
described by Alafuzoff et al.?® Owing to the low number of samples
with Braak Lewy pathology stage 3, stages 3 and 4 were collapsed
into a single group for the statistical analyses.

Clinical information was extracted from the medical records
provided by the NBB. PD was diagnosed based on the combination
of UK Parkinson’s Disease Society Brain Bank criteria®® and moder-
ate to severe loss of neurons in the substantia nigra with concur-
rent Lewy pathology in at least the brainstem.?” Criteria for DLB
were a clinical diagnosis of probable DLB according to the consen-
sus criteria of the DLB Consortium,?® combined with presence of
limbic-transitional or diffuse-neocortical Lewy pathology upon
autopsy. Dementia was diagnosed prior to death by a neurologist
or geriatrician, or retrospectively based on neuropsychological
test results®® or a Mini-Mental State Examination (MMSE) score <20.

From the Mayo Clinic Jacksonville Brain Bank for Neurodegenerative
Disorders, we included a total of 402 autopsy-confirmed LBD cases,
characterized by a single neuropathologist (D.W.D.). All subjects
were Caucasian, non-Hispanic and unrelated, with written, informed
consent for the use of clinical information and tissue samples for re-
search purposes collected from the donors or their next of kin.

Paraffin-embedded 5-um thick sections mounted on glass slides
were stained with thioflavin S. To assign a Braak NFT stage (0-VI)
and Thal amyloid-B phase (0-5), NFTs and senile plaques were quan-
tified using thioflavin S fluorescence microscopy in association corti-
ces (frontal, temporal and parietal), primary cortices (visual and
motor), hippocampus (CA1, CA4 and subiculum) and adjacent cortex,
amygdala, basal ganglia and cerebellum, as previously described.?**°

Lewy pathology was assessed in the neocortices (frontal, tem-
poral, parietal, visual and motor), cingulate gyrus, transentorhinal
cortex, amygdala, basal forebrain, midbrain, pons and medulla
using a-syn immunohistochemistry (NACP, 1:3000 rabbit poly-
clonal, Mayo Clinic antibody).>* Lewy pathology was staged as
brainstem, transitional or diffuse LBD according to Kosaka et al.>

Clinical information was extracted from the medical records by
three investigators (S.K., H.S. and N.B.M.) to identify the clinical
diagnosis and determine the age at onset of either motor symptoms
or dementia.®® Donors with an ante-mortem diagnosis of either PD
or DLB were included in the study.?*?®

We used an adaption of the NIA-AA criteria, where the combination
of Thal phase and Braak NFT stage was used to calculate a composite
AD-score.* Samples with Thal phase 0 or Braak NFT 0 were classified
as ‘no’, Thal phase 1-2 and Braak NFT I-VI or Thal phase 3-5 and
Braak NFT IHI as ‘low’, Thal phase 3 and Braak NFT III-VI or Thal 4-5
and Braak III-1V as ‘intermediate’ and Thal phase 4-5 and Braak NFT
V-VIas ‘high’. The LBD samples were divided into two subgroups by se-
verity of AD co-pathology. LBD — ADp., Was defined as ‘no’ or ‘low’
AD-score and LBD + ADp., as ‘intermediate’ or ‘high’ AD-score.

Genotyping of NBB samples was carried out on the Infinium
NeuroChip Consortium Array ([llumina).?® Mayo Clinic brain bank
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samples were genotyped on the Infinium OmniExpress-24 (version
1.3) array (Illumina). Standard quality control and filtering were
performed and variants imputed using reference data from the
Haplotype Reference Consortium as reported previously in detail.*®

For each individual, we generated AD-PRS and PD-PRS based on
summary statistics from Jansen et al.*” and Nalls et al.® (including
23andMe, Inc.), respectively, using PRSice2 with standard linkage
disequilibrium clumping thresholds (clumping SNPs within a
250 kb window and r?>> 0.1).%® To improve the linkage disequilib-
rium estimation for clumping, the 1000 Genomes European sam-
ples (n=503) were used as an external reference panel, as is
recommended for small datasets in particular.®® In each of the
GWAS summary statistics (the base datasets), duplicated and am-
biguous SNPs (C/G or A/T SNPs) were removed as is standard prac-
tice.’® Only variants with a minor allele frequency>1% were
included.

Based on previously published studies of stratified PD-PRS, we
selected six pathways (adaptive immune system, a-syn, endocytic
membrane trafficking, innate immune system, lysosomal and
mitochondrial pathways) and two cell types (microglia and mono-
cytes) of interest for which a significant enrichment of PD risk has
been reported.’* One study reported as many as 46 partly over-
lapping gene sets,'* and from these we prioritized only a few corre-
sponding to widely studied disease pathways in order to limit
multiple testing. We used the same lists of genes or genomic coor-
dinates as these previously published studies to generate pathway-
specific PD-PRS, applying the PRSet function in PRSice2. Pathway
gene lists were selected by using The Molecular Signatures
Database (MsigDB)* as well as curated lists of mitochondrial and
endocytic membrane trafficking genes applied in previous re-
ports.**!* SNPs were mapped to genes using the physical gene
boundaries. Cell-type annotations for monocytes and microglia
were based on publicly available data on open chromatin regions
mapped by assay for transposase-accessible chromatin with se-
quencing (ATACseq).****

The PRS algorithm includes SNPs with P-values below a user-
specified threshold in the original GWAS, which could in theory
be less stringent than the threshold for genome-wide significance.
To test different thresholds, we evaluated the ability of susceptibil-
ity PD-PRS and AD-PRS to discriminate PD and AD samples, respect-
ively, from controls without neurological disease, estimating the
area under the receiver operator curve (AUC). For both PD-PRS
and AD-PRS, a genome-wide threshold of P < 5 x 10~8 was superior
to P<1x 107 and P < 0.05. We therefore chose to use the genome-
wide threshold in subsequent analyses, although we acknowledge
that assessing susceptibility PRS as predictors for quantitative neu-
ropathologic outcomes in a case-only analysis is principally differ-
ent from the standard approach differentiating cases from controls.
Each PRS was standardized to have a mean of 0 and standard devi-
ation (SD) of 1. The number of SNPs as well as lists of SNPs used to
build each PRS are provided in Supplementary Tables 1-25.
Genotype imputation ensures that most common SNPs are present
in both the NBB and Mayo Clinic datasets, despite not being directly
genotyped. Nevertheless, minor differences in the specific SNPs in-
cluded from the PRSice algorithm were seen for a few of the PRS.

All statistical analyses were performed in R version 4.2.1 (Www.r-
project.org). Demographic data were compared between groups
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using Pearson’s chi-square test for categorical variables, t-tests or
the Wilcoxon rank sum test for continuous variables and ordinal
variables, as appropriate.

Associations between neuropathology scores (Braak Lewy path-
ology stage or Kosaka’s stage, CERAD neuritic plaque score, Thal
amyloid-p phase and Braak NFT stage) and standardized PRS were
tested with proportional odds (PO) ordinal logistic regression mod-
els to account for the ordered nature of the outcome measure using
the vglm() function in the R package ‘VGAM’.*? To assess the PO as-
sumption, we fitted a partial proportional odds (PPO) model where
the PO assumption was relaxed for the explanatory variable (i.e.
PRS). When comparing PO with PPO models, the likelihood ratio
test P-values were non-significant, indicating the PO assumption
to be reasonable. Due to the small number of LBD + ADp,, indivi-
duals in the NBB cohort with Braak Lewy pathology stage <5, stages
3-5 were collapsed, and associations with Lewy pathology were
tested with logistic regression using the R package ‘rms’.*® The
models included sex, age at death and first five principal compo-
nents (PC1-5) as covariates. The odds ratio estimates corresponded
to the effect size per 1 SD increase in PRS.

All statistical tests were two-sided. We applied a two-stage de-
sign where association signals passing a threshold of P <0.05 in
the NBB discovery cohort (NBB) were nominated for independent
replication in the Mayo Clinic cohort. We interpreted signals repli-
cating at P <0.05 with a consistent direction of effect across both
stages as positive findings.

To further explore the power of PRS to predict neuropathology,
we generated an AD co-pathology risk score using coefficients from
the ordinal logistic regression in the NBB dataset and assessed the
performance of the score in the independent Mayo Clinic dataset.
The model included AD-PRS, age at onset and sex. We evaluated
the ability of the score to differentiate between LBD — ADpa¢, and
LBD + ADpa samples estimating the AUC from the R package
‘pPROC’. We also calculated a Lewy pathology risk score in the
Mayo Clinic samples using coefficients from the ordinal logistic re-
gression in the NBB cohort, where the model included the lyso-
somal PD-PRS, age at death, sex and dichotomized AD-score. The
AUC was used to assess the power to predict DLBD.

To investigate if the highlighted PRS also influence dementia on-
set, we conducted survival analysis using the R package ‘survival’.
Cox proportional hazards regression models were employed to as-
sess the relationship between PRS and time to dementia for the
NBB samples. The presence of dementia was used as the event vari-
able. The time variable was the interval between symptom onset and
dementia diagnosis for cases who developed dementia prior to death
and disease duration at death for non-demented cases. Age at onset,
sex and the first five genetic principal components were used as cov-
ariates. To assess the proportional hazards assumption, a combined
plotting and testing approach was employed.

Data on NBB donors that support the findings of this study can be
obtained from the Netherlands Neurogenetics Database (https:/
www.brainbank.nl/nnd-project/). Mayo Clinic data are available
from the authors on request. Analysis code used in this manuscript
is available on GitHub at https:/github.com/lpihlstrom/projects.

Results

After filtering extreme age outliers (n = 1) and cases with an atypical
distribution of Lewy pathology that prevented the assignment of a
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Braak Lewy pathology stage (n=4), 217 cases with LBD were in-
cluded from the NBB in the final analyses. Overall, 161 cases (74%)
were classified as LBD — ADpa, and 56 (26%) as LBD + ADpae,. The
clinical and demographic details split across the LBD — ADp,, and
LBD + ADpamn groups for NBB cases are summarized in Table 1.
Gender distribution and age at death were comparable among the
two subgroups of LBD. LBD + ADp,1, subjects were older at disease
onset (70.6 versus 64.2 years) and had a shorter disease duration
(8.1 versus 13.2 years) but a similar age at death as LBD — ADpam
cases (77.5 versus 78.8). For 211 NBB cases, dementia status was
also available. A larger proportion of LBD + AD,.y, cases had devel-
oped dementia prior to death compared to LBD — ADpa¢, cases [49/
54 (90.7%) versus 95/159 (59.7%)], and LBD + ADp.u, cases had a
shorter interval between disease onset and onset of dementia (3.6
years versus 10.1 years). Braak Lewy pathology stage and, as ex-
pected, all measures of AD neuropathology were significantly high-
er in the LBD + ADy,q, subgroup.

In the Mayo Clinic dataset, extreme age outliers (n = 8) were ex-
cluded and a total of 394 LBD cases included in the final analysis. Of

Table 1 Demographics for NBB samples

LBD —ADpan LBD +ADpan
(n=161) (n=56)
Sex, n (%)

Female 56 (34.8) 25 (44.6)

Male 105 (65.2) 31 (55.4)
Age at onset, mean (SD) 64.2 (11.9) 70.6 (8.8)
Age at death, mean (SD) 77.5 (8.0) 78.8 (7.8)
Disease duration, mean (SD) 13.2(7.5) 8.1(5.1)
Time to dementia (SD) 10.1 (8.2) 3.6 (5.9)
Braak Lewy pathology stage, n (%)

3-4 14 (8.7) 2(3.6)

5 60 (37.3) 5(8.9)

6 87 (54.0) 49 (87.5)
CERAD, median (Q1, Q3) 00, 1) 1(1,2)
Thal phase, median (Q1, Q3) 1(0,3) 3(3,4)
Braak NFT stage, median (Q1, Q3) I(1,10) IV (111, IV)

ADpath = Alzheimer’s disease co-pathology; CERAD = Consortium to Establish a
Registry for Alzheimer’s Disease; LBD = Lewy body disease; NFT = neurofibrillary
tangle; Q1 = 1st quartile; Q3 = 3rd quartile; SD = standard deviation.

Table 2 Demographic table for Mayo Clinic samples

LBD—ADp,,  LBD+ADpam
(n=196) (n=198)

Sex, n (%)

Female 55 (28.1) 67 (33.8)

Male 141 (71.9) 131 (66.2)
Age at onset, mean (SD) 65.9 (10.8) 70.4 (8.3)
Age at death, mean (SD) 76.0 (8.6) 78.3 (6.6)
Disease duration, mean (SD) 10.0 (7.4) 7.9 (5.5)
LBD type/Kosaka, n (%)

BLBD 54 (27.6) 6 (3.0)

TLBD 84 (42.9) 34 (17.2)

DLBD 58 (29.6) 158 (79.8)
Thal phase, median (Q1, Q3) 1(0,2) 4(3,5)
Braak NFT stage, median (Q1, Q3) 11 (1, III) IV (111, V)

ADpam = Alzheimer’s disease co-pathology; BLBD =brainstem Lewy body disease;
DLBD =diffuse Lewy body disease; NFT = neurofibrillary tangle; Q1 = 1st quartile;
Q3 =3rd quartile; SD = standard deviation; TLBD = transitional Lewy body disease.
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these, 196 cases (50%) were categorized as LBD — ADp,, and 198
cases (50%) as LBD+ADp,n. A larger male predominance was
seen in the LBD — ADpay, than in the LBD + ADp,, subgroup [71.9%
(141/196) versus 66.2% (131/198)]. LBD + ADp.¢, cases had a higher
age at onset and age at death (70.4 versus 65.9 and 78.3 versus
76.0 years, respectively) and a shorter disease duration (7.9 versus
10.0 years). The clinical and demographic variables are summar-
ized in Table 2.

As expected, a higher genetic risk for AD was strongly associated
with all measures of AD pathology in the NBB cohort. These in-
cluded Thal phase, Braak NFT stage and CERAD score as well as
the dichotomized AD-score (Table 3). The associations between
AD-PRS and measures of AD pathology were replicated in the
Mayo Clinic cohort (Table 3). In the Mayo Clinic cohort, these asso-
ciations were also significant when removing the APOE component
from the AD-PRS [Mayo Clinic cohort: Thal phase P =0.044, 95% con-
fidence interval (CI) of odds ratio (OR) = 1.0-1.44; Braak NFT stage
P =0.0095, 95% CI of OR=1.06-1.52; AD-score P =0.032, 95% CI of
OR=1.02-1.55].

To investigate the power to distinguish LBD — ADp,¢, from LBD +
ADyp.ih based on genetics and basic demographic variables, we
generated an AD co-pathology risk score for each Mayo Clinic
donor based on coefficients from ordinal logistic regression in
the NBB data, where the model included AD-PRS, age at onset
and sex. The AUC for this score was 0.70 (95% CI 0.65-0.75)
(Fig. 1A).

In a sample setincluding donors both with and without LBD, by def-
inition, diagnosis alone would drive an association between PD-PRS
and Lewy pathology. However, there is also an interesting variation
‘within’ the LBD group, where some have more widespread Lewy
pathology than others. This difference is potentially relevant for
clinical trials but is not currently well captured by any available in
vivo biomarker. We hypothesized that the way genetic burden is

Table 3 Association between polygenic risk for AD and
measures of AD pathology in samples with LBD, regardless of
level of concomitant AD pathology

Outcome PRS model  OR 95% CI P-value
NBB discovery cohort (n =217)

CERAD score AD-PRS 214 161-285 15x1077*
Thal phase AD-PRS 208 1.60-271 55x107%
Braak NFT stage AD-PRS 139 1.08-1.78 0.010*
AD-pathology score ~ AD-PRS 1.84 1.33-260 3.2x107*
Mayo Clinic replication cohort (n = 394)

Thal phase AD-PRS 207 170-252 3.5x107'%*
Braak NFT stage AD-PRS 175 145211 51x107*
AD-pathology score ~ AD-PRS 204 1.62-262 57x107%*

Associations were assessed in proportional odds ordinal logistic regression models.
AD = Alzheimers’ disease; NBB = Netherlands Brain Bank; NFT = neurofibrillary
tangle; OR = odds ratio; PRS = polygenic risk score. *P < 0.05.
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distributed across specific disease pathways partly determines
the extent of Lewy pathology in the individual LBD patient.
Several recent reports have indicated that the genetic architecture
of ‘pure’ LBD may be different from cases where Lewy pathology co-
exists with changes associated with AD. To further investigate this
hypothesis in a neuropathological context and identify genetic dri-
vers of Lewy pathology, we split each cohort into two subgroups
based on the level of AD co-pathology and assessed ordinal logistic
regression models separately for each subgroup. Results from as-
sociation analyses of Lewy pathology are presented in Table 4.
Based on previous reports, we expected genetic risk factors for
PD to have the strongest effect on the Lewy pathology stage in
the subgroup of cases without AD co-pathology.?**** In line
with this hypothesis, a general PD-PRS was associated with Lewy
pathology stage in LBD—ADp,1 samples in the NBB cohort.
However, this signal did not replicate in the Mayo Clinic cohort.
In contrast, LBD + ADp,, subgroups showed no clear trend to-
wards association between the Lewy pathology stage and
PD-PRS in either cohort.

We then moved on to investigate the association with eight
stratified PD-PRS capturing common genetic risk variants anno-
tated to specific pathways and cell types (Fig. 2). One of these risk
scores, the lysosomal PD-PRS, was associated with Lewy pathology
in the LBD — ADpa, group in the NBB cohort. This association was
replicated in the Mayo clinic cohort (Table 4). We note that the
Lewy pathology was classified differently across the two cohorts,
although both analyses included three stages. Notwithstanding
this methodological difference, the effect size was similar, with 1
SD increase in lysosomal PD-PRS corresponding to an odds ratio
of 1.48 (NBB) or 1.46 (Mayo Clinic), respectively, for a higher Lewy
pathology stage (Fig. 3). As GBA variants are known strong risk fac-
tors for both PD and DLB, and have previously been linked to Lewy
pathology, we also generated lysosomal PD-PRS excluding the GBA
region. The association with Lewy pathology stage in LBD — ADpa,
samples remained significant in the Mayo Clinic dataset and
showed a similar trend in the NBB dataset, indicating that other
lysosomal genes also contribute to Lewy pathology burden in LBD
- ADpath-

No significant association between stratified PD-PRS were ob-
served in the LBD + ADy,, subgroup; however, less variation in
Lewy pathology was observed with a majority of donors in the high-
est stages, thus statistical power was limited.

The neuropathological data indicate that LBD donors with inter-
mediate or high AD co-pathology are likely also to have the most
advanced stage of Lewy pathology. In ‘pure’ LBD, without AD co-
pathology, we identified a higher lysosomal genetic burden as a
risk factor for higher Lewy pathology stage. From a clinical perspec-
tive, the presence of AD co-pathology can be assessed by amyloid
PET imaging or CSF biomarkers in living patients. To assess
how well we could predict the Lewy pathology stage from genet-
ics combined with data on AD co-pathology in LBD patients, we
performed ordinal regression in the full NBB cohort with both di-
chotomized AD co-pathology status and lysosomal PD-PRS in-
cluded in the same model. The lysosomal PD-PRS remained
independently significant, with only marginally weaker effect
size (odds ratio 1.40, 95% CI 1.03-1.89, P=0.030). We used the
coefficients from the NBB ordinal logistic regression to generate
a joint risk score for neocortical Lewy pathology in the Mayo
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Figure 1 Performance of prediction models for AD co-pathology and Lewy pathology. (A) The AD) co-pathology risk score was calculated in Mayo Clinic
samples (n =394) based on coefficient weights for AD-PRS, sex and age at onset from ordinal logistic regression in Netherlands Brain Bank (NBB) sam-
ples (n=213). (B) The Lewy pathology risk score was calculated in Mayo Clinic samples (n=394) based on coefficient weights for lysosomal PD-PRS,
AD-pathology, sex and age at onset from proportional odds ordinal logistic regression in NBB samples (n =217). AD-PRS = Alzheimer’s disease polygen-

ic risk score; PD-PRS = Parkinson’s disease polygenic risk score.

Table 4 Associations between PD polygenic risk scores and Lewy pathology, stratified by level of AD co-pathology

PRS model LBD — ADpan LBD +ADpamn
OR 95% CI P-value OR 95% CI P-value
NBB discovery cohort (LBD — AD, n= 161, LBD + AD, n=56)
Full PD-PRS 1.62 1.15-2.27 0.0055* 0.70 0.24-2.07 0.52
Adaptive immunity 1.15 0.85-1.57 0.37 0.44 0.16-1.20 0.11
a-Synuclein 115 0.84-1.58 0.39 0.62 0.23-1.66 0.34
Endocytic membrane trafficking 0.92 0.67-1.25 0.58 1.16 0.38-3.54 0.80
Innate immunity 1.04 0.76-1.42 0.81 0.52 0.18-1.53 0.24
Lysosomal 1.48 1.04-2.09 0.027* 1.62 0.44-5.94 0.47
Lysosomal excluding GBA 1.25 0.90-1.73 0.18 2.32 0.74-7.25 0.15
Microglia 1.21 0.87-1.67 0.25 1.21 0.43-3.39 0.72
Mitochondria 0.93 0.68-1.28 0.66 2.90 0.81-10.4 0.10
Monocytes 1.08 0.78-1.49 0.64 0.77 0.24-2.53 0.67
Mayo Clinic replication cohort (LBD — AD, n=196)
Full PD-PRS 0.98 0.75-1.28 0.86 - - -
Lysosomal 1.46 1.11-1.92 0.0070* - - -
Lysosomal excluding GBA 1.42 1.08-1.86 0.011* - - -

Proportional odds (PO) ordinal logistic regression with Braak Lewy pathology stage (NBB) or Kosaka’s LBD type (Mayo Clinic) as outcome. Binary rather than ordinal logistic
regression was used in the NBB LBD + AD,.y, analysis (see ‘Materials and methods’ section). ADpa, = Alzheimer’s disease co-pathology; CI = confidence interval; LBD = Lewy
body disease; NBB = Netherlands Brain Bank; OR = odds ratio; PD-PRS = Parkinson’s disease polygenic risk score. *P <0.05.

Clinic dataset. The score had an AUC of 0.76 (95% CI10.71-0.81) for
predicting DLBD (Fig. 1B).

To further investigate if the highlighted PRS also associate with dis-
ease progression we performed survival analysis for AD-PRS and
lysosomal PD-PRS and time to dementia in NBB donors. In a Cox

proportional hazards model, AD-PRS was associated with a shorter
time between disease onset and dementia diagnosis (hazard ratio
1.36 per SD increase in PRS, 95% CI 1.15-1.61, P =0.00040) when all
NBB samples were analysed together. When the samples were split
based on the level of AD co-pathology the lysosomal PD-PRS was
also associated with a shorter time to dementia in the LBD -
ADpan samples (hazard ratio 1.31 per SD increase in PRS, 95% CI
1.07-1.62, P=0.010), but not in LBD + AD;., samples (hazard ratio
0.81 per SD increase in PRS, 95% CI 0.54-1.22, P=0.32).
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Figure 2 Associations between Lewy pathology and PRS in the sub-
group without AD co-pathology. The figure shows the effect size and
confidence intervals of the association between different polygenic
risk scores (PD-PRS) and Lewy pathology stage in the subgroup without
Alzheimer’s disease co-pathology (LBD — ADpam). Hypothesis testing
was performed using proportional odds ordinal logistic regression mod-
els and associations passing P<0.05 in the Netherlands Brain Bank
(NBB) cohort (n=161) were followed-up in the Mayo Clinic cohort (n=
196). ADpawn = Alzheimer’s disease co-pathology; LBD = Lewy body dis-
ease; PD-PRS = Parkinson’s disease polygenic risk score.

Discussion

Anincreasing number of genetic variants are recognized as risk fac-
tors for LBD, but the specific genetic architecture of the underlying
neuropathological substrate of disease remains undetermined. To
address this knowledge gap, we explored the association between
AD-PRS, PD-PRS, and pathway-stratified PD-PRSs with key neuro-
pathological measures in thoroughly characterized LBD samples
from two independent brain bank cohorts. The relationship be-
tween neuropathological outcomes and PRS were assessed using
ordinal logistic regression models that take into account the or-
dered fashion of the neuropathological stages. Firstly, we showed
that AD-PRS was associated with co-morbid amyloid-B and tau
pathology in samples with LBD. Secondly, we provide evidence
that a stratified PD-PRS reflecting the genetic burden on the lyso-
somal pathway is associated with Lewy pathology in LBD, specific-
ally in the subgroup without AD co-pathology. Interestingly, this
pathway-stratified PRS showed a stronger and more consistent as-
sociation with Lewy pathology than the overall PD-PRS, which in-
cludes a larger number of risk variants reflecting several
biological pathways. Thirdly, our data suggests that both the
AD-PRS and lysosomal PD-PRS are associated with an accelerated
onset of dementia, the latter specifically in donors without AD co-
pathology. Our findings provide novel insights into the complex re-
lationships between neuropathology and genetics and indicate a
future potential for the use of multiple, specific PRSs in clinical pa-
tient stratification.

As expected, we observed a strong association between AD-PRS
and AD co-pathology, including measures of both amyloid-f and
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tau pathology in both datasets. AD-PRS also remained strongly asso-
ciated with AD pathology in the larger Mayo Clinic dataset after re-
moving the APOE component, indicating that genetic risk variants
beyond APOE influence amyloid-p and tau pathology. Previously,
PRS based on AD GWAS have also been shown to be associated
with AD pathology in brain bank cohorts of AD patients.****® In sam-
ples from LBD patients, the APOE €4 allele has in several reports been
associated with higher likelihood of both amyloid-p pathology and
tau NFT co-pathology,>*%°>? including studies from the NBB*°
and Mayo Clinic>* based on sample sets overlapping those of our
present study. Moreover, a ‘clinical-genetic risk score’ based on
APOE ¢4 alleles, two additional risk SNPs (BIN1 and SORL1) and age
at onset, was reported to predict the presence of intermediate or
high AD co-pathology in samples with LBD.>2 Our study adds to prior
findings by showing association between a full AD-PRS and the two
key measures of AD-pathology in post-mortem LBD samples, also
demonstrating significance of polygenic burden when the strong
APOE effect is excluded.

Genetic association studies of Lewy pathology have thus far fo-
cused primarily on targeted variants in the SNCA, MAPT, GBA, and
APOE loci. 2044495153 In g previous Mayo Clinic study, Heckman
and colleagues did not find an association between a PD genetic
risk score and Lewy body count or LBD subtype, yet the analysis
did not stratify by the presence of AD co-pathology.>* In the present
study, the full PD-PRS was associated with Lewy pathology only in
the LBD — ADy.¢, subgroup of the NBB cohort, but did not replicate
in the Mayo Clinic cohort. The absence of a consistent strong signal
for the general PD-PRS indicates that not all PD risk factors act
through mechanisms that increase Lewy pathology, underlining
the rationale for a pathway-stratified PRS approach. In principle,
genetic variants not associated with Lewy pathology could increase
PD risk through mechanisms that primarily cause neuronal loss.

To our knowledge, there are no previous reports examining as-
sociations between pathway-stratified PRS and neuropathological
outcomes in samples with LBD. Testing eight selected PRS stratified
by specific pathways or cell-types we found that the lysosomal
PD-PRS was associated with Lewy pathology in both the discovery
and replication cohort. This result is highly plausible considering
previous research. Genetic studies have provided a link between
lysosomal function and LBD risk. Heterozygous mutations in the
GBA gene, which in the biallelic state are known to cause the lyso-
somal storage disorder Gaucher’s disease, are major genetic risk
factors for both PD***° and DLB,*’ conferring a more than 5-fold in-
crease of PD risk,”” 6-fold increase in risk of PD with dementia®” and
more than 8-fold increase in DLB risk.>” Moreover, low-frequency
variants in the GBA locus have consistently shown significant asso-
ciation with both PD and DLB in GWAS.>**%>° Neuropathological
studies of patients carrying GBA variants have demonstrated that
these patients tend to have severe Lewy pathology,**** although
a small neuropathological study found no significant association
comparing to sporadic PD.®°

In the current study, we suspected variation in the GBA locus to
be a strong driver of the lysosomal PD-PRS signal. However, even
after removing the GBA component, the lysosomal PD-PRS re-
mained significantly associated with Lewy pathology in the LBD —
ADpawn samples from the Mayo Clinic, indicating that lysosomal
variants beyond GBA are involved. Substantial evidence suggests
a wider contribution of lysosomal mechanisms in LBD liability
and pathogenesis. In addition to GBA, other genes involved in lyso-
somal functioning have been nominated by both PD and DLB
GWAS, including SCARB2, TMEM175, CTSB, ATP6VOA1, GALC,
GUSB, GRN and NEU1.>*°%>%61 Moreover, an excessive burden of
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Figure 3 Box plots illustrating increasing lysosomal PD-PRS with higher Lewy pathology stages in LBD — ADp., samples. The figure shows box plots of
lysosomal PD-PRS for different stages of Lewy pathology in the Netherlands Brain Bank (NBB) (A) and Mayo Clinic (B) data for the subgroup without AD
co-pathology (n =161 and 196, respectively). Plots are created with the default R parameters where the box ranges from the first (Q1) to the third (Q3)
quartile and whiskers extend to the most extreme observation that is less than 1.5 times the Q1-Q3 distance from the box. Mean lysosomal PD-PRS
between the samples with different levels of Lewy pathology were compared with t-tests. AD = Alzheimer’s disease; BLBD = brainstem Lewy body dis-
ease; DLBD = diffuse Lewy body disease; PD-PRS = Parkinson’s disease polygenic risk score; TLBD = transitional Lewy body disease.

lysosomal storage disorder gene variants has been found in PD.>®
Our findings add to these insights by showing that the cumulative
effect of multiple gene loci converging on the lysosomal pathway
increases the Lewy pathology burden in LBD.

Interestingly, the association between lysosomal PD-PRS and
Lewy pathology was specific to the subgroup of donors with no or
low AD co-pathology. In agreement with this result, GBA has been
proposed to be associated with ‘pure’ LBD with extensive Lewy
pathology and less severe AD co-pathology, supported by several
autopsy studies.?****> Data from neuropathological post-mortem
studies are corroborated by a recent study where CSF biomarkers
were used as an in vivo proxy of AD co-pathology. Here, van der
Lee and colleagues found the GBA p.E365K variant to be more
strongly associated with ‘pure’ DLB than DLB with AD co-
pathology.’ In a large neuropathological study of different forms
of dementia, a DLB-PRS was associated with Lewy pathology stage
only if the APOE component was excluded.*® The reason why gen-
etic association signals differ depending on the degree of AD co-
pathology is currently unclear. One possible explanation could be
that AD-related changes make the brain more susceptible to add-
itional neuropathologies, creating a vulnerable environment where
genetic risk factors specific to LBD are relatively less important.

Genetics and neuropathology probably also contribute to shaping
the clinical progression of disease. LBD + ADp,, donors had a later
disease onset and more rapid progression to dementia than LBD
— ADpawn donors. Further, we showed that the AD-PRS was asso-
ciated with a more rapid progression to dementia, in line with lon-
gitudinal and cross-sectional studies that have shown that the
APOE E4 allele is associated with an increased risk of cognitive de-
cline and dementia in PD.3%%%2:%* Notably, the lysosomal PD-PRS
was also associated with a faster development of dementia, exclu-
sively in the LBD — ADp., samples. Several studies have shown
that GBA variants (both pathogenic and non-pathogenic) adverse-
ly affects the prognosis of PD, including increasing the risk of de-
mentia in PD patients.®>®’

A strength of our study is the relatively large sample size, in-
cluding a total of more than 600 neuropathologically characterized
LBD cases. However, the NBB and Mayo Clinic cohorts differ in sev-
eral important ways, the latter being larger and having a much lar-
ger proportion of donors positive for AD co-pathology.
Furthermore, there are differences in neuropathological assess-
ment between the two brain banks. In particular, the protocols for
defining the Lewy pathology stage and Thal phases were not iden-
tical. However, both staging schemes for Lewy pathology are based
on the same assumption of a generally caudal to rostral progression
Lewy pathology within the CNS,?* and a high correlation between
the two protocols for determining Thal phases used in this study
has previously been reported.®® Differences in neuropathological
methodology are likely to make signals less reproducible across
the cohorts. This represents a clear limitation to our study design,
yet with respect to the findings that we do highlight as consistent
across both datasets, similar results across heterogeneous inde-
pendent cohorts are arguably also an indication of methodological-
ly robust signals.

We acknowledge that post-mortem datasets are skewed to-
wards advanced disease stages and will not be representative of liv-
ing patients the same age, limiting the relevance for e.g. patient
stratification in clinical trials. Furthermore, we chose to emphasize
the neuropathology of LBD as a common group, with the caveat that
there might be relevant differences between PD and DLB that are
not captured by our design. Limited statistical power led us to select
eight pathways and cell types for stratified PD-PRS based on previ-
ous literature, although a hypothesis-free approach would have
been preferable. The analysis of time to dementia was performed
only in 211 donors with available data in the NBB dataset and
should therefore be regarded as exploratory and interpreted with
particular caution. Finally, our analysis was restricted to donors
of European ancestry, a reminder that efforts to extend PD research
to underrepresented populations should also involve brain bank
donor programs.



Lysosomal PRS and Lewy body pathology

Our study holds promise that PRS may be useful as an enrichment
marker of Lewy pathology and AD co-pathology in future clinical
trials assessing the effect of therapeutics targeting a-syn, amyloid-p
or tau. Future work should also aim to further characterize the rela-
tionship between the correlations studied here and clinical outcomes
in LBD. A number of large clinico-genetic studies have recently
started to shed light on the genetics basis of clinical variability in
PD, yet the positive associations with established risk variants from
GWAS have been few and inconsistent.®**”*° Qur findings suggest
that endophenotypes such as neuropathology could capture relevant
pathological processes with higher precision than clinical symp-
toms, thereby providing a promising path for further genetic associ-
ation studies.

Conclusion

In this study on neuropathologically defined samples from two in-
dependent cohorts we show that genetic variants known to be as-
sociated with the risk of AD and PD also influence key
neuropathological measures in LBD donors. We extend the current
knowledge about the influence of AD risk variants on AD co-
pathology. Furthermore, we provide novel evidence that genetic
variants linked to the lysosomal pathway are associated with high-
er Lewy pathology stage in ‘pure’ LBD. Our findings hold promise
that larger genetic association studies of neuropathology and other
endophenotypes will provide further insights into the pathogenic
mechanisms of LBD. With further refinements, it is also our hope
that a more fine-grained understanding of polygenic risk will
make stratified PRS a useful tool for patient stratification in a preci-
sion medicine context.
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Abstract

Background: Genetics influence cognitive progression in Parkinson’s disease, possibly
through mechanisms related to Lewy and Alzheimer’s disease pathology. Lysosomal

polygenic burden has recently been linked to more severe Lewy pathology post mortem.

Objectives: To assess the influence of lysosomal polygenic burden on cognitive progression

in Parkinson’s disease patients with low Alzheimer's disease risk.

Methods: Using Cox regression we assessed association between lysosomal polygenic scores
and time to Montreal Cognitive Assessment score < 21 in the Parkinson's Progression
Markers Initiative cohort (n=374), with replication in data from the Parkinson's Disease

Biomarker Program (n=777). Patients were stratified by Alzheimer’s disease polygenic risk.

Results: The lysosomal polygenic score was associated with a higher risk of cognitive
impairment in patients with low Alzheimer’s disease risk in both datasets (p=0.0032 and

p=0.0054, respectively).

Conclusion: Our study supports complex interplay between genetics and neuropathology in
Parkinson's disease-related cognitive impairment, emphasizing the role of lysosomal

polygenic burden.



Introduction

Dementia is a highly disabling non-motor manifestation of Parkinson's disease, impacting
patients, caregivers and health care systems! 2. While the majority of patients may eventually
develop Parkinson's disease dementia (PDD), the timing of dementia onset is highly
heterogenous.® # Understanding the risk factors and molecular mechanisms contributing to
cognitive decline in PD is essential in order to improve prognostics and develop targeted
treatment.

Advanced limbic and neocortical Lewy pathology is the most consistent
neuropathological feature of PDD. However, Alzheimer’s disease (AD)-related amyloid-3
and tau co-pathologies are also common and have shown independent association with
cognitive impairment in PD.’ In line with this duality of neuropathology, established genetic
risk loci for cognitive progression in PD include both GBA1,%® which is implicated in PD risk
and Lewy pathology, and APOE.?° the major common AD susceptibility locus.

In dementia with Lewy bodies (DLB), two recent studies have found evidence of
distinct genetic architectures depending on the extent of concomitant AD-pathology.'® !!
Using either neuropathology'® or CSF biomarkers!! to stratify DLB patients into subgroups
with or without significant AD co-pathology, APOE was specifically associated with the
former, AD-positive group, and GBAI with the latter, “pure” DLB group. Similarly, we
recently showed that the severity of Lewy pathology is associated with lysosomal polygenic
burden specifically in the subset of PD and DLB donors without AD co-pathology.'?

In the present study, we aimed to investigate if these findings can be extended to
cognitive progression in the early phase of PD. Based on our recent observations in brain
bank donors, we hypothesized that stratification of PD patients based on the vulnerability to
AD pathology may be important for genetic studies of cognitive progression. Using data from
two longitudinal cohorts, we show that a lysosomal polygenic risk score is associated with
progression to dementia in patients with low risk of AD co-pathology. Our study supports that
cognitive decline in PD is both neuropathologically and genetically heterogenous,

highlighting the importance of patient stratification for future translational research.

Methods

Sample description

We used data from two longitudinal PD cohorts; the Parkinson’s Progression Markers
Initiative (PPMI) and the National Institute of Neurological Disorders and Stroke (NINDS)
Parkinson’s Disease Biomarker Program (PDBP). While PPMI included PD patients within 2



years of diagnosis and without symptomatic therapy at baseline (n = 423), PDBP recruited
patients at various stages of disease (n = 884). Detailed descriptions of the cohorts have been
published elsewhere.!3 14 All patients included in the present study had a clinical diagnosis of
PD. In addition, PPMI subjects had a positive dopamine transporter (DAT) SPECT. The

PPMI data were obtained from the PPMI database (www.ppmi-info.org/access-data-

specimens/download-data) on September 14, 2020 and included CSF measures

(supplementary methods) and clinical data for baseline and annual follow up visits at year 1-
5. The PDBP data and whole genome sequencing data (supplementary methods) for both
cohorts were obtained from the Accelerating Medicines Partnership®-Parkinson’s Disease

v2.5 (AMP-PD; www.amp-pd.org) initiative, on January 4, 2023. All procedures were

approved by ethical committees and written informed consent obtained from participants in
both studies.

Cognition was assessed using the Montreal Cognitive Assessment (MoCA)!® adjusted
for education, with a cut-point of 21/30 for classification of cognitive impairment.!'®

To determine the optimal threshold for AD polygenic risk score (PRS) to discriminate
between samples with and without significant AD co-pathology, we analyzed data from 217
neuropathologically characterized Lewy body disease (LBD) samples from the Netherland’s
Brain Bank (NBB) as previously described.!?

Calculation of Polygenic Risk Scores

Individual Parkinson’s disease PRS (PD-PRS), lysosomal PD-PRS with and without GBA 1
and AD-PRS were calculated in PRSice2 using summary statistics from recent PD!'” and AD'®
GWAS meta-analyses respectively, and PRSs were standardized to have a mean of 0 and SD

of 1 (supplementary methods and supplementary table 1-4).

Statistical analyses

All statistical analyses were performed in R version 4.3.1 (www.r-project.org).

AD-PRS was used to stratify patients for low or high vulnerability to AD co-
pathology. To identify the optimal cut-point we took advantage of NBB data where Lewy
body disease donor brains were classified as with or without intermediate to high AD co-
pathology based on a composite score of Thal amyloid-p§ phase and Braak neurofibrillary
tangle (NFT) stage.!? 70 % of the samples were used for model training, while the remaining
30 % were held-out to serve as an independent validation. Samples were stratified for

approximate balance of the presence of AD co-pathology. To reduce the risk of overfitting



we performed k-fold (k = 10) repeated (r = 3) cross-validation on the training data using the r
package “caret”. The resulting model was validated on the held-out data, and the optimal cut-
point determined based on the Youden index was 0.29 SD, and achieved an AUC of 0.71.
Patients with an AD-PRS below the threshold were considered having a low vulnerability to
AD co-pathology.

We applied CSF cut-offs previously determined in AD (supplementary methods).'®2°
CSF measures were log-transformed to normalize the distribution and compared between
groups using t-tests.

Time to cognitive impairment was assessed by survival analysis using the r package
“survival”. Cox proportional hazard models, adjusted for age at diagnosis, sex, education and
first five genetic principal components were used to determine the association between the
PRS and time from diagnosis to the follow-up visit at which cognitive impairment was first
measured. The proportional hazards assumption was assessed using a combined testing and
plotting approach with the function ggcoxzph from the r package “survminer”.

All statistical tests were two-sided. We applied a two-stage design with discovery in
the PPMI cohort and replication in the PDBP cohort. PRS signals replicating at p <0.05 with

a consistent direction of effects across both stages were interpreted as positive findings.

Results:
A total of 374 individuals from PPMI and 777 from PDBP passing QC and with available
demographic variables were included in the study. Demographic variables are displayed in

Table 1.



Tablel Demographic table for the PPMI and PDBP cohorts
PPMI (n=374) PDBP (n=777)

Sex, N (%)

Male 244 (65.2) 498 (64.1)
Female 130 (34.8) 279 (35.9)
Age at diagnosis (years), mean (SD) 61.4 (9.5) 58.8 (10.2)
Age at inclusion (years), mean (SD) 61.9 (9.5) 64.5 (9.0)
Disease duration (years) at baseline, mean (SD) 0.5 (0.5) 5.8 (5.6)
Years of education, mean (SD) 15.5 (3.0)

<12 years 21 (2.7)
12-16 502 (64.6)
>16 252 (32.4)
UPDRS 1 score, mean (SD) 5.6 (4.2) 9.5 (6.0)
UPDRS 2 score, mean (SD) 5.8(4.2) 10.8 (7.8)
UPDRS 3 score, mean (SD) 20.7 (8.8) 25.6 (13.5)
UPDRS 4 score, mean (SD) NA 2.1 (3.5)
UPDRS total score, mean (SD) 32.1(13.1) 47.8 (23.8)
MoCA, mean (SD) 26.5(3.4) 25.4 (3.5)
Follow-up time (months), median (SD) 52.7 (16.4) 16.5 (19.2)
APOE E4 alleles, N ( %)

0 253 (67.6) 581 (74.8)
1 81 (21.7) 181 (23.3)
2 8(2.1) 15 (1.9)
AD-PRS above cut-off, N (%) 126 (33.7) 259 (33.3)

UPDRS = Unified Parkinson’s Disease Rating Scale, MoCA = Montreal Cognitive

Assessment; AD-PRS = Alzheimer’s disease polygenic risk score.

When considering all PPMI subjects, the lysosomal PD-PRS was not significantly associated
with time to cognitive impairment (Table 2). Next, in light of our previous results showing
association with lysosomal PD-PRS limited to brain donors without AD co-pathology, we
selectively analyzed the subset of PPMI subjects with negative AD CSF biomarkers (Table
2). CSF Api-42-based stratification classified ~70 % of samples as low AD risk, and in these

cases, the lysosomal PD-PRS was associated with a faster cognitive decline (p = 0.039).



Stratifying by CSF t-tau or p-tau yielded nearly identical groups with ~50 % of samples
below the cut-point, where the lysosomal PD-PRS was not associated with cognitive
progression. Among AD CSF biomarkers, the strongest association with cognitive decline in
PD is found for low CSF APi.42 levels,?!2* and this stratification also provided the best
statistical power for analyses in the low AD risk group in our data. We therefore interpret the
CSF Api-42 -stratified result as suggestive evidence of an association, although we note that
the tau and A4 results are semi-independent and we did not correct the significance
threshold for multiple testing of both these CSF biomarkers.

As the availability of CSF biomarker data is limited in larger sample series, we next
investigated whether stratification based on polygenic AD risk could also capture the relevant
subgroup with sufficient accuracy. Splitting the PPMI samples based on the previously
determined AD-PRS cut-point, patients with a high vulnerability to AD co-pathology (n =
126 (34 %)) exhibited a significantly lower mean baseline CSF Ai.42 compared to those with
a low-vulnerability to AD co-pathology (p = 0.0025). In the samples with a low vulnerability
to AD co-pathology (n =248 (66 %)) the lysosomal PD-PRS was significantly associated
with a shorter time to cognitive impairment (Table 2).

In order to replicate the PPMI results in an independent dataset we analyzed samples
from PDBP using an identical approach with AD-PRS stratification and Cox regression. We
replicated the association between the lysosomal PD-PRS and time to dementia in samples
with a low AD risk (Table 2). As we expected GBAI to be a strong driver of the lysosomal
PD-PRS signal, we repeated the analysis with the lysosomal PD-PRS excluding GBAI. The
lysosomal PD-PRS remained significantly associated with a shorter time to dementia in
PPMI subjects with a normal baseline CSF ABi.4> (HR 1.45, 95 % CI 1.0-2.1, p = 0.0475)
and in the PDBP subjects with a low vulnerability to AD co-pathology (HR 1.33, 95 % CI
1.05-1.67, p = 0.0162). There were no associations between the full PD-PRS and time to
cognitive impairment using CSF or PRS measures to determine vulnerability to AD co-

pathology.



Table 2 Results from Cox proportional hazards regression

Cohort Determination HR 95% CI  Pvalue Total Total (n) Events
of AD risk (n) with low AD (n)
risk
PPMI - 1.15 0.87-1.53 0.316 374 374 59
PPMI  APia 1.42 1.02-1.99 0.0386* 363 246 31
PPMI  pTau 0.99 0.61-1.59 0.960 338 153 20
PPMI  tTau 0.97 0.6-1.56 0.889 358 168 24
PPMI  AD-PRS 1.89 1.24-2.88 0.0032* 374 248 33
PDBP  AD-PRS 1.31 1.08-1.58 0.0054* 777 517 93

Associations between the lysosomal PD polygenic risk score and progression to cognitive
impairment with age at diagnosis, sex, education and first five genetic principal components

as covariates. HR = Hazard ratio; CI = confidence interval. *P < 0.05.

Discussion:

Using data from two longitudinal PD cohorts we have shown that the cumulative burden of
PD susceptibility variants converging on the lysosomal pathway is associated with an earlier
onset of cognitive impairment in subjects with a low vulnerability to AD co-pathology,
extending on our recently published results in neuropathologically confirmed LBD samples.!?

Genetic studies have highlighted a broad contribution of genes linked to lysosomal
functions in PD,?* 2% and a functional association between lysosomal impairment and alpha-
synuclein aggregation has been demonstrated for several of these.?%2® GBA1 is a major
lysosomal risk locus for both PD?° and DLB.?° Variants in GBAI have been linked to more
rapid cognitive decline and increased risk of dementia in PD.6-%:31-32 Additionally, our results
suggest lysosomal variants beyond GBA contribute to cognitive decline, as the association
between the lysosomal PD-PRS excluding GBA 1 and time to cognitive impairment remained
significant in PPMI and PDBP subjects with a low CSF and genetic vulnerability to AD co-
pathology respectively.

Neuropathological changes in limbic and cortical brain regions are believed to be the
substrate of cognitive symptoms in PD.> Consequently, it might be expected that genetic
variants associated with more widespread neuropathology should also increase the
susceptibility to cognitive impairment. In line with this, an abundance of evidence supports a

role of both APOE E4 and GBA1I in cognitive progression in PD.”-® APOE E4 is strongly



linked to more severe AD co-pathology,?*33

whereas GBA1 is associated with cortical Lewy
pathology, with some reports suggesting GBA carriers have a “purer” Lewy body disease
with less advanced AD co-pathology.'% 3% 37 In the present study, we hypothesized that the
cumulative lysosomal genetic burden might be part of an overlapping genetic architecture of
vulnerability to both more widespread Lewy pathology and earlier cognitive progression in
PD. The results confirm this hypothesis for a subset of patients, also highlighting the
heterogeneous genetic and neuropathological underpinnings of cognitive decline in PD.

We acknowledge that our study has some limitations. The sample size is limited, yet
our results were replicated across both cohorts. We note that both PPMI and PDBP subjects
have contributed to the PD meta-GWAS!” from which the PRS allele weights were derived.
Independent datasets are typically preferred for testing the predictive performance of PRSs,
in order to avoid overfitting. We acknowledge that this would have been ideal, yet in our
study a completely different outcome was assessed, using weights from a case-control risk
analysis in a case-only analysis of cognitive progression. Consequently, a partial sample
overlap is not of major concern for the interpretation of our results.

We are mindful that our attempts to stratify patients based on the susceptibility to AD
co-pathology are no gold standard. CSF APi.42 may distinguish between individuals with and
without AD co-pathology, although the optimal cut-point in PD remains to be determined and
may differ from established AD cut-points.*® 3 Additionally, our data suggests that the AD-
PRS can serve as a proxy for AD co-pathology on a group level. While clearly not as
accurate as stratifying by AD pathology measures as we recently did in our genetic study of
post-mortem neuropathology,'? the AD-PRS was able to serve a similar purpose for
meaningful stratification of clinical samples into subgroups in the present association study.
Supporting the validity of this proxy, PPMI patients with AD-PRS above the cut-point had
lower Ai-42, likely reflecting a higher level of AD co-pathology in these samples.
Nevertheless, the suggested cut-point was determined in a small sample and should be
interpreted with caution.

The temporal sequence of protein pathology in PD is not known. Several
investigations have documented that reduced CSF APi.42 at baseline is associated with

21,23

cognitive decline, yet the optimal threshold remains to be established. ABi-42 continues to

decrease over the course of disease,*” possibly mirroring increase in AD co-pathology.?® #!
Thus, early prediction of patients who will develop AD co-pathology using CSF measures

alone remains elusive. PRSs offer an advantage over other biomarkers by providing risk



assessment at an earlier disease stage, preceding the typical rise in risk over the disease
course observed with other biomarkers.

In conclusion we highlight the burden of lysosomal variants in progression to
cognitive impairment in PD patients with a low vulnerability to AD co-pathology. Further,
our results provide novel evidence for stratification by the polygenic burden of AD risk
alleles, which may enable a more precise understanding of the genetic influence of cognitive
impairment in PD. Additional research with larger cohorts and more comprehensive
assessment of cognition is needed to validate and expand upon these findings. With further
improvement, we hope that the PRSs may inform individual prognosis and facilitate detection

of therapeutic targets within a precision medicine framework.
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