UNB

Universitat Autonoma de Barcelona

MULTIMODAL BIOMARKERS STUDIES IN THE CONTINUUM DEMENTIA WITH LEWY
BODIES — ALZHEIMER’S DISEASE

ESTRELLA MORENAS RODRIGUEZ

ADVERTIMENT. L’accés als continguts d’aquesta tesi queda condicionat a I'acceptacié de les condicions d’Us
establertes per la seglent lliceéncia Creative Commons: @ M) http://cat.creativecommons.org/?page_id=184

ADVERTENCIA. El acceso a los contenidos de esta tesis queda condicionado a la aceptacion de las condiciones de uso
establecidas por la siguiente licencia Creative Commons: @@@@ http://es.creativecommons.org/blog/licencias/

WARNING. The access to the contents of this doctoral thesis it is limited to the acceptance of the use conditions set

by the following Creative Commons license: @@@@ https://creativecommons.org/licenses/?lang=en




DOCTORAL THESIS 2019

MULTIMODAL BIOMARKERS STUDIES IN THE
CONTINUUM DEMENTIA WITH LEWY
BODIES - ALZHEIMER'S DISEASE

ESTRELLA MORENAS RODRIGUEZ

Dr. Alberto Lleo Bisa, Thesis Director
Dr. Juan Fortea Ormaechea, Thesis Director

Universitat Autonoma de Barcelona
Programa de Doctorat en Neurociéncias,
Institut de Neurocéncias

UnB

Universitat Autonoma
de Barcelona



DOCTORAL THESIS 2019

MULTIMODAL BIOMARKERS STUDIES IN THE
CONTINUUM DEMENTIA WITH LEWY
BODIES - ALZHEIMER'S DISEASE

ESTRELLA MORENAS RODRIGUEZ

Dr. Alberto Lled Bisa, Thesis Director
Dr. Juan Fortea Ormaechea, Thesis Director

Universitat Autonoma de Barcelona
Programa de Doctorat en Neurociéncias,
Institut de Neurocéncias

UNB

Universitat Autobnoma
de Barcelona



"Cover image, courtesy of a patient, represents the experienced

pareidolias when looking at the floor tiles"



CERTIFICATE OF DIRECTION

Dr. Alberto Lle6 Bisa, who obtained his PhD in Medicine in the Universi-
tat de Barcelona, Head of the Memory Unit in the Neurology Department
in Hospital de la Santa Creu i Sant Pau and aggregate professor in the
Universitat Autonoma de Barcelona and Dr. Juan Fortea Ormaechea, who
obtained his PhD in Medicine in the Universitat de Barcelona, specialist in
Neurology at Hospital de Sant Pau and medical director of the Alzheimer —

Down Syndrome Unit

Certify:

That the work “Multimodal biomarkers studies in the continuum Demen-
tia with Lewy bodies — Alzheimer ‘s disease”, presented by Estrella More-
nas Rodriguez to qualify for Doctor in Neurosciences for the Universitat
Autonoma de Barcelona has been done under our direction and meets all
the requirements to be presented and defended in the presence of the cor-

responding Thesis Committee.

Alberto Lleé Bisa, Juan Fortea Ormaechea
Memory Unit, Neurology Department Memory Unit, Neurology Department

Hospital de la Santa Creu I Sant Pau Hospital de la Santa Creu I Sant Pau






A mi Abuela,

por ti, para ti y contigo, siempre

A mis pacientes,

por ellos, para ellos y con ellos, siempre






ABSTRACT

Dementia with Lewy bodies (DLB) is characterized by its heterogeneity.
In this thesis, I aim to investigate this clinical heterogeneity through the
analysis of the different clinical subtypes based both on the predominant
presentation features at the prodromal phase of the disease and by the
assessment of sleep disorders, focusing on REM sleep behaviour disorder
(RBD). I also investigate the role of glial activity in DLB by measuring the
levels in cerebrospinal fluid (CSF) of glial proteins YKL-40, soluble TREM2
(STREM2) and progranulin and its relationship with Alzheimer’s disease
(AD) biomarkers.

Patients with a clinical diagnosis of probable DLB were consecutively recruit-
ed during the period of this thesis. To capture the predominant clinical on-
set, I calculated the relative duration of each core symptom respective to
the total disease duration from onset to fulfilment of probable DLB criteria.
A K-means clustering method based on the initial clinical presentation was
applied. A subset of patients also underwent a specific assessment of sleep
including sleep scales and video-polysomnography (V-PSG). For the study of
glial markers, we also included patients with prodromal DLB (prodDLB), AD
dementia, prodromal AD (prodAD), and cognitively normal volunteers (CN).
In this thesis I report three different clinical subtypes in DLB resulted from
the cluster analysis performed. The cognitive-predominant subtype was
the main subgroup obtained and was featured by a cognitive onset and
a longer prodromal phase. Patients in the neuropsychiatric-predominant
subtype were older at disease onset and were characterised by the predom-
inance of hallucinations during the early stage. Patients in the parkinson-
ism-predominant subtype showed a faster decline until a dementia stage
and a shorter time from onset to presence of parkinsonism. Regarding the

sleep disturbances, a wide range of alterations were found in the subset



of patients specifically evaluated. Abnormalities in sleep-wake architecture
were especially frequent. RBD was diagnosed in 50% of the studied pa-
tients, in most cases preceding the onset of cognitive impairment. Mimics
of RBD were hallucinatory-like behaviours, severe obstructive sleep apnea
and prominent periodic limb movements in sleep. Occipital EEG frequency
while awake negatively correlated with the rate of electromyographic activ-
ity in REM sleep. Concerning glial markers, YKL-40, sSTREM2 and progran-
ulin levels did not differ between DLB groups and CN. However, YKL-40
levels, but not STREM2 or PGRN, were higher in DLB patients who had a
CSF profile suggestive of AD copathology than those without. In DLB and
prodDLB, only YKL-40 correlated with t-tau and p-tau.

To conclude, this thesis investigates the heterogeneity in DLB and reports
three clinical subtypes with different clinical profiles and progression pat-
terns defined by the predominant features during its prodromal phase as
well as the variety and complexity of sleep disorders in DLB, highlighting
the need of V-PSG to properly identify them. This thesis also emphasises
that CSF glial markers sSTREM2 and PGRN are not increased in DLB and
that YKL-40 is only increased in DLB patients with an AD biomarker profile,
suggesting that this increase is driven by AD copathology.
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OUTLINE

This thesis aims to study the clinical heterogeneity of DLB. To achieve this
objective, I have focused on the study of the clinical subtypes within the
DLB syndrome with particular emphasis on the predominant clinical fea-
tures of early disease. I have also studied the etiologic heterogeneity of the
frequent sleep disturbances studied clinically and neurophysiologically by
V-PSG and its implications in the clinical management and diagnosis. Final-
ly, I have measured the biochemical markers of glial activation in CSF that
may help in the identification of underlying neuropathological factors that

contribute to this clinical heterogeneity.

This work has led to the publication of three articles, which have been
included in this thesis, corresponding to the three objectives of this thesis.
They are presented in Chapters III, IV and V. I have also included 6 articles
as annexes to the main body of this thesis due to its relevance for the gen-

eral discussion and related to the theme of this thesis.

Chapter I provides a general introduction to DLB from a clinical and patho-
logical perspective and highlights the challenges in the diagnosis of this entity:
From a clinical point of view, I highlight the important clinical heterogeneity
present in the disease and the lack of diagnostic criteria for its prodromal phase
as well as the etiological variety of the sleep disturbances that can influence the
diagnosis and clinical management in a clinical setting. From a pathological
point of view, I emphasise the presence of a frequent AD copathology that can
influence the clinical heterogeneity and the relevance of the accompaniment of

a glial contribution to synucleinopathies and specifically to DLB.

Chapter II presents the hypothesis and objectives of this thesis.
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Chapter III describes the existence of three clinical subtypes of DLB with
different evolutions, based on the symptomatology that predominates in the
clinical onset of DLB and that were obtained by cluster analysis (K-means).

It responds to hypothesis and objective 1.

Chapter IV assesses hypothesis and objective 2, elucidating the clinical and
etiological heterogeneity of sleep disturbances in DLB confirming the need
of a V-PSG for the correct diagnosis and management of them that may

have important implications in the diagnosis and management of DLB.

Chapter V answers hypothesis and objective 3 and studies the difference in
the CSF levels of the glial markers YKL-40, sTREM2 and PGRN in DLB com-
pared to AD and its prodromal phases and the influence that AD copathol-

ogy, reflected by core AD biomarkers, has on glial activity markers in DLB.
Chapter VI contains a summary of the results of the thesis.

Chapter VII presents a general and integrated discussion of the main re-
sults and remarks the importance of recognising the prodromal phases of
the DLB as well as the knowledge of the diverse phenotypes to allow a

deeper understanding of this disease.

Finally, it includes a future directions section based on questions that arise

from this thesis that need further investigation.
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1. CHAPTER I: INTRODUCTION

1.1. History: from the discovery of Lewy Bodies to the
current diagnostic criteria for Dementia with Lewy
bodies

Lewy bodies were first described in 1912 by Friedrich Heinrich Lewy in his
first publication on paralysis agitans, a disease that nowadays is known as
Parkinson Disease (PD) (1).

However, at the time of their discovery, the relationship of Lewy bodies to cog-
nitive impairment was totally neglected, and were believed to be associated
with a purely motor disease (1). With the exception of some rare case reports
(2,3), the concept of a dementia linked to Lewy bodies had to wait until the
70°s, when Kenji Kosaka and collaborators described several cases suffering
progressive dementia and parkinsonism who presented with a neuropatholo-
gy defined by cortical Lewy bodies (4,5). Subsequently, several similar series
of patients with a clinical syndrome consistent of dementia and parkinson-
ism, and with a neuropathology characterized by cortical Lewy bodies with a
variable degree of AD copathology were reported (6,7). These reports led to
the inclusion of cortical Lewy bodies as a possible etiology for dementia, and
the consideration of Dementia due to Lewy bodies within the differential di-
agnosis of dementia syndromes (7). Dementia with cortical Lewy bodies was
thought to be a rare disease until 1992 when the first operational diagnostic

criteria of senile dementia of Lewy Body type were issued (3).

In 1996, the first international consensus diagnostic criteria were published
(8). Among the diverse terminology that had been used in the previous re-
ports, the authors agreed on the denomination Dementia with Lewy bodies

(DLB) to name the dementia syndrome characterized by a combination of
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fluctuating cognition, recurrent visual hallucinations and parkinsonism (8).
However, a number of controversies arose from these criteria, which mostly
stemmed from the high prevalence of Alzheimer ’s disease (AD) copathol-
ogy. Of note, the concept of a variant of AD with Lewy bodies challenged
these criteria depending on the requirement of both tangles and plaques to
make a diagnosis of AD or if merely the presence of plaques alone was con-
sidered enough to diagnose AD. The low sensitivity of the criteria reported
in subsequent studies was another important problem to solve and made
evident that few cases were positively identified using these diagnostic cri-
teria (9). It wasn 't until 1997 that Spillantini and colleagues discovered
the main component of these pathological inclusions, a-synuclein (10) .

The first international consensus diagnostic criteria were revised in 2005.
In this revision, experts emphasized the diagnostic importance of several
previous supportive features, such as sleep disturbances, altered dopamin-
ergic imaging, and the hypersensitivity to neuroleptics. Neuropathological
diagnostic criteria were also reviewed, incorporating the probability of the

clinical syndrome to be due to DLB or AD (11).

Figure 1: Timeline of main events and progression of diagnostic criteria of DLB

1912 —> F. Lewy discovered the Lewy bodies in Paralysis agitans

70’s —> K. Kosaka and cols. suggested the existence of a dementia due to cortical Lewy bodies

Inclusion of a dementia due to Lewy bodies into the differential diagnosis of dementia
1989 —> syndromes
1992 —> First operational diagnostic criteria of senile dementia of Lewy Body type

1996 —> Firstinternational Consensus Diagnostic Criteria

1997 —> Discovery of a a-synuclein as the main component of Lewy bodies

2005 —> Review of the first International Consensus Diagnostic Criteria: third report of the DLB Consortium

2017 —> Review of the first International Consensus Diagnostic Criteria: fourth report of the DLB
Consortium and current Diagnostic criteria
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1.1.1. Disambiguation

As we have seen, the term DLB is relatively new and was consolidated in
1996 in the first consensus diagnostic criteria. Up to that point, the dis-
ease had had several denominations (8). Still today, maybe due to the low
awareness of some aspects of the disease, and its overlap with PD and AD,
a certain confusion in terms and concepts persists. In table 1 we summarize

and disambiguate key DLB terminology.

Table 1. Definition of the main terms related to DLB

TERM ‘ DEFINITION

DLB Dementia with Lewy bodies as defined in the first section

Dementia in PD (PDD) The dementia syndrome developed once a well-established PD is
diagnosed. It is developed within the evolution of PD.

Lewy body dementia Refers to DLB and PDD and indicates any type of dementia in
which Lewy bodies are the main pathological finding.

Lewy body disease The set of neurodegenerative diseases in which the main neuro-
pathologic finding is Lewy bodies, namely, PD, PDD, DLB and mul-
tisystem Atrophy (MSA).

Variant of AD with Lewy bodies | AD with Lewy bodies restricted to the amygdala and absent from
all other brain regions.

1.2. Dementia with Lewy Bodies from a clinical point
of view

1.2.1. Definition and current diagnostic criteria

DLB represents 10 to 15% of all dementia cases, and is the second most
common form of neurodegenerative dementia after Alzheimer’s disease
(9). DLB is clinically defined by a syndrome consistent with progressive de-
mentia associated with a variable combination of visual hallucinations, fluc-
tuations, parkinsonism and REM sleep behavior disorder (RBD) (12,13).

Current clinical diagnostic criteria for DLB are summarized in Figure 2 (13)
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Figure 2: Clinical diagnostic criteria for DLB according the fourth International Consensus

BIOMARKERS
CORE INDICATIVE
Recurrent visual hallucinations » Reduced dopamine transporter uptake in
Parkinson basal ganglia by PET/SPECT
RBD = Abnormal %iodine-MIBG myocardial scintigrafy

» RBD by polysomnography

N J

Diagnosis of PROBABLE DLB:
>2 CORE /1 CORE + any indicative biomarker

Cognitive fluctuations

Diagnosis of POSIBLE DLB:
1 CORE / any indicative biomarker

Dementia, understood as a progressive cognitive deterioration which inter-
feres with the normal performance of an individual, is essential for the di-
agnosis of DLB (13). This cognitive decline in the context of DLB is featured
by a relatively well conserved performance in memory tasks, and a more
severe impairment of attention, executive and visual processing cognitive
domains (14,15). Good scores in Memory and object naming with lower
scores in processing speed and alternating attention are typical (14,15).
Spatial and perceptual impairment are frequently detected in neuropsycho-

logical tests even early in the disease course (16,17).

Parkinsonism is the most common feature accompanying dementia in DLB.
More than 85% of patients present spontaneous parkinsonian features in the
disease course (13). In contrast to PD, only bradykinesia, rest tremor or rigidity
in isolation is sufficient to diagnose parkinsonism in the context of DLB (13).
In DLB patients, parkinsonism tends to be bilateral and symmetric and more
bradykinetic than tremoric, with very frequent non-dopaminergic symptoms as

frequent falls and hypomimia that can be often presenting symptoms (11,18).
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Visual hallucinations are frequent in DLB, but despite having long been
considered a hallmark of the disease, they are not a pathognomonic symp-
tom and are not always present in DLB. When present, they are typically
well formed, featuring people or animals, and very often well described by
the patients. DLB patients have a variable capacity to critique the halluci-
nations and frequently have an emotional reaction to them despite being
aware, in most cases, that the hallucinations are not real. They might also
show a relative indifference to them more often than is the case for patients
with other dementias (11,13).

Fluctuations are described as spontaneous alterations in cognition, atten-
tion and arousal including episodes of incoherent speech, behavioral var-
iations and variable attention. However, even when they are frequent and
typical, detection is difficult, and similar phenomenology can be present
in other neurodegenerative dementias later in the disease course (13,19).

There are several proposed scales for quantifying fluctuations (20).

Sleep disturbances, mainly RBD, are extremely frequent in DLB, influencing
greatly the clinical picture and the quality of life in DLB patients. Conse-
quently, the detection and treatment of sleep disturbances is crucial for the
correct management of the disease (21-23). Other pathologies mimicking
RBD are also very common and can make diagnosis and management diffi-

cult. We will discuss this aspect in more detail in the next section.

1.2.2. Biomarkers in Dementia with Lewy bodies

The main changes between the current clinical diagnostic criteria and the
previous ones published in 2005 is a clear separation between clinical fea-

tures and biomarkers, and an emphasis on the importance of RBD in the
diagnosis of DLB (13).

27



Although there is no available biomarker to reflect Lewy body pathology,
several other biomarkers are used in research studies and clinical practice.
Moreover, in accordance with the new clinical diagnostic criteria for DLB,
we can even state a diagnosis of DLB based on indicative biomarkers in the
absence of any core clinical feature (13). The more clinical relevant bio-

markers according to the last consensus diagnostic criteria are:

1.2.2.1. Indicative biomarkers.

Video-polysomnography (V-PSG). The demonstration of RBD or REM
sleep without atonia is highly specific of an underlying synucleinopathy
(22,23). As a result, the presence of a confirmative V-PSG alone is enough
to make a diagnosis of DLB in a patient with dementia in the absence of any
other core feature or biomarker (13). The following section and Chapter IV

will address the relevance of this test in more detail.

Dopamine transporter (DAT) imaging. A decreased DAT uptake in basal
ganglia, demonstrated by SPECT and PET imaging, can differentiate DLB
from AD with a sensitivity and specificity of 78 and 90% respectively (24).
It can also rule out the possibility of other overlapping syndromes, such as
MSA, progressive supranuclear palsy (PSP) or corticobasal degeneration
(CBD) (25,26). Nevertheless, normal DAT imaging is also possible as a re-
sult of symmetrical and balanced damage to the whole striatum rather than
asymmetrical and predominant uptake reduction in the putamen (25,26).
There are also DLB patients with a scarce brainstem involvement and low

nigral neuronal loss that may result in a normal DAT imaging (27).

28



Figure 3. A: Abnormal
DaTScan imaging showing
bilateral and symmetric
decreased DAT uptake in a
DLB patient. B: MRl imaging
showing the relative
preservation of MTL
structures in DLB.

Metaiodobenzylguanidine myiocardial scintigraphy (*?*Iodine-MIBG).
Reduced uptake of ?*Ilodine-MIBG, a sign of damage to the postganglionic
sympathetic cardiac innervations (13), is present in PD and DLB but not in
AD, MSA, PSP or CBD. That being said, the high prevalence of other comor-
bidities in the elderly, such as diabetes mellitus or ischemic heart disease,
as well as frequently prescribed medications that can alter the result of the

test, thus reducing the clinical relevance of this biomarker (28).

1.2.2.2. Supportive biomarkers

Functional neuroimaging. Occipital hypometabolism demonstrated by
18F-Fluorodeoxiglucose positron emission tomography (FDG-PET) suggests
a diagnosis of DLB rather than AD and correlates with visual cortex dam-
age with a sensitivity and specificity of 70 and 74% respectively (29-31).
The cingulate sign is described as the relative preservation of posterior or
mid-cingulate cortex and is characteristic of DLB (32), correlating with low-

er neurofibrillary tangle burden but not with amyloid pathology (32,33).
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Structural neuroimaging. The relative volume preservation of medial
temporal lobe (MTL) evidenced by magnetic resonance imaging (MRI) or
computerized tomography (CT) is suggestive of DLB when compared to
AD. However, MTL atrophy is possible in DLB and may indicate higher AD
copathology and faster cognitive decline (34).

Electroencephalography (EEG). A prominent posterior slow-wave EEG
activity together with the possible presence of alpha/theta/delta activities
in pseudoperiodic patterns is characteristic of DLB. It has a positive pre-
dictive value higher than 90% and correlates with the severity of clinical

fluctuations. However, this EEG pattern may be rare in MCI stage (13).

1.2.2.3. Fluid biomarkers

Even when a diagnostic marker for DLB, either in blood or CSE remains
elusive, some biomarkers have been studied in these fluids in DLB. Con-
cerning blood markers, an increase in the albumin CSF/serum ratio has
been shown in DLB patients, but also in PDD and in stroke patients as a
result of damage to the blood-brain barrier that is typical in these diseases
(35). Higher plasma levels of annexin A5, a calcium and phospholipid bind-
ing protein, and transthyretin protein, which is involved in amyloid B (AB)
clearance and maybe also involved in a-synuclein clearance, have been
described in DLB, but also in AD (36,37). Blood markers for endothelial
cell activation have also been reported to be altered in DLB and AD (38).
Several studies have also failed to find specific biochemical markers for
Lewy-related pathology in CSE As the main component of Lewy related pa-
thology, a-synuclein has been proposed as a potential biochemical marker
for diagnosing DLB (39). The role of a-synuclein is not completely under-
stood, but it may be involved in neurotransmitter release, vesicle traffick-

ing, synaptic plasticity, brain lipid metabolism and membrane remodelling
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(39,40). Previous studies have shown that the CSF levels of a-synuclein are
decreased in PD and DLB and increased in AD and CJD (41,42). These find-
ings suggest that this protein may not only be a marker of underlying synu-
cleinopathy, but also a marker for synaptic damage and neurodegeneration
(39,43). Thus, the diagnostic utility of CSF a-synuclein in DLB is limited
(44). The levels of different species of a-synuclein have also been investi-
gated in DLB and PD, mainly alpha synuclein phosphorylated at Serine 129
(p-a-synuclein) and oligomeric a-synuclein (o-a-synuclein) (42,45,46). An
increase in CSF oligomeric a-synuclein has been described in DLB and PDD
compared to AD (45). A recent study also showed a relative increase in its
clinical utility when CSF total a-synuclein was combined with CSF total
tau (44). Other combinations of several markers from diverse origins have
been proposed to enhance the diagnostic accuracy of a-synuclein (47).
Nevertheless, none of the described biomarkers are specific for DLB, and
are usually common to AD and PD. Thus, the search for specific diagnostic
markers for DLB that reflects the underlying pathophysiology is a research

priority in the field of neurodegenerative dementias.

Core AD CSF biomarkers (AB40, AB42, t-tau and p-tau) have also been in-
vestigated in DLB. Different studies have correlated these AD markers with
different clinical features in DLB, such as the presence of visual hallucina-
tions or a faster cognitive decline (48). Additionally, AD core biomarkers
can be useful in the clinical assessment of DLB, as CSF levels of tau and AB
can detect those DLB patients with a higher burden of cortical Lewy body
related pathology. Thus, these biomarkers can have important implications
in prognosis and, when available, in the selection of individuals who could
benefit from the administration of specific disease-modifying treatments

that target both a-synuclein and AB (49).
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1.3. Dementia with Lewy bodies from a neuropathologic
perspective

1.3.1. Definition and current neuropathologic diagnostic
criteria

Pathologically, DLB is defined by the presence of intraneuronal inclusions
known as Lewy bodies (LB) and Lewy neurites (LN), which are also hall-
marks of PD (11,13). In 1997, Spillantini et al discovered that the main
component of these inclusions was a-synuclein (10). In DLB, a-synuclein is
thought to spread inward from the olfactory bulb towards neocortical and
lower brain areas, which contrasts the PD in which a-synuclein pathology
is proposed to start in the brainstem and follow an ascendant spreading
(50). The transmission a-synuclein from cell to cell of via endocytosis has
been reported in cell models. In those models, dysfunctional quality control
systems, particularly in lysosomes, promoted the formation of a-synuclein

intracellular inclusions in the form of Lewy bodies or Lewy neurites (51).

The presence of Lewy bodies and neurites together with a compatible clinical
syndrome during life are required for a pathologic confirmation of the DLB
diagnosis (13). Alzheimer’s disease (AD) related pathology is a common
comorbid pathology in most patients with a pathological DLB diagnosis (52).
Considering this frequent AD copathology, the pathological diagnosis of DLB
is based on the probability that the suggestive clinical syndrome is due to
a-synuclein pathology, AD pathology or a combination of both. The patholog-

ical diagnostic criteria of DLB are summarized in table 2 (13)
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Table 2. Likelihood that the clinical syndrome is due to Lewy-related pathology. Based on the patholog-
ic diagnosis scheme published by McKeith et al Neurology 2017.

‘ AD PATHOLOGY

Lewy-related pathology NIA-AA none-low NIA-AA intermediate NIA-AA High

(Braak O-II) (Braak llI-IV) (Braak V-VI)
Diffuse neocortical High High Intermediate
Limbic (transitional) High Intermediate Low
Brainstem-predominant Low Low Low
Amygdala-predominant Low Low Low
Olfactory bulb only Low Low Low
Substantia Nigra neuronal loss should be assessed as none, mild, moderate and severe to classify
cases according to the probability of having parkinsonism

1.3.2. Common AD copathology

AD pathology in DLB tends to be more frequent in entorhinal cortex,
amygdala and putamen (53). The percentage of patients with a diagnosis
of DLB and AD copathology reported in the literature varies depending on
whether the studies have been based on a pathological or clinical cohort
and, in the latter, the method used to detect the suspected AD copathol-
ogy. In neuropathological series, the percentage of DLB patients that also
present sufficient AD copathology for a secondary pathologic diagnosis of
AD is around a 50% (49,54). However, if we consider the presence of any
degree of Alzheimer pathology, roughly 86% of pathologically confirmed
DLB cases have AD copathology (55). By definition, neuropathological
studies usually investigate end stage dementia. Therefore, these studies
likely overestimate the contribution of AD copathology to the DLB phe-
notype. This overestimation may be more evident during the first years of
the disease especially when considering the synergistic effect of AD and
Lewy-related pathologies that will be more profoundly explained later in

this section.
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In vivo studies are essential to better understand the contribution of AD
copathology to the clinical phenotype in DLB. Nowadays, Alzheimer’s pa-
thology can be studied in clinical cohorts using the core AD biomarkers in
CSF and by amyloid imaging. Based on clinical cohorts in which AD copa-
thology was investigated by amyloid imaging we know that concomitant
Alzheimer’s pathology depends on the age and the APOE genotype in DLB
patients (56). APOE &4 is a known genetic risk factor for AD (57), but also
for a-synuclein pathology independently of AD copathology (58,59). Thus,
AD copathology varies from 63% at 60 years old to 83% at 80 years old in
APOE ¢4 carriers DLB patients, and from 29% at 60 years old to 54% at 80
years old in noncarriers (56). In clinical a cohort studied by CSF biomark-
ers, the percentage of AD copathology suspected by a suggestive biomarker
profile is 38% (48) But the variation can be high as it depends on the clini-
cal cohort studied (older patients from a Geriatric Unit or younger patients
from Sleep or Movement disorders clinics).

Figure 4. The AD copathology in DLB: Lewy bodies and Lewy neurites representing Lewy related pa-

thology and neurofibrilary tangles and neuritic plagues representing AD copathology. Neuropathologic
images courtesy of Marti Colom-Cadena.
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In pathological series, the misdiagnosis of DLB, usually as AD, increases up
to 50% (60), and is even higher when the cortical extension of a-synuclein
is lower and the neuritic plaque burden is higher (61). Thus, the neuro-
pathological diagnosis is crucial to properly detect DLB, the dementia most

often misdiagnosed as other diseases (62).
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1.3.3. Interaction between AD and Lewy pathologies

A synergistic effect between AD and Lewy pathologies has been proposed in
DLB. Tau and a-synuclein pathology often colocalize in limbic areas, a brain
area that has been proposed as an incubator for the spreading of misfolded
proteins (63,64). Neuropathological studies have shown that the burden of
tau pathology is one of the main factors related to the amount of cortical
a-synuclein deposits (49,65). This is supported by other studies in which core
AD biomarkers in CSF have been proposed as predictors of cortical a-synu-
clein (54). Cell culture studies have also investigated the synergistic effect
between tau and alpha synuclein, finding that both misfolded proteins act
together enhancing the cellular dysfunction and death (66). A shared seeding
effect between a-synuclein, AB40 and AB42 has also been observed in vitro,
with a-synuclein being attributed the increased seeding potential of the three
(67). Thus, the interaction between these three misfolded proteins may con-
tribute to increased seeding, cellular dysfunction and death and possibly to

the trans-synaptic spread of both Lewy body and AD related pathologies (49).

1.4. Genetic Component of DLB

The genetic background of DLB is mostly based on common variants that con-
fer a risk of suffering the disease rather than deterministic mutations causing
the disease (68). However, the knowledge of the genetic architecture in DLB
is more limited than in other neurodegenerative diseases due to the high rate
of mis- and underdiagnosis, the lower investment in research into this disease,
and because the disease and diagnosis have only relatively recently received
much attention (69). In addition to this, DLB incidence is lower than AD or
PD and the patients are typically older. Taken together, these factors have
hindered the creation of big cohorts appropriate to genetic studies and the

collection of biospecimens from a same family affected by the disease (69).
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DLB shares some common genetic risk factors with AD and PD (68,69). The
homozygosity of the most well-known risk factor for AD, APOE €4, is also as-
sociated with an increased risk for DLB and disease severity (58,59,70,71).
Its relationship with the concomitant AD pathology in DLB has been hypoth-
esized (72), but this link with an increased risk for DLB, even in DLB with no
or very low AD copathology, has been shown (70). SNCA, the gene encoding
a-synuclein, has also been associated with increased risk for DLB and PD
(69). Rare point mutations and locus multiplications (three or four copies)
have been described causing familial DLB and other diseases as PD or, rarely,
some cases of frontotemporal dementia (69,73,74). However, besides being
a rare causative factor, SNCA has been also reported as a risk modulator for
DLB with different association profiles at the SNCA locus (75). Decreased
SNCA methylation has been linked to DLB (76). Heterozygous mutations in
GBA, the gene responsible for Gaucher Disease and encoding the lysosomal
enzyme beta-glucocerebrosidase, are related to a higher risk for DLB and
PD (77-79). DLB cases linked to GBA variants are characterized by an early
onset and faster evolution (78). Some studies have pointed out the relation-
ship between the MAPT H1 haplotype and more severe a-synucleinopathy,
as well as a link with clinical DLB (80-82). The MAPT variant p.Ala152Thr,
related to AD and frontotemporal dementia, has been postulated to be asso-
ciated with clinical DLB (83). Other shared genetic factors with AD, PD and
frontotemporal dementia include mutations in PSEN2, CHMP2B, PRKN and
SQSTM1, which were present in 4.4% of cases in a study of whole exome

sequencing of 91 autopsy-confirmed DLB patients (71).

Besides the association of DLB with APOE, SNCA and GBA loci, which were
confirmed by the recent GWAS (79,84), a new locus, CNTN1, has been as-
sociated with DLB (79). In addition, a recent study of genetic variability
in DLB reported that copy number variation in certain loci may be related
with a higher risk of DLB (85).
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Overall, common variants have been proposed as the main contributors to
the heritability in DLB. The estimation of the heritability based on these
common variants increases from around a 30% in former studies to 59.9%
more recently (86). Furthermore, these common variants have been pro-
posed as an important substrate for the clinical heterogeneity featured in
DLB independently of the variants contributing to the polygenic risk scores
for PD or AD (79,86).

The DLB cohort studied in this thesis was also included in different multi-
centric and international genetic studies including two GWAS. The articles

resulting from this research have been added as annexes.
1.5. Challenges in diaghosing DLB
1.5.1. Clinical heterogeneity

The order of appearance and severity of the core symptoms (parkinsonism,
visual hallucinations, fluctuations and RBD) in DLB may vary from one patient
to another, contributing to the heterogeneity in the phenotype. Moreover, not
all DLB patients develop all the symptoms or show a similar ordering of pres-
entation in the course of the disease. This results in different combinations of
symptoms from which different phenotypes emerge. For example, a patient
with dementia, parkinsonism and RBD and a patient with dementia, visual

hallucinations and fluctuations, are both within the spectrum of DLB.

The clinical heterogeneity is broadly represented in the existing literature
relating to the disease. The different core symptoms have a wide range of
prevalence in the literature depending on the origin of the studied set/
cohort of patients (clinical setting in which the patients have been evalu-

ated). Some authors focused on the neuropsychiatric manifestations and
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their studies frequently show a high prevalence of visual hallucinations and
low of parkinsonism in their studies (3,87,88). Others focus on cognition
or motor features picturing different phenotypes (18,23,89). Furthermore,
depending on the presenting symptom, DLB patients may be referred to a
memory, a movement disorder, a psychogeriatric or a sleep disorder unit
where they will undergo different clinical assessments, which can further

add to the clinical variability described in the DLB literature.

Compared to PD, where the study of the different phenotypes constitutes
one of the main research priorities, clinical variability in DLB has received
relatively little attention (90). In this field, recent studies have used a
promising data-driven approach by clustering methods (18). Cluster analy-
ses are a useful tool for deep phenotyping and have been previously used in
other neurodegenerative diseases (91-93). One study using a hierarchical
clustering method found two different distribution patterns of Lewy related
pathology in demented patients with both, Lewy bodies and AD patholo-
gies. The authors suggested that these different patterns may underlie the
clinical heterogeneity of dementia due to Lewy bodies (93). Although dif-
ferent onsets and clinical subgroups have been proposed in DLB (94), clin-
ical subgroups within the DLB spectrum have not been specifically studied

by these unbiased data-driven tools.

The main differences in the clinical picture in DLB are more evident during
the first years of the disease and the clinical features tend to be more homo-
geneous as the disease progresses reflecting a more global synaptic and neu-
ronal degeneration. Therefore, in order to disentangle the high clinical het-

erogeneity observed in DLB it is crucial to focus in the initial presentation.
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1.5.2. The biological basis of the clinical heterogeneity
in DLB.

Previous studies have described different distribution patterns of Lewy body
and AD pathologies in synucleinopathies that correlate with the phenotype
(60,93). The different patterns and extent of those pathologies may affect the
phenotypic variability in DLB as well as the clinical diagnosis during life (95).

Most pathological studies have observed a correlation between the amount
of cortical a-synuclein aggregates with the duration of the disease (96,97). In
fact, many cases of rapid progressive dementia clinically diagnosed as CJD had
a high burden of Lewy body pathology together with concomitant AD (98).
But, on the other hand, the amount of a-synuclein deposits does not seems to
be related with other clinical outcomes during the disease probably because of

the lack of neuronal death due to these inclusions(50,65).

In contrast, several studies have found a correlation between the cognitive
impairment and tau deposition in DLB (49,65). AD copathology in DLB is
related with a faster disease evolution, hallucinations and a worse perfor-
mance in memory tests (48,99,100). It is also related with greater atrophy
in medial temporal lobe, led by AP pathology and total atrophy and pos-
terior grey matter atrophy that were related to total tau values (101). On
the other hand, DLB patients with lower AD copathology, specifically, lower
neurofibrillary and neuritic plaque burden, are more prone to have RBD
as an early manifestation in the disease (102). Additionally, tau deposition
patterns in DLB and AD are different, possibly contributing to the different
phenotypes: in AD there is a higher burden of tau pathology than in DLB
in all cortical areas, but while in AD there is a greater proportion of tau
pathology in frontal neocortex, in DLB the proportion of tau pathology is

bigger in temporal neocortex (65).
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More recently, some authors have also stressed the importance of other
features of a-synuclein pathology besides the amount and distribution of
Lewy bodies and neurites in the phenotypical heterogeneity of DLB as well
as in PD and MSA (60). Different experimental studies have demonstrated
the existence of different strains of a-synuclein that can support this typical
clinical heterogeneity among the synucleinopathies (103,104). In addition,
elevated levels of insoluble p-a-synuclein have been found in the brain of
patients with DLB but not in brains of PD or AD patients where the solu-
ble p-a-synuclein and soluble o-a-synuclein is also higher than in controls,
suggesting different changes in a-synuclein across the evolution of the dif-

ferent neurodegenerative diseases (105).

1.5.3. Prodromal DLB

Previous and current consensus diagnostic criteria of DLB require the pres-
ence of dementia. As such, the criteria neglect the existence of a prodromal
phase of the disease. There are currently no established diagnostic criteria
for the prodromal phase of DLB, which hinders the study of this stage as it
makes selection of patients difficult, which in turn compromises the agree-
ment and harmonization between researchers and centers (50). This lack
of diagnostic criteria may be one of the reasons why literature on prodro-
mal DLB is scarce, and restricted to retrospective studies or focused only
on patients with RBD (94,106). Both instances may derive from biases as

the features of DLB patients with or without RBD may vary (107).

Nevertheless, the study of the prodromal phase of DLB is crucial for several
reasons. On the one hand, for a better understanding of the physiopathology
of the disease and its progression. On the other, for the correct diagnosis of the
patients from the beginning of their symptoms, which will help in determining

whether to initiate treatment with appropriate disease-modifying drugs (when
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available) and, from a social point of view, this will improve understanding and

awareness of the patient, relatives and society to DLB (94).

Mild cognitive impairment (MCI) is the transitional stage between normal
cognition and dementia in which cognitive decline does not affect the nor-
mal functioning in the patient’s daily life (15,108). It has been profoundly
studied in AD in contrast to DLB, where a great heterogeneity exists. Thus,
the problem of the underdiagnosis of DLB becomes greater in the phase of
MCI. The existence of diagnostic criteria and biomarkers in CSF for prodro-
mal AD but not DLB means that clinicians have tended to misdiagnose DLB
more frequently as AD. This etiologic label is more difficult to change later
when other clinical features linked to DLB or the absence of AD suggestive
biomarkers arise as the clinician must make this change understandable for

patients and caregivers (94).

1.5.3.1. Clinical features of the prodromal phase of DLB

With the limitations commented above, most authors agree on the presence
of a non-amnestic MCI as the main prodromal form in patients who are
evolving to DLB (50,109-112). MCI-DLB is characterized by a predominantly
dysexecutive cognitive profile, due to a dopaminergic dysfunction in fronto-
striatal networks and relative preservation of hippocampus (109,112), with
impairment in visual cognitive domains as well as social cognition deficits
being common (50,110,111). The presence of multidomain amnestic MCI
or even pure amnestic MCI, manifested by the impairment on free recall and
visual recognition, is also present in the prodromal phase of DLB excluding
the diagnosis of DLB in cases with amnestic MCI (110,111). DLB patients
also present more often than AD patients with non-cognitive symptoms such
as depression, visual hallucinations and RBD (50). In around one quarter

of patients the presenting symptom is parkinsonism, with soft extrapyram-
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idal signs being the best clinical predictor of evolution to DLB (50,113). In
DLB, motor symptoms evolve slowly at the beginning, and faster near phe-
noconversion in contrast to PD, where progression of motor symptoms and
signs followed a more linear progression. Regarding parkinsonian features,
speech, voice, hypomimia, bradykinesia and reduced slim swim were the
first manifestations, with rest tremor not as frequent at diagnosis and ap-
pearing only 2-1 years before phenoconversion, and with very low scores in
the UPDRS-III (18). Delirium and transient alterations of consciousness are
frequently reported in the early stage. On the other hand, fluctuations is the
core feature more infrequently present at the prodromal stage of DLB, being
more evident in later stages (50). When present, dream enactment is first
referred 8.2 to 9 years before the diagnosis of DLB (18).

Some evaluations can facilitate DLB diagnosis in its prodromal stage. Within
the neuropsychological evaluation, mistakes in the angles in the pentagon
copy are highly suggestive of evolution to DLB in MCI patients (113). Re-
garding cognition, screening tests Montreal cognitive assessment (MoCA)
scores starts to deviate from controls around 9 years before the diagnosis
of DLB and Minimental state examination (MMSE), less sensitive in this pa-
thology, deviates from the normal performance in a mean of 5 years prior to
phenoconversion (18). At parkinsonism onset, semantic verbal fluency also
predicted the development of DLB compared with PD (114). Verbal fluency
is a useful test to monitor the cognitive evolution in DLB (115). When a
more complete neuropsychological evaluation is available, tests assessing
color vision can manifest an impairment more than 12 years prior the di-
agnosis of DLB (18), while trail making test -B (TMT-B) is impaired about
six years before diagnosis (115). This points to a long prodromal phase in
the disease that can be detected with the appropriate neuropsychological
evaluation, especially when using tests directed towards assessing the ex-

ecutive and visuoperceptive domains.
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1.5.3.2. Biomarkers in prodromal DLB

Structural neuroimaging studies have shown preservation of hippocampal
volumes compared with prodromal AD that is of great help in the differ-
ential diagnosis between these two entities at the MCI stage (110,112). A
bilateral grey matter atrophy in insulae and anterior cingulate cortex have
been also described in prodromal phases of DLB (116,117). Functional
neuroimaging studies consistently show specific hypoperfusion in temporal
lobes in prodromal DLB (114,118) and hypoperfusion in the right frontal
and parietal cortex together with the anterior insula as well as a hyper-
perfusion in left superior frontal gyrus are also described compared with
healthy volunteers. When compared to prodromal AD, lower relative per-
fusion in prodromal DLB in the fusiform gyrus has been found (118). The
presence of the cingulate sign may be useful for distinguishing prodromal
DLB, although it is more evident in patients in the middle of the disease and
decreases with the progression. When a posterior hypoperfusion is evident
in prodromal DLB but the cingulate sign is absent it is indicative of a faster
worsening and may point to a higher AD pathology (119). Dopaminergic
imaging in prodromal DLB, has a lower sensitivity than in DLB, around a
50%, but it can be useful in the differential diagnosis in MCI as a positive
dopamine transporter SPECT (DaTscan) points to an evolution to DLB with
around 90% specificity (25,106). A reduced putamen to caudate ratio has
been also described in prodromal DLB (114).

Most of the few existing studies on CSF biomarkers in prodromal DLB have
focused on AD core biomarkers. AB40, AP42, t-tau and p-tau are less al-
tered in the prodromal stage of DLB in comparison with the prodromal
stage of AD, and are poor at differentiating prodromal DLB from controls
(120). Nevertheless, the utility of AD core biomarkers in the clinical assess-

ment of synucleinopathies, and specifically in the MCI stage of DLB has
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been noted due to its link to a worse evolution and the possibility of de-
tection those patients with an increased risk for higher cortical Lewy body

related pathology (54).

1.5.4. Sleep Disorders in DLB

Sleep disturbances such as insomnia, hypersomnolence and abnormal sleep
behaviors are frequent symptoms in DLB patients. In fact, some sleep disor-
ders in subjects with dementia are indicative of DLB and rare in other con-
ditions associated with cognitive impairment such as AD (121-123). That
is the case of RBD. Its presence in patients with dementia supports the di-
agnosis of DLB (11,13). In fact, current diagnostic criteria of DLB consider
RBD a core clinical feature of the disease, at the same level as fluctuations,

visual hallucinations and parkinsonism (13)

RBD is a parasomnia consisting in the absence of atonia during the REM
sleep and dream enactment. It can be present years before the onset of
the first cognitive symptoms (21,124-127). RBD is manifested in nearly
76% of DLB patients during the course of the disease (125). Neverthe-
less, the identification of RBD in DLB is usually challenging because it
can be mimicked by other sleep disorders that are also frequent in DLB
as well as aging individuals. The main mimics are severe obstructive
apnea, prominent periodic limb movements in sleep (PLMS), confusion-
al awakenings or hallucinations (128-132). The absence of a reliable
sleep informant is also frequent in DLB patients and complicates sleep
assessment by the clinician. A useful tool capable of distinguishing mim-
ics from RBD independent of the informant is V-PSG. Nevertheless, the
current DLB diagnostic criteria do not require the performance of a PSG
to confirm the diagnosis of RBD, which is included as a supportive bio-
marker (13).
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Taken together and from a clinical point of view, sleep disorders cause addi-
tional disability, and influence negatively the quality of life of DLB patients.
They can also worsen typical symptoms as daytime fluctuations or visual
hallucinations, as well as cognition and lead to a more rapid deteriora-
tion. Their detection and appropriate treatment are crucial for the clinical
management of DLB patients. Thus, a correct characterization of sleep dis-
orders, such as RBD, in patients clinically diagnosed with DLB may help
increase diagnostic accuracy and the implementation of adequate thera-

peutic strategies to improve patients’ sleep and quality of life.

Few studies have addressed the sleep problems in DLB, and only very few
of them have objectively evaluated sleep by nocturnal V-PSG. In those
studies a higher prevalence of PLMS, shorter sleep latency, more frequent
arousal episodes emerging from both, No-REM (NREM) and REM sleep
and a variety of sleep disturbances besides RBD were found in DLB pa-
tients when compared with AD, PD or healthy volunteers (128,129,133-
135). Nevertheless, few patients were included in most of these studies,
and the polysomnographic findings lacked a detailed description. There-
fore, a prospective study evaluating the presence of RBD and other sleep
disturbances in DLB patients using subjective measures and a quantified

V-PSG analysis is needed.

1.6. Neuroinflammation in DLB

Inflammation has been highlighted as an important player in the patho-
physiology of neurodegenerative diseases such as AD or PD in epidemio-
logical, pathological and genetic studies (136-138). Multiple studies have
supported the importance of innate immunity, astroglia and microglia in
neurodegeneration (139). These two cell types have very different func-

tions in the central nervous system (CNS): microglia, the resident monocyt-
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ic cells in the CNS, phagocyte cellular debris and protein aggregates, while
astrocytes help in the neuronal and synaptic activity with neuroprotective

role among other key functions (139).

The role of glial activation in tauopathies, and more broadly in AD, is being
studied profoundly (140). Experimental in vivo and ex vivo studies have
pointed to a reciprocal relationship in which tau pathology can affect mi-
croglial and astroglial function and, inversely, the chronic activation of glial
cells can alter tau deposition and spreading with a negative impact in dis-
ease progression (136,141). In fact, loss-of-function variants of the gene for
the triggering receptor expressed on myeloid cell 2 (TREM2), a microglial
protein, increase the risk for AD, and constitute the second genetic risk
factor for sporadic late-onset AD after the APOE ¢4 allele (57,142). Moreo-
ver, ApoE is mainly secreted in the brain by glial cells and the €4 allele has
been found to have a decreased action in the suppression of inflammatory
response (140,143). This strongly supports the importance of the immune

response in the pathogenesis of AD.

The progranulin protein (PGRN) is mainly expressed by microglia, but also
by neurons in the CNS (144,145). Genetic variants, such as the rs5848 pol-
ymorphism, that down-regulate expression of GRN, which encodes PGRN,
have also been associated with an increased risk of AD (146-148). Of note
these two proteins, TREM2 and PGRN, play an important role in the reg-
ulation of microglial activity (149,150). The suppression of the activity of
TREM2 or PGRN produces opposite microglial activation profiles in mouse
models (151). While a suppression of TREM2 activity locks microglia in a
homeostatic state, PGRN suppression makes that microglia stays in a hyper-
active disease-associated state (151). Thus, the study of these two proteins
together is crucial to understand the role and changes of microglial activity

along the neurodegenerative diseases.
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Activated microglia can co-activate astroglial cells contributing to neuronal
dysfunction and death, as astrocytes have an important function supporting
neuronal health, changing its phenotype into a hyperactive state (152,153).
These hyperactive astrocytes are upregulated in AD, and lose their capacity
to promote neuronal survival, neuronal growth and synaptogenesis as well

as having a reduced phagocytic function, being toxic for neurons (152).

Multiple lines of evidence support that glia are activated in synucleinopathies.
Reactive microglial cells have been found in the vicinity of Lewy bodies, Lewy
neurites and surrounding dying neurons in DLB (154,155). In particular, stud-
ies using 11C-PK11195 PET indicate the existence of activated microglia sig-
nal in the substantia nigra (SN) and putamen as well as several associative
cortices in DLB patients (156). An increased expression of toll like receptor
2 (TLR2) in microglia in SN and hippocampus in incidental Lewy body pa-
thology, has been found suggesting a role of microglia in the earliest phases
of the disease (157). Thus, microglial activation in PD and DLB is believed
to be involved in the initiation and progression of the disease including the
secretion of pro-inflammatory cytokines and reactive oxygen species (158). In
addition, synuclein released from neurons in PD and DLB can be endocytosed
by astrocytes generating glial inclusions (159-161). These inclusions can in-
duce changes in gene expression in astroglia, enhancing the inflammatory re-
sponse and favouring neurodegeneration (161,162). A recent analysis of RNA
levels in postmortem samples of DLB patients showed an increased expression
of proteins that translate astrogliosis but not microgliosis (163). Processes
of astroglia positive for a-TNF and inducible nitric oxide syntase have been
detected near Lewy bodies (164). However, studies on the astrogliosis in PD
brains have shown contradictory results, from a high astrogliosis to a low or
absents astroglial pathology in brain regions affected by a-synuclein deposi-
tion, pointing to a high heterogeneity of astroglial activation and relationship

with a-synuclein deposits within the disease(158).
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In living people, it is possible to study the glial activation through the quan-
tification of glial markers present in CSE YKL-40 protein, also known as
chitinase 3-like 1 protein, is a glycoprotein expressed by astrocytes near
amyloid plaques in AD human brain (165,166). YKL-40 can be detected in
CSE its levels are increased in preclinical and prodromal AD, as well as in
other neurodegenerative conditions, such as frontotemporal lobar degen-
eration (FTLD) or multiple sclerosis (MS) (167,168). Recent studies have
shown an elevation in the CSF of a soluble fragment of TREM2 (sTREM2)
in prodromal sporadic AD (169-171), as well as in preclinical and pro-
dromal stages in autosomal dominant AD (172). In a similar way, PGRN
has been reported to be increased even 10 years before symptom onset in
autosomal dominant AD, while in sporadic AD its increase is observed in
more advanced stages (173). Furthermore, higher CSF sTREM2 and PGRN
levels during the early stages of AD are associated with a slower cognitive
decline, lower hippocampal atrophy and less progression from MCI to a

dementia stage (174).

Despite the number of studies linking glial activation in synucleinopa-
thies, few have investigated glial activation markers in CSF in these dis-
orders. Some studies have investigated the CSF levels of the astroglial
YKL-40 protein in DLB, without differences in the levels between DLB or
PD patients and controls (175-178). Only one study has investigated the
CSF levels of PGRN in DLB and reported no difference with respect to
healthy volunteers and other dementias (179). Until the work presented
in this thesis, no studies had previously investigated sTREM2 in CSF in

synucleinopathies.
Some studies have assessed the modulation of microglial activity as a po-

tential treatment target in synucleinopathies. TLR4, expressed on micro-

glia, has been implicated in a-synuclein clearance (180). The microglial
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activation by an agonist of this receptor improved the movement as well
as the a-synuclein cytosolic inclusions in a mouse model (181). Thus, al-
though these glial markers have little diagnostic value themselves, they
may be useful in the future to monitor disease-modifying treatments fo-

cused on the glial activation.
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2. CHAPTER II: HYPOTHESIS AND OBJECTIVES

2.1. Hypothesis

1. There are different clinical subtypes in dementia with Lewy bodies (DLB)
that can be better defined based on the clinical features in the prodromal
stages of the disease.

2. Video-Polysomnography is essential to correctly diagnose the frequent
and different sleep disorders associated with DLB.

3. The glial activation in dementia with Lewy bodies can be measured by
inflammation-related biomarkers in CSE

3.1. The correlation between different glial biomarkers may depend on
the underlying physiopathological processes.

3.2. The glial-activation profile in DLB may be affected by AD con
comitant pathology

2.2. Objectives

1. To define clinical subtypes using a data-driven approach based on the
predominant symptoms during the prodromal phase of disease and to
describe the features and evolution of the clinical subtypes resulted from
the data-driven analysis.

2. To characterize the sleep disorders associated with DLB with a video-pol-
ysomnography study.

3. To determine the levels of certain microglial (STREM2 and PGRN) and
astroglial (YKL-40) proteins in CSF in dementia with Lewy bodies and its
prodromal phase compared with AD, prodromal AD and healthy controls.

3.1. To investigate the correlation between these 3 glial markers in de-

mentia with Lewy bodies and AD.
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Abstract

Objectives: To investigate the existence of clinical subtypes in dementia

with Lewy bodies (DLB) based on the initial clinical presentation.

Methods: 81 patients with a clinical diagnosis of probable DLB were consecutive-
ly included. All patients underwent a neurological evaluation including a struc-
tured questionnaire about neuropsychiatric symptoms and sleep, an assessment
of motor impairment (Unified Parkinson Disease Rating Scale subscale IIT) and a
formal neuropsychological evaluation. Onset of core symptoms (hallucinations,
parkinsonism and fluctuations) and dementia were systematically reviewed from
medical records. We applied a K-means clustering method based on the initial
clinical presentation. To capture the predominant clinical feature at the beginning
of disease we calculated the relative duration of each core symptom respective to

the total disease duration from onset to fulfilment of probable DLB criteria.

Results: Cluster analysis yielded three different groups. Patients in clus-
ter I (cognitive-predominant, n=46) presented more frequently with cog-
nitive symptoms (95.7%, n=44, p<0.001) and showed a longer duration
from onset to DLB diagnosis (p<0.001) than the other clusters. Patients in
cluster II (neuropsychiatric-predominant, n=22) were older at disease on-
set (78.1%=5vs.73.6=6.1 and 73.6+4.2 in clusters I y III, respectively, both
p<0.01), presented more frequently with psychotic symptoms (77.3%, n=17),
and had a shorter duration until the onset of hallucinations (p<0.001). Pa-
tients in cluster III (parkinsonism-predominant, n=13) showed a shorter time

from onset to presence of parkinsonism (p<0.001) and dementia (0.008).
Conclusions: three subtypes of clinical DLB can be defined when consid-

ering the differential initial presentations. The proposed subtypes have dis-

tinct clinical profiles and progression patterns.
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Introduction

Dementia with Lewy bodies (DLB) is a heterogeneous condition from a
clinical and pathological point of view (9,182). Pathologically, DLB is de-
fined by the presence of inclusions constituted by aggregates of a-synu-
clein, known as Lewy bodies (LB) and Lewy neurites (LN), which are also
hallmarks in Parkinson’s disease (PD). Alzheimer’s disease (AD)-related
pathology is a common comorbid pathology in most patients with a patho-
logical DLB diagnosis leading to a pathological heterogeneity (183). In ad-
dition, it has been shown that different distribution patterns of Lewy body
and AD pathologies in synucleinopathies influence the clinical phenotype
(93,182).

Clinically, DLB is characterized by a dementia associated with a variable
combination of visual hallucinations, fluctuations, parkinsonism and REM
sleep behaviour disorder (RBD) (9,11,13). However, not all patients devel-
op all symptoms along the course of the disease and the order of appear-
ance and severity may vary across patients leading to a variety of different
phenotypes that may be related to the underlying physiopathology. For ex-
ample, DLB patients with early RBD had lower neurofibrillary and neuritic
plaque burden compared with those with late or absent RBD (184) while
patients with hallucinations were more likely to have a cerebrospinal fluid
(CSF) biomarker profile suggestive of AD copathology (48). Nevertheless,
this variation in the clinical presentation of DLB and its underlying possible

pathophysiology has been seldom investigated.

One of the current limitations in the diagnosis of DLB is the lack of estab-
lished criteria for the prodromal phases of the disease (50). The previous
and current consensus diagnostic criteria of DLB (11,13) require the pres-

ence of dementia. However, the main differences in the clinical picture in
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DLB are more evident during the first years of the disease and the features
tend to be more homogeneous as the disease progresses, likely reflecting
a more global synaptic and neuronal degeneration. Therefore, in order to
disentangle the high clinical heterogeneity observed in DLB is crucial to

focus in the initial presentation.

Cluster analysis is a useful data-driven tool for deep phenotyping previous-
ly used in neurodegenerative diseases including PD (91-93,185,186). In
DLB, there is just one study using a two-step clustering analysis to investi-
gate the clustering of the core DLB symptoms in a group of patients with
mild dementia (187). Nevertheless, the definition of clinical subgroups in
DLB through data-driven tools has been barely investigated.

In this work, we used a cluster analysis to investigate clinical subtypes in
DLB based on the initial clinical presentation and the predominant clini-
cal features during the first years of the disease. Our hypothesis was that
these measures could better reflect the different subtypes than measures

obtained during later stages of the disease.

Materials and methods

Participants

We included 81 patients with a clinical diagnosis of DLB who were recruit-
ed consecutively in the Memory Unit of the Hospital de la Santa Creu i Sant
Pau, between July 2013 and December 2015. Patients were referred by
primary care physicians and evaluated in the Memory Unit by neurologists
with expertise in dementia. Patients with suspected DLB were then referred
to one of the investigators (EMR) for a specific evaluation. All patients were
at a stage of mild dementia at inclusion, according to a consensus agreement
between two experienced neurologists and one expert neuropsychologist

based on core clinical criteria for dementia (188) and the score of the Clin-
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ical Dementia Rating scale Sum of Boxes (CDR-SB) (189) and were diag-
nosed using criteria for probable DLB (11,13). The time from first symptom
onset until the specific evaluation was 5+3.2 years. All patients underwent
a general neuropsychological assessment (190)and a specific neurological
evaluation directed at detecting DLB signs and symptoms. The neurolog-
ical evaluation included a structured questionnaire to interrogate about
the features and onset of psychotic symptoms (hallucinations in different
sensory modalities, sense of presence and passage hallucinations, illusions,
misidentifications and delusions) and sleep, including clinical symptoms
suggestive of RBD and its onset. The visit also included the assessment of
motor impairment by means of the Unified Parkinson Disease Rating Scale
subscale III (III-UPDRS). Fluctuations were quantitatively evaluated using
the Clinician Assessment of Fluctuations (CAF) and the One Day Fluctua-

tion Assessment Scale (ODFAS) questionnaires (20).

The following variables were collected in all patients in the structured
questionnaire and the retrospective review of the medical records and dur-
ing the first evaluation in the Memory Unit: first neurological or psychiatric
symptom attributable to the underlying neurodegenerative process, date
of onset of each core diagnostic feature (hallucinations, parkinsonism and
fluctuations) and date of fulfilment of criteria for dementia (11). The date
of disease onset was considered as the date of the first symptom reported.
Data were coded as missing value when information was absent or incon-
sistent. We also reviewed the date in which each patient met probable DLB

criteria considering all collected and reviewed variables and data.

To investigate the clinical heterogeneity during the first years of the disease
we generated a paradigm to obtain a quantitative measure that could cap-
ture the length of each predominant core symptom before the diagnosis of

DLB. Due to the difficulty for determining accurately the beginning of RBD
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(lack of bedpartner and polysomnography in most cases) and fluctuations,

we excluded these core symptoms in this quantification. The earliness of

each selected core feature (hallucinations and parkinsonism) was estimat-

ed as the relative duration of each core symptom respective to the total dis-

ease duration from onset to fulfilment of probable DLB criteria as follows:

Time-to-dementia = the time from the date of first symptom to fulfilment

of criteria for dementia.

* TimeToDLBCriteria = time from the date of first symptom to the fulfil-
ment of probable DLB criteria.

* Hallucinations duration = TimeToDLBCriteria — (time from the date of
first symptom to the beginning of hallucinations).

e Parkinsonism duration = TimeToDLBCriteria — (time from the date of
first symptom to the beginning of motor symptoms/signs).

Then, to avoid the possible differences in the length of the clinical follow

up, the following variables were calculated.

Earliness of hallucinations = (Hallucinations duration/TimeToDLBCrite-

ria)*100

Earliness of parkinsonism = (Parkinsonism duration/TimeToDLBCrite-

ria)*100

These calculated variables represent the percentage of the prodromal phase

of the disease in which each single clinical feature was present.

Statistical analyses

We applied the K-means clustering method (91) to classify the subjects
assuming three underlying subgroups based on their progression until the
patient meet probable DLB criteria and the core symptoms of the disease:
early presence of hallucinations, early presence of parkinsonism and none
of those. Due to the difficulty for determining accurately the beginning of
RBD (lack of bed partner and polysomnography in most cases) and fluctu-

ations, we excluded these core symptoms in this analysis. The absence of
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correlation between the selected variables in the cluster analysis (time to
dementia, earliness of hallucinations and earliness of parkinsonism) was

tested in order to avoid redundant information.

Then, we explored the descriptive features of each group and analysed their
differences. Normality of the quantitative variables was explored by Shap-
iro-Wilk test. Variables with a non-normal distribution were analysed by
means of a Kruskal-Wallis test, while those with a normal distribution were
analysed by an ANOVA test. A chi-square test was used for categorical varia-
bles. Post-hoc analyses were performed also by means of a chi-square test for
categorical variables, a Mann-Whitney U test in the case of non-normally dis-
tributed quantitative variables and a t-test in the case of quantitative variables
with a normal distribution. Bonferroni correction for multiples comparisons

was applied when more than two comparisons were made simultaneously.

Results

Demographics

The demographic and clinical data are described in table 1. The most com-
mon first symptom was cognitive impairment (67.9%) followed by psy-
chosis (27.2%). Regarding the core symptoms and signs of DLB, 64.2% of
patients had visual hallucinations at the time of inclusion, 96.3% had some
degree of parkinsonism detected during the neurological examination, 84%

referred cognitive fluctuations and 66.7% had clinical RBD.

Cluster solution and their clinical features

The main features of the three obtained clusters are specified in table 2.
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Table 1. Demographics of the study participants.

CLUSTERI

(n=46)

CLUSTERII
(n=22)

CLUSTERII
(n=13)

TOTAL
(n=81)

P-VALUE

Gender % F (n) 56.5 (26) 68.2 (15) 538 (7) 59.3 (48) 0.67
Age at disease onset, 73.6 (6.1) 781(5) 73.6 (4.2) 748 (56.9) 0.007
mean (SD), y?
Age at evaluation, 795 (5.5) 822 (5) 771(5.4) 79.8 (5.5) 0.02
mean (SD), y®
Time to dementia, 42 (27) 31(2.2) 23(1.3) 36(25) 0.008
mean (SD), y°
Time to meet criteria 5(3) 31(22) 24(1.3) 45 (3) 0.001
of probable DLB ¢
Disease duration at 59(34) 41(2.9) 36(22) 5.0(32) 0.01
evaluation, mean (SD) y®
Dementia duration at 18 (2) 1(1.2) 1.3(17) 15 (1.8) 0.495
evaluation, mean (SD), y

INITIAL SYMPTOM*®
Cognitive (n) 95.7 (44) 227 (5) 46.2 (6) 62.5 (55)
Psychotic/behaviour (n) 43(2) 77.3(17) 231(3) 272 (22) <0.001
Motor (n) - - 30.8 (4) 49 (4)

aCluster | vs. I, p=0.003; Cluster Il vs. lll, p=0.009; Cluster | vs lll, p=0.7
bCluster Il vs. Cluster lll, p=0.008; Cluster Il vs. Cluster |, p=0.058
°Time from the disease onset until the dementia stage. Cluster | vs. lll: p=0.003; Cluster | vs. Il: p=0.08
9Time from the disease onset until meet probable DLB criteria. Cluster | vs. Cluster Ill, p=0.001; Cluster |

vs. Cluster Il, p=0.009

eTime from the disease onset until the specific evaluation. Cluster | vs. Cluster I, p=0.02; Cluster | vs.

Cluster lll, p=0.015

Number of patients with each initial symptom across diagnoses.

60



Table 2. Clinical features of resultant clusters

CLUSTER CLUSTER CLUSTER TOTAL P-VALUE

1 (n=46) 1(n=22) Il (n=13) (n=81)

Parkinsonism % (n) 97.8 (45) 90.9(20) | 100 (13) 96.3 (78) 0.274
UPDRS score (part Ill), mean (SD) 222(122) | 21.7(139) 261(10.6) | 227 (124) | 0.384

Disease duration at onset of Pk,
mean (SD), y®

Formed visual hallucinations % (n) ® 54.3 (25) 100 (22) 2385(5) | 64.2(52) <0.001

Disease duration at onset of VH,
mean (SD), y°

4.6 (3) 23(1.8) 0.3(0.6) 3.3(29) <0.001

41(2.9) 0.3(0.6) 18(1.3) 22(28) <0.001

Fluctuations % (n) 84.8(39) | 90.9(20) |692(9) 84 (68) 0.234
ODFAS, mean (SD) 5.8 (4.5) 6(3.8) 75(5.1) 6.2 (4.4) 0.852
CAF, mean (SD) 6.5 (5.7) 8(6.2) 7(61) 7(5.7) 0.659

Disease duration at onset of Fluctua-

tions, mean (SD), y ¢ 55(31) 19 (25) 15(1.4) 4(3.3) <0.001
Delusions % (n) 2.3 (19) 63.6 (14) 46.2 (6) 481(39) 0.223
Disease duration at onset of Del,

mean (SD),y ° 31(25) 1(14) 22(19) 21(2.2) 0.267
Misidentifications % (n)’ 31.1(14) 59.1(13) 25(3) 38(30) 0.052

Disease duration at onset of Mis,
mean (SD), y°

Sense of presence % (n) 19 (8) 318 (7) 231(3) 25.3(20) 0.351

3927 14 (1.6) 16 (0.8) 2.7(25) 0.046

Disease duration at onset of sense of

presence, mean (D), y 3(35) 18 (19) 2.4(13) 24(2.6) 0.076
Passage hallucinations % (n) 26.2 (1) 318 (7) T7() 304 (24) 0.322
Disease duration at onset of passage

halluginations, mean (SD), y 5(4) 21(01.9) 12 37(35) 0.05

RBD % (n) 556 (30) | 591(13) 84.6 (1) 66.7 (54) 0.287
Disturbances in sleep cycle % (n) 47.8 (22) 59.1(13) 231(3) 46.9 (38) onr

aCluster | vs. Cluster Il and Il and cluster Il vs. Cluster Ill, p<0.001

bCluster Il vs. Cluster | and lll, both, p<0.001

°Cluster | vs. Cluster I, p<0.001; cluster Il vs. cluster I, p=0.001; Cluster | vs. Cluster Ill, p=0.09

dCluster | vs. Cluster Il and Cluster | vs. Cluster lll, p<0.001

eCluster I vs. Cluster II, p=0.008

fCluster | vs. Cluster Il, p=0.03

9Cluster | vs. Cluster Il, p=0.03

'Cluster I vs. Cluster II, p=0.03

UPDRS: Unified Parkinson Disease Rating Scale; Pk: parkinsonism; VH: visual hallucinations; ODFAS: One
Day Fluctuation Assessment Scale; CAF: Clinician Assessment of Fluctuations; Del: delusions; Mis: misi-
dentifications; RBD: REM Sleep Behaviour Disorder
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Cluster I or cognitive-predominant (n=46).

The first symptom of this cluster was mostly cognitive impairment with only
two patients presenting with psychotic symptoms. Visual hallucinations
(54.3%), parkinsonism (97.8%) and fluctuations (84.8%) appeared latter than
in other clusters (all comparisons, p<0.001, table 2). Other psychotic and per-
ceptive symptoms were less frequent, with a later onset when compared with

cluster II. Two patients in this cluster referred isolated auditory hallucinations.

This cluster showed a longer time to dementia than cluster III (p=0.003)
and a tendency for a longer evolution until the dementia stage than cluster
IT (p=0.08, table 2).

Cluster II or neuropsychiatric-predominant (n=22).

This group had an older age at disease onset compared with the other two
clusters (both p<0.01, table 1). The most common first symptom in this
cluster was psychosis (n=17, 77.3%). All patients had visual hallucinations
and their mean onset was 0.3+0.6 years after their first symptom, signifi-

cantly earlier than patients in the other clusters (p<0.001).

Misidentifications were more frequent in this cluster when compared with
cluster I (p=0.03). The frequency of sense of presence was lower than
35% in all clusters. However, the onset of this feature tended to be earlier
in cluster II compared to the other clusters (table 2). The onset of pas-
sage hallucinations (26.2%) was earlier in cluster II compared to Cluster I
(p=0.03). We did not find significant differences in the frequency of delu-

sions between clusters (table2).
Cluster III or parkinsonism-predominant (n=13)

The mean age at onset of the disease in this cluster was 73.6+4.2 years,

younger than those patients in Cluster II (p=0.009) and comparable with
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those in cluster I. The most common first symptom was cognitive impair-
ment (six patients), followed by motor symptoms (four patients) and psy-
chosis (three patients). All patients in cluster III had parkinsonism, with
an onset of 0.3+0.6 years from the first symptom. Mean III-UPDRS score
in cluster III was 26.1+10.6 without reaching statistical significance when
comparing with the other two clusters (at inclusion, 11 patients out of 13
had a clinical suspicion of RBD). The time-to-dementia in this group was

shorter compared to Cluster I (p=0.003).

Differential evolution from the disease onset of these three clusters is rep-
resented in figure 1.

Figure 1. Differential evolution from disease onset of the different resultant clusters, focused on core
symptoms in DLB.
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Neuropsychological assessment

Cognitive scores in neuropsychological examination at inclusion are sum-
marized in table 3. Patients in cluster I had a worse performance in delayed
free recall in the FCSRT when compared with patients included in cluster
IT (p = 0.02) and showed a trend for a worse performance when compared
with cluster III (p = 0.06) in post-hoc analyses. There were no other differ-

ences between groups.

Table 3. Neuropsychological data of the resultant clusters

NEUROPSYCHOLOGICAL CLUSTERI  CLUSTERII CLUSTERIII TOTAL P-VALUE
ASSESSMENT* (n=46) (n=22) (n=13) (n=81)
MMSE, mean (SD), n 226(5.1),46 | 245(4.7),20 | 2563(26),13 | 235(4.8),79 | 0.109
Digit Span Forward-WAIS, 86(25),43 | 95(23).18 85 (4.1),12 88(3.1),73 0.394
mean** (SD), n
TMT-A, mean** (SD), n 47(2.6),43 42 (27),18 3.8 (2.6) 44 (31) 0.775

FCSRT -Total recall-FCSRT,
mean** (SD), n

FCSRT-Delayed free re-
call-FCSRT, mean** (SD), na

FCSRT-Delayed total recall, 53(42),43 | 74(5).18 76 (5.7),12 6.2(4.7),73 0.225
mean** (SD), n

Boston naming test, mean** | 7.3 (4.2)43 92(35),18 83(44),12 | 7941, 73 0.139
(SD), n

Rey-Osterrieth complex 57(27),29 |11(27)12 7(4,5),10 6.3 (3.2), 51 0.422
figure test- copy, mean**
(SD), n

Number localization sub-
test-VOSP, mean** (SD), n

Digit Span Backward-WAIS, 9.6(25),43 |99(25).18 104 (24),12 | 9.8(25),73
mean** (SD), n

TMT-B, mean** (SD), n 55(2.6).10 | 48(24).5 6.7 (47),3 55(2.8),18 0.846

42(37),43 | 59(47).18 57(45),12 |48(41).73 0.269

43(35),43 | 67(35),18 6.4 (3).12 52(36), 73 | 0.07

6.4(39).43 | 69(44)18 86(4.8).12 |69(41),73 0.481

0.291

aCluster | vs. Cluster Il, p = 0.02; Cluster | vs. Cluster lll, p=0.06.

*MMSE: Minimental State Examination, WAIS: Wechsler Adult Intelligence Scale, TMT-A: Trail Making Test
A, FCSRT: Free and Cued Selective Reminding Test, VOSP: Visual Object and Space Perception battery,
TMT-B: Trail Making Test B.

**Scalar scores according to age and educational level.
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Discussion

In this study, we used for the first time a cluster analysis to characterize
the different clinical subtypes of DLB based on the main clinical features
during the prodromal phase of the disease. We obtained three clusters: a
cognitive-predominant (cluster I), a neuropsychiatric-predominant (cluster
IT) and a parkinsonism-predominant (cluster IIT). These clusters differed in
their clinical presentation, but also in the disease course. The cognitive-pre-
dominant cluster was characterized by a long prodromal phase in which
cognitive symptoms, mainly memory complaints, predominated. Patients in
this cluster had hallucinations and other psychotic symptoms less frequently
than patients in other clusters and a later onset. Parkinsonian features also
appeared later as compared to the other clusters. The neuropsychiatric-pre-
dominant cluster was characterized by an early onset of hallucinations and
a higher frequency of psychotic symptoms as the presenting feature. Pa-
tients in this cluster had also a late disease onset compared to the other
two. The parkinsonism-predominant cluster was featured by predominant
motor symptoms during the first years of the disease, a faster progression
from symptom onset to dementia compared to the cognitive-predominant
cluster, and a low frequency of hallucinations compared to the psychot-

ic-predominant cluster.

We have identified only one study using a data-driven approach to investi-
gate the features of DLB in a cohort of patients with mild dementia (122).
The authors found that the classical features of DLB aggregated together in
their cluster solution supporting the diagnostic clinical criteria of DLB. How-
ever, clinical heterogeneity in DLB has not been specifically investigated by
a clustering method. In contrast, previous studies have applied different
clustering methods in PD avoiding subjective biases (93,191-193). Similar

to our work, the studies performed in PD suggested subgroups differing in
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their age-at-onset and rate of progression (191-193). In agreement with
our data previous studies have described, that patients with earlier onset
of parkinsonism are younger than those with earlier dementia or psychosis
(194-196). It is remarkable that in some studies (191-193) the late-on-
set subgroup in PD was characterised by a faster clinical decline, differing
from our late-onset cluster (cluster II, neuropsychiatric-predominant), de-
fined by the presence of early hallucinations, but not a faster progression.
Another described predictor for a faster progression in PD and DLB is the
presence of concomitant AD pathology measured by CSF or amyloid-PET
(48,195,197). It will be important to determine in future studies if those
rapid evolution DLB clusters may have more frequency of concomitant AD.
Selection of variables in cluster analysis is critical for the obtained solu-
tions. In our study we focused on the clinical features present during the
prodromal phase of the disease. These features may capture better the in-
itial topography of neuronal dysfunction and loss (117,191,193). As the
disease progresses, symptoms and signs tend to converge, reflecting more
severe and widespread Lewy-body pathology and neurodegeneration re-
sulting in a more homogeneous syndrome. Although criteria for prodromal
DLB have been proposed (50,94,109), they are not completely accepted or
validated. In fact, one of the challenges in defining criteria in the prodromal
phase of DLB is the high heterogeneity observed during this disease stage
(109,110). Our findings clearly support the notion that clinical heteroge-
neity is larger during the prodromal than the dementia stage. Our results
showed that the neuropsychiatric and the parkinsonian-predominant clus-
ters presented with clinical features that are characteristic of an underlying
synucleinopathy. However, the cognitive-predominant cluster consisted of
a syndrome of amnesic mild cognitive impairment (MCI) with a very slow
progression. At the clinical level, this cluster partially overlaps with the
typical amnesic MCI of AD (198). In fact, previous clinicopathological stud-
ies have suggested that Lewy body disorders should be considered in the
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differential diagnosis of MCI as a subset of subjects convert to DLB during
follow-up (110). The clinical heterogeneity in the prodromal phase of DLB
and the potential overlap with a subset of patients with prodromal AD rein-
forces the need of developing specific CSF and/or imaging biomarkers for

the initial stages of the disease.

It will be important to investigate how clinical heterogeneity in DLB relates
to specific neuropathological profiles. Differences in the initial clinical syn-
drome could be the result of the different regional burden of a-synuclein
pathology (64,93,183). A higher disruption of brainstem integrity could
translate into more severe motor features, while a predominant cortical
distribution may translate into predominant cognitive or perceptive distur-
bances (93,183). In addition, the common presence of coincident pathol-
ogies such as AD (93,199), could also influence the clinical manifestation
of Lewy body disorders. We applied for the first time a K-means clustering
method that yielded three well-defined clusters. The main strength of this
study is the detailed characterization of the predominant clinical features
during the prodromal phase by a replicable equation. This has been possi-
ble due to a structured chart review and questionnaire specifically oriented
to detail the main clinical features during the prodromal phase of DLB.
This data-driven approach allowed us to avoid multiple possible biases by

defining particular time points.

The main limitations of the study are that part of the data was collected
retrospectively, only a small subset of patients had imaging and/or CSF
biomarkers, there was no validation in an independent clinical cohort and
the absence of neuropathological findings to validate these clusters. In ad-
dition, in this study patients were recruited entirely in a memory unit, and
this bias could underestimate the proportion of DLB patients with an initial

motor presentation of the disease.
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In summary, we propose three subtypes of DLB that differ in their clinical
manifestations and progression patterns. It will be important to validate
these subtypes in independent clinical cohorts with autopsy confirmation to
investigate differences in biomarkers and neuropathological traits among
the proposed clusters.
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Abstract

Objective: To study REM sleep behavior disorder (RBD) and other sleep
disorders in dementia with Lewy bodies (DLB).

Methods: Consecutive patients with DLB and mild dementia severity were re-
cruited irrespective of sleep complaints. Patients underwent clinical interview;
assessment of sleep scales and video-polysomnography. RBD was diagnosed with

video-polysomnography based on electromyographic and audiovisual analysis.

Results: Thirty-five patients (65.7% men; mean age 77.7 = 6.1 years) were
evaluated. Poor sleep quality (54.3%), hypersomnia (37.1%), snoring (60%),
and abnormal nocturnal behaviors (77.1%) were reported. Sleep-wake archi-
tecture abnormalities occurred in 75% and consisted of occipital slowing on
awake EEG (34.4%), absence of sleep spindles and K complexes (12.9%), slow
frequency sleep spindles (12.9%), delta activity in REM sleep (19.2%) and
REM sleep without atonia (44%). Three patients showed hallucinatory-like be-
haviors and ten abnormal behaviors during arousals mimicking RBD. RBD was
diagnosed in 50% of those patients in whom sufficient REM sleep was attained.
Of these, 72.7% were not aware of displaying dream-enacting behaviors and
in 63.7% RBD preceded the onset of cognitive impairment. For RBD diagnosis,
sensitivity of Mayo-Sleep-Questionnaire was 50%, specificity 66.7%, positive
predictive value 83.3%, and negative predictive value 28%. False positive RBD
cases according to clinical history had hallucinatory-like behaviors, severe ob-
structive sleep apnea and prominent periodic limb movements in sleep. Occip-
ital EEG frequency while awake and rate of electromyographic activity in REM

sleep were negatively correlated, suggesting a common subcortical origin.

Conclusion: In DLB, RBD and sleep-wake disorders are common, heterogene-

ous and complex, challenging their identification without performing V-PSG.
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Statement of Significance

In DLB, neurodegeneration of the subcortical areas that modulate the sleep-
wake cycle results in abnormal architecture (occipital EEG slowing while
awake, lack of sleep spindles and K complexes and REM sleep without ato-
nia) that can be identified using video-polysomnography. These abnormal-
ities challenge the identification of wakefulness, sleep and its stages using
standard scoring systems highlighting the need to design new scoring rules
for patients with neurodegenerative diseases, such as DLB. In our study,
some conditions were misdiagnosed as RBD when only the clinical history
or the Mayo-Sleep-Questionnaire were used. This finding is relevant since
current diagnostic criteria of DLB only require clinical history (and not vid-
eo-polysomnography) to diagnose RBD, a parasomnia that is considered a

core element of the disease.

Abbreviations

AHI:  apnea-hypopnea index

CPAP: continuous positive airway pressure
DLB: dementia with Lewy bodies

EEG: electroencephalography

EMG: electromyography

EOG: electrooculography

FDS:  flexor digitorum superficialis

MSQ: Mayo sleep questionnaire

NREM: non-rapid-eye-movement

PLMS: periodic limb movements in sleep
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REM: rapid-eye-movement
RBD: rapid-eye-movement sleep behavior disorder

V-PSG: video-polysomnography

Introduction

Dementia with Lewy bodies (DLB) represents the second most common
form of neurodegenerative dementia after Alzheimer disease.1,2 DLB is
clinically characterized by dementia, fluctuating attention and alertness,
recurrent visual hallucinations and parkinsonism.3,4 Sleep disturbances
such as insomnia, hypersomnolence and abnormal sleep behaviors are also
frequent in DLB patients. These disturbances contribute to a deterioration
in quality of life and can be a therapeutic challenge.5-7 Some sleep disor-
ders in subjects with dementia are indicative of DLB but not of other condi-
tions associated with cognitive impairment such as Alzheimer disease.6-9
For instance, clinical and neuropathological studies have shown that REM
sleep behavior disorder (RBD, a parasomnia manifested by dream-enacting
behaviors and nightmares linked to increased muscular activity in REM

sleep) is much more frequent in DLB than in other dementias.10-14

Current diagnostic criteria of DLB consider RBD a core clinical feature, but
arguably do not require polysomnographic (PSG) confirmation (13). The
clinical identification of RBD can be difficult because other conditions (e.g.,
severe obstructive apnea, prominent periodic limb movements in sleep,
confusional awakenings, hallucinations) may mimic RBD symptomatology.
Therefore, a definitive diagnosis of RBD requires PSG demonstration of
REM sleep without atonia (128,129,131,132,135). Correct characteriza-
tion of sleep disorders, such as RBD, in patients clinically diagnosed with
DLB will improve diagnostic accuracy and lead to implementation of thera-

peutic strategies to improve patients’ sleep and quality of life.
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There are few studies addressing sleep problems in DLB and only a very few
that have systematically evaluated sleep with objective tools such as noc-
turnal polysomnography with synchronized audiovisual recording (V-PSG)
(21,121-123,126-130,133,134,202). In this study, we prospectively evaluat-
ed the presence of RBD and other sleep disturbances in a consecutive series of

DLB patients using subjective measures and comprehensive V-PSG analysis.

Methods

Participants

Consecutive patients with clinical diagnosis of DLB (11) and mild dementia
severity who underwent routine clinic visits between February 2014 and July
2016 at the Memory Units of the Hospital de la Santa Creu i Sant Pau and the
Hospital Clinic de Barcelona, in Barcelona, Spain, were invited to participate in
the current study irrespective of the presence and nature of sleep complaints.
The diagnosis of DLB was based on the third report of the DLB consortium
(where a history suggestive of RBD was not considered a core diagnostic fea-
ture) because our patients were recruited before the fourth report was published
in 2017. Inclusion criteria included progressive dementia of mild severity with
cognitive deficits and inability to perform complex tasks (level 4 of the Global
Deterioration Scale) (203). Patients had to be on stable doses of medications
for at least one month. DLB patients with moderate, moderately-severe and se-
vere dementia (levels 5, 6 and 7 of the Global Deterioration Scale, respectively)
were excluded. We also excluded subjects initially diagnosed in our institutions
with isolated RBD by V-PSG who eventually were diagnosed with DLB.

Clinical assessments
Neurologists from the Memory Units (EMR, RSV, ALLA, ALLE) conducted
a comprehensive neurological assessment that included clinical and demo-

graphic information, and current medications. Patients were referred to
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the Multidisciplinary Sleep Unit of the Hospital Clinic de Barcelona where
a neurologist with expertise in sleep disorders (AFA) invited them to 1)
undergo a clinical interview covering aspects of sleep, 2) complete sleep

questionnaires and, 3) undergo nocturnal V-PSG.

Sleep-wake assessments

Sleep-related symptomatology. This was examined with a comprehensive
semi-structured sleep interview conducted by a sleep disorders expert (AFA)
during which the presence of the bed partner or anyone who witnessed the
patient’s nocturnal sleep and sleep-wake pattern was encouraged to sub-
stantiate and complete the sleep history. The interview covered sleep habits
and complaints such as sleep onset insomnia (difficulty in falling asleep
within 30 minutes or more), sleep fragmentation (more than two awaken-
ings lasting more than 15 minutes each), early awakening (waking up at
least two hours earlier than desired), snoring, witnessed apneas, unpleasant
dream recall and abnormal vocalizations and behaviors during the night.
According to the sleep interview these sleep complaints were categorized as
being present or absent in each participant. Overall sleep disturbances and
nocturnal disability were also evaluated with the Pittsburgh Sleep Quality
Index and a score >5 points was indicative of impairment of sleep quality
(204). Daytime sleepiness was assessed by means of the Epworth Sleepiness
Scale and a score >10 points was suggestive of excessive daytime sleepiness
(205). To screen for a history suggestive of RBD, the Mayo Sleep Question-
naire (MSQ) was provided to the bed partner or another reliable informant
(206). The MSQ was only administrated when the informant and the patient
slept in the same room or when the informant had slept with the patient for
years but was currently sleeping in another room due to the patient’s sleep
problems (206). Restless legs syndrome was diagnosed according to the In-

ternational Restless Legs Syndrome Study Group criteria (207).
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Video-polysomnography. PSG was performed with synchronized audio-
visual recording (Coherence 7, Deltamed, Paris, France) and consisted in
electroencephalography (EEG; F3, F4, C3, C4, O1, and O2, referred to the
combined ears), electrooculography (EOG), electrocardiography, surface
electromyogram (EMG) of the mentalis muscle, the right and left flexor
digitorum superficialis (FDS) in the upper limbs and the right and left an-
terior tibialis in the lower limbs. Nasal cannula, nasal and oral thermistors,
thoracic and abdominal strain gauges, and finger pulse oximeter were used
to measure the respiratory variables. In patients who were using a continu-
ous positive airway pressure (CPAP) mask before the start of this study, PSG
was performed with CPAP and the air flow was measured with a pressure

cannula connected to the mask, without thermistors.

Sleep and associated events were scored according to the American Acad-
emy of Sleep Medicine manual (208). Apnea was defined as a complete
cessation of airflow for >10 seconds measured by the thermistor(208).
Hypopnea was defined as =30% reduction in nasal pressure signal excur-
sions from baseline and associated with =3% desaturation from pre-event
baseline or with an arousal(208).The apnea-hypopnea index (AHI) was the
number of apneas plus hypopneas per hour of sleep. Arousal was defined
following the scoring rules of the American Sleep Disorders Association
(209) The arousal index was the number of arousals per hour of sleep. Pe-
riodic limb movements during sleep (PLMS) in the legs were scored and the
PLMS index was calculated as the number of leg movements per hour of
sleep in a series of 4 or more movements with duration between 0.5 and 10

seconds and interval movement duration between 5 and 90 seconds (210).
EEG activity during wakefulness and sleep. The EEG activity during wake-

fulness was recorded at the beginning of the V-PSG while the patient was

lying awake in bed. We visually evaluated 1) the dominant occipital back-
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ground frequency (with the help of a power/frequency spectrum analyzer;
Coherence 7.0, Deltamed-Paris, France), 2) the presence of abnormal slow
activity, and 3) the reactivity to eye opening and closure. Reactivity of the
EEG was considered abnormal when eye opening elicited only partial at-
tenuation or no changes in the dominant occipital activity (211). Sleep
stages and associated events were scored by two investigators (AFA, JS)
according to standard criteria when possible (208), with specific consid-
erations in patients in whom the standard criteria could not be applied
because of abnormal sleep architecture (212,213). The following specific

considerations were included:

a) Scoring sleep onset in patients with the persistence of the occipital al-
pha/theta activity that was seen in wakefulness when theta/delta activi-
ty in the frontal channels, slow eye movements in the EOG, and unequiv-

ocal behavioral manifestations of sleep (e.g., snoring) were recorded.

b) Scoring stage N2 whenever K complexes or sleep spindles were pres-
ent, even if the spindle frequency was <11 Hz (but was faster than the
background occipital frequency seen in wakefulness) had typical sleep
spindle duration (>0.5 seconds) and spatial distribution (maximal am-

plitude in central derivations) (208).

c) Scoring undifferentiated NREM sleep stage as those epochs with dif-

fuse irregular delta-theta EEG activity of 0.5-4 Hz and 40-50 pV, that was
clearly different from the dominant occipital background activity seen
during wakefulness. This stage lacked vertex sharp waves, K complexes,
sleep spindles and rapid eye movements. In some patients with undiffer-
entiated NREM sleep, periods of delta-theta activity of 0.5-4 Hz with low to
moderate amplitude (20-40 puV) were clearly distinguishable from other
periods of delta activity of 0.5-1 Hz with higher amplitude (60-70 uV).
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We termed these two types of periods light (amplitude 20-40 p1V) and
deep (amplitude 60-70 uV) undifferentiated NREM sleep, respectively.

d) Scoring REM sleep even in the presence of excessive EMG activity in the men-
talis muscle channel and the occurrence of prominent intermittent delta ac-
tivity in the EEG when other variables (e.g., rapid eye movements and typical

behavioral manifestations of RBD) were highly indicative of this sleep stage.

Abnormal behavioral manifestations. We evaluated the motor and vocal man-
ifestations detected in the audiovisual recording during wakefulness, the
transition from wakefulness to sleep, the different sleep stages, and arousals,
considering all the information obtained from the EEG, EOG, EMG and the
audiovisual recording. The abnormal manifestations occurring upon arous-
als from sleep were classified according to the sleep stage that preceded the
arousal, their apparent trigger, duration of the manifestations, the state of
the eyes (open or closed), the type of observed movement or behavior, and

its apparent emotional component during the event (quiet or agitated).

Diagnosis of RBD. Given the difficulties to obtain accurate information by
clinical history about the occurrence and type of abnormal sleep behaviors
in a number of patients (due to their cognitive problems or to the lack of
a reliable informant) the presence of a chronic history of dream-enacting
behaviors was not considered essential for the diagnosis of RBD in this
study, although we evaluated its possible presence by means of the sleep
expert interview and the MSQ. RBD was diagnosed in patients in whom
V-PSG demonstrated excessive EMG activity in REM sleep linked to abnor-
mal vocalizations, movements or behaviors detected in the synchronized
audiovisual recording (214) For the measurement of EMG activity in REM
sleep we followed the SINBAR method where a trained neurologist (AFA)

visually quantified “any” (tonic, phasic or a combination of both) EMG ac-
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tivity in the mentalis muscle and phasic EMG activity in the right and left
FDS muscles (SINBAR montage) in 3-second mini epochs (215). Following
this method, EMG activity in REM sleep was classified as excessive when 1)
the rate of “any” EMG activity in the mentalis was =21.8% or 2) the rate of
“any” EMG activity in the mentalis plus the phasic EMG activity in both FDS
was =32%, measured in 3-second mini epochs (215). Because the EMG
quantification of the mentalis plus the FDS is more sensitive to diagnose
RBD than the mentalis alone, the former was used in all individuals except
in one subject who due to artifacts in the upper limb EMG channels, EMG
activity could not be measured in the FDS (215). RBD was also diagnosed
in those cases in whom V-PSG demonstrated vigorous behaviors in REM
sleep typical of RBD (e.g., repetitive prominent body jerking, punching,
screaming) even though the quantified EMG activity in REM sleep was not
excessive (216). In subjects with RBD, the intensity of the motor events and
vocalizations seen in the video was classified as mild (e.g., body jerking,
groaning), moderate (e.g., raising the arms, talking) or severe (e.g., punch-

ing, shouting) according to a system developed in our sleep center (217).

Patients with excessive EMG activity in REM sleep not associated with ab-
normal behaviors were categorized as having isolated REM sleep without
atonia and without RBD (218).

We invited the patients to undergo a second V-PSG study when in the base-
line study 1) the total sleep time was less than 90 minutes, 2) REM sleep was
not recorded or lasted less than 10 minutes, 3) RBD was not demonstrated
when the clinical history was highly suggestive of this parasomnia and no
other causes of dream-enacting were identified, and 4) the need of CPAP ti-
tration to eliminate sleep breathing disorder in subjects with AHI >15.

The ethical committees at our institutions approved the study and all pa-

tients or their caregivers, when appropriate, gave written informed consent.
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Statistical Analysis

Descriptive data are reported in mean, standard deviation, frequency and per-
centage. We analyzed differences between patients 1) who did and did not
accept to participate in the study, 2) with and without RBD, and 3) with dom-
inant occipital frequency during wakefulness faster or slower than 8 Hz. Com-
parisons were done using the Student t-test and Chi-square test. We performed
Pearson correlations between the rate of EMG activity in REM sleep and the
dominant EEG occipital frequency in wakefulness. For the diagnosis of RBD
we calculated the sensitivity, specificity, positive predictive value and negative
predictive value of the clinical interview by the sleep expert and of the MSQ. P
values less than 0.05 were considered to be significant. All analyses were done
with SPSS version 18.0 (Armonk, IBM Corp, NY, USA).

Results

Participants and clinical assessment

Eighty-two consecutive patients, 43 women and 39 men with a mean age of
78.8 £ 5.8 (range, 61-92) years were invited to participate and 35 (42.7%)
accepted. There were more men in the group of patients who accepted to
participate in the study compared with the group of patients who did not
accept (65.7% vs. 34.0%, p=0.004). Other that the uneven gender distri-
bution, there were no demographic or clinical differences between patients
who accepted and did not accept to be enrolled (data not shown). Reasons
for not participating were 1) difficulty of the relatives and caregivers’ to
accompany the patients to the sleep visit and nocturnal V-PSG study, and 2)

patient refusal to undergo further assessments.

The 35 patients included in the study were 23 (65.7%) men and 12
(34.3%) women with a mean age of 77.7 = 6.1 (range, 61-86) years and
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a mean DLB duration of 0.9 = 1.4 (range, 0.3-5) years. Thirty (85.7%)
patients had parkinsonism, 24 (68.6%) fluctuations and 24 (68.6%) recur-
rent visual hallucinations. All but three patients were treated with central
nervous system active medications including cholinesterase inhibitors in 26
(74.3%), antidepressants in 13 (37.1%), benzodiazepines in 12 (34.3%),
dopaminergic agents in 11 (31.4%) and neuroleptics in seven (20.0%).
Five patients were treated with clonazepam because their neurologists sus-
pected RBD by clinical history (without having V-PSG confirmation). Two
patients were using CPAP for obstructive sleep apnea that was diagnosed

by PSG in other institutions.

Sleep wake assessments

Sleep-related symptomatology. All but one patient was accompanied by
a family member or caregiver who helped to complete the sleep history,
but only 17 (48.6%) had a reliable bed partner to describe the patients’
nocturnal behavior. Six (17.1%) patients had sleep onset insomnia, eight
(22.9%) sleep fragmentation, and six (17.1%) early awakenings. The mean
Pittsburg Sleep Quality Index score was 6.8 + 3.3 (range, 1-13) points, and
19 (54.3%) subjects had a score >5 points. The mean Epworth Sleepiness
Scale score was 9.6 + 5.3 (range, 1-24) points and 13 (37.1%) subjects
had an Epworth Sleepiness Scale score >10 points. Twenty-one (60.0%)
informants reported loud snoring and seven (20.0%) witnessed apneas
during the patients’ sleep. Six (17.1%) patients had restless legs syndrome.
Ten (28.6%) patients experienced visual hallucinations only during the
night or that were more vivid during darker periods of the day. Sixteen
(45.7%) patients recalled unpleasant dreams. Abnormal behaviors at night
were reported in 27 (77.1%) patients. Seven (20%) subjects had awaken-
ings from nocturnal sleep with inappropriate responsiveness to the envi-
ronment. Twenty-one (60%) had episodes of vocalizations and vigorous

behaviors at night (e.g., talking, shouting, punching, falling or getting out
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of bed). In 19 of these 21, the manifestations were suggestive of RBD ac-
cording to the sleep expert. The abnormal behaviors resulted in injuries in
eight (22.9%) individuals: ecchymosis in four, lacerations in three and both

ecchymosis and lacerations in one subject.

Despite the high frequency of sleep complaints, only five (14.3%) patients

sought medical help for sleep problems before the start of the current study.

Video-polysomnography (Figure 1, Table 1). Thirty-two of the 35 patients
(91.4%) accepted to undergo V-PSG. Sleep was not attained in one patient
who experienced hallucinations, agitation and aggressiveness during the
V-PSG. In one patient only 26 minutes of stage N1 were recorded. In the
remaining 30 patients more than 30 (range 98-432) minutes of sleep were
recorded. Among these 30 individuals, REM sleep was not achieved in two
patients. One subject achieved REM sleep for only 30 seconds and another
for only 2.5 minutes. In 26 subjects REM sleep was recorded for more than

three minutes with a mean of 46.5 = 27.3 (range, 9.5-106.5) minutes.
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Table 1. Sleep findings in the 31 patients who achieved sleep during video-polysomnography

SLEEP PARAMETERS (n=31)

Sleep efficiency, (%) 64.8 +20.3
(6.0-94.5)

Total sleep time, (min) 3034 +934
(26.5-432.0)

Sleep onset latency, (min) 383+509
(0.5-2335)

Awakenings, (n)

7.7 £121(0-59.5)

Arousal index (n)

262 +17.1(2.2-711.2)

AHI, (n) 18.9 £16.3 (0-59.6)
CT90, (%) 11.2 £ 219 (0-90)
PLMSI, (n) 26.7 + 35.9 (0-136)

NREM SLEEP PARAMETERS (n=31)*

N1 (%) 194 +15.0
Conventional NREM sleep (n=26) N2 (%) 579 +144
N3 (%) 125+139
9.5 Hz (n, %) 1(3.8)
10 Hz (n, %) 2(1.7)
(Sr:igg)spindle frequency (Hz) 105 Hz (0. %) 1@38)
1 Hz (n, %) 4(15.4)
212 Hz (n, %) 18 (69.2)
Undifferentiated NREM sleep (n=4)
Stable undifferentiated NREM sleep (n=1)(%) 916
EEES:EQS?::) lightand deep | it NREM sleep (%) 516+17.8
Deep NREM sleep (%) 262 +35

REM SLEEP PARAMETERS (n=28)**

REM sleep latency, (min) 1829 +116.9
(515-430.0)
REM sleep, (min) 432+ 288
(0.5-106.5)
REM sleep, (%) 143+84
(0.5-285)
Presence of sawtooth waves, n (%) 10(38.5)
Alpha 4(14.3)
Background EEG activity, n (%) Theta 17 (60.7)
Delta 5(17.9)




SLEEP PARAMETERS (n=31)

80+50.2
30-second epochs of REM sleep, (n) (11-215)
- 813.8 + 5134
3-second mini epochs of REM sleep, (n) (132-2136)
241+ 249
) ) o o e
Phasic and tonic EMG activity in the mentalis, (%) (0-100)
Phasic and tonic EMG activity in the mentalis plus phasic EMG 319277
activity in the FDS in REM sleep, (%) + (0-100)
Excessive muscular activity, n (%) ++ 11(44.0)
Abnormal movements and behaviors, n (%) 13 (50.0)
Excessive EMG activity plus abnormal movement and behaviors,
n %) 1(42.3)

Values are expressed as mean * standard deviation, number, frequency and range. AHI: Apnea-hypoap-
nea index; CT90: Percentage of sleep time with oxyhemoglobin saturation below 90%; PLMSI: Periodic
leg movements in sleep index; NREM: Non rapid eye movements; EMG: Electromyography; FDS: Flexor
digitorum superficialis.

*: One patient only achieved N1 and 21 patients did not achieve N3.

** REM sleep was not recorded in three of the 31 patients that underwent v-PSG and sleep was recorded.
***. Percentage of phasic and tonic electromyographic activity in the mentalis muscle measured in mini
epochs of 3-seconds in the patients who achieved REM sleep without artifacts in the mentalis muscle
lead (n=26).

+: Percentage of phasic and tonic electromyographic activity in the mentalis muscle plus phasic elec-
tromyographic activity in the bilateral flexor digitorum superficialis measured in mini epochs of 3-sec-
onds in the patients who achieved REM sleep without artifacts in the electromyographic leads (n=25).
++:>31.9% of combined phasic and tonic electromyographic activity in the mentalis muscle plus phasic
electromyographic activity in bilateral flexor digitorum superficialis in 3-seconds mini epochs.
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Figure 1. Flow chart describing the recruitment and video-polysomnographic findings of DLB patients.

PATIENTS
INVITED TO
PARTICIPATE
(n=82)
1
| | | |
Accepted Refused
sleep visit sleep visit
(n=35) (n=37)
1 1
( Accepted D ( Refused D

V-PSG V-PSG

(n=32) (n=3)
J o

| ]
Sleep recorded rSleep recordet? ( Sleep not )
>30 min <30 min* recorded
(n=30) (n=1) (n=1)
o J o
| ]
REM sleep REM sleep REM sleep not
recorded >3 min recorded <3 min recorded
(n=26) (n=2) (n=2)

Abbreviations: V-PSG: Video-polysomnography; *: REM sleep was not attained in this patient, only stage N1.

We offered repeat V-PSG to the eight patients in whom sleep was not
recorded (n=1), REM sleep was not attained (n=4), or REM sleep was
achieved for less than 10 minutes (n=3). Five of these eight patients were
taking antidepressants. Of these eight patients, three accepted to undergo

a second study, and REM sleep was achieved in two.

In the 31 patients in whom sleep was recorded during the V-PSG, sleep
efficiency was 64.8 = 20.3%. The mean AHI was 18.9 = 16.3. A V-PSG
study with CPAP titration was offered to the 14 (45.2%) subjects who had

an index >15, but only four accepted. The mean PLMS index was 26.7 =+
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35.9, and 14 (45.2%) patients had an index >15. In 10 (32.3%) patients
PLMS were distributed during NREM sleep across the whole night and in
two patients persisted during REM sleep. Periodic leg movements during

wakefulness occurred in 10 (32.3%) patients.

EEG activity during wakefulness and sleep. Abnormal EEG activity during
wakefulness and sleep occurred in 24 of the 32 (75.0%) patients who un-
derwent V-PSG.

During wakefulness, 21 (65.6%) subjects had alpha rhythm of 8-12 Hz, and
11 (34.4%) had dominant occipital frequency in the theta range between 5
and 7.5 Hz (Figure 2). Four (12.5%) patients had diffuse continuous theta
activity; with superimposed almost continuous delta activity in three, and
with intermittent bursts of delta activity in one. Decreased reactivity to eye
opening was present in 14 (43.7%) patients, the majority (71.4%) with
occipital background frequencies <8 Hz.

Figure 2. Distribution of the frequency of the posterior background electroencephalographic activity
during wakefulness.

4

NUMBER OF PATIENTS (n)

OCCIFITAL FREQUENCY DURING WAKEFULNESS (Hz)
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In the 31 patients who achieved NREM sleep, one (3.2%) patient only
attained stage N1, while conventional NREM sleep was recorded in 26
(83.9%) and undifferentiated NREM sleep was recorded in four (12.9%).
In NREM sleep, two patients had occasional sharp waves (one patient in
stages N2 and N3, and the other only in stage N2). Neither of the two pa-
tients with sharp waves had experienced seizures during sleep or had a past

medical history of epilepsy.

At sleep onset, eight patients showed persistence of the dominant occipital
alpha/theta activity but it was at least 1 Hz slower than the occipital fre-
quency recorded during wakefulness. Two patients (one with alpha rhythm
and one with theta activity during wakefulness) had frontal intermittent
rhythmic delta activity (FIRDA) at sleep onset. In four (12.9%) cases NREM
sleep onset was characterized by continuous sustained EMG activity in the
mentalis, and occasional irregular bursts of semi-rapid eye movements in
the EOG (that is, conjugate eye movements with an initial deflection lasting
>250 msec or <250 msec but with lower amplitude than those typically
seen in REM sleep in the same patient). One of these four cases was treated

with selective serotonin reuptake inhibitors.

Stage N2 was identified in 26 patients. The mean sleep spindle frequen-
cy was 12.2 = 1.4 (range, 9.5-14) Hz. The sleep spindle frequency was
slower than 11 Hz in four (15.5%) subjects and slower than 12 Hz in eight
(30.8%) (Figure 3).
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Figure 3. Polysomnographic features during wakefulness and stage N2 in two patients with normal
and slow frequency sleep spindles. Patient 1. A: Quiet wakefulness with normal alpha rhythm (10 Hz); B:
Stage N2 with normal sleep spindle frequency (13 Hz, arrow). Patient 2. C: Quiet wakefulness with diffuse
theta activity (7 Hz); D: Stage N2 with slow sleep spindle frequency (10 Hz, arrow).
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Undifferentiated NREM sleep was identified in four patients. Three had
periods of both light and deep undifferentiated NREM sleep, while the re-
maining subject had no changes in the amplitude of the slow EEG activity

during this stage (Figure 4).
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Figure 4. Undifferentiated light and deep NREM sleep in a patient with slow background frequency
awake. A: Quiet wakefulness with diffuse, posterior predominant, continuous theta activity. B: Undiffer-
entiated light NREM sleep with diffuse, moderate amplitude irregular delta/theta activity in the absence
of K complexes and sleep spindles. C: Undifferentiated deep NREM sleep with diffuse, higher amplitude
and slower delta activity in the absence of sleep spindles.
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In five out of the 26 (19.2%) patients in whom REM sleep was recorded dur-
ing more than three minutes, the REM sleep periods showed delta slowing
(1-1.5 Hz) with moderate amplitude (30-50 uV), either diffuse or predomi-
nantly in the occipital derivations (Figure 5). In three of these five cases, the

delta activity decreased in amplitude when rapid eye movements appeared,
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and in the remaining two the delta activity was unmodified during the entire
duration of the REM sleep period. In all five patients the occipital background
frequency during wakefulness was <8 Hz.

Figure 5. Intermittent delta slowing of moderate amplitude during REM sleep that is diffuse (A) or pre-
dominantly occipital (B).
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Note the calibration mark for time/EEG voltage. Note the excessive electromyographic activity in the
mentalis muscle and limbs related to REM sleep behavior disorder.

Abnormal behavioral manifestations. During wakefulness, two patients had
abnormal behaviors with the eyes closed, as soon as the lights were turned

off for the start of the V-PSG study. In one of these two cases, V-PSG showed
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the patient gesturing (picking non-existing objects from the air) with the eyes
closed while the EEG showed diffuse slow theta/delta activity of moderate
amplitude that was attenuated when the finalistic behaviors occurred (Video
1). This pattern of EEG activity was the same that the patient had during quiet
wakefulness with the eyes closed and lights on. In this patient, V-PSG showed
RBD. The other case had complex nocturnal visual hallucinations. She report-
ed a six-year history of talking for hours during the night as soon as she laid
down in bed and the lights were switched off. V-PSG showed complex motor
and vocal manifestations that occurred with the eyes closed and included
hand gesturing, kissing like movements, and speaking for three hours in what
appeared to be a quiet but emotional conversation with someone about sever-
al topics such as a dance party, recipes and medical research (Video 2). During
the speech she made intermittent pauses to apparently “listen to her partner”.
Simultaneous EEG during the speech episode showed alpha rhythm intermin-
gled with theta activity (sometimes interrupted by glosso-kinetic artifacts due
to talking). The background EEG activity of this patient during quiet wakeful-
ness with the eyes closed and the lights on showed theta/delta slowing and
no alpha rhythm. This patient did not achieve REM sleep during the V-PSG
study. When asked the next day about this long speech episode she admitted
experiencing well-defined visual and auditory hallucinations (an unknown
person talking to her) with preserved insight and that she felt the need to in-

teract with the hallucination by having a conversation about ordinary topics.

During the transition from wakefulness to sleep, one patient had an episode
of hallucinatory-like behaviors, with the eyes closed, consisting in gesturing
(picking imaginary objects from the air) and dialogue-like vocalizations while
she intermittently snored (Video 3). The EEG during this episode showed
continuous delta rhythm with superimposed bursts of FIRDA. This EEG pat-
tern was different from the alpha rhythm that the patient had during quiet

wakefulness with the eyes closed. The informant of this patient reported a
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history suggestive of RBD but PSG excluded this parasomnia (rate of EMG
activity in REM sleep was 16.9% without abnormal behaviors in REM sleep)

and only showed abnormal behaviors during the wake-sleep transition.

Upon arousals from sleep, ten (31.2%) patients displayed abnormal behav-
iors that appeared to be acting out a dream (e.g., gesturing, talking, shout-
ing) (Table 2). The most frequent manifestations were of short (<15 sec-
onds) duration, and occurred at the end of obstructive apneic events (Video
4) and, less frequently, during prominent periodic limb movements. These
short events arose from arousals occurring in the transition from wakefulness

to stage N1, from stage N2 and from REM sleep.

Three patients (Table 2, patients 1, 2 and 10) displayed abnormal behaviors
during arousals from REM sleep that were of short duration. They were not
violent and consisted in vocalizations and gesturing (picking inexistent ob-
jects from the air). In two of these three patients, the trigger of the arousals
was the end of an apneic event. None of these three patients had RBD.

In one patient, episodes of >15 seconds arose during spontaneous or
noise-induced arousals from stage N3 (Table 2, patient 8). The episodes were
clinically similar to the confusional arousals that are typically seen in NREM
sleep parasomnias (e.g., opening the eyes and looking around, and talking
as if the patient was threatened by someone) (Video 5). This patient had no

past medical history of NREM sleep parasomnia or other sleep disorders.

The clinical history of one patient (Table 2, patient 10) was suggestive of
RBD but V-PSG excluded this parasomnia (rate of EMG activity in REM sleep
was 9.7% without abnormal behaviors in REM sleep) and demonstrated vo-
calizations during the arousals that occurred immediately after apneic events
in REM sleep (the AHI in REM sleep was 55). In this patient, treatment with

CPAP eliminated unpleasant dreams and dream-enacting behaviors.

93



Table 2. Abnormal manifestations during arousals arising from sleep

PATIENT, | PRECE- TRIGGER DURATION | STATE APPARENT | TYPE OF

GENDER, | DING OF THE OF THE EMOTION MANIFESTATION
AGE (Y) | STAGE BEHAVIOR | EYES (NUMBER OF
(SEC) EPISODES)
1F.17 Transition | None 3 Closed Quiet Gesturing (1),
from talking (1)
wakeful-
ness to N1
2.M,82 N2 End of 2 Closed Quiet Raising the head (2),
apnea body jerking (5), moan-
ing (2)
2M,82 N2 End of 6 Closed Quiet Whispering (2),
apnea moaning (1), talking
(1), moving the head
and legs(1), crossing
fingers (1)
3F.86 N2 End of 3 Closed Quiet Vocalization (1), grab-
apnea bing the sheet (1)
4M,82 N2 End of 4 Closed Quiet Moaning (3)
apnea
5F.85 N2 Snore 3 Closed Agitated Shouting (1)
6,F.80 N2 End of 5 Closed Quiet Vocalization (1)
apnea
™74 N2 Periodic 5 Closed Quiet Gesturing (4), raising
limb move- the arm (2), moving the
ments arms and mouth (1)
8M,76 N2 External 5 Open Agitated Talking (1), sitting up in
noise bed (1)*
9M,80 N2 None 12 Closed Quiet Touching the nose (1)
9,M,80 N2 None 14 Open Quiet Gesturing as “picking
things”(1)*
8M,76 N3 None 40 Open Quiet Looking around (1)
8M,76 N3 External 45 Closed Agitated Talking such as threat-
noise ening a person (1)*
8M,76 N3 None 70 Open Quiet Touching the bed rails
M
10M,80 | REM End of 1 Closed Quiet Vocalization (3)
apnea
2.M,82 REM End of 3 Closed Quiet Gesturing as “picking
apnea things” (1)
1,F 71 REM None 14 Open Quiet Talking (1)*

M: Male; F: Female; *: Behaviors that resulted in an awakening.
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The clinical history of another patient (Table 2, patient 7) was also sug-
gestive of RBD which was excluded by V-PSG (rate of EMG activity in REM
sleep was 8.5% without abnormal behaviors in REM sleep) that showed
dream-enacting behaviors during the arousals that were linked to promi-
nent periodic limb movements in NREM sleep involving not only the legs
but also the whole body with a PLMS index of 68.

Diagnosis of RBD. RBD was found in 13 (50.0%) of the 26 patients in whom
REM sleep was recorded during more than three minutes (Table 3). These
were ten (76.9%) men and three (23.1%) women with a mean age of 77.4
+ 5.7 (range, 64-86) years, and a mean percentage of EMG activity in
REM sleep of 53.7 = 26.6 (range, 17.7-100) (Figure 6). Eleven (84.6%)
out the 13 RBD patients had a clinical history suggestive of RBD, but eight
(72.7%) had no recollection of their abnormal sleep behaviors and the
relevant information had to be obtained from the caregiver. The two re-
maining RBD patients (Table 3, patients 6 and 7) were two men who were
not aware of displaying dream-enacting behaviors and had no witness to
describe their nocturnal sleep. Seven of the 13 (53.8%) patients with RBD
recalled unpleasant dreams and five (38.5%) suffered injuries due to RBD
episodes. RBD onset preceded cognitive decline in seven (63.6%) patients
(six men, mean interval of 15.7 + 6.2, range 8-25 years), coincided with
cognitive impairment in three (27.3%) (one man and two women), and
developed after the onset of cognitive decline in one (9.1%) man by five
years. None of the patients and informants reported a temporal association
between RBD onset and the introduction or withdrawal of a medication. In
the 13 patients with RBD, the abnormal behaviors seen during REM sleep
in the V-PSG were classified as severe in seven (53.8%), moderate in three
(23.1%) and mild in three (21.3%) (Video 6).

95



Figure 6. REM sleep behavior disorder showing excessive electromyographic activity in REM sleep
mainly in the mentalis muscle (A), only in the limb muscles (B) and in both mentalis and limb muscles (C).
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Abbreviations: EOG: electrooculogram; EEG: electroencephalogram referenced to both ears; Ment: elec-
tromyography of the mentalis muscle; EKG: electrocardiogram; NAS: nasal air flow; THO: thoracic res-
piratory movement; ABD: abdominal respiratory movement; FDS: electromyogram of the left (L) and
right (R) flexor digitorum superficialis; AT: electromyography of the left (L) and right (R) anterior tibialis.
Note the calibration mark for time/EEG voltage.Abbreviations: RBD: REM sleep behavior disorder; V-PSG:
Video-polysomnography; H-L: Hallucinatory-like behaviors; PLMD: Periodic limb movement disorder;
OSAHS: Obstructive sleep apnea-hypoapnea syndrome; *: RBD was diagnosed in nine patients in the
baseline study. In two patients RBD was diagnosed in a second study (one case because REM sleep was
not attained in the baseline study and in the other case because REM sleep was normal in the baseline
study); **: One patient did not achieve sleep during V-PSG and refused to undergo a second study. In
one patient only 2.5 minutes of REM sleep were recorded and they refused to undergo a second study.
In one patient REM sleep was not recorded in both the baseline and the second V-PSG study; ***: In two
patients REM sleep was not recorded and both patients refused to undergo a second V-PSG study. In
the remaining patient only 0.5 minutes of REM sleep were attained, and a second study was refused.
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Table 3. Clinical and video-polysomnographic findings during REM sleep in the 13 patients with RBD

PATIENT | GENDER, AGE
(Y)

CLINICAL
HISTORY
SUGGESTIVE
OF RBD

SEVERITY OF
BEHAVIORS
DURING REM
SLEEP*

BEHAVIORS IN REM
SLEEP DURING V-PSG

EMG
ACTIVITY
IN REM
SLEEP
)**

1 M, 79 Yes Severe Punching and kicking n4a

2 M,76 Yes Severe Waving the arms vigor- | 65.9
ously, whole body jerks

3 M,80 Yes Severe Waving the arms vigor- | 65.5
ously, groaning

4 M.75 Yes Severe Kicking, screaming, 56.2***
gesturing, groaning

5 M.86 Yes Severe Kicking 36.5

6 M.,64 No Severe Gesturing and waving 20.8*
the arms vigorously,
whole body jerks

7 M,79 No Severe Kicking 1.

8 M.80 Yes Moderate Gesturing, moaning 100

9 M,78 Yes Moderate Gesturing, groaning, 75
whole body jerks

10 M,72 Yes Moderate Talking, whole body 707
jerks

1 F72 Yes Mild Groaning, prominent 46.2
limb jerks

12 F.83 Yes Mild Upper limb jerks 36.6

13 M.82 Yes Mild Limb jerks, whole body | 34.9
jerks

M:Male; F:Female; *: Severity of behaviors during REM sleep recorded during video-polysomography was
assessed according to a system previously described in our center (reference 34); **: Percentage of
combined phasic and tonic electromyographic activity in the mentalis muscle plus phasic electromy-
ographic activity in the bilateral flexor digitorum superficialis measured in mini epochs of 3-seconds in
the patients who achieved REM sleep without artifacts in the electromyographic leads (n=12); ***: Due to
technical artifacts in the upper limb electromyographic leads, the activity could only be quantified in the
mentalis muscle. Phasic and tonic electromyographic activity in the mentalis was above the cut-off val-
ue of 18.1% for the diagnosis of REM sleep behavior disorder (reference 32). Video analysis of this patient
showed prominent abnormal behaviors in the extremities in REM sleep ; +: Quantification of EMG activity
in REM sleep was below the cut-off of 32% but audiovisual recording showed abnormal manifestations
typical of REM sleep behavior disorder.
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RBD was diagnosed in ten patients in the baseline V-PSG study. RBD could
not be diagnosed in three cases in the baseline study because REM sleep
was not recorded y in one, REM sleep lasted less than 10 minutes in an-
other, and for the third case, the baseline study showed normal REM sleep
while the clinical history was highly suggestive of RBD and other causes of
dream-enactment were not detected in the V-PSG. For all three, RBD was

diagnosed in a second V-PSG study.

Three of the five patients who were treated with clonazepam prior to the study
because their physicians suspected RBD, were confirmed to have RBD by V-PSG.
Of the remaining two patients, one had normal REM sleep and no abnormal
manifestations disclosed in the V-PSG study, and the other was diagnosed with
obstructive sleep apnea mimicking RBD symptomatology (Table 2, patient 10).

According to the clinical history obtained by the sleep expert, 19 (54.3%)
out of the 35 DLB patients evaluated had a history suggestive of RBD (Fig-
ure 7). In these 19 subjects, REM sleep was recorded in 15 (78.9%) and
RBD was confirmed in 11 (73.3%). The remaining four subjects did not
have RBD but had abnormal conditions seen outside REM sleep that mim-
icked RBD (one with hallucinatory-like behaviors in the transition from
wakefulness to sleep, one with arousals related to prominent periodic body
movements, and one with apneas related arousals; Table 2, patients 1, 7
and 10 respectively) and one had normal REM sleep without abnormal
movements and without excessive EMG activity. Two patients with RBD
confirmed by V-PSG (Table 3, patients 6 and 7) had no clinical history sug-
gestive of RBD (patients did not recall displaying abnormal sleep behaviors

and had no bed partners to provide additional information) (Figure 7).
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Figure 7. Video-polysomnographic findings and diagnosis of REM sleep behavior disorder in patients
with and without clinical history suggestive of this parasomnia.
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We identified one patient with isolated REM sleep without atonia without
RBD in whom the clinical history was not suggestive of RBD but V-PSG
showed excessive EMG activity in REM sleep (37.7%) without associated

abnormal behaviors (Figure 7).
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RBD could not be confirmed or excluded in three patients with a suggestive
clinical history of this parasomnia. Two of these patients did not attain REM
sleep and in one, REM sleep was less than three minutes. All were taking
antidepressants. One accepted to undergo a second study but REM sleep

was still not recorded and the other two refused the second study.

For the diagnosis of RBD, sensitivity of the clinical history taken by the
sleep expert was 84.6%, specificity 66.7%, positive predictive value 73.3%,

and negative predictive value 81.8%.

The MSQ could only be administrated to 17 informants; nine (52.9%) re-
sponded affirmatively and eight (47.1%) negatively (Figure 8). Among the
nine informants who gave an affirmative answer, five patients had RBD, in an-
other patient the V-PSG showed normal REM sleep but obstructive sleep apnea
mimicking RBD symptoms, and in the remaining three patients REM sleep was
not attained. Of the eight patients whose informants gave a negative answer,
five had RBD, RBD was excluded in two, and REM sleep was not achieved
in one. For the diagnosis of RBD, sensitivity of the MSQ was 50%, specificity
66.7%, positive predictive value 83.3%, and negative predictive value 28%.
Between patients with and without RBD, there were no differences in de-
mographic and clinical data and in medication use. Compared with pa-
tients without RBD, those with RBD had slower sleep spindle frequency and
a higher rate of EMG activity in REM sleep (as expected). The RBD group
had more patients without sleep spindles and delta EEG activity in REM
sleep compared to the group without RBD (Table 4).
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Figure 8. Video-polysomnographic findings and diagnosis of REM sleep behavior disorder according to
the answer of the Mayo sleep questionnaire
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Abbreviations: RBD: REM sleep behavior disorder; V-PSG: Video-polysomnography; OSAHS: Obstructive
sleep apnea-hypoapnea syndrome; *: One patient did not attain any sleep during V-PSG and refused to
undergo a second study. In one patient only 2.5 minutes of REM sleep were recorded and refused to
undergo a second study. In one patient REM sleep was not recorded in both the baseline and the second
V-PSG study.
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Table 4. Demographic, clinical and sleep characteristics of patients with and without REM sleepbehav-
jor disorder

Patients, (n) 13 13

Male sex, n (%) 10 (76.9) 6(46.2) 0.226

Age at V-PSG, y 774+57 784 +6.2 0.672
(64.0-86.0) (69.0-86.0)

Age at DLB diagnosis, 762+49 76858 0.774

Y (64.0-83.0) (67.0-85.0)

Visual hallucinations, n (%) 8 (615) 9(69.2) 1.000

Fluctuations, n (%) 10 (76.9) 6(46.2) 0.226

Parkinsonism, n (%) 12 (92.3) 9 (69.2) 0.322

Epworth Sleepiness Scale 89+37 102=+67 0.595

score, n (4-16) (1-24)

Benzodiazepines, n (%) 4(30.8) 6(46.2) 0.688

Antidepressants, n (%) 3(231) 6(46.2) 0.411

Cholinesterase inhibitors, 8 (615) 10 (76.9) 0.673

n (%)

Dopaminergics, n (%) 4(30.8) 4(30.8) 1.000

Neuroleptics, n (%) 3(23.1) 4(30.8) 1.000

Occipital EEG frequency in 7817 87+97 0.132

wakefulness, n (5.0-12.0) (6.5-10.0)

Decreased reactivity in 8(615) 4(30.8) 0.238

wakefulness*, n (%)

Sleep efficiency, (%) 69.8 +16.3 648 +20.3 0.420
(41.0-94.5) (22.0-94.0)

Total sleep time, (min) 3232 +685 306.8 +94.8 0.619
(190.0-414.0) (98.0-432.0)

Sleep onset latency, (min) 20.7 +18.6 423+ 492 0.151
(0.5-61.0) (2.5-163-0)

Sleep spindle frequency, (n) | 1.2 +13 128+14 0.013
(9.5-14.0) (10.0-14.0)
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RBD NO RBD P
VALUE

Absence of sleep spindles, 4(30.8) 0(0) 0.035

n (%)

Arousal index, (n) 185+122 30.2+203 0.088
(2.2-41.7) (32-711.2)

Awakenings, (n) 83=+16.2 6924 0.788
(0-27.0) (0-59.5)

AHI, (n) 20.2+188 149 +12.6 0.430
(0-37.4) (1.0-59.6)

CT90, (%) 1.1+238 137+ 251 0.803
(0-80.0) (0-90.0)

PLMSI, (n) 381+474 238 +250 0.348
(0-136.0) (0-67.6)

Delta activity in REM sleep, 5(38.5) 0(0.0) 0.020

n (%)

REM sleep latency, (min) 1188 +854 2144 +104.8 0.018
(51.5-3215) (74.5-430.0)

REM sleep, (min) 453 + 315 438 +26.2 0.891
(14-106.5) (9.5-94.0)

REM sleep, (%) 155+93 139+70 0.623
(3.9-28.5) (45-27.2)

Phasic and tonic EMG activi- | 531+ 247 132 +10.1 <0.001

ty in the mentalis plus phasic | (17.7-100) (2.8-37.2)

EMG activity in the FDS in

REM sleep**, (%)

Values are expressed as mean * standard deviation, number, frequency and range; *: Eye opening partial
elicited or no changes in the occipital dominant activity; **: Activity measured in 3-second mini epochs;
AHI: Apnea-hypoapnea index; CT90: Percentage of sleep time with oxyhemoglobin saturation below
90%; PLMSI: Periodic leg movements in sleep index; RBD: REM sleep behavior disorder; EMG: Electromy-
ography; FDS: Flexor digitorum superficialis.

There were no demographic, clinical or medication use differences between
patients with slow (<8Hz) and alpha (8-12 Hz) occipital rhythm during wake-
fulness. Those with slow frequency when awake more often had decreased
reactivity in wakefulness, slower sleep spindle frequency; absent sleep spindles,
increased delta EEG activity in REM sleep, higher prevalence of RBD diagnosis,
and greater rate of EMG activity in REM sleep (Table 5). There was a negative
correlation between the occipital EEG frequency during wakefulness and the
EMG activity in the mentalis during REM sleep (r=-0.542; p=0.004) and a
tendency towards significance when the mentalis EMG activity was combined
with the FDS in REM sleep (r=-0.363; p=0.07) (Figure 9).
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Figure 9. Correlation between the electromyographic activity in REM sleep and the frequency of the
occipital electroencephalographic activity during wakefulness.

. .
i - -
"
:
aee] E el
g e R
-] Hﬂ ¥ o
B EE '
1 Si
a fj -
8 ! T
E 4 E
o -] o
.

OCCIPITAL FREQUENCY DURING WAKEFULNESS (Hz)

Yo =9.7 * x + 105.3 Y= =7.3 * x + 34.0

= §.131 = 0.254

Table 5. Demographic, clinical and sleep characteristics according to the occipital frequency of the
electroencephalographic occipital activity during wakefulness

<8 HZ >8 HZ P
VALUE
Patients, (n) 1 21
Male sex, n (%) 7 (63.6) 13 (61.9) 1.000
Age at V-PSG, y 758 +6.0 795+49 0.075
(64.0-85.0) (69.0-86.0)
Age at DLB diagnosis, 753+58 T717+44 0.204
Y (64.0-84.0) (67.0-85.0)
Visual hallucinations, n (%) 7(63.6) 15 (71.7) 0.703
Fluctuations, n (%) 7(63.6) 14 (66.7) 1.000
Parkinsonism, n (%) 9(81.8) 18 (85.7) 1.000
Epworth Sleepiness Scale 1.3+56 8851 0.229
score, n (5-24) (1-18)
Benzodiazepines, n (%) 2(18.2) 10 (47.6) 0.139
Antidepressants, n (%) 3(27.3) 10 (47.6) 0.450
Cholinesterase inhibitors, n 9(81.8) 15 (71.4) 0.681
(%)
Dopaminergics, n (%) 5(45.5) 5(23.8) 0.252
Neuroleptics, n (%) 3(27.3) 4(19.0) 0.667
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<8 HZ >8 HZ P
VALUE

Occipital EEG frequency in 6.7+07 92=+11 <0.001

wakefulness, n (5.0-7.5) (8.0-12.0)

Decreased reactivity in wake- | 10 (90.9) 4(19.0) <0.001

fulness*, n (%)

Sleep efficiency, (%) 664 +17.6 64.0 +22.0 0.706
(41.0-94.5) (6.0-94.0)

Total sleep time, (min) 3052 +748 300.5+1039 0.898
(190.0-414.0) (26.5-432.0)

Sleep onset latency, (min) 181+204 48.0 + 582 0.129
(0.5-61.0) (2.5-233.5)

Sleep spindle frequency, (Hz) | 111+£1.0 125+14 0.029
(10.0-12.0) (9.5-14.0)

Absence of sleep spindles, 4(40.0) 0(0.0) 0.002

n (%)

Arousal index, (n) 212 132 285+18.6 0.274
(3.2-42.5) (2.2-711.2)

Awakenings, (n) 65+6.8 83 +141 0.707
(0-17.0) (0-59.5)

AHI, (n) 125+85 22.0+183 0.152
(0.2-23.9) (0-59.6)

CT90, (%) 127+ 314 105179 0.816
(0-90.0) (0-80.0)

PLMSI, (n) 422 +53.0 238+250 0.099
(0.7-136) (0-67.6)

Delta activity in REM sleep, 5(55.5) 0(0.0) 0.001

n (%)

REM sleep latency, (min) 1795 +1404 184.8 +106.2 0.911
(515-430.0) (69.0-397.5)

REM sleep, (min) 455 +38.0 A9 +234 0.757
(0.5-106.5) (2.5-94.0)

REM sleep, (%) 143 +10.8 142 +71 0.986
(0.5-285) (0.7-27.2)

RBD, n (%) 7(77.8) 6 (33.3) 0.046

Phasic and tonic EMG ac- 452 + 312 148 =145 0.002

tivity in the mentalis in REM (0.6-100) (14.8-14.5)

sleep**, (%)

Phasic and tonic EMG activity | 49.2 + 325 251233 0.049

in the mentalis plus phasic (3.9-100) (0-25.1)

EMG activity in the FDS in

REM sleep**, (%)

Values are expressed as mean * standard deviation, number, frequency and range; *: Eye opening partial
elicited or no changes in the occipital dominant activity; **: Activity measured in 3-second mini epochs;
AHI: Apnea-hypoapnea index; CT90: Percentage of sleep time with oxyhemoglobin saturation below
90%; PLMSI: Periodic leg movements in sleep index; RBD: REM sleep behavior disorder; EMG: Electromy-
ography; FDS: Flexor digitorum superficialis.

106



Discussion

In this prospective study, we describe a wide range of sleep-wake abnor-
malities in a consecutive cohort of patients with a diagnosis of DLB with
mild dementia severity. Patients were enrolled irrespective of the presence
of sleep complaints. Clinical assessment, sleep questionnaires and detailed
V-PSG analysis allowed us to provide a complete portrait of sleep in DLB.
This included a comprehensive description of the EEG abnormalities seen
in wakefulness and sleep, the types and characteristics of abnormal behav-
iors occurring at night, and the clinical and V-PSG characteristics of RBD.
In addition, our study examined the utility of the clinical history, the MSQ
and the V-PSG for the identification of RBD, a parasomnia that currently

represents a core clinical feature for the diagnosis of DLB (13).

Sleep-related symptomatology

Our work confirms previous studies showing that sleep complaints are fre-
quent in DLB and include a wide range of abnormalities, namely overall
subjective poor sleep quality, sleep onset and maintenance insomnia, early
awakenings, loud snoring, witnessed apneas, hypersomnia, restless leg syn-
drome, nocturnal visual hallucinations, unpleasant dreams and abnormal
behaviors at night (121-123,128-130,134). Our study also confirms that
V-PSG in DLB commonly reveals reduced mean sleep efficiency, a high num-
ber of patients with elevated number of obstructive apneas, PLMS and RBD
(128-130,133,134). Paradoxically, only a minority of the patients sought

medical help for their sleep problems.

The origin of the sleep disturbances in DLB is complex and heterogeneous
and may be related to several factors including aging, the effect of some
medications on sleep (e.g., antidepressants, benzodiazepines, neurolep-

tics), coexisting abnormalities (e.g., parkinsonism, hallucinations), depres-
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sion, and the neurodegenerative process damaging the areas that generate

and maintain sleep.

EEG activity during wakefulness and sleep

Abnormal sleep-wake architecture was frequent in DLB and occurred in
75% of the patients. Abnormalities were 1) slow occipital activity in the
theta range during wakefulness occasionally combined with delta waves,
2) persistence during sleep onset of occipital alpha/theta activity at least
1 Hz slower than the dominant occipital rhythm seen during wakefulness,
3) FIRDA at sleep onset, 4) semi-rapid eye movements and sustained EMG
activity at sleep onset, 5) transient sharp waves in NREM sleep, 6) sleep
spindles of low frequency in stage N2, 7) absence of sleep spindles and K
complexes in NREM sleep, 8) diffuse or occipital predominant delta slow-
ing of moderate amplitude during REM sleep and, 9) REM sleep without
muscle atonia. These findings expand previous studies in DLB that showed
posterior slow-wave activity, FIRDA, transient slow or sharp waves, and
decreased reactivity with eye opening during wakefulness (211,219,220).
Similar to the current study, two publications described abnormalities in
the sleep architecture in DLB consisting in, as defined by the authors, dis-
sociated sleep (simultaneous presence of elements of wakefulness, NREM
and REM sleep) and ambiguous sleep (diffuse slow-wave activity alternat-
ing with REM sleep without atonia) (129,221).

Most of the sleep-wake architecture alterations described in the present study
in DLB were reported in our series of patients with advanced Parkinson dis-
ease and dementia (222). For example, in Parkinson disease the sleep spin-
dle density is reduced and this is indicative of the development of dementia
(223-225). The absence of sleep spindles and sleep spindles of low frequen-
cy may represent a marker of cholinergic thalamo-cortical dysfunction in

both DLB and Parkinson disease. During normal stage N2, the brainstem
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sends cholinergic projections to the reticular nucleus of the thalamus which,
in turn, generates sleep spindles (226). Patients with DLB, Parkinson disease

and isolated RBD show cholinergic denervation on the thalamus (227).

The sleep-wake abnormalities we detected challenged the identification
of wakefulness, sleep, and the sleep stages. Sleep onset was difficult to
identify in patients lacking alpha rhythm and showing dominant slow EEG
activity during wakefulness. Identification of NREM sleep was also diffi-
cult in subjects lacking vertex waves, K complexes and sleep spindles (or
with sleep spindles of low frequency). Instead of forcing these sleep ep-
ochs to be scored into one of the conventional NREM sleep stages (N1, N2
and N3) we used the term undifferentiated NREM sleep to describe NREM
sleep that was without the typical elements of this well-differentiated sleep
stage. REM sleep was not easily identified in subjects with delta EEG activ-

ity and absence of muscular atonia.

Taken together, our observations highlight that scoring sleep in patients
with neurodegenerative diseases (particularly with dementia) can be chal-
lenging because the main parameters used to score sleep (EEG, EOG and
mentalis EMG) are often altered. In these patients, rather than forcing their
sleep architecture to be scored into the standard system that was originally
delineated for non-neurologically impaired subjects, a new more descrip-

tive system is required with new rules using a descriptive approach (212).

Abnormal behavioral manifestations

The use of V-PSG permitted the detection of abnormal behaviors occurring
not only in REM sleep (resulting from RBD) but also during wakefulness,
the transition from wakefulness to sleep, NREM sleep and upon arousals.
Behaviors consisted in 1) hallucinatory-like manifestations occurring dur-

ing wakefulness and in the transition from wakefulness to sleep (always
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with the eyes closed and the lights turned off), 2) arousal behavioral-re-
lated episodes emerging from both NREM and REM sleep, and 3) RBD.
The clinical manifestations among these categories were very similar and
included talking, moaning, yelling, raising the head, gesturing, sitting up
in bed, and jerking. The abnormal behaviors arising from arousals were
spontaneous or triggered by apneic events, periodic limb movements and
external noises. Our findings confirm and extend previous reports under-
scoring the difficulties in identifying the nature of the abnormal behaviors
displayed in DLB using only the clinical history (129,130,221). V-PSG was
essential to detect and characterize these behavioral manifestations. This
is important because hallucinations, confusional arousals, obstructive sleep
apnea, periodic limb movements and RBD are treatable conditions that
each requires very different therapeutic approaches (e.g., antipsychotics,
CPAB dopaminergics, clonazepam). In fact, in two patients treated with
clonazepam because their symptoms resembled RBD, V-PSG ruled out this
parasomnia and showed dream-enacting behaviors elicited by obstructive

apneic events in one case and normal REM sleep in the other.

Diagnosis of RBD

RBD was diagnosed in 50% of the patients using a detailed V-PSG analy-
sis in which the EMG activity in REM sleep was manually quantified and
audiovisual recordings were carefully analyzed. According to our data,
the prevalence of RBD in DLB is much higher than the prevalence of RBD
reported in Alzheimer disease (<5%) (228), similar to Parkinson disease
(40%-50%) (229-231) and lower than in multiple system atrophy (90-
100%)49. Of note, our cohort comprised consecutive patients with a recent
diagnosis of DLB and mild dementia severity who were recruited irrespec-
tive of the presence of sleep complaints. The few studies that have exam-
ined the prevalence of RBD in DLB using PSG have reported rates ranging
from 38% to 100% (126,128,129,134).This wide range of frequencies may
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be attributable to methodological aspects, referral bias (consecutive pa-
tients vs. patients referred because of dream-enacting behaviors), sample
bias (patients with mild dementia severity vs. patients with all degrees of
dementia severity; patients with recent diagnosis of DLB vs. patients with
advanced disease), and criteria used to diagnose RBD (manual quantifi-
cation of EMG using normative cut-off values vs. clinical impression of in-

creased EMG activity; audiovisual analysis vs. lack of audiovisual analysis).

Some studies have shown that DLB is more prevalent in men while others
have reported a female predominance (200,203). In the present study, we
found a male predominance of RBD in DLB (77%) that was higher than the
percentage of males who were enrolled in the study (66%). Most of the RBD
patients and their caregivers reported that the symptoms of RBD preceded,
by several years, the onset of cognitive decline. This is in concordance with
the findings from our cohort of patients with isolated RBD; of 261 isolated
RBD subjects (78.5% males), 44 (16.9%) have converted to DLB and of these
patients, 93.2% were male with a mean interval from estimated RBD onset to
DLB diagnosis of 12.0 = 4.6 (range, 4.8-22.4) years, and a mean interval from
RBD diagnosis by V-PSG to DLB diagnosis of 6.3 = 3.4 (range, 0.13-14.83)
years ( unpublished data). Other features of RBD in DLB that deserve to be
mentioned are the lack of unpleasant dream recall in 46%, and not being
aware of displaying RBD-related sleep behaviors in 69% of the patients. In

these instances, witness statements were crucial by raising suspicion for RBD.

Compared with patients without RBD, those with RBD had a higher rate of
EMG activity in REM sleep (as expected), more often had delta EEG activ-
ity in REM sleep and had more abnormalities in NREM sleep, suggesting a
more widespread neurodegenerative process. A new finding from our study
was that DLB patients with slow (<8Hz) occipital EEG activity during wake-
fulness more frequently had RBD than those who generated alpha rhythm.
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The association between RBD and slow EEG activity during wakefulness was
previously described in subjects with isolated RBD who later developed mild
cognitive impairment and in patients with Parkinson disease (232,233). Our
study is the first, however, to report a correlation between the awake occipi-
tal EEG frequency and the rate of EMG activity in REM sleep. This association
in patients with DLB of mild severity may be explained by impairment of the
subcortical cholinergic areas that innervate the cortex and are close to the
brainstem areas generating REM sleep. The main sources of cholinergic input
to the cortex are from the nucleus basalis of Meynert in the basal forebrain
and the pedunculopontine/laterodorsal tegmental nucleus in the brainstem
(234) . Impairment of these projections could produce the awake occipi-
tal EEG background slowing as well as the impairment in NREM and REM
sleep architecture. Postmortem studies have shown that the nucleus basalis
of Meynert and the pedunculopontine/laterodorsal tegmental nucleus area
are damaged in patients with 1) isolated RBD (202,235), 2) isolated RBD
that developed mild cognitive impairment (236), 3) isolated RBD that de-
veloped DLB and Parkinson disease (237), and 4) DLB (238). In DLB there
is a prominent reduction in acetylcholinesterase activity within the occipital
cortex (239) and it is known that anticholinesterase inhibitors can increase

the frequency of the EEG during wakefulness (240).

In 2005, diagnostic criteria for DLB included visual hallucinations, parkin-
sonism, and fluctuations as the three core clinical features. RBD, confirmed
by PSG, was considered one of the suggestive features because “(RBD) has
been demonstrated to be more significantly frequent (in DLB) than in other
dementing disorders” (11). In 2017, the diagnostic criteria were modified
and a clinical history suggestive of RBD was included as the fourth core clin-
ical feature (13). Confirmation of RBD with V-PSG was not required “due to
the expense and lack of availability of PSG in many clinical settings” (241).

Our current study shows, however, that in some cases the MSQ and the clin-
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ical history were not able to distinguish RBD from other conditions. For the
diagnosis of RBD, the MSQ showed low sensitivity (50%) and low nega-
tive predictive value (28%). Indeed, the original article that validated the
MSQ showed a specificity of 72% because a number of patients that gave
an affirmative response for RBD, were found to have other sleep disorders.
Another limitation of the MSQ is that it requires input from a reliable inform-
ant, a situation that was not possible in 51% of the cases in our study. This
is relevant since, as shown in our study, several DLB patients with true RBD
were not aware of displaying abnormal behaviors at night and did not recall
nightmares. The conditions that mimicked RBD were severe obstructive sleep
apnea, prominent periodic limb movements in sleep and hallucinatory-like
behaviors. Distinguishing these mimics from RBD is important because they
have different pathophysiologic mechanisms and treatments, and according
to the current criteria for DLB, may lead to an erroneous diagnosis of this dis-
ease (13). For example, a patient with Alzheimer disease can fulfill current
diagnostic criteria of DLB if in addition to dementia and hallucinations (fea-
tures that can be found in both DLB and Alzheimer disease) there is a clinical
history suggestive of RBD that actually corresponds to other type of sleep
disorder. V-PSG is the only instrument that can differentiate RBD from its
mimics by showing excessive EMG activity in REM sleep linked to abnormal
sleep behaviors. However, as shown in our study, V-PSG has some limitations
that include 1) refusal to undergo the test, and 2) not achieving enough REM
sleep for RBD to be properly evaluated. The latter may be a result of DLB
patients having low sleep efficiency (first night effect) and that they usual-
ly take antidepressants (a medication that decreases the REM sleep time).
When we asked our patients to undergo a second V-PSG study some declined

and others accepted but again, did not attain REM sleep.

Our study has some limitations such as the relatively small number of pa-

tients enrolled, the refusal of more than 50% of the patients who were in-
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vited to participate, the lack of a reliable informant about the patient’s sleep
in 51% of the cases, the use of medications such as antidepressants that can
modify the sleep architecture, the lack of a healthy control group, and the
lack of pathological confirmation of the diagnosis of DLB. These limita-
tions were difficult to overcome in a study aimed at evaluating consecutive
patients irrespective of the presence or absence of sleep complaints. The
main strengths of our study are the comprehensive analyses of the patients’
sleep complaints, the use of validated sleep scales and questionnaires, and
performing V-PSG to describe the abnormal behaviors occurring at night as
well as to diagnose RBD and detect mimics. Our work included the quan-
tification of the EMG activity in REM sleep using normative values and

meticulous audiovisual analysis of the behaviors detected.

In summary, our findings show that sleep-wake disturbances are common
and complex in patients with DLB and that V-PSG is essential to diagnose
RBD and rule out mimics. We report for the first time an association be-
tween the occipital EEG activity awake and the rate of EMG activity in REM
sleep suggesting that both abnormalities may have a common subcortical

origin in DLB.

Disclosure Statement

All the authors of the present study declare no conflict of interest concern-
ing the manuscript.

Financial Disclosure: none.

Non-financial Disclosure: none.

Acknowledgement

We thank Myrna R. Rosenfeld for critical review of the manuscript.

114



115



116



5. CHAPTER V: DIFFERENT PATTERN OF CSF GLIAL
MARKERS BETWEEN DEMENTIA WITH LEWY BODIES
AND ALZHEIMER’S DISEASE

Article published in Scientific Reports (Accepted 10 May 2019)

Tittle: Different pattern of CSF glial markers between dementia with Lewy

bodies and Alzheimer’s disease

Authors: Estrella Morenas-Rodriguez, M.D.“22 Daniel Alcolea M.D.,
Ph.D.}22  Marc Suarez-Calvet M.D., Ph.D.4,5, Laia Muiioz-Llahuna BSc!??3,
Eduard Vilaplana Ph.D.123, Isabel Sala Matavera Ph.D.%3 Andrea Subira-
na MSc!2?3 Marta Querol-Vilaseca MSc!?3., Maria Carmona-Iragui M.D.,
Ph.D'23 Ignacio Illan-Gala M.D.'22 Roser Ribosa-Nogué M.D.!?® Rafael
Blesa M.D., Ph.D.%%3, Christian Haass, PhD #>°, Juan Fortea M.D., Ph.D. %23,
Alberto Lled, M.D., Ph.D* 1,23,

Affiliations

Memory Unit, Neurology Department, Hospital de la Santa Creu i Sant Pau,
Barcelona.

2[nstitut d’Investigacions Biomediques Sant Pau — Universitat Autonoma de
Barcelona.

3Centro de Investigacién Biomédica en Red en Enfermedades Neurodegener-
ativas, CIBERNED, Instituto de Salud Carlos III.

“Chair of Metabolic Biochemistry, Biomedical Center (BMC), Faculty of Medi-
cine, Ludwig-Maximilians-Universitat Miinchen, Munich, Germany.

SGerman Center for Neurodegenerative Diseases (DZNE) Munich, Munich,
Germany.

®Munich Cluster for Systems Neurology (SyNergy), Munich, Germany.

117



Author s address list:

Estrella Morenas-Rodriguez M.D., Memory Unit, Neurology Department,
Hospital de la Santa Creu i Sant Pau Sant Antoni M2 Claret 167 Barcelona
08025, Spain. estrella.morenas.rodriguez@gmail.com.

Daniel Alcolea M.D., Ph.D Memory Unit, Neurology Department, Hospital
de la Santa Creu i Sant Pau Sant Antoni M? Claret 167 Barcelona 08025,
Spain. dalcolea@santpau.cat

Marc Sudrez-Calvet M.D. Ph.D. Fundacién Pascual Maragall, Carrer de Wel-
lington, 30, 08005 Barcelona, Espafia. msuarez@barcelonabeta.org

Laia Mufioz Llahuna BSc, Memory Unit, Neurology Department, Hospital
de la Santa Creu i Sant Pau Sant Antoni M? Claret 167 Barcelona 08025,
Spain. Imunozl@santpau.cat

Eduard Vilaplana Ph.D., Memory Unit, Neurology Department, Hospital
de la Santa Creu i Sant Pau Sant Antoni M? Claret 167 Barcelona 08025,
Spain. evilaplana@santpau.cat

Isabel Sala Matavera Ph.D. Memory Unit, Neurology Department, Hospital
de la Santa Creu i Sant Pau Sant Antoni M? Claret 167 Barcelona 08025,
Spain. isalam@santpau.cat

Andrea Subirana MSc, Memory Unit, Neurology Department, Hospital de la
Santa Creu i Sant Pau Sant Antoni M? Claret 167 Barcelona 08025, Spain.
asubirana@santpau.cat

Marta Querol-Vilaseca MSc., Memory Unit, Neurology Department, Hospi-
tal de la Santa Creu i Sant Pau Sant Antoni M? Claret 167 Barcelona 08025,
Spain. mquerolv@santpau.cat

Maria Carmona Iragui M.D., Memory Unit, Neurology Department, Hospi-
tal de la Santa Creu i Sant Pau Sant Antoni M? Claret 167 Barcelona 08025,
Spain. mcarmonai@santpau.cat

Ignacio Illan Gala M.D., Memory Unit, Neurology Department, Hospital
de la Santa Creu i Sant Pau Sant Antoni M? Claret 167 Barcelona 08025,

Spain. iillan@santpau.cat



Roser Ribosa-Nogué M.D., Memory Unit, Neurology Department, Hospital
de la Santa Creu i Sant Pau Sant Antoni M? Claret 167 Barcelona 08025,
Spain. rribosa@santpau.cat

Rafael Blesa M.D., PhD. Memory Unit, Neurology Department, Hospital
de la Santa Creu i Sant Pau Sant Antoni M2 Claret 167 Barcelona 08025,
Spain. rblesa@santpau.cat

Christian Haass, PhD. Adolf Butenandt-Institute, Biochemistry, Lud-
wig-Maximilians Universitdt Miinchen & Deutsches Zentrum fiir Neurode-
generative Erkrankungen e.V. — Miinchen, Feodor-Lynen strasse, 17, 81377,
Munich, Germany. christian.haass@mail03.med.uni-muenchen.de

Juan Fortea M.D., Ph.D., Memory Unit, Neurology Department, Hospital
de la Santa Creu i Sant Pau Sant Antoni M? Claret 167 Barcelona 08025,
Spain. jfortea@santpau.cat

*Corresponding Author: Alberto Lleé, Memory Unit, Neurology Depart-
ment, Hospital de la Santa Creu i Sant Pau Sant Antoni M? Claret 167
Barcelona 08025, Spain. (Tel) +34 93 556 59 86 (Fax)+34 93 556 56 02

Email: alleo@santpau.es

Key words: glial biomarkers, DLB, Lewy bodies, neuroinflammation, neu-

rodegeneration

119



Abstract

The role of innate immunity in dementia with Lewy bodies (DLB) has been
little studied. We investigated the levels in cerebrospinal fluid (CSF) of
glial proteins YKL-40, soluble TREM2 (sTREM2) and progranulin in DLB
and their relationship with Alzheimer’s disease (AD) biomarkers. We in-
cluded patients with DLB (n=37), prodromal DLB (prodDLB, n=23), AD
dementia (n=50), prodromal AD (prodAD, n=>53), and cognitively normal
subjects (CN, n=44). We measured levels of YKL-40, sSTREM2, progranulin,
APB1-42, total tau (t-tau) and phosphorylated tau (p-tau) in CSE We strat-
ified the group DLB-prodDLB according to the ratio t-tau/Ap1-42 (=0.52,
indicative of AD pathology). YKL-40, sSTREM2 and progranulin levels did
not differ between DLB groups and CN. However, those patients with DLB
or prodDLB with a CSF profile suggestive of AD copathology had higher
levels of YKL-40, but not STREM2 or PGRN, than those without. Of these
glial markers, only YKL-40 correlated with t-tau and p-tau in DLB and in
prodDLB. YKL-40, sTREM2 and PGRN are not increased in the CSF of DLB
patients. YKL-40 is only increased in DLB patients with an AD biomarker
profile, suggesting that the increase is driven by the AD pathology. These
data suggest a differential glial activation between DLB and AD.
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Background

Epidemiological, pathological and genetic studies support the importance of
the innate immunity in the pathophysiology of neurodegenerative diseases
such as Alzheimer’s disease (AD) and Parkinson’s disease (PD) (136,138). In
particular, astroglia and microglia play an important role in neurodegenera-
tion (139,242). These two cellular types have very different functions in the
central nervous system (CNS): microglia, the resident monocytic cells in the
CNS, phagocyte cellular debris and protein aggregates, while astrocytes sup-

port neuronal and synaptic activities among other key functions (139,242) .

YKL-40 protein, also known as chitinase 3-like 1 protein, is a glycoprotein
expressed by astrocytes near amyloid plaques in AD human brain (165,166).
YKL-40 can be detected in cerebrospinal fluid (CSF) and the levels are in-
creased in preclinical and prodromal AD, as well as in other neurodegenera-
tive conditions, such as Frontotemporal Lobar Degeneration (FTLD), Amyo-
trophic Lateral Sclerosis (ALS) or Multiple Sclerosis (MS) (167,243-245).

In addition, other studies have implicated the triggering receptor expressed
on myeloid cells 2 (TREM2) receptor in neurodegenerative diseases (246).
Rare heterozygous variants in TREM2 have been linked with an increased
risk of AD (142,247). Furthermore, recent studies have shown an elevation
in the CSF of the soluble fragment of TREM2 (sTREM2) in early stages of
sporadic AD (169,171,248) as well as in autosomal dominant AD (172).

Another line of evidence that support the role of inflammation in neurode-
generative conditions implicates the Progranulin protein (PGRN). PGRN is
expressed in many tissues and cell types, where it is involved in angiogen-
esis, wound repair, cell proliferation, and inflammation (145). PGRN levels

are decreased in CSF and blood of patients with heterozygous mutations in
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the granulin gene (GRN), linked to FTLD with TAR-DNA-binding protein 43
inclusions (249-252). Furthermore, genetic variants that modulate GRN
expression, such as the GRNrs5848 polymorphism, have been associated
with an increased risk of AD (146,148).

There are multiple evidences that support that glia is activated in synucleinop-
athies (158). In particular, activated microglia targeting dopamine nigral neu-
rons has been described in PD (159). Microglial activation in PD and dementia
with Lewy bodies (DLB) has been implicated in the initiation and progression
of the disease by means of secretion of pro-inflammatory cytokines and reac-
tive oxygen species (158). In addition, synuclein released from neurons in PD
and DLB can be endocytosed by astrocytes forming glial inclusions (159-161).
These inclusions can induce changes in gene expression in astroglia, enhancing

the inflammatory response and promoting neurodegeneration (159,161).

In this study, we investigated the CSF profile of YKL-40, sSTREM2, PGRN in
patients with DLB and prodromal DLB, and compared this pattern with that
of AD. We also examined the influence of concomitant AD pathology in DLB

on these biomarkers.
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Results
Demographics and core CSF biomarkers

Table 1 summarizes the demographics and CSF biomarkers values of all the
study participants. There were no significant differences between groups in
gender, but CN subjects were significantly younger than the other groups.
As expected, MMSE scores were lower in DLB and AD than in CN or groups
with prodAD and prodDLB. Core AD CSF biomarkers also differed between
groups (Table 1). DLB groups had lower levels of AB1-42 than CN but high-
er than AD groups. DLB groups had also higher levels of tau and p-tau than
CN, but lower than AD groups. Frequency of APOEe4 allele in DLB groups
was similar to CN and lower than AD groups (p= 0.001).

Relationship between glial biomarkers, age, APOE and clin-
ical measures

There was no association between gender and any of the three glial mark-
ers, but there was a trend towards higher levels of sSTREM2 in males (p
=0.06). Therefore, all STREM2 analyses were adjusted by gender. Age sig-
nificantly correlated with CSF levels of YKL-40 and sTREM2 (r = +0.351;
p < 0.001 and +0.212; p < 0.006, respectively) in the whole sample as
previously reported (169,172). We did not find differences in the levels of

any of the glial markers between APOEe4 carriers and non-carriers.

123



Table 1. Demographic and CSF biomarker data.

CN DLB PRODROMAL DLB
(n=44) (n=37) (n=23)
Age, y = SD? 674 +51 765+5 765+64
Sex, Female % (n) 56.8 (25) 541(20) 56.5 (13)
APOEe4, %* (n)* 18.2 (8) 24.3(9) 34.8 (8)
MMSE = SD° 289+ 12 23+46 261+x24
CSF AB1-42, pg/mL = SD ¢ 9182 + 2122 6027 + 269.2 634 +197.7
(]
Qg
: *“.i CSF t-tau, pg/mL =SD ° 2288 +523 4489 + 3339 37.3+1745
A
35
= CSF p-tau, pg/mL = SDf 455 +10.2 688 +423 626 +24.4
-é CSF YKL-40,ng/mL =SD ¢ 2388 +49.2 2788 +834 270.7 + 69
4
£ <
:g g CSF sTREM2, ng/mL=SD (n)" 42 +23(40) 53+23(28) 44 +19(18)
g8
£
E = CSF PGRN, ng/mL = SD 43+12 42 +11 45+13
[

* At least one APOEe4 allele

a Cognitively normal controls (CN) vs. DLB, prodDLB, AD and prodAD, p<0.001; prodAD vs. prodDLB and
DLB, p =0.05.

> CN, DLB and pDLB vs. AD and pAD, p < 0.001

°CN vs. AD, p < 0.001; prodDLB vs. AD, p = 0.09

9 CN vs. DLB, prodDLB, AD and prodAD and AD vs. DLB and prodDLB, p < 0.001; AD vs. prodAD, p = 0.003
¢ CN vs. DLB, AD and prodAD, p < 0.001; CN vs. prod DLB, p = 0.006; DLB vs. AD and prodAD, p < 0.001;
prod DLB vs. AD and prod AD, p < 0.001

Inflammation-related biomarkers across clinical diagnoses
Next, we analyzed differences in levels of YKL-40, sSTREM2 and PGRN across
groups (fig. 1, table 1). We did not find significant differences between DLB,
prodDLB and CN in the levels of YKL-40 in CSE Patients with DLB and prod-
DLB had lower YKL-40 levels than those with AD (both p = 0.03) and pro-
dAD patients (p = 0.006 and p = 0.007, respectively). AD and prodAD had
significant increased levels of YKL-40 compared with CN (both, p < 0.01).
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PRODROMAL AD P-VALUE

(n=53)
746 +56 723+ 6.3 73+6.5 <0.001
62 (31) 60.4 (32) 57.8% (78) 0.949
58 (29) 75 (39) 451(93) 0.003
225+34 26723 267+38 <0.001
384.7 +105.6 4581722 583.6 + 261 <0.001
694.5 + 321 609 + 267.7 493.8 + 310 <0.001
941+26.2 948 +39.2 76 +36.8 <0.001
2953 =+ 541 296.7 557 2778+ 648 <0.001
43+22(36) 5+24(41) 46+23(163) 0.038
44+13 46+12 4412 0.653

fCN vs. AD and prodAD, p < 0.001; CN vs. DLB, p = 0.016, CN vs. prodDLB, p = 0.06; DLB and prodDLB vs. AD
and prodAD, p < 0.001

9 CN vs. AD and prodAD, p <0.01; DLB and prodDLB vs. AD, p = 0.03; DLB and prodDLB vs. prodAD, p = 0.006
and p = 0.007, respectively

"pAD vs. AD, p = 0.006; AD vs. DLB, p = 0.02 (results not adjusted by multiple comparisons). pAD vs AD, p =
0.06 (results adjusted by multiple comparisons)

All p-values were adjusted by Bonferroni correction for multiple comparisons.

STREM2 levels did not differ between DLB groups and CN, but they were
higher in both, DLB and prodAD, compared to AD (p = 0.02 and p =
0.006, respectively). These differences, however, disappeared when ad-
justing by Bonferroni correction for multiple comparisons. A trend to-
wards higher sSTREM2 levels in prodAD compared to AD (p = 0.06) was
observed after correcting for multiple comparisons. No differences were

found across groups in CSF PGRN levels.
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Figure 1. Inflammation-related biomarkers across clinical diagnoses.
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Figure 2. Correlations between glial biomarkers
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Correlations between glial biomarkers

Fig. 2 and table 2 show the correlations between the three investigated
glial markers. In supplementary fig S1 we show the correlations stratified
by diagnosis. We found a correlation between YKL-40 and PGRN levels in
DLB (r = 0.42, p < 0.05). There was no correlation between sTREM2 and
YKL-40 (r = 0.53, p < 0.01) or PGRN in DLB groups.

Table 2. Partial correlations (r values) between glial activation markers across diagnoses

CN DLB PRODRO- AD PRODRO- ALL
(n=44) (n=37) MAL DLB (n=50) MAL AD SAMPLE
(n=23) (n=53)

YKL-40 / sTREM2,r | 0.524** 0.36 0.5669! 0.438* 0.53** 0.406***
YKL-40 / PGRN, r -0.332 0.420* 0.294 0.042 0.384* 0.171
sTREM2 / PGRN, r 0162 -0.73 0.463 0.276 0.499** 0.337**
YKL-40 / Ab42, r 0.423* -0.73 -0.331 0.031 0.101 -0.163*
YKL-40 / t-tau, r 0.263 0.600*** | O.71** 0.317 0.65*** 0.572***
YKL-40 / p-tau, r 0.285 0.627*** | 0.778*** 0.306 0.591*** 0.589***
sTREM2 / Ab42, r 0.231 0.196 0.042 0.389! 0.409 0152
sTREM2 / t-tau, r 0.406* 0.235 0.459 0.078 0.418* 0.179*
sTREM2 / p-tau, r 0.531** 0.272 0.455 0.155 0.368! 0.204**
PGRN / ab42 r -0.378t -0.009 -0.129 -0.074 0.210 -0.108
PGRN / t-tau r 0.126 0.339 0.263 0.240 0.393* 0.256***
PGRN / p-tau, r 0.075 0.415! 0.449 0.236 0.394 0.294***

"values in bold represent the significant correlations between biomarkers. All results have been cor-
rected by age and multiple comparisons (Bonferroni)

*p<0.05

**p<0.01

***p <0.001

' Statistical analyses showed a tendency with a p-value between 0.09 and 0.05
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Relationship between glial and core AD biomarkers.

Table 2 and supplementary fig. S2 show the different correlations between
the glial and the core AD biomarkers in CSE YKL-40 correlated with t-tau
and p-tau in prodDLB (r = 0.71 and r = 0.778, both p < 0.001), and DLB
(r=0.6and r = 0.627, both p < 0.001). sSTREM2 and PGRN levels did not
correlate with AB42, t-tau or p-tau in the DLB groups.

Influence of AD copathology on CSF glial markers in DLB

We next analyzed levels of YKL-40, sSTREM2 and PGRN in DLB patients
according to the presence or absence of a CSF AD profile based on the ratio
t-tau/AB1-42 (167). We found that levels of YKL-40 in DLB patients with
a t-tau/AB1-42 ratio indicative of AD pathophysiology (>0.52) were high-
er than those with a normal t-tau/AB42 ratio (<0.52, fig. 3 a, p = 0.04).
There were no differences in the CSF levels of sSTREM2 and PGRN in DLB
patients when stratifying by the tau/AP1-42 ratio (fig. 3 b and c). Suppl.

table 1 shows demographic and clinical data from those patients.
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Figure 3. Influence of AD copathology on CSF glial markers in DLB patients
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levels in CN, DLB patients without suspected AD copathology and DLB patients with suspected AD copa-
thology by CSF core biomarkers.

130



Discussion

The main finding of this study is that YKL-40 levels are elevated in CSF in
DLB patients only when there is a CSF profile suggestive of concomitant
AD pathology. The glial markers YKL-40, sTREM2 and PGRN are not in-
creased in CSF in DLB when comparing with CN. We also measured for the
first time these glial markers in the prodromal phase of DLB and found no
increase in this stage of the disease compared to CN and the more evolved

stages in the disease.

The lack of increase in CSF YKL-40 in the whole DLB group agrees with
previous findings in PD and DLB (175,176,178,179,253), supporting the
absence of an increase of this protein in CSF in synucleinopathies. This
may suggest a lack of astroglial activation following the a-synuclein pa-
thology. On the other hand, our group and others have shown an increase
of CSF YKL-40 in AD and also FTLD-related syndromes early in the disease
course (165,167,176,177,179,245,254). This contrast between synucle-
in- and tau-related neurodegenerative dementias suggest that YKL-40 is
particularly involved with this second group of disorders. Moreover, we
demonstrate an increase in YKL-40 in DLB patients with concomitant AD
copathology when compared with DLB patients without AD copathology,
suggesting that it is comorbid AD what is driving astrocytic activation in
DLB. In agreement with this finding, YKL-40 levels highly correlated with
t-tau and p-tau levels in DLB groups. One possible explanation is that the
a-synuclein inclusions observed in astrocytes in DLB may influence the as-
trocytic response toward neurodegeneration compared to tauopathies such
as AD and FTLD (255,256).

This is the first study that reports the CSF sTREM2 levels in DLB patients.
We found higher levels of this protein in DLB compared to AD, but this
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difference did not survive correction for multiple testing, perhaps due to
the relatively small sample size that limited the statistical power. Although
TREM2 has not been previously investigated in postmortem DLB, some
studies have shown higher levels of TREM2 in brains of PD patients and
in PD murine models (257-259). This could support the hypothesis that
TREM2 is elevated in synucleinopathies in contrast to YKL-40. Neverthe-
less, we could not find differences in the STREM2 levels between DLB and
CN. We did not find differences either when stratifying the DLB group by
CSF AD profile, indicating that the levels of sSTREM2 in DLB are independ-
ent of AD copathology. In agreement with this finding, we did not find a
correlation between sTREM2 and t-tau and p-tau in DLB groups. Taken
together our findings suggest a different pattern of glial activation in DLB

compared to AD.

Finally, as previously reported in a smaller study (179)[29] we did not find
any difference in the levels of PGRN protein in CSF in DLB and no influence

of the concomitant AD pathology was detected.

One of the strengths of this study is that we included a group of patients with
prodromal DLB. Although there are no established criteria for this stage of
the disease, we included only those patients that converted to DLB during
the follow-up. YKL-40, sSTREM2 and PGRN levels have never been investi-
gated in CSF in prodromal DLB, nevertheless, we did not detect any increase
in this stage, indicating that these glial markers do not change significantly
early in the disease course. Nonetheless, it is of value to include prodromal
DLB patients in biomarker studies, not only to find markers of early disease
stage, but also to generate new hypothesis regarding the physiopathology
of the disease. On the other hand, this study has some limitations: the study
is based on CSF biomarkers in a single-center cohort and needs validation

in a larger independent cohort, the sample size is relatively small, relied
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on clinical diagnosis and neuropathological confirmation was not available.
In summary, we report that DLB and AD show different patterns of glial
activation markers in CSE YKL-40 is only increased in DLB when there is
underlying AD pathology and, in contrast to AD, YKL-40 levels are not ele-
vated in prodromal stages. We could not find differences between DLB and
healthy subjects in CSF sSTREM2 or PGRN levels, although a trend for higher
STREM2 levels was found compared to AD and independently on AD bio-
markers. Together, these results suggest a different pattern of glial activation
between DLB and AD, which needs further functional and molecular studies
to elucidate the differential role of this innate immune response in DLB and

its impact in the disease pathogenesis and evolution course.
Methods

Study participants and clinical classification

We prospectively included 207 subjects evaluated at the Memory Unit at
Hospital de Sant Pau between January 2009 and October 2017. Patients
had the following diagnoses: DLB (n = 37), prodromal DLB (prodDLB,
n = 23), AD dementia (AD, n = 50) and prodromal AD (prodAD, n =
53). We also included 44 cognitively normal controls (CN) selected from
the Sant Pau Initiative on Neurodegeneration (SPIN) cohort (https://sant-
paumemoryunit.com/our-research/spin-cohort/). To minimize the effect of
gender and age, AD and prodAD cases were age- and gender-matched with
the DLB and prodDLB cases. All participants received a clinical and formal
neuropsychological assessment and underwent lumbar puncture to obtain
CSF as reported elsewhere (167,190). DLB patients were evaluated using a

previously reported clinical protocol (203).

Patients with DLB met consensus criteria for probable DLB (13). Patients

with prodDLB met general criteria for MCI (108) with at least one sign
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of a-sinucleinopathy (visual hallucinations, parkinsonism, or REM sleep
behaviour disorder (RBD)) (25,115) and had to meet criteria of probable
DLB (13) during the follow up. DLB and prodDLB patients with suspected
AD copathology were defined according to the ratio t-tau/AB1-42 (=0.52;
indicative of underlying AD pathology) (167). Patients with AD dementia
and prodAD met the NIA-AA criteria (188,260,261) and all had a CSF AD
profile defined by low AB1-42 and high tau or p-tau levels according to our
published cut-offs (167).

CN were volunteers with a normal neuropsychological evaluation for age
and education, normal levels of core AD biomarkers in CSE and no cogni-

tive complaints.

CSF collection and analyses

CSF was obtained by lumbar puncture as described (167). Levels of core
AD biomarkers (AP1-42, total tau, and phosphorylated tau), YKL-40 and
PGRN in CSF were measured using commercially available kits from Fu-
jirebio-Europe (InnotestTM), Quidel and Adipogen, Inc., respectively, as
previously described (167,179). sTREM2 levels were measured by ELISA
using previously described methods (169,172,262). All samples were rand-
omized across plates, measured in duplicate, and all included samples had
an intraplate coefficient of variation (CV) <15%. The operator was blinded

to clinical diagnosis as in previous studies (169,172).

APOE genotyping

DNA was extracted using standard procedures and APOE was genotyped
accordingly to previously described methods (263).

Statistical analysis

Differences in categorical variables were assessed by Pearson chi-square
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tests. Normality of the variables was tested by Shapiro-Wilk test. Non-nor-
mally distributed variables (STREM2, YKL-40, total tau, and phosphorylated
tau) were logl0-transformed to achieve a normal distribution all the anal-
yses with these variables were performed with the log-transformed values.
APB1-42 did not follow a normal distribution even after log-transformation
and, therefore, non-parametric tests were used. Group comparisons between
normally distributed values were performed by an analysis of covariance
(ANCOVA) adjusting by the effect of age. CSF sTREM2 comparisons were
additionally adjusted by the effect of gender. Partial Pearson Product-Mo-
ment correlations controlled by age (and gender in CSF sTREM2) were
used to test the association between continuous variables. AB1-42 differenc-
es between groups were tested by Kruskal-Wallis and Mann-Whitney tests.
Non-parametric correlations (Spearman) were used with variables that did
not follow normal distribution (Minimental State Examination (MMSE)).
Bonferroni posthoc correction was applied to adjust for multiple compari-
sons. The level of significance was set at 5% (a = 0.05). All statistical anal-

yses were performed using SPSS software version 21.0 for Windows.
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All subjects signed the informed consent form to participate in the study
and all study protocols were approved by the local ethics committee at Hos-
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Suppl. table S1. Demographic and basic clinical data from DLB patients

DLB WITH AD DLB WITHOUT AD P-VALUE
COPATHOLOGY COPATHOLOGY
(n=20) (n=17)
Age,y = SD 771+11 757 +12 0.420
Sex, Females % (n) 55% (11) 52.9% (9) 1
MMSE, mean = SD 219+12 242+08 0.165
Mean follow-up time (y) = SD 22+05 26+06 0.568
APOEz4, %* (n) 30% (6) 17.6% (3) 0.462
Supplementary figure S1. Relationship between glial biomarkers by diagnosis
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Supplementary figure S2. Relationship between glial and core AD biomarkers
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SUPPLEMENTARY METHODS

Supplementary table S2. Intra and inter-assay CV% per measured protein.

ASSAY ‘ INTRA-ASSAY CV%* ‘ INTER-ASSAY CV%**
Ap1-42 2.01% 75.7£12
t-tau 2.01% 10.89%
t-tau 177% 17.24%
sTREM2 3.9% 13.02%
YKL-40 4.03% 6.3%
PGRN 4.47% 10.7%

* Intra-assay CV% was calculated as the mean of all CV% from the samples included per assay

**We included the following internal controls per assay to calculate the inter-assay CV%. Internal con-
trols are samples with an already known concentration that we included in all the assays. In Braquets
there is the mean from all assays and the interplate CV % of each internal control. AB1-42: L10-001
(mean: 392.5 pg/mL, CV%: 10.85%), Ap384 (mean: 359 pg/mL, CV%: 12.48%), AB500 (mean: 472,73 pg/
mL, CV%: 9.87%). t-tau: tau300 (mean: 297.78 pg/mL, CV%: 10.89%). p-tau: pTaul25 (mean: 132.98 pg/
mL, CV%: 17.24%). STREM2: Interplate D (mean: 3.08 ng/mL, CV%: 11.54%) and Interplate E (mean: 4.44
ng/mL, CV%: 14.51%). YKL-40: YKL40H (mean: 142.84 ng/mL, CV%: 6.3%). PGRN: L10-84 (mean: 3.67 ng/
mL, CV%: 15.45%) and L15-033 (mean: 5.12 ng/mL, CV%: 5.12%)

Standard curve calculation per assay

* Standard curves for Innotest assays (AB1-42, t-tau and p-tau) were cal-
culated with a 4-parameter logistic regression (provided by the manu-
facturer).

¢ Standard curves for sSTREM2 assays were calculated by with a 4-parame-
ter logistic regression in the MSD software.

* Standard curves for YKL-40 assays were calculated by a polinomic regres-
sion in Excel as recommended by the manufacturer.

* Standard curves for PGRN assays were calculated by a polinomic regres-
sion in Excel as recommended by the manufacturer.

All the assays had standard curves with a R squared over 0.95
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6. CHAPTER VI: DISCUSSION

This thesis has focused on the clinical and physiopathological heterogeneity
of DLB, studying the disease from different perspectives. First, I describe
three different clinical subtypes according to the predominant features dur-
ing the first years of the disease that show different disease evolutions: a
cognitive-, a neuropsychiatric- and a parkinsonism-predominant subtype.
These results underscore the importance of the prodromal phase of the dis-
ease, a stage for which we do not have yet consensus diagnostic criteria. The
different clinical subtypes in this stage of DLB have important implications
from the diagnostic and prognostic points of view. Also of note, the thesis
describes a novel clustering method to objectively determine these clinical
subtypes based on estimation of the phenotypical contribution of hallucina-
tions and parkinsonism in the prodromal stage. This thesis also builds on the
heterogeneity of the frequent sleep disturbances in DLB and confirms the
need for V-PSG to correctly diagnose the sleep problems associated with DLB
(chapter IV). That chapter describes in detail the clinical and polysomno-
graphic characteristics of sleep in a cohort of mild DLB and emphasizes the
importance of V- PSG to correctly diagnose RBD, a core diagnostic feature
in DLB. A variety of conditions may mimic RBD, consequently it often goes
unnoticed when using a clinical approach. Misdiagnosis of sleep disturbanc-
es may obscure the diagnosis of DLB and lead to unsuitable treatments. This
thesis also describes for the first time the correlation between the awake
occipital EEG frequency and the rate of EMG activity in REM sleep and pro-
poses a new and more descriptive method to study sleep in neurodegenera-
tive diseases, as the frequent sleep structure abnormalitites present in these

disorders may hinder the application of the standard method.

In addition, this thesis studies the physiopathological heterogeneity of the

glial contribution to the disease and in the context of AD copathology. I
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show that CSF levels of glial markers were equivalent to controls in DLB
and in prodromal DLB. Furthermore, YKL.-40 was elevated only in DLB pa-
tients with AD copathology (classified according to core AD CSF biomarker
levels). CSF YKL-40 also correlated with t-tau and p-tau in DLB and prodro-
mal DLB further supporting its relationship to AD copathology. In contrast,
neither STREM2 nor PGRN correlated with any of the AD core biomarkers
in either DLB or prodromal DLB. Based on these findings, I describe a dif-
ferential pattern of glial activation between DLB and AD and their prodro-

mal stages.

Across the following sections, I discuss each main issue addressed in chap-
ters III, IV and V

6.1. The clinical heterogeneity in DLB and its significance

6.1.1. Clinical Subtypes in DLB

The existence of clinical subtypes within the DLB syndrome has been previ-
ously suggested (94). Nevertheless, rather than systematic studies specifi-
cally aimed at disentangling the heterogeneity of the disease, these studies
were largely based on a review of the previously reported phenomenology.
Most of the previously suggested subtypes have focused on the presence
or absence of psychiatric manifestations and their features, and thus they
are used to differentiate between cognitive subtypes and psychotic and/
or delirium subtypes. Chapter III also describes a cognitive-predominant
and a neuropsychiatric-predominant subtype, but we did not find a sub-
type specifically based on delirium present at onset, as those patients were
extremely rare in our cohort. This difference with previous publications
might be due to a publication bias, with a higher likelihood of reporting the

most severe or striking cases that required hospitalization or institution-
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alisation. The focus on the presence of hallucinations or psychiatric man-
ifestations for the diagnosis of DLB may result in misdiagnosis such that
patients with dementia and hallucinations are most often misdiagnosed as
DLB but found to have a diagnosis of AD upon neuropathological exami-
nation (264). A motor predominant subtype has not been proposed before
within DLB heterogeneity, despite the frequent occurrence of motor symp-
toms at DLB onset (18).

In contrast to DLB, clinical heterogeneity in PD has been more profoundly
studied. In a similar way to the clinical subtypes of DLB described in this
thesis, clinical subtypes that differ in their age-at-onset and progression
rate have been also proposed in PD (192-194,265). Although a partial
overlap exists, there are important differences between the subtypes de-
scribed in PD and the DLB subtypes presented in chapter III. In particular,
late onset PD typically shows a faster clinical decline and more frequent
co-occurrence of cognitive symptoms (192-194,265), whereas in DLB, the
neuropsychiatric-predominant subtype described here is characterized by
an older age of onset, but not by a more rapid evolution. In addition, the
cognitive-predominant DLB subtype characterized by the predominance of
cognitive symptoms from onset, shows the most benign evolution. Of note,
our parkinsonism-predominant subtype is characterized by a faster evolu-
tion compared with the other two subtypes on top of the predominance of
motor symptoms during the prodromal phase of the disease. Considering
the age of onset and the evolution, there is an overlap between the late
onset PD subgroup and the parkinsonism-predominant DLB subtype de-
scribed in this thesis. On the other hand, the cognitive- and neuropsychiat-
ric-predominant subtypes described in chapter III differ substantially from

the clinical subtypes previously reported in PD.
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Data driven analysis for unbiased classification of the clini-
cal heterogeneity in DLB

One of the novelties of this thesis is that subtypes were obtained by a da-
ta-driven method. Data-driven methods allow researchers to study the clin-
ical heterogeneity as well as other aspects of neurodegenerative diseases,
avoiding possible biases in defining time points or other artificial criteria to
classify patients. Different clustering methods have been previously applied
in the study of different neurodegenerative diseases including the clinical
heterogeneity in PD (91,92,191-194). Nevertheless, the clinical heteroge-
neity within the DLB spectrum has not been specifically studied by cluster-
ing tools until now. In our study, we focused on the clinical features present
during the prodromal phase of the disease since cluster analyses depend

highly on the selection of variables.
6.1.2. The heterogeneity of sleep disturbances in DLB

Chapter IV includes a comprehensive examination of the variety of sleep
disturbances present in DLB using V-PSG. In agreement with previous stud-
ies (129,130), the chapter stresses the importance of performing V-PSG to
correctly diagnose and study sleep problems in DLB patients, when com-
pared to clinical history alone. To understand the importance of V-PSG in
the study and diagnosis of sleep disturbances in DLB we should consider
the heterogeneity of their etiology. Many comorbidities and medications
used to treat DLB patients can contribute to sleep alterations in addition to
the degeneration of brain structures related to sleep, generating a variety of
sleep disturbances. Clinically indistinguishable, the distinct causes of sleep
problems in DLB can only be correctly diagnosed by V-PSG. Moreover, many
of these causes correspond to treatable conditions, which can be missed if

a V-PSG is not performed. This may lead to incorrect treatment, which can
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have a negative impact not only on the quality of sleep, but also on the
cognitive performance, fluctuations and neuropsychiatric symptoms. The
worsening of this symptomatology negatively affects the patient’s quality
of life and increases the caregiver overload. Thus, the appropriate diagnosis
and subsequent treatment of sleep disturbances in DLB is crucial for the

correct clinical management of the disease.

RBD in DLB

Another key aspect of chapter IV is the thorough study of RBD in DLB from
a clinical and electrophysiological point of view. RBD is a core diagnostic
feature in the new consensus diagnostic criteria for DLB (13). Therefore, its
identification is important not only from a clinical perspective but also from
a diagnostic point of view. RBD is indicative of the existence of an underly-
ing synucleinopathy (DLB, PD or MSA), so much so that that the mere pres-
ence of polysomnographic evidence of RBD in a demented patient without

other symptoms is sufficient to diagnose DLB (13).

However, not all DLB patients suffer RBD. RBD was present in 50% of
the DLB cohort investigated in chapter IV. Previous studies using differ-
ent methodologies have reported frequencies ranging from 38% to 100%
(126,128,129). These data reinforce the need for a correct diagnosis of
sleep problems by V-PSG since the clinical identification of RBD is not only
challenging but may also lead to a misdiagnosis of DLB. From a clinical
standpoint, 46% of the patients with RBD in the studied cohort did not
report unpleasant dreams and 69% were not aware of displaying RBD-re-
lated sleep behaviours when specifically asked about sleep disturbances.
Thus, recognition of the syndrome in a clinical setting can be challeng-
ing, highlighting the need for a reliable sleep partner that can report the
symptoms, which is not always the case. In our study, even when using the

MSQ to specifically assess the presence of RBD, RBD was indistinguishable
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from other conditions. In contrast, many patients who had scores sugges-
tive of RBD in this questionnaire had other sleep disorders demonstrated
by V-PSG, while other patients unaware of displaying abnormal behaviours

during sleep, nor recalling nightmares had RBD confirmed by V-PSG.

This thesis also reports the correlation between the awake occipital EEG
frequency and the rate of EMG activity in REM sleep in DLB patients and
indicates that DLB patients with slow (<8Hz) occipital EEG activity during
wakefulness were more prone to RBD. This finding might have a clinical
impact as it may help to identify subjects with an increased risk of RBD
with a simple EEG during wakefulness. Thus, it may be a useful biomarker
in the clinical assessment of suspected DLB patients. Those DLB patients
with slow occipital EEG activity may be good candidates to undergo a more
detailed sleep study including a complete V-PSG. The association between
RBD and slow EEG activity during wakefulness has been already described
in subjects with isolated RBD who later developed mild cognitive impair-
ment and PD (232,233). This association may be explained by impairment
of the subcortical cholinergic areas. These areas, mainly the nucleus basalis
of Meynert, in the basal forebrain, and the pedunculopontine/laterodor-
sal tegmental nucleus in the brainstem are close to the brainstem areas
generating REM sleep (234). These nuclei are damaged in patients with
isolated RBD (202,235), isolated RBD that develop cognitive impairment,
PD (236,237) and DLB (238). It is also known that there is a prominent
reduction in acetylcholinesterase activity within the occipital cortex in DLB
(227) and, in addition, anticholinesterase inhibitors can increase the fre-
quency of the EEG during wakefulness in AD (240). These findings may
relate to the presence of RBD with a more cognitive phenotype in DLB and
point to the need for a holistic treatment in DLB; rivastigmine can improve
RBD symptomatology and correct treatment of sleep disturbances stabiliz-

es the cognitive and neuropsychiatric symptoms. We did not find a higher
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frequency of clinically suspected RBD in the cognitive-predominant clinical
subtype presented in chapter III, its presence being comparable in all sub-
groups. Nevertheless, the study described in chapter III was limited to clini-

cally suspected RBD as only a limited number of patients underwent V-PSG.

The sleep-wake abnormalities in DLB challenge the study of
sleep in this disease

Damage to the cholinergic nuclei in the forebrain affects the function of the
reticular nucleus of the thalamus that receives the cholinergic projections
from the brainstem during the normal N2 stage originating sleep spindles
(226). Several alterations to the sleep-wake architecture in DLB are described
in chapter IV. Among them, spindles of low frequency, as well as a reduction
or absence of them, may represent a marker of cholinergic thalamo-corti-
cal dysfunction in DLB and may also be associated with more cognitive-pre-
dominant phenotypes. The reduction or absence of sleep spindles hinders
the identification of NREM sleep. Other sleep-wake abnormalities described
in this thesis, such as slow occipital rhythm during wakefulness, also make
differentiating the start of sleep difficult. All of this challenged the standard
DLB sleep scoring method that was originally designed for non-neurologi-
cally impaired subjects. The implementation of a more descriptive system
to study sleep by V-PSG in demented patients and, specifically, DLB patients

is strongly recommended as it may have a clinical impact on the diagnosis.

6.2. The neurobiology underlying the clinical
heterogeneity in DLB

The correlation between different phenotypes and the underlying neuro-
pathology in DLB have been explored in different studies. Some of them
showed that different regional burden of a-synuclein pathology can result

in differences in clinical features at onset (64,93,183), features that are
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in agreement with the clinical subtypes we reported in chapter III. Differ-
ent patterns of Lewy body-related pathology have also been proposed to
underlie the syndromic variety in demented patients with both Lewy and
AD pathology (93). For example, a higher disruption of brainstem integ-
rity may cause more severe motor features or sleep disturbances, while a
predominant cortical distribution of Lewy body pathology may lead to a
predominant cognitive syndrome (93,183). In fact, in PD, a link between
a higher burden of cortical Lewy bodies and cognitive impairment as well
as predominantly non-tremoric motor manifestations have been reported
(97,194). Those studies support the results presented in this thesis regard-
ing the cognitive-predominant and a parkinsonian-predominant DLB sub-
type as well as the great variety of sleep disturbances with different etiolog-

ic origins described in chapter IIT and IV, respectively.

Different a-synuclein strains that underlie differential seeding capacities
inducing strain-specific pathology have been also postulated as a possible
source of clinical heterogeneity. This strain-specific differential pathology
may contribute to the heterogeneity within synucleinopathies leading to

specific neurotoxic phenotypes (60,103).

On the other hand, the common presence of coincident pathologies such as
AD (93,199) could also influence the clinical manifestations of DLB. One
study showed that DLB patients with concomitant AD copathology, based
on core AD CSF biomarkers, had more severe clinical manifestations, more
likely visual hallucinations and a higher risk of institutionalization and
death (48). The higher presence of visual hallucinations is a feature of our
neuropsychiatric-predominant clinical subtype that could correspond to a
subgroup within our DLB cohort with a higher concomitant AD pathology.
This is supported by the fact that this group had the highest age at onset.
Nevertheless, AD copathology also shortens the interval between the be-
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ginning of motor symptomatology and the onset of dementia in PD, and is
related to a faster progression in both PD and DLB (48,49,97,185,197). Tau
copathology has also been associated with higher cortical a-synuclein de-
posits and is distributed in different brain areas in DLB patients when com-
pared to AD suggesting a synergistic effect between both proteins in DLB
that influences the clinical phenotype (52,64,65). Clinically, tau copatholo-
gy correlated inversely with the performance in the antemortem cognitive
tests in DLB patients (65). Thus, we speculate that different patterns of tau
deposition may correlate with the clinical subtypes displayed in chapter III.
Further clinic-pathological studies are needed to confirm this hypothesis.

Finally, genetics may also play an important role in the clinical heteroge-
neity in DLB. Around 59% of the heritability of DLB is based on common
genetic variants not included in the recent polygenic risk scores for PD or
AD. These common variants have been suggested to influence the clinical
variety of the disease and may support this clinical heterogeneity (79,86).
While the number of patients included in this thesis is not sufficient for a
comprehensive genetic study, these patients have been included in multi-
centric international studies aimed at disentangling this genetic variability

in DLB, studies that are included as annexes in this thesis.

6.3. Different patterns of glial biomarkers in CSF between
DLB and AD.

6.3.1. YKL-40 and astroglia in DLB

The results displayed in Chapter V show that YKL-40 is not elevated in
DLB compared with controls. This is in agreement with previous findings
in PD and DLB (175,176,179,253), and supports the lack of increase of this
protein in CSF in synucleinopathies. Since YKL-40 has been reported as an

astroglial activation marker (166), the absence of YKL-40 CSF elevation in
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synucleinopathies may suggest a lack of astroglial activation due to a-synu-
clein pathology. However, several studies have shown that a-synuclein can
be endocytosed by astrocytes and generates glial inclusions that change
gene expression in astroglia towards a proinflammatory phenotype (159-
161). There are, nevertheless, studies on astrogliosis in PD that show low
or absent astrogliosis in brain regions with a-synuclein deposits which indi-
cates a high heterogeneity in astroglial activation in PD (158) and supports
the lack of an increase of YKL-40 in CSF in synucleinopathies such as DLB.
An increase of CSF YKL-40 in AD and FTLD-related syndromes early in the
disease course has been reported (165,167,176,177,179,245,254). Thus,
there is a contrast in YKL-40 levels between synuclein- and tau-related
neurodegenerative dementias. This suggests that astroglial activation is
particularly involved in this second group of disorders. Moreover, in Chap-
ter V we demonstrate an increase in YKL-40 levels in DLB patients with
concomitant AD copathology when compared to DLB patients without AD
copathology, pointing to comorbid AD as the main factor driving astrocytic
activation in DLB. In agreement with this finding, YKL-40 levels correlated
with t-tau and p-tau levels in DLB groups. One possible explanation is that
the a-synuclein inclusions observed in astrocytes in DLB may influence the
astrocytic response toward neurodegeneration compared to tauopathies,
such as AD and FTLD (256,266). It is important to remark that the ele-
vation of CSF YKL-40 in DLB is driven by patients with concomitant AD
pathology with a higher burden of tau pathology. YKL-40 may be useful in
clinical practice as a prognostic marker considering the synergistic effect

proposed between a-synuclein and tau pathologies (66,155,267).

6.3.2. Microglial activity in DLB

CSF levels of sSTREM2 levels in DLB had not been previously studied prior
to the work presented in Chapter V. On the other hand, studies on large
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cohorts have shown increased CSF levels of sSTREM2 in AD compared with
controls (169,170,172,248,268). We found higher levels of sSTREM2 in DLB
compared to AD, but this difference did not survive correction for multiple
testing, perhaps due to the relatively small sample size that limited the
statistical power. Despite the lack of postmortem studies of TREM2 protein
in DLB, some authors have previously reported higher levels of TREM2
in brains of PD patients and in PD murine models (257-259). This could
support the hypothesis that TREM?2 is elevated in synucleinopathies. Nev-
ertheless, we could not find differences in STREM2 levels between DLB and
controls. Neither did we find differences when stratifying the DLB group
by CSF AD profile, indicating that the levels of sSTREM2 in DLB are inde-
pendent of AD copathology. In agreement with this result, we did not find a
correlation between sTREM2 and t-tau and p-tau in DLB groups.

The absence or loss of function of TREM2 can lock microglia into a home-
ostatic state in murine models (150), thus suggesting that CSF levels of
sTREM2 can be used as a microglial activation marker in neurodegenera-
tive diseases (169). Although we did not find higher CSF levels of sSTREM2
in DLB compared to controls, there is evidence of microglial activation in
synucleinopathies, even in its initial phases (267,269), which may indicate
that other markers better reflect the microglial activation in DLB. Anoth-
er challenge in the study of sSTREM2 as a microglial marker in DLB is the
difficulty in finding significant differences between groups, which can be
explained by the high intragroup variability in STREM2 levels and, sub-
sequently, the high number of cases per group required to demonstrate
differences in protein levels. However, a postmortem study focused on mi-
croglia in AD and DLB has shown a lower density of microglia in brains
of DLB compared with AD and controls, as well as a higher proportion of
dystrophic microglia to all microglia (270). In addition, recent analysis of

RNA levels in postmortem samples of DLB patients showed an increased
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expression of proteins that reflect astrogliosis but not microgliosis (163).
These controversies on the role of microglia activation in synucleinopathies
reinforces the heterogeneity of this group of diseases in glial activation.

I also studied CSF levels of PGRN protein in DLB and prodromal DLB with-
out finding any difference between groups, which agrees with our previous
results in a set of DLB patients and other dementias (179). As in the case
of STREM2, PGRN is not influenced by concomitant AD, suggesting that
microglial activity in DLB is independent of AD copathology in contrast to

astroglial activity, measured using YKL-40.

In chapter V we have addressed the possible temporal variation of glial
markers across different stages of DLB by including a group of prodromal
DLB. Nevertheless, we did not find differences in the levels of the three glial
markers studied in prodromal DLB when compared to controls, prodromal
AD or DLB. Thus, we did not detect the dynamic change in these biomark-
ers that have been observed in the AD continuum (167,169,170,172,173).
Glial biomarkers may be useful in the study of the physiopathological role
of glial cells in synucleinopathies, and, furthermore, as the modulation of
microglial activity has been proposed as a potential treatment target in
synucleinopathies (181), they may be also useful in the future to monitor

disease-modifying treatments for DLB.

6.4. The importance of recognising the prodromal phase
of DLB

The main strength of this thesis is the emphasis on characterizing the prodro-
mal phase of DLB. The lack of diagnostic consensus criteria for this stage is
an unmet urgent need in DLB research. The study of the prodromal phase of
DLB has been possible thanks to the prospective recruitment of a prospective

DLB cohort, including MCI patients with features suggestive of an under-
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lying synucleinopathy that have been followed up over several years until
they met the diagnostic criteria for DLB. In chapter III we demonstrated the
relevance of this stage for recognising the different clinical subtypes. From a
physiopathologic point of view, chapter V shows a lack of elevation of glial
markers in the prodromal stage that suggests a differential role of glial cells
in DLB with respect to AD. In chapter IV we stated that monitoring the sleep
disturbances enables the recognition of the prodromal stage of DLB as, when

present, they may be present years before the diagnosis of DLB.

The three clinical subtypes described in this thesis clearly support the no-
tion that clinical heterogeneity is greater during the prodromal, rather than
dementia, stage. The clinical features present during this phase may cap-
ture better the initial topography of neuronal dysfunction and loss as well
as better reflect the heterogeneity existing in DLB (117,193,194). As the
disease progresses, the more severe and widespread pathology may result
in a more homogeneous syndrome. This greater heterogeneity during the
prodromal phase of DLB importantly challenges the homogenization of di-

agnostic criteria during this phase, challenging its recognition (109,110).

Another important challenge to the identification of prodromal DLB is the
lack of suitable biomarkers to reflect the underlying physiopathological
processes, namely the deposition of a-synuclein and formation of Lewy
bodies. The need for good biomarkers applicable to the prodromal phase of
DLB is emphasized by one of the main results of chapter III, the existence
of a cognitive-predominant subtype that partially overlaps with prodromal
AD. This cognitive-predominant subtype, characterised by the dominance
of isolated cognitive impairment during the first years of the disease and
a slow progression, is the most common form of prodromal DLB in our
cohort. This cluster partially overlaps with the typical amnestic MCI due
to AD (198), due to the difficulty in distinguish these groups without bio-
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markers. In fact, previous clinicopathological studies have highlighted the
importance of considering DLB in the differential diagnosis of MCI, as a
subset of subjects will convert to DLB during follow-up (110). Nowadays
CSF biomarkers are helpful in identifying those MCI patients with under-
lying AD pathology related to their clinical syndrome and thus, allowing
a diagnosis of prodromal AD. However, currently this is not possible in
DLB, due to the lack of biochemical markers of Lewy body related pathol-
ogy. Moreover, considering the high prevalence of AD copathology in DLB,
it would be possible that a prodromal DLB patient had a CSF biomark-
er profile suggestive of AD underlying pathology. Thus, the diagnosis of
prodromal DLB is obscured by the existence of biomarkers of AD and the
absence of biomarkers for Lewy body related pathology. The development
of specific and sensitive CSF and/or neuroimaging biomarkers for Lewy
body-related pathology in the initial stages of the disease is essential to the

correct clinical management of MCI.

Definition of the prodromal phase of DLB may be crucial to distinguish DLB
cases when diagnosis is uncertain (50). With that aim, chapter III provided
a detailed clinical description of prodromal DLB. This has been possible be-
cause of a structured chart review and the performance of a questionnaire
specifically oriented to the identification of the main clinical features in
DLB and a complete neuropsychological assessment. It is important to re-
mark that all cognitive domains, and not only memory, should be assessed
in MCI patients to allow the correct recognition of prodromal DLB, as atten-
tion and visuospatial domains are typically affected while memory is often
preserved. This consideration is important, especially in those patients with
iRBD, an important group at risk of developing DLB. The assessment based
on screening tools, such as MMSE, can result in an underdiagnosis of DLB
in its prodromal stage because of its lack of sensitivity to detect the earliest
phases of DLB as is the case of MCI due to AD (14,111).
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Chapter IV highlighted the importance of sleep disturbances in DLB. Sleep
abnormalities, such as RBD symptoms, are especially relevant in prodromal
DLB since when present, may precede cognitive symptoms and the full-blown
picture of DLB by several years. Chapter IV also described other EEG features,
such as the slow occipital rhythm, which enables identification of patients
more susceptible to RBD. This finding could be useful in MCI patients as this
may be useful to select candidates for a more detailed sleep study, facilitating

the recognition of RBD and other sleep disturbances in DLB.

6.5. Limitations

The main limitations common to the three studies included in this thesis are
the relatively small number of included patients, the lack of pathological
confirmation of the DLB diagnosis and that the entire cohort was recruited
in a single center that can result in some biases, such as selection bias, etc.
There is also need to validate the results in an independent cohort.

Besides these common limitations, there are other specific limitations for
each sub-study. In chapter III, part of the data was collected retrospectively
and, due to the low number of patients who had CSF biomarkers or brain
imaging, study of these biomarkers was not feasible. The main limitations
in chapter IV were that more than 50% of the patients refused to partici-
pate; some patients did not achieve enough REM sleep, there was not a reli-
able sleep informant in 51% of cases, some patients used medications that

could modify the sleep architecture, and a control group was not included.
6.6. Future directions
Here I propose the questions that go beyond this thesis and that will need

future research. To validate the three clinical subtypes of DLB a study of the

underlying neuropathology is required to investigate the neuropathological dif-
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ferences that may relate to the different phenotypes. Most of the neuropatho-
logical studies addressing the clinical variety in DLB centred in the presence
of AD copathology (65,93). To properly understand the contribution of AD
copathology and other copathologies, as TDP-43 aggregates, in these clusters,
neuropathological studies aimed to quantify these copathologies in the differ-
ent cortical and subcortical brain areas in DLB patients with extensive and de-
tailed clinical reports from the stage of MCI are needed. On the other hand, a
neuropathological study of DLB patients subdivided according to the proposed
clinical subtypes would also allow the study of the cellular and molecular bi-
ology beyond the Lewy body related pathology and AD copathology that may
underlie the clinical heterogeneity in DLB. New techniques assessing the dif-
ferent pointed a-synuclein strains and specific seeding capacity as well as their
relationship with tau aggregation should be applied in the research of the clin-

ical heterogeneity, not merely along synucleinopathies, but within DLB itself.

The development and application of biochemical and neuroimaging bio-
markers is highly relevant to disentangle the biological basis supporting
the clinical heterogeneity in DLB. These markers would be essential in the
detection of the prodromal phase of DLB. The recognition of prodromal
DLB is highly relevant considering future disease-modifying drugs that may
be more effective in this phase of the disease. The study of DLB patients
from their earlier stages would allow longitudinal studies to investigate
the evolution of the biological markers together with the different clinical
features. Although iRBD patients are amenable to longitudinal follow-up
(107), to avoid biases in extrapolating features typical from those patients
to others without RBD and that may present very different characteristics

(107), such studies should not be limited to this group.

Furthermore, studies aimed at exploring the relationship between the brain

structure and function by MRI and the three clinical subtypes presented in
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Chapter III are needed. This study could be complemented with functional
neuroimaging based on PET scan, which would also be informative of the
underlying damage to neural networks underlying the proposed clinical sub-
types. New neuroimaging technics as amyloid- and tau- PET could also be
useful to study copathology and pathological synergies in DLB. To obtain
this objective, larger cohorts with appropriate and quantified neuroimaging
examinations and a complete and prospective clinical assessment from the
stage of MCI, are required. Since DLB has a lower prevalence and incidence
than AD, and is frequently underdiagnosed, the creation of large, sufficiently
powered cohorts to perform different studies is challenging. To solve this
problem, it is crucial to create and enlarge common and public repositories
based on multicentric and international recruitment following the example
of the Alzheimer Disease Neuroimaging Initiative (ADNI). With this aim, sev-
eral initiatives such as the European DLB consortium in Europe or the De-

mentia with Lewy bodies Consortium in United States have started recently.

From a clinical point of view, the importance of the V-PSG in the study of
the sleep disturbances in DLB has been highlighted in Chapter IV. Larger
studies with a systematic V-PSG analysis aimed to establish new descriptive
criteria for the assessment of sleep in demented patients, specifically in DLB,
are needed. These criteria would help in the harmonization of sleep stud-
ies focused on better understanding the sleep pathology in DLB. Improved
systematic and specific studies of sleep disturbances in DLB in specialized
clinical centres improves the clinical management of these patients. Given
the limited access and the difficulties associated with performing a V-PSG
on demented patients, the search for other early markers that can identi-
fy candidates who would benefit from V-PSG would be of help in clinical
practice. How the different sleep pathologies in DLB correlate with specific
phenotypes, biomarker profile and underlying neuropathology should also

be an important point of research.
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Finally, neuropathological and experimental studies using cellular and ani-
mal models and aimed at understanding the role of glial activation in DLB
should be undertaken. Specifically, in vitro and in vivo studies of how glial
activity influences tau pathology in synucleinopathies should be performed.
Besides basic experimental studies, we should consider the importance of
neuropathological studies specifically aimed to better understand the role of
glial cells in the human DLB brain. Specific studies aimed at unravelling the

role of glial cells in the beginning and the evolution of the DLB are needed.
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7. CONCLUSIONS

o Three subtypes of DLB that differ in their clini-
cal manifestations and progression can be distin-
guished based on the predominant symptoms dur-
ing the prodromal phase of the disease: cognitive-,
psychotic- and parkinsonism-predominant.

» Sleep-wake disturbances are common and com-
plex in patients with DLB. V-PSG is essential to di-
agnose RBD and rule out mimics.

» DLB and AD show different patterns of glial acti-
vation markers in CSE sTREM2, PRGN and YKL-40
levels in CSF are normal in prodromal DLB and DLB
in the absence of AD co-pathology. YKL40 levels are
only elevated in those DLB patients with abnormal
core AD biomarkers.

163






8. REFERENCES

10.

1.

12.

Holdorff B. Friedrich Heinrich Lewy (1885?1950) and His Work. J
Hist Neurosci. 2002;

Woodard JS. Concentric Hyaline Inclusion Body Formation in Men-
tal Disease Analysis of Twenty-Seven Casesf. J Neuropathol Exp
Neurol [Internet]. 1962;21(3):442-9. Available from: https://doi.
org/10.1097/00005072-196207000-00012

McKeith IG, Perry RH, Fairbairn AE, Jabeen S, Perry EK. Operational
criteria for senile dementia of lewy body type (SDLT). Psychol Med.
1992;22(4):911-22.

Kosaka K, Oyanagi S, Matsushita M, Hori A, Iwase S. Presenile de-
mentia with Alzheimer-, Pick- and Lewy-body changes. Acta Neuro-
pathol. 1976;36(3):221-33.

Kosaka K. Lewy bodies in cerebral cortex. Report of three cases. Acta
Neuropathol. 1978;42(2):127-34.

Forno LS, Barbour PJ, Norville RL. Presenile Dementia with Lewy Bod-
ies and Neurofibrillary Tangles. Arch Neurol. 1978;35(12):818-22.

Gibb WR, Luthert PJ, Janota I, Lantos PL. Cortical Lewy body demen-
tia: clinical features and classification. J Neurol Neurosurg Psychiatry
[Internet]. 1989 Feb 1;52(2):185-92. Available from: http://jnnp.
bmj.com/cgi/doi/10.1136/jnnp.52.2.185

McKeith IG, Galasko D, Kosaka K, Perry EK, Dickson DW, Hansen LA,
et al. Consensus guidelines for the clinical and pathologic diagnosis
of dementia with Lewy bodies (DLB): Report of the consortium on
DLB international workshop. Neurology. 1996;47(5):1113-24.

Mckeith I, Mintzer J, Aarsland D, Burn D, Chiu H, Cohen-mansfield J,
et al. McKeith et al 2004. 44(0):19-28.

Spillantini GM, Schmidt ML, Lee VM-Y, Trojanowski JQ, Jakes R,
Goedert M. I-Synuclein in Lewy bodies Endogenous proviruses as “
mementos ”? Nature. 1997;

Mckeith IG, Dickson DW, Lowe J, Emre M, Brien JTO, Feldman H, et al.
Diagnosis and management of dementia with Lewy bodies. Third report
of the DLB consortium. Neurology. 2005;65(September 2004):1863-72.

Sachdev PS, Blacker D, Blazer DG, Ganguli M, Jeste D V,, Paulsen JS,
et al. Classifying neurocognitive disorders: The DSM-5 approach. Nat

165



13.

14.

15.

16.

17.

18.

19.

20.

21.

Rev Neurol. 2014;10(11):634-42.

McKeith IG, Boeve BE Dickson DW, Halliday G, Taylor J-B Weintraub D,
et al. Diagnosis and management of dementia with Lewy bodies. Neu-
rology [Internet]. 2017 Jul 4;89(1):88-100. Available from: http://
www.neurology.org/lookup/doi/10.1212/WNL.0000000000004058

Ferman TJ, Smith GE, Boeve BE, Graff-Radford NR, Lucas JA, Knop-
man DS, et al. Neuropsychological Differentiation of Dementia with
Lewy Bodies from Normal Aging and Alzheimer’s Disease. Clin Neu-
ropsychol [Internet]. 2006 Dec 1;20(4):623-36. Available from:
https://doi.org/10.1080/13854040500376831

Walker Z, Possin KL, Boeve BE, Aarsland D. Lewy body dementias. Lan-
cet (London, England) [Internet]. 2015 Oct 24;386(10004):1683-97.
Available from: https://www.ncbi.nlm.nih.gov/pubmed/26595642

Hamilton JM, Landy KM, Salmon DB Hansen LA, Masliah E, Galasko
D. Early Visuospatial Deficits Predict the Occurrence of Visual Halluci-
nations in Autopsy-Confirmed Dementia With Lewy Bodies. Am J Ger-
iatr Psychiatry [Internet]. 2012 Sep;20(9):773-81. Available from:
https://linkinghub.elsevier.com/retrieve/pii/S1064748112619940

Yokoi K, Nishio Y, Uchiyama M, Shimomura T, lizuka O, Mori E. Hal-
lucinators find meaning in noises: Pareidolic illusions in dementia
with Lewy bodies. Neuropsychologia. 2014;

Fereshtehnejad S-M, Yao C, Pelletier A, Montplaisir JY, Gagnon J-E Pos-
tuma RB. Evolution of prodromal Parkinson’s disease and dementia
with Lewy bodies: a prospective study. Brain. 2019;142(7):2051-67.

Walker MB Ayre GA, Cummings JL, Wesnes K, McKeith IG, O’Brien JT,
et al. Quantifying fluctuation in dementia with Lewy bodies, Alzheim-
er’s disease, and vascular dementia. Neurology [Internet]. 2000 Apr
25;54(8):1616-25. Available from: http://www.neurology.org/cgi/
doi/10.1212/WNL.54.8.1616

Walker MB Ayre GA, Cummings JL, Wesnes K, McKeith IG, O’Brien
JT, et al. The Clinician Assessment of Fluctuation and the One
Day Fluctuation Assessment Scale. Br J Psychiatry [Internet].
2018/01/02. 2000 Sep 2;177(3):252-6. Available from: https://
www.cambridge.org/core/article/clinician-assessment-of-fluc-
tuation-and-the-one-day-fluctuation-assessment-scale/3551BC-
D9A7C1039BF7170CC63ADESFSD

Ferman TJ, Boeve BE Smith GE, Lin S-C, Silber MH, Pedraza O, et al.
Inclusion of RBD improves the diagnostic classification of dementia

166



22.

23.

24.

25.

26.

217.

28.

with Lewy bodies. Neurology [Internet]. 2011 Aug 30;77(9):875-
82. Available from: http://www.neurology.org/cgi/doi/10.1212/
WNL.0b013e31822c9148

Postuma RB, Gagnon JE Vendette M, Fantini ML, Mas-
sicotte-Marquez J, Montplaisir J., et al. Quantifying the risk of neu-
rodegenerative disease in idiopathic REM. Neurology [Internet].
2009;72(15):1296-300. Available from: http://www.scopus.com/
inward/record.url?eid=2-s2.0-65349168853&partnerID =tZOtx-
3y1%5Cnhttp://www.pubmedcentral.nih.gov/articlerender.fcgi?ar-
tid=2828948&tool=pmcentrez&rendertype=abstract

Iranzo A, Fernandez-Arcos A, Tolosa E, Serradell M, Molinuevo JL,
Valldeoriola E et al. Neurodegenerative Disorder Risk in Idiopathic
REM Sleep Behavior Disorder: Study in 174 Patients. Toft M, edi-
tor. PLoS One [Internet]. 2014 Feb 26;9(2):e89741. Available from:
https://dx.plos.org/10.1371/journal.pone.0089741

McKeith I, O’Brien J, Walker Z, Tatsch K, Booij J, Darcourt J, et al.
Sensitivity and specificity of dopamine transporter imaging with
123I-FP-CIT SPECT in dementia with Lewy bodies: a phase III,
multicentre study. Lancet Neurol [Internet]. 2007 Apr;6(4):305-
13. Available from: https://linkinghub.elsevier.com/retrieve/pii/
S1474442207700571

Thomas AJ, Donaghy B Roberts G, Colloby SJ, Barnett NA, Petrides
G, et al. Diagnostic accuracy of dopaminergic imaging in prodro-
mal dementia with Lewy bodies. Psychol Med [Internet]. 2019 Feb
25;49(3):396-402. Available from: https://www.cambridge.org/
core/product/identifier/S0033291718000995/type/journal article

Kiferle L, Ceravolo R, Giuntini M, Linsalata G, Puccini G, Volterrani
D, et al. Parkinsonism and Related Disorders Caudate dopaminergic
denervation and visual hallucinations : Evidence from a 123 I-FP-CIT
SPECT study. Park Relat Disord [Internet]. 2014;4-8. Available from:
http://dx.doi.org/10.1016/j.parkreldis.2014.04.006

Colloby SJ, McParland S, O’Brien JT, Attems J. Neuropathological
correlates of dopaminergic imaging in Alzheimer’s disease and Lewy
body dementias. Brain [Internet]. 2012 Sep 1;135(9):2798-808.
Available from: https://academic.oup.com/brain/article-lookup/
doi/10.1093/brain/aws211

Tiraboschi B Corso A, Guerra UB Nobili E Piccardo A, Calcagni ML,
et al. 123 I-2B-carbomethoxy-3p-(4-iodophenyl)- N -(3-fluoropropyl)
nortropane single photon emission computed tomography and 123

167



29.

30.

31.

32.

33.

34.

35.

36.

37.

[-metaiodobenzylguanidine myocardial scintigraphy in differentiat-
ing dementia with lewy bodies from other dementias: A comparative
s. Ann Neurol [Internet]. 2016 Sep;80(3):368-78. Available from:
http://doi.wiley.com/10.1002/ana.24717

Minoshima S, Foster NL, Sima AAE Frey KA, Albin RL, Kuhl DE.
Alzheimer’s disease versus dementia with Lewy bodies: Cere-
bral metabolic distinction with autopsy confirmation. Ann Neurol.
2001;50(3):358-65.

Lobotesis K, Fenwick JD, Phipps A, Ryman A, Swann A, Ballard C, et
al. Occipital hypoperfusion on SPECT in dementia with Lewy bodies
but not AD. Neurology [Internet]. 2001 Mar 13;56(5):643 LP — 649.
Available from: http://n.neurology.org/content/56/5/643.abstract

O’Brien JT, Firbank MJ, Davison C, Barnett N, Bamford C, Donaldson C,
et al. 18F-FDG PET and Perfusion SPECT in the Diagnosis of Alzheim-
er and Lewy Body Dementias. J Nucl Med. 2014;55(12):1959-65.

Lim SM, Katsifis A, Villemagne VL, Best R, Jones G, Saling M, et al.
The 18F-FDG PET Cingulate Island Sign and Comparison to 1231I- -CIT
SPECT for Diagnosis of Dementia with Lewy Bodies. J Nucl Med.
2009;50(10):1638-45.

Graff-Radford J, Murray ME, Lowe VJ, Boeve BE Ferman TJ, Przybel-
ski Timothy G Lesnick Matthew L Senjem Jeffrey L Gunter Glenn E
Smith SA, et al. Dementia with Lewy bodies Basis of cingulate island
sign From the Departments of Neurology (. 2014;801-9.

Harper L, Fumagalli GG, Barkhof E Scheltens B O’Brien JT, Bouwman E
et al. MRI visual rating scales in the diagnosis of dementia: Evaluation
in 184 post-mortem confirmed cases. Brain. 2016;139(4):1211-25.

Llorens E Schmitz M, Gloeckner SE Kaerst L, Hermann B Schmidt
C, et al. Increased albumin CSF/serum ratio in dementia with Lewy
bodies. J Neurol Sci [Internet]. 2015 Nov;358(1-2):398-403. Avail-
able from: http://dx.doi.org/10.1016/j.jns.2015.10.011

Sohma H, Imai S, Takei N, Honda H, Matsumoto K, Utsumi K, et al.
Evaluation of annexin A5 as a biomarker for Alzheimer’s disease and
dementia with lewy bodies [Internet]. Vol. 5, Frontiers in Aging
Neuroscience . 2013. p. 15. Available from: https://www.frontiersin.
org/article/10.3389/fnagi.2013.00015

Maetzler W, Tian Y, Baur SM, Gauger T, Odoj B, Schmid B, et al. Se-
rum and Cerebrospinal Fluid Levels of Transthyretin in Lewy Body
Disorders with and without Dementia. PLoS One. 2012;7(10):1-6.

168



38.

39.

40.

4.

42.

43.

44.

45,

46.

Nielsen HM, Londos E, Minthon L, Janciauskiene SM. Soluble ad-
hesion molecules and angiotensin-converting enzyme in dementia.
Neurobiol Dis. 2007;26(1):27-35.

Parnetti L, Paciotti S, Farotti L, Bellomo G, Sepe FN, Eusebi P Par-
kinson’s and Lewy body dementia CSF biomarkers. Clin Chim Acta
[Internet]. 2019;495(April):318-25. Available from: https://doi.
org/10.1016/j.cca.2019.04.078

Ottolini D, Cali T, Szabo I, Brini M. Alpha-synuclein at the intracellu-
lar and the extracellular side: functional and dysfunctional implica-
tions. Biol Chem [Internet]. 2017 Jan 1;398(1):77. Available from:
https://www.degruyter.com/view/j/bchm.2017.398.issue-1/hsz-
2016-0201/hsz-2016-0201.xml

Wennstrom M, Surova Y, Hall S, Nilsson C, Minthon L, Bostrom E et
al. Low CSF Levels of Both a-Synuclein and the a-Synuclein Cleaving
Enzyme Neurosin in Patients with Synucleinopathy. Ginsberg SD, ed-
itor. PLoS One [Internet]. 2013 Jan 8;8(1):e53250. Available from:
https://dx.plos.org/10.1371/journal.pone.0053250

Schmitz M, Villar-Piqué A, Llorens E Gmitterovd K, Hermann B Varg-
es D, et al. Cerebrospinal Fluid Total and Phosphorylated a-Synuclein
in Patients with Creutzfeldt—Jakob Disease and Synucleinopathy. Mol
Neurobiol [Internet]. 2019;56(5):3476-83. Available from: https://
doi.org/10.1007/s12035-018-1313-4

Gao L, Tang H, Nie K, Wang L, Zhao J, Gan R, et al. Cerebrospinal flu-
id alpha-synuclein as a biomarker for Parkinson’s disease diagnosis: a
systematic review and meta-analysis. Int J Neurosci [Internet]. 2015
Sep 2;125(9):645-54. Available from: https://doi.org/10.3109/002
07454.2014.961454

Ferland MG, Tysnes O, Aarsland D, Maple-Grgdem J, Pedersen KE
Alves G, et al. The value of cerebrospinal fluid a-synuclein and the
tau/a-synuclein ratio for diagnosis of neurodegenerative disorders
with Lewy pathology. Eur J Neurol [Internet]. 2019;ene.14032.
Available from: https://onlinelibrary.wiley.com/doi/abs/10.1111/
ene.14032

Hansson O, Hall S, Ohrfelt A, Zetterberg H, Blennow K, Minthon L,
et al. Levels of cerebrospinal fluid a-synuclein oligomers are increased
in Parkinson’s disease with dementia and dementia with Lewy bodies
compared to Alzheimer’s disease. Alzheimer’s Res Ther. 2014;6(1):4-9.

Majbour NK, Vaikath NN, Van Dijk KD, Ardah MT, Varghese S, Vest-
erager LB, et al. Oligomeric and phosphorylated alpha-synuclein

169



417.

48.

49.

50.

51.

52.

53.

54.

as potential CSF biomarkers for Parkinson’s disease. Mol Neurode-
gener [Internet]. 2016;11(1):1-15. Available from: http://dx.doi.
org/10.1186/513024-016-0072-9

Chiasserini D, Biscetti L, Eusebi P Salvadori N, Frattini G, Simoni S, et
al. Differential role of CSF fatty acid binding protein 3, a-synuclein,
and Alzheimer’s disease core biomarkers in Lewy body disorders and
Alzheimer’s dementia. Alzheimer’s Res Ther. 2017;9(1):1-12.

Lemstra AW, De Beer MH, Teunissen CE, Schreuder C, Scheltens B
Van Der Flier WM, et al. Concomitant AD pathology affects clinical
manifestation and survival in dementia with Lewy bodies. J Neurol
Neurosurg Psychiatry. 2017;88(2):113-8.

J. Irwin D, I. Hurtig H. The Contribution of Tau, Amyloid-Beta and
Alpha-Synuclein Pathology to Dementia in Lewy Body Disorders. J
Alzheimer’s Dis Park [Internet]. 2018;08(04). Available from: http://
www.ncbi.nlm.nih.gov/pubmed/30473927%0Ahttp://www.pub-
medcentral.nih.gov/articlerender.fcgi?artid=PMC6248323

Donaghy PC, McKeith IG. The clinical characteristics of dementia with
Lewy bodies and a consideration of prodromal diagnosis. Alzheimers
Res Ther [Internet]. 2014;6(4):46. Available from: https://doi.
org/10.1186/alzrt274

Desplats B Lee H-J, Bae E-J, Patrick C, Rockenstein E, Crews L, et al.
Inclusion formation and neuronal cell death through neuron-to-neuron
transmission of -synuclein. Proc Natl Acad Sci. 2009;106(31):13010-5.

Colom-Cadena M, Pegueroles J, Herrmann AG, Henstridge CM,
Muiloz L, Querol-Vilaseca M, et al. Synaptic phosphorylated a-syn-
uclein in dementia with Lewy bodies. Brain [Internet]. 2017 Dec
1;140(12):3204-14. Available from: https://www.ncbi.nlm.nih.gov/
pubmed/29177427

Hepp DH, Vergoossen DLE, Huisman E, Lemstra AW, Bank NB, Ber-
endse HW, et al. Distribution and Load of Amyloid-f Pathology in
Parkinson Disease and Dementia with Lewy Bodies. J Neuropathol
Exp Neurol [Internet]. 2016 Aug 11;75(10):936-45. Available from:
https://doi.org/10.1093/jnen/nlw070

Irwin DJ, Xie SX, Coughlin D, Nevler N, Akhtar RS, McMillan CT, et
al. CSF tau and B-amyloid predict cerebral synucleinopathy in autop-
sied Lewy body disorders. Neurology [Internet]. 2018/02/21. 2018
Mar 20;90(12):e1038-46. Available from: https://www.ncbi.nlm.
nih.gov/pubmed/29467305

170



55.

56.

b7.

58.

59.

60.

61.

62.

Dugger BN, Adler CH, Shill HA, Caviness J, Jacobson S, Driver-Dunck-
ley E, et al. Concomitant pathologies among a spectrum of parkinso-
nian disorders. Parkinsonism Relat Disord [Internet]. 2014/02/22.
2014 May;20(5):525-9. Available from: https://www.ncbi.nlm.nih.
gov/pubmed/24637124

Ossenkoppele R, Jansen WJ, Rabinovici GD, Knol DL, van der Flier
WM, van Berckel BNM, et al. Prevalence of amyloid PET positivity in
dementia syndromes: a meta-analysis. JAMA [Internet]. 2015 May
19;313(19):1939-49. Available from: https://www.ncbi.nlm.nih.
gov/pubmed/25988463

Corder EH, Saunders AM, Strittmatter WJ, Schmechel DE, Gaskell PC,
Small GW, et al. Gene dose of apolipoprotein E type 4 allele and the
risk of Alzheimer&#039;s disease in late onset families. Science (80- )
[Internet]. 1993 Aug 13;261(5123):921 LP — 923. Available from:
http://science.sciencemag.org/content/261/5123/921.abstract

Saeed U, Mirza SS, MacIntosh BJ, Herrmann N, Keith J, Ramirez J,
et al. APOE-e4 associates with hippocampal volume, learning, and
memory across the spectrum of Alzheimer’s disease and dementia
with Lewy bodies. Alzheimer’s Dement [Internet]. 2018;14(9):1137-
47. Available from: https://doi.org/10.1016/j.jalz.2018.04.005

Dickson DW, Heckman MG, Murray ME, Soto Al, Walton RL, Diehl
NN, et al. &lt;em&gt;APOE&It;/em&gt; €4 is associated with severity
of Lewy body pathology independent of Alzheimer pathology. Neu-
rology [Internet]. 2018 Sep 18;91(12):e1182 LP-e1195. Available
from: http://n.neurology.org/content/91/12/e1182.abstract

Halliday GM, Holton JL, Revesz T, Dickson DW. Neuropathology un-
derlying clinical variability in patients with synucleinopathies. Acta
Neuropathol. 2011;187-204.

Tiraboschi B Attems J, Thomas A, Brown A, Jaros E, Lett DJ, et al.
Clinicians’ ability to diagnose dementia with Lewy bodies is not af-
fected by -amyloid load. Neurology [Internet]. 2014/12/31. 2015
Feb 3;84(5):496-9. Available from: https://www.ncbi.nlm.nih.gov/
pubmed/25552579

Selvackadunco S, Langford K, Shah Z, Hurley S, Bodi I, King A, et
al. Comparison of clinical and neuropathological diagnoses of neu-
rodegenerative diseases in two centres from the Brains for Demen-
tia Research (BDR) cohort. J Neural Transm [Internet]. 2019 Mar
7;126(3):327-37. Available from: http://dx.doi.org/10.1007/
s00702-018-01967-w

171



63.

64.

65.

66.

67.

68.

69.

70.

7.

12.

Nelson PT, Abner EL, Patel E, Anderson S, Wilcock DM, Kryscio RJ,
et al. The Amygdala as a Locus of Pathologic Misfolding in Neuro-
degenerative Diseases. J Neuropathol Exp Neurol [Internet]. 2018
Jan 1;77(1):2-20. Available from: https://www.ncbi.nlm.nih.gov/
pubmed/29186501

Colom-Cadena M, Gelpi E, Charif S, Belbin O, Blesa R, Marti MJ, et
al. Confluence of a-Synuclein, Tau, and B-Amyloid Pathologies in De-
mentia With Lewy Bodies. J Neuropathol Exp Neurol [Internet]. 2013
Dec 1;72(12):1203-12. Available from: https://doi.org/10.1097/
NEN.0000000000000018

Coughlin D, Xie SX, Liang M, Williams A, Peterson C, Weintraub
D, et al. Cognitive and Pathological Influences of Tau Pathology in
Lewy Body Disorders. Ann Neurol [Internet]. 2019/01/07. 2019
Feb;85(2):259-71. Available from: https://www.ncbi.nlm.nih.gov/
pubmed/30549331

Badiola N, de Oliveira RM, Herrera E Guardia-Laguarta C, Goncalves
SA, Pera M, et al. Tau enhances a-synuclein aggregation and toxicity
in cellular models of synucleinopathy. PLoS One. 2011;6(10):1-9.

Ono K, Takahashi R, Ikeda T, Yamada M. Cross-seeding effects of am-
yloid B-protein and a-synuclein. J Neurochem [Internet]. 2012 Sep
1;122(5):883-90. Available from: https://doi.org/10.1111/j.1471-
4159.2012.07847.x

Arnaoutoglou NA, O’Brien JT, Underwood BR. Dementia with Lewy
bodies — from scientific knowledge to clinical insights. Nat Rev Neu-
rol [Internet]. 2019 Feb 17;15(2):103-12. Available from: http://
www.nature.com/articles/s41582-018-0107-7

Orme T, Guerreiro R, Bras J. The Genetics of Dementia with Lewy
Bodies: Current Understanding and Future Directions. Curr Neurol
Neurosci Rep. 2018;18(10).

Tsuang D, Leverenz JB, Lopez OL, Hamilton RL, Bennett DA, Schnei-
der JA, et al. APOE €4 increases risk for dementia in pure synuclein-
opathies. JAMA Neurol [Internet]. 2013 Feb;70(2):223-8. Available
from: https://www.ncbi.nlm.nih.gov/pubmed/23407718

Keogh MJ, Kurzawa-Akanbi M, Griffin H, Douroudis K, Ayers KL,
Hussein RI, et al. Exome sequencing in dementia with Lewy bodies.
Transl Psychiatry [Internet]. 2016 Feb 2;6(2):e728-e728. Available
from: https://www.ncbi.nlm.nih.gov/pubmed/26836416

Nielsen AS, Ravid R, Kamphorst W, Jgrgensen OS. Apolipoprotein E

172



73.

74.

75.

76.

7.

78.

79.

80.

€4 in an autopsy series of various dementing disorders. J Alzheimer’s
Dis. 2003;5(2):119-25.

Ibafiez B Bonnet AM, Débarges B, Lohmann E, Tison E Pollak B et al.
Causal relation between a-synuclein gene duplication and familial
Parkinson’s disease. Lancet. 2004;364(9440):1169-71.

Singleton AB, Farrer M, Johnson J, Singleton A, Hague S, Kacher-
gus J, et al. a-Synuclein Locus Triplication Causes Parkinson&#039;s
Disease. Science (80- ) [Internet]. 2003 Oct 31;302(5646):841
LP - 841. Available from: http://science.sciencemag.org/con-
tent/302/5646/841.abstract

Bras J, Guerreiro R, Darwent L, Parkkinen L, Ansorge O, Escott-Price
V, et al. Genetic analysis implicates APOE, SNCA and suggests lysoso-
mal dysfunction in the etiology of dementia with Lewy bodies. Hum
Mol Genet [Internet]. 2014/06/27. 2014 Dec 1;23(23):6139-46.
Available from: https://www.ncbi.nlm.nih.gov/pubmed/24973356

Funahashi Y, Yoshino Y, Yamazaki K, Mori Y, Mori T, Ozaki Y, et al.
DNA methylation changes at SNCA intron 1 in patients with demen-
tia with Lewy bodies. Psychiatry Clin Neurosci [Internet]. 2017 Jan
1;71(1):28-35. Available from: https://doi.org/10.1111/pcn.12462

Sidransky E, Nalls MA, Aasly JO, Aharon-Peretz J, Annesi G, Bar-
bosa ER, et al. Multicenter Analysis of Glucocerebrosidase Mu-
tations in Parkinson’s Disease. N Engl J Med [Internet]. 2009 Oct
22;361(17):1651-61. Available from: https://doi.org/10.1056/NEJ-
Mo0a0901281

Nalls MA, Duran R, Lopez G, Kurzawa-Akanbi M, McKeith IG, Chin-
nery PE et al. A multicenter study of glucocerebrosidase muta-
tions in dementia with Lewy bodies. JAMA Neurol [Internet]. 2013
Jun;70(6):727-35. Available from: https://www.ncbi.nlm.nih.gov/
pubmed/23588557

Guerreiro R, Ross OA, Kun-Rodrigues C, Hernandez DG, Orme T,
Eicher JD, et al. Investigating the genetic architecture of dementia
with Lewy bodies: a two-stage genome-wide association study. Lan-
cet Neurol [Internet]. 2017/12/16. 2018 Jan;17(1):64-74. Available
from: https://www.ncbi.nlm.nih.gov/pubmed,/29263008

Colom-Cadena M, Gelpi E, Marti MJ, Charif S, Dols-Icardo O, Blesa
R, et al. MAPT H1 haplotype is associated with enhanced a-synuclein
deposition in dementia with Lewy bodies. Neurobiol Aging [Inter-
net]. 2013;34(3):936-42. Available from: http://www.sciencedirect.
com/science/article/pii/S0197458012003648

173



8l.

82.

83.

84.

85.

86.

8r.

88.

Labbé C, Heckman MG, Lorenzo-Betancor O, Soto-Ortolaza Al, Wal-
ton RL, Murray ME, et al. MAPT haplotype H1G is associated with
increased risk of dementia with Lewy bodies. Alzheimers Dement [In-
ternet]. 2016/06/07. 2016 Dec;12(12):1297-304. Available from:
https://www.ncbi.nlm.nih.gov/pubmed,/27287057

Cervera-Carles L, Pagonabarraga J, Pascual-Sedano B, Pastor B
Campolongo A, Fortea J, et al. Copy number variation analysis of
the 17q21.31 region and its role in neurodegenerative diseas-
es. Am J Med Genet Part B Neuropsychiatr Genet [Internet]. 2016
Mar 1;171(2):175-80. Available from: https://doi.org/10.1002/
ajmg.b.32390

Labbé C, Ogaki K, Lorenzo-Betancor O, Soto-Ortolaza Al, Walton RL,
Rayaprolu S, et al. Role for the microtubule-associated protein tau
variant p.A152T in risk of a-synucleinopathies. Neurology [Internet].
2015/09/02. 2015 Nov 10;85(19):1680-6. Available from: https://
www.ncbi.nlm.nih.gov/pubmed/26333800

Rongve A, Witoelar A, Ruiz A, Athanasiu L, Abdelnour C, Clarimon J,
et al. GBA and APOE €4 associate with sporadic dementia with Lewy
bodies in European genome wide association study. Sci Rep [Inter-
net]. 2019 May 7;9(1):7013. Available from: https://www.ncbi.nlm.
nih.gov/pubmed/31065058

Kun-Rodrigues C, Orme T, Carmona S, Hernandez DG, Ross OA,
Eicher JD, et al. A comprehensive screening of copy number vari-
ability in dementia with Lewy bodies. Neurobiol Aging [Internet].
2018/10/24. 2019 Mar;75:223.e1-223.e10. Available from: https://
www.ncbi.nlm.nih.gov/pubmed/30448004

Guerreiro R, Escott-Price V, Hernandez DG, Kun-Rodrigues C, Ross
OA, Orme T, et al. Heritability and genetic variance of dementia with
Lewy bodies. Neurobiol Dis [Internet]. 2019;127(March):492-501.
Available from: https://doi.org/10.1016/j.nbd.2019.04.004

Moylett S, Price A, Cardinal RN, Aarsland D, Mueller C, Stewart R,
et al. Clinical Presentation, Diagnostic Features, and Mortality in
Dementia with Lewy Bodies. J Alzheimer’s Dis [Internet]. 2019 Feb
12;67(3):995-1005. Available from: https://www.medra.org/serv-
let/aliasResolver?alias=iospress&doi=10.3233/JAD-180877

Suarez-Gonzalez A, Serrano-Pozo A, Arroyo-Anllé EM, Franco-Macias
E, Polo J, Garcia-Solis D, et al. Utility of neuropsychiatric tools in the
differential diagnosis of dementia with Lewy bodies and Alzheim-
er’s disease: quantitative and qualitative findings. Int Psychogeriat-

174



89.

90.

91.

92.

93.

94.

95.

96.

97.

rics [Internet]. 2013/11/28. 2014;26(3):453-61. Available from:
https://www.cambridge.org/core/article/utility-of-neuropsychiat-
ric-tools-in-the-differential-diagnosis-of-dementia-with-lewy-bod-
ies-and-alzheimers-disease-quantitative-and-qualitative-findings/
E4FEA8F3A9EA63EFCD4BAACES0A2C5CD

Brgnnick K, Breitve MH, Rongve A, Aarsland D. Neurocognitive Deficits
Distinguishing Mild Dementia with Lewy Bodies from Mild Alzheimer
’ s Disease are Associated with Parkinsonism. 2016;53:1277-85.

Sieber B-A, Landis S, Koroshetz W, Bateman R, Siderowf A, Galpern
WR, et al. Prioritized research recommendations from the Nation-
al Institute of Neurological Disorders and Stroke Parkinson’s Dis-
ease 2014 conference. Ann Neurol [Internet]. 2014/09/23. 2014
Oct;76(4):469-72. Available from: https://www.ncbi.nlm.nih.gov/
pubmed/25164235

Escudero J, Zajicek JB Ifeachor E. Early Detection and Characteri-
zation of Alzheimer’s Disease in Clinical Scenarios Using Bioprofile
Concepts and K -Means. 2011;6470-3.

Igbal K, Flory M, Khatoon S, Soininen H, Pirttila T, Lehtovirta M, et
al. Subgroups of Alzheimer ’ s Disease Based on Cerebrospinal Fluid
Molecular Markers. 2005;748-57.

Toledo JB, Gopal B Raible K, Irwin DJ, Brettschneider J, Sedor S,
et al. Pathological a-synuclein distribution in subjects with coin-
cident Alzheimer’s and Lewy body pathology. Acta Neuropathol.
2016;131(3):393-409.

McKeith I, Taylor J-B Thomas A, Donaghy B Kane J. Revisiting
DLB Diagnosis. J Geriatr Psychiatry Neurol [Internet]. 2016 Sep
8;29(5):249-53. Available from: http://journals.sagepub.com/
doi/10.1177/0891988716656083

Walker L, McAleese KE, Thomas AJ, Johnson M, Martin-Ruiz C, Park-
er C, et al. Neuropathologically mixed Alzheimer’s and Lewy body
disease: burden of pathological protein aggregates differs between
clinical phenotypes. Acta Neuropathol. 2015;129(5):729-48.

Ferman TJ, Aoki N, Crook JE, Murray ME, Graff-Radford NR, van Ger-
pen JA, et al. The limbic and neocortical contribution of a-synuclein,
tau, and amyloid B to disease duration in dementia with Lewy bodies.
Alzheimers Dement [Internet]. 2017/10/31. 2018 Mar;14(3):330-9.
Available from: https://www.ncbi.nlm.nih.gov/pubmed/29100980

van de Berg WDJ, Hepp DH, Dijkstra AA, Rozemuller JAM, Berendse

175



98.

99.

100.

101.

102.

103.

104.

105.

HW, Foncke E. Patterns of alpha-synuclein pathology in incidental
cases and clinical subtypes of Parkinson’s disease. Parkinsonism Relat
Disord [Internet]. 2012 Jan 1;18:S28-30. Available from: https://
doi.org/10.1016/S1353-8020(11)70011-6

Geut H, Vergouw LJM, Galis Y, Ingrassia A, de Jong FJ, Quadri M, et
al. Neuropathological and genetic characteristics of a post-mortem
series of cases with dementia with Lewy bodies clinically suspected
of Creutzfeldt-Jakob’s disease. Parkinsonism Relat Disord [Internet].
2019 Jun 1;63:162-8. Available from: https://doi.org/10.1016/].
parkreldis.2019.02.011

Brenowitz WD, Hubbard RA, Keene CD, Hawes SE, Longstreth WT,
Woltjer RL, et al. Mixed neuropathologies and associations with do-
main-specific cognitive decline. Neurology. 2017;89(17):1773-81.

Jacobson SA, Morshed T, Dugger BN, Beach TG, Hentz JG, Adler CH,
et al. Plaques and tangles as well as Lewy-type alpha synucleinopathy
are associated with formed visual hallucinations. Parkinsonism Relat
Disord [Internet]. 2014/06/28. 2014 Sep;20(9):1009-14. Available
from: https://www.ncbi.nlm.nih.gov/pubmed/25027359

van der Zande JJ, Steenwijk MD, ten Kate M, Wattjes MB Scheltens
B Lemstra AW. Gray matter atrophy in dementia with Lewy bodies
with and without concomitant Alzheimer’s disease pathology. Neuro-
biol Aging [Internet]. 2018;71:171-8. Available from: http://www.
sciencedirect.com/science/article/pii/S0197458018302562

Dugger BN, Boeve BE Murray ME, Parisi JE, Fujishiro H, Dickson
DW, et al. Rapid eye movement sleep behavior disorder and subtypes
in autopsy-confirmed dementia with Lewy bodies. Mov Disord [In-
ternet]. 2011/10/28. 2012 Jan;27(1):72-8. Available from: https://
www.ncbi.nlm.nih.gov/pubmed/22038951

Peelaerts W, Bousset L, Van Der Perren A, Moskalyuk A, Pulizzi R, Giug-
liano M, et al. a-Synuclein strains cause distinct synucleinopathies af-
ter local and systemic administration. Nature. 2015;522(7556):340-4.

Peng C, Gathagan RJ, Lee VM-Y. Distinct a-Synuclein strains and im-
plications for heterogeneity among a-Synucleinopathies. Neurobiol
Dis [Internet]. 2017/07/24. 2018 Jan;109(Pt B):209-18. Available
from: https://www.ncbi.nlm.nih.gov/pubmed/28751258

Vaikath NN, Erskine D, Morris CM, Majbour NK, Vekrellis K, Li J-Y,
et al. Heterogeneity in a-synuclein subtypes and their expression in
cortical brain tissue lysates from Lewy body diseases and Alzheimer’s
disease. Neuropathol Appl Neurobiol [Internet]. 2018 Nov 13;0(0).

176



106.

107.

108.

109.

110.

m.

12.

13.

114.

115.

Available from: https://doi.org/10.1111/nan.12531

Durcan R, Donaghy B Osborne C, Taylor J-B Thomas AJ. Imaging in
prodromal dementia with Lewy bodies: Where do we stand? Int J
Geriatr Psychiatry [Internet]. 2019 May 1;34(5):635-46. Available
from: https://doi.org/10.1002/gps.5071

Fyjishiro H, Nakamura S, Sato K, Iseki E. Prodromal dementia with
Lewy bodies. Geriatr Gerontol Int [Internet]. 2015 Jul;15(7):817-26.
Available from: http://doi.wiley.com/10.1111/ggi.12466

Winblad B, Palmer K, Kivipelto M, Jelic V, Fratiglioni L. Mild cognitive
impairment — beyond controversies , towards a consensus : report
of the International Working Group on Mild Cognitive Impairment.
2004;(September 2003):240-6.

Goldman JG, Williams-Gray C, Barker RA, Duda JE, Galvin JE. The
spectrum of cognitive impairment in Lewy body diseases. Mov Dis-
ord. 2014;29(5):608-21.

Molano J, Boeve B, Ferman T, Smith G, Parisi J, Dickson D, et al. lim-
bic and neocortical lewy body disease : a clinicopathological study:.
2010;(2009):540-56.

Kemp J, Philippi N, Phillipps C, Demuynck C, Albasser T, Martin-Hun-
yadi C, et al. Cognitive profile in prodromal dementia with Lewy bod-
ies. Alzheimer’s Res Ther. 2017;9(1):1-10.

Kantarci K, Lesnick T, Ferman TJ, Przybelski SA, Boeve BE Smith GE,
et al. Hippocampal volumes predict risk of dementia with Lewy bod-
ies in mild cognitive impairment. Neurology. 2016;87(22):2317-23.

Cagnin A, Busse C, Gardini S, Jelcic N, Guzzo C, Gnoato E et al. Clin-
ical and Cognitive Phenotype of Mild Cognitive Impairment Evolving
to Dementia with Lewy Bodies. Dement Geriatr Cogn Dis Extra [In-
ternet]. 2015;5(3):442-9. Available from: https://www.karger.com/
DOI/10.1159/000441184

Massa E Arnaldi D, De Cesari E Girtler N, Brugnolo A, Grazzini M,
et al. Neuroimaging findings and clinical trajectories of Lewy body
disease in patients with MCI. Neurobiol Aging [Internet]. 2019
Apr;76(2019):9-17. Available from: https://doi.org/10.1016/j.neu-
robiolaging.2018.12.001

Génier Marchand D, Postuma RB, Escudier F De Roy J, Pelletier A,
Montplaisir J, et al. How does dementia with Lewy bodies start? pro-

dromal cognitive changes in REM sleep behavior disorder. Ann Neu-
rol. 2018;83(5):1016-26.

177



116.

17.

118.

19.

120.

121.

122.

123.

124.

Roquet D, Noblet V, Anthony B Philippi N, Demuynck C, Cretin B, et
al. Insular atrophy at the prodromal stage of dementia with Lewy
bodies: A VBM DARTEL study. Sci Rep. 2017;7(1):1-10.

Blanc E Colloby SJ, Cretin B, De Sousa PL, Demuynck C, O’Brien JT, et
al. Grey matter atrophy in prodromal stage of dementia with Lewy bod-
ies and Alzheimer’s disease. Alzheimer’s Res Ther [Internet]. 2016;8(1).
Available from: http://dx.doi.org/10.1186/513195-016-0198-6

Roquet D, Sourty M, Botzung A, Armspach JB Blanc E Brain per-
fusion in dementia with Lewy bodies and Alzheimer’s disease: An
arterial spin labeling MRI study on prodromal and mild dementia
stages. Alzheimer’s Res Ther [Internet]. 2016;8(1):1-13. Available
from: http://dx.doi.org/10.1186/513195-016-0196-8

lizuka T, lizuka R, Kameyama M. Cingulate island sign tempo-
rally changes in dementia with Lewy bodies. Sci Rep [Internet].
2017;7(1):1-9. Available from: http://dx.doi.org/10.1038/s41598-
017-15263-2

Bousiges O, Bombois S, Schraen S, Wallon D, Quillard MM, Gab-
elle A, et al. Cerebrospinal fluid Alzheimer biomarkers can be use-
ful for discriminating dementia with Lewy bodies from Alzheim-
er’s disease at the prodromal stage. J Neurol Neurosurg Psychiatry.
2018;89(5):467-75.

Rongve A, Boeve BE Aarsland D. Frequency and Correlates of Car-
egiver-Reported Sleep Disturbances in a Sample of Persons with Ear-
ly Dementia. J Am Geriatr Soc [Internet]. 2010 Mar 1;58(3):480-6.
Available from: https://doi.org/10.1111/j.1532-5415.2010.02733.x

Chwiszczuk L, Breitve M, Hynninen M, Gjerstad MD, Aarsland D,
Rongve A. Higher Frequency and Complexity of Sleep Disturbances
in Dementia with Lewy Bodies as Compared to Alzheimer’s Disease.
Neurodegener Dis [Internet]. 2016;16(3-4):152-60. Available from:
https://www.karger.com/DOI/10.1159/000439252

Bliwise DL, Mercaldo ND, Avidan AY, Boeve BE, Greer SA, Kukull WA.
Sleep disturbance in dementia with Lewy bodies and Alzheimer’s dis-
ease: a multicenter analysis. Dement Geriatr Cogn Disord [Internet].
2011/04/07. 2011;31(3):239-46. Available from: https://www.
ncbi.nlm.nih.gov/pubmed/21474933

Iranzo A, Santamaria J, Tolosa E. Idiopathic rapid eye movement
sleep behaviour disorder: diagnosis, management, and the need for
neuroprotective interventions. Lancet Neurol [Internet]. 2016 Apr
1;15(4):405-19. Available from: https://doi.org/10.1016/S1474-
4422(16)00057-0

178



125.

126.

127.

128.

129.

130.

131.

132.

133.

Hogl B, Stefani A, Videnovic A. Idiopathic REM sleep behaviour disor-
der and neurodegeneration — an update. Nat Rev Neurol [Internet].
2017 Nov 24;14:40. Available from: https://doi.org/10.1038/nrneu-
rol.2017.157

Boeve BE Silber MH, Ferman TJ, Kokmen E, Smith GE, Ivnik RJ, et al.
REM sleep behavior disorder and degenerative dementia. Neurology
[Internet]. 1998 Aug 1;51(2):363 LP — 370. Available from: http://n.
neurology.org/content/51/2/363.abstract

Boeve BE Silber MH, Ferman TJ, Lin SC, Benarroch EE, Schmeichel
AM, et al. Clinicopathologic correlations in 172 cases of rapid
eye movement sleep behavior disorder with or without a coexist-
ing neurologic disorder. Sleep Med [Internet]. 2013/03/07. 2013
Aug;14(8):754-62. Available from: https://www.ncbi.nlm.nih.gov/
pubmed/23474058

Pao WC, Boeve BE Ferman TJ, Lin S-C, Smith GE, Knopman DS, et al.
Polysomnographic findings in dementia with Lewy bodies. Neurolo-
gist [Internet]. 2013 Jan;19(1):1-6. Available from: https://www.
ncbi.nlm.nih.gov/pubmed/23269098

Terzaghi M, Arnaldi D, Rizzetti MC, Minafra B, Cremascoli R, Rustioni
V, et al. Analysis of video-polysomnographic sleep findings in dementia
with Lewy bodies. Mov Disord [Internet]. 2013 Sep 1;28(10):1416—
23. Available from: https://doi.org/10.1002/mds.25523

Ratti P-L, Terzaghi M, Minafra B, Repetto A, Pasotti C, Zangaglia R, et
al. REM and NREM sleep enactment behaviors in Parkinson’s disease,
Parkinson’s disease dementia, and dementia with Lewy bodies. Sleep
Med [Internet]. 2012;13(7):926-32. Available from: http://www.
sciencedirect.com/science/article/pii/S1389945712002134

Iranzo A, Santamaria J. Severe Obstructive Sleep Apnea/Hypo-
pnea Mimicking REM Sleep Behavior Disorder. Sleep [Internet].
2005 Feb 1;28(2):203-6. Available from: https://doi.org/10.1093/
sleep/28.2.203

Gaig C, Iranzo A, Pujol M, Perez H, Santamaria J. Periodic Limb Move-
ments During Sleep Mimicking REM Sleep Behavior Disorder: A New
Form of Periodic Limb Movement Disorder. Sleep [Internet]. 2016 Dec
22;40(3). Available from: https://doi.org/10.1093/sleep/zsw063

Hibi S, Yamaguchi Y, Umeda-Kameyama Y, Yamamoto H, lijima K,
Momose T, et al. The high frequency of periodic limb movements
in patients with Lewy body dementia. J Psychiatr Res [Internet].
2012;46(12):1590-4. Available from: http://www.sciencedirect.
com/science/article/pii/S0022395612002154

179



134.

135.

136.

137.

138.

139.

140.

141.

142.

Ferman TJ, Smith GE, Dickson DW, Graff-Radford NR, Lin S-C, Wszol-
ek Z, et al. Abnormal daytime sleepiness in dementia with Lewy bod-
ies compared to Alzheimer’s disease using the Multiple Sleep Latency
Test. Alzheimers Res Ther [Internet]. 2014 Dec 10;6(9):76. Available
from: https://www.ncbi.nlm.nih.gov/pubmed,/25512763

Ratti P-L, Terzaghi M, Minafra B, Repetto A, Pasotti C, Zangaglia R, et
al. REM and NREM sleep enactment behaviors in Parkinson’s disease,
Parkinson’s disease dementia, and dementia with Lewy bodies. Sleep
Med [Internet]. 2012 Aug 1 [cited 2019 Aug 21];13(7):926-32.
Available from: https://www.sciencedirect.com/science/article/abs/
pii/S1389945712002134?via%3Dihub

Ransohoff RM. How neuroinflammation contributes to neurodegen-
eration. Science (80-). 2016;353(6301):168-75.

Gispert JD, Monté GC, Suarez-Calvet M, Falcon C, Tucholka A, Rojas
S, et al. The APOE €4 genotype modulates CSF YKL-40 levels and their
structural brain correlates in the continuum of Alzheimer’s disease
but not those of STREM2. Alzheimer’s Dement (Amsterdam, Nether-
lands) [Internet]. 2016 Dec 22;6:50-9. Available from: https://www.
ncbi.nlm.nih.gov/pubmed/28149943

Eikelenboom B Veerhuis R, Exel E van, Hoozemans JJM, Gool AJMR
and WA van. The Early Involvement of the Innate Immunity in the
Pathogenesis of Lateonset Alzheimers Disease: Neuropathological,
Epidemiological and Genetic Evidence [Internet]. Vol. 8, Current
Alzheimer Research. 2011. p. 142-50. Available from: http://www.
eurekaselect.com/node/87742/article

Heneka MT, Carson MJ, El Khoury J, Landreth GE, Brosseron E Fein-
stein DL, et al. Neuroinflammation in Alzheimer’s disease. Lancet
Neurol [Internet]. 2015 Apr;14(4):388-405. Available from: https://
www.ncbi.nlm.nih.gov/pubmed/25792098

Leyns CEG, Holtzman DM. Glial contributions to neurodegeneration
in tauopathies. Mol Neurodegener. 2017;12(1):1-16.

AsaiH, Ikezu S, Tsunoda S, Medalla M, Luebke J, Haydar T, et al. Deple-
tion of microglia and inhibition of exosome synthesis halt tau propaga-
tion. Nat Neurosci [Internet]. 2015/10/05. 2015 Nov;18(11):1584-93.
Available from: https://www.ncbi.nlm.nih.gov/pubmed/26436904

Guerreiro R, Wojtas A, Bras J, Carrasquillo M, Rogaeva E, Majounie
E, et al. TREM2 variants in Alzheimer’s disease. N Engl J Med [In-
ternet]. 2012/11/14. 2013 Jan 10;368(2):117-27. Available from:
https://www.ncbi.nlm.nih.gov/pubmed/23150934

180



143.

144.

145.

146.

147.

148.

149.

150.

151.

Ohm TG, Kirca M, Bohl J, Scharnagl H, Grop W, Méarz W. Apolipo-
protein E polymorphism influences not only cerebral senile plaque
load but also Alzheimer-type neurofibrillary tangle formation. Neuro-
science [Internet]. 1995;66(3):583-7. Available from: http://www.
sciencedirect.com/science/article/pii/030645229400596W

Toh H, Chitramuthu BE Bennett HPJ, Bateman A. Structure, Func-
tion, and Mechanism of Progranulin; the Brain and Beyond. J Mol
Neurosci [Internet]. 2011;45(3):538. Available from: https://doi.
org/10.1007/s12031-011-9569-4

Chitramuthu BB Bennett HPJ, Bateman A. Progranulin: a new ave-
nue towards the understanding and treatment of neurodegenerative
disease. Brain [Internet]. 2017 Aug 18;140(12):3081-104. Available
from: https://doi.org/10.1093/brain/awx198

Brouwers N, Sleegers K, Engelborghs S, Maurer-Stroh S, Gijselinck I,
van der Zee J, et al. Genetic variability in &lt;em&gt;progranulin&lt;/
em&agt; contributes to risk for clinically diagnosed Alzheimer disease.
Neurology [Internet]. 2008 Aug 26;71(9):656 LP — 664. Available
from: http://n.neurology.org/content/71/9/656.abstract

Perry DC, Lehmann M, Yokoyama JS, Karydas A, Lee JJ, Coppola G, et
al. Progranulin mutations as risk factors for Alzheimer disease. JAMA
Neurol [Internet]. 2013 Jun;70(6):774-8. Available from: https://
www.ncbi.nlm.nih.gov/pubmed/23609919

Sheng J, Su L, Xu Z, Chen G. Progranulin polymorphism rs5848 is as-
sociated with increased risk of Alzheimer’s disease. Gene [Internet].
2014;542(2):141-5. Available from: http://www.sciencedirect.com/
science/article/pii/S0378111914003527

Minami SS, Min S-W, Krabbe G, Wang C, Zhou Y, Asgarov R, et al.
Progranulin protects against amyloid B deposition and toxicity in
Alzheimer’s disease mouse models. Nat Med [Internet]. 2014/09/28.
2014 Oct;20(10):1157-64. Available from: https://www.ncbi.nlm.
nih.gov/pubmed/25261995

Mazaheri E Snaidero N, Kleinberger G, Madore C, Daria A, Werner
G, et al. TREM2 deficiency impairs chemotaxis and microglial re-
sponses to neuronal injury. EMBO Rep [Internet]. 2017/05/08. 2017
Jul;18(7):1186-98. Available from: https://www.ncbi.nlm.nih.gov/
pubmed/28483841

Gotzl JK, Brendel M, Werner G, Parhizkar S, Sebastian Monasor L,
Kleinberger G, et al. Opposite microglial activation stages upon loss
of PGRN or TREM2 result in reduced cerebral glucose metabolism.

181



152.

153.

154.

155.

156.

157.

158.

159.

160.

EMBO Mol Med [Internet]. 2019 Jun;11(6):e9711. Available from:
https://www.ncbi.nlm.nih.gov/pubmed/31122931

Liddelow SA, Guttenplan KA, Clarke LE, Bennett FC, Bohlen CJ,
Schirmer L, et al. Neurotoxic reactive astrocytes are induced by acti-
vated microglia. Nature. 2017;541(7638):481-7.

Jacobs AH, Tavitian B, consortium Inm. Noninvasive molecular im-
aging of neuroinflammation. J Cereb Blood Flow Metab [Internet].
2012/05/02. 2012 Jul;32(7):1393-415. Available from: https://
www.ncbi.nlm.nih.gov/pubmed/22549622

Imamura K, Hishikawa N, Sawada M, Nagatsu T, Yoshida M, Hashi-
zume Y. Distribution of major histocompatibility complex class II-pos-
itive microglia and cytokine profile of Parkinson’s disease brains.
Acta Neuropathol [Internet]. 2003;106(6):518-26. Available from:
https://doi.org/10.1007/s00401-003-0766-2

Mackenzie IRA. Activated microglia in dementia with Lewy bodies.
Neurology [Internet]. 2000 Jul 12;55(1):132 LP — 134. Available
from: http://n.neurology.org/content/55/1/132.abstract

Iannaccone S, Cerami C, Alessio M, Garibotto V, Panzacchi A, Olivie-
ri S, et al. <em>In&#xa0;vivo</em> microglia activation in very
early dementia with Lewy bodies, comparison with Parkinson’s dis-
ease. Parkinsonism Relat Disord [Internet]. 2013 Jan 1;19(1):47-52.
Available from: https://doi.org/10.1016/j.parkreldis.2012.07.002

Doorn KJ, Moors T, Drukarch B, van de Berg WD, Lucassen PJ, van
Dam A-M. Microglial phenotypes and toll-like receptor 2 in the sub-
stantia nigra and hippocampus of incidental Lewy body disease cases
and Parkinson’s disease patients. Acta Neuropathol Commun [Inter-
net]. 2014 Aug 7;2:90. Available from: https://www.ncbi.nlm.nih.
gov/pubmed/25099483

Briick D, Wenning GK, Stefanova N, Fellner L. Glia and alpha-synucle-
in in neurodegeneration: A complex interaction. Neurobiol Dis [Inter-
net]. 2016;85:262-74. Available from: http://dx.doi.org/10.1016/j.
nbd.2015.03.003

Lee H-J, Suk J-E, Patrick C, Bae E-J, Cho J-H, Rho S, et al. Direct trans-
fer of alpha-synuclein from neuron to astroglia causes inflammatory
responses in synucleinopathies. J Biol Chem [Internet]. 2010/01/13.
2010 Mar 19;285(12):9262-72. Available from: https://www.ncbi.
nlm.nih.gov/pubmed/20071342

Braak H, Sastre M, Del Tredici K. Development of a-synuclein im-

182



161.

162.

163.

164.

165.

166.

167.

168.

munoreactive astrocytes in the forebrain parallels stages of intran-
euronal pathology in sporadic Parkinson’s disease. Acta Neuro-
pathol [Internet]. 2007;114(3):231-41. Available from: https://doi.
org/10.1007/s00401-007-0244-3

Fellner L, Jellinger KA, Wenning GK, Stefanova N. Glial dysfunction
in the pathogenesis of a-synucleinopathies: emerging concepts. Acta
Neuropathol [Internet]. 2011/05/12. 2011 Jun;121(6):675-93.
Available from: https://www.ncbi.nlm.nih.gov/pubmed/21562886

Lee H, Suk J, Patrick C, Bae E, Cho J, Rho S, et al. Direct Transfer of
_:Synuclein from Neuron to Astroglia Causes Inflammatory Respons-
es in Synucleinopathies * [1. 2010;285(12):9262-72.

Erskine D, Ding J, Thomas AJ, Kaganovich A, Khundakar AA, Hanson
PS, et al. Molecular changes in the absence of severe pathology in
the pulvinar in dementia with Lewy bodies. Mov Disord [Internet].
2018/03/23. 2018 Jul;33(6):982-91. Available from: https://www.
ncbi.nlm.nih.gov/pubmed/29570843

Katsuse O, Iseki E, Kosaka K. Immunohistochemical study of the ex-
pression of cytokines and nitric oxide synthases in brains of patients
with dementia with Lewy bodies. Neuropathology [Internet]. 2003
Mar 1;23(1):9-15. Available from: https://doi.org/10.1046/j.1440-
1789.2003.00483.x

Craig-Schapiro R, Perrin RJ, Roe CM, Xiong C, Carter D, Cairns NJ,
et al. YKL-40: A novel prognostic fluid biomarker for preclinical
Alzheimer’s disease. Biol Psychiatry. 2010;68(10):903-12.

Querol-Vilaseca M, Colom-Cadena M, Pegueroles J, San Martin-Pan-
iello C, Clarimon J, Belbin O, et al. YKL-40 (Chitinase 3-like I) is
expressed in a subset of astrocytes in Alzheimer’s disease and other
tauopathies. J Neuroinflammation [Internet]. 2017 Jun 9;14(1):118.
Available from: https://www.ncbi.nlm.nih.gov/pubmed/28599675

Alcolea D, Martinez-Lage B Sanchez-Juan B Olazaran J, Anttnez C,
Izagirre A, et al. Amyloid precursor protein metabolism and inflam-
mation markers in preclinical Alzheimer disease. Neurology [Inter-
net]. 2015 Aug 18;85(7):626 LP — 633. Available from: http://n.neu-
rology.org/content/85/7/626.abstract

Cant6 E, Tintoré M, Villar LM, Costa C, Nurtdinov R, Alvarez-Cer-
mefio JC, et al. Chitinase 3-like 1: prognostic biomarker in clinically
isolated syndromes. Brain [Internet]. 2015 Feb 12;138(4):918-31.
Available from: https://doi.org/10.1093/brain/awv017

183



169.

170.

171.

172.

173.

174.

175.

Suarez-Calvet M, Kleinberger G, Araque Caballero MA, Brendel M,
Rominger A, Alcolea D, et al. STREM2 cerebrospinal fluid levels are a
potential biomarker for microglia activity in early-stage Alzheimer’s
disease and associate with neuronal injury markers. EMBO Mol Med
[Internet]. 2016 May 2;8(5):466-76. Available from: https://www.
ncbi.nlm.nih.gov/pubmed/26941262

Sudrez-Calvet M, Morenas-Rodriguez E, Kleinberger G, Schlepckow
K, Araque Caballero MA, Franzmeier N, et al. Early increase of CSF
sTREM2 in Alzheimer’s disease is associated with tau related-neuro-
degeneration but not with amyloid-B pathology. Mol Neurodegener
[Internet]. 2019 Jan 10;14(1):1. Available from: https://www.ncbi.
nlm.nih.gov/pubmed/30630532

Heslegrave A, Heywood W, Paterson R, Magdalinou N, Svensson J, Johans-
son B et al. Increased cerebrospinal fluid soluble TREM2 concentration
in Alzheimer’s disease. Mol Neurodegener [Internet]. 2016 Jan 12;11:3.
Available from: https://www.ncbi.nlm.nih.gov/pubmed/26754172

Sudrez-Calvet M, Araque Caballero MA, Kleinberger G, Bateman
RJ, Fagan AM, Morris JC, et al. Early changes in CSF sTREM2 in
dominantly inherited Alzheimer’s disease occur after amyloid dep-
osition and neuronal injury. Sci Transl Med [Internet]. 2016 Dec
14;8(369):369ral178-369ral78. Available from: https://www.ncbi.
nlm.nih.gov/pubmed/27974666

Sudrez-Calvet M, Capell A, Araque Caballero MA, Morenas-Rodriguez
E, Fellerer K, Franzmeier N, et al. CSF progranulin increases in the
course of Alzheimer’s disease and is associated with sSTREM2, neuro-
degeneration and cognitive decline. EMBO Mol Med [Internet]. 2018
Dec;10(12):e9712. Available from: https://www.ncbi.nlm.nih.gov/
pubmed/30482868

Ewers M, Franzmeier N, Sudrez-Calvet M, Morenas-Rodriguez E,
Caballero MAA, Kleinberger G, et al. Increased soluble TREM2 in
cerebrospinal fluid is associated with reduced cognitive and clinical
decline in Alzheimer’s disease. Sci Transl Med [Internet]. 2019 Aug
28;11(507):eaav6221. Available from: http://stm.sciencemag.org/
content/11/507/eaav6221.abstract

Wennstrom M, Surova Y, Hall S, Nilsson C, Minthon L, Hansson O,
et al. The Inflammatory Marker YKL-40 Is Elevated in Cerebrospi-
nal Fluid from Patients with Alzheimer’s but Not Parkinson’s Dis-
ease or Dementia with Lewy Bodies. PLoS One [Internet]. 2015 Aug
13;10(8):e0135458-e0135458. Available from: https://www.ncbi.
nlm.nih.gov/pubmed/26270969

184



176.

177.

178.

179.

180.

181.

182.

183.

Janelidze S, Hertze J, Zetterberg H, Landqvist Waldé M, Santillo A,
Blennow K, et al. Cerebrospinal fluid neurogranin and YKL-40 as bi-
omarkers of Alzheimer’s disease. Ann Clin Transl Neurol [Internet].
2015 Nov 20;3(1):12-20. Available from: https://www.ncbi.nlm.nih.
gov/pubmed/26783546

Teunissen CE, Elias N, Koel-Simmelink MJA, Durieux-Lu S, Malekza-
deh A, Pham TV, et al. Novel diagnostic cerebrospinal fluid biomark-
ers for pathologic subtypes of frontotemporal dementia identified by
proteomics. Alzheimer’s Dement (Amsterdam, Netherlands) [Inter-
net]. 2016 Jan 19;2:86-94. Available from: https://www.ncbi.nlm.
nih.gov/pubmed/27239539

Paterson RW, Slattery CE Poole T, Nicholas JM, Magdalinou NK,
Toombs J, et al. Cerebrospinal fluid in the differential diagnosis of
Alzheimer’s disease: clinical utility of an extended panel of biomark-
ers in a specialist cognitive clinic. Alzheimers Res Ther [Internet].
2018 Mar 20;10(1):32. Available from: https://www.ncbi.nlm.nih.
gov/pubmed/29558979

Morenas-rodr E, Blesa R, Clarim J, Sala I, Bel M. TH OR CO Pro-
granulin Protein Levels in Cerebrospinal CO. J Alzheimer’s Dis.
2016;50:539-46.

Stefanova N, Fellner L, Reindl M, Masliah E, Poewe W, Wenning GK.
Toll-like receptor 4 promotes a-synuclein clearance and survival of
nigral dopaminergic neurons. Am J Pathol [Internet]. 2011/06/14.
2011 Aug;179(2):954-63. Available from: https://www.ncbi.nlm.
nih.gov/pubmed/21801874

Venezia S, Refolo V, Polissidis A, Stefanis L, Wenning GK, Stefano-
va N. Toll-like receptor 4 stimulation with monophosphoryl lipid A
ameliorates motor deficits and nigral neurodegeneration triggered
by extraneuronal a-synucleinopathy. Mol Neurodegener [Internet].
2017 Jul 4;12(1):52. Available from: https://www.ncbi.nlm.nih.gov/
pubmed/28676095

Halliday GM, Holton JL, Revesz T, Dickson DW. Neuropathology un-
derlying clinical variability in patients with synucleinopathies. Acta
Neuropathol [Internet]. 2011;122(2):187-204. Available from:
https://doi.org/10.1007/s00401-011-0852-9

Colom-Cadena M, Grau-Rivera O, Planellas L, Cerquera C, Morenas E,
Helgueta S, et al. Regional Overlap of Pathologies in Lewy Body Dis-
orders. J Neuropathol Exp Neurol [Internet]. 2017 Mar 3;76(3):216—
24. Available from: https://doi.org/10.1093/jnen/nlx002

185



184.

185.

186.

187.

188.

189.

190.

191.

192.

Dugger BN, Boeve BE Murray ME, Parisi JE, Fujishiro H, Dickson DW,
et al. Rapid Eye Movement Sleep Behavior Disorder and Subtypes in
Autopsy-Confirmed Dementia with Lewy Bodies. 2012;27(1):72-8.

Fereshtehnejad SM, Zeighami Y, Dagher A, Postuma RB. Clinical cri-
teria for subtyping Parkinson’s disease: Biomarkers and longitudinal
progression. Brain. 2017;140(7):1959-76.

Fereshtehnejad S-M, Romenets SR, Anang JBM, Latreille V, Gag-
non J-E Postuma RB. New Clinical Subtypes of Parkinson Disease
and Their Longitudinal Progression: A Prospective Cohort Compar-
ison With Other Phenotypes. JAMA Neurol [Internet]. 2015 Aug
1;72(8):863-73. Available from: https://doi.org/10.1001/jamaneu-
r0l.2015.0703

Rongve A, Brgnnick K, Ballard C, Aarsland D. Core and Sugges-
tive Symptoms of Dementia with Lewy Bodies Cluster in Per-
sons with Mild Dementia. Dement Geriatr Cogn Disord [Internet].
2010;29(4):317-24. Available from: https://www.karger.com/
DOI/10.1159/000295111

McKhann GM, Knopman DS, Chertkow H, Hyman BT, Jack Jr CR, Ka-
was CH, et al. The diagnosis of dementia due to Alzheimer’s disease:
recommendations from the National Institute on Aging-Alzheim-
er’s Association workgroups on diagnostic guidelines for Alzheim-
er’'s disease. Alzheimers Dement [Internet]. 2011/04/21. 2011
May;7(3):263-9. Available from: https://www.ncbi.nlm.nih.gov/pu-
bmed/21514250

O’Bryant SE, Lacritz LH, Hall J, Waring SC, Chan W, Khodr ZG, et al.
Validation of the new interpretive guidelines for the clinical dementia
rating scale sum of boxes score in the national Alzheimer’s coordinat-
ing center database. Arch Neurol [Internet]. 2010 Jun;67(6):746-9.
Available from: https://www.ncbi.nlm.nih.gov/pubmed/20558394

Sala I, Belén Sanchez-Saudinds M, Molina-Porcel L, Lazaro E, Gich I,
Clarimon J, et al. Homocysteine and Cognitive Impairment. Dement
Geriatr Cogn Disord [Internet]. 2008;26(6):506-12. Available from:
https://www.karger.com/D0OI/10.1159/000173710

Erro R, Vitale C, Amboni M, Picillo M, Moccia M, Longo K, et al. The
Heterogeneity of Early Parkinson ’ s Disease : A Cluster Analysis on
Newly Diagnosed Untreated Patients. 2013;8(8):1-8.

Rooden SM Van, Heiser WJ, Kok JN, Verbaan D, Hilten JJ Van, Mari-
nus J. The Identification of Parkinson ’ s Disease Subtypes Using Clus-
ter Analysis : A Systematic Review. 2010;25(8):969-78.

186



193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

Lewis SJG, Foltynie T, Blackwell AD, Robbins TW, Owen AM, Barker
RA. stages using a data driven approach. 2005;(July 2001):343-9.

Selikhova M, Williams DR, Kempster PA, Holton JL, Revesz T, Lees AJ.
A clinico-pathological study of subtypes in Parkinson’s disease. Brain.
2009;132(11):2947-57.

Jellinger KA, Wenning GK, Seppi K. Predictors of Survival in Demen-
tia with Lewy Bodies and Parkinson Dementia. Neurodegener Dis
[Internet]. 2007;4(6):428-30. Available from: https://www.karger.
com/DO0I/10.1159/000107703

Jellinger KA. In dementia with Lewy bodies, Braak stage determines
phenotype, not Lewy body distribution. Neurology [Internet]. 2008
Jan 29;70(5):407-8. Available from: http://n.neurology.org/con-
tent/70/5/407.abstract

Sarro L, Senjem ML, Lundt ES, Przybelski SA, Lesnick TG, Graff-Rad-
ford J, et al. Amyloid-p deposition and regional grey matter atrophy
rates in dementia with Lewy bodies. Brain [Internet]. 2016/07/24.
2016 Oct;139(Pt 10):2740-50. Available from: https://www.ncbi.
nlm.nih.gov/pubmed/27452602

Dubois B, Albert ML. Amnestic MCI or prodromal Alzheimer’s dis-
ease? Lancet Neurol [Internet]. 2004 Apr 1;3(4):246-8. Available
from: https://doi.org/10.1016/S1474-4422(04)00710-0

Irwin DJ, Grossman M, Weintraub D, Hurtig HI, Duda JE, Xie SX, et
al. Neuropathological and genetic correlates of survival and dementia
onset in synucleinopathies : a retrospective analysis. 2017;16(Janu-
ary):55-65.

Vann Jones SA, O’Brien JT. The prevalence and incidence of demen-
tia with Lewy bodies: a systematic review of population and clinical
studies. Psychol Med [Internet]. 2013/03/25. 2014;44(4):673-83.
Available from: https://www.cambridge.org/core/article/prev-
alence-and-incidence-of-dementia-with-lewy-bodies-a-systemat-
ic-review-of-population-and-clinical-studies/AACDOAA4F8BC-
4CB1EA8A1C7E4F6660CD

Walker Z, Possin KL, Boeve BE Aarsland D. Non-Alzheimer’s dementia 2
Lewy body dementias. Lancet [Internet]. 2015;386(10004):1683-97.
Available from: http://dx.doi.org/10.1016/S0140-6736(15)00462-6

Boeve BE Dickson DW, Olson EJ, Shepard JW, Silber MH, Ferman
TJ, et al. Insights into REM sleep behavior disorder pathophysiology
in brainstem-predominant Lewy body disease. Sleep Med [Internet].

187



203.

204.

205.

206.

207.

208.

209.

210.

2006/12/06. 2007 Jan;8(1):60-4. Available from: https://www.
ncbi.nlm.nih.gov/pubmed/17157062

Morenas-RodriguezE, Salal, Subirana A, Pascual-Gofii E, Sanchez-Sau-
din6s MB, Alcolea D, et al. Clinical Subtypes of Dementia with Lewy
Bodies Based on the Initial Clinical Presentation. Leyhe T, editor.
J Alzheimer’s Dis [Internet]. 2018 Jun 19;64(2):505-13. Availa-
ble from: http://www.medra.org/servlet/aliasResolver?alias=ios-
press&doi=10.3233/JAD-180167

Buysse DJ, Reynolds CE Monk TH, Berman SR, Kupfer DJ. The Pitts-
burgh sleep quality index: A new instrument for psychiatric prac-
tice and research. Psychiatry Res [Internet]. 1989;28(2):193-213.
Available from: http://www.sciencedirect.com/science/article/
pii/0165178189900474

Johns MW. A New Method for Measuring Daytime Sleepiness: The
Epworth Sleepiness Scale. Sleep [Internet]. 1991 Nov 1;14(6):540-
5. Available from: https://doi.org/10.1093/sleep/14.6.540

Boeve BE Molano JR, Ferman TJ, Smith GE, Lin S-C, Bieniek K, et al.
Validation of the Mayo Sleep Questionnaire to screen for REM sleep
behavior disorder in an aging and dementia cohort. Sleep Med [Inter-
net]. 2011/02/23. 2011 May;12(5):445-53. Available from: https://
www.ncbi.nlm.nih.gov/pubmed/21349763

Allen RB Picchietti DL, Garcia-Borreguero D, Ondo WG, Walters AS,
Winkelman JW, et al. Restless legs syndrome/Willis—-Ekbom disease
diagnostic criteria: updated International Restless Legs Syndrome
Study Group (IRLSSG) consensus criteria — history, rationale, descrip-
tion, and significance. Sleep Med [Internet]. 2014;15(8):860-73.
Available from: http://www.sciencedirect.com/science/article/pii/
S1389945714001907

Iber C, Ancoli-Israel S, Chesson A QS for the AA of SM. The AASM
Manual for the Scoring of Sleep and Associated Events: Rules, Termi-
nology and Technical Specifications. 1st Editio. Westchester, Illinois:
American Academy of Sleep Medicine; 2007.

Atlas Task Force of the American Sleep Disorders Association. Guil-
leminault C chairman. EEG arousals: scoring rules and examples.
Sleep. 1992;(15):173-84.

Zucconi M, Ferri R, Allen R, Baier PC, Bruni O, Chokroverty S, et al.
The official World Association of Sleep Medicine (WASM) standards
for recording and scoring periodic leg movements in sleep (PLMS)
and wakefulness (PLMW) developed in collaboration with a task

188



211.

212.

213.

214.

215.

216.

217.

218.

force from the International Restless Legs Syndrome Study Grou.
Sleep Med [Internet]. 2006;7(2):175-83. Available from: http://
www.sciencedirect.com/science/article/pii/S1389945706000049

Cromarty RA, Elder GJ, Graziadio S, Baker M, Bonanni L, Onofrj M,
et al. Neurophysiological biomarkers for Lewy body dementias. Clin
Neurophysiol [Internet]. 2015/06/27. 2016 Jan;127(1):349-59.
Available from: https://www.ncbi.nlm.nih.gov/pubmed/26183755

Santamaria J, Hogl B, Trenkwalder C, Bliwise D. Scoring sleep in neu-
rological patients: the need for specific considerations. Sleep [Inter-
net]. 2011 Oct 1;34(10):1283—-4. Available from: https://www.ncbi.
nlm.nih.gov/pubmed/21966056

Sabater L, Gaig C, Gelpi E, Bataller L, Lewerenz J, Torres-Vega E,
et al. A novel non-rapid-eye movement and rapid-eye-movement
parasomnia with sleep breathing disorder associated with antibod-
ies to IgLON5: a case series, characterisation of the antigen, and
post-mortem study. Lancet Neurol [Internet]. 2014/04/03. 2014
Jun;13(6):575-86. Available from: https://www.ncbi.nlm.nih.gov/
pubmed/24703753

American Academy of Sleep Medicine. International Classification of
Sleep Disorders. 3rd editio. Darien, IL: American Academy of Sleep
Medicine; 2014.

Frauscher B, Iranzo A, Gaig C, Gschliesser V, Guaita M, RaffelsederV, et
al. Normative EMG values during REM sleep for the diagnosis of REM
sleep behavior disorder. Sleep [Internet]. 2012 Jun 1;35(6):835-47.
Available from: https://www.ncbi.nlm.nih.gov/pubmed/22654203

Fernandez-Arcos A, Iranzo A, Serradell M, Gaig C, Guaita M, Salame-
ro M, et al. Diagnostic Value of Isolated Mentalis Versus Mentalis Plus
Upper Limb Electromyography in Idiopathic REM Sleep Behavior
Disorder Patients Eventually Developing a Neurodegenerative Syn-
drome. Sleep [Internet]. 2017 Feb 13;40(4). Available from: https://
doi.org/10.1093/sleep/zsx025

Kumru H, Santamaria J, Tolosa E, Valldeoriola E Mufioz E, Marti MJ,
et al. Rapid eye movement sleep behavior disorder in parkinsonism
with parkin mutations. Ann Neurol [Internet]. 2004 Oct 1;56(4):599-
603. Available from: https://doi.org/10.1002/ana.20272

Stefani A, Gabelia D, Hogl B, Mitterling T, Mahlknecht B Stockner
H, et al. Long-Term Follow-up Investigation of Isolated Rapid Eye
Movement Sleep Without Atonia Without Rapid Eye Movement Sleep
Behavior Disorder: A Pilot Study. J Clin Sleep Med [Internet]. 2015

189



219.

220.

221.

222,

223.

224.

225,

226.

Nov 15;11(11):1273-9. Available from: https://www.ncbi.nlm.nih.
gov/pubmed/26156949

Roks G, Korf ESC, van der Flier WM, Scheltens P Stam CJ. The use
of EEG in the diagnosis of dementia with Lewy bodies. J Neurol Neu-
rosurg &amp;amp; Psychiatry [Internet]. 2008 Apr 1;79(4):377 LP —
380. Available from: http://jnnp.bmj.com/content/79/4/377 .abstract

Bonanni L, Thomas A, Tiraboschi B Perfetti B, Varanese S, Onofrj M.
EEG comparisons in early Alzheimer’s disease, dementia with Lewy
bodies and Parkinson’s disease with dementia patients with a 2-year
follow-up. Brain [Internet]. 2008 Feb 7;131(3):690-705. Available
from: https://doi.org/10.1093/brain/awm322

Manni R, Pacchetti C, Terzaghi M, Sartori I, Mancini E Nappi G. Hal-
lucinations and sleep-wake cycle in PD. Neurology [Internet]. 2002
Dec 24;59(12):1979 LP — 1981. Available from: http://n.neurology.
org/content/59/12/1979.abstract

Compta Y, Santamaria J, Ratti L, Tolosa E, Iranzo A, Munoz E, et
al. Cerebrospinal hypocretin, daytime sleepiness and sleep archi-
tecture in Parkinson’s disease dementia. Brain [Internet]. 2009 Dec
1;132(12):3308-17. Available from: https://academic.oup.com/
brain/article-lookup/doi/10.1093/brain/awp263

Christensen JAE, Kempfner J, Zoetmulder M, Leonthin HL, Arvastson
L, Christensen SR, et al. Decreased sleep spindle density in patients
with idiopathic REM sleep behavior disorder and patients with Par-
kinson’s disease. Clin Neurophysiol [Internet]. 2014;125(3):512-9.
Available from: http://www.sciencedirect.com/science/article/pii/
S$138824571300998X

Latreille V, Carrier J, Lafortune M, Postuma RB, Bertrand J-A, Panisset
M, et al. Sleep spindles in Parkinson’s disease may predict the devel-
opment of dementia. Neurobiol Aging [Internet]. 2015;36(2):1083-
90. Available from: http://www.sciencedirect.com/science/article/
pii/S0197458014006058

Kotagal V, Albin RL, Miiller MLTM, Koeppe RA, Chervin RD, Frey KA,
et al. Symptoms of rapid eye movement sleep behavior disorder are
associated with cholinergic denervation in Parkinson disease. Ann
Neurol [Internet]. 2012 Apr;71(4):560-8. Available from: https://
www.ncbi.nlm.nih.gov/pubmed/22522445

Steriade M. Grouping of brain rhythmsin corticothalamic systems. Neu-
roscience [Internet]. 2006;137(4):1087-106. Available from: http://
www.sciencedirect.com/science/article/pii/S030645220501153X

190



227.

228,

229,

230.

231.

232.

233.

234.

235.

Kotagal V, Miiller MLTM, Kaufer DI, Koeppe RA, Bohnen NI. Thalamic
cholinergic innervation is spared in Alzheimer disease compared to
parkinsonian disorders. Neurosci Lett [Internet]. 2012/03/03. 2012
Apr 18;514(2):169-72. Available from: https://www.ncbi.nlm.nih.
gov/pubmed/22414859

Galbiati A, Carli G, Hensley M, Ferini-Strambi L. REM Sleep Behav-
ior Disorder and Alzheimer’s Disease: Definitely No Relationship? J
Alzheimer’s Dis [Internet]. 2018 Apr 10;63(1):1-11. Available from:
http://www.medra.org/servlet/aliasResolver?alias=iospress&-
doi=10.3233/JAD-171164

Zhang X, Sun X, Wang J, Tang L, Xie A. Prevalence of rapid eye move-
ment sleep behavior disorder (RBD) in Parkinson’s disease: a meta and
meta-regression analysis. Neurol Sci [Internet]. 2017;38(1):163-70.
Available from: https://doi.org/10.1007/s10072-016-2744-1

Gagnon J-E Bédard M-A, Fantini ML, Petit D, Panisset M, Rompré S, et
al. REM sleep behavior disorder and REM sleep without atonia in Parkin-
son’s disease. Neurology [Internet]. 2002 Aug 27;59(4):585 LP — 589.
Available from: http://n.neurology.org/content/59/4,/585.abstract

Sixel-Doring E Zimmermann J, Wegener A, Mollenhauer B, Trenk-
walder C. The Evolution of REM Sleep Behavior Disorder in Early
Parkinson Disease. Sleep [Internet]. 2016 Sep 1;39(9):1737-42.
Available from: https://www.ncbi.nlm.nih.gov/pubmed/27306265

Iranzo A, Isetta V, Molinuevo JL, Serradell M, Navajas D, Farre R, et
al. Electroencephalographic slowing heralds mild cognitive impair-
ment in idiopathic REM sleep behavior disorder. Sleep Med [Inter-
net]. 2010;11(6):534-9. Available from: http://www.sciencedirect.
com/science/article/pii/S138994571000153X

Gagnon J-E Fantini ML, Bédard M-A, Petit D, Carrier J, Rompré S,
et al. Association between waking EEG slowing and REM sleep be-
havior disorder in PD without dementia. Neurology [Internet]. 2004
Feb 10;62(3):401 LP — 406. Available from: http://n.neurology.org/
content/62/3/401.abstract

Liu AKL, Chang RC-C, Pearce RKB, Gentleman SM. Nucleus basalis
of Meynert revisited: anatomy, history and differential involvement
in Alzheimer’s and Parkinson’s disease. Acta Neuropathol [Internet].
2015/01/30. 2015 Apr;129(4):527-40. Available from: https://
www.ncbi.nlm.nih.gov/pubmed/25633602

Uchiyama M, Isse K, Tanaka K, Yokota N, Hamamoto M, Aida S, et
al. Incidental Lewy body disease in a patient with REM sleep behav-

191



236.

237.

238.

239.

240.

241.

242.

243.

244.

ior disorder. Neurology [Internet]. 1995 Apr 1;45(4):709 LP — 712.
Available from: http://n.neurology.org/content/45/4/709.abstract

Iranzo A, Gelpi E, Tolosa E, Molinuevo JL, Serradell M, Gaig C, et
al. Neuropathology of prodromal Lewy body disease. Mov Disord
[Internet]. 2014 Mar 1;29(3):410-5. Available from: https://doi.
org/10.1002/mds.25825

Iranzo A, Tolosa E, Gelpi E, Molinuevo JL, Valldeoriola E Serradell
M, et al. Neurodegenerative disease status and post-mortem pathol-
ogy in idiopathic rapid-eye-movement sleep behaviour disorder:
an observational cohort study. Lancet Neurol [Internet]. 2013 May
1;12(5):443-53. Available from: https://doi.org/10.1016/S1474-
4422(13)70056-5

Kasanuki K, Ferman TJ, Murray ME, Heckman MG, Pedraza O, Hanna
Al-Shaikh FS, et al. Daytime sleepiness in dementia with Lewy bodies
is associated with neuronal depletion of the nucleus basalis of Mey-
nert. Parkinsonism Relat Disord [Internet]. 2018 May 1;50:99-103.
Available from: https://doi.org/10.1016/j.parkreldis.2018.02.003

Shimada H, Hirano S, Shinotoh H, Aotsuka A, Sato K, Tanaka N, et al.
Mapping of brain acetylcholinesterase alterations in Lewy body dis-
ease by PET. Neurology [Internet]. 2009 Jul 28;73(4):273 LP — 278.
Available from: http://n.neurology.org/content/73/4/273.abstract

Adler G, Brassen S. Short-Term Rivastigmine Treatment Reduces EEG
Slow-Wave Power in Alzheimer Patients. Neuropsychobiology [Inter-
net]. 2001;43(4):273-6. Available from: https://www.karger.com/
DO0I1/10.1159/000054902

Boeve BE REM sleep behavior disorder associated with dementia with
Lewy bodies. In: Schenck CH, Hogl B VA, editor. Rapid-eye-movement
sleep behavior disorder. Cham, Switzerland: Springer; 2018. p. 67-74.

HenekaMT,Golenbock DT, LatzE.Innateimmunityin Alzheimer&#39;s
disease. Nat Immunol [Internet]. 2015 Feb 17;16:229. Available
from: https://doi.org/10.1038/ni.3102

Alcolea D, Vilaplana E, Sudrez-Calvet M, Illan-Gala I, Blesa R, Cla-
rimén J, et al. CSF sAPPp, YKL-40, and neurofilament light in fron-
totemporal lobar degeneration. Neurology [Internet]. 2017 Jul
11;89(2):178 LP — 188. Available from: http://n.neurology.org/con-
tent/89/2/178.abstract

Maié-Martinez MA, Olsson B, Bau L, Matas E, Cobo-Calvo A, An-
dreasson U, et al. Glial and neuronal markers in cerebrospinal fluid

192



245,

246.

2471.

248.

249.

250.

251.

252,

in different types of multiple sclerosis. J Neuroimmunol [Internet].
2016 Oct 15;299:112-7. Available from: https://doi.org/10.1016/].
jneuroim.2016.08.004

Illan-Gala I, Alcolea D, Montal V, Dols-Icardo O, Muiioz L, de Luna
N, et al. CSF sAPPp, YKL-40, and NfL along the ALS-FTD spectrum.
Neurology [Internet]. 2018 Oct 23;91(17):e1619 LP-e1628. Availa-
ble from: http://n.neurology.org/content/91/17/e1619.abstract

Carmona S, Zahs K, Wu E, Dakin K, Bras J, Guerreiro R. The role of
<em>TREM2</em> in Alzheimer’s disease and other neurodegener-
ative disorders. Lancet Neurol [Internet]. 2018 Aug 1;17(8):721-30.
Available from: https://doi.org/10.1016/S1474-4422(18)30232-1

Jonsson T, Stefansson H, Steinberg S, Jonsdottir I, Jonsson P V,
Snaedal J, et al. Variant of TREM2 associated with the risk of
Alzheimer’s disease. N Engl J Med [Internet]. 2012/11/14. 2013 Jan
10;368(2):107-16. Available from: https://www.ncbi.nlm.nih.gov/
pubmed/23150908

Piccio L, Deming Y, Del-Aguila JL, Ghezzi L, Holtzman DM, Fagan
AM, et al. Cerebrospinal fluid soluble TREM2 is higher in Alzheim-
er disease and associated with mutation status. Acta Neuropathol
[Internet]. 2016/01/11. 2016 Jun;131(6):925-33. Available from:
https://www.ncbi.nlm.nih.gov/pubmed/26754641

Cruts M, Gijselinck I, van der Zee J, Engelborghs S, Wils H, Pirici D,
et al. Null mutations in progranulin cause ubiquitin-positive fronto-
temporal dementia linked to chromosome 17q21. Nature [Internet].
2006;442(7105):920-4. Available from: https://doi.org/10.1038/
nature05017

Baker M, Mackenzie IR, Pickering-Brown SM, Gass J, Rademakers R,
Lindholm C, et al. Mutations in progranulin cause tau-negative fron-
totemporal dementia linked to chromosome 17. Nature [Internet].
2006;442(7105):916-9. Available from: https://doi.org/10.1038/
nature05016

Ghidoni R, Benussi L, Glionna M, Franzoni M, Binetti G. Low plas-
ma progranulin levels predict progranulin mutations in fronto-
temporal lobar degeneration. Neurology [Internet]. 2008 Oct
14;71(16):1235 LP — 1239. Available from: http://n.neurology.org/
content/71/16/1235.abstract

Finch N, Baker M, Crook R, Swanson K, Kuntz K, Surtees R, et al.
Plasma progranulin levels predict progranulin mutation status in
frontotemporal dementia patients and asymptomatic family mem-

193



253.

254,

255,

256.

257.

258.

259,

260.

bers. Brain [Internet]. 2009/01/21. 2009 Mar;132(Pt 3):583-91.
Available from: https://www.ncbi.nlm.nih.gov/pubmed/19158106

Llorens E Thiine K, Tahir W, Kanata E, Diaz-Lucena D, Xanthopoulos
K, et al. YKL-40 in the brain and cerebrospinal fluid of neurodegenera-
tive dementias. Mol Neurodegener [Internet]. 2017 Nov 10;12(1):83.
Available from: https://www.ncbi.nlm.nih.gov/pubmed/29126445

Olsson B, Constantinescu R, Holmberg B, Andreasen N, Blennow K,
Zetterberg H. The glial marker YKL-40 is decreased in synucleinopa-
thies. Mov Disord [Internet]. 2013 Nov 1;28(13):1882-5. Available
from: https://doi.org/10.1002/mds.25589

Kovacs GG, Breydo L, Green R, Kis V, Puska G, Péter L, et al. Neu-
robiology of Disease Intracellular processing of disease-associated a
-synuclein in the human brain suggests prion-like cell-to-cell spread.
2014;69:76-92.

Lindstrom V, Gustafsson G, Sanders LH, Howlett EH, Sigvardson
J, Kasrayan A, et al. Extensive uptake of a-synuclein oligomers in
astrocytes results in sustained intracellular deposits and mito-
chondrial damage. Mol Cell Neurosci [Internet]. 2017;82:143-56.
Available from: http://www.sciencedirect.com/science/article/pii/
$1044743116301841

Zhang Y, Feng S, Nie K, Li Y, Gao Y, Gan R, et al. TREM2 modulates
microglia phenotypes in the neuroinflammation of Parkinson’s dis-
ease. Biochem Biophys Res Commun [Internet]. 2018;499(4):797-
802. Available from: http://www.sciencedirect.com/science/article/
pii/S0006291X18307599

Liu G, Liu Y, Jiang Q, Jiang Y, Feng R, Zhang L, et al. Convergent
Genetic and Expression Datasets Highlight TREM2 in Parkinson’s Dis-
ease Susceptibility. Mol Neurobiol [Internet]. 2016;53(7):4931-8.
Available from: https://doi.org/10.1007/5s12035-015-9416-7

Belloli S, Pannese M, Buonsanti C, Maiorino C, Di Grigoli G, Carp-
inelli A, et al. Early upregulation of 18-kDa translocator protein
in response to acute neurodegenerative damage in TREM2-defi-
cient mice. Neurobiol Aging [Internet]. 2017;53:159-68. Avail-
able from: http://www.sciencedirect.com/science/article/pii/
S0197458017300180

Albert MS, DeKosky ST, Dickson D, Dubois B, Feldman HH, Fox NC,
et al. The diagnosis of mild cognitive impairment due to Alzheim-
er’s disease: recommendations from the National Institute on Ag-
ing-Alzheimer’s Association workgroups on diagnostic guidelines for

194



261.

262.

263.

264.

265.

266.

267.

268.

Alzheimer’s disease. Alzheimers Dement [Internet]. 2011/04/21.
2011 May;7(3):270-9. Available from: https://www.ncbi.nlm.nih.
gov/pubmed/21514249

Jack Jr CR, Bennett DA, Blennow K, Carrillo MC, Dunn B, Haeber-
lein SB, et al. NIA-AA Research Framework: Toward a biological defi-
nition of Alzheimer’s disease. Alzheimers Dement [Internet]. 2018
Apr;14(4):535-62. Available from: https://www.ncbi.nlm.nih.gov/
pubmed/29653606

Kleinberger G, Yamanishi Y, Sudrez-Calvet M, Czirr E, Lohmann E,
Cuyvers E, et al. TREM2 mutations implicated in neurodegeneration
impair cell surface transport and phagocytosis. Sci Transl Med [Inter-
net]. 2014 Jul 2;6(243):243ra86 LP-243ra86. Available from: http://
stm.sciencemag.org/content/6/243/243ra86.abstract

Carmona-Iragui M, Balasa M, Benejam B, Alcolea D, Fernandez S,
Videla L, et al. Cerebral amyloid angiopathy in Down syndrome and
sporadic and autosomal-dominant Alzheimer’s disease. Alzheimers
Dement [Internet]. 2017/04/29. 2017 Nov;13(11):1251-60. Avail-
able from: https://www.ncbi.nlm.nih.gov/pubmed/28463681

Fischer CE, Qian W, Schweizer TA, Ismail Z, Smith EE, Millikin CPB, et
al. Determining the impact of psychosis on rates of false-positive and
false-negative diagnosis in Alzheimer’s disease. Alzheimer’s Dement
(New York, N Y) [Internet]. 2017 Jun 21;3(3):385-92. Available
from: https://www.ncbi.nlm.nih.gov/pubmed/29067344

Rooden SM Van, Colas E Mart1 B Visser M, Verbaan D. Clinical Sub-
types of Parkinson ’ s Disease. 2011;26(1):51-8.

Kovacs GG, Breydo L, Green R, Kis V, Puska G, Lorincz B et al. Intra-
cellular processing of disease-associated a-synuclein in the human
brain suggests prion-like cell-to-cell spread. Neurobiol Dis [Internet].
2014;69:76-92. Available from: http://www.sciencedirect.com/sci-
ence/article/pii/S0969996114001387

Briick D, Wenning GK, Stefanova N, Fellner L. Neurobiology of Dis-
ease Glia and alpha-synuclein in neurodegeneration : A complex in-
teraction. Neurobiol Dis [Internet]. 2016;85:262-74. Available from:
http://dx.doi.org/10.1016/j.nbd.2015.03.003

Henjum K, Almdahl IS, Arskog V, Minthon L, Hansson O, Fladby T, et
al. Cerebrospinal fluid soluble TREM2 in aging and Alzheimer’s dis-
ease. Alzheimers Res Ther [Internet]. 2016 Apr 27;8(1):17. Available
from: https://www.ncbi.nlm.nih.gov/pubmed/27121148

195



269. Lim S, Chun Y, Lee JS, Lee S. Neuroinflammation in Synucleinopa-

270.

thies. 2016;26:404-9.

Bachstetter AD, Van Eldik LJ, Schmitt FA, Neltner JH, Ighodaro ET,
Webster SJ, et al. Disease-related microglia heterogeneity in the hip-
pocampus of Alzheimer’s disease, dementia with Lewy bodies, and
hippocampal sclerosis of aging. Acta Neuropathol Commun [Inter-
net]. 2015 May 23;3:32. Available from: https://www.ncbi.nlm.nih.
gov/pubmed/26001591

196









9. ANNEXES

Annex 1
Article: Progranulin protein levels in cerebrospinal fluid in neurodegener-

ative dementias

199



Journal of Alzheimer’s Disease 30 (2016) 539-546 539
DOI 10.3233/JAD-150746
[0S Press

Progranulin Protein Levels in Cerebrospinal
Fluid in Primary Neurodegenerative
Dementias

Estrella Morenas-Rodriguez®®, Laura Cervera-Carles®", Eduard Vilaplana®®, Daniel Alcolea®’,

Marfa Carmona-Iragui®®, Oriol Dols-Icardo™®, Roser Ribosa-Nogué*®, Laia Mufioz-Llahuna®®,

Isabel Sala™®, M. Belén Sanchez-Saudinds™®, Rafael Blesa™®, Jordi Clarimén™®, Juan Fortea®®

and Alberto Lle6*®*

“Memory Unit, Department of Neurology, Institut d'Investigacions Biomédiques Sant Pau — Hospital de Sant Pau,
Universitat Autonoma de Barcelona, Barcelona, Spain

P Centro de Investigacion Biomédica en Red en enfermedades Neurodegenerativas, CIBERNED, Spain

Handling Associate Editor: Roberta Ghidoni

Accepted 23 October 2015

Abstract.

Background: Progranulin is implicated in frontotemporal dementia (FTD), but its role in other neurodegenerative disorders is
unknown.

Objective: To investigate the levels of progranulin (PGRN) in cerebrospinal fluid (CSF) in different neurodegenerative dementias
and their correlation with levels in plasma in cognitively normal subjects.

Methods: We measured PGRN in CSF in 229 patients with amnestic mild cognitive impairment, Alzheimer’s disease dementia,
sporadic FTD, dementia with Lewy bodies, corticobasal syndrome, or progressive supranuclear palsy. We also measured PGRN
in CSF and plasma in 74 cognitively normal individuals. We examined the correlation between PGRN levels in CSF and
diagnosis, cortical thickness, genetic factors and other CSF biomarkers. We also investigated the correlation between plasma
and CSF levels of PGRN in cognitively normal individuals.

Results: CSF levels did not differ across diagnoses or correlate with cortical thickness. Polymorphism rs5848 in GRN influenced
CSF PGRN levels, but APOE &4 allele did not. Amyloid-By,, t-tau, p-tau, and YKL-40 levels correlated weakly with PGRN in
CSF. We found a weak correlation (r=0.362) between plasma and CSF PGRN levels in cognitively normal individuals.
Conclusions: Our findings do not support a diagnostic value of CSF PGRN in neurodegenerative diseases. Our data confirm
that levels of PGRN in plasma do not reflect accurately levels in CSF in cognitively normal controls. These data should be
considered in clinical trials aiming to increase PGRN.,

Keywords: Alzheimer’s disease, amyloid-, biomarker, cerebrospinal fluid, dementia, plasma, progranulin, tau

INTRODUCTION and cell types, where it is involved in angiogene-
sis, wound repair, cell proliferation, and inflammation

Progranulin protein (PGRN) is encoded by the [1=3]. In the adult brain, PGRN is expressed in
granulin gene (GRN) and expressed in many tissues neurons and microglia and it regulates neurite out-

; . - growth and survival [4]. Heterozygous mutations in
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86; Fax: +34 93 556 56 02: E-mail: alleo@santpau.es. (FTLD-TDP) [5-8]. Pathogenic GRN mutations are
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typically nonsense and splice-site mutations resulting
in haploinsufficiency and low plasma PGRN levels
in mutation carriers [9]. Measurement of plasma and
serum PGRN levels has thus proven to be a reliable
biomarker to identify symptomatic and asymptomatic
carriers of GRN mutations [10-12].

In addition to a link between PGRN and fron-
totemporal dementia (FTD), findings to date suggest a
relationship between PGRN expression in the brain and
other neurodegenerative diseases. Functional genetic
variants that modulate GRN expression, such as the
rs5848 polymorphism, have been shown to increase
the risk of Alzheimer’s disease (AD) independently of
the APOE &4 allele [13-18]. Low brain PGRN expres-
sion has been shown to enhance amyloid-b (AB) and
tau pathologies in transgenic mouse models of AD [19,
20]. These data suggest that PGRN may play a rolein
the pathophysiology of neurodegenerative dementias
other than FTD.

PGRN levels can be measured in plasma and cere-
brospinal fluid (CSF) but the relationship between
plasma and CSF levels in subjects without GRN muta-
tions has only been addressed in one study [21]. The
authors found a weak correlation between plasma and
CSF PGRN levels in 272 subjects, including 49 sub-
jects with mild cognitive impairment (MCI) or AD
dementia. The levels of PGRN in CSF in primary neu-
rodegenerative dementias have not been systematically
investigated. It is important to determine if PGRN is
altered in the different neurodegenerative disorders as
well as it relationship with other biomarkers such as
cortical thickness or AD biomarkers in CSFE. Finally,
since PGRN is involved in the inflammatory response,
it may influence other inflammatory proteins, such as
the astroglial protein YKL-40 in CSF [22].

The objectives of this study were to evaluate how
CSF PGRN levels differ across diagnosis in patients
with primary neurodegenerative dementias without
GRN mutations, how plasma PGRN levels correlate
with CSF PGRN levels, and how these levels relate to
genetic factors (rs5848 polymorphism in GRN gene
and APOE &4 allele), cortical thickness, core AD
biomarkers and YKL-40 levels in CSF.

METHODS
Study participants

This study included 303 subjects attended at the
Memory Unit at Hospital Sant Pau between January

2009 and October 2014, All subjects were evaluated
by neurologists with expertise in neurodegenerative
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diseases, and all underwent formal cognitive evalua-
tion using a previously published neuropsychological
battery [23]. Participants had the following diag-
noses: amnestic mild cognitive impairment (aMCI,
n=90), AD dementia (n=73), FTD (n=32), pro-
gressive supranuclear palsy (PSP, n=3), corticobasal
syndrome (CBS, n=8), and dementia with Lewy
bodies (DLB, n=23). Patients with FTD included
behavioral variant (bvFTD, n = 24), semantic variant of
primary progressive aphasia (svPPA, n=4), and non-
fluent variant of primary progressive aphasia (nfvPPA,
n=4). Patients with MCI and AD dementia met the
recent NIA-AA criteria [24, 25], and patients with FTD
met the new international consensus criteria for bvFTD
[26, 27], svPPA and nfvPPA [28], PSP [29], and CBS
[30]. Mutations in the GRN gene were excluded by
direct sequencing of the coding region in FTD patients
with one or more affected first-degree family mem-
ber as previously described [31]. Cognitively normal
controls were volunteers with a normal neuropsycho-
logical evaluation for age and education, normal levels
of core AD biomarkers in CSF, and no cognitive com-
plaints. All subjects signed the informed consent form
to participate in the study, and all study protocols were
approved by the local ethics committee at Hospital Sant
Pau.

CSF and plasma collection and analysis

CSF was obtained by lumbar puncture as described
[22, 32]. Levels of core AD biomarkers (ARi-42,
total tau, and phosphorylated tau) and YKL-40 in
CSF were measured using commercially available kits
from Fujirebio-Innogenetics (Innotest™) and Quidel,
respectively, as previously described [22, 32]. Plasma
was drawn on the day of the lumbar puncture in all
subjects after 6h of fasting [31]. Our laboratory has
extensive experience in determining CSF biomarkers
and participates in the Alzheimer’s Association exter-
nal quality control program for CSF biomarkers [33].

PGRN ELISA assay

PGRN levels were measured in CSF in all 303
subjects using the Human Progranulin ELISA Kit
(Adipogen, Inc., Seoul, Korea) and in plasma in 74
cognitively normal subjects, as previously described
[31]. Plasma and CSF samples were diluted prior to
analysis at 1:200 and 1:5, respectively. Intra-and inter-
assay coefficients of variation were 3.4% and 14.4%
for CSF and 3.2% and 9.1% for plasma, respectively.
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Magnetic resonance imaging (MRI) analysis

Routine imaging was performed in all subjects
includedin the study and 97 had consented to undergo a
research MRI with a harmonized protocol for neurode-
generative diseases. Twelve of these 97 participants
were excluded because of segmentation errors, and
85 were finally analyzed (Supplementary Table 1).
There were not significant differences in age, sex, and
PGRN levels in CSF between subjects with and with-
out MRI in each clinical diagnostic group (data not
shown). MRIs were acquired on a 3T MRI scanner
(Philips 3.T x series Achieva). A high-resolution three-
dimensional structural dataset was acquired with the
following parameters; T1- weighted magnetization-
prepared rapid gradient-echo, repetition time 8.1 ms,
echo time 3.7 ms, 160 slices, matrix size 240 x 234;
slice thickness 1 mm, voxel size 0.94 x 0.94 x | mm.
Cortical thickness analyses were performed as pre-
viously described [34]. We studied the correlation
between levels of CSF PGRN and cortical thickness.
Only results that survived family-wise error correction
at p<0.05 were considered.

APOQOE and GRN genotvping

DNA was extracted using standard procedures
and APOE was genotyped according to previously
described methods [35]. Genotyping of GRN rs5848
was performed using Tagman technology with a
rs5848-specific genotyping assay (Life Technologies)
and carried out in a 7900-HT Fast Real-Time PCR
System (Applied Biosystems).

Statistical analyses

The normality of the variables was assessed by the
Kolmogorov-Smirnov test. PGRN levels in plasma did

not follow a normal distribution and were transformed
on the natural logarithm (LOG) scale. Nevertheless,
since results and levels of significance were similar
we showed untransformed values when referring to
plasma PGRN. We explored the association between
PGRN levels and sex using a T-test and between PGRN
levels and age using a Pearson correlation coefficient
(r). We studied the association between plasma and
CSF PGRN levels using a bivariate linear regression
model in the group of cognitively normal controls.
The relationships between clinical diagnosis, APOE
genotype and CSF PGRN levels were explored by
ANCOVA test, covariated by variables that had a sig-
nificant association with PGRN levels in the single
variable analyses (sex). The association between levels
of PGRN and levels of ABj-42, total-tau, phospho-tau,
and YKL-40in CSF was investigated by a Pearson cor-
relation coefficient (r). The level of significance was set
at 5% («=0.05) and results were corrected for multi-
ple comparisons (Bonferroni). All statistical analyses
were performed using SPSS software version 21.0 for
Windows.

RESULTS

Table 1 shows the demographic, clinical, and CSF
biomarker data for all diagnostic groups.

Influence of sex, age and genetic factors on PGRN
levels in CSF and plasma

We first investigated the influence of age, sex, and
genetic factors (APOE e4 and GRN 155848 genotypes)
on PGRN levels in CSF (n=303) and plasma (n="74).
We did not find any correlation between age and PGRN
levels in CSF (p=0.235) or plasma (p =0.701). Males
showed higher levels of PGRN in CSF than females
(4.99 and 4.66 ng/ml respectively, p=0.019). How-

Table 1
Demographic and CSF data from subjects included in the study

Diagnosis Controls aMCI AD dementia FTD PSP + CBS DLB

(n=74) (n=90) (n=173) (n=32) (n=11) (n=23)
Age, years 39 (8.3) 67.9 (8.7) 70 (8.4) 64.6 (9.1) 71.2 76.6(5.19)
Sex (% men) 31.1 45.6 384 65.6 273 60.9
MMSE (SD) 29.1(1.0y 27.4(2.0) 22.0(3.9) 23.7(7.2) 23.1(6.7) 25.7(3.1)
CSF PGRN, ng/mL 4.9(1.1) 48(L.1) 47(1.2) 4.7(1.4) 52(1.3) 5.0 (0.9)
CSF AB_42. pg/mL 811.9 (163.9) 638.4 (243.3) 352.0(115.9) 604.5 (285.1) 524.6 (193.4) 613.4(215.7)
CSF t-tau, pg/mL 202.1 (68.2) 389.1(235.8) 740.0 (401.3) 313.4(210.5) 244.8 (112.6) 3560.5 (294.0)
CSF p-tau, pg/mL 40.4(11.5) 65.5 (30.0) 91.3(33.4) 46.3 (24.9) 412 (15.0 60.5 (31.7)
CSF YKL-40, ng/mL 195.1 (44.6) 251.1 (49.8) 267.5(52.8) 257.7(62.3) 273.8 (57.5) 255.9 (57.6)
APOEe4 (%) 24.3 438 60.3 344 273 26.1
rs5848 TT (%) 4.1 10 5.5 12.5 0 4.3

Values are presented as mean (standard deviation) unless otherwise specified. *At least one APOEe4 allele.
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Fig. 1. PGRN levels in CSF across the different clinical diagnoses.

ever, these differences were not significant in plasma.
APOE &4 did not influence PGRN levels in CSF or
plasma (p=0.585 and p=0.438, respectively). PGRN
levels in CSF were influenced by the GRN 155848 geno-
type. Subjects with the TT genotype had lower CSF
PGRN levels than the group with CC and CT geno-
types (3.94 and 4.87 ng/ml, respectively, p < 0.001). No
significant effects of the rs3848 genotype on plasma
PGRN levels were found.

PGRN levels in CSF across diagnoses and their
correlation with clinical and neuroimaging
variables

Next, we evaluated how levels of PGRN in CSF dif-
fered across a subset of common neurodegenerative
diseases. Sex-adjusted analyses did not reveal any dif-
ferences between groups (Fig. 1). Levels of PGRN in
CSF did not correlate with MMSE scores in the whole
cohort or within clinical groups. We did not find any
correlation between cortical thickness and PGRN lev-
els in CSFin the whole group of subjects with available
MRI (Supplementary Table 1), or in the exploratory
analysis in each clinical group.

Relationship between PGRN and other biomarkers
measured in CSF

We also investigated the relationship between the
PGRN protein and other AD-related biomarkers in
CSF. We found a weak correlation between PGRN
and ABj-42 levels in CSF (p=0.003, r=0.169), t-tau
(p=0.001, r=0.192), and p-tau (p<0.001, r=0.201)
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in the whole cohort (Fig. 2A-C). We also examined
the relationship between PGRN with the astrocytic
marker YKL-40 in CSF and found a positive corre-
lation between the two (p<0.001, r=0.269, Fig. 2D)
in the entire cohort.

Relationship between PGRN levels in plasma
and CSF in healthy controls

To assess whether plasma PGRN can be used as a
surrogate marker of PGRN in the CSF we compared
PGRN levels in paired samples of plasma and CSF
trom 74 cognitively normal subjects in a simple regres-
sion model. The levels of PGRN in CSF were lower
than those in plasma. We found a weak but significant
correlation between plasma and CSF levels of PGRN
(p=0.002, r=0.362, Fig. 3).

DISCUSSION

In this study we found that PGRN levels in CSF
did not differ across a variety of primary neurodegen-
erative dementias. We also observed that CSF PGRN
levels were largely independent of plasma PGRN lev-
els and correlated weakly with core AD and YKL-40
biomarkers.

We first investigated the levels of PGRN in CSF
across different neurodegenerative conditions without
GRN mutations. The lack of differences in CSF PGRN
levels between clinical groups indicates a low diagnos-
tic value in neurodegenerative dementias. In agreement
with these results, we did not find any association with
MMSE scores or with cortical atrophy maps in the
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Fig. 2. A) Correlation between PGRN and APj-42 levels in CSF in the whole cohort (n=2303, p=0.003, r=0.169). B) Correlation between
PGRN and t-tau levels in CSF in the whole sample (n =303, p=0.001, r=0.192). C) Correlation between PGRN and p-tau levels in CSF in the
whole sample (n=303, p<0.001, r=0.201). D) Correlation between PGRN and YKL-40 levels in CSF in the whole sample (n =303, p<0.001,

r=0.269).

subgroup of subjects with available brain MRI. These
results suggest that PGRN levels are tightly regulated
in the CSF and are not disturbed by an underlying neu-
rodegenerative process. This is in contrast with what
has been observed in inflammatory disorders such as
multiple sclerosis, in which elevated CSF PGRN lev-
els have been described [36]. PGRN concentrations in
CSF were also elevated in a group of patients with viral
encephalitis. This suggests that an acute high-grade
inflammation may be required to increase PGRN in
CSF[36] incontrast with the chronic low-grade inflam-
mation observed in neurodegenerative disorders.
Several observations to date suggest a relationship
between PGRN expression in the brain and neurode-
generative diseases other than FTD. Recent studies

have shown that PGRN deficiency aggravates AD
pathology in animal models of AD [19, 20]. In partic-
ular, PGRN deficiency increased AR load and reduced
phagocytosis in transgenic ABPP mouse models of
AD, and accelerated tan phosphorylation and intra-
cellular accumulation in transgenic tau mouse models
[19, 20]. However, whether PGRN plays a role in
the pathogenesis of patients with AD remains unclear.
In this study, we found a weak correlation between
PGRN levels and different AD biomarkers in CSF
that may support data from transgenic animal mod-
els. However, these correlations were weak, and they
did not translate into differences in PGRN levels in
CSF across clinical groups with different amounts of
AP and tau pathologies. Although the highest correla-
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Fig. 3. Correlation between PGRN levels in plasma and in CSF in
healthy subjects (n =74, p=0.002, r=0.362).

tion was found between PGRN and the inflammatory
marker YKL-40 in CSF, whether this finding reflects
the known modulatory effects of PGRN on inflamma-
tion remains to be investigated.

The use of plasma PGRN levels to detect GRN
mutation carriers is one of the best examples of a reli-
able plasma biomarker in neurodegenerative diseases
[10-12]. Another example is the triggering recep-
tor expressed on myeloid cells 2 (also known as
TREM2), a protein involved in phagocytosis. Het-
erozygous mutations in TREM2 cause a rare FTD-like
disorder syndrome [37] and plasma soluble TREM2
levels are markedly reduced in mutation carriers [38].
However, whether these “peripheral” markers are use-
ful in common sporadic neurodegenerative conditions
is uncertain. PGRN plasma levels in FTD patients
without GRN mutations are typically unchanged [31].
In the case of soluble TREM2, patients with AD or
FTD had plasma levels similar to those of healthy
controls [38]. This raises the question of whether a
“peripheral” marker can be used to monitor relevant
pathophysiological changes in the CNS in common
neurodegenerative diseases. To address this issue, an
important step is to establish the correlation between
plasma and CSF compartments. A recent study sug-
gested that PGRN levels in plasma and CSF were
weakly correlated [21]. In our study of paired sam-
ples, we observed a higher correlation (partial r=0.36)
between CSF and plasma PGRN levels than in the
previous study (partial r=0.17, [21]). However, this
correlation was still weak and plasma PGRN levels
explained only 13.1% of the variability of CSF PGRN
levels. This is in agreement with other plasma markers
investigated in neurodegenerative conditions, such as
tau or YKL-40, where no or little correlation was found
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between plasma and CSF compartments [39, 40]. This
weak correlation precludes the use of plasma PGRN
as a surrogate measure of central PGRN. The perme-
ability of the blood-brain barrier, aging and factors
influencing clearance in these compartments may play
an important role in influencing protein levels in each
compartment. These findings have important implica-
tions for the use of biomarkers in clinical trials aiming
to increase PGRN in patients with FTD. In a clinical
trial setting, the measurement of PGRN could poten-
tially be used as an indicator of target engagement of
the drug. Although our study did not include subjects
with GRN mutations, our work suggest that such a trial
should include CSF measures instead of plasma for
monitoring the drug treatment response. In agreement
with other studies, we confirmed the influence of sex
and the rs5848 in CSF PGRN levels.

The strengths of this study are the inclusion of
subjects who had a detailed clinical and neuropsycho-
logical evaluation, covering several neurodegenerative
dementias, and the fact that all plasma and CSF sam-
ples were drawn at the same time point. The main
limitations are the lack of cases with GRN mutations,
the lack of neuropathological confirmation, and the
small sample size in some groups.

In summary, our results indicate that PGRN levelsin
CSF are tightly regulated and have no diagnostic value
in primary neurodegenerative dementias not associ-
ated with GRN mutations. Plasma PGRN levels do
not accurately reflect CSF PGRN levels in cognitively
normal individuals. It would be important to investi-
gate whether plasma PGRN levels reflect those in CSF
in subjects with GRN mutations. These data are rele-
vant for disease-modifying trials aimed at increasing
PGRN.
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Summary

Background —Dementia with Lewy bodies is the second most common form of dementia in
elderly people but has been overshadowed in the research field, partly because of similarities
between dementia with Lewy bodies, Parkinson's disease, and Alzheimer’s disease. So far, to our
knowledge, no large-scale genetic study of dementia with Lewy bodies has been done. To better
understand the genetic basis of dementia with Lewy bodies, we have done a genome-wide
association study with the aim of identifying genetic risk factors for this disorder.

Methods—In this two-stage genome-wide association study, we collected samples from white
participants of European ancestry who had been diagnosed with dementia with Lewy bodies
according to established clinical or pathological criteria. In the discovery stage (with the case
cohort recruited from 22 centres in ten countries and the controls derived from two publicly
available database of Genotypes and Phenotypes studies [phs000404.v1.p1 and phs000982.v1 p1]
in the USA), we performed genotyping and exploited the recently established Haplotype
Reference Consortium panel as the basis for imputation. Pathological samples were ascertained
following autopsy in each individual brain bank, whereas clinical samples were collected after
participant examination. There was no specific timeframe for collection of samples. We did
assoctation analyses in all participants with dementia with Lewy bodies, and also only in
participants with pathological diagnosis. In the replication stage, we performed genotyping of
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significant and suggestive results from the discovery stage. Lastly, we did a meta-analysis of both
stages under a fixed-effects model and used logistic regression to test for association in each stage.

Findings—This study included 1743 patients with dementia with Lewy bodies {1324 with
pathological diagnosis) and 4454 controls {1216 patients with dementia with Lewy bodies vs3791
controls in the discovery stage; 527 vs 663 in the replication stage). Results confirm previously
reported associations: APOF (rs429358; odds ratio [OR] 2-40, 95% CI 2-14-2-70; p=1-05 x
10-%), SNCA (rs7681440; OR 0-73,066-0-81; p=6-39 x 1071%), and GBA (1s35749011; OR
2:55, 1-88-346; p=1-78 x 10~%). They also provide some evidence for a novel candidate locus,
namely CNTN/ (rs7314908; OR 1-51, 1-27-179; p=2:32 x 1075); further replication will be
important. Additionally, we estimate the heritable component of dementia with Lewy bodies to be
about 36%.

Interpretation —Despite the small sample size for a genome-wide association study, and
acknowledging the potential biases from ascertaining samples from multiple locations, we present
the most comprehensive and well powered genetic study in dementia with Lewy bodies so far.
These data show that common genetic variability has a role in the disease.

Introduction

Dementia with Lewy bodies is the second most common form of dementia after Alzheimer’s
disease.! Despite this fact, very little attention has been devoted to understanding the
pathogenesis of this disorder, particularly when compared with the other common
neurodegenerative diseases such as Alzheimer's disease and Parkinson’s disease.

So far, the only fully penetrant genetic variants that have been identified and replicated as a
specific cause of dementia with Lewy bodies are SNCA point mutations and gene dosage.
Three major factors might have contributed to this low number of causative mutations. First,
dementia with Lewy bodies, often a disease of old age, is not commonly seen in multiplex
kindreds, meaning that successful linkage studies have been rare 2 Second, the accurate
clinical diagnosis of dementia with Lewy bodies is complex, with a high rate of
misdiagnosis.” Third, even the largest cohorts of dementia with Lewy body samples have
been generally small, in many instances including as few as 100 patients * However, the
fact that dementia with Lewy bodies has a strong genetic component is currently
indisputable. The e4 allele of APOE is recognised to be a strong risk factor.%” as are
heterozygous mutations and common polymorphisms in the glucocerebrosidase gene
(GBA) * Both of these results have stemmed from candidate gene association studies; APOE
was known to be strongly associated with Alzheimer’s disease and GBA was known to be a
strong risk factor for Parkinson's disease and Lewy body disorders. In addition to these
genetic associations with susceptibility, in 2016, our group provided evidence that dementia
with Lewy bodies has a heritable component.”

No overlap in common genetic risk has been shown to exist between Parkinson’s disease and
Alzheimer’s disease,!” a fact that is not entirely surprising in view of the differences in
phenotype. However, it is reasonable to hypothesise that the overlaps and differences in
clinical and pathological presentation between dementia with Lewy bodies and both
Parkinson’s disease and Alzheimer’s disease stem, at least in part, from aspects in their
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underlying genetic architecture and, consequently, disease pathobiology. Specific genes and
loci associated with disease and the strength of association are factors that can be expected
to modulate these phenotypic overlaps and differences. However, despite these encouraging
findings, large-scale, unbiased genetic studies of dementia with Lewy bodies have not yet
been done, which is probably due to the difficulty in identifying large, homogeneous cohorts
of people with the disease.

To address the need for more powerful and comprehensive genetic studies of dementia with
Lewy bodies, we performed the first large-scale genome-wide association study in this
disease.

Methods

Study design and participants
In this two-stage genome-wide association study, we examined data from white participants
of European ancestry who had been diagnosed with dementia with Lewy bodies according to
either clinical or pathological consensus criteria.!! Most participants were diagnosed using
pathological criteria and were included only when the likelihood of a diagnosis of dementia
with Lewy bodies was “intermediate” or “high” 1! Samples were collected at 22 different
centres across ten countries in Europe, North America, and Australia. Pathological samples
were ascertained following autopsy in each individual brain bank, whereas clinical samples
were collected after participant examination. There was no specific timeframe for collection
of samples. White control participants in the discovery stage are part of the “general
research use” controls from the two studies publicly available at the database of Genotypes
and Phenotypes (The Genetic Architecture of Smoking and Smoking Cessation
[phs000404.¥1 p1] and Genetic Analysis of Psoriasis and Psoriatic Arthritis
[phs000982.v1 p1]). For the replication stage, white controls were from the Mayo Clinic
Florida control database. Investigators at every site obtained written informed consent from
patients and control individuals and approval from a local ethics committee.

Discovery stage: genotyping, quality control, imputation, and statistical analysis
Participants with dementia with Lewy bodies were genotyped in either the [llumina
Omni2.5M array or the [lumina OmniExpress genotyping array (Illumina, San Diego, CA,
USA). Controls were genotyped in either the llumina Omni2.5M array or the [llumina
OmnilM array (Illumina, San Diego, CA, USA). Autosomal variants with GenTrain scores
of more than 0-7 were included in the quality control stage. We removed single nucleotide
polymorphisms (SNPs) with a call rate of less than 95%, a Hardy-Weinberg equilibrium p
value in controls of less than 1 x 10~7, or a minor allele frequency of less than 0-01. Samples
were removed if they had substantial non-European admixture, were duplicates or first-
degree or second-degree relatives of other samples, had a genotype call rate of less than
98%, or had substantial cryptic relatedness scores (PI_HAT >0-1).

We determined population outliers by principal components analysis, using SNPs passing
the aforementioned quality-control filters. We used PLINK (version 1.9)!2 to do linkage
disequilibrium-based pruning. Genotypes for remaining SNPs were combined with
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1000Genomes phase 3 genotypes for samples from the YRI, CEU, JPT, and CHB reference
populations, and subjected to principal components analysis. Individuals lying farther than a
quarter of the distance between CEU and JPT/CHB/YRI when plotted on the axes of the first
two principal compenents were deemed to have substantial non-European admixture and
were excluded (appendix p 8).

Because samples were genotyped in a variety of arrays, we selected only variants that
intersected between all arrays to be included in the imputation stage. We performed
imputation using the most recent reference panels provided by the Haplotype Reference
Consortium (version 1.1,2016). We used Eagle (version 2.3) to prephase haplotypes on the
basis of genotype data.!*!4 We did the imputation using the Michigan Imputation Server.S
Following imputation, we kept variants passing a standard imputation quality threshold
(R220-3) for further analysis.

We used logistic regression, implemented in PLINK1.9,12 to test for association of hard-call
variants with the binary case—control phenotype using sex as a covariate. We examined
variants under an additive model (ie, effect of each minor allele) and estimated odds ratios
(ORs) and 95% Cls. To control for population stratification, we used coordinates from the
top six principal component dimensions as additional covariates in the logistic regression
models. We used Q-Q plots and the genomic inflation factor (A) to test for residual effects
of population stratification not fully controlled for by the inclusion of the principal
components analysis and cohort covariates in the regression model. Additionally, we have
done a subanalysis in the discovery stage, including only participants with pathologically
diagnosed dementia with Lewy bodies.

Moreover, to take into account the uncertainty of imputation, we have done the same
association in PLINK1.9 using dosage data.

We did gene-wise burden tests using all variants with an effect in protein sequence and a
maximum minor allele frequency of 5%, using SKAT-0'%17 as implemented in EPACTS.!®
We used the top six principal components and sex as covariates in the burden test.

Replication stage: genotyping and power analysis

Replication was attempted for top variants showing a p value in the discovery stage of less
than 5 x 107°, We tested a total of 32 signals for replication using a Sequenom MassARRAY
iPLEX SNP panel (Sequenom, San Diego, CA, USA; appendix p 4). We did power
calculations for replication sample size selection using the R package RPower. We estimated
a mean statistical power of 81% for the 32 signals on the basis of sample size, variant
frequency, and effect size in the discovery stage, and used a replication p value threshold of
0-03. We tested associations in the replication stage using logistic regression models
adjusted for age (age at onset for the patients with clinically diagnosed dementia with Lewy
bodies, age at death for the patients with a high pathological likelihood of dementia with
Lewy bodies, and age at recruitment to study for controls) and sex.

We did a combined meta-analysis of stage | and 2 with GWAMA!® under a fixed-effects
model, using estimates of the allelic OR and 95% Cls.
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Estimation of phenotypic variance

To estimate the phenotypic variance explained by the genotyped SNPs in this cohort, we
used genetic restricted maximum likelihood analysis as implemented in the Genome-wide
Complex Trait Analysis tool 22! We used the first ten principal components as covariates
and a disease prevalence of 01%.22 We also estimated the partitioned heritability by
chromosome, for which a separate genetic relationship matrix was generated for each
chromosome. Each matrix was then run in a separate restricted maximum likelihood
analysis. We applied linear regression to determine the relation between heritability and
chromosome length.

Role of the funding source

Results

The funders of the study had no role in study design, data collection, data analysis, data
interpretation, or writing of the report. The corresponding author had full access to all the
data in the study and had final responsibility for the decision to submit for publication.

This study included a total of 1743 patients with dementia with Lewy bodies and 4454
controls. The majority of patients with dementia with Lewy bodies were neuropathologically
assessed (n=1324), providing a greater level of diagnostic detail. 987 participants with
dementia with Lewy bodies were genotyped with the Illumina Omni2.5M array and 700
with the Illumina OmniExpress genotyping array. 1523 controls were genotyped with the
[llumina Omni2.5M array and 2847 with the Illumina OmnilM array. Application of quality
control filters to the dataset at the discovery stage yielded high-quality genotypes at 448 155
SNPs for 1216 participants with dementia with Lewy bodies and 3791 controls (table 1). A
total of 52 participants with dementia with Lewy bodies were excluded for cryptic
relatedness, 20 for genetic ancestry, and the remaining 399 for low call rates or poor
genotyping. After imputation and quality control, genotypes for 8 397 716 variants were
available for downstream analyses. After linkage disequilibrium-based pruning with PLINK
(version 1.9)!2 to quasi-independence (variance inflation factor=2), 130 715 SNPs remained
in the dataset. The Q-Q plot and genomic inflation factor (A=1-01) indicated good control of
population stratification (appendix p 9).

Five regions were associated with dementia with Lewy bodies risk at genome-wide
significance (p<5 x 107%) in the discovery stage (figure I; table 2). These regions included
the previously described Alzheimer’s disease and Parkinson's disease loci APOE (rs429358;
OR 2:40,93% CI2:14-2:70; p=1-05 x 10~%), SNCA (rs7681440; OR 0-73, 0-66-0-81;
p=6-39 x 10719, and GBA (1535749011; OR 255, 1-88-3-46; p=1-78 x 107, Additionally,
loci overlapping BCL7C/STX 1B (rs897984; OR 0-74, 0-67-0-82; p=3-30 x 107%) and
GABRB3 (rs1426210; OR 134, 1-21-1-48; p=2-62 x 107%) were also genome-wide
significant. A subanalysis including only participants with pathologically diagnosed
dementia with Lewy bodies revealed that all but GABRB3 maintained their genome-wide
significance in that smaller dataset (table 2; appendix p 11}, Furthermore, when undertaking
the same associations in PLINK1.9 to take into account the uncertainty of imputation, results
were identical to the best-guess calls (appendix p 8).
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A total of 527 participants with dementia with Lewy bodies and 663 controls from the Mayo
Clinic were included in the replication stage (table 3). The replication stage of the genome-
wide association study design provided independent replication (p<0-05) for three of the loci
(APOE, SNCA, and GBA), all of which were also genome-wide significant in the combined
analysis of both stages (table 2; appendix p 4).

In the discovery stage, suggestive evidence of an association (p<5 x 10~%) with dementia
with Lewy bodies was also seen for two loci: SOX77and CNTNI. The association at
S0X17did not replicate (appendix p 4). For CNTNI, the association with dementia with
Lewy bodies (rs7314908; 1-51,95% CI 1-27-1-79; p=2-32 x 1075) improved slightly when
performing the subanalysis on the participants with pathologically confirmed dementia with
Lewy bodies (rs7314908; OR 1-58, 1:32-1-88; p=4-32 x 10~7), and this candidate locus
showed evidence of replication with very similar effect size to that in the discovery stage
(rs79329964; OR 1-54, 1-32-1-79; p=0-03; 1579329964 was used in replication as a proxy
for rs7314908).

A systematic assessment of genetic loci previously associated with Alzheimer's disease or
Parkinson’s disease showed no evidence of other genome-wide significant associations in
this dementia with Lewy bodies cohort (appendix p 5). These loci include the TREMZ locus,
where the p.Arg47His variant has been shown to have a strong effect in Alzheimer’s disease.
#In our cohort this variant did not show genome-wide significant levels of association (OR
346, 95% CI 1'54-T-77; p=0-002), despite the over-representation in people with dementia
with Lewy bodies compared with controls. Similarly, MAPT, which is strongly associated
with Parkinson’s disease and has been previously linked to dementia with Lewy bodies, >
shows no strong evidence of association in this study (rs17649553; OR 0-86, 0-76-0-96;
p=00126).

To examine whether the association with SNCA is independent of that seen in Parkinson’s
disease, we conditioned our analysis on the top Parkinson's disease variant (rs356182),
which showed only a negligible effect on the DLB association (conditioned OR 0-70, 95%
CI0-63-0-78; p=2-89 x 1071%; figure 2). To gain insight into potential regulatory effects of
this distinct SNCA signal, we used expression quantitative trait loci (¢QTL) data from the
Genotype-Tissue Expression (GTEx) Project Consortium and the Harvard Brain Bank
Resource Center to determine whether rs7681440 and rs7681154 (a variant shown to have
an independent association for Parkinson’s disease that is in strong linkage disequilibrium
[R2=0-91] with the rsT681440 SNCA variant) affect gene expression as eQTLs. In the GTEx
data, the most associated SNP in dementia with Lewy bodies is a strong eQTL in the
cerebellum for RP/-67M1.1, 2 known antisense gene located at the 5" end of SNCA, with
the alternative allele showing a reduction in expression of RPII-67M1.1 (figure 3).
Additionally, rs7681154 was associated with SNCA expression in the cerebellum using the
Harvard Brain Bank Resource Center results (p=2-87 x 1071 figure 3), with the alternative
allele associated with increased SNCA expression.

We assessed linkage disequilibrium across the LRRK 2 locus region and that analysis
revealed that rs79329964 is in equilibrium with both p.Gly2019Ser (R%=0-000043) and with
the Parkinson's disease hit at this locus, rs76904798 (R:=0-003), suggesting rs79329964 to
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be an independent association from the Parkinson's disease risk. Although samples were not
screened for p.Gly2019Ser directly, the variant was well imputed (R*=0-94). The exclusion
of all samples that carried the p.Gly2019Ser variant showed no significant effect on the
association at the CNTN/ locus. Notably, the p.Gly2019Ser variant showed a higher minor
allele frequency in participants with dementia with Lewy bodies (0-0021) than in controls
(0-0003).

Gene-based burden analysis of all low frequency and rare variants (miner allele frequency
<0-05) changing the aminoacid sequence, showed a single genome-wide significant result
comprised of six variants at GBA (p.Asn409Ser, p.Thr408Met, p Glu365Lys, p.Arg301His,
ple20Val, and p Lys1 3Arg; p=1-29 x 1071%). No other gene showed evidence of strong
association with disease or overlapped single variant analysis results (table 4).

Using the first ten principal components as covariates and a disease prevalence of 0+1%,
estimation of the phenotypic variance attributed to genetic variants showed a heritable
component of dementia with Lewy bodies of 36% (SD 0-03). As expected for a common
complex disease, we found a strong correlation between chromosome length and heritability
(p=6:88 x 1075, figure 4).

The heritability for dementia with Lewy bodies at chromosome 19 is much higher than what
would be expected considering the chromosome’s size and probably reflects the role of
APOE. Notably, chromosomes 5, 6, 7, and 13 all have higher heritability for dementia with
Lewy bodies than expected, although none of them has variants with genome-wide
significant results.

Discussion

This is the first comprehensive, unbiased study of common and intermediate frequency
genetic variability in dementia with Lewy bodies. We identified five genome-wide
significant associations in the discovery stage (APOE, BCL7CISTX1B, SNCA, GBA, and
GABRB3), with the associations regarding A POE, SNCA, and GBA being confirmed in the
replication stage and in the combined analysis of both stages.

The most significant association signal is seen at the APOE locus (APOE e4), which has
been previously shown to be highly associated with dementia with Lewy bodies.®” As
described, APOE e4 is the major genetic risk locus for Alzheimer’s disease and has been
implicated in cognitive impairment within Parkinson’s disease, although not with the risk of
Parkinson's disease itself. The locus has also been reported to affect the levels of both p-
amyloid and Lewy body pathology in brains of patients. 2" In a small Finnish dataset *® the
e4 allele association with dementia with Lewy bodies was largely driven by the subgroup
with concomitant Alzheimer’s disease pathology.

The second strongest association is seen at the SNCA locus. Results from our conditioned
analysis confirmed the different association profile between dementia with Lewy bodies and
Parkinson's disease that we had previously reported.” SNCA is the most significant common
genetic risk factor for Parkinson’s disease, with rs356182 having a meta-analysis p value of
1-85 x 1072 (OR 134, 1:30-1-38) in PDGene. This variant is located 3" to the gene,?’
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whereas in dementia with Lewy bodies, no association was found in that region (figure 2).
The most associated dementia with Lewy bodies SNP for the SNCA locus (rs7681440) has a
Parkinson's disease meta-analysis p value of more than 0-05 in PDGene. When doing a
conditional analysis on the top Parkinson's disease SNP (rs356182), Nalls and colleagues®”
reported an independent association at the 3 region of the gene (157681154), and this
variant is in strong linkage disequilibrium (R2=0-91) with the rs7681440 SNCA variant
identified in our study. It is tempting to speculate that these differences might reflect
pathobiological differences between the two diseases, perhaps mediated by differential
regulation of gene expression. The results in the GTEx data, showing that the most
associated SNP in dementia with Lewy bodies is a strong QTL in the cerebellum for
RP11-67M1.1, are compatible with a model m which rs7681440 genotypes affect the
expression levels of SNCA indirectly through the action of RP17-67M1.1. More specifically,
the altemative allele associates with a decreased expression of RPI1-67M1.1 and
consequently reduced repression of SNCA transcription (increased SNCA expression),
which is in accordance with an increased frequency of the alternative allele in participants
with dementia with Lewy bodies when compared with controls. Additionally, the
relationship between 57681154 and SNCA expression is supported by the high expression
of SNCA in the brain and the association of 157681440 with increased SNCA expression in
whole blood (p=2:13 % 10738) 303! However, further investigation of the identified
significant eQTLs is needed because the effect was seen for only one brain region. This
localised effect could plausibly result from low overall expression of RP1I-67M1.1 and
higher RNA quality in the cerebellum than in other assayed brain regions in these datasets.
Notably, both eQTLs’ effects fit with a model of increased SNCA expression in participants
with dementia with Lewy bodies compared with controls.

The most significant marker at the GBA locus (rs35682329) is located 85 781 base pairs
downstream of the gene and is in high linkage disequilibrium (D'=0-9; R%=0-8) with
p.Glu365Lys (also reported in the scientific literature as E365K, E326K., and rs2230288),
which has been suggested as a risk factor for dementia with Lewy bodies.® The top
associated variant for Parkinson’s disease at this locus is the 1571628662 (PDGene meta-
analysis OR 0+52 [95% CI 0-46-0-58; p=6-86 x 1025]). This variant is also in high linkage
disequilibrium with the top SNP identified here (D'=0-9 and #2=0-8). In this study, we show
similar effect sizes for APOE(OR 2-40) and GBA (OR 2-55) in dementia with Lewy bodies.
Gene burden-based analysis showed GBA as the only genome-wide significant association
with dementia with Lewy bodies risk. The inexistence of other associations should be
interpreted with some caution. Because we were not ascertaining the complete spectrum of
genetic variability, other genes could have had a significant burden of genetic variants that
were simply not captured in our study design, despite our use of the most recent imputation
panel.

Although in our meta-analysis we saw a genome-wide significant association with dementia
with Lewy bodies at the BCL7C/STX18B locus, this association was mostly driven by the
discovery-stage data (replication-stage results were OR 0-98; p=0-83) and further replication
is needed. That being acknowledged, an association at the BCL7C/ STX 1B locus has been
previously reparted for Parkinson’s disease.2*2 The top Parkinson’s disease-associated
variants at this locus were rs14235 (synonymous; located at BCKDK) and 154889603
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(intronic; located at SETD/A). The top SNP identified in dementia with Lewy bodies at this
locus (1s897984) shows the same direction of association seen in Parkinson’s disease (OR
093, 95% CI0-90-096), a Parkinson’s disease meta-analysis p value of 1-34 x 1075 (data
from PDgene), and strong linkage disequilibrium with both Parkinson's disease hits
(R2=0-28-0-32; correlation p values<0-0001). This is a gene-rich region of the genome
(appendix p 9), making accurate nomination of the gene driving the association difficult.
Mining data from the GTEX project showed that 15897984 is not an eQTL for any gene in
the locus. Nonetheless, in both Parkinson’s disease studies, the nominated gene at the locus
was STX1B, probably due to its function as a synaptic receptor* Additionally, STX7B has
a distinctive pattern of expression across tissues, presenting the highest expression in the
brain. In this tissue, when compared with the closest genes in the locus (HSD3B7, BCL7C,
ZNF668, MIR4519, CTFI, FBXL19, ORAL3, SETDIA, STX4), STXIB also shows the
highest levels of expression (appendix p 10). In 2014, mutations in STX/B were shown to
cause fever-associated epileptic syndromes** and myoclonic astatic epilepsy.*

Although not quite genome-wide significant in the discovery stage, the association between
CNTNI and dementia with Lewy bodies risk replicated with a very similar association OR
as the discovery stage. Interestingly, the locus has been previously associated with
Parkinson’s disease in a genome-wide study of identical-by-descent segments in an
Ashkenazi cohort ** and with cerebral amyloid deposition, assessed with PET imaging in
APOE e4 non-carriers 3 This locus also did not reach genome-wide significance with
clinicopathological Alzheimer’s disease dementia (p=5-21 x 107%).38 The contact in 1
protein, encoded by CNTNI, is a glycosylphosphatidylinositol-anchored neuronal
membrane protein that functions as a cell-adhesion molecule with important roles in axonal
function.** Mutations in CNTN{ were found to cause a familial form of lethal congenital
myopathy*' Contactin 1 drives Notch-signalling activation and modulates
neuroinflammation events, possibly participating in the pathogenesis of multiple sclerosis
and other inflammatory disorders 2 A functional protein association network analysis of
CNTNT using STRING shows contactin 1 is in the same network as PSENZ (appendix p
11), supporting its potential role in neurodegeneration. Further replication will be important
in view of the absence of a genome-wide significant association in the discovery stage;
however, this association seems promising. Notably, LRRKZ s located less than 500 000
base pairs away from the most associated SNP at this locus, which could suggest that the
association might be driven by variation at the LRRKZ2 locus. Further validation of the
involvement of CNTN/ variation in modifying risk of dementia with Lewy bodies will be
important.

[n addition to performing a genome-wide association study with clinicopathological
Alzheimer’s disease dementia, Beecham and colleagues™ also analysed commonly
comorbid nevropathological features seen in elderly individuals with dementia, including
Lewy body disease. In this latter analysis, only the APOE locus was found to achieve
genome-wide significance, However, when testing known common Alzheimer’s disease risk
variants with coincident neuropathological features, Beecham and colleagues identified hits
at SORL{and MEF2C, finding them to be nominally associated. In our cohort of
participants with dementia with Lewy bodies, we found no genome-wide significant
associations between these variants and disease, Similarly, we had previously reported an
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association at the SCARB2locus with dementia with Lewy bodies.” In the larger dataset of
the present study, the association remained at the suggestive level and did not reach genome-
wide significance (most significant SNP in the present study, rs13141895; p=9-58 x 1074).
No other variant previously reported to be significantly associated with Alzheimer’s disease
or Parkinson's disease in recent genome-wide association study meta-analyses showed a
genome-wide significant association with dementia with Lewy bodies. The most significant
Alzheimer’s disease or Parkinson’s disease variants at the following loci showed nominal
(p<0-05) association levels: MAPT, BINI, GAK, HLA-DBQBI, CD2AP, INPPSD,
ECHDC3, and SCIMP. Additionally, variants previously suggested to be associated with
Lewy-related pathology in a Finnish cohort * did not show evidence of association in this
study (appendix p 5). See appendix pp 12-70 for colocalisation plots of association between
dementia with Lewy bodies and either Parkinson’s disease or Alzheimer’s disease.

This study has notable limitations. The control population is not perfectly matched to the
case cohort because it was derived from publicly available data. To address this, we have
used all available information (both clinical and genetic) to create a control cohort that is as
similar as possible to the case cohort. Additionally, despite using the same diagnostic criteria
for all included participants with dementia with Lewy bodies, diagnostic measurements were
collected in a variety of locations, suggesting that diagnostic accuracy might have been
variable, with contamination from participants with Parkinson's disease or Alzheimer's
disease. Notably, we do not see an over-representation of genetic risk factors from those
diseases in our results (eg, MAPT, CLU, or CR1), suggesting minimum inclusion. Similarly,
population stratification could bias the results because samples were collected in various
countries. In the present study, we have used standard methodology to correct for any such
bias and, consequently, our results show no evidence of population stratification as
evidenced by the Q-Q plot as defined by the acquired unbiased genotype data. Additionally,
participants with dementia with Lewy bodies were genotyped at three locations and controls
were all derived from publicly available datasets, using a mixture of genotyping arrays,
which could provide a source of genotyping bias. However, our approach was to select
variants that were at the intersection of all used arrays before imputation, which makes use,
effectively, of the same genotyping probes for all samples. This approach has been shown to
remove any bias from this type of result and any effects of using different array scanners are
negligible for high-quality variants.**

This 15 the first large-scale genome-wide association study in dementia with Lewy bodies.
We estimate the heritability of dementia with Lewy bodies to be approximately 36%, which
is similar to what is known to occur in Parkinson’s disease.* This finding shows that,
despite not having multiple causative genes identified so far, genetics has a relevant role in
the common forms of dementia with Lewy bodies. Additionally, we provide evidence
suggesting that novel dementia with Lewy bodies loci are likely to be found at chromosomes
5,6,7,and 13 in view of the high heritability estimates at these chromosomes. A significant
majority of our case cohort in the present study was comprised of participants with
neuropathological diagnoses, which provide a greater level of information for diagnostic
accuracy. These results provide us with the first glimpse into the molecular pathogenesis of
dementia with Lewy bodies; they reveal that this disorder has a strong genetic component
and suggest a unique genetic risk profile. From a molecular perspective, dementia with
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Lewy bodies does not simply sit between Parkinson’s disease and Alzheimer's disease;
instead, the combination of risk alleles is unique, with loci that are established risk factors
for those diseases having no clear role in dementia with Lewy bodies (eg, MCCCI, STK39,
CLU, CR1,or PICALM). Further increases in the size of dementia with Lewy body cohorts
will probably reveal additional common genetic risk loci, and these will, in tumn, improve
understanding of this disease, its commonalities, and differences with other
neurodegenerative conditions, ultimately allowing the identification of disease-specific
targets for future therapeutic approaches.
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Research in context
Evidence before this study

We searched PubMed using the keywords “dementia Lewy bodies™ AND “genetics”, for
manuscripts published in any language between database inception and June 21, 2017,
and found no large-scale genome-wide studies of dementia with Lewy bodies. So far,
most studies have focused on small cohorts and are frequently candidate gene association
studies. However, in 2014, we showed that dementia with Lewy bodies has a genetic
component, suggesting that a large unbiased genetic association study might provide
novel loci that have a role in the disease.

Added value of this study

To our knowledge, this is the first large-scale genome-wide association study in dementia
with Lewy bodies. The discovery stage included 1216 patients with dementia with Lewy
bodies and 3791 controls, and the replication stage included 527 patients with the disease
and 663 controls. The vast majority of people with the disease from both stages were
neuropathologically diagnosed. Furthermore, despite the comparatively smaller size of
the replication cohort, all samples were ascertained at the same centre, which reduces

diagnostic heterogeneity.
Implications of all the available evidence

Our data show several genome-wide significant loci. Some of these loci had previously
been implicated in Parkinson’s disease or Alzheimer's disease, which could suggest that
dementia with Lewy bodies is simply a combination of the genetic underpinnings
underlying those diseases. However, our data suggest that dementia with Lewy bodies
does not sit in the spectrum between Parkinson’s disease and Alzheimer’s disease, but
instead, has a unique genetic profile. Additionally, we have also estimated the genetic
heritability of dementia with Lewy bodies ta be 36%, which is very close to what has
been estimated for Parkinson’s disease, a disease now known to have a strong genetic
component.
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Figure 1. Manhattan plot showing genome-wide p values of association

The p values were obtained by logistic-regression analysis using the first six principal
components and sex as covariates. The y axis shows -log p values of 8 397 716 single
nucleotide polymorphisms, and the x axis shows their chromosomal positions. The
horizontal red dotted line represents the threshold of p=5 x 10~ for Bonferroni significance
and the green dotted line represents the threshold of p=3 x 107 for selecting single
nucleotide polymearphisms for replication.
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Figure 2. Regional association plot for the SNCA locus

Purple represents variant 1s1372517, at chromosome 4, position 90755909, which is the
most associated SNP at the locus also present in the 1000Genomes dataset. The variant
151372517 is in complete linkage disequilibrium with rs7681440, Colours represent linkage
disequilibrium derived from 1000Genomes between each variant and the most associated
SNP. SNP=single nucleotide polymorphism. R” represents the level of pairwise linkage
disequilibrium between the top variant and each other variant plotted, using data from the

1000 Genomes project.
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Figure 3. Associations between genotypes and gene expression in the cerebellum of post-mortem
controls

(A) Association between rs7681440 genotypes and RPI1-67M1.1 expression in 103 disease-
free post-mortem cerebellum samples (p=2:00 x 1077 from the Genotype-Tissue Expression
(GTEx) Project Consortium. Carriers of the GG genotype (alternative allele) show the
lowest levels of expression of the gene. Details on methods are on GTEx website. (B)
Association between rs7681154 and SNCA expression (p=2-87 x 10~y in 468 disease-free
cerebellum samples from postmortem individuals from the Harvard Brain Bank Resource
Center 2 Individuals with the alternative allele C had increased SNCA expression in the
cerebellum, on average, compared with individuals with the reference allele G. Details on
the subjects, experiments, and analytical methods of the expression quantitative trait loci
study of the Harvard Brain Bank Resource Center samples are described by Zhang and
colleagues® and on the Harvard Brain Bank website. Boxplots for both panels show
medians, IQRs, and individual data points.
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Figure 4. Dementia with Lewy bodies heritability by chromosome
Heritability (y axis) per chromosome is plotted against chromosome length (x axis). The red

line represents heritability regressed on chromosome length and the shaded area represents
the 95% CI of the regression model.
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Table 3

Characteristics of the replication cohort

Neuropathological diagnosis ~ Men:women ratio  Age at onset {years)”

USA: patients with dementia with Lewy hodies 3501527 (66%) 201 63 (8:2)
USA: controls 0it63 075 678 (1040

Ditta are n (%) or mean (SD), unless stated otherwise.

¥
Denotes age at examination for controls; for patients with dementia with Lewy bodies, the age reflects age at onset for those diagnosed clinically
and age at death for those pathologically diagnosed.
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Abstract

The role of genetic variability in dementia with Lewy bodies (DLB) is now indisputable; however,
data regarding copy number variation (CN'V) in this disease has been lacking. Here, we used
whole-genome genotyping of 1454 DLB cases and 1525 controls to assess copy number
variability. We used 2 algorithms to confidently detect CNV's, performed a case-control association
analysis, screened for candidate CNV's previously associated with DLB-related diseases, and
performed a candidate gene approach to fully explore the data. We identified 5 CNV regions with
a significant genome-wide association to DLE; 2 of these were only present in cases and absent
from publicly available databases: one of the regions overlapped LAPTMYE, a known lysosomal
protein, whereas the other overlapped the NME/ locus and SPAG2. We also identified DLB cases
presenting rare CN'Vs in genes previously associated with DLB or related neurodegenerative
diseases, such as SNCA, APP, and MAFT. To our knowledge, this is the first study reporting
genome-wide CNVs in a large DLB cohort. These results provide preliminary evidence for the
contribution of CNV's in DLB risk.

Keywords
Dementia with Lewy bodies: copy number variants; MAPT: SNCA; Genome-wide

1. Introduction

Dementia with Lewy bodies (DLB) is a common and complex form of neurodegenerative
disease, and its diagnosis can often be complicated by phenotypic similarities with
Alzheimer’s disease (AD), Parkinson’s disease (PD), or even frontotemporal dementia
(FTD) (Claassen et al., 2008; Heidebrink, 2002). A more accurate DLB diagnosis is usually
obtained by integrating clinical and pathological data from brain autopsy (McKeith et al.,
2017).

Genetic studies in DLB have been limited, certainly in comparison with studies on AD or
PD, for a number of reasons, most notably because DLB has not been historically

‘Conesponding author at: Department of Molecular Neuroscience, UCL, Institute of Neurology, London, UK. Tel.: +44 (0120 7679
B199.

5 Disclosure
The authors have no actual or potential conflicts of interest.

Appendix A, Supplementary data
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considered a genetic disease, given the lack of multiplex kindreds where the disease
segregates. In addition, large cohorts of patients are difficult to collect given the frequency of
the disease and the rate of misdiagnosis. Despite this, recent studies have conclusively

shown that there is a role for genetics in the etiology of DLB (Bras et al., 2014; Guerreiro et
al., 2018, 2016; Nalls et al., 2013; Peuralinna et al., 2015), Exome sequencing studies have
been performed in small cohorts, as have case studies and Sanger sequencing of specific
target genes (Clark et al., 2009; Geiger et al., 2016; Keogh et al., 2016; Koide et al., 2002;
Ohtake et al., 2004). Copy number variation (CNV) has not been assessed thus far in DLB,
particularly in an unbiased manner and at a genome-wide level.

CNVs have been widely studied in a number of neurological conditions, particularly in
developmental phenotypes such as schizophrenia and autism (Glessner et al., 2009; Marshall
et al., 2017; McCarthy et al,, 2009) where several microdeletions and microduplications
{100—600 kb) have been found to be associated with both diseases (Bassett et al., 2017;
Cook et al., 1997; McCarthy et al., 2009; Stefansson et al_, 2008; Weiss et al., 2008). In
these phenotypes, CNVs play a prominent role in the disease genetic architecture.

Several studies have analyzed CNVs in AD, where APP duplications have been
unequivocally shown to cause disease (Delabar et al., 1987; Ghani et al., 2012; Swaminathan
etal., 2011, 2012; Zheng et al., 2014, 2015). In PD, pathogenic CNVs are also known to
oceur in SNCA, PARK2, PINK 1, and PARK 7 (Bonifati et al,, 2003; Chartier-Harlin et al.,
2004; Ibanez et al., 2004; Lesage et al., 2008; Marongiu et al., 2007; Waters and Miller,
1994). Together, these data show that CNVs are an important mutational event in
neurological conditions.

Here, we report the first genome-wide analysis of CNVs in DLB in a large cohort of
patients, many of which with neuropathology diagnoses of DLB. We performed a case-
control association study that was complemented by discovery stage analyses guided by
candidate genes and CNVs previously reported as being associated with DLB-related
neurodegenerative diseases.

2. Materials and methods
2.1. Sample selection

A total of 1454 patients diagnosed with DLB and of European ancestry were selected for
this study. Diagnosis of DLB was made according to clinical or pathological criteria
(McKeith et al., 2005), Briefly, these included 298 clinically diagnosed and 1156 neuro-
pathologically diagnosed cases. Detailed sample and processing information has been
described previously (Guerreiro et al., 2018). Data from 1525 control samples were obtained
from The Genetic Architecture of Smoking and Smoking Cessation study (phs000404 v1.pl)
publicly available at the database of genotypes and phenotypes (hitps://
www.nebinlm.nih.gov/projects/gap/cgi-bin/study.cgi ?study_id=phs000404 v1_pl).
Supplementary Fig. 1 shows an overview of the study design, different quality control (QC)
steps, and analyses performed.

Nenrobiod Aging. Author manuscript; available in PMC 2019 May 29,
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2.2. Genotyping, quality control, and CNV calling

Seven hundred fifty-four DLB samples were genotyped on HumanOmni2 SExome-8 v1.O.B
[lumina arrays, and 700 DLB samples were genotyped using Infinium OmniExpress-24 vl.
2.Al Mumina arrays (Illumina, Inc, CA, USA). Control samples were genotyped on
HumanOmni2.5—4 vI.D arrays (Illumina, Inc, CA, USA). Intensity files were analyzed using
GenomeStudio v2011.1 software (Illumina, Inc, CA, USA) along with the respective
manufacturer’s cluster files. QC procedures were performed in GenomeStudio (GS) before
CNV analysis as described by Jarick et al. (Jarick et al., 2014). In short, samples with call
rates lower than 0.97 were filtered out. SNP statistics were recalculated following visual
inspection of B allele frequency (BAF) and log R ratio (LRR) plots. SNPs with GenTrain
scores below 0.7 were excluded. Finally, samples with substantial cryptic reiatedness scores
(PLHAT > 0.1) were removed, as previously described (Guerreiro et al., 2018).

CNV calls were generated using 2 different algorithms: cnvPartition v2.3.0 (Illumina, Inc)
and PennCNV v1.0.4 (Wang et al., 2007). CNV calling based on cnvPartition was performed
by GS with default parameters. For PennCNV, probe positions, LRR, and BAF values for
samples that passed QC procedures were exported from GS. Population frequency of the B
allele (PFB) files was calculated for each array separately. All smoking cessation samples
were used to generate CINVs in envPartition and PennCNV, but only a subset of the best
performing 700 samples was used for the compilation of the PFB file in PennCNV to match
the number of samples used for cases. PennCNV GC-model files were then created based on
these PFBs. Finally, CNVs were inferred by PennCNV using the hidden Markov model and
the GC-model for wave adjustment. Calls for the X chromosome were generated separately.
Chromosome Y SNPs were not analyzed.

2.3. CNV quality control and analysis

To improve the guality of CNVs, only calls generated by both algorithms were kept, whereas
calls made by a single algorithm or calls of opposing type (e.g., assigned as a deletion by
one algorithm and as duplication by the other) were discarded. Adjacent CNVs were merged
if the length of the sequence between them was smaller than 50% of the length of the larger
CNV (Mok et al., 2016). CNVs were excluded if they were overlapping telomeres,
centromeres, known segmental duplications, the immunoglobulin, or T cell receptor loci.
Samples having LRR SD = (.28, BAF drift > 0.002, waviness factor > 0.04, or having more
CNV calls than 3*5D + median were excluded (Marshall et al., 2017; Need et al., 2009),

To identify potentially pathogenic CNVs, we analyzed CNVs spanning known genes. We
used the database of genomic variants (DGV) (hitp://dgv.tcag ca/dgv/app/home, accessed
November 2017) to determine the population frequency of CNVs (MacDonald et al., 2014).
This information was complemented with the frequency from clinical samples available in
DECIPHER v9.18 (https://decipher.sanger.ac uk/, accessed November 2017).

2.4, Case-control association analysis

Case-control association analysis was implemented using ParseCNV (Glessner et al., 2013).
Standard ParseCNV quality metrics were used to filter out low-quality results. CNVs that
were genome-wide significant [pvalue < 5 x 107 as suggested by (Glessner etal., 2013))]

Newrobiod Aging. Author manuscript; available in PMC 2019 May 29,
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had a minimum length of 50 kb, and passed visual inspection in GS were selected for further
analyses.

2,5. Candidate CNVs approach
CNVs previously described in AD (Ghani et al., 2012; Heinzen et al., 2010; Swaminathan et
al., 2011, 2012; Zheng et al., 2014, 2015), PD (Bademci et al., 2010; Liu et al., 2013; Mok et
al,, 2016; Pankratz et al., 2011), and FTD (Gijselinck et al., 2008) were specifically
investigated in these data (Supplementary Table 1). This analysis was performed on the
complete set of CNV resulls after QC, disregarding the filters used for the case-control
association analysis performed by ParseCNV.,

2.6. Candidate genes approach
CNVs located in known AD, PD, FTD, and DLB genes were also assessed (Bris etal., 2015,
Guerreiro et al., 2013,2015, 2018; Jansen et al., 2015; Keogh et al., 2016; Koide et al., 2002;
Ohtake et al., 2004 ; Saitoh et al., 1995). Supplementary Table 2 lists all genes studied using
this approach.

3. Results

3.1. CNV calling and QC steps

After QC steps at the S level, a total of 2819 samples (1294 cases and 1525 controls)
remained for further analyses. From the 754 DLB samples genotyped with HumanOmni2 5
arrays, 616 (81.7%) samples were kept and from the 2,567,845 probes in this array,
2,496,600 (97 2%) passed QC. Six hundred seventy-eight (96.9%) samples of the 700
samples genotyped with OmniExpress arrays passed QC and from the 713,599 probes
available in this chip, 698 680 (97 9%) probes remained. All controls from the Smoking
Cessation database had good quality genotypes (call rate > 0.97) and, consequently, no
samples were excluded, and 2,390,384 (97.8%) of the 2,443,177 probes were kept.

After combining the results obtained by the 2 CNV calling algorithms (cnvPartition and
PennCNV), excluding samples because of their relatedness, and performing the PennCNV
QC steps on the LRR and BAF values and number of calls, a final number of 2615
individuals (1187 DLB cases and 1428 control samples) and 80 416 CNVs were analyzed.
All samples carrying CNVs were confirmed to be of European/North American ancesiry by
merging their data with that of 1000 Genomes.

3.2. Case-control assoclation analysis

Of the 494 CNV regions resulting from the ParseCNV analysis, only 5 passed QC checks
and were statistically significant (Table 1). Of these, 2 of the regions were not present in our
control population or in public databases: the deletion overlapping L APTM4YB (p= 629 x
1077) and the one overlapping SPAGI-NMEI-NME2 (p=2.72 x 107%) (Fig. 1).

3.3. Candidate CNVs approach

Five CNVs previously associated with DLB-related neurodegenerative diseases were found
in DLB patients (Table 1). Two of these were present in the control group with a higher
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frequency than in the patient group, and the remaining 3 are described in public databases
and are detailed next. The duplication identified on chromosome 12 overlapping DDXT and
OVOS2 has a frequency 10-fold higher in DGV than in the DLB cohort. The 16pl 1.2
microduplication found in one DLB patient has a frequency of 1.69 x 10™* in the
DECIPHER database but does not occur in any control samples or in the DGV database.
Omne of the CN'Vs that was previously significantly associated with AD locates at
chr8:2,792 8744 852,328 and overlaps CSMD/ (Swaminathan et al., 2011). €:SM/ has
frequent deletions and duplications spanning the whole gene as reported in DGV, Our results
agree with this: at this locus, we identified over 100 deletions in cases and controls. One
region in the gene has a deletion in 3 cases and in no controls and this CNV showed a
suggestive significance in our DLB case-control association analysis. Therefore, we only
report this shorter region in Table 1.

3.4. Candidate genes approach

We investigated CN'Vs in genes known to be associated with diseases that are related to DLB
(Supplementary Table 2) and identified a total of 8 CNVs (Table 1). These included one
duplication in APPoccurring in a clinically diagnosed case. This large duplication is not
present in the databases or in the control cohort. Two DLB subjects were found to carry
duplications spanning MAPT, and one neuropathologically diagnosed patient was found to
cany a SNCA duplication (Fig. 2). PARK?2 was found to have many copy number losses and
gains in controls (n = 28) and cases (n = 13) but none were homozygous. A duplication
including CHCHD (' was also identified in a neuropathologically diagnosed DLB patient.
No CNVs were identified in CBA, the gene presenting the strongest association with DLB.

4. Discussion

‘We performed a systematic analysis of CNVs in a large cohort of DLB patients using 3 main
approaches. The first of these approaches was a case-control association analysis, which
resulted in 5 significant CNV regions that have not been previously described as associated
with the disease. The most significant result from this analysis was a deletion spanning a
lysosome-associated transmembrane protein, LAPTM4YE. Intraneuronal alpha-synuclein
clearance likely occurs through a variety of mechanisms to maintain protein homeostasis.
However, recent data have highlighted the importance of lysosomal pathways for
degradation of this protein (Webb et al., 2003). Interestingly, a member of the same protein
family, LAPTMS5, was one of the top hits for incidental DLB in a recent network analysis
study (Santpere et al., 2018). Although we cannot directly link this CNV to the development
of DLB in these cases, it is interesting that a lysosomal enzyme is the top hit in our
association analysis, given the prominent role of the lysosome in Lewy body diseases. In
fact, a strong GWAS hit for DLB is GBA, a gene involved in lysosomal lipid storage
disorders.

Also associated with DLB and absent from publicly available databases was a deletion
overlapping the NMET locus WMET is involved in purine metabolism, which has been
reported to be disrupted in AD, PD, and Creutzfeldt— Jakob disease. NMES mRNA was also
found to be reduced in these diseases (Ansoleaga etal.,2015,2016; Garcia-Esparcia et al.,
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2015). Here, we identified a deletion at the 3'-end of NMEJ, which could be consistent with
a reduced expression of the gene in DLB, although this was not tested in the present study,

Using a candidate gene approach where we analyzed genes known to have a role in DLB
and DLB-related diseases, we identified several CNVs of potential interest. The hallmark of
DLB at autopsy is the accumulation of alpha-synuclein protein within neurons and their
processes, termed Lewy bodies and Lewy neurites (Spillantini et al., 1997). Variants in the
SNCA gene, which encodes alpha-synuclein, have been previously associated with the risk
of developing DLB (Bras et al., 2014: Guerreiro et al., 2018). In addition to point mutations,
CNVs including SNCA are known to cause PD, and over the past years, evidence has
suggested that this gene may also be duplicated in DLB. Nishioka et al. identified a PD
family with a duplication spanning all of SNCA and MMRNT where the proband was later
neuropathologically diagnosed as DLB (Nishioka et al., 2006; Obi et al., 2008). Four
neuropathologically diagnosed DLB cases presented a large duplication from DSPPto
PDILIMS including SNCA, 3 of these were heterozygous and 1 was homozygous (Ikeuchi et
al., 2008). A duplication in SNCA was also described in a probable DLB patient in a study
with 99 cases (Meeus et al., 2012). Here, we add to this body of evidence, by identifying
another patient neuropathologically diagnosed with DLB carrying a SNCA duplication. In
our DLB cohort, this duplication shows a similar frequency to that provided by DGV.
However, the frequency reported in DGV results from 2 entries in that database. When
looking in more detail at these 2 entries, they are actually duplicated entries from the same
Human Genome Diversity Project (HGDP) sample from Cambodia (HGDPD0721). Given
that information for each HGDF samples is limited to sex of the individual, population, and
geographic origin, it is possible this sample originated from a PD or DLB patient or from an
asymptomatic carrier, as these have previously been reported, with SNCA multiplications
having particularly low penetrance levels in Asian populations (Ahn et al., 2008; Nishioka et
al., 2006). It is also possible the duplication reported is an artifact caused by the creation or
passage of the lymphoblast cell lines used to extract DNA (Simon-Sanchez et al., 2007).

We also identified one heterozygous duplication encompassing CHCHIDI0, a gene
previously shown to cause FTD and/or amyotrophic lateral sclerosis (Zhang et al., 2015).
However, given that disease-associated CHCHD I mutations are loss of function (Perrone et
al., 2017), it is not clear whether a duplication of the gene would be pathogenic.

GABRB3is a gamma-aminobutyric acid (GABA) receptor that was reported to be
associated with DLB in a recent GWAS but did not survive independent replication
{Guerreiro et al., 2018). However, loss of GABA receptors could underlie the typical visual
hallucinations in DLB (Khundakar et al., 2016), and because of this, we specifically looked
at CNVs in GABRB3 and identified a duplication in one case. Given the GWAS results
previously mentioned, the CNV detected here and the fact that GABA receptor
neurotransmission is altered in DLB (Santpere et al., 2018), it is tempting to speculate that
genetic variability in GABA receptors may, in fact, modulate risk for DLB.

We identified 2 clinically diagnosed DLB samples with MAPT duplications (Fig. 3). MAPT
was not found to be significantly associated with DLB in recent GWAS (Bras et al., 2014;
Guerreiro et al_, 2018), but the MAPTHI haptotype was previously described as a possible
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risk factor for DLB (Cervera-Carles et al_, 2016; Labbé et al_, 2016) and is a well-known
genetic risk factor for PD. Previous studies of small cohorts of FTD patients have not
revealed causative MAPT duplications (Llad6 et al., 2007; Skoglund et al,, 2009) but the
screening of French FTD patients including multiplex families led to the identification of a
heterozygous partial deletion of MAPT (Rovelet-Lecrux et al., 2009) and a 17g21.31
microduplication in an atypical FTD case (Rovelet-Lecrux et al., 2010). More recently,
MAPT duplications were shown to increase expression of MAPTmRNA and were found to
cause tangle pathology without AP deposition in probable AD patients (Le Guennec et al.,
2017).

PARKZ homozygous CNVs are the most common copy number cause of PD, accounting for
more than 50% of all pathogenic mutations in the gene and more frequently affecting the
region between exons 2 and 7 (Hedrich et al., 2004; Kim et al., 2012). Our results showed no
significant differences in the frequency of heterozygous CNVs overlapping PARKZ between
DLB cases and controls, similar to the findings by Kay et al. in PD (Kay et al., 2010). In
addition, we did not find any homozygous PARK2 CNVs suggesting that CNVs in this gene
do not play a causative role in DLB.

APPduplications are known to cause AD (Delabar et al., 1987; Ghani et al., 2012;
Swaminathan et al., 2011, 2012; Zheng et al., 2014, 2015). The sample carrying an AFPP
duplication in our cohort has a clinical diagnosis of DLB without neuropathological
confirmation; it is therefore possible that this is an AD case misdiagnosed as DLB. However,
there have been reports in the literature of DLB cases associated with APPduplications. For
example, in a French family presenting with a diverse phenotype, APPduplication was
associated with DLB confirmed by neuropathological findings (Guyant-Marechal et al,
2008). Similarly, one case with Lewy body —variant AD was reported in a multigenerational
dementia family from the Netherlands (Sleegers et al., 2006). DLB cases frequently present
AP pathology at autopsy (Hepp et al., 2016), and it has been suggested that AP
accumulation can trigger Lewy body disease (Masliah et al, 2001).

There are 2 main limitations in this study: first, this is a relatively small-sized cohort, which
means we cannot confidently assess associations of CNVs with low effect sizes on disease;
second, we did not perform independent replication of these findings, which precludes us
from establishing definite associations or causes of disease. Despite these limitations, we
report on the first systematic analysis of CNVs in a large cohort of DLB patients, using well-
established analytical practices. We identified potential disease causing CNV's as well as
potential novel candidate genes for DLB. Despite this, our results suggest that it is unlikely
that CN'Vs play a significant role in the pathogenesis of DLB.
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Fig. 1.

Schematic representation of statistically significant CNVs resulting from the case—control
analysis that were not found in controls or publicy available databases. CVNs overlappig
LAPTM4B in A; and SPAGYNMET in B Known transcripts are represented at the bottom of
each panel. Passing QC SNPs used for the CNV calling are depicted by color according 1o
the genotyping arrary (red: OmniExpress, blue: Omni2.5 M, green: Omni2 5 M for
controls). CNVs (duplications) are depicted as bars above the genes. The gray shadow area
represents the associated region that is genome-wide significant.
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Fig. 2.

Dgplication identified at the SNCA locus. Log R ratio and B alleie frequency plots of the
CNV identified in the SNCA locus. Each point represents an SNP according to location in
chromosome 4 (position on X axis). The genomic duplication is indicated by an increase in
log R ratio and B allele frequency clusters outside the expected values of 1 (B/B), 0.5 (A/B),
and 0 (A/A). Genes are represented at the bottom as black bars. SNPs inside the CNV region
are represented in red. SNPs outside the CN'V region are represented in blue, and SNPs in
SNCA are represented in green.
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Duplications identified at the MAPTlocus. Log R ratio and B allele frequency plots of the
CNVs identified at the MAPT locus in 2 clinically diagnosed DLB cases. Each point
represents an SNP according to location in chromosome 17 (position on X axis). The
genomic duplication is indicated by an increase in log R ratio and B allele frequency clusters
outside the expected values of 1 (B/B), 0.5 (A/B), and 0 (A/A). Genes are represented at the
bottom as black bars, SNPs inside the CNV regions are represented in red, SNPs outside the
CNV regions are represented in blue, and SNPs in MAPT are represented in green.
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Dementia with Lewy Bodies (DLB) is a common neurodegenerative disorder with poor prognosis and
mainly unknown pathophysiology. Heritability estimates exceed 30% but few genetic risk variants have
been identified. Here we investigated commeon genetic variants associated with DLB in a large European
multisite sample. We performed a genome wide association study in Morwegian and European cohorts
of 720 DLB cases and 6490 controls and included 19 top-associated single-nucleotide polymorphisms

in an additional cohort of 108 DLB cases and 75545 controls from Iceland. Overall the study included
828 DLB cases and 82035 controls. Variants in the ASH1L/GBA (Chrlg22) and APOE =4 (Chrl9) loci

were associated with DLB surpassing the genome-wide significance threshold {p < 5 x 10~%). One
additional genetic locus previously linked to psychosis in Alzheimer's disease, ZFPM1 (Chr16q24.2),
showed suggestive association with DLB at p-value < 1 x 10~°. We report two susceptibility loci for
DLB at genome-wide significance, providing insight into etiological factors. These findings highlight the
complex relationship between the genetic architecture of DLB and other neurodegenerative disorders.

Dementia with Lewy Bodies ( DLB) is the second most common type of neurodegenerative dementia, accounting
for 15% of dementia patients. DLB overlaps clinically, pathologically and genetically with Alzheimer’s disease
(AD) and Parkinson’s disease (PD). Clinically, DLB is characterized by cognitive impairment, parkinsonism,
psychotic symptoms like visual hallucinations, fluctuating cognition with pronounced variations in attention and
alertness and REM sleep behaviour disorder. Reduced uptake on CIT-SPECT or myocardial scintigraphy and
polysomnography with confirmation of REM sleep without atonia have been included as indicative biomarkers
in the diagnostic criteria’. We have previously shown the clinical diagnostic criteria for probable DLB to be both
sensitive (77%) and highly specific (94%) as compared lo a pathological DLB diagnosis. Furthermore, we have
found DLB to have higher costs, more neuropsychiatric symptoms, a more rapid cognitive decline, shorter time
until nursing home admission, shorter survival and higher caregiver distress as compared to AD™".

In some families, DLB occurs with autosomal dominant heritance at an age of onset <65 years. In these fami-
lies, alpha-synuclein (SNCA) multiplications or point mutations have been described™'". DLB is however typically
late onset (i.e. onset after 65 years of age) and sporadic, and the proportion of phenotypic variance that can be
explained by >=250,000 SNPs on the NeuroX array has been estimated to 31% with substantial genetic overlap
with both AD and PD'', Indeed, previous genetic studies have suggested associations of APOE, GBA, SNCA and
SCARB2 with DLB in both neurapathologically and clinically diagnosed cases'. Data from another GWAS of
DLE were recently presented and confirmed APOE e4, SNCA and GBA, and in addition suggested CNTNI to
be associated with DLB". Regarding APOE, the strongest genetic risk factor for AD, we showed that the APOE
<4 allele increases and the APOE <2 allele decreases the risk of developing DLB'. GBA, the gene encoding the
lysosomal enzyme glucocerebrosidase, is associated with PD risk and cognitive decline in PD'*'". In DLB, GBA
mutations have been reported in 7.8% of cases (odds ratio (OR) ~8), even up to 31% in Ashkenazi Jews, suggest-
ing that GBA is a stronger risk factor for DLB than for PD'". Moreover, whole exome sequencing studies have
identified rare and pathogenic variants in GBA, PSENT or APP in 4.4-25% of patients with pathologically or clin-
ically diagnosed DLB'*". However, none of the AD associated common variants identified in large genome-wide
association studies (GWAS) have been associated to DLB besides APOE.

Motwithstanding these interesting results from early genetic studies, the individual genetic risk factors that
specifically contribute to the common and sporadic late onset form of DLB have remained relatively unexplored
compared to PD and AD, largely due to the lack of large sample series providing adequate statistical power for
GWAS. In the current study, we collected DNA and genotyped samples from the Norwegian DemGene consor-
tium and the European DLE consortium (E-DLB), and performed a GWAS applying a two-stage meta-analysis
approach and follow-up in an independent cohort. We investigated whether common genetic variants are associ-
ated with DLE, aiming to elucidate the molecular mechanisms underlying the disease.

Methods

Participants. Three discovery cohorts were included in the study (Cohorts 1, 2 and 3). We collected samples
fram the Norwegian Dementia Genetics Network (DemGene) and from the Furopean DLB consortium (E-DLB).
Cohort 1 included DemGene and three European centres (Strasbourg, Amsterdam and Lund), and consisted of
478 cases and 1322 controls. An additional Norwegian population cohort of 4875 controls was added. Cohort 2
included two European centres both from Barcelona and consisted of 242 cases and 293 controls. Cohort 3 sam-
ples were collected in Iceland and consisted of 108 cases and 75545 controls. Altogether 828 DLB cases and 82110
«controls were included in this study, see Supplementary material and Supplemental (5.) Table | for details. All
research was performed in accordance with relevant guidelines/regulations, and informed consent was oblained
from all participants and/or their legal guardians.

Genotyping. DNA was extracted from whole blood. We genotyped Cohort 1 on the llumina Infinium
Omni Express-24 vI.1 platform (Illumina Inc., San Diego, CA, USA) at deCODE Genetics { Reykjavik, Iceland)
in concordance with the standard Hlumina protocol. We genotyped Cohort 2 samples with the Tllumina
Infinium Omni Express Exome-8v1.3 chip. Cohort 3 samples were genotyped on [lumina’s HumanHAP300,
HumanHAP300-Duo and HumanCN V370 bead arrays. We conducted assignment of genotypes according to
the standard lumina protocol in GenomeStudio software V201 1.1 version 1.9.4. We tested for plate effects and
other batch effects by a number of association tests described in detail under supplementary methods. Markers
exhibiting high rates of genotyping missingness (above 5%), minor allele frequency (MAF) below 1% or show-
ing departure from Hardy Weinberg equilibrium (p < 1 % 10~* calculated for controls) were excluded from the
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analyses. Individuals showing high rates of genotyping missingness (above 5%), cryptic relatedness (pairwise
Identity-By-Descent PI_HAT above 20%) or genome-wide heterozygosity (outside mean = 5 SD of the sample)
were removed from the analyses, Further, sex-check was performed based on the homozygosity estimate of X
chromosome markers implemented in PLINK.

Association analysis. We performed association analysis in two stages. Due to data regulations and ethical
approvals regarding data sharing, we performed genome-wide association analyses on Cohorts 1 and 2 inde-
pendently and combined the results through meta-analysis to obtain Stage 1 results. HRC imputation was not
accessible for cohort 1 due to national regulations in Norway. To reduce possible genomic inflation or overcor-
rection, the results from the Stage 1 meta-analysis were corrected for genomic inflation before we performed
meta-analysis with Cohort 3 te obtain Stage 2 results.

Genotypes from Cohort 1 samples were imputed onto the European reference haplotypes from the 1000
Genomes Project (GRCh37/hgl9 assembly) Phase 3 using MACH (hup://www.sph.umich.edu/esglabecasis/
MACH), We excluded variants with MAF lower than 0.01 or B-squared quality metric {(INFO) > 0.5, We per-
formed principal component analysis (PCA} on Cohort 1 pre-imputation data using PLINK 1.9 (https://www.
cog-genomics.org/plink2) to account for population stratification. The association analysis by logistic regres-
sion on dosage data using PLINK 1.9 included gender, age and the two first principal components as covariates.
Genomic inflation factors were calculated as the ratio of the median of the empirically observed distribution of
the association chi-square statistic to the expected median™’.

Genotypes from Cohort 2 samples were imputed onto the GRCh37/hgl9 assembly with Shapel T & Minimac3
using the haplotype reference consortium HRC version rl.1 reference data at the imputation server of the
University of Michigan, PCA was done independently for Cohort 2 because there was no relatedness to samples
from Cohort 1. Logistic regression was performed using PLINK 1.9 using gender, age and the top two genetic
principal components as covariates, The genomic inflation factor was calculated as previously described.

To obtain Stage 1 results, variants from Cohort 1 and Cohort 2 were mapped to each other using GRCh37/
hgl9 assembly. All variants with allele discrepancies across cohorts were discarded. We performed meta-analysis
of Cohort 1 and Cohort 2 using PLINK 1.9 with fixed effects inverse-variance weighted effect sizes. Biases from
different cohorts due to genotype array and imputation procedures are mitigated through correction on the
inflation factor. The results were verified using METAL meta-analysis tool (hitp://csg.sph.umich.edu/abecasis/
Metal). To identify independently associated loci, we used FUMA’s SNP2GENE function to define lead SNPs
and genomic risk loci®', Graphical representations including quantile-quantile plots and Manhattan plots were
performed in R using the gqman package (hitp://icran.r-project.org/ web/packagesiqq man).

We selected variants with Stage 1 meta-analysis p-value < 1 x 10~* for follow up in Cohort 3 (Iceland) and
used the same approach described above to meta-analyse the results in Stage 2°°.

Functional mapping and annotation (FUMA) of GWAS.  We utilized FUMA to functionally anno-
tate our Stage 1 results’'. FUMA incorporates 18 biological data repositories such as the Genotype-Tissue
Expression (GTEx}), the Encyclopedia of DNA Elements (ENCODE), the Roadmap Epigenomics Project and
chromatin interaction information. FUMA requires GWAS summary statistics and its outputs include multiple
tables and figures containing extensive information on, e.g., functionality of SNPs in genomic risk loci, including
protein-altering consequences, gene-expression influences, open-chromatin states as well as three-dimensional
(3D) chromatin interactions. Functionally annotated variants are subsequently mapped to prioritized genes based
on (i) physical position mapping on the genome, (ii) expression quantitative trait loci {eQTL) mapping and (iii)
3D chromatin interactions (chromatin interaction mapping). Biological information for each prioritized gene is
provided to gain insight into previously associated diseases. On top of the single gene level analyses, FUMA also
provides information on association overrepresentation in sets of differentially expressed genes (DEG) to identify
tissue specificity of prioritized genes. We refer to the details of methods and repositories of FUMA in”.

Ethics committee approval.  All cohorts and sites providing samples for this study have local ethics
approval for DNA collection and data sharing, and the names of local ethics committees are provided in the in
the supplemental materials. In Norway the joint study was approved by the Regional Comumittees for Medical and
Health Research Ethics in Mid Norway.

Results
From Cohort 1, we obtained genotypes for 719,755 SNPs and performed imputation to obtain 7,769,477
high-quality variants. We performed association using 478 DLB cases and 1322 controls, see 5. Table 1. After
controlling for population stratification using PCA (8. Fig. 1A), the genomic inflation factor Lambda was 1.005
(5. Fig. 2A). We found genome-wide significance on rs2230288 (closest gene GBA, p=3.77 = 107" and rs429358
(closest gene APOE, p=3.21 x 10~7). The regional association plots for this locus is visualized in 8. Fig, 3.

To increase the power of our study, we included additional Norwegian population controls in the study, see
5. Table 1. Using twe principal components (S, Fig. 1B), the addition of population controls increased inflation
to a Lambda of 1.244, possibly due to inflation from the additional controls. We verified the inflation using LD
Score Regression and found the intercept at 1.2094, consistent with Lambda. Quantile-quantile plots for Cehort
1 before and after genomic correction an:given in 5. Fig. 2. After correction, the strongest associations in Cohort
1 remain with rs2230288 (p=1.77 > 107"%) and rs429358 (p=4.13 x 107%).

We found 45 SNPs associated to DLB at p < 5 x 107 with strong associations in Chromosomes 1 and 1%; a
summary of our findings from Cohort 1 is given in 5. Table 24,
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analyses. Individuals showing high rates of genotyping missingness (above 5%), cryptic relatedness (pairwise
Identity-By-Descent PI_HAT above 20%) or genome-wide heterozygosity (outside mean = 5 SD of the sample)
were removed from the analyses, Further, sex-check was performed based on the homozygosity estimate of X
chromosome markers implemented in PLINK.

Association analysis. We performed association analysis in two stages. Due to data regulations and ethical
approvals regarding data sharing, we performed genome-wide association analyses on Cohorts 1 and 2 inde-
pendently and combined the results through meta-analysis to obtain Stage 1 results. HRC imputation was not
accessible for cohort 1 due to national regulations in Norway. To reduce possible genomic inflation or overcor-
rection, the results from the Stage 1 meta-analysis were corrected for genomic inflation before we performed
meta-analysis with Cohort 3 te obtain Stage 2 results.

Genotypes from Cohort 1 samples were imputed onto the European reference haplotypes from the 1000
Genomes Project (GRCh37/hgl9 assembly) Phase 3 using MACH (hup://www.sph.umich.edu/esglabecasis/
MACH), We excluded variants with MAF lower than 0.01 or B-squared quality metric {(INFO) > 0.5, We per-
formed principal component analysis (PCA} on Cohort 1 pre-imputation data using PLINK 1.9 (https://www.
cog-genomics.org/plink2) to account for population stratification. The association analysis by logistic regres-
sion on dosage data using PLINK 1.9 included gender, age and the two first principal components as covariates.
Genomic inflation factors were calculated as the ratio of the median of the empirically observed distribution of
the association chi-square statistic to the expected median™’.

Genotypes from Cohort 2 samples were imputed onto the GRCh37/hgl9 assembly with Shapel T & Minimac3
using the haplotype reference consortium HRC version rl.1 reference data at the imputation server of the
University of Michigan, PCA was done independently for Cohort 2 because there was no relatedness to samples
from Cohort 1. Logistic regression was performed using PLINK 1.9 using gender, age and the top two genetic
principal components as covariates, The genomic inflation factor was calculated as previously described.

To obtain Stage 1 results, variants from Cohort 1 and Cohort 2 were mapped to each other using GRCh37/
hgl9 assembly. All variants with allele discrepancies across cohorts were discarded. We performed meta-analysis
of Cohort 1 and Cohort 2 using PLINK 1.9 with fixed effects inverse-variance weighted effect sizes. Biases from
different cohorts due to genotype array and imputation procedures are mitigated through correction on the
inflation factor. The results were verified using METAL meta-analysis tool (hitp://csg.sph.umich.edu/abecasis/
Metal). To identify independently associated loci, we used FUMA’s SNP2GENE function to define lead SNPs
and genomic risk loci®', Graphical representations including quantile-quantile plots and Manhattan plots were
performed in R using the gqman package (hitp://icran.r-project.org/ web/packagesiqq man).

We selected variants with Stage 1 meta-analysis p-value < 1 x 10~* for follow up in Cohort 3 (Iceland) and
used the same approach described above to meta-analyse the results in Stage 2°°.

Functional mapping and annotation (FUMA) of GWAS.  We utilized FUMA to functionally anno-
tate our Stage 1 results’'. FUMA incorporates 18 biological data repositories such as the Genotype-Tissue
Expression (GTEx}), the Encyclopedia of DNA Elements (ENCODE), the Roadmap Epigenomics Project and
chromatin interaction information. FUMA requires GWAS summary statistics and its outputs include multiple
tables and figures containing extensive information on, e.g., functionality of SNPs in genomic risk loci, including
protein-altering consequences, gene-expression influences, open-chromatin states as well as three-dimensional
(3D) chromatin interactions. Functionally annotated variants are subsequently mapped to prioritized genes based
on (i) physical position mapping on the genome, (ii) expression quantitative trait loci {eQTL) mapping and (iii)
3D chromatin interactions (chromatin interaction mapping). Biological information for each prioritized gene is
provided to gain insight into previously associated diseases. On top of the single gene level analyses, FUMA also
provides information on association overrepresentation in sets of differentially expressed genes (DEG) to identify
tissue specificity of prioritized genes. We refer to the details of methods and repositories of FUMA in”.

Ethics committee approval.  All cohorts and sites providing samples for this study have local ethics
approval for DNA collection and data sharing, and the names of local ethics committees are provided in the in
the supplemental materials. In Norway the joint study was approved by the Regional Comumittees for Medical and
Health Research Ethics in Mid Norway.

Results
From Cohort 1, we obtained genotypes for 719,755 SNPs and performed imputation to obtain 7,769,477
high-quality variants. We performed association using 478 DLB cases and 1322 controls, see 5. Table 1. After
controlling for population stratification using PCA (8. Fig. 1A), the genomic inflation factor Lambda was 1.005
(5. Fig. 2A). We found genome-wide significance on rs2230288 (closest gene GBA, p=3.77 = 107" and rs429358
(closest gene APOE, p=3.21 x 10~7). The regional association plots for this locus is visualized in 8. Fig, 3.

To increase the power of our study, we included additional Norwegian population controls in the study, see
5. Table 1. Using twe principal components (S, Fig. 1B), the addition of population controls increased inflation
to a Lambda of 1.244, possibly due to inflation from the additional controls. We verified the inflation using LD
Score Regression and found the intercept at 1.2094, consistent with Lambda. Quantile-quantile plots for Cehort
1 before and after genomic correction an:given in 5. Fig. 2. After correction, the strongest associations in Cohort
1 remain with rs2230288 (p=1.77 > 107"%) and rs429358 (p=4.13 x 107%).

We found 45 SNPs associated to DLB at p < 5 x 107 with strong associations in Chromosomes 1 and 1%; a
summary of our findings from Cohort 1 is given in 5. Table 24,
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Figure 1. Manhattan plot of Stage | meta-analysis. Manhattan plot of meta-analysis of Cohorts | and 2 for

nome-wide association with Dementia with Lewy Body (DLB). Genome-wide significant associations to
DLB (threshold P < 53 107*) are found in chromosomes 1 (ASHIL/GEA) and 19 (APOE), and a suggestive
association to DLB at P < 1 % 107 is identified at chromesome 16 (ZEPMI). A comprehensive result of Stage 1
is presented in Supplementary Table 2.

From Cohort 2, we analysed 7,570,659 successfully imputed variants. The genomic inflation factor Lambda
was 1.031, Quantile-quantile plots for Cohort 2 are given in 5. Fig. 2. The Cohort 2 study revealed 9 SNPs asso-
clated to DLB at p<.5 » 107% also with strong associations in Chromosome 19, see S, Table 2B. After individual
analyses of discovery Cohorts | and 2, we performed a Stage | meta-analysis of 6,963,063 variants (898 were dis-
carded due to allele mismatches). The meta-analysis genomic inflation factor Lambda was 0.865, possibly due to
overcorrection for the genomic inflation in Cohort 1. We corrected the chi-square statistics of the meta-analysis at
fixed ORs, see the quantile-quantile plots in 8. Fig. 2. Genome-wide Stage 1 results are visualized as a Manhattan
plot in Fig. 1.

After correction, Stage 1 analysis revealed 108 SNPs associated with DLB at p < 5 » 10-° (5, Table 2C). The
statistical power of our study is estimated to be 0.085 (MAF =0.05) to 0.395 (MAF=0.1) to 0.823 (MAF=0.2)
for SNPs with genomic risk ratio GRR = 1.5 and GRR = 1.2, shown in 5. Fig. 4. GRR values were chosen based
on ORs of discoveries of earlier DLE studies''. We followed up on 18 of these SNPs, which were successfully ana-
lysed in an independent sample from Iceland (Cohort 3) and performed a Stage 2 meta-analysis. Because stage
2 meta-analysis included only 18 selected SNPs instead of a genome-wide analysis, this result was not corrected
for genomic inflation.

From the Stage 2 meta-analysis, we found two susceptibility regions associated with DLB surpassing
genome-wide significance, p < 5 x 107% We found APOE ¢4 related SNPs at genome-wide significance, repre-
sented by re429358 (OR = 2.28, p=6.15 x 10~17, see Table | for details). A regional association plot of the APOE
locus from Stage 1 meta-analysis is presented in S. Fig. 5A. From a recent large study, we found that this SNP is
identical to the reported top hit (OR=2.40, p=1.05 x 10~%) in Guerreiro ef al."”,

We also discovered a DLB-associated locus on Chromosome 1, represented by rs12734374 (closest gene:
ASHIL, OR=4.31, p=1.33 x 10", see Table | and regional association plots in S. Fig. 5B). This SNP is located
in the same genomic region of rs2230288, the strongest hit in Cohort 1 which was not successfully imputed
in Cohort 2, but had implicated GBA. Furthermore, in another study, we found that rs12734374 is in high LD
(R*=0.79) with a GBA hit, rs35749011 (OR=2.27, p =657 % 107" in)"". Both our APOF and ASHIL/GBA hits
provide genome-wide significant confirmations of the findings from Guerreiro et al.'.

Furthermore, we investigated SNPs with a suggestive association to DLB. From the Stage 1 meta-analysis, we
noted % SNPs at p< 1 x 107 in chromosome 16, represented by rs12926163 (closest gene ZFPMI, OR = 1.68,
p=1.45 = 1077}, These SNPs were not successfully analysed in the Icelandic cohort, and therefore we present only
the Stage 1 result of this locus in Table 1 and 3. Fig. 5C.

Mext, we analysed specific gene signals reported previously in DLB for their significance under locus-wide
Bonferroni correction for each gene. Due to the small SNP coverage in the Stage 2 analysis, we used results
from Stage 1. We extracted variant information for SNCA (GRCh3Thg19 chr4: 90,645,250-90,759,466), SCARB2
(chr4:77,079,886-77,155,689), MAPT (chr17:43,971,748-44,105,700) and CNTN (chr12:41,086,244-41,466,220)
‘with upstream and downstream flanking of 200kB. Regional plots of these candidate genes are shown in 5.
Fig. 5D-G.

Among the 1509 successfully imputed SNPs in the SNCA locus, the strongest association was with rs2301135
(chr4:90,758,389, p=5.68 x 105, OR = 1.40, minor allele C) and remained nearly significant after correction
(thresheld p < 3.3 x 10~%) using conservative multiple test assumptions of independent SNPs. In the SCARB2
locus, the strongest association among the 1600 SNPs was with rs34216031 (chr4:76,971,832, OR=1.63,
p=1.37 x 107, but its significance did not survive correction (threshold p< 3.1 x 10-%). In the MAPT locus,
694 SNPs passed quality checks. Among these, the strongest association was with rs11652003 (chr17:44,132,659,
OR=0.75, p=1.89 % 107%) but did not withstand correction (threshold p<7.2 x 107°). Of note, coverage of
MAPT is relatively poor in our genotyping and imputation procedure, see 5. Fig. 5E In the CN'TNT locus, the
strongest association was with rs5626063% (chr12:41122583, OR=0.50, p= 1.17 x 10~*}. Despite the strong OR,
this association did not remain significant after correction (threshold p < 2.1 = 1075).

Finally, we investigated the potential biological roles of the resulting list of genes in brain disorders. For this,
‘we performed functional analysis with FUMA GWAS"', We summarized the independent genomic risk loci from
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Table 1. Genetic loci with significant and suggestive associations with DLB at meta-analysis Stage 1 and Stage
2, CHR:BP: Chromosome and Base pair location based on Build 37, Assembly Hg19. Allele (min/maj): Minor
and major alleles; MAF: Minor Allele Frequency (on European 1000 G}, Cohort 1 and Cohort 2. Gene: Nearest
gene within 500 kB; OR, P: case-control odds-ratio and association P-values from Stage 1 combining Coherts 1
and 2, and Stage 2 Meta-analysis combining Cohorts 1,2 and 3.

Stage 1 with suggestive association p < 1 x 107% in 8. Fig. 6. The strongest associations were close to APOE in
Chromosome 19 and distributed in a relatively small region spanning only 41kB and 4 genes. The significant asso-
ciations in Chromosome 1, within the large haploblock containing GBA, spanned 1.2MB and up to 64 genes (see
5. Fig. 6). We computed gene-based P-value test for protein-coding genes by mapping SNPs to genes if SNPs were
located within the genes. The chromosome 1 genes {GBA) did not surpass the significance threshold (5. Fig. 7),
but the chromosome 19 genes (A POE, APOCI, TOMM40) remained significant. We also found significant results
applying the gene-based test to the gene on chromosome 16 (ZPFMI}, which was suggestive at the single variant
level. Using MAGMA tissue expression analysis, we found the strongest expression in whole blood, substantia
nigra and spinal cord cervical level c-1. (5. Fig. 8).

FUMA prioritized 65 genes (S, Table 3, S, Fig. 9) for further functional analyses; see Methods on how genes are
prioritized. Of note, in Chromosome 1, GBA was prioritized based on eQTL analysis (S. Fig. 9), further strength-
ening the case that our top hit implicated not only ASHIL but also GBA. From the set of 65 genes, we looked
up tissue specific expression patterns based on GTEx vé RNA-seq data. These are visualized as a heatmap in 5.
Fig. 107", Relative to other genes, we found APOE highly expressed in all tissues (5. Fig. 10A). ASHIL and GBA
are moderately expressed and ZFPMI has a lower gene expression relative to other genes in all tissues, Next, we
looked at the tissue specificity for each gene. We found APOE with moderately higher expression in brain tissue
(5. Fig. 10B), while ASH1L, GBA and ZFPM 1 are not specific to brain tissues. Notably, we found higher expression
in brain tissues for PAQR6, CHRNB2, SYT11 and APOCI and conversely we found lower expression for PVRL2,
LMNA and SHC] (8. Fig. 10B).

Besides the single gene level analyses, we also identified tissue specificity of prioritized genes by looking at
overrepresentation in sets of differentially expressed genes (DEG), see 5. Fig. 11. DEG for each tissue was calcu-
lated in FUMA. We found the spinal cord cervical level ¢-1 and amygdala being two of the top five tissues with the
most DEG, however, none passed Bonferroni corrected significance. The finding of the spinal cord cervical level
<-1 is consistent with the MAGMA analysis.

Discussion

We performed a genome-wide association study based on 828 clinically diagnosed DLB cases and a large sam-
ple of 82035 controls. We confirmed the APOE =4 allele and a locus close to ASHIL and GBA (Chrlq22) as
significantly associated with DLB. Furthermore, we nominate a novel genetic locus near ZFPMI as suggestively
associated with DLB, Taken together with recent findings from another DLB GWAS", the current results firmly
establish APOE e4, SNCA and GBA as robust risk loci for DLB, which implicate novel disease mechanisms to be
followed up in experimental studies.

The top-hit SNP at the 1922 locus is located within the large haploblock containing the GBA (glucocerebrosi-
dase gene), also recently identified by Guerreiro et al.'". We note that the strongest association was in SNPs with
relatively high LD (D' 0.66) with rs2230288, referred to in the literature as the GBA E326K or 365 K polymor-
phism, E326K is a low frequency coding variant, which unlike the “neuropathic” GBA mutations does not cause
Gaucher's disease in the homozygous state, We recently demonstrated that this variant accounts for the GBA
top-hit from a PD meta-GWAS™, E326K has also been associated with worse cognilive outcomes in PD''%. We
inspected the association results further and found that E326K showed the strongest of all associations at this
locus in Cohort 1, yet was not successfully imputed in Cohort 2. We thus consider it likely that E326K is the func-
tional variant underlying this signal. With an allele frequency of 2% in the population and a strong effect on sus-
ceptibility to both PD and DL, this variant emerges as a major risk factor for the Lewy body disorders combined.
From a functional perspective, the GBA association highlights the importance of lysosomal pathways in DLB
pathogenesis. GBA was recently confirmed in the largest GWAS in DLB to date (1743 DLB patients included) as
the third most strongly associated risk gene’’, SCARBZ (scavenger receptor class B member 2), encoding another
lysosomal enzyme, has previously been associated with DLB'', While GBA is probably the most plausible causa-
tive gene in the 1q22 locus, we cannot rule out other candidate gene such as ASH1L {Absent, Small or Homeotic
discs 1-Like). The gene encodes a histone-lysine N-methyltransferase, a member of the trithorax transcriptional
regulators which are essential for development, organ function and fertility.

We and others have previously reported APOE (Apolipoprotein E) 4 (Chrl19q13.32) as an important genetic
risk factor for DLB. Guerreiro ef al. found the locus highly significant'’, and we reported an OR for carriers of
one copy of the APOE =4 allele to be 2.9 for developing DLB and 4.2 for developing AD. For carriers of two cop-
ies of the APOE =4 alleles the OR for developing DLB increased to 5.9 while the OR for developing AD was as
high as 15.2"". Bras and colleagues have reported APOE as the strongest associated risk gene in both clinically
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and neuropathologically diagnosed DLE cases’’, and this was confirmed in an expanded cohort from the same
group recently'”. Guerreiro et al. estimated the DLB SNP-heritability based on the Illumina Neuro-X content to
be 31%, with APOE accounting for about 9%''. APOE =4 has also been found to increase the risk of dementia
in pure alpha-synucleinopathies in a study where its frequency was 38% in pathologically diagnosed pure AD,
40.6% in the mixed AD and DLB group, 31.9% in pure DLB, 19.1% in Parkinson Disease Dementia (PDD) and
7.2% among healthy controls™. In another ADY GWAS, Lewy body pathology in the brain was associated with
APOE variants®. Most cases with clinically diagnosed DLE will contain both Lewy bodies and AD pathology in
the brain’.

SNCA (synuclein alpha) is the strongest associated risk gene in PD) and encodes a-synuclein, which is a major
constituent of Lewy bodies, pathological hallmark for both DLB and PDYPDD. Accumulation of oc-synuclein
aggregates have been found to create synaptic dysfunction in DLB™. The top associated variant in our data
(rs2301135) is in LD with the SNCA signal reported as significant in the previous study by Bras et al, (r-squared
0.98 and D' 1.0 with rs894280 in 1000 genomes Furopean population)'” and the secondary signal from a large
meta-analysis of PD GWAS (r-squared 0.98 and IV 1.0 with rs7681154)". Both p-value and effect size of the
SNCA association observed here are equivalent to those found in the similary sized DLB study by Bras et al."”,
and despite falling short of genome wide significance, we interpret this result as supportive for an SNCA associ-
ation in DLB. Deviations from other studies with respect to the strongest SNP at the locus could well arise if key
SNPs are not well imputed across all cohorts.

Together, the identified genetic loci could be involved in a common neurobiological disease pathway in DLB.
The normal degradation of a-synuclein is highly dependent on lysosomal function and glucocerebrosidase is
an important enzyme in this degradation. Impaired function of glucocerebrosidase due to coding variants like
E326K will slow down the degradation of a-synuclein thus increasing the concentration of toxic oligomers and
thereby driving the pathological process in DLB. Inhibition of lysosomal enzymes also results in AB accumulation
and aggregation. The apolipoproteins accelerate neuronal AS uptake, lysosomal trafficking and degradation in an
isoform-dependent manner with apolipoprotein E3 more efficiently facilitating A trafficking and degradation
than apolipoprotein E4, a risk factor for AD and DLB*, thus linking both GBA, APOE and SNCA.

The present findings of genetic loci suggestively associated with DLB indicate interesting pathological mecha-
nisms. The chromosome 16 locus associated with DLB at p= 1.45 x 107 implicates ZFPM1 { Zinc finger protein,
FOG family member 1), which is expressed in human hem atopoietic tissues and in the cerebellum and is involved
in erythroid differentiation. In one study of AD and psychosis, duplications in this gene were associated with
psychosis in AD, a symptom highly relevant in DLB, were visual hallucinations and related delusions are core
symptoms of the disease™, Our findings suggest other putative molecular mechanisms in DLB.

CNTNI (contactin 1) is a glycosylphosphatidylinositol anchored neuronal membrane protein that functions
as a cell-adhesion molecule with important roles in axonal function. It is located near the LEKK2 locus and was
associated to PIY and reported as a suggestive hit in the largest GWAS of DLB to date'”. We found no signifi-
cant hits under correction in our study. Further, we found no genome-wide significant associations with MAPT
(microtubule associated protein tau), the gene encoding taw, in our study. However, this gene was poorly covered
in our genotyping and imputation procedure. MAPT is the second strongest associated risk gene in PD and
is associated also with AD". It exists on two different haplotypes, H1 and H2. H1P has been associated with
Parkinson’s disease with dementia, whereas HIC has been associated with Alzheimer’s disease. Thus, MAPT
would be a plausible candidate gene also for DLB due to clinical and likely genetic overlap with AD and PD
beyond APOE™", The negative finding suggests that the role of MAPT variability might represent a genetic
difference between DLB and PD, but this hypothesis needs to be further tested in larger cohorts, preferentially
including both DLB and PD samples,

All cases included in our study were clinically diagnosed with common sporadic and late onset type of DLB.
Cases solely diagnosed based on pathology might not always fulfil clinical diagnostic criteria during life, and
therefore might include cases of PD and even early onset PD developing dementia in late stages. The clinically
diagnosed DLEB cases included in our study might therefore have a purer, less PD-like genetic profile than studies
based on brain bank cases, a possible explanation for why we do not find the previously PD-associated risk loci
like MAPT in our analysis. Diagnosing DLB clinically is challenging both because of the clinical heterogeneity
and the overlapping AD pathology masking typical DLB core symptoms in many cases, Although diagnostic pro-
cedures differed among centres, nearly all centres are academic dementia research centres with high-level clinical
expertise on DLE and used standardized and established procedures, including, in a subset of patients, biomark-
ers, Thus, we believe diagnoses were as accurate as can be achieved in a clinical setting, although pathological
confirmation was available only in a subset. The clinical diagnostic criteria for probable DLB have been found to
have high specificity and this was confirmed in a pathological study in one of the samples included in this study’.
We therefore argue that only few cases with other diagnoses like AD can have been erroneously included in this
sample, Adding biomarkers like (123)-FP-CIT-5PECT to the diagnostic procedure could increase diagnostic pre-
cision in DLB. AD-pathology could be detected by PET or CSF-biomarkers of amyloid and tau deposition’’. The
recently published revised diagnostic criteria for DLB are slightly different from the previous'. Whether this will
impact on the genetic architecture of DLB cohorts is not known, however.

There are few other large cohorts diagnosed with DLB with well characterized patients, and although this
is one of the largest studies in DLB to date - sample size is still small for a hypothesis-free GWAS approach.
Consequently, we only had statistical power to detect signals with large effect sizes, such as APOE and GBA. We
anticipate that GWAS with larger samples will detect more commaon genetic risk loci associated with DLB with
effect sizes comparable to the vast majority of AD and PD GWAS loci. Current evidence further indicates that
rare variants contribute significantly to the disorder, suggesting next generation sequencing approaches will also
be important to further characterize the genetic architecture of DLB.
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DLB is increasingly recognized as a specific clinical diagnosis distinct from AD and PD both clinically and
genetically, and has a poor prognosis with no approved treatment. To detect more of the genetic risk loci contrib-
uting to DLB pathogenesis new methods like Bayesian statistics may prove useful. This notwithstanding, larger
samples obtainable through international collaboration are needed in a future GWAS of DLB. We therefore plan
to collaborate to increase sample size in a next step to increase the power to detect more common genetic variants
with small effects associated with the risk of development of DLB.

Data Availability

Genotype datasets from the Norwegian DemGene network generated and analysed during the current study
are not publicly available due to compliance to privacy. Summary statistics are available from the corresponding
author on reasonable request.
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CSF progranulin increases in the course of
Alzheimer’s disease and is associated with STREM?2,
neurodegeneration and cognitive decline

Marc Sudrez-Calvet™* @, Anja Capell’, Miguel Angel Araque Caballero®, Estrella Morenas-
Rodrfguez™®, Katrin Fellerer*, Nicolai Franzmeier®, Gernot Kleinberger'"®, Erden Eren™®’, Yuetiva
Deming®®, Laura Piccio™?, Celeste M Karch®!®**, Carlos Cruchaga®'®™, Katrina Paumier®%*?,
Randall | Bateman™ ", Anne M Fagan®, Jahn C Morris™*®*, Johannes Levin®', Adrian Danek™,
Mathias Jucker*** &, Colin L Masters®®, Martin N Rossor'®, John M Ringman®’, Leslie M Shaw'5%,
John Q Trojanowski*®%, Michael Weiner?®, Michael Ewers®, Christian Haass™**" @, for the

Dominantly Inherited Alzheimer Network* & for the Alzheimer's Disease Neuroimaging Initiative®

Abstract

Progranulin (PGRN) is predominantly expressed by microglia in the
brain, and genetic and experimental evidence suggests a critical
role in Alzheimer's disease (AD). We asked whether PGRN expres-
sion is changed in a disease severity-specific manner in AD. We
measured PGRN in cerebrospinal fluid {C5F) in two of the best-
characterized AD patient cohorts, namely the Dominant Inherited
Alzheimer's Disease Network (DIAN) and the Alzheimer’s Disease
Neuroimaging Initiative (ADNI). In carriers of AD causing dominant
mutations, cross-sectionally assessed CSF PGRN increased over the
course of the disease and significantly differed from non-carriers
10 years before the expected symptom onset. In late-onset AD,
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higher C5F PCRM was associated with more advanced disease
stages and cognitive impairment. Higher CSF PGRN was associated
with higher C5F soluble TREMZ (triggering receptor expressed on
myeloid cells 2) only when there was underlying pathology, but
not in contrels. In conclusion, we demonstrate that, although CSF
PGRN is not a diagnostic biomarker for AD, it may together with
sTREM2 reflect microglial activation during the disease.
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Introduction

Haploinsufficiency of the gene encoding progranulin (PGRN) leads
to frontotemporal lobar degeneration (FTLD] with TAR DNA bind-
ing protein 43 [TDP-43) deposition (FTLD-TDP) (Baker et al, 2006;
Cruts et o, 2006; Neumann et al, 2006). Reduced PGREN protein in
plasma, serum or cerebrospinal fluid (CSF) has been shown to be a
reliable diagnostic biomarker for early detection of progranulin
(GRN)} mutation carriers (Ghidoni et al, 2008; Finch ef al, 2009;
Sleegers et al, 2009), Certain GRN variants may also increase the
risk for Alzheimer's disease [AD) (Brouwers et al, 2008; Rademak-
ers ef al, 2008; Viswanathan er al, 2009; Lee et al, 2011; Cruchaga
et al, 2012; Sheng et al, 2014; Xu et al, 2017), yet associations could
not be confirmed in some other studies (Fenoglio et al, 2009; Mateo
et al, 2013). Studies in AD mouse models indicated that PGRN is
strongly increased in microglia clustering around amyloid plaques
(Pereson er al, 2009) and may also affect amyloid [f-peptide (AR)
and tau deposition. PGEN may have heneficial effects on A} deposi-
tion, since PGRMN deficiency in animal models increases A deposi-
tion [Minami er al, 2004) and elevaling PGRN expression reduces
the amyloid plaque burden (Minami et al, 2014; Van Kampen &
Kay, 2017). However, it has also been observed that PGRN defi-
ciency leads to a decrease in diffuse AP plaque load (Takahashi
et al, 2017; Hosokawa et al, 2018), which may point to a detrimen-
tal effect of PGREN in AR deposition. In regard 10 tau pathology,
PGRN deficiency accelerates tau deposition and phosphorylation in
human tau-expressing mice (Hosokawa et al, 2015; Takahashi et al,
2017). Furthermore, an AD-asseciated GEN variant (rs5845), which
causes a decrease in PGRN levels in plasma and CSF (Rademakers
et al, 2008; Nicholson et al, 2014; Morenas-Rodriguez et al, 2015),
is associated with increased CSF T-tau levels in participants of the
ADNI study (Takahashi er al, 2017). Together, these results indicate
a protective role of PGRN against the development of tau pathology
and/or neurodegeneration.

PGRN is a 593 amino acid protein thal contains seven and a half
tandem repeats forming the granulin domains (Bateman et al, 1990;
Bhandari et al, 1992). It is targeted through the secretory pathway
and secreted inte the extracellular space. Secreted PGRM can be taken
up and targeted to endosomes/lvsosomes (Hu et al, 2010; Zhou et al,
2015b). Proteolytic processing of full-length PGRN may generate indi-
vidual granulin peptides (Kleinberger ef al, 2013; Holler et al, 2017],
Within the brain, PGRN is predominantly expressed by microglia
(Zhang et al, 2014; Lui et al, 2016; Chang et al, 2017], but some
expression is alse observed in neurons. Moreover, PGRN is signifi-
cantly increased upon microglial activation (Daniel et al, 2000;
Naphade er al, 20010; Petkau e al, 2010; Philips ef al, 2010; Klein-
berger ef al, 2013; Suh et al, 2014). PGEN may be involved in the
modulation of neurcinflammation since PGRN-deficient mice exhibit
increased microglial activation and astrogliosis, as well as augmented
expression of proinflammatory cytokines (Yin et al, 2009, 2010;
Ahmed er al, 2010; Martens et al, 2012; Wils et al, 2012; Filiano
et al, 2013; Minami er al, 2014). Whereas deficiency in the triggering
receptor expressed on myeloid cells 2 (TREM2) locks microglia in a
homeostatic stage (Mazaheri et al, 2017), loss of PGRN leads to their
hyperactivation, Thus, deficiency of PGRN and TREM2 results in
opposite functional deficits (Gotzl et al, submitted],

Although genetic data and functional analyses in animal
models provide some evidence for an involvement of PGRN in
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AD, no changes in CSF PGREN in AD compared 1o healthy
controls  have been reported so far (Micholson et al, 2014;
Kirtvélyessy et al, 2015; Morenas-Rodriguez et al, 2015 Wilke
et al, 2017). However, these studies focused primarily on AD
dementia and did not investigate the entire condnuum of AD,
Given that CSF biomarkers, such as the shed ectodomain of the
triggering receptor expressed on myeloid cells 2 [sTREMZ2]), show
dynamic changes throughout the course of AD (Sudrez-Calvet
et al, 2016a,b), we aimed to cross-sectionally assess CS5F PGRN
changes at different stages of the disease, To this end, we studied
a sample of persons at-risk for autosomal dominant AD [ADAD)
recruited within the Dominantly Inherited AD Network [(DIAN:
http://dian.wustl.edu) (Bateman et al, 2012) and participants with
late-onset AD from the Alzheimer's Disease Neurcimaging Initia-
tive (ADNMI: httpe//fadniloni.uscedu; Weiner et al, 2012). We
investigated whether CSF PGEN (i) increases in relation to the
clinical course of AD; (Ii) is associated with cognitive impairment
and neurcimaging markers of neurodegeneration (fludeoxyglucose
positron  emission tomography, FDG-PET and hippocampal
volume] in subjects with AD; and (iii] is associated with the
microglial-derived protein sTREM2 as well as biomarkers of
amyloid and tau pathology.

Results

CSF PGRNM increases throughout the course of autosomal
dominant Alzheimer's disease

Cross-sectionally, we assessed CS5F PGRN in 215 participants
from the DIAN initiative, including 130 mutation carriers (MC)
and 85 non-carriers (NC; Table 1). All analyses described were
adjusted for gender, age and APOE 4 status, unless stated other-
wise.

The levels of CS5F PGRN were slgnjﬁcamlv increased in
MC  compared to NC  (Fj =176, P=000004, Fig lA,
Appendix Table 51). In contrast to CSF sTREM2 (Henjum et al,
2016; Heslegrave ef al, 2016; Piccio et al, 2016; Suarez-Calvet et al,
2016a,b), CSF PGRN was not significantly associated with age,
neither in the entire sample (f = 0.118, P = 0.079), nor when strati-
fying by mutation status (for NC: p= 0.125, P = 0.283; for MC:
B =0.131, P = 0.142, Fig 1B). Consistent with previous publications
[Nicholson et al, 2014; Morenas-Rodriguez et al, 2015), CSF PGRN
was higher in males than in females (Fy 20 = 6.35, P=0.012,
Fig 1C) and were not affected by APOE &4 status (Fy s, = 0.041,
P = (0.5840). C5F PGRN did not differ between the three ADAD-asso-
ciated genes (PSEN1, PSENZ and APP) among the MC participants
(F2.124 = 0.77, P = 0.464, Fig 1D).

We determined how CSF PGRN changes as a function of the esti-
mated years from expected symptom onset (EY0) in MC compared
to NC. Mean estimated levels of CSF PGRN at consecutive 5-year
interval EYO were computed by a linear regression model including
mutation status, EYO and gender as predictor variables (see Statisti-
cal analysis section). As described by Bateman et al (2012), we
tested first-, second- and third-order EYO terms (EYO, EYO® and
EYD®, respectively) as well as their interaction with mutation status.
The first-order (Le. linear] model best fitted the data
[Appendix Table 52). The interaction of EYO with mutation status
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Table 1. DIAN participants’ characteristics.

EMBOQ Molecular Medicine

| domi Izhei r's di (DIAN study)

Non-carriers (NC) (n = 85) Mutation carriers (MC) (n = 130) P-value (group effect)
Age, years 40.0 (10.8) 389 (10.7) 0955
Females, % 553 482 0384
APOE &4 carriers, % 353 FrNy 0.237
Participant EYO, v 681 (117) 668 {10.7) 0831
Education level, y 14.8 (240) 137 (319 0.005*
MMSE, scares 2900 (1.26) 256 (6.16) = 00001
CSF biomarkers, pg/mi®
T-tau 60.1 {28.1) 130 (97.0) < 0.0001%
Patally g p 305 (10.3) 698 (42.0) < 0.0001*
APy a2 425 {136} 322 (160) = 00001
STREMZ 2,796 (1,305) 3,520 [1.640) 0.0007*
PGRN® 927 (174) 1,041 (199) 0.00004*
Cognitive status, %°
COR =0 965 431
COR = 05 35 352
COR =1 o] 115
COR = 2-3 0 [
Family mutations, %
PSENI SHE T
PSENZ 141 85
APP 271 138

APy g, amiyloid-p 42; AD, Alzheimer disease; APOE, apolipoprotein E; APP, amyloid precursor protein; CSF, cerebrospinal fluid; EYD, estimated years from expected
symptom anset; MMSE, Mini-Mental State Examination; PSEND, presenilin 1; PSEN2, presenilin 2; P-tau,g,p, tau phosphorylated at threonine 181; T-tau, total tay;

¥ years,

[Data are expressed as mean (M) and standard deviation (S0) or percentage (%5}, as appropriate. Pearsan's chi-square tests were used for the group comparisons
of categorical variables and two-sample independent t-tests to compare continueus variables.

*Significant differences. The F-values indicated in the last calumn refer ta the group effects in these tests.

*CSF core biomarkers in DIAN were measured using the Luminex bead-based multiplexed xMAP technology (INNO-BIA 81ZBio3, Innogenetics).

"CSF PGRM differences were assessed by a linear model adjusted for age, gender and APOF e4 status (see main text),

“Cognitive status was defined by the clinical dementia rating (CDR) score (0, cognitively normal; 0.5, very mild; 1, mild; 2, moderate; 3, severe dementia).

9 NC participants, the mutation present in their family is shown,

was a significant predictor of C5F PGRN changes (P = 0.041], indi-
caling that the changes in CSF PGRN as a function of EYO differ
between MC and NC. We compared the estimated CSF PGRN at 5-
wvear EYO intervals by t-tests and observed that CSF PGRN started to
be significantly increased in MC compared to NC at EYO = —10
(Table 2, Fig 2A, Appendix Table 53).

Following the approach of previous DIAN studies (Bateman et al,
2012; Fagan et al, 2004; Suarez-Calvel et al, 2016a.b), we added
CSF PGREN in the temporal sequence of biomarker changes within
the course of ADAD (Fig 2B). Like CSF sTREMZ, changes in CSF
PGRN occurred after alterations in markers for brain amyloidosis
and neuronal injury, as measured by CSF T-tau,

Mext, we compared CSF PGRN in MC at different clinical stages
defined by the clinical dementia rating (CDR) score with that of the
NC. We hence compared four groups: NC, cognitively normal
(CDR = 0) MC, very mild dementia (COR = 0.5) MC and mild-to-
severe dementia (CDR = 1) MC, Participants with a COR = 1 were
grouped together because of the low number of subjects in these
groups (Table 1). We conducted an analysis of covariance

& 2018 The Authors

[ANCOVA] adjusted for age, gender, APOE &4 status and education,
and we observed a significant difference between the four groups
[Fy 200 = 5,77, P=0.001), A least significant difference {(LSD) pair-
wise post hoc comparisons revealed that all MC groups (CDE = (:
M = 1002, 5D = 186; CDR =05 M= 1072, 5D = 201; CDR = 1:
M = 1065, 5D = 214; pg/ml) had significantly higher CSF PGRN
than the NC (M = 927 pg/ml, 8D = 174; P = 0.026, P = 0,0001 and
P = 0,018, respectively). No differences were found between the MC
groups at different clinical stages. Likewise, CSF PGRN levels were
not associated with Mini-Mental 5tate Examination (MMSE;
P = 0.881) or CDR sum of boxes (CDR-5B; P = 0.812) among MC.

CSF PGRN increases throughout the course of late-onset
Alzheimer's disease

To further validate our findings in subjects with late-onset
AD, we studied a total of 1,017 participants of the ADNI study
(demographics of the entire ADNI sample are summarized in
Appendix Table 54). In the entire sample, and consistent with the

EMBO Molecular Medicime  eariz| 2018 3 of 21
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Figure 1. Asseciation af C5F PGRN with mutation status, age and gender,

A C5F PGRM is increased in mutation carriers (MCO) compared to non-carriers (MCL

B C5F PGRM is not associated with age in either NC or MC,

C C5F PGRM is increased in males compared to females

D CSF PGRN levels do not differ among MO participants carfying a PSENI, PSENZ ar APP mutation.

mean and the standard deviation (SD). Croup comparisons were assessed by a lingar maodel

the regression line for each of the groups and the 95% confidence interval (Ci) calculated by a

Data information: The blue ar red Bars in (8), {(C) and (D) represent
adjusting by age, gender and APOE 4 status The solid lines in (B indicat
linear model adjusting by gender and APGE £4 status. The standardized regression coefficients () and the P-values are also shown. I graph (B), the individual values are
not shown in arder to protect participants” confidentiality. All analysis and graphs are performed excluding 3 PGRM values outfiers, Including the autliers in the analysis
rendered similar results [Appendix Tabke 51} APR. amyleid precursor protein; C5F, cerebrospingl fuid; ns, non-significant; FEENT, preseniin 1; PEENZ, presenilin 2
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Table 2. C5F PGRN estimates (pg/ml) in MCs and NCs as a function of EYO.

Estimated years from expected symptom onset (EYO)

=05 —20 —15 —10 -5 a +5 +10
Mon-carriers a74 78 583 SHE 952 ge7 1002 1,006
Mutation carmers 9932 1022 1,052 1082 1112 1142 1172 1,202
Difference 18 44 2] 94 120 145 170 196
a5% T [-104, 140] [~64.151] [-27,165] [#, 184] [2%, 210] [48, 242] [62, 274] [72, 315]
P-value 0.768 0.423 0155 0040 o.oLge 0.004* 0.002" 0.002"

LI, confidence interval,

Mean estimated levels of CSF PGRN were obtained by a linear model including gender, mutation status, EYO and the interaction between mutation status and
EY( as covariates (see Statistical analysis section and Appendix Table 52). For each EYD, the group difference, 95% C1 and the P-value for the two-sample
independent t-test are reported. Participants with EYO > +20 {1 MC and 2 MC) were excluded from the analysis. The same analysis including the PCRN outliers
and those participanis with an EYO = <20 yielded identical resuits (Appendix Table 53). Differences are calculated from unrounded values,

“significant difference.

A B

1500

_ MC

E 1250

= &

g 5

2 5

o

-3 10004 | ﬁ

I |P=———<l| 3

TN

]

O 750 NC g

=30 =20 =10 o +10

Estimated yvears from expecied symplom ongsat

Figure 2, Changes in CSF PGRN as a function of EYQ,

{NC vs MC)

0 | Ap saposition
25 |
|
20 |
i C5F T-taw
1.0 CSF PGRN
0.5
G5 STREM2
L e e R
|
-0.54 |
=10 —)
| Glucase metabelism
1.5 | GSF A
| Hippocampal voiume:
20
I MMSE
35 H
-25 =20 =15 =10 -5 o +5 +10

Estimaled years from expected symptom onget

A CSF PCRM as a function of EYO in mutation camiers (MC, red) and non-carriers {(MC, blue). The solid lines indicate the regression line for each of the groups and the
95% confidence interval [CI) calculated by a finear model adjusting by gender. The interaction term of mutation status and EYO is significant {f = 0.041), also whan
including PGRM outliers and participants with E¥YO > +20(f = 0.030% Individual data points are not displayed to prevent disclosure of mutation status,

B The graph depicts the standardized differences in C5F PGRMN betweeen MCs and MNCs as a function of EYO, in the contest of other biomarker and cognitive changes.
The curves were generated by the finear moded that best fit ach marker (see Statstical analysis section and Appendix Table 52). CSF PGRN it significantly increased
in MC compared to NC 10 years before the expected symplom onset (shadowed area) after brain amyloidosis and brais injury {as measured by C5F T-tau) have

started, and shaetly before CSF sTREMZ starts to increase

Data information; AP, 4z amyleid-J 42; C5F, cerebrospinal fluid; MC, mutation carrier; MMSE, Mini-Mental State Examination; NC, nen-carrier, T-tau, total tau

findings in ADAD. C5F PGRN was higher in males than females
(Fysois = 264, P = 0.0001, Appendix Table $5). A trend towards
lower PGRM was observed in APOE =4 carriers (Fp g3 = 3.40,
P = 0.066), but was not associated with age (fi = +0.049, P = 0.118].
In order to study the changes in CSF PGRN at different stages of
disease severity, we defined disease stage according to the recently
propesed biomarker-based A/T/N framework (Jack et al, 2016a)
in combination with the CDR score (Morrig, 1993; Table 3). The A/
T/M classification is the basis of the 2018 National Institute on
Aging-Alzheimer’s Association (NIA-AA) Research Framework
{Jack et al, 2018} and defines three binary biomarker categories: (i)
aggregated AQ (A+/A—), (i) aggregated tau (T+,/T—) and (iii)

@ 2018 The Authars

neurodegeneration or neuronal injury (N+/N-]. Herein, each of
these categories was defined using the AD CSF core biomarkers,
namely C5F Ay 52 1A). P-tat gyp (T) and T-tau (N], The aggregated
taw (T and neurodegeneration (N} groups were merged together 1o
simplify the number of groups to compare [only 5.3% of the partici-
pants of the ADNI total sample displayed discrepancies between the
T and N biomarker groups; see Materials and Methods section for a
comprehensive description on the classification). We also classified
the participants based on their clinical status (C], as measured by
the well-established CDR global score (Morris, 1993), into cogni-
tively unimpaired (CDR = 0], very mild dementia (CDR = 0.3) and
mild dementia [CDR = 1). The combination of both the biomarker
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Table 3. Classification of ADNI participants based on their biomarker
profile and clinical stage,

Climical stage {c)
COR = 0.5 COR=1
EEMWEEE !l-"ﬂﬂ!mmlt
n=10 n=3
H - .
£ 1
s =

A, amyleid- [ biomarker status; AD, Alzheimer's disease; COR, clinical
dementia rating; N, newrodegeneration biomarker status; T, tau pathology
biomarker status,

ADNI participants were classified based on their CSF biomarker profile and
their clinical stage, which yielded 12 different categaries, Columns depict the
clinical stage (T} as defined by the clinical dementia rating {CDR) scale. Rows
depict the biomarker profiles, Each of the three hiomarker groups [W/T/MN} was
binarized into positive or negative (+/=)1. T and M were merged to simplify
the classification: TN — indicates that both T and N biomarkers are nermal,
and TN+ indicates that T and/or N biamarkers are abnormal.

The grey highlighting indicates the grouping used far comparisans in the
main text. Light grey highlights the healthy controls (n = 128), middle grey
the groups included in the Alzheimer's continuum {n = 474) and dark grey
the suspected non-Alzheimers pathophysiology (SNAP) group {n = 183). Bald
text indicates the groups analysed in the main analysis, namely "healthy
controls”, “Preclinical AD A+TN—"_ "Preclinical AD A+TN+", "AD CDR = 05
and "A COR = 17

and the clinical classification rendered twelve different groups that
are summarized in Table 3, After classifying the participants of the
ADNI sample, we analysed the data following two approaches, In a
first approach, we attempted to model disease stages within the
Alzheimer’s continum as a combination of biomarkers and clinical
symptoms similar to what was proposed by the previous 2011 NIA-
AA diagnostic criteria (Albert ef of, 2011; McKhann & al, 2011;
Sperling er al, 2011], and it was done in order 10 render the disease
staging in late-onset AD more comparable to that in ADAD defined
by EYO. Second, in an exploratory approach, we compared PGRN
levels between the different A/T/N categories within each clinical
stage.

Thus, we first asked whether C5F PGRN increases in relation to
the biomarker-defined clinical stages, and hence parallels PGRN
changes as a function of EYO in ADAD. For this purpose, we
compared the “healthy comtrol™ group (highlighted in light grey in
Table 3) with those groups that belong (o the Alzheimer's conten-
worn (highlighted in middle grey in Tahle 3). We hence compared
five groups in this first analysis, namely (i) "healthy contrels™, (ii)
“Preclinical AD A+/TN-" (iii) “Preclinical AD A+/TN+" (iv) "AD
CDR = 0.5" and (v) "AD CDR = 1",

The demographics and clinical features of these groups are
summarized in Table 4. We conducted an ANCOVA controlling for
age, gender and APOE g4 status, and we found that CSF PGEN
significantly differed between groups (Fyseq = 7.32, P < 0.0001).
Bonferron: corrected pair-wise post hoc comparisons indicated that
CSF PGRN was significantly higher in the “AD CDR = 17 group
compared to the “healthy conirols” (P = 0.006) and “Preclinical AD
A+/TN-" (P = 0.0001) groups (Fig 3 and Table 4). Interestingly,
the "Preclinical AD A+/TN—" group had significantly lower CSF
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PGRN than the rest of the Alzheimer's continuem groups (Fig 3 and
Table 4) but not to “healthy controls”. No other group differences
were found.

GCiven that GEN rs5848 is a well-known modifier of PGRN levels
[Rademakers e al, 2008; Nicholson et al, 2014; Morenas-Rodriguez
et al, 2015}, we repeated the same analysis but also accounting for
the rs5848 genotype, which was available for 58.5% of the cases
[see Table 4). CSF PGRN still significantly differed between groups
[Fsa42 = 5.66, P=0.0002), where significant differences were
ohserved when “AD CDR = 1" was compared to “healthy controls”
[P = 0,030 and “Preclinical AD A+/TN—" (P = 0.0001} groups in
Bonferroni corrected pair-wise post fioc comparisons, Similarly, C5F
PGEN remained lower in “Preclinical AD A+/TN—" compared to
“AD CDR=0.5" (F=0.002) and "AD CDR=1" (P=0.0001]
groups and a tendency existed when compared to “Preclinical AD
A=/THN=" (P = 0.082), Consistent with previous reports (Rademak-
ers ef al, 2008; Nicholson et al, 2014; Morenas-Rodriguez er al,
2015), there was a significant effect of the GRN rs5848 genotype on
CSF PGRM levels (F; 34 = 20.6, P < 0.0001), such that the CSF
PGRMN mean level of the GRN rs5848 TT carriers (M = 1348 pg/ml,
SD = 330) was significantly lower than that of the rs5848 CT carri-
ers (M = 1524 pg/ml, 5D = 277, P = D.0001) and rs5848 CC carriers
(M = 1659 pg/ml, SD =379, P < 0.0001} groups {(Bonferroni
corrected pair-wise post hoe comparisons). Together, the CSF PGRN
changes across biomarker-defined clinical stages are consistent with
the increase we found in ADAD throughout EYO,

To turther confirm that CSF PGRN changes across the disease
course, we also tested whether CSF PGRN levels are associated with
cognitive and functional scores in those participants that fall in the
Alzheimer's contfmnnm category (Table 5; Fig 4). OQur primary
cognitive measures were the composite scores ADNI-Mem (Fig 4A},
for memory performance, and ADNI-EF (Fig 4B), for executive func-
tion, since they have been previously validated in the ADNI study,
are robust and have external validity (Crane ef al, 2012; Gibbons
ef al, 2012; Habeck et af, 2012), We computed three linear regres-
sion models, including as main predictors: unadjusted [Model 1);
adjusted for age. gender, APOE 4 status and education (Model 2);
and additionally adjusted for CSF A 4 and CSF T-tau (Model 3,
Table 5). Higher CSF PGRN was associated with lower memory
performance as measured by ADNI-Mem (B = —0.145, F = 0L.002)
and executive function as assessed by ADNI-EF (f = —0.145,
P=0.002) in an unadjusted model (Model 1, Table 5 and
Appendix Table 56). These associations remained significant after
adjustment for age, gender, APOE 4 status and education (Model 2,
ADNI-Mem: = —0.140, P = 0,002, Fig 4A; ADNI-EF: = —0.150,
P = 0.0008, Fig 4B; Table 5 and Appendix Table 56). We also stud-
ied ADAS-Cog 11, ADAS-Cog 13, MMSE and CDR-5B as secondary
cognitive measures, and the results were similar (Fig 4C-F, Table 5
and Appendix Table 56), The associations remain significant after
accounting for APy _s; and T-tau [Model 3} for ADNI-EF, ADAS-Cog
11 and ADAS-Cog 13, and a tendency existed for ADNI-Mem and
MMSE (Table 5, Appendix Table 56), indicating that the association
between CSF PGRN and cognitive scores is, at least in part, not
dependent on the AD CSF core biomarkers,

We also tested whether CSF PGEN is associated with neuroimag-
ing biomarkers of neurodegeneration typically affected in AD,
namely temporo-parietal FDG-PET uptake and total hippocampal
volume, in the Alzheimer’s continuum category (Fig 5). In a linear
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Table 4. ADMNI participants' characteristics for the control and Alzheimer's continuum groups in ADNI,
Alzheimer's continuum (n = 474)

Healthy Preclinical

controls AD AHTN Preclinical AD ADCDR = 0.5 AD CDR = 1 P-value (group

{n =128) (n = 56) AH[TN+ (n = 48) (n = 289) (n = 81) effect)
Age, years 725 637) 732 (596) 765 (5.37) 733 (7.09) 738 (9.27) o017
Female, % a8.4 ab.4 521 426 06 0542
APOE &4 carriers, % 148 393 583 765 Fal < QLO001*
GRN rs5848 TT tarriors, % 520 132 6.50 136 148 0472
Education, ¥ 163 (?.?9‘_.1 165 12.74) 165 (2.47) 159 tQB?_J 151 t_2.?8] 0.01.0*
‘Cognitive tests, scores

 ADNI-Mem 114 {059] 104 .[;J..E.l.) 086 -[6.5'5]' 028 [6.543 102 '{0.45-] < 0.0DD1*

ADNI-EF 0.94 (0,75 0.74 (0.70) 040 (0.61) —012 [0.79) ~1.07 (0.78) < 0.0D0I™
ADAS-Cogll 596 (312) 5.85 (3.06) 6.54 (3.01) 13.2 (5.34) 3.2 (6.98) < Q.0001
ADAS-Cogld 834 (457) 8,27 (4.51) 10.2 (4.45) 212 (7:38) 345 (795) < 0.0001*
MAMSE 291 (112) 289 (1.23) 29.0 (120 263 (2.39) 2.7 (208) < 0.0001*
CDR-58 0,016 (0.0%) 0,054 {0.16) Q073 (0.21) 2,09 (1.09) 362 (117 < Q0001
C5F biomarkers, pg/mi®
T-tau 184 {3153 165"{;1}.3 325'{::'?.53 3|z .1:135] 395 cB?:l < QL0001
Petatygp 163 (287) 154 (4.09) 330 (8.93) 391 (145) 394 {151) < 0.0001*
A[H__u_ | 1,455 (227} 724 (193) FL2 (173 636 (167) 575 (159) = 0.0001*
PGRNT 1502 (279) 1.394 (365) 1,568 (305) 1.541 [243) 1,549 {375) < (.0001*

A, amyloid- |} biemarker statug; Al 45 amyloid-fi 42; AD, Alzheimer disease; APOE. apolipoprotein E; ADAS-Cog, Alzheimer's disease Assessment Scale—cognitive
subscale; ADNI-Mem, ADNI memery composite score; ADMI-EF, ADN| executive function composite score; COR, clinical dementia rating: COR-38, clinical dementia
rating sum of boxes, CSF, cerebrospinal fluid; MMSE, Mini-Mental State Examination; N, neurodegeneration biomarker status, P-tauqgp, tau phosphorylated at

threonine 181; T, tau pathology biomarker status; T-tau, total tau; y, years.

Data are expressed as mean (M) and standard devaation (SD) or percentage (%), as appropriate. Pearsan's chi-square tests were used for the group comparisons

of categorical variables and one-way ANOVA to compare continuous variables,

*Significant differences. The P-values indicated in the last column refer wo the group effects in these tests.
*CRAN rs584E genotype was available in 77 “healthy controls” ([50%), 38 “Preclinical AD A+/TH " [B8%), 29 “Preclinical AD A+TH+" (G0%), 154 “AD COR = 0.5"

(53%) and 54 "AD COR = 1" (67%).

"The CSF core biomarker measurements were performed using the electrochemiluminescence immunoassays, total-tau CSF, phospho-tau(181F) CSF and Elecsys
B-amyloid{1-43) CSF. The Elecsys [i-amyloid{1-42) assay has an upper technical limit of 1700 pg/ml; the values above this limit were truncated o this value.
“C5F PGRN lavels were log-transformed and assessed by a linear model adjusted for age, gender and ARQE &4 status (see main text),

regression analysis adjusted for age, gender, APOE ¢4 status and
education, higher CSF PGRN was associated with lower temporo-
parietal FDG-PET uptake (p = —0.133, P=0.010) (Fig 5A), but not
total hippocampal volume (f = —0.063, P = 0,151, Fig 5B].

In the second approach, we examined C5F PGRN beiween
biomarker profile [as defined by the A/T/N classification [Jack et al,
2016a)] within each clinical stage (Fig EV1A). Unlike the former
analysis of the Alzheimer's condinum, this is an unbiased compar-
ison that does notl assume any particular sequence of biomarkers in
the course of the disease. Appendix Table 84 displays a summary of
the demographics of the entire ADNI sample; analysed here. As
expected, the CDR =1 clinical stage had some biomarker profiles
with low number of subjects that preclude any comparisons but are
shown in Fig EV1A for the sake of completeness. Following this
approach, we found that the "A—TN+" biomarker profiles (i.e.
SNAP) had the highest CSF PGRM, which was significantly higher
than the rest of the biomarker profiles within the same clinical stage
(Fig EV1A]. On the contrary, the "A+TN—" biomarker profiles had
the lowest CSF PGRMN. We next grouped the subjects that fall into
each of the biomarker category of “suspected non-Alzheimer's

& 2018 The Authors

pathophysiology™ (SNAP; Table 3, highlighted in dark grey) {(Jack
et al, 2012, 2016b; Caroli et al, 2015; Dani et al, 2017) and we
compared them to the healthy controls and the Alzheimer's contin-
uum calegory as a whole, CSF PGRN significantly differ between
categaries [Fizm =247, P < 0.0001, Fig EVIE), and Bonferroni
corrected pair-wise post hoc tests showed that CSF PGRN was signif-
icantly higher in the SNAP category compared to the healthy
controls (P < 0,0001)  and  Alzheimer's continuum  calegories
(P < 0.0001), Finally, we also tested the association belween CSF
PGRN and cognitive function and neurcimaging biomarkers within
the SMAP category, with the same linear regression models we
applied in the analysis focused on the Alzheimer's continuum cate-
gory, Strikingly, and in contrast with the results in the Alzheimer’s
continuum, CSF PGRN was not associated with cognitive decline in
the SNAP group in any of the models tested (Appendix Table 57). In
line with this finding, CSF PGRN was also not associated with
temporo-parietal FDG-PET uptake in the SNAP group ([} = +0.102,
P =0,203), These resulls suggest that, despite the fact that CSF
PGRM is increased in SMNAP, it selectively associates with disease
severity in AD.
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Figure 3. CSF PGRN levels across the Alzheimer's continuum.

Scatter plot representing the levels of CSF PGEN in healthy controls (depicted (n
blue) and the different stages of the Alzheimer's continuum [depicted in red). The
blue and the red bars represent the mean and the siandard deviation (S0). The
analysis and graphs were performed excluding C&F PGEN outliers (1 “healthy
control”, 1 “Preclinical AD A+/TN—", 4 "AD COR = 05" and 1 "AD COR = 17).
incleding them yielded a simifar result, and C5F PCRN was still significantly
higher in the "AD COR = 1" group compared to the "healthy controls™ (P = 0.001)
and “Preclinical AD A+TN—" [P = 0.0D01) groups. P-values were assessed by a
one-way analyss of covariance adjusted for age, gender and APOE g4, followed by
Bonferrani corrected pair-wise post hoo compansons, A amydoid-f biomarker
status; AD: Alzhelmer's disease; COR: clinical dementia rating; C5F, cerebrospinal
fluid; M, neurodegeneration biomarker status; T tau pathology biomarker status,

CSF PGRN is not a clinical diagnostic biomarker for AD

We assessed the diagnostic accuracy of CSF PCRM to discriminate
between AD and controls, To this regard, a receiver operating
characteristic (ROC) curve analysis was undertaken (Fig EV2Z). The
area under the curve (AUC] was 0.655 (95% Cl1 0.581-0.729,
P = 0.0001, Fig EV2A) for discriminating ADAD mutation carriers
from non-carriers of the DIAN study, and 0.607 (95% CI 0,528
0.6586, P=0.009, Fig EV2B} for discriminating late-onset AD
CDE =1 from healthy controls. Although the significant P-values
denote that the AUC of C5F PGRN is significamtly different from the
area under the diagonal, which corresponds to a random perfor
mance of a test, these are low AUC that indicate a poor accuracy to
discriminate between AD and controls, Together with the fact that
CSF PGRN considerably overlaps between groups, these results
show that, consistent with previous data [Micholson ef al, 2014;
Kdrtvelvessy er al, 2015, Morenas-Rodriguez ef al, 2015; Wilke
et al, 2017), C5F PGREN is not useful as a diagnostic marker in AD.
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CSF PCRN is associated with CSF sSTREM2 and markers of
neurodegeneration in both autosomal dominant and late-enset
Alzheimer's disease

We and others previously described an increase in the microglial-
derived protein sTREM2 in the C5F of both ADAD and late-onset AD
patients (Heslegrave et al, 2016; Piccio ef al, 2016; Svuirez-Calvet
et al, 2016a,b). Since CSF PGRN also gradually increases during the
course of the disease and it is mainly produced by activated micro-
glia (Daniel er al, 2000; Naphade et al, 2010; Petkau ef al, 2010;
Philips er al, 2010; Kleinberger er al, 2013; Suh et al, 2014), we
investigated whether these two proteins are associated (Figs 6A and
B, and 7A-C). In a linear regression model, we found that CSF
PGRN and CSF sTREM2 were significantly associated in ADAD
mutation carriers of the DIAN study [p = +0.514, P < 0.0001,
Fig 6B). Similarly, C5F PGRN and sTREM2 were also significantly
associated in individuals of the Alzheimer's continuum (fp = +0.344,
P = 0.0001, Fig 7B) and the SNAP category (B = +0.296, P < 0.0001,
Fig 7C) of the ADNI study. Importantly, these associations only
occurred in AD and SNAP since no association was found in the NC
of the DIAN stedy (B = +0.094, P= 0424, Fig 6A) and in the
healthy controls of the ADNI study (B = +0.106, P = 0.246, Fig 7A).
Together, these results suggest that, whenever there is neurodegen-
eration (triggered by amyloidosis or other causes), there is a concur-
rent release of the microglial proteins PGRN and sTREM2 into the
CSF.

We also tested the associations between C5F PGRN and each of
the core CSF biemarkers of AD (T-tau, P-tau;gp and AP _42) in
lingar regression models for both ADAD (DIAN] and late-onset AD
(ADNI) (Figs 6C-H and 7D-L; Appendiy Table 58 summarizes the
results including biomarker ouiliers). The results paralleled those
we previously found for CSF sTREM2 (Sudrez-Calvet ef al, 2016a,
b). CSF PGRN was associated with CSF T-tau and CSF P-taug;p.
markers of neurodegeneration and neurofibrillary tangle degenera-
tion, respectively, in both  ADAD  mutations  carciers  [T-tau;
[ = +0.258 P = 0.008: P-tatlygp f = +0.191, P = 0.041; Fig 6D and
F) and NC (T-tau: p=+0.240 P=(0.032; P-taugey: B =-+0.290,
P = 0.008, Fig 6C and E). Interestingly, this association was only
present in the ADNIE subjects of the Alzheimer's continuwm (T-tau:
B =+0.295 P < 0.0001; P-tatggp: B =+0.280, P < 0.0001; Fig 7E
and Hj, but not in healthy controls (T-tau: [§ = +0.157 F = D.087;
Ptaugge: f=+0.118, P=0.195; Fig 7D and G) or SNAP subjects
(T-taw: 5= +0.043 P=0.564; Plaugp: P =+0.104, P=0.172;
Fig 7F and I). These findings are consistent with the fact that CSF
PGRN is only associated with cognitive impairment in the Alzhei-
mer's continuum category but not in SNAP and support the idea that
CSF PGRN parallels the burden of the disease specifically in AD.

In contrast, we did not observe an association between CSF
PGRN and Af; s in either NC or MC of the DIAN sample (Fig 6G
and H} and only a weak association was found in the Alzheimes’s
continium and SNAP participants of the ADNI sample (Fig 7J-L).

Discussion
In this cross-seciional study, we found that CSF PGRN increases

throughout the course of AD, both in ADAD and in late-onset AD.
Furthermore, CSF PGRN is associated with the microglial-derived
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Table 5. Associations of CSF PGRN with cognitive measures in the Alzheimer's continuum category (ADNI sample).
Model 2 (adjusted for age, gender, Meodel 3 (also adjusted
Model 1 (unadjusted) APOE &4 and education) for Al sz and T-tau)
B P B P B P
ADNI-Mem 01 0.002% oL 0.007° 0.080 ooes
ADNI-EF QuD02* Q.0008* 0116 0.0
ADAS-Cog 11 0.003* 200> +H1.0595 2.036*
ADAS-Cog 13 Ou0a" o001 +0.108 0.015™ )
_MMSE o 0uO06* 0.006* 0.087 0.052 )
COR-SB 0007 10,070 011

Al gz, @amiyloid-[i 42, ADAS-Cog, Alzheimer's disease Assessrment Scale—eoagnitive
function composite score; COR-5E, cal dementia rating sum af boxes: MMSE. Mi
Azsotiations between C5F PGRM and cognitive measures were studied anly in the part
different linear regression models. The standardized regression coefficients {[}} and the P-values are shown,

seale; ADMI-fdem, ADNI memory composite score; ADMI-EF, ADNI executive
Aental State Examination; T-tau, total tau
ipants of the Alzheimer's continuurm (= 474) and were assessed by three

Mote that higher levels of CSF PGRN are associated with worse cognitive performance in all tests investigated even when age, gender APOE £4 status and

education (Maodel 2) are accounted, The associat
MMSE and COR-58

ons still remain after adding APy 4z and T-taw as added in the model (Model 3) in all tests except in ADNI-Mem,

The analysis was performed excluding C5F PGRM outliers. The same analysis including these outliers yielded similar results (Appendix Table S5&). There were two

subjects without ADAS-Cogll score and six subjects without ADAS-Cogl3 scores,
*Significant differences
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Figure 4. CSF PGRM as a function of cognitive function.

Scatter plots representing the association of C5F PCRM with different cognitive tests. Only the subjects of the Alzheimers continuum group (n = 474} wene included. In all tests

studied, higher levels of C5F PORM were associated with worse cognitive performance (namely |ower st

ares in ADNI-Merm, ADNI-EF and MMSE and higher scores in ADRS-

Cogll, ADAS-Cogl3and COR-5B8). The 2nalysis and the graphs are excluding PGRAN outllers; including them rendered similar results (Appendix Table 55). Each peint depicis the
value of C5F PGRM and the carresponding cognitive test score of a participant. The salid lines Indicate the regression line and the 95% confidence interval (CI) calculated by a
linear model (Model 1, unadjusted). Table 5 shows the standardized regression coefficients () and the P-values calculated by different models, ADAS-Cop, Alzheimer's disease

Assessment Scale
of boxes; MMSE. Mini-Mental State Examination.
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Figure 5. CSF PGRN as a function of neuroimaging biomarkers.
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A B Scatter plots representing the association of C5F PCRN with tempore-parietal FDG-PET uptake (4) and total hippocampal volume (B) within the subjects of the
Alzheimer's contimnum group (n = 474}, Each point depicts the value of CSF PGRM and the corespanding neurgimaging biomarker of a participant. The solid lines
indicate the regression line and the 5% confidence Interval (C1}. The regression coefficlents () and the P-values calculated by a linear model adjusted for age,
gender, APDF r4 and education: FRG-FET: Audeoxyglucose positron emission tomography; SUVR: standardized uptake value ratio.

protein sTREM2 and with markers of newranal injury (T-tau) and
neurofibrillary tangle degeneration (P-tauiwe). Given that both
PGRN and sTREM2 are predominantly expressed in microglia within
the brain, our findings provide further evidence for a crucial role of
microglia in modulation of onset and progression of AD. While CSF
PGRN cannot serve as a diagnostic marker in AD, PGRN may serve
as microghial activity marker that, together with sTREM2, could
allow tracking microglial phenotypes not only during the course of
the disease but alsa during therapeutic interventions. Furthermore,
since loss of TREM2 and PGEN results in opposite phenotypes
(Gistzl ef al, submitted), our findings may also allow o track dif-
ferent activation stages of microglia dupon TREM2 or PGRN loss af
function. Our study also further reinforces that PGRN is relevant not
anly for FTD but alzo for AD.

Although the results in ADAD and late-onset AD consistently
show a continuous increase in CSF PGRN while disease progresses,
differences between ADAD and late-onset AD were observed, While
in ADAD CSF PGRN increased early in the disease (10 years before
the expected svmptom onset), in late-onset AD, the CSF PCEMN levels
did not reach a significant increase compared to healthy controls
until the mild dementia stage (COR = 1). Importantly, however, all
late-onset AD groups in the Alzheimer's continuam had increased
CSF PGRN levels compared with the earliest stage of AD, the
“Preclinical AD A+TN—" group, which had the lowest CSF PGRN
levels. This means that once neurodegeneration and neurofibrillary

tangle degeneration have started (as expressed by the N and T posi-
tivity, respectivelyl, C5F PGRN increases, This parallels what occurs
in ADAD, where CSF T-tau (and hence, probably neurodegeneration
as well) significantly increases 15 years before the symptom cnset
{Bateman et af, 2012; Fagan et al, 2014; Sudrez-Calvet et al, 2016a,
b} and this is followed by the later increase in CSF PGREN
(EYO = —10, as shown in the present study] and CSF sTREM2
(EYO = —5; Swparez-Calvei efal, 2016ab). Our conclusion is
further supported by the fact that CSF PGRN is associated with CSF
T-tau, P-tauge, cognitive impairment and temporo-parietal FDG
specifically in late-onset AD, bul not in SNAP, This may indicate
that, although CSF PGRN production may be increased whenever
there is neuronal injury, CSF PGEM is specifically coupled ta the
progression of neurodegeneration in AD. In contrast, CSF PGRN was
not associated with hippocampal volume, which may suggest a
more complex link between inflammatory-related biomarkers such
as C5F PGRN and structural imaging, In fact, C5F sTREM2 was
found to be positively associated with grey matter veolume in mild
cognitive impairment due to AD, despite the fact that CSF sTREM2
increases throughout the early stages of the disease, which was
attributed 1o a possible brain swelling (Gispert et al, 2016), CSF
PGRM was not either associated with cognitive measurements in
ADAD, despite ils increase throughout EYO and its clear association
with CSF T-tau and P-tau,g;p, This may suggest that in ADAD, CSF
PGRN increases early in the disease but remains stable throughout

Figure 6. Association of CSF PGRN with AD core CSF biomarkers in ADAD [D1AN).

A& M Scater plots representing the associations of CSF PGRM with C5F sSTREMZ and each of the AD CSF core biomarkers (T-1au, P-lau:ge and Ao 0 non-carmiers
(MC, blue; &, €, E and G) and in mutation carriers (MC, red; B, D, F and H), Each point depicts the valye of CSF FGRN and the corresponding biomarier of 2 subject
and the solid lines indicate the regression line and the 95% confidence intenval {C1) for each of the groups. The standardized regression coefficients () and the A~
values are shown and were computed using 2 linear model adjusting for 2ge, pender and APOE 24, The sample contained some cutliers (defined as 3 $0s below or
above the group mean) of the C5F core markers of AD. The results shawn in the figure are excluding these outliers. We also performed the analysis including these
outliers which yielded similar results (Appendix Table S8 Ay . amyloid-8 42, T-tau: total tau; P-tau: tau phosphorylated 2t threanine 181
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Figure 7. Association of CSF PCRN with AD core CSF biomarkers in late-onset AD (ADNI).

A-L Scatter plots representing the associations of CSF PGRN with CSF sTREMZ and each of the AD CSF core Biomiarkers (T-tau, P-tauyee and Afly_sq) 1n healthy contrals
(Blue; A D, G and J), Alzheimer's continuum (Ted; B, E. H and k) and “suspected non-alzheimer's pathophysiolegy (SMAPY groups (green; C, F, 1 and L} Each paint
depicts the value of C3F PGRM and the cormesponding biomarker of & subject, and the safid lines indicate the regression line and the 853 confidence interval [CI) for
each of the groups. The standardized regression coefficients (B) and the P-values are shown and were computed using a linear moded adjusting for age, gender and
APOE 54, The sample contained some outliers (defined as 3 50s below or above the group mean) of the CSF core markers of AD, and the analysis including thess
outliers yielded similar results (Appendix Table S8). The APl 4; values used for the association test are those based on an extrapolation curse since the upper
technical limit is 1700 pg/ml. We zlso tested the associations with Al ; values truncated at the upper technical limit and the result was similar. AR .5 amylaid-
[ 42; T-tau: total tau; P-tau: tau phospharyfated at threonine 181 SMAP: suspected non-Alzheimer’s pathophysiclogy.

the later clinical progression. In ADAD, the causative PSENT, PSEN2
and APP mutations are such strong driving forces of disease pathol-
agy that other factors, such as PGRN, may be less associated with
cognition.

In contrast to our findings, previous studies did not detect an
increase of CSF PGRN in AD (Nichalson er i, 2014; Kortvélyessy
er al, 2015; Morenas-Rodriguez et al, 2015; Wilke er al, 2017). This
is likely due to the fact that DIAN and ADNI provide a number of
samples and an exhaustive clinical data that is unrivalled by any
ather cohort. In DIAN, we can compare mutation carriers, which
are destined 1o develap AD, with the best controls possible, that is,
their non-carriers” siblings. A further advantage of studying ADAD
is the use of the concept of estimated years from expected symptom
onset (EYO) as a proxy of disease evolution to predict a temporal
progression of CSF PGEN, despite the fact that this is a cross-
sectional study. This approach has been well validated by studies of
the DIAN consortium that have shown that there is a high correla-
tion between the parental age of onset and the mean age at onset of
the affected family members (from which EYQ is derived) and the
actual age of onsel (Ryman e al, 2014). Finally, in our study we
applied an unbiased approach o classify the parlicipants of ADNI,
based on biomarker prefile [A/T/N) and cognition (C), which made
us independent of different diagnostic schemes in different centres
(Jack et al, 2016a). That allowed us to study those groups that are
included in the Alzheimer's cortirmmr, fom preclinical o mild
dementia stages of the disease, and compare them with the evolu-
tion of the disease in ADAD as defined by EYQ.

The precise mechanism underlying the increase in CSF PGRN
during AD has yet to be determined. Since PGRN is highly
increased upon activation of microglia (Petkau ef al, 2010}, we
speculate that increased CSF PGRN reflects elevated microglial
function. It is well established that activation of microglia occurs
in AD (Lyman ¢ ai, 2014, Heneka et al, 2015) and, in fact, we and
others have previously shown that CSF sTREMZ2 also increases
throughout the evolution of the disease (Heslegrave ef al, 20016;
Piccio et al, 2016; Sudrez-Calvel ef al, 2016a.b). A remarkable
finding of this study is that higher CSF PGRN levels are associated
with higher CSF sTREM2 levels exclusively when disease cccurs
(either in ADAD MC, late-onset AD or in SMAP) but not in
controls. This may indicate that these two proteins are released by
microglia adopting a disease-associated signature (Keren-Shaul ef al,
2017; Krasemann ot ai, 2017). However, it is also possible that
these two proteins reflect differemt populations of microglia co-
existing in the disease and may even have opposing effects an
disease. While lack of TREM2 locks microglia in a homeostatic state
(Mazaheri er al. 2007), Jack of PGRN Jocks microglia in a hyperac-
tive state (Gétzl et of, submitted). Whether these responses are
beneficial or detrimental in the disease may depend on the stage of

(£ 2018 The Authors

the disease and needs (o be addressed in longitudinal studies, The
fact that CSF PGRN is associated with the microglial-derived protein
CSF sTREM2 and both are asseciated with markers of neuronal
injury and neurofibrillary tangle degeneration suggests that elevated
levels of CSF PGRN and C5F sTREM2 early during the disease
reflect a microglial response w nearonal injury. In line with this,
recent studies demonstrated that disease-associated TREM2 variants
cause a loss of function sugpesting that TREM2 is protective [Klein-
berger et al, 2014, 2017; Wang et al, 2015; Song et af, 2018). Simi-
larly, haploinsufficiency of PGRN causes FTD [Baker et al, 2006;
Cruls e al, 2006), and a complete loss of PGRN results in a lysoso-
mal storage disorder with severe neurodegeneration (Smith et al,
2012; Gitzl et al, 2014}, Therefore, TREM2 and PGREN may have a
protective function at least early during the disease. TREM2 clearly
has a cell-autonomous function mediated via DAP12 signalling
within microglia (Colonna & Wang, 2016). However, sTREM2,
which is released on the plasma membrane, may also have non-
cell-autonomous  functions. Similarly, PGRN is either targeted
directly from the trans-Golgi to lysosomes (where it then may have
cell-autonomous functions] or released via the secretory pathway
(Giitzl et al, 2006), In that case PGRN, like sTREM2, may have
intrinsic functions within microglia, but both proteins may be able
to affect cellular functions in non-microglial cells as well.

Finally, it is important to note that CSF PGRN has no utility as a
diagnostic marker in AD since the values overlap considerably
between groups. This study has to be inlerpreted from the perspec-
tive of the pathophysiological importance of PGRN in AD, and not as
the evaluation of a putative diagnostic biomarker. Taken together,
PGEN and sTREM2 may both be increased early in the disease upen
an initial response of microglia (o ficst neuronal injury, Their CSF
levels may therefore allow conclusions about the functional status of
microglia. This is also of specific value for the investigation of novel
strategies aiming to modulate microglial activity,

Materials and Methods
DIAN participants and study design

The DIAN study is a multicentre study initiated in 2008 that aims to
develop a registry of families with known ADAD mutations (namely
PSEN1, PSENZ or APP) and investigate the pathophysiological
changes that occur in the different stages of AD (Bateman er al,
2M2; Morris eral, 2012; Sudrez-Calvet er al, 2016ab), We
measured CSF PGRN from a total of 218 participants, 131 mutation
carriers (MC) and 87 non-carriers (MC). All DIAN participants
underwent a comprehensive clinical and neurcpsychological evalua-
tion (Bateman et al, 2012; Storandt ef o/, 2014). CSF collection
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follows standard procedures (Fagan et al, 2014; Monserrale e al,
2015), and the measurements of T-tau, Petauyg e and C5F A 4,
were performed by the Luminex bead-based multiplexed xMAP
technology (INNO-BIA AlzBio3, Innogenetics, Fagan et al, 2014).
The estimated years from expected symptom onsel [EYO] is calou-
lated as the difference between the participant’s age at evaluation
and the mean age at onset of all other affected family members
(Bateman et al, 2012; Ryman et al, 2014).

ADNI participants and study design

The ADNI project (hetp://adni.loni.useedu) is a multicentre longitudi-
nal study led by Principal Investigator Michael Weiner and with the
main goal to develop and validate biomarkers for subject selection
and as surrogate outcome measures in late-onset AD (Weiner et al,
2017). Inclusion and exclusion criteria for the ADNI siudy were previ
ously described comprehensively (Petersen et al, 2010).

For the present study, we measured CSF PGRN in a cross-
sectional sample of the ADNI project consisting of a total of 1,028
individuals. The criteria 1o select the participants are described in
the Appendix Table 59, The CSF PGRN measurements were
uploaded to the ADNI database [http://adni.loni.usc.edu) on 16/03/
2018, and all the data from ADNI] used in this study were down-
loaded on 21/03/2018.

The CSF core biomarker measurements in ADNI were performed
using the electrochemiluminescence immunoassavs Elecsys total-
tau CSF, phosphor-tau(181P) CSF and f-amyloid (1-42) CSF on a
fully avtomated Elecsys cobas e 601 instrument (Roche) and a single
lot of reagents for each of the three measured biomarkers [provided
in UPENNBIOMES.csv file available at hep:/fadn loni.use,edu).
These immuncassays are for investigational use only. They are
currently under development by Roche Diagnostics and not
commercially available vet. The Elecsys l-amvloid (1-42) CSF assay
measuring range beyond the upper technical limit has not been
formally established, Therefore, use of values above the upper tech-
nical limit, which are provided based on an extrapolation of the cali-
bratien curve, is restricted to exploratory research purposes and is
excluded for clinical decision making or for the derivation of medi-
cal decision points. The analyte measuring ranges (lower technical
limit to upper technical Hmit) of these assays are the following: 80—
1,300 pg/ml for total-tau CSF, 8-120 pg/ml for phosphor-tau{181F)
and 200-1,700 pg/ml for Elecsys [-amyloid (1-42) CSF immunoas:
says. There were 160 values of Afl, 4 that were above the upper
technical limit and were truncated to 1,700 pg/ml. There were no
samples with T-1au or P-laugg;r values above its respective upper
technical limit of quantification. For Afy 4., exploratory measure-
menis are availahle based on the extrapolation of the calibration
curve, The associations of the CSF biomarkers described in the text
are using these extrapolated values. The analysis using the AP 4
truncated values amnd those using the extrapolated measurements
vielded similar results.

We classified the ADNI participants in a descriptive unbiased
approach (Jack et al, 2016a) into two different schemes, First, their
biomarker profile, which is defined by the three different pathologic
processes that oceur in AD and that a biomarker can measure, that
is: (i) aggregated AP [A. as defined by CSF AR, 4:): (ii) aggregated
tau (T, as defined by CSF P-tau;se): (ili) newrodegeneration or
neuronal injury (N, as defined by CSF T-tau). We binarized each of
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the hiomarker group into positive [+, abnormal) or negative [—,
normal) based on the reported cut-offs for each of the biomarkers
[Hansson e al, 2018). Levels below 976.6 pg/ml (Al _4;) or above
21.8 pg/ml (P-tauyg;p) and 245 pg/ml (T-tau) were categorized as
positive (A+, T+, N+, respectively). To reduce the number of
groups, we merged the aggregated tan (T] and neurodegeneration
[N} groups. If either aggregated tau (T} or neurcdegeneration (N)
was abnormal (T+ or N+), participants were classified as TN abnor-
mal (TH+). If both aggregated tau (T) and neurodegeneration (M)
were normal (T— and N-), participants were classified as TN
nacmal [TH=], Note that in the “healthy control” group, we set the
criteria that both aggregated tau (T) and neurodegeneration (N)
biomarker profile should be normal, so that we ensure that this
group is indeed free of pathology. Importantly, only 54 participants
[5.3% of the total sample] displayed discrepancies between the T
and N biomarker groups, Second, we classified the participants
based on clinical symptoms based on the clinical dementia rating
[CDR) global score (Morris, 1993) into cognitively unimpaired
[CDR = 0), very mild dementia (CDR = 0.5) and mild dementia
[CDR = 1), In the sample studied, there were no participants with
maoderate or severe dementia (CDR = 2-3). The combination of both
the biomarker and the clinical classification rendered 12 different
groups that are summarized in Table 3.

Cognition in ADNI participants was assessed by ADNI-Mem,
ADNI-EF, ADAS-Cog 11, ADAS-Cog 13, MMSE and CDR-5B. ADNI-
Mem and ADMI-EF are both composite scores developed by ADMI,
ADNI-Mem is derived from of the following test scores: Rey Audi-
tory Verbal Learning test, Alzheimer's Disease Assessment Sched-
ule-Cognition [ADAS-Cog), MMSE and Logical Memory (Crane et al,
2012). The ADNI-EF is derived from the following tests: Wechsler
Adult Intelligence Scale—Revised Digit Symbaol Substitution, Digit
Span Backwards, Trials A and B, Category Fluency and Clock Draw
ing (Gibbons et al, 2012).

Hippocampal velumes based on FreeSurfer segmentation and
FODG-PET ROI SUVRs derived from meta-analytically regions of AD-
associated hypometabolism located within the angular gvrus, poste-
rior cingulate and inferior temporal lobe were downloaded from the
ADNI database. The MR1 and FDG-PET ROI segmentation has been
described in detail previously (Fischl et af, 2002; Landau et al,
2011). Hippocampal volumes were further adjusted for intracranial
volume using linear regression, following previeus recommenda-
tions (Jack et al, 2017).

Ethical considerations

The study was approved by the institutional review board (IRE]} of
all participating centres in DIAN and ADNI. as well as our local IRB
[LMU). All study participants (or their relatives} provided written
informed consent.

CSF progranulin (PGRN) measurement

C8F PGRN was measured by an ELISA protocol previously estab-
lished by our group using the MSD Platform (Capell er al, 2011],
The ELISA consists of a Streplavidin-coated 96-well plates [MSD
Streptavidin Gold Plates, cat. no. L155A); a biotinylated polyelonal
goal anti-human PCRN capture antibody (BAF2420, R&D Svstems;
0.2 pg/ml, 25 plywell); a monoclonal mouse anti-human PGRN
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detection antibody (MAB2420, R&D Systems; 0025 pg/ml, 25 pl/
well): and a SULFO-TAG-labelled goat polyclional anti-mouse g6
secondary antibody (MSD, cat. no. R3IZAC; 0.5 pg/ml, 25 plswell),
All antibedies were diluted in 0.5% bovine serum albumin (BSA)
and 0.05% Tween-20 in PBS buffer {pH = 7.4), Recombinant human
PGRN protein (His Tag PGRN—Sino Biological, cal, no. 10826-
HIOSH) was used as a standard (15.6-2,000 pg/ml). In brief, Strepia-
vidin-coated 96-well plates were blocked overnight at 4°C in block-
ing buffer [0.L5% BSA and 0.05% Tween-20 in PBES (pH = 7.4}]. The
plates were next incubated with the capiure antibody for 1 h at
room temperature (RT). They were subsequently washed four times
with washing buffer (0.05% Tween-20 in PBS) and incubated for
2 h at RT with the CSF and the internal standard (IS} samples
diluted 1:2.5 in assay buffer [0.25% BSA and 0.05% Tween-20 in
PBES (pH = 7.4)] or the recombinant human PGRN protein for the
standard curve also diluted in assay buffer, CS5F samples were
randomly distributed across plates and measured in triplicates
(DIAN samples) or in duplicates (ADNI samples). The operators
were blinded to the clinical information. Plates were again washed
four times with washing buffer before incubation for 1 h at RT with
the detector antibody, After four additional washing steps, plates
were incubated with the secondary antibody for 1 h in the dark.
Last, plates were washed four times with washing buffer followed
by two washing steps in PBS. The electrochemical signal was devel-
oped by adding MSD read buffer T [car. no. R-92TC) and the light
emission measured using the MESO QuickPlex 5Q 120, The ELISA
showed good accurate results in the spike recovery (98% | experl-
ments and minimal measurement variation (CV = 4%) between
freeze-thaw cycles (nine cycles).

The measurement of all the DIAN samples was performed in a
single day ([22/11/2016), and three CSF samples (internal stan-
dards, 18) were loaded in all plates. All 15 used in this study
consisted of pooled CSFs from diagnostic clinical routine leftovers
from the Ludwig-Maximilians-Universitdt Miinchen [(LMU} Depart-
ment of Meurology (Munich, Germany). All patients gave their
written consent, and the study was approved by the local IRB. The
interplate coefficient of variation (CV) for each of the IS was 3.6,
5.4 and 6.7%. The mean intraplate CV was 2.1%, and all replicate
measures had a CV < 15%. The raw values are provided as pg/ml

The measurements of the ADNI samples were performed on four
different days (between the 27/11/207 and 06/12/2017], Four C5F-
IS samples were loaded in all plates. The interplate CV for each of
the 15 was 4.3, 3.8, 3.4 and 54%. The mean intraplate CV was
2.2%, and all replicate measures had a CV = 15%. Given that the
ADNI measurements were done in several davs, we corrected the
raw measurements based on values of the four 15 that were loaded
on all plates. The concentration of each [5 in an individual plate
(plate x) was expressed as a percentage of the mean concentration
across all plates as follows:

al (%) in plate x = [{concentration of IS1 in plate x)/{mean
concentration of 151 in all plates}] = 100
a2 (%] in plate x = [{concentration of 152 in plate x)/{mean
concentration of 152 in all plates)] = 100
a3 (%) in plate x = [{concentration of 153 in plate x}/{mean
concentration of 153 in all plates)] = 100
ad [%) in plate x = [{concentration of 154 in plate x)/(mean
concentration of 154 in all plates)] = 100

& 2018 The Authors
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The mean of the percentages (Ax) for all the 15 (al, a2, a3, a4) in
plate x was calculated, and the following correction factor was
computed for each individual plate:

Correction factor for plate x = 100/Ax

The raw wvalues were mulliplied by the correction factor of the
corresponding plate; the corrected values are provided as the vari-
able "MSD PGRNCORRECTED” in the ADNI database. Due to the
low interplate CV, the corrected and raw PGRN values in the ADNI
sample are highly correlated {Spearman p = 0.985; P < 0.0001).

The mean CSF PGRN level of our MSD-based assay (1,007 pg/mi)
was similar to that published with other assays (Huchtemann ¢t al,
2015; Zhou et al, 2015a; Berghoff er af, 2016; Meeter et al, 2016,
Kimura et al, 2017; Schreiber et al, 2018), albeit lower than those
measured by the more widely used commercial assay from Adipogen
[Ghidoni er al, 2008; De Riz et al, 2010; Vercellino er al, 2011;
Nicholson et al, 2014; Morenas-Rodriguez et al, 2015; Feneberg
et al, 2016; Molgaard et al, 2016; Willemse et al, 2016; Wilke et al,
2017). We therefore compared our M5D-based ELISA with that from
Adipogen (cat. no. AG-45A-0018YEK-KID1, Seoul, Koreal. We
prepared 39 different C5F pool samples from leftovers of the LMU
Department of Neurology, as described above, We measured these
CSF samples simultaneously in both the MSD-based and the
Adipegen assays, following the manufacturer’s instructors, and each
sample in duplicate. The standard curves for each of the assays are
shown in Appendix Fig 51A and B. As expected, the mean levels
of CSF PGRN were lower in the MSD-based assay (mean = 1430 pg/
ml, 50 = 220] compared to the Adipogen assay (mean = 4,400
pg/mi, 5D = 900), but they were highly correlated between them
[Spearman p = 0.74; ' < 0.0001; Appendix Fig 51C}).

CSF sSTREM2 measurement

CSF sTREM2 measurements from the DIAN study were previously
reported (Sudrez-Calvet et al, 2016a,b) and are expressed relative to
an IS, Measurements of the ADNI samples were done with the same
ELISA protocol with minor changes. Briefly, the assay is based on
the M35D platform and it is comprehensively described in previous
publications (Kleinberger et al, 2014; Suarez-Calvet et al, 2016a.b).
The assav consists of a Strepiavidin-coated 96-well plates [MSD
Streptavidin Gold Plates, cat, no. L1535A): a biotinylated polyelonal
goal IgG anti-human TREM2 antibody (R&D Systems, cat. no.
BAF1B28; 0.25 pg/ml, 25 plfwell) as capture antibody, which is
raised against amino acids 19-174 of human TREM2; a monoclonal
mouse IgG anti-human TREM2 antibody (Santa Cruz Biotechnology,
B-3, cal, no, $c373828; 1 pgsmi, 50 pl/well] as a detection antibody,
which is raised against amino acids 1-160 of human TREM2; and a
SULFO-TAG-labelled goat polyclonal anti-mouse 1gG secondary anti-
body (MSD, cat. no. R3ZAC; 0.5 pg/ml, 25 pl/well}. All antibodies
were diluted in 1% BSA and 0.05% Tween-20 in PBS buffer
[pH = 7.4). Recombinant human TREM2 protein [Hélzel Diagnos-
tika, cat. no. 11084-HOSH), corresponding to the extracellular
domain of human TREM2 [amino acids 19174}, was used as a stan-
dard {62.5 8,000 pg/mi). In brief, Streptavidin-coated 96-well plates
were blocked overnight at 4°C in blocking buffer [3% bovine serum
albumin (BSA) and 0.05% Tween-20 in PBS (pH = 7.4); 300 ply
well]. The plates were next incubated with the eapture antibody for
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1 hat BT, They were subsequently washed four times with washing
buffer [200 pl/well; 0.05% Tween-20 in PBS). Thereafter, the
recombinant human TREM2 protein (standard curve), the blanks,
and the CSF and the internal standard (15) samples [duplicates; dilu-
tion factor: 4) were diluted in assay buffer [0.25% BSA and 0.05%
Tween-20in PBS (pH = 7.4)] supplemented with protease inhibitors
(Sigma; Cat. # P8340) and incubated (50 pl/well) for 2 h at RT. This
dilution was previously selected because it showed the best recov-
ery and linearity performance (Kleinberger et al, 2014). Flates were
again washed four times with washing buffer before incubation for
1 h at RT with detection antibody, After four additional washing
steps, plates were incubated with SULFO-tag conjugated secondary
antibody for 1 h in the dark at RT. Last, plates were washed four
times with washing buifer followed by two washing steps in PBS.
The electrochemical signal was developed by adding 150 pl/well
MSD read buffer T [cat. no. B92TC) and the light emission
measured using the MESO QuickPlex 35Q 120, Raw values are
provided as pg/ml.

All C5F samples were distributed randomly across plates,
measured in duplicate and simultaneously 1o CSF PGRN [i.e.
between 27/11/2017 and 06/12/2017), The mean intraplate. CV was
3.1%, and all duplicate measures had a CV < 15%. Alike the CSF
PGRN ELISA, four C5F IS samples were loaded in all plates, The
interplate CV for each of the 15 was 11.4, 12.2, 10.5 and 7.1%. We
corrected the raw measurements based on values of the four 15 that
were loaded on all plates in a similar manner as in CSF PGRN
measurements. Consequently, the corrected values were used and
are available in the ADNI database as variables “MSD_sTREM2COR-
RECTED".

Statistical analysis

In both DIAN and ADNMI samples, we only included in our study
participanis that had the following data available: age, gender and
the three AD CSF core biomarkers (Afy 4z, T-lau, P-tau g p), Within
each of the samples, we determined the CSF PGRN outliers, as
defined as values differing 3 standard deviations from the mean (3
outliers in the DIAN sample and 11 in the ADNI sample]. In order to
rule out that our results are not driven by extreme values, all the
analysis described in the main text are performed without these
outliers. Nevertheless, including them did not atfect the main results
(as shown in the main text and in Appendix Tables 51, 53, 55, 56
and 58). In the DIAN sample, C5F PGRN followed a normal distribu-
tion as assessed by visual inspection of histogram and after testing
by Kolmogorov-Smirnoy test (P = 0,062). In contrast, CSF PGRN in
ADNI did not follow a normal distribution [Kolmogorov-Smirnov
test, P = 0.0001). After a log,y transformation, it followed a normal
distribution [Kolmogorov-Smirnov test, * = 0,200}, All the statisti-
cal analyses in the ADNI sample were hence performed with the
log; p-transformed values,

The data from the DIAN sample (Data Freeze 9) were studied in
a similar approach to that we previously applied (Sudrez-Calvet
et al, 2016a,b}. In brief, comparisons of demographic, clinical and
biochemical data between NC and MC were performed by Pearsen's
chi-square tests or t-lests, as appropriate, A linear regression analy-
sis was used to test the effect of the mutation status, age, gender
and APOE e4 status in the levels of C5F PGRN (Appendix Table 51).
In additional linear effects models, we compared the levels of CSF
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PGEM Dbetween carriers of the three mutated genes (e, PSENI,
PSENZ and APP).

In order to test how CSF PGRN levels change as a function of
EYO {(as shown in Table 2 and Fig 2), we used a similar approach
to that previously published (Bateman er al, 2012: Fagan et o,
2014; Sudrez-Calvel et al, 2016ab). We constructed a linear mixed
model with mutation status, EYO {and its interaction with mutation
status) and gender as fixed effects and family affiliation as random
effect. Next, we performed a polynomial regression analysis includ-
ing EYO quadratic (EYO") and cubic (EYOY) terms and their inter-
actions with mutation status, We determined the model thal best
fitted the data by forward selection of the predictors, and the final
model was chosen based on the Akaike information criterion (AIC;
a lower AIC indicating a better fit; see Appendix Table 52). For CSF
PGRM, the linear model (first-order EYQ) showed the best fit. In
previous studies, we used linear mixed-effects models with family
membership as a random effect o adjust for differences in
biomarker levels between families. Here, we found no significant
differences in CSF PGRN levels between families (Foz 54 = 1.04,
P = 0.426) and we therefore used simple linear regression in all the
following analysis,

We computed the estimated levels of CSF PGRN at each 5-year
interval of EYO based on the established regression models, and we
determined the group differences between MC and NC for each 5-
year EYO interval by -1eses, as done in previous DIAN studies [Bate-
man el al, 2012; Fagan er al, 2014; Sudrez-Calver et al, 2016a,b).
Comparisons between MC and NC were restricted at EYO ranging
from —25 to +10, due to the low number of subjects at more extreme
values of EYO.

In order to represent the progression of CSF PGRN throughout
the evolution of the disease and compare it with other biomarkers
and cognitive measures, we followed the approach of previous
DIAN studies (Bateman et al, 2012; Sudrez-Calvet er al, 2016a.b);
that is, the predicted difference between MC and MNC at each EYO
generaled by (he same final linear mixed-effects model described
above was divided by the standard deviation of clinical, cognitive,
imaging and biochemical measures of the pooled sample, so that all
variables were in a standardized and comparable scale (Fig 2B,
Appendix Table $2). These figures were built with SAS software
[SAS Institute],

We compared C5F PGRN levels between NC and MC in different
clinical stages (determined by global CDR) in an analysis of covari-
ance (ANCOVA) controlling for age, gender, AFOE 4 and educa-
tion, followed by post hoe least significant difference (LSD) for pair-
wise comparisons. Individuals falling into CDR = 1 10 CDR = 3 were
grouped together due 1o the low number of subjects in these slages,

In ADNI. demographic, clinical and biochemical data group
comparisons were performed by one-way ANOVA or Pearson's chi-
square tests, as appropriate. To test whether CSF PGRN changed
acrass the Alzheimer's confinuum, we applied an ANCOVA includ-
ing the biomarker-defined stages of AD, gender and APOE &4 status
as fixed effects and age as covariate, followed by Bonferroni
corrected pair-wise post hoc comparisons. An additional analysis
was performed adding the GREN rs5848 genotype as a covariate, A
similar approach was used for comparisons between biomarker
categories shown in Fig EVIA.

To study the associations between CSF PCRN and cognitive and
functional scores, we applied three linear regression models. Model
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The paper explained

Problem

Alzheimer's disease (AD) is the most frequent neurodegenerative disar-
der, Besides [i-amyloid and tau deposits, all AD brains invariantly
show neurginflammatory symptoms  associated with  microglicsis.
Frogranulin {PGCRM), a secreted protein whose loss of function is asso-
ciated with frontotemporal lobar degeneration and pevronal ceroaxd
lipefuscinosis, is also genetically involved in AD. In the brain, PGRM is
predominantly expressed in microglia in this study, we investigated
PCRN concentration in the cerebrospinal fluid (CSF) of two of the
largest and best characterized AD patlent cohorts, namely the Domi-
nant Inhented Alzheimers Disease Metwork {(DIAN] which includes
farnilies with auvtosamal dominant AD [ADAD), and the Alzheimer's
Disease Meuroimaging Initiative (ADNI), which studies the evolution of
late-onset AD,

Results

In carriers of ADAD causing dominant mutations {DIAN), we found
that CSF PORN increased 10 years before the expecied sympiom
onset. In late-onset AD (ADNI), higher C5F PGRN was associated with
mare advanced disease stages as well as cognitive impairment CSF
PGRN was associated with levels of proteclytically generated soluble
TREM2 (sSTREMZ), 3 protein described to be @ central regulator of
microglial function and known to increase 5 years before the expected
SYMPLam onseL Importantly, the association between CSF STREMZ
and CSF PGRM was only observed when there was underlying pathol-
ogy. but not in contrals.

Impact

CSF PGRN together with CSF sTREM2 may serve as a microgha activ-
ity marker in AD @nd could be used to prove target engagement in
dlinical trials aiming 1o modulate microglial activity.

1 was unadjusted, Model 2 included age, gender, APOE &4 and
education as covariates, and Model 3 included the former covariates
and also C5F Afi; 4z and CSF T-tau.

The association between CSF PGRN and temporoe-parietal FDG-
PET and total hippocampal volume was tested with a linear regres-
sion adjusted for age, gender, APOE e4 and education. Analyses
including hippocampal volume were adjusted for intracranial
volume.

The diagnostic value of CSF PGEN 1o discriminate AD (ADAD or
late-onset AD) from controls was tested with a receiver operating
characteristic (ROC) analysis. We computed areas under the curve
{AUC), and we tested whether they were significantly different from
the null hypothesis that the AUC equals 0,50, which corresponds (o
a random test,

Finally, the association between CS5F PGREN and CSF sTREM2
and the CSF core biomarkers for AD {T-tan, P-tauw gp. AR 42) was
studied with a linear model adjusted for age, gender and APOE &4
status, The analysis was performed stratifying for the muwtation
statugs [DIAN]) or classifying the subjects in the healthy controls,
Alzheimer's continuum or SNAP categories (ADNMI). The standard-
ized regression coefficients (B} are reported. In order to rule ourt that
the associations were driven by extreme values, we performed the
analysis both including and excluding biomarker outliers (defined
as AD CSF core biomarkers 3 standard deviations below or
above the group mean) and the analysis yielded similar results
LAppendix Table 88).
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Statistical analysis was performed in 5PSS IBM, version 2000,
statistical sofrware and the free statistical software R (http://www.r-
project.org/). Figures were built using GraphPad Prism or R. All
tests were two-tailed, with a significance level of « = 0.05.

Expanded View for this article is available anline.
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Abstract

Background: TREM2 is a transmembrane receptor that is predominantly expressed by microglia in the central
nervous system, Rare variants in the TREMZ gene increase the risk for late-onset Alzheimer's disease (AD). Soluble
TREM2Z {sTREM2) resulting from shedding of the TREMZ2 ectodomain can be detected in the cerebrospinal fluid (CSF)
and is a surrogate measure of TREM2-mediated microglia function. C5F sTREMZ2 has been previously reported to
increase at different clinical stages of AD, however, alterations in relation to Amyloid B-peptide (AR) deposition or
additional pathological processes in the amyloid cascade (such as tau pathology or neuredegeneration) remain
unclear. In the current cross-sectional study, we employed the biomarker-based classification frameawork recently
proposed by the NIA-AA consensus guidelines, in combination with clinical staging, in order to examine the CSF
<TREM?Z alterations at early asymptomatic and symptomatic stages of AD.

Methods: A cross-sectional study of 1027 participants of the Alzheimer's Disease Imaging Initiative [ADNI} cohort,
including 43 subjects carrying TREM2 rare genetic variants, was conducted to measure CSF sTREMZ using a
previously validated enzyme-linked immunosorbent assay (ELISA). ADNI participants were classified following
the A/T/N framework, which we implemented based on the C5F levels of AB,.s (A), phosphorylated tau (T)
and total tau as a marker of neurodegeneration (N), at different clinical stages defined by the dinical
dementia rating (CDR) score.

Results: CSF STREM2Z differed between TREMZ variants, whereas the pR47H variant had higher CSF STREM2,
p.L211P had lower CSF sTREMZ than non-carriers. We found that CSF sTREMZ2 increased in early symptomatic
stages of late-onset AD but, unexpectedly, we observed decreased CSF STREM2 levels at the earliest asymptomatic
phase when only abnormal AR pathology (A+) but no tau pathology or neurodegeneration (TN-), is present.
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(Continued from previous page)

Conclusions: AR pathology (A) and tau pathology/neurodegeneration (TN) have differing associations with CSF
sTREMZ. While tau-related neurodegeneration is associated with an increase in CSF sTREM2, AR pathology in
the absence of downstream tau-related neurodegeneration is associated with a decrease in CSF sTREM2.

Keywords: Alzheimer's disease, Biomarkers, Microglia, Meurcdegeneration, Neuroinflammation, Shedding, TREMZ2

Background

The tripgering receptor expressed on myeloid cells 2
(TREM2) is an innate immune receptor that is expressed
on the plasma membrane of microglia in the central ner-
vous system (CNS) [1]. TREMZ2 is involved in key func-
tions of microglia including phagocytosis, cytokine release,
lipid sensing and microglia proliferation and migration [2—
6]. TREM2 mutations strongly increase the risk of devel-
oping Alzheimer’s disease (AD) [7, 8] and other neurode-
generative diseases including frontotemporal dementia
(FTD), Parkinson’s disease and amyotrophic lateral scler-
osis [9-12]. Furthermore, homozygous loss-of-function
mutations in TREM2 are sufficient to cause Nasu-Hakola
disease (NHD) and FTD-like syndrome [13, 14]. Together,
this suggests that abnormal TREM2 function plays an es-
sential role across different neurodegenerative diseases.

TREM2 is a type-1 transmembrane protein that ma-
tures within the secretory pathway and its ectodomain is
shed at the plasma membrane [2, 15]. Soluble TREM2
(sTREM2) accumulates in conditioned media of cultured
cells and in biological fluids such as plasma and cerebro-
spinal fluid (CSF) [2, 16]. Shedding is mediated by
ADAMI0 and 17 C-terminal to histidine 157 [2, 15, 17—
19]. Homozygous mutations causing NHD or FTD-like
syndrome (such as p.Te6M) retain misfolded TREM2 in
the endoplasmic reticulum, preventing its maturation
and its cleavage on the plasma membrane. Patients bear-
ing these mutations have undetectable levels of sTREM2
in CSF and blood [2, 20, 21].

The fact that TREM2 is selectively expressed in micro-
glia in the CNS and is associated with AD and neurode-
generation, let us hypothesize that sTREM?2 in CSF may
be a marker for microglia function and its response to
AP and tau pathology and neurodegeneration. Specific-
ally, sSTREM2 may reflect the amount of signaling com-
petent TREM2 on the surface of activated microglia.
This idea is supported by the fact that the levels of
sTrem2 in the brain of an AP mouse model correlate
with TSPO small animal positron emission tomography
{PPET) signal [22], a marker of microglial activation, and
the fact that a knock-in mouse model bearing the Trem2
p.T66M mutation has decreased microglial activity [20].

We and others have previously reported changes in
the levels of CSF sTREMZ2 in AD compared to controls
[2, 21, 23-268). Specifically, we found a disease-stage
dependent increase in CSF sSTREM2 peaking within the

early symptomatic stages of late-onset AD [25]. In auto-
somal dominant AD (ADAD) assessed within the Dom-
inantly Inherited Alzheimer Network (DIAN) project
[26], we demonstrated that CSF sTREM2 was increased
in mutation carriers compared to non-carriers five years
before the estimated years from symptom onset (EYO),
but with a considerable delay after the development of
AR pathology, which emerged about 10-15 years earlier.
Together, these studies suggest a complex association of
CSF sTREM2 as a function of disease evolution, in
which CSF sTREM2 dynamically changes as disease pro-
gresses and reaches its highest levels between the later
asymptomatic and earlier symptomatic stages, when
neurodegeneration has already started.

An important unanswered question in this regard con-
cerns the association between CSF sTREM2 and primary
pathologies including AP and tau deposition, as well as
neurodegeneration during the course of AD. Therefore,
we used herein the biomarker-based AST/N classifica-
tion system [27], which is the foundation of the recently
proposed 2018 NIA-AA research Framework [28]. This
classification system consists of three biomarker dimen-
sions including the assessment of AP pathology (A}, tau
pathology (T), and neurodegeneration (N). In the
present study, we investigated CSF sTREM?2 levels at dif-
ferent AD biomarker-defined groups following the AJ/T/
N classification and the clinical stage (as defined by the
clinical dementia rating score, CDR) in participants of
the well-characterized ADNI study. This approach
allowed us to test the two main aims of this study. First,
to assess the association of CSF sTREM2 with AP path-
ology and its downstream pathological processes (ie. tau
pathology and neurodegeneration). Second, to assess the
changes on CSF sTREMZ2 that occur in the Alzheimer's
contintum and hence replicate ours and others findings
in the ADNI cohort [23-26, 29].

Methods

ADNI Participants and study design

This is a cross-sectional study in which CSF sSTREM2 was
measured in 1031 participants of the ADNI project.
Among them, 4 individuals did not have the AD core bio-
markers measurements and were further excluded from
the analysis, rendering a study sample of 1027 subjects.
The CSF sTREM2 measurements were uploaded to the
ADNI database (http://adniloni.uscedu) on 16/03/2018
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and the data used in this study was downloaded on 21/03/
2018. The ADNI project (http//www.loniusc.edu/) is a
multicenter longitudinal study led by Principal Investiga-
tor Michael W Weiner with the main goal to develop and
validate biomarkers for subject selection and as surrogate
outcome measures in late-onset AD [30]. The institutional
review boards (IRB) of all participating centers approved
the procedures of the study and all participants or surro-
gates provided informed consent. Our local IRE (LMU)
also approved the study.

Clinical classification

In line with the recently published 2018 NIA-AA “re-
search framework” for the diagnosis of Alzheimer's dis-
ease [28], we assigned each ADNI participant in a
group defined by its biomarker profile, as described by
the A/T/N scheme [27], coupled with its cognitive sta-
tus, as defined by the CDR score [31]. The A/T/N
scheme comprises 3 biomarker groups: "A" refers to ag-
gregated AP, "T" aggrepated tau and "N" to neurode-
generation. Each biomarker group is binarizied in
negative (-) or positive (+) based on whether their bio-
markers are normal or abnormal. In the present study,
we assigned “A+" to those individuals that had a CSF
APy < 976.6 pg/ml, “T+" to those individuals with
P-tauygp > 21.8 pg/ml and "N+" to those individuals
with T-tau > 245 pg/ml. We merged the aggregated tau
(T) and neurodegeneration (N} groups in order to de-
crease the number of groups to be compared. TN nega-
tive (TN-} was defined as having both the aggregated
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tau (T) and neurodegeneration (N) biomarkers in the
normal range (T- and N-, that is P-tau;p = 21.8 pg/ml
and T-tau = 245 pg/ml). Participants were classified as
TN positive (TN+) if either aggregated tau (T) or neu-
rodegeneration (N) were abnormal (T+ or N+, that is
P-tauygp > 21.8 pg/ml or T-tau > 245 pg/ml). Only
5.4% of the individuals of the total differed between the
T and N biomarkers groups.

The combination of the biomarker profile (A/T/N
scheme) and the clinical status (CDR) rendered 12
different groups that are displayed in Table 1. We
studied CSF sTREM2 in ADNI following two ap-
proaches. In a first one, we compared CSF sTREM2
between the different A/T/N categories within each
clinical stage. In a second one, we attempted to
model the course of AD with biomarker and
clinical-based groups, similar to what was proposed
by the 2011 NIA-AA criteria [32-34]. Thus, in this
second approach, we compared the 'CDR = 0 A-/
TN-' group (which corresponds to healthy controls)
with those biomarker-based groups that fall into the
Alzheimer's contimuum category, that is: ‘Preclinical
AD A+/TN-, ‘Preclinical AD A+/TN+, 'AD CDR = 0.5
and ‘AD CDR = 1'. Since our aim was to study the
Alzheimer's continuwm, we excluded from this ana-
lysis those individuals that fall in the category of sus-
pected non-Alzheimers pathology (SNAP) [35-38]
and those symptomatic individuals (CDR > 0) that do
not have positive biomarkers for both AR deposition
(CSF APi.4z) and neurodegeneration/tau pathology
[T-—tal.l or [’ftﬂll]_mp).

Table 1 Classification of ADMI participants based on the AT/MN framework and clinical stage

Biomarker

Clinical stage (C)
CDR=0.5 CDR=1
{very mild dementia) {mild dementia)
n=1I8 n=2

n=9a3

The ADMI participants were classified based on their clinical stage, a5 defined by the clinical dementia rating (CDR) score, and the blomarker-based AT/N
framework. The AT/N framework comprises 3 biomarker groups: A AR pathalogy blomarker status, T tau pathology blomarker status, and N neurodegeneration
biomarker status. Each of the biemarkers group have binarized into positive/abnormal (+) or negative/normal according the biomarkers cutoffs, T and N have
been merged to simplify the classification and TN- indicates that both T and N are normal and TN+ Indicates that T and/or N are abrormal,

The numbers shown here are exchuding the TREM2 mutation carriers and C5F sTREM2 ocutliers (as defined as walues 3 standard deviations above or below

the mean).

The eolour indicates the different groups used for comparisons in the main text, Healthy controls {no= 122) are depicted in blue, the Alzheimers cantiriumn (n = 459) in
red and the suspected non-Alzheimer’s pathology (SMAP) group {n = 173} in green.

Bold text depicts the groups analysed when modelling the course of AD, namely ‘healthy controls, Preclinical AD A+/TN <, Preclinical AD A+/TH+, 'AD COR = 0.5'
and "AD CDR=1'
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Alzheimer's disease CSF core biomarkers and CSF sTREM2
measurements

In the present study, we used the AD CSF core bio-
markers measurements performed with the Elecsys®
total-tau CSE, the Elecsys” phosphotau(181P) CSF and
the Elecsys® p-amyloid(1-42) CSF immunoassays on a
cobas e 601 instrument [39, 40]. The data is available in
the ‘UPENNBIOMKO9.csv' file in the ADNI database.
These immunoassays are for investigational use only.
They are currently under development by Roche Diag-
nostics and not commercially available yet. The analyte
measuring ranges (lower technical limit to upper tech-
nical limit) of these assays are the following: 80 to 1300
pg/ml for total-Tau CSF 8 to 120 pg/ml for
phosphor-Tau(181P) CSF, and 200 to 1700 pg/ml for
Elecsys® B-Amyloidi{1-42) CSF immunoassays. The meas-
uring range of the Elecsys® p-Amyloid(1-42) CSF im-
munoassay beyond the upper technical limit has not
been formally established. Therefore use of values above
the upper technical limit, which are provided based on
an extrapolation of the calibration curve, is restricted to
exploratory research purposes and is excluded for clin-
ical decision making or for the derivation of medical de-
cision points.

CSF sTREM2 measurements were done with a MSD
platform-based assay, previously reported and validated
[2, 25, 26]. A comprehensive description of the assay is
shown in Supplementary methods (see Additional file 1:
Supplementary methods). The CSF sTREM2 measure-
ments are publicly available in the ADNI database.

Cell culture and transient transfection of HEK293T cells
HEK293T cells were cultured in DMEM with Glutamax
1 supplemented with 10 % (v/v) fetal calf serum (FCS)
and 1 % penicillin/streptomycin. 24 hours after seeding,
cells were transiently transfected with equal amounts of
DNA coding for the different TREM2 variants using Li-
pofectamine 2000 as the transfection reagent. TREM2
variant constructs were generated by site-directed muta-
genesis (Stratagene) of a TREM2 wt construct bearing
N- and C-terminal HA and FLAG tags, respectively, as
previously described [2]. All constructs were verified by
DNA sequencing (GATC Biotech). We collected the
conditioned media 48 hours after transfection. Cellular
debris was removed by centrifugation at 4°C (13300
rpm, 20 min). Supernatants were subsequently frozen at
-20°C until analyses were performed. Cell culture re-
agents were purchased from Thermo Fisher Scientific
unless otherwise noted.

We measured the concentrations of HA-labeled TREM2
protein in the HEK293T conditioned media by two differ-
ent ELISAs. First, sSTREM2 concentrations were deter-
mined by the same ELISA used to measured sTREM2 in
the human CSF samples, which includes a detection
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antibody against sSTREM2 (see Additional file 1: Supple-
mentary methods). Second, it was measured by a MSD
platform-based including an antibody against the HA-tag.
This second assay follows the same protocol as the first
one but with the following modifications. The detection
antibody is a monoclonal rat IgG anti-HA peptide se-
quence (YPYDVPDYA), clone 3F10 (Roche, Cat. No. 11
867 423 001; 100 ng/mL, 50 pL/well); the secondary anti-
body is a SULFO-TAG-labeled goat polyclonal anti-rat
IgG antibody (MSD, Cat. no. R32AH-1; 0.5 pg/mL, 25 pL/
well). The samples were diluted 1:50 and 1:100 in assay
buffer [0.25% BSA and 0.05% Tween 20 in PBS (pH =
74)], supplemented with protease inhibitors (Sigma; Cat.
no. P8340) and measured in duplicates for each dilution.
We acquired the electrochemiluminescence response
values using the MESQ QuickPlex 3Q 120. We compared
the signal of the sSTREM2 ELISA with that of the HA-tag
assay for each of the TREM2 rare variants. The percentage
between these two assays renders a relative affinity of the
STREM2 ELISA to each of the TREM2 rare variants in re-
lation to its respective HA-tag contral.

Statistical analysis

CSF sTREM2 did not follow a normal distribution {Kol-
mogorov-Smirnov test: P < 0.0001) and were hence log;o-
transformed. After transformation, CSF sTREM2 followed
a normal distribution as assessed by Kolmogorov-Smirnov
test (P = 0.200) and visual inspection of the histogram. All
the statistical analysis described in this study are per-
formed with the log,,-transformed values.

A one-way analysis of covariance (ANCOVA) was con-
ducted to determine statistically significant differences
on CSF sTREM2 between TREM2 rare variants carriers
and the non-carriers’ individuals adjusting for the effect
of age, followed by a Bonferroni corrected post hoc pair-
wise comparison. Only those groups of TREM2 rare var-
iants carriers that comprise more than 1 subject were
included in the analysis.

The following analyses were conducted excluding out-
liers" values of CSF sTREM?2, defined as values differing
3 standard deviations from the mean. There were 5 out-
liers: 2 subjects classified as ‘Preclinical AD A+TN-"(1 a
TREM2 rare variant carrier and 1 a non-carrier), 1 clas-
sified as "CDR = 0.5 A+TN-" (TREM?2 rare variant car-
rier), 1 classified as ‘AD CDR = 0.5" (TREM2 rare variant
carrier), 1 classified as ‘AD CDR = 1’ (non-carrier). In-
cluding or excluding these outliers do not change the
findings of this study.

To study the association of CSF sTREM2 with demo-
graphic and genetic data, we computed a linear regres-
sion model with CSF sTREM2 as an outcome variable
and age, gender and APOE ed status as fived effects.
Since only age showed to be a significant predictor of
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CSF sTREM2, the following analyses were conducted in-
cluding only age as a covariate.

To test the differences in CSF sTREM2 across bio-
marker profiles in the A/T/N framework, we applied a
one-way ANCOVA including age as covariate, followed
by Bonferroni corrected post hoc pairwise comparisons.
A similar approach was used to test whether CSF
sTREM2 changes across the Alzheimer's comtinuum.
These analyses were performed including or excluding
individuals carrying a TREM2 rare variant and yielded
similar results.

Finally, we studied the association between CSF
sTREM2 and each of the CSF core biomarkers for AD
(T-tau, P-tauggipn APraz) with a multiple linear regres-
sion adjusted for age. The analysis was conducted separ-
ately in the healthy controls, Alzheimer's continuum and
SNAP groups. We performed the analysis both including
or excluding outliers (defined as AD CSF core bio-
markers 3 standard deviations below or above the group
mean) in order to exclude that the associations were
driven by extreme values. The analysis with and without
outliers rendered similar results. For CSF A, 45, the
analyses were performed using both the truncated values
at the upper technical limit and the exploratory mea-
surements available based on the extrapolation of the
calibration curve. In the main text, we report the results
using the extrapolated measurements, but using the
truncated ones yielded similar results.

Statistical analysis was performed in 5PS5 IBM, wver-
sion 20,0, and the free statistical software R (htip://
www.r-project.orgl). Figures were built using GraphPad
Prism or free statistical software R. All tests were
2-tailed, with a significance level of a = 0.05.
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Results

Association of CSF sTREM2 with genetic and
demographical data

We studied a total of 1027 participants of the ADNI
study. The demographical and clinical characteristics of
the whole study population are described in Table S1
(see Additional file 1). Among the participants studied,
43 (4.2 %) had a known TREM2 rare variant (see refer-
ence [41] for a comprehensive review of the pathogen-
icity of each wvariant). The overall mean levels of CSF
sTREMZ of these individuals (M = 3913 pg/ml, 5D =
3548, n = 43) were significantly lower than the rest of
ADNI participants without a TREM2 rare variant (M =
4136 pg/ml, SD = 2171, n = 984; Fy o = 6.77, P =
0.009, n,® = 0.007; Table 2, Fig. 1) in a one-way
ANCOVA adjusted for age. However, CSF sTREM2 var-
ied considerably between TREM2 variants (Fiiq9 =
8.79, P < 0.0001, r|p2 = 0.033) and Bonferroni’s post hoc
comparisons test indicated that the p.R47H variant [7—
12] had significantly higher CSF sTREM2 (P = 0.003)
and the p.L211P variant [42, 43] significantly lower CSF
sTREM2 (P = 0.002) than non-carriers. No differences in
CSF sTREM?2 were found between individuals with a
p-R62H [44, 45] and the p.D87N [7] variants and the
non-carriers. There was a single subject carrying both a
p.D87N and p.R62H variants, and another single subject
carrying a p.H157Y variant, which were not included in
the statistical analysis. However, it is worth noting that
the subject carrying a pH157Y TREM2 rare variant had
relatively high CSF sTREM2 (Table 2, Fig. 1), an obser-
vation that agrees with our previous findings that the
p.H157Y variant, which is located exactly at the cleavage
site, increases shedding of TREM2 [17]. Given that

Table 2 Demographic and dinical characteristics of the individuals carrying a TREMZ rare variant

pR52H

pDB}'N

Non-carriers pRATH pL211P pREIH/OBIN  pHISTY
(n=584) (n=200 n=" n=11} n=73} n=1} {n=1}
Age,y 731 (7.35) 747 (647 7350113 728 (4.36) 727617 664 73
Female, n (36) 430 (437) 11 (55.0) 1(429) 6 (545) o 0 1
APCE £4 carmiers, 467 1475) B {400 5 (71.4) 2{182) 2 (86.7) 0 0
n (%)
Education, y 160 (2.78) 157 (239) 156 (207) 146 (2.54) 17.0 {265) 150 180
CSF biamarkers (pg/rmi)
T-tau 283 (136 322 (140) 353 (125} me 239 (100} 116 214
P-tauimp 273 (149 309 (156 3640158 22020 7.5 992 181
Ay G832 (457) 1073 {437) 874 (454} 1246 {515) a44 {&70) a5 1700
STREMZ2 4136 {2171) 3418 {1788) E750 (8136) 2386 {1390) 1981 (244) 518 5642
Assoclated diseases ria AD AD, FTD, PO, ALS AD, FTD AD A0 AD
Referances na [44, 45] r-14 [42,43] [ [7, 44, 45] [56]

Drata are expmsea as mean and standard deviation (501 or number {n} and péw;entage {34}, as appropriate,
Abbreviations Af;..; amyloid-B 42, AD Alzheimer’s disease, ALS amyotrophic lateral sclerosis, APOE apolipoprotein E, CSF cerebrospinal fluid, FTD frontotemporal
dementia, na non-applicable, PD Parkinson's disease, Ptduyee tau phosphorylated at threonine 181, T-tow total taw, ¥ years,
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rare variant, compared to the non-carriers ADN| participants. Solid bars represent the mean and the standard deviation (S0, Pvalues were
assessed by @ one-way AMCOWA adjusted for age, followed by Bonfemroni corrected post hoc pairwise comparisons between the TREMZ variants
carriers' groups and the non-camers. We did not include in the comparison those rare varlants with only one subject (pRe2H/pDETN

TREM?2 rare variants may influence CSF sTREM2 (as
described here and in [24]), all the following analyses are
excluding participants carrying these rare variants.
Nevertheless, including the TREM2 rare variants carriers
did not change the results. In order to test whether the
differences in CSF sSTREM2 among TREM2 rare variants
are influenced by differences in the antibody affinity to
the mutant sSTREM2, we transfected HEK293T cells with
an epitope tagged wild fype (wt) and mutated TREM2
and measured sTREM2 released in the media with the
same ELISA used for the quantification of CSF sTREM?2
and with an ELISA using an antibody against the epitope
tag (Additional file 1: Figure 51). This revealed that the
p-R47H, p.R62ZH and p.HI157Y TREMZ rare variants
were detected with a slightly reduced efficiency in our
ELISA; therefore, the increased levels of CSF sTREM2
found in subjects bearing the p.R47H rare variants are
even slightly underestimated. On the other hand, the
pL211P TREM2 rare variants were detected efficiently,
independently of their individual amino acid exchanges.
However, the p.D87N TREM2 rare variant was detected
with significant less affinity in our ELISA than using the

antibody against the epitope tag. Thus, the decreased
CSF sTREM2 found in the p.D87N rare variant should
be interpreted with caution.

In the sample excluding the TREM2 rare variants car-
riers and TREM2 outliers’ values (n = 982, see methods
section), we first assessed which demographic and gen-
etic variables are associated with CSF sTREM2 (de-
scriptives summarized in Table 3). Consistent with
previous results [21, 23-26], CSF sTREM2 levels were
associated with age (f = +0.275, P < 0.0001, r|[,2 =
0.073), but not with gender (F, 475 = 0.029, P = 0.866,
n," = 0.00003) or APOE e4 status (Fgrg = 0.099, P =
0.753, np" = 0.0001). Consequently, all further analysis
included age as a covariate, but not gender or APOE g4
status.

Differences of CSF sTREM2 within the A/T/N classification
of AD

In order to assess the impact of AP deposition or the
downstream processes of the amyloid cascade (i.e. tau
pathology and neurodegeneration), we applied the re-
cently proposed A/T/N classification framework of AD,
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which proposes 3 binary biomarker groups [27]: (1) ag-
gregated AP (A+/A-), (2) aggregated tau (T+/T-} and (3)
neurodegeneration (N+/N-). Given that CSF T-tau and
CSF P-tauyg,p were highly correlated, we merged the tau
(T} and neurodegeneration (N} groups. “TN-" profile was
defined as both CSF P-taug;p and T-tau within the nor-
mal range, whereas 'TN+' was defined as abnormal
levels of CSF P-tau)g)p or T-tau. Thus, we compared 4
different biomarker profiles within each clinical stage,
namely: (1) A-/TN-, (2) A+/TN-, (3) A+/TN+ and (4)
A-TN+.

Within the CDR = 0 group (i.e. cognitively normal in-
dividuals), a one-way ANCOWVA showed a significant
difference between the four biomarker profiles after
adjusting for the effect of age (Fs g6 = 21.3, P < L0001,
qu = 0.183). A Bonferroni post hoc test revealed that
the A+/TN- profile had significant lower CSF sSTREM2
compared to either other biomarker profile (Fig. 2).
Only the A-/TN+ profile had significant higher CSF
sTREM2 compared to the normal biomarkers profile
{i.e. A-/TN-)
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Within the CDR = 0.5 group (Le. very mild dementia),
there was also a significant difference between the four
biomarker profiles (Fimgx = 40.7, P < 0.0001, n,f =
0.173) and the A+/TN- profile had also the significantly
lowest CSF sTREMZ2 compared to either other bio-
marker profile (Fig 2). Both the A+/TN+ and the A-/TN
+ biomarker profiles had significant higher CSF sTREM2
compared to the A-/TN- profile (Fig. 2). The CDR = 1
group did not yield a sufficient number of subjects per
A/TIN profile to allow for a group comparison.

We repeated the former analysis also including the
individuals with TREM2 rare variants (n = 43; demo-
graphics in Table S1, see Additional file 1) and this
did not change our conclusions derived from the
main analysis (Fig. 2).

We also repeated the same analysis classifying the par-
ticipants based only on their AP pathology (A; CSF
ARy o) and tau pathology status (T; CSF P-tau, g, p), that
is A/T classification, or based only on their AR pathology
{A; CSF APj.42) and neurodegeneration status (N; CSF
T-tau), that is A/N classification. The results are shown

= P 00001
20000 P p 00T
Fzomo Panmecg
(F = A.0004) O = L0001
Fenpson P ogemn
(] AP DA}
F=00004 P«80001 F=0M2 F«00N1 F0.0000
P L0006 [P 0000l WPLOD0N] (Po0D00N (P aDA0E
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CSF sTREM2 (pg/mi)

ArTN- A+TMN- AT+ A-TN+  A-TH- A+TN- A+TN+ A-TN+  A-TN- A+TH- A+TN+ A-TN+
A= 118 =5 (0 = 283 (n =)

=122 n=8) (n=25) {n=72

fn=2) =18 M=081 n=7)

CDR=0

CDR=05

Fig. 2 C5F sTREM2Z in the AT/ framework, Scatter plot depicting the levels of C5F sTREMZ for each of the four biomarker profiles, as defined by
the AT/ framewerk, coupled with clinical staging, as defined by COR. The biomarkars groups T {tau pathalogy) and N (neuradegeneration)
were merged in order to reduce the number of groups to compare. The COR = 1 stage includes some biomarker profiles will low number of
subjects, which preciudes performing statistical analysis. They are still shown in the figure for sake of completeness. Each biomarker category Is
rapresented in a differant colour: healthy controls are depicted in blue, Alzheimers continuum category in red, SNAP categorny in green, and
purple depicts biomarker profiles not assigned in a specific category in the present study. The analysis reported in the main test was conducted
excluding the TREMZ rare variants carriers, the P-values are reported in bold, and the number of individuals in) per group indicated. Including
these carrers (depicted in yellow) rendered similar results (P-values reported between brackets). Solid bars represent the mean and the standard
deviation (SD). Pvalues were assessed by a one-way AMCOVA adjusted for age, followed by Bonferroni corrected post Roc pairwise comparisons.
Abbreviations: A AR pathology biomarker status; AD: Alzheimer's disease; COR: clinical dementia rating; C5F: cerebrospinal fluid; N: neuradegeneration
biomarker status; SMAP: suspected non-Alzheimer's pathology; T- tau pathology biomarker status,

CDR=1
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in Figure 52 (see Additional file 1) and they are similar
to those shown with the AfTN classification of the main
text. Thus, we conclude that the pathological processes
that are downstream of AP pathology, both tau path-
ology and neurodegeneration, are associated with in-
creased CSF sTREM2.

CSF sTREM2 changes across the Alzheimer's continuum

Next we asked if CSF sTREM2 changes during the
course of the disease as previously described in our
study on late onset-AD [25]. We modeled the evolution
of AD comparing the biomarker-defined groups (Table
1) that reflect the temporary course of late-onset AD,
similar to what was proposed by the previous 2011
NIA-AA diagnostic criteria [32-34]. Thus, we com-
pared the ‘healthy controls’ group (highlighted in blue
in Table 1 and corresponding to the the 'CDR = 0 A-/
TN-' group), with those belonging to the Alzheimer's
continuum (highlighted in red in Table 1), which in-
cluded: ‘Preclinical AD A+/TN-, Preclinical AD A+/TN
+, ‘AD CDR = 05" and AD CDR = 1. A one-way
ANCOVA revealed that CSF sSTREM2 was significantly
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different between groups after adjusting for the effect
of age (Fys75 = 11.5, P < 0.0001, npz = 0.074). A post
hoc analysis using the Bonferroni criterion for signifi-
cance indicated that the average CSF sTREM2 was sig-
nificantly higher in the ‘AD CDR = 0.5" group than in
the ‘healthy controls’ and ‘Preclinical AD A+TN-
groups (P = 0.034 and P < 0.0001, respectively; Fig. 3).
Similar results were obtained when the individuals car-
rying a TREM2 rare variant were included (Fig. 3).
Thus, these results replicate our and other groups pre-
vious findings of increased CSF sTREMZ2 in early symp-
tomatic stages of late-onset AD in an independent
sample [23-25, 29].

CSF sTREM2 is associated with T-tau and P-tau but not
APyaz

Finally, we studied the associations of CSF sTREM2
with each of the CSF core biomarkers of AD, that is
T-tau, P-tauygp and Af 4, in linear regression
models adjusted for age. The associations were tested
separately in three groups based on their biomarker
profile (see Table 1): (1) healthy controls, (2)

P=0.034
{P=0.007)

P=0.001
[P=0.001)

P <0.0001
(P < 00001}

FP=0.002
(P =0.004)

P =0.0001
[P = 00001}

CSF sTREM2 (pgiml}
g g
a

g

A+TN-

In =52}

AD AD
CDR=05 CDR=1

A+ TN+

in=45)

Preclinical AD

{n=282) [n=80)

Alzheimer’s continuum

Fig. 3 C5F sTREMZ across the Alzheimer's continuum, Scatter plot showing the levels of CSF sTREM2 in healthy controls {depicted in blug) and
the different stages of the Alzheimer's continuum (depicted in red). The main analysis was conducted excluding the TREMZ rare variants camiers,
the Pvalues are reported in bold, and the number of individuals {n) per group indicated. Including these carrers (depicted in yellow) rendered
similar results (Pvalues reported berwsen brackets) Pvalues were assessad by a one-way ANCOVA adjusted for age, followed by Bonferroni
carected post hoo pairwise comparisons, Abbreviations: A Al pathology biomarker status; AD: Alzheimer's disease; COR: clinical dementia rating;
(CSF- cerebrospinal fluid; N: newrodegeneration biomarker status; SNAP: suspected non-Alzheimer’s pathophysiology; T: tau pathology biomarker status,
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Fig 4. Association of CSF sTREMZ and AD core C5F biomarkers. Scatter plots represanting the associations of C5F sTREMZ with sach of the AD
CSF core biomarkers: T-tau (@), P-tauyap (b, and APy g} in three different growps defined by the biomarker profile: healthy controls {blue),
Alzhaimer's continuwem (red) and SMAP groups (green). The solid lines indicate the regression line and the 95% confidence interval for each of the
groups. The standardized regression coefficients (3) and the P-values are shown and were computed wsing a linear model adjusting for age, and
are conducted excluding the outliers values. Including them, did not change the conclusions (see Additional file 1: Table 52), We also performed
the analysis including the participants carmying a TREMZ rare variant (depicted in yellow) and the results were similar (see Additional file 1;

non-Alzheimer's pathology.

Table 53). Abbreviations: Al 4o amyloid-beta 42; T-tau: total tau; P-tau: tau phosphorylated at Threonine 181; SNAP: suspected

individuals of the Alzheimer’s comfinuwm and (3) in
the SNAP groups. Consistent with previous findings,
CSF sTREM2 is associated with T-tau and P-taugp
in the three groups studied (Fig. 4). In contrast, no
significant associations were found between CSF
sTREM2 and AR, 4, (Fig. 4). Including the CSF bio-
markers outliers (see Additional file 1: Table 52), or
including the individuals carrying a TREM2 rare vari-
ants (see Additional file 1: Table 53), did not change
our findings.

Discussion

In the present study, we assessed the microglial-activity
marker CSF sTREM2 within the early phases of AD. To
this end, we applied the biomarker-based A/T/N classifi-
cation in combination with clinical staging [27]. The use
of this classification system enabled us to unravel the ef-
fect of AP pathology and its downstream processes (Le.
tau pathology and neurodegeneration) on the levels of
CSF sTREM2. Interestingly, they are differentially associ-
ated with CSF sTREMZ. While pure AP deposition (as
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defined here as low CSF AP ;) is associated with de-
creased CSF sTREM2, tau pathology or neurodegenera-
tion (as defined here as increased CSF P-taug;p or CSF
T-tau, respectively) are associated with an increase in
CSF sTREM2. The higher CSF sTREM2 in the SNAP
groups confirm that CSF sTREM2 rises with neurode-
generation without AP pathology.

Moreover, we show that the levels of CSF sTREM2 dif-
fer between TREM2 variants and they are increased in
the p.R47H TREM2 variant compared to non-carriers,
but decreased in the p.L211P variant and remained un-
changed in the p.R62H variant, which is consistent with
previous reports [24]. Increased levels of sTREM2 in the
p-R47H variant were somewhat surprising; however, very
litele is known if that variant affects proteolytic process-
ing of TREM2. In contrast, the increased levels of the
p-H157Y variant is in line with our previous findings in
cultured cells demonstrating that this variant increased
shedding of TREM2 and therefore decreased TREM2
dependent phagocytosis [17]. A word of caution should
be noted with the p.D87N variant, because the lower
levels could be due, at least partially, to the lesser affinity
of the antibody to this variant.

Among the strengths of this study are the large and
well-characterized sample size and the use of a reliable
assay to measure STREMZ2. Yet, this study has some lim-
itations. First, this is a cross-sectional study and the re-
sults need to be confirmed in a longitudinal setting.
Second, we used the CSF biomarkers to classify the ADNI
participants in the A/T/N classification. Although the role
of CSF biomarkers in AD is well-established and a
complete A/T/N characterization is possible only with
CSF biomarkers, CSF T-tau may not necessarily reflect
neurodegeneration but could result from physiological
production of tau [46]. Here, we found CSF P-tau, g p and
CSF T-tau to be highly correlated (only 5.4% of all the
ADNI participants had a discrepant T and N biomarker
group), and consequently we merged the "T" (tau path-
ology) and “N" (neurodegeneration) groups. Importantly,
the TN- group had normal levels of both T-tau and
P-tau,g;p which reasonably ensure that other comorbidi-
ties that may cause neural injury (and hence microglial ac-
tivation) are excluded. A plethora of other biofluid and
neurcimaging markers (i.e. AP and tau PET, blood and
CSF neurofilament light protein, anatomic MRI and
FDG-PET) are in principle applicable for the implementa-
tion of the A/T/N classification, and future studies using
these biomarkers are needed to confirm our results.

The A/T/N classification used herein is a descriptive
biomarker-based classification that does not assume any
temporal sequence of events in AD and is independent
of the clinical stage of the disease. By applying this clas-
sification framework, we found an unexpected observa-
tion, namely a decrease of CSF sTREM2 in individuals
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with evidence of AP pathology but without signs of tau
pathology or neurodegeneration. We did not observe
this finding in previous studies, probably due to the low
number of participants in the preclinical stage of
late-onset AD and because we did not apply the A/T/N
classification [25]. Noteworthy, we previously observed
in ADAD that CSF sTREM2 was lower in ADAD muta-
tion carriers than in non-carriers at very early stages
(EYO <« -15; CSF T-tau becomes significantly increased
in mutation carriers at EYO = -15), yet statistically
non-significant [26]. In contrast, we show here that CSF
sTREM2 increases as soon there are signs of we show
here that CSF sTREM2 increases, both in the context of
AD (that is with co-occurrence of AP pathology) or in
the SNAP patients {where there is no Af underlying
pathology). Consistent with these findings, CSF sTREM2
is distinctly associated with CSF T-tau and CSF
P-tauygp but not with CSF AB;.42. A word of caution is
needed in the SNAP category, given that this is an
heterogenous group that most likely exhibits a non-AD
related neurodegeneration. Well-powered future studies
should address how CSF sTREM2 changes in neurode-
generative diseases different from AD.

The flexibility of this new classification framework also
enabled us to model the natural history of AD and con-
firm in the ADNI study our previous findings in partici-
pants of several European memory clinics [25] who were
classified using the 2011 NIA-AA criteria [32-34, 36].
Herein, we demonstrate that, after the initial decrease of
CSF sTREM2 in the "Preclinical AD A+/TN-"group, CSF
sTREM2 rise is the 'Preclinical AD A+/TN+group and
in the early symptomatic stage (CDR = 0.5) of AD, albeit
only statistically significant in the latter group. These
findings therefore replicate our [25, 26] and other groups
[23, 24, 29] previous findings in which an increase in
CSF sTREM2 in early symptomatic AD was observed.

The mechanism underlying the dynamic changes of
CSF sTREM2 throughout the course of the disease still
need to be investigated. Several studies have consistently
demonstrated that microglia upregulate TREM2 expres-
sion in AD mouse models and in human AD brains [3,
47, 48]. Moreover, detailed transcriptomics studies that
investigated microglia in mouse models of AD and neu-
rodegeneration showed that TREM2 is upregulated in
the disease-associated microglia (DAM) [1, 49-53]. This
is consistent with the finding of increased CSF sTREM2
in stages downstream of AP accumulation, that is when
tau pathology and/or neurodegeneration occur and micro-
glia may adopt their disease associated molecular signa-
ture. We were surprised, however, by the observation of
an initial CSF sTREM2 decrease in the only Ap-pathology
stage, which corresponds to the earliest stage of the dis-
ease, The possible mechanisms behind this observation
are still elusive. However, it has been described that
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microglia are activated in two steps with an initial
TREM2-independent  process  followed by a
TREM2-dependent process [49]. The CSF sTREM2 in-
crease observed following the initially low levels may re-
flect the second step of activation. An alternative
explanation would be that microglia initially forms a bar-
rier around plagues [54, 55] and the STREM2 released by
microglia is retained within the plaque, until the barrier
fails, and subsequent neural injury starts. Finally, it could
also be argued that subjects with low TREM2-function
(and hence lower CSF sTREMZ2 levels) are more
prone to experience an accelerated early amyloidogen-
esis (Parhizkar et al Nat. Neursci in press) and are
therefore overrepresented in the Preclinical AD A
+TN- group. Nevertheless, we are cognizant of the
fact that this is an observational study and the find-
ings reported herein do not elucidate precise mecha-
nisms, Further work with longitudinal data is needed
to address whether the stage-dependent changes in
CSF sTREM2 predict a better or worse clinical
outcome.

In conclusion, the present study represents the first
attempt to study CSF sTREM2 based on the A/T/N
classification framework. We demonstrate in the
ADNI cohort that the increase in CSF sTREM2 which
occurs in early stages parallels the increase in bio-
markers of tau pathology and neurodegeneration. In
contrast, AP deposition in the absence of tau depos-
ition and neurcdegeneration is associated with lower
CSF sTREM2.
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