®@® FLUID
BIOMARKERS

IN GENETIC
FRONTOTEMPORAL
DEMENTIA

EMMA LOUISE VAN DER ENDE






Fluid Biomarkers in
Genetic Frontotemporal
Dementia

Emma Louise van der Ende



The research described in this thesis was funded by Alzheimer Nederland, the Netherlands
Organisation for Scientific Research (NWO), ZonMW Memorabel, the Dioraphte Foundation,
and the Bluefield project.

Printing of this thesis was kindly supported by Alzheimer Nederland and the Bluefield project.

alzheimer
nederland

A -

Curing FTD

Cover design: ProefschriftOntwerp // proefschriftontwerp.nl
Printing: ProefschriftMaken // proefschriftmaken.nl

ISBN: 978-94-6423-320-9

© Emma L. van der Ende, Rotterdam, the Netherlands. All rights reserved. No part of this
thesis may be reproduced, stored in a retrieval system or transmitted in any form or by any
means without permission of the author. The copyright of previously published articles has
been transferred to the respective journals.



Fluid Biomarkers in Genetic Frontotemporal Dementia

Fluide biomarkers in genetische frontotemporale dementie
Proefschrift
ter verkrijging van de graad van doctor aan de
Erasmus Universiteit Rotterdam
op gezag van de
rector magnificus
Prof.dr. F.A. van der Duijn Schouten
en volgens besluit van het College voor Promoties.
De openbare verdediging zal plaatsvinden op
dinsdag 31 augustus 2021 om 13:00 uur

door

Emma Louise van der Ende

geboren te Vlaardingen

Erasmus University Rotterdam Zﬁ/\ﬂ‘-ﬂ



Promotiecommissie:

Promotor: Prof.dr. J.C. van Swieten

Overige leden: Prof.dr. W.M. van der Flier

Prof.dr. D.W.J. Dippel

Dr.ing. M.M. Verbeek

Copromotor: Dr. H. Seelaar



Table of contents

Chapter 1
1.1
1.2

Chapter 2
2.1

2.2

Chapter 3
3.1

3.2

Chapter 4
4.1

4.2

Chapter 5
5.1

52

Chapter 6

Chapter 7

General Introduction
Introduction to the thesis
Fluid biomarkers of frontotemporal lobar degeneration

Biomarkers of neuroaxonal and synaptic integrity

Serum neurofilament light chain in genetic frontotemporal
dementia: a longitudinal, multicentre cohort study
Neuronal pentraxin 2: a synapse-derived CSF biomarker in
frontotemporal dementia

Biomarkers of immune system dysregulation

CSF sTREM2 is elevated in a subset in GRN-related frontotemporal
dementia

Elevated CSF and plasma complement proteins in genetic
frontotemporal dementia: results from the GENFI study

Proteomic and genetic approaches to fluid biomarker identification
Novel CSF biomarkers in genetic frontotemporal dementia
identified by proteomics

Unravelling the clinical spectrum and the role of repeat length in
C9orf72 repeat expansions

Modelling biomarker trajectories in frontotemporal dementia
A data-driven disease progression model of fluid biomarkers in
genetic frontotemporal dementia

Modelling the cascade of biomarker changes in GRN-related
frontotemporal dementia

General discussion
Summary & Samenvatting

GENFI consortium author list
Acknowledgements / dankwoord
Curriculum vitae

PhD portfolio

List of publications

List of abbreviations

15

43

45

81

111

113

125

155

157

183

209

211

237

273

301

308
309
311
312
313
317






Chapter 1

General introduction






Chapter 1.1

Introduction to the thesis






General introduction | 11

Frontotemporal dementia (FTD) is a clinically, genetically and pathologically heterogeneous
neurodegenerative disorder which accounts for approximately 10% of all dementia
diagnoses.[1,2] Typically, patients present with progressive behavioural disturbances
(behavioural variant FTD, bvFTD) [3] and / or language impairments (primary progressive
aphasia, PPA),[4] which may be accompanied by motor symptoms such as parkinsonism and
motor neuron disease.[2] An underlying autosomal dominant genetic mutation is identified
in 10-20% of cases, most commonly in GRN, C9orf72 or MAPT.[2,5]

Diagnosing FTD is frequently challenging due to its heterogeneity and overlapping
symptomatology with several other neurodegenerative and non-neurodegenerative
diseases, and substantial diagnostic delay is not uncommon. With the arrival of therapeutic
trials, which may be most effective in early, possibly even preclinical stages of disease, a
timely diagnosis of FTD is increasingly important.[5]

Alterations in cerebrospinal fluid (CSF) or blood that reflect FTD-related pathological
processes could serve as biomarkers to detect FTD, track disease progression and evaluate
the effect of trial medication. Genetic forms of FTD provide an ideal framework to identify
such biomarkers, as they offer the opportunity to study mutation carriers as they transition
from asymptomatic into clinically overt disese stages.

The aim of this thesis was to identify and validate biomarkers in blood and CSF in genetic
forms of FTD.

Chapter 1.2 provides an overview of the current state of fluid biomarker research in sporadic
and genetic FTD.

In chapters 2 and 3 we use immunoassays to quantify the levels of potential fluid biomarkers
in presymptomatic and symptomatic genetic FTD. Chapter 2.1 describes the longitudinal
dynamics of serum neurofilament light chain (NfL), a promising marker of neuroaxonal
damage, whereas chapter 2.2 presents neuronal pentraxin 2 (NPTX2) as a novel CSF measure
of synapse integrity. Chapter 3 focusses on biomarkers that could reflect immune system
dysregulation in FTD. In chapter 3.1, we investigated CSF levels of soluble triggering receptor
expressed on myeloid cells-2 (STREM2), which is thought to reflect microglial activation.
Chapter 3.2 describes the measurement of CSF and blood levels of complement proteins.

Chapter 4 explores proteomic and genetic approaches to biomarker identification. Chapter
4.1 descibes the use of unbiased mass spectrometry, followed by a targeted validation step,
to identify novel CSF biomarkers. In chapter 4.2, we review the clinical spectrum of the
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C9orf72 repeat expansion and discuss genetic factors that might act as biomarkers to predict
the phenotype and disease course, with a particular focus on repeat length.

In chapter 5, we use discriminative event-based modelling to shed light on the temporal
relationship between various biomarkers. In chapter 5.1, we determine the sequence in
which a selection of fluid biomarkers becomes abnormal over the course of FTD, whereas
the disease progression model presented in chapter 5.2 includes fluid, neuroimaging and
cognitive biomarkers.

Chapter 6 presents the main findings, methodological considerations and possible
implications of this thesis as well as recommendations for further research. Finally, chapter
7 summarises the results of this thesis.
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Abstract

A timely diagnosis of FTD is frequently challenging due to the heterogeneous
symptomatology and poor phenotype-pathological correlation. Fluid biomarkers that reflect
FTD pathophysiology could be instrumental in both clinical practice and pharmaceutical
trials. In recent years, important progress has been made in developing biomarkers of
neurodegenerative diseases: amyloid-f and tau in cerebrospinal fluid (CSF) can be used to
exclude Alzheimer’s disease, while neurofilament light chain (NfL) is emerging as a promising,
albeit non-specific, marker of neurodegeneration in both CSF and blood. Gene-specific
biomarkers such as PGRN in GRN mutation carriers and dipeptide repeat proteins in C9orf72
mutation carriers, are potential target engagement markers in genetic FTD trials. Novel
techniques capable of measuring very low concentrations of brain-derived proteins in
peripheral fluids are facilitating studies of blood biomarkers as a minimally invasive
alternative to CSF. A major remaining challenge is the identification of a biomarker that can
be used to predict the neuropathological substrate in sporadic FTD patients.
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Introduction

The improved understanding of FTD coupled with the emergence of clinical trials has
generated much interest in identifying fluid biomarkers that reflect FTD pathophysiology.
Generally speaking, a biomarker is a measurable indicator of a normal biological or
pathological process. There are currently no FTD-specific fluid biomarkers routinely used in
clinical practice.

Diagnosing FTD on clinical grounds alone is frequently challenging, especially in early stages
of the disease. A correct and timely diagnosis is needed for appropriate management and
support and to exclude treatable causes. At the same time, disease-modifying drugs may be
most effective if administered at an early stage, i.e. when neuronal damage is minimal.[1] A
biomarker that can identify early disease stages could therefore not only improve clinical
management, but also have a key position in participant selection for clinical trials. In light of
the relative difficulty of quantifying short-term changes in cognitive functioning or atrophy
rates, such biomarkers might also be useful as surrogate markers of treatment effect.

Pathologically, FTD is characterised by frontotemporal lobar degeneration (FTLD) with
intracellular inclusions which are most commonly composed of the microtubule-associated
protein tau (FTLD-tau) or TAR-DNA binding protein-43 (TDP-43; FTLD-TDP). Less common
forms include FTLD-FUS (inclusions composed of FUS protein) and FTLD-UPS (ubiquitin-
positive inclusions without immunoreactivity for TDP-43 or FUS).[1,2] While the underlying
neuropathology is known in genetic forms of FTD, with MAPT mutations leading to FTLD-tau
and GRN- and C9orf72-mutations leading to FTLD-TDP, it is not easily predicted in sporadic
FTD based on clinical presentation alone.[1] Fluid biomarkers that can help to identify the
pathological substrate will be critical to select patients for etiology-directed therapeutic
trials.

This chapter explores the current state of fluid biomarkers in sporadic and genetic FTD and
discusses challenges in novel fluid biomarker development.

Fluid biomarker sources

Cerebrospinal fluid

Cerebrospinal fluid (CSF) has gathered the most interest as a source of fluid biomarkers in
neurodegenerative diseases. Its proximity to the brain and direct connection with the brain
interstitial fluid means that it is most likely to contain brain-derived proteins related to
neurological disease. CSF can be obtained through a lumbar puncture, a safe procedure with
post-lumbar puncture headache being the most significant complication, occurring in
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approximately 10% of patients.[3] However, lumbar puncture is invasive and inconvenient
for monitoring disease progression, and variability in the methods used to collect and store
CSF can considerably affect the measurement of certain analytes.[4]

Blood

Blood is an attractive alternative to CSF as its collection is minimally invasive and therefore
more suitable for repeated collection and disease monitoring. A small fraction of brain
proteins that cross the blood-brain barrier can be detected in very low concentrations in the
blood.[5] Recent technical developments in the field of ultrasensitive assays and mass
spectrometry have greatly improved detection of these brain-derived proteins.[6] Blood
biomarker development poses several challenges, including the possibility that the measured
analyte is derived from peripheral tissues instead of the brain, interference with
immunoassay platforms by resident blood proteins (albumin, immunoglobulins), and
potential degradation or masking of pathological markers through protease or protein carrier
activity.[5,7]

Other biomarker sources

There is a growing interest in biomarkers in other non-invasively obtained biofluids, including
saliva and urine. Several studies have shown that B-amyloid peptides and multiple tau species
are detectable in saliva, although results in patients with neurodegenerative diseases are
conflicting and require replication.[5,8] While promising, these biomarkers require
considerable work to determine their clinical utility and are not discussed further here.

Amyloid-B and tau

Background

The CSF biomarkers amyloid-Pa4; (AB42), phosphorylated tauis; (p-tauisi) and total tau (t-tau)
are increasingly being used in clinical practice to detect Alzheimer’s disease (AD) and are
thought to directly reflect hallmark pathological changes of AD, namely cortical amyloid
plaques, neurofibrillary tangles and neuronal loss.[9] Amyloid plaques are extracellular
aggregates of AR peptides which are formed after sequential cleavage of amyloid precursor
protein (APP). While most AR peptides are 40 amino-acids in length (ABao), the larger A4y is
considered more toxic due to its greater tendency to aggregate and misfold.[10, 11]
Neurofibrillary tangles are cytoplasmic aggregates of hyperphosphorylated tau protein and
are thought to be neurotoxic.[9]

Patients with AD typically have reduced CSF levels of AB42, due to cortical amyloid deposition,
coupled with increased p-tauis; due to tangle formation, and increased total tau which is
attributed to neuronal loss.[12-16] Together, these findings constitute the so-called AD CSF
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profile, which provides good diagnostic accuracy to identify patients with AD,[17] and has
recently been incorporated into research diagnostic criteria.[12] Levels of these CSF
biomarkers have been shown to correlate with pathological load on post-mortem
examination.[13,15,16,18] Of note, these biomarkers can already detect AD pathology in
preclinical and prodromal disease stages, and can be used to predict incipient AD in patients
with mild cognitive impairment.[17,19]

CSF amyloid-B and tau in FTD diagnosis

In FTD, ABa4; and p-tauis; are typically normal and t-tau levels may be normal or elevated,
likely due to a release of tau protein following neuronal loss.[20-22] Thus, in the diagnostic
work-up of FTD, these biomarkers are useful to exclude underlying AD, but cannot confirm
or rule out FTD pathology. An elevated ratio of p-tauisi:APs, or t-tau:ABs; provides an
especially accurate differentiation of FTD from AD (sensitivity 87-89%, specificity 79-
80%).[23] This may be particularly relevant in patients with inconclusive clinical
presentations, such as prominent behavioural symptoms, which could be ascribed to
behavioural variant FTD or frontal variant AD, or primary progressive aphasia, which can be
a feature of either FTD or AD.[24] Correctly identifying patients with underlying AD has
become increasingly important with the advent of cholinesterase inhibitors and memantine,
which are effective in reducing symptoms in AD but not in FTD and may even worsen FTD
symptoms.[25,26]

Remarkably, lower levels of the secreted form of APP (sAPPB) have been reported in FTD
patients compared to both AD patients and cognitively healthy subjects,[27-29] suggesting
that APP-derived peptides may be involved in FTD through amyloid-independent
mechanisms.

Potential pitfalls of CSF amyloid-f and tau

Importantly, post-mortem studies have revealed that FTD patients frequently have some
degree of concomitant AD pathology.[30] Especially in patients over the age of 75 years,
some degree of AD pathology is common, and up to 30% of cognitively healthy elderly
subjects have an AD CSF profile.[31,32] Therefore, in patients with an AD CSF profile whom
are clinically suspected of having FTD, the possibility of AD and FTD co-pathology should be
considered.

Furthermore, between-individual variation in overall AR production or secretion may cause
AB4; to fall within the normal range despite underlying amyloid pathology; the use of AB4z/40
ratios is thought to provide a more reliable measure of amyloid pathology.[33]
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CSF AB and tau measurements are sensitive to variations in (pre)analytical conditions.
Recommendations for optimal CSF collection include the use of polypropylene collection
tubes since AB4, and other proteins adhere to polystyrene tubes, significantly reducing
measured concentrations; similarly, use of lumbar catheters or manometers should be
avoided.[4] Variability also exists between and within commercially available ELISA-based
assays, calibration peptides and platforms, meaning that interlaboratory and interassay
consistency is poor,[34] and direct comparisons between laboratories and across techniques
are not reliable.[18] International efforts are underway to harmonise protocols and assays
within and between laboratories.[35]

CSF tau to differentiate between pathological subtypes of FTD

Two previous studies did not find a difference in CSF p-tauig; between FTD patients with or
without underlying tau pathology,[36,37] although one study did reveal an association
between the severity of tau pathology and CSF p-tauis; levels in FTD patients.[38] The ratio
of p-tauis: to t-tau is lower in patients with TDP-43 pathology than in those with tau
pathology,[1,39-42] although this finding may be driven by the presence of concomitant
amyotrophic lateral sclerosis (ALS) (leading to more pronounced neuronal loss and thus
higher t-tau levels) in some patients with TDP-43 pathology. Novel tau fragments to
distinguish FTD with tau pathology from FTD with TDP-43 pathology have thus far yielded
insufficient diagnostic accuracy.[18,43]

Blood amyloid-B and tau

There is a growing interest in the measurement of AR and tau species in blood as an
alternative to CSF. Although previous results were conflicting, recent studies using
ultrasensitive analytical assays have demonstrated decreased levels of blood AB4; in patients
with AD. Blood and CSF AB4, levels are correlated and blood AB4, appears to reflect AD-
associated pathology with fair diagnostic accuracy.[44,45] Similarly, plasma tau levels are
increased in AD patients compared to controls, although not as clearly as in CSF, hampering
its diagnostic use.[44,45] These results are promising and warrant further research in larger
cohorts.

Neurofilament proteins

Neurofilament proteins (Nfs) are rapidly emerging as the most promising fluid biomarkers
for FTD.[46] The discovery that elevation of neurofilament light chain (NfL), which is thought
to reflect neuroaxonal damage, can be measured reliably both in CSF and blood has created
much interest in NfL as an easily-accessible biomarker across a spectrum of neurological
diseases.[47,48]
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Background

Nfs are cilindrical heteropolymers located exclusively in the neuronal cytoplasm and are the
dominant protein of the axonal cytoskeleton. Nfs consist of three subunits, classified
according to molecular weight: neurofilament light chain (NfL), medium chain (NfM) and
heavy chain (NfH), of which NfL is the most abundant. Nfs are thought to be critical for
stability and radial growth of axons, thereby modulating nerve conduction velocity.[49]
Under normal circumstances, Nfs are stable within axons and have a low turnover rate. Upon
damage to the axon, Nf molecules are released into the extracellular space, where they
traffic to the CSF and, after passing through the blood-brain barrier, enter the
bloodstream.[49,50]) The release of Nfs occurs irrespective of the etiology of the
neuroaxonal injury; therefore, elevated levels are seen in CSF and blood in patients with
various neurological disorders, including dementias, stroke, traumatic brain injury, multiple
sclerosis, and Parkinson’s disease.[47,48] Due to its relative abundance and solubility, NfL
can be more readily quantified in biofluids than NfH and NfM.[49] Blood and CSF NfL levels
are highly correlated,[51-53] and advances in ultrasensitive assays (single molecule array,
Simoa) have greatly improved the accuracy of blood NfL measurements.[54]

Neurofilament light chain in FTD

A large number of studies have consistently reported strongly elevated NfL levels in CSF and
blood of FTD patients, with diagnostic accuracy over 90% to distinguish FTD patients from
healthy individuals.[55,56] These NfL increases occur in all FTD phenotypes,[28,57-63] with
especially high levels in patients with concomitant ALS.[52,60,64,65] Although higher levels
have been reported in patients with confirmed TDP-43 pathology compared to those with
tau-pathology, this difference may be driven by patients with concomitant ALS in the TDP-43
group.[41,58,65,66]

NfL levels are significantly higher in FTD than in other frequent causes of dementia, including
AD, vascular dementia and dementia with Lewy bodies.[55,62,64,67,68] The pronounced NfL
elevations seen in FTD may be related to the anatomical location of neurodegeneration, or
due to a higher rate of neuronal death, since especially high NfL levels are also seen in the
rapidly progressive Creutzfeldt-Jakob disease.[66,69] However, considerable overlap in NfL
levels exists between dementias, and the discriminatory power of NfL on its own to
distinguish FTD from disease mimics is only modest.[55] A promising strategy may be to
combine NfL with other fluid biomarkers; for instance, the addition of NfL to core AD CSF
biomarkers significantly improves the discrimination between AD and FTD compared to AD
CSF biomarkers alone.[66,67]
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NfL appears be a useful diagnostic biomarker to distinguish FTD from non-neurological
disorders, including primary psychiatric disorders, in which NfL levels are typically
normal.[70-73] Blood NfL may provide an easily accessible, inexpensive screening tool to
identify patients who are likely to have an underlying neurological disease and require

further investigation.

Importantly, patients with high NfL levels have more brain atrophy, more functional and
cognitive impairment, faster disease progression, and shorter overall survival than patients
with low NfL levels,[52,61,62,65,66,68,74,75] demonstrating the value of NfL as a prognostic
biomarker. NfL may therefore be a useful tool to inform patients and caregivers about the
expected clinical course, and to distinguish patients with clinical hallmarks of FTD who are
likely to further decline from those with non-progressing variants (benign or phenocopy FTD
syndrome).[76]

Presymptomatic carriers of mutations in GRN, C9orf72 and MAPT typically have low NfL
levels,[52,60,65] indicating a low rate of axonal turnover, with sharp increases observed at
least 1-2 years prior to symptom onset in one longitudinal study.[65] These increases likely
reflect early axonal damage in a prodromal disease stage and suggest that NfL could be a
valuable selection tool in clinical trials to identify mutation carriers approaching symptom
onset. Another promising application of NfL is as a surrogate marker of treatment effect in
clinical trials. In multiple sclerosis, NfL decreases have been observed after treatment with
anti-inflammatory drugs,[77] and in AD mouse models, NfL decreased after inhibition of
amyloid beta production,[78] suggesting that NfL is a dynamic marker of disease activity. As
blood NfL levels are generally stable over the course of FTD,[62,65] a decrease in blood NfL
during an FTD trial might reflect a reduced rate of neuroaxonal breakdown in response to
the study drug.

CSF and blood NfL levels increase with age among healthy adults, possibly reflecting slow,
ongoing axonal turnover as part of physiological ageing.[47,48] This necessitates the
development of age-adjusted normal values before NfL can be used in clinical practice.
International efforts are underway to harmonise pre-analytical and analytical parameters
and to develop universal reference values, which will allow reliable comparison of results

from different laboratories.[47]

TDP-43

Background
Aggregation of TDP-43 is a hallmark pathological feature of most tau-negative cases of FTD,
as well as almost all cases of ALS.[79-83] Under normal circumstances, TDP-43 is
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predominantly localised in the nucleus,[84] where it functions as a transcription factor and
regulates important cellular functions such as splicing activity and mRNA stability.[85] In
disease, pathological TDP-43 isoforms (phosphorylated and ubiquitinated full-length TDP-43
as well as C-terminal TDP-43 fragments) are redistributed to the cytoplasm, where they form
aggregates which are thought to be toxic.[79,82]

Biomarkers of TDP-43 pathology

Underlying TDP-43 pathology can be predicted in patients with a mutation in GRN or C9orf72,
but not in patients with sporadic FTD.[2] Etiology-specific treatment trials will require
biomarkers that can detect TDP-43 pathology during the patients’ lifetime to select suitable
patients. Thus far, efforts to measure disease-specific forms of TDP-43 in biofluids of ALS and
FTD patients have yielded inconsistent results.

TDP-43 antibodies used to date have the ability to detect full-length TDP-43 as well as
phosphorylated full-length TDP-43 and longer C-terminal fragments, but not the shorter C-
terminal fragments which are abundant in brain tissue of ALS and FTD patients.[86] Elevated
levels of full-length TDP-43 in CSF of patients with ALS or FTD have been reported,[87-89]
albeit with considerable overlap between groups, while another study reported decreased
CSF TDP-43 in FTD patients.[42] Phosphorylated TDP-43 in CSF was not different in FTD or
ALS compared to controls.[42,90] One small study reported elevated plasma phosphorylated
TDP-43 levels in C9orf72- or GRN-associated FTD;[90] this finding requires replication in a
larger cohorts.

Accurate quantification of TDP-43 in CSF or blood is challenging for several reasons. TDP-43
is a ubiquitously expressed protein and is abundant under normal circumstances. The
majority of CSF TDP-43 appears to be blood-derived and not brain-derived, although it may
be possible to enrich for brain-specific fractions of TDP-43 from exosomes in CSF.[91]
Monoclonal antibodies which selectively recognise pathological forms of TDP-43, such as
short C-terminal TDP-43 fragments, will therefore be critical.[86] Furthermore, quantification
of TDP-43 and especially its phosphorylated form appears limited by very low concentrations
or low binding affinity of the antibodies in the presence of abundant immunoglobins or
albumin,[92,93] highlighting the need for technical improvements in assays.[83]

Markers of inflammation and astrogliosis

Background
Increasing clinical, genetic and cellular evidence suggests that chronic neuroinflammation
plays an important role in FTD. Key observations include microglial and astrocytic activation
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in the frontal and temporal cortices both in post-mortem brain tissue and positron-emission
tomography (PET), a shared genetic risk between FTD and autoimmune diseases, and a direct
link between several FTD-related genes and inflammatory pathways.[94-102] While the exact
contribution and timing of neuroinflammation in FTD remains controversial, different disease
stages may be characterised by different immune mechanisms, making neuroinflammation
an interesting source for potential fluid biomarkers.

Glial markers

Microglia, the resident macrophages of the central nervous system, likely play a central role
in neuroinflammation. Resting microglia are involved in homeostasis, and can become
activated upon exposure to pathogens or inflammatory stimuli to produce a range of signal
molecules, including cytokines, chemokines and complement molecules, which ultimately
result in a pro- or an anti-inflammatory CNS microenvironment.[102-105] Similarly,
astrocytes are believed to modulate neuroinflammation.[102] The upregulation of microglia
and astrocytes in FTD brains has generated interest in biomarkers that can track glial
activation in vivo. Candidate glial biomarkers include YKL-40, chitotriosidase-1 (CHIT-1) and
glial fibrillar acidic protein (GFAP).

YKL-40, also known as chitinase 3-like 1, is produced primarily by reactive astrocytes but also
microglia.[106] CSF YKL-40 is elevated in FTD as well as several other dementias, with
especially high levels in aggressive and rapidly progressive dementias.[27,28,107-113]
Although YKL-40 is thought to be a non-specific biomarker of glial activation, a positive
association has been found with tau deposits, suggesting that YKL-40 upregulation may be
particularly sensitive to tau aggregation.[27]

CHIT-1 is an enzyme which is expressed and secreted by activated microglia. A recent study
in 72 FTD patients reported elevated CHIT-1 levels compared to controls,[114] although a
previous smaller study did not find these elevations.[115] Importantly, CHIT-1 concentration
may be reduced in subjects carrying a CHIT1 polymorphism common in European
populations, complicating its use as a biomarker.[115,116]

Glial fibrillar acidic protein (GFAP), a cytoskeletal filament protein in astrocytes, is produced
and released by astrocytes during neurodegeneration.[117] High levels of GFAP in blood have
been found in several neurodegenerative diseases, with remarkably high levels in
FTD,[118,119] suggesting that astrogliosis may be an especially prominent feature of FTD.

The microglial transmembrane receptor TREM2 appears to play a role in microglial
homeostatic pathways,[120] and has been investigated as a candidate biomarker for
neurodegeneration since genetic variants of TREM2 are associated with an increased risk of
FTD, AD, ALS and PD.[121-126] Its ectodomain can be released into the extracellular space
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as a soluble protein (STREM2), which is measurable in CSF and blood.[127] While small
studies reported conflicting results in STREM2 levels,[128-130] a more recent and larger
study observed no differences between FTD patients versus controls except in a small
number of GRN mutation carriers.[131]

While these glial markers provide further evidence for aberrant microglial and astrocytic
activity in FTD, their diagnostic potential is limited as considerable overlap exists with
controls. Similarly elevated levels have been reported in several other neurodegenerative
diseases, likely reflecting a shared, non-specific glial activation. Furthermore, YKL-40, CHIT-1
and TREM2 are expressed by multiple peripheral cell types, which could affect their
measurement.[107,120,132] GFAP, on the other hand, is brain-specific and therefore may
be a more interesting candidate.[117]

Cytokine markers

There is extensive, although somewhat conflicting, evidence for altered pro- and anti-
inflammatory cytokine profiles in CSF and blood.[102] For instance, increased levels of blood
IL-6 were found in GRN mutation carriers [133] and sporadic FTD,[134] while another study
showed no differences in CSF IL-6 in FTD versus controls.[135] Similarly, TNF-alfa was
increased in CSF of patients with sporadic FTD,[136] while another showed a reduction in ten
GRN mutation carriers.[137] More consistently elevated levels have been found for MCP-1
(monocyte chemoattractant protein 1).[137-139]

These results are mostly derived from small studies and must be interpreted with caution.
Peripheral cytokine measurements may be influenced by concurrent infections or other
inflammatory conditions outside of the brain. Furthermore, cytokine profiles likely vary
depending on the disease stage. Finally, the interpretation of in- or decreased cytokine levels
is complex: the original classification of pro-inflammatory and anti-inflammatory cytokines is
likely too simplistic, as a given cytokine may behave as either pro- or anti-inflammatory
depending on the circumstances [140].

Other candidate biomarkers of neuroinflammation

One study of patients with GRN-associated FTD has demonstrated increased CSF levels of the
complement proteins Clg and C3b.[141] Clqg and C3b are essential components of the
classical and alternative complement pathways, which comprise a sequence of protein
cleavages and eventually contribute to a pro-inflammatory state. Mouse models showing a
potentially important role for complement in synaptic pruning underline the need for
replication of complement protein measurements in CSF and blood.[141]
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Gene-specific biomarkers

Progranulin in GRN mutation carriers

Background

Progranulin (PGRN) is a ubiquitously expressed growth factor which plays important roles in
normal tissue development, cell proliferation and regeneration, and inflammation. In the
brain, PGRN is expressed in neurons and microglia and promotes neurite outgrowth,
neuronal survival and differentiation, although its exact physiological roles in the nervous
system are not fully understood.[142] PGRN also appears to suppress neuroinflammation
and modulate neuronal lysosome function, with homozygous mutations in GRN, the gene
encoding PGRN, leading to the Ilysosomal storage disease neuronal ceroid
lipofuscinosis.[143] PGRN can be cleaved into granulins, which are also biologically active,
but often with opposing actions, suggesting that the equilibrium between PGRN and
granulins is important for tissue homeostasis.[142]

Progranulin in FTD

Heterozygous mutations in GRN are among the most common causes of genetic FTD.[144-
146] Most pathogenic GRN mutations introduce a premature stop codon that triggers
nonsense-mediated decay of GRN mRNA, leading to a 50% reduction of PGRN protein levels
through haploinsuffiency.[144,145] This reduction in PGRN levels can be detected through
immunoassays both in the CSF and blood, enabling accurate recognition of FTD patients due
to a GRN mutation versus those with sporadic FTD (sensitivity 96%, specificity up to
100%).[147-154] PGRN levels are already decreased in the presymptomatic stage, even in
the second or third decade of life, indicating that dysregulated PGRN expression is a very
early event during the lifespan of mutation carriers. Blood PGRN levels can therefore also
distinguish presymptomatic GRN mutation carriers from non-carriers with near perfect
sensitivity and specificity.[150,155] Its concentration does not reflect the extent of
neurodegeneration and is therefore not useful as a prognostic or disease staging
biomarker.[150]

Blood PGRN measurements may be helpful to determine the pathogenicity of novel GRN
mutations, or to detect mutations not found on standard genetic screening, such as large
deletions.[150] Since genetic testing is expensive and time-consuming, blood PGRN
determination offers a low-cost, minimally invasive screening tool to identify GRN mutation
carriers, who should then be subjected to further genetic testing. The ability to screen FTD
patients for GRN mutations on a large scale is particularly important in light of therapeutic
trials aimed at increasing PGRN protein levels.[150]
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Since blood PGRN appears to be stable over time,[150,155] PGRN levels can be used to
monitor whether a trial drug is effective in increasing PGRN levels. It is important to note that
CSF and blood PGRN are only moderately correlated, implying a differential regulation of the
two.[155-157] Peripheral PGRN levels may not adequately reflect those in the central
nervous system, and the absence of an effect on blood PGRN does not rule out an effect on
the brain or PGRN function. Furthermore, the extracellular PGRN levels measured in biofluids
might not sufficiently reflect intracellular levels, and it is not clear yet where the loss of PGRN
has its main effect.[142]

Much variability in PGRN levels exists within individuals, and various genetic and
environmental regulators influence PGRN levels. For example, PGRN levels are elevated in
inflammation and other clinical conditions including cancer and pregnancy,[158,159] and
certain single nucleotide polymorphisms (SNPs) are associated with increased or decreased
PGRN levels, including rs5848 (GRN), rs646776 (SORT1) and rs1990622
(TMEM106B).[155,156,160-162] Further research is needed to elucidate other factors that
may confound PGRN measurements.Given the distinct biological properties of granulin
peptides, developing antibodies against granulins to study ratios of PGRN to granulins as
potential biomarkers could be insightful.[142,149]

Dipeptide repeat proteins in C9orf72 mutation carriers

Background

The C9orf72 repeat expansion is the most frequent genetic cause of FTD and ALS.[163-168]
While the exact mechanism by which C9orf72 repeat expansions lead to neurodegeneration
is unknown, it has been proposed that toxic dipeptide repeat proteins (DPRs) could play a
role.[169] The expanded C9orf72 repeats are bidirectionally transcribed into repetitive RNA,
which forms sense and antisense RNA foci. These RNAs can be translated in every reading
frame through repeat-associated non-ATG initiated translation (RAN translation), generating
five DPRs, in order of abundance: poly(GA), poly(GP), poly(GR), poly(PA) and poly(PR).[170]
DPRs are found abundantly in brains of C9orf72-FTD/ALS patients,[170-173] mostly in
cytoplasmic neuronal inclusions, although remarkably, DPR burden does not coincide
neuropathologically with the degree of neurodegeneration.[174-177] Cell and animal models
have shown that poly(GR) and poly(PR), and to a lesser extent poly(GA), are toxic when
overexpressed, while poly(PA) and poly(GP) are unlikely to be toxic.[169]

Dipeptide repeat proteins in CSF

Poly(GP) can be quantitatively detected by ELISAs in CSF,[178] revealing high levels in
patients with ALS or FTD due to C9orf72 repeat expansions. In sporadic cases, on the other
hand, poly(GP) levels were generally very low or undetectable,[178,179] although one study
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reported high poly(GP) levels in a small number of patients without the repeat
expansion.[180] One possible explanation could be somatic mosaicism, where a pathological
repeat is present in the central nervous system but not in peripheral blood, preventing
detection of C9orf72 repeat expansions in peripheral blood. It has been shown in mice that
CSF poly(GP) levels correlate with DPR protein pathology, repeat RNA levels and RNA foci
burden.[179]

CSF poly(GP) elevations are already observed in presymptomatic C9orf72 mutation
carriers,[180-182] suggesting that DPR protein production emerges prior to
neurodegeneration. This is in agreement with the neuropathological detection of DPRs in
young presymptomatic C9orf72 cases.[183-185] CSF poly-GP levels do not correlate with
severity of neurodegeneration, disease progression or other clinical characteristics such as
age of disease onset,[179-182] limiting the value of poly(GP) as a disease staging or
prognostic biomarker.

Since the RNA transcripts of expanded C9orf72 repeats are believed to play a key role in
C9orf72 pathogenesis, interventions targeting transcription and translation of the repeat
expansion are a promising therapeutic strategy. Poly(GP) levels appear to be stable over
time,[179] and therefore measurement of poly(GP) before and during treatment presents a
feasible approach to measure target engagement. Antisense oligonucleotides (ASOs)
targeting repeat RNAs have been shown in mice to reduce CSF poly(GP) levels.[179]

Importantly, poly(GP) can be detected in peripheral blood mononuclear cells (PBMCs);
further research is needed to determine its potential as a blood-based biomarker.[179]

Most research to date has focused on measuring poly(GP) in CSF due to its high abundance
and solubility, making it the most likely DPR to be accurately measured.[169] Measurements
of poly(GA) and poly(GR), which show evidence of toxicity, might uncover associations with
clinical features not observed for poly(GP). To date, efforts to measure poly(GA) and poly(GR)
in CSF have been unsuccessful, possibly because the currently used assays are not sensitive
enough to detect very low concentrations of these DPRs.[186]

Concluding remarks and future directions

Recent years have seen great advances in identifying both general biomarkers of
neurodegeneration, such as NfL, as well as gene-specific biomarkers, including PGRN and
DPR proteins. There remains an unmet need for biomarkers that specifically reflect FTD
pathophysiology and, especially with the advent of clinical trials, biomarkers that can predict
the underlying neuropathological substrate in sporadic FTD.
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The heterogeneity of FTD complicates biomarker development, and the use of a clinical
diagnosis as a reference standard is a potential source of heterogeneity given the high false
positive rate of FTD clinical diagnosis.[30] Although novel biomarkers would ideally be
validated in post-mortem studies, studying genetic forms of FTD, which enable accurate
prediction of the underlying pathological substrate during life, provide a valuable alternative.
A combination of analytes that reflect different biological processes is likely to yield more
information than single biomarkers alone. Longitudinal studies are needed to determine at
what stage during the disease various biomarkers start to become abnormal.

The use of proteomics is a promising strategy to detect differentially regulated proteins in
biofluids, although in-depth validation of mass spectrometry results is needed to overcome
differences in technical parameters.[187] Candidate proteins that have been identified in
multiple independent CSF proteomics studies are likely the most promising and include
synaptic proteins, such as neuronal pentraxins and VGF, as well as numerous inflammation-
related proteins.[187-193]

A crucial step before a biomarker can be implemented in clinical practice is multicentre
standardisation and harmonisation of pre-analytical and assay characteristics, as is currently
being done for core AD biomarkers.[35] Developing normal reference values and cut-points
is essential and needs to take into account age-related changes in biomarker levels, such as
is the case for NfL and several inflammation-related biomarkers.[102] Many of the
biomarkers discussed in this chapter are not FTD-specific (e.g. NfL) or brain-specific (e.g.
markers of neuroinflammation, TDP-43), and a thorough understanding of potential
confounding factors is needed before these biomarkers can be relied upon in a clinical
setting.
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Abstract

Background: Neurofilament light chain (NfL) is a promising blood biomarker in genetic
frontotemporal dementia (FTD), with elevated levels in symptomatic carriers of mutations in
GRN, C9orf72 and MAPT. A better understanding of NfL dynamics is essential for upcoming
therapeutic trials. We investigated longitudinal NfL trajectories in (pre)symptomatic genetic
FTD.

Methods: We included 59 symptomatic and 149 presymptomatic carriers of a mutation in
GRN, C9orf72 or MAPT, and 127 non-carriers participating in the Genetic FTD Initiative
(GENFI), a multicentre cohort study of genetic FTD families across Europe and Canada. We
measured NfL by Simoa in 2-6 longitudinal serum samples, collected between June 2012 and
September 2017 through annual follow-up visits which also included MR imaging and
neuropsychological assessment. Nine presymptomatic carriers became symptomatic during
follow-up (‘converters’). Using mixed effects models, we analysed NfL changes over time and
correlated them with longitudinal imaging and clinical parameters, controlling for age, sex
and study site.

Findings: Baseline NfL was elevated in symptomatic carriers (median(interquartile range) 52
pg/ml (24-69)) compared to presymptomatic carriers (9 pg/ml (6-13); p<0.0001) and non-
carriers (8 pg/ml (6-11); p<0.0001), and was higher in converters than in non-converting
carriers (19 pg/ml(17-28) vs. 8 pg/ml (6-11); p=0.0007) (controlled for age). During follow-
up, NfL increased in converters (b=0.097; standard error(SE)=0.018; p<0.0001). NfL was
stable in symptomatic C9orf72 and MAPT carriers, with an increase in symptomatic GRN
carriers (b=0.040; SE=0.017; p=0.019). Rates of NfL change over time were associated with
rate of decline in Mini Mental State Examination and atrophy rate in several grey matter
regions.

Interpretation: This study confirms the value of blood NfL as a disease progression biomarker
in genetic FTD and suggests that longitudinal NfL measurements could identify mutation
carriers approaching symptom onset and capture rates of brain atrophy. The characterisation
of NfL over the course of disease provides valuable information for its use as a treatment
effect marker.
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Introduction

Frontotemporal dementia (FTD) is a common cause of young-onset dementia and is
characterised by progressive behavioural and/or language changes.[1,2] Autosomal
dominant inheritance is present in 20-30% of cases, most commonly due to mutations in
granulin (GRN), chromosome 9 open reading frame 72 (C9orf72) or microtubule-associated
protein tau (MAPT).[3] With upcoming therapeutic trials, biomarkers are needed to identify
the appropriate moment to start treatment, likely in the preclinical stage, and as surrogate
endpoints to measure treatment effect.

Cross-sectional studies have shown that neurofilament light chain (NfL), a constituent of the
axonal cytoskeleton, is a promising diagnostic and prognostic blood biomarker in genetic
FTD, with low levels in presymptomatic mutation carriers and high levels in symptomatic
carriers.[4-6] NfL is elevated in various other neurological diseases, likely reflecting
neuroaxonal degeneration.[7] In multiple sclerosis, NfL decreases have been observed after
anti-inflammatory treatment,[8] and in Alzheimer’s disease (AD) mouse models, decreases
were seen following inhibition of amyloid-B deposits,[9] suggesting that NfL is a dynamic

marker of disease activity.

Thus far, it is unknown when NfL starts to increase and how NfL changes over the course of
FTD. The Genetic FTD Initiative (GENFI), which follows carriers of mutations in GRN, C9orf72
and MAPT, provides an opportunity to prospectively study disease progression from
presymptomatic to overt FTD and to identify biomarkers of early pathologic processes.

In this study, we longitudinally measured serum NfL using an ultrasensitive Single Molecule
Array (Simoa) in the GENFI cohort to evaluate its temporal profile in genetic FTD. We used
corresponding brain imaging and clinical datasets to study whether NfL changes correlate
with rates of brain atrophy and clinical decline.

Methods

Subjects

We included 335 subjects from 14 centres collaborating in GENFI, which follows patients with
FTD due to a pathogenic mutation in GRN, C9orf72 or MAPT (symptomatic mutation carriers)
and healthy at-risk first-degree relatives (either presymptomatic mutation carriers or non-
carriers).[10] Participants were included in the current study if at least two serum samples
were available with a time interval of six months or more. Exclusion criteria included
neurological comorbidities likely to affect NfL, including cerebrovascular events.[7] The final
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dataset included 59 symptomatic (25 GRN, 24 C9orf72, 10 MAPT) and 149 presymptomatic
(79 GRN, 46 C9orf72, 24 MAPT) mutation carriers and 127 non-carriers. We included 2-6
serum samples for each subject from distinct time points, with a total of 891 samples. A small
subset of these samples was collected prior to inclusion in GENFI. The median follow-up
duration between the first and last sample was 2.1 years (figure S1, table S1).

As part of GENFI, participants were followed yearly or two-yearly by a semi-structured health
interview, neurological and neuropsychological examination, blood sample collection and
MR imaging. Knowledgeable informants (e.g. spouse, sibling) were interviewed about
potential changes in cognition and/or behaviour. Global cognitive functioning was scored
using the Mini Mental State Examination (MMSE) and the Frontotemporal Lobar
Degeneration-Clinical Dementia Rating scale (FTLD-CDR); changes in MMSE and FTLD-CDR
were used as measures of clinical decline.

Subjects were considered symptomatic (either at baseline or during follow-up) based on
international consensus criteria.[1,2] Symptom onset was defined as the moment of first
symptoms as noted retrospectively by caregivers. The presence of concomitant amyotrophic
lateral sclerosis (ALS) was defined according to revised El Escorial criteria.[11]
Presymptomatic mutation carriers had no evidence of motor deficits, behavioural or
cognitive changes, as assessed by neurological and neuropsychological examination and
structured informant interviews.

Standard protocol approvals and patient consents
Local ethics committees at each site approved the study and all participants provided written
informed consent. Clinical researchers were blinded to genetic status of at-risk individuals
unless subjects had undergone predictive testing.

Sample collection, processing and storage

Blood was collected by venipuncture in SST-tubes and centrifuged at 2000g for 10 minutes
at room temperature within three hours of withdrawal according to a standardised GENFI
protocol. After centrifugation, serum was stored at -80°C until use. Participants were not
instructed to fast and time of day at blood collection was variable.

Laboratory methods

Serum NfL was measured in duplicate using the Simoa NF-Light Advantage Kit from Quanterix
on a Simoa HD-1 Analyzer instrument according to the manufacturer’s instructions. The
mean coefficient of variation (CV) of duplicate measurements was 4.7% (range 0-15%);
samples with a CV>15% were re-measured. Samples were analysed in nine runs; longitudinal
samples of each subject were measured in the same run. The mean between-run CV of
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quality control samples was 8.3% (range 3.7-12%). Four samples were excluded due to visual
hemolysis; one sample was excluded due to a CV>15% and insufficient serum to rerun the
measurement. The number of subjects remained unchanged as additional follow-up samples
were available for each of these subjects. Laboratory technicians were blinded to clinical

information.

Neuroimaging

T1-weighted volumetric imaging was available at baseline in 276 subjects and at follow-up in
258 subjects (2-4 scans per subject, minimum interval between scans: six months). Follow-
up imaging was acquired on the same scanner as the baseline visit. All MRI scans were
acquired using a standardised GENFI exam card'® on 3 Tesla MRI scanners and were visually
checked for artefacts prior to image processing according to a standardised GENFI protocol.
Each MRI scan was coupled to a serum sample with a maximum interval of six months
between the serum sample and scan.

T1-weighted MRI scans were parcellated into cortical and subcortical regions as previously
described[10] using an atlas propagation and label fusion strategy,[12] combining regions of
interest to calculate grey matter cortical volumes (frontal, temporal, parietal, occipital,
cingulate and insular cortices), subcortical volumes (hippocampus, amygdala, caudate
nucleus, putamen, thalamus) and cerebellar volume of both hemispheres combined
(http://www.neuromorphometrics.org:808/seg/). We measured whole-brain grey matter

volumes using a semi-automated segmentation method.[13] Total intracranial volume (TIV)
was measured with SPM12 (Statistical Parametric Mapping, Wellcome Trust Centre for
Neuroimaging, London, UK) as the combination of grey matter, white matter, and CSF
segmentations.[14] To ensure accurate delineation of regional volumes, segmentation
output files were visually checked by experts.

All grey matter volumes were expressed as a percentage of TIV.

Statistical analyses
Statistical analyses were performed in R and IBM SPSS Statistics 24. Statistical significance
was set at 0.05 (two-sided).

Cross-sectional analyses of baseline data

For cross-sectional analyses, we identified three groups: symptomatic mutation carriers,
presymptomatic mutation carriers (including those who converted to the symptomatic stage
during follow-up) and non-carriers. Group comparisons were performed using Kruskal-Wallis
tests with post-hoc Dunn’s test, as NfL was not normally distributed. NfL was normally
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distributed after log-transformation (by Kolmogorov-Smirnov tests and histogram- and Q-Q
plots; figure S2), and we additionally compared log(NfL) between clinical groups adjusting for
age by ANCOVA; disease duration was included as a covariate in comparisons between
symptomatic mutation carriers. NfL was correlated with each of the regional brain volumes
(model A1), MMSE (model A2) and FTLD-CDR (model A3) through multiple linear regression,
adjusting for age, sex and study site and, in brain volume analyses, for MRI scanner type.
MMSE and FTLD-CDR analyses were limited to symptomatic mutation carriers to study
whether the severity of cognitive and functional deficits during the course of FTD was
correlated with NfL. Diagnostic performance of NfL was assessed by areas under the curve
(AUC) obtained by receiver operating characteristic (ROC) analyses, with optimal cut-off
levels determined by the highest Youden’s index.

We fit a linear regression model to analyse whether baseline NfL in presymptomatic
mutation carriers differed compared to non-carriers as they approached their expected
disease onset (model B). The large variation in onset age within families would render
analyses based on family onset age invalid.[10,15,16] Therefore, we used age as a proxy to
approaching symptom onset. We used log-transformed baseline NfL and included age,
mutation status (mutation carrier or non-carrier) and an interaction between these terms.
Polynomials or natural cubic splines of age did not improve the model fit. In case of a
significant interaction term, estimated NfL at ages 40-60 with 2-year intervals was compared
between mutation carriers and non-carriers, with Bonferroni correction.

Longitudinal analyses of follow-up data

For longitudinal analyses we identified four groups: symptomatic mutation carriers,
presymptomatic mutation carriers (who remained presymptomatic during follow-up),
converters (who developed FTD during follow-up) and non-carriers. We analysed NfL
changes using linear mixed effects models to account for the correlation between repeated
measurements in each subject. We specified the following fixed effects: time (time = 0 at
first serum sample), clinical group (non-carrier, presymptomatic carrier, converter,
symptomatic carrier, with non-carriers as the reference group), age, sex, study site and an
interaction term between time and clinical group (model C). We included random intercepts
and slopes of time per subject. NfL was log-transformed to meet the models’ assumptions.
Appropriate random and fixed effects structures were selected using likelihood ratio tests.
Polynomials or natural cubic splines of time did not improve the model fit. Differences in NfL
change over time between mutation groups were studied through post-hoc analyses with an
interaction term between time and the combination of mutation group and clinical status.

Next, we calculated rates of NfL change using mixed effects models with time as the fixed
effect and a random slope and intercept of time per subject (model D). We correlated grey



Biomarkers of neuroaxonal and synaptic integrity | 51

matter volume with rate of NfL change by mixed effects models with age, sex, study site and
MRI scanner type as covariates, and an interaction between time and rate of NfL change to
study whether rate of NfL change was associated with grey matter volume change over time
(model E1). We correlated NfL change with MMSE- and FTLD-CDR change in symptomatic

carriers using the same approach (model E2 and E3).
Formulas for all statistical models are provided in supplementary file 1.

Role of the funding source

The funders of the study had no role in study design, data collection, analysis and
interpretation, writing of the report or in the decision to submit for publication. The
corresponding author had access to all data and final responsibility in the decision to submit

for publication.

Results

Subjects

Baseline subject characteristics are shown in table 1. Nine presymptomatic mutation carriers
(6 GRN, 1 C9orf72, 2 MAPT) converted to the symptomatic stage during follow-up. Five
symptomatic C9orf72 mutation carriers had concomitant ALS.

Chapter 2



52 | Chapter 2

1533 sl||ep-lexsnay Ag, {(3s@1 s,uung d0y-3sod yum

1591 Sljjep-1eysnuy Ag €€0°0=d) SJaLued UoneINW | 4V/)A UBY} 19SUO WoldwAs e Jap|o Ajpuediyiudis sisidied uoeinw 771067 213ewoldwAs, /(a8e Joj uoi11da4i0d
Y3M S[DAS| TJN PaWI0JSue.l-80] U0 YAODINY AQ TO00Q 0>d suosiiedwod y10q) sialiied-uou pue siaiiied diewoidwAsaid ueyl sjpas] 4N 4aysiy Apuednyiudis
S1214ed d1ewoIdWAS, (3581 s,uung 20y-350d YiIM S1S33 SIj[EM-[BASNIY AQ TOOO 0>d SUOSIJEdWO0I Y30q) SIB1IIEI-UOU pUE SIB14IeD dljewoldwAsald ueyy
4aD-a114 J2ydiy pue ISININ Jamo| Ajpuedijiudis siatiied d13ewoldwAs, (3591 s,uung 20y-1s0d Yy1Mm 3593 Sij|eA-[B3SNIY AQ TO00 0>d suosiedwod |[e) Ajaieedas

2dA10ua3 yoes 10y pue ||BIBAO Y10 ‘SIalIIed-UOU pUE SI314Ied dljewoldwAsaid ueyl 4ap|o Ajzuedijiugis s1aliled d13ewoldwAs, 1sa) alenbs-1y) uosiead Ag,

(r-€1) (99-07) (9%-11)

AN - - - - 8'C (0874 9'C sJeaA ‘suljaseq 1e uolelnp aseasiq

(£5-T9) (69-55) (€9-¥5)

s6€0°0 - - - - SS €9 519 SJedA 19suo woldwAs je a8y

(sp-€€) (ss-8¢)  (L5-6€) (€9-95) (v£-29) (£9-95)

41000°0> - 6¢€ 3% 81 85 89 19 sieah a8y
- - 7T 9 6/ ot 7T 4 N
1dYWN 7441060 N¥S 1dYIN 2441062 N¥S uoippuwLIoful 21f15ads-aua9
- (9-0¢ (9-0¢ (s0¢ (98ueJ) 103lgns Jad sajdwes
- (67-801TT (9620 TT (T8-50)CT (98ued) uoneinp dn-mojjo4
»T000°0> (T1-9)8 (€1-9) 6 (69-72) ¢§ (lwi/3d) YN winuss
>T000°0> (0)o (0)o (§6-57) 81 ¥0D-a114
>1000°0> (0g-57) 0€ (0g-v7) 0€ (0g-8) 5T ISAIN
41000°0> (65-6€) 05 (55-6€) S (69-85) €9 sieah a8y
2000 (%97) 85 (%S€) 2§ (%19) 9€ (%) 3lew X3S
- [TT 6vT 65 N

d SI311IBD-UON SJ914Jed dlrewoldwAsald sJ914Jed d1newordwAs

— uonlesauadag Jeqo [e4odwaloIuo ‘Yad-QTl4 ‘Uoeuwex3 331e1S [BIUSIN IUIA ‘ISININ “(T=U) paioads asimiayio 1ou l4 (T=u) 14 Jueuiwopaid-Alowaw

'3]eds Supiey elpuswa( [eal

‘(T=u) As|ed seajonuesdns aAissaidoud yum L4 ‘(G=u) s1soua|as |esaie| dlydosroAwe yum gl 4 ‘(TT=u) eiseyde aaissaidoud Asewrud ‘(Ot=u) 14 1uelIBA [BINOIARYD]
:sJa11Jed uoneinw diewoldwAs jo sadAjousayd “(98ued aiienbiaiul) suelpaw se PaqlIIsap aJe $3|geLIBA SNONUIIUOD "BUI[9Seq 18 SIISLa1deleyd 193[gNns T d|qeL



Biomarkers of neuroaxonal and synaptic integrity | 53

Baseline NfL

Baseline NfL in symptomatic mutation carriers (median 52 pg/ml) was significantly higher
than in presymptomatic carriers (9 pg/ml) and non-carriers (8 pg/ml; both p<0.0001). These
differences were also seen for each mutation group separately. Symptomatic GRN mutation
carriers had higher baseline NfL (69 pg/ml) than symptomatic C9orf72 (39 pg/ml; p=0.005;
after exclusion of FTD-ALS cases: 37 pg/ml; p=0.004) and MAPT mutation carriers (20 pg/ml;
p<0.0001). Correction for age and, in the latter comparison, disease duration on log-
transformed NfL yielded similar p-values (figure 1a).

Age correlated significantly with NfL (rs=0.770; p<0.0001). This correlation was similarly
present when limited to non-carriers (rs=0.754; p<0.0001) with an estimated increase of
1.2% per year. No difference in NfL was found between males and females (9.6 pg/ml versus
9.2 pg/ml; p=0.101).

Overall, baseline NfL did not differ significantly between presymptomatic mutation carriers
and non-carriers (p=0.892). However, modelled by age (model B), a significant interaction
was found between mutation status and age (p=0.045), with higher NfL in presymptomatic
mutation carriers compared to non-carriers from the age of 48 years (contrast estimate at
48 years=0.065; standard error (SE)=0.024; p=0.033) (figure 1b). ROC analyses of baseline
NfL showed a high AUC to separate symptomatic from presymptomatic mutation carriers
(AUC 0.93 [95% CI 0.90-0.97]); sensitivity 86%, specificity 87% at cut-off level 17 pg/ml) and
to separate symptomatic mutation carriers from non-carriers (AUC 0.95 [95% Cl 0.92-0.98];
sensitivity 88%, specificity 91% at cut-off level 15 pg/ml) (figure S3).

NfL was correlated with grey matter volume of the whole brain (b=-0.021; SE=0.005;
p=0.0003), frontal lobe (b=-0.115; SE=0.016; p<0.0001), insula (b=-0.756; SE=0.183;
p=0.0006), cingulate gyrus (b=0.331; SE=0.092; p=0.005) and temporal lobe (b=-0.084;
SE=0.029; p=0.045).

In symptomatic mutation carriers, NfL was correlated with MMSE (n=55; b=-0.021; SE=0.007;
p=0.003) but not with FTLD-CDR (n=48; b=0.009; SE=0.008; p=0.221). No association was
found between NfL and disease duration (n=59; b=0.003; SE=0.009; p=0.749).
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Figure 1. (A) Baseline NfL in presymptomatic and symptomatic mutation carriers and non-carriers. Subjects in orange
were presymptomatic at baseline and converted to the symptomatic stage during follow-up. Grey squares indicate
symptomatic C9orf72 mutation carriers with both FTD and amyotrophic lateral sclerosis. Dashed horizontal line
indicates the suggested cut-off value of 17 pg/ml to separate symptomatic mutation carriers from presymptomatic
mutation carriers. Reported p-values are from ANCOVA on log-transformed NfL levels with correction for age and,
in comparisons between symptomatic mutation carriers, disease duration. *p=0.012; **p=0.005; ***p<0.0001. (B)
Baseline log(NfL) in pre-symptomatic mutation carriers (blue triangles) and non-carriers (green circles). Curves were
drawn by a linear regression model with a significant interaction term for age by carrier status (p=0.045; model B).
Shaded areas represent 95% confidence intervals. For blinding purposes, the displayed x-axis range is 25-80 years (9
subjects not shown) and a jitter of +2 years was added to all subjects (analyses were performed on raw data).
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Longitudinal NfL

Non-carriers had relatively stable NfL levels over time during follow-up (figure S4). Two non-
carriers had high NfL at baseline with large decreases during follow-up. The mixed effects
model (model C) of NfL change over time indicated a significant interaction between time
and clinical status on NfL (F(1,547)=10.6; p<0.0001).

Across all non-converting presymptomatic mutation carriers, a small but significant increase
in log(NfL) over time was found (b=0.015; SE=0.007; p=0.044). Post-hoc analyses revealed an
increase in presymptomatic C9orf72 (b=0.030; SE=0.011; p=0.005), but not in
presymptomatic GRN (p=0.528) or MAPT (p=0.298) mutation carriers. We visually identified
seven (non-converting) presymptomatic mutation carriers (4 C9orf72, 3 GRN, median age at
baseline 63 years) with large increases during follow-up (figure S5).

A significant NfL increase over time was found in converters (b=0.097;SE=0.018;p<0.0001)
(figure 2).

Figure 2. Individual NfL trajectories in converters. The dashed horizontal line represents baseline median NfL level
in non-converting presymptomatic mutation carriers. GRN mutation carriers are shown in green, C9orf72 mutation

carriers in red and MAPT mutation carriers in blue.
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The group of nine converters had higher NfL at baseline (before symptom onset) than non-
converting presymptomatic mutation carriers (median 19 versus 8 pg/ml, corrected for age
by ANCOVA, p=0.0007). ROC analyses revealed an AUC of 0.93 (95%Cl 0.89-0.98) to
distinguish converters from presymptomatic mutation carriers using baseline NfL (sensitivity
100%, specificity 84%, cut-off 15.0 pg/ml) (figure S3c). Details for each converter are shown
in table S2 and figure S6. In symptomatic mutation carriers, overall, NfL did not change during
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follow-up (b=0.017; SE=0.010; p=0.101) and remained elevated. Post hoc analyses revealed
an increase over time in GRN mutation carriers (b=0.040; SE=0.017; p=0.019), with much
variation in individual NfL trajectories (figure S5), while in symptomatic C9orf72 and MAPT
mutation carriers, NfL remained stable over time (p=0.650 and p=0.464 respectively). The
estimated NfL trajectories for each clinical group are shown in figure 3a.

Rates of NfL change
The rate of NfL change was significantly higher in converters than in non-carriers and non-
converting presymptomatic mutation carriers (both p<0.0001; model D) (figure 3b).

Correlations with longitudinal neuroimaging and clinical parameters

Across all groups, the rate of NfL change was significantly associated with the change over
time in volume of the frontal lobe, insula, cingulate gyrus, hippocampus, putamen (all
p<0.0001), whole brain volume (p=0.001), temporal lobe (p=0.001), amygdala (p=0.012) and
cerebellum (p=0.026) (figure 4; coefficients in table S7). The rate of NfL change was
significantly associated with  MMSE change over time (n=49; b=-94.7; SE=33.9; p=0.003)
(figure S7) but not with FTLD-CDR change (n=47; b=-3.46; SE=46.3; p=0.941) (models E1-E3).
Extended results for all statistical models are provided in tables S3-7.
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Figure 3. NfL change over time. (A) Estimated NfL trajectories for each clinical group, with curves drawn using mixed
effects modelling (model C), for males of median age. Dashed lines represent 95% confidence intervals. Time
indicates number of years since baseline sample. (B) Rates of NfL change per year across clinical groups. The boxes
map to the median, 25" and 75" quartiles and whiskers extend to 1.5 x interquartile range. Converters had
significantly higher rates of change than presymptomatic mutation carriers and non-carriers (p<0.0001) (by Kruskal
Wallis test with Monte Carlo method).
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Figure 4. Relationship between the annual rate of log(NfL) change and the rate of (A) frontal volume change and (B)
insular volume change, as extracted from linear mixed effects models (model D) in non-carriers (green),
presymptomatic carriers (blue), symptomatic carriers (red) and converters (orange). Shaded areas represent 95%

confidence intervals. All brain volumes are expressed as a percentage of total intracranial volume.
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Discussion

The present longitudinal study of the largest cohort of (pre)-symptomatic genetic FTD
showed stable NfL levels in most presymptomatic mutation carriers, a significant NfL increase
over conversion to the symptomatic stage, and stable, elevated NfL over the course of FTD.
Increases in NfL were associated with more pronounced atrophy rates in several brain

regions.

We found markedly elevated blood NfL in patients with genetic FTD, with good diagnostic
accuracy to distinguish symptomatic from presymptomatic mutation carriers, in accordance
with previous cross-sectional studies.[4-6] The correlation between cross-sectional NfL and
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MMSE supports the clinical relevance of this biomarker. We confirmed the previous finding
of especially high NfL in GRN-associated FTD,[4,5,17,18] which may be due to extensive white
matter pathology.[19]

We describe three major findings regarding presymptomatic NfL increases. First, in
converters, baseline NfL (1-2 years before symptom onset) was higher than in non-
converting presymptomatic mutation carriers. Similar findings have been reported in familial
ALS.[20] Second, we found higher baseline NfL in presymptomatic mutation carriers
compared to non-carriers from the age of 48 years. These presymptomatic NfL increases
likely reflect early axonal damage in a prodromal disease stage,[21] which may be a promising
intervention-time for disease-modifying therapies. The good diagnostic accuracy of baseline
NfL to distinguish converters from non-converting carriers (albeit in small numbers)
underlines the potential value of serum NfL as a candidate selection tool. More pre-
conversion data is needed to determine whether the rate of NfL change might be even more
sensitive to imminent conversion. Most converters in the present study were GRN mutation
carriers, which may to some extent have driven the overall NfL increase in converters. In
future studies it will be interesting to study possible gene-specific differences in the timing
of NfL increases. Finally, the large NfL increases observed in a small number of non-
converting presymptomatic mutation carriers, raise the question whether perhaps these
subjects are approaching conversion. Further follow-up as part of the GENFI study will reveal
whether or not this is the case.

The stable NfL levels in C9orf72 and MAPT symptomatic carriers in the present study are
consistent with observations in sporadic behavioural variant FTD,[18] ALS [20,22,23] and
familial AD.[24] In GRN mutation carriers, on the other hand, an overall increase over time
was seen with substantial fluctuations in NfL trajectories. Such fluctuations could hamper the
use of NfL as a biomarker of treatment effect. Further research is needed to elucidate
confounding factors of NfL in GRN mutation carriers. One possible explanation may lie in the
severity of neuroinflammation, which is thought to play an important role in GRN-associated
FTD.[25] Correlative analyses with longitudinal inflammatory biomarkers could be insightful
for this purpose.

The correlation between rate of NfL change and atrophy rate of several brain regions is
similar to previously reported associations for grey matter atrophy in primary progressive
aphasia (PPA) and familial and sporadic AD.[24,26,27] It suggests that the speed of neuronal
breakdown may determine the amount of NfL shed into the extracellular fluid and ultimately
into the blood. The observed association with cerebellar volume could be driven by the
C9orf72 mutation carriers, for whom prominent cerebellar atrophy has been described.[28]
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The prominent associations with subcortical structures support the hypothesis that areas
rich in large-calibre myelinated axons contribute more strongly to NfL release, as NfL is an
axonal protein.[7,18] It will be interesting to investigate whether NfL changes correlate with
longitudinal white matter measures such as diffusion tensor imaging.

The lack of correlation between changes in NfL and changes in FTLD-CDR is not entirely
surprising since most symptomatic mutation carriers had stable NfL despite functional
deterioration. Possibly, NfL changes preceded major functional decline; more sensitive
measures of early symptoms, such as neuropsychological test scores or behavioural
measures, may be more suitable for these analyses.[10]

Thus far unexplained is why NfL increases around conversion, and appears to stabilise in most
symptomatic mutation carriers. The release and accumulation of NfL is presumably
counterbalanced by clearing mechanisms.[22] The presence of auto-antibodies against NfL,
as previously described in ALS-patients, could contribute to this equilibrium.[29,30] The
observed NfL increases and decreases in some symptomatic mutation carriers could be
explained by disturbances in this equilibrium, e.g. during periods of more rapid or slow brain
atrophy. Interestingly, NfL decreases were also previously described in some patients with
behavioural variant FTD [18] and PPA.[26]

In two non-carriers and two presymptomatic mutation carriers, we found high NfL at baseline
with rapid decreases over follow-up. We found no evidence of sample processing or assay-
based causes for these unexpected fluctuations. Although brief medical history and
neurological examination did not reveal any relevant neurological disorders, asymptomatic
or minor (transient) neurological comorbidities as causative factors cannot be ruled out. A
more detailed understanding of confounding factors of serum NfL is important for its clinical
application and requires further study.

Major strengths of this study are the large number of presymptomatic and symptomatic
mutation carriers, all of whom had multiple NfL measurements, and the availability of
corresponding neuroimaging datasets. The inclusion of carriers of pathogenic mutations
allowed us to create pathologically homogeneous cohorts, in contrast to studies of patients
with clinically defined FTD. Accurate measurement of NfL was ensured using the
ultrasensitive Simoa technology, which offers superior analytical sensitivity compared to
ELISA and electrochemiluminescence.[7,31] Finally, we included samples from mutation
carriers across the entire spectrum of disease, from presymptomatic to advanced stages of
FTD.

A potential weakness is that symptom onset was based, as in a clinical setting, on
retrospective estimations given by a caregiver, which could introduce a certain amount of
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inaccuracy due to the insidious nature of FTD. Inevitably, in converters a certain time interval
exists between symptom onset and the diagnosis of FTD. We ensured that this interval did
not influence our estimates of NfL increase by plotting individual NfL changes against
symptom onset rather than diagnosis. The risk of bias due to use of data from multiple
centres was likely diminished through the use of standardised protocols and statistical
correction for study site. The relationship between the slope of NfL change and changes over
time in brain volume and clinical parameters must be interpreted in light of limitations of the
applied statistical model, which used the estimated NfL slope as a fixed effect and therefore
did not account for variability of this estimation. Finally, for correlative neuroimaging
analyses, we used combined volumes for left and right hemispheres and therefore did not
account for asymmetric atrophy.

In conclusion, this study underlines the value of serum NfL as an easily accessible biomarker
in genetic FTD. Repeated measurements may be a suitable measure of disease activity in
mutation carriers before symptom onset. Replication of our findings in a larger dataset with
longer follow-up, allowing for longitudinal evaluation of NfL with more complex statistical
models, is needed to confirm this. The characterisation of NfL over the course of genetic FTD
provides valuable information for its use as a surrogate marker of treatment effect in
therapeutic trials.
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Supplementary file 1: Statistical analyses

All analyses were performed in R using linear regression or linear mixed-effects models
through the nlme package (https://cran.r-project.org/web/packages/nime/nime.pdf).
Baseline linear regression NfL — brain volume (model Al):

Im(Log(NfL)~[brain_volume] + baseline_age + sex + scanner/study site)

Baseline linear regression NfL — MMSE (model A2):

Im(Log(NfL)~baseline_MMSE + baseline_age + sex + study_site)

Chapter 2

Baseline linear regression NfL — FTLD-CDR (model A3):
Im(Log(NfL)~baseline_FTLD-CDR + baseline_age + sex + study_site)

Baseline NfL - age in asymptomatic mutation carriers (model B):

Im(Log(NfL)~baseline_age + carrier_status + baseline_age*carrier_status)

NfL change over time (model C):

Ime(log(NfL)~time + clinical_status + time * clinical_status + baseline_age + sex + study site,
random = ~time|subject_ID)

Post-hoc testing for different NfL trajectories by mutation group:

Ime(log(NfL)~time + mutation_clinical + time * mutation_clinical + baseline_age + sex +
study site, random = ~time|subject_ID)

Rate of biomarker change (model D):

Ime([biomarker])~time, random="~time | subject_ID)
--coef() function used to generate individual regression coefficients per subject—

Relating extracted rate of NfL change with rate of brain volume change on longitudinal MRI

model E1):

Ime([brain volume]~time + rate_NfL_change + time* rate_NfL_change + baseline_age + sex

+ scanner/study site, random=~time |subject_ID)

Relating extracted rate of NfL change with rate of MMSE decline (model E2):

Ime(MMSE~time + rate_NfL_change + time* rate_NfL_change + baseline_age + sex + study
site, random="time |subject_ID)

Relating extracted rate of NfL change with rate of FTLD-CDR increase (model E3):

Ime(FTLD-CDR~time + rate_NfL_change + time* rate_NfL_change + baseline_age + sex +
study site, random="time |subject_ID)
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Abbreviations
time
baseline_age
brain_volume
intracranial

biomarker
carrier_status
clinical_status

mutation carrier or

mutation_clinical

non-carrier,

mutation

GRN mutation

MAPT mutation

scanner/study site

Time in years since baseline sample
Age in years at baseline sample
Regional grey matter volume expressed as a percentage of total

volume
Log(NfL), regional brain volume (figure 4), or MMSE (figure S7)
Mutation carrier or non-carrier

Non-carrier, presymptomatic mutation carrier, symptomatic

converter

Combination of genetic mutation group and clinical status, i.e.

presymptomatic GRN mutation carrier, presymptomatic C9orf72

carrier, presymptomatic MAPT mutation carrier, symptomatic

carrier, symptomatic C9orf72 mutation carrier, symptomatic

carrier, or converter.
All combinations of study site and MRI scanner type
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Supplementary file 2: Figures and tables

Supplementary figure S1. Number of samples collected at various time points during follow-up. Time = 0 indicates
baseline sample collection (n=335).
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Supplementary figure S2. (A) Histogram plot showing distribution of baseline NfL levels across all clinical groups. (B)
Residuals of log(NfL) at baseline for ANCOVA in different clinical groups (Kolmogorov-Smirnov statistic=0.041;
p=0.200).
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Supplementary figure S4. Individual NfL trajectories in non-carriers. To facilitate interpretation of visually unstable
NfL trajectories, subjects with annualised changes of >5 pg/ml (calculated by subtracting the first from the last NfL
measurement and dividing by total follow-up time) are highlighted in black. The remaining subjects are shown in
grey.
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Supplementary figure S5. Individual NfL trajectories in presymptomatic and symptomatic mutation carriers. (A-C)
Presymptomatic GRN, C9orf72 and MAPT mutation carriers; (D-F) Symptomatic GRN, C9orf72 and MAPT mutation
carriers. To facilitate interpretation of visually unstable NfL trajectories, subjects with annualised changes of >5
pg/ml (calculated by subtracting the first from the last NfL measurement and dividing by total follow-up time) are
highlighted in black. For visualisation purposes, follow-up duration was limited to six years; two symptomatic
mutation carriers (1 GRN, 1 C9orf72) with longer follow-up durations (8.1 and 7.7 years) had visually stable NfL
levels over time.
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Supplementary figure S6. NfL and frontal lobe volume (as a percentage of total intracranial volume, TIV) in eight
converters. The course of NfL over time is shown in red (left y-axis); frontal lobe volume is shown in blue (right y-
axis). For converter no. 9 (not shown), no MRI scans were available.
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Supplementary figure S7. Relationship between the annual rate of log(NfL) change and the rate of MMSE change,
as extracted from linear mixed effects models (model D) in symptomatic mutation carriers. Shaded areas represent

95% confidence intervals.
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Supplementary table S1. Number of samples per subject and time since baseline sample (displayed as median

(interquartile range)).

No. of samples N Time since baseline sample (years)
1 (baseline) 335 0

2 335 1.2 (1.0-2.0)

3 156 3.0(2.1-3.9)

4 51 4.1(2.7-6.6)

5 7 4.1(3.9-7.7)

6 2 4.9 (4.9-5.9)
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Supplementary table S2. Clinical characteristics and NfL levels for converters. Age at symptom onset is as reported
retrospectively by a caregiver. bvFTD, behavioural variant FTD; PPA, primary progressive aphasia; MMSE, Mini
Mental State Examination; FTLD-CDR, Frontotemporal Lobar Degeneration-Clinical Dementia Rating scale.

Visit 1 Visit 2 Visit 3 Visit 4
Converter 1: MAPT mutation carrier; male; age at symptom onset 45 years.
NfL 19 36 42 39
Age (years) 44.0 46.7 47.8 48.9
FTLD-CDR 0 10 13.5 11.5
MMSE 30 29 27 20
Diagnosis Presymptomatic bvFTD
Converter 2: MAPT mutation carrier; male; age at symptom onset 40 years.
NfL 16 52 28 33
Age (years) 39.6 42.6 43.6 44.6
FTLD-CDR 0 0 4.5 5.5
MMSE 30 29 29 28
Diagnosis Presymptomatic bvFTD
Converter 3: GRN mutation carrier; female; age at symptom onset 57 years.
NfL 15 60 106
Age (years) 56.4 58.3 60.6
FTLD-CDR 0 1 24
MMSE 27 26 0
Diagnosis Presymptomatic Non-fluent variant PPA
Converter 4: GRN mutation carrier; female; age at symptom onset 51 years.
NfL 19 46 75 110
Age (years) 50.0 52.2 52.8 54.4
FTLD-CDR 0 1 2 20
MMSE 28 29 27 0
Diagnosis Presymptomatic Non-fluent variant PPA
Converter 5: GRN mutation carrier; female; age at symptom onset 55 years.
NfL 34 55 91
Age (years) 53.9 54.7 55.8
FTLD-CDR Not available Not available 10.5
MMSE 29 26 26
Diagnosis Presymptomatic bvFTD
Converter 6: GRN mutation carrier; female; age at symptom onset 59 years.
NfL 18 13 16 18
Age (years) 58.5 59.5 60.5 61.5
FTLD-CDR Not available 2 35 Not available
MMSE 30 30 29 Not available
Diagnosis Presymptomatic bvFTD
Converter 7: C9orf72 mutation carrier; male; age at symptom onset 68 years.
NfL 21 24 31
Age (years) 67.5 68.5 69.6
FTLD-CDR 0 Not available 10
MMSE 28 26 26
Diagnosis Presymptomatic bvFTD
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Visit 1 Visit 2 Visit 3 Visit 4
Converter 8: GRN mutation carrier; female; age at symptom onset 71 years.
NfL 23 38 37 35
Age (years) 70.5 71.5 72.5 73.5
FTLD-CDR N/a N/a 4 N/a
MMSE 25 25 21 20
Diagnosis Presymptomatic Memory-predominant FTD

Converter 9: GRN mutation carrier; male; age at symptom onset 67 years.

Chapter 2

NfL 48 51

Age (years) 67.7 68.8

FTLD-CDR 0 8

MMSE 28 27

Diagnosis Presymptomatic PPA not otherwise specified

Supplementary table S3a. Results of multiple linear regression models to study the association between baseline

NfL and baseline brain volume (model Al). Linear regression models were constructed using the following formula:

Log(NfL) = B1 * [brain volume] + B, * age + B3 * sex + Bs * scanner/study site. Scanner/study site indicates the

combination of study site and MRI scanner used. Each row represents a different model (n=276 for all models).

Overall model statistics are shown as well as the regression coefficients for the brain volume variable. All brain

volumes were expressed as a percentage of total intracranial volume. b denotes unstandardised regression

coefficients; B denotes standardised regression coefficients. Abbreviations: SE: standard error; WBV: whole brain

volume.

Brain volume

Overall model statistics

Brain volume coefficients per model

F (18, p Adj. R? b SEp B T p*

257)
Frontal 23.9 <0.0001  0.60 -0.115 0.016 -0.365 -7.01 <0.0001
Temporal 18.9 <0.0001 0.54 -0.084 0.029 -0.160 -2.95 0.045
Parietal 18.2 <0.0001 0.53 -0.054 0.029 -0.108 -1.93 0.717
Occipital 18.0 <0.0001 0.53 -0.035 0.028 -0.062 -1.27 0.999
WBV 20.1 <0.0001 0.56 -0.021 0.005 -0.448 -4.32 0.0003
Insula 19.9 <0.0001  0.55 -0.756 0.183 -0.212 -4.13 0.0006
Cingulate gyrus 19.4 <0.0001 0.55 -0.331 0.092 -0.172 -3.60 0.005
Cerebellum 17.7 <0.0001 0.52 -0.009 0.022 -0.021 -0.42 0.999
Thalamus 17.8 <0.0001 0.52 -0.112 0.230 -0.026 -0.49 0.999
Hippocampus 18.8 <0.0001 0.54 -0.778 0.272 -0.140 -2.86 0.059
Amygdala 18.1 <0.0001 0.53 -0.011 0.672 -0.078 -1.61 0.999
Putamen 18.5 <0.0001 0.53 -0.626 0.255 -0.120 -2.45 0.194
Caudate 17.9 <0.0001 0.53 -0.286 0.284 -0.047 -1.00 0.999

*After Bonferroni correction (p-value multiplied by 13 to correct for the use of 13 brain volume models)
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Supplementary table S3b. Results of multiple linear regression models to study the association between baseline
NfL and baseline Mini Mental State examination (MMSE) (n=55) and (2) Frontotemporal Lobar Degeneration Clinical
Rating scale (FTLD-CDR) (n=48). Linear regression models were constructed using the following formula: Log(NfL) =
B1 * [cognitive test] + B2 * age + B3 * sex + Ba * study site (model A2); For both models, overall model statistics are

shown as well as the regression coefficients for MMSE and FTLD-CDR (i.e. B1).

b SEp B T p
Intercept 0.324 0.058 5.54 <0.0001
Age at first sample 0.012 0.001 0.627 10.58 <0.0001
Carrier status -0.100 0.082 -0.209 -1.22 0.222
Age at first sample * Carrier status 0.003 0.001 0.171 2.02 0.045

Supplementary table S4. Results of model B: baseline log(NfL) in presymptomatic mutation carriers and non-carriers
by age. Reference category for carrier status: non-carriers. b denotes unstandardised regression coefficients, B

denotes standardised regression coefficients. Overall model statistics: F(3,272)=95.4, p<0.001, R?=0.51.

Cognitive Overall model statistics Test coefficients per model

test F p Adj. R? b SE» B T p
MMSE 7.8 (11,4) <0.0001 0.58 -0.021 0.007 -0.300 -3.10 0.003
FTLD-CDR 3.6(10,4) 0.002 0.36 0.009 0.008 0.155 1.24 0.221




Biomarkers of neuroaxonal and synaptic integrity | 77

Supplementary table S5a. Fixed effects results from model C: NfL change over time. N=335 subjects; 886
observations. Abbreviations: SE: standard error; DF: degrees of freedom.

Estimate SE DF T p
Intercept 0.318 0.053 547 5.96 <0.0001
Time 0.006 0.005 547 1.25 0.208
Clinical status (presymptomatic) 0.012 0.025 316 0.50 0.620
Clinical status (symptomatic) 0.464 0.037 316 12.54 <0.0001
Clinical status (converter) 0.351 0.068 316 5.19 <0.0001
Baseline age 0.012 0.001 316 13.60 <0.0001 ~
Sex (female) 0.007 0.021 316 0.34 0.742 qh,
Time*Clinical status (Presymptomatic)  0.015 0.007 547 2.02 0.044 e
Time*Clinical status (Symptomatic) 0.017 0.010 547 1.59 0.101 _2
Time*Clinical status (Converter) 0.097 0.018 547 5.56 <0.0001 =
Centre (2) 0.278 0.044 316 6.37 <0.0001
Centre (3) -0.141 0.038 316 -3.75 0.0003
Centre (4) 0.010 0.051 316 0.20 0.841
Centre (5) 0.018 0.095 316 0.19 0.848
Centre (6) -0.002 0.041 316 -0.05 0.962
Centre (7) 0.029 0.052 316 0.56 0.576
Centre (8) 0.023 0.046 316 0.51 0.610
Centre (9) -0.039 0.049 316 -0.78 0.434
Centre (10) 0.055 0.047 316 1.15 0.250
Centre (11) 0.074 0.064 316 1.15 0.250
Centre (12) -0.023 0.038 316 -0.61 0.545
Centre (13) 0.209 0.089 316 2.35 0.020
Centre (14) 0.050 0.086 316 0.59 0.557

Supplementary table S5b. F-tests for fixed effects from model C: NfL change over time.

F p

Intercept 11231.7 (1,547) <0.0001
Time 24.4 (1,547) <0.0001
Clinical status 255.4 (1,316) <0.0001
Baseline age 187.0(1,316) <0.0001
Sex 0.4 (1,316) 0.529

Centre 5.8 (1,316) <0.0001
Time*Clinical status 10.6 (1,547) <0.0001

Supplementary table S5c¢. Standard deviation (SD) of random effects from model C: NfL change over time.

sD
Intercept 0.017
Time 0.032

Residual 0.087
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Supplementary table S6a. Fixed effects results from model C (NfL change over time) with post-hoc interaction term
between time and mutation_clinical. Mutation_clinical was defined as the combination between the clinical status
(i.e. non-carrier, presymptomatic mutation carrier, symptomatic mutation carrier or converter) and, in
presymptomatic and symptomatic carriers, the genetic mutation group (i.e. GRN, C9orf72, MAPT). Due to the limited

sample size, converters were not separated by genotype. SE: standard error; DF: degrees of freedom.

Estimate SE DF T p

Intercept 0.298 0.049 543 6.14 <0.0001
Time 0.006 0.005 543 1.21 0.226
Presymptomatic GRN -0.005 0.028 312 -0.20 0.844
Presymptomatic C9orf72 0.065 0.033 312 1.96 0.051
Presymptomatic MAPT 0.038 0.044 312 0.84 0.398
Symptomatic GRN 0.674 0.045 312 14.93 <0.0001
Symptomatic C9orf72 0.262 0.049 312 5.33 <0.0001
Symptomatic MAPT 0.303 0.062 312 4.92 <0.0001
Converter 0.344 0.063 312 5.48 <0.0001
Baseline age 0.013 0.001 312 15.56 <0.0001
Sex (female) -0.001 0.019 312 -0.06 0.948
Time*Presymptomatic GRN 0.006 0.009 543 0.63 0.528
Time*Presymptomatic 0.030 0.011 543 2.80 0.005
C9orf72

Time*Presymptomatic MAPT  0.013 0.013 543 1.04 0.298
Time*Symptomatic GRN 0.040 0.017 543 2.36 0.019
Time*Symptomatic C9orf72 0.007 0.016 543 0.45 0.650
Time*Symptomatic MAPT 0.013 0.018 543 0.73 0.464
Time*Converter 0.097 0.018 543 5.42 <0.0001
Centre (2) 0.214 0.042 312 5.13 <0.0001
Centre (3) -0.117 0.034 312 -3.43 0.001
Centre (4) -0.028 0.047 312 -0.58 0.559
Centre (5) 0.066 0.086 312 0.76 0.446
Centre (6) 0.012 0.037 312 0.32 0.746
Centre (7) 0.019 0.047 312 0.39 0.693
Centre (8) 0.015 0.041 312 0.36 0.719
Centre (9) -0.052 0.046 312 -1.13 0.259
Centre (10) 0.028 0.043 312 0.64 0.525
Centre (11) 0.042 0.059 312 0.71 0.481
Centre (12) -0.049 0.035 312 -1.37 0.170
Centre (13) 0.410 0.087 312 4.73 <0.0001
Centre (14) 0.128 0.079 312 1.62 0.106
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Supplementary table S6b. F-tests for fixed effects from model C: NfL change over time with post-hoc interaction
term between time and mutation_clinical.

F DF p

Intercept 14367.4 543 <0.0001
Time 18.6 543 <0.0001
Mutation_clinical 154.4 312 <0.0001
Baseline age 242.8 312 <0.0001
Sex 0.2 312 0.660

Centre 5.9 312 <0.0001
Time*Mutation_clinical 5.4 543 <0.0001

Supplementary table S6c. Standard deviation (SD) of random effects from model model C: NfL change over time
with post-hoc interaction term between time and mutation_clinical.

Chapter 2

SD
Intercept 0.163
Time 0.035
Residual 0.086

Supplementary table S7a. Results of mixed effects models to study the relationship between longitudinal regional
brain volume and extracted longitudinal NfL change (model E1). The following formula was used: [brain volume] =
time + time * rate_NfL_change + baseline_age + sex + study site, random=time|subject_ID. For these analyses, the
primary variable of interest was time*rate_NfL_change; statistics of this variable are shown. Abbreviations: SE:
standard error; DF: degrees of freedom; WBV: whole brain volume.

Brain volume Model coefficients for Time*Rate_NfL change
F(1,348) Estimate SE T p*

Frontal 55.4 -3.124 0.420 -7.44 <0.0001
Temporal 16.5 -1.014 0.250 -4.06 0.001
Parietal 3.1 -0.555 0.328 -1.69 0.789
Occipital 0.0 -0.251 0.421 -0.60 0.552
WBV 15.8 -9.528 2.379 -4.01 0.001
Insula 31.1 -0.198 0.035 -5.59 <0.0001
Cingulate gyrus 27.6 -0.337 0.064 -5.27 <0.0001
Cerebellum 104 -0.409 0.129 -3.18 0.026
Thalamus 0.8 -0.035 0.046 -0.76 0.449
Hippocampus 20.2 -0.075 0.017 -4.52 <0.0001
Amygdala 11.1 -0.041 0.012 -3.35 0.012
Putamen 79.8 -0.213 0.023 -8.97 <0.0001
Caudate 3.0 -0.052 0.030 -1.74 0.997

* After Bonferroni correction (p-value multiplied by 13 to correct for the use of 13 brain volume models)
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Supplementary table S7b. Results of mixed effects models to study the relationship between longitudinal cognitive
tests scores (MMSE (n=49) (model E2) and FTLD-CDR (n=47) (model E3) and extracted longitudinal NfL change in
symptomatic mutation carriers. The following formula was used:

[Cognitive test score] = Time + Time * rate_NfL_change + baseline_age + sex + study site, random=time|subject_ID.

For these analyses, the primary variable of interest was time*rate_NfL_change; statistics of this variable are
reported.

Cognitive test Model coefficients for Time*Rate_NfL_change
F (df) Estimate SE T p
MMSE 7.8(1,72) -94.7 339 -3.10 0.003

FTLD-CDR 0.01 (1,55) -3.46 46.3 -0.08 0.941
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Abstract

Introduction: Synapse dysfunction is emerging as an early pathological event in
frontotemporal dementia (FTD), however biomarkers are lacking. We aimed to investigate
the value of cerebrospinal fluid (CSF) neuronal pentraxins (NPTXs), a family of proteins
involved in homeostatic synapse plasticity, as novel biomarkers in genetic FTD.

Methods: We included 106 presymptomatic and 54 symptomatic carriers of a pathogenic
mutation in GRN, C9orf72 or MAPT, and 70 healthy non-carriers participating in the Genetic
Frontotemporal dementia Initiative (GENFI), all of whom had at least one CSF sample. We
measured CSF concentrations of NPTX2 using an in-house ELISA, and NPTX1 and NPTX
receptor (NPTXR) by Western blot. We correlated NPTX2 with corresponding clinical and
neuroimaging datasets as well as with CSF neurofilament light chain (NfL) using linear
regression analyses.

Results: Symptomatic mutation carriers had lower NPTX2 concentrations (median 643pg/ml,
interquartile range (301-872)) than presymptomatic carriers (1003pg/ml (632-1338),
p<0.001) and non-carriers (990pg/ml (604-1373), p<0.001) (corrected for age). Similar
results were found for NPTX1 and NPTXR. Among mutation carriers, NPTX2 concentration
correlated with several clinical disease severity measures, NfL, and grey matter volume of
the frontal and parietal lobes, insula and whole brain. NPTX2 predicted subsequent decline
in phonemic verbal fluency and Clinical Dementia Rating scale (CDR) plus FTD modules. In
longitudinal CSF samples, available in 13 subjects, NPTX2 decreased around symptom onset
and in the symptomatic stage.

Discussion: We conclude that NPTX2 is a promising synapse-derived disease progression
biomarker in genetic FTD.
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Introduction

Frontotemporal dementia (FTD), a common form of early-onset dementia, has an autosomal
dominant inheritance in 20-30% of patients, most often due to mutations in granulin (GRN),
chromosome 9 open reading frame 72 (C9orf72) or microtubule-associated protein tau
(MAPT).[1] Developing sensitive biomarkers to detect disease onset at an early, even
preclinical stage is of utmost importance for upcoming therapeutic interventions. Genetic
forms of FTD provide a unique opportunity to study disease progression from
presymptomatic to overt FTD and to identify novel biomarkers.

Our previous proteomics study identified neuronal pentraxin receptor (NPTXR) in
cerebrospinal fluid (CSF) as the most promising candidate biomarker in genetic FTD with
markedly reduced levels in the symptomatic stage.[2] NPTXR forms complexes with NPTX1
and NPTX2 (also termed Neuronal activity related protein, Narp) at excitatory synapses of
pyramidal neurons onto parvalbumin interneurons and contributes to synaptic homeostatic
plasticity.[3,4] Increasing evidence suggests that dysfunction and degeneration of synapses
is an early pathological event in FTD,[5-7] especially in GRN-associated FTD,[8-10] a concept
widely recognised in other neurodegenerative diseases.[5,11] Fluid biomarkers reflecting
synaptic integrity in FTD might therefore contribute to an early diagnosis and monitoring of
disease progression in clinical practice and clinical trials. Following studies in Alzheimer’s
disease (AD) that identified NPTXs as candidate biomarkers,[12-20] we hypothesised that
NPTXs could be valuable synapse-derived biomarkers in genetic FTD.

In the present study, we measured CSF NPTXs in a large cohort of GRN, C9orf72 and MAPT
mutation carriers participating in the international Genetic FTD Initiative (GENFI). We
focused our attention on NPTX2, as the available ELISA for NPTX2 allowed for more accurate
guantitative measurements than the Western blots used for NPTX1 and NPTXR. We explored
the relationship between NPTX2 and clinical disease severity, grey matter volume and CSF
neurofilament light chain (NfL), a marker of neuroaxonal damage.[21]

Methods

Subjects

Subjects were included from 16 centres across Europe and Canada participating in GENFI, a
longitudinal cohort study of patients with FTD due to a pathogenic mutation in GRN, C9orf72
or MAPT and healthy 50% at-risk relatives (either presymptomatic mutation carriers or non-
carriers). Participants underwent an annual assessment as previously described,[22]
including neurological and neuropsychological examination, magnetic resonance imaging
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(MRI) of the brain, and collection of blood and CSF. Knowledgeable informants completed
guestionnaires about potential changes in cognition or behaviour.

For the present study, we included all participants with at least one CSF sample, amounting
to 54 symptomatic mutation carriers (15 GRN, 31 C9orf72, 8 MAPT), 106 presymptomatic
mutation carriers (47 GRN, 42 C9orf72, 17 MAPT), and 70 non-carriers. Longitudinal CSF
samples were available in thirteen subjects.

Mutation carriers were considered symptomatic if they fulfilled international consensus
criteria for FTD.[23,24] Furthermore, as C9orf72 mutations are also associated with
amyotrophic lateral sclerosis (ALS), which is increasingly considered part of the FTD disease
spectrum,[1] C9orf72 mutation carriers fulfilling criteria for ALS,[25] but not FTD, were also
considered symptomatic. We calculated disease duration based on a caregiver’s estimation
of the emergence of first symptoms.

Global cognition was scored using the Mini Mental State Examination (MMSE) and Clinical
Dementia Rating scale (CDR) plus FTD modules.[26] The Revised Cambridge Behavioural
Inventory (CBI-R) was used to measure behavioural changes.[27] The Trail Making Test part
B (TMT-B) and phonemic verbal fluency were included as measures of executive
functioning.[28] TMT-B was truncated to 300 seconds for subjects that exceeded the time
limit. All scores were collected within six months of CSF collection.

T1-weighted MRI on 3 Tesla scanners was obtained within six months of CSF collection in 190
participants (35 symptomatic and 91 presymptomatic mutation carriers, 64 non-carriers). All
MRI scans were acquired using a standardised GENFI protocol.[22] T1-weighted volumetric
MRI scans were parcellated into brain regions as previously described,[22] using an atlas
propagation and fusion strategy [29] to generate volumes of the whole brain, frontal,
temporal, parietal and occipital lobes, insula and cingulate gyrus. Brain volumes were
expressed as a percentage of total intracranial volume (TIV), computed with SPM12 running
under Matlab R2014b (Math Works, Natick, MA, USA).[30]

Sample collection and laboratory methods
CSF was collected in polypropylene tubes, centrifuged and stored at -80°C within two hours
of withdrawal according to a standardised GENFI protocol.

NPTX2 concentrations were measured using an in-house ELISA as described previously.[12]
The intra- and inter-assay coefficients of variation (CV) were <2% and <5% respectively. The
lower limit of quantification (LLOQ) was 5 pg/ml; all NPTX2 measurements were above the
LLOQ. NPTX1 and NPTXR were measured by Western blot. Rabbit anti-NPTX1 was described
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previously[3]; sheep anti-NPTXR antibody is from R&D systems (Cat. Number: AF4414; RRID:
AB_2153869). Immunoreactive bands were visualised by the enhanced chemiluminescent
substrate (ECL, Pierce) on X-ray film and quantified using the image software TINA
(www.tina-vision.net). Western blot results were expressed as a percentage of abundancy
compared to non-carriers, i.e. mean abundancy in non-carriers was set at 100%. Detailed
methods are reported in supplementary file 2.

All NPTX measurements were performed in two batches in the Neuroscience laboratory at
Johns Hopkins University, Baltimore, USA. The mean CV of NPTX2 of the two batches was

5.4%. Longitudinal measurements were performed in one batch.

CSF NfL concentrations were measured in duplicate in one batch using the Simoa NF-Light
Advantage Kit from Quanterix on a Simoa HD-1 analyser instrument according to
manufacturer’s instructions. The mean CV of duplicate measurements was 3.2% (range 0.1-
15.6%). NfL measurements were missing in four subjects (two symptomatic GRN and two

symptomatic C9orf72 mutation carriers) due to insufficient CSF.

Standard protocol approvals and patient consents

Local ethics committees at each site approved the study, and all participants provided
written informed consent. Clinical researchers were blinded to the genetic status of at-risk
individuals unless they had undergone predictive testing. Laboratory technicians were
blinded to all clinical and genetic information.

Statistical analysis

Statistical analyses were performed in IBM SPSS Statistics 24 and R. Graphs were drafted in
R and GraphPad Prism 8. Statistical significance was set at 0.05 (two-sided). The primary
analysis in the study was to investigate whether NPTX2, NPTX1 and NPTXR concentration
differ among symptomatic mutation carriers, presymptomatic mutation carriers and non-
carriers. We restricted correlative analyses of clinical and neuroimaging parameters to NPTX2
because an ELISA was available, which is more sensitive for quantitative analyses than
Western blots used for NPTX1 and NPTXR.

Demographic and clinical variables were compared between groups using Kruskal-Wallis
tests for continuous variables and a Chi-square test for sex. Normality of biomarker data was
assessed using Kolmogorov-Smirnov tests and visual inspection of Q-Q plots. While raw
biomarker values were not normally distributed, normal distributions were achieved after
square-root transformation of NPTX2 and log-transformation of NfL. We performed
ANCOVAs on transformed biomarker values with age as a covariate to test for group

Chapter 2



86 | Chapter 2

differences. In comparisons between symptomatic mutation carriers, we also included
disease duration as a covariate.

The diagnostic performance of NPTX2 to discriminate between the three clinical groups
(symptomatic mutation carriers, presymptomatic mutation carriers, non-carriers) was
assessed by the area under the curve (AUC) of receiver operating characteristic (ROC)
analyses, with optimal cut-off levels determined by the highest Youden’s index.[31]

Linear regression models were constructed to study the relationship between NPTX2
concentration (dependent variable; square-root transformed to meet model assumptions)
and (1) regional grey matter volume, (2) clinical disease severity measures, and (3) NfL, with
age, sex and study site as covariates. For analyses of cognitive tests (MMSE, TMT-B,
phonemic verbal fluency) we also included years of education as a covariate. All analyses
were performed for mutation carriers combined and for symptomatic and presymptomatic
mutation carriers separately. Correction for multiple comparisons was done with the
Bonferroni method.

Additional linear regression models were constructed to test whether NPTX2 could predict
subsequent cognitive decline, as measured by annualised changes in clinical disease severity
scores (score at the time of CSF collection subtracted from a later score and divided by time
interval), correcting for age, sex and study site, and in cognitive tests for years of education.

Due to the limited sample size, statistical analyses on longitudinal NPTX2 measurements
were limited to exploratory correlations between changes in NPTX2 and time interval, to test
for an overall trend in NPTX2 concentration over time.

Data availability
The raw data of this project is part of GENFI and de-identified patient data can be accessed
upon reasonable request to j.c.vanswieten@erasmusmc.nl and genfi@ucl.ac.uk.

Results

Demographic and clinical data

Subject characteristics are shown in table 1. Symptomatic mutation carriers were
significantly older than presymptomatic carriers and non-carriers, both overall and for each
genetic group (GRN, C9orf72 and MAPT) separately. Three presymptomatic mutation carriers
converted to the symptomatic stage (‘converters’) during follow-up (2 GRN, 1 MAPT).
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NPTX2 concentration

Overall, NPTX2 levels were lower in symptomatic mutation carriers (median 644 pg/ml,
interquartile range (IQR) 301-872) than in presymptomatic carriers (1003 pg/ml (624-1358);
p<0.001) and non-carriers (990 pg/ml (597-1373); p<0.001) (figure 1a). NPTX2 levels did not

differ significantly between presymptomatic mutation carriers and non-carriers (p=0.859).

When analysed per genetic group, symptomatic GRN and C9orf72 mutation carriers had
significantly lower NPTX2 levels than their presymptomatic counterparts (GRN: 741 pg/ml
versus 1072 pg/ml;p=0.003; C9orf72: 609 pg/ml versus 901 pg/ml; p=0.023) and non-carriers
(GRN: p=0.007; C9orf72: p=0.004) (table 1, figure 1b). Symptomatic MAPT mutation carriers
had lower NPTX2 levels than non-carriers (561 pg/ml; p=0.027) but not compared to
presymptomatic MAPT mutation carriers (1079 pg/ml; p=0.213). NPTX2 levels did not differ
between symptomatic carriers of different genetic groups (p=0.709). Similar results were
obtained after excluding mutation carriers with ALS without FTD (n=3).

Overall, a correlation was found between NPTX2 and age (rs=-0.141; p=0.033)
(supplementary figure 1); this correlation was also found in mutation carriers alone (rs=-
0.205; p=0.009) but not in non-carriers alone (r;=0.070; p=0.566). NPTX2 levels did not differ
by sex (p=0.976).
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Figure 1. NPTX2 levels (A) in presymptomatic (n=106) and symptomatic mutation carriers (n=54) and non-carriers
(n=70) and (B) separated by genetic group. Whiskers indicate minimum and maximum values. Orange squares
indicate subjects who converted to the symptomatic stage during follow-up (n=3); grey asterisks indicate subjects
with amyotrophic lateral sclerosis (ALS) without FTD (n=3); grey crosses indicate subjects with both FTD and ALS
(n=4). P-values are from ANCOVAs with age as a covariate and Bonferroni correction for multiple comparisons.
*p<0.05; **p<0.01; ***p<0.001. PRE: presymptomatic mutation carrier; SYM: symptomatic mutation carrier.
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Diagnostic accuracy of NPTX2

The AUC for NPTX2 to distinguish symptomatic from presymptomatic mutation carriers was
0.71 (95% C1 0.63-0.80), with an optimal cut-off of 895 pg/ml (sensitivity 82%, specificity 56%)
(supplementary figure 2). The AUC to distinguish symptomatic mutation carriers from non-
carriers was 0.71 (95% Cl 0.61-0.80), with an optimal cut-off of 945 pg/ml (sensitivity 83%,
specificity 53%). NPTX2 did not distinguish presymptomatic mutation carriers from non-
carriers (AUC 0.50 (95% CI 0.41-0.58)).

NPTX2 and clinical and neuroimaging data

NPTX2 levels in mutation carriers correlated significantly with grey matter volume of the
whole brain, frontal, temporal and parietal lobes and insula, and in symptomatic mutation
carriers alone, with whole brain volume, frontal lobe and insular volume (figure 2a-b, table
2, supplementary figure 3). In presymptomatic mutation carriers, NPTX2 levels were
associated with frontal lobe volume but this was no longer significant after multiple testing
correction (table 2). Among non-carriers (n=64), no significant associations were found with
any of the regional grey matter volumes (supplementary table 1). Results were unchanged
after repeating the analyses with raw grey matter volumes (i.e. not corrected for TIV).

Among mutation carriers, NPTX2 levels correlated with MMSE, TMT-B, phonemic verbal
fluency, CDR plus FTD modules and CBI-R (table 3, figure 2c-d). In symptomatic mutation
carriers alone, these correlations were similarly present for MMSE, TMT-B, CDR plus FTD
modules and CBI-R. In presymptomatic mutation carriers alone, an association was found for
TMT-B, which was no longer statistically significant after correction for multiple testing (table
3).

NPTX2 and NfL concentration

Symptomatic mutation carriers had significantly higher NfL levels than presymptomatic
carriers (2575 pg/ml (1218-4592) versus 471 pg/ml (305-729); p<0.001) and non-carriers
(421 pg/ml (298-555); p<0.001). These differences were also found for each genetic group
separately (supplementary figure 4). No differences were seen between presymptomatic
mutation carriers and non-carriers (p=0.517). Similar results were obtained after exclusion
of nine outliers (values >3*IQR from the median) and after exclusion of subjects with ALS
without FTD (n=3).

NPTX2 concentration across all mutation carriers was inversely associated with NfL
concentration (b=-5.69E-4; p=0.010; n=156) (figure 3). This correlation was not observed for
symptomatic (b=-3.61E-4; p=0.141; n=50) or presymptomatic mutation carriers (b=-3.64E-5;
p=0.971; n=106) alone. Repeating the analyses for symptomatic mutation carriers after
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exclusion of patients with concomitant or isolated ALS revealed a trend towards association
between NfL and NPTX2 (b=-7.55E-4; p=0.061; n=43).

Figure 2. Relationship between NPTX2 and (A) frontal lobe volume (n=126), (B) insular volume (n=126), (C) Mini
Mental State Examination (MMSE) (n=145), and (D) Clinical Dementia Rating scale (CDR) plus FTD modules (n=120)
among mutation carriers. b and p were obtained through multiple linear regression with square-root transformed
NPTX2 as the dependent variable, adjusting for age, sex and study site; for MMSE, we also included years of

education as a covariate. Abbreviations: TIV, total intracranial volume.
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Table 2. Relationship between NPTX2 and grey matter volume. Results were obtained through multiple linear

regression with square-root transformed NPTX2 as dependent variable, adjusting for age, sex and study site. All grey

matter volumes were corrected for total intracranial volume. Displayed p-values are before multiple testing

correction; p-values marked with an asterisk remained significant after Bonferroni correction. b indicates

unstandardised regression coefficient; B indicates standardised regression coefficient; SE: standard error.

All mutation

carriers (n=126)

Symptomatic mutation
carriers (n=35)

Presymptomatic
mutation carriers (n=91)

Whole b (SE) 1.07 (0.25) 1.21(0.42) 0.58(0.39)
brain § 0.533 0.585 0.215
volume p <0.001* 0.007* 0.145
Frontal b (SE) 3.86(0.83) 4.40 (1.33) 3.48 (1.44)
lobe B 0.516 0.623 0.331

p <0.001* 0.003* 0.018
Temporal b (SE) 4.01(1.32) 5.00(2.27) 0.67(2.11)
lobe § 0.338 0.448 0.039

p 0.003* 0.037 0.752
Parietal b (SE) 4.89 (1.77) 5.51 (4.25) 2.70(2.18)
lobe B 0.323 0.319 0.169

p 0.007* 0.208 0.218
Occipital b (SE) 1.45(1.77) -6.65 (4.03) 3.10(1.97)
lobe § 0.086 -0.341 0.185

p 0.412 0.112 0.119
Cingulate b (SE) 10.49 (5.27) 14.72 (11.32) 0.46 (7.27)
gyrus B 0.205 0.285 0.008

p 0.049 0.206 0.950
Insula b (SE) 37.22 (8.69) 69.21 (13.09) 12.61 (13.16)

§ 0.482 0.786 0.119

D <0.001* <0.001* 0.341
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Table 3. Relationship between NPTX2 and disease severity scores, obtained through multiple linear regression with
square-root transformed NPTX2 as dependent variable, adjusting for age, sex, study site and, in analyses of MMSE,
TMT-B and letter fluency, years of education. Displayed p-values are before multiple testing correction; p-values
marked with an asterisk remained significant after Bonferroni correction. b indicates unstandardised regression
coefficient; B indicates standardised regression coefficient; SE: standard error; MMSE: Mini Mental State
Examination; TMT-B: Trail Making Test part B; CDR: Clinical Dementia Rating scale; CBI-R: Revised Cambridge
Behavioural Inventory.

All mutation Symptomatic mutation Presymptomatic
carriers carriers mutation carriers N
MMSE n 145 50 95 E’
b (SE) 1.21 (0.26) 0.98 (0.29) 1.58 (0.79) %
B 0.442 0.467 0.230 S
D <0.001* 0.002* 0.051
TMT-B N 125 34 91
b (SE) -0.04 (0.01) -0.02 (0.02) -0.09 (0.04)
B -0.353 -0.234 -0.259
p <0.001* <0.001* 0.030
Phonemic N 132 39 93
verbal fluency b (SE) 0.14 (0.05) 0.15(0.10) 0.05 (0.08)
B 0.255 0.250 0.076
p 0.009* 0.151 0.536
CDR plus FTD N 120 33 87
modules b (SE) -0.85 (0.19) -0.72 (0.24) -1.19(1.67)
B -0.435 -0.479 -0.078
p <0.001* 0.007* 0.478
CBI-R n 119 40 79
b (SE) -0.13(0.03) -0.10 (0.04) -0.02 (0.14)
B -0.489 -0.394 -0.014

p <0.001* 0.017* 0.906
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Figure 3. Correlation between NPTX2 and NfL levels in presymptomatic (n=106) and symptomatic (n=50) mutation
carriers. NfL is plotted on a log-scale for visualisation purposes. b and p were obtained through multiple linear
regression with square-root transformed NPTX2 as the dependent variable, adjusting for age, sex and study site.
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Longitudinal NPTX2 measurements

Longitudinal CSF samples were available in ten presymptomatic mutation carriers (of whom
two had converted to the symptomatic stage at follow-up CSF collection), two symptomatic
mutation carriers and one non-carrier. The median time between samples was 2.0 years (IQR
1.8-2.1).

In the MAPT converter, visually, a decrease in NPTX2 was observed in two presymptomatic
samples, with a further decrease in the symptomatic sample (figure 4). In the GRN converter,
NPTX2 was already below the proposed cut-off level 1.2 years before symptom onset, with a
further decrease in the symptomatic sample. Both symptomatic mutation carriers
demonstrated NPTX2 decreases over time. Lower NPTX2 levels at follow-up were observed
in all presymptomatic mutation carriers over the age of 50 years, while in younger
presymptomatic carriers, NPTX2 trajectories seemed to be more varied. NPTX2 in one non-
carrier subject was visually stable (figure 4).

There was no correlation between change in NPTX2 levels and time interval between CSF
collections (rs=-0.116; p=0.705) (supplementary figure 5).
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NPTX2 and subsequent cognitive decline

NPTX2 was significantly associated with annualised change in phonemic verbal fluency
(b=0.004; p=0.001; n=118), and CDR plus FTD modules (b=-0.001; p=0.025; n=105). The
former remained significant after adjusting for clinical status, frontal lobe volume and CSF
NfL. A trend was found for annualised change in MMSE (b=0.001; p=0.077; n=136). NPTX2
level was not associated with annualised change in CBI-R (p=0.200; n=93) or TMT-B (p=0.693;
n=107) (supplementary table 2, supplementary figure 6).

NPTX1 and NPTXR concentration

NPTX1 levels were significantly lower in symptomatic mutation carriers compared to
presymptomatic carriers (median 54% (36-88) vs. 86% (55-118); p<0.001) and non-carriers
(92% (61-123); p<0.001). Similar results were found for NPTXR (symptomatic vs
presymptomatic: 51% (27-85) vs. 81% (51-147); p=0.002; symptomatic vs non-carriers: 51%
vs. 76% (51-133); p<0.001) (figure 5). Separated by genetic group, symptomatic C9orf72 and
MAPT mutation carriers had significantly lower NPTX1 and NPTXR levels than non-carriers. In
GRN mutation carriers, a similar pattern was observed, although not statistically significant.
NPTX1- and NPTXR levels were strongly correlated with NPTX2 (rs=0.828 and r.=0.850
respectively, both p<0.001) (supplementary figure 7).

Figure 4. Longitudinal NPTX2 levels plotted against age in thirteen subjects with multiple CSF samples. A line is drawn
between NPTX2 levels of follow-up samples. Presymptomatic samples are shown as green squares, symptomatic
samples as red triangles and the non-carrier as blue circles. GRN mutation carriers are shown as open symbols,
C9orf72 mutation carriers as filled symbols and the MAPT mutation carrier as half-filled symbols. Dotted horizontal
line indicates median NPTX2 level in presymptomatic mutation carriers (1003 pg/ml); dashed horizontal line
indicates median in symptomatic mutation carriers (644 pg/ml). For blinding purposes, a jitter of +2 years was
applied to all subjects.
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Discussion

The present study of a large international cohort of genetic FTD reports low levels of NPTX2,
NPTX1 and NPTXR in the symptomatic stage, with correlations between NPTX2 and both
disease severity and grey matter volume. We propose NPTX2 as a novel synapse-derived
biomarker of disease progression in genetic FTD.

The decreased levels of CSF NPTXs in patients with GRN-, C9orf72- and MAPT-associated FTD
probably reflect a loss or dysfunction of their synaptic sources.[32] Complexes of NPTXs
accumulate at excitatory synapses between glutamatergic pyramidal neurons and
parvalbumin-expressing (PV) interneurons in the cerebral cortex, hippocampus and
cerebellum.[32] NPTXs modulate the strength of these synapses through recruitment of
AMPA-type glutamate receptors (AMPARs) to the postsynaptic membrane, thereby
regulating excitatory drive of pyramidal neurons onto PV-interneurons.[4,12,32]
PV-interneurons in turn contact surrounding pyramidal neurons and prevent neural circuits
from becoming too active (diagram provided in [33]).[34] The expression of NPTX2 — but not
NPTX1 or NPTXR —is induced by synapse activity,[3,35] and the relative ratio of the NPTXs in
the complex is dynamically dependent on the neuron’s activity. Of the three proteins, NPTX2
is most effective at AMPAR recruitment, but their combined expression is synergistic.[3]
NPTX2 knockout mice have reduced AMPARs, resulting in less inhibitory PV-interneuron
activity; the subsequent disruption of pyramidal neuron — PV-interneuron circuits is thought
to underlie cognitive impairment, and NPTX2 loss has been hypothesised to drive
neurodegeneration.[12] Restoring these circuits is emerging as a potential treatment
strategy in neurodegenerative disease;[36] in this regard, measuring NPTX2 in CSF could be
especially relevant to select and monitor patients with aberrant pyramidal neuron-PV
interneuron circuits.[12,36] The lack of correlation in the current study between NPTX2 and
brain volume in healthy non-carriers reflects that NPTX2 is not merely a measure of synapse
density.

The present study reports low NPTX2 levels in all included forms of genetic FTD. The lack of
significant differences between presymptomatic and symptomatic MAPT mutation carriers
likely reflects insufficient statistical power given the small sample size, or could reflect
differences in underlying pathology (eg. tau pathology in MAPT-associated FTD versus TDP-
43 pathology in GRN- and C9orf72-associated FTD).[1] While these findings are novel in FTD,
a few studies have identified reduced NPTXs in AD, both in brain and in CSF,[12-19] albeit
mostly through mass spectrometry approaches (box 1). The observed reductions in both FTD
and AD suggest that reduced NPTXs reflect general rather than gene- or disease-specific
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pathological alterations. To date, CSF NPTX2 levels in other neurodegenerative diseases have
not been reported; future research should focus on the measurement of CSF NPTXs across a
broader range of neurodegenerative diseases, including sporadic FTD and Parkinson’s
disease.[37]

Box 1: CSF NPTXs in other neurodegenerative diseases

- CSF NPTX2 levels are reduced in patients with Alzheimer’s disease (AD) compared to controls.[12,14,17] In
AD, low CSF NPTX2 levels are associated with cognitive impairment and subsequent memory decline, as
well as hippocampal atrophy and subsequent medial temporal lobe atrophy.[12,17]

- To date, CSF NPTX2 levels have not been reported in other neurodegenerative diseases, such as sporadic
FTD and Parkinson’s disease.

- Differentially regulated levels of CSF NPTX1 and NPTXR have been reported in patients with AD, mostly
identified through mass spectrometry approaches.[13,15,16,18-20] In presymptomatic stages of
autosomal dominant AD, mild cognitive impairment and early-stage AD, a transient increase in NPTXs has
been observed.[15,16,19,20]

- In brain tissue, NPTX2 levels are decreased in patients with AD.[12] Conversely, one study has reported
accumulation of NPTX2 in Lewy bodies in patients with Parkinson’s disease.[37]

The correlations between NPTX2 concentration and several disease severity measures
suggest that NPTX2 might further decrease with disease progression. This is supported by
longitudinal NPTX2 decreases over time in two symptomatic mutation carriers and could
reflect a link between progressive synapse pathology and cognitive decline; more
longitudinal data is needed to confirm this. The association between NPTX2 levels and
subsequent decline in phonemic verbal fluency and CDR plus FTD modules indicates that
NPTX2 may have prognostic significance and is in line with previous findings in AD. The
correlations between NPTX2 and grey matter volume in regions typically affected in FTD,
including the frontal lobe and insula,[23] are comparable to the previously reported
correlations with hippocampal volume in AD and provide further evidence for NPTX2 as a
disease progression marker.[12,17]

Longitudinally, we observed strong NPTX2 decreases in two converters; in the MAPT
converter, this decrease was already observed in two presymptomatic samples; similarly, in
the GRN converter, NPTX2 levels were already low in the presymptomatic sample. Although
these results must be interpreted with caution due to the small sample size, they provide
tentative evidence that NPTX2 might be an early disease marker. The overall lack of
differences in NPTXs between presymptomatic mutation carriers and non-carriers might
reflect the inclusion of mutation carriers of all ages; therefore, time to symptom onset was
highly variable. Remarkably, in presymptomatic autosomal dominant AD, mild cognitive
impairment and early stage AD, a transient increase in NPTXs has been observed, with a
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subsequent decline as the disease progresses.[15,16,19,20] This discrepancy in NPTXs
dynamics may result from differences in underlying pathophysiology.

The diagnostic accuracy of NPTX2 of 71% to distinguish symptomatic from presymptomatic
mutation carriers is comparable to that of neurogranin, the most evaluated synapse-derived
CSF biomarker for AD.[38] Its longitudinal evaluation, especially in the late-presymptomatic
stage, might be more valuable than cross-sectional measurements. It is promising that Ma et
al.[39] observed a correlation between NPTX1 in plasma and brain tissue; further studies are
warranted to investigate whether NPTX2 can also be reliably measured in the blood, which
would offer opportunities for longitudinal studies with larger numbers of samples.

We found an inverse correlation between NPTX2 and NfL in mutation carriers. NfL is a
sensitive marker of neuroaxonal degeneration which is elevated in CSF and blood in the
symptomatic stage of genetic FTD [40] and in various other neurological disorders.[21]
Although a trend was found for symptomatic carriers alone after exclusion of ALS patients
(who are known to have very high NfL levels),[21] the lack of a stronger correlation probably
reflects that NPTX2 and NfL are markers of different pathological processes which do not

occur simultaneously.

Strengths of this study include the large sample size, despite the relative rarity of the disease,
and the availability of corresponding clinical and brain imaging datasets. The inclusion of
subjects with specific genetic defects allowed us to define pathologically homogeneous
groups. Our NPTX2 findings are supported by similar results in NPTX1 and NPTXR, which
correlated strongly with NPTX2, and indicate an overall reduction in NPTXs in genetic FTD.

The findings of this study must be viewed in light of some limitations. First, our longitudinal
NPTX2 measurements were too limited in number to draw strong conclusions and require
replication and more extensive statistical analyses in larger datasets. Second, using
diagnostic criteria to label mutation carriers as presymptomatic or symptomatic may have
failed to recognise subjects in a very early symptomatic stage. We calculated disease
duration based on estimated time of symptom onset, rather than diagnosis, to ensure that
any diagnostic delay did not affect correlative analyses. Third, three C9orf72 mutation
carriers had ALS without FTD, which, although increasingly recognised as part of the FTD
spectrum,[1] represents a clinically distinct phenotype. We ensured that these subjects did
not affect our main results by repeating group comparisons after exclusion of these subjects.
Finally, although brief medical and neurological history and examination did not reveal any
significant neurological comorbidities, asymptomatic diseases, including cerebrovascular
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disease, could have confounded NPTX measurements. Future research focusing on potential
confounding factors will be an important next step.

In conclusion, we provide evidence for NPTX2 as a novel CSF biomarker in genetic FTD. Its
synaptic localisation and correlation with disease progression indicates that NPTX2 decreases
probably reflect synaptic dysfunction or loss, providing novel opportunities for in vivo
monitoring of synaptic integrity in genetic FTD. Treatment strategies aimed at improving
synaptic connectivity may benefit from the use of NPTX2 as a tool to select and monitor
patients with neural circuit dysfunction. More longitudinal data on NPTXs in presymptomatic
and symptomatic mutation carriers might verify their value as (pre-)clinical biomarkers.
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Supplementary file 1: Methods

NPTX2 concentrations were measured using an in-house ELISA. Briefly, 0.5 ug of rabbit anti-
NPTX2 antibody in 50 mM Na,COs buffer (pH 9.5) was coated to a 96-well microtiter plate
(Nunc) at 4°C overnight. The next day, after plates were blocked with 5% BSA at room
temperature (RT) for 1 hour, 100 ul of the serially diluted NPTX2 standard proteins or CSF
samples were added into wells and incubated at 4°C overnight with constant shaking. After
plates were washed with TBS-Tween, 100 pl of biotinylated mouse anti-NPTX2 antibody was
added and incubated at RT for 1 hour. After washing with TBS-Tween, 100 ul of HRP-
conjugated streptavidin (Biolegend) was added and incubated for 1 hour. After washing with
TBS-Tween, 100 ul of DAB substrate (Biolegend) was applied and incubated for 30 minutes
at RT in the dark. In the end, 100 ul of 4 M H,SO, stopping solution was added and the
absorbance was measured at 450 nm. The absolute levels of NPTX2 in CSF were calculated
from a standard curve.

NPTX1 and NPTXR concentrations were measured by Western blot. Briefly, human CSF was
mixed with SDS loading buffer (2x: 125 mM Tris-HCl (pH 6.8), 4% SDS, 20% glycerol, 10% [-
mercaptoethanol, 0.005% bromophenol blue) and heated at 70°C for 10 minutes. 10 ul of
CSF were separated by 4-12% SDS-PAGE and transferred to PVDF membranes. After blocking
with 5% non-fat milk, membranes were probed with primary antibodies overnight at 4°C.
After washes with TBST (TBS with 0.1% Tween-20), membranes were incubated with HRP-
conjugated secondary antibodies for 1 hour at RT. Immunoreactive bands were visualised by
the enhanced chemiluminescent substrate (ECL, Pierce) on X-ray film and quantified using
the image software TINA (www.tina-vision.net). Proteins migrating similarly in SDS-PAGE gel

were assayed on different blots without stripping.
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Supplementary file 2: Figures and tables

Supplementary figure 1. NPTX2 plotted against age in the entire group of subjects (n=230). For blinding purposes, a
jitter of 2 years was applied to all subjects (analyses were done on raw data). The correlation coefficient was
obtained from Spearman’s rank correlation.

2500 rg=0.141 - °
p=0.033 @ -
]
™ [ ]
2000 -
= o Sl
E i L ' ® ma
2 ] ] L
= 1500 g O " ..‘. °® @ Non-carrier
8 u ; m  Presymptomatic
f, .-3 ‘.. ‘A .. - ‘.A A Symptomatic
2 1000 ® - 1 »
5 ® = .
z o '. LI | A aa A
- L o‘?,t '{b:‘ I
A
500 .:.5 : *‘ Ag l‘“
. -. R -A‘A‘“ ) -
A A A
A
0

40 60
Age at CSF collection (years)

Supplementary figure 2. Receiver operating characteristic (ROC) curve to discriminate symptomatic from
presymptomatic mutation carriers using NPTX2 (area under the curve=0.71; 95% Cl 0.63-0.80).

1.0
08

0,6

Sensitivity

04

02

0,0 02 04 06 08 1,0
1 - Specificity



Biomarkers of neuroaxonal and synaptic integrity | 107

Supplementary figure 3. Grey matter volume of the (A) frontal lobe, and (B) insula in presymptomatic (n=91) and
symptomatic mutation carriers (n=35) and non-carriers (n=64), expressed as a percentage of total intracranial
volume (TIV). Whiskers indicate minimum and maximum values. P-values are from Kruskall-Wallis tests with
Bonferroni correction for multiple comparisons. ***p<0.001.
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Supplementary figure 4. NfL concentrations in presymptomatic (n=106) and symptomatic mutation carriers (n=50)
and non-carriers (n=70). Reported p-values are from ANCOVA with age as a covariate. Whiskers represent minimum
and maximum values. Orange squares indicate subjects who converted to the symptomatic stage during follow-up
(n=3). Grey asterisks indicate subjects with amyotrophic lateral sclerosis (ALS) without FTD (n=3); grey crosses

indicate subjects with both FTD and ALS (n=4). PRE: presymptomatic; SYM: symptomatic. *p<0.05; **p<0.01;
***p<0.001.
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Supplementary figure 5. Relationship between changes in NPTX2 in longitudinal CSF samples (n=13) and time
interval between CSF collections (rs=0.116, p=0.705). Change in NPTX2 was defined as the difference in NPTX2
concentration between the first and the last CSF sample. Presymptomatic mutation carriers are shown as green
squares; symptomatic mutation carriers as red triangles and converters are shown in orange. The non-carrier is
shown as a blue circle. GRN mutation carriers are shown as open symbols, C9orf72 mutation carriers as filled
symbols and the MAPT mutation carrier as a half-filled symbol.
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Supplementary figure 6. Relationship between NPTX2 concentration and subsequent annual change in phonemic
verbal fluency among mutation carriers (n=118). Annualised change in phonemic verbal fluency was calculated by
subtracting the score at CSF collection from the most recent score (collected through GENFI follow-up) and dividing
by the time interval. b and p values are from linear regression analyses which included age, sex, centre and education
level as covariates.
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Supplementary figure 7. Correlation between NPTX2 and (A) NPTX1, and (B) NPTXR in the entire group (n=230).
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Correlation coefficients are from Spearman’s rank correlations.
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Supplementary table 1. Relationship between NPTX2 and grey matter volume among non-carriers (n=64). Results
were obtained through multiple linear regression with square-root transformed NPTX2 as the dependent variable,
adjusting for age, sex and study site. Section A shows results when brain volumes were corrected for total
intracranial volume; section B shows results using raw (uncorrected) brain volumes. Displayed p-values are before
multiple testing correction; none were significant after Bonferroni correction. b indicates regression coefficient; B
indicates standardised regression coefficient; SE: standard error.

A. Brain volumes as percentage of total intracranial volume

b (SE) B p
Whole brain volume -0.18 (0.42) 0.301 0.660
Frontal lobe -1.18 (1.80) 0.187 0.515
Temporal lobe 1.88 (2.66) 0.422 0.484
Parietal lobe 1.27 (3.29) 0.314 0.700
Occipital lobe 0.62 (2.61) 0.205 0.814
Cingulate gyrus 1.65 (7.26) 0.215 0.821
Insula -4.00 (19.89) 0.120 0.841
B. Raw brain volumes

b (SE) B p
Whole brain volume 2.08E-5 (7.42E-6) 0.293 0.106
Frontal lobe 8.17E-5 (4.51E-5) 0.195 0.228
Temporal lobe 2.47€-4 (7.28E-5) 0.400 0.029
Parietal lobe 2.54E-4 (1.02E-4) 0.322 0.065
Occipital lobe 1.88E-4 (1.08E-4) 0.211 0.157
Cingulate gyrus 4.45E-4 (1.15E-5 0.200 0.184
Insula 1.02E-3 (9.16E-4) 0.169 0.271

Supplementary table 2. Relationship between NPTX2 and annualised changes in MMSE, TMT-B, phonemic verbal
fluency, FTD plus CDR modules and CBI-R in mutation carriers. Annualised change was calculated by subtracting the
score at the time of CSF collection from the most recently collected score and dividing by the time interval. Results
are from linear regression analysis which included age, sex, study site and for cognitive tests education level as
covariates. b indicates unstandardised regression coefficient; B indicates standardised regression coefficient; SE:
standard error; MMSE: Mini Mental State Examination; TMT-B: Trail Making Test part B; CDR: Clinical Dementia
Rating scale; CBI-R: Revised Cambridge Behavioural Inventory.

n b (SE) B p
MMSE 136 0.001 (0.001) 0.159 0.077
TMT-B 107 -0.001 (0.004) -0.040 0.693
Phonemic verbal fluency 118 0.004 (0.001) 0.302 0.001
FTD plus CDR modules 105 -0.001 (0.001) -0.244 0.025

CBI-R 93 -0.004 (0.003) -0.163 0.200
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Abstract

Excessive microglial activation might be a central pathological process in GRN-related
frontotemporal dementia (FTD-GRN). We measured soluble triggering receptor expressed
on myeloid cells 2 (sTREM2), which is shed from disease-associated microglia following
cleavage of TREM2, in cerebrospinal fluid of 34 presymptomatic and 35 symptomatic GRN
mutation carriers, 6 presymptomatic and 32 symptomatic C9orf72 mutation carriers and 67
healthy non-carriers by ELISA. Although no group differences in sSTREM2 levels were
observed (GRN: symptomatic (median 5.2 ng/ml, interquartile range [3.9-9.2]) vs.
presymptomatic (4.3 ng/ml [2.6-6.1]) vs. non-carriers (4.2 ng/ml [2.6-5.5]): p=0.059; C9orf72:
symptomatic (4.3 [2.9-7.0]) vs. presymptomatic (3.2 [2.2-4.2]) vs. non-carriers: p=0.294),
high levels were seen in a subset of GRN, but not C9orf72, mutation carriers, which might
reflect differential TREM2-related microglial activation. Interestingly, two presymptomatic
carriers with low sTREM?2 levels developed symptoms after 1 year, whereas two with high
levels became symptomatic after >5 years. While sTREM2 is not a promising diagnostic
biomarker for FTD-GRN or FTD-C9orf72, further research might elucidate its potential to
monitor microglial activity and predict disease progression.
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Introduction

Frontotemporal dementia (FTD) is frequently caused by autosomal dominant genetic
mutations in granulin (GRN). Although the exact mechanisms by which GRN mutations lead
to FTD are poorly understood, accumulating evidence suggests a role for dysregulation of
microglial homeostasis.[1,2] GRN”" mice display excessive microglial activation with
subsequent release of pro-inflammatory factors and neuronal loss,[3-5] and suppression of
genes characteristic for homeostatic microglia,[6] whereas GRN overexpression reduces
microglial recruitment following nerve injury.[7] Biomarkers that accurately reflect microglial
activity in vivo are currently lacking and might provide more insight into disease
pathogenesis, as well as measure treatment effect in clinical trials aiming to restore immune

dysregulation.

Triggering receptor expressed on myeloid cells 2 (TREM2) is a membrane-bound receptor
expressed by microglia which regulates the transition from homeostatic to disease-
associated microglia.[8-10] Cleavage of its extracellular domain produces a soluble fragment,
STREM?2, which is measurable in cerebrospinal fluid (CSF).[11] CSF sTREM?2 levels likely reflect
cerebral TREM2 expression and TREM2-triggered microglial activity.[8,12-14] Elevated
STREM2 levels have been observed mainly in the prodromal stages of Alzheimer’s disease
(AD).[14-16] Reports of STREM2 levels in FTD are inconsistent,[9,17,18] but high levels have
been reported in a few FTD-GRN cases.[19]

In the present study, we measured CSF sTREM?2 in an international cohort of presymptomatic
and symptomatic GRN mutation carriers and non-carriers to determine its value as a
biomarker in FTD-GRN. To study potential gene-specificity, we additionally measured
STREM2 in carriers of a C9orf72 repeat expansion, the most common genetic cause of FTD.

Methods

Subjects were recruited from eight research centres in Europe and the USA through familial
FTD studies. We included 34 presymptomatic and 35 symptomatic GRN mutation carriers, 6
presymptomatic and 32 symptomatic C9orf72 mutation carriers, and 67 healthy non-carriers
from GRN or C9orf72 mutation families. Subjects were classified as symptomatic if they met
international consensus criteria for behavioural variant FTD, primary progressive aphasia or
amyotrophic lateral sclerosis (ALS).[20-22] Symptom onset and disease duration were based
on caregivers’ estimations of the emergence of first symptoms. Subjects had no known
neurological or immunological co-morbidities. Global cognitive functioning was scored using
the Mini Mental State Examination (MMSE).
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CSF was collected in polypropylene tubes, centrifuged and stored at -80°C within two hours
after withdrawal. sTREM2 levels were measured using an ELISA as previously described.[9]
Samples were randomly distributed across plates and measured in duplicate; the median
coefficient of variation (CV) of duplicate samples was 3.6%. One sample with a duplicate
CV>15% was excluded. Samples were measured in two batches (median between-batch CV
4%) in the German Center for Neurodegenerative Diseases (DZNE), Munich, Germany.
Laboratory technicians were blinded to all clinical and genetic information.

Statistical analyses were performed in IBM SPSS Statistics 24 applying a significance level of
0.05 (two-sided). Demographic variables were compared using Kruskal-Wallis tests for
numerical variables and Chi square tests for categorical variables. Group comparisons of
STREM?2 levels were performed by Mann Whitney U tests or Kruskal-Wallis tests as the data
were not normally distributed. After log-transformation, sSTREM2 levels were normally
distributed, as confirmed by the Shapiro-Wilk test, and group comparisons were additionally
performed by ANCOVA with correction for age, sex and assay batch. Spearman’s rho was
used for correlative analyses. Bonferroni correction for multiple testing was applied where

appropriate.

Results

Demographics

Subject characteristics are shown in table 1. In both genetic groups (GRN and C9orf72),
symptomatic mutation carriers were older at CSF collection than presymptomatic carriers
and non-carriers (p<0.001). STREM2 levels were positively correlated with age across the
entire cohort (rs=0.271, p<0.001) and in non-carriers alone (rs=0.247, p=0.044) but not in
symptomatic GRN or C9orf72 mutation carriers (GRN: rs=0.020, p=0.911; C9orf72: rs=0.206,
p=0.258) (supplementary figure 1). No differences were found in sSTREM2 levels between
males and females (p=0.470).
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Table 1. Subject characteristics. All continuous variables are reported as medians (interquartile range).
Abbreviations: CSF, cerebrospinal fluid; MMSE, Mini Mental State Examination; SYM, symptomatic; PRE,
presymptomatic.

GRN mutation carriers C9orf72 mutation carriers Non-carriers p
Sym? PRE SYm® PRE

N 35 34 32 6 67 -

Sex, male (%) 16 (46%) 15 (44%) 18 (56%) 0 (0%) 27 (40%) 0.132¢

Age at CSF 61 51 62 34 54 <0.001¢

collection, years (57-65) (41-59) (54-67) (26-43) (42-59)

Disease duration, 2.0 - 19 - - 0.672

years (1.5-3.1) (0.7-5.1)

MMSE 23 29 26 29 30 <0.001¢
(18-27) (29-30) (22-28) (29-30) (29-30)

STREM2 (ng/ml) 5.2 4.3 4.3 3.2 4.2 0.090°¢
(3.9-9.2) (2.6-6.1) (2.9-7.0) (2.2-4.2) (2.6-5.5)

®Phenotypes: behavioural variant FTD (bvFTD) (n=20), primary progressive aphasia (PPA) (n=8), dementia not
otherwise specified (n=4), memory-predominant FTD (n=2), and FTD with corticobasal syndrome (CBS) (n=1);
®Phenotypes: bvFTD (n=13), PPA (n=3), FTD with amyotrophic lateral sclerosis (ALS) (n=9), ALS (n=5), memory-
predominant FTD (n=1), and FTD with CBS (n=1); “By Chi-square test; °In both genetic groups, symptomatic
mutation carriers were older and had lower MMSE scores than presymptomatic carriers and non-carriers (all
comparisons p<0.001). There were no significant differences in age or MMSE between symptomatic GRN and
C9orf72 carriers (by Mann-Whitney U tests); °By Kruskall-Wallis test across all groups.

STREM2 levels in GRN mutation carriers

No significant differences in sSTREM?2 levels were seen in symptomatic GRN mutation carriers
(median 5.2 ng/ml, interquartile range [3.9-9.2]) compared to presymptomatic carriers (4.3
ng/ml [2.6-6.1]) and non-carriers (4.2 ng/ml [2.6-5.5]) (p=0.059 by Kruskal-Wallis test;
p=0.513 by ANCOVA) (figure 1). STREM2 levels did not correlate with disease duration
(rs=0.210, p=0.226) or MMSE score (rs=-0.364, p=0.057, n=28) among symptomatic carriers.
Furthermore, no significant differences in STREM2 levels were seen between the various FTD
phenotypes (p=0.830) (table 1).

Three presymptomatic GRN mutation carriers developed FTD respectively 1 year, 1.2 years
and 7 years after CSF collection (figure 1). In addition, one presymptomatic GRN carrier
developed mild behavioural abnormalities and cognitive deficits 5 years after CSF collection,
although clinical diagnostic criteria for FTD were not fulfilled.

Visual inspection of figure 1 revealed high sSTREMZ2 levels in eight symptomatic GRN mutation
carriers (>10 ng/ml). We did not identify any association with specific clinical or genetic
features in these subjects (i.e., disease severity or duration, phenotype, age at symptom
onset, genetic mutation) (supplementary table 1).
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Figure 1. sSTREM2 levels in presymptomatic and symptomatic mutation carriers and non-carriers. Error bars
represent median +* interquartile range. Red and blue triangles indicate subjects with isolated or concomitant
amyotrophic lateral sclerosis, respectively. Green squares indicate subjects who developed symptoms after CSF
collection; subject 1 developed FTD with corticobasal syndrome after seven years; subject 2 suffered cognitive
decline after five years; subject 3 developed memory-predominant FTD after 1.2 years; subject 4 developed
behavioural variant FTD after one year.
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No significant differences in STREM2 levels were seen between symptomatic (median 4.3
ng/ml [2.9-7.0])) and presymptomatic (3.2 ng/ml [2.2-4.2]) C9orf72 mutation carriers or non-
carriers (p=0.294 by Kruskal-Wallis test; p=0.433 by ANCOVA) (figure 1). Results were
unchanged after exclusion of subjects with isolated ALS (n=4) or FTD with ALS (n=9). STREM?2
levels did not correlate with disease duration (r;=0.199, p=0.275) or MMSE score (rs=-0.037,
p=0.856, n=27) among symptomatic carriers.

Comparison between GRN and C9orf72 mutation carriers

STREM2 levels did not differ between symptomatic GRN and C9orf72 mutation carriers
(p=0.196) or between presymptomatic GRN and C9orf72 mutation carriers (p=0.288) (both
by Mann-Whitney U tests).

Discussion

The present study revealed no significant differences in CSF sTREM2 levels between
presymptomatic and symptomatic GRN or C9orf72 mutation carriers and non-carriers.
Although the lack of group differences and overlap in sSTREM2 levels between groups
preclude its value as a diagnostic biomarker, a remarkable degree of variability in STREM?2
levels was observed among GRN mutation carriers, which warrants further study.
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Several GRN mutation carriers had very high sTREM2 levels, whereas sSTREM2 levels among
C9orf72 carriers and non-carriers appeared to be more consistent, which is in line with
previous findings.[19] These high levels are unlikely to be measurement errors given the
favorable assay characteristics [9] and low inter-plate and duplicate CVs. Elevated CSF
STREM?2 levels are thought to reflect increased TREM2-dependent microglial activation, a
hypothesis that is supported by more convincingly elevated levels in typical
neuroinflammatory diseases such as multiple sclerosis [11] and by a correlation between
brain sSTREM?2 levels and microglial activity on TSPO-PET imaging in mouse models.[23] Our
findings might therefore reflect a variable degree of microglial involvement specifically
among GRN mutation carriers. The identification of subsets of carriers with more or less
microglial activation would be highly valuable for patient stratification in inflammation-
directed clinical trials. Interestingly, much variability has also been observed for the
microglia-derived proteins YKL-40 and chitotriosidase (CHIT-1) in FTD [24-26] and future
studies that elucidate the relationship between these proteins in FTD-GRN would be of
interest.

Three presymptomatic GRN mutation carriers developed FTD after CSF collection, and
cognitive decline was reported in one. Interestingly, two of these subjects with very high
STREM?2 levels only developed symptoms several years after CSF collection, while two
subjects with low sTREM?2 levels declined within two years. It is tempting to speculate that
increased microglial activity and accordingly, high STREM2 levels, in the late-presymptomatic
stage might delay disease onset. In mild cognitive impairment and AD, higher CSF sTREM2
levels have been associated with reduced rates of clinical decline and attenuated amyloid-p
accumulation on amyloid PET imaging, suggesting that TREM2-related processes might play
a protective role.[12,13,27] In line with these findings, increased microglial activation on
TSPO-PET imaging predicted slower disease progression in (prodromal) AD.[28] Such
associations require further study in a much larger cohort of FTD-GRN patients, and could be
highly relevant for clinical trial design as they could potentially confound outcome measures,

i.e., slow progression rates could falsely be attributed to the study drug.

The positive correlation between sTREM?2 levels and age is in line with previous studies
[14,16,18,19,29] and is thought to reflect physiological age-related microglial activity.[30,31]
Although we cannot rule out that co-existence of other (asymptomatic) neurodegenerative
diseases such as AD might have affected sSTREM2 levels in our cohort, several studies have
found no correlation between sTREM2 levels and CSF amyloid-B;[14,18,29] therefore, the
effect of concomitant amyloid pathology on sTREM?2 levels in the present study is probably
limited.
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Neuroinflammation is thought to be the result of a highly complex and dynamic interaction
between many factors.[1] Different disease stages might be characterised by variable
degrees of microglial activation and subsequent sTREM2 shedding, making group
comparisons difficult to interpret. This is exemplified by findings of elevated sTREM2 levels
in preclinical and early-stage AD, followed by slightly attenuated levels in later disease
stages.[14-16] Longitudinal measurements of STREM2 in FTD-GRN might provide insights
into its dynamics over the course of disease as well as determine its value as a disease
monitoring marker.

A major strength of this study is the inclusion of presymptomatic and symptomatic carriers
of GRN and C9orf72 mutations, as opposed to clinically diagnosed FTD patients, enabling
investigation of well-defined, pathologically homogeneous cohorts. Limitations include the
relatively small sample size, which may have affected statistical power to detect group
differences. Furthermore, the MMSE score might not be an optimal measure of disease
severity in FTD, however it is a highly standardised instrument which we feel provides a
suitable cognitive screening for this multicentre study. Finally, we cannot rule out that some
subjects may have carried rare genetic variants in TREMZ2, which are known to affect sSTREM2
levels.[9,14]

In conclusion, while sSTREM?2 is of limited diagnostic utility in FTD-GRN, its further study might
help to elucidate the role of neuroinflammation in FTD pathogenesis. It would be interesting
to further characterise the small number of GRN mutation carriers with very high sSTREM2
levels and to investigate STREM2 dynamics over the course of disease through longitudinal
measurements.

Highlights

- CSFsTREM2 is not a promising diagnostic biomarker for FTD-GRN
- Elevated sTREM2 levels were observed in a subset of GRN mutation carriers
- Future studies might reveal utility of CSF sTREM2 for monitoring and stratification
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Supplementary tables and figures

Supplementary table 1. Clinical and genetic data for symptomatic GRN mutation carriers with STREM2 levels >10
ng/ml. Samples were measured in duplicate; duplicate coefficient of variation was <6% for all samples shown. To
prevent potential identification of individuals, age at symptom onset is provided as a range rather than an exact age.
Abbrevations: CSF, cerebrospinal fluid; bvFTD, behavioural variant FTD; nfvPPA, non-fluent variant primary
progressive aphasia; FTD-CBS, FTD with corticobasal syndrome; MMSE, Mini Mental State Examination.

# Age at symptom Disease duration Phenotype MMSE score at STREM2 (ng/ml)
onset (years) at CSF (years) CSF
1 50-55 2 bvFTD 8 24.7
2 56-60 3 bvFTD N/A 19.3
3 56-60 2 nfvPPA 30 16.2
4 56-60 7 bvFTD 4 11.9
5 60-65 2 bvFTD 19 11.6
6 45-50 3 bvFTD 8 11.6
7 60-65 3 nfvPPA 24 11.4
8 60-65 3 FTD-CBS 8 10.4

Supplementary figure 1. Correlation between sTREM?2 levels and age at CSF collection (rs=0.271, p<0.001).
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Abstract

Objective: To identify novel CSF biomarkers in GRN-associated frontotemporal dementia
(FTD) by proteomics using mass spectrometry (MS).

Methods: Unbiased MS was applied to CSF samples from 19 presymptomatic and 9
symptomatic GRN mutation carriers and 24 non-carriers. Protein abundances were
compared between these groups. Proteins were then selected for validation if identified by
>4 peptides and if fold change was <0.5 or 22.0. Validation and absolute quantification by
parallel reaction monitoring (PRM), a high-resolution targeted MS method, was performed
on an international cohort (n=210) of presymptomatic and symptomatic GRN, C9orf72 and
MAPT mutation carriers.

Results: Unbiased MS revealed twenty differentially abundant proteins between
symptomatic mutation carriers and non-carriers and nine between symptomatic and
presymptomatic carriers. Seven of these proteins fulfilled our criteria for validation. PRM
analyses revealed that symptomatic GRN mutation carriers had significantly lower levels of
neuronal pentraxin receptor (NPTXR), receptor-type tyrosine-protein phosphatase N2
(PTPRN2), neurosecretory protein VGF, chromogranin-A (CHGA) and V-set and
transmembrane domain-containing protein 2B (VSTM2B) than presymptomatic carriers and
non-carriers. Symptomatic C9orf72 mutation carriers had lower levels of NPTXR, PTPRN2,
CHGA and VSTM2B than non-carriers, while symptomatic MAPT mutation carriers had lower
levels of NPTXR and CHGA than non-carriers.

Interpretation: We identified and validated five novel CSF biomarkers in GRN-associated FTD.
Our results show that synaptic, secretory vesicle and inflammatory proteins are dysregulated
in the symptomatic stage and may provide new insights into the pathophysiology. Further
validation is needed to investigate their clinical applicability as diagnostic or monitoring
biomarkers.
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Introduction

Frontotemporal dementia (FTD) is the second most common form of presenile dementia,
with autosomal dominant inheritance in approximately 30% of cases.[1,2] Pathogenic
mutations in granulin (GRN) are a major cause of hereditary FTD with underlying transactive
response DNA-binding protein 43 (TDP-43) pathology.[2] The vast majority of GRN mutations
result in reduction of progranulin (PGRN) protein levels in blood and cerebrospinal fluid (CSF)
by haploinsufficiency.[3-6] However, the exact mechanism by which PGRN reduction leads
to neurodegeneration is poorly understood. Upcoming therapeutic interventions should
ideally be applied in the presymptomatic or prodromal stage of the disease, when neuronal
damage is minimal, highlighting the need for biomarkers that reflect early pathologic
processes.[7]

Most studies on fluid biomarkers in FTD have used targeted approaches, allowing
measurement of known protein candidates only,[7,8] while unbiased approaches have
scarcely been performed.[9,10] In autosomal dominant Alzheimer’s disease, unbiased
approaches have uncovered early changes in the proteome.[11]

In the present study, we investigated CSF proteomics by unbiased mass spectrometry (MS)
in presymptomatic and symptomatic GRN mutation carriers. We aimed to identify novel
proteins that reflect disease activity and/or give insight into the pathophysiology. We
validated and quantified a selection of the identified proteins using parallel reaction
monitoring (PRM), a high-resolution targeted MS-based approach, in an international cohort
of GRN mutation carriers and other forms of genetic FTD, namely C9orf72 and MAPT
mutation carriers.[1]

Methods

Subjects

Discovery proteomics was applied on CSF of 9 symptomatic and 19 presymptomatic GRN
mutation carriers and 24 healthy non-carriers (‘discovery cohort’), who participate in the
Dutch longitudinal FTD Risk Cohort (FTD-RisC).[12] Briefly, patients with genetic FTD and
asymptomatic 50% at-risk individuals (either presymptomatic mutation carriers or non-
carriers) from families with genetic FTD are followed yearly or two-yearly by means of
neurological examination, neuropsychological testing, MRI scanning, structured informant
interviews and collection of blood and, in a subset, CSF collection.
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PRM was performed on a selection of the proteins identified by discovery proteomics in CSF
of 61 GRN mutation carriers (31 presymptomatic, 30 symptomatic), 70 C9orf72 mutation
carriers (16 presymptomatic, 54 symptomatic), 27 MAPT mutation carriers (12
presymptomatic, 15 symptomatic) and 52 non-carriers (‘validation cohort’). CSF samples
were collected from six research centres in Europe and the USA. 46 samples in the validation
cohort overlapped with those in the discovery cohort.

The study was approved by the local ethics committee and all participants (or a legal
representative) provided written informed consent.

Sample collection
CSF was collected in polypropylene tubes according to standardised local procedures and
stored at -80°C after centrifugation within two hours after withdrawal.

Discovery proteomics

Discovery proteomics was performed as described previously [13] and details are reported
in the supplementary methods. In short, albumin and IgG were depleted from 50 ul of CSF
sample to maximise peptide detection (Pierce, PN 85162). After overnight in-solution trypsin
digestion, samples were analysed by LC-MS/MS in a randomised order on a nano LC system
coupled to an Orbitrap Fusion Lumos mass spectrometer (Thermo Fisher Scientific). For
peptide and protein identification, MS/MS spectra were extracted using ProteoWizard [14]
software (version 3.0.9248) and analysed with the database search engine Mascot (Matrix
Science, UK) against the Uniprot database [15] (downloaded November 12" 2015; taxonomy:
Homo sapiens; 20,194 entries). Next we combined the search results of the individual
samples, applied scoring of hits (local false discovery rate < 1%) and conducted protein
grouping using the software Scaffold.[16,17] For label-free quantitation MS raw data was
processed with Progenesis QI (version 2.0) and linked with identification results to finally
determine peptide and protein abundances. Abundances were normalised to the total ion
current to compensate for experimental variations using an algorithm available in the
analysis software. Subsequently, the data were exported in Excel format.

Statistical analyses of discovery proteomics

For all peptides identified by discovery proteomics, we compared peptide abundances in: 1)
symptomatic mutation carriers versus non-carriers; 2) symptomatic versus presymptomatic
mutation carriers; 3) presymptomatic mutation carriers versus non-carriers. As the data were
not normally distributed, a Wilcoxon rank-sum test was used. Corresponding proteins were
regarded as significantly differentially abundant when they satisfied all of the following
criteria, as described before [18] with minor adjustments: 1) the protein was identified by
two or more peptides; 2) 25% or more of the peptides of the protein were significant at
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p<0.01; 3) 50% or more of the peptides of the protein were significant at p<0.05; 4) 75% or
more of the peptides were changed in the same direction (i.e. up- or downregulated).
Statistical background levels were determined by permutation tests on all samples and all
identified peptides/proteins. The number of differentially abundant proteins was regarded
as significant when the observed number in the true analysis exceeded the threshold from
the permutation analysis: mean + three times the standard deviation. Fold changes based on
median abundances were calculated for all group comparisons on peptide levels and
peptides with a median of zero were excluded. Next, protein fold changes were calculated
by the mean of corresponding peptide fold changes.

PRM validation

Differentially abundant proteins from discovery proteomics were selected for PRM validation
based on the following criteria: 1) the protein was identified by four or more peptides and 2)
protein fold change was <0.5 or >2.0.

PRM was essentially performed as described previously [19] and details are reported in the
supplementary methods. In short, 20 pl of CSF was digested overnight by trypsin. LC-MS
analysis was carried out on a nano LC system coupled to an Orbitrap Fusion mass
spectrometer (Thermo Fisher Scientific). For PRM of the peptide panel of candidates a time
scheduled targeted MS/MS method was used and the referring peptide-specific parameters
are listed in supplementary table 1. To allow absolute quantification of peptides, synthetic
stable isotope labelled (SIL) peptides were added as listed in supplementary table 1. As
technical quality check (QC), a pool of 80 CSF samples was prepared and loaded as 8-fold
replicate on each well-plate. During LC-MS measurements, every 12th run a QC sample was
measured to determine the reproducibility of the assay. For assessment of sensitivity of the
assay an eight-point dilutions series of the peptide panel in CSF digest matrix was prepared
and measured in triplicate. MS data processing was conducted using the software package
Skyline.[20] Peak ratios were exported and used for calculation of CSF concentrations of the
samples and determining analytical parameters limit of detection (LOD), lower limit of
quantitation (LLOQ) and coefficients of variance (CV) (supplementary tables 2a and 2b) using
the software package R.[21]

Statistical analyses of demographic data and PRM validation

Statistical analyses were performed in IBM SPSS Statistics 24.0 applying a significance level
of p<0.05. Demographic and PRM data for each genotype (GRN, C9orf72 and MAPT) were
compared between symptomatic mutation carriers, presymptomatic mutation carriers and
non-carriers. For PRM results, per candidate protein one corresponding targeted peptide
was chosen based on suitability for quantification and lowest LOD, LLOQ and CV as indicated
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in supplementary tables 2a and 2b. Peptides with CV >15% were excluded from further
analyses. As the data was not normally distributed, a Kruskall-Wallis test with post-hoc
Dunn’s test was performed to compare peptide concentrations between groups. ANCOVA of
log-transformed peptide concentrations was used to correct for age at CSF sampling. All post-
hoc analyses were adjusted for multiple testing by means of Bonferroni correction.

Mass spectrometry data has been made available via the PRIDE partner repository with the
dataset identifiers PXD012178 (discovery study) and PXD012179 (validation study).[22]

Gene set enrichment analyses

Gene set enrichment analyses to the Gene Ontology database [23] were performed on a
selection of proteins identified by discovery proteomics in symptomatic mutation carriers
versus non-carriers, and separately on proteins identified in symptomatic versus
presymptomatic mutation carriers. We relaxed the protein selection criteria to allow for
separation of multiple enriched pathways in our dataset, aiming to include 50-150 proteins
per enrichment analysis. Proteins with a fold change <0.83 or 1.2 and with >25% of peptides
significantly up- or downregulated (p<0.05) were included. Enrichment was performed to the
whole genome as statistical background, accepting false discovery rate (FDR)-corrected
results of p<0.05 as significantly enriched Gene Ontology (GO) terms. The most significant
non-redundant terms for Biological Processes (GOBP), Cellular Components (GOCC) and
Molecular Functions (GOMF) were extracted and a protein network was created based on
these terms using Cytoscape (v3.4.0).

Results

Subjects

Subject characteristics are shown in table 1. In the discovery cohort, no differences were
found in age at CSF collection or sex among symptomatic and presymptomatic mutation
carriers and non-carriers. In the validation cohort, symptomatic GRN (median 61 years) and
C9orf72 mutation carriers (59 years) were significantly older than presymptomatic GRN (54
years) and C9orf72 mutation carriers (45 years, both p<0.001) and non-carriers (54 years,
p<0.001) at the time of CSF sampling.
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Table 1. Subject characteristics. Continuous variables are presented as medians (interquartile range). Abbreviations:
FTD, frontotemporal dementia; CSF, cerebrospinal fluid.

N Age at CSF Sex, male (%) Age at Disease
collection, symptom duration, years
years onset, years

Discovery cohort

Non-carriers 24 51 (40-58) 14 (58%) n/a n/a
Presymptomatic GRN 19 56 (47-60) 9 (47%) n/a n/a
Symptomatic GRN 9 58 (53-60) 3(33%) 57 (51-58) 2.3(1.5-3.6)
Validation cohort

Non-carriers 52 54 (43-59) 24 (46%) n/a n/a
Presymptomatic GRN 31 54 (42-59) 12 (39%) n/a n/a
Symptomatic GRN 30 61 (57-66)* 11 (37%) 58 (55-63) 1.9 (1.2-3.0)
Presymptomatic C9orf72 16 45(36-52) 3 (19%) n/a n/a
Symptomatic C9orf72 54 59 (54-65)t 31 (57%)% 56 (50-62) 2.4(1.2-5.2)
Presymptomatic MAPT 12 48 (44-53) 5 (42%) n/a n/a
Symptomatic MAPT 15 53 (51-60) 7 (47%) 51 (46-55) 3.0 (1.4-5.0)

*Symptomatic GRN mutation carriers significantly older than presymptomatic GRN mutation carriers and non-
carriers (p<0.001); TSymptomatic C9orf72 mutation carriers significantly older than presymptomatic C9orf72
mutation carriers and non-carriers (p<0.001); ¥Symptomatic C9orf72 mutation carriers and non-carriers significantly
more males than presymptomatic C9orf72 mutation carriers (p=0.024).

Discovery proteomics

We identified a total of 4539 peptides corresponding to 572 proteins, of which 503 proteins
were identified by >2 peptides. 20 proteins were considered significantly differentially
abundant in symptomatic GRN mutation carriers compared to non-carriers. In the
comparison between symptomatic and presymptomatic GRN mutation carriers, nine
differentially abundant proteins were found (figure 1, supplementary table 3). No significant
differences were found between presymptomatic GRN mutation carriers and non-carriers.
All differentially abundant proteins were identified by peptides which were matched
exclusively to that protein.

Validation by PRM

Seven proteins fulfilled our criteria for validation by PRM (table 2). The protein Ig alpha-1
chain C region (IGHA1) was excluded from validation analyses as just one peptide was
targeted and this peptide had a CV>15%.
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Figure 1. Flow chart of differentially abundant proteins. The number of identified peptides and proteins are
displayed and are then split to the differentially abundant proteins per group comparison: 1) symptomatic versus
presymptomatic carriers, and 2) symptomatic versus non-carriers. No differentially abundant proteins were found
in the comparison presymptomatic versus non-carriers (not shown). In the lower row, proteins are displayed that
were selected for validation by PRM. CaM, Calcium/calmodulin-dependent; NPTXR, neuronal pentraxin receptor;
PTPRN, receptor-type tyrosine-protein phosphatase-like N; PTPRN2, receptor-type tyrosine-protein phosphatase
N2; TNF, tumor necrosis factor; VSTM2B, V-set and transmembrane domain-containing protein 2B.
Entire dataset
19 presymptomatic GRN carriers

9 symptomatic GRN carriers
24 non-carriers

4539 peptides
572 proteins

503 proteins identified
by =2 peptides

v ¥
Symptomatic vs. presymptomatic Symptomatic vs. non-carriers
Increased 1 Decreased | Increased 1 Decreased |
- Profilin-1 - NPTXR - Profilin-1 -NPTXR
- 14-3-3-y - Calsyntenin-3 - Ig a-1 chain C -PTPRN2
- 14-3-3-¢ - PTPRN region - Neurosecretory protein VGF
- CD44 antigen |- Proline-rich - Complement C8-y |- Chromogranin-A
transmembrane 3 - 14-3-3-0/& - CaM-kinase Il a
Differentially - Polyubiquitin-B - 14-3-3-¢ -VSTM2B
abundant proteins| - Cell growth regulator EF hand 1

- Proline-rich transmembrane 3
- Protein shisa-6 homolog

- CD99 antigen-like 2

- TNF receptor superfamily 21

- 45 kDa calcium-binding protein
- Golgi membrane protein 1

-Reelin
None - NPTXR - lg a-1chain C -NPTXR
Candidate region - PTPRN2

- Complement C8-y |- Neurosecretory protein VGF
- Chromogranin-A
-VSTM2B

biomarkers

Table 2. Proteins selected for validation by PRM. Fold change (SYM/NC): fold change in discovery proteomics in the
comparison between symptomatic GRN mutation carriers and non-carriers. Fold change (SYM/PRE): fold change in
discovery proteomics in the comparison between symptomatic and presymptomatic GRN mutation carriers.
Abbreviations: NPTXR, neuronal pentraxin receptor; PTPRN2, receptor-type tyrosine-protein phosphatase N2; VGF,
neurosecretory protein VGF; CHGA, chromogranin-A; VSTM2B, V-set and transmembrane domain-containing
protein 2B; C8G, complement component C8 gamma chain; IGHA1, Ig alpha-1 chain C region.

Protein Peptides, n Fold change (SYM/NC) Fold change (SYM/PRE)
NPTXR 6 0.34 0.39

PTPRN2 5 0.35 -

VGF 21 0.45 -

CHGA 18 0.46 -

VSTM2B 4 0.49 -

C8G 4 2.00 -

IGHAL 6 2.39 -
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Symptomatic GRN mutation carriers had significantly lower concentrations of Neuronal
pentraxin receptor (NPTXR), Receptor-type tyrosine-protein phosphatase N2 (PTPRN2),
Neurosecretory protein VGF (VGF), Chromogranin-A (CHGA) and V-set transmembrane
domain-containing protein (VSTM2B) compared to both presymptomatic carriers and non-
carriers by PRM (table 3, figure 2, supplementary figure 1). Complement component C8
gamma chain (C8G) levels were higher in symptomatic mutation carriers, however this
difference was no longer statistically significant after correction for age at CSF sampling.

Symptomatic MAPT mutation carriers had significantly lower concentrations of NPTXR and
CHGA compared to non-carriers, while the other proteins did not show any significant
differences between groups (figure 2, supplementary figure 1).

Symptomatic C9orf72 mutation carriers had significantly lower concentrations of NPTXR,
PTPRN2, CHGA and VSTM2B compared to non-carriers (figure 2, supplementary figure 1).
Lower concentrations of NPTXR, PTPRN2, CHGA and VSTM2B were found in presymptomatic
mutation carriers than in non-carriers, although not statistically significant.

For all proteins included in validation analyses, no significant differences were found
between presymptomatic carriers and non-carriers.

Table 3. Protein levels measured by PRM in GRN mutation carriers. Peptides used for quantification are indicated in
supplementary table 2. P-values for analyses of covariance (correcting for age at CSF sampling) and after correction
for multiple testing are displayed. Abbreviations: NPTXR: neuronal pentraxin receptor; PTPRN2: receptor-type
tyrosine-protein phosphatase N2; VGF: neurosecretory protein VGF; CHGA: chromogranin-A; VSTM2B: V-set and
transmembrane domain-containing protein 2B; C8G: complement component C8 gamma chain.

Symptomatic carriers Presymptomatic carriers Non-carriers (ng/ml) [IQR]  p

(ng/ml) [IQR] (n=30) (ng/ml) [IQR] (n=31) (n=52)
NPTXR 89.1[68.3-117.2] 138.2 [114.2-171.0] 148.4 [118.2-167.0] <0.001*
PTPRN2 8.7 [6.6-10.8] 15.1[12.1-17.7) 13.6 [10.9-17.2] <0.001**
VGF 117.6 [78.3-167.9] 203.3 [158.4-273.0] 171.7 [129.5-228.9] <0.001"
CHGA 286.5 [233.6-343.6] 409.2 [293.6-471.9] 416.0 [337.7-509.6] <0.001*
VSTM2B  13.6[11.0-16.2] 17.7 [13.6-21.3] 17.7 [15.4-21.9] <0.001"
C8G 14.2 [10.2-20.6] 13.0[9.2-17.5] 10.0[7.9-15.6] 0.126

*Symptomatic GRN mutation carriers vs. non-carriers p<0.001; symptomatic vs. presymptomatic GRN mutation
carriers <0.001; **Symptomatic GRN mutation carriers vs. non-carriers p=0.002; symptomatic vs. presymptomatic
GRN mutation carriers <0.001; 'Symptomatic GRN mutation carriers vs. non-carriers p=0.045; symptomatic vs.
presymptomatic GRN mutation carriers p=0.005; *Symptomatic GRN mutation carriers vs. non-carriers p=0.002;
symptomatic vs. presymptomatic GRN mutation carriers p=0.007
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Figure 2. Neuronal pentraxin receptor (NPTXR) in presymptomatic and symptomatic GRN, C9orf72 and MAPT
mutation carriers by PRM. Error bars represent medians with interquartile ranges. Significances from the analysis of
covariance (corrected for age at CSF sampling) and after correction for multiple testing are displayed. *p<0.05;
**p<0.01; ***p<0.001.
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Gene set enrichment analyses

For gene set enrichment analyses, 116 proteins were included in the comparison of
symptomatic mutation carriers versus non-carriers, and 72 proteins were included in the
comparison of symptomatic versus presymptomatic mutation carriers. In total, 44 GOBP and
7 GOCC terms were significantly enriched (supplementary file 1). The most significantly
enriched terms for both comparisons included acute inflammatory response, response to
axonal injury and modulation of synaptic transmission. The generated protein interaction
network is shown in supplementary figure 2.

Discussion

In this proteomics study, we identified several differentially regulated proteins in CSF of GRN-
associated FTD. Validation of our results by targeted mass spectrometry revealed
significantly lower levels of NPTXR, CHGA, VSTM2B, PTPRN2 and VGF in symptomatic GRN
mutation carriers compared to presymptomatic and non-carriers. Here, we provide some
background information on these proteins.

NPTXR is a transmembrane protein expressed on neurons and glia and is a member of the
neuronal pentraxin (NP) family. NPs are multifunctional proteins that have been implicated
in synaptic plasticity.[24,25] NPTXR has been identified as a progression biomarker in
Alzheimer’s disease (AD), with elevated levels in mild cognitive impairment and low levels in
AD patients.[26-29] In autosomal dominant AD, NPTXR levels were elevated in
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presymptomatic carriers,** an effect we did not observe in our presymptomatic GRN carriers.
This discrepancy may result from differences in underlying pathophysiology, or because we
studied presymptomatic carriers of all ages and thus of varying time from onset.

VGF and CHGA belong to the granin protein family and are precursors of peptides with
numerous biological functions, including microglial activation (CHGA) and synaptic
plasticity.[30-32] Decreased VGF and CHGA levels were also found in proteomics studies in
AD.[11,26,29,33]

PTPRN2 is a transmembrane protein present in dense-core vesicles, implicated in secretory
processes in the pancreatic islets, but also in the brain.[34] PTPRN, a highly homologous
protein, was also found in our discovery proteomics, although it did not strictly fulfill our
criteria for validation (fold change 0.56). PTPRN2 is also involved in secretory processes and
is decreased in CSF of AD patients.[28] Both PTPRN2 and PTPRN also play more general roles
in secretion of hormones and neurotransmitters, and knock-down of both these proteins
result in behavioural and learning impairments in mice.[34]

C8G, a constituent of innate immunity was elevated in symptomatic GRN mutation carriers
compared to non-carriers, although not statistically significant after correction for
covariates.[35] An important role for inflammatory pathways in FTD is supported by prior
studies that identified YKL-40, complement factors and interleukines as candidate
biomarkers for FTD. The numerous enriched gene ontology terms related to inflammatory
processes support this hypothesis. PGRN is implicated as an anti-inflammatory protein, with
haploinsufficiency resulting in lysosomal dysfunction, complement production and microglial
activation.[36]

The last candidate protein we identified is VSTM2B, this is a membrane protein but its exact
function has scarcely been studied.

The observed decrease in synapse proteins could represent synaptic turnover or loss
occurring during the course of the disease. Increasing evidence suggests that altered synaptic
function may contribute to the early pathogenesis of FTD, especially in GRN mutations,[36-
38] a concept previously recognised primarily in AD. In rat hippocampal neurons, knocking
down PGRN decreases synapse density,[39] and in GRN-knockout mice, PGRN-deficiency
causes synaptic dysfunction prior to the occurrence of other neuropathological changes.[40]
It has been hypothesised that PGRN deficiency could cause synaptic pruning through
activation of microglia and complement factors.[36] Strategies aimed at increasing or
maintaining synaptic connectivity could prove beneficial in future therapeutic interventions.

Chapter 4



168 | Chapter 4

Four of the five protein decreases (NPTXR, VSTM2B, CHGA and PTPRN2) observed in
symptomatic GRN carriers were also seen in symptomatic C9orf72 carriers, suggesting that
these changes are not specific for GRN-associated FTD. The trend towards lower levels of
these proteins in presymptomatic C9orf72 carriers compared to non-carriers, must be
interpreted with caution due to lack of statistical significance. However, if confirmed in a
larger genetic FTD cohort, this could support the hypothesis that C9orf72-associated FTD has
a more protracted onset than GRN-associated FTD.[41-43] In MAPT mutation carriers,
significant differences in protein concentrations were only found for NPTXR and CHGA. This
may reflect differences in underlying pathophysiology or it may be due to the smaller sample
size in MAPT mutation carriers.[2,7]

Strengths of this study include the unique sample set with a large cohort of presymptomatic
and symptomatic GRN mutation carriers. Restricting our discovery cohort to GRN mutation
carriers allowed us to create a pathologically homogeneous group of FTD-patients. The
unbiased proteomics approach enabled us to identify novel biomarkers without predefined
hypotheses. Validation of our discovery proteomics results by PRM has provided convincing
evidence for our findings.

The depletion step in the discovery proteomics, removing albumin and IgG, has considerably
improved the detection of low abundancy proteins. Very low abundancy proteins could,
however, be below the detection limit despite the depletion step. This may explain why we
did not find PGRN, known to be decreased in GRN mutation carriers, or neurofilament light
chain (NfL), known to be increased in symptomatic carriers, both of which have average CSF
concentrations below 10 ng/ml.[4,41] Furthermore, relevant proteins may bind to the
depleted proteins, thereby impeding their detection.[44] Finally, our stringent selection
criteria for validation likely reduced the number of false-positive findings, however may also
have excluded certain relevant potential biomarkers.

In conclusion, we present five promising novel CSF biomarkers in genetic FTD. Further
verification and correlation with clinical features is needed in larger cohorts of genetic FTD,
such as GENFI (Genetic FTD Initiative) and LEFFTDS (Longitudinal Evaluation of Familial
Frontotemporal Dementia Subjects). Validation by immunoassays is necessary to reveal
whether clinical implementation of these biomarkers is feasible.
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Supplementary file 1: Methods

Discovery proteomics

Fifty uL of CSF sample was depleted of albumin and immunoglobulin G using depletion spin
columns (Pierce, PN 85162) according to manufacturers’ recommendations. Samples were
subsequently reduced (5 mM DTT), alkylated (15 mM IAA), dried (SpeedVac concentrator),
then reconstituted in 50 ul 0.1% RapiGest (Waters) and 50mM ammoniumbicarbonate and
digested overnight by addition of 500 ng trypsin (trypsin gold, Promega, Madison, WI) and
incubation at 37°C with gentle shaking. Digests were stopped and detergent (RapiGest) was
removed by acidification with trifluoroacetic acid (TFA) to pH<2 followed by incubation (45
at 37°C) and centrifugation (10" at 10,000 g). Samples were analysed by LC-MS/MS in a
randomised order using an Ultimate 3000 nano RSLC system (Thermo Fischer Scientific,
Germering, Germany) coupled online to an Orbitrap Fusion Lumos mass spectrometer
(Thermo Fisher Scientific). Twelve microliter of digest was loaded onto a C18 trap column
(C18 PepMap, 300 pm ID x 5 mm, 5 um, 100 A) and desalted for 10’ using 0.1% TFA in water
at a flow rate of 20 ul/min. Then the trap column was switched in-line with an analytical
column (PepMap C18, 75 pum ID x 250 mm, 2 um, 100 A) and peptides were eluted using a
binary gradient increasing solvent B from 4% to 38% over 90 minutes, whereby solvent A was
0.1% formic acid, solvent B 80% acetonitrile and 0.08% formic acid. The column flow rate
was set to 300 nL/min and column oven temperature to 40°C. For electrospray ionisation,
nano ESI emitter (New Objective) was used and a spray voltage of 1.7 kV applied. For MS/MS
analysis a data dependent acquisition MS method was used with a high resolution survey
scan from range 375 - 1500 m/z at 120,000 resolution, automatic gain control target
400,000), followed by consecutively isolation, fragmentation (HCD, 35% NCE) and detection
(ion trap, AGC 10,000) of the peptide precursors detected in the survey scan until a duty
cycle time of 3” was exceeded (‘Top Speed’ method). Precursor masses that were selected
once for MS/MS were excluded for subsequent MS/MS fragmentation for 60“.

For peptide and protein identification, MS/MS spectra were extracted using ProteoWizard
[1] software (version 3.0.9248) and analysed with the database search engine Mascot (Matrix
Science, UK) against the Uniprot database [2] (downloaded November 12t 2015, release
v151112; taxonomy: Homo sapiens; 20,194 entries) using the following parameters:
Carbamidomethylation of cysteine (+57.021 Da) as fixed modification and oxidation of
methionine (+ 15.995 Da) as variable modification, allowing 2 missed cleavages, precursor
mass tolerance of +/-10 ppm and fragment ions of +/- 0.5 Da. Next we combined the search
results of the individual samples, applied scoring of hits (local false discovery rate < 1%) and
conducted protein grouping using the software Scaffold.[3,4] For label-free quantitation MS
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raw data was processed with Progenesis Ql (version 2.0, Waters) and linked with
identification results to finally determine peptide and protein abundances. Abundances were
normalised to the total ion current to compensate for experimental variations using an
algorithm available in the analysis software. Subsequently the data were exported in Excel
format and analysed using Excel, R and SPSS statistical software.

Parallel reaction monitoring (PRM)

Twenty plL of CSF were diluted in 50 uL digestion buffer (100 mM TEAB, 1% SDC, 10% ACN)
and digested over-night by the addition of 400 ng trypsin (Promega, gold-grade) and
incubation at 37°C with gentle shaking. Digests were stopped and detergent precipitated by
addition of 60 uL 1% TFA. Next the mixture of synthetic stable isotope labelled (SIL) peptides
was spiked and the detergent removed by centrifugation at 4,400 g and subsequent filtered
through a 0.45 um membrane (PALL Acroprep). The set of samples was distributed over 3
well-plates and prepared in two batches on two days. Digests were stored until
measurements at 4 °C in sealed well-plates. LC-MS analysis was carried out on a nano LC
system coupled to an Orbitrap Fusion mass spectrometer (Thermo Fisher Scientific). Eight uL
of digest were loaded onto a trap column (C18 PepMap, 300 um ID x 5 mm, 5 pm, 100 A) and
desalted for 10" using 0.1% TFA at a flow rate of 20 ul/min. Then the trap column was
switched in-line with an analytical column (EASY-Spray PepMap C18, 75 um ID x 250 mm, 2
um, 100 A) and peptides were eluted using a binary 30° gradient with increasing solvent B
from 4% to 38%, whereby solvent A was 0.1% formic acid, solvent B 80% acetonitrile and
0.08% formic acid, flow rate 300 nL/min, column temperature 40°C and spray voltage 1.7 kV.
For PRM of the peptide panel a time scheduled targeted MS/MS method was used and the
referring peptide-specific parameters are listed in supplementary table 2. As technical quality
check (QC), a pool of 80 CSF samples was prepared, loaded as 8-fold replicate on each well-
plate, and processed otherwise identically as the other samples. During LC-MS
measurements, every 12th run a QC sample was measured to determine the reproducibility
of the assay. For assessment of sensitivity of the assay an eight-point dilutions series of the
peptide panel in CSF digest matrix was prepared and measured in triplicate (supplementary
table 2). MS data processing (peak picking, peak integration, and calculation of peak ratios)
was conducted using the software package Skyline.[5] Peak ratios were exported and used
for calculation of CSF concentrations of the samples and determining analytical parameters
LOD (limit of detection), LLOQ (lower limit of quantitation) and CV (coefficients of variance)
using the software package R.
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Supplementary figure 1. Protein levels measured by PRM in presymptomatic and symptomatic GRN, C9orf72 and

MAPT mutation carriers. (A) Receptor-type tyrosine-protein phosphatase N2 (PTPRN2) (B) Neurosecretory protein
VGF (VGF), (C) V-set and transmembrane domain-containing protein 2B (VSTM2B), (D) Chromogranin-A (CHGA), (E);
Complement component C8 gamma chain (C8G). Peptides used for quantification are listed in supplementary table

2. Significances from the analysis of covariance (corrected for age at CSF sampling) and after correction for multiple

testing are displayed. *p<0.05; **p<0.01; ***p<0.001. Abbreviations: SYM, symptomatic; PRE, presymptomatic.
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Supplementary table 1. Peptide specific settings of the PRM method. Peptide sequence: hash (#) indicates stable
isotope labelled Lysine (L-Lysine-'3Cs, **N3) or Arginine (L-Arginine-'3Cs, *N4), respectively; z: charge state measured;
CE: optimal normalised collision energy of HCD fragmentation; MIT: maximum ion injection time of scan (in ms, at
a AGC target of 5 x 10%); m/z: mass-over-charge ratio used; t(start) and t(stop): margins of scheduled PRM time
windows; for all peptides the Orbitrap resolution was set to 120.000, and the isolation windows to 1 Da.

Gene Peptide sequence z CE MIT m/z t(start)  t(stop)

NPTXR LVEAFGGATK 2 18 240 496.7742 8.5 10.2

NPTXR LVEAFGGATK# 2 18 240 500.7813 85 10.2

NPTXR VAELEHGSSAYSPPDAFK 2 28 400 952.9549 11 12.1

NPTXR VAELEHGSSAYSPPDAFK# 2 28 400 956.962 11 12.1

PTPRN2 THTAQDRPPAEGDDR 2 30 400 833.3824 O 3.2

PTPRN2 THTAQDRPPAEGDDR# 2 30 400 838.3865 O 3.2

PTPRN2 AALGESGEQADGPK 2 23 400 665.3177 5.15 6.2

PTPRN2 AALGESGEQADGPK# 2 23 400 669.3248 5.15 6.2

VGF EPVAGDAVPGPK 2 23 400 568.8009 7.5 8.5

VGF EPVAGDAVPGPK# 2 23 400 572.808 7.5 8.5

VGF THLGEALAPLSK 2 24 400 618.851 10.2 11

VGF THLGEALAPLSK# 2 24 400 622.8581 10.2 11

CHGA EAVEEPSSK 2 18 240 488.2351 3.2 4.5

CHGA EAVEEPSSK# 2 18 240 492.2422 3.2 4.5

CHGA RPEDQELESLSAIEAELEK 3 22 400 729.3656 21 40 -
CHGA RPEDQELESLSAIEAELEK# 3 22 400 732.037 21 40 Gh)
VSTM2B VSDYSDDDTQEHK 2 25 240 769.8157 3.2 4.5 's_
VSTM2B VSDYSDDDTQEHK# 2 25 240 773.8228 3.2 4.5 _':“
VSTM2B ELLHELALSVPGAR 2 28 240 752.9277 16 18 ©
VSTM2B ELLHELALSVPGAR# 2 28 240 757.9319 16 18

C8G VQEAHLTEDQIFYFPK 2 25 240 982.9913 16 18

C8G VQEAHLTEDQIFYFPK# 2 25 240 986.9984 16 18

C8G SLPVSDSVLSGFEQR 2 27 240 810.915 18 21

C8G SLPVSDSVLSGFEQR# 2 27 240 815.9192 18 21

IGHA1 TPLTATLSK 2 22 240 466.2766 8.5 10.2

IGHA1 TPLTATLSK# 2 22 240 470.2837 8.5 10.2
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Supplementary table 2b. Peptide quantification information. Protein: name of protein (Gene ID); peptide: peptide
sequence; MW: molecular weight protein used for calculation (from uniprot.org); c(spike): spiked peptide
concentration (fmol/uL CSF); w(spike): corresponding calculated protein concentration (in ng/mL); min(w): lowest
concentration quantified (in ng/mL CSF); max(w): highest concentration quantified (in ng/mL CSF); n(<LOD): number
of samples below LOD; n(<LLOQ): number of samples below LLOQ; suit: peptide suitable for quantification. Asterisk
(*) indicates which peptide was chosen for quantitative statistical analysis.

Protein  Peptide MW c(spike) w(spike) n min(w) max(w) n(<LOD) n(<LLOQ) suit
NPTXR  LVEAFGGATK 52,846 1 52.85 232 3.8 40.03 0 0 Yes
NPTXR  VAELEHGSSAYSPPDAI 52,846 1 52.85 232 2041 33795 O 0 Yes
PTPRN2 AALGESGEQADGPK* 111,271 0.1 11.13 232 1.85 48.82 0 0 Yes
PTPRN2 THTAQDRPPAEGDDR 111,271 0.1 11.13 232 0.33 30.65 9 91 No
VGF EPVAGDAVPGPK 67,258 1 67.26 232 4.18 77.4 0 0 Yes
VGF THLGEALAPLSK* 67,258 1 67.26 232 17.79 75762 O 0 Yes
CHGA EAVEEPSSK* 50,688 10 506.88 232 89.6 1298.79 0 0 Yes
CHGA RPEDQELESLSAIEAELE 50,688 10 506.88 232 50.34 1583.82 0 0 Yes
VSTM2B ELLHELALSVPGAR 30,297 1 30.3 232 6.24 34473 0 0 No
VSTM2B VSDYSDDDTQEHK* 30,297 1 30.3 232 3.62 51.32 0 0 Yes
C8G SLPVSDSVLSGFEQR* 22,277 1 22.28 232 2.05 59.53 0 0 Yes
C8G VQEAHLTEDQIFYFPK 22,277 1 22.28 232 0.48 113.86 3 14 No
IGHA1  TPLTATLSK 37,655 10 376.55 232 1.04 63389 1 1 Yes
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Supplementary table 3a. Differentially abundant proteins (n=20) in symptomatic GRN mutation carriers versus non-
carriers. Proteins displayed were significantly abundant between symptomatic mutation carriers and non-carriers
based on: >2 peptides identified, 225% of the peptides with a p<0.01, 250% of the peptides with a p<0.05, >75% of
the peptides changed in the same direction. Bolded are the seven candidate proteins selected for further validation
(based on: at least 4 identified peptides and a fold change of <0.5 or >2.0).

Protein (accession number) Peptides  p<0.01, % p<0.05,%  Peptides in same Fold change
direction, % (symptomatic/
non-carriers)

Higher abundance in symptomatic than non-carriers

Profilin-1 (PO7737) 2 100 100 100 2.47
Ig alpha-1 chain C region 6 33 67 100 2.39
(P01876)

Complement component C8 4 25 50 100 2.00
gamma chain (P07360)

14-3-3 protein zeta/delta 6 67 83 100 1.98
(P63104)

14-3-3 protein epsilon (P62258) 5 40 60 80 1.22
Lower abundance in symptomatic than non-carriers

Neuronal pentraxin receptor 6 67 100 100 0.34
(095502)

Receptor-type tyrosine-protein 5 60 80 100 0.35
phosphatase N2 (Q92932)

Neurosecretory protein VGF 21 38 90 100 0.45
(015240)

Chromogranin-A (P10645) 18 44 61 100 0.46
Calcium/calmodulin-dependent 2 50 100 100 0.48
protein kinase type Il alpha

(Qouam7)

V-set and transmembrane 4 50 50 100 0.49
domain-containing protein 2B

(ABNLUS)

Cell growth regulator with EF 4 50 50 100 0.54
hand domain protein 1 (Q99674)

Proline-rich transmembrane 2 50 100 100 0.57
protein 3 (Q5FWE3)

Protein shisa-6 homolog (Q6Z5J9) 2 50 100 100 0.60
CD99 antigen-like protein 2 8 38 50 100 0.65
(Q8TCZ2)

Reticulon-4 receptor-like 2 4 25 50 75 0.69
(Q86UN3)

Tumor necrosis factor receptor 5 40 60 80 0.70
superfamily member 21

(075509)

45 kDa calcium-binding protein 2 50 50 100 0.73
(Q9BRK5)

Golgi membrane protein 1 8 25 50 88 0.75
(Q8NBJ4)

Reelin (P78509) 11 27 55 82 0.76
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Supplementary table 3b. Differentially abundant proteins (n=9) in symptomatic versus presymptomatic GRN
mutation carriers. Proteins displayed were significantly abundant between symptomatic and presymptomatic
mutation carriers, based on: >2 peptides identified, 225% of the peptides with a p<0.01, 250% of the peptides with
a p<0.05, 275% of the peptides changed in the same direction. Bolded are candidate proteins selected for further
validation (based on: at least 4 identified peptides and a fold change of <0.5 or 22.0).

Protein (accession Peptides p<0.01,% p<0.05,% Peptidesin same Fold change
number) direction, % (symptomatic /
presymptomatic)

Higher abundance in symptomatic than presymptomatic carriers

CD44 antigen (P16070) 4 25 50 75 1.11

14-3-3 protein epsilon 5 60 80 80 1.40

(P62258)

14-3-3 protein gamma 5 40 80 100 1.59

(P61981)

Profilin-1 (P07737) 2 50 50 100 1.68

Lower abundance in symptomatic than presymptomatic carriers

Neuronal pentraxin 6 33 67 100 0.39

receptor (095502)

Calsyntenin-3 (Q9BQT9) 2 50 100 100 0.45

Receptor-type tyrosine- 8 25 50 88 0.56

protein phosphatase-like

N (Q16849)

Proline-rich 2 50 50 100 0.68

transmembrane protein 2

3 (QSFWE3) 9

Polyubiquitin-B (POCG47) 4 25 50 100 0.78 =
i =
(]
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Abstract

Since the discovery of the C9orf72 repeat expansion as the most common genetic cause of
frontotemporal dementia (FTD) and amyotrophic lateral sclerosis (ALS), it has increasingly
been associated with a wider spectrum of phenotypes, including other types of dementia,
movement disorders, psychiatric symptoms and slowly-progressive FTD. Prompt recognition
of patients with C9orf72-associated diseases is essential in light of upcoming clinical trials.

The striking clinical heterogeneity associated with C9orf72 repeat expansions remains largely
unexplained. In contrast to other repeat expansion disorders, evidence for an effect of repeat
length on phenotype is inconclusive. Patients with C9orf72-associated diseases typically have
very long repeat expansions, containing hundreds to thousands of GGGGCC-repeats, but
smaller expansions might also have clinical significance. The exact threshold at which repeat
expansions lead to neurodegeneration is unknown, and discordant cut-offs between
laboratories pose a challenge for genetic counselling.

Accurate and large-scale measurement of repeat expansions has been severely hindered by
technical difficulties in sizing long expansions and by variable repeat lengths across and
within tissues. Novel long-read sequencing approaches have produced promising results and
open up avenues to further investigate this enthralling repeat expansion, elucidating
whether its length, purity, and methylation pattern might modulate clinical features of
C9orf72-related diseases.
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Introduction

A repeat expansion in C9orf72 is the most common genetic cause of frontotemporal
dementia (FTD) and amyotrophic lateral sclerosis (ALS) worldwide.[1,2] Besides typical
features of FTD and ALS, the expansion is increasingly associated with a broader range of
symptoms, including psychiatric manifestations and parkinsonism, and has also been
identified in patients with no known family history for neurodegenerative disease.[3,4] Early
recognition of C9orf72-related illnesses is becoming increasingly important with the advent
of disease-modifying therapeutic trials.

The substantial clinical heterogeneity observed in C9orf72 expansion carriers, in terms of
phenotype, age at symptom onset and rate of disease progression, suggests that there are
underlying disease modifiers which may serve as prognostic factors as well as targets for
therapeutic interventions. Drawing on evidence from other neurodegenerative repeat
expansion disorders, including Huntington’s disease (HD), several spinocerebellar ataxias
(SCA) and myotonic dystrophy (DM),[5] an explanation for this heterogeneity has primarily
been sought in repeat length. Studies relating C9orf72 repeat length to clinical features have
produced inconsistent results, but they have been hampered by technical difficulties in
detecting and sizing expansions.[6-8]

In this review, we present an overview of the clinical spectrum associated with C9orf72
repeat expansions. We then discuss the role of repeat length in relation to the C9orf72
phenotype. Finally, we provide an in-depth examination of the advantages and limitations of
current and novel methods to identify and measure repeat expansions.

Genetics and pathophysiology of C9orf72 repeat expansions

The C9orf72 repeat expansion is located in a non-coding region and consists of an expanded
GGGGCC-repeat. Healthy individuals commonly carry less than 30 repeats, whereas those
with C9orf72-associated diseases usually have several hundreds to thousands of
repeats.[1,2,9][S1] The exact function of the C9orf72 protein is unknown, but it is thought to
play a role in autophagy and endosomal trafficking.[S2] Three possibly co-existing disease
mechanisms have been proposed: (1) haploinsufficiency due to reduced expression of
C9orf72 from the expanded allele, (2) formation of repeat-containing RNA foci through
bidirectional transcription of the expansion, and (3) production of aggregation-prone
dipeptide repeat (DPR) proteins via repeat-associated non-ATG translation. These
mechanisms have in turn been associated with a wide range of downstream cellular defects,
such as alterations in stress granules, proteostasis, nucleocytoplasmic and vesicular
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transport, mitochondrial function and immunity.(reviewed in [10,11]) Each disease
mechanism alone might not be sufficient to cause neurodegeneration, and a synergistic
model in which C9orf72 loss-of-function exacerbates gain-of-function mechanisms has been
proposed.[S3] A better understanding of their relative contributions across various disease
stages is essential in order to determine viable treatment targets. Promising therapeutic
strategies currently being researched include small molecules and gene-silencing tools that
inhibit C9orf72 transcription, antisense oligonucleotides (ASOs) that bind to and inactivate
repeat-containing RNA, antibody-based approaches to inhibit accumulation of DPR proteins,

and targeting downstream cellular defects.(reviewed in [10,11])

Pathologically, C9orf72-related diseases are characterised by cytoplasmic aggregates of TAR
DNA-binding protein 43 (TDP-43) and p62-positive neuronal cytoplasmic inclusions
containing DPR proteins.[1,2] While TDP-43 pathology coincides neuro-anatomically with
affected regions of the central nervous system (CNS) in ALS and FTD, DPR proteins generally
do not. Sense and antisense C9orf72 RNA foci are widely distributed throughout the CNS in
affected expansion carriers.[10]

Epidemiology of C9orf72 repeat expansions

A C9orf72 expansion is identified in approximately 5-10% of all patients with FTD or ALS, and
in up to 30% of patients with both diseases.[4,12] Collectively, these diseases are referred to
as c9FTD/ALS. The prevalence varies strongly between ethnic groups: the highest rates are
found in Caucasians and the lowest in Asians.[12] The expansion is highly penetrant, with
cumulative percentages of 90.9 to 99.5% by the age of 83.[S4] The first symptoms usually
manifest themselves in the fifth decade, but age at onset is highly variable, even within
families, and can range from 20 to 90 years.[9,13,14](S4,S5] The initial presentation and
disease course also vary widely (box 1, table 1); survival after symptom onset ranges from 2
months in rapidly progressive ALS to over 30 years in slowly progressive behavioural variant
FTD (bvFTD).[14][S5]
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Table 1. Common clinical presentations of C9orf72 repeat expansion carriers. *Family history of neurodegenerative

or neuropsychiatric diseases is enriched in all presentations. Abbreviations: FTD, frontotemporal dementia; bvFTD,

Clinical Key clinical features Features enriched in C9orf72 expansion
presentation carriers*
FTD
bvFTD . Apathy, disinhibition, loss of empathy, . Concomitant motor neuron
perseverative or compulsive behaviour, disease
hyperorality and dietary changes . Psychotic symptoms
. Impairments in executive function, . Other psychiatric disturbances
language, social cognition . Episodic memory impairment
e  Frontotemporal atrophy, often e Parkinsonism (usually late-stage)
asymmetrical . Highly variable neuroimaging,
nfvPPA . Non-fluent, effortful speech, speech including generalised symmetrical
apraxia, agrammatism cortical, cerebellar or thalamic
. Preserved single-word comprehension atrophy
. Predominantly left-sided frontotemporal
atrophy
Benign- . As in bvFTD but lacking disease progression . Cognitive impairment
variant FTD . Neuroimaging (near) normal
Motor neuron disease
ALS . Asymmetric limb weakness, dysphagia, . Cognitive / behavioural

dysarthria, pseudobulbar affect

. Upper and lower motor neuron signs
spreading to multiple regions

. Cognitive / behavioural abnormalities,
bvFTD

abnormalities, bvFTD

. Bulbar onset

Chapter 4

. Atrophy of non-motor frontal
cortical areas, basal ganglia

Psychiatric

. Hallucinations and delusions, mood
disorders, obsessive-compulsive disorder,
catatonia, anxiety disorders, suicidality

. Late onset (age >40 years)

. Cognitive deterioration

. Psychosis, somatic delusions

. Prominent cerebral or cerebellar
atrophy

behavioural variant FTD; nfvPPA, non-fluent variant primary progressive aphasia; ALS, amyotrophic lateral sclerosis.
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Box 1: Representative case histories of notable C9orf72 expansion carriers. We describe four noteworthy patients
with C9orf72 expansions, highlighting the variability in clinical presentation, age at symptom onset and disease

course.

Case 1: A middle-aged woman was admitted to the psychiatric ward due to severe vital depression and attempted
suicide. She had experienced a similar episode of depression with psychosis two years previously which was
unresponsive to antidepressants and eventually treated with electroconvulsive therapy (ECT). Before that time, she
had no history of psychiatric disease. Her mother had exhibited strange social behaviour from her late sixties; her
maternal grandfather had been diagnosed with Alzheimer’s disease. Extensive laboratory testing and brain MR
imaging were normal; an FDG-PET scan revealed bilateral temporal and mesiofrontal hypometabolism compatible
with FTD. Her depression was treated successfully with ECT again, but she subsequently suffered progressive
cognitive decline and was admitted to a nursing home five years after her first episode of depression.

Cases 2 and 3: A man in his thirties presented with a two-year history of word finding difficulties and memory
complaints. Family members also reported mild behavioural changes. His father had been diagnosed with FTD in his
seventies and several paternal relatives had suffered from ALS. MR imaging of the brain demonstrated mild bilateral
frontotemporal atrophy, and neuropsychological assessment confirmed deficits in language and executive
functioning domains. Very slow progression occurred over several years of follow-up, with behavioural
abnormalities such as social disinhibition and loss of decorum becoming more noticeable. Currently, ten years after
the initial presentation, he is still living independently. His brother presented in his forties with progressive
difficulties speaking and swallowing since three months. He had subsequently developed weakness of the left arm
and leg. His partner also reported increased emotional lability and memory decline. Neurological examination
revealed a bulbar dysarthria, tongue wasting with fasciculations and brisk jaw jerk, as well as mild left-sided
hemiparesis. Electromyography was compatible with ALS, neuropsychological testing showed mild impairments in
social cognition and executive functioning, and MR imaging revealed moderate, predominantly left-sided
frontotemporal atrophy. His condition deteriorated rapidly and he died within nine months of symptom onset.

Case 4: A middle-aged man was admitted to the psychiatric ward with a three-month history of somatic delusions.
He had become convinced that there were foreign bodies inside his abdominal organs and refused to eat or drink.
There was no history of neurodegenerative diseases on the maternal side of his family; his paternal family history
was unknown. Neurological examination at the time did not reveal focal abnormalities except positive primitive
reflexes and elevated muscle tone. Extensive laboratory testing, MR and FDG-PET imaging, and electro-
encephalography were inconclusive. Despite antipsychotic medication, the patient deteriorated rapidly into a state
of catatonia with limb myoclonus, cerebellar ataxia and apneas, and required continuous tube feeding. He remained
in a fluctuating mute catatonic state over the following two years.

Clinical manifestations of c9orf72 repeat expansions

Cognitive disorders

Frontotemporal dementia

A C9orf72 expansion is found in 20-25% of familial and 6-8% of apparently sporadic FTD cases
(c9FTD).[4,12] The median age at onset of 57 years is similar to that of FTD without a C9orf72
expansion (non-c9FTD),[14,15] but survival after symptom onset is shorter (7 versus 11
years), even in the absence of concomitant ALS.[S6] The clinical presentation of c9FTD is
usually bvFTD, which is characterised by progressive behavioural and personality changes,
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prominent executive functioning deficits and relative sparing of other cognitive domains,[16]
although language variants (non-fluent primary progressive aphasia and semantic dementia)
may also occur (table 1).[14,15] Up to 30% of cOFTD patients develop concomitant ALS during
the course of the disease, but routine screening for ALS symptoms in patients with c9FTD is
not commonly performed.[15]

c9FTD cannot be reliably distinguished on clinical grounds from non-c9FTD. However, c9FTD
patients may present with atypical signs and symptoms and frequently do not fulfill current
diagnostic criteria for FTD.[16,17] First, memory impairment is more common in ¢c9FTD and
is often the presenting symptom in older subjects, which can lead to misdiagnosis of
Alzheimer’s disease (AD).[18,19][S5,57] Second, psychotic symptoms and bizarre, irrational
behaviour are common in c9FTD (see also section 4.3).[15] Third, some patients have a
protracted or seemingly non-progressive disease course (see also section 4.1.2). Fourth,
atrophy patterns in cOFTD are highly variable and can include generalised symmetrical
cortical atrophy and atrophy of thalamus and cerebellum (figure 1, table 1).[19][S8]

Benign variant FTD

A slowly progressive variant of bvFTD, with isolated neuropsychiatric symptoms and minimal
cognitive deterioration over many years of follow-up, has been described in several C9orf72
expansion carriers.[20][S9-11] Furthermore, a recent meta-analysis showed that 2% of
patients with so-called benign variant FTD, in whom neuroimaging abnormalities and disease
progression are lacking, had a C9orf72 expansion.[21] The identification of expansions in
benign variant FTD suggests that it is a neurodegenerative condition in at least a subset and
that genetic testing should be considered, especially in those with a positive family history.

Alzheimer’s disease and other dementias

C9orf72 expansions have been identified in a small percentage (<1%) of clinically diagnosed
AD patients in several large cohorts.[18,22] Most of these cases can probably be attributed
to misdiagnoses, especially in older patients with memory impairment and atypical
neuroimaging, and might not reflect a causative association between C9orf72 expansions
and AD. Accordingly, autopsy studies of expansion carriers with a clinical diagnosis of AD
revealed either isolated FTD pathology, or FTD with concomitant AD pathology,[23,24]
although more pathological studies are needed to confirm this. Importantly, concomitant AD
pathology might modulate the clinical phenotype (i.e., more amnestic features) and thus
conceal the existence of a C9orf72 expansion. Pure AD pathology without FTD pathology
reported in three expansion carriers possibly reflects incomplete penetrance.[S12] From a
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clinical perspective, the presence of C9orf72 expansions in clinical cohorts of AD highlights
the need to screen FTD genes in AD patients with a positive family history.[22][S13]

Genetic screening of large series of Lewy body dementia (DLB) patients did not identify
C9orf72 expansion carriers,[S14,515] but occasionally, carriers may present as DLB mimics or
harbour DLB co-pathology.[S16,517]

Motor neuron diseases

A C9orf72 expansion is identified in 20-30% of familial and 5% of apparently sporadic ALS
cases.[4,12] The median age at onset (57 years) in c9ALS is similar to that of ALS without a
C9orf72 expansion (non-c9ALS).[13,14] The clinical phenotype of c9ALS covers the entire ALS
spectrum, typically presenting with muscle weakness starting in one segment and spreading
throughout the motor system (table 1). A bulbar onset of disease, characterised by early
dysphagia and dysarthria, is seen in 30-40% of c9ALS [13,14] and appears to be more
common than in non-c9ALS and may explain the shorter overall survival in c9ALS reported in
some studies.[13,14]

Cognitive impairment and dementia, mostly of the bvFTD subtype, are more common in
c9ALS than in non-c9ALS.[15] Accordingly, c9ALS patients show more extensive atrophy of
non-motor areas of the frontal cortex than those with non-c9ALS.[S18] Although only 20%
of ALS patients fulfill FTD diagnostic criteria, an additional 20% has some degree of cognitive
impairment, usually in executive functioning, social cognition or language, and 10% shows
behavioural changes.[S19] Screening instruments that are specifically designed to detect
cognitive and behavioural symptoms in ALS, such as the Edinburgh Cognitive and Behavioural
Screen (ECAS), are increasingly used and may improve tailored patient care.[S20]

Other motor neuron diseases, including progressive muscular atrophy and primary lateral
sclerosis, are rare in C9orf72 expansion carriers.[14][S21]
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Figure 1. Neuroimaging abnormalities in C9orf72 repeat expansion carriers. T1-weighted MR imaging of four
affected C9orf72 expansion carriers is shown, demonstrating the diversity of atrophy patterns that can be
encountered. MRI scans were made at the time of the initial presentation; subjects were between 55 and 62 years
of age. A) Mild generalised cortical atrophy; B) Severe generalised cortical cerebral as well as cerebellar atrophy; C)
Predominantly left-sided frontotemporal atrophy; D) Moderate symmetrical parietal atrophy as well as mild

symmetrical frontotemporal atrophy.
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Psychiatric manifestations

Psychiatric symptoms occur at a much higher rate across the spectrum of C9orf72-related
diseases than in non-cOFTD/ALS. Psychotic features are reported in 20-60% of c9FTD
cases,[15,17,25][S22-S25] and include delusions and hallucinations in all sensory modalities,
although somatic delusions are relatively common.[15][S24-S26] Other psychiatric
manifestations include mood disorders, obsessive compulsive disorder and catatonia (table
1).[25-27][S27-S30] Psychiatric symptoms are occasionally the initial presentation and
sometimes occur several years before the emergence of more typical FTD or ALS
symptoms.[15,27][S23,526] Misdiagnosis of a primary psychiatric disorder such as late-onset
schizophrenia or late-onset bipolar disorder is not uncommon, especially in the case of (near-
Jnormal neuroimaging.[27]

C9orf72 expansions in primary psychiatric disorders are rare, with prevalence rates below
0.2% in several large cohort studies.[28,29]

Movement disorders

Parkinsonism

Concomitant parkinsonism occurs more frequently in c9FTD/ALS than in non-cSFTD/ALS, and
is especially common in bvFTD patients, with up to 75% developing a variable degree of
parkinsonism during the disease course.[30][S31] Symptoms include symmetrical or
asymmetrical bradykinesia, rigidity, falls and gaze palsy, often with little or no tremor.[30-
32][S32,533]

An initial presentation of parkinsonism, ataxia or apraxia has probably led to an erroneous
diagnosis of Parkinson’s disease (PD), progressive supranuclear palsy (PSP), corticobasal
syndrome (CBS) or multisystem atrophy (MSA) in several expansion carriers.[31,33]{S34,535]
Some of these patients lacked typical FTD or ALS signs for several years after
presentation.[31-33] Parkinsonism in expansion carriers has been related to neuronal loss as
well as TDP-43 and p62 pathology reported in the basal ganglia in a few pathology-proven
studies.[34,35][S36] Accordingly, while some cohorts of clinically diagnosed PD report
occasional (<1%) expansions,[33,36][S37] across two large studies of autopsy-proven PD
(pooled sample size > 800 patients), just one expansion carrier was found who had both
typical PD pathology as well as C9orf72-mediated pathology.[34,37]

Huntington’s disease-like syndrome

A C9orf72 expansion has been identified in up to 5% of patients with HD-like (HDL) syndrome,
which is clinically indistinguishable from HD but without the typical CAG repeat expansion in
the HTT gene, making it the most common genetic cause of HDL-syndromes.[38,39][S38,539]
There is no evidence for a causal relationship between C9orf72 and HD, but these findings
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are relevant for clinical practice as they demonstrate that expansion carriers may present
with atypical signs including chorea, dystonia, tremor, rigidity, bradykinesia and
myoclonus.[39] Neuropathological data is needed to determine whether C9orf72-linked
pathology in HD-related brain regions might underlie these unusual presentations.
Remarkably, repeat expansions in HTT were recently identified in a small number of non-
COFTD/ALS patients, supporting a phenotypical and possibly etiological overlap between HD
and FTD/ALS.[S40]

Other movement disorders

Other movement disorders in expansion carriers include cerebellar ataxia and a case with a
clinical diagnosis of Creutzfeldt-Jakob disease.[3,12] These cases probably represent
misdiagnoses of unusual presentations of c9FTD/ALS and further highlight the diversity of
the clinical spectrum.

Recommendations for genetic testing

Offering genetic testing for a C9orf72 repeat expansion is generally recommended in patients
with concomitant FTD/ALS or familial FTD or ALS,[S41] but the best approach for seemingly
sporadic FTD or ALS is still under debate.[40][S42,543] This is exemplified by two surveys
published in 2017 which found that genetic testing is offered to 90% of familial ALS patients
versus just 30-50% of seemingly sporadic cases.[S44,545] The relatively frequent
identification of expansions among seemingly sporadic cases, coupled with better availability
of genetic testing and the promise of gene-targeted therapy, has led to an increasing
tendency to consider genetic testing in all FTD (especially bvFTD) and ALS patients, regardless
of family history.[40,41][S42,543,546] Importantly, although certain clinical features may
prompt the clinician to suspect an underlying C9orf72 expansion (table 1), many c9FTD/ALS
patients do not show distinctive features; relying on such features to select patients for
genetic testing therefore carries the risk of missing expansion carriers.[S7]

While the overall frequency of a C9orf72 repeat expansion in psychiatric disease is very low,
genetic testing should be considered in late-onset (>40 years) cases with cognitive decline,
prominent cerebral or cerebellar atrophy, or a family history of FTD, ALS or psychiatric
disease (table 1).[41][S47] Offering genetic testing has also been recommended for patients
presenting with parkinsonism and concomitant upper- or lower motor neuron symptoms or
early neuropsychiatric or cognitive impairment.[32]

All patients and their families should receive genetic counselling prior to genetic testing,
emphasising limitations of current testing methods (see also sections 5 and 6) and potential
implications of test results.[40,42][S43] In many situations, coupling C9orf72 repeat
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expansion assays with multigene sequencing panels, which screen for the most common
genetic mutations causing neurodegenerative disorders, is advisable considering the
substantial overlap in symptomatology between various mutations and the risk of mutations
in multiple disease-causing genes (see also section 7).[40][S42]

Clinical significance of repeat length

Normal and pathological repeat length

There is no clear consensus on which C9orf72 repeat length is pathogenic. Most laboratories
consider a repeat length of less than 20-30 in blood to be normal, while more than 200
repeats are very likely pathogenic.[42] Small expansions (i.e., up to 200 repeats) represent a
grey area in which some carriers develop symptoms, while others do not.[43-45][S1,548,549]
The interpretation of small expansions presents a major challenge to clinical genetic
counselling and can have far-reaching consequences for affected families.[42]

Repeat length variation across and within tissues

Measuring C9orf72 repeat length, determining the threshold for pathogenic repeat length
and identifying possible associations with clinical features is greatly complicated by instability
of the expansion, which results in different repeat lengths across and within tissues of the
same individual.[3,8,43,44,46-48] Furthermore, expansion sizes in blood might not
accurately reflect sizes in the CNS and should be interpreted cautiously.[8,47]. Direct
comparisons of blood and brain tissue from the same individual demonstrate similar sizes in
some subjects, but completely different sizes in others.[8,47,48] This is illustrated by several
cases with small expansions in blood, and long expansions in brain tissue.[8,43,45,48] The
interpretability of repeat lengths is also hampered by somatic instability in blood, resulting
in big smears spanning a range of expansion sizes and possibly extra bands (see also section
6.2).[3,47,49]

In cell lines, expansion sizes should also be interpreted carefully. Cell lines usually contain
fairly small expansions as compared to patient tissues.[7,8][S50] Additionally, due to their
oligoclonal nature, they may demonstrate multiple concise bands, as shown for fibroblasts,
lymphoblastoid cells, induced pluripotent stem cells (iPSCs), iPSC-derived neurons, et
cetera.[7,8,49][S50,S51]

The risk of false-negative genetic testing due to somatic instability in individuals with non-
expanded alleles in blood is probably limited, since up to 30 repeats appear to be stable
across tissues.[43,48] Accordingly, no expansions were found in neural tissue of a small
number of ALS patients with non-expanded alleles in blood.[48,50]
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Clinico-pathological associations with expansion sizes

Although significant associations between clinical features and expansion size have been
reported, findings are inconsistent, which might, to some extent, be explained by the
substantial differences between tissues and subjects investigated. Some studies detected
differences in expansion size between c9FTD and c9ALS,[46,49] but others could not
replicate these findings.[3,8,48]

Potential associations have been detected between repeat length in various tissues and age
at symptom onset.[3,7,8,47-49,51][S52] For example, one study reported a positive
association between repeat length in the frontal cortex and age at onset in c9FTD.[8] At the
same time, the C9orf72 expansion might further expand with increasing age.[8,47,49] Age at
sample collection and age at symptom onset are generally highly correlated, making it
unclear whether longer expansions actually delay symptom onset or simply reflect increased
repeat length as an individual ages. Since smaller repeat lengths have been observed in
young presymptomatic expansion carriers,[47,49] the latter explanation seems plausible.
Interestingly, associations with survival after onset suggest that smaller expansions might be
beneficial.[8,48,49]

To replicate these associations, in-depth studies are necessary, taking into consideration
differences between tissues, disease subgroups (c9FTD and/or c9ALS), age at collection, and
disease status (affected or unaffected). These studies could also reveal associations with
pathological C9orf72-mediated features, such as levels of C9orf72 transcripts, RNA foci, and
DPR proteins.

Anticipation

A repeat expansion might lengthen in successive generations, which could lead to an earlier
age at onset and/or more severe disease phenotype. This phenomenon — also known as
anticipation — has been reported in numerous repeat expansion disorders.[5]

Interestingly, an increase of roughly 1,000 repeats from one generation to the next was
described in a c9FTD family,[44] suggestive of anticipation. Moreover, in a subset of families,
an earlier age at onset was observed in younger generations.[1,52] Because Southern blots
were not performed in most parent-offspring pairs included in these studies, it remains
unclear whether or not reported differences in age at onset can be attributed to an increase
in expansion size. One could postulate that individuals with a family history of FTD or ALS
may seek medical attention sooner. Furthermore, a growing awareness of FTD and ALS in the
general population and among clinicians as well as the availability of unified diagnostic
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criteria may lead to an earlier diagnosis. Besides, these findings could be (partially) driven by
selection and/or recall bias.

Importantly, two recent studies actually provided evidence against anticipation in C9orf72-
related diseases.[47,51] These studies detected a reduction of the expansion size in
successive generations, accounting for more than 50% of transmissions.[47,51] Intriguingly,
contractions were frequently encountered in paternal transmissions, but rarely in maternal
transmissions.[47] It should be noted that both studies were based on repeat lengths in
blood which may not correlate with those in the brain. This is exemplified by a case report of
an unaffected father with approximately 70 repeats in blood, while his children harboured
long expansions.[53] Although this could indicate a jump from a pre-mutation to a disease-
causing expansion in the next generation,[53] post-mortem tissue of the father later revealed
long expansions in his brain,[45] stressing the importance of determining expansion sizes in
brain tissue. As such, to unravel whether anticipation contributes to C9orf72-linked diseases,
large-scale studies focusing on brain tissue from multiple generations are needed.

Detecting and sizing C9orf72 repeat expansions

Detection of C9orf72 repeat expansions with PCR-based approaches

The most commonly applied methods for detecting repeat expansions are PCR-based
approaches; a 2-step protocol consisting of a fluorescent PCR fragment-length analysis
followed by repeat-primed PCR is recommended (figure 2).[1] A fluorescent PCR can specify
the size of alleles within the wild-type range. If an individual has two alleles with a different
number of repeats (e.g., 2 repeats and 5 repeats), then two peaks are detected and no
additional tests are required. If, however, a single peak is observed, then a repeat-primed
PCR is warranted. A repeat-primed PCR is able to determine whether an apparently
homozygous individual carries two wild-type alleles with exactly the same number of repeats,
or whether a wild-type allele is present in addition to an expanded allele that is too long for
detection using a fluorescent PCR, in which case a characteristic stutter pattern is seen.[S53]
Reactions should be repeated (e.g., with more DNA), when results are difficult to interpret.
If the fluorescent PCR repeatedly fails (i.e., does not reveal any peaks) in the presence of a
stutter pattern on the repeat-primed PCR, then a homozygous expansion should be
considered.[S54,555]

Importantly, an international study demonstrated that 6 out of 14 participating laboratories
misclassified at least one sample when using a repeat-primed PCR alone.[6] Given that the
accuracy increased when both a fluorescent PCR and repeat-primed PCR were used,[6] a 2-
step protocol is the preferred method to determine the presence or absence of a C9orf72
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repeat expansion in a research setting. A subset of misclassifications should probably be
attributed to the genomic complexity of the C9orf72 region. Sequence variants (e.g.,
deletions and insertions) have been described downstream of the expansion.[9,54]
Depending on how the repeat-primed PCR has been designed and whether it has been
thoroughly optimised, the presence of sequence variants might hamper the amplification of
the expansion, and therefore, lead to a false negative repeat-primed PCR.[S56] Interestingly,
it has been suggested that a downstream deletion lengthens the expansion. A 10-bp deletion,
for instance, removes several non-GC-bases, extending the GC-rich region with imperfect
repeats.[9][S56]) Although this might be relevant for relatively small expansions, possibly
decreasing stability of the repetitive area,[9] one could doubt whether the addition of a few
extra GC-bases to a long expansion will have a major effect.[54] Regardless, these sequence
variants should be taken into consideration since they may reduce the accuracy of the
repeat-primed PCR

Figure 2. Stepwise approach for the detection of a C9orf72 repeat expansion. Fluorescent PCR fragment-length
analysis is used to determine the number of alleles in the wild-type range. If a single peak is observed, then repeat-
primed PCR is warranted to determine whether the individual carries two wild-type alleles with the exact same
number of repeats, or whether a repeat expansion is present that is too long for detection by fluorescent PCR. If a
repeat expansion is present, a characteristic stutter pattern is observed on repeat-primed PCR. Especially in a clinical
setting, it is recommended to confirm the presence of an expansion using Southern blotting.

Biological Specimen

Fluorescent PCR / Southern Blot \

Two Peaks One Peak
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Detection and sizing of expanded C90orf72 repeats with Southern blotting

The gold standard to detect a C9orf72 repeat expansion is a Southern blot (figure 2). Results
are highly consistent across laboratories, [6] and Southern blotting should be used to confirm
the presence of an expanded repeat, especially in a clinical setting. Moreover, Southern
blotting can clarify whether an individual is heterozygous or homozygous for the expansion
(i.e., presence or absence of a band corresponding to the wild-type allele).[S54,555] As
opposed to a repeat-primed PCR, Southern blotting is also capable of estimating the size of
the expansion.

Various Southern blot protocols have been published to estimate the size of expanded
C9orf72 repeats using different restriction enzymes and probes.[3,8,46-49][S50,552,557]
Whether an area close to the expansion is targeted [7,8,47] or the expansion itself,[3,49] also
affects the Southern blot: while probes that target the repeat frequently produce a strong
signal, they can hybridise to GGGGCC-repeats in other areas (outside of the C9orf72 locus),
and additionally, they may not visualise the wild-type allele, which is often used as an internal
control that the Southern blot worked and which helps to elucidate whether someone is
homozygous for the expansion.[7] Even though Southern blotting can accurately determine
the presence or absence of an expanded C9orf72 repeat and estimate its size, it is a time-
consuming and technically challenging method requiring high-quality DNA.[8]

Detection of C90rf72 expansions with short-read sequencing

Several tools have been developed to detect a C9orf72 repeat expansion in PCR-free short-
read whole-genome sequencing (WGS) data.[S58-S61] The ExpansionHunter tool correctly
identified all 212 C9orf72 expansion carriers in a cohort of over 3,000 ALS patients.[55]
Furthermore, a new version of this tool has been recently released that uses sequence
graphs to handle complex loci.[S62] Despite encouraging results, it remains difficult to
reconstruct expansions based on short-read sequencing techniques.[55]

Employing long-read sequencing to assess sizes, interruptions, and methylation patterns

Long--read sequencing techniques are a promising upcoming strategy to evaluate large
repeat expansions. Popular platforms have been developed by Oxford Nanopore
Technologies (ONT) and Pacific Biosciences (PacBio). ONT’s nanopore technology measures
changes in current as DNA passes through a nanopore,[56,57][S63] whereas PacBio’s single
molecule real-time (SMRT) technology measures fluorescence when nucleotides are
added.[56,58] In theory, long-read sequencing can span the entire C9orf72 expansion, which
facilitates reliable estimation of expansion sizes. Another major advantage of long-read
sequencing is its ability to evaluate sequence content. It is possible, for example, to
determine the presence of interruptions in C9orf72 repeat expansions,[59] which is highly
relevant since interruptions serve as disease modifiers in other repeat expansion
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disorders.[5][S64-S68] Furthermore, long-read sequencing provides the opportunity to
examine the methylation status of expanded C9orf72 repeats.[60] Interestingly, while
hypermethylation of the C9orf72 promoter is well documented,[S69-S72] little is known
about the methylation status of the expanded repeat itself in c9FTD/ALS patients. It has been
suggested that the expansion is methylated;[S73] however, quantitative assays have yet to
be developed. Importantly, long-read sequencing requires high-molecular-weight genomic
DNA, and DNA should be extracted using suitable protocols to ensure that the DNA, and
therefore the expansion, remains intact.

Several long-read sequencing technologies have been tested for C9orf72-linked
diseases.[59,60] Long-read WGS on ONT’s MinlON platform and PacBio’s Sequel platform
only yielded a relatively low number of reads covering the expanded allele. Newer CRISPR-
Cas9-based enrichment strategies to specifically examine the C9orf72 locus have
considerably increased the yield.[59,60] These proof-of-concept studies demonstrate the
feasibility of long-read sequencing approaches, and further protocol optimisation is expected
to improve their accuracy and efficiency, facilitating implementation of long-read sequencing
in research and eventually in clinical settings.

Other potential genetic disease modifiers

Besides repeat length, several other potential genetic disease modifiers have been identified,
highlighting that a complex interplay of various genetic factors probably contributes to the
phenotypic variability of the C9orf72 repeat expansion. For example, intermediate repeat
expansions in ATXN2, a known risk factor for ALS, appear to be more common in c9ALS than
in c9FTD, suggesting that they might drive the clinical phenotype towards ALS rather than
FTD.[S74,575] Similarly, single nucleotide polymorphisms (SNPs) in TMEM106B appear to
protect specifically against c9FTD, but not c9ALS,[S76,577] and two CpG-SNPs (i.e., SNPs that
affect DNA methylation patterns) at the C6orf10/L0C101929163 locus are associated with
age at symptom onset.[S78] The rare co-existence of pathogenic mutations in other FTD or
ALS-associated genes, including GRN, MAPT, TBK1, TARDBP, SOD1 and FUS might in some
cases act synergistically to influence disease severity and / or phenotypic features.[S79,580]

Conclusions and future directions

The C9orf72 expansion is highly clinically heterogeneous, and clinicians need to be aware of
the wide spectrum of associated symptoms in order to provide a timely diagnosis and
management and to select patients for clinical trials. Despite extensive research, the genetic
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basis of this heterogeneity remains poorly understood. Novel sequencing techniques that
enable thorough assessment of the expansion size as well as its purity and methylation levels
may reveal new associations with clinical features. The measurement and interpretation of
repeat length is greatly complicated by the presence of somatic mosaicism, and a better
understanding of repeat instability is needed to elucidate potential genotype-phenotype
correlations as well as to determine the viability of therapeutic approaches aimed at

stabilising repeat expansions.

The lack of consensus on clear cut-off values for pathogenicity poses a major challenge for
clinical genetic counselling. Further research is also needed to determine whether
intermediate repeat lengths have any clinical significance (reviewed in [S81]) which,
remarkably, have been associated with normal to upregulated C9orf72
expression,[45,47][S72,582] in contrast to the downregulation seen in patients with long
expansions.[S52]

Besides repeat length, several other potential genetic determinants have been identified.
Possibly, multiple phenotypic modifiers are present at the same time, concealing clear
associations with each individual modifier. Future research into the various modifiers will be
essential to predict the expected disease course, which in turn will be valuable both for
patient management and for patient stratification in clinical trials.
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Abstract

Objective: Progranulin related frontotemporal dementia (FTD-GRN) is a fast progressive
disease. Modelling the cascade of multimodal biomarker changes aids in understanding the
etiology of this disease and enables monitoring of individual mutation carriers. In this cross-
sectional study, we estimated the temporal cascade of biomarker changes for FTD-GRN, in a
data-driven way.

Methods: We included 56 presymptomatic and 35 symptomatic GRN mutation carriers, and
35 healthy non-carriers. Selected biomarkers were neurofilament light chain (NfL), grey
matter volume, white matter microstructure, and cognitive domains. We used discriminative
event-based modelling to infer the cascade of biomarker changes in FTD-GRN and estimated
individual disease severity through cross-validation. We derived the biomarker cascades in
non-fluent variant primary progressive aphasia (nfvPPA) and behavioural variant FTD (bvFTD)
to understand the differences between these phenotypes.

Results: Language functioning and NfL were the earliest abnormal biomarkers in FTD-GRN.
White matter tracts were affected before grey matter volume, and the left hemisphere
degenerated before the right. Based on individual disease severities, presymptomatic
carriers could be delineated from symptomatic carriers with a sensitivity of 100% and
specificity of 96.1%. The estimated disease severity strongly correlated with functional
severity in nfvPPA, but not in bvFTD. In addition, the biomarker cascade in bvFTD showed
more uncertainty than nfvPPA.

Conclusion: Degeneration of axons and language deficits are indicated to be the earliest
biomarkers in FTD-GRN, with bvFTD being more heterogeneous in disease progression than
nfvPPA. Our data-driven model could help identify presymptomatic GRN mutation carriers at
risk of conversion to the clinical stage.
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Introduction

Mutations in the progranulin (GRN) gene on chromosome 17921 are a major cause of
autosomal dominant inherited frontotemporal dementia (FTD).[1,2] The majority of
mutation carriers develops a behavioural variant FTD (bvFTD) phenotype,[3] and another
significant proportion of patients present with non-fluent variant primary progressive
aphasia (nfvPPA)[3,4] The age of symptom onset varies between 35 and 90 in GRN mutation
carriers.[1,2] without clear associations with familial age of onset.[4]. Brain changes in FTD-
GRN patients can evolve symmetrically, or predominantly asymmetrically, in either the left
or right hemisphere.[5,6]

Recent longitudinal studies have suggested that the time-window between emerging
pathophysiological changes and the first clinical symptoms is short in GRN mutation carriers,
and covers only two to four years.[7,8] During this period, the serum neurofilament light
chain (NfL) level — a marker of axonal degeneration — increases two to three-fold.[9,10] loss
of grey and white matter emerges.[7,11] and cognitive functioning declines.[8] However,
most of the biomarker studies in FTD-GRN have investigated one type of biomarker, i.e. fluid,
neuroimaging, or cognition, leaving the temporal relations and ordering of these biomarkers
unknown. These temporal relations could potentially provide novel insights into disease
progression mechanisms in GRN mutation carriers. Moreover, because of the fast
progression of pathophysiological changes, determining the earliest abnormal biomarker is
crucial, as the optimal window of opportunity for treatment might be small.

Recently, novel data-driven methods for disease progression modelling have emerged,
focusing on the cascade of biomarker changes.[12,13] Event-based models are a class of
disease progression models that estimate the cascade of biomarker changes derived from
cross-sectional data.[6,13,14] This is done without strong a priori assumptions regarding the
relationship between different biomarkers. A promising novel method that estimates the
cascade of biomarker change is Discriminative Event-Based Modelling (DEBM).[13,15] This
model is robust to disease phenotypic heterogeneity in a cohort and can handle missing
data.

In this study, we use DEBM to estimate the temporal cascade of biomarker changes in
presymptomatic and symptomatic FTD-GRN mutation carriers, distinguishing between early
and late biomarkers. Furthermore, we determine phenotypic differences in patterns of
biomarker changes in nfvPPA and bvFTD, to gain more insights into their distinct disease
progression mechanisms.
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Methods

Sample and study procedures

Subjects were recruited prospectively from three European centres of the Genetic
Frontotemporal dementia Initiative (GENFI): Rotterdam (the Netherlands), Brescia (ltaly),
and Barcelona (Spain). We collected cognitive and clinical data, MRI, and serum samples from
126 participants. We included 35 symptomatic GRN mutation carriers (Rotterdam: n=11,
Brescia: n=22, Barcelona: n=2), 56 presymptomatic GRN mutation carriers (Rotterdam: n=33,
Brescia: n=17, Barcelona: n=6), and 35 cognitively healthy non-carriers (Rotterdam: n=34,
Brescia: n=0, Barcelona: n=1). Local clinical genetics departments performed DNA
genotyping to confirm the presence of a GRN mutation. Non-carriers were first-degree family
members of GRN patients without a mutation. Symptomatic mutation carriers were
diagnosed based on the established clinical criteria for bvFTD [16] (n=17), nfvPPA [17] (n=16),
or cortico-basal syndrome [18] (n=2). Mutation carriers were defined as presymptomatic
when clinical criteria were not fulfilled, i.e., behavioural or cognitive symptoms were
absent,[19]. Clinical questionnaires were administered to the caregiver, spouse, or a family
member, i.e. the Frontotemporal Lobar Degeneration Clinical Dementia Rating scale sum of
boxes (FTD-CDR-SB),[20] the Neuropsychiatric Inventory (NPI),[21] and the Frontotemporal
Dementia Rating scale (FRS).[22] The study was carried out according to the declaration of
Helsinki, approved by the local medical ethics board at each site, and all participants provided
written informed consent.

Biomarker collection and processing

Biomarker selection

For biomarker selection, we performed a literature search using Pubmed. We included
studies that (i) performed research in presymptomatic GRN mutation carriers, and (ii)
biomarker studies that examined biomarkers in blood or CSF, neuroimaging biomarkers and
cognition. We selected serum NfL,[9] MMSE, cognitive domains of attention and processing
speed, executive functioning, language, and social cognition;[8,23] left and right grey matter
volumes of the insula, frontal lobe, parietal lobe and temporal lobe;[7,11] left and right white
matter tracts of the anterior thalamic radiation, superior longitudinal fasciculus, uncinate
fasciculus, and the forceps minor.[7,24] For detailed information about the literature review
and subsequent biomarker selection, see supplementary file 1.

Neurofilament light chain

Serum samples were obtained through venepunctures and analysed with single molecular
assay technology, as described previously.[10] Samples were measured in a single laboratory,
in duplicate, with an intra-assay coefficient of variation below 5%. Inter-assay variation
between batches was below 8%. NfL concentrations were expressed in pg/ml.
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MRI

3D T1-weighted and diffusion tensor imaging were acquired with 3T MRI scanners across the
three sites. MRI was missing in 25 participants due to unavailability (n=16) and insufficient
quality due to motion artefacts (n=9). Availability of MRI and an overview of the scanning
protocols are listed in supplementary table 1.1. Image processing was carried out in FMRIB
Software Library,[25] using default pipelines for grey matter volumes and white matter
tracts. For grey matter volumetric regions of interest (ROI), we used the Montreal
Neurological Institute (MNI) atlas,[26] and for the fractional anisotropy of white matter
tracts, we used the Johns Hopkins” University atlas.[27] Left and right regions and tracts were
considered separately. Raw regional volumes and fractional anisotropy values were
transformed to z-scores, based on the mean and standard deviation from the non-carriers.
A detailed description of processing and ROI calculation is reported in supplementary file 1.

Cognitive assessment

Cognitive data were collected from all participants in four cognitive domains, described in
detail in supplementary file 1. Raw cognitive test scores were transformed to z-scores based
on the mean and standard deviation in non-carriers, and then combined into cognitive
domain scores similar to previous studies.[8]

Confounding factors correction

All selected biomarkers were tested for normality (see supplementary file 1 for details) and
log-transformed in case of a skewed distribution. As most non-carriers originated from one
centre, we used presymptomatic subjects for regressing out possible confounding effects
using multiple linear regression, before continuing with event-based modelling. NfL levels
were corrected for age and sex. Grey matter volumes and fractional anisotropy values were
corrected for age, sex, total intracranial volume and MRI scanning protocol. Cognitive domain
scores were corrected for confounding effects of age, sex and total years of education.

Temporal cascade of biomarker changes

The DEBM model introduced in Venkatraghavan et al.,[13,15] estimates the cascade of
biomarker changes in a three-step process. For each biomarker, it first estimates the
distributions of normal and pathological (or abnormal) values using Gaussian mixture
modelling (GMM), and uses these to compute, for each subject, the probability that the
biomarker is abnormal (explained in detail in supplementary file 2). The method then
estimates the biomarker cascade independently for each subject based on the biomarker
values present for that subject. The mean cascade is estimated such that the sum of the
probabilistic Kendall’s Tau distance is minimised between mean cascade and all the subject-
specific cascades. For subjects with missing biomarker values, only the corresponding subset
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of biomarker cascade present in the subject-specific cascade is used to compute the
probabilistic Kendall’s Tau distance. Lastly, the severity of disease as a summary measure for
each subject is computed by estimating the subject’s progression along the resulting disease
progression timeline. In this section, we describe the experiments we performed for
estimating the cascade of biomarker changes for non-imaging biomarkers, as well as for
neuroimaging and non-imaging biomarkers together.

DEBM model for non-imaging biomarkers

As imaging was missing in a lot of subjects (n=25), we first estimated the cascade of
biomarker changes procedure with solely NfL and cognitive biomarkers. Since the non-
carriers are healthy in this cohort, the normal Gaussians were fixed at the mean and standard
deviation of the biomarker values of the non-carriers. We used GMM only to estimate the
abnormal Gaussian and the mixing parameter for each biomarker. In order to estimate the
positional variance in the estimated cascade, the entire dataset was randomly sampled using
bootstrap sampling with 100 different random seeds, and the cascade of biomarker change
was estimated for each of those randomly sampled datasets.[13,15]

DEBM model for neuroimaging and non-imaging biomarkers together

For the imaging biomarkers, we modified the GMM step in DEBM to make it better suited
for the FTD-GRN population, known for its asymmetric pattern of atrophy.[5] Abnormal
values of biomarkers that typically become abnormal late in the disease are usually under-
represented in a specific patient population as compared to the early biomarkers. This could
make the GMM of late biomarkers unstable, as previously reported.[15] Due to the
asymmetrical atrophy patterns of FTD-GRN,[5,6] lateralised neuroimaging biomarkers that
become abnormal early in the disease process may have a corresponding biomarker from
the other hemisphere that remains stable until much later in the disease process. To exploit
this, we assumed that the normal and abnormal Gaussians from the left and right
hemispheric biomarkers (expressed as z-scores) are the same, and the biomarkers from both
hemispheres only differ in their position along the disease progression timeline. With this
assumption, we proposed a novel modification to the GMM optimisation called Siamese
GMM, in which the biomarkers of the same region from left and right hemispheres are jointly
optimised. The abnormal and normal Gaussians are shared between the left and right
hemispheres, but the mixing parameters are independently estimated (see supplementary
file 2 for details). In this way, the numerical stability of GMM optimisation in the late
neuroimaging biomarkers improved.

For non-imaging biomarkers, GMM was performed as described in the previous section.
After GMM, further steps of DEBM modelling were carried out as usual, to estimate the
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complete cascade of neuroimaging and non-imaging biomarker changes in presymptomatic
and symptomatic GRN mutation carriers. The positional variance in the estimated cascade
was again estimated using bootstrap sampling with 100 different random seeds. For brevity,
in the remainder of the paper we refer to this model, which integrates neuroimaging and
non-imaging biomarkers, as the multimodal DEBM.

Validation

To validate the DEBM models, we used 10-fold cross-validation. In each fold of the cross-
validation, the DEBM model was built in the training set and the disease severity was
estimated in the test set. We distinghuished symptomatic mutation carriers from
presymptomatic mutation carriers, and reported the corresponding sensitivity and
specificity. Furthermore, in bvFTD and nfvPPA subjects, the estimated disease severity was
correlated with years since symptom onset and FTD-CDR-SB scores, using Pearson
correlation. Symptomatic carriers without imaging biomarkers were excluded for the
validation of the multimodal DEBM but were included in the non-imaging DEBM.

Differential phenotype analysis

In order to examine the differences between bvFTD and nfvPPA variants of FTD-GRN, we built
separate DEBM models. Presymptomatic subjects were excluded from this analysis as no
phenotype information is available. The numbers of symptomatic subjects in each group (17
with bvFTD, 16 with nfvPPA) are too small to build complete DEBM models reliably. As a
solution, we assumed that the biomarkers for the two phenotypes shared the same normal
and abnormal biomarker distributions, and that they only differ in their position along the
disease progression timeline. We hence optimised the GMM such that the normal and
abnormal Gaussians were estimated without considering the phenotypes, whereas the
mixing parameters were estimated separately for each phenotype. As before, we estimated
the cascade of biomarker changes in the two phenotypes for non-imaging and multimodal
(neuroimaging and non-imaging together) biomarkers.

Results

Sample

A total of 126 subjects were included in this study. Availability and characteristics of the data
are presented in table 1. Details on biomarker availability and characteristics can be found in
supplementary tables 1.2 and 1.3. Symptomatic mutation carriers were older, had fewer
years of education, and had higher scores on the NPl and FTD-CDR-SB, and lower scores on
the FRS than both presymptomatic mutation carriers and non-carriers. There were no
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differences in demographic or clinical characteristics between presymptomatic mutation
carriers and non-carriers.

Cascade of biomarker changes

Non-imaging and multimodal DEBM models

In figures 1A and 1B, we show the estimated mean cascade of biomarker changes and the
uncertainty within the model for non-imaging and multimodal biomarkers. Language was the
earliest biomarker to become abnormal followed by neurofilament light chain. It can be seen
in figure 1B that, left anterior thalamic radiation, left insula, and bilateral uncinate fasciculi
were the earliest imaging biomarkers. It can also be observed that imaging biomarkers from
the left-hemisphere became abnormal earlier than their right counterpart. GMM estimations
with normal and abnormal Gaussian distributions are shown in figure 2, where the estimated
Gaussians are seen to fit the observed histograms well. Figure 1C shows the positional
variance of the cascade of multimodal biomarker changes obtained when GMM of the
imaging biomarkers was done without using Siamese GMM. Generally, the positional
variance was smaller with Siamese GMM than without.
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Table 1. Data availability and characteristics. Data availability variables represent numbers of cases and percentages

of availability. Sample characteristic variables are expressed as mean + standard deviation. Abbreviations: bvFTD,

behavioural variant frontotemporal dementia; nfvPPA, non-fluent variant primary progressive aphasia; NfL,

neurofilament light chain; DTI, diffusion tensor imaging; TIV, total intracranial volume; GM, grey matter; NPI,

Neuropsychiatric inventory; FRS, Frontotemporal dementia rating scale; FTD-CDR-SB, Frontotemporal dementia

Clinical Dementia Rating Scale Sum of Boxes.

Symptomatic

Presymptomatic

Non-carriers

Total bvFTD nfvPPA
N
Subjects (% female) 35" (60.0%) 17 (47.1%) 16 (75%) 56 (69.6%) 35 (54.4%)
Rotterdam 11 8 3 33 34
Brescia 22" 9 11 17 0
Barcelona 2 0 2 6 1
Data availability
Serum NfL 91.7% 88.9% 93.8% 69.64% 91.67%
Cognitive assessment 91.7% 88.9% 93.8% 98.21% 91.67%
T1-weighted MRI 44.4% 38.9% 50.0% 96.4% 88.6%
DTI 50.0% 44.4% 56.3% 92.9% 91.4%
Sample characteristics
Age (years) 62.57+6.72" 62.93+6.11"  61.78+7.78°  51.52+11.42  55.15+12.55
Education (years) 10.61 +4.59" 10.27 +4.91° 11.79 + 4.02 13.79+3.27 13.21+2.84
TIV (litres) 144 +0.17 1.50+0.17 1.42+0.14 1.39+0.15 1.40+0.14
NPI 23.77 2890+ 6.67 +6.037 1.87 £3.37 2.24 £4.32
28.38" 30.64%1
FRS 56.50 + 48.86 67.20 £ 97.27+10.11 95.47 £7.45
30.43" 29.91* 30.96°
FTD-CDR-SB 7.64+6.52" 9.68 + 7.47%1 5.25 +4.37%1 0.04£0.21 0.00 £ 0.00
Disease duration 2.45+2.01 2.37+1.92 2.48 +2.29 N/A N/A

(years)

"The two remaining patients presented with cortico-basal syndrome; 'Significant difference between symptomatic
carriers and presymptomatic as well as non-carriers; *Significant difference between bvFTD patients and
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presymptomatic as well as non-carriers; *Significant difference between nfvPPA patients and presymptomatic as

well as non-carriers; Significant difference between bvFTD patients and nfvPPA patients
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Figure 1. Cascade of biomarker changes in FTD-GRN along with the uncertainty associated with it. (A) Non-imaging
biomarkers, (B) Multimodal biomarkers with Siamese GMM, (C) Multimodal biomarkers without Siamese GMM. The
biomarkers are ordered based on the position in the estimated cascade. The colour-map is based on the number of
times a biomarker is at a position in 100 repetitions of bootstrapping.
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Validation

Figures 3A and 3B show the estimated disease severity when using non-imaging and
multimodal biomarkers respectively. It can be seen that estimated disease severity
delineated the symptomatic subjects from the pre-symptomatic subjects. The sensitivity and
specificity of this delineation were 1.0 and 0.982 respectively while using non-imaging
biomarkers, and 1.0 and 0.961 respectively while using multimodal biomarkers.

Figure 3. Relative frequency of occurrence of subjects with different disease severities, estimated using cross-
validation. (A) Results using non-imaging biomarkers in DEBM, (B) results using multimodal biomarkers in DEBM.
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Disease stage

Figure 4 shows the correlation of the estimated disease severity with years since symptom
onset and FTD-CDR-SB for nfvPPA and bvFTD subjects, when using multimodal DEBM. It can
be seen from figure 4 that estimated disease severity strongly correlated with years since
symptom onset (R=0.95, p=0.0003), and the FTD-CDR-SB (R=0.84, p=0.0189), in nfvPPA
patients. However, estimated disease severity correlated poorly with years since symptom
onset (R=0.22, p=0.6331) and the FTD-CDR-SB (R=0.28, p=0.5866) in bvFTD patients.
Supplementary figure 2.2 shows a similar plot when using non-imaging biomarkers, where
estimated disease severity did not correlate with years since symptom onset and FTD-CDR-
SB, neither for nfvPPA nor for bvFTD subjects.
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Figure 4. Correlation of disease severity (as estimated by multimodal DEBM using cross-validation) with years since
onset and FTD-CDR-SOB. The 2D scatter plots in figures A and C show the correlations of disease severity with years
since onset, for symptomatic nfvPPA and bvFTD subjects respectively. The 2D scatter plot in figures B and D show
the correlations of disease severity with FTD-CDR-SOB. The plot on top of each subfigure shows the probability
density function of the disease stages. The plots on the right of figures A and C show the probability density functions
of years since symptom onset. The plots on the right of figures B and D show the probability density function of FTD-
CDR-SOB.
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Differential phenotype analysis

Figure 5 shows the multimodal biomarker cascade for nfvPPA and bvFTD phenotypes. nfvPPA
patients showed language and NfL as first abnormal biomarkers followed by other cognitive
domains. Left-hemispheric imaging biomarkers became abnormal before right-hemispheric
imaging biomarkers, starting with the uncinated fasciculus (white matter integrity), insula
and temporal lobe (grey matter volume). Only the left superior longitudinal fasciculus was
estimated as late biomarker, even later then its right-sided counterpart.

Interestingly, in bvFTD patients, the biomarker ordering also indicated that language and NfL
were the earliest abnormal biomarkers. In contrast to the nfvPPA, the left superior

longitudinal fasciculus (white matter integrity) was estimated as the first abnormal imaging
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biomarker in bvFTD. However, the biomarker orderings in bvFTD were predominantly
characterised by large uncertainty in the positioning of biomarkers in the disease timeline,
with hardly any observable distinction between early and late biomarkers. Supplementary
figure 2.3 presents the non-imaging biomarker cascade for the two phenotypes, showing
that the uncertainty in the mean cascade in bvFTD is more than in nfvPPA.

Discussion

In this study, we estimated the cascade of biomarker changes in FTD-GRN. We validated our
model by delineating the symptomatic mutation carriers from the presymptomatic mutation
carriers using the estimated disease severity. We demonstrated that language and NfL levels
are the earliest biomarkers to become abnormal in the FTD-GRN spectrum. Other early
biomarkers were the white matter microstructure of the thalamic radiation and the cognitive
domain of attention and mental processing speed.

Our findings support other studies that proposed NfL as an early biomarker for disease onset
in FTD-GRN.[9,10] We demonstrated that the left anterior thalamic radiation also
degenerated early. This is also supported by previous studies which suggested that white
matter microstructure markers may correlate with changes in NfL.[9, 28] Cognitive changes
in attention, mental processing speed, and executive functioning occurred relatively early in
the estimated disease progression timeline. This corresponds well with the early white
matter changes (i.e. NfL and fractional anisotropy changes), as attention and processing
speed are cognitive functions that highly depend upon the integrity of axons and their myelin
sheaths.[29,30] The early involvement of these biomarkers point towards axonal
degeneration as one of the first pathological processes in GRN mutation carriers. However,
it must be noted that the estimated cascade shows the sequence of biomarker events when
they are detectably abnormal. One of the important factors that affects the detectability of
biomarker abnormality in a cross-sectional data is the overlap between the normal and
abnormal biomarker distributions. Therefore, the presented cross-sectional model cannot
provide insight into the sequence of earliest changes in the carriers’ biomarker levels. Figure
2 showed that the overlap in cognitive biomarkers is relatively smaller than the overlap in
neuroimaging biomarkers, which could explain the relative early positioning of the cognitive
biomarker events.
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With the differential phenotypic analysis, we estimated the biomarker cascade for nfvPPA
and bvFTD patients. Strikingly, language functions deteriorated early in both nfvPPA and
bvFTD. While not currently embedded in the clinical criteria for bvFTD,[16] our results
demonstrate the importance of decreased language functions in both phenotypes. This is in
line with multiple previous studies.[31-33] In addition, multiple determinants of the complex
language network were also affected early, for example the left insula, and uncinate
fasciculus.[34] While language deficits were estimated as the first detectable abnormal
biomarker, the overlap with the second, the elevation in NfL levels, complicates
distinguishing the timeline of these disease events. Furthermore, as depicted in Figure 2,
(subtle) language deficits were less specific for disease onset than NfL levels. However, the
high sensitivity of the language biomarker in our study, and the relative uncomplicated
administration of language tests (compared to neuroimaging techniques, for example) offers
potential for longitudinal research in the preclinical stage of FTD-GRN — ideally in
combination with NfL levels.

For nfvPPA, NfL levels and other cognitive domains became abnormal in early disease stages,
consistent with findings from previous studies.[9,10,35] In addition, we showed that left
hemispheric tracts and regions were affected in nfvPPA patients before right regions,
accordant with the previously reported strong involvement of the left hemisphere in primary
progressive aphasia.[36,37] We showed that NfL levels and cognitive domains may be
possible biomarkers for disease onset, while neuroimaging markers were highly correlated
with clinical indicators of progression (years since onset, FTD-CDR-SB).

For bvFTD, however, the biomarker cascade was characterised by large uncertainty, and the
estimated disease severities did not correlate with actual years since onset or FTD-CDR-SB.
This uncertainty could indicate large neuroanatomical heterogeneities between bvFTD
patients. Differences in neuroanatomical atrophy patterns have been associated with FTD-
GRN patients before.[5,6] Here, we demonstrated that this anatomical heterogeneity is
predominantly associated with the bvFTD phenotype, while nfvPPA patients showed a clear
pattern of left hemispheric degeneration before the right hemisphere was affected.
Furthermore, bvFTD patients present with cognitive symptoms such as impaired social
conduct and executive function but can also have severe memory problems. In summary,
within the group of bvFTD, spatial and temporal brain degeneration and cognitive changes
are more heterogeneous than in the nfvPPA group.

From a methodological point of view the strength of this paper lies in the introduction of the
Siamese GMM approach in DEBM. We showed that Siamese GMM reduces the positional
variance in neuroimaging biomarkers, most notably in the right insula, the right anterior
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thalamic radiation and the right superior longitudinal fasciculus. This is because GMM is
known to be unstable in the presence of biomarkers with a large overlap between the normal
and abnormal Gaussians.[13] This is often the case in biomarkers becoming abnormal late in
the disease and having very few samples representative of the typical abnormal values
expected in the disease. The joint GMM in the Siamese counterpart exploits the knowledge
that FTD-GRN is generally an asymmetric brain disease, and uses the neuroimaging
biomarkers that become abnormal early in the disease process to aid the GMM of its
hemispheric counterpart that becomes abnormal far later in the disease process. Another
strong point about the DEBM model is that it infers disease progression from cross-sectional
data, which is more readily available than longitudinal data, especially in a rare disease as
FTD-GRN.

From the clinical point of view, a major strength of our study is the large, well-defined cohort
of presymptomatic and symptomatic GRN mutation carriers, and availability of multimodal
(i.e. fluid, imaging, and cognitive) biomarkers. Although we did not have FLAIR or T2 imaging
data available for the current study, it would be interesting to incorporate white matter
lesions in a future version of the model, as a number of studies have indicated the presence
of white matter lesions in FTD-GRN carriers.[38] Additionally, including functional
neuroimaging measures possibly provides new insights into the temporal biomarker
sequence and underlying disease mechanism as well. Recent papers have addressed
functional changes in FTD-GRN, showing thalamic-cortical hyperconnectivity in early
preclinical stages [39] and presymptomatic abnormalities in neurophysiology.[40]

A minor limitation in our study is the difference in mean age between the non-carrier,
presymptomatic, and symptomatic mutation carrier groups. We adjusted for this in the
analysis rather than matching the groups. It should be noted that the small sample size may
have caused a large part of the uncertainty of our model, especially in the case of missing
(neuroimaging) biomarkers. Our bvFTD and nfvPPA samples due to GRN mutations were
relatively large compared to previous studies.[41] However, the DEBM model would improve
substantially if the phenotypic samples were larger, as we could only include symptomatic
subjects for the phenotypic analysis. Uncertainties in the estimation of the phenotypic
biomarker cascades may be improved with upcoming longitudinal data, when some of the
converted mutation carriers can be included in the phenotypic models.

In conclusion, with this DEBM study in the FTD-GRN spectrum, we were able to demonstrate
that language functions and NfL levels are the earliest abnormal biomarkers, regardless of
phenotype. However, bvFTD show more heterogeneity and uncertainty in disease
progression, pointing towards more variability in biomarkers than nfvPPA. Our analyses
suggest axonal degeneration and damage to the language network as the earliest biomarkers
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in GRN mutation carriers, which could potentially be used as endpoints in clinical trials for
disease modifying treatments. Future efforts should be directed at confirmation and
validation of these findings with longitudinal data. Validation of these results in an external
cohort such as the LEFFTDS [42] could further aid in confirming these results and elucidate
any ethnic variations in the disease progression timeline. We expect that DEBM modelling
will benefit individual prediction of symptom onset in the future, and may optimise selection
of eligible mutation carriers for clinical trials.
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Supplementary file 1: Biomarkers

Biomarker selection

For biomarker selection, we extensively searched for relevant literature about
presymptomatic FTD-GRN in Pubmed. We reviewed all empirical studies that included at
least a presymptomatic GRN mutation carrier group. Next, we determined which biomarkers
were frequently reported as abnormal in previous empirical studies and included these
biomarkers accordingly, restricted to fluid biomarkers, grey matter brain regions, white
matter tracts, and cognition. The selected biomarkers were: serum NfL, [1-3] MMSE,[4-6]
cognitive domains of language, attention and processing speed, executive functioning, and
social cognition;[5,7-9] left and right volumes of the insula, frontal lobe, parietal lobe and the
temporal lobe;[4,6,10-21] white matter tracts: left and right fractional anisotropy of anterior
thalamic radiation, superior longitudinal fasciculus, uncinate fasciculus, and forceps
minor.[10,17-19,22,23] Although the GRN mutation affects plasma progranulin protein
levels, these levels were not selected as biomarker, as research has shown that these remain
stable in both the presymptomatic and symptomatic stage.[6,24]

MRI processing and ROI calculation

An overview of MRI acquisition parameters is presented in supplementary table 1.1. The
standard voxel-based morphometry pipeline from FSL [25-27] was used to process T1-
weighted images. In brief, the brain was extracted from the images, and we carefully checked
the brain extraction for missing brain tissue and areas of non-brain tissue, and adjusted the
image accordingly. We corrected RF inhomogeneities by bias field correction with a Markov
random field model and subsequently segmented the brain in grey matter, white matter, and
cerebrospinal fluid images.[28] A study specific grey matter template was created in standard
space using a balanced set of subjects, and all grey matter segmentations were registered to
this template with non-linear registration, and then corrected for any local expansion or
contraction by modulation of the Jacobian warp field.[26] Last, an isotropic Gaussian kernel
with a sigma of 3mm was applied for smoothing of the grey matter images. Total intracranial
volume (TIV) was calculated as the sum of the volumes from grey matter, white matter and
cerebrospinal fluid in standard space. The structures from the MNI-atlas were used as grey
matter ROIls. We extracted volumetric measurements from the ROIs by registering the
structural MNI-atlas [29] to the grey matter images in standard space, and multiplying the
grey matter density of the ROl with the total volume of the ROI, resulting in the grey matter
volume within the ROI. Left and right regions were considered separately.

Diffusion tensor images were corrected for motion artefacts and eddy currents by alignment
to the b=0 image, and subsequently, the tensor was fitted at each voxel to create fractional
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anisotropy (FA) images. The FA images were processed with the tract-based spatial statistics
(TBSS) pipeline as implemented in FSL.[30] Using non-linear registration, the images were
aligned to the FMRIB58_FA template and then averaged into a mean FA image. The mean FA
image was thresholded at 0.2 and thinned into a white matter skeleton. All individual FA
images were projected onto this skeleton, resulting in skeletonised FA data for each
participant. The probabilistic tracts from the Johns Hopkins University atlas [31] were applied
as white matter ROIs to the skeleton mask, and the masked ROIs were used to extract FA
values from the individual tracts. Left and right tracts were considered separately.

Cognitive assessment

The following cognitive tests were performed, depending on the protocol from the local site.
For language, the Boston Naming Task [32] and semantic fluency (animals) [33] were used.
Tests concerning attention and processing speed were the Trail making test part A,[34]
Stroop part 1 and 2,[35] symbol substitution,[36] letter digit substitution task,[37] and
forward digit span.[36] For executive functioning, we used Trail making test part B,[34]
Stroop task part 3,[35] phonological fluency [33] and digit span backwards.[36] Tests for
social cognition were the Ekman faces test,[38] emotion recognition from the mini social
cognition and emotional assessment (MINI-SEA),[39] and Happé cartoon task.[40] Raw
scores from tests in which a higher score indicates worse performance were reversed (i.e.
Trail making test, Stroop). We transformed all raw test scores to z-scores, based on the mean
and standard deviation of the non-carriers. Subsequently, cognitive domains were composed
as the mean z-score of all available tests within that domain per individual, disregarding
missing tests.
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Supplementary table 1.1. MRI acquisition protocols. Abbrevations: s, symptomatic; p, presymptomatic; nc, non-

carrier; TR, repetition time; TE, echo time; FOV, field of view.

Rotterdam 1 Rotterdam 2 Brescia Barcelona
N* (s/p/nc) 3/22/24 5/9/6 7/17/0 1/6/1
Scanner Philips Achieva 3T Philips Achieva 3T Siemens Skyra Siemens Trio Tim
Head Coil 8 channel SENSE 32 channel SENSE 32 channel 64 channel
T1 weighted imaging
TR 9.8 ms 6.8 ms 2000 ms 2000 ms
TE 4.6 ms 3.1ms 2.9 ms 2.9 ms
FOV 224x168 mm 256x256 mm 282x282 mm 282x282 mm
Voxel size 0.88x0.88x1.2 mm 1.1mm?3 1.1 mm? 1.1mm?
Flip angle 8° 8° 8° 8°
Slices 140 207 208 208
Diffusion tensor imaging
TR 8250 ms 7000 ms 7300 ms 7300 ms
TE 80 ms 69 ms 90 ms 90 ms
FOV 256x256 mm 240x240 mm 240x240 mm 240x240 mm
Voxel size 2x2x2mm 2.5%2.5x2.5mm 2.5%2.5x2.5mm 2.5%2.5x2.5mm
Slices 70 59 59 59
Directions 60 68 68 68
B-values 0/1000 s/mm? 0/1000 s/mm? 0/1000 s/mm? 0/1000 s/mm?

*Number of subjects included after quality check.
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Supplementary table 1.2. Availability and characteristics of cognitive data. Values are mean z-scores * standard
deviation based on non-carriers, uncorrected for confounding factors. Abbreviations: bvFTD, behavioural variant
frontotemporal dementia; nfvPPA, non-fluent variant primary progressive aphasia; MMSE, Mini Mental State
Examination; TMT, trail-making test; LDST, letter digit substitution task; mini-SEA, mini social cognition and
emotional assessment; TOM, theory of mind.

Symptomatic Presymptomatic

Total (n=35) bvFTD (n=17) nfvPPA (n=16) n=56

N MeanxSD N MeanxSD N Mean+SD N Mean+SD
MMSE 29 -3.07£1.50 15 -3.26+1.69 14 -2.87+£1.28 55 0.22+1.01
Language 32 -2.86+1.37 16 -2.69+1.58 14 -3.00£1.24 55 0.28 +1.09

Boston naming test 25 -1.97+1.32 13 -1.75+1.44 12 -2.21+1.19 55 0.57+£1.37
Semantic fluency 31 -3.28+1.38 15 -3.14+157 14 -3.45+1.30 55 0.00+1.31
Attention, 33 -235+1.17 16 -243+132 15 -2.26+1.12 55 -0.05 £0.75
concentration and

mental processing

speed

TMT-A 32 -2.65+1.62 16 -291+1.63 14 -2.23+1.66 55 -0.01+£0.92
Stroop card 1&2 17 -3.05+2.18 10 -2.96 +£2.20 7 -3.18+2.32 55 0.14+£1.02
LDST 4 -2.06+159 2 -2.09+199 2 -2.03+190 17 0.22£0.70
Symbol 17 -235+1.41 7 -3.01+1.13 10 -1.89+1.45 22 0.00 £ 1.29

substitution
Digit span forward 31 -1.66 + 1.05 15 -1.41+1.29 14 -1.95+0.74 55 -0.26 £0.95

Executive 32 -2.33+0.97 15 -2.23+1.19 15 -2.37+0.79 55 -0.03+0.75

functioning

TMT-B 28 -2.63+0.97 13 -250+1.11 13 -2.69+£0.89 55 0.03+£0.79

Stroop card 3 14 -3.84+229 8 -3.73+250 6 -3.98+2.20 55 -0.36 £ 1.05

Phonological 29 -2.12+095 14 -1.92+1.02 15 -2.30+0.87 55 0.30+1.36

fluency

Digit span 30 -1.65+1.14 15 -1.61+1.44 13 -1.61+0.75 55 -0.08+1.11

backwards

Social cognition 15 -1.87+0.76 7 -2.15+0.92 8 -1.62 £0.52 51 -0.10+1.02

Ekman faces 3 -0.70+£0.60 2 -0.37+0.18 1 -1.36 £ N/A 26 0.14 £0.89
N MeanzSD N MeanzSD N MeanzSD N MeanSD

Mini-SEA Emotion 10 -1.98+0.83 3 -265+1.13 7 -1.69+0.52 22 -0.62 £0.98

Recognition

HappeTOM 5 -2.07+0.86 4 -2.32+0.75 1 -1.05 + N/A 28 0.42£0.77

Happe non TOM 5 -1.65+0.81 4 -1.81+0.84 1 -1.03 £ N/A 28 0.34+£1.20
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Biomarker statistics

Before modelling, we checked skewed distributions in the biomarkers with the following
graphs and tests: histograms, g-q plots, skewness and kurtosis values (values between 2 and
—2 indicate normality), Kolmogorov-Smirnov and Shapiro-Wilk’s tests (values above 0.05
indicate normality). When three or more tests indicated skewness, the distributions were
adjusted using log-transformations (log10), i.e. neurofilament light chain levels, MMSE, BNT,
Trail Making Test, Stroop, facial emotion recognition. In the case of cognitive tests, log-
transformation was performed before transforming raw scores to z-scores.

Biomarker characteristics and statistical differences between groups are presented in Table
A.3. Symptomatic mutation carriers had higher NfL levels, lower grey matter volumes,
impaired white matter microstructure, and worse cognitive functions than both
presymptomatic mutation carriers and non-carriers in all selected biomarkers. Post-hoc
analysis revealed that these differences in biomarkers were specifically driven by the bvFTD
patients. For nfvPPA patients, we found higher NfL levels and worse cognitive performance
than both presymptomatic mutation carriers and non-carriers. NfvPPA patients showed
smaller grey matter volumes than both presymptomatic mutation carriers and non-carriers,
especially in left-sided ROIls, and lower fractional anisotropy levels in the left anterior
thalamic radiation, left uncinate fasciculus, and the forceps minor. The volume of the right
frontal lobe was smaller in nfvPPA patients compared with presymptomatic mutation
carriers. Furthermore, bvFTD patients had smaller volumes of the right frontal and temporal
lobe than nfvPPA patients, and lower fractional anisotropy values in the forceps minor, left
superior longitudinal fasciculus and right uncinate fasciculus. There were no differences in
any of the selected biomarkers between presymptomatic mutation carriers and non-carriers.
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Supplementary table 1.3. Biomarker characteristics after correction for confounding factors. Values are mean z-

score (based on non-carriers) + standard deviation, after correction for confounding factors of age, sex, MRI

protocol, and years of education. Abbreviations: bvFTD, behavioural variant frontotemporal dementia; nfvPPA, non-

fluent variant primary progressive aphasia; GM volume, grey matter volume; FA, fractional anisotropy; MMSE, Mini

Mental State Examination.

Symptomatic

Presymptomatic

Total bvFTD nfvPPA
Neurofilament light chain 1.90+0.25" 1.89+0.23" 1.91+0.28" 1.10+£0.22
GM Left frontal -2.75£1.8* -3.42+2.06" -2.46 +1.40" 0.30£0.65
volume  Right frontal -1.72+£1.79 276 £1.43"  .0.93+1.79° 0.30+0.65
Left insula -2.32£1.56 -2.45+1.79" -2.35+1.51" -0.32+0.95
Right insula -1.02 £1.13" -1.47 £1.26 -0.74 £0.98 -0.08 £ 0.84
Left parietal -1.87£1.11" -2.18 £1.39" -1.74 £0.84" -0.03£1.02
Right parietal -1.19 £2.00" -1.42 +£2.08" -0.89£2.15 -0.06 £ 0.96
Left temporal -2.97 £2.42" -3.21+£2.59 -2.98 +2.51" -0.19£0.96
Right temporal -1.14 +2.66° 22224340 -0.12+1.69 -0.08+0.94
FA Left anterior thalamic -2.28+1.34 -2.73£1.60° -1.77 £0.98" -0.33£0.95
radiation
Right anterior thalamic ~ -1.24 + 1.23" -1.78 +1.51° -0.66 +0.66 -0.27 +0.77
radiation
Forceps minor -3.00 £ 1.52" -4.01+1.52"%  -2.08+0.96" 0.46+0.93
Left superior -1.50 £ 1.39" -2.42+1.28"%  -0.61%0.96 0.02+0.88
Longitudinal fasciculus
Right superior -1.14£1.12" -1.47 £1.14° -0.74 +1.06 -0.11+0.60
Longitudinal fasciculus
Left uncinate fasciculus ~ -2.63 +1.15" -3.00 £ 1.43" -2.29+£0.88" -0.35+0.86
Right uncinate -1.92 £2.16" -3.19+2.07% -0.77£1.74 -0.51+1.12
fasciculus
MMSE -2.71+1.19" -2.71+1.28" -2.71+1.14" 0.06+0.91
Attention / processing speed -2.06 +1.09" -2.11+1.15 -2.05+1.12" -0.22£0.65
Executive functioning -2.12+0.88" -2.00 +0.99" -2.24+0.82" -0.14+0.72
Language -2.54+1.23" -2.35+1.33" -2.84+1.17" 0.13+0.97
Social cognition -1.89 £0.64" -2.13+0.74 -1.52£0.42" -0.19 £ 0.96

" Both the entire group of symptomatic carriers and only bvFTD patients significantly differed from

presymptomatic carriers as well as non-carriers; ' Significant difference between nfvPPA patients and

presymptomatic mutation carriers as well as non-carriers (p<0.05, Bonferroni corrected); * Significant difference

between bvFTD patients and nfvPPA patients (p<0.05, Bonferroni corrected); ¥ Significant difference between

nfvPPA patients and presymptomatic mutation carriers (p<0.05, Bonferroni corrected)
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Supplementary file 2: Discriminative event-based modelling

Gaussian mixture modelling

Discriminative event-based modelling (DEBM) uses Gaussian mixture modelling to transform
biomarker values to posterior probabilities of them being abnormal. This is done by assuming
the probability density functions of normal and abnormal values are represented by
Gaussians N (i-g, o_g)and N (ug, og) respectively, where the occurrence of the biomarker
abnormality event is denoted by E and the absence of such an event is denoted by ~E.

Gaussian mixture modelling is an optimisation task to estimate these normal and abnormal
Gaussians as well as the mixing parameter based on maximum log-likelihood, where the log-
likelihood for biomarker B is computed as the summation over all GRN mutation carriers in
the dataset as follows:

Lg = Z log f (B]-)
Vj€ECarriers

Supplementary figure 2.1. lllustrations of the Gaussian probability density functions for normal and abnormal values
of biomarker B.

| Abnormal
N(u.g,0.g) N(ug, 0g)
Here, the likelihood f(B) is computed as follows:

f(B) = 0.gp(Blpg, 0-) + 0gp(Blug, 0g),

Where 6. + 8z = 1, and the mixing parameters 6. and 8¢ show the relative proportions
of the two Gaussians in the dataset. The abnormal Gaussian is initialised using the mean and
standard deviation of the symptomatic subjects, while the normal Gaussian is initialised using
the non-carriers. Since non-carriers are healthy controls, we fix yu.g and o.g to their
initialised values and only optimise the remaining parameters in the Gaussian mixture model.
The mixing parameter and the Gaussian parameters are optimised alternately until
convergence as detailed previously.[1]

For imaging-biomarkers with left and right counter parts, we propose a novel modification
to the Gaussian mixture model optimisation called Siamese Gaussian mixture model
(Siamese GMM). We propose to jointly optimise the parameters of these biomarkers, by
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taking advantage of symmetry in the brain. The log-likelihood for the joint optimisation for

the imaging biomarkers I* and I% is given below:

L= z logf(ILj)+logf(1R]-)

Vj€Carriers

where f(ILj) and f(IR]-) are expressed mathematically as:
f(ILj) = BEEP(ILj|/J~E:O-E) + QIEP(IL;‘IHE’ UE)
FUIR) = 0%ep (1% |pep, 05) + OFp(IR;|1g, 0%)

0L+ 0k =1 and 98, + 08 = 1. The mixing parameters (0Lg, 0% 0%, 08 ) and the
abnormal Gaussian parameters ( @z , of ) are again optimised alternately until
convergence.[1] This joint optimisation of the left and right counter parts by sharing the
normal and abnormal Gaussians reduces the number of parameters to be optimised, and
thus improves the robustness. In case of asymmetrical atrophy patterns, where one of the
biomarkers is stronger than the other, the joint optimisation also helps in making the GMM
more stable for the weaker biomarker.
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Supplementary figure 2.2. Correlation of disease severity (as estimated by non-imaging DEBM using cross-validation)
with years since onset and FTD-CDR-SOB. The 2D scatter plots in figures A and C show the correlations of disease
severity with years since onset, for symptomatic nfvPPA and bvFTD subjects respectively. The 2D scatter plot in
figures B and D show the correlations of disease severity with FTD-CDR-SOB. The plot on top of each subfigure shows
the probability density function of the disease stages. The plots on the right of figures A and C show the probability
density functions of years since symptom onset. The plots on the right of figures B and D show the probability density
function of FTD-CDR-SOB.
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Supplementary figure 2.3. Cascade of non-imaging biomarker changes in nfvPPA (A) and bvFTD (B) subjects along
with the uncertainty associated with it. The biomarkers are ordered based on the position in the estimated
cascade. The colour-map is based on the number of times a biomarker is at a position in 100 repetitions of
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Frontotemporal dementia (FTD) is a heterogeneous neurodegenerative disorder
characterised by progressive neuronal loss of predominantly the frontal and / or temporal
lobes. Patients usually present with changes in behaviour (behavioural variant, bvFTD) [1]
and / or language (primary progressive aphasia, PPA),[2] although a wider clinical spectrum
is increasingly recognised which includes other cognitive and psychiatric symptoms, motor
neuron disease and Parkinsonian syndromes. In 10-20%, an underlying autosomal dominant
genetic mutation is found, most commonly in C9orf72, GRN or MAPT.[3,4] Even within
families, the clinical presentation, age at symptom onset, and disease course are highly
variable.[4,5] Pharmacological treatment is currently limited to symptomatic management
of behavioural disturbances, but large-scale clinical trials of disease-modifying drugs in
genetic FTD are underway, which might ultimately delay functional decline or even postpone
symptom onset.[6]

Biomarkers in cerebrospinal fluid (CSF) or blood that mirror pathological FTD-related changes
are needed for both clinical trials and current clinical practice.[7] Various potential fluid
biomarkers have been investigated, as described in chapter 1.2. CSF biomarkers might better
reflect central nervous system changes, given the proximity to the brain and higher
concentration of brain-derived proteins, whereas blood has the obvious advantage of
minimally invasive collection, making it more convenient for repeated measurements.
Genetic forms of FTD uniquely offer the opportunity to study presymptomatic and prodromal
disease stages and therefore present a valuable platform for the discovery of early
biomarkers.

In this thesis, | have utilised data from the Frontotemporal Dementia Risk Cohort (FTD-RisC)
[8] and the Genetic Frontotemporal dementia Initiative (GENFI),[9] which follow genetic FTD
patients and their at-risk relatives, to identify and validate biomarkers in CSF and blood. In
this chapter, | present the results in light of current literature, discuss methodological
considerations and suggest areas for further research.

Neurofilament light chain: a biomarker of neuroaxonal loss

Neurofilament light chain (NfL), a component of the axonal cytoskeleton, is released into the
extracellular space upon neuroaxonal damage.[10] CSF and blood NfL levels are highly
elevated in FTD and various other neurological disorders.[11] In chapter 2.1, we
longitudinally measured serum NfL levels in the GENFI cohort and studied associations
between NfL changes and disease progression.
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NfL as a marker of early disease activity

Two major findings suggest that serum NfL increases before symptom onset. First, in nine
presymptomatic mutation carriers who became symptomatic during follow-up
(‘converters’), NfL levels already exceeded the absolute threshold at baseline, i.e. 1-2 years
before symptom onset. Second, we found higher NfL levels in presymptomatic carriers
compared to non-carriers from the age of 48, which is considerably younger than the median

age at symptom onset of 60 in the same cohort.

Strikingly, in presymptomatic familial Alzheimer’s Disease (AD), NfL increases have been
reported up to 22 years before the expected symptom onset.[12-14] Although these
increases may initially be too small to be clinically meaningful,[13] they nevertheless provide
fascinating pathophysiological insights and highlight the vast functional redundancy in the
brain. In contrast, in amyotrophic lateral sclerosis (ALS) [15-18] and Parkinson’s disease
(PD),[19] NfL increases are only observed shortly before symptom onset. These discrepancies
might reflect differences in disease pathogenesis, or might to some extent be due to
differences in sample size, study design and statistical analyses. In contrast to familial AD, the
age at symptom onset in FTD cannot be reliably predicted based on the parental age at
symptom onset,[5] which greatly complicates the study of very early biomarker changes.
More pre-conversion data from the GENFI and ARTFL LEFFTDS longitudinal FTLD (ALLFTD)
[20] studies will allow us to estimate more accurately when NfL levels start to increase.
Neuroimaging studies suggest that neurodegeneration starts at a much earlier stage in
C9orf72 mutation carriers than in GRN and MAPT,[21,22] which might also be reflected in
presymptomatic NfL levels.

Elevated NfL levels could help identify presymptomatic mutation carriers with very early
disease activity,[23] for whom therapeutic interventions may be the most effective, and
serum NfL is currently being implemented as a tool to recruit presymptomatic carriers in the
phase 3 clinical trial ALO01-3 by Alector Inc. The longitudinal change of NfL over time might
be more sensitive than single measurements,[12,15,19] and, given the relatively stable NfL
levels in non-converting mutation carriers, periodic measurements could be used to monitor
these individuals. Similar algorithms have been proposed for multiple sclerosis, with NfL
increases prompting treatment initiation or modification even in the absence of clinical or
neuroimaging changes.[24] The utility of NfL as a candidate selection tool might be the
greatest in GRN mutation carriers, since NfL increases are especially pronounced in this
group.
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NfL as a surrogate marker of treatment effect

We showed that serum NfL remains elevated over the course of FTD, even in end-stage
disease. In C9orf72- and MAPT-associated FTD, NfL levels appear to stabilise, whereas in GRN
mutation carriers, they continue to rise. As short-term cognitive changes are difficult to
quantify, NfL has garnered much interest as a surrogate marker of treatment effect in
pharmaceutical trials.[7] Treatments that reduce the rate of neuroaxonal breakdown might
be accompanied by a decrease in NfL levels, as has been shown extensively in multiple
sclerosis.[25]

To use NfL as an outcome measure in trials, several issues need to be addressed. The NfL
fluctuations observed mostly in GRN mutation carriers are poorly understood and could
complicate the interpretation of NfL decreases following study drug administration.
Furthermore, it is unknown when NfL changes in response to the study drug can be expected.
Blood NfL peaks in the weeks after acute injury and remains elevated for several months,
indicating a slow degeneration and long half-life,[26-28] which makes very frequent
measurements unnecessary. Finally, intrathecal drug administration is expected to cause a
transient NfL increase,[29] which may need to be accounted for in trials.

Prognostic value of NfL

Cross-sectional NfL levels predict the rate of subsequent functional decline, brain atrophy
and survival in FTD,[30] and a rapid NfL increase over time is associated with a more
aggressive disease course. NfL measurements could therefore provide prognostic
information to the patient and caregiver, and prompt a more proactive approach for those
expected to suffer rapid disease progression. Furthermore, in clinical trials, using NfL to
stratify patients according to their expected disease course could significantly reduce
heterogeneity in patient cohorts.

Confounding factors

NfL levels increase with healthy aging; interestingly, this association is non-linear, with
steeper increases from the age of 60,[31] probably reflecting both increased physiological
neuronal turnover and the accumulation of (subclinical) comorbidities. The large degree of
variability in NfL levels in healthy older adults complicates the development of age-adjusted
reference ranges.[31] Longitudinal measurements would allow for evaluation of individual
NfL profiles without relying on reference values.

Confounding factors known to affect NfL levels include (unrecognised) head injuries,
polyneuropathy, hypertension, diabetes mellitus, renal dysfunction, high body mass index
and pregnancy.[32-34] The unexplained transient NfL elevations in a small number of
individuals in our study suggest the presence of additional confounders. Therefore, we
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recommend repeating NfL measurements before trial inclusion to ensure a valid
measurement, especially in presymptomatic carriers with unexpectedly high NfL levels.

Conclusions

NfL is a highly promising biomarker with several potential applications, and we anticipate
that it will soon find its place in clinical practice, where it could be used to distinguish
neurological from non-neurological diseases and provide prognostic information. Ongoing
international efforts to harmonise pre-analytical and analytical parameters and to develop
universal reference values will enable us to establish guidelines for its measurement and

interpretation.
Neuronal pentraxin: a biomarker of synapse integrity

Synapse dysfunction has long been considered a central event in neurodegenerative
diseases, and therefore, synaptic biomarkers are a key area of interest.[35-37] In chapter 2.2,
we describe the CSF measurement of neuronal pentraxins (NPTXs), a family of synaptic
proteins which we previously identified as potential biomarkers through proteomics (chapter
4.1 and section 4 of this chapter).

We found reduced levels of NPTX1, NPTX2 and NPTX receptor (NPTXR) in the symptomatic
stage of genetic FTD, probably reflecting dysfunction or loss of synapses. Other synaptic
biomarkers identified in the context of AD, including neurogranin, SNAP-25 and
synaptotagmin-1, are not consistently altered in FTD,[38,39] and NPTXs therefore provide a
novel opportunity to measure synapse integrity in vivo. CSF NPTXs have recently received
much attention and reduced levels have also been reported in mild cognitive impairment
(MCI) and AD,[40-42] parkinsonism [43] and Lewy body dementia.[44]

NPTXs regulate the strength of excitatory synapses between pyramidal neurons and
parvalbumin-containing inhibitory interneurons;[45,46] accordingly, NPTX knockout mice
have inhibitory circuit disruption,[47] which in turn has been linked to cognitive
impairment.[48] Since their expression is specific to these circuits,[45] NPTXs might not
reflect the full extent of synapse loss in FTD. It would be interesting to investigate CSF NPTX
levels in relation to other (non-fluid) measures of synapse integrity, such as [**C]UCB-J
position emission tomography (PET) imaging [49] and magneto-encephalography (MEG).[50]

The overlapping NPTX levels between presymptomatic and symptomatic mutation carriers
indicate that single NPTX measurements will not be diagnostic for conversion, and their
repeated measurement, preferably in blood, will probably be more informative. Promisingly,
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recent studies have shown reduced NPTX2 levels in peripheral blood in vascular dementia
[51] as well as in neuron-derived exosomes in blood of AD patients.[52]

Our NPTX2 measurements in a small number of longitudinal CSF samples tentatively suggest
that NPTX2 might already decrease before symptom onset. This is in line with extensive
evidence that synapse dysfunction occurs early and may precede neuronal loss.[53-57]
Synaptic connectivity is a dynamic process, and synapse loss and dysfunction can be restored
after removal of toxic stimuli.[58,59] Taken together, preservation and restoration of
synapses could be a promising therapeutic strategy in early stages of neurodegeneration,
and NPTXs might serve as biomarkers to monitor neural circuit defects and measure
treatment effect.

To conclude, we demonstrated that CSF NPTXs are promising synaptic biomarkers in FTD.
Future studies should measure NPTXs in blood of FTD patients in a longitudinal setting, and
investigate which of the three NPTXs is the most robust biomarker.

Biomarkers of dysregulation of the immune system

Increasing clinical, genetic and cellular evidence suggests that chronic neuroinflammation
plays an important role in FTD pathogenesis.[60] Specifically, microglial dysregulation and
excessive activation of the complement system may be involved. In chapter 3, we measured
the concentrations of soluble triggering receptor expressed on myeloid cells 2 (STREM2) and
complement proteins in CSF and blood to determine their value as biomarkers.

STREM2 in GRN- and C9orf72-associated FTD

TREM2, a transmembrane receptor which is abundantly expressed by microglia, has
garnered much interest as a potential biomarker since genetic variants in TREM2 have been
associated with AD, FTD, ALS and PD.[61-65] A soluble fragment, sSTREM2, is measurable in
CSF and is thought to reflect cerebral TREM2 expression.[66] We found no group differences
in STREM2 levels between presymptomatic and symptomatic GRN and C9orf72 mutation
carriers. In AD, sTREM2 levels fluctuate depending on the disease stage, with especially high
levels in MCl and early-stage AD.[67-69] Similar dynamics might also be in place in FTD and
could to some extent have masked group differences in our study.

While activated microglia were initially assumed to adopt either an M1 or an M2
phenotype,[70] recent research has identified multiple functionally diverse microglial
populations which can dynamically change depending on the local microenvironment.[71]
TREM2 expression is upregulated during neurodegeneration and is required for the
transition from homeostatic to disease-associated microglia (DAMSs).[71-74] sTREM?2 levels
may therefore specifically reflect the TREM2-mediated transition to DAMs. Interestingly,



General discussion | 279

TREM2-/- microglia are locked in homeostatic state, whereas in GRN-/- microglia, a
persistently activated state is observed.[75,76] The fact that these seemingly opposing
phenotypes are both associated with neurodegeneration highlights the complex nature of
microglial dysregulation.

Higher CSF sTREM2 levels have been associated with slower disease progression in AD,[77-
79] and increased microglial uptake on TSPO-PET imaging predicts a slower progression from
MCI to AD.[80,81] Although not necessarily causal, these associations tentatively suggest
that microglial activation in early neurodegeneration might be protective. Data from four
converters in our study similarly suggested an association between high sSTREM?2 levels in the
late-presymptomatic stage and delayed conversion. If confirmed in a larger number of
subjects, STREM2 levels would need to be taken into account for patient stratification in
upcoming clinical trials. In line with one previous study,[82] we observed very high sSTREM2
levels in a subset of GRN mutation carriers; it would be interesting to confirm the presumed
microglial activation using other microglial markers, such as YKL-40, CHIT-1 (chapter 1.2) and
TSPO-PET imaging,[83] and to determine whether these subjects have a slower rate of
disease progression.

CSF and plasma complement factors

The complement system comprises a cascade of protein reactions which ultimately
contribute to the innate immune response.[84] We found elevated levels of the complement
factors C1lg and C3b in CSF of symptomatic mutation carriers, which likely reflect increased
complement synthesis by predominantly microglia,[85,86] providing further evidence of an
inflammatory component in FTD. The substantial overlap between groups might be due to a
variable degree of complement activation as well as within-individual fluctuations over the
course of disease, and renders these proteins unsuitable as diagnostic markers.

Clg and C3b are thought to play crucial roles in the excessive pruning of synapses by
microglia,[85,87] and deletion of C1g and C3b in GRN-/- mice mitigates synapse loss and
neurodegeneration.[76,88] The inverse correlations between CSF Clg and C3b and grey
matter volume in presymptomatic mutation carriers suggest that complement upregulation
occurs in conjunction with early neuronal loss. Longitudinal measurements might elucidate
the exact timing of complement activation and identify potential therapeutic windows for
complement inhibition.

While the brain was long considered an immune-privileged organ, extensive research has
revealed interactions between local and systemic immunity, and peripherally synthesised
complement proteins might also contribute to neuroinflammation.[89,90] Our plasma
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measurements revealed elevated levels of C2 and C3 in symptomatic mutation carriers, but
the remaining nine complement factors did not differ between groups. Several potential
explanations exist for these findings. First, pathological FTD-related changes might not elicit
a strong systemic immune response; this is supported by the inconsistent reports of plasma
cytokine levels in FTD.[60] Second, several confounding factors, including body mass index,
cardiovascular risk factors and unrelated inflammatory diseases, were not adequately
accounted for in our study. Third, we measured mostly intact complement proteins, the
concentrations of which are subject to a delicate equilibrium between increased synthesis
and cleavage into activated fragments.[91] Measuring activated complement fragments or
using functional tests might provide a more robust measure of peripheral complement
activation.[91,92]

Considerations for the identification of immunological biomarkers

Neuroinflammation in FTD is a highly complex and intricate process, which has proven
difficult to capture in fluid biomarkers. The marker-based approaches used in most studies
to date probably do not adequately reflect the heterogeneous populations of immune cells
that may be involved in various stages of the disease.[71,74] Furthermore, the interpretation
of differentially regulated molecules in biofluids is complicated by the fact that their
downstream effects can be either pro- or anti-inflammatory, depending on prevailing
conditions.[93] The significant variability in study populations, in terms of clinical phenotype,
disease stage, underlying proteinopathy and genetic defects, as well as in pre-analytical and
analytical parameters, have made it difficult to directly compare studies.[60]

The development of inflammation-targeted therapies is crucially hindered by a lack of
understanding of the role of neuroinflammation in FTD pathogenesis. Current insights
suggest a beneficial role for the initial immune response in the clearance of toxic protein
species,[94] but its uncontrolled and persistent nature is thought to ultimately contribute to
neurotoxicity.[60] Therapeutic interventions should therefore aim to encourage a protective
inflammatory profile rather than inhibit inflammation in general. The need for robust
biomarkers than can track different aspects of neuroinflammation over the course of disease
in vivo is evident, and future biomarker research that better accounts for the dynamic and
heterogeneous nature of neuroinflammation might prove fruitful.

The use of mass spectrometry to identify novel biomarkers

Mass spectrometry (MS)-based proteomics has emerged as a powerful exploratory tool to
compare protein abundances between patient cohorts. We performed discovery proteomics
followed by a targeted validation step to identify novel CSF biomarkers (chapter 4.1).
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Novel CSF biomarkers in GRN-FTD

Unbiased liquid chromatography-tandem mass spectrometry (LC-MS/MS) enables the direct
detection of thousands of proteins in biological samples without requiring predefined
proteins of interest, creating an ideal framework for the discovery of novel biomarkers.[95-
97] We identified 25 differentially regulated proteins between symptomatic and
presymptomatic GRN mutation carriers and non-carriers.

Unbiased LC-MS/MS generates a large number of candidates including false discoveries, and
therefore each candidate biomarker requires validation using independent methods.[96,98]
We selected seven proteins of interest based on fold changes of the identified peptides for
validation in a larger cohort of GRN, C9orf72 and MAPT mutation carriers using parallel
reaction monitoring (PRM), a targeted mass spectrometry(MS)-based approach which allows
for more accurate peptide quantification.[95] The validation study confirmed
downregulation of NPTXR, CHGA, VGF, VSTM2B and PTPRN2 in the symptomatic stages of
FTD. These proteins are implicated in synaptic functioning, vesicle secretion and immunity
and are discussed in detail in chapter 4.1. In a subsequent study (chapter 1.2 and section 2
of this chapter), we further validated NPTXR and related proteins using antibody-based
methods, which are more feasible for clinical implementation.

Taken together, our studies demonstrate the multi-step workflow needed to find novel
biomarkers by MS. While validation of unbiased LC-MS/MS findings can be done directly with
immunoassays,[99-101] targeted MS may be preferred [102-105] as it enables validation of
large panels of candidate biomarkers without the need for antibodies. Especially for new
biomarkers, antibodies might not be readily available, and de novo assay development is

costly and time-consuming.

Several proteins identified in our study have also been detected in MS studies of other
neurodegenerative diseases,[103,105-112] which, while demonstrating the validity of our
results, means that they reflect non-specific neurodegenerative changes. Comparing specific
phenotypic, pathological or genetic dementia subtypes might identify markers that can
contribute to differential diagnosis.[101,113]

Challenges for mass spectrometry in biomarker identification

Although MS-based biomarker identification has been reported on numerous occasions
across a range of neurodegenerative diseases, there has been limited success in translating
the findings to clinically useful biomarkers.[96] Results between studies have been largely
inconsistent, possibly due to differences in patient cohorts (including the control population),
disease phenotypes, environmental conditions affecting instrument parameters, and
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technical MS parameters,[95,106,114-117] and biomarkers that are identified in multiple
proteomics studies are probably the most promising.

A significant drawback of LC-MS/MS is that high-abundancy proteins, such as albumin and
immunoglobulins, can mask or interfere with peptides of less abundant proteins.
Consequently, the lower limit of detection is above the ng/ml range, which is much higher
than the pg/ml level detectable by ELISA.[118,119] We depleted samples of the most
abundant proteins using antibodies, which improves sensitivity, but might inadvertently
remove proteins of interest due to interactions with the depletion matrix or with depletion
targets.[120] These issues might explain why we did not detect key proteins such as
progranulin and NfL, and NfL detection has been proposed as a potential quality check for
upcoming MS studies.[106] Technical advances that resolve these problems might also
facilitate the transition to blood proteomics. In any case, researchers should be encouraged
to publish full results (e.g. in data repositories) rather than just proteins that reach statistical
significance, to enable discrimination between proteins that were detected but not
significantly different versus those that were simply not detected.[95]

Disease progression modelling

Since the seminal paper by Jack et al.,,[121] which presented a hypothetical model of AD
progression, various computational strategies have emerged to model biomarker changes
based on real data. In chapter 5, we used discriminative event-based modelling (DEBM) to
estimate the sequence in which biomarkers become abnormal over the course of FTD, which
could facilitate disease staging and elucidate which biomarker is the most sensitive to early
disease activity.[122]

Fluid biomarker modelling

DEBM of fluid biomarkers in the GENFI cohort revealed that NPTX2 and serum NfL are
detectably abnormal first, followed by CSF NfL, phosphorylated neurofilament heavy chain
(pNfH), glial acidic fibrillary protein (GFAP), C3b and Cl1q. Estimated disease stages based on
this sequence could accurately delineate presymptomatic from symptomatic mutation
carriers, demonstrating the validity of the model. Converters were assigned disease stages
similar to symptomatic carriers, confirming the hypothesis that at least some these
biomarkers become abnormal before symptom onset. Future studies with more converters
should compare the ability to track presymptomatic carriers and predict conversion using
NPTXs or NfL alone versus using a DEBM-based fluid biomarker profile.

Surprisingly, serum NfL abnormality was ordered before CSF NfL, suggesting that serum NfL
is at least as good a measure to monitor disease activity in presymptomatic carriers. This
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contrasts with the recently described elevations of CSF — but not blood — NfL in response to
amyloid pathology in cognitively unimpaired subjects,[123] and might be explained by
model-related parameters, such as the larger sample size and therefore greater statistical
power to detect changes in serum compared to CSF.

Multimodal biomarker modelling

The combination of biomarkers from different modalities might better mirror the real-world
assessment of mutation carriers and provide a more robust means to predict conversion and
track disease progression. Our multimodal DEBM of GRN-FTD estimated that serum NfL,
language decline and white matter integrity of the thalamic radiation were detectably
abnormal first. The construction of phenotype-specific models yielded two interesting
findings. First, the sequence of biomarker changes was much more uncertain in bvFTD than
in PPA, which probably reflects the heterogeneity of bvFTD in terms of cognitive and
neuroimaging measures.[4,124] Second, even among bvFTD patients, the language domain
was the first to become abnormal. Possibly, an early decline in language functions is obscured
in clinical practice by the often striking behavioural changes.[1,125] Given their relative ease
of administration, cognitive tests of language might be a useful tool to detect not only PPA,
but also early bvFTD.[125]

Estimated disease stages accurately distinguished between presymptomatic and
symptomatic mutation carriers. However, in contrast to the fluid biomarker model, a certain
degree of circularity must be acknowledged, given that several of the included biomarkers
(e.g. cognitive test scores, grey matter volume) are also used to diagnose FTD. This is
especially true for language tests in PPA, which by definition show early abnormalities.[2]

The role of event-based modelling in biomarker research
Our studies demonstrate great potential for DEBM in biomarker modelling. Here, we
highlight some key strengths of these models, as well as challenges for future research.

First, in contrast to many other disease progression models which rely on (short-term)
longitudinal data,[126-129] event-based models (EBMs) only requires cross-sectional data,
which is particularly advantageous for CSF biomarkers, as longitudinal data is often not
available. Second, as these models do not require predefined cut-off points, novel
biomarkers for which reference ranges have not yet been established can be included in the
models. Third, since pathological changes probably occur years before symptom onset,
EBM’s approach to genetic FTD as a disease continuum, rather than dichotomous (i.e.
presymptomatic or symptomatic) probably better reflects the reality and should be
encouraged in other biomarker studies.
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Importantly, estimated disease stages are based on the average ordering of biomarker
changes in a given population, and might therefore be inaccurate in subjects that undergo
an atypical biomarker progression sequence. A promising modification to existing EBMs is
Subtype and Stage Inference (SuStain),[130,131] which identifies clusters of subjects that
share a differential sequence of events. SuStaln was shown to recognise genetic subgroups
in the GENFI cohort based on neuroimaging data, and intriguingly, two distinct subtypes of
C9orf72 disease progression (a frontotemporal and a subcortical subtype).[131] The
existence of subtypes in C9orf72 mutation carriers is in line with the vast clinical
heterogeneity, as described in chapter 5.2, and is also reflected in the uncertainty in our fluid
biomarker model for C9orf72 mutation carriers. Detecting subgroups of mutation carriers
that follow alternative sequences might help identify protective or risk factors.[132]

Biomarker studies of neurodegenerative diseases are inevitably hampered by a relative lack
of data at end-stage disease, and the disease stages estimated by EBMs are therefore biased
towards early FTD. The transition from CSF to blood biomarkers might facilitate on-site
collection of samples in patients with advanced disease, which would reduce patient burden.

In conclusion, our models confirmed that NPTX2 and NfL are the earliest fluid biomarkers to
become abnormal. Our findings should be validated in independent cohorts, preferably with
longitudinal data. Future computational optimisations might enable us to estimate the
relative time interval between biomarker changes,[122] creating an even more informative
disease progression timeline.

The future of fluid biomarker research in FTD

Much progress has been made in the past two decades in identifying both general and gene-
specific biomarkers of neurodegeneration.[133,134] Here, we discuss some important
challenges for future fluid biomarker research.

Gaps in current fluid biomarkers

The diverse spectrum of presenting symptoms in FTD greatly complicates clinical practice,
and diagnostic biomarkers are urgently needed to facilitate a more timely diagnosis. While
NfL has proven useful to discriminate bvFTD from psychiatric disorders,[135] its capacity to
discriminate between the various neurodegenerative disorders is limited.[136-138]
Furthermore, in research settings, the use of a clinical diagnosis as a reference standard is
potentially misleading given the high false positive rate of FTD diagnoses.[139] Although
genetic forms offer a higher degree of certainty as to the diagnosis, co-existence of other
neurodegenerative disorders could still affect biomarker identification.[139]
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Biomarkers that reflect general neurodegenerative processes might translate well from
genetic to sporadic FTD. However, since therapeutic interventions are likely to target specific
proteinopathies, the ability to predict the underlying pathology during life in sporadic FTD
will be crucial. Several previous attempts to identify biomarkers of TAR DNA-binding protein-
43 (TDP-43) and tau pathology have been unsuccessful (chapter 1.2), although the recently
described application of real-time quaking-induced conversion (RT-QuiC) technology to
detect minute amounts of misfolded TDP-43 protein holds some promise for the future.[140]
Until such time, genetic FTD, in which the underlying pathology is known based on the
genetic defect, presents an ideal platform for therapeutic trials.[7]

Extensive evidence exists to support NfL as a predictor of clinical decline and survival once
the disease has begun. However, to date, we are unable to predict at what age symptoms
will commence, and which phenotype a mutation carrier will develop. These uncertainties
contribute to the often devastating psychological and societal burden of carrying an FTD-
related genetic mutation and are presumed to be the result of a complex interplay of
environmental and (epi)genetic factors.[141] To date, a few genetic modifiers of phenotype
have been identified, including variants in TMEM106B in GRN mutation carriers [142] and
ATXNZ2 in C9orf72 mutation carriers.[143,144] Advances in genetic technologies might reveal
additional contributory factors. In particular, novel techniques to characterise C9orf72
repeat expansions are expected to elucidate the effect of their length and exact content on
phenotype, as discussed in chapter 4.2.

Despite the remarkable capacity of statistical models such as DEBM to simulate disease
progression based on cross-sectional data, there is an ever-present need for longitudinal
biomarker data. Longitudinal biosamples from converters have proven invaluable to
understand biomarker evolution over the course of disease, but statistical analyses have
been hampered by the relative paucity of converters. Ongoing longitudinal studies such as
GENFI and ALLFTD will inevitably identify more converters over time.

Although cell and animal models have provided valuable insights into FTD pathogenesis, the
homozygous genetic mutations of most models to date might not accurately reflect the
heterozygous mutations associated with FTD in humans. Post-mortem studies remain
invaluable to improve our understanding of FTD, and discussing brain autopsy in all FTD
patients and at-risk family members should be encouraged.

Chapter 6
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Novel strategies for biomarker identification

Although unbiased MS is a valuable tool to generate a large number of potential biomarkers,
the acquisition of mass spectrometers and training of specialised staff is costly and time-
consuming. Furthermore, since MS and immunoassays identify different things (i.e.
experimentally fragmented vs. natively folded proteins and isoforms), candidates identified
by MS might not necessarily translate well to immunoassays.[119] Multiplex immunoassays
might therefore be an interesting alternative, which, although not entirely unbiased, are
capable of measuring a very large number of analytes simultaneously in small sample
volumes and are highly sensitive.[134] Promising examples include Mesoscale Discovery
(MSD), Luminex, V-plex, and Olink, which have produced interesting results in AD and other
neurological diseases.[145-149] These platforms might also help design panels of
complementary biomarkers, which probably better reflect the complexities of FTD than
single biomarkers.

The need for repeated measurements over time highlights the importance of using more
easily accessible biofluids than CSF. Technological advances in the field of ultrasensitive
assays (i.e. Single Molecule Arrays) have enabled detection of very low concentrations of
brain-derived proteins in peripheral blood, such as NfL.[150] However, blood biomarker
development poses several other challenges: the biomarker must be capable of crossing the
blood-brain barrier, peripheral expression of biomarkers could contaminate blood
concentrations, resident blood proteins could interfere with immunoassay platforms or
degrade or mask potential biomarkers, and pre-analytical factors such as food intake and
diurnal variation may be more relevant for blood than CSF.[151,152] Many of these issues
might be overcome by using brain-derived exosomes (BDEs).

BDEs are secreted by various cell types in the brain, including neurons and glia, and play
important roles in between-cell communication, synaptic plasticity and removal of unwanted
proteins. Under pathological conditions, the number and composition of BDEs changes,
probably in an attempt to dispose of potentially toxic protein species. BDEs cross the blood-
brain barrier and can be isolated from peripheral blood based on cell-type specific surface
markers.[153-156] Although their isolation is currently technically challenging, time-
consuming and expensive, BDEs present a promising source for biomarker discovery. For
example, elevated levels of BDEs have been found in symptomatic GRN mutation carriers,
presumably as a compensatory reaction to lysosomal dysfunction,[153] and reduced synaptic
protein levels in BDEs were found in FTD patients.[52]

Circulating nucleic acids might also prove to be useful blood-based biomarkers. microRNAs
(miRNAs), which regulate the expression of mature RNAs, can be relatively easily obtained
from blood or CSF,[157] and several recent studies have identified differential blood miRNA
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signatures in sporadic and genetic FTD.[158-161] miRNAs in BDEs might be more stable over
time and therefore be more robust biomarkers than those in serum or plasma.[157,162]
Another promising source of biomarkers lies in cell-free DNA (cfDNA). cfDNA is normally
present in very low concentrations in the blood, and increased levels are thought to reflect
accelerated cell turnover.[163] Accordingly, elevated levels have been observed in AD
following AB-induced cell death, even before the formation of AB-plaques.[164] Recent
studies that have managed to identify brain-derived cfDNA based on tissue-specific
methylation patterns suggest that cfDNA might provide a peripheral measure of neuronal
l0ss.[165-167]

Implementing fluid biomarkers in clinical practice and treatment trials

An inevitable gap exists between identifying a potential fluid biomarker in a research setting,
and applying it confidently to clinical practice and trials. We highlight some important
considerations for biomarker implementation, which currently apply to NfL in particular.

First, an in-depth understanding of the biomarker’s behaviour in the general population is
required in order to establish accurate cut-off points. A strong correlation exists between
most of the biomarkers described in this thesis and age, and since most are not disease-
specific (NfL) or brain-specific (NPTXs, complement factors), neurological and systemic
comorbidities can greatly affect their concentration. Furthermore, most studies to date are
biased towards Caucasians and need to be replicated in other ethnicities. Finally, studies
assessing the short- and long-term stability of a biomarker are crucial for its use in disease

monitoring.[168]

Variability in sample collection, handling and storage can greatly affect biomarker
measurements. More widespread dissemination of available biobanking guidelines should
alleviate these issues.[169,170] Fortunately, blood NfL appears to be relatively robust to
various pre-analytical parameters, enabling accurate quantification even under suboptimal
conditions.[32,168,171] Furthermore, assays must be thoroughly validated across multiple
centres.[172] Even when using the same assay, some variability in protein quantification
might be inevitable, possibly due to user variability, matrix effects and lot variability of assay
kits.[173] Longitudinal measurements for research purposes should therefore be performed

in one batch of experiments.

Taken together, these factors highlight the importance of international initiatives such as
BIOMARKAPD and the International CSF society to guide biomarker identification, validation
and standardisation.[119,174]

Chapter 6
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Conclusions

This thesis adds to the rapidly expanding knowledge of CSF and blood biomarkers for genetic
FTD. International collaborations have enabled large-scale cohort studies, such as GENFI and
ALLFTD, together forming the FTD Prevention Initiative (FPI), which will continue to
contribute to biomarker development and might ultimately pave the way towards an

effective treatment.
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Summary

Frontotemporal dementia (FTD) is a clinically, genetically and pathologically heterogeneous
condition most commonly characterised by progressive changes in behaviour (behavioural
variant FTD) and / or language (primary progressive aphasia). An underlying autosomal
dominant mutation in GRN, C9orf72 or MAPT is identified in 10-20% of patients. Fluid
biomarkers that enable detection and monitoring of FTD pathology in vivo could be
instrumental both in clinical practice and pharmaceutical trials. This thesis investigated fluid
biomarkers in genetic forms of FTD, using data from two observational cohort studies: the
Dutch Frontotemporal Dementia Risk Cohort (FTD-RisC study) and the international Genetic
Frontotemporal dementia Initiative (GENFI).

Chapter 1 introduces the aims of this thesis (chapter 1.1) and provides an overview of fluid
biomarker research in FTD to date (chapter 1.2). Recent years have seen significant advances
in the field of fluid biomarkers in neurodegenerative diseases. In particular, neurofilament
light chain (NfL) is emerging as a highly sensitive, albeit non-specific, marker of neuroaxonal
degeneration. Gene-specific biomarkers include PGRN in GRN mutation carriers and
dipeptide repeat proteins in C9orf72 mutation carriers. There is an unmet need for a
biomarker that can reliably differentiate between FTD and other cognitive disorders and
predict the underlying neuropathological substrate in sporadic FTD. Technological advances
are facilitating biomarker identification in blood as a minimally invasive alternative to CSF,
which is expected to greatly accelerate future biomarker research.

Chapter 2 describes the measurement of biomarkers of neuroaxonal and synaptic
degeneration. In chapter 2.1, we longitudinally measured serum NfL in 335 GENFI
participants over a mean follow-up duration of two years. Serum NfL levels were stable over
time in presymptomatic mutation carriers, strongly increased around symptom onset and
remained elevated over the course of FTD. Data from nine converters, i.e. presymptomatic
carriers who developed symptoms during follow-up, revealed elevated NfL levels at least 1-
2 years before symptom onset. The rate of NfL increase was associated with the rate of
atrophy and clinical disease progression. Our data support NfL as a tool to identify preclinical
disease in mutation carriers and to monitor disease progression. Chapter 2.2 describes the
measurement of CSF neuronal pentraxins (NPTXs), a family of proteins implicated in synaptic
plasticity, in 230 GENFI participants. We found decreased levels of NPTXs in the symptomatic
stage of genetic FTD, probably reflecting the loss or dysfunction of synapses. Longitudinal
measurements of NPTX2 in twelve mutation carriers suggested that NPTX2 levels might
already decrease before symptom onset. NPTX2 correlated with clinical and neuroimaging
measures of disease severity, demonstrating its potential as a disease progression biomarker.
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NPTX2 might serve as a useful biomarker of synaptic integrity in future trials aimed at
restoring synapse function.

Chapter 3 focuses on biomarkers that reflect immune system dysregulation in FTD. In chapter
3.1, we measured CSF levels of soluble triggering receptor expressed on myeloid cells 2
(sTREMZ2), which are thought to reflect microglial activation, in an international cohort of 107
GRN and C9orf72 mutation carriers and 67 controls. We found no group differences in
SsTREM?2 levels, precluding its use as a diagnostic biomarker. Interestingly, strongly elevated
levels of STREM2 were seen in some GRN mutation carriers, suggesting the presence of a
subset with differential microglial activation. Based on data from four converters, we
tentatively hypothesize that high sTREM2 levels in the presymptomatic stage might predict
a delayed symptom onset. Chapter 3.2 reports on CSF and plasma complement levels in the
GENFI cohort. We found elevated levels of CSF C1g and C3b, as well as plasma C2 and C3, in
symptomatic mutation carriers, providing in vivo evidence of complement system
dysregulation in FTD, although the substantial overlap between diagnostic groups diminishes
their diagnostic value. Complement protein levels correlated with brain atrophy and NfL in
the presymptomatic stage, suggesting that they might increase in conjunction with early
neuronal loss. Further research is needed to determine their potential to monitor
complement system dysregulation.

In chapter 4, we focus on the identification of novel biomarkers through proteomic and
genetic approaches. Chapter 4.1 describes discovery mass spectrometry experiments on CSF
of 28 GRN mutation carriers (19 presymptomatic, 9 symptomatic) and 24 non-carriers from
the FTD-RisC study, revealing 25 differentially regulated proteins. We selected six proteins
for validation by targeted mass spectrometry in a larger cohort of GRN, C9orf72 and MAPT
mutation carriers, revealing reduced levels of NPTXR, CHGA, VGF, PTPRN2 and VSTM2B in
symptomatic carriers of all genetic subgroups. These proteins are primarily involved in
synapse function, innate immunity and vesicle secretion and, if further validated in
independent cohorts, might present novel biomarkers. In chapter 4.2, we first review the
extensive spectrum of clinical presentations and the heterogeneous disease course
associated with the C9orf72 repeat expansion. Next, we explore possible genetic factors that
might predict the phenotype and disease course in C9orf72, with particular emphasis on the
length of the repeat expansion. Finally, we discuss recent advances in genetic technologies
to characterise the length and content of repeat expansions, which might help identify novel
prognostic factors.

Chapter 5 describes the use of discriminative event-based models to estimate the sequence
in which biomarkers become abnormal over the course of FTD. In chapter 5.1, we
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constructed a model of fluid biomarker changes in the GENFI cohort. NfL and NPTX2 were
the first biomarkers to become detectably abnormal. Although this biomarker ordering did
not differ between genetic subgroups, much more uncertainty was noted among C9orf72
mutation carriers. Chapter 5.2 describes a similar DEBM model of blood NfL, neuroimaging
and cognitive biomarkers, revealing that blood NfL and language domains were the first to
become abnormal. Interestingly, language deficits were also one of the first abnormalities
noted in models of behavioural variant FTD (bvFTD), suggesting that this might be an
overlooked early feature.

In chapter 6, we discuss the main findings of this thesis in the context of current literature,
review methodological considerations and suggest areas for future research.
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Samenvatting

Frontotemporale dementie is een klinisch, genetisch en pathologisch heterogeen
ziektebeeld wat meestal wordt gekenmerkt door progressieve veranderingen in het gedrag
en / of de taal. Bij 10-20% van de patienten wordt een autosomaal dominant overervende
mutatie gevonden in GRN, C9orf72 of MAPT. Biomarkers in bloed of hersenvocht die de
vroege detectie en monitoring van FTD faciliteren zouden bij kunnen dragen aan de huidige
klinische praktijk als ook aan medicijnstudies. Dit proefschrift beschrijft de identificatie en
validatie van fluide biomarkers in genetische vormen van FTD. Hiervoor is gebruik gemaakt
van twee observationele cohortstudies: het Nederlandse Frontotemporale Dementie Risico
Cohort (FTD-RisC), en het internationale Genetic Frontotemporal Dementia Initiative
(GENFI).

Hoofdstuk 1 geeft een inleiding op dit proefschrift (hoofdstuk 1.1) en een overzicht van de
huidige status van biomarker-onderzoek in FTD (hoofdstuk 1.2). De afgelopen jaren is grote
vooruitgang geboekt op gebied van biomarkerontwikkeling. Veelbelovend is neurofilament
light chain (NfL), een zeer sensitieve, doch aspecifieke marker van neuroaxonale schade.
Tevens zijn enkele gen-specifieke biomarkers beschreven, waaronder PGRN bij GRN
mutatiedragers, en dipeptide repeat eiwitten in C9orf72 mutatiedragers. Tot op heden
ontbreken biomarkers die FTD van andere cognitieve stoornissen kunnen onderscheiden, en
die bij leven de onderliggende neuropathologie kunnen voorspellen. De transitie naar
biomarkers in bloed, in plaats van hersenvocht, is grotendeels te danken aan belangrijke
technische ontwikkelingen in het veld, en zal naar verwachting het biomarker-onderzoek
versnellen.

Hoofdstuk 2 is gewijd aan biomarkers die degeneratie van axonen en synapsen
weerspiegelen. In hoofdstuk 2.1 beschrijven we de longitudinale metingen van serum NfL in
335 deelnemers van de GENFI studie, over een gemiddeld tijdsbestek van 2 jaar. Wij vonden
stabiele NfL waarden in presymptomatische mutatiedragers, met een sterke stijging rondom
het ontstaan van klachten. Gedurende de symptomatische fase bleven NfL waarden
verhoogd. Bij negen converters, oftewel presymptomatische mutatiedragers die gedurende
follow-up FTD-verschijnselen ontwikkelden, vonden wij verhoogde NfL waarden minstens 1-
2 jaar voor het ontstaan van klachten. Tenslotte toonden we aan dat de snelheid waarmee
NfL toeneemt correleert met de snelheid van ziekteprogressie. Deze bevindingen
onderschrijven de waarde van NfL om (vroege) ziekte-activiteit op te sporen en te monitoren.
Hoofdstuk 2.2 beschrijft metingen van neuronal pentraxins (NPTXs) in hersenvocht van 230
GENFI deelnemers. NPTXs worden in verband gebracht met plasticiteit van synapsen. De
concentratie van NPTXs bleek verlaagd in symptomatische mutatiedragers, hetgeen
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waarschijnlijk een verlies of dysfunctie van synapsen reflecteert. Longitudinale metingen van
NPTX2 bij twaalf mutatiedragers doen vermoeden dat NPTX2 al daalt voor het ontstaan van
klachten. De correlaties tussen NPTX2 en verscheidene maten van ziekte-ernst tonen aan dat
NPTX2 een interessante marker van ziekteprogressie kan zijn. Toekomstige
medicijnonderzoeken die zijn gericht op herstel van synapsfunctie hebben mogelijk baat bij
NPTX2 als marker van synapsintegriteit.

Hoofdstuk 3 behelst biomarkers die betrokken zijn bij ontregelede immunologische
processen in FTD. In hoofdstuk 3.1 beschrijven wij de meting van soluble triggering receptor
expressed on myeloid cells 2 (STREM2), een maat voor microglia-activatie, in hersenvocht
van 107 GRN en C9orf72 mutatiedragers en 67 controles. Wij vonden geen verschillen in
sTREM2 waarden tussen de verschillende groepen, en sTREM2 heeft dan ook een beperkte
waarde in de diagnostiek van FTD. Enkele GRN mutatiedragers hadden opvallend hoge
STREM2 waarden, hetgeen een subgroep van patienten met versterkte microglia-activatie
suggereert. Op basis van vier converters veronderstellen wij dat hoge sTREM2 waarden in de
presymptomatische fase mogelijk prognostisch gunstig zijn. Hoofdstuk 3.2 beschrijft de
meting van complement-eiwitten in hersenvocht en plasma in de GENFI studie. De
verhoogde waarden van C1q en C3b in hersenvocht, alsook C2 en C3 in plasma, zijn een
aanwijzing voor ontregeling van het complementsysteem in de symptomatische fase van
genetische FTD. Eventuele diagnostische waarde wordt tenietgedaan door de grotendeels
overlappende resultaten tussen klinische groepen. Een opvallende correlatie werd
waargenomen tussen complement-eiwitten en grijze stof atrofie als ook NfL in de
presymptomatische fase, hetgeen suggereert dat complementactivatie simultaan met
vroege neuronale schade optreedt. Meer onderzoek zal uitwijzen of complement-eiwitten
kunnen dienen voor ziektemonitoring.

Hoofdstuk 4 richt zich op de ontwikkeling van biomarkers door proteomics en genetische
strategieen. In hoofdstuk 4.1 beschrijven wij de identificatie van 25 potentiele biomarkers in
hersenvocht middels massaspectrometrie op 28 GRN mutatiedragers (19 symptomatisch, 9
presymptomatisch) en 24 controles uit de FTD-RisC studie. Validatie van zes van deze
eiwitten in een groter cohort van GRN, C9orf72 en MAPT mutatiedragers middels parallel
reaction monitoring toonde verlaagde concentraties van NPTXR, CHGA, VGF, PTPRN2 en
VSTM2B in de symptomatische fase van FTD. Deze eiwitten zijn betrokken bij synapsfunctie,
immunologische processen en exocytose. In hoofdstuk 4.2 geven wij een overzicht van het
klinische spectrum van C9orf72 mutatiedragers en beschrijven wij de huidige kennis omtrent
genetische factoren die het fenotype en de snelheid van progressie mogelijk beinvlioeden. In
het bijzonder bespreken we het effect van de lengte van de C9orf72 repeat expansie, en
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lichten enkele nieuwe genetische technieken toe waarmee de repeat expansie in de

toekomst beter in kaart kan worden gebracht.

In hoofdstuk 5 onderzoeken wij de relatie in de tijd tussen verschillende biomarkers middels
discriminative event-based modelling. Het model beschreven in hoofdstuk 5.1, over fluide
biomarkers in het GENFI cohort, toont aan dat NPTX2 en NfL al vroeg in het ziektebeloop
abnormaal worden. Hoewel de volgorde van biomarkerverandering niet verschilde tussen
genetische subgroepen, was deze onzekerder in de C9orf72 groep. In hoofdstuk 5.2 wordt
een multimodaal ziekteprogressiemodel beschreven met NfL, neuroimaging en cognitieve
biomarkers. NfL en achteruitgang van de taal bleken de eerste abnormale biomarkers te zijn.
Zelfs in de gedragsvariant van FTD werd een vroege achteruitgang van de taal waargenomen;

mogelijk wordt dit in de klinische praktijk onderschat.

In hoofdstuk 6 bespreken wij de belangrijkste bevindingen van dit proefschrift in het kader
van de huidige literatuur en doen wij suggesties voor toekomstig biomarkeronderzoek.

Chapter 7
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