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Biomarker discovery and development for
frontotemporal dementia and amyotrophic
lateral sclerosis
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Frontotemporal dementia refers to a group of neurodegenerative disorders characterized by behaviour and language
alterations and focal brain atrophy. Amyotrophic lateral sclerosis is a rapidly progressing neurodegenerative disease
characterized by loss of motor neurons resulting in muscle wasting and paralysis. Frontotemporal dementia and
amyotrophic lateral sclerosis are considered to exist on a disease spectrum given substantial overlap of genetic
and molecular signatures. The predominant genetic abnormality in both frontotemporal dementia and amyotrophic
lateral sclerosis is an expanded hexanucleotide repeat sequence in the C9orf72 gene. In terms of brain pathology, ab-
normal aggregates of TAR-DNA-binding protein-43 are predominantly present in frontotemporal dementia and
amyotrophic lateral sclerosis patients. Currently, sensitive and specific diagnostic and disease surveillance biomar-
kers are lacking for both diseases. This has impeded the capacity to monitor disease progression during life and the
development of targeted drug therapies for the two diseases. The purpose of this review is to examine the status of
current biofluid biomarker discovery and development in frontotemporal dementia and amyotrophic lateral scler-
osis. The major pathogenic proteins implicated in different frontotemporal dementia and amyotrophic lateral scler-
osis molecular subtypes and proteins associated with neurodegeneration and the immune system will be discussed.
Furthermore, the use of mass spectrometry-based proteomics as an emerging tool to identify new biomarkers in fron-
totemporal dementia and amyotrophic lateral sclerosis will be summarized.
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CST =cystatin; MS = mass spectrometry; NfH = neurofilament heavy; NfL = neurofilament light; NfM =

neurofilament medium; p755<P

protein 43; YKL-40 =chitinase-3-like protein

Introduction

Frontotemporal dementia refers to a group of neurodegenerative
disorders characterized by altered behaviour and language, with a
progressive decline in executive function.” Frontotemporal demen-
tia is the second most common form of younger-onset dementia
after Alzheimer’s disease, frequently occurring before 65 years
of age.? Frontotemporal dementia is categorized clinically into
various subtypes; the main three include behavioural-variant fron-
totemporal dementia and two language variants, semantic demen-
tia (also known as semantic variant primary progressive aphasia)
and progressive non-fluent aphasia (also known as non-fluent
variant primary progressive aphasia). In addition, frontotemporal
dementia overlaps with movement disorders having two additional
subtypes, progressive supranuclear palsy and corticobasal degen-
eration. Behavioural-variant frontotemporal dementia is the
most common form of frontotemporal dementia presenting with
a range of symptoms that include disinhibited behaviour, apathy,
increased consumption of sweet foods and alcohol, loss of empathy
and emotional processing, and impaired executive function.»*™
Semantic dementia is characterized by a loss of semantic
knowledge that typically presents as progressive anomia, in the
context of fluent expressive speech. In contrast, progressive non-
fluent aphasia is characterized by effortful and distorted speech
with or without agrammatism in the context of preserved
comprehension.*®’

Amyotrophic lateral sclerosis, also known as motor neuron dis-
ease, is a rapidly progressing neurodegenerative disease character-
ized by degeneration of motor neurons in the brain and spinal cord,
leading to muscle atrophy and paralysis.®° Fatality in amyotrophic
lateral sclerosis frequently occurs within 3-5 years of diagnosis.’***
Amyotrophic lateral sclerosis most commonly occurs around 60
years of age, affecting more males than females.®*! Amyotrophic
lateral sclerosis is categorized depending on whether symptoms
are predominantly related to upper motor neurons or lower motor
neurons. In ~70% of amyotrophic lateral sclerosis cases, both upper
motor neurons and lower motor neurons are affected, while minor
subtypes predominantly involve either upper motor neurons or
lower motor neurons.®***® Amyotrophic lateral sclerosis often pre-
sents with either onset of limb weakness or bulbar symptoms af-
fecting speech or swallowing.

Approximately 15% of frontotemporal dementia cases exhibit
motor symptoms and 15-18% of amyotrophic lateral sclerosis cases
exhibit frontotemporal dementia symptoms.** Furthermore, 50% of
amyotrophic lateral sclerosis cases have evidence of frontotempor-
al dementia-like cognitive changes.'* Pathologically, frontotempor-
al dementia cases are characterized by abnormal aggregates of
TDP-43, tau or FET proteins (FET proteins refer to a group of three
proteins: fused in sarcoma, EWSR1 and TAF15) while amyotrophic
lateral sclerosis cases are pathologically characterized by TDP-43,
superoxide dismutase-1 (SOD1) or FET proteins."**® Of particular
interest, abnormal aggregates of TDP-43 are identified in ~50% of
frontotemporal dementia cases and 95% of amyotrophic lateral
sclerosis cases.'” In 2011, TDP-43 aggregates were shown to be asso-
ciated with the C90rf72 repeat expansion in both frontotemporal
dementia and amyotrophic lateral sclerosis.’®'® Together, these
studies provide clinical, molecular and genetic evidence supporting

=urinary neurotrophin receptor p75 extracellular domain; TDP-43 = TAR DNA binding

the existence of frontotemporal dementia and amyotrophic lateral
sclerosis on a disease spectrum. While genetic abnormalities in pa-
tients are useful in identifying the underlying molecular patholo-
gies, biomarker development in association with genetic status
and clinical assessment is necessary to identify and distinguish
molecular signatures in patients who exhibit similar clinical symp-
toms. Sensitive and specific biomarkers have the potential to assist
with targeting specific molecular subtypes for mechanistic treat-
ments, tracking disease progression during life and streamlining
patients for clinical trials that are currently lacking for both fronto-
temporal dementia and amyotrophic lateral sclerosis.

Gene-based biomarkers

In general, gene-based biomarkers (Fig. 1) have the potential to de-
termine disease susceptibility and assist with discriminating early-
stage versus late-stage disease. Genetic mutations in TARDBP,
C9orf72, MAPT and SOD1 have been used to classify frontotemporal
dementia and amyotrophic lateral sclerosis. While the genetic sub-
types of frontotemporal dementia and amyotrophic lateral scler-
osis continue to be extensively explored and advances have been
made in correlating pathological subtypes with causal genes, the
use of gene-based biomarkers, particularly those genes that overlap
between frontotemporal dementia and amyotrophic lateral scler-
osis, remains to be fully investigated. Although gene-based biomar-
kers provide promise for biomarker discovery in frontotemporal
dementia and amyotrophic lateral sclerosis, it is likely that they
will need to be used in combination with other types of biomarker
that target additional pathways and mechanisms of disease.

The TARDBP gene, which encodes TDP-43, accounts for ~4% of fa-
milial amyotrophic lateral sclerosis, 1.5% of sporadic amyotrophic
lateral sclerosis patients and ~2% of behavioural-variant fronto-
temporal dementia patients.’®?* Pathologically, TDP-43 pathology
is present in ~50% of frontotemporal dementia cases and 95% of
amyotrophic lateral sclerosis.'”” TDP-43 is an RNA/DNA-binding
protein that is widely expressed, particularly in the CNS. While
the complete function of TDP-43 is yet to be determined, under
physiological conditions TDP-43 is involved in RNA biogenesis
and processing.?>*?

Use of TDP-43 as a biomarker has been explored in serum, plas-
ma and CSF, predominantly in frontotemporal dementia cases. In
behavioural-variant frontotemporal dementia, serum and plasma
levels of phosphorylated TDP-43 (pTDP-43) have been used to dif-
ferentiate between genetic subtypes. While no significant differ-
ence pTDP-43 was observed between C9orf72 and GRN-mutation
carriers, both groups had higher levels of pTDP-43 compared to
other behavioural-variant frontotemporal dementia subtypes and
controls in both CSF and plasma samples. Additionally, pTDP-43 le-
vels in plasma correlated positively with CSF; however, there was
no correlation in total TDP-43 (tTDP-43) levels within the same sam-
ples.?* CSF tTDP-43 failed to differentiate between C9orf72 expan-
sion carriers and non-carriers. CSF tTDP-43 has also been shown
to be elevated in amyotrophic lateral sclerosis compared to
behavioural-variant frontotemporal dementia patients.”> CSF
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Figure 1 An overview of current biomarker development in frontotemporal dementia and amyotrophic lateral sclerosis. The main genetic biomarkers
evaluated are TDP-43, MAPT, CO9ORF72 and SOD1. Neurofilament biomarkers evaluated are NfL. and NfH. The main immune-related biomarkers eval-
uated are YKL-40, GFAP and CST3. All of these markers have limitations in the diagnosis of frontotemporal dementia and amyotrophic lateral sclerosis,
and therefore there is an urgent need for new biomarker development for the two diseases.

tTDP-43 was elevated in sporadic amyotrophic lateral sclerosis
compared to age-matched controls and other neurodegenerative
and inflammatory diseases, including Parkinson’s disease, mul-
tiple sclerosis and Guillain-Barré syndrome.?®?’

There are, however, two major concerns with the use of TDP-43
as a biomarker. First, there is no consensus as to whether full length
TDP-43, pTDP-43 or truncated variants of TDP-43 would be most ef-
fective for measurement.?® Second, directly measuring tTDP-43ina
biofluid carries the risk of measuring peripheral rather than brain
derived TDP-43. As such, development of methods that can differ-
entiate brain derived TDP-43 from other tissue sources are required
to effectively use TDP-43 as a biomarker in behavioural-variant
frontotemporal dementia and amyotrophic lateral sclerosis.?*?°

MAPT

The tau protein stabilizes microtubules,**** and over 50 MAPT mu-
tations have been associated with frontotemporal dementia.®?-
Abnormally phosphorylated tau aggregates, which are the second
most common form of pathological protein aggregate in frontotem-
poral dementia, are mostly associated with behavioural-variant
frontotemporal dementia and progressive non-fluent aphasia sub-
types.’® The ratio between phosphorylated tau (p-taul81) and total

tau (t-tau) has been suggested for differentiation between molecu-
lar frontotemporal dementia subtypes. Frontotemporal dementia
cases with TDP-43 pathological inclusions have a reduction in the
ratio of p-taul81 and t-tau compared to cases with tau path-
ology.>>%¢ Additionally, plasma p-tau181 levels are only significant-
ly altered in the MAPT genetic subtype of frontotemporal
dementia.’” Tau can also aid in the differentiation between fronto-
temporal dementia and Alzheimer’s disease, with a higher t-tau:
amyloid-p; 4, ratio is indicative of Alzheimer’s disease® and plas-
ma p-taul8lis elevated in Alzheimer’s disease compared to fronto-
temporal dementia and controls.**° In amyotrophic lateral
sclerosis, there is also a significant reduction of both p-taul81
and the p-tau:t-tau ratio compared to frontotemporal dementia
with 4-repeat tau inclusions and controls.*' However, the multiple
fragments of tau, p-tau, t-tau and non-phosphorylated tau alone
are, so far, unable to effectively discriminate between frontotem-
poral dementia and Alzheimer’s disease, suggesting that tau alone
is unlikely to be a disease specific biomarker.*?

CO0ORF72

The C90rf72 gene consists of 12 exons, of which exons 1a and 1b are
alternatively spliced, producing three transcripts and two
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isoforms.'®** A G,C, hexanucleotide repeat expansion is located
between exons la and 1b, and there are usually 2-20 repeats in
healthy individuals. However, in behavioural-variant frontotem-
poral dementia and amyotrophic lateral sclerosis, hundreds or
even thousands of repeats are present; the exact minimum number
required for pathology is currently undefined.” The physiological
role of CO9ORF72 protein is unclear; however, it may modulate neur-
onal morphogenesis.** In addition, C90rf72 has a potential role in
neuroinflammation, as demonstrated by C9orf72 knockout rodent
studies that exhibit a systemic proinflammatory state, severe auto-
immune disease in some strains*>*® and mild neuroinflammation
with increased expression of key inflammatory mediators in micro-
glia, and an upregulation of inflammatory genes compared to con-
trol cohorts.*” Furthermore, C9orf72 has been identified to be
required for normal function of myeloid cells, and altered micro-
glial function is suggested to contribute to neurodegeneration in
CYorf72 expansion carriers.?” Therefore, COORF72 may have the po-
tential to also be used as a marker of altered immune status in fron-
totemporal dementia and amyotrophic lateral sclerosis; however,
this remains to be investigated. Another aspect of C9orf72 that
could contribute towards the development biomarkers for fronto-
temporal dementia and amyotrophic lateral sclerosis is the study
of methylation of G4,C, hexanucleotide repeat. Methylation studies
have revealed that large repeats are methylated whereas small or
intermediate repeats are not, providing a new avenue for distin-
guishing repeat sizes.*®*° The same phenomenon was observed
inblood, brain and spinal cord tissues of an individual.* Further in-
vestigation into C9ORF72 methylation may help to establish a more
accurate cut-off for pathogenic repeat.

Pathologically, C9orf72 is the most common gene implicated in
behavioural-variant frontotemporal dementia and amyotrophic lat-
eral sclerosis, affecting ~40% of familial amyotrophic lateral scler-
osis and 25% of familial behavioural-variant frontotemporal
dementia.>® A pathological mechanism of C9orf72 gene expansion
entails the translation of the expansion into dipeptide repeat pro-
teins.>*™>* Formation of dipeptide repeat protein occurs when
repeat-associated non-ATG (RAN) translation of the hexanucleotide
repeat forms five dipeptide repeat proteins: glycine-alanine (GA),
glycine-arginine (GR), proline-alanine (PA), proline-arginine (PR)
and glycine-proline (GP).>* Production of poly-PR and poly-GR leads
to neurotoxicity via impaired protein translation.>* Poly-GP has at-
tracted attention as a potential biomarker in C9orf72 gene expansion
carriers in both behavioural-variant frontotemporal dementia and
amyotrophic lateral sclerosis. While asymptomatic mutation car-
riers have elevated CSF and peripheral blood mononuclear cell
poly-GP, these levels were raised further in disease groups.”™ >’

SOD1 is an antioxidant that converts superoxide into molecular
oxygen and hydrogen peroxide.>® There are numerous amyotrophic
lateral sclerosis-linked SOD1 mutations.*>®° SOD1 protein aggre-
gates are characteristic of amyotrophic lateral sclerosis patients
with SOD1 mutations and are the second most common pathologic-
al subtype of amyotrophic lateral sclerosis. However, there are no
significant changes in CSF SOD1 levels in amyotrophic lateral scler-
osis, including sporadic or SOD1 mutation carriers,®* suggesting
that SOD1 may not be an effective biomarker for amyotrophic lat-
eral sclerosis. Contrary to this, CSF SOD1 has previously been iden-
tified as a robust pharmacodynamic marker in response to
antisense oligonucleotide treatment.®? CSF SOD1 has subsequently
been used as a pharmacodynamic biomarker in a phase 1-2
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ascending dose clinical trial of the SOD1 antisense oligonucleotide
Tofersen. In the highest-dosage group, CSF SOD1 levels declined
36% with some evidence of a reduction in disease measures; how-
ever, a correlation between treatment and clinical outcomes could
not be drawn due to the small study size.®® Therefore, the use of
SOD1 as a biomarker may lie primarily in determining the pharma-
codynamics of SOD1-lowering therapies as opposed to differentiat-
ing between subtypes of amyotrophic lateral sclerosis.

Neurofilament-related biomarkers

Neurofilaments, consisting of neurofilament heavy, medium and
light chains (NfH, NfM and NfL; Fig. 1) and a-internexin, are abun-
dantly expressed in neurons and thought to function in axonal
growth and maintenance.®* Increased neurofilament levels in CSF
orblood have been used as a marker for neurodegeneration so far.®

NfL has attracted considerable focus as a biomarker of neurodegen-
eration. NfL has been repeatedly shown to have important prognos-
tic value in frontotemporal dementia. Serum NfL is inversely
correlated with survival time.®® Furthermore, presymptomatic
cases have shown elevated NfL within serum before disease mani-
festation.®” Consistent with this, serum NfL was one of the earliest
identified altered markers in frontotemporal dementia
GRN-mutation carriers.®® Plasma Nfl. also has prognostic value
with plasma NfL elevation occurring in asymptomatic frontotem-
poral dementia mutation carriers preceding disease onset.®

NfL levels in serum correlate to those in CSF. Importantly, serum
and CSF NfL levels correlate with disease severity, functional im-
pairment and brain atrophy.”®’* For diagnosis, CSF NfL combined
with p-taul81:t-tau ratio provided 80% sensitivity and 81% specifi-
city in differentiating between frontotemporal dementia cases with
tau or TDP-43 pathological inclusions, with NfL levels most signifi-
cantly elevated in those with TDP-43 pathological inclusions.”? This
is consistent with C9orf72 gene expansion carriers found to display
higher serum NfL than frontotemporal dementia patients without
the mutation.

In amyotrophic lateral sclerosis, NfL has been predominantly
studied in CSF and NfL is currently considered the most effective
amyotrophic lateral sclerosis biomarker for diagnosis and predict-
ing survival time.”® Elevated CSF NfL is indicative of amyotrophic
lateral sclerosis severity and progression.”* Amongst neurodegen-
erative diseases, frontotemporal dementia and amyotrophic lateral
sclerosis exhibit the greatest elevations in CSF NfL.”> Compared to
healthy controls, NfL levels are ~20-fold higher in amyotrophic lat-
eral sclerosis CSF, whereas they are 3-fold higher in frontotemporal
dementia CSF.”® In a Swedish cohort study, amyotrophic lateral
sclerosis patients exhibited a 709% increase in CSF NfL compared
to controls, whereas frontotemporal dementia patients had a
307% increase. In both diseases, elevated NfL inversely correlated
to survival time, suggesting that NfL may be a relevant prognostic
biomarker.”” NfL has also been studied in amyotrophic lateral scler-
osis serum, correlating to disease progression and decreased sur-
vival time, but not disease severity.”® Blood and CSF NfL is
amongst the earliest markers to change in patients transitioning
from presymptomatic to symptomatic.”® Furthermore, NfL. could
be used to differentiate amyotrophic lateral sclerosis subtypes.
For example, plasma NfL levels were significantly higher in bulbar-
onset amyotrophic lateral sclerosis patients compared to
spinal-onset amyotrophic lateral sclerosis patients.®’ Also, NfL
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could potentially be used as a diagnostic biomarker to differentiate
amyotrophic lateral sclerosis from clinically relevant amyotrophic
lateral sclerosis mimics.%°

However, itis important to note that an elevation in NfL levels is
common in other neurodegenerative diseases, including
Alzheimer’s disease,®® Parkinson’s disease®” and multiple scler-
osis,®® suggesting that NfL is a general marker of neurodegenera-
tion induced axonal damage rather than specific to disease
processes in frontotemporal dementia or amyotrophic lateral scler-
osis. Nevertheless, NfL is useful as a differentiating biomarker as
elevations are greater in frontotemporal dementia and amyotroph-
ic lateral sclerosis compared to atypical parkinsonism and various
dementias especially when aged-related concentration cut-offs are
considered.?* Overall, NfL is so far the most established biomarker
in frontotemporal dementia and amyotrophic lateral sclerosis, al-
though its utility across the spectrum of neurodegenerative dis-
eases indicates that more specific biomarkers are required.

As the NfH chain is phosphorylated, most studies have targeted
phosphorylated NfH (pNfH). CSF pNfH has been shown to be ele-
vated in frontotemporal dementia compared to early-onset
Alzheimer’s disease.®® In amyotrophic lateral sclerosis, pNfH was
elevated in serum, plasma and CSF. In this study, pNfH levels in
all biofluids positively correlated with increases in disease progres-
sion.®® Both NfL and pNfH are also elevated in amyotrophic lateral
sclerosis CSF and serum before symptom onset from nine months
to 3.5 years.?” Receiver operating characteristics showed that CSF
pNfH could differentiate amyotrophiclateral from amyotrophic lat-
eral mimics.®® While further research is required, pNfH exhibits
promise as a biomarker for both frontotemporal dementia and
amyotrophic lateral sclerosis.

NfM is the least explored neurofilament biomarker so far. A recent
study, based on antibody-suspension bead arrays, demonstrated
that NfM is elevated in frontotemporal dementia CSF.%®
Furthermore, in an earlier study, high levels of NfM were observed
in amyotrophic lateral sclerosis plasma.®® Further research is re-
quired to establish any potential utility of NfM as a biomarker for
frontotemporal dementia and amyotrophic lateral sclerosis.

Immune-related biomarkers

Neuroinflammation is considered a pathological hallmark of neu-
rodegenerative diseases and there has been increasing attention
on the potential role of neuroinflammatory and peripheral inflam-
matory pathways in the pathogenesis of both frontotemporal
dementia and amyotrophic lateral sclerosis, as reviewed else-
where.?®°! As such, various immune-related biomarkers have
been explored in both frontotemporal dementia and amyotrophic
lateral sclerosis (Fig. 1); however, concerns remain as to the sensi-
tivity and in particular specificity of such markers given their gen-
eral levels across the spectrum of neurodegenerative diseases.

Chitinase-3-like protein (YKL-40) is a glycoprotein thought to be in-
volved in extracellular matrix remodelling and inflammation.®*
YKL-40 CSF levels are increased in monogenic and sporadic cases
of frontotemporal dementia and amyotrophic lateral sclerosis

J. S. Katzeff et al.

compared to both asymptomatic mutation carriers and controls.®
These findings have been pathologically validated with elevated
YKL-40 prevalent in the amyotrophic lateral sclerosis motor cortex,
frontal cortex and spinal cord.”®®” YKL-40 CSF levels are increased
in frontotemporal dementia with TDP inclusions compared to
controls. Additionally, when combined with p-tau and the p-tau/
t-tau ratio, differentiated frontotemporal dementia from non-
frontotemporal dementia dementias, including Alzheimer’s dis-
ease and dementia with Lewy bodies, with 90% sensitivity and
78% specificity.’® Interestingly, CSF YKL-40 levels are greater in
frontotemporal dementia with GRN and MAPT mutations than in
C9orf72 expansion carriers.” However, a recurring finding is that al-
terations in CSF are not reflected in plasma or serum.? 710
Furthermore, YKL-40 is also altered in Alzheimer’s disease, thus
YKL-40 alone should be considered a marker of neurodegeneration
relating to neuroinflammatory mechanisms rather than a disease
specific biomarker.'%*

Glial fibrillary acidic protein (GFAP) is an intermediate filament pro-
tein released by astrocytes during astrogliosis.’®® GFAP has been
considered a potential frontotemporal dementia biomarker with
elevated GFAP levels in the CSF'*® and plasma of frontotemporal
dementia GRN-mutation carriers.’®® In serum, GFAP is correlated
with cognitive state.’®® In amyotrophic lateral sclerosis, GFAP is
also elevated in CSF samples.'® However, since GFAP is a measure
of astrogliosis, which is common in other neurodegenerative dis-
eases including Alzheimer’s disease and dementia with Lewy bod-
ies, it cannot be used as a specific biomarker for frontotemporal
dementia or amyotrophic lateral sclerosis.**?

Cystatin C or cystatin 3 (CST3) is a cysteine protease inhibitor thatis
abundantin the CSF and implicated in cell signalling, inflammation
and neuronal cell death.’®"'*° CST3 is thought to have a patho-
logical role within the amyotrophic lateral sclerosis brain, being
one of only two known proteins in Bunina bodies, an intraneuronal
inclusion found only in amyotrophic lateral sclerosis.*'*!?
However, it is unclear whether CST3 is altered in CSF or serum in
amyotrophic lateral sclerosis with different studies reporting
contradictory results.*>"**> Analysis of CST3 levels in frontotem-
poral dementia has not been well characterized to date. In one
study, CST3 was shown to be decreased in frontotemporal demen-
tia with GRN mutation compared to C9orf72 repeat expansion car-
riers, suggesting that it may differentiate frontotemporal
dementia subtypes.''® However, CST3 levels were also significantly
lower in both CSF and serum in Alzheimer’s disease and dementia
with Lewy bodies.'™” Further research is needed to establish the use
of CST3 as a biomarker for amyotrophic lateral sclerosis or fronto-
temporal dementia.

Emerging biomarkers

An emerging biomarker for amyotrophic lateral sclerosis is T regu-
latory cells (Tregs). A number of studies has shown a significant and
progressive reduction in number of Tregs, and that Tregs are less
effective in promoting immune suppression in amyotrophic lateral
sclerosis patients.'*®*?! Tregs levels have been shown to correlate
with rate of disease progression and patient survival and are there-
fore considered a promising therapeutic target for neuroprotection
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in amyotrophic lateral sclerosis as reviewed in detail elsewhere.'*
Aside from presenting as a promising therapeutic target, Tregs
measurement in blood is also considered an important pharmaco-
dynamic target of biomarkers across different clinical trials as
recently reviewed,®® therefore having the potential to be inform-
ative in disease phenotype and clinical stratification.

Another emerging biomarker for amyotrophic lateral sclerosis is
the urinary neurotrophin receptor p75 extracellular domain (p755P).
There is evidence indicating a significant elevation in p755<P
trations in the of amyotrophic lateral sclerosis patients, suggesting
urinary p755°P concentration could be a potential biomarker for amyo-
trophic lateral sclerosis.”?*'?* Urinary p755“P concentrations reflected
the disease severity and provided additional evidence for an amyo-
trophic lateral sclerosis diagnosis in patients with clinically suspected
amyotrophic lateral sclerosis.’® In a recent meta-analysis, consisting
of five case-control studies, urinary p755P levels were shown to be sig-
nificantly higher in patients with amyotrophic lateral sclerosis com-
pared to non-neurological controls."” The strong association
between p755<P levels and amyotrophic lateral sclerosis supports

concen-

MS-based proteomics
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further investigation of p75*°P as a potential biomarker for amyo-

trophic lateral sclerosis as a diagnostic biomarker and a progression
indicator.'? The practicalities of urinary biomarkers are advantageous
given their non-invasive nature and ease of accessibility.

A biomarker strategy that is emerging in the field of neurode-
generative diseases is the polygenic risk score (PRS). PRS is based
on a computational algorithm that combines vast measures of
genome-wide genetic data to predict an individual’s inherited
susceptibility to a disease. It has been widely applied to the ana-
lysis of cancer and cardiovascular disease and to a limited degree
Alzheimer’s disease.”® It is beginning to be applied to frontotem-
poral dementia and amyotrophic lateral sclerosis. PRS is particu-
larly useful in the study of these complex diseases, in which the
genetic aetiology is multifactorial and heterogeneous. In one
study, polygenic risk for frontotemporal dementia was shown
to be associated with executive functioning, whereas polygenic
risk for amyotrophic lateral sclerosis was associated with verbal-
numeric reasoning.’®® Future studies that combine PRS with
pathway analysis will enable determining more enhanced

biomarker studies
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Figure 2 Mass spectrometry-based proteomics biomarker development in frontotemporal dementia and amyotrophic lateral sclerosis. Patient plas-
ma/serum and CSF samples are processed and analysed by liquid chromatography and mass spectrometry. Proteins identified as potential biomarkers
for frontotemporal dementia and amyotrophic lateral sclerosis are listed with their references.
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therapeutic and preventative measures for frontotemporal de-
mentia and amyotrophic lateral sclerosis.

Proteomics biomarker discovery

Proteomics allows for unbiased global quantification of alterations
in protein levels. Mass spectrometry (MS) is the current gold stand-
ard for proteomics analysis.’®® MS proteomics is increasingly used
in neurodegenerative diseases, particularly for biomarker develop-
ment in Alzheimer’s disease’® and Parkinson’s disease.’!
However, MS proteomics for analysis of frontotemporal dementia
and amyotrophic lateral sclerosis biofluids has been hindered by
a lack of validation across studies’®®**?13¢ and so far MS proteo-
mics in amyotrophic lateral sclerosis is more comprehensive than
in frontotemporal dementia (Fig. 2).

In amyotrophic lateral sclerosis, one of the earliest studies iden-
tified CST3 and transthyretin (TTR) as potential biomarkers.”* A
meta-analysis of this study and 10 subsequent studies in amyo-
trophic lateral sclerosis spanning a 10-year period (2005-16) identi-
fied 10 proteins (c-reactive protein, CST3, a-globin, B-globin,
osteopontin, serpin A1, transferrin, TTR, nerve-growth factor and
zinc-alpha-2-glycoprotein) as potential biomarkers in at least two
independent studies™®® (Fig. 2). For instance, CST3 was identified
to be decreased in five studies.'*>3¢713° However, there were also
some inconsistencies in the results across these studies. serpin
A1, which was identified in three studies, was increased in amyo-
trophic lateral sclerosis in two studies™®”**° but decreased in the
third.**! Additionally, TTR was reported as significantly decreased
in amyotrophic lateral sclerosis in three studies™**? but increased
in a fourth study.' The publications included in this
meta-analysis used a variety of different MS technologies, which
may explain the inconsistency in the results. However, none of
the 10 proteins identified for amyotrophic lateral sclerosis in the
meta-analysis were validated in the four MS proteomics studies
performed since.’®***1%6 Interestingly, TTR and nerve-growth fac-
tor ‘inducible’ have also been identified in a subsequent publication
as potential biomarkers for frontotemporal dementia.**

So far, only two studies have analysed frontotemporal dementia
and amyotrophic lateral sclerosis biofluids side-by-side using MS.
The first study used a combination of iTRAQ-based MS, multiple re-
action monitoring and single-molecule array to identify and valid-
ate eight proteins (chitinase-3-like protein 2, crystallin alpha B,
profilin-1, neural proliferation differentiation and control 1, ubiqui-
tin carboxyl-terminal hydrolase L1, neuronal pentraxin receptor,
triggering receptor expressed on myeloid cells 2 and transferrin
receptor 1) with altered CSF levels in multiple CY9orf72 gene
expansion cohorts and asymptomatic carriers.’® A more recent
study, examining serum from frontotemporal dementia and amyo-
trophic lateral sclerosis patients identified 23 proteins altered in
behavioural-variant frontotemporal dementia and 14 in amyo-
trophic lateral sclerosis serum. Of these identified proteins, 11
were altered in both diseases and six proteins were validated;
cartilage oligomeric matrix protein, EGF containing fibulin extracel-
lular matrix protein-1, FBLN1, gelsolin and protein S in frontotem-
poral dementia and creatinine kinase M-type, cartilage oligomeric
matrix protein and gelsolin in amyotrophic lateral sclerosis.*®
Inconsistency in the findings so far highlight the need for more
thorough MS proteomics studies, particularly using plasma or ser-
um. A possible explanation for the current inconsistency in results
and lack of reproducibility may relate to different MS methodology
and batch effects.
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Other ‘omics’ approaches are also being used to screen for po-
tential biomarkers and these include lipidomics in frontotemporal
dementia'*® and amyotrophic lateral sclerosis,*****! metabolomics
in frontotemporal dementia’*>**®* and amyotrophic lateral scler-
osis.’* Most of the research are currently in an exploratory phase
and it remains to be seen whether omics approaches can result in
identification of biomarkers that are specific to frontotemporal de-
mentia and amyotrophic lateral sclerosis. It is likely that, rather
than a single biomarker, a panel of biomarkers that includes a
combination of proteins, lipids and metabolites, is needed as an
effective biomarker strategy for frontotemporal dementia and
amyotrophic lateral sclerosis.

Conclusion

Frontotemporal dementia and amyotrophic lateral sclerosis exist
on a disease spectrum with overlapping biochemical and genetic
traits. Currently, there are no specific fluid biomarkers for either
disease. A number of proteins has been explored as potential fluid
biomarkers for frontotemporal dementia and amyotrophic lateral
sclerosis, particularly those relating to frontotemporal dementia/
amyotrophic lateral sclerosis brain pathology, e.g. TDP-43, tau,
C90RF72 or SOD1. Other proteins, including NfL and immune-
related markers YKL-40, GFAP and CST3 have also been explored
as potential biomarkers, however, these markers are non-specific
indicators of neurodegeneration or astrogliosis across the spec-
trum of neurodegeneration, thus limiting their utility specifically
in frontotemporal dementia and amyotrophic lateral sclerosis.

Earlier research focused heavily on CSF, however, given the dif-
ficulty and invasiveness of collecting CSF from patients, there is an
increased need for the development of blood-based biomarkers.
Recent advances in MS have allowed for a greater detection and
measurement of low abundant yet significantly altered proteins
in serum and plasma. Consequently, mass spectrometry-based
proteomics has come to the forefront as the method of choice for
blood-based biomarker discovery.

So far, approaches to overcoming the various hurdles in bio-
marker development for frontotemporal dementia and amyotroph-
ic lateral sclerosis, including a lack of specificity of biomarkers for
frontotemporal dementia and amyotrophic lateral sclerosis given
the expression of such markers in other neurodegenerative dis-
eases, matrix issues when testing blood representative of what is
expressed in CSF and inconsistencies in replicating results from
different research groups, have been limited. Going forward, har-
nessing the current knowledge of the immune response, including
its duration and whether it is a primary or secondary response to
neurodegenerative processes, is crucial to identify sensitive and
specific biomarkers of disease progression, particularly biofluid bio-
markers that are non-invasive, accessible and already established
for usein a clinical setting (i.e. blood and urine). An important strat-
egy in the biomarker development will be the integration of genet-
ics and multi-level omics approaches, which may be achieved by
harnessing bioinformatics and deep-learning methods that may
further integrate imputation of multi-omics and genetic datasets.
An advantageous approach would be to collectively and compre-
hensively analyse all potential biomarkers that have been identi-
fied so far across frontotemporal dementia and amyotrophic
lateral sclerosis using machine learning and Al technologies to
identify common and/or overlapping proteins or pathways or mo-
lecular hits that can then be confirmed as informed targets to
streamline biomarker discovery.
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