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Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease characterized by the loss of upper and lower
motor neurons. Presently, three FDA-approved drugs are available to help slow functional decline for patients

with ALS, but no cure yet exists. With an average life expectancy of only two to five years after diagnosis, there

is a clear need for biomarkers to improve the care of patients with ALS and to expedite ALS treatment develop-
ment. Here, we provide a review of the efforts made towards identifying diagnostic, prognostic, susceptibility/risk,
and response fluid biomarkers with the intent to facilitate a more rapid and accurate ALS diagnosis, to better pre-
dict prognosis, to improve clinical trial design, and to inform interpretation of clinical trial results. Over the course

of 20+ years, several promising fluid biomarker candidates for ALS have emerged. These will be discussed, as will
the exciting new strategies being explored for ALS biomarker discovery and development.
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Background

Amyotrophic lateral sclerosis (ALS) is a devastating neu-
rodegenerative disease that causes progressive loss of
upper and lower motor neurons, leading to death often in
just two to five years from disease onset [1]. Currently, no
single test can definitively diagnose ALS. Thus, diagnosis
is often delayed due to the need to rule out other neuro-
logic diseases with similar symptoms [2, 3]. Once a diag-
nosis is made, three U.S. Food and Drug Administration
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(FDA)-approved drugs are now available to help slow
functional decline or prolong life [4], but degeneration
cannot be reversed, and no cure for ALS has yet been
developed. Biomarkers for this disease are critically
needed to improve ALS management and therapeutic
development. Several categories of biomarkers exist, and
many could improve ALS care and research. The FDA-
National Institutes of Health (NIH) Joint Leadership
Council established the BEST (Biomarkers, EndpointS,
and other Tools) Resource to provide a glossary of stand-
ardized terms related to biomarkers [5], and we will use
this terminology here.

One biomarker category, diagnostic biomarkers, are
those that detect or confirm the presence of a disease
or other condition. Effective diagnostic biomarkers for
ALS would facilitate earlier identification of the disease
and thus allow patients to start receiving treatment or
be enrolled in clinical trials at a stage when therapeutics
might be more efficacious. Diagnostic biomarkers could
also potentially reveal and differentiate ALS subtypes
since ALS is a clinically and pathophysiologically hetero-
geneous condition [6].

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecom-
mons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13024-023-00685-6&domain=pdf
http://orcid.org/0000-0002-7335-2627

Irwin et al. Molecular Neurodegeneration (2024) 19:9

Instead of confirming a disease’s identity after clini-
cal symptoms appear, susceptibility/risk biomarkers
are those that indicate an individual has the potential
to develop a disease when clinical manifestations of
the disease are not yet present. Disease mechanisms of
ALS, like many other neurodegenerative diseases, may
begin months or years before symptom development
[7]. Consequently, identifying biomarkers that detect
these processes during the presymptomatic stage could
provide a means to monitor impending disease onset
in individuals with genetic mutations associated with
familial ALS (fALS). However, for asymptomatic indi-
viduals without known ALS risk factors, susceptibility/
risk biomarkers to predict sporadic ALS (sALS) onset
would need to be measured easily and in an affordable
fashion, as the relatively low incidence of sALS disfa-
vors the use of any asymptomatic testing that carries
risk or considerable expense. If susceptibility/risk bio-
markers accurately identify a higher likelihood of devel-
oping ALS, preventive measures may be taken to slow
or avert disease onset.

Prognostic biomarkers that predict disease severity and
progression would be informative for patients with ALS.
From a clinical perspective, reliable prognostic biomark-
ers would aid in care plan development and help direct
patient expectations. For clinical trials, these biomarkers
would facilitate stratification of patients based on dif-
ferences in disease severity and progression so that, for
example, treatment groups would comprise equal num-
bers of individuals who are expected to be slow or fast
progressors.

Predictive biomarkers, which identify individuals who
are more likely to experience a particular effect from a
certain therapeutic, would also greatly benefit clinical tri-
als. Predictive biomarkers would allow for enrichment of
study populations comprising individuals for whom the
treatment is more likely to be effective, thus preventing
the masking of drug efficacy caused by a lack of response
from individuals who are not expected to benefit from
the drug. With over 50 clinical trials of disease-modify-
ing drugs for ALS having failed [8], these biomarkers are
critically needed to facilitate optimal trial design and to
determine potential reasons for trial failure.

To measure the effectiveness of therapeutics in clini-
cal trials beyond patient outcomes such as symptom
relief and survival, response biomarkers can be used to
show that a biological response has occurred in an indi-
vidual following exposure to the therapeutic. Among
response biomarkers, pharmacodynamic biomark-
ers indicate the molecular or physiologic activity of
the therapeutic. Currently, many trials suffer from the
inability to determine whether the therapeutic target
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was engaged as intended [8], so pharmacodynamic bio-
markers related to potential treatments are essential for
understanding the results of clinical trials and improv-
ing future research.

Biomarkers to serve each of these uses would sig-
nificantly improve the clinical management of people
with ALS and treatment development. Most likely, no
single biomarker will fill each of these needs, so con-
tinued exploration of different markers is necessary.
Many pathomechanisms are suggested to be involved
in ALS, and these have informed current therapeutic
and biomarker research. A process central to ALS that
has been a focus for biomarker development is neuro-
degeneration, as death of both upper and lower motor
neurons is characteristic of the disease [2]. Proteins
that are released when neurons die, such as neurofila-
ments and tau, have been studied as ALS biomarkers [7,
9, 10]. Another broad process that occurs in ALS and
that has been proposed as a source of biomarker can-
didates is inflammation, although its potential disease-
driving consequences remain unclear [11, 12]. While
these two processes are also involved in many other
neurodegenerative diseases, TAR DNA-binding pro-
tein 43 (TDP-43) proteinopathy is a pathomechanism
specific to ALS and a few other diseases [13—15]. Cyto-
plasmic inclusions of TDP-43 are the main pathologic
hallmark of ALS [14], and much research has focused
on how these aggregates may drive neuron loss [16—
18]. Other research has focused on the loss of function
that occurs when TDP-43 is cleared from the nucleus
prior to its aggregation in the cytoplasm [19-24] or
upon its formation into anisotropic intranuclear spher-
ical shells [25]. Both these aspects of TDP-43 pathology
have been leveraged for biomarker development. Other
potential biomarker candidates more specific to ALS
include those related to genetic mutations associated
with the disease.

As biomarkers have the potential to positively impact
multiple facets of ALS patient care and treatment devel-
opment, substantial effort has been directed towards
biomarker discovery for ALS [26]. These endeavors
have benefited from the continuous growth of our
knowledge of ALS pathomechanisms and advances in
technologies and bioinformatics. Over the course of
20 +years, several fluid biomarker candidates for ALS
have emerged, as have numerous non-fluid biomarkers
ranging from clinical to radiographic markers [27-32].
Here, we provide an overview of the more promising
fluid biomarkers for ALS, highlight exciting new strat-
egies towards testing the utility of TDP-43—a protein
intimately involved in ALS pathogenesis—as a reliable
biomarker, and discuss present limitations and future
avenues being explored for ALS biomarker discovery.
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Neurofilaments

Neurofilaments are among the most widely character-
ized fluid biomarkers across neurodegenerative diseases.
Present only in neurons, these intermediate, filamentous
proteins form part of the cytoskeletal structure and are
especially abundant in myelinated axons [33]. Because
they are released into the interstitial fluid during neu-
roaxonal injury and readily measured in cerebrospinal
fluid (CSF), neurofilaments — particularly neurofilament
light (NfL) and phosphorylated neurofilament heavy
(pNfH) — have emerged as markers of neuronal injury
and degeneration. Consequently, neurofilaments in CSF
have been extensively explored as diagnostic, prognos-
tic, susceptibility/risk, and response biomarkers for ALS.
And, with the development of sensitive techniques allow-
ing the detection of neurofilaments in blood, which is less
invasively collected than CSF, similar studies examining
plasma and serum neurofilaments in ALS are on the rise
(Table 1).

Neurofilaments as diagnostic markers

Compared to healthy controls, NfL. and pNfH concen-
trations in CSF, plasma or serum are elevated in ALS
[9, 34-38, 40-44, 50, 52, 58—60, 65, 66] as well as other
neurological diseases such as frontotemporal dementia
(FTD) [37, 38, 67, 68], Alzheimer’s disease [69], stroke
[70] and COVID-19 [71]. Nevertheless, neurofilament
levels are often highest in patients with ALS [38, 54, 60,
65, 72, 73], likely because damage to large myelinated
motor neurons, as occurs in ALS, contributes to a mass
release of neurofilaments into CSF and blood.

Although increases in neurofilaments in biofluids are
not disease-specific, and thus not anticipated to diag-
nose ALS on their own, measuring neurofilaments does
provide a relatively easy means to confirm or rule out
neurodegeneration in patients suspected to have ALS
[73]. Neurofilament concentrations may additionally
show differential diagnostic potential in clinically rel-
evant situations such as distinguishing ALS from ALS
mimic syndromes, a heterogeneous group of conditions
with clinical features that initially resemble ALS (e.g.,
neuropathies, myelopathies, and myopathies) [74]. Stud-
ies have shown that CSF and blood neurofilaments are
higher in ALS than in ALS mimics, and show utility in
differentiating the two groups [36, 37, 39, 41, 43—46, 51,
52, 54-56, 66, 75, 76]. These data suggest that fluid neu-
rofilament concentrations may facilitate a more rapid
and accurate ALS diagnosis. Nevertheless, incorporating
additional biomarkers involved in the pathophysiology of
ALS and of ALS mimic syndromes may further improve
diagnostic accuracy. For example, Brodovitch et al
showed that coupling CSF NfL with CSF intercellular
adhesion molecule-1, a marker of vascular damage, and
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with serum interferon gamma, a marker of peripheral
inflammation, better discriminated patients with ALS
from those with inflammatory peripheral neuropathies
than when using CSF NfL alone [43]. While these find-
ings from relatively small cohorts remain to be validated,
they do highlight that a multi-marker approach may
have increased power to distinguish ALS from its mim-
ics, and may thus help overcome present delays in accu-
rately diagnosing ALS [77]. It must nonetheless be noted
that diagnostic delays are not likely to be prevented by
biomarkers alone; rather, because of the insidious nature
of ALS with its slow onset and initial subtle symptoms,
patients are less likely to seek timely care. Overcoming
this barrier will require that clinicians and patients alike
have a better understanding of early symptoms poten-
tially representing ALS [78].

Neurofilaments as prognostic markers

Studies have demonstrated that rises in neurofilament
concentrations in patients with ALS eventually plateau
within a year or so from symptom onset [35, 50, 79, 80],
and that neurofilament concentrations at steady-state
show promise as prognostic biomarkers. Multiple stud-
ies have reported that higher baseline neurofilament
concentrations in CSF or blood associate with shorter
survival [10, 34—44, 46-48, 50-54, 57, 59-61, 73, 79].
Several studies have also examined associations of neu-
rofilament proteins with symptom severity as determined
using the revised ALS Functional Rating Scale (ALSERS-
R), which has a maximum score of 48 with lower scores
indicating a more severe disease stage [81]. Some stud-
ies [10, 36, 39, 45, 47, 50, 54, 73], but not all [38, 43, 52,
54, 58, 79], found that neurofilament protein concentra-
tions inversely correlate with ALSFRS-R scores at time of
diagnosis or at sample collection albeit sometimes only
weakly. Additionally, several groups have shown associa-
tions of neurofilaments with actual or estimated rates of
change in ALSFRS-R scores, a measure of disease pro-
gression rate [10, 35-39, 41-43, 45-54, 57, 58, 61, 79].
Using an alternate method to model disease progression,
that being the D50 model, which quantifies an individ-
ual’s disease aggressiveness as the time taken in months
to lose 50% function, Dreger et al. similarly found that
higher CSF NfL associates with more aggressive disease
[44].

As mentioned, a reliable prognosis is not only impor-
tant to the patient, their family, and caregivers, it can
also improve multiple aspects of clinical trial design.
For instance, the heterogeneity of disease course among
patients with ALS could result in different proportions
of fast and slow progressors in clinical treatment arms.
Using CSF or blood neurofilament concentrations as
a marker of disease aggressiveness could facilitate the
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Table 1 Studies evaluating neurofilaments as biomarkers for ALS/FTD
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Biomarker category  Biofluid and biomarker

Author

Study cohorts

Prognostic CSF NfL

Blood NfL

CSF pNfH

Blood pNfH

CSF NfL
Blood NfL

Susceptibility/Risk

Response Blood NfL

Zetterberg et al. (2007) [34]
Luetal. (2015) [35]
Steinacker et al. (2016) [36]
Gaiani et al. (2017) [37]
lllan-Gala et al. (2018) [38]
Scarafino et al. (2018) [39]
Kasai et al. (2019) [40]

Abu-Rumeileh et al. (2020) [41]
Thouvenot et al. (2020) [42]
Brodovitch et al. (2021) [43]
Dreger et al. (2021) [44]

Tortelli et al. (2012) [45]
Vacchiano et al. (2021) [46]
Gong et al. (2018) [47]
Rossi et al. (2018) [48]
Schreiber et al. (2018) [10]
Kojima et al. (2021) [49]
Luetal. (2015) [35]

Kasai et al. (2019) [40]

Brodovitch et al. (2021) [43]
Thompson et al. (2022) [50]

Gille et al. (2019) [51]

Verde et al. (2019) [52]

Vacchiano et al. (2021) [46]

Gong et al. (2018) [47]

De Schaepdryver et al. (2020) [53]
Behzadi et al. (2021) [54]
Gendron et al. (2017) [60]

De Schaepdryver et al. (2018) [55]
Simonini et al. (2021) [56]

Boylan et al. (2013) [57]

Rossi et al. (2018) [48]

Steinacker et al. (2016) [36]

Zecca et al. (2022) [58]
Ganesalingam et al. (2011) [59]

De Schaepdryver et al. (2018) [55]
Boylan et al. (2013) [57]

Falzone et al. (2020) [61]
Benatar et al. (2018) [7]
Benatar et al. (2018) [7]

van der Ende et al. (2019) [62]

De Schaepdryver et al. (2019) [63]
Miller et al. (2022) [64]

79 ALS patients, 40 controls

38 ALS patients, 20 controls

253 MND patients, 85 MND mimics

94 ALS patients, 20 FTD patients, 18 ALS mimics, 44 controls
86 FTD patients, 38 ALS patients, 49 controls

85 ALS patients, 30 ALS mimics, 51 controls

Discovery cohort: 29 ALS patients, 29 controls
Validation cohort: 46 ALS patients, 46 controls

80 ALS patients, 46 ALS mimics, 43 controls
207 ALS patients, 21 controls
20 ALS patients, 17 IPN patients

156 ALS patients, 11 ALS mimics, 56 disease controls, 15 healthy
controls

37 ALS patients, 46 neurological controls
171 ALS patients, 60 ALS mimics

80 ALS patients, 40 controls

190 ALS patients, 130 disease controls
89 ALS patients, 33 healthy controls

75 ALS patients

167 ALS patients, 78 controls

Discovery cohort: 29 ALS patients, 29 controls
Validation cohort: 46 ALS patients, 46 controls

60 ALS patients, 94 controls, and 43 IPN patients

258 ALS patients, 80 neurological disease controls, 101 healthy
controls

149 ALS patients, 19 ALS mimics, 82 disease controls

124 ALS patients, 50 healthy controls, 44 disease controls
171 ALS patients, 60 ALS mimics

80 ALS patients, 40 controls

383 ALS patients

234 ALS patients, 44 ALS mimics, 9 controls

131 ALS/FTD patients, 28 presymptomatic carries, 37 controls
85 ALS patients, 31 ALS mimics, 215 disease controls

115 ALS patients, 28 ALS mimics

20 ALS patients

190 ALS patients, 130 disease controls

253 MND patients, 85 MND mimics

128 ALS patients, 128 controls

Training cohort: 45 ALS patients, 25 disease controls, 36 healthy
controls
Test cohort: 26 ALS patients, 27 disease controls, 4 healthy controls

85 ALS patients, 31 ALS mimics, 215 disease controls

43 ALS patients

219 MND patients

17 ALS patients, 34 controls, 84 at-risk individuals, 10 phenoconverters
17 ALS patients, 34 controls, 84 at-risk individuals, 10 phenoconverters

59 symptomatic mutation carriers, 149 presymptomatic mutation
carriers, and 127 non-carriers

95 ALS patients, 35 MCl patients, 85 healthy controls

72 ALS patients who received tofersen, 36 ALS patients who received
placebo
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Table 1 (continued)
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ALS amyotrophic lateral sclerosis, bvFTD behavioral variant frontotemporal dementia, IPN inflammatory peripheral neuropathies, MC/ mild cognitive impairment, MND

motor neuron disease

stratification of patients into balanced groups to reduce
variability in treatment outcomes. The prognostic util-
ity of neurofilaments, however, would be greatest when
their levels are measured early in established disease; as
expressed by Benatar et al, if neurofilaments are meas-
ured too late, there could be little future prognosis to
forecast [78].

Neurofilaments as susceptibility/risk biomarkers

For asymptomatic individuals with a known ALS-
causing mutation, longitudinal CSF and blood neuro-
filament measures could inform impending symptom
onset and, in so doing, improve patient care and accel-
erate effective therapy development. As mentioned,
a major challenge in developing ALS therapies is that
they are often administered months after symptom
onset because of diagnostic delay. However, since
pathological processes underpinning neurodegenera-
tion occur well before first symptoms, potential thera-
pies are expected to be more effective when initiated
early in the disease course, and most effective when
initiated prior to the emergence of clinical symptoms.
It is thus notable that a growing body of evidence sug-
gests that neurofilaments show promise as suscepti-
bility/risk biomarkers given their potential to track
disease progression and possibly predict the timing of
clinical phenoconversion for asymptomatic individu-
als with a known mutation in an ALS-associated gene
[e.g., superoxide dismutase 1 (SODI), C90rf72-SMCRS8
complex subunit (C9orf72), FUS RNA binding protein
(FUS)] [7].

In a study of 84 individuals at-risk of fALS, Benatar
et al. acquired longitudinal serum samples and clini-
cal data before symptom onset, around the time symp-
toms developed, and in the early stages of manifest
disease. In so doing, they uncovered that, in at-risk
individuals who phenoconverted during the study (all
but one of whom had a SODI mutation), serum NfL
increased in the 12 months preceding symptom onset
and continued to increase for at least the six months
thereafter [7]. In a subsequent study that included
additional phenoconverters, Benatar et al. observed a
presymptomatic increase in both serum pNfH and NfL
among phenoconverters. They further found that pre-
symptomatic increases in neurofilaments may depend
on genotype given that rises in NfL were observed
6—12 months before phenoconversion in SODI A4V
carriers, 3.5 years before phenoconversion in a C9orf72

repeat expansion carrier, and 2 years before phenocon-
version in a FUS c¢.521del6 carrier [80].

Findings from the prospective longitudinal studies
above provide insight as to when, in the natural history
of fALS, neurofilament concentrations rise. Further
corroborating that blood neurofilaments increase in
at-risk individuals nearing phenoconversion are stud-
ies of presymptomatic individuals with mutations in
C9orf72 (associated with ALS and FTD), or in GRN or
MAPT (associated with FTD). For example, Gendron
et al. found that, compared to plasma NfL concentra-
tions in clinically normal controls or presymptomatic
mutation carriers who did not phenoconvert within
one year of baseline, baseline plasma NfL and rates
of NfL change were higher in presymptomatic car-
riers before phenoconversion [68]. Similarly, others
have reported higher baseline serum NfL or higher
rates of change in plasma NfL in presymptomatic phe-
noconverters than in non-converters [62, 82]. The rise
in neurofilaments prior to ALS symptom onset is not
unique to individuals with fALS (though it is certainly
easier to monitor in this at-risk population). For exam-
ple, a matched case—control study nested in three large
prospective US cohorts (the Nurses’ Health Study,
the Health Professionals Follow-up Study, and the
Multiethnic Cohort Study) revealed that plasma NfL
is elevated in individuals who were later diagnosed
with ALS, with increases generally being observed
12-24 months before an ALS diagnosis [83]. It was
also reported that serum pNfH is elevated well before
the time individuals were diagnosed with sALS [63].
In this same study, five of the ten patients with ALS
from whom blood was collected presymptomatically
had elevated serum pNfH based on a pre-defined cut-
off, and three of these individuals had elevated pNfH
as early as 26 months before symptom onset.

In aggregate, these findings indicate that blood NfL
could facilitate the identification of presymptomatic
mutation carriers approaching phenoconversion; nev-
ertheless, it is likely that the addition of traits, such
as age and mutation status, would better approxi-
mate when clinically manifest ALS will occur. This
notion is supported by disease progression models for
familial FTD [84], and the same is expected for ALS.
Biomarkers of phenoconversion would facilitate the
identification of suitable presymptomatic individu-
als to participate in clinical trials designed to prevent
or delay symptom onset and progression. Indeed, if
there is no susceptibility/risk biomarker to forecast
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impending phenoconversion, recruiting presympto-
matic mutation carriers to prevention treatment trials
is challenging. Notably, the use of plasma NfL in pre-
dicting phenoconversion in presymptomatic carriers of
SOD1 variants associated with high or complete pen-
etrance and rapid disease progression has enabled the
first interventional trial in presymptomatic ALS [85].
The study (NCT04856982), called ATLAS, is a rand-
omized, placebo-controlled phase 3 trial with a lon-
gitudinal natural history run-in designed to evaluate
whether intrathecal injections of BIIB067 (tofersen),
an antisense oligonucleotide (ASO) designed to reduce
SOD1 synthesis [86, 87], can delay the emergence of
clinically manifest ALS. During the no intervention
natural history run-in phase (Part A) of this study,
presymptomatic carriers of SOD1 variants with plasma
NfL concentrations below the pre-defined threshold
are enrolled, and plasma NfL levels are then measured
once every 28 days. Presymptomatic participants from
Part A whose plasma NfL concentrations rise above
the threshold may be enrolled in Part B, and be admin-
istered tofersen or placebo on days 1, 15, 29 and every
28 days thereafter for up to two years. The primary
endpoint of Part B is the percentage of participants in
whom clinically manifest ALS emerges within one year
from baseline. Secondary endpoints include changes
from baseline to end of study in ALSFRS-R total score,
percent predicted slow vital capacity (SVC; a spirome-
try measurement capturing the volume of air produced
from maximal inspiration to maximal expiration with-
out forced or rapid effort), need for ventilation, death,
and total CSF SOD1 and plasma NfL concentrations
[85]. Of note, whereas plasma NfL is initially utilized
to select appropriate study participants for this clinical
trial, as discussed below, its second use is to monitor
treatment effect.

Neurofilaments as response markers
In addition to serving as susceptibility/risk and prog-
nostic biomarkers, CSF and blood neurofilaments may
serve as response biomarkers. Although there is pres-
ently insufficient data supporting that neurofilament
levels are a substitute for how well a patient feels or
functions, now that clinical trials for potential ALS
therapies often include neurofilament measures as sec-
ondary (and even primary) endpoints, data from these
trials are likely to inform whether neurofilaments can
be considered as a reasonably likely surrogate endpoint
for clinical benefit.

Neurofilaments may also serve as pharmacodynamic
biomarkers in that decreases in CSF or blood neurofila-
ments in response to potential therapeutics could indicate
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biological activity of the drug being tested. For exam-
ple, in a double-blind, randomized, placebo-controlled
phase 3 clinical trial named VALOR (NCT02623699),
the efficacy and safety of the SODI-targeting ASO, tofer-
sen, was tested in symptomatic patients with SOD1 ALS
[64]. In this study, 72 participants received tofersen, and
36 received placebo. Although statistical significance in
participants receiving tofersen was not met for the pri-
mary endpoint, that being a change in ALSFRS-R score
from baseline to week 28, trends of reduced disease
progression across multiple secondary and exploratory
endpoints were observed as were robust decreases in
CSF SOD1 and plasma NfL. Once the VALOR study was
completed, 63 participants who originally received tofer-
sen and 32 participants who originally received placebo
were enrolled in an open-label extension and received
tofersen. Participants who received tofersen for 52 weeks
(28 weeks during the VALOR study and 24 weeks during
the open-label extension) displayed consistent slowing
of disease progression across endpoints and sustained
decreases in CSF SOD1 and plasma NfL [64]. While the
extension phase is not yet complete, these early findings
suggest that NfL, and SOD1, show promise as a pharma-
codynamic biomarkers.

Limitations and future perspectives of neurofilament
protein biomarkers

In aggregate, ample data suggest that CSF and blood
neurofilament proteins show utility across multiple bio-
marker categories. Nevertheless, one must be cognizant
of their limitations. As noted, measures of neurofilaments
can inform the presence of neuronal injury and degen-
eration in ALS and other neurological diseases. But, on
their own, neurofilaments cannot be used to definitively
diagnose ALS. Neurofilaments do show promise in pre-
dicting impending disease onset in individuals at known
risk of ALS, with longitudinal increases in neurofilaments
occurring prior to clinically manifest ALS. Of note, the
timing of such increases varies by genotype, and it has
been posited that the duration of the presymptomatic
phase is proportional to the symptomatic phase—mean-
ing that the presymptomatic phase is longer in patients
with slowly progressing disease, and shorter in patients
with rapidly progressing disease [80]. While additional
investigations are needed to test the latter, the study of
phenoconverters is hampered by small cohort sizes, and
necessarily long observation periods. Nevertheless, the
ability to measure biofluid neurofilaments in presymp-
tomatic mutation carriers provides a means to gauge
impending phenoconversion, thus enabling the recruit-
ment of presymptomatic mutation carriers to preven-
tion treatment trials. Perhaps the greatest potential of
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neurofilaments is their prognostic utility. Despite dis-
crepancies among some findings as noted above, which
may be caused by differences in cohort sizes, matrices
(i.e., CSE, plasma, serum), neurofilament types (i.e., NfL
or pNfH), assay sensitivity, and analytical rigor, neuro-
filaments are leading prognostic biomarkers for ALS.
Determining both the ideal assay with which to measure
neurofilaments and the ideal neurofilament type, as well
as establishing normative values and identifying potential
confounders (e.g., chronic kidney disease and acute neu-
roaxonal injury) will improve reproducibility. Moreover,
the advent of machine learning and amalgamating neuro-
filament data with genetic, clinical, digital, imaging, and
other molecular marker data are anticipated to provide
more efficient means to diagnose, prognose and treat
ALS.

SOD1 as a pharmacodynamic marker

As mentioned above, lowering SODL1 is being investi-
gated as a therapeutic for SOD1 ALS given that the path-
ological misfolding and aggregation of mutant SOD1 are
believed to underlie its toxicity [88]. In preclinical stud-
ies using rodents expressing human SOD1 G93A or using
non-human primates, SODI-targeting ASOs decreased
SODI mRNA and protein in the central nervous system
(CNS), delayed symptom onset, and/or slowed disease
progression [86, 89, 90]. The ASO additionally decreased
CSF SODL1 in rats and non-human primates suggest-
ing that CSF SOD1 has utility as a pharmacodynamic
marker [86, 90]. The use of CSF SOD1 as a marker of
target engagement is supported by data from the afore-
mentioned VALOR study showing that tofersen adminis-
tration decreases CSF SOD1.

Though a former study of patients with sALS found
no association between CSF SOD1 and disease charac-
teristics [90], it will be of great interest to examine, once
the tofersen extension phase is complete, whether larger
decreases in CSF SOD1 associate with greater improve-
ments in clinical end-points in patients with SODI
ALS. In this manner, information may be gleaned as to
whether CSF SOD1 shows potential as a surrogate end-
point biomarker to predict clinical benefit.

Dipeptide repeat proteins as pharmacodynamic
markers

G,C, hexanucleotide repeat expansions in the C9orf72
gene are the most common known genetic cause of
ALS and FTD [91, 92]. These bidirectionally tran-
scribed expansions cause the accumulation of G,C, or
G,C, repeat RNA, and the production of five aggrega-
tion-prone dipeptide repeat (DPR) proteins. Nuclear
foci formed of the repeat RNA and DPR proteins are
thought to contribute to disease pathogenesis, as is
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loss of C9orf72 function. Discovery of these traits spe-
cific to C9orf72-associated ALS and FTD (c9ALS/FTD)
brought to light new therapeutic targets, chief among
them, repeat RNA and DPR proteins formed thereof.
This quickly prompted early investigations to identify
approaches to neutralize or degrade the repeat RNA
[93-99], and to establish means to monitor whether the
therapeutic strategies being tested have the intended out-
comes [97]. With the latter in mind, and with the expec-
tation that lowering repeat RNA would attenuate DPR
protein production, an immunoassay was developed to
measure poly(GP) DPR proteins in preclinical models
and in CSF from C9orf72 repeat expansion carriers [97].
This study engendered a number of subsequent investiga-
tions on the prognostic and pharmacodynamic potential
of poly(GP) and other DPR proteins. Poly(GP), poly(GA)
and poly(GR) were detected in CSF from asymptomatic
and symptomatic C9orf72 repeat expansion carriers, with
levels being generally similar between these two groups,
but were not detected in CSF from individuals with no
C9orf72 repeat expansion [93, 100-103]. Levels of CSF
DPR proteins in symptomatic C9orf72 expansion car-
riers did not associate with clinical traits such as age at
disease onset, ALSFRS-R score, rate of decline of ALS-
FRS-R score or survival, nor with NfL concentrations
[93, 100-103]. Despite their lack of prognostic utility,
ample evidence from preclinical models supports the use
of CSF DPR proteins as pharmacodynamic biomarkers.
For example, treating c9ALS/FTD mouse models with
an ASO targeting G,C, repeat-containing transcripts
resulted in sustained decreases in brain, spinal cord and
CSF DPR proteins [93, 98, 99, 104, 105]. What is more,
repeated intrathecal delivery of a G,C, repeat-targeting
ASO to a C9orf72 repeat expansion carrier significantly
decreased CSF poly(GP), poly(GA) and poly(GR) [103,
105].

The data above support the use of DPR proteins as
preclinical and clinical pharmacodynamic biomark-
ers for therapeutic approaches targeting G,C, repeat
RNA. In March 2022, Biogen and Ionis Pharmaceuti-
cals announced that BIIB078, an investigational ASO
for C9orf72-associated ALS that degrades G,C, expan-
sion-containing mRNA, did not show clinical benefit in
their phase 1 clinical trial (NCT03626012), which has
since been discontinued. Whether BIIB078 decreased
CSF DPR proteins in trial participants has not been pub-
licly reported. This information, along with data on DPR
protein levels from similar clinical trials (e.g., the Wave
Life Sciences NCT04931862 trial evaluating intrathe-
cal WVE-004, an ASO targeting repeat-containing pre-
mRNA variants in patients with c9ALS/FTD), would
facilitate the interpretation of trial results and inform
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Table 2 Studies evaluating TDP-43 as a biomarker for ALS/FTD
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Biospecimen/biomarker Author

Population

CSFTDP-43

Kasai et al. (2009) [114]
Hosokawa et al. (2014) [115]
Noto et al. (2011) [116]

Kasai et al. (2019) [40]

Ren et al. (2021) [119]
Majumder et al. (2018) [120]
Kojima et al. (2021) [49]
Kasai et al. (2019) [40]

Plasma TDP-43

Verstraete et al. (2012) [117]
Ren et al. (2021) [119]
Kojima et al. (2021) [49]
Williams et al. (2017) [121]
Beyer et al. (2021) [118]

TDP-43 scFv reactivity patterns in plasma
TDP-43 secondary structure distribution in CSF

Naturally occurring TDP-43 autoantibodies in plasma
CSF pTDP-43

Plasma pTDP-43

CSF TDP-43 and NfL or tau

Bourbouli et al. (2017) [123]

Steinacker et al. (2008) [113]

Nielsen et al. (202
Renetal. (2021) [
Renetal. (2021) [
Kasai et al. (2019) [40

DI
19
19

12 FTD patients, 15 ALS patients, 9 ALS-FTD patients, 3 ALS
patients with additional signs of frontal disinhibition, 13
controls

30 ALS patients, 29 controls
13 ALS patients, 7 GBS patients

27 ALS patients, 50 neurodegenerative or inflammatory
controls

Discovery cohort: 29 ALS patients; 29 controls
Validation cohort: 46 ALS patients; 46 neuromuscular disease
controls

69 ALS patients, 59 healthy controls
Meta-analysis of 7 studies
75 ALS patients

Discovery cohort: 29 ALS patients; 29 controls
Validation cohort: 46 ALS patients; 46 neuromuscular disease
controls

219 ALS patients, 100 controls

69 ALS patients, 59 healthy controls

75 ALS patients

4 sporadic ALS patients, 4 C9orf72 ALS patients, 3 controls

36 ALS patients, 30 Parkinson’s disease patients, 24 further
controls

122] 30 ALS patients, 51 healthy controls
] 69 ALS patients, 59 healthy controls
] 69 ALS patients, 59 healthy controls
]

Discovery cohort: 29 ALS patients; 29 controls
Validation cohort: 46 ALS patients; 46 neuromuscular disease
controls

32 ALS patients, 51 FTD patients, 17 healthy controls

ALS amyotrophic lateral sclerosis, FTD frontotemporal dementia, GBS Guillain-Barré syndrome, NfL neurofilament light, sALS sporadic amyotrophic lateral sclerosis

whether alternative therapeutic approaches for ¢9ALS/
FTD should be considered.

TDP-43-related fluid biomarkers

While neurofilaments are elevated in numerous neuro-
logical diseases, TDP-43 proteinopathy is the main path-
ological hallmark of ALS-FTD [14] and occurs in a few
other neurodegenerative diseases, such as limbic-pre-
dominant age-related TDP-43 encephalopathy (LATE)
[15, 106] and Alzheimer’s disease [106—110]. TDP-43 is
a ubiquitously expressed DNA/RNA-binding protein that
is mainly localized to the nucleus, but, in up to 97% of
cases of ALS, it is cleared from the nuclei of neurons and
glia and forms pathological inclusions in the cytoplasm
of some of these cells [14, 111, 112]. These aggregates,
composed in part of ubiquitinated and hyperphospho-
rylated TDP-43 as well as truncated C-terminal TDP-43
fragments [14, 112], are believed to cause toxic gains-of-
function [16-18]. Other studies have highlighted det-
rimental loss-of-function mechanisms that occur upon
nuclear TDP-43 depletion [23, 24]. Given the centrality of

TDP-43 pathology in ALS, this protein has been targeted
for biomarker development (Table 2). While the affected
neurons and glia of the brain and spinal cord cannot
be accessed directly in living patients, the functional
and structural abnormalities associated with TDP-43
nuclear clearance and cytoplasmic aggregation suggest
that these processes may lead to molecular changes that
are reflected in accessible biofluids. Indeed, hypothesiz-
ing that TDP-43 produced in the CNS may be released
into CSF or blood, and differ between individuals with or
without ALS, several groups measured TDP-43 in these
fluids. Some studies examined full-length TDP-43 in CSF
or blood as an ALS biomarker [40, 49, 113—-117], while
others focused on disease-associated TDP-43 modifica-
tions [118, 119] or pathological TDP-43 fragments [40,
49].

Quantification of TDP-43 in CSF and plasma

TDP-43, a 414-residue protein [124], was first analyzed
as a potential CSF biomarker for ALS in 2008 [113].
Immunoblot analysis using a polyclonal antibody against
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TDP-43 residues 1-260 revealed higher levels of a
45-kilodalton (kDa) band in CSF of patients with ALS as
compared to controls. Soon after, Kasai et al. quantified
TDP-43 in CSF from individuals with ALS by enzyme-
linked immunosorbent assay (ELISA) [114]. When using
the same capture and detection antibodies employed in
their ELISA to instead immunocapture TDP-43 from
CSF and then probe for TDP-43 by immunoblot analysis,
a 43-kDa band was detected, suggesting that the ELISA
predominately detects full-length TDP-43. The group
observed higher CSF TDP-43 measured by ELISA in
individuals with sALS compared to age-matched healthy
or neurological disease controls. Additionally, they found
significantly higher TDP-43 in CSF when it was col-
lected from patients with ALS within 10 months of dis-
ease onset compared to later time-points, suggesting that
elevated CSF TDP-43 may show utility as an early marker
of disease.

Hosokawa et al. also developed a TDP-43 ELISA with
the same coating and detection antibodies as above [115].
It was used to determine whether CSF TDP-43 could
distinguish patients with ALS from those with Guillain-
Barré syndrome (GBS), an inflammatory peripheral neu-
ropathy that can also affect motor neurons [125]. CSF
TDP-43 was significantly higher in ALS compared to
GBS, and a cutoff value of 1.16 ng/mL produced a sen-
sitivity of 84.6% and a specificity of 71.4%. The negative
predictive value was 62.5%, while the positive predic-
tive value was 83.3%, suggesting that these CSF TDP-43
measurements alone may not meet clinical application
standards. Contrary to the study by Kasai et al. [114],
CSF TDP-43 did not associate with disease duration in
patients with ALS, nor did it associate with age [115].

Also using a TDP-43 ELISA, CSF TDP-43 was found
to be increased in ALS compared to neurodegenerative
disease and inflammatory neurological disease controls
[116], consistent with prior data [114, 115]. A cutoff
value of 27.9 ng/mL showed a sensitivity of 59.3% and a
specificity of 96%, suggesting that measures below the
cutoff may not rule out an ALS diagnosis, but a positive
test could help distinguish ALS from other neurological
diseases. This study, however, did not include ALS mim-
ics, which are more difficult to clinically distinguish from
patients with ALS. TDP-43 in CSF was higher in the ALS
group than the control group, and patients with ALS with
higher CSF TDP-43 survived significantly longer than
those with lower levels. While this suggests the utility of
CSF TDP-43 as a prognostic biomarker, these findings
were generated from a small cohort of 27 patients with
ALS and have not since been replicated. In a later study, a
commercial assay produced by Quanterix that is expected
to detect full-length and pathologically truncated TDP-
43 was employed [40]. Both CSF and plasma TDP-43
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were higher in patients with ALS compared to controls in
the discovery cohort, but, in the validation cohort, only
CSF TDP-43 was elevated in ALS compared to controls.
Moreover, survival did not associate with CSF TDP-43
levels in either cohort nor in both cohorts combined [40].
In a study comprising 219 patients with ALS and 100
age- and sex-matched healthy controls, plasma TDP-43
measured by ELISA was higher in the ALS cohort [117].
However, TDP-43 concentrations were above the assay
detection limit in only 28% of these patients vs. 21% of
controls, suggesting the need for a more sensitive assay.
Consistent with findings by Kasai et al., who measured
CSF TDP-43 using a Quanterix assay [40], this study
found no association between plasma TDP-43 and sur-
vival. Additionally, although Kasai et al. found higher CSF
TDP-43 in individuals within 10 months of ALS onset
[114], plasma TDP-43 did not associate with disease
duration in this large study, but it did associate with age
in patients with ALS and in controls [117].

Using two commercial ELISAs, Ren and colleagues
analyzed total TDP-43 and phosphorylated TDP-43
(pTDP-43) in CSF and plasma [119]. Both plasma TDP-
43 and pTDP-43, but not CSF TDP-43 or pTDP-43, were
significantly elevated in patients with ALS compared to
healthy controls. Likewise, plasma pTDP-43/TDP-43
ratios, but not CSF pTDP-43/TDP-43 ratios, were sig-
nificantly lower in patients with ALS compared to con-
trols. Plasma TDP-43 provided an area under the receiver
operating characteristic curve (AUC) of 0.924 with a sen-
sitivity of 91.3% and a specificity of 91.5%, while plasma
pIDP-43 provided an AUC of 0.765, a sensitivity of
82.6%, and a specificity of 67.8%.

Combination of TDP-43 with other fluid biomarkers

As indicated above, several studies observed higher CSF
or plasma TDP-43 in individuals with ALS. A meta-
analysis of seven such studies demonstrated significantly
higher CSF TDP-43 in patients with ALS with an effect
size of 0.64 (95% CI [0.1-1.19], p=0.02) [120]. How-
ever, the sensitivity and specificity of these findings var-
ied widely prompting some groups to evaluate whether
combining TDP-43 with other fluid biomarkers would
improve diagnostic performance. Indeed, combining CSF
TDP-43 and NfL to distinguish patients with ALS from
controls yielded a higher AUC than either biomarker
alone [40]. Furthermore, a study aiming to distinguish
individuals with ALS from controls found that CSF TDP-
43, total tau (T1), and tau phosphorylated at threonine
181 (Tp_g;) in a ratio of (TDP-43 X T1)/Tp.14; increased
the sensitivity from 0.72 to 1.00, the specificity from
0.77 to 0.92, and the AUC from 0.75 to 0.97 compared to
measuring TDP-43 alone [123]. No specific combination
of biomarkers was identified as being superior.
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TDP-43 quantification and functional measures

Some studies examined associations of CSF or blood
TDP-43 with functional measures in patients with ALS.
Whereas CSF TDP-43 did not associate with the func-
tional measures tested, Kojima et al. observed that higher
plasma TDP-43 associated with lower split hand index
(SI) [49], a measure of hand muscle atrophy that is sig-
nificantly decreased in patients with ALS compared to
individuals with mimic disorders [126]. Conversely and
counterintuitively, higher plasma TDP-43 associated with
higher ALSFRS-R scores reflecting better global function,
and also with higher SVC, which associates with better
respiratory function [49, 127] and with longer survival
[128]. In contrast to these results, Ren and colleagues
observed that higher CSF pTDP-43 correlated with worse
ALSFRS-R scores. However, they also found that higher
plasma TDP-43 correlated with a more prolonged time to
generalization (i.e., the time of symptoms spreading from
bulbar or spinal localization to both), reflecting slower
disease progression [119]. The underlying reasons for
these divergent findings require further investigation but
may result from clinical variations based on disease stage.

Other approaches to TDP-43 biomarker development
Most studies have employed standard ELISA protocols
using CSF or plasma to assess the utility of TDP-43 as
a fluid biomarker; however, several groups adopted dif-
ferent approaches. For example, one group developed
an atomic force microscopy-based biopanning protocol
and isolated single chain antibody fragments (scFvs) that
preferentially bound TDP-43 variants in ALS brain tissue
compared to FTD and healthy brain tissues [129]. They
established an ELISA with these scFvs and found that
nine scFvs reacted with all SALS plasma samples while
none reacted with plasma from controls [121]. Plasma
from different patients with ALS displayed different reac-
tivity patterns, suggesting that various TDP-43 pathology
profiles exist. Further study is needed to reveal whether
personalized biomarker profiles of TDP-43 variants could
benefit patients and provide clinical utility.

Rather than examining TDP-43 levels, a study was
undertaken to evaluate the secondary structure distribu-
tion of TDP-43 in CSF [118]. Immuno-infrared sensor
technology was employed to measure TDP-43 misfold-
ing, and these measurements discriminated individu-
als with ALS from individuals with Parkinson’s disease
with a sensitivity of 89% and specificity of 77%, and from
patients with other neurological diseases with a sensi-
tivity of 89% and specificity of 83%. Additionally, meas-
urements indicative of greater misfolding were seen in
patients with fast progressing ALS (those having ALS-
FRS-R scores that decreased>0.5 points per month),
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indicating potential prognostic ability of TDP-43 second-
ary structure analysis.

Yet another study investigated naturally occurring
autoantibodies (NAbs) against TDP-43 in plasma of 30
patients with ALS and 51 healthy controls [122]. ELISA
competition assays were used to assess the avidity/affin-
ity of NAbs, and this revealed that the proportion of
high-avidity/affinity anti-TDP-43 NAbs in plasma was
significantly decreased in ALS. Avidity/affinity of NAbs
from plasma sampled shortly after disease onset cor-
related with disease duration, with individuals having
reduced fractions of high avidity/affinity NAbs experi-
encing shorter survival times. In addition to the avidity/
affinity of NAbs, the immunoglobulin (Ig) types of anti-
TDP-43 NAbs in plasma were analyzed. Significantly
lower relative levels of IgG3 and IgM, and higher levels
of IgG4 NAbs, were found in plasma from patients with
ALS compared to controls. Higher relative levels of anti-
TDP-43 IgM and lower relative levels of anti-TDP-43
IgG4 correlated with a longer survival in patients with
ALS. Thus, both avidity/affinity and Ig class of plasma
anti-TDP-43 NAbs may provide diagnostic and prognos-
tic information in ALS, but further study is needed.

Limitations of current TDP-43-related biomarkers

TDP-43 levels, structure, and autoantibodies in CSF or
blood have been assessed as potential biomarkers for
ALS. While TDP-43 seems a likely biomarker candidate
due to the centrality of TDP-43 pathology in ALS, these
efforts have faced several limitations. Multiple antibod-
ies with different sensitivities and specificities have been
employed to detect various TDP-43 species, making
comparisons among studies difficult. In addition, given
that TDP-43 is ubiquitously expressed, whether the pre-
sumably soluble TDP-43 detected in biofluids represents
TDP-43 originating from the CNS is not known. Fur-
thermore, if the TDP-43 detected in CSF or blood does
originate from affected cells in the CNS, the interpreta-
tion of TDP-43 changes remains uncertain; for instance,
increases in TDP-43 in these biofluids could result from
increased neurodegeneration and the release of pro-
teins, including TDP-43, from damaged neurons, while
decreases in TDP-43 may be caused by its sequestra-
tion in cytoplasmic aggregates. These factors, coupled
with the ambiguous nature and extent of the exchange
of TDP-43 between CSF and plasma hamper our under-
standing of TDP-43 measurements and their application
in the clinical setting. Indeed, since higher plasma TDP-
43 associated with better ALSFRS-R and SVC measures
but with worse SI index values [49], the relationship of
plasma TDP-43 to functional outcomes seems complex.
While such findings could indicate that plasma TDP-43
levels change throughout disease progression, a study on
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a small cohort of patients with ALS with longitudinally
collected plasma found plasma TDP-43 levels to be sta-
ble in five of the six patients [117]. More comprehensive
cross-sectional and longitudinal studies are required to
better decipher the relationship of CSF and plasma TDP-
43 with clinical and functional traits in patients with ALS.

Overall, while some interesting relationships of CSF or
plasma TDP-43 and functional measures have emerged,
and many studies have shown elevated TDP-43 levels in
these fluids in patients with ALS compared to controls,
findings from these studies may not translate to clinical
utility at the level of individual patients. Additionally,
as the pathological underpinnings of the TDP-43 meas-
ured in biofluids are unclear, the utility of TDP-43 as a
response biomarker for clinical trials is currently limited.

Cryptic exon-encoded neoepitopes as TDP-43-related
biomarkers

Because the disease relevance of CSF and plasma TDP-
43 remains puzzling, RNA targets related to TDP-43
function are being investigated as an exciting alternative
approach to track TDP-43 anomalies. As mentioned pre-
viously, loss of TDP-43 function is believed to play a key
role in ALS pathogenesis [19-23, 130]. When TDP-43 is
cleared from the nucleus in ALS, it fails to serve its role
as a splicing repressor, leading to the incorporation of
nonconserved cryptic exons during RNA splicing [23].

Evidence suggests that cryptic exons resulting from
TDP-43 loss of function play important roles in ALS
pathogenesis. Loss of TDP-43 triggers inclusion of a
cryptic exon in stathmin 2 (STMN2), which leads to pre-
mature polyadenylation of the transcript and reduced
STMN?2 expression [20]. Rescue of STMN2 expression in
TDP-43-depleted motor neurons is sufficient to restore
neurite outgrowth and axon regeneration, suggesting the
significance of cryptic exon-mediated loss of STMN?2 for
motor neuron vulnerability [19, 20]. Additionally, unc-
13 homolog A (UNCI3A) variants, which are among
the strongest genetic risk factors for sporadic ALS and
FTD, were shown to harbor a cryptic exon [21, 22]. Sin-
gle nucleotide polymorphisms in L/NCI13A exacerbate its
cryptic splicing in the context of TDP-43 dysfunction,
linking genetic risk for ALS with TDP-43 dysfunction
[21, 22]. Deficiencies in the function of TDP-43 as a splic-
ing repressor thus appear to be mechanistically impor-
tant in ALS.

Whether a small number of TDP-43-related cryptic
exons accounts for the majority of motor neuron death
in ALS, or whether many cryptic exons play roles in
ALS pathogenesis, is not presently known. Nevertheless,
monitoring cryptic exon products could reveal the state
of TDP-43 dysfunction and thus represent promising
biomarker candidates. Indeed, one group observed that
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some TDP-43-dependent cryptic exons are incorporated
in-frame; hypothesizing that these neoantigens could be
detected in patient biofluids and used as biomarkers, the
group sought to develop antibodies against cryptic exon-
encoded peptides [131]. To do so, they availed a pub-
lished and robust transcriptomic dataset generated from
motor neurons depleted of TDP-43 [19]. In this manner,
candidate in-frame cryptic exons were identified based
on their expression in ALS-affected cell types. Cryptic
targets in ubiquitously expressed genes with relevance
to other TDP-43-related diseases, such as inclusion body
myositis, were also selected [132, 133]. AlphaFold pro-
tein structure prediction software was used to identify
in-frame cryptic exons, expressed either in the CNS or
ubiquitously, that produced immunogenic epitopes with-
out significantly disrupting native protein conformation
[134]. Several cryptic exon-encoded peptides were then
used to generate novel monoclonal antibodies, allowing
a sensitive sandwich immunoassay to be developed that
specifically detects the cryptic exon-encoded peptide
within Hepatoma-Derived Growth Factor-Like Protein
2 (HDGFL2) in CSF from individuals with ¢9ALS/FTD
[131]. Importantly, cryptic HDGFL2 was elevated in CSF
from both symptomatic and presymptomatic C9orf72
mutation carriers compared to controls. Additionally,
cryptic HDGFL2 levels were higher earlier in disease.
This study showed that CSF cryptic HDGFL2 levels may
rise presymptomatically, earlier than neurofilament lev-
els, and subsequently decrease during symptomatic dis-
ease progression. Meanwhile, CSF NfL and pNfH levels
tend to increase closer to symptom onset and continue
to increase during the early years of symptomatic disease
[7, 80]. These cryptic HDGFL2 data provide evidence
that TDP-43 dysfunction occurs presymptomatically and
suggest that cryptic peptides could have utility as early
diagnostic biomarkers, which would facilitate earlier
therapeutic intervention for patients. Additionally, these
observations suggest that analyzing CSF cryptic pep-
tide and neurofilament biomarkers together could afford
prognostic utility due to their differing temporal profiles.

Another group provided a valuable contribution to the
study of cryptic peptides as biomarkers by employing a
targeted mass spectrometry approach to detect cryptic
peptides in CSF from 15 patients with ALS/FTD [135].
Notably, this led to the detection of peptides mapping to
13 cryptic exons, including that of HDGFL2. Ten of these
peptides were identified in>80% of the patients [135].
This targeted mass spectrometry approach holds prom-
ise for identifying a comprehensive set of TDP-43 cryptic
targets and other proteomic changes occurring during
early stages of ALS, and for defining the natural history of
familial ALS [136].
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Studies assessing larger cohorts of familial and sporadic
ALS and disease controls will be important for determin-
ing the diagnostic utility of cryptic peptide biomarkers.
These biomarkers should be analyzed in conjunction with
clinical signs and other biomarkers such as neurofila-
ments to establish the most robust criteria for early ALS
diagnosis. If immunoassays against other cryptic pep-
tides are developed, the dynamics of various cryptic pep-
tides could be measured throughout the disease course,
possibly providing prognostic information. Extensive
longitudinal studies in familial ALS, including in the pre-
symptomatic stage, and in sporadic ALS are warranted
to elucidate relationships between changes in levels of
different cryptic peptides over time and disease progres-
sion, such as changes in ALSFRS-R score over time. As
cryptic peptides denote TDP-43 dysfunction, these bio-
markers could additionally serve as important response
biomarkers for therapeutic agents that are developed
to restore TDP-43 function. Measuring cryptic peptide
abundance thus offers a promising new avenue for bio-
marker research. Improving upon the sensitivity of these
newly developed cryptic peptide assays, characterizing
the temporal profile of additional cryptic peptide candi-
dates, and developing blood-based cryptic peptide assays
will be important future steps. Due to the involvement
of TDP-43 dysfunction in other diseases such as Alzhei-
mer’s disease [106, 108-110, 137], LATE [15, 106], and
inclusion body myositis [132, 133], the utility of these
cryptic peptide biomarkers could extend beyond ALS
and FTD.

Future of biomarkers

Neurodegenerative diseases can rarely be reduced
to a single pathogenic process, and ALS is no excep-
tion. Beyond neuronal dysfunction and death, ALS
involves non-neuronal cells and processes such as neu-
roinflammation [12, 138] and dysregulated metabolism
[139-142], among others, that may too yield putative
biomarkers. For example, CSF chitinases have emerged
as markers of neuroinflammation in patients with ALS
with higher CSF CHIT1, CHI3L1 and CHI3L2 associ-
ating with faster disease progression, greater cognitive
dysfunction and/or shorter survival [143—147]. Similarly,
$100 Calcium Binding Protein B (S100B), a glial protein
and marker of astrogliosis, also shows prognostic poten-
tial for patients with ALS. Lower CSF S100B concentra-
tions were found to associate with a better survival in
patients with ALS [148]; however, serum S100B dem-
onstrates only minor prognostic value in comparison
to serum NIfL [149]. Thus, as pathomechanisms evolve
throughout the course of disease, a panel of differ-
ent types of biomarkers are expected to provide more
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dynamic and deep insight into ALS than a single meas-
ure, especially when seeking understanding of clinical
progression or therapeutic response at the level of indi-
vidual patients. Although the present review focused on
fluid biomarkers, this panel would ideally include fluid
and non-fluid biomarkers that are already under exami-
nation and nearing clinical translation and would benefit
from novel putative biomarkers discovered through the
ALS field’s relentless quest to further our understanding
of this devastating disease. Below, we provide an array of
examples of potential fluid and non-fluid biomarkers for
ALS.

Exosomes, a type of extracellular vesicle, have attracted
interest as new targets for biomarker development.
Exosomes can be extracted from CSF or blood, and their
contents examined for proteins, nucleic acids, lipids,
or other molecules that can be measured as biomark-
ers [150]. Several reports have already proposed new
biomarkers for ALS from such studies [151-155]. One
study isolated neuron-derived extracellular vesicles from
plasma and found 30 differentially expressed microRNAs
(miRNAs) in patients with ALS compared to controls
[156], while another study observed that the lipid com-
position of large EVs in plasma differed between patients
with ALS and healthy controls [157], suggesting that
extravesical vesicle content could inform the diagnosis,
and potentially the prognosis, of ALS. The ability to select
exosomes derived from specific cell types improves upon
the inability of many other CSF or blood-based assays to
determine the origin of the analyte of interest.

Noncoding RNAs (ncRNAs) such as miRNA may serve
as a future focus of biomarker development. High-qual-
ity libraries can now be generated from small amounts
of RNA, and RNA-sequencing may allow for screening
of ncRNA biomarkers [158]. A few studies have already
employed RNA-sequencing to detect differentially
expressed miRNAs in CSF [159] and blood [160] of indi-
viduals with ALS, but further study is needed to identify
reliable patterns. One clinical trial (NCT03088839) inves-
tigating circulating miRNA-218 as a potential biomarker
for ALS is underway [161].

In addition to fluid biomarkers, non-fluid biomarkers
of ALS are being investigated [162]. For instance, elec-
trophysiological techniques that estimate the number
of motor units in a muscle were found to track with dis-
ease progression in ALS [163—-165]. Moreover, structural
and functional neuroimaging biomarkers may be useful
for ALS assessment. Several studies employing different
imaging techniques have faced limitations of inconsistent
findings or variable accuracy [166, 167]. Some studies,
though, have suggested potential utility of neuroimaging
biomarkers. For example, one study showed associations
between the spatial extent of brain atrophy measured by
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magnetic resonance imaging and disease progression in
ALS, suggesting potential prognostic utility of neuro-
imaging [168]. Larger-scale studies are needed to sub-
stantiate findings generated from prior small cohorts.
Technological advancements that further improve the
sensitivity of different imaging modalities will increase
the ability of these techniques to serve as biomarkers in
the clinic or for research.

Technological advancement has also facilitated the
development of digital biomarkers. The FDA defines a
digital biomarker as “a characteristic or set of character-
istics, collected from digital health technologies, that is
measured as an indicator of normal biological processes,
pathogenic processes, or responses to an exposure or
intervention, including therapeutic interventions” [169].
Various devices can collect digital biomarker data meas-
uring gait speed/symmetry, stride length, finger tapping
speed, eye movements, facial expressions, reaction time,
spatial memory, and many other variables. These meas-
urements can be collected from patients longitudinally at
home, generating datasets richer than are possible from
studies requiring in-person visits. Such datasets, espe-
cially those combining many different biomarkers, are
likely to reveal clinically subtle disease signatures that can
be detected across ALS progression. Research on digital
biomarkers for ALS is nascent, so as the digital health
technologies enabling these biomarkers continue to
advance, large-scale studies evaluating the effectiveness
and disease relevance of these tools are needed [170].

Both phenotypic and genotypic data will be useful for
guiding ALS treatment. Genome-wide genetic data can
be combined computationally into a polygenic risk score
to predict an individual’s inherited susceptibility to ALS
[171]. Polygenic risk scores for ALS have shown signifi-
cant associations with verbal-numerical reasoning in one
study [172], but further research is needed to determine
whether other associations between genetics and clinical
features of ALS exist beyond the handful of mutations
already known to cause ALS. Identification of genetic
profiles that predict response to different therapeutics
would be beneficial for stratifying patients in clinical
trials.

While many biomarkers for ALS are under investiga-
tion, few have been extensively studied. As such, iden-
tifying the best biomarkers will be an ongoing endeavor
as new biomarker candidates are continuously being
investigated and in various stages of validation. Fluid bio-
marker development will benefit from the increased use
of blood-based vs. CSF-based assays. With the greater
accessibility of blood samples, more extensive longitu-
dinal studies in larger and more diverse cohorts will be
feasible, offering richer datasets for analysis. Technologi-
cal advancements are additionally expected to improve
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fluid biomarker assay sensitivity as well as expand newer
biomarker fields such as digital biomarker collection. To
draw clearer conclusions from future fluid biomarker
studies, and to identify the best fluid biomarkers, one
approach may be to compare new fluid biomarkers that
show promise to the existing gold standard for that fluid
biomarker type should one exist (e.g., diagnostic bio-
marker, prognostic biomarker, etc.). Studies should also
evaluate the added benefit of using the new biomarker
in conjunction with the current gold standard. While
in-depth exploration of a single novel biomarker is
important for initial characterization, biomarker studies
should move toward incorporating multiple markers. The
complexity of ALS and the heterogeneity of the disease
among individuals may best be tackled using an array of
traits and more sophisticated bioinformatics.

Conclusion

So far, many fluid biomarker studies have focused on one
analyte or occasionally the combined measure of two
or more analytes, and few have presented findings that
suggest clinical utility at the level of individual patients
though neurofilament proteins do show promise in this
regard. Going forward, the field will benefit from the
combination of clinical data, genetic information, and
various biomarker measurements, including fluid, imag-
ing, and digital biomarkers, and the use of bioinformat-
ics/machine learning to establish the best panel of traits
and biomarkers for ALS diagnosis, patient care, and clini-
cal trial management.
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