
Acta Neurol Scand. 2022;146:375–388.	﻿�   | 375wileyonlinelibrary.com/journal/ane

1  |  INTRODUC TION

1.1  |  ALS and clinic-ready disease biomarkers: the 
challenges

ALS is a relatively rare disorder with an incidence of around 2 
in 1,00,000 people and a cumulative lifetime risk of 1 in 400 in 

Europe.1–3 Disease onset is commonly seen within a person's mid-
to-late life.3 With the pathological process developing to involve 
lower and upper motor neurons (MN), following different patterns of 
time and spatial distribution, ALS can present at the outset with pre-
dominant involvement of either bulbar or limb-innervated muscles. 
As the disease progresses, loss of motor function spreads causing 
weakness and muscle wasting.4 Functional decline of the respiratory 
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Amyotrophic lateral sclerosis (ALS) is the most common motor neuron disease among 
adults. With diagnosis reached relatively late into the disease process, extensive 
motor cell loss narrows the window for therapeutic opportunities. Clinical heteroge-
neity in ALS and the lack of disease-specific biomarkers have so far led to large-sized 
clinical trials with long follow-up needed to define clinical outcomes. In advanced ALS 
patients, there is presently limited scope to use imaging or invasive cerebrospinal fluid 
(CSF) collection as a source of disease biomarkers. The development of more patient-
friendly and accessible blood biomarker assays is hampered by analytical hurdles like 
the matrix effect of blood components. However, blood also provides the opportunity 
to identify disease-specific adaptive changes of the stoichiometry and conformation 
of target proteins and the endogenous immunological response to low-abundance 
brain peptides, such as neurofilaments (Nf). Among those biomarkers under investi-
gation in ALS, the change in concentration before or after diagnosis of Nf has been 
shown to aid prognostication and to allow the a priori stratification of ALS patients 
into smaller sized and clinically more homogeneous cohorts, supporting more afford-
able clinical trials. Here, we discuss the technical hurdles affecting reproducible and 
sensitive biomarker measurement in blood. We also summarize the state of the art 
of non-CSF biomarkers in the study of prognosis, disease progression, and treatment 
response. We will then address the potential as disease-specific biomarkers of the 
newly discovered cryptic peptides which are formed down-stream of TDP-43 loss of 
function, the hallmark of ALS pathobiology.
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muscles ultimately leads to the patient's death. Life expectancy from 
symptom onset is on average 2–5 years, however, the rate of dis-
ease progression from symptom onset to death varies greatly, with 
survival anywhere between a few months and more than 10 years.5 
A subcohort of ALS patients also meet the diagnostic criteria for 
frontotemporal dementia (FTD),6 whilst as many as 50% of ALS in-
dividuals, according to some reports, suffer from cognitive decline 
and/or behavioural changes like those seen in FTD.7–9 ALS poses a 
significant burden to healthcare systems and to the broader society. 
The impact of a diagnosis of ALS is deeply felt by families and carers. 
ALS tops the list of human pathologies for suicide and of request for 
assisted suicide.10

ALS appears as a sporadic condition in the large majority of af-
fected individuals,1,3,11 whilst in 5%–10% of cases, there is evidence 
of a family history, with inheritance mostly linked to dominant mu-
tations in an ALS-causing gene, including the superoxide dismutase 
(SOD1) and chromosome 9 open-reading frame 72 (C9orf72) genes. 
The latter accounts for around 34% of familial ALS cases and about 
5% of sporadic cases.11 Individuals with sporadic ALS may also carry 
a rare gene variant that increases their susceptibility to develop the 
disease, acting alone or in concert with other genetic risk factors 
or still not well-defined environmental exposures.3,7,12,13 A common 
pathological denominator in 97% of ALS cases is nuclear depletion 
and mislocalisation of the Tar DNA binding protein 43 (TDP-43), 
leading to formation of ubiquitinated TDP-43 positive inclusions in 
the cytoplasm of neuronal cells.6 This pathological hallmark is ab-
sent only in those individuals with mutations in the SOD1 or fused-
in-sarcoma (FUS) genes.14

The clinical diagnosis of ALS is a well-defined process that leaves 
little uncertainty in the mind of highly skilled neurologists. In a mi-
nority of atypical ALS cases, clinical signs may be more difficult to 
decipher at the onset. The route to a final diagnosis is based on the 
recognition – achieved by clinical and neurophysiological testing – of 
the progressive extension of signs of lower and upper MN involve-
ment to bulbar, cervical, thoracic, and lumbar regions. Recently, em-
phasis on early recognition of disease has taken centre stage, forming 
the basis for revised diagnostic criteria. The use of biomarkers is key 
to earlier diagnosis, overcoming diagnostic uncertainties and thus 
reducing the number of non-specialist consultations and the amount 
of time prior to the patient being referred to a neurologist or motor 
neuron disease (MND) clinic. Biomarkers may also aid in the identi-
fication of a pre-symptomatic and/or of a prodromal phase of the 
disease, where novel therapeutic approaches stand more chance 
to attenuate or revert a pathological process that is confined to a 
smaller number of motor cells. The latest Gold Coast diagnostic cri-
teria propose that nerve conduction studies and electromyography 
(EMG); magnetic resonance imaging (MRI); and studies of blood and/
or cerebrospinal fluid (CSF) for biomarkers of disease initiation and 
progression, should be used to exclude other disease processes, im-
prove accuracy and timeliness of diagnosis, and to select more clini-
cally homogeneous ALS patients for clinical trials.15–17

The discovery and clinical application of easily accessible bio-
markers in ALS has been impeded, however, by lack of analytical 

strategies in more complex matrices like blood. The development 
of biomarker panels and of multimodal biomarkers, where different 
modalities of investigations are combined to obtain more sensitive 
measurements, has also been challenging. CSF is the main reser-
voir of by-products of neuro-axonal loss and of subtle changes in 
the metabolism of surviving and degenerating neurons and thus 
a major source of potential biomarkers in ALS. CSF is also a rela-
tively low-complexity biofluid which simplifies all means of assay-
ing low-abundance molecules. However, complications arise from 
the patients' loss of mobility, reduced ability to communicate, and 
frailty in end-stage disease. These complications make any invasive 
procedure in deteriorating ALS patients, such as lumbar puncture 
for CSF collection, impractical. Additional adverse events that are 
not primarily linked to ALS, like post-lumbar puncture headache, 
can also occur.18 Positioning individuals living with advanced ALS 
within a MRI scanner is difficult too due to pooling of secretions and 
breathing complications.19 Therefore, the use of CSF or of imaging 
techniques as sources of biomarkers may suit the initial stage of the 
disease—to achieve an early diagnosis and for prognostication—but 
blood or urine-based biomarkers to monitor disease progression or 
treatment response may be a more practical option for ALS patients 
who progress to late-stage disease.

CSF, blood, and urine are not interchangeable sources of bio-
markers. Blood acts as a source of biomarkers of neuroaxonal and 
muscle degeneration, which may be more representative of ALS 
pathobiology and of a more comprehensive disease biotype. Skeletal 
muscle weakness and atrophy define the progression of ALS and as 
the muscle is the largest contributor to body mass and a highly vas-
cularized tissue, blood is the most important reserve of molecules 
linked to the neuro-muscular destruction seen in ALS.

The bioavailability and detectability of blood biomarkers of ALS 
is a complex and poorly understood phenomenon. While these bio-
markers can be more easily accessed, blood remains a more complex 
matrix than CSF. The analysis of peptides in blood, for example, is 
hampered by the masking effect and interference of more abundant 
proteins like albumin and immunoglobulins, as well as by the for-
mation of hetero-aggregates (see “The blood matrix effect: protein 
aggregation”) and of immunocomplexes driven by endogenous hu-
moral responses (see “The blood matrix effect: the humoral immune 
response”). Additionally, blood volume and body mass index may in-
fluence the overall concentration of a biomarker, particularly when 
fluid intake and nutritional state are affected, as observed in the late 
stage ALS.20 Thus, using blood as a source of biomarkers comes with 
its own set of difficulties, which will be explored further throughout 
this review.

1.2  |  Protein expression in biofluids, post-
translational modifications, and clearance

The detection and quantification of protein biomarkers in biofluids, 
and specifically in blood, poses significant challenges. Detection 
of low-abundance proteins of brain origin, potential biomarkers of 
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brain disease, is heavily dependent on the molecular processes that 
condition their bioavailability and modify their structure and se-
quence, such as post-translational modifications (PTMs). The release 
of proteins of brain origin like neurofilaments (Nf), tau, and alpha-
synuclein into peripheral biofluids follows different routes, includ-
ing intramural peri-arterial drainage, whereby molecules are drained 
via basement membranes of smooth muscle cells of cerebral arteries 
to lymph nodes.21–23 Upstream to these processes is the leakage of 
the same proteins from the neuro-axonal network and the clear-
ance of these molecules in affected tissues. The switch in transla-
tion of isoforms of the same protein under a pathological condition 
may represent an adaptive response for functional preservation 
of the neuroaxonal structure, which could be relevant as a disease 
biomarker.24

The concentration of blood and CSF peptides of brain origin like 
Nf peptides promising fluid biomarkers of neurodegeneration and 
informative biomarkers for the definition of survival and prognosis 
of ALS25 reflects their release from the neuro-axonal network. Most 
Nf isoforms are expressed in neurons and axons in the so-called 
stationary Nf network, whilst a small proportion of Nf undergoes 
slow axonal transport.26,27 In healthy individuals, phosphorylation 
of the tail regions of the medium-chain (NfM) and heavy-chain (NfH) 
neurofilament isoforms protects them from protease degradation, 
preserving stability of the cytoskeleton. If the C-terminal domain is 
deleted, this results in an increased turnover of the stationary Nf 
and in an altered Nf content.28,29 When translation of the light-chain 
isoform (NfL) is blocked in a transgenic mouse model, Nf content in 
the axon remains stable and displays a slow turnover with no loss of 
NfL after 4.5 months,30 indicating that NfL is a stable and potentially 
adaptable protein that can support the function and structure in ad-
verse conditions. Previous experiments have shown that a high tis-
sue expression of NfH and NfM, relative to NfL, results in decreased 
radial growth of axons and reduced formation of dendrites.31 The 
stochiometric representation of Nf subunits is, therefore, key to 
maintaining structural and functional integrity of the axon.

In patients living with ALS, it has been proposed that Nf sub-
unit stoichiometry can adapt itself to limit energy consumption and 
prevent neuronal death (the adaptive protein stoichiometry hypoth-
esis). This is accomplished by the over-representation of the less 
energy-expensive NfL at the expense of more energy-demanding 
NfH and NfM.24 The shift in Nf isoform composition could explain 
the observed negative correlation between high NfL levels and sur-
vival (see “Prognostic biomarkers: accurate prediction of survival”). 
Adaptive stoichiometry of Nf and of other proteins may, therefore, 
be a disease-specific phenomenon that could be used to develop 
novel disease biomarkers, informing on prognosis of the disease. 
Adaptive changes may introduce novel NfL homopolymers, which 
form far more rigid structures than polymers comprised of the phys-
iological ratio of the three Nf subtypes.32

Below, this review will cover in more detail the challenges in bio-
marker discovery specific to blood (the blood matrix effect). We will 
then proceed to elaborate on the potential clinical applications of Nf 
peptides and other emerging blood biomarkers for ALS, along with 

detailing their use as outcome measures in clinical trials. Novel mark-
ers of disease, including cryptic peptides, that may prove to be more 
disease-specific, will also be discussed.

2  |  THE BLOOD MATRIX EFFEC T

2.1  |  The blood matrix effect: protein aggregation 
and clearance

Different matrix components in blood can affect the signal response 
in bioanalytical processes, such as those used to measure protein 
or peptide biomarkers. When analysis is undertaken by immunode-
tection, the conformational and post-translational variants of serum 
proteins often bind non-specifically to analytes or to a reaction sur-
face, resulting in reduced sensitivity. The reduction of the matrix (or 
interference) effect, resulting in assay improvement, is technically 
challenging but a required step towards the development of blood 
assays that are viable for clinical use.33

The progress towards viable assays to detect Nf isoforms in 
body fluids is illustrative of the aforementioned complexities, but 
they apply also to the blood measurement of other heavily post-
translationally modified proteins, including TDP-43. Immunoassays 
to detect NfL have been successfully developed, and measurements 
in CSF and blood are highly correlated.34 In contrast, accurate mea-
surements in blood of NfM are yet to be accomplished, and tenta-
tive progress for NfH has been made only recently. The differing 
interactions between components of the blood matrix and different 
Nf isoforms explains the inconsistent detectability across protein 
isoforms. The linearity of NfL measurements seen in serial sample 
dilution contrasts with the absence of linearity for NfH in the same 
experiments, a phenomenon known as the “hook-effect”.35,36 This 
reflects the level of sequestration of NfH into immunocomplexes or 
protein aggregates, a dilution-dependent phenomenon which inter-
feres with immunodetection (see Figure 1). However, pre-incubation 
of plasma samples with urea to dissolve aggregates and overcome 
the hook effect did not improve the performance of immunoassays 
for NfH in ALS,35,36 suggesting other components of the matrix ef-
fect may also be at play.

Circulating brain-derived proteins that are sequestered within 
aggregates may escape detection using standard immunodetection 
methods.37 The observation of sequestration of NfH, and not of NfL, 
into aggregates has led to further investigations into the brain pro-
tein content of circulating protein aggregates (CPAs) in blood37 and 
to the identification of up to 5000 peptides of brain origin in these 
formations, including 30 proteins linked to ALS risk genes.38 It has 
also been shown that within Nf-containing aggregates from healthy 
individuals, NfL is found in a fragmented form at 30 kDa, while NfM 
and NfH are found at both their full-lengths and as fragments. How 
the neurodegenerative and immunopathological processes under-
pinning ALS, including proteolysis of Nf isoforms, alters aggregate 
formation and composition has scarcely been investigated, but 
early data suggest a differential recruitment of these proteins into 
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aggregates.38 Thus, disease-related changes in the proteome of 
CPAs could be developed as an alternative biomarker for ALS.

Additional mechanisms involved in the disposal of misfolded 
proteins and of aggregates through molecular chaperones (MC) (see 
Figure 1) may be targeted by the pathological process in ALS.39,40 
In the central nervous system (CNS), heat shock proteins (HSPs) are 
known to regulate TDP-43 clearance, and this chaperone-mediated 
process has been found to be dysfunctional in ALS.41 The MC ac-
tivity of HSP70, HSP27, calreticulin, ERp57, PDI, and CypA is also 
altered in peripheral blood mononuclear cells (PBMCs) from ALS pa-
tients.42,43 The malfunctioning of this important route of clearance 
of pathological proteins is likely to have a largely underestimated 
effect on the detection of blood biomarkers in ALS such as Nf and 
TDP-43, that have been singled out for being informative of the dis-
ease process.

2.2  |  The blood matrix effect: the humoral 
immune response

Another important and underestimated confounder of the meas-
urement of proteins in blood is endogenous humoral response. 
The presence of autoantibodies to self-antigens is another factor 
in the physiological clearance of proteins from the circulation (see 
Figure 1). The affinity of autoantibodies to target proteins changes 
as a function of immune tolerance, as seen in autoimmune dis-
eases.44 ALS, particularly faster-progressing ALS, has been linked to 

substantial downregulation of T-regulatory cells (Tregs) – lympho-
cytes which suppress immune responses and maintain homeostasis 
and self-tolerance.45–48

Assuming an increased expression of autoantibodies and a state 
of latent autoimmunity in ALS, natural antibodies (Nabs) against Nf 
and Nabs affinity to TDP-43 in blood have been investigated as po-
tential disease biomarkers.49,50 Levels of Nabs to Nf are increased, 
whilst the affinity/avidity of Nabs to TDP-43 is decreased in blood 
from ALS patients, compared to non-neurological controls.49,50 The 
overall reduction in Nabs binding capacity to TDP-43 may reflect 
loss of tolerance and a reduced clearance of TDP-43 proteins. More 
recently, using a blood-derived phage display antibody library, a 
number of distinct antibody fragments to TDP-43 were generated 
from ALS blood samples but not from non-neurological control sam-
ples, indicating that increased autoantibody formations are possible 
under pathological conditions.51 Whatever the role of autoantibod-
ies in ALS progression, the presence of a heightened immunological 
response to self-antigens is also likely to act as a confounder by re-
ducing the sensitivity of immunodetection methods, interfering with 
the binding of primary and secondary antibodies to target proteins 
or altering the signal-to-noise ratio.

Less studied in ALS are changes in the innate immune response 
and the potential impact on protein clearance. The implication of 
a reported gene dysregulation in monocytes, key players in innate 
immunological processes, is yet to be elucidated.52,53 In Alzheimer's 
disease and with ageing, it has recently been shown that clearance 
of amyloid-beta (Aβ) by monocytes is impaired.54

F I G U R E  1  Components of the blood matrix affect the measurement of ALS biomarkers, such as neurofilament peptides
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3  |  UTILISATION OF BLOOD BIOMARKERS 
IN AL S

3.1  |  Early diagnosis

Establishing an early diagnosis of ALS using blood biomarkers would 
allow more effective interventions to attenuate or revert the patho-
logical process, when a larger proportion of motor neurons (MNs) 
can still be rescued. As such, any effort to improve accuracy and 
timeliness of diagnosis in ALS is increasingly seen as a priority. 
Worldwide, diagnostic latency, defined as the time from symptom 
onset to diagnosis, varies between centres, but the average time 
to diagnosis for a patient suspected to have ALS is still 12 months 
(range: 2–27). Different factors have been identified that impact on 
the speed to reach a diagnosis, including an average of four consulta-
tions with healthcare professionals before visiting an ALS multidis-
ciplinary clinic.55–57

Only those asymptomatic individuals carrying a highly pene-
trant genetic mutation, known to be associated to familial forms of 
ALS, can be defined and identified as at risk to develop the disease. 
In the vast majority of cases, ALS is a sporadic and unpredictable 
event. As such, the fluid kinetics of molecular biomarkers, particu-
larly Nf isoforms, between the time of symptom onset and of diag-
nosis has been extensively investigated in the hope that sporadic 
ALS cases may be identified earlier. One study retrospectively used 
serum samples that had been collected for routine tests, before and 
after symptom onset, along with samples taken following diagnosis, 
to study changes in concentrations of serum phosphorylated NfH 
(pNfH) – spanning the progression from pre-symptomatic state to 
manifest disease. They found a significant increase of pNfH levels up 
to 18 months before the diagnosis, with a steadier increase towards 
diagnosis.58 Similarly, a more recent case–control study, which also 
used blood samples collected pre-diagnosis, demonstrated that 
plasma NfL levels start to increase in the last 12–24 months before a 
firm diagnosis of ALS is reached.59

Studies of pre-symptomatic ALS mutation carriers showed CSF 
and serum NfL concentrations and CSF pNfH concentrations to 
be elevated above control levels only in the symptomatic phase of 
the disease. In the pre-symptomatic phase, NfL concentrations in 
blood were not significantly different from those measured in con-
trols, including first-degree relatives not carrying the mutation.60–63 
However, Benatar, Malaspina and colleagues demonstrated that 
serum NfL levels of patients with a SOD1 and FUS mutation were 
increased up to 1 year before symptom onset.62 In another study by 
the same authors, it was shown that serum NfL levels outperformed 
serum pNfH levels as a biomarker of disease initiation before onset 
of symptoms. Additionally, in both FUS and C9orf72 repeat expan-
sion carriers, increased serum NfL levels have been reported up to 
2 and 3.5 years before symptom onset, respectively.63 Similarly, CSF 
pNfH and NfL levels were also reported to be increased up to 2 and 
3.5 years before symptom onset in a number of “phenoconverters”.58 
Taken together, these results suggest that the time of the initial in-
crease of CSF and blood Nf, in the pre-symptomatic and or early 

stages of disease, may vary from patient to patient, likely reflect-
ing the heterogeneity of the disease process in ALS patients as well 
as the impact on the disease pathobiology that a specific genetic 
mutation may have. The study of other blood biomarkers has thus 
far failed to demonstrate any pattern of pre-symptomatic increase, 
including recent investigations into fluid levels of chitinase proteins 
which are linked to microglia and macrophage homeostasis.64

3.2  |  Differentiating ALS from ALS mimics

The role of blood biomarkers in supporting clinical examination to 
confirm or exclude diagnosis of ALS has been the focus of several 
investigations, where specificity and sensitivity of a blood or CSF 
marker were used to separate ALS from disease mimics and other 
subtypes of MND. Most studies have looked at pNfH and NfL lev-
els in CSF, and all have found these markers to be significantly el-
evated in ALS compared to ALS mimics. Sensitivity and specificity 
of CSF NfL and of CSF NfH were found to be above 80% in most 
instances.61,65–71 Importantly, given the current delay in patients 
with suspected ALS being referred to MND clinics, Feneberg and 
colleagues also showed that these biomarkers were able to differ-
entiate ALS from mimics and most forms of MND, regardless of 
whether time from symptom onset was below or above 6 months. 
The AUC, sensitivities, and specificities recorded in this study for 
ALS patients with symptoms present over 6 months are shown in 
Table 1 .72 In most measures, CSF levels of pNfH performed slightly 
better than CSF NfL in differentiating patients with ALS from ALS 
mimics (see Table 1).61,68,72 However, levels of both CSF NfL and NfH 
have been reported to be elevated to a similar degree seen in ALS 
and in some patients with primary lateral sclerosis, another MND 
variant.72 Of the 85 MND mimics in their 2015 study, Steinacker and 
colleagues observed 11 patients with comparable levels of CSF NfL 
and five patients with comparable levels of CSF pNfH to those levels 
seen in ALS patients.70

Along with CSF NfL, serum NfL can differentiate ALS from dis-
ease mimics (see Tables 1 and 2).66,68,69,72 To date, only patients with 
Guillain-Barré syndrome (GBS)34 and Creutzfeldt-Jakob disease66 
have been shown to have serum NfL levels comparable to those seen 
in ALS, but these conditions are clinically distinct from ALS, thus un-
likely to constitute a risk of misdiagnosis.

The diagnostic performance of other biomarkers has been the 
focus of intense investigation, with significance mostly recorded in 
CSF studies. The ratio of phosphorylated tau to total tau protein 
(pTau:tTau) in CSF could differentiate patients with ALS from ALS 
mimics, with an area under the curve (AUC) of 0.78. The sensitivity 
and specificity of this ratio were equal to 80% and 77%, respectively 
(see Table 1).73 In CSF, a number of chitinase and chitinase-like pro-
teins have been shown to be significantly elevated in ALS patients 
compared to mimics, including chitotriosidase (CHIT1), chitinase-
3-like protein 1 (YKL-40; or CHI3L1), and chitinase-3-like protein 2 
(YKL-39; or CHI3L2) (see Table 1).74,75 In serum, a significant differ-
ence was not reported when the same analyses were conducted.74,75 
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Monocyte chemoattractant protein-1 (MCP-1) was also tested but 
whilst sensitivity was high (93.3%), specificity was low (50%).74 The 
best discriminatory performance given in these two studies was ac-
complished through combined use of CHIT1 with pNfH (AUC: 0.94 
[0.88–1.00]), which was a slight improvement on that given by pNfH 
alone (AUC: 0.91 [0.83–0.99]).75

In blood, concentrations of high-sensitivity cardiac troponin T 
(hs-cTnT), a protein of muscle origin, have been recently shown to 
differentiate ALS from disease mimics (AUC 0.70; 0.61–0.79) (see 
Tables 1 and 2). The combined use of this marker and CSF NfL con-
centrations in the same samples did not improve the power of dis-
crimination past that of CSF NfL alone, and the combined power of 
plasma hs-cTnT and plasma NfL was not tested.76 Several cytokines 
and immune mediators, including those linked to TDP-43 aggrega-
tion, which causes initiation of the nuclear factor and kappa light chain 
enhancer of activated B cells (NF-κB) in microglia and secretion of 
the proinflammatory cytokines IL-1β and IL-18, have been tested in 
blood for biomarker potential in ALS. The blood expression of these 
markers has not been found to have any utility in the separation of 
ALS from disease mimics.79,81,82

3.3  |  Prognostic blood biomarkers: accurate 
prediction of survival

In a recent metanalysis of multivariable survival studies looking 
at protective or risk effects of pre-defined non-genetic factors in 
ALS, NfL emerged as the most significant predictor.83 Nf blood 
concentrations have been found to strongly associate to the rate 
of disease progression and survival in ALS. Faster-progressing 
ALS (ALS-F) patients identified by a more rapid decline of their 

revised ALS Functional Rating Scale (ALSFRS-r) score from disease 
onset display significantly higher plasma NfL levels than slower-
progressing ALS (ALS-S) patients. This is also true of patients 
with a shorter disease duration.84 Furthermore, a recent multi-
centre study has shown that first-visit plasma NfL concentration 
is strongly associated with survival and rate of disability progres-
sion, independent from other accepted prognostic factors such as 
age, ALSFRS-r at baseline, and bulbar site of symptoms onset (see 
Table  2).85 The severity and speed of progression of ALS is dic-
tated by the spread of the pathological process and by the relative 
proportion of lower (LMN) vs upper motor neuron (UMN) loss in 
the regions involved, the bulbar being the most impactful in terms 
of survival. It is to date unclear whether loss of UMNs or of LMNs 
contributes more to the pool of detectable Nf in CSF and blood. 
CSF concentrations of NfL have been linked to degeneration of 
UMNs in a multimodal biomarker study looking at this neurochem-
ical marker in combination with corticospinal involvement, meas-
ured by MRI,86,87 but findings have not been confirmed by larger 
investigations. As such, the rate of increase of Nf in the early stage 
of disease may also serve as a predictor of speed of disease pro-
gression in a later stage of the disease and of survival.88

A recent study of non-coding micro-RNA (miRNA) in blood using 
a hypothesis-free approach identified miR-181 as a strong prog-
nostic marker (see Table 2). ALS patients with high plasma levels of 
miR-181 were almost five times more likely to die during the study 
period in a multivariate model inclusive of previously established 
prognostic markers.77 When blood measurement of miR-181 was 
combined with that of NfL, the prognostic performance in ALS was 
even stronger.77,89

Blood TDP-43 has also shown promise as a prognostic bio-
marker. In a study of sporadic ALS patients, plasma TDP-43 levels 

TA B L E  2  Utility of blood biomarkers in ALS and utilisation in ongoing clinical trials

Blood 
biomarker

Diagnostic 
utility

Prognostic 
utility

Commercial 
immunoassays Clinical trial(s) Status of trial Key references

NfL ✔ ✔ ✔ AP-101 Recruiting Thompson et al., 202275; Behzadi 
et al., 202168; Bjornevik et al., 
202159; Benatar et al., 201925; 
Feneberg et al., 201872

BIIB067 (Tofersen) Failed at Phase 3

Rapamycin Ongoing

Aldesleukin Ongoing

pNfH/NfH ✔ ✔ AP-101 Recruiting Adiutori et al., 202137; Lu, Petzold 
et al., 201536; Lu et al., 201135

BIIB067 (Tofersen) Failed at Phase 3

Rapamycin Ongoing

AMX0035 Ongoing

miRNAs ✔ REALS-1 Recruiting Magen et al., 202177

Tregs ✔ ✔ Rapamycin Ongoing Camu et al., 202078; Rajabinejad 
et al., 202048; Beers, 201779

Aldesleukin Ongoing

hs-cTnT ✔ ✔ Kläppe et al., 202276

CK ✔ ✔ Chen et al. 202141

anti-NFs ✔ Puentes et al., 202149; Puentes 
et al., 201480

Abbreviations: anti-NFs, antibodies against neurofilament peptides; CK, creatine kinase; hs-cTnT, high-sensitivity cardiac troponin T; miRNAs, micro-
RNAs; NfL, neurofilament light chain; pNfH/NfH, (phosphorylated) neurofilament heavy chain; Tregs, T-regulatory cells.
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were found to positively correlate with the patients' time to gen-
eralisation, defined as the interval between reported disease onset 
and the appearance of signs of bulbar and spinal involvement.90 A 
negative correlation between plasma TDP-43 and split hand index, 
a measure of localised muscle wasting commonly seen in ALS, and 
a positive correlation with slow vital capacity have also been re-
ported.91 These data suggest that higher levels of plasma TDP-43 
may be seen in slower disease progression, possibly because of a 
higher blood clearance of this pathological protein, reflecting a re-
duced TDP-43 pathological burden in the brain.

Immune dysregulation is increasingly being seen as a driver of 
disease progression in ALS. As mentioned, Tregs maintain immu-
nological homeostasis and self-tolerance; an inverse correlation 
between Tregs levels in blood and disease progression rate in ALS 
has been reported (see Table  2).45–47 As Tregs impact upon levels 
of proinflammatory markers such as cytokines, these too may also 
provide a viable source of blood biomarkers in the prediction of 
survival.82

The regulation of factors involved in lipid and glucose metab-
olism have also been shown to have a prognostic significance in 
ALS. In a large prospective population (the UK Biobank), a recent 
study looking at the effect of a range of metabolic markers on the 
risk of a subsequent ALS diagnosis found an association between 
HDL, apoA1, and LDL levels and ALS. This is in line with the body 
of evidence that premorbid metabolic dysfunction may play a role 
in the pathogenesis of ALS.92 A similar approach in a large cohort 
of ALS patients has shown that lower than median levels of serum 
creatinine (hazard ratio [HR]: 1.67; 95% CI: 1.31–2.12) or albumin 
(HR: 1.49; 95% CI: 1.13–1.96) and a higher than median level of log-
transformed CRP (HR: 1.33; 95% CI: 1.04–1.71) or glucose (HR: 1.34; 
95% CI: 1.01–1.78), at baseline, are associated with higher mortality 
risk in ALS.93

Among other non-neurocentric biomarkers, factors released from 
the perivascular space and muscle have been investigated for their 
prognostic relevance in ALS. Creatine kinase (CK) has shown poten-
tial as a biomarker of prognosis and survival (see Table  2). Higher 
blood creatine kinase (CK) concentrations were found in ALS-S than 
ALS-F and correlated with lower ALSFRS-r scores.94 Similarly, a re-
cent study on a larger ALS cohort linked higher CK blood concen-
tration to longer survival, adjusting for known prognostic covariates 
and using a Cox regression analysis.95 In contrast, the prognostic 
role for serum CK was not confirmed in a more recent investiga-
tion, whilst the lower serum creatinine levels emerged as a strong 
predictor of shorter survival in ALS.96 Emphasis on perivascular 
changes in early ALS has led to investigations into fibroblast-derived 
markers as disease biomarkers. Levels of the perivascular fibro-
blasts' phosphoprotein 1 (SPP1) have been shown to be increased 
in blood from ALS patients at diagnosis and to be predictive of a 
shorter survival (HR = 1.82, p < .0001).97 Whilst a good diagnostic 
candidate, high plasma hs-cTnT concentrations were not associated 
with shorter survival in a multivariable survival model, where known 
clinical predictors of survival and NfL levels in CSF were incorpo-
rated as covariates.76

3.4  |  Monitoring of disease progression in clinic

In multidisciplinary ALS clinics, foreseeing the timing of appearance 
of clinical milestones, like the need for enteric feeding and assisted 
ventilation, is of utmost importance. Adding to clinical observation, 
the use of blood biomarkers for monitoring purposes would be the 
strategy of choice, as longitudinal sampling of CSF for this purpose 
may be impractical. However, while it is accepted that blood sam-
ples are easier to obtain than CSF, venepuncture in advanced ALS 
patients can also be distressing for the patient and time-consuming. 
The development of remote collection of micro-samples and of 
assay miniaturization so that only small blood quantities of biofluids 
are required for biomarkers measurement is becoming an increas-
ingly popular strategy in biomarker development.98

Several studies have shown a stable expression of Nf biomarkers 
in blood in the progression of ALS.25,36,84,85 In a recent multi-centre 
study, raising NfL blood concentrations were reported only within 
the first 12  months after reported symptom onset, followed by a 
flat trajectory of expression with disease progression.85 As reported, 
NfH immunoassays have not, in the past, delivered the expected 
accuracy in blood measurements. Therefore, the seemingly steady 
NfH concentrations thus far reported in longitudinal studies have to 
be interpreted with caution (see Table 2).36

Unlike neurofilaments, the concentration in blood of mediators 
of the systemic immune response, including IL-6, appear to follow 
an upwards trend with ALS progression. However, confirmation by 
larger multi-centre studies for most putative biomarkers is lack-
ing.82 A recent study reported a steep increase of monocyte cells 
expressing the inflammation suppressing active CD11b integrin in 
blood from patients with ALS, with a slow disease progression.99 The 
observation of a peripheral rise of myeloid cells is in line with the 
reported longitudinal increase of neurotrophin receptor p75 extra-
cellular domain (p75ECD) in urine, from patients with ALS compared 
to healthy controls. Baseline levels of p75ECD levels also predict 
disease progression and survival (HR  =  1.3, p  < .001).100 A similar 
pattern of steady increase across time points in urine from patients 
with ALS has been recently described for neopterin, that like p75 is a 
marker of microglia and macrophage activation.101

From the pre-symptomatic to the manifesting stage of the dis-
ease, a stable increase in concentration of the products of transla-
tion of the C9orf72 intronic expansion, a poly-GP dipeptide repeat, 
has also been recently observed in CSF and PBMCs from ALS pa-
tients.102 In blood, higher levels of immunocomplexes containing this 
expanded C9orf72 peptide have been reported in ALS patients than 
healthy controls; higher antibody levels to the poly-GP dipeptide re-
peat were also seen in C9orf72-positive patients than ALS patients 
without the mutation.49 Upregulation of autoantibodies and immu-
nocomplexes against NfL and NfH in longitudinal blood samples from 
faster progressing ALS patients is another example of a mounting 
immune response with the progression of ALS.49 The highest levels 
of NfL antibodies have been detected in those patients with the low-
est ALSFRS-r scores (the most advanced disease).80 It has been pro-
posed that the humoral response to Nf and other proteins derived 
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from ALS risk genes may exert a toxic effect on neurons, by inducing 
blood–CSF barrier impairment and by hastening neuronal loss, which 
is at first instigated by these dysfunctional proteins.103,104 The rise 
of autoantibodies in ALS ties very well also with the reported loss 
of immunological tolerance linked to the reduced immunoregulatory 
functions of Tregs.45–47,82 Antibodies against Nf or other pathogenic 
proteins may represent an alternative biomarker to the detection of 
the same low-abundance antigens, given their greater stability and 
their relative abundance in blood (see Table 2).80

Recently, it has also been shown that biomarkers may be able to 
differentiate different patient phenotypes. Glial fibrillary acidic pro-
tein (GFAP), a marker of astrogliosis, was shown to be higher in ALS 
patients with cognitive and/or behavioural impairment compared 
to those without, with the highest levels present in patients with 
confirmed ALS-FTD.105 Further investigations into this preliminary 
observation are needed. The ability to separate patients by pheno-
type, earlier in the disease progression, may be particularly relevant 
for treatment decisions and allow for development of treatment 
strategies targeted to the individual patient. Given the heterogene-
ity of the disease, such strategies may have an impact in slowing the 
progression of the disease and in the absence of any preventative 
strategy, they may improve the patient's quality of life.

3.5  |  Clinical trials and the use of 
pharmacodynamic and target engagement biomarkers

There is currently no cure for ALS, and treatment options are lim-
ited. Therapeutic management of ALS in the UK includes the use 
of riluzole, non-invasive or invasive ventilation, and endoscopic 
gastrostomy.5,106–108 The glutamate-uptake enhancer riluzole 
is linked to a modest increase in life expectancy in ALS.5,106,108 
Edaravone, available in the US and Japan, is thought to dampen 
oxidative stress and has been reported to modestly reduce func-
tional decline when administered to patients at an earlier stage of 
disease.108

The design of clinical trials for ALS hinges on survival and func-
tional decline as primary outcomes. Rate of disease progression and 
survival vary significantly across affected individuals.108 Large size 
cohorts and long follow-up periods are therefore needed to power 
clinical trials a challenging and expensive option for a relatively rare 
condition. Furthermore, enrolment of ALS patients into clinical trials 
is on average 1 or 2 years from disease onset, narrowing the win-
dow for early disease modification. Easily accessible biomarkers 
that allow for earlier diagnosis and recruitment, complementing clin-
ical outcome measures, are thus the obligate route towards more 
affordable, and hopefully successful studies. As the most studied 
biomarker for ALS, it is unsurprising that Nf peptides are already 
used as exploratory outcome measures in most clinical trials (see 
Table  2). Statistical modelling recently suggested that plasma NfL 
has the potential to reduce the duration (and costs) of clinical tri-
als.85 However, this assumes that disease modification preserving 
neuroaxonal structures is accompanied by a reduced Nf release 

and concentration in biofluids. This modelling of Nf behaviour may 
not consider mechanisms of Nf-clearance, which may alter the bio-
marker concentration independently from the pathological process 
that is the target of the therapeutic intervention.

Clinical trials in ALS using antisense oligonucleotides (ASO) di-
rected against known genetic causative factors are currently ongo-
ing and/or in a final stage in some cases. Plasma and CSF levels of 
both NfL and pNfH have been included as exploratory measures, 
along with more specific biomarkers of target engagement, in an 
ASO trial designed to degrade SOD1 mRNA and reduce patholog-
ical protein levels in ALS patients carrying a SOD1 gene mutation 
(BIIB067, Tofersen) (see Table 2). Published data from phase 1 and 
2, and reports on a phase 3 study, pointed to a signifcant decrease 
a signifcant NfL and CSF and SOD1 protein in ALS patients treated 
with the ASO intrathecally as opposed to placebo, particularly in the 
group who received the highest dose of the drug.109 The phase 3 
study did not meet the primary end point represented by the re-
duction of the participants' ALSFRS-r scores at week 28. However 
positive trends across multiple clinical outcome measures and ex-
ploratory endpoints were, nevertheless, reported in these studies 
and observed specifically.110 Another phase 1 clinical trial looking 
at reducing SOD1 protein involves intravenous administration of 
a human IgG1 against misfolded SOD1 (AP-101). Plasma and CSF 
levels of both NfL and pNfH have been included as secondary out-
come measures (see Table 2).111 The ASO therapeutic approach has 
also been extended to the treatment of ALS induced by the C9orf72 
gene mutation (BIIB078),112 with a novel immunoassay to test CSF 
levels of GP dipeptide repeat used as a disease biomarker.113 It was 
recently announced, however, that this trial is being stopped due to 
a lack of efficacy.114

The administration of sodium phenylbutyrate–taurursodiol 
(AMX0035), a drug thought to reduce endoplasmic reticulum stress 
and restore mitochondrial energy deficits, has given promising re-
sults.115 Preliminary data from a phase 2 trial, however, showed that 
plasma pNfH levels included as a secondary outcome measure (see 
Table 2) were not different between placebo and the treated group. 
In contrast, the change in ALSFRS-r score was significantly smaller 
in the group who received the drug.115 These data point towards the 
lack of a full understanding of how changes in known measures of 
clinical efficacy associate with the change in concentration of puta-
tive biomarkers of treatment response, making the interpretation of 
clinical trial results difficult.

Manipulation of the immune system, including using intra-spinal 
allogenic stem cell injection and immunosuppression by repurposed 
drugs, has not yet shown any therapeutic benefit or an effect in 
restoring Treg levels to normal levels.9,116,117 However, Treg modifi-
cation and enhancement in ALS patients is currently being pursued 
as a viable therapeutic strategy,48,116,118 and a clinical trial using a 
single repurposed Tregs-enhancing drug, rapamycin, is ongoing.117 
Additionally, low-dose interleukin-2 (IL-2) (aldesleukin), a booster of 
Treg levels, has thus far shown a successful increase of Tregs with no 
severe side effects. Any effect on disease progression is yet to be 
reported (see Table 2).78
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4  |  CONCLUSIONS: CRYPTIC PEPTIDES 
AND THE NE W FRONTIER OF BIOMARKERS 
DISCOVERY IN AL S

TDP-43 proteinopathy is the defining neuropathological event in 
most ALS cases and in a percentage of FTD individuals. TDP-43 
mis-localization from the nucleus to the cytosol, resulting in nu-
clear loss of function, affects RNA translation of a wide range of 
proteins, including the protein unc-13 homolog A (UNC13A). In the 
case of UNC13A, this leads to random inclusion of so-called cryptic 
exons, derived from non-conserved intronic sequences, and forma-
tion of cryptic peptides upon translation into the final protein.14,119 
UNC13A acts as regulator of synaptic function and neurotrans-
mitter release. The cryptic exon inclusion in UNC13A, and in the 
translation of other proteins subjected to a dysfunctional TDP-43 
control, is likely to generate an aberrant and possibly toxic proteome 
in ALS. The risk of cryptic exon inclusion in UNC13A is increased 
in the presence of two single-nucleotide polymorphisms (SNP), 
rs12973192 and rs12608932, which lie within or near to cryptic exon 
insertion site.14,119 Both have previously been shown to contribute 
to the risk to develop ALS in genome-wide association studies. In 
sporadic ALS patients, for example, the rs12608932 SNP is linked 
to an earlier onset of the disease in European and American ALS 
populations,120,121 to a shorter survival time122 and to frontotempo-
ral degeneration.123 The loss of UNC13A function causes reduction 
of miR-3911 expression, normally detected in neuron-derived extra-
cellular plasma vesicles.124 The detection of miR-3911 downregula-
tion is, therefore, a surrogate of UNC13A-related pathology, which 
could be detected without resorting to expensive whole-genome 
sequencing.

The premature incorporation of cryptic exons and the formation 
of aberrant proteins as shown for UNC13A and for other proteins 
downstream of TDP-43 loss of function, may be the defining patho-
logical event in ALS. It could constitute a paradigm shift in the search 
for biomarkers in this neurodegenerative disorder, particularly as 
TDP-43 pathology is largely ALS/FTD-specific. As such, cryptic 
peptide formation is a potential source of biomarkers to be used for 
early diagnosis and for stratification of ALS patients within specific 
endophenotypes. Loss of UNC13A normal function and cryptic exon 
inclusion could also represent the pharmacodynamic biomarker of 
future therapeutic intervention aimed at arresting cryptic peptide 
formation in ALS. Whilst Nfs are beyond doubt shaping the land-
scape of disease monitoring in neurodegenerative disorders and 
helping with the prognostic characterization of ALS, the discovery of 
cryptic proteins in ALS may provide the ground of next-generation 
biomarkers for this incurable condition.
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