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Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease that has no effective treatment. The lack
of any specific biomarker that can help in the diagnosis or prognosis of ALS has made the identification of
biomarkers an urgent challenge. Multiple panels have shown alterations in levels of numerous cytokines in ALS,

supporting the contribution of neuroinflammation to the progressive motor neuron loss.

cytokines biomarkers amyotrophic lateral sclerosis

| 1. Introduction

Amyotrophic lateral sclerosis (ALS) is one of the most serious motor neuron diseases, and the most common adult
motor neuron disease. It is characterized by loss of the cortex, brainstem, and spinal cord motor neurons (MNSs),
leading to muscle paralysis, and finally premature death due to respiratory failure within 2-5 years after diagnosis.
Unfortunately, to date, no effective therapies able to cure the disease are available. More than 90% of ALS cases
are sporadic with unknown causes. On the other hand, around 10% of ALS patients have a family history, involving
mutations in a number of genes, such as Cu?*/Zn%* superoxide dismutase 1 (SOD1), TAR DNA binding protein 43
(TDP-43), fused in sarcoma (FUS) and chromosome 9 open reading frame 72 (COORF72) repeat expansions [,
These mutations found in ALS have allowed the development of animal models that are helpful in the study of this
disease. One of the best characterized animal models for ALS is the SOD1G93A mouse model, which carries a
G93A mutation (substitution of Glycine to Alanine at codon 93) in the human SOD1 gene, and presents both clinical

and pathological characteristics of ALS patients 2,

| 2. The Necessity of Identifying Biomarkers for ALS

There is an imperious need to identify biomarkers that can help diagnose the disease at earlier stages and also to
predict the course of the disease that allow following of more accurate therapeutic strategies. The ideal biomarker
should be sensitive enough to diagnose ALS at the pre-symptomatic stage; specific for ALS and able to
discriminate from other clinically similar neurodegenerative diseases; able to predict the progression of the disease
in each patient; and easily accessible and applicable for all patients, despite their physical condition BEl. Although
the origin of ALS remains unknown, multiple panels of biomarkers have been described in ALS patients and murine
models to explain the progressive motor neuron loss and muscle atrophy, including imaging, electrophysiological

and wet biomarkers 4!,
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Neuroimaging biomarkers allow a faithful visualization of the structural alterations happening in the tissue of study
when comparing them with healthy tissues. Different brain imaging techniques have been used to detect these
pathological changes in ALS patients, such as magnetic resonance imaging (MRI), magnetic resonance
spectroscopy (MRS), diffusion tensor imaging (DTI) and positron emission tomography (PET) B8l As a result of
using these techniques, some pathological alterations regarding cortical atrophy, neuronal integrity and brain white
matter abnormalities have been positively correlated with progression of the disease or resulted helpful in the
diagnosis [BIEIIL0 Although some promising imaging biomarkers have been found, none of them is fully sensitive

and specific enough for ALS diagnosis or prognosis.

Numerous neurophysiologic biomarkers have been identified and proposed as biomarkers that help in the early
diagnosis and monitoring of the progression of the disease 1. Transcranial magnetic stimulation (TMS) technique
can detect cortical hyperexcitability at early stages of the disease, which has been correlated with upper motor
neuron dysfunction 22 On the other hand, the course of ALS can be monitored by assessing lower motor neuron
dysfunction using electrical impedance myography, axonal excitability testing, the motor unit number index and
muscle ultrasonography 22131141 However, despite the potential neurophysiological biomarkers found so far in

assessing progression and early diagnosis, further studies should be conducted involving larger ALS cohorts 12,

Multiple molecular markers have been described in cerebrospinal fluid (CSF), plasma, serum, and even urine and
saliva. Unlike CSF, the other fluids possess the advantage of being easily accessible and do not require invasive
methods to obtain them, which is an important feature of the ideal biomarker. For this reason, over the last
decades, several studies have been conducted to discover new biomarkers in biofluids that are derived from
different pathological mechanisms of ALS [LSII6IA7TII8ILN  The pest considered biomarkers candidates are

inflammatory molecules, metabolic markers and neurofilaments (NFs) [29121],

To date, NFs are the most promising biomarkers for ALS. Particularly, both NF heavy chain (NFH) and NF light
chain (NFL) levels measured in CSF and blood samples can be used to differentiate ALS patients from healthy
subjects and/or other neurological diseases [22. Furthermore, NFH and NFL levels in CSF were negatively
correlated with disease duration, which address NFs as potential biomarkers for both diagnosis and prognosis of
ALS [22],

Regarding inflammatory mediators, large panels of cytokines, including numerous interleukins, and immune cells,
such as T regulatory cells (Treg), have been identified in CSF, plasma or serum, and have been correlated with

faster or slower progression [23](241[25],

| 3. The Role of The Immune System in ALS

The dysregulation of the immune system in ALS results in increased central and peripheral inflammatory responses
(261 Neuroinflammation is characterized by microglial activation, astrogliosis, infiltration of T lymphocytes and
monocytes, and overproduction of inflammatory cytokines 27128129 Both innate and adaptive immune responses

are involved in ALS progression and can promote either neuroprotection or neurotoxicity depending on disease
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stage, evidencing a dual role of inflammation in ALS (9. |nitially, there is an early anti-inflammatory or
neuroprotective phase, where neurotrophic factors and anti-inflammatory cytokines, such as interleukin (IL)-4 and
IL-10, are secreted by surrounding astrocytes and M2 microglia. As the disease progresses, the neuroprotective
response changes to a cytotoxic phase due to the activation of M1 microglia and the consequent release of toxic
factors, including reactive oxygen species (ROS) and pro-inflammatory cytokines, such as IL-13 and tumor

necrosis factor (TNF)-a, which causes progressive injury to the MN 11,

Apart from microglia and astrocytes, T lymphocytes of the adaptive immune response also play a relevant role in
the neurodegeneration observed in ALS. Especially, CD4+ T helper (Th) lymphocytes, including Th2 lymphocytes
and Treg, are found in the early neuroprotective compensatory response; on the contrary, CD8+ T cytotoxic
lymphocytes, such as Thl and Th17 lymphocytes, are observed at later stages of the disease 3132, Both types of
T lymphocytes have shown a dual role: Thl and Th17 expression was found elevated in blood from ALS patients
(33 whereas an upregulation of Treg in blood was associated with slower progression of the disease 4. Similarly,

increasing levels of Treg in animal models at early stages in the disease prolonged survival 52,

Other cells involved in MN degeneration are monocytes and macrophages. They have been found activated in
peripheral blood and in CNS, especially in the spinal cord, due to the existent disruption of the blood-spinal cord
barrier, in both ALS patients and murine models B8I27l |n line with this, some components of the complement
system, which participate in the recruitment of mononuclear cells and macrophages, have been found elevated in
CSF, blood, spinal cord and skeletal muscle from ALS patients or murine models 28188139 However, the role of the
complement system in ALS pathogenesis remains controversial due to the diverging results based on the great
inter-individual differences during disease progression, although aberrant activation of the complement system is

suggested to be involved in the pathophysiology in ALS animal models and patients (8],

More recently, the relevant role of the mutation C9orf72 in myeloid cells opened the door to altered microglial
function that can link the connection between autoimmunity and ALS/FTD. Some studies on heterozygous C9orf72
(C9orf72+/-) mice have suggested an altered myeloid cell function and systemic immunity. Accordingly, similar
immunological consequences have been observed in ALS patients. Therefore, the loss of function of C9orf72
together with a combination of mutations of ALS/FTD genes could promote neurodegeneration 29, Finally, the
consequence of an altered microglia in both mutant SOD1 mice and patients is an amplified generation of pro-

inflammatory cytokines that can trigger TNF-a-mediated apoptosis 411,

Despite the diverse humoral and cellular factors being found to be dysregulated, supporting the evident role of
neuroinflammation in ALS pathology, to date it is still unclear how these inflammatory mediators can influence the

progression of the disease and how they can be helpful in the diagnosis of ALS.

| 4. Cytokines as Biomarkers: Main Challenges

Over the last decades, many CSF and blood inflammatory cytokines have been found dysregulated in ALS,

supporting the relevant contribution of neuroinflammation in the pathogenic mechanisms leading to motor neuron
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degeneration in ALS. However, the results shown are not always consistent in all the studies performed, which
hampers the translation of a single cytokine as a biomarker to the clinical practice. As an example, it has been
reported that the levels of certain cytokines in plasma from ALS patients were highly variable between the first and
the second visit to the clinic, and even they did not show differences with healthy controls in some cases [42]
exposing the great heterogeneity of the disease. In an attempt to deal with this issue, some authors have proposed
that it would be more appropriate to identify panels of biomarkers, rather than focusing on a single target 43144, |n
this sense, panels of cytokines have been analyzed to help in a more accurate prediction of disease progression
(451461 However, some authors suggest that these promising multivariate models should also include other clinical
parameters, such as ALS type (sporadic or familial), disease stage, anatomical onset of motor neuron impairment

and even age and gender [231147],

Another problem that appears in the searching of circulating cytokines as biomarkers is the influence exerted by
the action of environment and other factors surrounding the patient. For instance, the upregulation of some
circulating cytokines, such as IL-6, IL-8, IL-10, G-CSF and TNF-a, has been linked to exercise 8! and others,
including IL-6 and TNF-a, are elevated in a hypoxia status 42, which is a feature frequently found in ALS patients.
In addition, the cytokine levels measured in blood in healthy individuals are not stable markers B9, Cytokines play
a relevant role in the immune system, and alterations in this system due to infections, injuries, tissue trauma or
inflammation, which is inherent in ALS, can unbalance the immune system, even more under neurodegenerative
conditions. This imbalance can promote an intra-individual variation that could explain the high variability of
cytokine levels observed in ALS 281301 Furthermore, in the context of ALS and FTD, the cytokine profile in blood is
also challenging to interpret due to the disease state, environmental factors, and genetic background of the

individuals that can lead to controversial results 28],

Therefore, the consideration of circulating cytokines and other circulating targets as biomarkers is being
increasingly questioned, mainly due to the opposing and irreproducible results that have been shown in different
studies B2, Additionally, the underlying causes, such as lack of sensitivity, unsuitable normalization or variations in
sample handling, together with the difficulties in cytokine assays that are not performed in routine clinical
methodology, establish this issue as a real challenge. In an attempt to address this problem, Otto et al. proposed a
roadmap for biomarker discovery and provided standard operating procedures that could allow multicenter
collaboration and validation of the neurochemical markers discovered in ALS to facilitate their translation to the
clinic B2 In this line, multicenter studies can also shed light on this controversial issue by confirming the results
among different centers in the world, as demonstrated in several multicenter studies performed with ALS patients
(531541551 - Accordingly, it could be interesting to contemplate multicenter studies regarding the most promising

inflammatory mediators, which could be helpful to validate them.
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