RESEARCH ARTICLE

Neuroinflammation-Related Proteins NOD2 and
Spp1l Are Abnormally Upregulated in Amyotrophic
Lateral Sclerosis

Noemi de Luna, PhD, Alvaro Carbayo, MD, Oriol Dols-Icardo, PhD, Janina Turon-Sans, MD, Correspondence
David Reyes-Leiva, MD, Ignacio lllan-Gala, MD, PhD, Ivonne Jeric, MD, PhD, Inma Pagola-Lorz, MD, PhD, zzj:sg;;:;zij ot
Cinta Lleixa, MD, PhD, Luis Querol, MD, PhD, Sara Rubio-Guerra, MD, Daniel Alcolea, MD, PhD, '
Juan Fortea, MD, PhD, Alberto Lled, MD, PhD, Elena Cortés-Vicente, MD, PhD,* and

Ricardo Rojas-Garcia, MD, PhD*

Neurol Neuroimmunol Neuroinflamm 2023;10:e200072. doi:10.1212/NXI.0000000000200072

Abstract

Background and Objectives

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease of unknown etiology and
poorly understood pathophysiology. There is no specific biomarker either for diagnosis or
prognosis. The aim of our study was to investigate differentially expressed proteins in the CSF
and serum from patients with ALS to determine their role in the disease process and evaluate
their utility as diagnostic or prognostic biomarkers.

Methods

We performed mass spectrometry in the CSF from 3 patients with ALS and 3 healthy controls
(HCs). The results were compared with motor cortex dysregulated transcripts obtained from
11patients with sporadic ALS and 8 HCs. Candidate proteins were tested using ELISA in the serum
of 123 patients with ALS, 30 patients with Alzheimer disease (AD), 28 patients with frontotemporal
dementia (FTD), and 102 HCs. Patients with ALS, AD, and FTD were prospectively recruited from
January 2003 to December 2020. A group of age-matched HCs was randomly selected from the
Sant Pau Initiative on Neurodegeneration cohort of the Sant Pau Memory Unit.

Results

Nucleotide-binding oligomerization domain—containing protein 2 (NOD2) and osteopontin
(Spp1) were differentially expressed in the CSF and the motor cortex transcriptome of patients
with ALS compared with that in HCs (p < 0.05). NOD2 and Sppl levels were significantly
higher in sera from patients with ALS than in HCs (p < 0.001). Receiver operating characteristic
analysis showed an area under the curve of 0.63 for NOD2 and 0.81 for Sppl. NOD2 levels
were significantly lower in patients with AD and FTD than in patients with ALS (p < 0.0001),
but we found no significant differences in Sppl levels between patients with ALS, AD (p =
0.51), and FTD (p = 0.42). We found a negative correlation between Sppl levels and ALS
functional rating scale (r = —0.24, p = 0.009).

Discussion

Our discovery-based approach identified NOD?2 as a novel biomarker in ALS and adds evidence
to the contribution of Spp1 in the disease process. Both proteins are involved in innate immunity
and autophagy and are increased in the serum from patients with ALS. Our data support a relevant

*These authors contributed equally to this work.

From the Neuromuscular Diseases Laboratory (N.d.C., A.C., D.R.-L,, C.L,, L.Q., E.C.-V., R R.-G.), Institut de Recerca Hospital de la Santa Creu i Sant Pau (1B Sant-Pau), Barcelona; Centro
de Investigacién Biomédica en Red de Enfermedades Raras (CIBERER) (N.d.C., A.C.,).T.-S., D.R.-L., L.Q., E.C.-V., R.R.-G.), Madrid; Motor Neuron Diseases Clinic (A.C.,).T.-S., D.R.-L,, L.Q.,
E.C.-V., R.R.-G.), Neuromuscular Diseases Unit, Department of Neurology, Hospital de la Santa Creu i Sant Pau, Departament de Medicina, Universitat Autonoma de Barcelona; Sant
Pau Memory Unit (O.D-1,, 1.1.-G., S.R-G., D.A,, J.F., A.L.), Department of Neurology, Hospital de la Santa Creu i Sant Pau, Universitat Autonoma de Barcelona; Centro de Investigacion
Biomédica en Red de Enfermedades Neurodegenerativas (CIBERNED) (O.D.-l., I.1.-G., S.R.-G., D.A,, J.F., A.L.), Madrid, Spain; and Neuromuscular and Motor Neuron Diseases Research
Group-Health Research Institute of Navarra (IdisNA) (1)., I.P.-L.).

Go to Neurology.org/NN for full disclosures. Funding information is provided at the end of the article.
The Article Processing Charge was funded by Fondo de Investigacion Sanitaria (FIS), ISCIIl (P115/01618 and Pl 19/01543).

This is an open access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License 4.0 (CC BY-NC-ND), which permits downloading
and sharing the work provided it is properly cited. The work cannot be changed in any way or used commercially without permission from the journal.

Copyright © 2022 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy of Neurology.


http://dx.doi.org/10.1212/NXI.0000000000200072
mailto:rrojas@santpau.cat
https://nn.neurology.org/content/10/2/e072/tab-article-info
http://creativecommons.org/licenses/by-nc-nd/4.0/

Glossary

AD = Alzheimer disease; ALS = amyotrophic lateral sclerosis; ALSFRS-R = ALS functional rating scale; AUC = area under the
curve; bvFTD = behavioral variant of frontotemporal dementia; DAMPs = danger-associated molecular patterns; ELISA =
Enzyme-Linked Immunosorbent Assays; FTD = frontotemporal dementia; FUS = fused in sarcoma; HCs = healthy controls;
IFN = interferon; MAVS = mitochondrial antiviral signaling; MNDs = motor neuron diseases; NLRs = nucleotide-binding
domain leucine-rich repeat-containing receptors; NOD2 = nucleotide-binding oligomerization domain—containing protein 2;
PAMPs = pathogen-associated molecular patterns; RIG-I = retinoic acid-inducible gene I; ROC = receiver operating
characteristic; SPIN = Sant Pau Initiative on Neurodegeneration; TAR = transactivating response; TDP-43 = TAR DNA
binding protein—43.

role of neuroinflammation in the pathophysiology of the disease and may identify targets for disease-modifying treatments in ALS.

Further longitudinal studies should investigate the diagnostic and prognostic value of NOD2 and Sppl in clinical practice.

Amyotrophic lateral sclerosis (ALS) is a rapidly progressive
neurodegenerative disease characterized by selective loss of up-
per and lower motor neurons." Clinical presentation is highly
variable, depending on the site of onset and the degree of upper
and lower motor neuron involvement, with some patients pre-
senting only upper or only lower motor neuron signs at onset.
This variability and the absence of a diagnostic biomarker can
make diagnosis difficult. Survival is also highly heterogeneous,
and no reliable prognostic biomarker for ALS has been reported
to date.”?

Although the pathophysiology of ALS remains unknown, it has
been suggested that an altered protein homeostasis may play a
role in the pathogenesis of the disease. The neuropathologic
hallmark of ALS is the aberrant cytoplasmic aggregation of
mislocalized proteins, mainly transactive response DNA bind-
ing protein 43 (TDP-43) and fused in sarcoma (FUS), in
degenerating neurons.* The presence of stress granules and
neuroinflammation are also consistent features in the CNS of
patients with ALS.>®

One explanation for the formation of cytoplasmic protein
aggregates is a defective autophagy process.7 Aberrant accumu-
lation of misfolded proteins could work as danger-associated
molecular patterns (DAMPs) and may trigger a combined
innate/adaptive immune response with direct activation of in-
flammation pathways.® Neurodegeneration involves neuro-
inflammatory components that may accelerate ALS progression
and accentuate disease severity.” Inflammasomes are multiprotein
complexes that are responsible for detecting and eliminating
pathogen-associated molecular patterns (PAMPs) and DAMPs,
and they play critical roles in neurodegenerative diseases.
Inflammasomes can also be activated by abnormal protein ag-
gregation,'* and the resulting overexpression of proinflammatory
cytokines can aggravate the chronic inflammatory state."""

In this study, we performed a proteomic analysis of the CSF
from patients with ALS and controls to identify potentially
dysregulated proteins in ALS. The investigation of protein bio-
markers involved in neuroinflammatory and neurodegenerative
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pathways could help to understand the pathophysiologic
mechanisms involved in the initiation and progression of the
disease. The identification of diagnostic or prognostic bio-
markers could also be useful in clinical practice and may provide
important insights into the clinical and pathologic heterogeneity
by tracking various aspects of pathophysiology.

Methods

In this study, we differentiated 2 phases. In the discovery
phase, we performed a proteomic analysis of the CSF from
patients with ALS and controls to identify dysregulated pro-
teins in patients with ALS in comparison with those in con-
trols. In the second phase, the candidate biomarkers selected
were tested in a validation cohort including patients with
ALS, controls, and individuals with other neurodegenerative
disorders.

Discovery Phase

Study Population and Sample Preparation for
Proteomic Analysis

The CSF from 3 patients with ALS (mean age 67.7 + 2.3
years; 2 females) and 3 healthy controls (HCs), age matched
and sex matched, were used to analyze differentially expressed
proteins in the CSF in both groups. Patients with ALS were
selected from our Motor Neuron Diseases (MND) Clinic and
fulfilled El Escorial revised criteria for definite ALS, and
controls were randomly selected from the Sant Pau Initiative
on Neurodegeneration (SPIN) cohort (SPIN cohort: sant-
paumemoryunit.com/our-research/SPIN-cohort/ ).14 Sam-
ples of CSF were obtained through lumbar puncture using
previously published methods."® CSF samples were collected
following international consensus recommendations. CSF
samples were stored immediately at —80°C until analysis.

Proteins present in 1 mL of CSF were precipitated using 2-D
Clean up kit (GE Healthcare) following the manufacturer’s
instructions. Protein pellets were resuspended in radio-
immunoprecipitation assay buffer supplemented with
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protease inhibitors. The protein concentration was measured
using the reducing agent and detergent compatible Protein
Assay (BioRad). Fifty micrograms of protein was loaded into a
12% acrylamide gel.

In-Gel Digestion and Liquid Chromatography-Mass
Spectrometry Analysis

In-gel digestion protocol and liquid chromatography-mass
spectrometry (LC-MS) analysis protocol were both per-
formed as previously reported.'®

Protein Identification and Quantitative Differential
Analysis

Protein identification and quantitative differential analysis
protocols were adapted from previous reports.'”'® Progenesis
QI for proteomics software v3.0 (Nonlinear dynamics, UK)
was used for MS data analysis using default settings. The results
from each of the 3 gel fractions were analyzed independently.
LC-MS runs were automatically aligned to an automatically
selected reference sample—with manual supervision—and
automatically normalized to all features. Features were con-
sidered for identification and quantification only if they were
within the 400-1,500 m/z range, had a 15- to 80-minute re-
tention time, and showed positive charges between 2 and S.
Peak lists were generated by Progenesis and analyzed using the
Mascot search engine (v2.2, Matrix Science, UK). Protein
identification was performed using the SwissProt-human da-
tabase (2017_01: 20,171 entries). Precursor mass tolerance
was set to 10 ppm and fragment mass tolerance to 0.8 Da.
Oxidized methionine was considered as variable amino acid
modification and carbamidomethylation of cysteines as fixed
modification. Trypsin was selected as the enzyme allowing up
to 2 missed cleavages. The significant threshold for peptide
identification was set to p < 0.05 for the probability-based
Mascot score and a minimum ions score of 20. Finally, the 3
fractions were combined into a single Progenesis dataset. Label-
free protein abundance quantification was based on the sum of
the peak areas within the isotope boundaries of peptide ion
peaks. Only unique nonconflicting peptides were used for
quantification. To allow comparison of sample runs, the
abundance of each protein was normalized to all proteins. Only
proteins that were quantified and identified with at least 2
unique peptides, a p value <0.0S, and a fold change >|2| were
considered meaningful for subsequent analyses.'”"®

RNA sequencing

The differentially expressed proteins detected by mass spec-
trometry were compared with the results obtained using total
RNA sequencing data derived from the motor cortex of 11
patients with sporadic ALS and 8 HCs. Proteins overlapping
with significantly differentially expressed genes were priori-
tized for validation.'” Human motor cortex (Brodmann area
4) samples were provided by the Neurologic Tissue Bank of
the Biobanc-Hospital Clinic-IDIBAPS. Samples from patients
with ALS fulfilled El Escorial revised criteria for definite ALS
during life and presented TDP43 inclusions in the motor
cortex at postmortem examination. None of the patients
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showed symptoms of cognitive or behavior impairment nor
had a family history of ALS or dementia, and C9orf72 hex-
anucleotide repeat expansion was not present in any of the
cases. Demographic and clinical data (sex, age at onset, disease
duration, and site of onset) have been previously described.'®

Validation Phase

Study Population and Classification

Patients with ALS were prospectively recruited from the
MND Clinic at Hospital de la Santa Creu i Sant Pau between
January 2003 and December 2020. We included patients of
both sexes, older than 18 years, and categorized as probable
laboratory-supported or definite ALS according to El Escorial
revised criteria.?

Patients with Alzheimer disease (AD) with pathophysiologic
evidence in the CSF and patients with frontotemporal de-
mentia (FTD) were selected from the SPIN cohort.'* All
patients underwent comprehensive cognitive and behavioral
assessments. According to this assessment, patients with ALS
were classified to one of 2 groups: ALS with no cognitive or
behavioral impairment (ALS no-CBi) and ALS-FTD fulfilling
criteria for FTD. Patients with ALS-FTD were included in the
ALS group for the main group comparisons. In accordance
with current diagnostic criteria, patients with FTD were
classified into 3 clinical groups: those presenting a behavioral
variant of frontotemporal dementia (bvFTD), those with a
semantic variant of primary progressive aphasia,”® and those
with a nonfluent agrammatic primary progressive aphasia.u’21

We performed an active screening for signs suggestive of
motor neuron involvement in patients with FTD. If present,
they were referred to the MND clinic for further clinical and
neurophysiologic evaluation. If motor neuron involvement
was confirmed during follow-up, they were switched to the
ALS group and analyzed within this group.""

A group of age-matched cognitively normal controls was ran-
domly selected from the SPIN cohort.'"* We registered the
revised ALS functional rating scale (ALSFRS-R) during serum
sampling and calculated the ALS progression rate as originally

a4 11122
described.” ™

All patients provided written informed consent before par-
ticipation. The study was approved by the local ethics com-
mittee and was conducted in compliance with the Declaration
of Helsinki.

Enzyme-Linked Immunosorbent Assays
Nucleotide-binding oligomerization domain—containing protein
2 (NOD2) levels in the CSF and serum of patients and controls
were detected using human NOD2 ELISA (My Biosource, San
Diego, CA), following the manufacturer’s instructions.

Scavenger receptor cysteine-rich type 1 protein M130 (CD163),
CX-C motif chemokine 16 (CXCL16), and Human
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Osteopontin (Sppl) ELISAs were purchased from Biotechne
R&D Systems (Minneapolis, MN). All samples were analyzed in
duplicate.

Statistical Analysis

We selected the proteins that had an analysis of variance test with
ap < 0.0S and a >2-fold change. Multiple comparisons were
analyzed using a 1-way analysis of variance test, followed by the
Kruskal-Wallis post hoc test. A Shapiro-Wilk test showed that
the distribution of NOD2 and Spp1 values departed significantly
from normality (W = 0.8, p < 0.0001 and W = 0.94, p < 0.0001,
respectively). Based on this outcome, a nonparametric test (the
Mann—\/\ﬂlitney U test) was used to compare the protein con-
centration between patient groups. We evaluated the discrimi-
nation power between patients with ALS and HCs by means of
the corresponding receiver operating characteristic (ROC) curve
for both proteins. The Spearman rank correlation was computed
to assess the relationship between NOD2 and Sppl and total
ALSFRS-R, time from blood sampling and disease onset, ALS
progression rate, and survival. Data analysis and graphical rep-
resentation was performed using the STATA 13 software for
Windows (StataCorp LP, College Station, TX).

Standard Protocol Approvals, Registrations,
and Patient Consents

This study was approved by the Hospital de la Santa Creu I
Sant Pau Ethics Committee. The CSF and serum samples
were obtained and registered according to standard protocols
and previous written informed consent by the patients. Brain
tissue samples were provided by the Neurologic Tissue Bank
of the Biobanc-Hospital Clinic-IDIBAPS. All participants or
their relatives had given their written informed consent to use
the sample for this study.

Data Availability
Anonymized data not published within this article will be
made available by request from any qualified investigator.

Results

Sample Composition of the Validation Cohort

We included 123 patients with ALS, 28 patients with FTD, 30
patients with AD dementia, and 102 HCs. Twenty-three of 123
patients with ALS had associated FTD. Eleven patients had
genetically confirmed ALS (6 C9orf72, 2 SOD1, 1 FUS, 1TBKI,
and 1 TARDBP). Among patients with FTD, we included 16
cases of bvFTD, and 14 were primary progressive aphasia. Two
patients with FTD later developed motor neuron involvement
during follow-up and were moved to the ALS group for analysis.

Proteomic Analysis

CSF analysis using mass spectrometry detected 801 proteins,
450 of which were identified with more than 1 peptide ho-
mology and 25 were found to be differentially expressed
proteins (p < 0.05). If we restrict the number of recognized
peptides to more than 2, 16 proteins were found upregulated
in patients with ALS compared with HCs.
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Four of the 16 proteins, the nucleotide-binding oligomeriza-
tion domain-containing protein 2 (NOD2), the scavenger
receptor cysteine-rich type 1 protein M130 (CD163), the
C-X-C motif chemokine 16 (CXCL16), and the osteopontin
(Sppl) showed significant differential gene expression
changes in RNA sequencing data from the motor cortex of
patients with sporadic ALS when compared with HCs (p <
0.05 and log2—fold change >0.45)"® (Figure 1).

We performed commercially available ELISAs to detect the
expression of NOD2, CD163, CXCL16, and Sppl1 in the CSF
and serum from patients with ALS and HCs. None of these
candidate proteins were detected by ELISA in the CSF in
either group. For this reason, we performed a preliminary
study analyzing protein levels in the serum from 20 randomly
selected patients and 20 age-matched and sex-matched HCs.
No significant differences were observed in CD163 or in
CXCL16 expression in either group. However, we observed
significant differences between the 2 groups in both NOD2
and Sspl expression. Thus, we increased the number of
samples analyzed to 123 serum samples from patients with
ALS and 102 control serum samples. We also analyzed the
expression of NOD2 and Sppl in the serum of 28 patients
with FTD and 30 patients with AD.

NOD2 Analysis

NOD2 levels in serum differed significantly between patients
with ALS (273.6 pg/mL, SD 257.8) and healthy individuals
(164.6 pg/mL, SD 181.9) (p = 0.0007). ROC analysis showed
an area under the curve (AUC) of 0.63 (Figure 2A). Statistically
significant differences were observed between patients with ALS
and those with FTD (57.8 pg/mL, SD 78.2) (p < 0.0001) or AD
(75.0 pg/mL, SD 126.2) (p < 0.0001) (Figure 3A). We found no
correlation between NOD?2 levels and ALSFRS-R (p = 0.66),
time from blood sampling to disease onset (p = 0.82), survival (p
= 0.57), and ALS progression (p = 0.71).

Spp1 Analysis

Sppl expression showed statistically significant differences
between patients with ALS (38.7 ng/mL, SD 21.0) and
healthy individuals (mean 17.8 ng/mL, SD 14.0) (p <
0.0001). ROC analysis showed an AUC of 0.81 (Figure 2B).
No significant differences were observed in Spp1 levels be-
tween patients with ALS and patients with AD (34.0, SD 12.7,
p = 0.51) and those with FTD (39.9, SD 14.7, p = 0.42)
(Figure 3A). We found a negative correlation between Spp1l
levels and ALSFRS-R (r = -0.24, p = 0.009) (Figure 4). No
correlation was found between Sppl levels and time from
blood sampling to disease onset (p = 0.30), survival (p = 0.25)
and ALS progression (p = 0.90).

Discussion

Our CSF discovery—based screening revealed 16 proteins
were differentially expressed in patients with ALS compared
with that in HCs. Four of these 16 proteins were also
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Figure 1 Box Plot Showing the Normalized RNA Expression Values of the 4 Genes Encoding the Prioritized Proteins in the
Motor Cortex of Patients With Sporadic ALS and Healthy Controls Obtained Through RNA Sequencing
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significantly upregulated in the transcriptome of the motor
cortex from patients with ALS. We therefore prioritized these
4 proteins for further analyses. Our results were validated by
ELISA in sera samples and showed differentially increased
levels in 2 of these proteins, NOD2 and Sppl. No significant
differences were found in CXCL16 and CD163 expression
in the serum from patients with ALS compared with those
from HCs. NOD2 serum levels were significantly higher in

patients with ALS than in those with other neurodegenerative
diseases. NOD2 gene expression was also upregulated in the
motor cortex from patients with ALS when compared with
that in controls. NOD2 belongs to the nucleotide-binding
domain leucine-rich repeat-containing receptors (NLRs)
family. It can interact with multiple proteins and modulates
immune responses in a stimuli-dependent manner. The NLR
family, together with the toll-like receptor family and retinoic

Figure 2 Analysis of Diagnostic Utility of Serum Oligomerization Domain-Containing Protein 2 (NOD2) and Osteopontin
(Spp1) Through Receiver Operating Characteristic (ROC) Curves
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Figure 3 Levels of Nucleotide-Binding Oligomerization Domain-Containing Protein 2 (NOD2) and Osteopontin (Spp1)
Across Diagnostic Groups (Controls, n = 102; ALS, n = 123; AD, n = 30; and FTD, n = 28)

B
p>0.05
1509 & p>0.05
[ ]

~ 1004 .
= 3
S~
%O — [ )
~ (]
‘E_ L ] ) —_—
& 50 J

0 E — ° -

A
1,500 *
* *
[ ]
[ ]
L]
T 1,000 °
S
S~
ob °
&
a .
[ ]
% 500 ®
) L]
[ ]
— T
0. [ ] [ |
Control ALS AD FTD

Control ALS AD FTD

Group differences between serum biomarker raw levels of (A) NOD2 and (B) Spp1. Error bars represent the 10th to 90th percentile range of data, and circles
represent outliers. *<0.001. AD = Alzheimer disease; ALS = amyotrophic lateral sclerosis; FTD = frontotemporal dementia; HC = healthy control.

acid-inducible gene I (RIG-I)-like helicase receptor family
(including RIG-I), belongs to pathogen recognition receptors
that are activated either by evolutionary conserved PAMPs or
by DAMPs. RIG-I is an RNA helicase that recognizes viral
double-stranded RNA and initiates an innate immune response
through mitochondrial antiviral signaling (MAVS). NOD2
senses single-stranded RNA from viruses and interacts with
MAVS, activating interferon (IFN) regulatory factor-3 and
expression of type I IFN. Both NOD2 and RIG-I exhibit broad-
spectrum anti-PAMPs and DAMPS. NOD2 activation mediates
numerous interactions and responses that include regulation
of inflammasome, production of proinflammatory cytokines,
production of type I IFNs, and triggering autophagy.”

Cytoplasmic protein aggregates of TDP-43 and stress gran-
ules, formed by ribonucleoproteins are pathologic markers of
ALS.>** RIG-T has been described as a direct target of TDP-43
because its mRNA contains (uracil guanine); s repeats, which
are known binding motifs of TDP-43.%° Similarly, in silico
analysis of NOD2 mRNA showed that it is rich in conserved
uracil guanine/guanine uracil rich repeats interspaced by
other nucleotides, a major factor influencing the interaction of
NOD2 mRNA and TDP-43. These RNA molecules from
cytoplasmic aggregates could activate NOD2, triggering the
neuroinflammatory response observed in patients with ALS.
Neurodegeneration involves a neuroinflammatory compo-
nent that accelerates ALS progression and accentuates disease
severity,” and NOD2 could have a role in the inflammatory
process observed in patients with ALS. These results suggest
NOD? has a specific role of in ALS pathophysiology because
it is not elevated in other neurodegenerative diseases.

We also found high levels of Sppl in the serum of patients
with ALS. Sppl is a multifunctional, proinflammatory cyto-
kine that upregulates the expression of IFN-y and interleukin
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12 and is essential in type I immunity.*® Expression of Spp1
can be upregulated by proinflammatory cytokines, under
hypoxic conditions or in response to stress or cellular
injury.27_29

Sppl could induce autocrine and paracrine signaling by
binding to the cell surface receptors integrin avf2 and/or
CD44 and transduce cell matrix signaling into cell regulating
proliferation, survival, migration, and angiogenesis.27 CD44
acts as a ligand receptor by interacting with Spp1. It has been
implicated in the pathogenesis of inflammation in the CNS,
contributing to the recruitment of inflammatory cells. It is
expressed in most astrocytes and in a portion of microglia.***'

Figure 4 Correlation Between the Raw Osteopontin (Spp1)
Levels and the ALSFRS-R Score at the Moment of
Sample Extraction in the ALS Group
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ALS = amyotrophic lateral sclerosis; ALSFRS-R = Revised ALS functional rating
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During the pathogenesis of ALS, astrocytes and microglia are
activated,® contributing to the progression of disease.>

Although the role of Sppl in ALS is largely unknown, CSF
levels of this protein have been proposed as a potential bio-
$.>*3* A recent study showed that Spp1 is over-
expressed in perivascular fibroblasts from the spinal cord of
patients with ALS.*>* The authors also found that high plasma
levels of Spp1 correlated with shorter survival.> By contrast, we
found that Spp1 serum levels in our ALS group correlated with
more severe disease (lower ALSFRS-R scores) during sample
collection. However, this correlation was weak. In addition, we
did not find a correlation either with the disease progression
rate or survival. Longitudinal studies with follow-up samples
would be necessary to evaluate Sppl level use in clinical
practice. Although Spp1 levels were found to be increased in
patients with ALS in comparison with HCs, we did not find
differences in Spp1 levels in patients with ALS when compared
with levels in patients with other neurodegenerative diseases
such as AD and FTD. It therefore seems that increased levels of
Sppl are not a distinct finding of ALS alone, but rather a
neurodegeneration biomarker. Further prospective studies are
needed to elucidate the role of upregulation of Sppl and its
utility in the diagnosis and prognosis of the disease.

marker in AL

Although the differences in serum levels of NOD2 between our
patients and controls were significant, ROC analysis suggests
the value of this protein as a diagnostic marker is limited.
NOD?2 levels were also significantly higher in patients with ALS
than in the groups with other neurodegenerative diseases, but
we cannot conclude from this that NOD2 provides a definitive
practical utility to differentiate ALS from other diseases.
However, these results suggest a different pathophysiologic
pathway is involved in neurodegeneration. Similarly, we found
Sppl levels in patients with ALS were higher than those in
HCs. In this case, ROC analysis showed an AUC of 0.82,
indicating it can discriminate between the 2 groups with good
sensitivity and specificity and suggesting that Sppl may be a
good biomarker in the diagnostic process of ALS.

The main strengths of this study are the prospective design and
the detailed phenotype description that includes a standardized
cognitive and behavioral assessment in all patients. The ho-
mogenous assessment applied within a single center and the
inclusion of other neurodegenerative diseases allowed us to in-
vestigate the role of biomarkers in detail in different settings. The
main limitation of the study is that although we found significant
differences between patients with ALS and controls in the serum
levels of NOD2 and Spp1, we did not find serum levels of Spp1
differed significantly between patients with ALS and those with
other neurodegenerative conditions, and we observed a mod-
erate overlap between groups. Although this overlap might limit
the value of Sppl and NOD?2 as diagnostic markers, our results
may help understand the role of neuroinflammation in the
pathophysiology of neurodegenerative diseases. In addition, al-
though our results showed differentially expressed NOD2 and
Sppl in CSF tested by mass spectrometry and upregulation of
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NOD?2 and SPPI genes in brain tissue of patients with ALS by
RNA sequencing, unfortunately, we were unable to detect our
candidate biomarkers using ELISA in the CSF. This would have
been desirable for a more detailed understanding of their pos-
sible role in the underlying physiopathogenic mechanism and
disease process. However, we were able to detect these proteins
in sera, which is an easier option to use in clinical practice.

Our discovery-based approach allowed us to identify a novel
biomarker that points to a relevant role of neuroinflammatory
activity in the pathophysiology of ALS and adds evidence to
the involvement of Spp1 in the disease process. Nevertheless,
the precise role of inflammation in neurodegenerative disor-
ders can be difficult to clarify. Our data do not prove a
causative role of inflammation in neurodegeneration. In fact, it
could be a response to an active degenerative process. How-
ever, our results provide evidence of dysregulated pathways
that can be a potential target for therapeutic interventions.

Our data suggest that an impaired innate immunity, impaired
autophagy, and protein homeostasis can facilitate protein aggre-
gation, thereby influencing disease progression. These findings
shed light on the cell signaling mechanisms involved in ALS.
These mechanisms may serve as potential targets for therapeutic
strategies and may promote the development of disease-modifying
treatments for ALS, aimed at modulating neuroinflammation.

Further longitudinal studies, including other neurodegenerative
disorders, such as Parkinson disease, are needed to elucidate the
clinical utility of NOD2 and Sppl levels as diagnostic and
prognostic biomarkers in clinical practice and to understand their
role in the disease process and progression of ALS.
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