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Abstract

Background Extracellular vesicles (EVs) hold the potential for elucidating the pathogenesis of amyotrophic lateral
sclerosis (ALS) and serve as biomarkers. Notably, the comparative and longitudinal alterations in the protein pro-
files of EVs in serum (sEVs) and cerebrospinal fluid (CSF; cEVs) of sporadic ALS (SALS) patients remain uncharted.
Ropinirole hydrochloride (ROPI; dopamine D2 receptor [D2R] agonist), a new anti-ALS drug candidate identified
through induced pluripotent stem cell (iPSC)-based drug discovery, has been suggested to inhibit ALS disease
progression in the Ropinirole Hydrochloride Remedy for Amyotrophic Lateral Sclerosis (ROPALS) trial, but its mecha-
nism of action is not well understood. Therefore, we tried to reveal longitudinal changes with disease progression
and the effects of ROPI on protein profiles of EVs.

Methods We collected serum and CSF at fixed intervals from ten controls and from 20 SALS patients participating
in the ROPALS trial. Comprehensive proteomic analysis of EVs, extracted from these samples, was conducted using
liquid chromatography/mass spectrometer (LC/MS). Furthermore, we generated iPSC-derived astrocytes (iPasts)
and performed RNA sequencing on astrocytes with or without ROPI treatment.

Results The findings revealed notable disparities yet high congruity in sEVs and cEVs protein profiles concern-

ing disease status, time and ROPI administration. In SALS, both sEVs and cEVs presented elevated levels of inflam-
mation-related proteins but reduced levels associated with unfolded protein response (UPR). These results mirrored
the longitudinal changes after disease onset and correlated with the revised ALS Functional Rating Scale (ALSFRS-R)
at sampling time, suggesting a link to the onset and progression of SALS. ROPI appeared to counteract these changes,
attenuating inflammation-related protein levels and boosting those tied to UPR in SALS, proposing an anti-ALS
impact on EV protein profiles. Reverse translational research using iPasts indicated that these changes may partly
reflect the DRD2-dependent neuroinflammatory inhibitory effects of ROPI. We have also identified biomarkers

that predict diagnosis and disease progression by machine learning-driven biomarker search.
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Conclusions Despite the limited sample size, this study pioneers in reporting time-series proteomic alterations
in serum and CSF EVs from SALS patients, offering comprehensive insights into SALS pathogenesis, ROPI-induced
changes, and potential prognostic and diagnostic biomarkers.

Keywords Amyotrophic lateral sclerosis (ALS), Extracellular vesicle, Cerebrospinal fluid (CSF), Blood, Proteomics, Time-
series, Induced pluripotent stem cells (iPSCs), Motor neurons, Astrocytes

Background

Amyotrophic lateral sclerosis (ALS), a fatal neurode-
generative disease, is characterized by the degeneration
and subsequent loss of function of both upper and lower
motor neurons. The disease progresses rapidly, with
median survival from onset to death ranging from 20 to
48 months [1]. Approximately 90% of ALS patients pre-
sent with a sporadic onset (sporadic ALS; SALS), under-
scoring the highly variable nature of its pathogenesis [2].

Extracellular vesicles (EVs), which are ubiquitously
secreted by most cell types, have been identified in
numerous body fluids such as blood and cerebrospinal
fluid (CSF) [3]. EVs encapsulate biomolecules such as
proteins, nucleic acids, and lipids, serving as conduits for
cellular communication [3, 4]. Given their lipid bilayer
composition and stability in the circulation, the poten-
tial contribution of EVs to the pathogenesis of diseases
such as cancer and neurodegenerative diseases, and
their potential as biomarkers, has generated consider-
able interest [3—6]. Numerous studies have attempted
to identify ALS biomarkers by studying EVs [5, 7]. The
importance of longitudinal analysis for understanding
this disease cannot be overemphasized [8], but longitu-
dinal analysis of EV protein composition in ALS is mark-
edly understudied [9]. Ropinirole hydrochloride (ROPI),
a dopamine D2 receptor agonist, is a widely used drug
approved more than 15 years ago for Parkinson’s disease
treatment [10]. Subsequently, ROPI was identified as a
novel drug candidate for ALS treatment through drug
screening using induced pluripotent stem cell-derived
spinal motor neurons (iPSC-MNs) from ALS patients
[11-14]. We conducted the Ropinirole Hydrochloride
Remedy for Amyotrophic Lateral Sclerosis (ROPALS)
trial, a single-center, randomized, double-blind, placebo-
controlled trial, which suggested that ROPI may inhibit
disease progression in SALS patients [15, 16].

In the present study, we collected serum and CSF sam-
ples from 10 controls and 20 SALS patients enrolled in
the ROPALS trial at predefined time points. We thor-
oughly and quantitatively examined the protein profiles
of EVs in the serum (sEVs) and CSF (cEVs) of controls
and SALS patients to identify longitudinal characteristic
changes in SALS pathogenesis, changes induced by ROPI
administration, and potential biomarkers for pathologi-
cal indicators and diagnosis. Our study revealed that

sEVs and cEVs from SALS patients exhibit increases in
inflammation-related proteins, especially the comple-
ment and coagulation cascades, and decreases in proteins
of the unfolded protein response (UPR), diverging from
controls, and aligning with disease progression over time.

Methods

Study participants

This study included 20 SALS patients enrolled in the
ROPALS trial conducted at Keio University Hospital,
Japan. The inclusion and exclusion criteria and other
details are included in the ROPALS trial protocol [15].
Additionally, serum and CSF samples collected from 10
non-neurodegenerative Japanese adults (controls) were
obtained from the NCNP Biobank, a member of the
National Center Biobank Network [17].

ROPALS trial and blood/CSF sampling

In the ROPALS trial, 20 SALS patients without any previ-
ously reported mutations of ALS underwent 60 weeks of
follow-up consisting of a 12-week run-in period, 24-week
double-blind period, and 24-week open-label extension
period. SALS patients were assigned to the ROPI treat-
ment (ROPI group) and placebo groups (13 and seven
patients, respectively). The 13 patients in the ROPI group
received ROPI for the entire 48-week intervention period,
while the seven patients in the placebo group received
placebo for the first 24 weeks of the 48-week intervention
period (double-blind period) and ROPI for the second
24 weeks (open-label extension period) (Fig. 1a).

The first week of ROPI/placebo administration was
considered week 0 (Ow). Blood samples were collected
from patients at Ow (n=20), 13w (#=20), 24w (n=18),
39w (n=15), and 48w (n=11). Similarly, CSF was col-
lected at Ow (#=20), 24w (n=17), and 48w (n=6). The
sample collection and preservation methods were in
accordance with the clinical trial protocol for SALS
patient samples [15] and the NCNP Biobank methods for
control samples [17].

EV isolation and mass spectrometry

EVs released into serum, CSF, and induced iPSC-derived
astrocyte (iPast) culture medium were collected using EV
Second L70 columns (GL Sciences, Tokyo, Japan) accord-
ing to the manufacturer’s instructions. Proteins in EVs
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Fig. 1 Protein profiles of sEVs and cEVs differ between controls and SALS patients. a Overview of the ROPALS trial and timing of serum and CSF
sampling. b Scheme of the study: EVs were extracted from serum and CSF collected from controls (n= 10, point-in-time collection, from the NCNP
Biobank) and SALS patients (n= 20, longitudinal collection) participating in the ROPALS trial and subjected to comprehensive quantitative
proteomic analysis using Orbitrap Fusion Lumos mass spectrometer. ¢ Comparison of protein profiles in sEVs and cEVs derived from controls

or SALS patients. The Venn diagram shows a comparison of proteins within sEVs and cEVs detected in all samples (using samples from both controls
and SALS patients). Bar graphs show the KEGG pathway analysis results for proteins specifically identified in sEVs and cEVs. d UMAP analysis result
for all EVs, sEVs and cEVs. e Correlation plots and Pearson’s correlation analysis results for proteins detected in both sEVs and cEVs with respect

to their average level in sEVs and cEVs. Each point represents a single protein. f Correlation analysis results of protein profiles detected in both sEVs
and cEVs collected from the same subject at the same time. Each point represents the correlation coefficient comparing the content of each
protein in sEVs and cEVs collected from the same subject at the same time (Dunnett’s test, controls-Ow: adj. P=0.0497, controls-24w: adj. P=0.0129,

controls-48w: adj. P=0.0129, mean +s.d.)

were reduced with 10 mM TCEP at 100 °C for 10 min,
alkylated with 50 mM iodoacetamide at room tempera-
ture for 45 min, and digested on beads with Trypsin/
Lys-C Mix (Promega) at 37 °C for 12 h. The resulting
peptides were analysed with Orbitrap Fusion Lumos
mass spectrometer (Thermo Scientific) and UltiMate
3000 RSLC nano-flow HPLC system (Thermo Scientific).
Peptides were enriched using a p-Precolumn (0.3 mm
i.d.x5 mm, 5 pm, Thermo Scientific) and separated on
an AURORA column (0.075 mm i.d. X250 mm, 1.6 pm,
Ion Opticks Pty Ltd., Australia) using a two-step gradi-
ent: 2—40% acetonitrile for 110 min, followed by 40-95%

acetonitrile with 0.1% formic acid for 5 min. The analyti-
cal parameters of Orbitrap Fusion Lumos were as follows:
full scan resolution, 50,000; Scan range (m/z), 350—1500;
full scan maximum injection time, 50 ms; full scan AGC
target, 4x105; dynamic exclusion duration, 30 s; data-
dependent MS/MS acquisition cycle time, 2 s; activation
type, HCD; MS/MS detector, ion trap; maximum MS/MS
injection time, 35 ms; AGC target of MS/MS, 1x 104. The
MS/MS spectra were searched against the Homo sapiens
protein sequence database in SwissProt using Proteome
Discoverer 2.5 software (Thermo Scientific), and the
peptide identification filters were set as “false discovery
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rate<1%” Label-free relative quantification analysis of
proteins was performed using the default parameters of
Minora Feature Detector node, Feature Mapper node,
and Precursor Ions Quantifier node in Proteome Discov-
erer 2.5 (Fig. 1b).

Comprehensive quantification of EV proteins

Longitudinal samples from 20 SALS patients were meas-
ured in the first batch, and samples from 10 controls
and three SALS patients (Ow samples, sEV ID; RPR-01—
31/32/33, cEV ID; RPR-01-24/25/33) were measured in
the second batch. Three identical samples were measured
in two batches each of sEVs and cEVs to eliminate pos-
sible batch effects of processing samples from different
batches. The second batch measurements were corrected
using the following equations.

Protein A measurements in first batch = X;(i = 1,2, 3)
Protein A measurements in second batch = X7;(i = 1,2,3)
Protein A measurement in second batch = Y

Protein A correction value in second batch = Z

zZ=Y/ % (21-3:1 %) For downstream analysis, all pro-
tein measurements were log,,-transformed after batch-

to-batch correction so that the data followed a normal
distribution.

Machine learning

All machine learning analyses were performed in Python
(version 3.8) using scikit-learn (version 1.2.1) and
xgboost (version 1.7.5) [18-20]. Given the limited sam-
ple size and presence of unbalanced classes, a learning
framework was constructed (Fig. 8a). In the oversam-
pling step, the unbalanced dataset of 13 samples (control
samples: n=10, SALS patient samples: n=3) measured
in the first batch was expanded to a balanced dataset of
19 samples (control samples: n=10, SALS patient sam-
ples: n=9) using the SMOTE algorithm of Imbalanced-
learn (version 0.0) [21]. Data from all 19 samples were
randomly assigned to a training dataset including 13
samples (68.4%) and a test dataset including six samples
(31.6%), considering control and SALS patient samples.
Validation was performed using 84 serum and 43 CSF
samples measured in the second batch. Of these samples,
33 serum and 13 CSF samples were from ROPI-naive
patients, and the remaining samples were from patients
who had received ROPI (ROPI-exposed). We used scikit-
learn’s GridSearchCV for parameter tuning with two-
fold cross-validation and RFECV for recursive feature
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elimination in the feature selection phase [19], with a
random seed of 111.

iPSC-derived astrocyte and spinal motor neuron study
iPSC-derived astrocyte study

Cell lines and culture We used iPSCs derived from one
healthy control (WD39; CVCL_Y528) and differenti-
ated human iPasts according to our previously reported
method [22].

Ribonucleic acid sequencing (RNA-seq)

The amount and quality of RNA was confirmed using an
Agilent TapeStation (Agilent Technologies, CA, USA).
RNA was amplified using a SMART-Seq v4 Ultra Low
Input RNA Kit for Sequencing (Takara Bio, Shiga, Japan),
and a DNA library was prepared using a Nextera XT
DNA Library Prep Kit (Illumina, CA, USA). RNA-seq
was performed using a NovaSeq system (Illumina). All
procedures were performed by Takara Bio.

iPSC-MN analysis

RNA-seq data from healthy subject-derived iPSC-MNs
(t84h) were obtained from deposited data in the NCBI
Gene Expression Omnibus (GEO) database, GEO acces-
sion number GSE209696 [15].

Analysis tools
All analyses except for the machine learning portions
were performed using R (version 4.1.2) [23]. Effsize (ver-
sion 0.8.1) [24] was used to calculate effect sizes. Dun-
nett’s test was performed using the aov() function and
multcomp (version 1.4.0) [25]. The prcomp() function was
used for PCA, and “scale” was set to TRUE as an argu-
ment, as recommended in the official documentation.
For RNA-seq analysis, fastp (version 0.23.2, all argu-
ments set to default) was used for quality control of fastq
files [26]. Read counts were quantified using Salmon (ver-
sion 1.6, all arguments set to default) for samples that
passed quality control [27]. The Salmon reference was
gencode, release 42 (GRCh38.p13). The Salmon output
file was converted to a count file using the R package
tximport (version 1.22.0) [28]. DESeq2 (version 1.34.0)
from the R package was used for group comparisons [29].
Gene Ontology (GO) (biological pathway, BP; cellular
component, CC; molecular function, MF) enrichment
and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analyses were performed using g:Profiler
[30-35]. Adjusted P (adj. P) values calculated by statisti-
cal analysis were entered in decreasing order, and the
“Ordered query” was checked. According to Reimond
et al. [36], “term size” was set to “5-350 Isa (version
0.73.3) was used for cosine similarity analysis [37]. The
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nls() function was used to approximate changes in the
revised ALS Functional Rating Scale (ALSFRS-R), a key
clinical indicator of ALS symptoms, during the ROPALS
study using the following model equation [15]:

ALSFRSR = —exp(a * week) + b

For GO (BP) and KEGG pathway analysis visualization,
the output files in the GEM file were clustered and anno-
tated by g:profiler using Cytoscape (version 3.9.1) [38],
EnrichmentMap (version 3.3.4) [39], and AutoAnnotate
(version 1.4.0) [40].

Statistics

Demographic data were analysed using Student’s ¢ test
(age) and the X2 test (sex and race). Student’s ¢ test was
used to compare log,,-transformed protein measure-
ment levels between two groups. The Storey method was
used for multiple testing correction. Two-way ANOVA
followed by Bonferroni’s multiple-comparisons test was
used for longitudinal two-group analysis of the effects
of treatments (placebo vs ROPI) and time on response
variables (protein abundances) using the ez package [41].
Estimated marginal means were calculated using the
emmeans package [42]. Pairwise comparisons were per-
formed using these estimated marginal means, and P val-
ues were adjusted using Bonferroni’s method to control
for the family-wise error rate. Pearson’s product-moment
correlation coefficient was used for correlation analyses
unless otherwise noted. P or adj. P values were calculated
using two-tailed tests, and values less than 0.05 indicated
statistical significance. This cut-off was also used to iden-
tify significantly differentially abundant proteins (DAPs)
and differentially expressed genes (DEGs). As described
in the effsize (version 0.8.1) package manual [24], Cohen’s
d was considered negligible, small, medium, or large
when the absolute value was<0.2,<0.5,<0.8, or 20.8,
respectively.

Results

Study participants

Ten controls and 20 SALS patients participated in this
study. There were no statistically significant differences
in sex (¥2(1)=0.1563, P=0.6926) or race (y2(1)=NA,
P>0.9999) between the two groups, but SALS patients
were significantly older than controls (£(27.14)=3.8354,
P<0.001). Demographic and clinical data of the partici-
pants are shown in Supplementary Table S1.

Protein compositions of sEVs and cEVs differed from each
other and from controls and SALS patients

The protein compositions of EVs in body fluids were
compared between controls and SALS patients. Serum
and CSF were collected over time from 20 SALS patients
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enrolled in the ROPALS trial (Fig. 1a). EV fractions were
then extracted and subjected to comprehensive quanti-
tative proteomic analysis (Fig. 1b). Typical EV markers
such as CD9 and Alix were detected in all samples [43],
indicating extraction of high-purity EVs (Supplementary
Table S2). Additionally, as many as 3719 and 2754 pro-
teins from sEVs and cEVs, respectively, were detected in
at least one sample.

To investigate differences in sEV and cEV proteins, we
compared the protein types detected in all sEV or cEV
samples (using samples from both controls and SALS
patients). We identified 802 and 884 proteins from sEVs
and cEVs, respectively, of which 387 proteins were com-
monly present (Fig. 1lc, Venn diagram). sEV-specific
proteins were mainly associated with Platelet activation
(KEGG pathway; KP, adj. P<0.001), whereas cEV-spe-
cific proteins were mainly associated with ECM-receptor
interaction (KP, adj. P<0.001) (Fig. 1c, bar graphs). To
determine the compositional differences between sEVs
and cEVs, uniform manifold approximation and pro-
jection (UMAP) analysis was performed on proteins
detected in all samples of both groups. sEVs and cEVs
were clearly divided into two groups, suggesting that
the sEV and cEV protein compositions markedly differ
(Fig. 1d). Furthermore, UMAP analysis of sEVs and cEVs
showed that the distributions of both groups differed
from those from controls and from SALS patients, but
the changes over time were smaller than the differences
because of the presence of disease.

Next, we compared the levels of proteins detected in
both sEVs and cEVs. The levels of each protein present
in both groups were significantly positively correlated
(R?=0.22, adj. P<0.001) (Fig. 1e), but some proteins were
unevenly present in either sEVs or cEVs. Additionally,
we performed a correlation analysis of the different pro-
tein levels of sEVs and cEVs in each SALS patient at each
time point. The coefficients of determination between
the protein contents of sEVs and cEVs at Ow, 24w, and
36w were significantly higher in SALS patients than
in controls (Dunnett’s test, adj. P=0.0497, 0.0129, and
0.0129, respectively), indicating that the sEV and cEV
protein composition was more similar in SALS patients
(Fig. 1f). Furthermore, the correlation coefficients tended
to increase over time in SALS patients, suggesting that
the sEV and cEV composition became more similar over
time.

Comparative analysis of protein composition of EVs

from controls and SALS patients

First, to identify the distinct characteristics of protein
profiles within sEVs and cEVs derived from ROPI-naive
SALS patients, we defined sEV- and cEV-derived SALS-
specific proteins as those identified in >90% of sEVs and
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cEVs from SALS patients and <10% of those from con-
trols. We identified 365 EV-derived SALS-specific pro-
teins from sEVs and 398 from cEVs (Supplementary Fig.
S1).

SALS-specific proteins from sEVs were suggested to
be involved in lipase activity (MF, adj. P=0.002) (Sup-
plementary Fig. Sla). Additionally, SALS-specific pro-
teins from cEVs were associated with immunoglobulin
complexes (CC, adj. P<0.001) and antigen binding
(ME, adj. P<0.001). Furthermore, SALS-specific pro-
teins from cEVs contained C-reactive protein, suggest-
ing that inflammation may be induced in the CSF in
SALS patients (Supplementary Fig. S1b, Supplementary
Table S2).

Next, we compared the composition of proteins in SEVs
and cEVs from controls and ROPI-naive SALS patients.
To improve reproducibility, proteins used for compara-
tive analyses included those detected in all samples from
controls and ROPI-naive SALS patients. We identified
723 significantly DAPs in sEVs (Fig. 2a) and 246 in cEVs
(Fig. 2¢).

DAPs elevated in sEVs (n=159) were associated with
the Complement and coagulation cascades (KP, adj.
P<0.001), whereas decreased DAPs (n=564) were asso-
ciated with Platelet activation (KP, adj. P<0.001) (Fig. 2b,
Supplementary Fig. S2a). Furthermore, DAPs elevated in
cEVs (n=148) and sEVs were associated with the com-
plement and coagulation cascades (KP, adj. P<0.001),
and decreased DAPs (n=98) were significantly associ-
ated with protein processing in the endoplasmic reticu-
lum (KP, adj. P<0.001) (Fig. 2d, Supplementary Fig. S2b).

Finally, we examined TDP-43, which forms aggregates
in motor neurons of ALS patients [44]. Previous stud-
ies showed that TDP-43 in plasma, CSF, and cultured
cell-derived EVs of SALS patients is elevated compared
with that in controls or over time [45-47]. TDP-43 was
detected in 0% (0/10) of control and 10.7% (9/84) of SALS
patient sEVs and 0% (0/10) of control and 18.6% (8/43) of
SALS patient cEVs (Supplementary Table S3). No detec-
tion rates were significantly different between controls
and SALS patients (sEVs; y2(1) =0.9800, P=0.3222, cEVs;
x2(1)=0.2705, P=0.6030). Furthermore, TDP-43-posi-
tive samples were not consistent over time in the same
SALS patients or in serum and CSF (Supplementary
Table S3).

Comparison of DAPs (controls vs. SALS patients) in sEVs
and cEVs

Next, we compared DAPs in sEVs and cEVs. Thirty-one
DAPs were identified as elevated and 38 as decreased
in both sEVs and cEVs in SALS patients (Fig. 2e, left).
Functional analysis of each of these DAPs revealed that
the DAPs elevated in SALS patients were involved in the
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regulation of complement coagulation, whereas those
that were decreased in SALS patients were involved in
regulation of actin polymerization and unfolded protein
processing (Fig. 2e, right, the cluster name assigned by
AutoAnnotate [40] was “unfolded protein processing,’
but it is referenced as the more general term “unfolded
protein response (UPR)” hereafter.).

Next, the approximated ALSFRS-R (aALSFRS-R) at the
time of sampling was calculated to determine the rela-
tionship between the average EV protein content in each
category (regulation complement coagulation, polymeri-
zation regulation actin, and UPR) and the ALSFRS-R val-
ues at the time of sampling. The aALSFRS-R value was
obtained by approximating the pathological progression
of each patient using ALSFRS-R = —exp(a * week) + b
and substituting the number of weeks at the time of sam-
pling (Fig. 2f).

The correlation analysis between the average EV con-
tent of each protein category and the aALSFRS-R at the
time of sampling showed that the regulation of comple-
ment coagulation-related and UPR-related protein group
contents were significantly inversely correlated in sEVs
(R=-0. 82, P<0.001) and cEVs (R=-0.62, P<0.001)
(Fig. 2g). In contrast, the UPR-related protein level in
cEVs was significantly correlated with the aALSFRS-R
value (R=0.52, P<0.001), indicating that the UPR-related
protein level in cEVs decreased with disease progression.

These results suggest that disease progression in
SALS is characterized by an increase in the regulation
of complement coagulation-related protein group and a
decrease in the UPR-related protein group in EVs.

ROPI decreases complement and coagulation-related
and increases UPR-related proteins in EVs
The log, (fold change) in sEVs and cEVs from 0 to 24w
was calculated for each of the 20 SALS patients in the
ROPALS trial (13 and 7 in the ROPI and placebo groups,
respectively) and compared between the ROPI and pla-
cebo groups. We excluded three patients who did not
have 24w CSF samples and two patients without 24w
serum samples (Fig. la). After applying Student’s ¢ test
and correction for the P value using the Storey method,
no statistically significant differences were found for any
proteins, mainly because the sample number was small
relative to the data variability. Therefore, according to the
effsize manual [24], a R package for calculating the effect
size, the effect size cut-off for Student’s ¢ test (Cohen’s d)
was set to+0.5, and proteins for which the effect of ROPI
was moderate or greater were defined as effect size-based
differentially abundant proteins (es-DAPs).

Comparisons of sEV and cEV protein content changes
from 0-24w in the ROPI and placebo groups identified
287 and 712 es-DAPs, respectively (Fig. 3a, e). In sEVs,
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Fig. 2 Comparative analysis of protein profiles of EVs in controls and SALS patients. a, ¢ Volcano plots showing comparisons of proteins within EVs
in serum and CSF samples from controls and ROPI-naive SALS patients (sEVs: a, cEVs: €). Comparisons were made for proteins detected in all
samples from controls and ROPI-naive SALS patients. Comparisons between controls and SALS patients were performed using Student’s t test

on log,,-transformed data and corrected for the P value using Storey’s method. b, d GO (BP, CC, MF) and KEGG pathway analysis results for DAPs
(controls vs SALS patients) in sEVs and cEVs (sEVs: b, cEVs: d). e Left: Comparison of DAPs (samples from controls vs samples from SALS patients)

in sEVs and cEVs. Right: Lists of proteins commonly decreased/increased in sEVs and cEVs in SALS patients compared with those in controls

and their GO (BP) and KEGG pathway clustering analysis results. Letter colors indicate groups (orange: regulation of complement coagulation,

blue: polymerization regulation of actin, green: unfolded protein processing, black: other). f Schematic representation of disease progression
modeling methods and aALSFRS-R calculation. g Pearson correlation analysis between the mean levels of each protein belonging to the regulation
of complement coagulation, polymerization regulation of actin, and unfolded protein processing groups and the aALSFRS-R at the time

of sampling. The size of the circles represents the correlation coefficient

es-DAPs (n=182) increased by ROPI treatment were
related to Proteasomes (KP, adj. P=0.0034), while es-DAPs
(n=105) decreased by ROPI administration were involved

in the complement and coagulation cascades (KP, adj.
P<0.001) (Fig. 3b). In cEVs, es-DAPs (n=99) increased
by ROPI treatment were associated with the Pentose
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Fig. 3 Changes in protein profiles of EVs by ROPI administration. a, e Rank plot showing Cohen’s d comparing the log,(fold change) in the ROPI
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phosphate pathway (KP, adj. P=0.0017), and es-DAPs
(n=613) decreased by ROPI were associated with the
complement and coagulation cascades (KP, adj. P<0.001)
(Fig. 3f).

We further compared DAPs (controls vs. SALS
patients) and es-DAPs with and without ROPI treat-
ment (ROPI 0-24w vs placebo 0-24w) (Fig. 3c, g). Pro-
teins with decreased content in SALS patients that were
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increased by ROPI (sEVs: n=99, cEVs: n=15) were asso-
ciated with Parkinson’s disease (KP, adj. P<0.001) and
Proteasomes (KP, adj. P<0.001) in sEVs (Fig. 3d) and
with protein processing in the endoplasmic reticulum
(KP, adj. P=0.0366) in cEVs (Fig. 3h). Conversely, pro-
teins with increased content in SALS patients that were
decreased by ROPI (sEVs: n=47, cEVs: n=76) were
related to the complement and coagulation cascades
in both sEVs and cEVs (KP, adj. P<0.001 and <0.001,
respectively) (Fig. 3d, h).

Protein changes in sEVs and cEVs over time

Of the 20 SALS patients who participated in the ROPALS
trial, patients with samples through the final week (48w)
were selected (CSF: ROPI group n=4, placebo group
n=2; serum: ROPI group n=8, placebo group n=3).
Clustering analysis using Ward’s method was then per-
formed for each of the sEVs and cEVs in the placebo
group to determine differences in EV protein levels
(log,(fold change)) between Ow and each sampling time
point, with k=3 (Fig. 4a, Supplementary Fig. S3a).
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Clustering analysis of the differential change in pro-
teins within EVs at Ow and each sampling time point
in the placebo group was used to classify the change in
each protein into three groups: increased (SEVs: n=298,
Fig. 4b, left, red, cEVs: n=260, Fig. 4d, left, red), rela-
tively unchanged (sEVs: n=297, Fig. 4b, left, gray, cEVs;
n=1073, Fig. 4d, left, gray), and decreased (sEVs: n =466,
Fig. 4b, left, blue, cEVs; n=51, Fig. 4d, left, blue).

Next, we examined the variation of these protein
groups in the ROPI group (Fig. 4b, d, right). The increase
in proteins within EVs over time in the placebo group
was significantly suppressed by ROPI administration (all
P<0.001, Fig. 4b, d, right, red). Furthermore, these pro-
tein groups were associated with the Complement and
coagulation cascades in both sEVs (KP, adj. P<0.001)
(Fig. 4c, left) and cEVs (KP, adj. P<0.001) (Fig. 4e, left).

However, proteins for which the EV levels decreased
over time in the placebo group were significantly restored
by ROPI treatment (all P<0.001, Fig. 4b, d, right, blue).
These protein groups were involved in Platelet aggrega-
tion (KP, adj. P<0.001) in sEVs (Fig. 4c, right) and anti-
oxidant activity (MF, adj. P<0.001) in cEVs (Fig. 4e right).

Comparison with ROPI group transition
(Fig.4B, D right)

[Decreased over time in Placebo group |

‘GO: Molecular Function =——————————
endopeptidase regulator activity
poptidase reguiator actvty JIE]
endopeptidase inhibitor activity S
GO: Biological Pathway  —————————
negalive regulation of pepldase actvity

GO: Molecular Function
cadherin binding |
actin filament binding {
integrin binding §

GO: Biological Pathway
hemostasis |
platelet activation {
blood coagulation §

negative regulation of proteolysis
negative regulation of endopeptidase activity

GO: Cellular Component GO: Cellular Component

blood microparticle
plasma lipoprotein particle
lipoprotein particle

lamellipodium
secretory granule membrane
secretory granule lumen
KEGG Pathway KEGG Pathway
Compl Platelet activation
Regulation of actin cytoskeleton {
Focal adhesion

Cholesterol metabolism {
ECM-receptor interaction

Ay

30

0 40 6 10 0
-logyu(adj. P) -logyg(ad). P)

Decreased over time in Placebo group

GO: Molecular Function GO: Molecular Function

antioxidant activity

peroxidase activity:

antigen binding §

—
—
GO: Biological Pathway
complement activation —

GO: Biological Pathway
cellular oxidant detoxification JHS

lement activat

mediatedby
GO: Cellular Component

immunoglobulin complex
blood microparticle {

immunoglobulin complex, circulating

KEGG Pathway ———————————
J Complement and coagulation cascades

Staphylococcus aureus infection
Coronavirus disease - COVID-19

20 3
~logy(adj. P)

0

40

cellular response to

cellular detoxification NN

GO: Cellular Component

secretory granule lumen
cytoplasmic vesicle lumen {
vesicle lumen

KEGG Pathway

2 4 s
-log,(adj. P)

Fig.4 Changes in proteins within EVs over time in SALS patients. a Scheme of time-series analysis using a clustering approach to examine

protein changes in sEVs and cEVs over time in SALS patients who participated in the ROPALS trial and had samples available up to 48w. b, d Plots
showing log,(fold change) changes in each protein from each sampling time from Ow in patients in the placebo and ROPI groups (sEVs: b, cEVs: d).
Clustering analysis (Ward's method, k= 3) of the differential changes in proteins within EVs from Ow to each sampling time in the placebo group
classified proteins into three groups according to the change in each protein over time: increased (sEVs: n=298, b left, red; cEVs: n=260, d left, red),
relatively unchanged (sEVs: n=297; b, left, gray, cEVs: n=1073, d, left, gray), and decreased (sEVs: n=466, b left, blue, cEVs: n=51, d left, blue). After
clustering, changes over time in the ROPI group of proteins belonging to each clustering group were plotted (sEVs: b right; cEVs: d right). Statistical
analysis was performed by two-way ANOVA followed by Bonferroni's multiple-comparisons test. ¢, @ GO (BP, CC, MF) and KEGG pathway analysis
(CEVs: ¢, SEVs: e) for increased and decreased protein groups based on the log,(fold change) clustering results of proteins in EVs in the placebo

group. *** indicates statistical significance at P<0.001
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Comparative analysis of DAPs, es-DAPs, and time-varying
proteins

Next, we calculated the cosine similarity of DAPs (con-
trols vs. SALS patients), es-DAPs (placebo 0—24w vs. ROPI
0-24w), and time-varying protein groups. The increased/
decreased protein groups identified in sEVs and cEVs were
clearly similar, which was supported by cluster analysis
(Fig. 5a, ¢, Supplementary Fig. S4a). Interestingly, the pro-
tein groups that increased/decreased in SALS patients or
increased/decreased over time were very similar to the pro-
tein groups that decreased/increased with ROPI adminis-
tration (Fig. 5a, c). These results suggest that ROPI has an
anti-ALS effect on protein profiles of EVs.

The protein groups that were increased/decreased in
SALS patients or over time and decreased/increased by
ROPI administration were subjected to GO (MF, BP, CC)
and KEGG pathway analysis. The protein group that was
increased in SALS patients or increased over time and
decreased by ROPI treatment was involved in the comple-
ment and coagulation cascades in both sEVs and cEVs (KP,
adj. P<0.001 and <0.001, respectively). Conversely, the pro-
tein group that decreased in SALS patients or decreased
over time and was increased by ROPI was enriched in Par-
kinson’s disease (KP, adj. P<0.001) and proteasome (KP,
adj. P=0.0001) for sEVs (Fig. 5b) and protein folding chap-
erone (ME, adj. P=0.0016), unfolded protein binding (MF,
adj. P=0.0113), and protein processing in the endoplasmic
reticulum (KP, adj. P=0.0344) for cEVs (Fig. 5d).

Next, we examined changes over time in SALS patients
with samples through 48w in the placebo and ROPI
groups to determine the mean levels of protein groups
that increased/decreased in SALS patients or over time
(Fig. 5e). Both the placebo and ROPI groups diverged
from the control distribution over time, but the ROPI
group distribution appeared to be suppressed with
respect to diverging from the control distribution.

These results suggest that inflammation, represented
by the complement and coagulation cascades, occurs in
SALS and that the EV content of proteins involved in the
UPR is decreased but that ROPI treatment ameliorates
inflammation and increases the amount of UPR-related
proteins (Fig. 5f).

Reverse translational research: iPSC-derived astrocyte

and iPSC-MN transcriptome changes by ROPI

We examined the possibility that ROPI acts on astro-
cytes and motor neurons to suppress neuroinflammation.
First, we generated healthy human-derived iPasts and
performed RNA-seq on astrocytes with or without ROPI
treatment. Furthermore, we obtained RNA-seq data of
healthy human-derived iPSC-MNs with and without
ROPI administration from the NCBI GEO database. The
PCA results showed that both the iPast and iPSC-MN
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transcriptomes under ROPI-treated/non-treated condi-
tions were clearly divided into two groups, suggesting
that ROPI treatment induced changes in the iPast and
iPSC-MNs transcriptomes (Fig. 6a, e). Next, we con-
firmed sufficient expression of DRD2 (Fig. 6b, f), sug-
gesting that both iPasts and iPSC-MNs may be subject to
D2R-dependent effects of ROPI treatment.

Additionally, we examined the transcriptome changes
upon ROPI administration and identified nine and eight
genes with significantly altered expression after ROPI
administration in iPasts and iPSC-MNs, respectively
(Fig. 6¢c, g). In iPasts, ROPI significantly upregulated
CRYAB expression and downregulated expression of the
chemokines CXCL14 and CCN2 (Fig. 6d, left). However,
the expression changes induced by ROPI treatment in
iPasts did not match the behavior in iPSC-MNs (Fig. 6h,
left). Genes involved in cholesterol synthesis, such as
MVD and ACAT2, were significantly decreased in iPSC-
MNs by ROPI treatment, which showed a similar trend
in iPasts (Fig. 6d, h, right). The suppressive effect of ROPI
on the expression of genes involved in cholesterol syn-
thesis was consistent with a previous report investigating
iPSC-MNs from SALS patients [15].

Biomarker search using proteins within EVs as clinical
indicators of ALS

Based on the detailed clinical patient data collected in
the ROPALS trial, we explored biomarkers for clinical
indication of ALS using proteins within EVs. First, we
approximated the change in the ALSFRS-R, a key clini-
cal indicator of ALS symptoms, during the ROPALS trial
with the model equation ALSFRS-R = exp(a * week) + b.
z-Score transformed a values (adj. a values) within each
ROPI and placebo group were calculated using —log;a,
where a represents the disease progression rate for each
patient (Fig. 7a). Higher adj. 4 values indicate slower dis-
ease progression. The aALSFRS-R was calculated from
the coefficients a and b at each sampling time. The fixed-
point disease progression rate was calculated by differen-
tiating the model equation at each sampling time.

Correlation analysis was performed between the con-
tent of each protein in EVs at Ow and the adj. a value (SEVs:
Fig. 7b, cEVs: Fig. 7e). Osteoglycin (OGN) and FERM and
PDZ domain containing 1 (FRMPD1) were identified as
the markers that best predicted the adj. a values, i.e., the
prognostic values of sEVs (R=0.809, P<0.001, Fig. 7c, d)
and cEVs (R=0.641, P=0.0029, Fig. 71, g).

Furthermore, correlation analyses were performed
between each protein in EVs at each sampling time,
the aALSFRS-R (Supplementary Figure S5a—f), and the
progression rate of the aALSFRS-R at that time (Sup-
plementary Fig. S5g-1).
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on the horizontal axis (sEVs: left, cEVs: right). Light-colored points indicate each sample, and arrows indicate trends over time. Black-bordered

point show the mean for each group. The control plot is the difference between the mean protein content at Ow for each patient and the mean. f
Schematic representation of protein composition and ROPI-induced changes in control and SALS EVs

Diagnostic biomarker search using machine learning

and machine learning-based classifier generation

Machine learning methods were used to build classifiers
to discriminate between samples from controls and SALS

patients based on the EV protein composition.

The accuracy of each model on the test sEV dataset
was 100% for the Random Forest Classifier, Gradient
Boosting Classifier, and AdaBoost Classifier. Further-
more, the Gradient Boosting Classifier had the highest

average accuracy for each model for validation dataset 1
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Fig. 6 Reverse translational research results: ROPI delivery to iPasts and iPSC-MNs. a, e The results of PCA of iPast and iPSC-MN transcriptomes
with and without ROPI treatment (red; (+) ROPI, gray; (—) ROPI). b, f Dopamine receptor expression in iPasts and iPSC-MNs with and without ROPI
treatment. ¢, g Volcano plots showing changes in iPasts and iPSC-MNs with and without ROPI treatment. d, h Heatmaps showing the expression
levels of DEGs identified in the comparative analysis of iPasts and iPSC-MNs with and without ROPI treatment. i Schematic representation of DRD2
expression and ROPI-induced expression changes in iPasts and iPSC-MNs
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Fig. 7 Biomarker search using proteins within EVs to identify clinical indicators of SALS. a Approximation equations were applied to the ALSFRS-R
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(ROPI-naive) and validation dataset 2 (ROPI-exposed),
which contain different batches from the training and
test datasets, with 155 proteins selected as features and
an accuracy of 90.4% (Fig. 8b).

The accuracy of each model for the cEV test dataset
was 100% for Perceptron and the Random Forest, Extra
Trees, Decision Tree, and XBG Classifiers. Furthermore,
the Random Forest Classifier had the highest average
accuracy for each model for the validation datasets, with
19 proteins selected as features and an accuracy of 80.3%
(Fig. 8¢).

The lists of features selected by each model are pro-
vided in Supplementary Table S4.

Discussion

A key finding of our study is the characterization of the
protein profiles of sEVs and cEVs from SALS patients,
marked by upregulation of inflammation-related pro-
teins, such as those involved in the complement and
coagulation cascades, and downregulation of pro-
teins associated with the UPR, compared with those in
controls. This alteration manifested in a pathological
progression-dependent manner over time (Fig. 2a—e).
Specifically, detection of SALS-specific proteins such as
immunoglobulin complexes and C-reactive protein in
cEVs from SALS patients (Supplementary Fig. S1b, Sup-
plementary Table S2) indicates inflammation within the

a

Explore optimal model

Preprocessing
Dataset 1 & -
Oversampling

Controls: n = 10/10 random

N2 times
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CSF of these patients. These proteins are known activa-
tors of complement pathways, particularly the classical
pathway, a finding consistent with the present results.
Past research demonstrated similar increases in inflam-
matory complement proteins in astrocyte-derived EVs
from Alzheimer’s disease patients [48, 49] and animal
models of Gulf War illness [50]. These findings suggest
that neurodegeneration-linked neuroinflammation aug-
ments complement-related proteins in EVs, which might
exacerbate neurological damage [51].

In contrast, sEVs and cEVs from SALS patients have
diminished levels of proteins related to the UPR (Fig. 2e).
Prior research aligns with our findings, indicating a
decrease in sEV HSP90 levels in ALS patients (without
distinguishing between familial ALS and SALS) [52],
which is consistent with our results. In vitro studies sug-
gest UPR-related proteins, including the HSP family, mit-
igate TDP-43 aggregation [53-55]. Of note, UPR-related
proteins, represented by the HSP70 and HSP90 fami-
lies, which are transported by EVs, enhance the protein
folding environment in recipient cells [56]. Astrocytes
also release HSP70-rich EVs under stress conditions
[57]. These observations suggest EVs delivering HSP
and other UPR proteins exert a neuroprotective effect.
The decline in UPR-related proteins in EVs from SALS
patients could indirectly promote TDP-43 aggregation in
motor neurons, worsening SALS pathology. Interestingly,
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Fig. 8 Exploration of diagnostic biomarkers using machine learning methods and generation of machine learning-based classifiers. a Schematic

of the learning framework for a limited sample size and unbalanced datasets. This framework consists of three steps: oversampling, parameter
searches, and feature selection. b, c Tables and heatmaps showing the accuracy of the trained models according to protein composition (sEVs: b
and cEVs: €). The test dataset contains an equal number of samples from controls and SALS patients (ROPI-naive). The ROPI-naive dataset consists

of samples collected from SALS patients before they received ROPI, and the ROPI-exposed dataset consists of samples taken from SALS patients
after they received ROPI. Accuracy is shown by %, and the average accuracy for the ROPI-naive and ROPI-exposed datasets is shown in the heatmap
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UPR-related protein levels were reduced in both sEVs
and cEVs, suggesting that decreases in these proteins
occur not only in the brain and spinal cord, but also in
circulating EVs throughout the body, may be involved in
the pathogenesis of SALS.

On the other hand, the increase in complement- and
coagulation-related proteins and the decrease in UPR-
related proteins in EVs observed in this study may be
common to some extent in neurodegenerative diseases.
As mentioned earlier, the increase in inflammation-
related proteins in EVs is associated with neuroinflam-
mation. In neurodegenerative diseases, inflammatory
responses are triggered by neurodegeneration [58], so
the increase in complement- and coagulation-related
proteins in EVs may not be specific to SALS, but may be
a phenomenon common to some extent in neurodegen-
erative diseases. Similarly, a decrease in UPR-associated
proteins may contribute to the disruption of proteosta-
sis in neurons. The possibility cannot be ruled out that
decreased UPR-associated proteins may be a common
phenomenon in neurodegenerative diseases, where the
accumulation of denatured proteins is a common phe-
nomenon. Future comprehensive studies of protein
composition in EVs of not only SALS but also other neu-
rodegenerative diseases, such as Alzheimer’s disease and
Parkinson’s disease, may advance our understanding of
neurodegenerative diseases as a whole.

Further comparisons of sEV and cEV protein composi-
tions revealed a similar disease-related trend in protein
group variations (Fig. 1f). The sEV and cEV protein con-
tent showed striking similarity in SALS patients and con-
trols, at least partly, suggestive of elevated blood—brain
barrier permeability in SALS patients. This observation
aligns with previous reports of increased blood—brain
barrier permeability in ALS patients [59—61], suggesting
that peripheral blood-derived EVs might be useful for
diagnosing and treating central nervous system lesions
[62].

Another significant finding of the present study is that
ROPI administration modulated pathological changes in
EV protein profiles toward control or early disease states.
ROPI, a D2R agonist, may be responsible for the observed
decrease in inflammation-related protein groups. Mul-
tiple studies support crucial roles of D2R in attenuating
neuroinflammation by microglia and astrocytes [63—65].
Activation of D2R is thought to suppress these nuclear
translocations by inducing increased expression of
CRYAB and promoting binding of CRYAB to STAT3 and
NF-«B in the cytoplasm (Supplementary Fig. 6) [66, 67].

In the present study, sufficient DRD2 expression in
iPasts was confirmed in healthy controls (Fig. 6b), and
ROPI treatment significantly increased CRYAB expres-
sion and decreased CCN2 and CXCLI4 expressions

Page 14 of 18

(Fig. 6¢, d). As mentioned earlier, in astrocytes, D2R
stimulation regulates innate immunity through CRYAB,
which suppresses neuroinflammation [63, 65]. Con-
versely, CCN2, as the CTGF/CCN2 complex, increases
the expression of inflammatory genes including
chemokines and cytokines and enhances inflammatory
responses through astrocyte activation [68, 69]. Addi-
tionally, CTGF was significantly upregulated in reac-
tive astrocytes in the anterior horn and white matter of
the spinal cord in SALS and familial ALS patients [70].
The neuroinflammatory role of CXCL14 is not well
understood, but its overexpression exacerbates colla-
gen-induced arthritis, and its addition to dendritic cells
results in increased NF-kB activity and their activa-
tion [71, 72], suggesting its involvement in inflamma-
tory responses. However, the ROPI-induced expression
changes in iPSC-MNs were not clearly consistent with
those in iPasts (Fig. 6¢, d, g, h), suggesting that the reduc-
tion of inflammation-related proteins in EVs by ROPI
administration may result from its action on cells other
than motor neurons, such as astrocytes. These results
and previous studies strongly support the possibility that
ROPI suppresses neuroinflammation via D2R stimulation
and suppresses the complement and coagulation-related
protein levels in EVs. Furthermore, reducing inflamma-
tion and decreasing the levels of proteins involved in the
complement and coagulation cascades in ALS patients
may be a potential therapeutic target for ALS.

We also examined biomarkers for various clinical indi-
cators of ALS. Among all candidates in sEVs and cEVs,
OGN (also known as mimecan) in sEVs was the best
marker for predicting disease progression. OGN is a tan-
dem leucine-rich repeat-containing protein that plays
a critical role in extracellular matrix assembly [73, 74]
and affects bone formation and fibrogenesis [75, 76].
Interestingly, OGN significantly increased IGF-2/IGFB2-
induced neurite outgrowth [77]. In this study, sEVs with
higher OGN levels at baseline were associated with
slower disease progression and a better prognosis, rais-
ing the possibility that OGN in EVs in peripheral blood
may have anti-ALS effects on neurons. However, the pos-
sibility that these results are simply correlations cannot
be excluded given the small sample size of this study and
that a comprehensive protein search in EVs was con-
ducted. Furthermore, it remains unclear whether these
candidate biomarker proteins are transported into MNs
by EVs from other cell types, and if so, whether they have
functional roles within MNs. To investigate this, one
approach would be to generate non-MN central nerv-
ous system cells, such as astrocytes, oligodendrocytes,
and microglia, from iPSCs and co-culture them with
MNs [78, 79]. This method would facilitate the study of
the influence of non-MN cells in ALS, with a particular
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focus on EV-mediated protein trafficking. Therefore, fur-
ther large-scale studies are needed to determine whether
these biomarkers are useful and of biological significance.

Additionally, this study evaluated the performance
of trained machine learning diagnostic models on the
protein profiles of sEV and cEV datasets. The Gradi-
ent Boosting Classifier performed well on the sEV data-
set (selected features, 155; accuracy on the test dataset,
100%; accuracy on the validation dataset, 90.4%), and
the Random Forest Classifier performed best on the cEV
dataset (selected features, 19; accuracy on the test data-
set, 100%; accuracy on the validation dataset, 80.3%).
Because the test dataset contained approximately half
of the control samples, we estimate that these trained
models can discriminate between control and SALS
patient samples with high accuracy. Furthermore, SALS
data measured in different batches could also be dis-
criminated with high accuracy, suggesting the versatility
of these trained models. Interestingly, classification by
the machine learning model was more accurate for sEVs
than for cEVs, suggesting that blood, which can be col-
lected less invasively, can be used with sufficient accu-
racy to diagnose SALS. However, several factors need
to be considered in this study. First, the sample size is
small, which may affect the robustness of the results.
Second, batch-to-batch differences may affect the accu-
racy of the results. Third, since this study was based on
a clinical trial consisting of 60 weeks, it was not possible
to include longer-term prognosis in the analysis. Finally,
the selected features do not always guarantee biological
interpretability. Therefore, further validation by larger
and longer-term studies is essential to develop diagnos-
tics based on protein composition in EVs and their clini-
cal application.

Most previous ALS studies related to proteins in
fluid-derived EVs have focused on TDP-43 in EVs.
Detection of TDP-43 in EVs is important for the diag-
nosis and understanding of the pathophysiology of
ALS because EVs act as “garbage cans” that release
intracellularly accumulated abnormal proteins. How-
ever, by identifying a comprehensive protein composi-
tion in EVs, this study revealed that various functional
proteins are altered in SALS, strongly suggesting that
these proteins may contribute to disease pathogenesis.
Furthermore, the protein composition changed signifi-
cantly with disease progression over time, which was
suppressed by ROPI administration.

Conclusions

In conclusion, our comprehensive EV protein com-
position analysis revealed various functional protein
alterations in SALS, potentially contributing to its
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pathogenesis. Furthermore, this composition changed
significantly over time, which could be mitigated by ROPI
administration. Our approach may prove invaluable for
understanding ALS pathogenesis and drug mechanisms
and awaits validation in future large-scale studies.
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Supplementary Material 5. Supplementary Figure S1. Identification and
analysis of SALS-specific proteins in EVs. a and b Scatterplot showing
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of protein profiles within EVs from controls and SALS patients.a and b



https://doi.org/10.1186/s41232-024-00346-1
https://doi.org/10.1186/s41232-024-00346-1

Kato et al. Inflammation and Regeneration (2024) 44:32

The clustering analysis results of each term in GO (BP) and KEGG pathway
analyses (sEVs: a, cEVs: b) for DAPs obtained by comparing the log,(fold
change) of placebo 0-24w and ROPI 0-24w samples. Each node repre-
sents a term, the color of each node represents the g value of each term,
and blue edges represent gene overlap.

Supplementary Material 7. Supplementary Figure S3. Clustering analysis
for changes in proteins within EVs over time in the placebo group. a Clus-
tering analysis of proteins within EVs in the placebo group was performed
using Ward's method with k=3 for changes over time according to the
log,(fold change) between Ow and at each sampling time. Dendrograms
show the clustering analysis results in sEVs and sEVs.

Supplementary Material 8. Supplementary Figure S4. Cosine similarity
analysis results of sEVs and cEVs. a Heat map showing the cosine similar-
ity analysis results for DAPs (control samples vs SALS patient samples),
es-DAPs (placebo 0-24w vs ROPI 0-24w), and proteins that increased/
decreased over time in sEVs and cEVs.

Supplementary Material 9. Supplementary Figure S5. Biomarker search

for clinical indicators of ALS using proteins within EVs. a-I Rank plots (sEVs:
aand g, cEVs: d and j) showing the correlation analysis results of the
amount of each protein contained in sEVs or cEVs at each time point and
the aALSFRS-R (a-f) and the progression speed at a fixed point (g-I). A cut-
off value of 0.5 was set for the correlation coefficient, and the table shows
the top five proteins (sEVs: b and h, cEVs: e and k). Scatter plots (SEVs:
and i, cEVs: fand I) show the proteins with the highest prediction accuracy
compared with the different indices.

Supplementary Material 10. Supplementary Figure S6. Schematic
illustration showing the molecular mechanism of neuroinflammation
suppression by the D2R-CRYAB pathway. a Activation of D2R is thought to
suppress these nuclear translocations by inducing increased expression
of CRYAB and promoting binding of CRYAB to STAT3 and NF-kB in the
cytoplasm.

Acknowledgements

We thank the coordinators, staff, physicians, and participants of the ROPALS
trial. We are also grateful to Selena Setsu (University of Tokyo), Yuki Oguma
and Hiroya Kobayashi (Keio University). We thank Lisa Kreiner, PhD, from Edanz
(https://jp.edanz.com/ac) for editing a draft of this manuscript.

Authors’ contributions

SM and ST designed the study. SM, ST, DI, YD, KO, and JN acquired the clinical
data and body fluid samples. SN and FO performed samples preparation. KU
performed the proteomics analysis. CK, KU, SM, and NK analysed the data. CK
and KU performed statistical analyses. CK, SM, ST, and HO contributed to the
interpretation of the results. ST and HO provided supervision. CK, SM, and NK
wrote the manuscript, and all authors corrected the manuscript and collec-
tively made the decision to submit for publication. This study was supported
by K Pharma, inc.

Funding

This study was supported by the grant support from Japan Society for

the Promotion of Science (JSPS) (KAKENHI Grant No. JP21H05278 and
JP22K15736 to S.M., JP22K07500 to S.T. and JP20H00485 to H.0.), Japan
Agency for Medical Research and Development (AMED) (Grant No.
JP22ek0109616, JP23bm 1123046, JP23kk0305024 to S.M., JP21wm0425009,
JP22bm0804003, JP22ek0109616, JP23bm 1423002 to H.O.),, and THE
YUKIHIKO MIYATA MEMORIAL TRUST FOR ALS RESEARCH, Yoshio Koide
Grant, Japan ALS Association, Daiichi Sankyo Foundation of Life Science
and UBE Academic Foundation to S.M during the conduct of the study.
NCNP biobank is partly supported by a grant from AMED, GAPFREE4
(21ak0101151h0002) and by an Intramural Research Grant (3-1) for Neuro-
logical and Psychiatric Disorders of NCNP.

Availability of data and materials

All raw data and codes are available from the corresponding author upon rea-
sonable request. The RNA-seq data were deposited in the NCBI GEO database
(GEO accession number GSE242978).

Page 16 of 18

Declarations

Ethics approval and consent to participate

This study was approved by the Institutional Review Board of Keio Univer-
sity Hospital (approval No. D18-01) and Keio University School of Medicine
(approval No. 20080016), and written informed consent was obtained from
the participants. The use of NCNP Biobank samples was approved by the
utilization committee (No. NCNPBB-0132) and the ethics committee of the
National Center of Neurology and Psychiatry (No. A2012-091).

Consent for publication
Not applicable.

Competing interests

HO reports grants and personal fees from K Pharma, Inc. during the conduct
of the study; personal fees from Sanbio Co. Ltd., outside the submitted work.
In addition, HO has a patent on a therapeutic agent for amyotrophic lateral
sclerosis and composition for treatment licensed to K Pharma, Inc. The other
authors have declared that no conflict of interest exists.

Author details

'Keio University Regenerative Medicine Research Center, Kanagawa 210-0821,
Japan. 2Department of Physiology, Keio University School of Medicine,

Tokyo 160-8582, Japan. *Division of Neurodegenerative Disease Research,
Tokyo Metropolitan Institute for Geriatrics and Gerontology, Tokyo, Japan.
“Cancer Proteomics Group, Cancer Precision Medicine Center, Japanese Foun-
dation for Cancer Research, Tokyo 135-8550, Japan. 5Department of Neurol-
ogy and Cerebrovascular Medicine, Saitama Medical University International
Medical Center, Saitama 350-1298, Japan. 6Department of Neurology, Keio
University School of Medicine, Tokyo 160-8582, Japan.

Received: 3 April 2024 Accepted: 26 June 2024
Published online: 12 July 2024

References

1. Chio A, Logroscino G, Hardiman O, Swingler R, Mitchell D, Beghi E, et al.
Prognostic factors in ALS: a critical review. Amyotroph Lateral Scler.
2009;10:310-23. https://doi.org/10.3109/17482960802566824.

2. Masrori P,Van Damme P. Amyotrophic lateral sclerosis: a clinical review.
Eur J Neurol. 2020,27:1918-29. https://doi.org/10.1111/ene.14393.

3. Zaborowski MP, Balaj L, Breakefield XO, Lai CP. Extracellular vesicles:
composition, biological relevance, and methods of study. Bioscience.
2015,65:783-97. https://doi.org/10.1093/biosci/biv084.

4. Doyle LM, Wang MZ. Overview of extracellular vesicles, their origin, com-
position, purpose, and methods for exosome isolation and analysis. Cells.
2019;8:727. https://doi.org/10.3390/cells8070727.

5. Barbo M, Ravnik-Glava¢ M. Extracellular vesicles as potential biomarkers
in amyotrophic lateral sclerosis. Genes (Basel). 2023;14:325. https://doi.
0rg/10.3390/genes14020325.

6. Urabe F, Kosaka N, Ito K, Kimura T, Egawa S, Ochiya T. Extracellular vesicles
as biomarkers and therapeutic targets for cancer. Am J Physiol Cell
Physiol. 2020;318:C29-39. https://doi.org/10.1152/ajpcell.00280.2019.

7. Gagliardi D, Bresolin N, Comi GP, Corti S. Extracellular vesicles and
amyotrophic lateral sclerosis: from misfolded protein vehicles to prom-
ising clinical biomarkers. Cell Mol Life Sci. 2021,78:561-72. https://doi.
org/10.1007/500018-020-03619-3.

8. Hardiman O, Al-Chalabi A, Chio A, Corr EM, Logroscino G, Rob-
berecht W, et al. Amyotrophic lateral sclerosis. Nat Rev Dis Primers.
2017;3:17071. https://doi.org/10.1038/nrdp.2017.71.

9. Verber NS, Shepheard SR, Sassani M, McDonough HE, Moore SA, Alix
JJP et al. Biomarkers in motor neuron disease: a state of the art review.
Front Neurol. 2019;10:291. https://doi.org/10.3389/fneur.2019.00291.

10. Kuzel MD. Ropinirole: a dopamine agonist for the treatment of Parkin-
son’s disease. Am J Health Syst Pharm. 1999;56:217-24. https://doi.org/
10.1093/ajhp/56.3.217.


https://jp.edanz.com/ac
https://doi.org/10.3109/17482960802566824
https://doi.org/10.1111/ene.14393
https://doi.org/10.1093/biosci/biv084
https://doi.org/10.3390/cells8070727
https://doi.org/10.3390/genes14020325
https://doi.org/10.3390/genes14020325
https://doi.org/10.1152/ajpcell.00280.2019
https://doi.org/10.1007/s00018-020-03619-3
https://doi.org/10.1007/s00018-020-03619-3
https://doi.org/10.1038/nrdp.2017.71
https://doi.org/10.3389/fneur.2019.00291
https://doi.org/10.1093/ajhp/56.3.217
https://doi.org/10.1093/ajhp/56.3.217

Kato et al. Inflammation and Regeneration

20.

21.

22.

23.
24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

(2024) 44:32

. Okano H, Yasuda D, Fujimori K, Morimoto S, Takahashi S. Ropinirole, a

new ALS drug candidate developed using iPSCs. Trends Pharmacol Sci.
2020;41:99-1009. https://doi.org/10.1016/j.tips.2019.12.002.

. Fujimori K, Ishikawa M, Otomo A, Atsuta N, Nakamura R, Akiyama T,

et al. Modeling sporadic ALS in iPSC-derived motor neurons identifies
a potential therapeutic agent. Nat Med. 2018;24:1579-89. https://doi.
0rg/10.1038/541591-018-0140-5.

. Okano H, Morimoto S. iPSC-based disease modeling and drug

discovery in cardinal neurodegenerative disorders. Cell Stem Cell.
2022,;29:189-208. https://doi.org/10.1016/j.stem.2022.01.007.

. Ito D, Morimoto S, Takahashi S, Okada K, Nakahara J, Okano H. Maiden

voyage: induced pluripotent stem cell-based drug screening for amyo-
trophic lateral sclerosis. Brain. 2023;146:13-9. https://doi.org/10.1093/
brain/awac306.

. Morimoto S, Takahashi S, Ito D, Daté Y, Okada K, Kato C, et al. Phase

1/2a clinical trial in ALS with ropinirole, a drug candidate identified by
iPSC drug discovery. Cell Stem Cell. 2023;30:766-780.€9. https://doi.
org/10.1016/j.stem.2023.04.017.

. Morimoto S, Takahashi S, Fukushima K, Saya H, Suzuki N, Aoki M, et al.

Ropinirole hydrochloride remedy for amyotrophic lateral sclerosis

- Protocol for a randomized, double-blind, placebo-controlled, single-
center, and open-label continuation phase I/lla clinical trial (ROPALS
trial). Regen Ther. 2019;11:143-66. https://doi.org/10.1016/j.reth.2019.
07.002.

. OmaeY, Goto Y-I, Tokunaga K. National Center Biobank Network. Hum

Genome Var. 2022;9:38. https://doi.org/10.1038/541439-022-00217-6.

. Van Rossum G, Drake FL. Python 3 reference manual. Scotts Valley, CA:

CreateSpace; 2009.

. Pedregosa F, Varoquaux G, Gramfort A, Michel V, Thirion B, Grisel O,

Blondel M, et al. Scikit-learn: machine learning in python. J Mach Learn
Res. 2011;12:2825-30.

Chen T, Guestrin C. XGBoost: a scalable tree boosting system. Proceed-
ings of the 22nd ACM SIGKDD International Conference on Knowledge
Discovery and Data Mining. New York, NY, USA: ACM; 2016. p. 785-94.
https://doi.org/10.1145/2939672.2939785.

Lemaitre G, Nogueira F, Aridas CK. Imbalanced-learn: a python toolbox
to tackle the curse of imbalanced datasets in machine learning. J Mach
Learn Res. 2017;18:1-5.

Leventoux N, Morimoto S, Imaizumi K, Sato Y, Takahashi S, Mashima K,
et al. Human astrocytes model derived from induced pluripotent stem
cells. Cells. 2020;9:2680. https://doi.org/10.3390/cells9122680.

R Core Team. R: A Language and Environment for Statistical Comput-
ing, Vienna. 2021. http://www.R-project.org/.

Torchiano M. Effsize: Efficient effect size computation 2020. https://doi.
org/10.5281/zenodo.1480624.

Hothorn T, Bretz F, Westfall P. Simultaneous inference in general para-
metric models. Biom J. 2008;50:346-63.

Chen S, Zhou 'Y, ChenY, Gu J. fastp: an ultra-fast all-in-one FASTQ
preprocessor. Bioinformatics. 2018;34:i884-90. https://doi.org/10.1093/
bioinformatics/bty560.

Patro R, Duggal G, Love M|, Irizarry RA, Kingsford C. Salmon provides
fast and bias-aware quantification of transcript expression. Nat Meth-
ods. 2017;14:417-9. https://doi.org/10.1038/nmeth.4197.

Soneson C, Love MI, Robinson MD. Differential analyses for RNA-seq:
transcript-level estimates improve gene-level inferences. F1000Res.
2015;4:1521. https://doi.org/10.12688/f1000research.7563.1.

Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. 2014;15:550.
https://doi.org/10.1186/513059-014-0550-8.

Gene Ontology Consortium. The Gene Ontology resource: enriching a
GOIld mine. Nucleic Acids Res. 2021;49:D325-34. https://doi.org/10.1093/
nar/gkaal113.

Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM, et al. Gene
ontology: tool for the unification of biology. Gene Ontol Consortium Nat
Genet. 2000;25:25-9. https://doi.org/10.1038/75556.

Kanehisa M, Furumichi M, Sato Y, Kawashima M, Ishiguro-Watanabe M.
KEGG for taxonomy-based analysis of pathways and genomes. Nucleic
Acids Res. 2023;51:D587-92. https://doi.org/10.1093/nar/gkac963.
Kanehisa M. Toward understanding the origin and evolution of cellular
organisms. Protein Sci. 2019;28:1947-51. https://doi.org/10.1002/pro.3715.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

Page 17 of 18

Kanehisa M, Goto S. KEGG: kyoto encyclopedia of genes and genomes.
Nucleic Acids Res. 2000;28:27-30. https://doi.org/10.1093/nar/28.1.27.
Raudvere U, Kolberg L, Kuzmin I, Arak T, Adler P, Peterson H, et al.
g:Profiler: a web server for functional enrichment analysis and conver-
sions of gene lists (2019 update). Nucleic Acids Res. 2019;47:W191-8.
https://doi.org/10.1093/nar/gkz369.

Reimand J, Isserlin R, Voisin V, Kucera M, Tannus-Lopes C, Rostamianfar A,
et al. Pathway enrichment analysis and visualization of omics data using
g:Profiler, GSEA. Cytoscape and EnrichmentMap Nat Protoc. 2019;14:482—
517. https://doi.org/10.1038/541596-018-0103-9.

Wild F. Isa: Latent Semantic Analysis 2022. https://doi.org/10.32614/CRAN.
package.lsa.

Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, et al.
Cytoscape: a software environment for integrated models of biomolecu-
lar interaction networks. Genome Res. 2003;13:2498-504.

Merico D, Isserlin R, Stueker O, Emili A, Bader GD. Enrichment map: a
network-based method for gene-set enrichment visualization and inter-
pretation. Plos One. 2010;5:213984. https://doi.org/10.1371/journal.pone.
0013984.

Kucera M, Isserlin R, Arkhangorodsky A, Bader GD. AutoAnnotate: a
Cytoscape app for summarizing networks with semantic annotations.
F1000Res. 2016;5:1717. https://doi.org/10.12688/f1000research.9090.1.
Lawrence MA. ez: Easy Analysis and visualization of factorial experiments
2016. https://doi.org/10.32614/CRAN.package.ez.

Lenth RV. emmeans: estimated marginal means, aka Least-Squares
Means 2023. https://doi.org/10.32614/CRAN.package.emmeans.

Andreu Z, Yanez-Mo6 M. Tetraspanins in extracellular vesicle formation
and function. Front Immunol. 2014;5:442. https://doi.org/10.3389/fimmu.
2014.00442.

Arai T, Hasegawa M, Akiyama H, Ikeda K, Nonaka T, Mori H, et al. TDP-43 is
a component of ubiquitin-positive tau-negative inclusions in fronto-
temporal lobar degeneration and amyotrophic lateral sclerosis. Biochem
Biophys Res Commun. 2006;351:602-11. https://doi.org/10.1016/j.bbrc.
2006.10.093.

Chen P-C, Wu D, Hu C-J, Chen H-Y, Hsieh Y-C, Huang C-C. Exosomal TAR
DNA-binding protein-43 and neurofilaments in plasma of amyotrophic
lateral sclerosis patients: a longitudinal follow-up study. J Neurol Sci.
2020;418:117070. https://doi.org/10.1016/}.jns.2020.117070.

Sproviero D, La Salvia S, Giannini M, Crippa V, Gagliardi S, Bernuzzi S, et al.
Pathological proteins are transported by extracellular vesicles of sporadic
amyotrophic lateral sclerosis patients. Front Neurosci. 2018;12:487.
https://doi.org/10.3389/fnins.2018.00487.

Ding X, Ma M, Teng J, Teng RKF, Zhou S, Yin J, et al. Exposure to ALS-
FTD-CSF generates TDP-43 aggregates in glioblastoma cells through
exosomes and TNTs-like structure. Oncotarget. 2015;6:24178-91. https://
doi.org/10.18632/oncotarget.4680.

Winston CN, Goetzl EJ, Schwartz JB, Elahi FM, Rissman RA. Complement
protein levels in plasma astrocyte-derived exosomes are abnormal

in conversion from mild cognitive impairment to Alzheimer’s disease
dementia. Alzheimers Dement (Amst). 2019;11:61-6. https://doi.org/10.
1016/j.dadm.2018.11.002.

Goetzl EJ, Schwartz JB, Abner EL, Jicha GA, Kapogiannis D. High comple-
ment levels in astrocyte-derived exosomes of Alzheimer disease. Ann
Neurol. 2018;83:544-52. https://doi.org/10.1002/ana.25172.

Madhu LN, Attaluri S, Kodali M, Shuai B, Upadhya R, Gitai D, et al. Neuro-
inflammation in Gulf War lliness is linked with HMGB1 and complement
activation, which can be discerned from brain-derived extracellular
vesicles in the blood. Brain Behav Immun. 2019;81:430-43. https://doi.
0rg/10.1016/j.bbi.2019.06.040.

Upadhya R, Zingg W, Shetty S, Shetty AK. Astrocyte-derived extracellular
vesicles: Neuroreparative properties and role in the pathogenesis of
neurodegenerative disorders. J Control Release. 2020;323:225-39. https://
doi.org/10.1016/jjconrel.2020.04.017.

Pasetto L, Callegaro S, Corbelli A, Fiordaliso F, Ferrara D, Brunelli L, et al.
Decoding distinctive features of plasma extracellular vesicles in amyo-
trophic lateral sclerosis. Mol Neurodegener. 2021;16:52. https://doi.org/
10.1186/513024-021-00470-3.

Udan-Johns M, Bengoechea R, Bell S, Shao J, Diamond MI, True HL, et al.
Prion-like nuclear aggregation of TDP-43 during heat shock is regulated
by HSP40/70 chaperones. Hum Mol Genet. 2014;23:157-70. https://doi.
0rg/10.1093/hmg/ddt408.


https://doi.org/10.1016/j.tips.2019.12.002
https://doi.org/10.1038/s41591-018-0140-5
https://doi.org/10.1038/s41591-018-0140-5
https://doi.org/10.1016/j.stem.2022.01.007
https://doi.org/10.1093/brain/awac306
https://doi.org/10.1093/brain/awac306
https://doi.org/10.1016/j.stem.2023.04.017
https://doi.org/10.1016/j.stem.2023.04.017
https://doi.org/10.1016/j.reth.2019.07.002
https://doi.org/10.1016/j.reth.2019.07.002
https://doi.org/10.1038/s41439-022-00217-6
https://doi.org/10.1145/2939672.2939785
https://doi.org/10.3390/cells9122680
http://www.R-project.org/
https://doi.org/10.5281/zenodo.1480624
https://doi.org/10.5281/zenodo.1480624
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1038/nmeth.4197
https://doi.org/10.12688/f1000research.7563.1
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1093/nar/gkaa1113
https://doi.org/10.1093/nar/gkaa1113
https://doi.org/10.1038/75556
https://doi.org/10.1093/nar/gkac963
https://doi.org/10.1002/pro.3715
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1093/nar/gkz369
https://doi.org/10.1038/s41596-018-0103-9
https://doi.org/10.32614/CRAN.package.lsa
https://doi.org/10.32614/CRAN.package.lsa
https://doi.org/10.1371/journal.pone.0013984
https://doi.org/10.1371/journal.pone.0013984
https://doi.org/10.12688/f1000research.9090.1
https://doi.org/10.32614/CRAN.package.ez
https://doi.org/10.32614/CRAN.package.emmeans
https://doi.org/10.3389/fimmu.2014.00442
https://doi.org/10.3389/fimmu.2014.00442
https://doi.org/10.1016/j.bbrc.2006.10.093
https://doi.org/10.1016/j.bbrc.2006.10.093
https://doi.org/10.1016/j.jns.2020.117070
https://doi.org/10.3389/fnins.2018.00487
https://doi.org/10.18632/oncotarget.4680
https://doi.org/10.18632/oncotarget.4680
https://doi.org/10.1016/j.dadm.2018.11.002
https://doi.org/10.1016/j.dadm.2018.11.002
https://doi.org/10.1002/ana.25172
https://doi.org/10.1016/j.bbi.2019.06.040
https://doi.org/10.1016/j.bbi.2019.06.040
https://doi.org/10.1016/j.jconrel.2020.04.017
https://doi.org/10.1016/j.jconrel.2020.04.017
https://doi.org/10.1186/s13024-021-00470-3
https://doi.org/10.1186/s13024-021-00470-3
https://doi.org/10.1093/hmg/ddt408
https://doi.org/10.1093/hmg/ddt408

Kato et al. Inflammation and Regeneration

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

(2024) 44:32

Freibaum BD, Chitta RK, High AA, Taylor JP. Global analysis of TDP-43
interacting proteins reveals strong association with RNA splicing and
translation machinery. J Proteome Res. 2010;9:1104-20. https://doi.org/
10.1021/pr901076y.

Zhang Y-J, Gendron TF, Xu Y-F, Ko L-W, Yen S-H, Petrucelli L. Phosphoryla-
tion regulates proteasomal-mediated degradation and solubility of

TAR DNA binding protein-43 C-terminal fragments. Mol Neurodegener.
2010;5:33. https://doi.org/10.1186/1750-1326-5-33.

Takeuchi T, Suzuki M, Fujikake N, Popiel HA, Kikuchi H, Futaki S, et al.
Intercellular chaperone transmission via exosomes contributes to mainte-
nance of protein homeostasis at the organismal level. Proc Natl Acad Sci
U S A.2015;112:E2497-506. https://doi.org/10.1073/pnas.1412651112.
Taylor AR, Robinson MB, Gifondorwa DJ, Tytell M, Milligan CE. Regulation
of heat shock protein 70 release in astrocytes: role of signaling kinases.
Dev Neurobiol. 2007;67:1815-29. https://doi.org/10.1002/dneu.20559.
Zhang W, Xiao D, Mao Q, Xia H. Role of neuroinflammation in neuro-
degeneration development. Signal Transduct Target Ther. 2023;8:267.
https://doi.org/10.1038/541392-023-01486-5.

Kwan JY, Jeong SY, Van Gelderen P, Deng H-X, Quezado MM, Danielian
LE, et al. Iron accumulation in deep cortical layers accounts for MRI signal
abnormalities in ALS: correlating 7 tesla MRI and pathology. Plos One.
2012;7:e35241. https://doi.org/10.1371/journal.pone.0035241.

Henkel JS, Beers DR, Wen S, Bowser R, Appel SH. Decreased mRNA expres-
sion of tight junction proteins in lumbar spinal cords of patients with ALS.
Neurology. 2009;72:1614-6. https://doi.org/10.1212/WNL.0b013e3181
a41228.

Winkler EA, Sengillo JD, Sullivan JS, Henkel JS, Appel SH, Zlokovic BV.
Blood-spinal cord barrier breakdown and pericyte reductions in amyo-
trophic lateral sclerosis. Acta Neuropathol. 2013;125:111-20. https://doi.
org/10.1007/500401-012-1039-8.

Gao P, Li X, Du X, Liu S, Xu Y. Diagnostic and therapeutic potential

of exosomes in neurodegenerative diseases. Front Aging Neurosci.
2021;13:790863. https://doi.org/10.3389/fnagi.2021.790863.

Ousman SS, Tomooka BH, van Noort JM, Wawrousek EF, O'Connor KC,
Hafler DA, et al. Protective and therapeutic role for alphaB-crystallin in
autoimmune demyelination. Nature. 2007;448:474-9. https://doi.org/10.
1038/nature05935.

Pike AF, Longhena F, Faustini G, van Eik J-M, Gombert |, Herrebout MAC,
et al. Dopamine signaling modulates microglial NLRP3 inflammasome
activation: implications for Parkinson’s disease. J Neuroinflammation.
2022;19:50. https://doi.org/10.1186/512974-022-02410-4.

Bhat R, Steinman L. Innate and adaptive autoimmunity directed to the
central nervous system. Neuron. 2009;64:123-32. https://doi.org/10.
1016/j.neuron.2009.09.015.

QiuJ,Yan Z, Tao K, LiY, LiY, Li J, et al. Sinomenine activates astrocytic
dopamine D2 receptors and alleviates neuroinflammatory injury via the
CRYAB/STAT3 pathway after ischemic stroke in mice. J Neuroinflamma-
tion. 2016;13:263. https://doi.org/10.1186/512974-016-0739-8.

Zhang Y, ChenY,Wu J, Manaenko A, Yang P, Tang J, et al. Activation

of dopamine D2 receptor suppresses neuroinflammation through
aB-crystalline by inhibition of NF-kB nuclear translocation in experimen-
tal ICH mice model. Stroke. 2015;46:2637-46. https://doi.org/10.1161/
STROKEAHA.115.009792.

Seher A, Nickel J, Mueller TD, Kneitz S, Gebhardt S, ter Vehn TM, et al.
Gene expression profiling of connective tissue growth factor (CTGF)
stimulated primary human tenon fibroblasts reveals an inflammatory and
wound healing response in vitro. Mol Vis. 2011;17:53-62.
Sanchez-Lopez E, Rayego S, Rodrigues-Diez R, Rodriguez JS, Rodrigues-
Diez R, Rodriguez-Vita J, et al. CTGF promotes inflammatory cell infiltra-
tion of the renal interstitium by activating NF-kappaB. J Am Soc Nephrol.
2009;20:1513-26. https://doi.org/10.1681/ASN.2008090999.

Spliet WGM, Aronica E, Ramkema M, Aten J, Troost D. Increased expres-
sion of connective tissue growth factor in amyotrophic lateral sclerosis
human spinal cord. Acta Neuropathol. 2003;106:449-57. https://doi.org/
10.1007/500401-003-0741-y.

Chen L, Guo L, Tian J, He H, Marinova E, Zhang P, et al. Overexpression

of CXC chemokine ligand 14 exacerbates collagen-induced arthritis. J
Immunol. 2010;184:4455-9. https://doi.org/10.4049/jimmunol.0900525.
Shurin GV, Ferris RL, Tourkova IL, Perez L, Lokshin A, Balkir L, et al. Loss of
new chemokine CXCL14 in tumor tissue is associated with low infiltration
by dendritic cells (DC), while restoration of human CXCL14 expression in

73.

74.

75.

76.

77.

78.

79.

Page 18 of 18

tumor cells causes attraction of DC both in vitro and in vivo. J Immunol.
2005;174:5490-8. https://doi.org/10.4049/jimmunol.174.9.5490.

Low SWY, Connor TB, Kassem IS, Costakos DM, Chaurasia SS. Small leu-
cine-rich proteoglycans (SLRPs) in the retina. Int J Mol Sci. 2021;22:7293.
https://doi.org/10.3390/ijms22147293.

Nulali J, Zhan M, Zhang K, Tu P, Liu Y, Song H. Osteoglycin: an ECM fac-
tor regulating fibrosis and tumorigenesis. Biomolecules. 2022;12:1674.
https://doi.org/10.3390/biom12111674.

Deckx S, Heggermont W, Carai P, Rienks M, Dresselaers T, Himmelreich

U, et al. Osteoglycin prevents the development of age-related diastolic
dysfunction during pressure overload by reducing cardiac fibrosis and
inflammation. Matrix Biol. 2018;66:110-24. https://doi.org/10.1016/].
matbio.2017.09.002.

Starup-Linde J, Viggers R, Handberg A. Osteoglycin and Bone-a System-
atic Review. Curr Osteoporos Rep. 2019;17:250-5. https://doi.org/10.
1007/511914-019-00523-7.

Jeong EY,Kim S, Jung S, Kim G, Son H, Lee DH, et al. Enhancement of IGF-
2-induced neurite outgrowth by IGF-binding protein-2 and osteoglycin
in SH-SY5Y human neuroblastoma cells. Neurosci Lett. 2013;548:249-54.
https://doi.org/10.1016/j.neulet.2013.05.038.

Taylor JP, Brown RH, Cleveland DW. Decoding ALS: from genes to mecha-
nism. Nature. 2016,539:197-206. https://doi.org/10.1038/nature20413.
Okano H, Morimoto S, Kato C, Nakahara J, Takahashi S. Induced pluripo-
tent stem cells-based disease modeling, drug screening, clinical trials,
and reverse translational research for amyotrophic lateral sclerosis. J
Neurochem. 2023;167:603. https://doi.org/10.1111/jnc.16005.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1021/pr901076y
https://doi.org/10.1021/pr901076y
https://doi.org/10.1186/1750-1326-5-33
https://doi.org/10.1073/pnas.1412651112
https://doi.org/10.1002/dneu.20559
https://doi.org/10.1038/s41392-023-01486-5
https://doi.org/10.1371/journal.pone.0035241
https://doi.org/10.1212/WNL.0b013e3181a41228
https://doi.org/10.1212/WNL.0b013e3181a41228
https://doi.org/10.1007/s00401-012-1039-8
https://doi.org/10.1007/s00401-012-1039-8
https://doi.org/10.3389/fnagi.2021.790863
https://doi.org/10.1038/nature05935
https://doi.org/10.1038/nature05935
https://doi.org/10.1186/s12974-022-02410-4
https://doi.org/10.1016/j.neuron.2009.09.015
https://doi.org/10.1016/j.neuron.2009.09.015
https://doi.org/10.1186/s12974-016-0739-8
https://doi.org/10.1161/STROKEAHA.115.009792
https://doi.org/10.1161/STROKEAHA.115.009792
https://doi.org/10.1681/ASN.2008090999
https://doi.org/10.1007/s00401-003-0741-y
https://doi.org/10.1007/s00401-003-0741-y
https://doi.org/10.4049/jimmunol.0900525
https://doi.org/10.4049/jimmunol.174.9.5490
https://doi.org/10.3390/ijms22147293
https://doi.org/10.3390/biom12111674
https://doi.org/10.1016/j.matbio.2017.09.002
https://doi.org/10.1016/j.matbio.2017.09.002
https://doi.org/10.1007/s11914-019-00523-z
https://doi.org/10.1007/s11914-019-00523-z
https://doi.org/10.1016/j.neulet.2013.05.038
https://doi.org/10.1038/nature20413
https://doi.org/10.1111/jnc.16005

	Proteomic insights into extracellular vesicles in ALS for therapeutic potential of Ropinirole and biomarker discovery
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Study participants
	ROPALS trial and bloodCSF sampling
	EV isolation and mass spectrometry
	Comprehensive quantification of EV proteins
	Machine learning
	iPSC-derived astrocyte and spinal motor neuron study
	iPSC-derived astrocyte study

	Ribonucleic acid sequencing (RNA-seq)
	iPSC-MN analysis
	Analysis tools
	Statistics

	Results
	Study participants
	Protein compositions of sEVs and cEVs differed from each other and from controls and SALS patients
	Comparative analysis of protein composition of EVs from controls and SALS patients
	Comparison of DAPs (controls vs. SALS patients) in sEVs and cEVs
	ROPI decreases complement and coagulation-related and increases UPR-related proteins in EVs
	Protein changes in sEVs and cEVs over time
	Comparative analysis of DAPs, es-DAPs, and time-varying proteins
	Reverse translational research: iPSC-derived astrocyte and iPSC-MN transcriptome changes by ROPI
	Biomarker search using proteins within EVs as clinical indicators of ALS
	Diagnostic biomarker search using machine learning and machine learning-based classifier generation

	Discussion
	Conclusions
	Acknowledgements
	References


