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A B S T R A C T

Extracellular vesicles, small reservoirs that carry various biomolecules, have gained significant interest from the
clinical field in recent years based on the diagnostic, therapeutic and prognostic possibilities they offer. While
information abound regarding the clinical potential of such vesicles in diverse conditions, the information de-
monstrating their likely importance in amyotrophic lateral sclerosis (ALS) is more limited. This review will thus
provide a brief introduction to extracellular vesicles, highlight their diagnostic significance in various diseases
with a focus on ALS and explore additional applications of extracellular vesicles in the medical field. Overall, this
work sheds further light on the clinical importance of extracellular vesicles in diagnostic applications as well as
supports the need to better characterize their roles and signatures in patients diagnosed with ALS.

1. Introduction

Extracellular vesicles have gathered significant attention in recent
years notably due to the various clinical applications they have been
associated with. From simple cell-derived reservoirs containing a het-
erogeneous mixture of biomolecules, extracellular vesicles are now
being investigated for applications as diverse as disease diagnosis or
novel means to monitor therapy response. With a particular interest in
highlighting their potential in amyotrophic lateral sclerosis (ALS), this
review will first introduce extracellular vesicles and their contents be-
fore presenting select studies that have demonstrated the diagnostic
potential of extracellular vesicles in numerous conditions. Finally, we
present growing evidence of the clinical usefulness of extracellular
vesicles in multiple models of ALS as well as discuss additional clinical
applications associated with these molecular reservoirs.

2. Extracellular vesicles: an overview

2.1. Extracellular vesicles (exosomes and ectosomes)

Members of the International Society of Extracellular Vesicles
(ISEV) have collectively endorsed the generic term extracellular ve-
sicles (EVs) as all particles naturally released from the cell. EVs can be

further subdivided into exosomes and ectosomes (microparticles and
microvesicles) based on their biogenesis. Exosomes are defined as those
derived from endosomal pathways and multivesicular bodies, whereas
ectosomes are defined as those derived from the plasma membrane
[1,2]. As highlighted in a recent ISEV position paper [3], there is cur-
rently no consensus on defining specific markers for the EV subtypes. As
such, authors are now recommended to consider use of operational
terms such as physical characteristics (size, density), biochemical
composition or descriptions of conditions or cell of origin when ap-
propriate [3]. For the purpose of this review, it is important to note that
the original published nomenclature utilized in the literature is used
when referring to the role of respective EVs and their cargo in the di-
agnostic potential of ALS. In general, exosomes are small (30–150 nm)
EVs with a flotation density of 1.10–1.18 g/ml. They have been isolated
from many biological fluids using a variety of methods such as ultra-
centrifugation and ultrafiltration [4,5]. Their biochemical composition
and associated cargo, including DNA, mRNA, miRNA and proteins, have
been extensively reported and are available in online databases such as
ExoCarta [6], Vesiclepedia [7], and exRNA Atlas [8]. In contrast, ec-
tosomes are large (0.1–1.0 μm) EVs with a range of flotation densities.
They have also been isolated from similar biological fluids. The non-
invasive and increasingly straightforward means via which these re-
servoirs can be isolated make them attractive targets for the
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investigation of circulating biomarkers with clinical relevance. Both
exosomes and ectosomes have been suggested to contain valuable ma-
terial for diagnostic approaches in many diseases. For example, the
body of work reporting their use as diagnostic tools to identify various
types of cancer is vast and has been extensively reviewed elsewhere
[9–11]. In addition, several examples from cancer-focused work have
highlighted the successful isolation and the diagnostic potential of EVs
in biological samples as diverse as saliva [12,13], urine [14,15] and
cerebrospinal fluid (CSF) [16]. A schematic overview of circulating EVs
and of molecular content relevant to ALS discussed below is presented
in Fig. 1. Taken together, these findings are only a sub-set of examples
showing the impressive body of knowledge reported in recent years on
the clinical potential of EVs in the field of cancer and which have
helped fuel advances in the development of EVs-associated diagnostic
applications in other conditions including neurodegenerative diseases
that will be discussed in the next section.

2.2. Extracellular vesicles as diagnostic tools in neurodegenerative diseases

There has also been a marked interest in exploring the molecular
contents of EVs for diverse clinical means in a number of neurode-
generative diseases including Alzheimer's disease (AD) and Parkinson's
disease (PD). The diagnostic challenges associated with such conditions
have supported investigating these circulating reservoirs for the dis-
covery of novel biomarkers. Numerous parameters associated with
these reservoirs support their use as diagnostic tools for central nervous
system (CNS) disorders and have been discussed elsewhere [17–19].
These notably include the presence of disease-associated molecular
footprints found in EVs as well as the relative stability of EV-held car-
goes, such as microRNAs, highlighting the diagnostic potential of EVs
collected from circulating samples such as blood to monitor underlying
pathogenic processes of CNS. Identification of EVs in CSF as well as
evidence of their ability to cross the blood-brain barrier (BBB) further
justify their potential as a source of biomarkers relevant for CNS con-
ditions. It is nevertheless important to point out that the speed, cost as

well as purity of EVs remain inherent challenges associated with the
standardization of protocols leveraged to purify these reservoirs and
work to address this need has been discussed by others [20,21]. Pio-
neering studies performed in AD highlighted the likely importance of
EVs in neurodegenerative diseases. For example, it was shown that
amyloid β peptides, which underlie the formation of amyloid plaques,
were released from cells in association with exosomes in AD [22]. This
work also revealed an accumulation of exosome-associated proteins in
amyloid plaques supporting the potential involvement of these re-
servoirs in plaque formation. EVs isolated from human and mouse AD
plasma samples were shown to promote neuronal toxicity and it was
speculated that the EVs-mediated delivery of amyloid β peptides could
underlie this observation [23]. A recent study also demonstrated in-
creased levels of oligomeric amyloid β in serum exosomes collected
from a transgenic mouse model of AD [24]. Elevated levels of oligo-
meric amyloid β were also observed in exosomes obtained from post-
mortem brain tissues of AD patients [25]. This work additionally pro-
vided evidence of amyloid β oligomers internalization and inter-
neuronal propagation using co-culture systems. Another AD-relevant
protein, tau, was found associated with exosomes isolated from CSF of
patients with this condition [26]. Exosome-mediated, neuron-to-
neuron, propagation of tau was shown using co-culture of cells with
microfluidic devices [27]. Elevated levels of select phosphorylated
forms of tau protein were reported in blood exosomes of patients with
AD and were associated with their potential to identify AD development
several years before its onset [28]. Several examples have also high-
lighted the potential clinical relevance of EVs in patients diagnosed
with PD. Recent work showed elevated plasma levels of exosomes de-
rived from neurons in PD patients when compared to control in-
dividuals or patients diagnosed with multiple system atrophy [29].
Furthermore, the value of characterizing exosomal contents of PD-re-
levant biomolecules, including α-synuclein, has been investigated in
various studies. For example, elevated levels of exosomal α-synuclein
were reported in PD patients plasma samples and correlated with dis-
ease severity [30]. Interestingly, reduced levels of exosomal α-

Fig. 1. Extracellular vesicles crossing the blood-brain barrier and relevance for ALS. Schematic representation of extracellular vesicles crossing the blood-brain
barrier. Molecular content of such circulating reservoirs holds diagnostic potential for diverse conditions. Select molecular targets of relevance for ALS, including
DPRs, FUS, SOD1, TDP-43 and miRNAs, have been identified in ALS samples and are further discussed in the text. *Multiple potential mechanisms for the trafficking
of EVs from the CNS to blood and vice versa have been discussed elsewhere [133].
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synuclein were observed in PD patients CSF samples [31]. This work
showed that exosomal α-synuclein derived from CSF of PD patients
could promote α-synuclein oligomerization in a reporter cell line fur-
ther supporting the importance of this target in PD. A recent study also
reported lower levels of α-synuclein in CNS-derived exosomes purified
from serum samples of patients with PD when compared with similar
samples from healthy controls or individuals with essential tremor-as-
sociated early stage PD [32]. Fluctuating levels of oligomeric α-synu-
clein in salivary as well as in plasma neural-associated exosomes also
highlight the diagnostic potential of this target in PD [33,34]. In ad-
dition to α-synuclein, other markers with relevance to neurodegen-
erative disease have been identified in exosomal fractions collected
from PD patients. CNS-derived exosomes were found to contain tau
protein in mouse plasma and increased CNS-derived exosomal tau was
measured in plasma obtained from PD patients versus control samples
[35]. Overall, these studies provide a glimpse of the clinical potential
associated with the contents of EVs for patients with a neurodegen-
erative disease.

3. Amyotrophic lateral sclerosis and extracellular vesicles

3.1. ALS overview and need for early detection

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease
characterized by selective loss of upper motor neurons (UMN) and
lower motor neurons (LMN) ultimately leading to progressive loss of
control of voluntary muscles [36,37]. Death occurs from respiratory
insufficiency in most persons living with ALS (PALS) three to five years
following the onset of symptoms [38,39]. Identification of one to two
new cases per year is observed per 100,000 persons annually in most
countries [40]. While no single test exists to pose a definite diagnosis of
ALS, current approaches to diagnose this condition involve assessment
of various clinical parameters aligned with the identification of UMN
and LMN signs in the bulbar, thoracic, and/or limb regions [41].
Clinical features of UMN involvement, an important finding to confirm
ALS diagnosis, can be challenging to observe in patients with LMN
impairment [42]. LMN impairment can be assessed using a variety of
approaches including estimation of the motor unit number index
(MUNIX) and the neurophysiological index (NI) providing appreciable
sensitivity in LMN dysfunction assessment [43]. The use of electro-
myography (EMG) is important for diagnosis and can help distinguish
ALS from similar conditions such as multifocal motor neuropathy or
primary lateral sclerosis [44]. EMG-based investigation can yield ad-
ditional insights notably by detecting denervation and reinnervation
characteristics of LMN dysfunction [45]. Nevertheless, PALS frequently
exhibit symptoms that are associated with other conditions contributing
to a high rate of initial misdiagnosis [46,47], as well as delay in diag-
nosis.

Early and efficient diagnosis of ALS, including identify the various
forms of ALS, thus remains a significant challenge. According to po-
pulation-based studies, PALS are typically classified as sporadic ALS
(sALS) while only approximately 10% present with familial ALS (fALS)
[48,49], although emerging genetic findings suggest familial forms may
be more common than this. The latter involves a family history fre-
quently associated with hallmark mutations introduced in subsequent
sections. However, evidences of a genetic component involving the
former are known [50,51] and both share a similar clinical picture. The
two predominant clinical forms of ALS are the spinal onset and the
bulbar onset [52]. The spinal form is more common with symptoms
typically onset asymmetrically in one or more limbs. The bulbar form,
associated with speech and/or swallowing impairment at onset, has a
less favorable survival prognosis [53,54]. Various phenotypic patterns
are recognized in ALS, with a range of involvement of UMN versus
LMN, such that some patients have greater spasticity and more mild
progression of weakness, whereas others may have more profound
muscle atrophy and more rapid progression [55]. It has been reported

that as many as 50% of sALS patients have evidence of cognitive im-
pairment, from subtle language impairment to marked frontotemporal
dementias [56]. Recent growth in studies of the pathogenesis of ALS has
contributed to a better characterization of the clinical spectrum of this
condition and numerous molecular biomarkers, including ones for di-
agnosis, progression or therapy response, have been proposed to iden-
tify select forms of ALS [57,58]. Nevertheless, robust biomarkers to
diagnose the diverse forms of ALS are needed.

Care provided by a multidisciplinary team of specialists can prolong
survival and improve quality of life for PALS [59]. Unfortunately, the
therapeutic options available remain sparse. Riluzole, a compound with
neuroprotective properties used for ALS treatment, has been linked
with improved median survival of patients by a few months [60,61].
Edaravone, a free-radical scavenger and the only other drug approved
for the treatment of ALS, appears to demonstrate efficacy yet in limited
sub-sets of ALS patients [62,63]. Additional treatments displaying
greater efficacy than these options as well as optimization of current
clinical trials for ALS remain to be performed [64,65]. The ALSFRS-R
(ALS functional rating scale-revised), based on assessment of the level
of impairment across a variety of functions, such as walking, speaking,
dressing and breathing, can be used to monitor ALS progression [66],
and is often used in clinical trials as an outcome measure, along with
time to death and/or respiratory failure. Improvement of clinical trials,
which sometimes exclude patients with disease duration beyond two
years, must be considered. Biomarkers, with diagnostic or prognostic
relevance, are therefore necessary to facilitate the early diagnosis of
ALS or to monitor response of PALS towards a given compound or
therapy. EVs and their contents could be leveraged in the identification
of such biomarkers for PALS.

3.2. Extracellular vesicles and proteins relevant for ALS

Several molecular targets with potential relevance to ALS patho-
genesis have been characterized over the years. Moreover, various
studies indicated their presence or differential expression in circulating
EVs. The first genetic mutation associated with ALS was reported on the
gene coding for the enzyme Cu/Zn superoxide dismutase-1 (SOD1)
[67]. Such mutation, along with additional mutations that were sub-
sequently observed on this target in ALS, can ultimately lead to mutated
SOD1 proteins with diverse toxic properties [68]. SOD1 was also de-
tected in exosomes using a mouse motor neuron-like NSC-34 cell model
expressing a wild type or a mutated form of this target [69]. Subsequent
studies provided further examples of SOD1 secretion in EVs purified
from various sources. It was shown that astrocytes expressing mutant
SOD1 could transfer mutated SOD1 via exosomes and induce selective
death of motor neurons [70]. Misfolded mutant SOD1was also notably
demonstrated to be exchanged between NSC-34 cells via exosomes
[71]. This study highlighted the propagation of misfolded SOD1 be-
tween HEK293 cells using conditioned media as well as in SOD1-
overexpressing mouse primary spinal cord cells. Recent work per-
formed on EVs isolated from plasma of sALS patients showed increased
SOD1, as well as of other ALS-relevant biomolecules, in microvesicles of
sALS patients when compared with SOD1 levels identified in micro-
vesicles from controls supporting further work towards characterizing
the ALS-associated SOD1 content of various types of secreted vesicles
[72].

Multiple mutations with relevance to ALS have also been identified
in the TAR DNA binding protein-43 (TDP-43) gene [73,74]. TDP-43, a
member of the heterogeneous nuclear ribonucleoprotein (hnRNP) fa-
mily and involved in RNA processing, can form insoluble aggregates in
the brain of PALS [75]. Early work demonstrated, via immunoblot and
mass spectrometry-based approaches, the presence of TDP-43 in CSF
exosomal samples obtained from PALS [76]. It was shown that accu-
mulation of TDP-43 oligomers was observed in microvesicles and that
this cargo was preferentially internalized by receiving cells of different
sources upon which it was more cytotoxic than free TDP-43 [77].
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Follow-up work performed to better elucidate the function of mono-
cytes in ALS demonstrated that exosomal TDP-43 was associated with
elevated monocytic activation versus exosomes carrying a content that
did not promote aggregation [78].

Besides SOD1 and TDP-43, additional targets with relevance for ALS
have been characterized and identified as part of secreted EVs albeit to
a lesser extent. ALS-related mutations of the fused in sarcoma (FUS)
gene can lead to the formation of stress granule-like structures with
varying degrees of cytoplasmic mislocalization of FUS [79,80]. Sub-
sequent work revealed FUS interaction with RNA binding proteins
Matrin-3 and hnRNPA1 for which mutations have been linked to fa-
milial ALS [81]. This study also showed the presence of exosomal FUS
supporting the investigation of intercellular dissemination of FUS pa-
thology. C9orf72, an open reading frame with GGGGCC repetition and
which appears to be the most common genetic component of ALS [82],
underlies trafficking of vesicles in ALS [83,84]. Dipeptide repeat pro-
teins (DPRs), which result from translation of GGGGCC repeat-con-
taining RNA, can form aggregates in the CNS of ALS patients harboring
this mutation [85]. It is interesting to note that intercellular spreading
of DPRs can occur via exosomes and that DPR transmission was ob-
served in spinal motor neurons isolated from PALS harboring the
C9orf72 repeat expansion [86]. Several other genetic mutations with
relevance to ALS, which have been reviewed elsewhere [39,87], were
identified on targets that include valosin-containing protein (VCP) [88],
Sequestosome 1 (SQSTM1) [89] and TANK-Binding Kinase 1 (TBK1)
[90] to name a few. Information regarding the possible interplay be-
tween these targets and EVs is currently missing. Overall, the examples
shown here all support the growing interest and potential of EVs as
reservoirs of ALS-associated proteins. A list of such proteins collected
from ALS-relevant samples is presented in Table 1.

3.3. Extracellular vesicles and non-coding RNAs relevant for ALS

As exemplified above, several mutations observed in ALS impact
genes that encode proteins notably involved in RNA homeostasis in-
cluding TDP-43, FUS [79,80] and C9orf72 [91,92]. The study of non-
coding RNAs, including microRNAs (miRNAs) and long non-coding
RNAs (lncRNAs), as a potential family of molecular biomarkers has
revealed interesting insights with respect to their diagnostic usefulness
for ALS in recent years. Work performed on the former has also brought
to light several examples of their presence in diverse circulating sam-
ples of clinical interest and the general relevance of miRNAs, small non-
coding RNAs capable of regulating the expression of several genes by
translational repression or cleavage of mRNA strands [93], in ALS has
been reviewed by various teams [94–96]. Pioneering work demon-
strated the presence of miRNAs in samples collected from ALS patients.
For example, miR-338-3p displayed elevated levels in CSF, serum and
spinal cord samples collected from sALS patients when compared with
control samples [97]. Follow-up work showed that serum levels of miR-
1234-3p and miR-1825 were down-regulated in samples of sALS pa-
tients versus serum collected from healthy individuals [98]. Analysis of

targets and functions associated with these two miRNAs further re-
vealed multiple common transcript targets as well as a functional net-
work with relevance to ALS common to both miRNAs. A more recent
study reported elevated miR-143-3p and miR-206 levels as well as re-
duced miR-374b-5p levels in serum samples obtained from patients
diagnosed with sALS versus healthy individuals [99]. This group also
performed longitudinal analysis of miRNA expression in samples col-
lected at different time points and showed increased miR-143-3p as
well as decreased miR-374b-5p levels over time supporting the poten-
tial of these miRNAs to track disease progression. Several research
teams also investigated differentially expressed miRNAs in CSF samples
of ALS patients. Multiple TDP-43-targeting miRNAs, including miR-
132-3p, miR-132-5p, miR-143-3p, miR-143-5p and miR-574-5p, ex-
hibited varying levels of expression between CSF collected from sALS
patients and healthy controls [100]. This work also reported decreased
levels of TDP-43-relevant miR-132-3p, miR-132-5p, miR-143-3p, miR-
143-5p and let-7b in serum samples obtained from sALS patients versus
healthy individuals. A total of 14 deregulated miRNAs were identified
in CSF samples obtained from PALS versus unaffected individuals in a
subsequent study [101]. MiRNAs obtained from CSF of sALS patients
and quantified via small RNA sequencing revealed 11 modulated
miRNAs including miR-9-5p [102]. Interestingly, reduced levels of miR-
9 and of its precursor were also shown in induced pluripotent stem cells
(iPSC) models derived from frontotemporal dementia (FTD)/PALS
neurons [103]. Recent studies have highlighted signature of vesicles-
associated miRNAs in PALS. A qRT-PCR-based approach showed re-
duced levels of miR-27a-3p in serum exosomes gathered from ALS pa-
tients when compared with the expression observed in control exo-
somes [104]. A series of differentially expressed miRNAs were also
identified in EVs purified from plasma obtained from PALS when
quantified by small RNA sequencing [105]. A significant proportion of
the deregulated miRNAs detected in this study were down-regulated
including miR-9-5p. An overview of EVs-associated miRNAs observed
in ALS-relevant samples can be found in Table 2. Since the function of
miRNAs is to regulate the expression of mRNAs, it is possible that
miRNAs deregulated in ALS exosomes correlate with mRNAs recently
found to be modulated in ALS exosomes [106] warranting further in-
vestigation.

Besides small non-coding RNAs, long non-coding RNAs (lncRNAs)
are also garnering attention for their diagnostic potential in diverse
conditions. These non-coding transcripts exceed 200 nucleotides in
length and can regulate gene expression in numerous ways and influ-
ence a myriad of processes [107]. Several publications have linked
lncRNAs with molecular targets relevant to ALS supporting a greater
investigation of these RNAs in this condition. For example, elevated
levels of the lncRNA NEAT1_2 were observed in human spinal motor
neurons obtained from early stage ALS samples [108]. Endogenous
mutant FUS levels were also correlated with an increase of NEAT1
isoforms in neuroblastoma SH-SY5Y cells [109]. Several lncRNAs were
shown to be deregulated by deep sequencing in peripheral blood
mononuclear cells (PBMC) of ALS patients versus healthy controls

Table 1
Proteins with relevance to ALS detected in extracellular vesicles.

Proteins Observations Circulating vesicles Samples / Models References

SOD1 Secretion via exosomes Exosomes NSC-34 cells [69]
SOD1 Intercellular propagation Exosomes NSC-34 cells [71]
TDP-43 Intercellular exchange Microvesicles/Exosomes HEK-293 cells and primary mouse neurons [77]
FUS Identification in exosomes Exosomes SH-SY5Y and N2A cells [81]
DPRs Cell-to-cell spreading Exosomes Motor neurons derived from iPSCs of C9orf72-ALS patients [86]
SOD1 Secretion via exosomes Exosomes Primary rat microglial cells [130]
SOD1, TDP-43, FUS Elevated levels in ALS versus controls Microvesicles Plasma – sALS Patients [72]

Differentially expressed proteins identified in extracellular vesicles isolated from ALS patients and other ALS-relevant models. Table depicts select key observations
reported in the presented articles. Abbreviations: DPR: Dipeptide repeat proteins; FUS: Fused in sarcoma; iPSC: Induced pluripotent stem cells; sALS: Sporadic
amyotrophic lateral sclerosis; SOD1: Cu/Zn superoxide dismutase-1; TDP-43: TAR DNA binding protein-43.
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[110]. Interestingly, a smaller number of lncRNAs was observed by the
authors in patients harboring mutations in genes coding for FUS, TDP-
43 and SOD1. Unlike for miRNAs, information pertaining to the dif-
ferential lncRNA expression in EVs collected from PALS is lacking and
this knowledge gap should be addressed. Overall, it is expected that the
molecular investigation of EVs in ALS samples will only increase in the
next few years despite foreseen challenges [111], including the accurate
quantification of small amounts of select RNA targets, associated with
the characterization of RNA content in these reservoirs.

4. Perspectives and conclusion

4.1. Extracellular vesicles as reservoirs of biomolecules: Beyond diagnostic
applications

While this review presented multiple examples of the relevance of
EVs as diagnostic tools in diverse conditions, it is important to stress the
potential importance of these reservoirs for other means including their
use in drug response assessment as well as for therapeutic purposes.
Several studies have supported the former application including one
that reported the fluctuations of exosomal proteins and TGF-β1 levels in
plasma of patients diagnosed with acute myeloid leukemia (AML)
treated with chemotherapeutic agents such as anthracycline and cy-
tarabine that could correlate with response to the administered com-
pounds [112]. Recent work also identified a signature of modulated
exosomal miRNAs that was correlated with response to IFN-β treatment
in relapsing-remitting multiple sclerosis (MS) patients [113]. The re-
lative potential of EVs for treatment response or disease progression in
neurodegenerative diseases has been proposed by others [114,115] and
additional studies highlighting such applications of EVs in these con-
ditions are expected in upcoming years.

Meanwhile, several reports have also reviewed the benefits and
limitations of EVs for therapeutic purposes [116–118]. Specific appli-
cations of EVs for neurodegenerative diseases are starting to emerge.
Select examples include the exosomal-mediated delivery of siRNA tar-
geting α-synuclein in a mouse model via peripheral injection that was
ultimately associated with significant reduction of intraneuronal pro-
tein aggregates of this target [119]. Similarly, siRNA aimed at BACE1, a
relevant target for patients with AD, was delivered via exosomes in
mice and was associated with substantial reduction of target transcript
and protein levels [120]. Interestingly, intranasal administration of
exosomes loaded with a catalase cargo was correlated with neuropro-
tective benefits in a PD mouse model [121]. Brain administration of
exosomes obtained from primary rodent cortical neurons in a trans-
genic mice model overexpressing the amyloid precursor protein, a
model used to investigate AD, was notably associated with reduction of
amyloid β pathology [122]. Concurrent work also demonstrated that
exosomes obtained from mouse neuroblastoma cells and injected into
mouse brains could sequester amyloid β peptide [123]. Exosomes col-
lected from adipose-derived stem cells could reduce aggregation of
mutant Huntingtin protein in neuronal cells obtained from a mouse
model of Huntington's disease (HD) [124] providing yet another ex-
ample of the therapeutic potential of these circulating reservoirs in a

neurodegenerative disease. As exosomes collected from mouse stromal
cells were shown to possess cytoprotective properties in NSC-34 cells
confronted to oxidative stress, the potential role of EVs for ALS treat-
ment has also been proposed even though additional experimental
studies highlighting this application are scarce [125,126]. These studies
all support the need to better characterize the potential benefits of EVs
in various neurodegenerative conditions. It is nevertheless important to
mention that multiple underlying challenges exist in the development
of EV-based therapeutics including the yield of EVs that can be isolated
from sources such as cell lines [127], the selection of optimal isolation
methods to generate homogenous EV populations [128] as well as the
many factors that can influence EV delivery to target site [129] to name
a few. Such parameters will be essential to address when developing a
bona fide EV-based therapeutic application to treat PALS.

In conclusion, the diagnostic, prognostic and even therapeutic po-
tential of EVs in ALS were investigated to different extents in the cur-
rent review. Characterizing the molecular footprints associated with
these circulating reservoirs is of utmost importance to strengthen their
potential use as clinical tools. Numerous challenges are foreseen before
the routine use of EVs-focused diagnostic approaches becomes a stan-
dard procedure in detecting and managing ALS. Nevertheless, the
benefits outlined in this work appear to outweigh the hurdles and
should further encourage the research community to strive to better
characterize ALS-associated EVs footprints.
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