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Abstract

Extracellular vesicles (EVs), once considered a pathway for cells to remove waste, have now emerged as an important mechanism
for intercellular communication. EVs are particularly appealing in understanding the central nervous system (CNS) communi-
cation, given that there are very diverse cell types in the CNS and constant communications among various cells to respond to
the frequently changing environment. While they are heterogeneous and new vesicles are continuously to be discovered, EVs
are primarily classified as plasma membrane-derived microvesicles (MVs) and endosome-derived exosomes. Secretion of EVs
has been shown from all CNS cell types in vitro and intercellular EV signaling has been implicated in neural development, axon
integrity, neuron to glia communication, and propagation of protein aggregates formed by disease pathogenic proteins. However,
significant hurdles remain to be tackled in understanding their physiological and pathological roles as well as how they can be
developed as biomarkers or new therapeutics. Here we provide our summary on the known cell biology of EVs and discuss
opportunities and challenges in understanding EV biology in the CNS and particularly their involvement in ALS pathogenesis.
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Extracellular vesicles (EV) are small membrane bound vesicles,
typically within the size range of 50-1000 nm, released by dif-
ferent cell types under physiological and pathological condi-
tions. Surrounded by a phospholipid bilayer membrane, EVs
protect molecules from degradation and enable delivery to both
adjacent and distant cells. The existence of EVs in tissue fluids
was first discovered in the early 1940s [1] and EV secretion was
initially thought to be a way for cells to remove intracellular
molecular wastes [2, 3]. However, the discovery in 1996 that
EVs were capable of inducing antigen-specific MHC II T Cell
responses began to implicate an intercellular communication
role for EVs [4]. This notion was further strongly supported
in 2006 [5] and 2007 [6] when two studies showed that EVs
(especially exosomes) contain mRNAs and microRNAs (miRs)
which are able to change recipient cell functions after being
transferred into recipient cells. Since then, the role of EVs has
been studied extensively in many cell types especially in cancer
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where it is now thought to play an important role in influenc-
ing the tumor microenvironment and regulating metastasis [7,
8]. Intercellular communication in the CNS is highly complex,
partially due to the extensive heterogeneity of CNS cell types
and its constantly changing responses to the environment. EVs
secreted from different CNS cell types have been examined
and their involvement in mediating such complex intercellular
communications in the CNS has started to be revealed [9]. In
addition, EVs have been implicated in neurodegenerative dis-
eases especially in Alzheimer’s disease (AD) and amyotrophic
lateral sclerosis (ALS), as a potential propagation mechanism of
abnormal protein aggregates [10]. Here, we will discuss current
understanding of the roles of EVs in the CNS, especially their
involvement in ALS pathogenesis and diagnostics, as well as
hurdles that need to be cleared for potential EV-mediated thera-
peutic opportunities for treating ALS and other neural diseases.

Biogenesis and Secretion of Major EV Types

Although all known EVs share the common phospho-
lipid bilayer membrane structure and the enclosed vesicle
morphology, EVs are highly heterogenous in size, ori-
gin, cargo composition, and surface markers [11]. These
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differences result from drastically distinct biogenesis, sort-
ing, and secretion mechanisms that can be very cell-type
dependent. As a result, EV heterogeneity affects the deliv-
ery of various bioactive molecules (proteins, lipids, and
nucleic acids) to recipient cells and their subsequent func-
tions in recipient cells [12]. Depending on their origins,
EVs are generally classified as plasma membrane-derived
microvesicles (MVs) and endosome-originated exosomes
[13] which is primarily discussed here as they are cur-
rently better understood. Although other more specialized
secreted vesicles, such as exomeres [14], arrestin domain
containing protein 1 [ARRDC1]-mediated microvesicles
(ARMMs) [15], and supermeres [16]. have recently been
identified, their origins and secretion regulations remain to
be further characterized and therefore will not be discussed
here. It is noted that the use of “EVs” and “exosomes” is
often mixed and interchangeable in the literatures, here
we keep the terminology consistent with its use in original
literatures. In other occasions when it is not so clear or it
can be both, we used “EVs/exosomes.”

MVs, also known as ectosomes, microparticles,
oncosomes, or shedding vesicles, are typically within the
range of 100 to 1000 nm in diameter and were originally
described as a secreted product from platelets [17]. While
further characterization of the detailed mechanisms for
the biogenesis of MVs is needed, it is well-accepted that
MVs are formed by the outward budding of the parent
cell’s plasma membrane [18]. Specifically, certain lipids
and membrane proteins (either associated or inserted)
become clustered in particular microdomains of the
plasma membrane, which further recruits cytosolic pro-
teins and RNAs to be packaged in MVs for release [18].
Lipid movement and membrane dynamics play critical
roles in MV biogenesis [19]. However, it is possible that
other protein complexes are involved, such as the endoso-
mal sorting complex required for transport (ESCRT). How
exactly cytosolic proteins and RNAs are sorted into MVs
remains very little understood, but Rab GTPase (typically
Rabl1 or Rab 35)-mediated intracellular trafficking of
recycling endosomes has been implicated in this sorting
process [20]. It has been shown that the small GTPase
ADP-ribosylation factor 6 (ARF6) regulates selective
recruitment of B1 integrin receptors, MHC class I mol-
ecules, and membrane type 1-matrix metalloproteinase 1
(MT1-MMP), into tumor cell-derived MVs [21]. The tet-
raspanin family protein CD9 also plays a role in regulat-
ing protein targeting in tumor cell-derived MVs [22, 23].
Because of their plasma membrane origin, MVs mostly
contain plasma membrane-derived receptors and lipids
[24]. MV membranes contain large amounts of choles-
terol, diacylglycerol, and phosphatidylserine. Various
membrane proteins such as CD40, integrins, and selec-
tins are also frequently found on the surface of MVs [25].

@ Springer

MVs are released to the extracellular environment
through a fission process in which the interaction between
actin and myosin plays a key role [26]. As a result, mecha-
nisms regulating the contraction of the actin-myosin (acto-
myosin) complex are involved in MV release [27]. For
example, the activation of small GTP binding proteins leads
to the phosphorylation of myosin light chain (MLC) and
actomyosin contraction, facilitating the release of MVs from
the membrane of cancer cells [28]. Similarly, Rho GTPase
activity and Rho-associated protein kinase (ROCK) also
promote MV biogenesis in tumor cells by regulating actin
dynamics [29]. In addition, intracellular Ca’* levels regulate
MYV biogenesis and secretion [18]. Several Ca**-dependent
enzymes including aminophospholipid translocases (flip-
pases and floppases) and scramblases can rearrange the
membrane phospholipids, in particular, to expose phos-
phatidylserine (PS) from the inner leaflet to the outside of
the membrane [30]. At the steady state, lipid translocases
maintain an asymmetric distribution of phospholipids at the
plasma membrane. An increase in intracellular Ca>* levels
disrupts the balance and promotes external exposure of PS,
which causes physical bending of the membrane [30] and
changes the underlying actin cytoskeleton to facilitate the
budding and release of MVs [27]. Although apoptotic bodies
have also been considered MVs in certain literature [31], it
is important to note that MVs discussed here only refer to
plasma membrane-derived vesicles from non-apoptotic cells.

Exosomes are typically the smaller subgroup of EVs,
ranging from 50-200 nm in diameter. Exosomes are origi-
nated as intraluminal vesicles (ILVs) that are inwardly bud-
ded from endosomal multivesicular bodies (MVBs) dur-
ing the endosome maturation process [11]. Based on the
genetic analysis, especially RNA interference (RNAi)-based
screening [32], ESCRT-dependent mechanisms underly-
ing exosome biogenesis have been fairly well-established
[11]. In particular, ESCRT-III is required for the scission of
ILVs into the MVB lumen [33]. Depletion of the ESCRT-0
components HRS or signal transducing adapter molecule
1 (STAMI1) in HeLa cells also decreases the secretion of
exosomes, as measured by the expression of their surface
marker tetraspanin protein CD63 [34]. By interacting with
their cellular adaptor proteins Syntenin-1 and ESCRT acces-
sory protein ALG-2 interacting protein X (ALIX), plasma
membrane proteoglycans such as syndecans also regulates
the biogenesis of exosomes [35]. However, given the large
number of ESCRT components and accessory proteins, it
remains to be investigated how these components and acces-
sory proteins are specifically involved in exosome biogenesis
of different cell types. While it is clear that ESCRT com-
plexes regulate exosome biogenesis, depletion of ESCRT
components only decrease but not completely diminish the
secretion of exosomes, indicating that there are ESCRT-
independent mechanisms in regulating exosome biogenesis
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[11]. Several lipid pathways have been identified to regulate
exosome biogenesis [36]. Among these, the best-studied and
well-demonstrated lipid pathway is neutral type II sphingo-
myelinase (nSMase)-mediated hydrolysis of sphingomyelin
to ceramide [37]. Selective pharmacological and genetic
inhibition of this pathway is able to significantly suppress
exosome biogenesis in many cell types in vitro and in vivo
[37, 38]. Other lipids, including cholesterol, diacylglycerol,
and phosphatidic acid etc., have also been implicated in
regulating exosome (or MV) formation [36].

As exosomes originate from endosomal MVB structures,
how intracellular proteins and RNAs are sorted into ILVs for
release becomes an important cellular process for exosome-
mediated intercellular communication. Similar to MV bio-
genesis, membrane microdomains that contain membrane
protein cargoes are formed with the coordination of ESCRT-0
and -I and also recruit cytosolic proteins through the binding
of adaptors such as syntenin [18, 39]. Cytosolic proteins can
also be sorted into ILVs by binding to chaperones heat shock
70 kDa protein (HSP70) and heat shock cognate 71 kDa pro-
tein (HSC70) [40, 41], which are often found in exosomes.
By interacting with membrane lipid rafts, glycosylphosphati-
dylinositol (GPI)-anchored proteins are also found in ILVs
and secreted exosomes [42]. In addition, ubiquitylation or
farnesylation have been proposed to modify cytosolic pro-
teins for sorting into ILVs [43, 44] but remains to be fur-
ther investigated. As tetraspanin family proteins CD63 (and
CDS81) are highly enriched on the surface of ILVs, they also
help the formation of membrane microdomains and facilitate
protein targeting into ILVs [18]. In parallel to protein sorting
into ILVs, another important class of cargo, nucleic acids
especially miRs are also selectively packaged into ILVs/
exosomes [6]. While different mechanisms have been pro-
posed, for example, ESCRT-II may act as an RNA-binding
complex [45], membrane microdomains may sequester RNA-
binding proteins such as the RNA-induced silencing com-
plex (RISC) and argonaute 2 (AGO2) [46], future studies are
needed to elucidate the specificity of such mechanisms. On
the other hand, specific motifs on miRs have been identified
to bind with RNA-binding proteins such as hnRNPA2B1 [47]
or YBX1 [48]. A recent new study further defined additional
sequence motifs that determine whether miRs are secreted in
exosomes or retained inside cells [49].

Unlike the direct outward budding of MVs from the
plasma membrane, exosome release from MVBs is a sophis-
ticatedly regulated process that involves the secretory/deg-
radatory balance of MVBs, intracellular MVB transport,
and SNARE-dependent fusion with the plasma membrane
[13]. As the formation of ILVs occurs inside MVBs, the
intermediate endosomal structure destined to fuse with lys-
osomes for degradation, factors that regulate MVB/lysosome
fusion significantly affect exosome secretion. Although
largely unclear, a higher pH level inside MVBs, resulting

from abolished V1-ATPase proton transporter activity [50],
appears to promote MVBs towards the secretory path. Simi-
larly, MVB fusion with the autophagosome has also been
thought to promote its degradation, which prevents exo-
some secretion [51]. To secrete exosomes, MVBs need to
be transported close to the plasma membrane, which is pri-
marily regulated by different members of the Rab GTPase
family, such as Rab27a/b, Rab11, and Rab35, depending on
cell types [52-54]. MVBs subsequently dock on the plasma
membrane and fuse with the plasma membrane to release
exosomes in a SNARE-dependent manner [55]. Overall,
both MV and exosome biogenesis are closely associated
with ESCRT complexes, which are also involved in multi-
ple intracellular vesicle trafficking pathways, such as recy-
cling endosomes formation/transport, ER-Golgi secretory
vesicles [18]. As a result, the experimental manipulation of
these pathways may not selectively affect MV/exosome bio-
genesis, and studies for searching selective MV or exosome
biogenesis/secretion regulators are needed.

Isolation and Characterization of EVs

Detection and characterization of EVs and analysis of their
cargoes are essential in better understanding the role of EV-
mediated intercellular communication from experimental
samples such as culture medium or tissue homogenates. EVs
isolated from clinical samples, including blood plasma (or
serum), saliva, urine, and cerebrospinal fluid (CSF), espe-
cially under pathological conditions, may also serve as a new
class of biomarkers for diagnosis, screening, and prognosis
purposes [56]. As described above, EV composition can be
highly heterogeneous based on size, density, and surface
markers [13, 34]. Especially, EVs from biofluids have a
mixed cellular origin [56] and are often associated with cell
debris, lipoproteins, and other secreted smaller vesicles such
as exomeres, making the selective, consistent, and high-yield
isolation of EVs a challenging task. Currently, there are no
standardized methods for EV isolation. Here, we will focus
only on common EV isolation approaches that can be easily
set up in the lab (as summarized in Fig. 1), based on physi-
cal properties of EVs and the experimental purpose. The
pros and cons for each method are also discussed. Additional
isolation approaches such as Exochip, microfluidic filtering,
and others are being tested [57] and thus not included here.

Ultracentrifugation (Including Density Gradient
Centrifugation)

Serial centrifugation steps from 2,000 g to 100,000 g have
been commonly used in many early EV studies and are still
considered the most commonly used isolation method at
present, based on a survey investigating current practices
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Fig. 1 Common lab approaches for EV isolation. A. Ultracentrifuga-
tion (including density gradient centrifugation); B. Polymeric precipi-
tation; PEG: Polyethylene glycol; C. Size exclusion chromatography

for isolation, purification, and characterization of EVs [58].
This method is based on the typical 100-1000 nm size and
the 1.08-1.22 g/mL density range of EVs [13]. The serial
steps with increased centrifugation speed allow removal of
cell debris and other larger organelles or protein complexes.
The centrifugation method is often simple and relatively fast.
However, increasing evidence has begun to show secreted
extracellular matrix and lipoproteins can be co-pelleted
together with EVs during the ultracentrifugation [59, 60].
To better separate potential extracellular protein contami-
nates from EVs, density gradient ultracentrifugation has
been employed to specifically isolate EVs from a particu-
lar density layer, which is particularly useful for samples
with a complex composition, such as tissue homogenates.
However, the force of high-speed centrifugation force and
prolonged time, can similarly damage the membrane struc-
ture of EVs as observed in ultracentrifugation [61], which
potentially leads to lower EV yield. In addition, high-speed

@ Springer

Pros:

High purity

removes protein

( p ) s

Cons:
Requires optimization

uonn|3

Size Exclusion Chromatography

D
Pros: Cons:
High purity High cost
Cell-type specific EV Low yield

isolation
Requires efficient antibodies

Hard to remove antibodies

Yy

Immunoaffinity

(SEC); D. Immunoaffinity-based purification of EVs. Major pros and
cons for each approach are described

centrifugation force causes EV aggregation [61] that
interferes with subsequent characterization or functional
applications.

Polymeric Precipitation

To overcome the low yield in ultracentrifuge-based EV
isolation, polymeric precipitation of EVs was developed
to maximize EV yield (especially from small volume bio-
fluids) [62]. In this method, aqueous polyethylene glycol
is mixed with biofluids to precipitate EVs. Although this
method is convenient and effective in obtaining a high EV
yield, this precipitation often leads to a crude preparation of
EVs with many non-vesicular contaminants co-precipitated
with EVs. In addition, there are concerns that EVs precipi-
tated with polymeric mixtures may have altered EV proper-
ties, as observed from the characterization of precipitated
EVs [63].
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Size Exclusion Chromatography (SEC)

Size exclusion chromatography is emerging as a promis-
ing new method for isolating EVs based on the drastic size
difference between EVs (greater) and extracellular proteins
(smaller), which therefore elute in separate fractions dur-
ing elution (Fig. 1). As a result, SEC is able to substantially
increase the purity of isolated EVs with no or minimal pro-
tein contamination. It also helps maintain the vesicle integrity
for downstream applications. Because of the typical smaller
size of exosomes (50-200um), SEC combined with filtration
(0.22 ym membrane) further allows preferential isolation of
exosomes over MVs.

Immunoaffinity Purification

Various tetraspanin proteins CD63, CD81, and CD9 have been
well validated as conserved surface markers on EVs secreted
from different cells of origin [11]. Proteomic analysis has
begun to further identify cell-type specific surface markers
for EVs, especially exosomes [34, 39]. These surface markers
make it possible to develop immunoaffinity based isolation
of EVs. The surface marker-based isolation can completely
remove potential contamination of extracellular proteins. As
CD9 is preferentially expressed on the surface of MVs but not
exosomes [64], CD9-based immunoaffinity beads allow selec-
tive MV isolation. This approach is particularly advantageous
for the isolation of cell-type specific EVs by using cell-type
specific surface markers. On the other hand, EV yields from
this approach tend to be lower and it requires highly specific
and efficient antibodies. It is also difficult to remove the anti-
body without disrupting EV's, preventing certain downstream
applications.

Depending on experimental purposes, EVs can be analyzed
using a range of different approaches. Biochemically, EVs are
detected based on their specific cargo or surface proteins by
immunoblotting. EV morphology and size are typically char-
acterized by transmission electron microscopy. EV quantity
and size can be characterized by nanoparticle-tracking analysis
(NTA) [65] and tunableresistive pulse sensing (TRPS) [66], as
well as specific surface marker-based flow cytometry.

Intercellular EV Signaling in CNS
Development and Physiology

The CNS is the most complex and sophisticated biological
system, controlling physiology and behavior in phyloge-
netically diverse animal species. As a consequence of this
complexity, communications among multiple classes of
electrically excitable neurons and functionally heterogene-
ous glial cells are essential to control CNS development,

physiology, and behavior. In the past decade, EVs espe-
cially exosomes secreted from various CNS cell types have
emerged as a novel and important intercellular communi-
cation pathway in the CNS (Fig. 2) [9]. Depending on the
source and recipient cell types, here we highlighted EV
signaling among different CNS cell types.

Neuron to Neuron (N-N) EV Signaling

In 2006, a seminal study first revealed that cultured neu-
rons release exosomes that can be promoted by neuronal
depolarization [67]. Proteomic analysis of exosomes iso-
lated from human iPSC-derived neural cultures found 20
proteins that are involved in neuronal proliferation and
development, such as Cadherin 2 (CDH2), cell division
cycle 42 (CDC42), and nerve growth factor receptor
(NGFR), etc. Interestingly, these proteins were missing
in exosomes isolated from neural cultures harboring loss-
of-function mutations of methyl CpG binding protein 2
(MECP2) [68], a major cause for the rare neurodevelop-
mental disorder Rett syndrome. Interestingly, exosomes
from control neural cultures are able to rescue neurode-
velopmental deficits in vitro and promote hippocampal
neurogenesis in vivo [68]. Recently, in vivo transmission
electron microscopy, tracing, and proteomic experiments
also demonstrated the involvement of exosomes in mediat-
ing transfer of transneuronally transported proteins from
retinogeniculate inputs to excitatory lateral geniculate
nucleus (LGN) neurons and further to neurons in visual
cortex [69]. By analyzing sequence homology with retro-
transposon Gag protein, it was found that post-synaptic
Arc protein forms EV to facilitate transfer of mRNA
between hippocampal neurons and participate in activity-
dependent translation [70]. Additional Gag homology pro-
teins such as PEG10 was also recently found to be able to
package mRNA for intercellular transfer in neurons [71].
EV-mediated intercellular signaling has also been found in
invertebrate model organisms, as evidenced by the transfer
of Wingless (Wg) from synaptic boutons to a specialized
muscle region, the sub synaptic reticulum (SSR), in the
neuromuscular junction of fly larva [72].

Neuron to Astroglia (N-G) EV Signaling

In addition to early studies that demonstrated neuron to
neuron EV communications, EVs especially exosomes,
have been increasingly shown to participate in neuron to
glia communication. We previously showed that cortical
neurons secrete miR-124-containing exosomes that are
internalized into astroglia and up-regulate astroglial GLT1
expression in culture [73] and in vivo [74]. By employing a
cell-type specific fluorescent labeling of ILVs and exosomes

@ Springer



1124

G. Kim et al.

Fig.2 Currently reported EV-
mediated intercellular com-
munication in CNS cell-types.
Representative specific signals
identified in CNS cell-derived
EVs/exosomes were shown.
miRs: microRNA; The size of
the arrows indicates relative
number of studies reported so
far about the indicated intercel-
lular communications. N: neu-
rons; A: astroglia; O: Oligoden-
drocytes; M: microglia

Neuron-EVs

Oligodendrocyte-EVs

Astroglia-EVs
Microglia-EV's

[74], we showed that ILVs are predominantly localized in
soma and dendrites of neurons in vitro and in vivo [74]. The
post-synaptic somatodendritically secreted miR-containing
neuronal exosomes to astroglia is in stark contrast to the
typical pre-synaptically released neurotransmitter-mediated
activation of receptors on astroglial surface [75]. In this
mode of communication, the signals are miRs especially
the neuron-specific miR-124 but not neurotransmitters. This
exosomal mode of communication also alters genetic regu-
lation in astroglia to regulate astroglial (glutamate uptake)
functions, which can be slower but long-lasting. This is dis-
tinct from the typical gliotransmission response following
neurotransmitter-activated astroglial surface receptors [76],
which is faster but typically short-lived. Thus, exosome and
neurotransmitter-mediated neuron to astroglia signaling can
be complementary in responding to changes in neuronal
activity in different CNS physiological context. How neu-
ronal exosomes signal to other glial cells is currently less
understood. Exosomes derived from a neuroblastoma cell
line PC12 appear to promote phagocytic activity of a murine
microglial cell line by increasing complement component 3
expression (77).
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Glia to Neuron (G-N) EV Signaling

Despite the well-established modulatory roles of astroglial
factors on neuronal synaptogenesis and synaptic transmis-
sion during development and in maintaining CNS physiol-
ogy [78], whether astroglial exosome signals play a role in
regulating neuronal functions is at the beginning. astroglia-
derived EVs are found to influence the dendritic complexity
of hippocampal neurons [79]. A recent study, by ultracen-
trifugation method, identified extracellular matrix protein
fibulin-2 as astrocyte EV cargo to promote synapse forma-
tion in a TGFf-dependent manner [80]. In contrast, multi-
ple studies have shown that oligodendrocytes (OLs) releases
EVs especially following neuronal glutamatergic signaling
[81]. OL-derived EVs are enriched in a number of myelin
proteins, such as myelin proteolipid protein, cyclic nucleo-
tide 3’- phosphodiesterase, myelin-associated glycoprotein,
and myelin oligodendroglial glycoprotein [82] which are
internalized into neurons to support neuronal resistance to
oxidative stress and to promote axonal transport and long-
term axonal maintenance [81, 83]. OL-derived EVs also
facilitate the clearance of myelin debris by being taken
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up into microglia [84]. Microglial EVs were also found to
promote excitatory neurotransmission by enhancing sphin-
golipid metabolism [85]. Consistently, a separate study
found that EVs secreted from microglia carry endocannabi-
noid N-arachidonoylethanolamine (AEA) on their surface,
which stimulates type-1 cannabinoid receptors (CB1) on
GABAergic neurons to inhibit their presynaptic transmis-
sion [86]. As our current understanding of intercellular MV/
exosome signaling is largely gained from cancer/immune
cells, and cell-type specific regulators (such as different Rab
GTPases in mediating intracellular vesicle trafficking) can
be involved in MV/exosome biogenesis and secretion, it is
important to specifically investigate how MVs/exosomes
are generated and secreted from different CNS cell types.
Indeed, neuronal activity has been shown to promote exo-
some secretion in neurons [67] and extracellular ATP has
been identified as a strong stimulant for microglial EV bio-
genesis [87, 88]. Additional CNS specific signals that stimu-
late release of EVs from different CNS cell types needs to
be better characterized.

Involvement of EV Signaling in ALS
Pathogenesis

Involvement of EVs in different neurodegenerative diseases
and neural injury has been widely observed [89], suggesting
that EV signaling is likely a shared pathogenic mechanism
for CNS pathology. As the pathogenic roles of EVs in other
neurodegenerative diseases and stroke have been previously
summarized elsewhere [89, 90], here we will focus on the
pathogenic role of EVs in ALS.

ALS is a typical progressive neurodegenerative disease in
which upper and lower motor neurons (UMNs and LMNs)
are degenerated. Current understanding of pathogenic
mechanisms of ALS has mostly been gained from studies
of familial ALS, which is caused by mutations of individual
genes, including Sod1, Tardbp, and C90rf72, etc. [91]. Pre-
vious studies from human postmortem tissues and animal
models, especially transgenic SOD1 mutant models, have
suggested that altered glia to neuron signaling pathways,
such as induction of a pro-inflammatory cytokine environ-
ment [92], reduced glutamate uptake and metabolic support
[93, 94], play important roles in the pathogenesis of ALS.
In particular, astroglia conditioned medium (ACM) from
mouse astroglia expressing human SOD1 (hSOD1) mutant
or from human ALS patient brain astroglia is able to sub-
stantially modulate health and survival of either primary
or embryonic stem cell-derived motor neurons, despite the
elusive identity of such ACM toxic factors [95-97]. Inter-
estingly, an early study found that exosomes secreted from
mutant SOD1 overexpressing astroglia in vitro carry mutant
SOD1 protein which is transferred to spinal neurons through

exosomes [98]. These astroglial exosomes are also toxic to
motor neurons [98], implicating that astroglial exosomes
could be potential astroglia-secreted toxic factors.

In ALS and other typical neurodegenerative diseases,
abnormal protein aggregation has been recognized a promi-
nent pathological feature in both human post-mortem tis-
sues and animal models [99]. These aggregates are typically
formed due to conformational changes, such as misfolding
of disease pathogenic proteins, which are caused by either
genetic mutations or disease-associated post-translational
modifications. Similar to prion protein propagation, abnor-
mal aggregates are able to transmit across cells and induce
protein conformational changes in recipient cells to continu-
ously propagate aggregates which eventually spread to many
CNS regions [100]. How abnormal protein aggregates trans-
mit across cells is less understood. Various mechanisms such
as trans-synaptic transmission, astroglial gap junctions, and
microglial phagocytosis have all been proposed [101, 102].
As EVs are constantly released from various CNS cells,
including neurons where the majority of protein aggregates
are formed, it is appealing to test whether misfolded proteins
are contained in EVs and transmitted through EVs. Spread-
ing of disease-relevant misfolded proteins or protein aggre-
gates has been observed or proposed in the CNS in vitro and
in vivo (Fig. 3). By overexpression of either WT or mutant
SOD1 in NSC-34 and HEK cells, it was found that misfolded
SOD1 proteins (either from WT or mutant SOD1) were
associated with secreted EVs, and such misfolded SOD1
proteins were transferred across cells in an EV-dependent
manner [103]. Additional in vivo studies further showed
that astroglia and neurons are main sources of misfolded
SOD1-containing EVs isolated from SOD1G93A mouse and
human SOD1 familial ALS patient spinal cords [104].

In addition to the misfolded SOD1 protein, TDP-43 pro-
tein (encoded by the Tardbp gene) also forms pathologi-
cal intracellular aggregates that can be found in CNS tis-
sues of many ALS and frontal temporal dementia (FTD)
patients [105]. TDP-43 protein contains a glycine-rich and
prion-like domain in its C terminus that can form oligom-
ers to be released and taken up in neurons to induce redis-
tribution of nuclear TDP-43 to the cytoplasm [106, 107],
a characteristic feature of TDP43 pathology. In a TDP-43
overexpressing HEK cell model, TDP43 oligomers were
found in exosomes which were preferentially taken up by
naive HEK-293 cells and exerted higher toxicity than free
TDP-43 [108]. By employing microfluidic neuronal cul-
tures, additional anterograde and retrograde trans-synaptic
spreading of TDP-43 was also observed [108], suggesting
that both exosome-dependent and independent mechanisms
are involved in TDP-43 intercellular transmission. Exami-
nation of exosomes isolated from control and ALS brains
found substantially increased full-length TDP-43 and espe-
cially its C-terminal fragment in ALS brain exosomes [109].
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Stressed neuron-derived aggregate-containing EVs can either be taken
up directly into healthy neurons or be phagocytosed into microglia or
astroglia and then secreted in EVs to be taken up by healthy neurons.

Subsequent exposure of a neuronal cell line Neuro2a to ALS
(but not control) brain exosomes further caused cytoplasmic
redistribution of TDP-43, supporting the role of exosomes
in propagating TDP-43 proteinopathy [109]. Despite these
in vitro observations, in vivo administration of the exosome
biogenesis inhibitor GW4869 exacerbated the disease phe-
notypes of human TDP-43A315T transgenic mice [109]. As
GW4869 likely inhibits exosome biogenesis broadly in a
non-cell type dependent manner, it is possible that beneficial
exosome signaling is also blocked, leading to exacerbated
disease phenotypes. Additional cell-type specific inhibition
of exosome signaling will help dissect out the contributions
of exosomes from different cell types. Recently, aggregates
formed by dipeptide repeat proteins (DPRs) translated in
a non-ATG-dependent fashion (RAN-translation) from
hexanucleotide repeat expanded C9orf72 mRNAs have
been found in post-mortem ALS and FTD brain tissues
[110, 111]. Depending on the specific genetic codon frame
and orientation, 5 DPRs—poly(GA), poly(GP), poly(GR),
poly(PA), and poly(PR)—can be generated [112]. Among
these diverse DPRs, poly(GA), poly(GP), poly(GR), and
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Propagation of protein aggregates

Representative disease-relevant mutant protein aggregates were shown.
EVs secreted from neurons, microglia, or astroglia are in grey, blue, and
purple, respectively. EVs in red indicate protein aggregate-containing
EVs from different cell types

poly(PA) have been shown to partially transmit cell-to-cell
in an exosome-dependent manner [113].

While there are a considerable number of reports to sup-
port a pathological role of EVs/exosomes in the propaga-
tion of abnormal protein aggregates and even in mediating
toxicity to neurons in ALS, it is important to point out that
the majority of these studies were carried out in cultured
cell lines or primary cells and rely on the overexpression
system. In addition, all of these studies employed ultracen-
trifugation-based approaches to prepare EVs/exosomes — a
method that is likely to co-isolate directly secreted proteins
(including misfolded proteins) with EVs, which complicates
the interpretation of results. Indeed, direct secretion of pro-
tein signals from CNS cell types has been widely observed.
Misfolded SOD1 has been shown to be directly secreted by
Golgi-derived secretory vesicles [114]. Moreover, how cell-
type specific exosomes are involved in the propagation of
misfolded proteins in ALS remains unclear. For example,
are misfolded proteins phagocytosed into glia first and then
secreted in their exosomes? Or directly taken up by neurons
in vivo? Potential involvement of CNS cell-type specific
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EVs in the propagation of protein aggregates is shown in
Fig. 3. Further studies using isolation approaches that better
separate EVs from secreted proteins such as SEC or immu-
noaffinity-based isolation should be performed to validate
these observations.

In addition to the emerging roles of EVs in the CNS
pathogenesis of ALS, as peripheral axon degeneration espe-
cially denervation from muscle is widely observed in ALS,
whether EVs derived from peripheral Schwann cells and
muscle myotube cells have a role in ALS has begun to be
examined. Schwann cells are the major myelinating cells in
the peripheral nervous system (PNS), how Schwann cells
are involved in ALS remains unclear. Selective expression
of mutant SOD1G93A in Schwann cells induces no obvi-
ous changes to locomotion or axonal degeneration [115]. On
the other hand, selective deletion of mutant SOD1G37R in
Schwann cells leads to unexpected acceleration of disease
pathology [116]. Despite the unclear roles of Schwann cells
in ALS, Schwann cell-derived exosomes are able to stimu-
late neurite growth of diabetic dorsal root ganglia (DRG)
neurons after intravenously administered via tail vein [117].
These exosomes also promote axonal regeneration after sci-
atic nerve injury in vivo [118], indicating a therapeutic effect
for axon injury conditions including ALS. On the other hand,
smaller size (mean 123 nm), exosome-like vesicles isolated
form the myotube cell cultures of ALS (C9orf72 mutation
or sporadic) patients but not healthy controls reduced the
survival of motor neurons by 31%, decreased neurite length
and branching [119]. Specific mechanisms or exosome car-
gos that mediate these effects remain to be defined in future
studies.

Potential of EVs in ALS Diagnostics

The search for and validation of biomarkers for the diagnosis
and monitoring of disease progression of ALS has been one
of the central goals in ALS research. Based on proposed
pathogenic mechanisms of ALS, individual biomarkers that
are associated with excitotoxicity, oxidative stress, inflam-
mation, neurodegeneration, and metabolic dysfunction have
been identified [120, 121]. However, the clinical application
of these biomarkers is currently limited due to insufficient
patient cohorts or the lack of specificity for ALS. As a result,
there is a need to search for and develop new biomarkers
for diagnostics and monitoring disease progression of ALS.
Ever since EVs were found to mediate intercellular com-
munication, it has drawn substantial interest toward examin-
ing EV cargoes as potential biomarkers for various disease
conditions [122].

Although EVs have been detected in various biofluids
including blood plasma (or serum), CSF, saliva, and urine
[123], CSF and blood have been the primary sample sources

for testing EV isolation and cargo changes in neurodegen-
erative diseases including ALS [89]. Misfolded SOD1 has
been consistently detected in CSF of ALS patients [124];
however, whether it is contained in EVs in CSF has not yet
been determined. On the other hand, both the full-length
and C-terminal TDP-43 fragments were detected in EVs
prepared from a cohort of ALS/FTD patient CSF samples
[125]. A comprehensive proteomic analysis of exosome-
enriched fractions isolated from CSF of control and ALS
patients found increase of nucleolar complex protein 2
homolog (NOC2L), programmed cell death 6-interacting
protein (PDCD6IP), and versican core protein (VCAN) and
decrease of alpha-1-antichymotrypsin (SERPINA3), recep-
tor-type tyrosine-protein phosphatase zeta (PTPRZ1), com-
plement C1q subcomponent subunit C (C1QC), coiled-coil
domain-containing protein 19, mitochondrial (CCDC19),
myosin light chain 6B (MYL6B), Macrophage receptor
MARCO, IgG Fc-binding protein (FCGBP), folate receptor
alpha (FOLR1), reelin, complement factor B (CFB), and
charged multivesicular body protein 4a (CHMP4A) in the
ALS patient samples [126]. As low amounts of pathologi-
cal proteins are typically detected in EVs from patient CSF
samples, changes in exosomal RNAs, especially miRs from
ALS CSF were also investigated. A RNA-Seq study revealed
that differentially expressed exosomal mRNAs between con-
trol and ALS CSF samples are primarily involved in the
ubiquitin—proteasome pathway, oxidative stress response,
and the unfolded protein response pathways [127]. We
recently found elevated exosomal miR-124 secretion from
SODI1G93A spinal neurons and a positive correlation
between increased exosomal miR-124 levels and disease
severity especially in male ALS patients [128].

Although the CNS is well insulated from the periphery
largely through the blood—brain barrier (BBB), the integ-
rity of BBB decreases due to aging as well as the elevated
neuroinflammation that is commonly observed in neurode-
generative diseases including ALS [129, 130]. In addition,
recent exciting progress in understanding brain lymphatics,
i.e., meningeal lymphatics and the glymphatic system [131,
132], have unveiled that meningeal lymphatic vessels are
the preferred route for CSF uptake and drainage to cervi-
cal lymph nodes (cLNs) in model animals (rodent, primates)
and humans, potentially opening a new way for communica-
tion between the periphery and the CNS. This also allows
the potential exit of CNS-derived exosomes in disease
conditions. This is particularly appealing for CNS diseases
and injury due to the difficult accessibility of the CNS in
patients. Thus, CNS-derived exosomes in peripheral circula-
tion potentially provide a promising “window” in detecting
disease-associated early changes in the CNS. By analyzing
either (presumably) neuron-derived exosomes using a sur-
face marker, L1 CAM [133], or all blood plasma (or serum)
exosomes, attempts have been carried out to test changes in

@ Springer



1128

G. Kim et al.

blood exosomal proteins or RNAs in ALS [134]. For exam-
ple, a longitudinal analysis of ALS patient (n=18) plasma
found increased exosomal TDP-43 levels as disease pro-
gresses [135]. Several other studies have also found altered
miRs in blood of sporadic or familial ALS patients [136,
137]. Currently, dynamic changes of CNS-derived exosomes
into peripheral circulation have not been well examined in
animal models of neurodegenerative disease including ALS.
Blood exosomes are also highly mixed and derived from very
heterogeneous cell origins. The marker LICAM, that has
been widely used to selectively isolate neuronal exosomes
from blood samples, may not be specifically associated with
neuronal exosomes, as shown in a recent study [138]. Moreo-
ver, many detected disease pathogenic proteins or miRs are
often not selectively expressed in the CNS, casting doubt on
whether changes in blood exosome cargoes are closely corre-
lated with specific brain disease changes. Nevertheless, these
attempts provided new knowledge about specific changes in
blood exosome cargoes in ALS and potential new insights
into the pathogenesis of ALS. Future studies are required to
specifically trace and analyze CNS-derived exosomes in the
peripheral circulation in ALS.

Conclusion and Future Perspectives

Studies in the past decade have demonstrated that secreted
EVs, especially exosomes, represent an exciting new mech-
anism in mediating intercellular communication that play
important roles in a range of (patho)physiological condi-
tions. In comparison to typical Golgi budded secretory ves-
icle-mediated release of proteins or synaptic vesicle released
neurotransmitters, EV communication is advantageous in
that it better protects signals (especially nucleic acids) from
degradation by encapsulating them into the vesicles. EVs
also facilitate long-distance signaling and allow selective
targeting to certain recipient cells. This is particularly rele-
vant to the CNS, in which certain proteins and mRNAs/miRs
(and possibly lipids) are selectively expressed in highly het-
erogeneous (or subsets of) cell types in the CNS. EVs pro-
vide a way for these selectively expressed biomolecules to be
delivered into distinctive CNS cell types, as shown in neu-
ronal exosomal miR-124 to astroglia communication [74], to
exert ectopic functions. This is also highly relevant to ALS,
as altered neuron to glial communication is well-established
in ALS pathogenesis. In addition, while still at the very early
stage, EV mediated therapeutics already exhibit great poten-
tial. Exosomes isolated from various cell sources especially
mesenchymal stem cells (MSC) are able to promote axon
regeneration following injury [139]. EVs and their cargoes
are also considered to mediate the regenerative potential of
stem cells [140]. EVs also hold the potential to become a
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new platform for RNA delivery, especially across the BBB
for CNS delivery with surface modifications [141].

With the increasingly recognized functions of EVs and
their great potential in therapeutics, it is equally important to
realize that many hurdles need to be tackled to advance our
understanding of EV cell biology and its involvement in ALS
pathogenesis, and to develop EVs as potential therapeutics.
Currently, most EV/exosome knowledge has been gained
based on culture models or human CSF samples. Exosome
signaling in situ in the CNS remains essentially unexplored.
Several newly developed Cre-dependent cell-type specific
exosome reporter mice will help examine the in vivo distribu-
tion of EVs from different CNS cells (74, 142, 143). In addi-
tion, how MV/exosome pathways are regulated in different
CNS cell types and how selectively it targets to recipient CNS
cell types, as well as its alterations in pathological conditions
remains largely unknown, making it difficult to dissect out
the role of this pathway in disease pathogenesis. Given the
complexity of efficient and selective isolation of EVs, espe-
cially in a cell-type specific manner from in vivo sources, and
the characterization of their heterogeneity, interdisciplinary
collaboration with complementary expertise will be needed
to further develop new approaches and rigorously examine
the specific roles of EVs in CNS physiology and pathology.
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