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Neurodegenerative disorders are one of the most common causes of disability and represent 6.3% of the global bur-
den of disease. Among them, Alzheimer’s, Parkinson’s, and Huntington’s diseases cause cognitive decline, representing
the most disabling symptom on both personal and social levels. The molecular mechanisms underlying the onset and
progression of dementia are still poorly understood, and include secretory factors potentially affecting differentiated
neurons, glial cells and neural stem cell niche. In the last decade, much attention has been devoted to exosomes as
novel carriers of information exchanged among both neighbouring and distant cells. These vesicles can be generated
and internalized by different brain cells including neurons, neural stem cells, astrocytes, and microglia, thereby affect-
ing neural plasticity and cognitive functions in physiological and pathological conditions. Here, we review data on the
roles of exosomes as carriers of bioactive molecules potentially involved in the pathogenesis of neurodegenerative
disorders and detectable in biological fluids as biomarkers of dementia. We also discuss the experimental evidence

of the therapeutic potential of stem cell-derived vesicles in experimental models of neurodegeneration-dependent

cognitive decline.
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Background

Neurodegeneration and dementia

Neurodegenerative diseases like Alzheimer’s (AD), Par-
kinson’s (PD), and Huntington’s (HD) are a heterogene-
ous group of neurological disorders characterized by
progressive derangement of neuronal structures and
functions in both central and peripheral nervous systems
[1, 2]. A combination of genetic factors and environmen-
tal conditions plays a crucial role in their pathogenesis,
and the numerous underlying molecular mechanisms, far
from being fully elucidated, make them some of the most
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difficult diseases to diagnose and treat [3]. More impor-
tantly, to date, no definitive cure has been discovered for
most of these pathologies and the current therapeutic
approaches available only aid in relieving symptoms. At
cellular level, they are characterized by neuronal dysfunc-
tion eventually leading to cell death, markedly affecting
the ability of different brain areas (e.g., neocortical and
hippocampal regions in AD and striatal regions in PD and
HD) to communicate [4]. Common pathogenic mecha-
nisms theorized to be involved in these neurodegenera-
tive disorders include neuroinflammation, dysregulation
of intracellular protein trafficking and endocytic sorting,
oxidative stress, aggregation and degradation of defective
proteins and formation of inclusion bodies, mitochon-
drial dysfunction, generation of reactive oxygen species
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(ROS), iron accumulation, and epigenetic alterations
[5-8]. The exact sequence of molecular events leading to
the development and progression of neurodegenerative
diseases is far from being fully understood. Moreover, the
pathogenic role of protein aggregation in human sporadic
neurodegenerative diseases remains controversial [9].
Different items of evidence suggest that misfolded mol-
ecules and protein aggregation can either contribute to
the propagation of neurodegeneration and be convergent
drivers of cellular death or represent epiphenomena of
multiple diseases, or even act as compensatory responses
to cellular stress in the attempt to sequester misfolded
proteins as a protective mechanism [10—12]. However, it
is conceivable that, in some brain areas, a sort of vicious
circle among several components that fuel the progres-
sion of neurodegeneration is established. Age-related
epigenetic changes and loss of proteostasis can lead to
autophagy alteration and mitochondrial dysfunction,
causing the increase of oxidative stress and abnormal
protein aggregation [13]. Oxidative stress also contrib-
utes to protein misfolding and aggregation by altering
proteosome pathways [14] and, in turn, accumulation of
protein oligomers and aggregates may impair mitophagy
and enhance the formation of oxidative species and neu-
ronal death [15, 16]. In addition, neuroinflammation and
aberrant communication among microglia, other glial
cells and neurons may promote protein misfolding and
neuronal apoptosis and play a critical role in the pro-
gression of neurodegeneration [17-19]. These molecular
alterations lead to a progressive deterioration of intel-
lectual functions and, eventually, to the development of
dementia-related symptoms such as memory deficits and
decline in understanding and reasoning.

Thus, aberrant cell-cell communication occurring
inside the brain can contribute to the onset and progres-
sion of neurodegenerative disorders. Extracellular vesi-
cles (EVs) have been identified as carriers of molecules
participating in the signal exchange among brain cells
[20]. Isolation of circulating EVs from biological fluids
is emerging as a novel liquid biopsy modality providing
a plethora of biomarkers for human pathologies such as
cancer and cardiovascular diseases [21]. More recently,
they have attracted the interest of neuroscientists for
their potential role in the spreading and diagnosis of neu-
rodegenerative disorders [22]. Indeed, the lipid bilayer
membrane structure of these vesicles makes their cargo
more stable and potentially available for intercellular
communication inside the brain, and offers a source of
minimally invasive biomarker detection for early diag-
nosis and real-time monitoring of neurodegeneration
progression. Moreover, recent data suggest that stem
cell-derived EVs may represent novel therapeutic tools
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against neurodegenerative disorders because of their bio-
compatibility, and ability to cross the blood-brain barrier
and target brain tissues [23]. From the therapeutic per-
spective, EVs derived from stem cells represent a prom-
ising tool as their cargo contains molecules potentially
fostering the pro-regenerative and immunomodulatory
pathways activated in their parental cells [24]. Indeed,
molecules released from stem cells through EVs can exert
therapeutic effects in regenerative medicine and tissue
repair as well as in the modulation of immune responses
[25].

Thus, the rising attention to EVs in the field of neuro-
degeneration is due to multiplex aspects including their
potential role in the pathogenesis, diagnosis, and therapy.

Here, we review the role of EVs as carriers of molecules
potentially involved in the protein aggregate spreading/
pathogenesis of some major dementia-related neurode-
generative disorders, i.e., AD, PD and HD. Furthermore,
we summarize the most recent discoveries about the
identification of EV-derived molecules as potential bio-
markers for diagnosis and prognosis of these diseases.
Finally, we describe evidence on the therapeutic potential
of stem cell-derived EVs to counteract cognitive decline
and restore brain functions in experimental models of
neurodegenerative diseases.

AD

AD is a neurodegenerative, progressive and irreversible
brain disease that affects cognitive function, personality
and behavior and it is the most common cause of demen-
tia in the elderly population [26]. AD is characterized by
abnormal synaptic functions due to a plethora of patho-
genic mechanisms including mitochondrial dysfunction,
neuroinflammation and oxidative stress that cause altera-
tions of protein homeostasis and lead to development
of AD molecular hallmarks such as deposition of both
amyloid-B (AP) and phosphorylation of microtubule-
associated protein Tau (i.e., neurofibrillary tangles, NFTs)
in the brain [27, 28]. Intra- and extra-cellular protein
aggregates lead to a reduction in the number and func-
tion of synapses and, consequently, to deficits of synap-
tic transmission and plasticity [29, 30]. The increased AP
peptides aggregate into soluble oligomers and activate
microglia to enhance inflammatory responses and mito-
chondrial damage. At the same time, the abnormally
phosphorylated Tau protein can form NFTs, which leads
to neuronal apoptosis and induces a decrease in synaptic
function [31]. In addition, dysfunction of both autophagy
mechanisms and endosomal-lysosomal system, which
has been shown to play a role in the formation of the
amyloid plaques, has been linked to AD pathogenesis
[32].
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PD

PD is the second most common neurodegenerative dis-
ease in the world after AD [33]. The main pathological
hallmarks consist in the degeneration and death of dopa-
minergic neurons, presence of eosinophilic inclusion
bodies (i.e., Lewy bodies) in the cytoplasm of residual
neurons in substantia nigra and a significant decrease of
dopamine in the striatum. Evidence from genetic and bio-
chemical studies supports a key role of the nerve terminal
protein a-synuclein in the pathogenesis of PD. Mutations
and multiplications of the a-synuclein gene (SNCA) are
known as a cause of familial PD, and genome-wide asso-
ciation studies have identified mutations and polymor-
phisms in the SNCA locus (e.g., SNCA rs356219 A/G
polymorphism) as potential risk factors [34, 35]. More
recently, the spread of pathological forms of a-synuclein
from one cell to another is increasingly considered a key
player in the progression of synucleinopathies [36]. Toxic
forms of a-synuclein spread and deposit among a variety
of cells, such as astrocytes and microglial cells, trigger-
ing inflammation and leading to degeneration of neurons
and exacerbation of PD [37-39].

HD

HD is an autosomal dominant neurodegenerative disor-
der caused by an expansion of CAG repeat in the hun-
tingtin gene on chromosome 4 [40-42]. This mutation
produces an extended N-terminal polyglutamin stretch
in the huntingtin protein (HTT), leading to intracellular
accumulation and aggregation of this protein. Accumu-
lation of mutant huntingtin (mHTT) aggregates causes
mitochondrial dysfunction, striatal cell death through
transcriptional dysregulation, activation of apoptosis
pathways, and alterations of physiological protein-pro-
tein interaction [43]. While mHTT spreading is sufficient
to induce pathological changes, it is not yet clear whether
protein spreading significantly contributes to HD onset
and progression given the ubiquitous expression of
mHTT. Anyway, several studies have reported how the
spreading of mHTT between cells triggers HD-related
behaviors and pathologies [44].

EVs

A plethora of EVs circulate in different biological flu-
ids including blood and cerebrospinal fluid (CSF). They
differ in size, density, and composition. These vesicles,
surrounded by a lipid bilayer membrane, are classi-
fied depending on their originating pathway. They are
released by multiple cell types and carry a variety of cargo
molecules including coding and noncoding RNAs, lipids
and proteins. Based on their size/shape, as well as site
and mechanisms of biogenesis, EVs are classified as (1)
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ectosomes, which include microvesicles and oncosomes
(50-10,000 nm) that are generated by the outward bud-
ding of plasma membrane, (2) migrasomes (500—3000
nm), which are released during cell migration, (3) exo-
pheres (1000—10,000 nm) and amphisomes that are likely
related to macroautophagy, (4) apoptotic bodies (50—
5000 nm), which are released from apoptotic cells, (5)
exosomes (30-150 nm) that are generated from endoso-
mal membrane as intraluminal vesicles, and (6) exomeres
(<50 nm) and retroviral-like particles that are of uncer-
tain origin. Some types of vesicles partially overlap in
terms of cargo composition and size, while differing in
the site of biogenesis. Of note, depending on the type of
cell where the EVs come from, the biogenesis, the mecha-
nisms of secretion and the cargo composition of the same
subgroup of vesicles may vary [45]. EVs, which can travel
long distances to deliver their content to target cells, are
able to both modulate physiological cellular activities
in host cells and carry a trace of donor cells potentially
resembling the molecular changes occurring in the tissue
where they are generated. Although they were originally
considered as cell debris, in the last two decades EVs are
emerging as a source of pivotal signals for intercellular
communication [25, 46]. In addition to classic routes of
communication (e.g., secretion of autocrine and parac-
rine signaling factors), EVs represent an additional strat-
egy for cells to release signals in the surrounding cellular
environment or to deliver molecules to distant tissues
[25, 47]. In the central nervous system (CNS), cell-to-cell
interaction is essential for development, brain plasticity,
and metabolic homeostasis, and its alteration is criti-
cally involved in the development of neurodegenerative
diseases [48]. The molecular cargo of EVs contains vari-
ous bioactive molecules originating from different cell
compartments (i.e., cytoplasm, plasma membrane, mito-
chondria, and nucleus), including enzymes, receptors,
growth factors, transcription factors, lipids and nucleic
acids (mRNAs, miRNAs, and DNA). On the other side,
EV membrane is composed of different lipids and surface
proteins, such as tetraspanins, fusion and transferring
proteins, lysosome-associated membrane glycoproteins,
heat shock proteins, cytoskeleton proteins, integrins,
transferrin receptors and MHC molecules [49-52].
Among the different types of EVs, exosomes are cer-
tainly the most studied. Exosomes originate from the
multivesicular bodies (MVBs) and are released in the
extracellular space upon fusion of endosomes with
the plasma membrane of the donor cell. Exosomes are
involved in physiological dynamics such as homeo-
stasis maintenance, neurogenesis, synaptic plasticity,
myelination, neuron survival and regeneration upon
brain injury [53-56]. Neurons release exosomes con-
taining neurotransmitter receptors and activity-related
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miRNAs that can influence the excitability and synap-
tic plasticity of neighboring cells [57, 58]. Neuronal EVs
are also able to transfer into astrocytes the miR124a,
which modulates glutamate uptake by regulating the
expression of excitatory amino acid transporter 2 [59].
Glial cell-derived EVs are involved in the modulation of
neuronal activity, repair and response to cellular stress.
For instance, astrocyte-enriched cultures release syn-
apsin via exosomes, which promotes neurite outgrowth
[60]. In addition, the glutamate-dependent crosstalk
between neurons and oligodendrocytes induces the
release of oligodendroglial exosomes containing neu-
roprotective RNAs and proteins under oxidative stress
conditions [61, 62]. Moreover, Schwann cell-derived
exosomes have been demonstrated to facilitate axonal
elongation in vitro and sustain nerve fiber regenera-
tion in vivo [63]. To date, very little is known about the
mechanisms regulating the targeting of EVs and if vesi-
cles generated from some donor cells are preferentially
transferred to specific target cell types [64]. Rana et al.
have highlighted the critical role of exosomal tetraspa-
nin-complexes to influence target cell selection through
interactions with the integrin protein family both
in vivo and in vitro [65].

In addition to their role in the intercellular crosstalk
among brain cells, EVs may also allow the removal of
unwanted proteins and other macromolecules from the
cell [66]. Indeed, EVs can eliminate toxic aggregated
proteins when the autophagic—lysosomal pathway
becomes insufficient. For instance, exosomal secre-
tion acts as a compensatory pathway for the clearance
of cellular TDP-43 aggregates in Neuro2a cells [67]. In
addition, other disease-causing toxic misfolded pro-
teins are exported from neurons through vesicle secre-
tion, reinforcing the idea of an off-site disposal strategy
[68]. For instance, Braun’s group demonstrated that
both mutant superoxide dismutase-1 and polyglu-
tamine-expanded HTT are exported via EVs from cat-
echolaminergic derived CNS cells, with the help of the
molecular chaperone CSPa [69]. Moreover, neuronal
exosomes have been reported to facilitate conforma-
tional change of extracellular AR into nontoxic amy-
loid fibrils and promote its internalization by microglia
for degradation [70]. Furthermore, the proteolytically
active insulin degrading enzyme, which targets and
degrades also AP peptides, is encapsulated in exosomes
and released in the extracellular space, thereby promot-
ing AP catabolism [71]. Thus, EVs can influence brain
health and plasticity via the exchange of signals regulat-
ing neuronal activity, metabolism, and axon regenera-
tion, but their cargo can also target different pathways
potentially involved in the onset and progression of
neurodegenerative disorders.
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Role of brain-derived EVs in the spreading

of neurodegeneration

Apart from their physiological contributions to cell-cell
communication, EVs have recently emerged as a carrier
of molecules, contributing to the spreading of neurode-
generative disorders in the CNS (Fig. 1). Brain-derived
exosomes (BDEs) appear to potentially contribute to
the onset and progression of neurodegeneration mainly
through the transport of synaptotoxic proteins trigger-
ing glial cell activation and neuroinflammation [72]. In
addition, exosomes released from activated glial cells
can incorporate pro-inflammatory molecules, such as
cytokines [39], or abnormally expressed miRNAs that,
once transferred to target cells, can trigger epigenetic
dysregulation of brain plasticity-related gene expression,
and promote the development of neuroinflammation and
neurodegeneration [73]. Along with these mechanisms,
EVs can promote extracellular spreading of pathological
misfolded and aggregated proteins [74-76]. Of course,
the neurotoxic misfolded proteins involved in neurode-
generative diseases such as a-synuclein, Ap and Tau, can
also extracellularly diffuse and spread from affected cells
to naive cells where they template aggregation through
other mechanisms including in a prion-like manner [77,
78]. For example, lysine residues mediate the interaction
between Tau and the transport protein LRP1, mediating
Tau endocytosis and its spread [79]. In addition, Tau can
be intercellularly transferred through tunneling nano-
tubes, which are filamentous actin-containing channels
that connect neighboring cells [80]. Finally, it has been
demonstrated that hyperphosphorylated tau can be
directly secreted as a naked protein from the cells [81,
82]. Moreover, a recent study reported how microglia
may phagocytose AP and contribute to the propagation
of AP pathology by invading non-diseased brain tissues
[83]. Below we summarize the evidence regarding the
role of BDEs in the propagation of pathological mole-
cules triggering the progression of AD, PD, and HD.

AD

Tau pathology

Tau is a microtubule-associated protein, predominantly
expressed in neurons. It is released from neuronal cells
by several mechanisms: (1) an activity-dependent release
[29], (2) bursting of apoptotic neurons, resulting in
release of free Tau molecules in the extracellular space,
which are then internalized by neighboring cells, contrib-
uting to the propagation of Tau pathology, (3) sorted and
packed Tau proteins in EVs released by exocytosis [84].
Encapsulation of Tau by murine exosome-like EV mem-
branes has been demonstrated to induce Tau aggrega-
tion [85]. Since Tau aggregation is thought to be driven
by post-translational modifications, it is relevant to
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Fig. 1 Role of brain-derived exosomes in the spreading of pathology in neurodegenerative diseases. HD, Huntington's disease; PD, Parkinson's

understand how exosomal and cytoplasmic Tau differ in
terms of phosphorylation patterns [76, 86]. Interestingly,
exosomes isolated from the CSF of patients with mild
(Braak stage 3) and established neurodegeneration (Braak
stage 5) are strongly positive for Tau protein, specifically
Tau phosphorylated at threonine 181, and the proportion
of pTau in the exosomal fraction is significantly higher
in mild/moderate AD groups than in controls [76]. This
evidence suggests that Tau modified with particular
phospho-signatures may preferentially be targeted into
exosomes [87, 88]. Moreover, the tyrosine kinase protein
Fyn, which can further contribute to the phosphoryla-
tion of the vesicle-encapsulated Tau proteins, is detected
inside the exosomal cargo [76].

The pathogenesis of tauopathies involves conversion
of Tau monomers into pathological Tau conformers that
serve as templates to recruit native Tau into growing
assemblies. Small soluble Tau seeds have been proposed
to drive pathological Tau assembly in vitro and in vivo
[89, 90]. In addition to differences in phosphorylation
sites, the seeding competency also varies among different

tauopathies [91]. In recent years, many efforts have been
made to study tau pathobiology [92, 93]. The internaliza-
tion of exosomal Tau seeds appears to be quite complex,
given that cells internalize EVs by a variety of endocytic
pathways, including clathrin-dependent and -inde-
pendent pathways such as caveolin-mediated uptake,
macropinocytosis, phagocytosis, and lipid raft-mediated
internalization [94]. From exosomes, Tau oligomers are
released to the cytosol of the recipient neuron, where
they form NFTs with other Tau oligomers [95, 96]. In
addition, different cell types contribute to the progression
of tauopathy. Apart from neurons, microglia can phago-
cytize Tau-containing neurons and secrete exosomes
containing Tau, which facilitate its propagation into neu-
rons. Accordingly, both depletion of microglia and inhi-
bition of exosome synthesis counteracte Tau propagation
in a mouse model of AD [97].

AB pathology
AP peptides are produced from amyloidogenic cleavage
of amyloid protein precursor (APP) and can aggregate to
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form soluble toxic species that cause synaptic dysfunc-
tion and memory deficits in brains of AD patients [98—
100]. Although exosomes represent an essential route for
clearance of A from the cell, they might also represent a
source of AP aggregates for the nearby cells, contributing
to AP aggregation [70]. The main site of AP production
in neurons is the MVBs [101]. MVBs may be degraded
upon delivery to the lysosomes or secreted as exosomes
through fusion with the plasma membrane [102], con-
sequently spreading their content. The extraction of A
oligomer-rich exosomes from AD brains demonstrates
that exosomes could carry AP aggregates among neurons
[103], triggering neuroinflammation and accelerating
amyloid plaque formation within the brain [104]. Accord-
ingly, exosomal proteins such as Alix and flotillin-1 have
been found to be enriched around amyloid plaques in
the brains of AD patients [74]. Moreover, presenilin,
APP, C-terminal fragments of APP (APP-CTFs), and
several key proteases involved in AP production such as
[-secretase (BACE1) and y-secretase (presenilin subunits
PS1 and PS2) have also been found in exosomes isolated
from AD brain cells/tissues [105—-107].

Finally, microglia hyper-secrete exosomes that con-
tribute to AP oligomerization and deposition as well as
tau propagation, while depleting microglia halts this
effect [108]. Blocking exosome secretion/formation or
their uptake by brain cells might reduce the spread of
Ap oligomers and thus alleviate AP toxicity. Accordingly,
reduction of secreted exosomes induces a decrease in
amyloid plaque deposition in the 5xFAD mouse model
[109].

Other mechanisms

Besides by contributing to Tau and A propagation,
microglia- and astrocyte-secreted exosomes participate
in the progression of AD also by release of neuroinflam-
matory molecules and non-coding RNA species. For
instance, exosomes released from APP-overexpressing
cells are internalized by microglia and induce microglial
activation and release of pro-inflammatory cytokines
[110, 111]. Moreover, the interaction between released
miRNAs and toll-like receptors (TLRs) can trigger neu-
roinflammation and neurodegeneration. The secretion
of miRNA let-7 into the extracellular environment has
been demonstrated to stimulate the RNA-sensing pro-
tein TLR7 in both microglial and neuronal cells, and its
intrathecal injection results in neurodegeneration in
wild-type mice [112]. Finally, exosomes released by acti-
vated microglia are reported to spread the inflammatory
milieu composed of proteins involved in cell metabolism,
autophagy-lysosomal pathway, and cell matrix reorgani-
zation, which modulate astrocyte activity in vitro [113].
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PD

Recently, several in vivo studies have provided evidence
of exosome involvement in the progression of PD pathol-
ogy. Exosomes derived from CSF of patients with PD
contain pathological forms of a-synuclein, which induce
oligomerization of soluble a-synuclein in recipient cells
in a dose-dependent manner [114]. Accordingly, exoso-
mal a-synuclein can spread more efficiently from a donor
cell to target cells compared to exosome-free a-synuclein
in naive human neuroglioma H4 cells in vitro [115]. In
addition, exosomes accelerate the aggregation of exog-
enous a-synuclein and conversion from monomeric
a-synuclein into fibrillar aggregates [116].

Microglia, the innate immune cells inside the brain,
endocytose aggregated forms of a-synuclein released
from neurons, in an attempt to clear pathogenic spe-
cies of the protein [117]. However, excessive a-synuclein
uptake in glial cells can produce protein aggregates
similar to those found in PD brains and trigger inflam-
matory responses, leading to the incorporation of fibrils
into exosomes [118, 119]. The interaction of exosomal
a-synuclein and microglial TLR2 has emerged as an
important driving force for excessive microglial phago-
cytosis of a-synuclein, and exosomes derived from
microglia have been suggested to be responsible for cell-
to-cell transmission of pathological forms of a-synuclein,
promoting the spread of PD [120]. Indeed, intrastriatal
injection of microglia-derived EVs can transfer exosomal
a-synuclein to neurons in vivo [121]. Accordingly, stere-
otaxic injection of microglia-derived exosomes contain-
ing a-synuclein promotes the spreading of aggregates
throughout several brain regions. Depletion of resident
microglia decreases the transmission of a-synuclein, indi-
cating the critical contribution of microglia and micro-
glia-derived exosomes to the pathology [120]. Recent
in vitro studies demonstrated that the treatment of pri-
mary cultures of mouse microglia with a-synuclein pre-
formed fibrils induces the release of exosomes containing
pathogenic a-synuclein forms, which trigger a-synuclein
aggregation in recipient neurons. In addition, it has been
reported that a-synuclein released from injured neurons
is able to induce and maintain inflammatory responses
through activation of glial cells [38]. Indeed, like a posi-
tive feedback loop, the activated glia drive protein aggre-
gation, which in turn propagates neuroinflammation.

HD

Small EVs are involved in mHTT propagation between
cells at both protein and RNA levels. mHTT protein
carrying expanded polyglutamine sequence is prone to
abnormal conformation, and both post-translational
modifications and protease cleavage may contribute to
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the formation of a misfolded N-terminal fragment. This
protein tail, when unsuccessfully re-folded, may accumu-
late, engulfing the ubiquitin-proteasome and autophagy
system and, eventually, be released by exosomal incor-
poration and secretion [122]. Despite being a large 360-
kDa protein, the full-length HTT was co-isolated with
EVs from HD patient plasma in a recent study, suggesting
the presence of full-length, fragmented and aggregated
forms of both mutant and wild-type HTT in small EVs
[123]. In addition, human HEK293T cells infected with a
lentivirus encoding mutant H77T-exon 1 fragments gen-
erate EVs containing toxic expanded trinucleotide repeat
RNAs (CAG-repeat RNA) and polyQ protein [44, 124].
Similarly, murine embryonic fibroblasts overexpressing
the exon 1 of the Htt gene showed constitutive interac-
tion of mHTT with exosome structural proteins Alix and
TSG101 [125]. In both primary cultured astrocytes and
the striatum tissue from an HD mouse model, mHTT
impairs exosome secretion by decreasing the expression
of the glial protein aB-crystallin, a heat shock protein
mediating exosome release, leading to defective exosome
secretion and accumulation of mHTT aggregates within
the cell [126]. Several studies suggested that exosomes
can transport the expanded polyglutamine tract of
mHTT RNA and protein, as well as mHTT aggregates.
The transport of mHTT into exosomes and the ability
of the latter to transfer mHTT between cells have been
confirmed by detection of mHTT aggregates in neurons
derived from wild-type neural stem cells (NSC) co-cul-
tured with HD fibroblasts. Strikingly, the injection of
exosomes released from fibroblasts of HD patients into a
newborn mouse brain triggers the manifestation of HD-
related behavior and pathology, characterized by motor
and cognitive deficits [44].

These data highlight the overall contribution of
exosomes to the pathogenesis and progression of differ-
ent neurodegenerative disorders, targeting multiple cells
involved in both synthesis and clearance of misfolded
neuropathological protein aggregates.

Brain-derived exosome cargo as a source

of biomarkers

Brain-derived exosomes

Disease biomarkers are important for early diagnosis
and follow-up of human pathologies and they represent
a valuable tool for personalized medicine. Although cur-
rently there are no highly validated nanovesicle-derived
biomarkers for diagnosis and monitoring of neuro-
degenerative diseases, more attention is being paid to
exosomes and their content as a promising source of
molecules with great potential to study brain disorders,
mainly because of the current lack of other specific
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and non-invasive biomarkers [127-129]. As previously
described, exosomes are released from numerous cell
types and found in biological fluids, including blood,
urine, saliva, breast milk, CSF, semen, amniotic fluid, and
ascites, making them attractive for use through liquid
biopsies. Even though the isolation techniques still need
to be refined to reach an adequate level of both speci-
ficity and reproducibility for clinical setting, currently
vesicles can be isolated from biological fluids to analyze
their cargo as a molecular trace of the cell from which
they are generated, therefore providing a fingerprint of
physiological and pathophysiological status of parental
cells [130]. Exosomes are already being considered as a
source of biomarkers for the diagnosis of cancer as well
as for cardiovascular diseases [131-133]. BDEs can be
isolated from the CSF [134] but they can also cross the
blood-brain barrier (BBB) and be detected in peripheral
body fluids, thus overcoming the limits of accessibility to
the CNS [135]. In recent years, numerous studies have
reported the possibility to enrich neuronal or glial BDEs
starting from biological fluid samples (e.g., blood) [136—
138]. Numerous methods for exosome isolation have
been set up in the most recent years, ranging from filtra-
tion and ultracentrifugation to microfluidics array [139,
140]. Unfortunately, only few of them allow extraction
of enough numbers of exosomes starting from patient
samples. In 2015 two groups succeeded in isolating CNS-
derived exosomes (i.e., neuronal and astrocytic vesicles)
from blood plasma through polymer-assisted precipi-
tation followed by immunoprecipitation with LICAM
(or superparamagnetic L1CAM-conjugated microbeads
immuno-capture) or GLAST antibodies, respectively
[141-143]. A few years later, Dutta and colleagues were
the first to successfully isolate oligodendrocyte-derived
exosomes from blood by using a MOG antibody cou-
pled with magnetic dynabeads [144]. The main chal-
lenge remains to confirm if the isolated exosomes indeed
originate from the intended cell type. For example, it is
important to consider that LICAM is not exclusively
expressed in neurons. On the other hand, proteomic
analyses showed that L1ICAM-captured exosomes con-
tain higher concentrations of CNS-derived proteins (e.g.,
pTau, microtubule associated protein 2, neurofilament
light chain, and L1ICAM) than total exosome samples
[145]. However, unanimous consensus has not yet been
reached on the specificity of BDE isolation using these
experimental approaches. At present, nearly 30 regis-
tered clinical trials on “clinicaltrials.gov” are investigating
the potential of EVs as a source of biomarkers related to
specific diseases, including obesity, cancer, cardiovascu-
lar diseases, and neurodegenerative disorders.
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AD

Specific changes in exosomal cargo and transmem-
brane proteins are reported to be significantly related to
AD onset and progression, and they can provide useful
and valuable biomarkers. Exosomes can carry Apf1-42,
Tau and its phosphorylated forms (e.g., p-Tau'"'8! and
p-Tause'?’%), IncRNAs, miRNAs and other proteins that
constitute molecular hallmarks of AD and could help dis-
tinguish AD or mild cognitive impairment (MCI) patients
from healthy individuals [146, 147]. As the pathology pro-
gresses from preclinical stages through MCI to demen-
tia, the concentrations of these molecules in biological
samples change, along with increased expression of other
risk factor-associated molecules which are involved in
neuroinflammation (Clq), autophagy system dysregula-
tion (cathepsin-D) and metabolic disorders (IRS-1 and
p-IRS-1) [148]. Of all, neuron-derived exosomes (NDEs)
present the highest diagnostic relevance compared to
total exosomes, especially when considering p-Tau lev-
els [129]. In addition, combination of multiple mark-
ers (CSF p-Tau and AP) may increase the sensitivity and
specificity. For instance, AB1-42 levels in neuron-derived
blood exosomes in patients with preclinical AD are sig-
nificantly higher than those from healthy control sub-
jects, but significantly lower than those from AD patients
[141]. Along with protein analysis, characterization of
exosomal miRNA profile can provide accurate insights
into the pathogenesis and progression of the disease.
Alterations of exosomal miRNAs from other body fluids,
including plasma and CSE, have been reported by several
studies. For example, analysis of CSF-derived exosome
samples reveals alterations of miR-16-5p, miR-125b-5p,
miR-451a, miR-605-5p, miR-9-5p and miR-598 in AD
patients when compared to healthy subjects [149]. Many
of these miRNAs have been shown to be implicated in
AD pathogenesis [150]. Moreover, analysis with deep
sequencing techniques of exosome-enriched plasma frac-
tions reveals increased expression of 20 plasma exosomal
miRNAs in AD patients. Among these 20 miRNAs, a
panel of 7 (miR-185-5p, miR-342-3p, miR-141-3p, miR-
342-5p, miR23b-3p, miR-338-3p, and miR-3613-3p) is
highly valuable for predicting AD status with high accu-
racy using a machine learning model [151]. Finally, more
exosome-based biomarkers for both preclinical and clini-
cal AD are emerging. Indeed, the blood exosomal levels
of BACEl-antisense transcript (BACE1-AS), NDE APD,
APPa, and APPp are reported to be significantly higher
in AD patients compared to control subjects [143, 152].
Of note, free plasma proteins such as phospho-Tau217
and GFAP have recently been reported to be useful bio-
markers of early AD, even before neuroimaging altera-
tions can be detected [153, 154]. These results provide a
wider panel of biological biomarkers for AD compared to
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other neurodegenerative disorders. Interestingly, many
clinical trials have been started in the recent years to
investigate the clinical relevance of EVs as new biomark-
ers for diagnosis or drug response in AD. In 2017, the
University Hospital in Lille started to recruit participants
to analyze levels of Tau in EVs derived from AD patient
CSF (ClinicalTrials.gov Identifier: NCT03381482). In
2019, the University of Oxford began to study if the drug
JNJ-40346527 can block the colony stimulating factor-1
receptor which is responsible for the regulation of micro-
glial cells, in order to change the activity or the number of
activated microglial cells in the brain. To find evidence of
this change, both free protein biomarkers and the num-
ber of EVs are monitored. In the same year, the National
Institute of Aging in Baltimore started a clinical trial to
investigate the ability of the molecule empagliflozin,
which is an antidiabetic drug, to elevate ketone levels and
boost neuronal health, thus delaying the onset and pro-
gression of cognitive impairment. To this aim, Egan and
colleagues isolated from plasma both total and neuronal-
origin EVs to analyze if an increase in ketone bodies may
upregulate IGF-1 and insulin cascades in non-diabetic
individuals. These studies, only partially concluded, sug-
gest a novel approach to identifying non-invasive diag-
nostic and prognostic biomarkers of neurodegeneration
and provide novel insights into the clinical tools available
to follow the progression of AD compared to other neu-
rodegenerative disorders.

PD

The urgency of identifying novel biomarkers of PD
arises from the fact that the clinical symptoms as motor
function alterations appear decades after the onset of
neurodegeneration. At that time, a loss of a significant
number of neurons has already occurred, jeopardizing
any type of therapeutic intervention aimed at preserv-
ing cell viability. To date, many studies have found high
levels of a-synuclein within BDEs in plasma samples of
PD patients compared to healthy controls. Additionally,
a direct correlation between vesicular a-synuclein levels
and disease severity has been demonstrated [155]. For
instance, a-synuclein levels are consistently and stably
elevated in PD patients even at the early or advanced
stage, allowing discrimination of PD from other syn-
dromes (e.g., atypical parkinsonian syndrome) or healthy
subjects [156]. Overall, these data support the notion
that increased levels of a-synuclein, in L1CAM-contain-
ing neuronal EVs isolated from biological fluids, may be
considered as a useful biomarker for early PD diagno-
sis, as well as a predictive marker of motor dysfunction
progression in PD. Moreover, the levels of a-synuclein,
phosphorylated Tyr-181 Tau, and phosphorylated insu-
lin receptor substrate-1 in L1CAM-immunocaptured
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EVs isolated from plasma of PD patients, appear as use-
ful biomarkers of cognitive prognosis [157]. Other poten-
tial biomarker candidates have been found enriched
in PD-derived EVs compared to controls, such as the
phosphorylated Ser-1292 Leucine-Rich Repeat Kinase 2
(LRRK?2), a soluble cytoplasmic protein often found asso-
ciated with intracellular membranous organelles includ-
ing mitochondria, lysosomes, and endosomes [158]. The
same trend has been observed for DJ-1, a highly con-
served dimeric protein mainly expressed in tissues with
high-energy demand, like testis, Langerhans’ islets, and
brain. In neuronal cells, DJ-1 is involved in the regulation
of transcription and neuronal protection from oxidative
stress. To date, higher levels of DJ-1 have been found in
PD patient-derived EVs compared to healthy subjects
[159]. EVs may also transport other pivotal regulators of
PD-related pathways, such as miRNAs. miRNA analy-
sis allows the identification of miRNAs correlated with
a-synuclein levels in the CSE. For instance, early-stage
PD patients show low levels of miR-22-3p, as well as
high levels of both miR-10b-5p and miR-151a-3p [160].
Moreover, higher levels of both miR-24 and miR-195 and
decreased amount of miR-19b were found in EVs derived
from serum of PD patients compared to healthy controls
[161]. Furthermore, a recent study detected higher lev-
els of miR-30c-2-3p in exosomes derived from plasma of
PD patients. On the contrary, levels of miR-15b-5p, miR-
138-5p, miR-338-3p, miR106b-3p and miR-431-5p are
lower in PD subjects than in controls. Interestingly, gene
ontology and Kyoto Encyclopedia of Genes and Genomes
pathway analyses revealed that all dysregulated miRNAs
targeted genes involved in dopaminergic synaptic for-
mation, neurogenesis, and neuron protection guidance,
further supporting their critical role in PD progres-
sion [162]. To date, despite meeting most of the criteria
for an ideal biomarker, there is still a lack of standard-
ized protocols regarding the use of circulating or exoso-
mal miRNAs in clinical practice [163, 164]. In addition,
the fraction of brain-derived miRNAs within the pool
of circulating non-coding RNAs inside the blood is very
small. This may lead to the loss of significant differences
when analyzing their levels in biological fluids derived
from patients affected by neurological disorders. To this
regard, standardization of BDE isolation protocols and
analysis of BDE-derived molecules may provide useful
biomarkers for neurodegenerative diseases. At present,
4 clinical studies are currently ongoing to investigate the
role of EVs as a source of PD-related biomarkers. Two of
them (NCTO03775447, Fox BioNet Project ExtraCellular
Vesicles ECV-003 and NCT04603326, Fox BioNet Project
ECV-004) are sponsored by the Michael J. Fox Founda-
tion for Parkinson’s Research and aim at optimally iso-
lating EVs from human CSF to detect LRRK2 levels and
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activity. The other two clinical trials are sponsored by
Fondazione Don Carlo Gnocchi Onlus (NCT05452655
and NCT05320250). The first one tests the ability of a
new set of serum biomarkers in NDEs to evaluate reha-
bilitative outcomes in a cohort of PD patients. The other
one aims at validating, by Raman spectroscopy analysis,
molecules isolated from either saliva or salivary EVs as
new biomarkers for differential diagnosis between PD
and atypical Parkinsonism.

HD

In patients affected by HD, BDEs can contain mHTT,
its fragments, or other proteins reflecting the condi-
tions of donor CNS cells, highlighting exosome content
as an important source of biomarkers for disease state
and treatment status. Unfortunately, at present, further
studies are needed to clarify the correlation of exosomal
mHTT levels with disease severity and progression. Any-
way, encouraging data highlight the potential to evaluate
the levels of expanded RNA repeats and polyQ proteins
in EVs derived from biofluids of HD patients as bio-
markers of disease progression and response to therapy
[122]. In addition, numerous miRNAs linked to HD have
been found to be embodied in exosomes: (i) miR-214,
miR-150, miR-146a and miR-125b, which are reported
to be able to target both human and mouse HTT in a
cell model of HD, (ii) miR-22 that regulates several HD-
related proteins such as histone deacetylase 4 (HDAC4),
REST corepressor 1 (Rcorl) and regulator of G-protein
signaling 2 (Rgs2), (iii) miRNA-128a that interacts with
HTT and is downregulated in HD mouse and HD patient
brain tissues. Moreover, more than 60% of miRNAs dys-
regulated in the cortex of HD monkeys are of exoso-
mal origin [165-168]. Finally, miR-124, which is highly
expressed in the CNS and markedly down-regulated in
brains of both HD patients and experimental models, has
been found in serum exosomes, and its exosomal level
has been reported as a promising biomarker for brain
damage in ischemic stroke [169-171].

Role of stem cell-derived EVs as novel potential
therapeutic tools in neurodegenerative disorders
Along with their potential as ubiquitous biomarkers,
exosomes may enable graft-free delivery of therapeutic
molecules and offer several advantages over cell-therapy.
For instance, exosomes have low immunogenicity [172]
and can be internalized by a variety of brain cells. Impor-
tantly, EVs have the intrinsic ability to breach biological
barriers including the complex BBB, whose restrictive
nature represents a significant therapeutic challenge
[173]. Applications of EVs in therapies for neurodegen-
erative diseases embrace two main aspects: these vesicles
may represent a biocompatible cargo for drug delivery
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and, more importantly, the stem cell-derived exosomes
can offer a novel therapeutic tool against neurodegen-
erative disorders as a vehicle of neurotrophic and anti-
inflammatory molecules potentially fostering brain
plasticity [174, 175] (Fig. 2).

Like EVs from any other cells, stem cell-derived
exosomes carry a cargo of miRNAs, mRNAs, proteins,
and lipids. In addition, EVs containing chemokines and
trophic factors originating from stem cells show immu-
nomodulatory and reparative effects that make them
promising candidates as therapeutic tools against neu-
roinflammation and synaptic dysfunction occurring
in neurodegenerative disorders [24]. Among all kinds
of pluripotent stem cells, NSC-derived exosomes have
received much attention. NSC-derived EVs contain
miRNAs and proteins relevant for neural regeneration,
neuroprotection and neural plasticity [176]. Therefore,
exogenous application of NSC-derived EVs in the adult
brain in both normal and disease conditions can posi-
tively influence the intercellular microenvironment and
modulate signaling pathways, potentially improving brain
functions. In this regard, there is a significant interest to
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use NSC-derived exosomes to treat a variety of neuro-
logical disorders. There are several potential advantages
of using NSC-derived exosomes compared to NSC trans-
plantation. First, many EVs can reach different regions
of the brain through intranasal administration [174, 175,
177]. Second, unlike cell therapy, the risk of developing
a tumor or malignant transformation after EV admin-
istration is significantly lower since they are not nucle-
ated cells, cannot replicate, and quickly disintegrate after
releasing their cargo [178]. With the advent of new tech-
niques, it is also feasible to generate therapeutic vesicles
using large-scale cellular factories. Moreover, since EVs
are stable for extended periods of time at -80 °C and for
several weeks at 4 °C, they can be stored and transported
easily. Thus, EVs may represent a novel frontier of cell-
free therapies also for hard-to-reach tissues such as the
brain. Considering the huge variety of exosome-produc-
ing cells, as well as vesicles’ cargoes, further studies are
needed to fully comprehend their physiological role and
to unveil their full potential in treatment and prevention
of diseases. To this aim, in 2020, a clinical trial aiming to
evaluate the safety and efficacy of exosomes derived from
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allogenic adipose mesenchymal stem cells (MSC-exos) in
AD patients has been started in Shanghai, China (Clini-
calTrials.gov Identifier: NCT04388982). This phase I/II
clinical trial, with estimated completion date in August
2022, explores the effects of intranasal administration of
different dosages of MSC-exos in the treatment of mild-
to-moderate AD-related dementia in a time frame of 48
weeks. Of note, apart from neurodegenerative diseases,
stem cell-derived EVs have been demonstrated to have
antioxidant, anti-inflammatory, and anti-apoptotic effects
in neurological, endocrine, organ-specific, and genitou-
rinary disorders [179]. Several clinical trials have been
already conducted to study the effect of EVs in the treat-
ment of different pathological conditions such as skin
wounds (Clinicaltrials.gov NCT02565264), type 1 diabe-
tes (Clinicaltrials.gov NCT02138331), and epidermolysis
bullosa (Clinicaltrials.gov NCT04173650). Anyway, at
present, questions regarding the purity of different sub-
types of EVs, individual responses to chronic adminis-
tration, number of EVs and other details of therapeutic
protocol have not been completely resolved. In addition,
since EVs may be altered by the microenvironment, vesi-
cles obtained from patients with various diseases (e.g.,
metabolic diseases) can potentially transfer molecules
interfering with the health of host patients. Finally, before
clinical application of SC-derived EVs, it would be essen-
tial to standardize protocols for their purification to avoid
undesirable genetic and/or protein component transfer
and deleterious immune system activation.

AD

In the recent era, numerous studies have highlighted
the potential of both NSC- and mesenchymal stem cell
(MSC)-derived EV treatment to protect against synap-
tic loss and improve cognition in AD brains. Exosomes
secreted by stem cells contain proteolytic enzymes,
such as neprilysin, that effectively cleave extracellular
and intracellular AP deposits in the brain. Accordingly,
injection of bone marrow MSC-EVs into the brains of
mouse models of AD decreased Ap levels, plaque load
and number of dystrophic neurites by promoting micro-
glia-mediated phagocytosis of AP plaque and increasing
hippocampal expression of brain-derived neurotrophic
factor [148, 180].

To investigate their immune regulatory properties, EVs
released by cytokine-stimulated MSCs were delivered to
primary cultures of microglia and intranasally admin-
istered in a 3xTg-AD model. In vitro, these precondi-
tioned EVs reduced secretion of interleukins IL-6 and
IL-1B, which play important roles in neuroinflammation
and are upregulated in AD brains, and enhanced secre-
tion of IL-10, an anti-inflammatory cytokine that induces
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the M2 polarization, associated with the formation of
neuronal synapses. When administered in vivo, MSC-
derived EVs were linked to a strong reduction of Iba-1-
positive cells in the hippocampus, and enthorinal and
prefrontal cortex [181]. Accordingly, recent studies have
addressed the antioxidant and neuroprotective effects
of human mesenchymal stem cell-derived EV (hMSC-
EVs) on cultured hippocampal neurons treated with Ap
oligomers. Collectively, the results of this study dem-
onstrated that: (1) the total number of EVs taken up by
the hippocampal cells increases significantly in the pres-
ence of AP, (2) hMSC-EVs increase the resistance of hip-
pocampal neurons to damage caused by AP, and (3) the
neuroprotective effect of hMSC-EVs is correlated to the
expression of enzymatically active catalase in their cargo.
The authors also reported the ability of these EVs to
inhibit AB-induced neuronal damage by modulating the
astrocyte-related inflammatory responses and decreasing
ROS production [182].

In addition to MSC, different stem cell-derived EVs
have been shown to counteract the impairment of cogni-
tive functions in AD experimental models through various
mechanisms including the reduction of both intracel-
lular and extracellular AP deposition. In recent years,
numerous studies have highlighted the potential of NSC-
derived exosomes in ameliorating neurodegeneration
at both molecular and behavioral levels. Apodaca et al.
demonstrated that systemic administration of human
NSC-derived exosomes restored fear extinction memory
consolidation and reduced anxiety-related behaviors in the
5xFAD AD mouse model. EV treatment restored homeo-
static levels of circulating pro-inflammatory cytokines,
protected against synaptic loss, improved cognition, and
significantly reduced dense core amyloid-beta plaque
accumulation and persistent microglial activation, which
is detrimental to neuronal survival and cognitive func-
tion [183]. Li et al. investigated the effect of NSC-derived
exosomes in APP/PS1 mice on cognitive behavior, mito-
chondrial function, sirtuinl (SIRT1) expression, synap-
tic function and morphology, AP level, and inflammatory
response. Although AP levels were not altered, the NSC-
derived EVs rescued cognitive deficits in APP/PS1 mice,
enhanced mitochondrial function, SIRT1 activation and
synaptic activity, decreased inflammatory response, and
rescued cognitive deficits in mouse models of AD [184],
suggesting the capacity of exosomes to influence AD path-
ological environment through both AP-dependent and
-independent mechanisms. Finally, intracerebral injection
of exosomes secreted from hippocampal NSCs protects
against the synaptotoxic action of AP oligomers, decreas-
ing their binding to synapses in hippocampal slices and
preventing LTP and memory deficits [185].
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PD

In the last years, the efficiency of various novel
approaches, including stem cell therapy and gene ther-
apy, have been evaluated for PD treatment [186]. Many
studies have investigated and highlighted the potential
therapeutic properties of the secretome derived from
stem cells, mainly focusing on stem cell-derived EVs iso-
lated from conditioned media and used in both in vitro
and in vivo experimental models of PD. For instance,
MSC-derived exosomes were discovered to rescue dopa-
minergic neurons in 6-OHDA mouse model of PD [187].
Stem cell-derived exosomes have been also demonstrated
to promote neural differentiation through regulation
of endogenous miRNAs and the transfer of exogenous
miRNAs, and to carry beneficial miRNAs that are able to
reduce neuroinflammation in PD animal models. MiR-21
and miR-143 in MSC-derived exosomes are found to play
a significant role in immune modulation and neuronal
death. Moreover, the delivery of MSC-derived exosomes
containing miR-133b, one of the miRNAs downregulated
in PD, can promote neurite outgrowth both in vitro and
in vivo experimental models of PD [188]. Finally, exoso-
mal miR-17-92 cluster promotes neurogenesis and oli-
godendrogenesis and improves neuronal function in the
ischemic boundary zone of rats subjected to transient
middle cerebral artery occlusion [189]. In addition to
MSC, NSC-derived exosomes are now recognized as a
fundamental source of cell therapy for PD. EVs isolated
from human NSCs have been demonstrated to exert a
protective effect on PD pathology both in a 6-hydroxy-
dopamine (6-OHDA)-induced in vitro model and in an
in vivo PD mouse model, where they reduce intracellular
reactive oxygen species, and counteract the activation of
apoptotic pathways. Moreover, NSC-derived exosomes
carry anti-inflammatory factors and specific miRNAs
(i.e., hsa-mir-182-5p, hsa-mir-183-5p, hsa-mir-9, and
hsa-let-7) involved in cell differentiation, which con-
tribute to decreased neuronal loss [190]. Therefore,
understanding how the miRNAs from stem cell-derived
exosomes interact with the cells and molecules in PD is
of great importance.

HD

Nowadays, alternative therapies are intensively pursued
to find an effective treatment to prevent and ameliorate
HD symptoms, including those based on stem cells or
stem cell-derived exosomes. To date, very few studies
have investigated the therapeutic effects of stem cell-
derived EVs in HD. Lee et al. demonstrated that admin-
istration of EVs derived from adipose-derived stem cells
(hASCs) decreased intracellular mHTT aggregates in an
in vitro model of HD [191]. The authors reported that
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hASCs secreted exosomes containing neurotrophic fac-
tors able to counteract abnormal apoptotic protein levels
and to reduce mitochondrial dysfunction by increasing
the levels of both PGC-1 and phosphorylated CREB pro-
teins. Accordingly, neurotrophic factor levels have been
inversely related to HD progression and approaches stim-
ulating the expression of BDNF appear to delay the onset
of cognitive decline in experimental models of HD [192,
193]. However, further studies are necessary to clearly
establish the effectiveness of stem cell-derived EVs in
experimental models of HD.

Conclusions

The knowledge of the pathophysiology of neurodegenera-
tive disorders still has many grey areas, such as the avail-
ability of diagnostic and therapeutic tools which are often
scarce and insufficient. The lack of reliable biomark-
ers and personalized treatments is a severe limitation
for early and accurate patient management in neuro-
degenerative diseases triggering cognitive decline and
dementia. Furthermore, drug delivery and treatments
are limited by the BBB. Exosomes, a subtype of endog-
enous nanoscale vesicles, play a key role in cell signaling
through the transmission of genetic information and pro-
teins to nearby and distant cells. Because of their ability
to cross the BBB, EVs may represent potential biomarkers
of the CNS disorders and they can be used as a therapeu-
tic carrier to deliver molecules into the brain. At the same
time, numerous studies have highlighted the involvement
of EVs in the onset and progression of several disorders
in the brain. Exosomes secreted by glial cells or neurons
in an unhealthy microenvironment affect the interac-
tions and thus the physiology of brain cells by transmit-
ting miRNAs, proteins, and lipids, and carrying oxidative
and inflammatory signals from cell to cell. Furthermore,
vesicles may also deliver pathogenic materials (e.g., pro-
tein aggregates) from one cell to another, worsening the
progression of diseases like AD, PD and HD. In addi-
tion, stem cell-derived exosomes (e.g., exosomes derived
from neural stem cells and mesenchymal stem cells) have
demonstrated great capacity to provide therapeutic ben-
efits and a fundamental question is whether exosomes
originating from different types of stem cells possess dif-
ferent protective/therapeutic effects in pathological envi-
ronments. Of note, once the key signaling components
of SC-derived EVs (e.g., surface receptors/proteins) are
identified, they can be engineered to facilitate drug deliv-
ery in the brain and even specific targeting of different
types of neural cells. In conclusion, exosomes are emerg-
ing as crucial messengers in the brain, and further studies
are needed to fully clarify their roles in both physiological
and pathological conditions.



Natale et al. Translational Neurodegeneration (2022) 11:50

Abbreviations

AD: Alzheimer’s disease; BBB: Blood—brain barrier; BDE: Brain-derived exosome;

CNS: Central nervous system; CSF: Cerebral spinal fluid; EV: Extracellular vesi-
cles; HD: Huntington’s disease; mHTT: Mutant Huntingtin; MSC: Mesenchymal
stem cell; NSC: Neural stem cell; PD: Parkinson's disease.

Acknowledgements
Figures were created with BioRender.com (2022).

Author contributions
All authors conceived the work, took part to the scientific discussion, and
wrote the manuscript. All authors read and approved the final manuscript.

Funding
This work was supported by Ministero della Salute — Ricerca Corrente 2022
Fondazione Policlinico Universitario A. Gemelli IRCCS.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Neuroscience, Universita Cattolica del Sacro Cuore,
00168 Rome, Italy. 2Fondazione Policlinico Universitario A. Gemelli IRCCS,
00168 Rome, ltaly.

Received: 17 June 2022 Accepted: 9 November 2022
Published online: 27 November 2022

References

1. Andreone BJ, Larhammar M, Lewcock JW. Cell death and neurodegen-
eration. Cold Spring Harb Perspect Biol. 2020;12(2):a036434.

2. Walker FO. Huntington's disease. Lancet. 2007;369(9557):218-28.

3. Erkkinen MG, Kim MO, Geschwind MD. Clinical neurology and epide-
miology of the major neurodegenerative diseases. Cold Spring Harb
Perspect Biol. 2018;10(4):a033118.

4. Moujalled D, Strasser A, Liddell JR. Molecular mechanisms of cell death
in neurological diseases. Cell Death Differ. 2021;28:2029-44.

5. Streck EL, Czapski GA, Gongalves-da-Silva C. Neurodegeneration,
mitochondrial dysfunction, and oxidative stress. Oxid Med Cell Longev.
2013;2013:826046.

6. Rajendran L, Paolicelli RC. Microglia-mediated synapse loss in Alzhei-
mer’s disease. J Neurosci. 2018;38(12):2911-9.

7. Gandhi J, Antonelli AC, Afridi A, Vatsia S, Joshi G, Romanov V, et al.
Protein misfolding and aggregation in neurodegenerative diseases:

a review of pathogeneses, novel detection strategies, and potential
therapeutics. Rev Neurosci. 2019;30(4):339-58.

8. Juzwik CA, Drake S, Zhang Y, Paradis-Isler N, Sylvester A, Amar-Zifkin A,
et al. microRNA dysregulation in neurodegenerative diseases: a system-
atic review. Prog Neurobiol. 2019;182:101664.

9. Espay AJ,Vizcarra JA, Marsili L, Lang AE, Simon DK, Merola A, et al.
Revisiting protein aggregation as pathogenic in sporadic Parkinson and
Alzheimer diseases. Neurology. 2019,92(7):329-37.

10. Bourdenx M, Koulakiotis NS, Sanoudou D, Bezard E, Dehay B,
Tsarbopoulos A. Protein aggregation and neurodegeneration in
prototypical neurodegenerative diseases: Examples of amyloi-
dopathies, tauopathies and synucleinopathies. Prog Neurobiol.
2017;155:171-93.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33

34,

35.

Page 13 of 17

Saad S, Cereghetti G, Feng Y, Picotti P, Peter M, Dechant R. Reversible
protein aggregation is a protective mechanism to ensure cell cycle
restart after stress. Nat Cell Biol. 2017;19(10):1202-13.

Carija A, Navarro S, de Groot NS, Ventura S. Protein aggregation

into insoluble deposits protects from oxidative stress. Redox Biol.
2017;12:699-711.

Hou 'Y, Dan X, Babbar M, Wei Y, Hasselbalch SG, Croteau DL, et al.
Ageing as a risk factor for neurodegenerative disease. Nat Rev Neurol.
2019;15:565-81.

Pajares M, Jimenez-Moreno N, Dias IHK, Debelec B, Vucetic M,
Fladmark KE, et al. Redox control of protein degradation. Redox Biol.
2015;6:409-20.

Devi L, Prabhu BM, Galati DF, Avadhani NG, Anandatheerthavarada

HK. Accumulation of amyloid precursor protein in the mitochondrial
import channels of human Alzheimer’s disease brain is associated with
mitochondrial dysfunction. J Neurosci. 2006;26:9057-68.

Grassi D, Howard S, Zhou M, Diaz-Perez N, Urban NT, Guerrero-Given D,
Kamasawa N, Volpicelli-Daley LA, LoGrasso P, Lasmezas Cl. Identification
of a highly neurotoxic alpha-synuclein species inducing mitochondrial
damage and mitophagy in Parkinson’s disease. Proc Natl Acad Sci USA.
2018;115:E2634-43.

Amor S, Woodroofe MN. Innate and adaptive immune responses in
neurodegeneration and repair. Immunology. 2014;141:287-91.
Ransohoff RM. How neuroinflammation contributes to neurodegenera-
tion. Science. 2016;353(6301):777-83.

Hickman S, 1zzy S, Sen P, Morsett L, El Khoury J. Microglia in neurode-
generation. Nat Neurosci. 2018;21:1359-69.

Budnik V, Ruiz-Canada C, Wendler F. Extracellular vesicles round

off communication in the nervous system. Nat Rev Neurosci.
2016;17(3):160-72.

Shah R, Patel T, Freedman JE. Circulating extracellular vesicles in human
disease. N Engl J Med. 2018;379(10):958-66.

Hill AF. Extracellular vesicles and neurodegenerative diseases. J Neuro-
sci. 2019;39(47):.9269-73.

Xiao'Y, Wang SK, Zhang Y, Rostami A, Kenkare A, Casella G, et al. Role of
extracellular vesicles in neurodegenerative diseases. Prog Neurobiol.
2021;201:102022.

Fayazi N, Sheykhhasan M, Asl SS, Najafi R. Stem cell-derived exosomes:
a new strategy of neurodegenerative disease treatment. Mol Neurobiol.
2021;58:3494-3514.

EL Andaloussi S, Méger |, Breakefield XO, Wood MJ (2013) Extracellular
vesicles: biology and emerging therapeutic opportunities. Nat Rev
Drug Discov 12(5):347-357.

Knopman DS, Amieva H, Petersen RC, Chételat G, Holtzman DM, Hyman
BT, et al. Alzheimer disease. Nat Rev Dis Primers. 2021;7(1):33.

Tonnies E, Trushina E. Oxidative stress, synaptic dysfunction, and Alzhei-
mer’s disease. J Alzheimers Dis. 2017;57(4):1105-21.

Reiss AB, Arain HA, Stecker MM, Siegart NM, Kasselman LJ. Amyloid
toxicity in Alzheimer’s disease. Rev Neurosci. 2018;29(6):613-27.

F& M, Puzzo D, Piacentini R, Staniszewski A, Zhang H, Baltrons MA, et al.
Extracellular tau oligomers produce an immediate impairment of LTP
and memory. Sci Rep. 2016;6:19393.

Gulisano W, Melone M, Li Puma DD, Tropea MR, Palmeri A, Arancio O,
et al. The effect of amyloid-3 peptide on synaptic plasticity and mem-
ory is influenced by different isoforms, concentrations, and aggregation
status. Neurobiol Aging. 2018;71:51-60.

Callahan LM, Coleman PD. Neurons bearing neurofibrillary tangles are
responsible for selected synaptic deficits in Alzheimer’s disease. Neuro-
biol Aging. 1995;16(3):311-4.

Funderburk SF, Marcellino BK, Yue Z. Cell, "self-eating” (autophagy)
mechanism in Alzheimer’s disease. Mt Sinai J Med. 2010;77(1):59-68.
Xia N, Cabin DE, Fang F, Reijo Pera RA. Parkinson'’s disease: overview

of transcription factor regulation, genetics, and cellular and animal
models. Front Neurosci. 2022;16:894620.

Stoker TB, Camacho M, Winder-Rhodes S, Liu G, Scherzer CR, Foltynie T,
et al. A common polymorphism in SNCA is associated with accelerated
motor decline in GBA-Parkinson's disease. J Neurol Neurosurg Psychia-
try. 2020,91(6):673-4.

Simoén-Sanchez J, Schulte C, Bras JM, Sharma M, Gibbs JR, Berg D, et al.
Genome-wide association study reveals genetic risk underlying Parkin-
son’s disease. Nat Genet. 2009;41(12):1308-12.



Natale et al. Translational Neurodegeneration

36.

37.

38.

39.

40.

42.

43.

44,

45.

46.
47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

(2022) 11:50

Dehay B, Decressac M, Bourdenx M, Guadagnino |, Fernagut PO, Tam-
burrino A, et al. Targeting a-synuclein: therapeutic options. Mov Disord.
2016;31(6):882-8.

Lee HJ, Kim C, Lee SJ. Alpha-synuclein stimulation of astrocytes: poten-
tial role for neuroinflammation and neuroprotection. Oxid Med Cell
Longev. 2010;3(4):283-7.

Alvarez-Erviti L, Couch Y, Richardson J, Cooper JM, Wood MJ. Alpha-
synuclein release by neurons activates the inflammatory response in a
microglial cell line. Neurosci Res. 2011,69:337-42.

Chang C, Lang H, Geng N, Wang J, Li N, Wang X. Exosomes of BV-2 cells
induced by alpha-synuclein: important mediator of neurodegeneration
in PD. Neurosci Lett. 2013;548:190-5.

The Huntington'’s Disease Collaborative Research Group. A novel gene
containing a trinucleotide repeat that is expanded and unstable on
Huntington’s disease chromosomes. Cell. 1993;72(6):971-83.

Bates GP, Dorsey R, Gusella JF, Hayden MR, Kay C, Leavitt BR, et al. Hun-
tington disease. Nat Rev Dis Primers. 2015;1:15005.

Smith GA, Rocha EM, McLean JR, Hayes MA, Izen SC, Isacson O, et al.
Progressive axonal transport and synaptic protein changes correlate
with behavioral and neuropathological abnormalities in the heterozy-
gous Q175 KI mouse model of Huntington’s disease. Hum Mol Genet.
2014;23(17):4510-27.

Ross CA, Aylward EH, Wild EJ, Langbehn DR, Long JD, Warner JH, et al.
Huntington disease: natural history, biomarkers and prospects for
therapeutics. Nat Rev Neurol. 2014;10(4):204-16.

Jeon |, Cicchetti F, Cisbani G, Lee S, Li E, Bae J, et al. Human-to-mouse
prion-like propagation of mutant huntingtin protein. Acta Neuropathol.
2016;132(4):577-92.

Abels ER, Breakefield XO. Introduction to extracellular vesicles: bio-
genesis, RNA cargo selection, content, release, and uptake. Cell Mol
Neurobiol. 2016;36(3):301-12.

Lu M, Huang Y. Bioinspired exosome-like therapeutics and delivery
nanoplatforms. Biomaterials. 2020;242: 119925.

Raposo G, Stahl PD. Extracellular vesicles: a new communication para-
digm? Nat Rev Mol Cell Biol. 2019;20(9):509-10.

Huang M, Xu L, Liu J, Huang P, Tan Y, Chen S. Cell-cell communication
alterations via intercellular signaling pathways in substantia nigra of
Parkinson’s disease. Front Aging Neurosci. 2022;14:828457.

Li A, Zhang T, Zheng M, Liu Y, Chen Z. Exosomal proteins as potential
markers of tumor diagnosis. J Hematol Oncol. 2017;10(1):175.

Xu M, Yang Q, Sun X, Wang Y. Recent advancements in the loading

and modification of therapeutic exosomes. Front Bioeng Biotechnol.
2020;8:586130.

Yang XX, Sun C, Wang L, Guo XL. New insight into isolation, identifi-
cation techniques and medical applications of exosomes. J Control
Release. 2019;308:119-29.

Yang D, Zhang W, Zhang H, Zhang F, Chen L, Ma L, et al. Progress,
opportunity, and perspective on exosome isolation - efforts for efficient
exosome-based theranostics. Theranostics. 2020;10(8):3684-707.
Rajendran L, Bali J, Barr MM, et al. Emerging roles of extracellular vesi-
cles in the nervous system. J Neurosci. 2014;34(46):15482-9.

Vella LJ, Sharples RA, Nisbet RM, Cappai R, Hill AF. The role of exosomes
in the processing of proteins associated with neurodegenerative
diseases. Eur Biophys J. 2008;37(3):323-32.

Antonucci F, Turola E, Riganti L, Caleo M, Gabrielli M, Perrotta C, et al.
Microvesicles released from microglia stimulate synaptic activity via
enhanced sphingolipid metabolism. EMBO J. 2012;31(5):1231-40.
Kanninen KM, Bister N, Koistinaho J, Malm T. Exosomes as new diagnos-
tic tools in CNS diseases. Biochim Biophys Acta. 2016;1862(3):403-10.
Fauré J, Lachenal G, Court M, Hirrlinger J, Chatellard-Causse C, Blot B,
et al. Exosomes are released by cultured cortical neurones. Mol Cell
Neurosci. 2006;31:642-8.

Goldie BJ, Dun MD, Lin M, Smith ND, Verrills NM, Dayas CV, et al. Activity-
associated miRNA are packaged in Map1b-enriched exosomes released
from depolarized neurons. Nucleic Acids Res. 2014;42:9195-208.

Morel L, Regan M, Higashimori H, Ng SK, Esau C, Vidensky S, et al. Neu-
ronal exosomal miRNA-dependent translational regulation of astroglial
glutamate transporter GLT1. J Biol Chem. 2013;288:7105-16.

Wang S, Cesca F, Loers G, Schweizer M, Buck F, Benfenati F, et al.
Synapsin |is an oligomannose-carrying glycoprotein, acts as an
oligomannose-binding lectin, and promotes neurite outgrowth and

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Page 14 of 17

neuronal survival when released via glia-derived exosomes. J Neurosci.
2011;31:7275-90.

Frihbeis C, Frohlich D, Kuo WP, Amphornrat J, Thilemann S, Saab AS,

et al. Neurotransmitter-triggered transfer of exosomes mediates oligo-
dendrocyte-neuron communication. PLoS Biol. 2013;11(7): e1001604.
Frohlich D, Kuo WP, Fridthbeis C, Sun JJ, Zehendner CM, Luhmann HJ,

et al. Multifaceted effects of oligodendroglial exosomes on neurons:
impact on neuronal firing rate, signal transduction and gene regulation.
Philos Trans R Soc Lond B Biol Sci. 2014;369:20130510.

Lopez-Verrilli MA, Picou F, Court FA. Schwann cell-derived exosomes
enhance axonal regeneration in the peripheral nervous system. Glia.
2013;61:1795-806.

Hamzah RN, Alghazali KM, Biris AS, Griffin RJ. Exosome traceability and
cell source dependence on composition and cell-cell cross talk. Int J
Mol Sci. 2021;22:5346.

Rana S, Yue S, Stadel D, Zoller M. Toward tailored exosomes: the exoso-
mal tetraspanin web contributes to target cell selection. Int J Biochem
Cell Biol. 2012;44(9):1574-84.

Johnstone RM, Adam M, Hammond JR, Orr L, Turbide C. Vesicle
formation during reticulocyte maturation. Association of plasma
membrane activities with released vesicles (exosomes). J Biol Chem.
1987;262(19):9412-20.

IguchiY, Eid L, Parent M, Soucy G, Bareil C, Riku Y, et al. Exosome
secretion is a key pathway for clearance of pathological TDP-43. Brain.
2016;139(Pt 12):3187-201.

Deng J, Koutras C, Donnelier J, Alshehri M, Fotouhi M, Girard M, et al.
Neurons export extracellular vesicles enriched in cysteine string protein
and misfolded protein cargo. Sci Rep. 2017;7(1):956.

Pink D, Donnelier J, Lewis JD, Braun JEA. Cysteine string protein
controls two routes of export for misfolded huntingtin. Front Neurosci.
2022;15:762439.

Yuyama K, Sun H, Mitsutake S, Igarashi Y. Sphingolipid-modulated exo-
some secretion promotes clearance of amyloid- by microglia. J Biol
Chem. 2012,287(14):10977-89.

Bulloj A, Leal MC, Xu H, Castafio EM, Morelli L. Insulin-degrading
enzyme sorting in exosomes: a secretory pathway for a key brain
amyloid-beta degrading protease. J Alzheimers Dis. 2010;19(1):79-95.
Song Z, XuY, Deng W, Zhang L, Zhu H, Yu P, et al. Brain derived
exosomes are a double-edged sword in Alzheimer's disease. Front Mol
Neurosci. 2020;13:79.

Gupta A, Pulliam L. Exosomes as mediators of neuroinflammation. J
Neuroinflamm. 2014;11:68.

Rajendran L, Honsho M, Zahn TR, Keller P, Geiger KD, Verkade P, et al.
Alzheimer’s disease beta-amyloid peptides are released in association
with exosomes. Proc Natl Acad Sci USA. 2006;103(30):11172-7.
Emmanouilidou E, Melachroinou K, Roumeliotis T, Garbis SD, Ntzouni
M, Margaritis LH, et al. Cell-produced alpha-synuclein is secreted in

a calcium-dependent manner by exosomes and impacts neuronal
survival. J Neurosci. 2010;30(20):6838-51.

Saman S, Kim W, Raya M, Visnick Y, Miro S, Saman S, et al. Exosome-
associated tau is secreted in tauopathy models and is selectively
phosphorylated in cerebrospinal fluid in early Alzheimer disease. J Biol
Chem. 2012,287(6):3842-9.

Eisele YS, Obermdller U, Heilbronner G, Baumann F, Kaeser SA, Wolburg
H, et al. Peripherally applied AB-containing inoculates induce cerebral
-amyloidosis. Science. 2010;330:980-982.

Jucker M, Walker LC. Self-propagation of pathogenic protein aggregates
in neurodegenerative diseases. Nature. 2013;501:45-51.

Rauch JN, Luna G, Guzman E, Audouard M, Challis C, Sibih YE, et al. LRP1
is a master regulator of tau uptake and spread. Nature. 2020;580:381-5.
Tardivel M, Bégard S, Bousset L, Dujardin S, Coens A, Melki R, et al.
Tunneling nanotube (TNT)-mediated neuron-to neuron transfer of
pathological Tau protein assemblies. Acta Neuropathol Commun.
2016;4(1):117.

Pooler AM, Usardi A, Evans CJ, Philpott KL, Noble W, Hanger DP.
Dynamic association of tau with neuronal membranes is regulated by
phosphorylation. Neurobiol Aging. 2012,33(2):431.e27-38.

Merezhko M, Brunello CA, Yan X, Vihinen H, Jokitalo E, Uronen RL, et al.
Secretion of tau via an unconventional non-vesicular mechanism. Cell
Rep. 2018;25(8):2027-2035.e4.



Natale et al. Translational Neurodegeneration

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.
95.

96.

97.

98.

99.

101.

103.

104.

105.

(2022) 11:50

D'Errico P, Ziegler-Waldkirch S, Aires V, Hoffmann P, Mez6 C, Erny D, et al.
Microglia contribute to the propagation of Ap into unaffected brain
tissue. Nat Neurosci. 2021;25(1):20-5.

Wang Y, Balaji V, Kaniyappan S, Kruger L, Irsen S, Tepper K, et al. The
release and trans-synaptic transmission of Tau via exosomes. Mol Neu-
rodegener. 2017;12:5. https://doi.org/10.1186/513024-016-0143-y.
Polanco JC, Scicluna BJ, Hill AF, Gotz J. Extracellular vesicles isolated
from the brains of rTg4510 mice seed tau protein aggregation in a
threshold-dependent manner. J Biol Chem. 2016;291(24):12445-66.
Dujardin S, Lécolle K, Caillierez R, Bégard S, Zommer N, Lachaud C, et al.
Neuron-to-neuron wild-type Tau protein transfer through a trans-syn-
aptic mechanism: relevance to sporadic tauopathies. Acta Neuropathol
Commun. 2014;2:14.

Pérez M, Avila J, Hernandez F. Propagation of tau via extracellular vesi-
cles. Front Neurosci. 2019;13:698.

Lim YJ, Lee SJ. Are exosomes the vehicle for protein aggregate propaga-
tion in neurodegenerative diseases? Acta Neuropathol Commun.
2017;5(1):64.

Mirbaha H, Chen D, Morazova OA, Ruff KM, Sharma AM, Liu X, et al.
Inert and seed-competent tau monomers suggest structural origins of
aggregation. Elife. 2018;7:e36584.

Mocanu MM, Nissen A, Eckermann K, Khlistunova |, Biernat J, Drexler D,
et al. The potential for beta-structure in the repeat domain of tau pro-
tein determines aggregation, synaptic decay, neuronal loss, and coas-
sembly with endogenous Tau in inducible mouse models of tauopathy.
J Neurosci. 2008;28(3):737-48.

Chung DC, Carlomagno Y, Cook CN, et al. Tau exhibits unique seeding
properties in globular glial tauopathy. Acta Neuropathol Commun.
2019;7(1):36.

Robert A, Scholl M, Vogels T. Tau seeding mouse models with patient
brain-derived aggregates. Int J Mol Sci. 2021,22:6132.

Manos JD, Preiss CN, Venkat N, Tamm J, Reinhardt P Kwon T, et al.
Uncovering specificity of endogenous TAU aggregation in a human
iPSC-neuron TAU seeding model. iScience. 2021;25(1):103658.

Mulcahy LA, Pink RC, Carter DR. Routes and mechanisms of extracellular
vesicle uptake. J Extracell Vesicles. 2014;3:10.

Gendreau KL, Hall GF. Tangles, toxicity, and tau secretion in AD—new
approaches to a vexing problem. Front Neurol. 2013;4:160.

Lee S, Kim W, Li Z, Hall G. Accumulation of vesicle-associated human
tau in distal dendrites drives degeneration and tau secretion in an

in situ cellular tauopathy model. Int J Alzheimers Dis 2012:172837.

Asai H, lkezu S, Tsunoda S, Medalla M, Luebke J, Haydar T, et al. Deple-
tion of microglia and inhibition of exosome synthesis halt tau propaga-
tion. Nat Neurosci. 2015;18(11):1584-93.

Ripoli C, Cocco S, Li Puma DD, Piacentini R, Mastrodonato A, Scala F,

et al. Intracellular accumulation of amyloid-3 (AB) protein plays a major
role in Ap-induced alterations of glutamatergic synaptic transmission
and plasticity. J Neurosci. 2014;34(38):12893-903.

Zhao Z, Sagare AP, Ma Q, Halliday MR, Kong P, Kisler K, et al. Central role
for PICALM in amyloid-3 blood-brain barrier transcytosis and clearance.
Nat Neurosci. 2015;18(7):978-87.

Puzzo D, Argyrousi EK, Staniszewski A, Zhang H, Calcagno E, Zucca-
rello E, et al. Tau is not necessary for amyloid-3-induced synaptic and
memory impairments. J Clin Invest. 2020;130(9):4831-44.

Takahashi RH, Nagao T, Gouras GK. Plaque formation and the intra-
neuronal accumulation of B-amyloid in Alzheimer’s disease. Pathol Int.
2017,67(4):185-93.

Small SA, Simoes-Spassov S, Mayeux R, Petsko GA. Endosomal traffic
jams represent a pathogenic hub and therapeutic target in Alzheimer’s
disease. Trends Neurosci. 2017;40(10):592-602.

Sardar Sinha M, Ansell-Schultz A, Civitelli L, Hildesjo C, Larsson M,
Lannfelt L, et al. Alzheimer’s disease pathology propagation by
exosomes containing toxic amyloid-beta oligomers. Acta Neuropathol.
2018;136(1):41-56.

Cai ZY, Xiao M, Quazi SH, Ke ZY. Exosomes: a novel therapeutic target
for Alzheimer’s disease? Neural Regen Res. 2018;13(5):930-5.

Sharples RA, Vella LJ, Nisbet RM, Naylor R, Perez K, Barnham KJ, et al.
Inhibition of y-secretase causes increased secretion of amyloid precur-
sor protein C-terminal fragments in association with exosomes. FASEB J.
2008;22:1469-78.

106.

107.

109.

111,

112.

114.

115.

117.

119.

120.

122.

123.

124.

125.

126.

Page 150f 17

Perez-Gonzalez R, Gauthier SA, Kumar A, Levy E. The exosome secre-
tory pathway transports amyloid precursor protein carboxyl-terminal
fragments from the cell into the brain extracellular space. J Biol Chem.
2012;287(51):43108-15.

Goetzl EJ, Mustapic M, Kapogiannis D, Eitan E, Lobach IV, GoetzI L, et al.
Cargo proteins of plasma astrocyte-derived exosomes in Alzheimer's
disease. FASEB J. 2016;30:3853-9.

Clayton K, Delpech JC, Herron S, Iwahara N, Ericsson M, Saito T, et al.
Plaque associated microglia hyper-secrete extracellular vesicles and
accelerate tau propagation in a humanized APP mouse model. Mol
Neurodegener. 2021;16:1-16.

Dinkins MB, Dasgupta S, Wang G, Zhu G, Bieberich E. Exosome
reduction in vivo is associated with lower amyloid plaque load in

the 5XFAD mouse model of Alzheimer’s disease. Neurobiol Aging.
2014;35(8):1792-800.

Verderio C, Muzio L, Turola E, Bergami A, Novellino L, Ruffini F, et al.
Myeloid microvesicles are a marker and therapeutic target for neuroin-
flammation. Ann Neurol. 2012;72(4):610-24.

Fernandes A, Ribeiro AR, Monteiro M, Garcia G, Vaz AR, Brites D.
Secretome from SH-SY5Y APPSwe cells trigger time-dependent CHME3
microglia activation phenotypes, ultimately leading to miR-21 exosome
shuttling. Biochimie. 2018;155:67-82.

Lehmann SM, Kriiger C, Park B, Derkow K, Rosenberger K, Baumgart J,
et al. An unconventional role for miRNA: let-7 activates Toll-like receptor
7 and causes neurodegeneration. Nat Neurosci. 2012;15(6):827-35.
Drago F, Lombardi M, Prada |, Gabrielli M, Joshi P, Cojoc D, et al. ATP
modifies the proteome of extracellular vesicles released by microglia
and influences their action on astrocytes. Front Pharmacol. 2017;8:910.
Stuendl A, Kunadt M, Kruse N, Bartels C, Moebius W, Danzer KM, et al.
Induction of a-synuclein aggregate formation by CSF exosomes from
patients with Parkinson’s disease and dementia with Lewy bodies.
Brain. 2016;139(Pt 2):481-94.

Danzer KM, Kranich LR, Ruf WP, Cagsal-Getkin O, Winslow AR, Zhu L,

et al. Exosomal cell-to-cell transmission of alpha synuclein oligomers.
Mol Neurodegener. 2012,7:42.

Grey M, Dunning CJ, Gaspar R, Grey C, Brundin P, Sparr E, et al.
Acceleration of a-synuclein aggregation by exosomes. J Biol Chem.
2015;290(5):2969-82.

Lee HJ, Suk JE, Bae EJ, Lee SJ. Clearance and deposition of extracellular
alpha-synuclein aggregates in microglia. Biochem Biophys Res Com-
mun. 372(3):423-428.

Lee HJ, Suk JE, Patrick C, Bae EJ, Cho JH, Rho S, et al. Direct transfer

of alpha-synuclein from neuron to astroglia causes inflammatory
responses in synucleinopathies. J Biol Chem. 2010;285(12):9262-72.
Lindstrom V, Gustafsson G, Sanders LH, Howlett EH, Sigvardson J, Kas-
rayan A, et al. Extensive uptake of a-synuclein oligomers in astrocytes
results in sustained intracellular deposits and mitochondrial damage.
Mol Cell Neurosci. 2017,82:143-56.

Guo M, Wang J, ZhaoY, Feng Y, Han S, Dong Q, et al. Microglial
exosomes facilitate a-synuclein transmission in Parkinson'’s disease.
Brain. 143(5):1476-1497.

XiaY, Zhang G, Kou L, Yin S, Han C, Hu J, et al. Reactive microglia
enhance the transmission of exosomal a-synuclein via toll-like receptor
2.Brain. 2021;144(7):2024-37.

Ananbeh H, Vodicka P, Kupcova SH. Emerging roles of exosomes in
Huntington’s disease. Int J Mol Sci. 2021;22(8):4085.

Ananbeh H, Novak J, Juhas S, Juhasova J, Klempir J, Doleckova K, et al.
Huntingtin co-isolates with small extracellular vesicles from blood
plasma of TgHD and KI-HD pig models of Huntington's disease and
human blood plasma. Int J Mol Sci. 2022;23(10):5598.

Zhang X, Abels ER, Redzic JS, Margulis J, Finkbeiner S, Breakefield XO.
Potential transfer of polyglutamine and CAG-repeat RNA in extracellular
vesicles in Huntington'’s disease: background and evaluation in cell
culture. Cell Mol Neurobiol. 36(3):459-470.

Diaz-Hidalgo L, Altuntas S, Rossin F, D'Eletto M, Marsella C, Farrace

MG, et al. Transglutaminase type 2-dependent selective recruitment
of proteins into exosomes under stressful cellular conditions. Biochim
Biophys Acta. 2016;1863(8):2084-92.

Hong Y, Zhao T, Li XJ, Li S. Mutant huntingtin inhibits aB-Crystallin
expression and impairs exosome secretion from astrocytes. J Neurosci.
2017;37(39):9550-63.


https://doi.org/10.1186/s13024-016-0143-y

Natale et al. Translational Neurodegeneration

127.

128.

129.

130.

132.

136.

137.

138.

139.

140.

143.

148.

(2022) 11:50

Otero-Ortega L, Laso-Garcia F, Gdbmez-de Frutos M, Fuentes B, Diekhorst
L, Diez-Tejedor E, et al. Role of exosomes as a treatment and potential
biomarker for stroke. Trans| Stroke Res. 2019;10(3):241-9.

LiTR, Yao YX, Jiang XY, Dong QY, Yu XF, Wang T, et al. -Amyloid in blood
neuronal-derived extracellular vesicles is elevated in cognitively normal
adults at risk of Alzheimer’s disease and predicts cerebral amyloidosis.
Alzheimers Res Ther. 2022;14(1):66.

Xing W, Gao W, Lv X, Xu X, Zhang Z, Yan J, et al. The diagnostic value of
exosome-derived biomarkers in Alzheimer’s disease and mild cognitive
impairment: a meta-analysis. Front Aging Neurosci. 2021;13:637218.
Zhao Z, Wijerathne H, Godwin AK, Soper SA. Isolation and analysis
methods of extracellular vesicles (EVs). Extracell Vesicles Circ Nucl Acids.
2021,2:80-103.

Soares Martins T, Trindade D, Vaz M, Campelo |, Aimeida M, Trigo G,

et al. Diagnostic and therapeutic potential of exosomes in Alzheimer's
disease. J Neurochem. 2021;156(2):162-81.

Jalalian SH, Ramezani M, Jalalian SA, Abnous K, Taghdisi SM.

Exosomes, new biomarkers in early cancer detection. Anal Biochem.
2019;571:1-13.

Luo S, Du L, CuiY. Potential therapeutic applications and developments
of exosomes in Parkinson'’s disease. Mol Pharm. 2020;17(5):1447-57.
Kalani A, Tyagi A, Tyagi N. Exosomes: mediators of neurodegeneration,
neuroprotection and therapeutics. Mol Neurobiol. 2014,49(1):590-600.
Younas N, Fernandez Flores LC, Hopfner F, Hoglinger GU, Zerr I. A new
paradigm for diagnosis of neurodegenerative diseases: peripheral
exosomes of brain origin. Transl Neurodegener. 2022;11(1):28.

Sun B, Dalvi P, Abadjian L, Tang N, Pulliam L. Blood neuron-derived
exosomes as biomarkers of cognitive impairment in HIV. AIDS.
2017;31(14):F9-17.

Saeedi S, Israel S, Nagy C, Turecki G. The emerging role of exosomes in
mental disorders. Trans| Psychiatry. 2019;9:122. https://doi.org/10.1038/
$41398-019-0459-9.

Kapogiannis D. Exosome biomarkers revolutionize preclinical diagnosis
of neurodegenerative diseases and assessment of treatment responses
in clinical trials. Adv Exp Med Biol. 2020;1195:149.

Doyle LM, Wang MZ. Overview of extracellular vesicles, their origin,
composition, purpose, and methods for exosome isolation and analysis.
Cells. 2019,8:E727.

Zhang P, Zhou X, He M, Shang Y, Tetlow AL, Godwin AK, et al. Ultrasensi-
tive detection of circulating exosomes with a 3D-nanopatterned
microfluidic chip. Nat Biomed Eng. 2019;3:438-51.

Fiandaca MS, Kapogiannis D, Mapstone M, Boxer A, Eitan E, Schwartz
JB, et al. Identification of preclinical Alzheimer’s disease by a profile of
pathogenic proteins in neurally derived blood exosomes: a case-con-
trol study. Alzheimers Dement. 2015;11(6):600-7.e1.

Goetzl EJ, Boxer A, Schwartz JB, Abner EL, Petersen RC, Miller BL, et al.
Altered lysosomal proteins in neural-derived plasma exosomes in
preclinical Alzheimer disease. Neurology. 2015;85:40-7.

Goetzl EJ, Kapogiannis D, Schwartz JB, et al. Decreased synaptic
proteins in neuronal exosomes of frontotemporal dementia and Alzhei-
mer’s disease. FASEB J. 2016;30(12):4141-8.

Dutta S, del Rosario |, Paul K, Palma JA, Perlman SL, Poon WW,

et al. a-Synuclein in brain-derived blood exosomes distinguishes
multiple system atrophy from parkinson’s disease. Ann Neurol.
2018;84:5191-5191.

Mustapic M, Eitan E, Werner JK Jr, Berkowitz ST, Lazaropoulos MP, Tran

J, et al. Plasma extracellular vesicles enriched for neuronal origin: a
potential window into brain pathologic processes. Front Neurosci.
2017;11:278.

Agliardi C, Guerini FR, Zanzottera M, Bianchi A, Nemni R, Clerici M.
SNAP-25 in serum is carried by exosomes of neuronal origin and

is a potential biomarker of Alzheimer's disease. Mol Neurobiol.
2019;56(8):5792-8.

Cha DJ, Mengel D, Mustapic M, Liu W, Selkoe DJ, Kapogiannis D, et al.
miR-212 and miR-132 are downregulated in neurally derived plasma
exosomes of Alzheimer’s patients. Front Neurosci. 2019;13:1208.

Liu WL, Lin HW, Lin MR, Yu Y, Liu HH, Dai YL, et al. Emerging blood
exosome-based biomarkers for preclinical and clinical Alzheimer’s
disease: a meta-analysis and systematic review. Neural Regen Res.
2022;17(11):2381-90.

149.

150.

152.

153.

154.

155.

156.

157.

158.

159.

161.

163.

164.

165.

166.

167.

168.

Page 16 of 17

Riancho J, Vézquez-Higuera JL, Pozueta A, Lage C, Kazimierczak M,
Bravo M, et al. MicroRNA profile in patients with Alzheimer’s disease:
analysis of miR-9-5p and miR-598 in raw and exosome enriched
cerebrospinal fluid samples. J Alzheimers Dis. 2017;57(2):483-91.
Cheng L, Doecke JD, Sharples RA, Villemagne VL, Fowler CJ, Rembach
A, et al. Prognostic serum miRNA biomarkers associated with Alz-
heimer’s disease shows concordance with neuropsychological and
neuroimaging assessment. Mol Psychiatry. 2015;20(10):1188-96.
Lugli G, Cohen AM, Bennett DA, Shah RC, Fields CJ, Hernandez AG,
et al. Plasma exosomal miRNAs in persons with and without Alzhei-
mer disease: altered expression and prospects for biomarkers. PLoS
ONE. 2015;10(10): e0139233.

Wang D, Wang P, Bian X, Xu S, Zhou Q, Zhang Y, et al. Elevated plasma
levels of exosomal BACE1-AS combined with the volume and thick-
ness of the right entorhinal cortex may serve as a biomarker for the
detection of Alzheimer’s disease. Mol Med Rep. 2020;22(1):227-38.
Janelidze S, Berron D, Smith R, Strandberg O, Proctor NK, Dage JL,

et al. Associations of plasma phospho-Tau217 levels with tau posi-
tron emission tomography in early Alzheimer disease. JAMA Neurol.
2021;78(2):149-56.

Benedet AL, Mila-Aloma M, Vrillon A, Ashton NJ, Pascoal TA, Lussier F,
et al. Differences between plasma and cerebrospinal fluid glial fibril-
lary acidic protein levels across the Alzheimer disease continuum.
JAMA Neurol. 2021;78(12):1471-83.

Niu M, LiY, Li G, Zhou L, Luo N, Yao M, et al. A longitudinal study

on a-synuclein in plasma neuronal exosomes as a biomarker for
Parkinson's disease development and progression. Eur J Neurol.
2020;27(6):967-74.

Dutta S, Hornung S, Kruayatidee A, et al. a-Synuclein in blood
exosomes immunoprecipitated using neuronal and oligodendro-
glial markers distinguishes Parkinson’s disease from multiple system
atrophy. Acta Neuropathol. 2021;142(3):495-511.

Blommer J, Pitcher T, Mustapic M, Eren E, Yao PJ, Vreones MP, et al.
Extracellular vesicle biomarkers for cognitive impairment in Parkin-
son’s disease. Brain. 2022:awac258.

Fraser KB, Moehle MS, Alcalay RN, West AB, LRRK2 Cohort Consor-
tium. Urinary LRRK2 phosphorylation predicts parkinsonian pheno-
types in G2019S LRRK2 carriers. Neurology. 2016;86(11):994-9.

Ho DH, Yi S, Seo H, Son |, Seol W. Increased DJ-1 in urine exosome of
Korean males with Parkinson's disease. Biomed Res Int. 2014;2014:
704678.

Dos Santos MCT, Barreto-Sanz MA, Correia BRS, et al. miRNA-based
signatures in cerebrospinal fluid as potential diagnostic tools for early
stage Parkinson'’s disease. Oncotarget. 2018;9(25):17455-65.

Cao XY, Lu JM, Zhao ZQ, Li MC, Lu T, An XS, et al. MicroRNA biomark-
ers of Parkinson’s disease in serum exosome-like microvesicles.
Neurosci Lett. 2017,644:94-9.

Xie S, NiuW, Xu F, Wang Y, Hu S, Niu C. Differential expression and
significance of miRNAs in plasma extracellular vesicles of patients
with Parkinson’s disease. Int J Neurosci. 2022;132(7):673-88.

Wang H, Peng R, Wang J, Qin Z, Xue L. Circulating microRNAs as
potential cancer biomarkers: The advantage and disadvantage. Clin
Epigenetics. 2018;10:59.

Condrat CE, Thompson DC, Barbu MG, Bugnar OL, Boboc A, Cretoiu
D, et al. miRNAs as biomarkers in disease: latest findings regarding
their role in diagnosis and prognosis. Cells. 2020;9(2):276.

Wang JKT, Langfelder P, Horvath S, Palazzolo MJ. Exosomes and
homeostatic synaptic plasticity are linked to each other and to
Huntington's, Parkinson’s, and other neurodegenerative diseases by
database-enabled analyses of comprehensively curated datasets.
Front Neurosci. 2017;11:149.

Kocerha J, Xu Y, Prucha MS, Zhao D, Chan AW. microRNA-128a
dysregulation in transgenic Huntington’s disease monkeys. Mol Brain.
2014;7:46.

Jovicic A, Zaldivar Jolissaint JF, Moser R, Silva Santos Mde F, Luthi-
Carter R. MicroRNA-22 (miR-22) overexpression is neuroprotective via
general anti-apoptotic effects and may also target specific Hunting-
ton's disease-related mechanisms. PLoS One. 2013;8(1):e54222.
Sinha M, Ghose J, Bhattarcharyya NP. Micro RNA -214,-150,-146a and-
125b target Huntingtin gene. RNA Biol. 2011;8(6):1005-21.


https://doi.org/10.1038/s41398-019-0459-9
https://doi.org/10.1038/s41398-019-0459-9

Natale et al. Translational Neurodegeneration

169.

170.

171.

172.

173.

174.

175.

176.

178.

179.

180.

181.

182.

183.

187.

(2022) 11:50

Johnson R, Zuccato C, Belyaev ND, Guest DJ, Cattaneo E, Buckley NJ. A
microRNA-based gene dysregulation pathway in Huntington’s disease.
Neurobiol Dis. 2008;29(3):438-45.

Packer AN, Xing Y, Harper SQ, Jones L, Davidson BL. The bifunctional
microRNA miR-9/miR-9* regulates REST and CoREST and is downregu-
lated in Huntington's disease. J Neurosci. 2008;28(53):14341-6.
JiQ,JiY,Peng J, Zhou X, Chen X, Zhao H, Xu T, et al. Increased brain-
specific miR-9 and miR-124 in the serum exosomes of acute ischemic
stroke patients. PLoS ONE. 2016;11(9):e0163645.

Sheikh S, Safia, Haque E, Mir SS. Neurodegenerative diseases: multifac-
torial conformational diseases and their therapeutic interventions. J
Neurodegener Dis. 2013;2013:563481.

Busatto S, Morad G, Guo P, Moses MA. The role of extracellular vesicles
in the physiological and pathological regulation of the blood-brain
barrier. FASEB Bioadv. 2021;3(9):665-75.

Natale F, Leone L, Rinaudo M, Sollazzo R, Barbati SA, La Greca F, et al.
Neural stem cell-derived extracellular vesicles counteract insulin
resistance-induced senescence of neurogenic niche. Stem Cells.
2022;40(3):318-31.

Spinelli M, Natale F, Rinaudo M, Leone L, Mezzogori D, Fusco S, et al.
Neural stem cell-derived exosomes revert HFD-dependent memory
impairment via CREB-BDNF signalling. Int J Mol Sci. 2020;21(23):8994.
Vogel A, Upadhya R, Shetty AK. Neural stem cell derived extracellular
vesicles: Attributes and prospects for treating neurodegenerative
disorders. EBioMedicine. 2018,;38:273-82.

Lunn JS, Sakowski SA, Hur J, Feldman EL. Stem cell technology for
neurodegenerative diseases. Ann Neurol. 2011;70(3):353-61.

Adamiak M, Cheng G, Bobis-Wozowicz S, Zhao L, Kedracka-Krok S,
Samanta A, et al. Induced pluripotent stem cell (iPSC)-derived extracel-
lular vesicles are safer and more effective for cardiac repair than iPSCs.
Circ Res. 2018;122(2):296-309.

Skuratovskaia D, Vulf M, Khaziakhmatova O, Malashchenko V, Komar A,
Shunkin E, et al. Exosome limitations in the treatment of inflammatory
diseases. Curr Pharm Des. 2021;27(28):3105-21.

Elia CA, Tamborini M, Rasile M, Desiato G, Marchetti S, Swuec P, et al.
Intracerebral injection of extracellular vesicles from mesenchymal stem
cells exerts reduced AP plaque burden in early stages of a preclinical
model of Alzheimer’s Disease. Cells. 2019;8(9):1059.

Losurdo M, Pedrazzoli M, D'Agostino C, Elia CA, Massenzio F, Lonati E,
et al. Intranasal delivery of mesenchymal stem cell-derived extra-
cellular vesicles exerts immunomodulatory and neuroprotective
effects in a 3xTg model of Alzheimer’s disease. Stem Cells Trans| Med.
2020;9(9):1068-84.

Bodart-Santos V, de Carvalho LRP, de Godoy MA, Batista AF, Saraiva LM,
Lima LG, et al. Extracellular vesicles derived from human Wharton's jelly
mesenchymal stem cells protect hippocampal neurons from oxidative
stress and synapse damage induced by amyloid-{3 oligomers. Stem Cell
Res Ther. 2019;10(1):332.

Apodaca LA, Baddour AAD, Garcia C Jr, Alikhani L, Giedzinski E, Ru N,
et al. Human neural stem cell-derived extracellular vesicles mitigate
hallmarks of Alzheimer's disease. Alzheimers Res Ther. 2021;13(1):57.

Li B, Liu J, Gu G, Han X, Zhang Q, Zhang W. Impact of neural stem
cell-derived extracellular vesicles on mitochondrial dysfunction, sirtuin
1 level, and synaptic deficits in Alzheimer’s disease. J Neurochem.
154(5):502-518.

Micci MA, Krishnan B, Bishop E, Zhang WR, Guptarak J, Grant A, et al.
Hippocampal stem cells promotes synaptic resistance to the dysfunc-
tional impact of amyloid beta oligomers via secreted exosomes. Mol
Neurodegener. 2019;14(1):25.

Yu H,SunT, An J,Wen L, Liu F, Bu Z, et al. Potential roles of exosomes

in Parkinson’s disease: from pathogenesis, diagnosis, and treatment to
prognosis. Front Cell Dev Biol. 2020;8:86.

Vilaga-Faria H, Salgado AJ, Teixeira FG. Mesenchymal stem cells-derived
exosomes: a new possible therapeutic strategy for Parkinson’s disease?
Cells. 2019;8(2):118.

Xin H, Li'Y, Buller B, Katakowski M, Zhang Y, Wang X, et al. Exosome-
mediated transfer of miR-133b from multipotent mesenchymal stromal
cells to neural cells contributes to neurite outgrowth. Stem Cells.
2012;30(7):1556-64.

189.

190.

191.

192.

193.

Page 17 of 17

Xin H, Katakowski M, Wang F, Qian JY, Liu XS, Ali MM, et al. MicroRNA
cluster miR-17-92 cluster in exosomes enhance neuroplasticity and
functional recovery after stroke in rats. Stroke. 2017;48(3):747-53.

Lee EJ, Choi Y, Lee HJ, Hwang DW, Lee DS. Human neural stem
cell-derived extracellular vesicles protect against Parkinson's disease
pathologies. J Nanobiotechnol. 2022;20(1):198.

Lee M, LiuT, Im W, Kim M. Exosomes from adipose-derived stem cells
ameliorate phenotype of Huntington's disease in vitro model. Eur J
Neurosci. 2016;44(4):2114-9.

Zuccato C, Liber D, Ramos C, Tarditi A, Rigamonti D, Tartari M, et al.
Progressive loss of BDNF in a mouse model of Huntington'’s disease and
rescue by BDNF delivery. Pharmacol Res. 2005;52(2):133-9.

Pang TYC, Stam NC, Nithianantharajah J, Howard ML, Hannan AJ. Dif-
ferential effects of voluntary physical exercise on behavioral and brain-
derived neurotrophic factor expression deficits in Huntington's disease
transgenic mice. Neuroscience. 2006;141(2):569-84.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Dual role of brain-derived extracellular vesicles in dementia-related neurodegenerative disorders: cargo of disease spreading signals and diagnostic-therapeutic molecules
	Abstract 
	Background
	Neurodegeneration and dementia
	AD
	PD
	HD
	EVs

	Role of brain-derived EVs in the spreading of neurodegeneration
	AD
	Tau pathology
	Aβ pathology
	Other mechanisms

	PD
	HD

	Brain-derived exosome cargo as a source of biomarkers
	Brain-derived exosomes
	AD
	PD
	HD

	Role of stem cell-derived EVs as novel potential therapeutic tools in neurodegenerative disorders
	AD
	PD
	HD

	Conclusions
	Acknowledgements
	References


