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Abstract

The dynamics of central nervous system (CNS) function rely upon omnidirectional
communication among CNS cell types. Extracellular vesicles (EVs) have emerged as key
mediators of this communication and are actively involved in response to CNS injury, mediating
inflammatory response and inflammation-related neuroprotection as they display dual beneficial
and detrimental roles. Neuroimmune interactions include communication between neurons and
microglia, the resident macrophages within the CNS, and these interactions are a critical mediator
of healthy brain functions, mounting an inflammatory response and disease pathogenesis. This
review aims to organize recent research highlighting the role of EVs in health and
neurodegenerative disorders, with a specific focus on neuroimmune interactions between neurons
and glia in Alzheimer’s disease.
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CNS Cells and EVs in Health and Disease

Neurons and glial cells (see Glossary) orchestrate CNS homeostasis through multiple
mechanisms of transcellular communication known as “neuroimmune interactions”. These
interactions range from local cell-to-cell direct contact to the use of soluble factors for short
and long-distance transfer of biological material. As described decades ago, extracellular
vesicles (EVs) appear to be potent mediators of intercellular communication and have
garnered substantial attention as a fundamental component of neuroimmune interaction. The
field of EV biology is still in its nascent stage and many questions about EVs biogenesis,
release and action remain to be explored. Despite these unanswered questions, there is
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accumulating evidence demonstrating the roles of EVs in maintaining CNS homeostasis and
contributing to neurodegenerative disease pathology that will be discussed in this review.

An important aspect of EV function is their ability to facilitate local and remote
communication within and outside of the CNS, as EVs originating from the brain can be
found in peripheral circulation [1, 2]. This has sparked major interest in exploring the
potential of circulating EVs to serve as biomarkers for CNS disease. Enrichment for neuron-
derived-exosomes using antibodies against L1 cell adhesion molecule (LLCAM) or neural
cell adhesion molecule 1 (NCAML) expressed in neurons [3] allows for the isolation and
enrichment of CNS-derived EVs from peripheral biospecimens which can be used to assess
cerebral neuroimmune status. Thus, they can play an important role in the diagnosis of CNS
disorders, including neurodegenerative diseases, for instance by allowing the assessment of
amyloid-p peptide (AB) [4, 5] and microtubule-associated protein tau isoforms [6]. The
proteomic and transcriptomic profiles of isolated CNS EVs can help to advance our
understanding of the mechanisms of neuroimmune communication and shed light upon
currently unknown aspect of these interactions.

EVs are commonly divided into subgroups based on size. These groups include
microvesicles (MVs, 100nm to 1um in diameter) originating from the plasma membrane,
exosomes (30 to 150nm in diameter) originating from intracellular multivesicular bodies
(MVBs), and apoptotic bodies (0.8 to 5um in diameter) originating from apoptotic cells [7]
(see Box 1). Interpreting EV-related data is difficult since current EV isolation techniques
cannot make a clear distinction between exosomes, MVs, and often-contaminated
lipoprotein complexes. Nevertheless, EVs have the capacity to load and transport DNA,
RNA, miRNA, proteins and lipids (reviewed in [8] and [9]) with variations in cargo content
according to cell type [10], the state of the cell [11-13], and also age [14], making EVs
novel fine-tuning actors of neuroimmune communication pathways (see Box 1 for more
details).

While the physiological role of EVs in health, aging, and disease is still under investigation,
several functions have been described in maintaining CNS health, including waste
elimination[15], maintenance of myelin [16], and synaptic vesicle release [17]. Conversely,
EVs have also been implicated in contributing to neurodegenerative disease spread,
particularly in diseases where pathology is dictated in part by neuroimmune mechanisms,
such as Alzheimer’s disease (AD) [18] and aging [19]. This review aims to synthesize
recent research highlighting the role of EVs in health and neurodegenerative disorders, with
a specific focus on neuroimmune interactions between neurons and glia in Alzheimer’s
disease.

Neuroimmune Communication with EVs

The intersection of immunology and neuroscience has been receiving increasing interest in
recent years, as more research reveals multiple functional connections between the immune
and nervous systems. Understanding this convergence is of particular importance in the CNS
where microglia, the resident immune cells of the brain, closely interact with neurons during
development and adulthood for the maintenance of brain homeostasis and innate immune
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response to CNS insults. Communication between neurons and microglia is bidirectional;
neurons sense and respond to inflammatory signals and microglia counter-sense and respond
to neuronal activity and neuropathic changes. This communication can be mediated by
secreted soluble factors, contact-dependent mechanisms, as well as EVs released from
neurons and microglia (Figure 1) [20], described in details in the next section.

Classical neuroimmune cell-to-cell communication pathways rely on membrane contact
between glia and neurons. Examples of these interactions include the neuron-specific
transmembrane ligand cluster differentiation 200 (CD200) and fractalkine (CX3CL1), and
their microglia-specific receptors CD200 receptor (CD200R) and fractalkine receptor
(CX3CR1), respectively [21]. Both signaling pathways aim to keep microglia inactivated, in
a surveying/homeostatic phenotype [22]. CD200 on the neuronal plasma membrane relies on
direct cellular contact with CD200R expressed in microglia, whereas CX3CL1 in neurons is
important for cellular adhesion, and its soluble form acts as a ligand for CX3CR1 in
microglia. Chemokines produced by neurons and glia for similar functional communication
include the neuronal chemokine (C-C maotif) ligand 2 (CCL2) interacting with microglial
chemokine (C-C motif) receptor 2 (CCR2), in order to trigger microglial chemotaxis. The
Exocarta database, which outlines the protein content of EVs, shows the presence of CD200
in human exosomes isolated from neuroblastoma cancer cells, CCL2 in human exosomes
isolated from mesenchymal stem cells, and CX3CL1 in mouse exosomes isolated from
fibroblasts. EVs have the potential to express proteins on their membranes. Although
intriguing, direct evidence reporting these molecules in CNS EVs is currently missing.
Interestingly, apoptotic bodies express CX3CL1 and functionally attract phagocytes in the
periphery [23]. The hypothesis of EV-based interaction between neurons and microglia
mediated by these neuroimmune pathways (CD200/CD200R, CX3CL1/CX3Crl, or CCL2/
CCR2) needs further establishment and confirmation. It is also conceivable that neuron-
derived EVs may play significant roles in the maintenance of the homeostatic phenotype of
microglia through yet unrevealed canonical neuroimmune communication pathways beyond
the classical cellular contact mechanism.

Recently, the homeostatic gene signature of microglia has been shown to be controlled by
transforming growth factor (TGF)-p [24]. Beside the classical immune-related effect of
TGF-B, it is now established that it is a master regulator of microglia identity and
transcriptomic signature. Interestingly, TGF- is present in EVs from cancer cells including
gliobastoma, and has been involved in immune regulation [25, 26]. The question arises
whether TGF-B in CNS EVs contributes to the control of microglial transcriptomic
signature. The roles of CNS EVs in the modulation of microglial phenotype requires further
investigation.

It has been established that the initiation, propagation, and resolution of an inflammatory
response to CNS injury or disease relies upon soluble factors including cytokines and
miRNAs, both of which have been demonstrated to be contained by EVSs. Indeed, cytokines
have been found encapsulated in EVs in multiple human cells and tissues, ranging from
monocytes to cervical explants. Encapsulated cytokines include, but are not limited to, tumor
necrosis factor (TNF)-a., interleukin (IL)-1p, IL-10, and CCL2 [27]. Because cytokines have
classically been considered to be released into the extracellular space in large quantities, the
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quantity of EV cytokines appears to be small by comparison. However, this latter
mechanism of cytokine transfer may be quite impactful since they remain concentrated in
EVs and are directly delivered to recipient cells instead of being dissipated in a large
extracellular space. One mechanism mediating cytokine release from EVs to target cells is
through the activation of P2X purinoceptor 7 (P2X7R) present on microglia-derived EVs
containing IL-1p [28]. When target cells release ATP in response to inflammatory or other
danger signals, it will act on circulating microglia-derived EVs expressing P2X7R on their
surface and induce IL-1p efflux from EVs into the extracellular space surrounding target
cells [28]. More work is needed to describe other mechanisms mediating the release of EV
content to target cells.

The cytokine profile in the EV cargo is strongly modulated upon immune stimulation such
as lipopolysaccharide (LPS) injection [27] and ATP stimulation [29], indicating a highly
plastic and adaptive system of communication through immune activation. We will mainly
describe LPS and ATP signaling as the most extensively studied ligands inducing EV
release. Several rodent studies have demonstrated that upon immune activation by LPS,
microglia release vesicles enriched in IL-1p and miR-155 [30], or in TNF-a and IL-6 [31],
presenting the capacity to activate microglia both /n vitroand in vivo (Figure 1). LPS-
stimulated microglia-derived EVs can propagate inflammatory signals through the activation
of other microglia, as shown by the increased expression of CD68, IL-1p, IL-6, inducible
nitric oxide synthase and cyclooxygenase-2 in microglia-derived EVs. These EVs can also
activate astrocytes, leading to an upregulation of mMRNA transcripts of //1b, //6, Nos2 and
Ptgs2in rodent astrocytes [32], highlighting a role for microglia-derived EVs in propagating
glial inflammation in the CNS.

ATP is another powerful stimulant of EV shedding from microglia and astrocytes by the way
of purinergic receptor stimulation [28]. ATP recognition by P2X7R on microglia results in
the release of EVs enriched in IL-1p and gyceraldehyde-3-phosphate dehydrogenase
(GAPDH), which are involved in propagating and regulating neuroinflammation [28, 33]. In
addition, ATP stimulation is able to skew microglial EV content towards cellular
metabolism-associated and autophagosome/lysosome-associated proteins, and strongly
impact the activation state of astrocytes [29]. Microglia and astrocytes shed EVs in response
to the stimulation of P2X7R, sensing the excessive ATP in the extracellular environment
following tissue injury, highlighting their innate response to danger-associated pattern
molecules.

In addition, EVs can transfer peripheral inflammatory conditions to the CNS. For example,
serum-exosomes from LPS-injected donor mice are able to induce CNS inflammatory
response after their intravenous injection into recipient mice [34]. Within the recipient
mouse, the authors observed microglial activation, gliosis, increased pro-inflammatory
cytokines IL-6 and TNF-a at protein and mRNA levels, and inflammatory miR-155
production. The serum-derived exosomes from the donor mice contained elevated levels of
several inflammation-associated miRNA including miR-155, 15a, 15b and 21, highlighting
the potential role of exosomal miRNA as mediators of inflammation. They showed that
microglia absorb the labeled serum-derived exosomes from LPS-treated donor mice after
intravenous injection into recipient mice, indicating that peripherally administrated
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exogenous exosomes can migrate into the CNS [34]. However, the purification method for
exosome isolation is of an intermediate specificity according to the recently published
methodological classification [35]. This only allows an intermediate recovery of the
exosomes and may contain free proteins, ribonucleoproteins and lipoproteins. Validation
using a more specific approach is needed to ensure that these CNS effects are derived from
EV cargo molecules. EV communication between the brain and the periphery appears
bidirectional since serum-derived exosomes from LPS-administered donor mice have been
shown to enter the CNS of donor mice and be taken up by microglia in the brain as
discussed above [34], and EVs originating from all the CNS cell types can be detected in the
blood, presumably after crossing the blood brain barrier (BBB) [36]. The precise
mechanisms by which EVs are transported across the BBB are in need of further exploration
[37].

EV-mediated Crosstalk in CNS Homeostasis

EV-mediated crosstalk between CNS cells is mediated by EV cargo content as well as direct
surface contact, and occurs in an omnidirectional manner, where all cell types influence and
communicate with one another. This section describes the functional role of EVs relative to

CNS cell types in a homeostatic state.

Neuron-derived EVs

In rodents, primary cultured cortical neurons release EVs from the somatodendritic
compartment and synaptic terminals [38]. EVs released from neurons following
depolarization are enriched in common EV markers such as ALG-2-interacting protein X
(ALIX / PDCP6IP) and flotillin-2, but also contain glutamate receptor subtypes such as
AMPA receptors, microtubule-associated protein 1B (MAP1B) and neurite associated
miRNAs such as miR-124 and miR-1973, suggesting a role for neuron-derived EVs in
miRNA export, the modulation of neuronal excitability, and neurotransmitter release [39,
40]. Interestingly, EV-mediated release of specific miRNAs from human neuroblasts
following potassium chloride-induced membrane depolarization is associated with a
decreased intracellular level of the same miRNAs, suggesting neuronal EV release as a
mechanism of regulation of intracellular miRNA content [41]. The internalization of
miRNA-containing EVs from neurons upregulated the excitatory amino acid transporter 2
(EAAT2), a modulator of glutamate uptake in synapses [42], suggesting the possibility that
EV release is intimately related to the control of neuronal excitability through regulation of
astrocytes. These neuron-derived EVs are taken up by other neurons and glial cells and can
modulate the recipient cells’ function in multiple ways. For example, they facilitate
microglial removal of degenerating neurites. This has been shown by the use of murine
microglial cell line MG6 cells and exosomes derived from depolarized rat neuroblastoma
cell line PC12 cells, which accelerates neurite removal from co-cultured PC12 cells.
Interestingly, MG6 cells in the relevant study were found to have increased expression of
complement component 3 [43]. However, these studies are conducted using immortalized
cell lines from different species and further validation is necessary in a more physiologically
relevant experimental design.
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Oligodendrocyte-derived EVs

Several lines of evidence showed the release of EVs from oligodendrocytes. One of the roles
of oligodendrocytic EVs seems to be to protect neurons. Oligodendrocytes contain MVBs at
peri-axonal sites, which fuse with the plasma membrane and release EVs following
glutamatergic signaling from neurons [40, 44]. Glutamate is able to induce Ca%* influx in
oligodendrocytes, followed by activation of the small GTPase Rab35, leading to EV release
[40]. In addition, a transwell system in which oligodendrocytes and neurons are partitioned
demonstrated that treatment of neurons with the GABAA receptor antagonist bicuculline
enhances the release of EVs from oligodendrocytes. This suggests that EV secretion is
enhanced by excitatory synaptic activity [38, 40]. Oligodendrocyte-derived EV uptake by
neurons, as described in the transwell system above, was shown to improve neuronal
viability during oxygen and glucose deprivation. Additionally, neurons exposed to
oligodendrocyte-derived exosomes displayed increased firing rate as well as altered gene
expression [45]. In addition to canonical exosomal markers such as Alix, tumor
susceptibility gene 101 (Tsg101), and tetraspanins, oligodendrocyte-derived EVs are
enriched in myelin proteolipid protein, 2’,3’-cyclic nucleotide 3’- phosphodiesterase, myelin
associated glycoprotein, and myelin oligodendroglial glycoprotein. Oligodendrocyte-derived
EVs have been shown to be involved in the management of oxidative stress via transfer of
human superoxide dismutase and catalase coinciding with the observation that neuronal
uptake of oligodendrocyte EVs is associated with enhanced stress resistance following
ischemic challenge [16]. Additionally, oligodendrocyte-derived EVs seem to participate in
the clearance of myelin debris mediated by microglia. Several evidences highlighted the role
of microglia in myelin debris removal through CX3CRL1 or IFN-B-dependent pathways [46,
47]. Interestingly, oligodendrocyte-derived EVs are taken up by microglia, followed by
trafficking to lysosomes for degradation [15], suggesting a role of microglia in clearing
oligodendroglial myelin membrane debris though their EV uptake.

Microglia-derived EVs

EVs can play a significant role in neuroimmune communication not only through cargo
delivery but also their contact with target cells. Microglia-derived EVs have also been
implicated in influencing neurite outgrowth, modulating neuronal activity, and coordinating
an innate immune response with other microglia [28, 48]. Antonucci and colleagues
demonstrated that microglia-derived EVs can affect neurotransmission, inducing a dose-
dependent increase in miniature excitatory postsynaptic current (mEPSC), through the direct
action of surface components of EVs rather than their cargo content [17]. This is suppressed
by pretreatment of microglial-derived EVs with Annexin A5, suggesting the importance of
phosphatidylserine present on the EV membrane. The beneficial or detrimental effect of this
crosstalk remains to be assessed.

When microglia-derived EVs are taken up by neurons, they promote ceramide and
sphingosine production and upregulate synaptic activity by enhancing the probability of
synaptic vesicle release through the facilitation of SNARE formation. This enhancement can
be suppressed by pharmacological or genetic inhibition of sphingosine synthesis [17].
Proteomic analysis of murine microglia-derived exosomes identified a number of enzymes,
chaperones, tetraspanins, and membrane receptors previously reported in dendritic cell- and
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B cell-derived exosomes. The expression of the aminopeptidase CD13 and monocarboxylate
transporter are unique to microglia and distinguish them from other hematopoietic cells [49].
Furthermore, microglia-derived EV cargo molecules, including Trombospondin-1 and 4,
suppress neuronal apoptosis and promote neurite outgrowth and synaptogenesis. This
suggests a neuroprotective and neuritogenic role of microglia, which requires further
investigation for their roles in neural development and CNS disorders [29]. Activated
microglia can shed EVs containing miR-146-5p, which can be transferred to neurons via
EVs and suppress synaptotagmin-1 in presynaptic terminals and neuroligin-1 in postsynaptic
terminals. Prolonged exposure to EVs reduced the number of dendritic spines in the
hippocampus /n vivo, and was associated with a reduced mEPSC frequency and amplitude
[50]. This demonstrates that glia-derived EV-to-neuron signaling occurs through EV cargo
molecule-and membrane contact-dependent mechanisms.

Astrocyte-derived EVs

Much like those of microglia, astrocyte-derived EVs have both homeostatic and pathogenic
functions. EVs purported to have beneficial function carry cargo proteins including heat
shock protein 70, synapsin-1, fibroblast growth factor 2, vascular endothelial growth factor,
and endostatin [51, 52]. The neuritogenic role of astrocyte-derived EVs is further supported
by evidence demonstrating that they are enriched in the synaptic molecule synapsin-1, which
is associated with neurite outgrowth following periods of oxidative stress /n vitro [53].
Interestingly, similar to microglia, astrocyte-derived EVs present the capacity to affect
neurotransmission, inducing an increase in mEPSC through direct action of EV surfaces on
neurons [17].

Taken together, these studies highlight the critical role of EVs in the dynamic modulation of
normal homeostatic CNS functions and implicate their contribution to initiating and
propagating cellular responses among neuronal cells within the CNS as well as
inflammatory responses coordinated between the CNS and periphery.

EV Crosstalk in CNS Disease

Cumulative evidence over the last few decades has shed light on the role of EVs in
neurodegenerative disease pathogenesis and progression. Neurodegenerative diseases are
characterized by a progressive and irreversible loss of neurons, the aggregation of misfolded
proteins in the brain, and widespread neuroinflammation. EVs’ contribution to disease
progression has been described in AD, amyotrophic lateral sclerosis (ALS), Huntington’s
disease (HD), multiple sclerosis (MS), Parkinson’s disease (PD), Prion disease, and
traumatic brain injury (TBI) (Table 1) [54]. The role of EVs in neuroimmune response
and disease progression taking place during neurodegenerative disorders will be discussed
herein.

EVs’ role in AD can be split into two main categories: beneficial effects through the
clearance of cellular content and support of neuronal function, and detrimental effects via
propagation of pathological proteins and neuroinflammation.
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Clearance of pathological proteins has been shown to be beneficial in the context of AD.
Microglia can clear AP by phagocytosing the AB-enriched exosomes (Figure 2A) [55].
Neuronal glycosphingolipids have been shown to allow AP sequestration in exosomes,
followed by digestion by microglia to clear AB content /n vivo [56, 57], indicating a
synergistic mechanism by which neurons and microglia clear Ap using exosomes.

While EVs have a protective role by accelerating clearance of aggregated proteins, current
studies have supported the idea that exosomes also contribute to the spread of pathological
proteins. AP and tau (including pT181 and pS396 phosphorylated tau), the two hallmark
proteins of AD pathology, are present in exosomes isolated from murine and human brains,
human cerebrospinal fluid (CSF), and human plasma [6, 58, 59]. This concept is further
supported by /n vivo inhibition of exosome synthesis using neutral syphingomyelinase-2
inhibitor, which inhibits the synthesis of ceramide and decreased amyloid plaque formation
in a 5XFAD mouse model expressing familial AD-linked mutations of amyloid precursor
protein (APP) and presenilin-1 [60]. Similarly, /7 vivo inhibition of exosome synthesis by
neutral syphingomyelinase-2 inhibitor also reduced tau propagation in adeno-associated
virus (AAV)-based and P301S tauopathy mouse models [61]. The cellular origin of
exosomes carrying abnormal proteins (Ap and tau) is still unclear as neurons, astrocytes, and
reactive microglia have all been reported to secrete them [5, 62—65]. Following engulfment
of abnormally accumulated neuronal tau, microglia release tau-enriched exosomes, which
are then taken up by neurons, further contributing to disease spread /in vivo [61] (Figure 2B).
Interestingly, recent work has revealed that tau-enriched exosomes can seed misfolded tau
aggregates, and induce tau pathology once injected in wild-type mice [66]. Several studies
have reported the release of neuronal tau-containing exosomes, in part, via synaptic activity
[6, 67, 68]. Depolarization of primary neuronal culture was able to induce the release of tau-
positive exosomes. Using a GFP-tagged-tau protein and microfluidic devices, Wang et al.
showed trans-synaptic propagation of tau-containing exosomes [67]. Incubation of synthetic
AP with astrocyte-derived exosomes enhanced its aggregation /n7 vitro, and intracranial
injection of astrocyte-derived exosomes isolated /n vitro from wild-type primary cell culture
accelerated Ap aggregation in 5XFAD mouse model [60], suggesting that astrocytic
exosomes can also drive AD pathology via acceleration of Ap aggregation.

These studies beg the question of how neurons respond to the pathogenic proteins
transported by EVs. Recent studies suggest that exosomes carrying Ap or tau is taken up by
local and remote cells and contributes to apoptosis and neuronal loss. Agosta and colleagues
found that exosomes from myeloid origin were more abundant in the CSF of mild
cognitively impaired (MCI) and AD patients compared to healthy controls [69]. This
increase was associated with hippocampal atrophy, indicating neuronal loss and white matter
damage as measured by magnetic resonance imaging [69]. Production of neurotoxic soluble
AP by the interaction of extracellular Ap aggregates with microvesicles from microglia has
also been reported [5]. Moreover, cerebrospinal fluid (CSF) of patients with MCI and AD
are enriched in myeloid cell marker 1B4-positive microvesicles, which can transport Ap to
primary cultured neurons and have enhanced neurotoxicity. These findings reveal a novel
role for microglia-derived microvesicles in AD associated AB-mediated neurotoxicity.
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In AAV-based models of tau propagation, tau spreads from the entorhinal cortex to the
dentate gyrus and reduces excitability of dentate granule cells. This was recovered by
depletion of microglia, suggesting that microglia play a significant role in the transfer of tau,
likely through neutral sphingomyelinase-2 sensitive exosome synthesis, and can affect
neuronal functions [61]. In accord, activated microglia are a hallmark of neurodegenerative
disease, and inflammatory microglia can decrease neuronal spine density and reduce
excitatory neurotransmission via the release of exosomes [50]. This further indicates that
there may be a potential novel mechanism by which microglial exosomes induce synaptic
loss commonly seen in neurodegenerative disorders.

It is a matter of debate how to reconcile both the beneficial and detrimental effects of
exosomes on progression of neuropathology, such as A and tau accumulation in the brain.
One possibility is that neuronal exosome synthesis is not ceramide dependent, whereas
microglial exosome synthesis is. Another possibility is that exosomes can facilitate
microglial clearance of aggregated proteins in homeostatic conditions (Figure 2A), whereas
in disease conditions, inhibition of exosome synthesis or secretion is effective to halt
propagating pathology. In the disease condition, neurodegenerative microglia show
impairment in their protein clearance ability [70], which may accelerate the incorporation of
aggregated proteins into exosomes, and their subsequent secretion as seeding factor for
disease spread (Figure 2B). Overall, EVs seem to be crucial mediators of disease
establishment and progression through the intercellular transfer of pathogenic molecules.

Concluding Remarks and Future Perspectives

The accumulating findings regarding EV biogenesis, secretion, and uptake have allowed us
to better understand their role in modulating CNS function under normal and pathological
conditions. EVs represent a unique mode of intercellular communication which allows
proximal and distant interactions among multiple cell types in the CNS and periphery. EVs
are involved in a wide variety of homeostatic processes including modulation of neuronal
excitability, synaptic plasticity, myelination, microglial activation, and astrocytic gene
regulation. This capacity is dictated by their similarly wide range of possible cargo
molecules and outer leaflet-associated proteins and lipids. Although many interesting
findings have been reported in multiple cell types and animal models, our understanding of
the precise mechanisms of EV function are still in infancy and will require more
sophisticated purification of specific EV subtypes, quantification methods, and robust cell
type-specific EV reporter animal models. Assessment of the methodological limitations in
the context of EV studies can be found in the recently published guideline: “Minimal
information for studies of extracellular vesicles 2018” (MISEV2018) [35]. There are several
other key questions to be answered: Do EV subtypes asymmetrically contribute to normal
CNS function and disease pathogenesis? How significant is the effect of peripheral EVs on
CNS function and vice versa? Are there risk factors related to EV biology which may
increase susceptibility of, or protection against, neurodegenerative diseases?

In conclusion, EV biology is a growing area of investigation in the quest to understand
neuroimmune communication in health and disease, and our hope is that advances in this
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area will support the development of effective therapeutics by targeting specific EV-
mediated disease progression mechanisms.
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Alzheimer’s Disease
A chronic neurodegenerative disease resulting in increased decline in cognitive function over
time

AMPA

a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor. An ionotropic
transmembrane receptor for glutamate that mediates fast synaptic transmission within the
central nervous system

Amyloid Beta Peptides

Peptides of 3643 amino acids which are found as accumulated plaques in the brains of
patients with Alzheimer’s Disease. Amyloid beta proteins are fragments of the cleaved
Amyloid Precursor Protein

Blood Brain Barrier

A selective, semipermeable barrier composed of endothelial cells and glial cells that
separates circulating blood from the cells and extracellular space within the brain and spinal
cord

Chemokine
Chemotactic Cytokine. Chemokines are a small family of cytokines which induce
chemotaxis in recipient cells

Cytokine
Proteins secreted by cells which signal other cells in the coordination of an immune
response

Glia
Term used to describe the group of cells consisting of microglia, astrocytes and

oligodendrocytes. Glia cells are closely associated with neurons and perform a diverse array
of functions within the CNS

Gliosis
Reactive change of glial cells in response to damage, infection, or both

Lipopolysaccharides
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Large molecules found on the surface of gram-negative bacteria which are commonly used
to induce an immune response

Microglia

The primary innate immune cells within the central nervous system. Microglia play a
significant role in responding to infection and injury, and maintaining brain
homeostasis.miR-155: a microRNA established for its role in inflammation and oncogenesis

mMiRNA
Micro RNA. Small, non-coding RNA found in nearly every form of life which serve to
control gene expression and protein synthesis

Neuroimmune System

Collection of tissue and cell types which serve the purpose of isolating the CNS from
pathogens, responding to injury and coordinating an innate immune response. The
neuroimmune system is composed primarily of glial cells

Purinergic Receptor
A family of ligand gated ion channel proteins which can sense extracellular ATP

Somatodendritic Compartment
The portion of a neuron that includes the cell body and dendrites, but not the axon

Tau

Microtubule-associated protein tau, which stabilizes microtubules and is enriched in
neurons. Abnormal accumulation of tau protein aggregates is the principal component of
neurofibrillary tangles in Alzheimer’s disease

Tetraspanins
A family of transmembrane proteins enriched in EVs and involved in many physiological
processes within the cell

MS
Multiple Sclerosis, a demyelinating disease in which the insulating sheath of neurons within
the central nervous system are damaged

TBI
Traumatic Brain Injury, an injury to the brain caused by an external force
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Extracellular Vesicles

The three main classes of extracellular vesicles are exosomes, microvesicles, and
apoptotic bodies [71, 72]. Exosomes are the smallest of these, ranging in size 30-150nm,
and are generated by exocytosis of multivesicular bodies (MVBs) [71-73]. Microvesicles
range in size 100-1000nm and are generated through bubbling/budding of the plasma
membrane [71-73]. Apoptotic bodies are also generated through budding of the plasma
membrane, although exclusively generated by cells undergoing apoptosis.

Biogenesis of EVs is controlled by several molecular machineries, the best described
mechanism being the endosomal sorting complex required for transport (ESCRT) [74].
The ESCRT mechanism is composed of approximately thirty proteins which assemble
into four complexes (ESCRT-O, -, -II, -111) involved in loading and budding of MVBs.
EVs can also be generated independently of ESCRT machinery mechanisms, relying
instead on membrane associated proteins like tetraspanins or intracellular enzymes.
Tetraspanins and other lipid raft associated proteins serve as surface markers for EVs,
particularly exosomes.

Within the CNS, neurons, glia, and endothelial cells all secrete EVs, which have been
shown to play significant functional roles in cellular communication, due in part to their
broad range of possible contents. The contents and relative proportion of EV types
secreted depends on cellular identity and physiological context, and generally reflect the
origin a cell’s cytoplasmic composition. The contents ranges from cell surface receptors,
mitochondrial and cytosolic proteins, and metabolic enzymes to microRNAs and mRNAS
[20]. More specifically, exosomes collected from primary neuron mammalian tissue
culture contain canonical EV markers such as ALIX, flotillin 2, AMPA receptor subunits
and cell adhesion molecules. Oligodendrocyte derived EVs contain myelin proteins,
proteins associated with protection against oxidative stress and RNA cargo. Microglia
and astrocytes shed EVs enriched in inflammatory factors [75] in response to activation,
or enriched in miRNAs associated with neurotrophic signaling during homeostasis. In all
cases, EVs are primarily enriched with small RNAs, and are rarely found to contain
DNA. A growing body of evidence suggests that uptake of EVs proceeds through fusion
with the plasma membrane of the recipient cell, or through one of several forms of
endocytosis [76]. This includes clathrin-mediated endocytosis, caveolin-mediated
endocytosis, lipid raft-mediated endocytosis, macropinocytosis, and phagocytosis. Which
mechanism is employed depends upon cell type, physiologic state and cell ligand
presentation.

Outstanding question box:

. Do different EV subtypes contribute equally to normal CNS function and

disease?
. How do EVs contribute to the normal aging process of the CNS?
. What methods and assay models could improve the isolation and evaluation

of EV biogenesis, secretion, transport and uptake?
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. How significant is the effect of peripheral EVs on CNS function and vice
versa?
. Can CNS EV biogenesis, secretion or uptake be targeted to treat

neurodegenerative disorders?

. Avre there genetic risk factors associated with EV function and do these

increase the risk of neurodegenerative diseases and age-related cognitive
dysfunction?
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. CNS EVs are active mediators of neuroimmune communication via small

. CNS EVs participate in seeding and progression of neurodegenerative disease

Page 18
Highlights
. CNS EVs are heterogenous vesicles with loading of specific cargo molecules
depending on the cell type, cellular activity and homeostatic/disease status of
the CNS.
. CNS EVs cargos represent relatively small quantities of molecules compared

to secreted molecules but can be highly impactful due to their concentration
and targeted delivery.

RNAs and proteins in the healthy and diseases brain, and have both beneficial
and detrimental roles.

pathology.
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Figure 1: Extracellular vesicle crosstalk within the CNS.
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Schematic representation of extracellular vesicle transfer between different cell types within
the central nervous system. Arrows indicate the direction of transfer, and are labeled with the
contents of EVs commonly found for that cell-to-cell communication pathway and with
some of the functional roles identified for the pathway. EVs can transfer contents between
various pairs among the cell types depicted in the figure, i.e. neurons, microglia, astrocytes
and oligodendrocytes. See text for complete details. ATP stimulation is included for
microglia and astrocytes, whose cargo is modulated depending on activation state.
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Figure 2: Schematic representation of microglia-mediated tau spread via EVs.
A) The balance between the spread of pathogenic molecules and their uptake by neurons and

microglia. CNS EV containing pathogenic molecules, such as AB, PrPS¢, a-syn, and Tau are
cleared by homeostatic microglia and also taken up by neurons, which may introduce
seeding of pathogenic molecules resulting in protein accumulation. The balance of EV
uptake by microglia and neurons is thus critical for the prevention of disease spread in the
CNS. B) Microglia-mediated disease spread via EV. Microglia alter their phenotype from
homeostatic to a neurodegenerative one during disease progression. Such microglia can be
active for instance in phagocytosis but have impaired capacity to clear aggregated tau protein
after ingestion of Tau™ donor neurons. The uncleared tau aggregates are secreted via EV,
which can be taken up by recipient neurons. The aggregated tau in the EV serves as a
seeding molecule for tau aggregation in the recipient neurons. Tau can be spread from the
axonal terminal of donor neurons to the somatodendritic compartment of recipient neurons
as exosynaptic disease spread, or from the somatodendritic compartment of donor neurons to
nearby neurons as lateral disease spread via microglial EV secretion.
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Table 1

EV cargo molecules in major neurodegenerative disorders
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Neurodegenerative Disorder

Main EV-related Findings

References

AD

Exosomes from microglia spread toxic A3 and phosphorylated tau between
cells

Exosomal proteins, such as Alix and flotillin-1, accumulate around amyloid
plaques in AD patients

[6, 20, 58, 61]

ALS

EVs have been shown to spread SOD1 and TDP-43 within the brain and
spine

Some studies indicate that these EVs are often exosomes originating from
astrocytes

Spinal motor neurons derived from induced pluripotent stem cells from
C9orf72-ALS patients released dipeptide repeat proteins in EVs

[77-79]

HD

EVs carry expanded CAG-repeat RNA and polyQ protein

(80]

MS

EVs released by microglia and endothelial cells have been implicated in
breaking down the blood-brain barrier

These EVs have been found to contain pro-inflammatory signals, including
IL-13, interferon-y, tumor necrosis factor (TNF), caspase 1 and the P2X7
receptor

[32, 81-83]

PD

L1CAM+ EV populations are increased in PD patients, and a correlation to
disease severity has been shown

Exosomes have been shown to spread a-Syn to the extracellular environment

[84, 85]

Prion Disease

Neuronal exosomes aid in the spread of scrapie-form prions

These exosomes have increased levels of miRNAs associated with
neurological disorders, including miRs-29b, 128a, 146a

[86, 87]

TBI

Increased levels of tau are found in blood-derived exosomes from CTE- risk
cohort (former contact sports athletes)

Exosomes mediate deposition of periventricular and perivascular tau and
TDP43

[88, 89]

Trends Neurosci. Author manuscript; available in PMC 2020 May 01.



	Abstract
	CNS Cells and EVs in Health and Disease
	Neuroimmune Communication with EVs
	EV-mediated Crosstalk in CNS Homeostasis
	Neuron-derived EVs
	Oligodendrocyte-derived EVs
	Microglia-derived EVs
	Astrocyte-derived EVs

	EV Crosstalk in CNS Disease
	Concluding Remarks and Future Perspectives
	References
	Figure 1:
	Figure 2:
	Table 1

