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related RNAs and proteins, practical applications of EVs include potential uses as biomarkers and therapeutics. This
Review describes our current understanding of EVs and serves as a springboard for future advances, which may reveal
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Introduction
Recent research has revealed an expanded range of modes of 
communication among cells, which includes not only the sec-
retome (organic molecules and inorganic elements), but also 
vesicular and particulate carriers, which contain proteins, lip-
ids, and nucleic acids that are not soluble or are unstable in the 
extracellular environment on their own. This new modality is 
exemplified by extracellular vesicles (EVs), which are produced 
by virtually all cells, have various means of biogenesis, carry dif-
ferent cargoes, and change dynamically in number and content 
in response to physiologic and environmental conditions. The 
classification of these vesicle subtypes is ongoing and includes 
exosomes (30 to 100 nm in diameter), which are formed from 
multivesicular bodies; microvesicles (or ectosomes) (100 nm to 
1 μm in diameter), which bud from the cell surface; oncosomes 
(ranging from 1 μm to >2 μm in diameter), which are large protru-
sions released from cancer cells through budding; and apoptotic 
blebs (ranging from 1 μm to >2 μm in diameter), which are gener-
ated by dying cells (1–4). Throughout this Review the different 
types of vesicles will be referred to as EVs.

EVs are released from virtually all cell types in the brain, 
including neural stem/progenitor cells (5, 6), neurons (7–9), 
astrocytes (9–13), oligodendrocytes (13–15), and microglia (16, 17) 
as well as Schwann cells and neurons in the peripheral nervous 
system (18–20). A schematic overview of potential EV-mediated 
interactions in the nervous system is provided in Figure 1.

The contents of EVs comprise both molecular entities the cells 
are trying to divest themselves of as well as information packets 
intended to alter the phenotypic state of other cells. Each vesicle con-
tains multiple proteins, specialized lipids, and selected nucleic acids, 
such that their effects on recipient cells are combinatorial. As such, it 
is difficult to factor out the effects of individual components within 
the vesicles. Interactions with recipient cells, both near to and far 
from the cells of origin, can include ligand/receptor signaling at the 
cell surface, fusion of vesicle and plasma membranes, and uptake 
via endocytosis. The fate of vesicular contents includes degradation 
or release into the cytoplasm and then transport into the nucleus 
or cellular membranes, leading to functional consequences. The 
exchange of vesicles is active and dynamic in both directions among 
cells, so as to allow response to and coordination of biologic events.

This Review will focus on new areas of research into the action 
of EVs in the nervous system, including the implications during 
neural development, synaptic communication, and nerve regener-
ation. These functions are all essential for maintaining the health 
of the nervous system. The second part of this Review focuses on 
the “dark side” of EVs and how EVs can be used to augment the 
pathology of various neurological diseases. Finally, we provide an 
account of research into applying EVs to drug and gene therapeu-
tic strategies, focusing on recent developments in the field.

Role in development
Production of EVs by neural cells during development. The intercon-
nection as well as the maintenance of neuronal circuits depends 
on a wide variety of interactions between the different cell types 
in the brain. EVs are an emerging component of these interac-
tions. They appear to have a substantial impact with respect to 
neural development and genetic variety based on their ability to 
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ing with the release of positive signals (9, 13). These oligodendrocyte/
neuron interactions show that, in addition to transporting various car-
goes, EVs can function in reciprocal collaborations between different 
cell types. Astrocyte-derived EVs have exhibited a slightly different 
effect on neighboring cells during brain development, as they have 
been shown to promote neurite outgrowth and survival of neurons, at 
least in part through the transfer of synapsin I, thereby supporting the 
role of glial EVs in neuronal differentiation (22).

The reported effects of EVs on development primarily depend on 
their cargo. Throughout development, gene expression is regulated 
by a range of evolutionarily conserved proteins transported through 
the extracellular environment from donor cells to cells in adjacent 
tissues. Some of the main cell-fate proteins, such as Hedgehog (Hh), 
Notch, Wnt, TGF-β, EGF, and FGF, have been shown to be cargo of 
EVs (e.g., ref. 23). For example, EV-like particles termed argosomes 
transport the Wingless (Wg) protein through the disc epithelium 
during wing development in Drosophila (24). In both human and 
Drosophila cells, Wnt is found in EVs in association with evenness 
interrupted/wntless (Evi/WIs), and Wnt signaling is induced in EV-
recipient cells (25, 26). Budnik and colleagues further demonstrated 
that the hydrophobic signaling molecules Wnt-1/Wg and their bind-
ing partner Evi are released in association with vesicles and that this 
process is required for Wnt transmission to the postsynaptic muscle 
cells (27, 28). Taken together, these studies in Drosophila support a 
role for EVs in intercellular communication and as essential regula-
tors of synaptic integrity.

To catch a ride — retrotransposons. Another interesting feature 
of EVs is their potential to transport mobile DNA/RNA elements. 
These mobile elements fall into two major classes: DNA transpo-
sons, which are inactive in humans, and retrotransposons, which 
have remained active in both human and murine cells (29). Ret-
rotransposons are remnants of ancient viral infections that have 

transfer various cargoes, such as protein and lipid components, 
including signaling molecules and transcription factors, as well 
as DNA and RNA.

As mentioned above, virtually all cell types in the brain have 
been shown to release EVs; however, the content and effect on 
neighboring and distant cell types depends on both the donor and 
recipient cell. In 2005, Marzesco et al. were among the first to report 
the presence of EVs in the developing brain; they identified EVs in 
the luminal fluid of the neural tube in embryonic mouse brains (5). 
EV secretion peaked at around E10.5 to E13.5, and the vesicles could 
be separated into two sizes, 50–80 nm and approximately 600 nm, 
both of which were positive for the stem cell marker prominin-1 
(CD133). Subsequently, EVs were reported in neurons cultured 
from embryos. Following depolarization, immature cortical neu-
rons were found to release proteins, such as the L1 cell adhesion 
molecule (L1CAM), the glycosylphosphatidyl-inositol–anchored 
(GPI-anchored) prion protein, and the glutamate receptor subunit 
GluR2/3, via EVs, suggesting that EVs regulate synaptic activity (7). 
More recently, the Bordey laboratory has found evidence support-
ing a role for EVs in neural development through miRNA-bearing 
EVs in embryonic cerebrospinal fluid (eCSF) of both rodents and 
humans (21). The addition of eCSF-derived EVs to neural stem cells 
activated the mTORC1 pathway, increasing the proliferation rate of 
these stem cells. These results confirm the presence and functional 
capacity of EVs in the developing brain, with evolutionary conserva-
tion across lower- and higher-order mammalian species.

Another important potential role for EVs in development is the 
regulation of myelin membrane formation, a complex process that is 
tightly controlled during both development and regeneration. During 
development of the CNS, the formation of the myelin membrane is 
downregulated by EVs released from oligodendrocytes. This down-
regulation continues until neurons counteract this inhibitory signal-

Figure 1. EV-mediated intercellular communication between cells in the nervous system. (i) Astrocyte-derived EVs stimulate dendritic arborization of 
neurons by transport and release of synapsin I (21); (ii) EVs from microglia increase neuronal synaptic activity, and (iii) neuron-derived EVs activate glial 
cell functions, such as microglia phagocytosis for clearance of inactive synapses and toxic proteins (44, 148). (iv) EVs from oligodendrocytes enhance 
stress tolerance of neurons, stimulate anterograde transport of signaling molecules in neurons, and carry proteolipoprotein (PLP), which is important for 
myelination (9, 45). (v) Immature neural progenitor cells release proteins, such as the L1 adhesion molecule, the glycosylphosphatidyl-inositol–anchored 
(GPI-anchored) prion protein, and the GluR2/3 subunit of the glutamate receptor, via EVs, which participate in early brain development (7). (vi) Retrotrans-
posons can be transported between cells through the EV compartment. During neurogenesis, the activity of retrotransposons is increased, resulting in a 
high degree of somatic mosaicism in neuronal genomes (31). 
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released by the presynaptic nerve terminal. This EV communica-
tion allows a balancing of synaptic input as the muscle grows.

A potential role of EVs in synaptic function and plasticity is also 
evidenced by the enrichment within neuronal EVs of proteins, such 
as synaptic plasticity-associated microtubule-associated protein 
1B (MAP1B), and a specific set of activity-related miRNAs (43). 
The release of neuron-derived EVs from synaptic terminals after 
depolarization suggests a means of regulating synaptic strength by 
allowing rapid changes in translation of mRNAs relevant to synap-
tic activity in the postsynaptic region (ref. 43 and Figure 2A). EVs 
may also have an important role in regulating synaptic pruning. 
EVs released by synaptically active neurites appear to participate in 
eliminating inappropriate synaptic connections (44). Thus, active 
synapses facilitate the loss of inactive synapses through the release 
of EVs, which also stimulate production of complement factors and 
phagocytosis of cellular debris by microglia (44).

Nerve regeneration. Mature oligodendrocytes, which are 
responsible for myelination of neurons in the brain, release EVs in 
response to glutamate acting on NMDA and AMPA receptors (9, 
45). Oligodendrocyte-derived EVs carry not only specific myelin 
proteins, such as major myelin proteolipid protein (14), but also 
other proteins and RNA related to myelination. Internalization of 
oligodendrocyte-derived EVs by neurons results in an enhanced 
tolerance to stress, resulting in increased viability (9, 45).

In the peripheral nervous system, dedifferentiation and pro-
liferation of Schwann cells, which myelinate peripheral nerve 
fibers, are key regulators of axon growth and regeneration (46). 
In this context, Lopez-Verrilli and colleagues demonstrated that 
Schwann cell–derived EVs stimulated axonal growth and regen-
eration after nerve damage in vitro when taken up by adjacent 
sensory neurons (ref. 19 and Figure 2B). After internalization in 
damaged axons, Schwann cell–derived EVs modulated growth 
cone morphology and downregulated growth inhibitors, such 
as RhoA GTPase, both in culture and in vivo. In addition, these 
EVs transferred newly synthesized ribosomal RNA and mRNAs to 
axons, which increased axonal protein synthesis at the damaged 
site (refs. 18, 47, and Figure 2B). Schwann cell–derived miRNAs 
were also observed in axon terminals, supporting the possibility of 
direct transfer via EVs, with subsequent effects on coordination of 
mRNA translation and neurite growth (48–50).

Neurodegeneration. While they play crucial roles in physio-
logical processes, EVs/exosomes also contribute to the develop-
ment of disease states. Neurodegenerative diseases, including 
Alzheimer’s disease (AD), Parkinson’s disease (PD), and prion 
diseases, are characterized by protein aggregation and depo-
sition in specific brain regions. However, EVs appear to act at 
cross-purposes in neurodegeneration, particularly in their role 
in amyloid formation and clearance. On the one hand, EVs 
appears to aid in the formation and the spread of the toxic amy-
loid proteins across the different regions of the brain, while on 
the other hand they can also serve as a means for disassembly 
and clearance of toxic proteins by phagocytic cells (Figure 2C). 
EVs have been implicated in a number of neurodegenerative dis-
eases, including prion-induced spongiform encephalopathy and 
amyloid-β peptide–related (Aβ-related) AD. As a corollary, these 
toxic protein-containing EVs may prove useful as biomarkers for 
these disease states.

insinuated themselves into the genome through infection of germ 
cells. These elements are scattered throughout the genome and 
are capable of amplifying themselves as well as changing their 
position within the genome through RNA intermediates. Among 
the most significant retrotransposons are the endogenous retrovi-
rus variants, which include long terminal repeat (LTR) retrotrans-
posons and non-LTR retrotransposons, such as long interspersed 
element 1 (L1) and short interspersed elements (SINEs).

Retrotransposons have been suggested to play a significant 
role in the development of the nervous system (for review see ref. 
30). In the genome of somatic cells, retrotranspositions are more 
frequent in neural precursors and neurons compared with other 
neural cell types (31–33). Retrotransposons increase their motil-
ity during neurogenesis (31), resulting in a high degree of somatic 
mosaicism, which may contribute to increased plasticity of neu-
rons in the developing brain. However, insertion of retrotranspo-
sons into vulnerable genes can also result in deleterious or tumor-
promoting mutations. Many of these mobile DNA sequences have 
been implicated in various neurological disorders, and increased 
rates of retrotransposition are seen in murine and human models 
of Rett syndrome (34) and ataxia telangiectasia (35), which are 
caused by mutations affecting the epigenetic state of the genome 
and DNA repair, respectively (36).

Interestingly, retrotransposon elements, including human 
endogenous retrovirus (HERV) elements, are highly enriched in 
tumor EVs compared with their cells of origin, which are trans-
ferred in vitro to normal human umbilical vein endothelial cells 
(37). The high activity of the retrotransposons in neural cells dur-
ing development is thus likely to result in packaging and delivery 
by EVs between cells; however, this remains to be confirmed in 
vitro as well as in vivo.

EVs in physiology and pathology of the nervous 
system
Synaptic communication. Exosomal EVs are released from endo-
some-derived multivesicular bodies (MVB) by the soma and 
the dendrites of mature cortical and hippocampal neurons (8). 
Their release can be increased in vitro by addition the excitatory 
neurotransmitter, glutamate (Figure 2A), resulting in enhanced 
spontaneous electrical activity. AMPA receptor or NMDA recep-
tor antagonists reversed this excitatory synaptic activity, indi-
cating that EV release is modulated by synaptic AMPA and 
NMDA receptors and, hence, may have a role in normal synap-
tic physiology. Release of EVs was also enhanced by neuronal 
depolarization and calcium influx following treatment with the 
calcium ionophore ionomycin (8), demonstrating the dynamism 
of this messaging system.

Other in vitro studies report that release of EVs by neurons 
(38, 39) is dependent on synaptic activity and acts as a potential 
control mechanism for synaptic plasticity and as a component of 
the neuron-to-neuron communication system (40, 41). EVs have 
also been implicated in controlling retrograde postsynaptic sig-
naling that mediates activity-dependent presynaptic growth and 
quantal neurotransmitter release at the neuromuscular junction 
in Drosophila larvae (42). Synaptotagmin 4 (SYT4), which is criti-
cal for this retrograde postsynaptic signaling to the motor neu-
ron, is delivered to the postsynaptic terminal in the muscle in EVs 
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studies (57, 58) demonstrated that exosomal/intraluminal vesicles 
accelerate amyloid formation. At present there is some controversy 
in the field as to the role of EVs in AD; while some studies (59–61) 
suggest that exosome-associated Aβ is protective, other studies 
suggest that exosome-associated Aβ contributes neurotoxic amy-
loid formation (56, 62–65). Moreover, misfolded tau protein, which 
is implicated in Aβ aggregate formation, may also be released from 
neurons via EVs (66). EV release of misfolded tau appears to recruit 
other proteins into EVs, including mitochondrial-, synaptic-, and 
axonogenesis-related proteins that have been linked to the patho-
genesis of AD and other neurodegenerative diseases (i.e., tauopa-
thies) (66). In PD, the accumulation of misfolded α-synuclein has 
been associated with EV release by neurons (67, 68); however, in 
PD as well as other neurodegenerative processes, the potential 
pathways of cell-to-cell spreading and disease propagation are still 
being evaluated (68, 69).

Amyotrophic lateral sclerosis (ALS) is caused by progressive 
accumulation of a misfolded mutant form of superoxide dis-

Accumulation and cell-to-cell transmission of infectious mis-
folded proteins, such as the scrapie form of prion protein (PrPsc), 
are known to be key mechanisms in some prion diseases. Both 
normal (PrPc) and pathological (PrPsc) prion proteins are incor-
porated into EVs by normal and prion-infected cells (51, 52). 
PrPsc-carrying EVs are present in biological fluids (i.e., blood) of 
infected animals (53, 54), and these PrPsc-carrying EVs can spread 
prion infection to normal recipient cells (55). These findings have 
opened up new and important insights into the complicated 
mechanisms of transmission and propagation of prion diseases.

The AD Aβ peptide is produced in the early endosomal com-
partment and is released from the cells via exosomes. Immunohis-
tochemical analysis in brain sections from patients with AD and 
patients with PD and age-matched control subjects showed enrich-
ment of the exosomal marker Alix around small neuritic plaques 
and in large diffuse plaques in brain sections from all patients with 
AD tested (56). These results suggest that exosomes may act as 
nucleation centers for amyloid plaque formation, and two recent 

Figure 2. EVs in nervous system physiology and pathology. (A) The role of EVs in synaptic communication. The addition of GABAA receptor antagonists 
results in the release of presynaptic EVs that are taken up by postsynaptic cells and modulate synaptic strength and retrograde signaling. They can also 
activate glial functions, such as microglia phagocytosis for clearance of inactive synapses and release of cytokines and complement. Synaptic vesicles (SV) 
fuse with the plasma membrane to release neurotransmitters (NT) into the extracellular space, which bind to receptors on postsynaptic neurons, while 
EVs are released intact into this space by fusion of multivesicular bodies (MVB) with the plasma membrane or budding from the plasma membrane. (B) 
The role of EVs in axonal regeneration in the peripheral nervous system is mediated by Schwann cells that release EVs containing proteins, miRNA, mRNA, 
and ribosomes to promote axonal growth. (C) In the pathogenesis of neurodegenerative diseases, (i) EVs can modulate phagocytic clearing of misfolded 
proteins, such as that described for Aβ in AD. On the other hand, EVs can promote extracellular release, (ii) cell-to-cell spreading, and (iii) accumulation of 
toxic proteins such as tau, SOD1, TDP-43, and prions, all of which are associated with neuronal degeneration.
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and cell-to-cell contacts are clearly critical components, recent 
studies implicate EV-mediated intercellular communication in 
GBM. Numerous studies have demonstrated that GBM-derived 
EVs promote tumor cell proliferation, angiogenesis, invasion, and 
suppression of antitumor immune responses (refs. 1, 2, and Fig-
ure 3). Many aspects of this vesicular messaging service remain to 
be fully elucidated, i.e., the different subtypes of vesicles released 
from various cells in the tumor environment, the contents of these 
vesicles, and the function of the vesicle contents. Tumor cells 
exhibit enhanced vesicle release compared with most normal 
cells (89) and release of unique types of vesicles, such as HERV 
particles (37) and oncosomes (90). The enrichment of retroviral 
retrotransposon sequences in tumor vesicles indicates the poten-
tial for cell-to-cell transfer of mobile elements through EVs, which 
could result in genetic variation and increased cellular plasticity in 
the tumor microenvironment. EVs also serve to dispose of mole-
cules that inhibit tumor growth, e.g., miR-1, which targets annexin 
A2 (91), a mediator of tumor cell invasion, and miR-451, which 
targets calcium-binding protein 39 (CAB39), a negative regulator 
of the oncogenic PI3K/AKT pathway (92). EVs also promote drug 
resistance through transfer of P-glycoprotein (93). Although many 
EV messages may be lost or degraded in recipient cells, functional 
transfer of oncogenic proteins, such as EGFRvIII (94) and trans-
glutaminase (95), has been confirmed. Additionally, mRNA and 
miRNAs transferred by EVs can be translated (e.g., ref. 96) and 
inhibit mRNA translation (97), respectively. There is mounting 
evidence that EVs carry informative molecules that can change the 
transcriptome and possibly the epigenetic state of recipient cells. 
For example, deep sequencing of RNA from GBM EVs reveals a 
host of small noncoding regulatory RNAs; treatment of brain 
microvascular endothelial cells with these EVs has marked effects 
on their transcriptome (98) and is associated with increased 
tubule formation (98, 99). For example, there is rapid recovery 
of tumor growth following radiation and chemotherapy, which 
kill most of the more differentiated tumor cells. This recovery is 
thought to be mediated by glioma stem cells (GSCs) (89). GSCs 
release EVs (100) that contain regulatory RNAs and transcription 
factors that may be able to reset the epigenetic status of surviv-
ing “differentiated” tumor cells, rejuvenating them and stimulat-
ing tumorigenesis (101) as well as reprogramming normal cells in 
the environment to increase their plasticity and responsiveness to 
tumor signals. The tumor transition is typified by a shift from a less 
aggressive, proneural subtype of GBM to a more aggressive mes-
enchymal subtype (102), which may be mediated in part by GSC 
EVs (89). Changes in the tumor microenvironment are undoubt-
edly achieved through combinatorial “armaments,” as recipient 
cells are bombarded not only with EVs containing many proteins, 
lipids, and RNA species, but also with the secretome of the tumor 
and potentially with tunneling nanotubes opening direct commu-
nication between cells (103).

Communication between GBM EVs and the body. Although 
GBM cells usually remain within the brain proper and do not 
metastasize, they do influence cells outside the brain. Circu-
lating GBM tumor cells were detected in blood of at least one 
patient with the mesenchymal subtype of GBM (104); thus, the 
failure to metastasize may reflect the rapid lethality of these 
brain tumors rather than the lack of peripheral dissemination 

mutase 1 (SOD1) in a subset of patients and by cytosolic transloca-
tion and misfolding of TAR DNA-binding protein-43 (TDP-43) in 
others (70). A growing body of evidence suggests that, particularly 
for SOD1 but also for TDP-43, EVs are the potential mechanism of 
extracellular spread and cell-to-cell propagation within the brain, 
serving to extend the range of toxicity and cell damage (70, 71). 
TDP-43 is especially interesting in this regard, as it is an RNA-
binding protein associated with ribonuclear protein particles (72), 
which have been implicated in the process of incorporating RNA 
into EVs (73) and in suppressing HERV expression, which is elevat-
ed in patients with ALS with TDP-43 mutations (74).

Although a subgroup of neurodegenerative diseases results 
from expression of mutant proteins, many others may be a result 
of biologic processes induced by injury to the brain (75). An impor-
tant aspect of the inflammatory response to injury is the associa-
tion between microparticles (EVs) and IL-1β cytokine release from 
microglia and astrocytes (11). In parallel, it appears that hema-
topoietic cells can influence the genome of neurons, as demon-
strated by the ability of Cre recombinase (mRNA and protein) in 
EVs produced by hematopoietic cells to activate floxed reporters 
in the genome of neurons in vitro and in the brain as a result of 
inflammation, suggesting a very insidious means of intrusion into 
neuronal integrity (76). EVs released by microglia and endothelial 
cells in the brain have also been implicated in breaking down the 
blood-brain barrier and promoting influx of immune cells in mul-
tiple sclerosis (MS; ref. 77).

A new effort is underway to use RNA and protein cargo in  
biofluid-derived EVs as a means to monitor neurologic disease sta-
tus. The number and content of EVs isolated from cerebrospinal 
fluid (CSF) could aid in monitoring AD and PD status (78). CSF EVs 
from patients with AD have abnormally high levels of phosphory-
lated tau (79), while those from patients with MS have high levels 
of isolectin B4 (IB4), which is associated with neuroinflammation 
(80). CSF EVs from patients with ALS have elevated TDP-43 (81). 
Increased levels of the PD-associated proteins deglycase DJ-1 and 
leucine-rich repeat kinase 2 (LRRK2) have been found in blood-
derived EVs in patients with PD (82, 83). Brain-derived EVs in the 
blood represent a small fraction of the total EV content, most of 
which is derived from vascular-associated cells (84). Using immu-
noaffinity capture with L1CAM antibodies to isolate EVs from the 
blood, Shi et al. (85) found elevated levels of α-synuclein in EVs 
from patients with PD compared with controls, and Fiandaca et al. 
(86) found elevated tau, phosphorylated tau, and Aβ42 in patients 
with AD compared with controls. More work is needed to sort out 
the most effective means of enriching for brain-derived EVs from 
biofluids and to determine the most informative target proteins or 
RNAs with respect to disease status for different neurodegenera-
tive diseases (87).

Brain tumors
Glioblastoma takes over the brain with EVs as armaments. Glioblasto-
ma (GBM) represents the most malignant brain tumor and one of 
the most untreatable cancers (88). For GBMs, some of the “secrets 
of their success” lie in their genetic and phenotypic heterogeneity, 
with a stash of cancer stem cells that are resistant to treatment, 
as well as their ability to subvert the normal tissue environment 
to support their growth and expansion. Although their secretome 
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of tumor cells. Gliomas also secrete chemoattractants, which 
stimulate monocytes to enter the brain where they are converted 
to macrophages that, together with M2-activated microglia, set 
up a protective zone around the tumor (105). Once within the 
brain these myeloid cells actively take up GBM EVs, resulting in 
changes in their phenotype that are correlated, at least in part, 
with transfer of miRNAs, such as miR-451 and miR-21 (97). EVs 
and cytokines from serum from a patient with GBM can act in 
concert to convert circulating monocytes to a M2-like activation 
state and promote a Th2 bias, thereby decreasing the ability of 
immune cells to destroy tumor cells (refs. 106, 107, and Figure 
3). GBMs are also associated with a peripheral coagulopathy 
(108), which is mediated by microparticles (EVs) released from 
the tumors that contain high levels of tissue factor and initiate 
thrombin formation (109, 110).

GBM EVs as biomarkers — telltale signs. The finding of EVs 
in the sera of patients with GBM carrying the mutant EGFRvIII 
mRNA in tumors opened the door for using EV contents in bio-
fluids as biomarkers for brain tumors and other cancers (99). 
The list of potential biomarkers that can provide information on 
glioma status and response to therapy is expanding and includes 
changes in the transcriptome profile of EV mRNA (111, 112) and 
small noncoding RNAs in sera (113) as well as mutations in iso-
citrate dehydrogenase (IDH) mRNA (114) and elevated miR-21 
levels in CSF EVs (ref. 115 and for review see ref. 88). Deep-
sequencing methods will increase the sensitivity of detection of 
RNA biomarkers. High-resolution, point-of-care technologies 
have also been developed to monitor levels of GBM-associated 
proteins (116) and mRNAs in serum EVs that are predictive of 
drug response (117).

Putting EVs to work — naturals at therapeutic 
delivery
Therapeutic application of unmodified EVs. The diverse roles of 
EVs in the normal and pathological states of nervous system 
development and physiology highlight their potential as thera-
peutic modalities for neurological disease and injury. EVs are 
safer than the therapeutic cells from which they are derived, 
as they cannot replicate or directly form a tumor. However, a 
single dose of EVs may have only transient therapeutic effects. 
Mesenchymal stem cell–based (MSC-based) therapies remain 
at the forefront of regenerative medicine, as they have dem-
onstrated clinical and preclinical efficacy (118–121). Accumu-
lating evidence suggests that the regenerative effects of MSCs 
are partially attributable to their EVs (122), which may retain 
the immunological properties that make them appropriate for 
allogeneic use (123). EVs from MSCs cocultured with ischemic 
brain tissue from rats subjected to middle cerebral artery occlu-
sion promoted neurite remodeling in culture (124). Systemic 
delivery of MSC-derived EVs induced functional recovery and 
neurovascular plasticity in a rat stroke model, with neurite out-
growth effects partly mediated by EV-associated miRNA-133b 
(125). Undoubtedly other EV cargo also contributes to this MSC 
EV–mediated neural regeneration. The multifaceted nature of 
EV cargo underscores an advantage of utilizing EVs for therapy 
— they carry a repertoire of bioactive molecules with a combi-
natorial capacity that would be challenging to recapitulate by 
artificial means.

Other reports have explored the use of unmodified EVs as 
therapeutics in neurodegenerative conditions, such as AD and 
MS. As discussed, Aβ peptide is released in association with exo-

Figure 3. Vesicular exchange in the brain tumor 
microenvironment. GBM tumors are made up 
of a heterogeneous group of genetically related 
cancer cells, shown here as two types of differen-
tiated tumor cells (DTCs) within the same tumor. 
Tumors also contain glioma stem cells (GSCs), 
which tend to be resistant to therapy and are 
thought to rejuvenate differentiated tumor cells 
after therapy. Tumor cells release at least three 
types of vesicles — exosomes, microvesicles, and 
large oncosomes. Normal cells in the brain tumor 
environment include T cells, microglia, macro-
phages, and endothelial cells, which also release 
exosomes and microvesicles. The secretome 
and EVs of the tumors modulate the phenotype 
of these normal cells, including promoting an 
immune-repressive T cell Th2 phenotype, stimu-
lating microglia and macrophages to assume the 
M2-activated state in support of tumor progres-
sion, and inducing endothelial cell–mediated 
angiogenesis as well as opening up the extracel-
lular matrix (ECM) to facilitate invasion of cancer 
cells. Vesicles, shown with color coding that 
matches the cell of origin, are exchanged among 
all cells in the environment. They all contain a 
cell-specific cargo of lipids, proteins, and nucleic 
acids, which are delivered into recipient cells.
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somes, supporting a role for EVs in Aβ formation. This observation 
led Yuyama et al. to explore the effects of infusion of neuroblas-
toma-derived EVs into the cerebra of transgenic mice overex-
pressing amyloid peptide precursor (60). This infusion resulted 
in EV-mediated scavenging and subsequent degradation of Aβ by 
microglia as well as reduced Aβ-mediated synaptotoxicity.

As a potent source of EVs, DCs release vesicles with character-
istics dependent on external stimuli and cell state (126). EVs from 
primary rat bone marrow–derived DCs stimulated with IFN-γ 
(IFN-γ-DC-EVs) were preferentially taken up by oligodendrocytes 
and enhanced myelination and oxidative tolerance in hippocam-
pal slice cultures and improved recovery from MS-like demyelin-
ation following acute lysolecithin-induced demyelination (127). 
Intranasal delivery of IFN-γ-DC-EVs in rats resulted in increased 
myelination in the brain in vivo. miRNA-219, which has been 
implicated in oligodendrocyte differentiation and antiinflamma-
tory pathways, was enriched in IFN-γ-DC-EVs, suggesting that it 
plays a role in EV-mediated remyelination.

Potential of loading EVs with therapeutic agents for neurologic 
disease applications. Much research is devoted to loading EVs 
with biological cargo (128). EVs represent an attractive platform 
for the delivery of functional cargoes to the CNS, due to their 
natural ability to shuttle biomolecules intercellularly, to tra-
verse biological barriers, and to protect intraluminal contents. 
Strategies for loading are being optimized and include two main 
approaches: EV packaging by donor cells, with passive incor-
poration of typically high concentrations of therapeutic agents 
present in the cells, and loading of isolated EVs using different 
bioengineering techniques. Recently, different molecules have 
been loaded onto/into EVs as therapeutics, including drugs 
(129), siRNA (130), miRNA (131), mRNA/protein (132), plasmid 
DNA (133), proteins (134), natural compounds (135), and viral 
particles (136).

Although limited in number, there has been an increase in 
studies with EV-based therapeutics in the CNS. Zhuang et al. 
delivered EVs loaded with antiinflammatory curcumin intrana-
sally into mice to suppress LPS-induced brain inflammation (137). 
The proposed mechanism for immune suppression was microglial 
uptake of curcumin-loaded EVs. In another approach, Munoz et al. 
showed that MSCs transfected with anti–miR-9 could transfer this 
siRNA via EVs to glioma cells in culture and block miR-9–medi-
ated chemotherapy resistance (138). Yang et al. (139) successfully 
treated a zebrafish model of primary brain cancer by systemi-
cally administering EVs from a murine brain endothelial cell line 
premixed with doxorubicin and paclitaxel (139). Another group 
reported that murine DC-derived EVs, which were membrane-
tagged with the neurotropic rabies virus glycoprotein peptide 
and electroporated with siRNAs, could decrease mRNA levels in 
the brain after systemic injection (130). It is clear that EVs can be 
targeted to the brain and can carry a wide variety of therapeutics, 
including their own natural cargo.

Vexosomes — the AAV-EV combination. Adeno-associated 
virus (AAV) vectors are the lead gene therapy candidates for 
neurological diseases. Clinical trials using AAV vectors are 
being evaluated for many CNS disorders, with clinical benefit 
reported in some trials (140). Despite this progress, barriers 
exist for gene therapy vectors (for review see ref. 141). One bar-

rier encountered by AAV vectors is the presence of preexisting 
antibodies from prior exposure to the natural virus (142), and 
even low titers of antibodies can prevent efficient transduction 
when vector is delivered peripherally (143).

Viruses also exploit EVs to hide from patient-derived antibod-
ies (144, 145), and some AAV vectors associate with EVs during 
production in 293T cells (136). Exosome-associated AAVs, termed 
vexosomes, efficiently transfer genes in cultured cells. In contrast 
to standard AAV, systemically injected vexosomes can evade anti-
AAV-neutralizing antibodies in mice (128). Another limitation of 
AAV vectors is targeting to specific tissues. By tagging the surface 
of vexosomes with a neurotropic peptide it is possible to enhance 
brain transduction following peripheral delivery (128). Because 
the AAV component of vexosomes allows long-term transgene 
expression in the CNS, it may be preferable to use vexosomes 
rather than EVs for delivery in certain applications (146).

Conclusion
Increasing evidence supports an important role for EVs in inter-
cellular communication in the nervous system. EVs regulate 
various physiological and pathological processes, including 
development, synaptic neurotransmission, nerve regeneration, 
neurodegeneration, and brain tumor progression (147). EV con-
tents can serve as modulators of the physiology of donor and 
recipient cells, both by what is released and what is taken up, with 
exchange occurring in both directions. Mechanistically EVs par-
ticipate in clearance of substances, information exchange, and 
epigenetic modulation and may even be responsible for spread-
ing of pathological proteins in some neurodegenerative diseases. 
This complex, multifunctional activity is explained by the highly 
heterogeneous content of EVs, including cytoplasmic and mem-
branous proteins, noncoding regulatory RNAs, and genomic and 
mitochondrial DNA as well as the diverse types of cells that are 
capable of both releasing and entrapping EVs in the nervous sys-
tem (2). Changes induced by these vesicles can be transitory or 
long term and can serve as instructions that determine genomic 
and phenotypic status. EVs are increasingly being used as bio-
markers of disease, as even those generated in the nervous sys-
tem end up in biofluids, and their inherent capacity for delivery 
throughout the body is being harnessed for therapeutic purposes.
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