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Abstract The potential of exosomes to treat central nervous
system (CNS) pathologies has been recently demonstrated.
These studies make way for a complete new field that aims to
exploit the natural characteristics of these vesicles, consid-
ered for a long time as side products of physiological cellular
pathways. Recently, however, the biological significance of
exosomes has been evaluated and exosomes can now be
viewed upon as new relevant functional entities for develop-
ment of novel therapeutic strategies. In this review, we aim to
summarize the state-of-the-art role of exosomes in the CNS
and to speculate about possible future therapeutic applica-
tions of exosomes. In particular, we will speculate about the
use of these vesicles as a substitute of cell-based therapies for
the treatment of brain damage and review the potential of
exosomes as drug delivery vehicles for the CNS.
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Nature of Exosomes

Paracrine secretion plays a fundamental role in cell—cell
signaling. In eukaryotic cells, carrier vesicles bud from the
donor cell membrane and after being secreted in the extra-
cellular space, subsequently fuse with the intracellular com-
partment of acceptor cells [1]. A specific subtype of secreted
vesicles is represented by exosomes: small spherical vesicles
(~50 nm in diameter) limited by a lipid bilayer, enriched in
lipids such as cholesterol, ceramide, and sphingolipids [2].
The content of exosomes varies ranging from numerous
proteins and lipids to mRNAs and microRNAs [3]. Exo-
somes are derived from late endocytic compartments, known
as multivesicular bodies (MVBs). The secretion of exosomes
occurs when the MVBs fuse with the plasma membrane [4].
The vesicles diffuse into the intercellular fluids and reach the
recipient cells. Here, the exosomal surface molecules will
bind to membrane receptors including intercellular adhesion
molecule 1, lymphocyte function-associated antigen 1, and
TIM1 or TIM4 [4]. This interaction might result in the fusion
of the exosomes with the recipient plasma membrane or in
endocytosis of the exosomes into the recipient cell. In the
former case, the exosomal content is directly released into
the cytoplasm. Alternatively, endocytosed exosomes fuse
with the limiting membrane of the endosome, leading to
the release of exosomal content into the cytoplasm of the
recipient cell [4]. The recipient cell will then respond to the
change in the intracellular compartment depending of the
composition of the exosomal content. Exosome secretion is
constitutive in many cell types: Epstein—Barr virus-
transformed B cells [5], dendritic cells (DCs) [6], macro-
phages [7], and most tumor cell lines. By contrast, reticulo-
cytes [8], T cells [9, 10], mast cells [5], and resting B cells
[11] increase the secretion of exosomes following activation
of a relevant membrane receptor even though the basal level
of exosomes is still detectable in resting conditions. Further-
more, a variety of conditions—such as cell activation,
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radiation, maturation stage of the cell, and senescence—can
modulate the level of exosomal secretion in different cell
types [4, 12—15]. The biological role of exosomes has been
intensively studied during the last decades, especially re-
garding their function in the immune system [4, 16] and in
cancer [17-20]. Remarkably, a growing body of evidence
indicates how these vesicles are central players in cell—cell
communication in other contexts, like in CNS.

Role of Exosomes in the CNS

The study on the role of exosomes in the CNS is a relatively
new field: in 2006, the group of Faure et al. described for the
first time the release of exosomes by cortical neurons in vitro
[21]. Furthermore, Taylor et al. reported the secretion of
exosomes by astrocytes [22].

Exosomes can also be found in the cerebral spinal fluid
(CSF) in both adult [23] and embryonic animals [24]. The
presence of exosomes in the embryonic CSF raises the
possibility that they might also play a role in normal brain
development.

Interestingly, it has been discovered that exosome-
mediated interactions between neurons and glia induce neurite
outgrowth and neuronal survival [25]. Concordantly, Xin et al.
showed how exosomes secreted by mesenchymal stem cells
(MSCs) are capable of transferring microRNA-133b into neu-
rons, resulting in the induction of neurite outgrowth [26].
Morel et al. showed that neurons secrete microRNA-124a
through exosomes: the vesicles are subsequently transported
into astrocytes, thereby indirectly increasing GLT1 protein
expression [27]. Taken together, these observations support
the hypothesis that exosomes mediate cell-cell communica-
tion within the CNS.

Given this scenario, it is not surprising that exosomes play
an important role in the pathophysiology of neurodegenera-
tive diseases. The use of in vitro models allowed Rajendran
et al. to describe the mechanism through which A3 peptides
(responsible for the formation of 3-amyloid plaques in the
brain of Alzheimer's disease (AD) patients) are secreted
within exosomes [28]. Additionally, in vitro studies showed
that several key members of the secretase family of proteases
—involved in the progression of AD—are also found in
exosomes [29, 30]. Furthermore, the cytoskeletal protein
tau, another important player in AD, has been found in
exosomes as well [31].

In 2012, Perez-Gonzalez et al. published the first in vivo
evidence of exosome-mediated secretion of amyloid precur-
sor protein carboxyl-terminal fragments from brain cells into
the brain extracellular space, evidence that supports the
concept of an important physiological role of exosomes in
the brain and in AD [32].
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The group of Emmanouilidou et al. discovered that also
a-synuclein (a central player in the pathogenesis of
Parkinson's disease) is secreted in a calcium-dependent man-
ner by exosomes, suggesting a role of the vesicle also in this
neurodegenerative disease [33].

Recently, a study reported that exosomes are implicated in
brain malignancies: glioblastoma cells are capable of secret-
ing exosomes loaded with mRNAs and microRNAs that are
utilized by the recipient tumor cells to contribute to tumor-
proliferation and angiogenesis [34]. Moreover, hypoxic con-
ditions are capable of triggering a pro-angiogenic pathway
that involves exosome secretion in glioblastoma [35].

We therefore propose that the role of exosomes is of great
importance in the biology of CNS diseases, but the question
remains whether we can exploit our knowledge about these
vesicles to treat CNS diseases like AD, brain tumors, or brain
damage.

Exosomes for Drug Delivery

Targeting drugs to specific cell types has been a major
challenge for scientists during the last decades. The necessity
for specific delivery vesicles arises from the need to obtain a
selective effect of the drug on the tissue/cell-type of interest
without altering the normal physiology of other cell types or
tissues. Thus, for a proper application in vivo, the aim of
pioneer research groups has been to develop transport sys-
tems that allow drugs to selectively pass biological barriers.
With the boom of the small-interfering RNA (siRNA) tech-
nology that theoretically allows the modulation of the ex-
pression of almost any disease-related gene, the demand of a
tailored delivery became even greater. But, despite the inten-
sive research, the practical answers are still insufficient. The
number of theoretical possibilities dramatically decreases
when we consider the available drug delivery systems direct-
ed to the brain.

In fact, since the blood—brain barrier (BBB) isolates the
CNS to a certain extent, creating an exclusive biochemical
and immunological niche, the delivery of drugs to the brain
is a troublesome challenge.

To date, there are a few validated non-invasive methods
that allow therapeutic molecules (siRNA or more conven-
tional drugs) to reach the CNS. The use of endogenous
transport systems allows the therapeutic drug to cross the
BBB through (direct or indirect) binding to specific carrier
receptors. This can be achieved by conjugating receptor-
directed antibodies e.g., a monoclonal antibody directed
against the transferrin receptor [36] entire carrier proteins
or chemical groups directly to the drug or to drug-loaded
liposomes, small lipidic particles synthetically derived [37].
Although strong optimism has been demonstrated for the
pre-clinical success of this approach, it has been shown that
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the use of liposomes leads to adverse immunogenic reactions
[38].

In this field, craving for new solutions, the paper pub-
lished in 2011 by Alvarez-Erviti et al. provides the proof-
of-concept for the employment of exosomes to deliver
siRNA to the mouse brain [39]. The authors exploited
autologous murine dendritic cells to produce exosomes.
In order to achieve specific targeting, they engineered the
dendritic cells to express the exosomal membrane protein
Lamp2b fused to the neuron-specific rabies viral glycoprotein
peptide. With the use of electroporation, they loaded exo-
somes with glyceraldehyde-3-phosphate dehydrogenase
(GAPDH)-directed siRNA and injected the modified vesi-
cles intravenously. The authors were able to observe a
specific gene knockdown of GAPDH in neurons, microglia,
and oligodendrocytes in the brain. To prove the thera-
peutic potential of the exosome-based delivery system,
they loaded the vesicles with siRNA against beta-site APP
cleaving enzyme 1 (BACE1), a protein with an important
role in the pathology of AD, and achieved a specific and
efficient down-regulation of the BACE1 protein. Last but not
least, the authors provide an initial indication that engineered
exosomes might exhibit a low immunogenicity, since the
serum level of pro-inflammatory cytokines in vivo did not
increase by the therapy. In conclusion, the work of Alvarez-
Erviti et al. demonstrates not only that exosomes could be
used as an efficient delivery tool that is capable of crossing the
BBB via a non-invasive route; they also showed that these
particles do not induce an immune response, an obstacle that
dampened the development of other delivery vectors, such as
liposomes[40].

In view of the fact that that siRNA can be transferred to
exosomes to achieve a cell-specific gene knockdown, the next
question is: are these vesicles capable of ferrying a different
cargo, such as anti-inflammatory or anti-cancer drugs?

Sun et al. demonstrated that cancer cell-line derived-
exosomes can encapsulate curcumin, a drug exhibiting
anti-inflammatory activity [41]. Curcumin, due to its insolu-
bility in aqueous solution and relatively low stability, has a
low systemic bioavailability and this constitutes a barrier for
its clinical application. Interestingly, Sun et al. showed that
the incorporation of curcumin into exosomes increases the
solubility, the stability, and the bioavailability of the drug.
Subsequently, they showed through in vitro experiments
how the curcumin loaded exosomes (Exo-cur) are taken up
by RAW 264.7 cells, an immortalized macrophage cell line.
Furthermore, to prove that Exo-cur can effectively exert the
anti-inflammatory activity by accumulating in cellular tar-
gets, they provided in vitro evidence that Exo-cur is capable
of inhibiting the inflammatory activity of RAW 264.7 cells
upon stimulation with LPS. Consistently, they showed that in
an LPS-induced septic shock murine model, Exo-cur is taken
up by pro-inflammatory circulating macrophages to shift the

immune response to an anti-inflammatory M2 phenotype
[41].

Exosomes incorporate, stabilize, and deliver curcumin to
target cells (macrophages), but is this concept applicable to
the delivery of drugs to the CNS? The same group tried to
solve the issue: Sun et al. showed how the Exo-cur can be
rapidly transported to the mouse brain after intranasal ad-
ministration, with a very low accumulation of the vesicles in
stomach and intestine: the exosomal vesicles transport
curcumin to the brain by entering the CNS along the olfac-
tory route, thus allowing the drug to reach the brain in
minutes. Sun et al. assessed that exosomes are taken up
by microglial (60 %) as well as non-microglial cells (i.e.,
neuronal cells and astrocytes) (40 %) throughout the
whole brain consistently with the data previously pub-
lished by Sun et al. [41]. Therefore, we can conclude that
exosomes cross the BBB, diffuse throughout the brain,
and deliver the drugs locally. To verify the real therapeutic
efficacy of this approach, Zhuang et al. continued their
work showing the effectiveness of drug-loaded exosomes.
They first showed how intranasally injected Exo-cur is
capable of inhibiting brain inflammation and autoimmune
responses in a model of experimental autoimmune en-
cephalomyelitis. Moreover, they demonstrated how the
intranasal delivered exosomes—Iloaded with the Stat3 in-
hibitor JSI-124—inhibit the growth of GL26 tumor cells
in a xenograft model of glioblastoma [42].

If development of exosomes as carrier system will be
pursued, it could generate a valuable strategy for treatment
of CNS diseases that were previously considered as
untreatable.

Exosomes and Brain Regeneration: An Alternative
to Cell-Based Therapies?

MSC-based therapies are currently being developed to effi-
ciently regenerate tissues damaged by various pathological
conditions, such as renal fibrosis [43], lung injuries [44],
nucleus pulposus degeneration [45], infarct-induced heart
injury [46] and, interestingly, a number of brain pathologies.
Promising pre-clinical studies, performed in murine mo-
dels, show the efficacy of this approach both in the
treatment of adult [47] and neonatal brain injuries [48,
49]. The capability of these cells to induce regeneration
of the injured tissue makes them an attractive candidate
for clinical trials: MSCs are not only an effective way
to induce brain repair, but they can be collected in an
autologous fashion from the bone marrow of the patient,
reducing the risk of inducing an allogeneic immune
response. Moreover, MSCs immunogenicity is intrinsi-
cally low since they do not express HLA-DR antigens.
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However, as every cell-based therapy, MSC treatments
are still to be proven safe (i.e., risk of carcinogenesis).

The concept has recently emerged that MSCs exert
their regenerative effect via exosomes. In favor of this
theory, recent in vitro and in vivo studies have reported
beneficial effects of MSC-derived exosomes (MSC-Exo).
MSC-Exo has been shown to have a beneficial effect on
damaged proximal tubular epithelial cell, via transfer of
the mRNA encoding the insulin-like growth factor-1
receptor [50].

Lai et al. performed a study in a mouse model of myocardial
ischemia/reperfusion injury, demonstrating how intravenous
injections of MSC-Exo, isolated from human embryo-
derived mesenchymal stem cells immortalized with c-
Myec, significantly reduced the infarct size after ischemia/
reperfusion [51]. In another study, Lee et al. demonstrated
that MSC-Exo are capable of suppressing the hypoxic
pulmonary influx of macrophages and the induction of a
pro-inflammatory response in a murine model of hypoxic
pulmonary hypertension [52].

Since the efficacy of MSCs in treating the most disparate
and diverse diseases points at the existence of an underlying
common mechanism such as tissue regeneration, these find-
ings together suggest that MSC-Exo could as well represent
the regenerative potential of MSCs to boost endogenous
repair mechanisms in models of brain damage [48, 49].

Supporting this hypothesis, Xin et al. demonstrated that
MSC-Exo secreted by MSCs that have been exposed to brain
extracts of rats subjected to middle cerebral artery occlusion
(MCAD0) are capable to induce neurite outgrowth in neural
cells. The authors continued by showing that the effect is
mediated by the transfer, via exosomes, of microRNA-133b

to neurons. Thus, this work suggests that transfer of
exosomes from MSCs to neural cells could be one of the
pathways on how MSCs regenerate the brain after damage. It
is important to notice that the transfer of microRNA-133b
from MSCs to neural cells is induced only after stimulation
of MSCs with MCAo brain extracts [26].

Hence, the cargo of MSC-Exo may change after exposure
of MSCs to specific factors. Upon stimulation, the exosome
content may vary to include factors that induce a response in
the acceptor cells (e.g., neurite outgrowth in the case of
neural cells). This suggests that the regulatory state of MSCs
at the moment of exosome collection may decide the differ-
ential biological activity of the vesicles.

Although Xin et al. focused on the MSC-Exo-mediated
transfer of microRNA-133D, it is unlikely that this micro-
RNA is the only molecule responsible for the effect these
authors observed. Most probably, not one, but a battery of
molecules is capable of triggering neurite outgrowth in the
neural cells after the uptake of the vesicles. Here lies the
potential of exosomes: with their naturally varying cargo,
they can have a more powerful and adaptive effect than an
artificial vesicle (i.e., liposomes) loaded with a given limited
amount of factors. It is not clear yet if other brain cell types
than neurons are effectively targeted by MSC-Exo, since the
study took only neurons and astrocytes into account.

In the context of brain damage, it is unlikely that MSCs
stimulate adult neurons in the CNS to induce regeneration,
since these mature and differentiated cells can no longer
proliferate and thus will not be capable of reconstituting the
damaged area. Moreover, following a brain insult, affected
neurons die in a short time: these cells do not survive long
enough to be the potential recipients of MSC-Exo, since
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MSCs are administered days after the neuronal death occurs
[48,49]. For these reasons, it is more logical that MSCs,
perhaps through exosomes, activate the endogenous neu-
ral stem cells (NSCs). NSCs are resident cells in the
subventricular zone of the mammalian brain throughout
life [53]. Not only do these cells have the potential to
replace the damaged cells but also, it has been shown
that they also participate in the endogenous regenerative
response following brain damage [54, 55]. Hypothetical-
ly, MSCs-Exo could be delivered intranasally to mediate
the repair of the damaged region [42]. If this hypothesis
will be proven true, it would imply a revolution in the
field of regenerative medicine. In fact, exosomes can be
easily derived using established culturing protocols and
isolated through high-throughput techniques in an in-
dustrial manner [56]. Due to lack of immunogenicity
[42], exosomes could be used in an allogeneic way,
consistently speeding up the treatment process, with a
possible great improvement in clinical outcome. We
propose that delivering exosomes through the intranasal
route might be the most optimal route to administer the
vesicles to treat cerebral pathologies as we have also
shown for MSC in models of brain damage [48, 49]
(Fig. 1).

Exosomes could be derived from immortalized hu-
man embryonic stem cells-derived mesenchymal stem
cells, a possibility that has been already explored [51].
These cells can undergo more divisions than normal
MSCs, allowing the production of exosomes on a larger
scale [56]. However, in order to avoid ethical problems,
the use of non-embryonic stem cells to obtain immor-
talized MSCs may be preferable, such as induced plu-
ripotent stem cells-derived MSCs.

Moreover, MSCs could be stimulated with specific
growth and differentiation factors to change the content of
MSC-Exo in order to improve beneficial effect, although
these factors have still to be identified.

Additionally, MSCs-Exo could be modified in order to
enhance their native efficacy and to achieve a specific
targeted delivery. For example, to boost white matter
regeneration, MSCs could be engineered to express
microRNAs that will trigger NSCs differentiation to-
wards the oligodendrocytic lineage [57]. These micro-
RNAs might be taken up by exosomes, enhancing their
regenerative properties [26]. To achieve tailored delivery,
one way could be to engineer the expression of specific
proteins (e.g., antibodies, ligands) on the surface of the
exosomes, recognized by receptors selectively expressed
on the surface of the target cells. For example, a fusion
protein obtained by cloning the gene of an exosomal
surface protein in frame with a protein that binds a
neuron-specific receptor could increase the affinity for
the exosomes towards neurons.

Conclusion

The potential of exosomes in treating CNS diseases still
has to be proven, but an increasing number of high-
quality studies on the subject suggest that in the near
future, these vesicles may represent a powerful tool. In
fact, exosomes may be capable of surpassing the limits
of the current conventional drugs to treat brain patholo-
gy. These vesicles could become a valuable tool for
those conditions with limited treatment options, like neo-
natal encephalopathy or stroke, conditions that have al-
ready been proven to benefit from MSC treatment.
Exosomes derived from allogeneic sources could be ad-
ministered “from the shelf” via the intranasal route right
away after the insult has been diagnosed. Additionally,
the possibility to engineer exosomes suggests how their
therapeutic strength could grow exponentially within a
few years. However, the clinical safety of exosomes
should be fully investigated before being translated to
the clinic; the content of exosomes remains to be char-
acterized to allow the inclusion/depletion of factors from
exosomes in order to achieve the optimal therapeutic
effect. Using proteomics combined with microRNA pro-
filing of these exosomes can lead us to highlight which
factors play a role in the therapeutic effect and which
molecules could be potentially harmful (i.e., increasing
the risk of malignancies).

The development of novel techniques to study these
vesicles in relationship to the CNS could accelerate the
evolution of exosomes as a clinical weapon. For exam-
ple, an efficient system to track exosomes in vivo could
help us to learn more about the final destination of these
vesicles, thus providing insight on their cellular targets.
Anyhow a lot can be done with the available tools, in
particular, to answer a number of important questions: is
the source of exosomes an important factor to consider
(the use of cancer cell-line derived exosomes could be
hazardous, since the vesicles may carry endogenous tu-
mor molecules that may induce malignancies)? Which
method should be used to obtain drug incorporation?
Which diseases can be effectively treated with naive or
engineered exosomes?

Certainly, the escalating interest in these particles will
lead the scientific community to boost the generation of
knowledge about the basic mechanism and the therapeutic
applications of these tiny powerful vesicles.
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