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Extracellular vesicles (ECV), like exosomes, gained recently
a lot of attention as potentially playing a significant role in
neurodegenerative diseases, particularly in Ab pathology.
While there are a lot of reports on ECV/exosomes derived
from a variety of cell types, there is limited information on
ECV/exosomes originated from brain microvascular
endothelial cells forming the blood-brain barrier (BBB). In this
review, we summarize the literature data on brain endothelial
ECV/exosomes and present our own data on BBB-derived ECV
and their possible involvement in the brain’s Ab pathology.
We propose that ECV/exosome release from brain endothelial
cells associated with Ab affects different cells of the
neurovascular unit and may be an important contributor to
the Ab deposition in the central nervous system.

Introduction

Brain microvascular endothelial cells joined by tight junctions
constitute the anatomical basis of the blood-brain barrier (BBB).
These cells line the brain microvessels and represent the major
interface between the blood and the central nervous system. They
maintain the brain homeostasis by regulating BBB permeability
as well as molecular and cellular traffic across the barrier.1

The BBB, together with the neighboring cells, including peri-
cytes, perivascular astrocytes, microglia, and neurons, forms a func-
tional unit called the neurovascular unit. In this structural and
functional module, a capillary fragment together with the associated
other cell types, support several neurons. Within the neurovascular
unit, there is a complex physiological and pathological cross-talk
between the different cell types.2 Disturbances of the BBB and neu-
rovascular unit dysfunction are important players in the pathogene-
sis of neurodegenerative diseases, including Alzheimer’s disease
(AD).3 It is believed that the BBB is critical for amyloid b (Ab)
homeostasis and may have a role in Ab accumulation in the brain.4

According to the amyloid cascade hypothesis, Ab deposition in the
brain may contribute to neurodegeneration.3

Extracellular Vesicles Represent A Complex
Carrier System

Extracellular vesicles (ECV) have drawn attention as being
important players in a variety of neurodegenerative diseases.
ECV are heterogeneous and include exosomes 5 and other larger
vesicles derived from plasma membrane shedding, e.g., microve-
sicles ranging in size from 100 to 1000 nm.6,7,8

Exosomes are small ECV secreted by cells of approximately
30-100 nm in size. Exosomes carry diverse cellular cargo origi-
nating from the parent cell including mRNAs, miRNAs, lipids
and proteins. After release, exosomes can enter the circulatory
system, being carried to distant sites in the periphery, or they can
act on cells in the immediate microenvironment. Exosomes
reaching their target are internalized by recipient cells through
endocytosis.9 The exosome membrane contains various proteins;
some of them may be involved in exosome targeting, like tetra-
spanins.10 Even if they originate from the same cell, secreted
extracellular vesicles may be of different sizes and may enclose
various cargo-molecules,11 which are considered important play-
ers in a special way of cell-cell communication. Because exosomes
bud from endosomes, they contain a variety of proteins including
membrane transport and fusion proteins (GTPases, annexins, flo-
tillin) as well as tetraspanins (CD9, CD63, CD81, and CD82).12

Marker proteins widely used to characterize exosomes include the
tetraspanins CD63, CD9, or Alix.

Exosomes were shown to be released from brain cells, includ-
ing neurons, glial cells, astrocytes and oligodendrocytes, and it is
believed that they create a highly unique cell-cell communication
system, which may play an important role in the physiology and
pathology of the central nervous system. Exosomes may also have
diagnostic and therapeutic potential in the brain.13

Exosomes and the Ab Pathology in the Central
Nervous System

The contribution of exosomes to neurodegenerative disorders,
like Alzheimer’s disease (AD) involving Ab pathology has been
summarized in several reviews.10,14,15 Ab enclosed in exosomes
was hypothesized to take part in a prion-like propagation of Ab/
Ab deposits.16 They were proposed to serve as an early diagnostic
tool, as it was reported that Ab 1-42 levels, together with phos-
pho-tau, in blood exosomes of neural origin predicted AD up to
10 years before onset.17

There are conflicting opinions on the role of exosomes in the
Ab pathology in AD. On one hand, serum exosome levels were
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correlated with increased amyloid plaque burden in an AD
5XFAD mouse model,18 and inhibition of exosome secretion by
the nSMase2 inhibitor GW4869 reduced amyloid plaque forma-
tion in vivo in the same mouse model.19 Exosomes were nick-
named the ‘Trojan horse’ of neurodegenerative diseases carrying
Ab and transferring Ab easily to other cells.20 On the other hand
neuroblastoma-derived exosomes injected into another AD-
model mouse brain took up Ab, leading to reduced Ab levels,
lower amyloid depositions, and decreased Ab-mediated synapto-
toxicity in the hippocampus. This suggested a role for neuroblas-
toma cell exosomes in Ab clearance.21 Similar findings were also
described for neuron-derived exosomes.22

ECV from Peripheral Endothelial Cells

ECV originating from peripheral endothelial cells were
assigned diverse functions and were shown to have different
cargo molecules. For instance, endothelial ECV secreted from
activated or apoptotic endothelial cells may participate both
in harmful or beneficial events of the vascular endothelial
response. These responses may include coagulation/anticoagu-
lation, inflammation/anti-inflammatory effects, angiogenesis,
endothelial survival, and regeneration. Therefore, these micro-
particles may have a dual role in vascular homeostasis.23 It
was also demonstrated that human cytomegalovirus infected
human umbilical vein endothelial cells (HUVEC) secreted
exosomes that were immunogenic, possibly playing a role in
immune surveillance.24

Peripheral endothelial ECV cargo content can be very
diverse. Among these cargo molecules, secretion of HSP70
via exosomes from rat aortic endothelial cells was demon-
strated.25 In another report, ECV released by HUVEC
undergoing apoptosis and autophagy were enriched with
autophagosomes and mitochondria, containing HSP60,
HSP90, S100A8, and ATP. It was suggested that these ECV
could be involved in the modulation of innate immunity.26

ECV originating from HUVEC may contain angiopoietin-2,
which is involved in the regulation of vascular integrity and
inflammation.27 When HUVEC were treated with chemo-
therapeutic agents, more exosomes were released containing
miR-503, which exert antitumor activity by diminishing
breast cancer cell proliferation and invasion.28 This pointed
to the therapeutic potential of endothelial exosomes. Neprily-
sin was also postulated to be released from endothelial cells
via exosomes.29 In addition, human dermal microvascular
endothelial cells selectively sequestered cytoplasmic RNA-
degrading machineries in exosomes, which may be involved
in gene regulation.30

It is interesting that the cargo type may change upon stimuli.
For instance, when human dermal microvascular endothelial cells
were exposed to different types of cellular stress, the secreted exo-
some protein and RNA content changed depending on the stress
factor as evidenced by microarray analysis and a quantitative pro-
teomics approach. This suggested that endothelial exosomes

might transfer stress factors to the target cells by this unique com-
munication system.31

Although these studies do not specifically report on BBB rele-
vance, we may assume that ECV originating from peripheral
endothelial cells can cross the BBB and deliver their cargo into
the central nervous system (CNS).

ECV as Drug Carriers into the CNS

The idea of using ECV from different cell types as carriers for
various cargo molecules including drugs in the treatment of CNS
diseases has been explored in the field. It was demonstrated that
autologous exosomes (derived from dendritic cells) can be tar-
geted to deliver siRNA to neurons, microglia, and oligodendro-
cytes of the mouse brain. The intravenously injected exosomes
contained glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
siRNA and a specific knockdown of the GAPDH gene in the
brain was achieved. Moreover, the therapeutic potential of the
exosome-based delivery system was demonstrated in delivering
the APP cleaving enzyme (BACE1) siRNA, resulting in downre-
gulation of the BACE1 protein. In these experiments, exosomes
represented a safe and efficient delivery tool by crossing the BBB
noninvasively and without being immunogenic.32 Exosomes
were also used for treatment of brain inflammatory diseases. Spe-
cifically, intranasally injected curcumin-loaded exosomes from
different cell types were capable of inhibiting brain inflammation
and autoimmune responses in a model of experimental autoim-
mune encephalomyelitis. Treatment with exosomes loaded with
the Stat3 inhibitor JSI-124 resulted in delayed tumor growth in a
model of glioblastoma. In both cases, the drugs enclosed in exo-
somes and administered via the intranasal route reached the brain
rapidly and showed effectiveness.33 Recently, exosomes derived
from endothelial cells were also demonstrated to be suitable for
various cargo delivery in vitro. For example, exosomes from pri-
mary aortic endothelial cells were reported to successfully deliver
siRNA against luciferase into endothelial cells in a gene-silencing
study.34 However, additional studies are needed to explore if
endothelial ECV can successfully deliver different cargo mole-
cules into the brain as well.

Brain Endothelial Cell-Derived ECV

While a lot of information is available on ECV from different
cell types, including peripheral endothelial cells, only few reports
are found in the literature regarding ECV derived from brain
microvascular endothelial cells forming the BBB.

The first study mentioning brain endothelial ECV was pub-
lished by Virgintino et al.35 The authors observed a fascinating
phenomenon in the developing human brain’s vascular system.
Specifically, the tip endothelial cells of the sprouting microvessels
emitted several long and spider-web like filopodia as revealed by
immunofluorescence and confocal microscopy. These filopodia
were “decorated” with endothelial microvesicles, which were
tightly associated with these elongations and appeared to follow
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them during the vessel sprouting. The authors speculated that
these vesicles may contain signaling molecules and may be
involved in cell-cell communication, and tip cell guidance to find
the target cells during angiogenesis in the developing brain. They
concluded that further studies would shed light on the content
and role of these endothelial microvesicles. To the best of our
knowledge, this paper was the first to describe microvesicles
derived from human brain microvascular endothelial cells.

Soon after that, in 2013, a method for isolation and character-
ization of brain endothelial ECV gave more insight into their fea-
tures.36 The in vitro BBB model used in this case was represented
by the immortalized human brain microvascular endothelial
cells.37 The authors proposed that BBB-derived ECV can poten-
tially have different functions: they may contain BBB-specific
biomarkers, may be communication tools among the different
cell types of the neurovascular unit, and may cross the cells
through receptor mediated transcytosis mechanism. In this work,
two ultracentrifugation steps at
100,000 x g for 60 min at 4�C
were used to isolate ECV and
ECV signature profiles were
characterized using mass spec-
trometry-based proteomics. A
total of 1179 proteins were iden-
tified. More than 60 known
markers of ECV have been
described.38 The majority of
these markers (58 out of 65)
including Alix, TSG101 and the
tetraspanin proteins CD81 and
CD9 and many other ExoCarta
proteins (a large proteomics
database of ECV from different
human cells) were detected. 524
proteins were not found in Exo-
Carta suggesting that they may
be specific for brain endothelial
cells. 35% of these were cell-sur-
face and 65% were intracellular
proteins. The 1179 identified
proteins were involved in biolog-
ical processes like intracellular
trafficking, signal transduction,
cell adhesion, and cell motility.
They included RNA/DNA-
binding proteins, receptors,
structural proteins and enzymes.
The authors concluded that
these ECVs can take part in cell-
cell communication within or
outside of the neurovascular
unit.

Later, another paper descri-
bed research results from mouse
brain endothelial exosomes
which when preincubated with

curcumin, demonstrated beneficial effects on endothelial dys-
function, like oxidative stress and increased permeability.39 In
these experiments, mouse brain endothelial cells were primed
with curcumin for 72 h and exosomes were isolated from the
cell culture media. Isolation ultracentrifugation was used at
100,000 x g for 1 h, followed by immunoprecipitation with
exo-specific beads. The curcumin-primed exosomes alleviated
hyperhomocysteinemia-induced brain endothelial dysfunction
by diminishing oxidative stress, tight junction protein altera-
tions, and endothelial permeability increase. These results sug-
gested that BBB-derived exosomes may be used as therapeutic
tools in BBB disturbances. Mouse brain endothelial cell line
(bEND3)-derived exosomes were also shown to effectively
deliver the anticancer drugs doxorubicin and paclitaxel across
the BBB for the treatment of brain cancer in a zebrafish model,
demonstrating the therapeutic potential in the treatment of
CNS diseases.40

Figure 1. Extracellular vesicles from human brain microvascular endothelial cells (HBMEC). (A) Live fluores-
cence imaging of HBMEC transiently transfected with pT-CYTO-RFP and pT-CD63-GFP to visualize the brain
endothelial cell (red) secreting green fluorescent CD63 positive extracellular vesicles (ECV). Scale bar: 2 mm. (B)
HBMEC were transiently transfected with pT-CD63 GFP or pT-CD9 RFP. ECV were isolated from the cell culture
media. Fluorescence microscopy images of isolated fluorescent ECV (CD63 GFP-green, upper panel; CD9 RFP-
red, lower panel). Scale bar: 20 mm. (C) Differential interference contrast (DIC) image of isolated ECV. Scale bar:
2 mm.
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Because ECV are heterogeneous, several methods were pro-
posed for their isolation. The methods have not been standard-
ized and controversy exists about which isolation approach is
most suitable.41 Therefore, it is important to take into account
the isolation method when interpreting the results of individual
research reports. In our laboratory, we use ExoQuickTC to iso-
late ECV/exosomes from the culture media of human brain
microvascular endothelial cells (HBMEC).37 Exosomes are traced
with CD63-GFP and/or CD9-RFP fusion Cyto-Tracers from
SBI Biosciences. The tetraspanin CD63 and CD9 proteins are
common biomarkers for exosomes. Using the CD63 and CD9
Cyto-Tracer constructs, the transiently transfected HBMEC
secrete green or red fluorescent vesicles. For better visualization
of individual cells secreting glowing exosomes, a double transfec-
tion is used. By cotransfecting HBMEC with pT-CYTO RFP
(which gives the cytoplasm red fluorescence) and pT CD63 GFP
(exosome tracer resulting in CD63 specific green fluorescence)
we can follow green fluorescent ECV/exosome secretion by live
cell imaging. Using this procedure, green fluorescent CD63 posi-
tive vesicles with different sizes budding from the cells can be
observed (Fig. 1A). Secreted CD63-positive (green) or CD9-pos-
itive (red) ECV/exosomes can also be observed in the cell culture
media following isolation using ExoQuickTC. Isolated vesicles
are fixed, mounted and imaged by fluorescence microscopy

(Fig. 1B). Visualization of ECV
by differential interference con-
trast (DIC) imaging is presented
in Figure 1C.

The size and volume distribu-
tion of ECV/exosome isolates is
determined by dynamic light scat-
tering (DLS) technique. Using the
described isolation techniques, the
DLS measurements indicate that
ECV/exosome pool is highly
polydisperse and prone to aggre-
gation. Here we present one
example of such measurements.
The first order result from a DLS
experiment is an intensity distri-
bution of particle sizes. Intensity
distribution in this sample
indicates several peaks with the
sizes of 68.41 nm, 609.1 nm and
5213 nm (Fig. 2A). The intensity
distribution can be converted by
the software, using Mie theory, to
a volume distribution or a distri-
bution describing the relative pro-
portion of multiple components
in the sample based on their mass
or volume. The conversion
assumes that all particles are
spherical, homogenous, with
known optical properties and that

Figure 2. Dynamic light scattering analysis of isolated ECV from HBMEC. HBMEC-derived ECV were isolated
from the cell culture media. (A) Size distribution indicates several peaks with the sizes of 68.41 nm, 609.1 nm
and 5213 nm. (B) Volume distribution: 50.1% of the volume is for particles of ~60 nm, 2.4% for particles of
~5000 nm, and 47.4% for particles with an average diameter of ~600 nm.

Figure 3. Exogenous Ab (1-40) HiLyte in HBMEC-derived ECV. HBMEC
were exposed to 100 nM Ab (1-40) HiLyte for 48 h, followed by ECV iso-
lation from cell culture media. Ab (1-40) HiLyte (green fluorescence) in
the isolated ECV was visualized by fluorescence microscopy. The images
show the green fluorescent Ab (1-40) HiLyte associated with ECV of dif-
ferent sizes. Scale bar: 20 mm.
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there is no error in the intensity distribution. According to the
relative volume percentages, the volume distribution in sample
from Figure 2A indicates 3 peaks: 47.4% of the volume for par-
ticles with ~600 nm, 2.4% of the volume for particles with
~5000 nm. Interestingly, 50.1% of the total volume is made up
by particles with an average diameter of ~60 nm, which is consis-
tent with the size range of exosomes (Fig. 2B).

Because ECV/exosomes from other cell types were reported to
be important players in the brain’s Ab pathology,18,19,21,22 we
hypothesized that BBB-derived ECV could also contribute to
this pathology. HBMEC were exposed to fluorescently labeled
Ab, specifically to 100 nM Ab (1-40) HiLyte, for 48 h. ECV
from the cell culture media were isolated using ExoQuickTC. An
interesting phenomenon was observed as Ab (1-40) HiLyte was
associated with ECV of very different sizes. Surprisingly, not
only smaller but also larger vesicles contained Ab (1-40) HiLyte
cargo as indicated by green fluorescence under fluorescence
microscopy (Fig. 3). This suggests that BBB-derived different
ECV, and not only exosomes, may have a role in distributing Ab
within the central nervous system.

Concluding Remarks

While limited literature data exist regarding ECV from the
BBB, there is a critical need to understand this area better. BBB-

derived ECV may have a crucial role in the brain’s physiological
and pathological processes. For example, BBB-derived ECV of
different sizes may carry and transfer Ab among the neighboring
cells of the neurovascular units, possibly leading to neurovascular
dysfunction in the course of AD.
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