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Summary

The exchange of molecules between the brain and periphery is limited by cellular barriers such
as the blood-brain barrier (BBB) and the blood-CSF barrier (BCB). Extracellular vesicles (EVs)
secreted by brain cells or circulating in the blood stream interact with these barriers and provide
a pathway for brain-periphery communication. This review briefly summarizes the main current
concepts of EVs signaling over the BBB/BCB. EVs can either be released by barrier cells upon
stimulation, act on barrier cells modulating barrier properties, or cross the barrier transferring
cargo between the circulation and the brain. The mechanisms of EV signaling and passage
over the BBB are increasingly being explored, with inflammation being a main driver. EVs
acting at or through the barriers possess wide-ranging effects on brain-periphery
communication in both healthy and pathological states. A deeper understanding of the
mechanisms of action is important for translation into biomedical applications for brain

diseases.
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Introduction

Extracellular Vesicles (EVs) are released from cells by budding off the plasma membrane or
secretion from multivesicular bodies (MVBs) and mediate cell-cell communication by
interaction with target cells [1]. EVs are involved in both short-distance paracrine signaling and
long-distance interorgan communication and, accordingly, are found in all body fluids and the
bloodstream [2]. Enclosed by a membrane, EVs are filled with cytoplasmic cargo including
proteins, lipids, nucleic acids and other bioactive molecules, which reflect the parental cell
physiological state and can have multiple biological effects upon delivery to target cells. The
collective term EVs comprises both small EVs (exosomes secreted from MVBs and plasma
membrane-derived small EVs) and larger EVs budding from the plasma membrane

(microvesicles or microparticles) [3].

In the nervous system, EVs are exchanged between neurons and glial cells contributing to
CNS homeostasis and are playing important roles in neuroinflammation and
neurodegeneration [4-7]. There is ample evidence to suggest that CNS-derived EVs enter the
blood and vice versa, and that EVs play a key role in brain-periphery communication in
physiology as well as pathology. Although it is well accepted in the current literature that EVs
cross the blood-brain barrier (BBB), it is not clear how, where, and when EVs can overcome
this tightly controlled cellular barrier. What mechanisms do EVs use to promote brain-periphery
interaction and to pass the BBB and which factors regulate these processes? Extensive
research has been conducted on these topics in recent years, despite existing technical
challenges in the field of EVs related to the discrimination of distinct EV subtypes, in vivo
imaging of nanosized EVs, and the availability of genetic models that efficiently and specifically
interfere with EV release or transfer. This article summarizes the recent advances and provides
an overview of EV signaling at CNS barriers highlighting the main concepts EVs employ in
brain-periphery interaction (for more in depth reading, please refer to recent reviews by

Ramirez et al., Saint-Pol et al., Pauwels et al., Busattoet al. [8-11].

CNS barriers

CNS barriers separate the bloodstream from the brain parenchyma and the cerebrospinal fluid
(CSF). They control the selective entry of substances to protect the brain and regulate brain
homeostasis. Three types of brain barriers are distinguished according to their anatomical
location and morphology: the BBB, the blood-CSF-barrier (BCB), and the arachnoid barrier
[12,13]. The latter will not be further considered here since its involvement in EV signaling and
brain-periphery communication has not been reported. The BBB is believed to represent the
main barrier in terms of length and protection of the brain from entry of blood-borne

substances. It elaborates along brain capillaries and is formed by specialized brain
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microvascular endothelial cells (BMEC), whose intercellular spaces are sealed by tight
junctions and adherens junctions strongly limiting paracellular transport to small hydrophilic
molecules such as water. Pericytes embedded in a basement membrane and astrocytic
endfeet cover the basal membrane of BMECs. Together with perivascular neurons, these cells
constitute the neurovascular unit (NVU), where all cells directly or indirectly contribute to barrier
function and properties [14]. The BCB is formed by the epithelial cells of the choroid plexus,
which projects into the ventricles and is responsible for the secretion of CSF. Choroid plexus
epithelial cells (CPE) are interconnected by tight junctions and face the CSF at their apical
side, while blood vessels lined by a fenestrated endothelium allow for free molecular exchange
at the basal side [15]. However, substances that have passed the BCB from the blood to the
CSF additionally must overcome the ependymal cells lining the ventricles to enter the brain
parenchyma. Altogether, CNS transport across the BBB and BCB largely occurs via highly
selective transcellular pathways such as carrier mediated transport, receptor-mediated
endocytosis and transcytosis. Barrier permeability is controlled by the barrier cells (BMECs
and CPE) and regulated by signals they receive from the blood stream or the
microenvironment such as the NVU. In response to such signals or due to mechanical
impairment, barrier integrity is often lost during CNS pathology and appears to be

compromised in certain peripheral conditions, such as inflammation.

EVs can interact with CNS barriers in three ways: (1) Barrier cells can release EVs that act
within the barrier microenvironment, enter the brain parenchyma, or arrive in the blood stream
carrying their cargo to more distant sites. (2) Brain-derived or circulating EVs may signal to the
CNS barrier to modulate barrier function and properties. (3) EVs can pass the barrier either
non-selectively during disease upon its disintegration or through a specific transportation
process mediated by the exposure of surface molecules allowing entry through a selective
mechanism. Notably, EVs may also enter the brain via the circumventricular organs (CVOs),
which are located around the third and fourth ventricles and lack a typical barrier function
because of the presence of fenestrated capillaries. CVOs are largely lined by a layer of
specialized ependymal cells (tanycytes) limiting the diffusion of substances into the CSF [16].
However, CNS entry of EVs at the CVOs remains speculative and will most likely be the subject

of future research.

EVs released by barrier cells

BMECs represent the first line and main physical barrier of the BBB. They release EVs at the
apical side into the bloodstream and at the basal side towards the NVU and the brain
parenchyma [17]. BMEC-EVs may thus signal to the periphery, mediate communication within

the NVU or aid transcytosis of blood-bourne molecules into the brain (Figure 1). Circulating



BMEC-EVs are increased in the plasma of patients with neurological disorders such as multiple
sclerosis [18] indicating that these EVs play a role in modulating BBB functions and peripheral

signalling during neuroinflammation.

Proteomic profiing of BMEC-EVs collected from human immortalized hCMEC/D3 cells
revealed several receptors known to be involved in transcytosis suggesting that the receptor
cargo may be delivered into the brain parenchyma via EVs [19]. TNFa-treatment, which is
mimicking inflammatory conditions and known to increase BBB-permeability, increases the
rate of BMEC-EV release and among the proteomic cargo the abundance of proteins acting
downstream of TNFa, such as NF-kB, the pattern recognition receptor PRX3 and the integrin
receptors VCAM-1 and ICAM-1, reflecting the activated endothelial state [20]. Moreover,
TNFo/INFy-stimulated BMEC-EVs increasingly contain junctional proteins including claudin-5
(CLN5) [17,21]. CLN5'BMEC-EVs appear to adhere to leukocytes and accumulate at the site
of leukocyte attachment to the endothelium in vivo [21]. Possibly, VCAM-1 and ICAM-1 located
on BMEC-EVs may interact with leukocyte integrins to recruit the CLN5'BMEC-EVs to the
leukocyte surface. CLN5'BMEC-EVs were suggested to promote the interaction of leukocytes
with endothelial junctional components fostering transendothelial migration of leukocytes.
When isolated TNFo/INFy-stimulated BMEC-EVs are applied to a cultured monolayer of naive
BMECs (hCMEC/D3 model), an increase of leukocyte adhesion and barrier permeability as
well as the propagation of the inflammatory endothelial phenotype is observed [22*]. Thus,
BMEC-EVs released by the inflamed brain endothelium affect barrier properties and appear to

contribute to BBB dysfunction (Figure 1 a).

Furthermore, BMEC-EVs were implicated in regulating peripheral immune processes. Focal
inflammatory brain lesions such as traumatic brain injury (TBI) or stroke elicit an acute phase
response (APR) directing the peripheral immune response and transmigration of leukocytes
into the brain. Injection of IL1-f into the brain parenchyma mimics such lesions and was shown
to trigger the release of BMEC-EVs as well as astrocyte-derived EVs into the circulation
resulting in activation of the APR in the liver [23,24]. Adoptive transfer of IL1-B-induced BMEC-
EVs or astrocyte-EVs into naive animals was sufficient to drive different aspects of the APR,
such as liver cytokine production, neutrophil recruitment, and leukocyte transmigration.
Moreover, IL1-B-induced BMEC-EVs were able to activate the typical sickness behaviour
associated with injury or infection in mice [24]. Shedding of BMEC-EVs and vascular
remodelling is also increased upon in vitro mechanical injury of human primary BMECs and in
TBl [25]. In summary, BMEC-EVs released from the injured and inflamed brain
microvasculature initiate the APR to drive the secondary phase peripheral immune response
and promote leukocyte recruitment to inflammatory brain regions [26]. Thus, BMEC-EVs

mediate both local effects at the BBB and systemic remote effects.



CPE cells forming the physical barrier of the BCB release EVs at their apical side into the CSF
(Figure 1 b) to import nutrients such as folate into the CNS, regulate the maintenance of neural
stem cells in the neurogenic niche, and transmit inflammatory signals [27-29*]. Similar to the
observation at the BBB, systemic inflammation increases CPE-EV release and elicits a pro-
inflammatory phenotype in astrocytes and microglia mediated by the CNP-EV miRNA cargo.
In the CSF of Alzheimer disease model mice, CPE-EVs are elevated too and inhibiting EV
release prevents AB-induced cognitive decline [30**] indicating the relevance of this CPE-EV
signalling axis also in neurodegenerative disorders [31]. Interestingly, viruses can hijack CPE-
EVs to enter the brain. JC polyoma virus, which causes progressive multifocal
leukoencephalopathy (PML), can infect CPE cells and utilize CPE-EVs to invade the CNS and

target glial cells that cannot be directly infected by free virions [32].

EVs acting on barrier cells

Barrier cells and barrier function can be modulated by EVs derived from the CNS or the
circulation (Figure 2). BBB-associated cells constituting the NVU signal to the brain
endothelium and appear to regulate vascular integrity under physiological and pathological
conditions [33-36]. Using zebrafish larvae and cultured rodent cells it was shown that neuronal
EVs foster expression of the adherens junction protein VE-Cadherin in BMECs via indirect
action of miRNA-132 [33]. According to the stimulus, pericytes activated with PDGF-BB or LPS
release EVs enriched with pro-regenerative growth factors or pro-inflammatory cytokines,
respectively [34]. Although the effects of the distinct pericyte EVs on endothelial cells have not
been studied further, these findings indicate that the pericyte phenotype is adopted by EVs
and may affect the microenvironment and hence barrier function with implications for both
neuroprotection and neuroinflammation. For example, under hypoxic conditions and HIF
pathway activation, CNS pericyte EVs promote wound healing of endothelial cells, reflecting
the pro-angiogenic activity of these EVs [35]. Together, these findings suggest that NVU-
derived EVs and particularly pericyte EVs may be key regulators of brain vascular maintenance

and regeneration (Figure 2 a).

EVs originating from the periphery circulating in the bloodstream interact with the brain
endothelium and mainly initiate inflammatory processes. Leukocyte-EVs derived from
activated platelets, stimulated neutrophils, or immune-challenged monocytes are internalized
by cultured BMEC cells and neutrophil- as well as monocyte-EVs promote an inflammatory,
activated endothelial phenotype [37-39]. EVs derived from transformed leukemia blast cells in
addition to their uptake into the brain endothelium were able to promote blast cell
transmigration across BMEC monolayers [40]. Thus, blast cell-EVs apparently contribute to

the loss of BBB integrity allowing the blast cells to breach the barrier and invade the CNS. The



ability of tumor EVs to penetrate tissue barriers and to support metastasis is well described
and was linked to the EV integrin profile [41]. Whether the support of leukocyte transmigration
is a function limited to EVs derived from transformed cells or is also achieved by EVs of benign

origin remains unknown.

In contrast to the pro-inflammatory effects of peripheral EVs considered to harm the barrier
function, there are also examples of EVs improving barrier properties. These barrier-supporting
EVs populations largely originate from stem cells, which exhibit regenerative or protective
effects in various injuries and are used in different therapeutic settings. For example, when
administered systemically in vivo after TBI, EVs isolated from umbilical cord blood-derived
endothelial colony forming cells and mesenchymal stem cells increased BBB integrity, reduced
brain edema, and stabilized tight junctions [42,43]. Similarly, neural progenitor cell-derived EVs

enhance barrier properties in a stroke model in vitro and in vivo [36].

Less is known about the effects of EVs on the barrier cells of the BCB (Figure 2 b).
Lymphoblast entry into the CNS may also occur at the BCB. Indeed, some lymphoblast-derived
EVs were shown to promote the transmigration of their parental cells in an in vitro BCB model
without impairing the barrier properties [44]. However, the ability to transmigrate was specific
to the lymphoblast line the EVs were originating from and the overall effects of different
lymphoblast-EVs on CPE varied significantly. More research needs to be performed
investigating the interaction of EVs with the BCB and their contribution to the exchange

between the CSF and the bloodstream.

EVs passing the barrier

It is widely accepted that EVs have the natural ability to cross the CNS barriers (Figure 3). The
selectivity and prevalence of EV-transfer (including spatiotemporal aspects) are regulated by
factors that are not yet fully understood. Liberation of CNS-EVs into the circulation has been
observed primarily under pathological conditions associated with barrier breakdown, such as
injury [23] brain tumors [45] or neurodegeneration [46,47]. Similarly, penetration of peripheral
EVs into CNS-tissues is promoted by inflammatory processes [48]. EV-Transfer across CNS
barriers under healthy conditions appears limited but simply maybe difficult to uncover by
experimental means. Transgenic labelling of hematopoietic cell-derived EVs (using Cre-
recombinase) demonstrated that in vivo, these EVs rarely address neurons under normal
conditions but result in high frequency neuronal uptake upon peripheral inflammation or
increased neuronal activity mimicking epileptic states [48,49]. Intriguingly, neuronal activity
determined the regions and populations of neurons that are targeted by peripheral blood-
derived EVs and neuronal uptake was even triggered by the physiological stimulus of a

behavioral task [49**]. Possibly, neurovascular coupling within the NVU and the processes
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within the NVU promoted by neural activity [50] contribute to the recruitment the EVs over the
BBB. Intriguingly, microbiota outer membrane vesicles pass the gut intestinal barrier as well
as the BBB and target the brain parenchyma, indicating that EVs may be part of the microbiota

gut-brain axis [51*] .

EV-entry into the CNS appears to be selective, involving various receptors on the brain
endothelium and the EV-membrane. Paracellular transport has not been described, but a
number of in vitro and in vivo studies suggest transport of EVs by adsorptive transcytosis via
different dynamin-, clathrin-, and caveolin-dependent endocytic transcellular routes [52-54].
CD46, transferrin receptor, C-type lectin receptors, and heparan sulfate proteoglycan have
been proposed as receptors on the BMEC surface [55-58]. Uptake of macrophage-EVs by
BMECs was dependent on ICAM-1 and LFA-1 present in both EVs and BMECs [58].
Comparison of the pharmacokinetics of different EVs derived from macrophages, fibroblasts,
T-cells, keratinocytes, and various cancer cell types revealed that EV-types are quite diverse
in terms of their entry dynamics and targeted brain regions [53*] . The factors that determine
the kinetics of EV-transfer remain largely unexplored. However, it has been suggested that
tumor-derived EVs increase their rate of transfer across the BBB by downregulating Rab7 to

remove the break that slows transcytosis through the brain endothelium [54].

Overall, the passage of EVs across the BBB and the supportive effect of inflammation have
been confirmed in several in vivo and in vitro models. While entry into the brain appears
universal for EVs of different origins, the mechanism of entry and transfer kinetics are related
to specific properties of EV types as well as the surrounding milieu, such as inflammation.
Whether EVs can enter or exit the brain via the BCB is unknown, but there is no reason to
assume that the BCB cannot be overcome by mechanisms similar to those described for the
BBB.

Conclusions

EVs emerge as key players in brain-periphery communication by modulating CNS barrier
functions or delivering cargo across the barriers. EVs acting at CNS barriers exhibit versatile
signaling functions and mediate tissue crosstalk in the healthy state and more pronounced
upon injury and inflammation. The entry into the brain of a combined bundle of bioactive
molecules and their targeted delivery to a specific cell population, which can be driven by
external cues such as neural activity or local inflammatory processes, is expected to transform
our understanding of brain-periphery communication and provide new insights into the
mechanisms of neural plasticity and neuroinflammation. The molecular pathways of EV-barrier
interactions are beginning to be unraveled and appear diverse, possibly reflecting the

molecular heterogeneity of EVs and multiple evolutionary traits. Despite challenges associated
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with EV-methodology and experimental modelling of CNS barrier morphological complexity,
significant progress has been made by combining in vitro cell biology, in vivo modelling and
transgenic strategies. Technical limitations include EV labelling with dyes that often label non-
EV structures [59], classification and purity of EV particles studied, and methods to interfere
with EV release that either do not affect all EV subtypes or have off target effects [3].
Awareness of these limitations is critical to the rigorous design and careful interpretation of the
studies, as well as to the development of future innovations to cross these boundaries. Further
advances in understanding the complex biology of EVs at barriers will on one hand, provide
new insights into pathomechanisms of brain diseases, and on the other hand, drive diagnosis

and the development of novel drug delivery systems for their treatment.
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Figures and legends

Figure 1
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Figure 1: Mode of action of barrier-derived EVs. (a) Endothelial cells (BMECs) of the BBB
release apical EVs (aBMEC-EVSs) into the circulation and basal EVs (bBMEC-EVs) to the
neurovascular unit and the brain parenchyma. Inflammation increases EV-release from
BMECs, promoting the acute phase response (APR) triggered by CNS inflammation and
facilitating leukocyte adhesion at the BBB. Please note that the presentation of the BBB is
simplified and lacks pericytes and astrocytes, which contribute to barrier properties at the basal
side of the brain endothelium. (b) Choroid plexus epithelial cells (CPE) at the BCB release EVs
at their apical side into the CSF, which further cross the ependymal cell layer (EpC) and enter
the brain parenchyma. Inflammation and the presence of amyloid (AB) in the CSF trigger EV

secretion by CPE. fEC, fenestrated endothelium.
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Figure 2
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Figure 2: EVs addressing barrier cells. (a) Circulating EVs derived from different types of
peripheral cells and brain-derived EVs interact with BMECs and modulate barrier properties
and integrity. Tumor-derived EVs can facilitate invasion of tumor cells into the CNS via the
BBB and (b) BCB.
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Figure 3
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Figure 3: EVs cross the BBB. Several types of circulating EVs (e.g. hematopoetic cell-
derived EVs) pass the BBB by adoptive transcytosis and enter the CNS parenchyma. The
factors controlling BBB transfer of EVs are not well understood and depend on the EV-type
and the physiological context. CNS-EVs enter the circulation when the BBB integrity is
impaired, f.e. upon brain tumor malignancy, neurodegeneration (ND) or injury, and may
provide a target for liquid biopsy. CNS-EVs can participate in the acute phase response (APR)

to injury which promotes a secondary phase immune response (SPR) in the periphery.
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