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Abstract

Background Drug delivery to the brain is challenging due to the restrict permeability of the blood brain barrier
(BBB). Recent studies indicate that BBB permeability increases over time during physiological aging likely due to fac-
tors (including extracellular vesicles (EVs)) that exist in the bloodstream. Therefore, inspiration can be taken from aging
to develop new strategies for the transient opening of the BBB for drug delivery to the brain.

Results Here, we evaluated the impact of small EVs (sEVs) enriched with microRNAs (miRNAs) overexpressed

during aging, with the capacity to interfere transiently with the BBB. Initially, we investigated whether the miRNAs
were overexpressed in sEVs collected from plasma of aged individuals. Next, we evaluated the opening proper-

ties of the miRNA-enriched sEVs in a static or dynamic (under flow) human in vitro BBB model. Our results showed
that miR-383-3p-enriched sEVs significantly increased BBB permeability in a reversible manner by decreasing

the expression of claudin 5, an important tight junction protein of brain endothelial cells (BECs) of the BBB, mediated
in part by the knockdown of activating transcription factor 4 (ATF4).

Conclusions Our findings suggest that engineered sEVs have potential as a strategy for the temporary BBB opening,
making it easier for drugs to reach the brain when injected into the bloodstream.
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Introduction

The blood—brain barrier (BBB) is a physical and meta-
bolic barrier that prevents undesired substances (e.g.
pathogens) from reaching the brain. It is formed by
endothelial cells (ECs) that interact with cells of the neu-
rovascular unit (NVU), such as pericytes, astrocytes, and
neurons [1]. This interaction contributes to the mainte-
nance of the main brain ECs features such as a low pino-
cytotic activity [2], reduced transcytosis [3], a higher
density of mitochondria [4], and tight junctions (TJs)
proteins, contributing to a low permeability. Due to BBB
organization only lipid soluble and smaller than 400 Da
molecules are able to cross the biological barrier [5], rep-
resenting a challenge for therapeutic delivery into the
brain. This is particularly critical in the context of many
brain diseases where the integrity of the BBB remains
largely intact, thereby inhibiting the permeability of
potential therapeutic drugs. Indeed, a high percentage
of pre-clinical drugs identified for neurological disorders
failed during the clinical trials due to their inability to
cross the BBB [6, 7].

In recent years, several strategies have been investi-
gated to transiently open the BBB to facilitate the deliv-
ery of drugs to the brain. The opening of the BBB can be
induced by means of hyperosmotic solutions to induce
an osmotic pressure (mannitol [8], arabinose, lacta-
mide, urea [9]). It can also be obtained through chemical

agents, peptides and molecules with effects on the TJs
(like sodium caprate [10], anti-netrin 1 antibody [11],
histones [12]) or on receptors (gintonin [13] and RMP-7/
Cereport [14]). Finally, the BBB opening can be induced
with physical stimuli (focused ultrasounds and micro-
bubbles [15, 16]; laser-induced thermal therapy [17], also
coupled with gold nanoparticles [18, 19]; microbeam
radiation therapy [20]), and RNA interference tools [21,
22]. The first to reach the clinic was the osmotic BBB
disruption, used to deliver chemotherapeutics for brain
tumor [23]. The intra-arterial administration of manni-
tol induced the shrinkage of BECs and the disruption of
the T7Js, allowing the crossing of molecules up to 20 nm
for a 10 min period [24]. Yet, this approach might have
some disadvantages since it generated a transient neuro-
inflammatory response marked by increased production
of cytokines and other biomolecules, leading to the acti-
vation of astrocytes, microglia, and macrophages [25].
In addition, the opening of the BBB by physical stimuli
such as focused ultrasound coupled with microbubbles
(the intervention being guided by magnetic resonance
imaging) reached the clinical trials [26, 27]. This opening
was reported to last 24 h and involved the disruption of
the TJs, increase of vesicles and cytoplasmatic channels
and formation of fenestrae [15]. The great advantage of
this strategy is the spatial specificity but, even if in the
clinical trials just mild adverse effects were observed,
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the technique still presents some problems. First of
all, inflammation and DNA damage were observed
after using the focused ultrasounds [28], even if it was
not clear if the cause of the cytokines increase was the
mechanical effect of the microbubbles on the ECs (for
example through the reduction of P-glycoprotein [29])
or the extravasation of blood-borne molecules. Secondly,
due to the skull absorption of the ultrasound field and to
the distinct susceptibility of different vessels, it is com-
plicated to predict exactly the acoustic pressure on the
area of interest [30], with the possibility to induce tissue
damage. An FDA-approved molecule for cardiac therapy
(Lexiscan, also known as Regadenoson) was also discov-
ered to be able to induce the BBB opening for around
30 min [31]. This drug binds to the A2A adenosine recep-
tor of the cells, and it reduces the expression of P-glyco-
protein [32]. The in vitro results for the use of Lexiscan
were promising; however, no efficacy was observed in
patients when using the approved dose of the compound
[33]. Overall, most of the strategies proposed until now
have limitations, including side effects, and allow a lim-
ited control on the parameters for the BBB opening.

The BBB permeability increases during aging [34—36]
and this can be an inspiration for the development of
strategies to overcome the biological barrier. The BBB
breakdown, determined by dynamic contrast-enhanced
magnetic resonance imaging, is part of the normal aging
process and occurs in the absence of neurological disor-
ders [34, 35]. Inflammation is a key factor that can lead
to both reversible and irreversible damage to the BBB.
Acute inflammatory responses can cause temporary
increases in permeability, while chronic or high levels of

Page 3 of 21

inflammation may result in permanent BBB damage [37].
Importantly, blood components can regulate the perme-
ability of the BBB and alter its “aging” phenotype. For
example, young blood reverses age-related impairments
in cognitive function and synaptic plasticity in aged mice
[38]. In contrast, young mice administered with plasma
from old mice showed decreased synaptic plasticity,
impaired contextual fear conditioning and spatial learn-
ing and memory which indicates an impair in the BBB
permeability [39]. It is likely, that part of this regulatory
effect of the blood in the BBB is mediated by small extra-
cellular vesicles (sEVs) [40]. sEVs are biological nanopar-
ticles delimited by a lipid bilayer and containing several
types of biomolecules, including non-coding RNAs [41—
43]. They are secreted by most cell types, playing a key
role in cell-to-cell communication and supporting both
physiological and pathological processes. For example,
sEVs isolated from the peripheral blood of aged mice and
intravenously administered in young mice can pass the
BBB and induce glial cell activation [44]. Yet, until now,
it is relatively unknown (i) the interaction of blood EVs
isolated from aged individuals or modulated with aging-
related biomolecules, including non-coding RNAs, with
the human BBB, (ii) if they can open the BBB and (iii)
what is the mechanism.

Here, we have investigated in vitro the human BBB
opening capacity of sEVs enriched with miRNAs that
are overexpressed in sEVs collected from the plasma
of aged human individuals (Fig. 1). To enrich the
sEVs with the miRNAs we have used a protocol that
has been recently reported by us that makes use of a
chemical reagent to transfect the sEVs with miRNAs
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Fig. 1 Engineering extracellular vesicles to permeabilize the BBB. a Identification of the miRNA candidates that are simultaneously altered
during aging or age-related diseases and have shown to affect BBB permeability. b Overview of the experimental setup. b.1 sEVs collected
from human UCB plasma were transfected with a miRNA of interest by a chemical agent. b.2 MiRNA-enriched sEVs were tested in human in vitro
BBB models both in static and flow conditions. b.3 Identification of the mechanism behind the transient opening of the BBB after exposure

to miRNA-enriched sEVs
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[45]. We have evaluated the BBB opening properties
of 4 miRNA-enriched sEVs formulations in a static
and then one of those in a dynamic (using microfluid-
ics) human in vitro BBB model (Fig. 1). To the best of
our knowledge, this study identifies for the first time a
sEV-enriched formulation able to transiently open the
BBB, both in static and dynamic human BBB models,
inspired by physiological aging. Importantly, this work
was performed in human in vitro models that have
been previously validated to predict CNS distribution
of compounds in humans [46]. It is aligned with the
European Union goals on the protection of animals
used for scientific purposes based on replacement,
reduction, and refinement (3Rs).
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Materials and methods
Isolation of sEVs
The blood samples were diluted 1:1 in dilution buffer
(phosphate-buffered saline (PBS) with 2 mM of EDTA)
to improve the efficiency of the process. The plasma was
separated from the whole blood by using density gradient
medium Lymphoprep” (STEMCELL Technologies, ref.
07861) and centrifugation (400g at 20 °C, 35 min) with-
out breaks. The plasma was then collected and frozen at
— 80 °C until usage.

sEVs were isolated from UCB plasma (“young EVs”)
and plasma from adult donors between 58 and 64 years
old (“old EVs’, Fig. 2b). In both cases, the plasma was cen-
trifuged (2000g, 20 min) to remove possible cells and cell
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Fig. 2 Expression of miRNAs in sEVs changes during aging. a Scheme representing the list of miRNAs (in bold) selected for our study. b Table
with the ages of the adult plasma donors (expressed in years old). For both males and females, the average is 61.6 years old. ¢ RT-gPCR analyses
performed to characterize the miRNA content in sEVs from plasma of aged donors (aged 58-64; labeled as “old sEVs") compared to the sEVs
from umbilical cord blood (UCB, labeled as “young sEVs"). Five miRNAs were evaluated. The data are expressed as mean £+ SEM, n=5 biological
samples (2-3 technical replicates per biological sample). The unpaired t-test statistical analysis was performed for each miRNA, comparing

the young sEVs with old sEVs from male and female donors. The * means p < 0.05, ** means p <0.01, *** means p <0.001
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debris before moving to the ultracentrifugation steps.
Microvesicles and apoptotic bodies were removed with 2
centrifugations (10,000g, 30 min each). Then the vesicles
were separated through ultracentrifugation (100,000,
2 h). The obtained sEVs were passed through size exclu-
sion columns (qEVoriginal 35 nm from IZON, ref. SP5)
to remove the proteins from the samples. Before size
exclusion chromatography purification, an aliquot was
collected for protein quantification using micro-BCA
protein assay kit (Thermo Scientific, ref. 23235). Finally,
the sEVs were concentrated by centrifugation (100,000g,
2 h) and they were stored in aliquots at — 80 °C. The ultra-
centrifugation was carried out in an Optima XPN 100K
ultracentrifuge (Beckman Coulter, CA, USA) equipped
with a swinging bucket rotor SW 32 Ti and 28.7 mL poly-
allomer conical tubes (Beckman Coulter).

Preparation of miRNA-enriched sEVs

sEVs from UCB plasma were transfected with Exo-Fect
Exosome Transfection Kit (SystemBiosciences, ref.
EXFT20A-1), following manufacturer’s instruction with
some optimization. Briefly, 1.5% 10" sEVs in PBS were
mixed with 904 pmol of miRNA (miRIDIAN microRNA
Mimic, Horizon) and 10 pL of Exo-Fect in a total volume
of 150 pL. A scrambled miRNA was used as negative
control for the experiments (from now on called “miR-
scr”). Then, the sample was incubated at 37 °C for 10 min
at 350 rpm. In order to purify the sEVs from the excess
of Exo-Fect and miRNA, the vesicles were added on top
of an Optiprep density gradient (ODG) composed of 4
layers of iodixanol at 40%, 20%, 10% and 5% (each layer
of 8 mL) in non-conical polyallomer tubes, as previously
reported [47]. In order to create the layers, the Optiprep
(stock solution at 60%) was diluted to a working solu-
tion of 50% by using the working buffer (0.25 M sucrose,
6 mM EDTA, 60 mM Tris—HCl, pH=7.4) and the right
percentages were obtained by adding the proper amount
of homogenization buffer (0.25 M sucrose, 1 mM EDTA,
10 mM Tris—HCl, pH=7.4). The ODG was centrifuged
(100,000g,18 h) and fractions of 4 mL were collected,
numbering them from 1 to 8 from top to bottom. The
fractions from 3 to 6 contained the modulated sEVs (den-
sity ranging between 1.04 and 1.12 g/mL), so they were
collected and diluted in PBS. Then, the sEVs were col-
lected by ultracentrifugation (100,000g, 2 h). They were
stored at 4 °C and used in the following 2 days, without
freezing them.

Characterization of sEVs: dynamic light scattering (DLS)

The size and charge of sEVs was characterized by DLS.
For each batch, 4x10° sEVs were analyzed. sEVs were
diluted in molecular grade water. Both size and zeta
potential were measured by averaging at least 3 runs per
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each sample. At least 3 different sEVs isolations per con-
dition were analyzed. The DLS analysis was carried out
with ZetaPALS zeta potential analyzer from Brookhaven
Instruments Corp.

Characterization of sEVs: nanoparticle tracking analysis
(NTA)

The size and concentration of sEVs was characterized
by NTA using NanoSight NS300 (Malvern Instruments,
UK). The process involved manual injection of the sam-
ple at a flow rate of approximately 1 mL every 20 s. The
sEVs were diluted in PBS to obtain a concentration
between 15 and 45 particles per frame. Five 30-s videos
were recorded for each sample, using a camera level of
15. The videos were analyzed using NTA 3.4 analytical
software, with the threshold set between 4 and 5 based
on the quality of the videos.

Characterization of sEVs: TEM analysis

For the TEM analysis of sEVs, the samples were mixed
with an equal volume of 4% paraformaldehyde (PFA)
(1:1 v/v) and placed on formvar-carbon coated copper
grids (Micro To Nano, ref. 22-1MFC) for a 5 min room
temperature incubation. After removing the material in
excess, the grids were incubated for 1 min with a solution
of uranyl acetate 2% in water. sEVs images were obtained
using a Tecnai G2 Spirit BioT WIN electron microscope
at 100 kV.

Characterization of sEVs and ECs: miRNAs expression
analyses

RNA was extracted from 1.4x10" UCB/old vesicles,
1.0 x 10'° modulated vesicles (and corresponding native)
or from approximately 1x10° ECs (co-cultured with
pericytes on the Transwell® system for 6 days) with the
miRNeasy Micro kit (Qiagen, ref. 217084) accordingly
to the manufacturer instructions. The cDNA synthesis
was done with the miRCURY LNA RT kit (Exiqon, ref.
339340). Then, 10 ng of extracted RNA were used for
the cDNA synthesis. Reverse transcription quantitative
polymerase chain reaction (RT-qPCR) was performed
by employing miRCURY LNA miRNA PCR Assay (Qia-
gen, ref. 339306). For the RT-qPCR, a 30 times dilution
of cDNA was performed, and 3 pL were loaded per well.
RT-qPCR was done using the CFX Connect Real-Time
System (Bio-rad, CA, USA). For each qPCR experiment,
qPCR reactions were performed in triplicate. Relative
levels of mRNA were normalized to the level of house-
keeping gene (U6 small nuclear RNA). The sequences
of primers from Qiagen (U6 snRNA ref. YP00203907,
hsa-miR-34a-5p ref. YP00204486, hsa-miR-383-3p ref.
YP02108841, hsa-miR-101-3p ref. YP00204786) and
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Exiqon (hsa-miR-181c-5p ref. 204683, hsa-miR-124-3p
ref. 206026) are proprietary.

Characterization of sEVs: western blot analyses

Western blot analyses were performed to detect mark-
ers of EVs (CD9, CD63, Alix, GAPDH) and contami-
nants (calnexin) in sEV preparations. Samples of sEVs
isolated from UCB, from plasma of old donors (Donor
1: male 64 years old; Donor 2: female 64 years old) and
from modulated sEVs were analyzed. For the analysis of
sEVs contaminants, CD34" ECs (P5) were lysed in RIPA
buffer (EMD Millipore Corporation, ref. 20-188) sup-
plemented with protease/phosphatase inhibitor cocktail
(Cell Signaling, ref. 5872). Cell lysates were centrifuged
(20,000¢, 10 min at 4 °C) and supernatants transferred to
a new tube and immediately stored at — 80 °C until use.
Total protein was quantified with the micro-BCA protein
assay kit (Thermo Scientific, ref. 23235). For each sample,
4 pg of protein extract were mixed with 10 pL of 5 Lae-
mmli buffer (0.35 M Tris—HCI at pH 6.8, 10% SDS, 30%
glycerol, 0.6 M DTT—dithiothreitol, 0.012% bromophe-
nol blue) and Milli-Q water to reach 50 puL. No reducing
agents were used in the samples to analyze tetraspa-
nins. The samples were denaturated (95 °C, 5 min), then
loaded in the stacking gel (4% acrylamide bisacrylamide,
126 mM Tris—HCI at pH 6.8, 0.1% SDS, 0.1% TEMED,
0.05% ammonium persulfate) and resolved in a running
gel (12% acrylamide bisacrylamide, 375 mM Tris—HCI at
pH 8.8, 0.1% SDS, 0.05% TEMED, 0.05% ammonium per-
sulfate). Gel electrophoresis was carried out in a running
buffer (25 mM Tris, 192 mM glycine, 0.1% SDS, pH 8.3)
using a voltage of 80 V for 30 min to allow the samples
to enter and cross the stacking gel and then moving to
120 V for 45 min for the resolving gel. The electropho-
resis was performed with the EV265 power supply from
Consort.

The proteins in the gel were electrotransfered into a
PVDF membrane (Amersham™ Hybond™ 0.45 PVDF
membranes; Cytiva, ref. 10600023), previously activated
in methanol, in wet conditions at 100 V for 90 min on
ice (EV265 power supply device, Consort). The mem-
branes were then blocked for 1 h at room temperature
(RT) in 5% BSA in TBS-T (Tris-buffered saline, 0.1%
Tween 20). Primary antibodies were diluted in 1% BSA
in TBS-T and incubated overnight at 4 °C. The list of the
antibodies with the used dilutions is reported in Addi-
tional file 5: Table S4. The day after, the membranes
were washed 3 times with 1% (w/v) BSA in TBS-T for
5 min and then incubated for 1 h at RT with secondary
antibody (Additional file 5: Table S4). Finally, the mem-
branes were washed 3 times with 1% BSA in TBS-T. The
protein detection was accomplished by a chemilumi-
nescence reaction using WesternBright Quantum and
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WesternBright Peroxide HRP substrate parts 1 and 2
(Advansta, ref. R-03026-B35 and ref. R-03025-B35). The
chemiluminescent signal was visualized in the Imager
from VWR International BVBA and VWR Image capture
software.

In vitro BBB model: preparation

Human brain vascular pericytes (HBVP, ScienCell,
sc-1200) and human endothelial cells (ECs) differenti-
ated from CD34" cells [46] collected from UCB were
used. Pericytes were seeded in 12 multiwell plates pre-
coated with 2 pug/cm? poly-L-lysine (PLL) in sterile water
for 1 h at 37 °C (ScienCell, SC-0413) at a density of 4200
cells/cm? in pericyte medium (ScienCell, sc-1202). Six
hours after, ECs were seeded (80,000 cells/insert) in
Transwell®-Clear Inserts with Polyester (PET) membrane
(Corning, 3460) or Transwell® permeable supports with
polycarbonate membrane (Corning, 3401) previously
coated with MatrigelTM (Basement Membrane Matrix,
10 mL *LDEV-Free, BD) diluted 1:48 in cold Dulbec-
co’s Modified Eagle’s Medium (DMEM) for 1 h at room
temperature (RT). The co-culture was maintained in
Endothelial Cell Growth Medium-2 BulletKit"™ (EGM-2,
Lonza, CC-3162) supplemented with 1 ng/mL of human
basic fibroblast growth factor (hbFGF, Sigma, F0291)
with medium changes every other day [46]. Modulated
sEVs (0.5 mL at 10'° sEVs/mL if not otherwise speci-
fied) were added on day 4 in serum EVs-depleted EGM2
by 18 h of centrifugation at 100,000g. Both pericytes and
ECs were used until passage 6.

In vitro BBB model: trans-endothelial electrical resistance
(TEER) characterization

The plates with the Transwell® systems were kept at RT
for 10 min before starting the measurements. TEER was
measured using a Millicell ERS-2 Epithelial Volt-Ohm
Meter (ref. MERS00002M, Merck Millipore, Darmstadlt,
Germany). TEER readings of cell-free inserts were sub-
tracted from the values obtained with cells. The results
obtained were multiplied by the area of the insert mem-
brane (1.12 cm?) as previously reported [46]. For each
experiment the results were normalized relative to the
control condition.

In vitro BBB model: permeability to lucifer yellow

The paracellular permeability was evaluated as previously
described [46], through a lucifer yellow (LY) assay. Briefly,
HEPES-buffered Ringer’s solution (1.5 mL; NaCl 8.8 g/L,
KCl10.387 g/L, CaCl, 0.244 g/L, MgCl, 6H,0 0.0406 g/L,
NaHCO, 0.504 g/L, HEPES 1.19 g/L, glucose 0.504 g/L,
pH=7.4) was added to each well of a 12 well plate (Cos-
tar, ref. 3737). The Transwell® inserts, with or without
the monolayer of brain ECs (BECs), were added to the
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top and the culture medium was replaced with 500 pL
of 20 uM LY (Sigma, ref. L 0259) in Ringer’s buffer. The
plate was left in the incubator at 37 °C for 60 min, and
every 20 min the bottom compartment of the filter with-
out cells (used to calculate the cleared volume in the
absence of the barrier) was changed in order not to reach
equilibrium. After 1 h, the solutions from top and bottom
compartments were collected and the fluorescence (exci-
tation wavelength 430 nm, emission wavelength 530 nm)
was measured in black 96 multiwell plates (Costar, ref.
3915) in Synergy H1 microplate reader (Bio Tek). The
clearance principle was employed to obtain transport
results independent of the concentration [46].

In vitro BBB model: cell viability assay

To assess ECs viability, cells were incubated with Presto-
Blue (Invitrogen, ref. A13261) diluted 10 times in EGM2
medium for 30 min. After that period, the solution was
collected, and fluorescence was measured in a black 96
multiwell plate (excitation wavelength 560 nm, emission
wavelength 590 nm) in a Synergy H1 microplate reader
(Bio Tek). For the calculations, the blank value obtained
from PrestoBlue incubation without cells was subtracted.
For each experiment the results were expressed relative
to the respective control.

In vitro BBB model: flow cytometry

BECs were brought to cell suspension using 0.05%
trypsin for 5 min at 37 °C. Each condition analyzed was
performed in duplicate. Cells were centrifuged at 300g for
5 min, resuspended in PBS with 10% FBS and counted.
Fixation was performed with 1% PFA for 10 min at room
temperature, cells were centrifuged at 500¢ for 5 min to
remove PFA and washed once with PBS with 10% FBS,
followed by another centrifugation step. BECs were
permeabilized with 0.1% Triton for 5 min, centrifuged
(500¢x 5 min) and incubated with 5 pL (each condition)
of anti-Claudin 5 antibody (FITC) (Biorbyt, orb400830)
for 1 h at room temperature in PBS with 10% FBS. After
cells were washed 2 times in PBS and resuspended
in 300 uL of PBS before analysis in BD LSRFortessa""
flow cytometer. Data analysis was performed with
FLOW]JO software.

In vitro BBB model: mRNA expression by RT-qPCR

BECs were lysed after 6 days of co-culture (around
100,000 cells) with RLT lysis buffer (350 pL; Qiagen,
ref. 1053393) and RNA was extracted with RNeasy Plus
Micro Kit (Qiagen, ref. 74034). RNA concentration was
measured with NanoDrop™ 2000 Spectrophotometer
(Thermo Scientific). cDNA synthesis was done from
500 ng of RNA in a 10 uL reaction using qScript cDNA
SuperMix (Quanta BioSciences, ref. 95048). Afterwards,
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c¢DNA samples were diluted to 2.5 ng/pL. RT-qPCR was
done with 5 ng of cDNA per each reaction using NZY
Speedy qPCR Green Master Mix (nzytech, ref. MB224)
and a thermocycler CFX Connect Real-Time System
(Bio-rad, CA, USA). qPCR reactions in triplicate were
performed for each qPCR experiment. Relative levels of
mRNA were normalized to the reference gene B-actin
and analyzed with the AACt method. The sequences of
the primers used, bought from Sigma or from IDT, are
reported in Additional file 5: Table S5.

The putative direct target genes of miR-383-3p were
found both in the literature (ATF4 [48], RAB4A, PTEN
and MFSD2A (3, 49], NR3C2 [50]) and in databases such
as miRDB (https://mirdb.org) and TargetScan (https://
www.targetscan.org) (NRP1/NELLI, ZBTB34, SEC61A1,
STX16, ZNF354B, JARID2, MED28, AEN, ZMAT4,
CLASPI, DHX33).

Vybrant-DiO sEVs labelling

sEVs were incubated for 20 min at room temperature
with Vybrant™ DiO Cell-Labeling Solution (Invitrogen,
ref. V22886) at a proportion of 1.5 pL of dye to each
100 pL of sEVs. Then, labelled sEVs were purified by SEC
technique and concentrated by ultracentrifugation at
100,000g for 2 h, 4 °C. As negative control of the stain-
ing, the protocol was replicated without the presence of
sEVs (including SEC purification and ultracentrifugation
concentration).

Immunocytochemistry

ECs were fixed either with PFA 4% (v/v) for 10 min or
ice-cold methanol: acetone (1:1) for 2 min (Additional
file 5: Table S6). Cells were washed with PBS 3 times.
The cells fixed in PFA were permeabilized with 0.1% (v/v)
Triton-X 100 (Sigma) for 10 min except for CD31 stain-
ing (internalization experiments), where permeabiliza-
tion was omitted to avoid the destruction of the sEVs.
Cells were washed with PBS 3 times and blocked with 5%
(w/v) BSA for 1 h at RT. The membranes were cut from
the Transwell® support and split according to the num-
ber of staining’s desired. The primary antibodies (Addi-
tional file 5: Table S6) were diluted in Antibody Diluent
with Background Reducing Components (DAKO, ref.
$3022) and were incubated overnight at 4 °C. On the fol-
lowing day, cells were washed 3 times with PBS and then
incubated with the secondary antibody (Additional file 5:
Table S7) for 1 h at RT. After PBS washes, the cells were
counter-stained with DAPI (2 pg/mL, 10 min). Finally,
the insert membranes were mounted on glass slides with
Vectashield fluorescence mounting medium (Vector
Laboratories, ref. H-1400) and z-stack images were taken
with laser scanning confocal microscope (LSM 710,
Zeiss) with a 40 X objective.
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BBB-on-a-chip model

The BBB-on-a-chip was developed by us and contained
ECs cultured in the top compartment of an Organ-on-a-
Chip Cross flow membrane—Mini Luer 0.2 um (Darwin
Microfluidics, ref. CS-10000737) and human pericytes
in the bottom compartment. Both cells were perfused
with cell culture medium, that in the upper channel was
pumped by an IBIDI pump system (IBIDI, ref. 10902).
The coating of the channels was performed as described
for the static BBB model, but PLL concentration was
increased to 3 pg/cm? and both coatings were incubated
at 37 °C due to the impossibility to separate the chan-
nels from each other. Pericytes were seeded on the bot-
tom channel of the chip (50,000 cells in 70 uL, 42,000
cells/cm?), while CD34" ECs were seeded on the upper
channel on top of the membrane (150,000 cells in 90 pL,
97,000 cells/cm?). One day after the seeding, the culture
medium was changed. On day 2 after seeding, the micro-
fluidic chip was connected to the IBIDI pump (IBIDI red
perfusion set, ref. 10962). The flow rate was increased
every 15 min in 6 steps from 2 mL/min to 13.3 mL/min,
equivalent to 4 dyn/cm? in the central area of the chip
with the membrane. The cells were maintained in these
conditions until day 6. For the experiments with sEVs,
on day 6 the flow was stopped, the perfusion system was
changed (IBIDI yellow perfusion set, ref. 10965) and then
the microfluidic chip was connected to the IBIDI pump
for additional 24 h, with a flow rate of 0.3 mL/min, equiv-
alent to 0.1 dyn/cm?. The permeability to LY was deter-
mined as described for the static BBB model, but a higher
LY concentration was used (200 uM) and the incuba-
tion period was decreased to 30 min. The assay was
performed in static conditions. At the end of the assay
(30 min), 90 pL were collected from the top channel (and
diluted 1:10) and 70 pL were collected from the bottom
one (and diluted 1:5), and the fluorescence intensity was
measured.

Statistical analysis

Data in the figures are expressed as meanz+SEM. For
multiple comparisons, *p<0.05, **p<0.01, ***p<0.001.
Unpaired t-test or one-way ANOVA followed by Tukey’s
multiple comparison test were performed, depending on
the number of conditions to compare. Two-way ANOVA
statistical analysis was performed, followed by Sidak’s
multiple comparison test, for the temporary effect analy-
sis data.

Results

Expression of miRNAs in plasma sEVs during aging
Initially, we checked different studies to find miRNAs
that were altered during aging or age-related diseases,
both in human and murine samples of EVs, plasma and
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blood [51-72]. We have identified 615 miRNAs that
were upregulated during aging and 131 miRNAs that
were upregulated in age-related diseases (Additional
file 2: Table S1). Next, we have identified 36 miRNAs
that have been described to affect the BBB permeabil-
ity (Additional file 3: Table S2) [73-109]. The miRNAs
whose mechanism of action at the BBB involved apop-
tosis were excluded from the list. Finally, we intersected
the two lists to find miRNAs that were regulated dur-
ing aging or age-related diseases and at the same time
reported to affect the BBB (Fig. 2a). We found 12 miR-
NAs (miR-132-3p, miR-22-3p, miR-34a, miR-124-3p,
miR-101-3p, miR-181c-5p, miR-181d-5p, miR-34c, miR-
383, miR-501-3p, miR-142a-3p, miR-122-5p) (Additional
file 4: Table S3) from which we selected 5 (miR-34a-5p,
miR-181c-5p, miR124-3p, miR-101-3p, miR-383-3p) for
further analyses, based in their potency (e.g. miR-34a-5p,
miR-181c-5p, miR124-3p) and little information about
their mechanism (e.g. miR-383-3p, miR-101-3p).

To demonstrate that the miRNAs identified were
indeed upregulated during aging, we characterized their
presence in sEVs isolated from plasma of human UCB
(“young sEVs”) or plasma from adult individuals without
medical pathologies (between 58 and 64 years old; “old
sEVs”) (Fig. 2b). In both cases, the sEVs were initially iso-
lated by ultracentrifugation and further purified by size
exclusion chromatography (SEC). SEC reduced the pro-
tein content in sEVs by approximately 99.6%, leading to a
38.8-fold increase in EV purity (Additional file 1: Figure
Sla-d). Furthermore, the results indicate that the mean
and mode sizes of sEVs remained unchanged following
the purification process. The old sEVs were similar, in
terms of size and charge, compared to the young sEVs
(Additional file 1: Figure S2a—e), but they had a statisti-
cally higher content of proteins (Additional file 1: Figure
S2f). Western blot results showed the presence of tetras-
panins (CD9 and CD63) and Alix in both young and old
sEVs (Additional file 1: Figure S2g). The results further
show that EVs do not show the presence of contaminant
markers such as calnexin, an endoplasmic reticulum pro-
tein present in cells, which confirms their purity (Addi-
tional file 1: Figure S2g). All the miRNAs were found to
be overexpressed in sEVs collected from the plasma of old
individuals compared to young sEVs, except miR-101-3p
(Fig. 2c). However, this can be explained with the fact that
this miRNA was reported to be upregulated in patho-
logical (age-related disease) and not during physiological
aging [63, 64, 72]. In addition, we observed an upregula-
tion of miR-383-3p in old sEVs (Fig. 2c), which was not
reported previously during physiological aging (only in
stroke models [67]). Interestingly, for miR-34a-5p, miR-
181c-5p, and miR-124-3p we found a marked difference
in their expression levels accordingly to the gender of
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the donors. This aspect warrants further investigation in
the near future, as it aligns with other studies indicating
a gender bias in the miRNA content of sEVs in various
contexts [110, 111]. Altogether, 4 over 5 of the miRNAs
tested were overexpressed in sEVs collected from aged
individuals and were further investigated.

Preparation and characterization of miRNA-enriched sEVs

To deliver the miRNAs in the BBB, we used sEVs from
UCB plasma. We have selected this sEVs because they
are (i) easy to isolate from biological samples collected
in a non-invasive way before UCB cells cryopreservation,
(i) sEVs from plasma have shown to interact easily with
the BBB [110], and (iii) they don’t raise immunological
issues during allogenic transplantations [111]. sEVs were
enriched with the miRNAs by a chemical transfection
agent (Exo-Fect) previously reported by us to be effective
to load miRNAs on sEVs [45]. The protocol for the sEVs
enrichment with miRNAs included a transfection step
and a purification step by ultracentrifugation using an
Optiprep density gradient (ODG), followed by the sEVs
concentration by ultracentrifugation (Fig. 3a). UCB-sEVs
before (“native”) and after miRNAs enrichment (“modu-
lated”) were characterized. The modulated sEVs main-
tain the protein expression of the native sEVs markers
CD63 and CD9 (Fig. 3b). NTA measurements showed
that the majority of both native and modulated sEVs had
a size between 100 and 120 nm (Fig. 3c). TEM analysis
showed slightly smaller diameters compared to the ones
measured with NTA. The size distribution of the samples
ranged between 75 and 100 nm (Fig. 3d, e) and was simi-
lar between native and modulated sEVs. The size of the
samples measured through the DLS was larger than what
showed by the previous results. However, also in this
case no significant differences were observed between
the native sEVs (184+49 nm) and the modulated ones
(174+16 nm) (Fig. 3f). Concerning the z-potential, the
two groups of samples showed values in the same range:
— 31+2.2 mV for the native sEVs and — 35+ 1.5 mV for

(See figure on next page.)

Page 9 of 21

the modulated sEVs (Fig. 3g). To confirm the enrich-
ment of sEVs with miRNAs, RT-qPCR analyses were per-
formed in native and miRNA-enriched sEVs. Our results
showed an enrichment of more than 10°-fold in sEVs for
each miRNA tested (Fig. 3h). The level of miRNA con-
centration in modulated sEVs (Fig. 3h) is much higher
than the one observed for the same miRNAs in “old”
sEVs (Fig. 2c). In order to better understand the mean-
ing of these results, we also checked the basal expression
level of each one of the miRNAs considered in the sEVs,
compared to the expression of U6 (Fig. 3i). Overall, sEVs
were enriched for miRNAs of interest and their morpho-
logical and charge properties were similar to the native
counterparts.

Capacity of miRNA-enriched sEVs to permeabilize a human
BBB model

To test the activity of the enriched sEVs, in vitro models
can be used to reduce ethical concerns regarding animal
experiments and to improve relevance to human physi-
ology. To investigate the impact of the enriched sEVs to
overcome a biological barrier, a human BBB co-culture
model was used [46]. In this model, brain ECs expressed
typical ECs cell markers such as MCAM gene (Additional
file 1: Figure S7a) as well as claudin 5, claudin 1, occlu-
din, ZO-1, JAM-A proteins [46]. Initially, we evaluated
whether native sEVs, i.e. non-modified with miRNAs,
would affect the properties of an in vitro human BBB
model, such as BECs TEER and paracellular permeability
to LY. For these tests, we exposed the in vitro BBB model
to different concentrations of native sEVs (0.5 mL per fil-
ter at the concentrations of 2.4x 10%, 10x 10° or 16 x 10°
sEVs/mL, for a final total number of sEVs per BBB model
equal to 1.2x10% 5x10° or 8 x10°) for 48 h. The time-
point was selected according to previous studies [84].
The results obtained for TEER and paracellular perme-
ability of LY showed that native sEVs did not interfere
with the BBB properties (Additional file 1: Figure S3a, b).
Importantly, the non-responsiveness of the BBB model to

Fig. 3 Modulation of sEVs with miRNAs. a Schematic representation of the sEV modulation protocol. The loading of miRNAs on the sEVs

(904 pmol of MiRNA per 1.5x 10" sEVs) was performed with Exo-Fect™ reagent followed by the ODG purification and ultracentrifugation

to remove the excess of MIRNA and Exo-Fect"™. b CD63 and CD9 protein expression in both native and modulated-sEVs (n =2 independent
experiments). ¢ NTA characterization of the native and the modulated sEVs (each curve represents the average of 3 independent sEVs isolations). d
Representative TEM images of the native sEVs and of the modulated miR-383-3p-sEVs. Scale bar=100 nm. e The diameter frequency of the native
and modulated-sEVs. The results represent the quantification of 8-10 images of each condition, measuring more than 300 sEVs per condition
using the ImageJ software. f The size and g zeta potential of native sEVs and modulated miR-383-3p-sEVs measured by Dynamic Light Scattering.
The results are expressed as mean + SEM (n=3 independent experiments with 1-3 technical replicates). h RT-gPCR quantification of three miRNAs
(miR-181c-5p, miR-383-3p and miR-34a-5p) in modulated sEVs normalized by the amount of miRNAs in the native sEVs. Data are expressed

as mean £ SEM (n =3 independent experiments; 3 technical replicates per independent experiment). i Basal expression of the miRNAs in the young
native sEVs compared to the expression of housekeeping U6 small nuclear RNA by RT-gPCR analyses. Results are expressed as mean+SEM (n=5

independent experiments with 3 technical replicates)
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native sEVs was not due to a low capacity of the model to  (Additional file 1: Figure S3c, d), confirming the respon-
respond to extrinsic factors. Indeed, the exposure of the  siveness of our BBB model.

BBB model to TNFa (10 ng/mL, 24 h) halved the TEER To investigate the internalization of the sEVs, ECs of
values and doubled the paracellular permeability to LY  the BBB model were incubated with 0.5 mL of medium
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with Vybrant-DiO labelled-sEVs (native and scramble
miRNA-enriched sEVs) at a concentration of 5x 10° sEVs
per BBB model. Medium containing free Vybrant-DiO
dye, but not sEVs, processed in the same way as for native
and scramble miRNA-enriched sEVs, was used as nega-
tive control following the MISEV2023 Guidelines [112]
(Additional file 1: Figure S3e). After 24 h, the fluorescence
intensity of the cells was measured. As expected, no fluo-
rescence was observed in the negative control group indi-
cating that Vybrant-DiO dye did not form nanostructures
able to confound the interpretation of the results. Impor-
tantly, fluorescence intensity was similar between BECs
incubated with native and scramble miRNA modulated
sEVs, suggesting that sEV enrichment process did not
affect internalization (Additional file 1: Figure S3e, f).

To evaluate the effect of miRNA-enriched sEVs in
the BBB model (Fig. 4a), we initially quantified the
basal expression of the four miRNAs in BECs (Fig. 4b).
From the analyzed miRNAs, miR-383-3p and miR-
124-3p were the ones with the lowest expression lev-
els relative to the reference gene U6. Next, the BECs
monolayer integrity was evaluated 48 h after the incu-
bation with sEVs enriched with miR-34a-5p, miR-
181c-5p, miR-124-3p or miR-383-3p. sEVs enriched
with miR-181c-5p, miR-124-3p or miR-383-3p induced
a statistically significant increase in the BBB model per-
meability to LY (Fig. 4c), a decrease in the BBB model
TEER (Fig. 4d), and a variable impact in BEC viability
(Fig. 4e), as compared to control sEVs (miR-scr-sEVs).
The effect of sEVs enriched with miR-383-3p on para-
cellular permeability was somewhat greater than that
observed with other modulated sEVs; therefore, it was
selected for further analysis in subsequent experi-
ments. Preliminary tests indicated that ECs transfected
with RNAIMAX lipofectamine complexed with miR-
383-3p exhibited increased paracellular permeabil-
ity to LY compared to those transfected with miR-scr

(See figure on next page.)

Page 11 of 21

(Additional file 1: Figure S4). The choice to base miRNA
selection on paracellular permeability results, rather
than on TEER measurements, is supported by the
understanding that TEER values can be influenced by
several variables—such as temperature changes and
operator differences—that may undermine their relia-
bility. In contrast, paracellular permeability assays offer
a more consistent assessment.

To study the mechanisms by which miR-383-3p-sEVs
induced a higher BBB permeability, the expression of TJs
proteins (claudin 5, ZO-1 and occludin) as well as vWF,
an endothelial marker, was analyzed at mRNA (Fig. 4f)
and protein level, by both immunofluorescence (Fig. 4g,
h) and flow cytometry (Additional file 1: Figure S5) analy-
ses. At the protein level (immunofluorescence analyses),
while ZO-1 and occludin expression remained similar in
BECs incubated with miR-383-3p-sEVs or miR-scr-sEVs,
there was a statistically significant decrease in the expres-
sion of claudin 5 in BECs incubated with miR-383-3p-
sEVs (55%+8%) as compared to miR-scr-sEVs (Fig. 4g,
h). A significant decrease of claudin 5 (ca. 40%) was also
monitored by flow cytometry analyses (Additional file 1:
Figure S5). In contrast, there was an increase (although
not statistically significant) in the expression of vWF in
cells incubated with the miR-383-3p-sEVs as compared
to cells incubated with miR-scr-sEVs. Importantly, the
alterations observed at protein level for claudin 5, ZO-1,
vWE, or occludin were not observed at gene level indi-
cating that the observed effects were mediated by the
intracellular delivery of the miRNA (Fig. 4f). Overall, our
results showed that miR-383-3p-sEVs (i) were internal-
ized by BECs at levels similar to native sEVs, (ii) induced
a significant increase in the BBB model permeability to
LY, (iii) induced a significant decrease in the BBB model
TEER, and (iv) decreased the expression of the T] protein
claudin 5 in BECs while leading to the accumulation of
vWE.

Fig. 4 Impact of miR-enriched-sEVs in the static human in vitro BBB model. a Schematic representation of the experimental setup. The

BBB phenotype was established through 4 days of co-culture in Transwell systems. The modulated sEVs (10'° sEVs/mL) were incubated

for 48 h with the BECs, then the medium was replaced with fresh medium and the ECs monolayer integrity was evaluated through TEER,
paracellular permeability and cell viability. b Basal expression of the miRNAs used for the sEVs modulation in the BECs. Values are mean + SEM
(n=3 independent experiment with 3 technical replicates). ¢ Paracellular permeability (Pe) to lucifer yellow (LY), d TEER values and e

BEC viability after 48 h of incubation with miR-enriched sEVs. Cell viability was assessed by a PrestoBlue assay. The values are normalized

to the respective controls (miR-scr-sEVs) and expressed as mean+ SEM, n=2-4 independent experiments with 3 technical replicates (each
experiment with a different batch of sEVs, therefore 3 different donors). Unpaired t test between each condition and the BBB model incubated
with the miR-scr-sEVs was performed as statistical analysis. *, **, and *** denote statistical significance (p <0.05, p<0.01, p<0.001). f Gene
expression analysis of claudin 5, ZO-1, vWF, and occludin in BECs after 48 h incubation with 10'% miR-383-3p-sEVs/mL. The results are mean +SEM,
n=4independent experiments with 3 technical replicates. g Representative confocal images of claudin 5, ZO-1, 3-catenin, occludin, and VWF
after the incubation with the miR-scr-sEVs and with miR-383-3p-sEVs. Scale bar is 20 um. h Mean intensity of the immunostaining for claudin 5,
Z0-1, B-catenin, occludin, and VWF after incubation with miR-enriched sEVs. The values were normalized by miR-scr-sEVs condition. The data are
mean + SEM, n=3-6 independent experiments with 2-4 images per experiment. Statistical analysis was performed with an unpaired student’s

t-test, ***p <0.001
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Time course of the BBB permeabilization

To investigate if the BBB permeabilization induced by
miR-383-3p-sEVs was temporary, BBB TEER and BBB
permeability to LY were evaluated at day 6 of co-culture
(after 48 h of incubation with modulated sEVs) and again
at day 7 (24 h after removing the miR-383-3p-sEVs)
(Fig. 5a). At day 6, a significant increase of the perme-
ability was observed in BECs incubated with miR-383-
3p-sEVs (128% +7%) (Fig. 5b) compared to the condition
with miR-scr-sEVs, while at day 7 no difference was
noticed between the two conditions (Fig. 5b) (99% + 16%
for the miR-383-3p-sEVs compared to miR-scr-sEVs).
The alterations in TEER were less evident between the
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two times but the trend was similar (Fig. 5¢). Importantly,
at day 7, the decrease in the BBB permeability was cor-
related with an increase in claudin 5 expression in BECs
(Fig. 5d, e). In conclusion, our results indicate that the
increase in the BBB permeability is temporary, recover-
ing at the baseline levels after 24 h.

Mechanism of the BBB permeabilization

To understand the mechanism by which miR-383-3p-
sEVs induced the opening of the BBB, we performed
RT-qPCR analyses in BECs after incubation with miR-
383-3p-sEVs for several genes reported in databases or
in the literature as miR-383-3p targets (ATF4, NR3C2,
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Fig.5 Temporary effect of the miR-383-3p-enriched-sEVs on the BBB opening. a Schematic representation of the experimental protocol.

The miR-383-3p-enriched-sEVs (10'° sEVs/mL) were added to the upper compartment of the BBB model at day 4. After 48 h (day 6) the TEER

and the paracellular permeability were measured. After the removal of the sEVs suspension, the BBB model was cultured with fresh medium

for more 24 h (day 7), and monolayer integrity was evaluated. b Paracellular permeability to LY and ¢ TEER values at day 6 and day 7. Results are
expressed as mean = SEM, n=3-7 independent experiment with 3 technical replicates. Two-way ANOVA statistical analysis was performed, followed
by Sidak’s multiple comparison test, ** means p <0.01. d Representative confocal images of claudin 5 at day 7. The BBB model was exposed

to miR-383-3p-sEVs and to miR-scr-sEVs for 24 h. Scale bar is 20 um. e Quantification of the mean fluorescence intensity of claudin 5. Results are
expressed as mean = SEM, n=3 independent Transwells systems, with 1-3 images per experiment. Unpaired t-test statistical analysis was performed

(p=0.226)
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ZBTB34, SEC61A1, STX16, ZNF354B, JARID2, MED28,
AEN, ZMAT4, CLASP1, DHX33, NRP1, RAB4A, PTEN,
MFSD2A) (see Materials and Methods section).
Although the expression of some of the analyzed genes
was significantly different between BECs incubated
with miR-383-3p-sEVs and miR-scr-sEVs (Additional
file 1: Figure S6), the only two genes that were signifi-
cantly decreased in the condition with miR-383-3p-sEVs
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were ATF4 (29% +7%) (Fig. 6a) and NR3C2 (32% +4%)
(Fig. 6f). NR3C2 upregulation has been linked to a higher
release of vVWF from the ECs [50], therefore its knock-
down through miR-383-3p-sEVs could decrease the vWF
release and explain its accumulation in the cells (Fig. 4h).
Moreover, BECs grown with an excess of VWF were
proven to express less claudin 5 compared to the control
BECs [113], leading to an increased BBB permeability.
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Fig. 6 Mechanism behind BBB opening after transfection with miR-383-3p-enriched sEVs. a ATF4 mRNA expression in brain ECs after 48 h

of the incubation with miRNA-scr-sEVs or miRNA-383-3p-sEVs (both at 10'% sEVs/mL) in a static BBB model. Results are expressed as mean + SEM,
n=5 independent experiments with 3 technical replicates. b ATF4 mRNA expression in brain ECs after transfection with siRNA-ATF4. The brain
ECs were transfected with siRNA-ATF4 (50 nM) or siRNA scramble control (siRNA-scr, 50 nM) using lipofectamine RNAIMAX as transfection agent,
for 48 h. Values are expressed as mean + SEM, n=3 independent experiments with 3 technical replicates. ¢ Representative confocal images

of claudin 5 immunostaining for brain ECs incubated with siRNA-ATF4 or siRNA-scr. Scale bar is 20 pm. d Quantification of claudin 5 protein
expression in brain ECs after transfection with siRNA-ATF4. The results were normalized by siRNA-scr. Results are expressed as mean +SEM, n=3
independent experiments with 3 images per sample in each experiment. e Quantification of claudin 5 mRNA expression in brain ECs transfected
with siRNA-ATF4 or siRNA-scr for 48 h. B-actin was used as reference gene. Results are expressed as mean + SEM, n=2 independent experiments
with 3 technical replicates. f Quantification of NR3C2 mRNA expression in brain ECs 48 h after transfection with miR-383-3p-enriched-sEVs

or miR-scr-enriched-sEVs. 3-actin was used as reference gene. Results are expressed as mean + SEM, n=3 technical replicates. In (a), (b), (d) and (f)
statistical analyses were performed using an unpaired t-test; *p <0.05, **p < 0.01, ***p <0.001
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Our results further show that miR-383-3p-sEVs had
minor or no effect in the activation of inflammatory
genes such as VCAM1 and ICAM1 in ECs, at least in
the conditions and times tested (Additional file 1: Figure
S7). To evaluate whether the decrease in ATF4 mRNA
levels could be related with the decrease of claudin 5 at
the protein level, we transfected BECs with an ATF4-tar-
geting siRNA (control cells were incubated with a siRNA
negative control, “siRNA-scr”). siRNA-ATF4 transfec-
tion induced a significant decrease in ATF4 mRNA lev-
els (80%+1%) (Fig. 6b) and in claudin 5 protein level
assessed by immunofluorescence compared to the condi-
tion with siRNA-scr (35% + 12% compared to the siRNA-
scr condition) (Fig. 6¢, d). However, it did not affect the
claudin 5 mRNA expression (Fig. 6e). Overall, our results
showed that miR-383-3p-sEVs induced the opening of
the BBB by targeting NR3C2 and ATF4 genes, which in
turn controlled directly or indirectly the expression of
claudin 5 protein.

Effect of miR-383-3p-sEVs on a human BBB-on-a-chip

BBB-on-chip technologies are important to better mimic
the physiology of the human BBB [114]. Different BBB-
on-a-chip models, with different configurations and per-
fused with media at different shear stresses (between
4 [115] and 6 dyn/cm?® [116]), have been developed
mostly based on normal human brain microvascular
endothelial cells [116], immortalized human BECs, such
as hCMEC/D3 [115], and human BECs isolated from
iPSCs [117, 118]. Importantly, very few BBB-on-a-chip
models have been used to evaluate the permeability of
sEVs [119], and so far, none has been used to evaluate
the permeabilization effect of modulated sEVs. Here, to
evaluate the permeabilization properties of miR-383-
3p-sEVs in conditions that resemble more closely to the
human physiology, we have developed a human BBB
model in a microfluidic chip under the effect of flow
shear stress (4 dyn/cm?) (Fig. 7a). The microfluidic chip

(See figure on next page.)
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is commercially available and formed by two chambers
separated by a poly(ethylene terephthalate) membrane
(12 pm thick, with 0.2 pm diameter pores, density of
1% 10° pores/cm?) coated by us with a poly-L-lysine solu-
tion. Human ECs derived from cord blood hematopoi-
etic progenitor cells (CD34" cells) [46] were plated in the
luminal compartment of the microchip and maintained
in co-culture with human pericytes (abluminal compart-
ment) (Fig. 7a, b) to induce BBB formation. In the first
2 days, ECs were left in static conditions to allow them to
reach the confluency. At this stage, ECs show less organ-
ized expression of claudin 5 than at day 6 (after 4 days
under flow) (Fig. 7c, d). By another hand, the permeabil-
ity to LY decreased from 3.7x1072+0.9x 10~ cm/min at
day 2 to 2.1x1073+0.3x 107> cm/min at day 6 (Fig. 7e).
In addition, the ECs after 4 days under flow developed
more organized TJs claudin 5 (Fig. 7c), which together
with lower LY permeability values suggest ECs specifica-
tion into BBB phenotype (from now on termed as BECs).

Next, the internalization of VybrantDiO-labelled sEVs
by BECs cultured under static and flow conditions, was
investigated at time 24 h. When VybrantDiO-EVs were
incubated in the presence of flow, the internalization
was significantly lower compared to the sEVs incubated
in static conditions. The internalization was measured
as the total fluorescence intensity of VybrantDiO-sEVs,
divided by the total number of cells by condition (Fig. 7f,
g). Despite the lower levels of internalization of sEVs in
the BBB-on-a-chip as compared to the static BBB model,
when incubating it with miR-383-3p-sEVs for 24 h under
flow we observed an average 0.4-fold increase in the per-
meability to LY of the dynamic model in comparison with
the condition incubated with miR-scr-sEVs (Fig. 7h).
Similar to the static BBB model we found decreased lev-
els of claudin 5 protein and increased vWF expression in
BECs incubated with miR-383-3p-sEVs compared to the
cells incubated with miR-scr-sEVs (Fig. 7i, j, 1). We then
investigated whether this level of permeability could also

Fig. 7 Impact of miR-383-3p-enriched-sEVs in a human BBB-on-a-chip model. a BBB-on-a-chip coupled to IBIDI pumps. b Scheme

of the BBB-on-a-chip: ECs (97,000 cells/cm?) seeded in the luminal compartment, pericytes (42,000 cells/cm?) in the bottom channel. After

2 days in static conditions, shear stress (4 dyn/cm?) was added to BECs for 4 days. ¢ Representative confocal images of claudin 5 at day 2 (static)
and at day 6 (flow). Scale bar is 20 um. d Quantification of claudin 5 area in BECs. Results are mean + SEM (n=2 independent experiments, 4-5
images per system). Unpaired t test was performed, **p <0.01. e Pe to LY in flow conditions checked every day until day 6 after cells seeding.
Results are mean + SEM, n=3-6 independent experiments, with 1-2 technical replicates. f Representative confocal images for the internalization
of VybrantDiO-labelled sEVs (1 0'%sEVs/mL) in static and flow (0.1 dyn/cmz) conditions 24 h after incubation. Scale bar is 20 pm. g Mean
fluorescence intensity of the Vybrant-DiO-sEVs per cell. Results are mean +SEM (n=2 independent experiments, 4-5 images for each membrane).
Unpaired t test was performed, ***p <0.001. h Pe of the BBB 24 h after incubation with miR-scr-sEVs or miR-383-3p-sEVs (10'° sEVs/mL) with a shear
stress of 0.1 dyn/cm?. Results are mean +SEM (n=3 independent experiments). Unpaired t test statistical analysis was performed, *p < 0.05. i
Representative confocal images of claudin 5 and VWF expression in BECs 24 h post-transfection with miR-383-3p-sEVs or miR-scr-sEVs. Scale

bar is 20 um. j Mean claudin 5 expression per cell. | Mean vVWF expression per cell. In j and | results are mean + SEM (n =3 independent experiments,
with 3-5 images analyzed for each condition). Unpaired t-test was performed, *p < 0.05 and ***p <0.001
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be observed with “old” sEVs. We established a blood—
brain barrier (BBB) in a microfluidic system over 6 days,
perfused the model with “old” sEVs at a concentration
of 10 sEVs/mL for 48 h and then evaluated its paracel-
lular permeability to LY. Our results showed a fourfold
increase in permeability to LY (Additional file 1: Figure
S8a) and a decrease in claudin-5 expression compared to
the non-treated BBB model (Additional file 1: Figure S8b,
o).

Altogether, these results allowed us to confirm that the
miR-383-3p-sEVs can induce the BBB opening also in a
more relevant in vitro BBB model.

Discussion

The current study demonstrates, by using two human
in vitro BBB models, the capacity of human plasma sEVs
enriched with miR-383-3p, a miRNA connected with
aging, to transiently open the BBB. The temporary open-
ing was mediated by the knockdown of ATF4 transcrip-
tion factor, and the mineralocorticoid receptor encoded
by NR3C2 gene which then induced a decrease in claudin
5 expression. The current formulation can be seen as an
alternative to the current strategies to transiently open
the BBB.

The BBB integrity is controlled by junction complexes
composed by TJs and adherens junctions (AJs) [120]. The
AJs mainly consist of cadherins [120]. The TJs include
claudins (e.g., claudin 1, claudin 2, claudin 3, claudin 5,
etc.), occludin, junction adhesion molecules (JAMs) and
cytoplasmic accessory proteins (e.g., zonula occludens-1
(ZzO-1), ZO-2, ZO-3, etc.). The expression patterns of
claudins vary significantly among different tissue barri-
ers. In the gut barrier, the predominant claudins include
claudin-2, claudin-3, claudin-7, claudin-15 [121], and
claudin-23 [122]. In the colon, claudin-1, claudin-3, and
claudin-7 are more highly expressed [123]. Similarly, in
the respiratory tree, claudin-4, claudin-7, and claudin-18
are the main claudins present [124]. The most abun-
dant claudin in BECs is claudin 5. This claudin plays an
important role in the maintenance of BBB integrity since
claudin 5 knockout mice show increased BBB perme-
ability [125]. Claudin 5 expression is regulated by several
upstream signaling pathways at the transcriptional levels
including VEGF signaling [126]. Importantly, ATF4 reg-
ulates the expression of VEGE, ie., a downregulation in
the expression of ATF4 leads to an upregulation of VEGF
[127]. To the best of our knowledge, this signaling path-
way has not been previously reported to regulate BBB
opening.

MicroRNAs are a class of short non-coding RNAs
which expression in the blood plasma is affected dur-
ing aging, regulating the integrity of biological barriers,
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including the BBB. We have monitored the expression
of several miRNAs that are upregulated in aging, age-
related diseases and senescence in plasma, blood, and
circulating EVs. Our results showed for the first time a
significant increase in the expression of miR-383-3p in
the circulating sEVs during physiological aging. Until
now, the upregulation of miR-383-3p had been reported
in the context of age-related diseases such as skin pho-
toaging [128], or in the context of ischemia by middle
cerebral artery occlusion [67], but not during physio-
logical aging. Our results further show that miR-383-3p
regulates ATF4 expression. This transcription factor is
reported to be activated by the unfolded protein response
[129], by starvation [130], and by oxidized phospholip-
ids [131]. In particular, it is reported to play a pro-angi-
ogenic role [132-134], together with VEGF [130-132,
134]. A link between miR-383-3p and ATF4 has been
documented before in the crosstalk between microglia
cells and neurons [48] but not in the context of the BBB.
Claudin 5 is not a direct target of miR-383-3p due to the
absence of reduction in the gene expression, however
the indirect effect of miR-383-3p on reducing claudin 5
may account for the increase in the paracellular perme-
ability. Immunocytochemistry showed a decreased inten-
sity signal for claudin 5 in ATF#4 siRNA transfected BECs
(Fig. 6d) suggesting that miR-383-3p-sEVs effect on clau-
din 5 may be partially mediated by the knockdown of the
ATF4. Because miR-383-3p knocks down ATF4, we can-
not exclude the possibility that miR-383-3p-sEVs might
affect other biological barriers; however, it is important
to note that claudin-5, an indirect target of miR-383-3p
is mostly expressed in brain endothelial cells at the BBB.
In addition, miR-383-3p-sEVs can be conjugated at the
membrane surface with antibodies or peptides targeting
more specifically the BBB [19].

Our results show that sEVs can be used to deliver miR-
NAs within BECs and regulate the permeability of the
BBB. Previous studies showed that sEVs are involved in
many processes related with aging and are able to cross
the BBB [44]. The content of the EVs has been reported
to change with age [58, 135, 136], especially in terms of
miRNA content [59, 137]. Therefore, sEVs collected from
a young biological fluid (UCB plasma) were enriched
with miRNAs associated with aging to develop a formula-
tion able to reversibly open the BBB. We were able to suc-
cessfully enrich sEVs content with a miRNA of interest
(both compared to native young and old sEVs) without
altering significantly their morphological characteristics
and cellular uptake in comparison to native sEVs. Incuba-
tion of a human in vitro BBB model with different con-
centrations of sEVs, showed that the vesicles alone did
not impair BBB function; however, when the incubation
was done with miR-383-3p-sEVs there was an increase
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in the paracellular permeability to LY compared to the
miR-scr-sEVs. A previous study has shown that miR-
34a-5p induced an increase of BBB permeability when
overexpressed in murine BECs used for the BBB model
[88]; however, we could not replicate those results in our
human model. It is possible that differences in BECs may
explain these discrepancies.

Our study demonstrates in two human in vitro BBB
models the capacity of human plasma sEVs enriched
with miR-383-3p to transiently open the BBB. We used
a microfluidic chip to co-culture human BECs (cultured
in the top compartment, with flow) with human peri-
cytes (cultured in the low compartment) simulating the
shear stress that the cells sense in the microvasculature
[116]. We confirmed a BEC monolayer formation with
the TJs protein claudin 5 present in the cell membrane
and fully organized at day 6. Despite the lower uptake of
sEVs enriched with miR-383-3p in flow versus static con-
ditions, likely due to a limited interaction of sEVs with
BEC membrane, the paracellular permeability of the BBB
model increased at expenses of a downregulation in clau-
din 5 protein expression. To our knowledge, this is the
first study using engineered sEVs in a microfluidic system
to modulate a human BBB model.

An important feature of the strategy to open the BBB is
the reversibility of the effects. Our results show that the
BBB model transfected with miR-383-3p-sEVs recover
the BBB paracellular permeability 24 h after removing
the sEVs. At this time point, there was not significative
difference between the BBB treated with miR-scr-sEVs
(scramble) and with miR-383-3p-sEVs. Also, claudin 5
expression increased again in the condition incubated
with miR-383-3p-sEVs 24 h after the removal of the vesi-
cles from the BBB model. Our results suggest that miR-
383-3p-sEVs-induced decrease of BBB permeability may
be partially mediated by an increase of claudin 5 at pro-
tein level.

Conclusions

In conclusion, we took inspiration from the aging pro-
cesses to develop a new strategy to temporarily open the
BBB. Plasma sEVs enriched with miR-383-3p may be an
alternative to the others being investigated at pre-clinical
and clinical levels to transiently control the BBB permea-
bility. Moreover, we describe for the first time the impact
of human modulated sEVs in a human BBB model.

Abbreviations

BBB Blood-brain barrier

SEVs Small extracellular vesicles
miRNA MicroRNA

ATF4 Activating transcription factor 4
ECs Endothelial cells

BECs Brain endothelial cells

NVU Neurovascular unit
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Ts Tight junctions
Ve:) Umbilical cord blood
PBS Phosphate-buffered saline
ODG Optiprep density gradient
DLS Dynamic light scattering
NTA Nanoparticle tracking analysis
TEM Transmission electron microscopy
RT-gPCR  Reverse transcription quantitative polymerase chain reaction
PFA Paraformaldehyde
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HBVP Human brain vascular pericytes
RT Room temperature
Pe Paracellular permeability
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