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Abstract

The delivery of therapeutics to the central nervous system (CNS) remains a major challenge in part
due to the presence of the blood-brain barrier (BBB). Recently, cell-derived vesicles, particularly
exosomes, have emerged as an attractive vehicle for targeting drugs to the brain, but whether or
how they cross the BBB remains unclear. Here, we investigated the interactions between exosomes
and brain microvascular endothelial cells (BMECSs) /n vitro under conditions that mimic the
healthy and inflamed BBB /i vivo. Transwell assays revealed that luciferase-carrying exosomes
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can cross a BMEC monolayer under stroke-like, inflamed conditions (TNF-a activated) but not
under normal conditions. Confocal microscopy showed that exosomes are internalized by BMECs
through endocytosis, co-localize with endosomes, in effect primarily utilizing the transcellular
route of crossing. Together, these results indicate that cell-derived exosomes can cross the BBB
model under stroke-like conditions /n vitro. This study encourages further development of
engineered exosomes as drug delivery vehicles or tracking tools for treating or monitoring
neurological diseases.
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INTRODUCTION

Despite significant advances in drug delivery, a major challenge remains in delivering
therapeutics effectively to the brain for the treatment of central nervous system (CNS)
diseases, including trauma, stroke, autoimmune diseases, neurodegenerative diseases and
tumorst: 435 48,67 Drug delivery to the CNS is limited by the presence of the blood-brain
barrier (BBB), a dynamic interface that restricts and controls the passage of substances
between the peripheral vascular circulation and the CNS, thus serving to protect the CNS
from harmful substances or overzealous immune respenses3 % 35, The BBB is composed of
brain microvascular endothelial cells (BMECs), astrocytes, pericytes, the endothelial
basement membrane, and adjacent neurons. The brain endothelial cells have a complex
arrangement of tight junctions (TJs) and adherens junctions (AJs), which play key roles in
regulating paracellular permeability”2. These junctions prevent transport of most molecules
except those normally used for homeostasis, including for nutrition or bidirectional
hormonal communication and reflecting the changing properties of the BBB depending on
conditions?.

While this complex interface protects the brain from harmful chemicals or toxins that may
be present in systemic circulation, it also results in the inability of therapeutics to cross the
BBB, with approximately 98% of small molecule pharmaceuticals and almost all of large
molecule biologic drugs, including recombinant proteins, monoclonal antibodies, or gene-
based medicines, failing to cross the BBB*0: 41, However, under certain CNS disease states,
the BBB is dysregulated or malfunctioned, which could itself be used as a passive
mechanism for targeting therapeutics to the brain2. For example, under ischemic stroke and
subsequent reperfusion condition caused by arterial embolism or thrombosis, the integrity of
TJs of the BBB is compromised, leading to increase in paracellular permeability and
allowing entry of both small and large molecules into the brain3® 4%, And in autoimmune
CNS diseases such as multiple sclerosis (MS), lymphocytes can enter sclerotic lesions,
though the sequence of pathological events and immune infiltration remain to be fully
elucidated8. Administration of human basic fibroblast growth factor (bFGF), an endogenous
neurotrophin that does not cross the BBB’1, exerted a neuroprotective effects in the post
ischemic brain®3, implying that it could diffuse across the compromised BBB. Moreover, the
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so-called enhanced permeability and retention (EPR) effect has also been used to transport
anticancer drugs using nanocarriers such as nanoparticles and liposomes that can accumulate
and passively extravasate into the tumor vasculature*2 65, But although particulate drug
carriers such as dendrimers?’, nanoparticles*3 and liposomes®4 have been tested for drug
delivery across the BBB, they remain not widely used in the clinic considering their
immunogenicity, limited half-life in vivo, and, importantly, relative lack of specificity and
efficacy in crossing the BBB17: 67,

Cell-based medications are a newer class of drug delivery for CNS diseases 2 30. Stem cells,
such as mesenchymal stem (or stromal) cells (MSC), are known to mobilize from the bone
marrow or fat deposits and migrate and home to sites of injury®*, including CNS injury®,
where they presumably exert protective and recovery effects via numerous paracrine
factors28. Administration of human bone marrow MSC can enhance recovery from CNS
injuriestl: 30, by their secretion of exosomes, growth factors, cytokines, and other paracrine
factors > 74, More recently, natural cell-derived vesicles collectively termed extracellular
vesicles (EVs) have been investigated as a new class of carriers of drugs, nucleic acids and
diagnostic reagents2®, including for CNS diseases’3. In particular, exosomes that originate
from intracellular multivesicular bodies (MVBs) and represent a major subtype of EVs have
recently been reported to be involved in a variety of activities in the normal and pathological
CNS12.16, 21 thys rendering them potentially attractive vehicles for delivering agents across
the BBB.

There are several reasons for the recent resurgence of activity in testing EVs as therapeutics
and as vectors for therapeutic delivery, including for CNS diseases. Although small relative
to cells, EVs host a complex mixture of surface receptors and intravesicular cargo, including
proteins and nucleic acids, that may synergize to enhance therapeutic efficacy compared to
isolated factors®l: 68 EV/s have been found to mediate, in part, the curative effects of cell-
based therapies, especially for stem cells 23, In particular, exosomes derived from MSCs
have been reported to exhibit neuroprotective effects and promote tissue repair in CNS
injury models’3 74, Similar to MSC, hematopoietic stem cells (HSC), are known to increase
their activity in bone marrow as well as enter peripheral circulation in response to infection
or injury56. Uptake of exosomes purified from HSC and injected into the cerebellum by
Purkinje neurons was reported in a cre-reporter model, though whether exosomes could
cross the BBB was not investigated6. Other cell types that possibly secrete exosomes
capable of bypassing the BBB are immune cells and CNS cells themselves, including
BMECs, neuronal types, astrocytes, microglia and their progenitors. BMEC-derived
exosomes were reported to deliver the anticancer drug doxorubicin across the BBB in a
glioma model”®. Exosomes from dendritic cells (DCs) delivered small interfering RNA
(siRNA) to treat Alzheimer’s disease to the mouse brain, suggesting they may cross the BBB
and deliver siRNA cargos into target cells for specific gene knockdown?2. Exosomes derived
from a mouse lymphoma cell line could deliver curcumin across the BBB to microglial cells
via intranasal administration to attenuated brain inflammation and autoimmune responses in
experimental autoimmune encephalomyelitis (EAE)?’, whereas curcumin-primed exosomes
ameliorated oxidative stress and tightened AJs and TJs induced by hyperhomocysteinemia,
leading to a reduction of permeability?L.
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Thus, considering that exosomes have recently been found to play key roles in CNS
homeostasis, pathology and subsequent recovery, their natural favorable characteristics (lack
of immunogenicity and prolonged half-life) could be combined with additional
bioengineering approaches to enhance their biodistribution, including increased ability to
bypass the BBB30: 73, Nevertheless, although published data suggested that exosomes could
deliver therapeutics to the brain, the mechanisms of interaction between exosomes and the
BBB remain elusive. Therefore, as a step towards efficient therapeutic delivery to the brain
using exosomes, this study aims to elucidate whether and how exosomes bypass the BBB.
Using engineered HEK 293T-derived exosomes and /7 vitro BMEC monolayers as a model
system; we demonstrated that cell-derived exosomes can cross the BBB model via mostly
active BMEC endocytosis primarily utilizing the transcellular route of crossing under stroke-
like conditions /n vitro.

MATERIALS AND METHODS

Cell lines and cell culture

HEK?293T cells (293T, GenTarget) were cultured in high-glucose Dulbecco’s modified
Eagle’s medium (DMEM, Corning Cellgro) supplemented with 10% fetal bovine serum
(FBS, Atlanta Biologicals), 100 U/mL penicillin, and 100 pg/mL streptomycin (Life
Technologies). Brain microvascular endothelial cells (BMECs) were obtained from
American Type Culture Collection (ATCC) and expanded in endothelial cell growth medium
(Lonza) supplemented with SingleQuot Kit Supplements and growth factors (Lonza). All
cultures were maintained at 37°C with 5% CO,.

Generation of constructs and lentiviral transduction

The following constructs were used in this study: hGluc, hGluc-Lactadherin and hGluc-
Lactadherin-GFP (Fig. S1a). The sequences of interest were obtained from pCMV-MFGES8-
GFP (Origene) and LV-hGluc31. These were cloned into a lentiviral transfer vector LV-PL4
(GenTarget) using overlap PCR®8. Lentivirus was packaged and 293T cells were then
transduced and selected as previously described3. Engineered cells were visualized for
transduction efficiency using fluorescence microscopy (Nikon).

Exosome purification

To purify exosomes, conditioned medium was collected from 293T cells cultured for 48
hours in DMEM supplemented with 10% exosome-depleted FBS. First FBS was depleted of
bovine exosomes by centrifugation at 100,000g at 4°C for 18 hours, followed by filtration
through a 0.22 um filter (Millipore). The cell supernatant was centrifuged at 300¢g for 10
minutes and 16,500g for 20 minutes at 4 °C to remove cell debris and microvesicles (MVs),
respectively. Next, exosomes were pelleted by ultra-centrifugation at 120,000¢ using
Beckman Coulter Optima L-80 XP ultra-centrifuge (Beckman Coulter) for 2.5 hours at 4°C
and washed once in phosphate-buffered saline (PBS). Exosomes were resuspended in PBS
or in lysis buffer for experimental analysis.
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Nanoparticle tracking analysis

Nanoparticle tracking analysis (NTA) was performed using the NanoSight NS300 system
(Malvern). Samples were diluted 1:5000 with PBS, yielding particle concentrations between
3 x 108 and 6 x 108 particles per milliliter. The size of the exosomes was determined based
on both light scattering and Brownian motion, and calculated using the Stokes-Einstein
equation with NTA 3.0 analytical software (Malvern). The scattering mode was used for
NTA, and both acquisition and analysis settings were kept constant for all samples. Each
experiment was carried out in triplicate.

Flow cytometry

Flow cytometric analysis was performed on exosomes immobilized on beads (Dynabeads
4.5 um in diameter) bearing anti-CD63 mAb. The purified exosomes were incubated with
Dynabeads overnight at 4 C with gentle agitation according to manufacturer’s protocol (Life
Technologies). After three washes in PBS with 1% exosome-depleted FBS and 0.1% bovine
serum albumin (BSA, Sigma-Aldrich), exosomes captured on beads were stained with PE
conjugated CD9, CD63, or CD81 antibody, or isotype control (BD Pharmingen); beads
without any antibodies were also used as an additional control. All flow cytometry data were
collected on a BD LSRII flow cytometer (BD Bioscience) and analyzed with FlowJo
software (FlowJo).

Immunoblotting

293T cells expressing hGluc, hGluc-Lactadherin, hGluc-Lactadherin-GFP were washed in
PBS and lysed in radioimmunoprecipitation assay (RIPA) buffer (Cell Signaling) with
protease inhibitors (Sigma-Aldrich). Protein concentration was determined by bicinchoninic
assay (BCA) (Thermo Fisher Scientific). The total exosome or cell protein lysate from each
sample was loaded on a 4-15% SDS polyacrylamide gel (Bio-Rad) and transferred onto
polyvinylidene fluoride membranes (Bio-Rad). Membranes were blocked in 5% milk or 5%
BSA in Tris-Buffered Saline (Thermo Fisher Scientific) with 0.1% Tween-20 (Sigma-
Aldrich) for 1 hour and incubated with anti-Gluc (1:1000, Nanolight), followed by binding
of goat anti-rabbit 1gG horseradish peroxidase (1:10,000, Santa Cruz Biotechnology). Bands
were visualized using an enhanced chemiluminescence (ECL) kit (Thermo Fisher
Scientific).

For exosome characterization, the total exosomal protein content isolated from the
conditioned medium was quantified using BCA as above. The primary antibodies used in
this study were anti-CD63 (1:1000, System Bioscience), anti-CD9 (1:1000, System
Bioscience), anti-CD81 (1:1000, System Bioscience), anti-Gluc (1:1000, Nanolight), and
anti-p-actin (1:2000, Abcam).

Exosome labeling

Purified exosomes were labeled with PKH67 or PKH26 (0.5 pg/uL in PBS) Fluorescent Cell
Linker Kit for General Cell Membrane Labeling (Sigma-Aldrich) according to the
manufacturer’s protocol. As a control, PBS buffer alone was stained with PKH dyes. After
staining, samples were washed three times with PBS, and fluorescently-labeled exosomes
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were concentrated using 300 kDa Vivaspin filters (Sartorius Stedim Biotech), as previously
described?8.

In vitro BBB model and permeability assays

BMECs were grown on a type | collagen (BD Biosciences)-coated 6.5 mm transwell culture
inserts with pore size of 0.45 pym (Corning Life Sciences) for 48 hours until a confluent
monolayer was established. For BMEC activation, cells were treated with TNF-a. (50
ng/mL, BD Biosciences) for 6 hours2?. BMEC monolayer permeability was studied using
Fluorescein isothiocyanate (FITC)-dextran (1 mg/mL) (Sigma-Aldrich), which was added to
the upper chamber (luminal) and aliquots from the lower chamber (abluminal) were
measured for their fluorescence intensity using a Biotek Synergy HT microplate reader
(excitation at 485 nm and emission at 520 nm).

In vitro bioluminescence assays

BMECs were grown in a transwell insert and characterized as mentioned above. Prior to
addition of exosomes and their controls, cultures were stimulated with TNF-a for 6 hours
and then washed, as previously described?®. Untreated BMEC monolayers were used as an
additional control. PKH67-labeled hGluc-Lact exosomes (10 g, determined by protein
content as previously described?4) or controls (native exosomes or PBS) were then added to
luminal chamber and incubated for 6 hours, 12 hours, 18 hours, and 24 hours at 37 °C, as
indicated. Conditioned medium containing exosomes collected from luminal and abluminal
chambers of transwell at different time points were plated in triplicate into a white 96-well
luminometer plate. 25 uM (final concentration) of Gaussia luciferase substrate
coelenterazine (CTZ, Nanolight) was added and bioluminescence activity was measured
immediately using an IVIS Lumina (Caliper LifeSciences).

Immunocytochemistry

BMECs were washed with PBS, fixed with 2% paraformaldehyde (PFA, Sigma-Aldrich) in
PBS for 10 minutes at room temperature, and permeabilized with PBS containing 0.1%
Triton X-100 (Sigma-Aldrich) for 10 minutes. After blocking with 1% normal donkey serum
(Sigma-Aldrich) and 1% BSA in PBS containing 0.1% Triton X-100 (Sigma-Aldrich) for 1
hour, cells were subsequently incubated with anti-zonula occludens 1 (anti-ZO-1, 1:200,
Life Technologies), anti-claudin-5 (1:50, Life Technologies), and anti-VE-cadherin (1:100,
Santa Cruz Biotechnology) overnight at 4 °C. The BMECs were then washed with PBS and
incubated with appropriate Alexa Fluor 594 donkey anti-rabbit 1gG, Alexa Fluor 488 donkey
anti-mouse 1gG, or Alexa Fluor 594 donkey anti-goat IgG secondary antibodies (1:500,
Jackson ImmunoResearch) for 1 hour at room temperature. To stain cell nuclei, cells were
incubated in 4’,6-diamidino-2-phenylindole (DAPI, Life Technologies) at 1:300 dilution in
PBS at room temperature for 5 minutes.

In vitro confocal fluorescent imaging for exosome uptake and co-endocytosed localization

BMECs were grown on the coverglass coated with collagen | as described previously and
stimulated with TNF-a for 6 hours. In order to image the time course of exosome uptake in
BMECs, 24 hours prior to imaging, Deep Red Plasma Membrane Stain CellMask (Life
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Technologies) was used to label BMECs according to the manufacture protocol. Briefly,
BMECs were incubated with CellMask in PBS for 5-10 minutes at 37 °C and then washed
three times. PKH67-labeled exosomes (20 pg) or the control PBS stained with PKH67 were
then added to BMECs and incubated for 1 hour, 3 hours, 6 hours, 12 hours, 18 hours, and 24
hours at 37 °C. All cells were then fixed with 2% PFA and nuclei were counterstained with
DAPI. Image analysis was performed using a Zeiss LSM710 Multiphoton/Confocal
microscope (Zeiss). The middle Z plane of the cell was imaged to ensure the elite imaging
position. All the images were analyzed with Image J software (http://imagej.nih.gov/, NIH).
For quantification, briefly, the outline of each cell (r7> 30) was drawn referring to the cell
membrane labeling (i.e., CellMask). The fluorescence intensity of intracellular exosomes
that were specifically associated with the cells was then calculated. Triplicated samples were
used for the analysis.

In order to identify the colocalization of endosomes and exosomes, BMECs grown on
collagen I-coated coverglass were incubated with 10 pg/mL cholera toxin B subunit-biotin
(CtxB, Sigma-Aldrich), following by Alexa Fluor 594 streptavidin (Jackson
ImmunoResearch) conjugation, or 150 g /mL transferrin-Texas Red (Tfn-Texas Red, Life
Technologies) for 30 minutes at 37°C as previously described®®. PKH67-labeled exosomes
were subsequently incubated with cells for 1 hour or 3 hours. After incubation, excessive
exosomes were washed three times with PBS. Cells were fixed with 2% PFA and nuclei
were counterstained with DAPI. A Zeiss 63x1.4NA objective was used for the colocalization
experiments. The images were then quantified using Image J Coloc2 plugin, which estimates
the overlap coefficients in dual-color confocal images32. Colocalization of exosomes and
Tfn/CtxB was indicated as yellow (green + red) pixels in the overlay images.

In vitro cell viability and toxicity assays

BMECs were seeded at 20,000 cells/well in 96-well plates. Cells were treated with the
indicated concentrations of endocytosis inhibitors or vehicle for 30 minutes, or with TNF-a
or vehicle for 6 hours, to assess the cellular toxicity. Cell viability was determined using the
2,3-bis[2- Methoxy-4-nitro-5-sulfophenyl]-2H-tetrazolium-5-carboxyanilide inner salt
(XTT) assay (ATCC) according to manufacture’s protocol. Briefly, the XTT reagent was
added to each well, incubated for 2—4 hours at 37°C, and absorbance was measured at 450
nm with a reference wavelength 680 nm using a Biotek Synergy HT microplate reader. All
samples were assayed in triplicate. The cytotoxicity of each inhibitor was compared to
untreated controls.

Exosome uptake and crossing inhibition studies

To further study the mechanisms of exosome uptake by BMEC monolayer, BMECs seeded
on coverglass were pretreated with the following pharmacological inhibitors at their
indicated concentrations: chlorpromazine (CPZ), cytochalasin D, amiloride, methyl- p -
cyclodextrin (MBCD), filipin 111, or nystatin for 30 minutes at 37°C before exosomes were
added. The specificity and effective concentrations of endocytosis inhibitors were evaluated
by measuring their effect on the markers for specific endocytic pathways. Specifically, Texas
Red-transferrin (150 pg /mL) was used as a marker for clathrin-mediated endocytosis
(CME), Alexa Fluor 594-CtxB (10 pg/mL) for lipid raft (caveolae)-mediated endocytosis,
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and Alexa Fluor 594-dextran (1 mg/mL) for macropinocytosis were used in this study.
Inhibition was assessed by exosome uptake assay using confocal microscopy and image
analysis. CellMask (Green Plasma Membrane Stain, Life Technologies)-labeled BMECs
were then incubated with PKH26-labeled exosomes for 1 hour. After incubation, cells were
washed with PBS, followed by fixation in PFA. Images were taken using a fluorescent
microscopy (Nikon) and were analyzed with Image J software. To quantitatively measure the
effects of above inhibitors on exosome crossing the /n vitro BMEC monolayer in the
transwell assay, the BMECs were pretreated with inhibitors prior to addition of exosomes,
and conditioned medium from luminal and abluminal chambers were collected for
bioluminescence analysis as described above.

Statistical analysis

Data were presented as means + SEM. Statistical differences were determined using
unpaired Student’s ftest when comparing between 2 independent groups, and oneway
ANOVA with Student-Newman-Keuls (SNK) post-hoc test when comparing across 3 or
more independent groups. P < 0.05 was considered significant.

RESULTS AND DISCUSSION

Exosome preparation, characterization and labeling

In order to monitor their distribution across BMEC monolayers /n vitro, the exosomes were
labeled with hGluc. hGluc was fused with lactadherin, which can be bound to cell
membrane phophatidylserines (PS) and is also highly enriched on the outer leaflet of
exosomal membrane20:- 56, 293T cells were transduced with lentivirus expressing each free
hGluc (hGluc 293T), hGluc-Lactadherin without (hGluc-Lact 293T) and with (hGluc-Lact-
GFP) a Green Fluorescent Protein (GFP) tag used to monitor transduction efficiency (Fig.
Sla). A high Gaussia luciferase expression was observed from the cell lysates of engineered
293T cells expressing hGluc-Lact (Fig. S1b, lane 2) and hGluc-Lact-GFP (Fig. S1b, lane 3)
fusion proteins but not their counterpart (free hGluc alone, Fig. S1b, lane 1). These results
indicate that engineered cells correctly expressed the membrane-targeted fused proteins.
Moreover, the tagged hGluc proteins (i.e., hGluc-Lact and hGluc-Lact-GFP) were observed
to associate with the cell membranes while free hGluc was mostly secreted into the
conditioned medium (free hGluc expression in cells = 6.8%-7.8% of tagged hGluc
expression in cells, Fig. S1b and S1c).

Exosomes were then collected by ultra-centrifugation from conditioned medium of native
and engineered 293T cells (Fig. 1a) and were characterized by NTA and biochemical
analysis. The size distribution of purified exosomes was analyzed using NanoSight NS300
nanoparticle tracking analysis (NTA). NTA showed a similar size distribution profile for
native (96.3 £ 5.4 nm) and hGluc-Lact exosomes (80.3 £ 2.0 nm) (Fig. 1b). Thus, our
exosome preparations have similar size distribution as reported literature2, also suggesting
that the modification with the expressed protein tags did not affect the physical properties of
exosomes. Next, exosomes were characterized for expression of several typically prominent
markers®°. Exosomes were captured on beads coated with anti-CD63, a tetraspanin that is
highly enriched in late endosomes, lysosomes and exosomes*4, analyzed by flow cytometry
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after immunostaining with exosomal surface markers anti-CD9, anti-CD63, and anti-CD81
(Fig. 1c). Consistent with the literature33: 59 61 our prepared exosomes are positive for CD9,
CD63 and CD81. Western blotting further confirmed the presence of exosomal proteins
CD9, CD81 and CD63 (Fig. 1d, lane 1). Next we examined whether hGluc-Lact was
expressed on exosomes; indeed immunoblotting data showed that hGluc could only be
detected on hGluc-Lact-labeled exosomes (hGluc-Lact exosomes) but not on hGluc alone
counterparts, indicating that hGluc-Lact bound to exosome membranes with high specificity
(Fig. 1d). Remarkably, the presence of exosomal biomarkers CD9, CD81 and CD63 was
confirmed on engineered exosomes, without being affected by lentiviral transduction (Fig.
1d, lanes 2 and 3).

A bioluminescence assay was then performed to confirm the presence of active luciferase on
exosomes as well as to verify that the reporter is enriched on exosomes (Fig. 2a). Addition
of luciferase substrate CTZ creates a bioluminescent signal whose intensity is proportional
to the luciferase activity in the wells®8, First, wells containing conditioned medium and its
ultra-centrifugation supernatant from native 293T cells, hGluc 293T and hGluc-Lact 293T
were measured for bioluminescent signals (Fig. 2a). Stronger signals in conditioned medium
from hGluc 293T than those from hGluc-Lact 293T conditioned medium indicated that non-
fused hGluc was secreted and was free from cells. Supernatant was separated from
exosomes by ultra-centrifugation, and the bioluminescent signals in supernatant were of
similar intensity to those from conditioned medium, confirming that free active hGluc was
secreted as expected. Only isolated exosomes from hGluc-Lact 293T showed
bioluminescence, indicating the lactadherin fused to hGluc kept the luciferase bound to the
exosomes and could thus serve as a reporter for exosome spatial distribution in our
subsequent studies. Moreover, quantitative analysis of bioluminescence from hGluc
conditioned medium showed an approximately 10-fold greater signal than that from the
hGluc-Lact conditioned medium (£ < 0.0001, Fig. 2b). Isolated hGluc-Lact exosomes
showed a much higher signal (> 100-fold, £< 0.0001, Fig. 2c) compared to exosomes
derived from hGluc 293T, providing further evidence for successful production of exosome-
bound luciferase reporter.

The stability of exosomes was analyzed at 37°C, 25°C, and 4°C for 24 hours, using
NanoSight analysis to evaluate whether or not temperature altered their size distribution
profiles (Fig. S2a). No significant difference was observed in exosome size among the three
groups. In agreement with NTA, /n vitro bioluminescence assays also revealed that the
luciferase activity of exosomes was not affected by incubation at different temperatures for
24 hours (Fig. S2b). Similar to previous reportsi8, the exosomes used in our present studies
are highly stable under the conditions of the assays performed throughout these studies.

In vitro BBB model

BMEC monolayers were cultured on collagen I-coated transwell insert or coverglass to
mimic /n vitrothe BBB, allowing us to investigate the mechanisms involved in exosome
interaction with the BBB and its potential bypass. The disruption of the BBB has been
described as a crucial step of the neuroinflammatory response in cerebral ischaemia, and the
junctional permeability of the BBB is controlled in large part by cytokines and other CNS
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factors3>. With this understanding, we investigated the effect of the pro-inflammatory
cytokine TNF-a on the tight junction (TJ) integrity and regulation of monolayer
permeability in this BBB /n vitro model (Fig. 3 a and see also Methods). TNF-a is a
prominent cytokine involved in neuroinflammatory conditions and influencing BBB
properties, and therefore was used here to examine whether it alters the interaction of
exosomes with BMECs. As TNF-a is known to induce activation of nuclear factor kappa B
(NF-xB) cascade, ultimately leading to apoptosis of some of the cells’?, the potential
induction of apoptosis in BMECs by TNF-a was monitored using XTT proliferation assay.
XTT assays revealed that intermediate concentrations of TNF-a did not significantly alter
cell viability and therefore a concentration of 50 ng/mL was used throughout subsequent
studies (Fig. S3). The permeability across native BMECs monolayer (measured by FITC-
dextran crossing through the transwells) steadily decreased during 48 hours in culture (P<
0.0001, Fig. 3b) as the cells grew next to each other and established their typical junctions in
a honeycomb pattern, as expected (Fig. 3c). In accordance with previous studies on how
BMEC monolayer is affected by TNF-a 7-47:57 the permeability of the BMEC monolayer
that was treated by TNF-a was significantly increased compared to the control BMEC
monolayer (P< 0.01, Fig. 3b), suggesting that activation by this cytokine compromised
BMEC integrity.

Inflammatory processes have been reported to induce changes in F-actin and vascular
endothelial cadherin (VE-cadherin) in endothelial cells concomitant with rearrangement of
tight junction components’. As AJs and TJs play a major role in preventing passage through
the BBB and maintaining intercellular tight junctions, we next examined if TNF-a alters the
function of intercellular tight junctions. The VE-cadherin, zonula occludin-1 (ZO-1) and
Claudin-5 expression (Fig. 3 ¢) were compared in cytokine activated and native conditions
of BMECs. Concurrent with the increased paracellular permeability, treatment of confluent
BMECs with TNF-a altered the expression of VE-cadherin, ZO-1 and Claudin-5, in which
protein expressions were significantly decreased, suggesting a correlation in the levels and
localization of these proteins with the integrity of AJs and TJs, as expected. In addition, TJ
proteins (e.g., ZO-1) have been reported to shift from the membrane to cytoplasm and nuclei
in ischemic hypoxia condition®. Similar results were also observed in our study in which
immunostaining of TJ proteins showed a diffuse pattern at cell membrane, and some of them
localized in the cytoplasm and nuclei (Fig. 3 ¢). Together, these data imply that TNF-a
activation leads to a relocalization of AJ and TJ proteins and this disassembly (i.e., protein
downregulation and their disengagement of cognate paracellular ligands) is likely
responsible for the altered intercellular permeability of BMECs under inflammatory
conditions.

Exosomes cross TNF-a activated BMEC monolayer in vitro via transcellular route

To investigate whether exosomes can cross the /n vitro BBB model under normal and stroke-
like conditions, transwell assays were performed using hGluc-Lact-labeled exosomes.
Exosomes were added to the luminal chamber containing a confluent layer of BMECs (Fig.
4a), and conditioned medium from both the luminal and abluminal chambers were collected
at several time points from 6 hours to 24 hours. hGluc activity in the collected conditioned
medium was measured immediately after addition of the CTZ substrate. In transwell assays
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with native (untreated) BMECs, exosomes did not significantly cross the BMEC monolayer
into the abluminal chamber, as shown by the lack of hGluc signal from the abluminal
chamber and high signal from the luminal chamber (Fig. 4b and 4c). However, when
BMECs were activated by TNF-a induction, significantly higher hGluc signals could be
observed in the abluminal chamber, i.e. up to approximately 10% of exosomes crossed from
the luminal to abluminal chamber after 18 hours (Fig. 4b and 4c). PBS and exosomes
without hGluc used as negative controls did not reveal any significant bioluminescence, as
expected (Fig. 4b). Thus, exosomes were able to cross the BMEC monolayer to the
abluminal chamber, but only under the strokelike conditions with TNF-a activated BMECs.
Furthermore, such exosome crossing was observed to be significantly increased for TNF-a
activated BMEC:s after a minimum of 18 hours of incubation (P < 0.01, Fig. 4c).

As hGluc is a secreted protein with the molecular size 19kDa, it is expected to diffuse
passively between the two chambers. Indeed, incubation of hGluc conditioned medium with
BMEC:s in both native and TNF-a treated conditions revealed that hGluc can freely cross
from luminal chamber to abluminal chamber in both conditions (Fig. S4). Therefore, to
confirm that the hGluc activity observed from the transwell assays came directly from the
exosomes instead of free hGluc detaching off the membrane, hGluc-Lact exosomes were
directly labeled with PKH67 and added to the luminal chamber of a transwell assay with
TNF-a activated BMECs. Conditioned medium from abluminal chamber was collected after
18 hours as above mentioned, and then added to a plate of fresh BMECs (Fig. 5a). PKH67
signal from exosomes can be seen clearly at perinuclear regions after 6 hours of incubation
with fresh BMECs, (Fig. 5b, panel iv-vi), but conditioned medium containing free hGluc
labeled with PKH67 used as a control displayed no signal, as was also the case abluminal
chamber conditioned medium and fresh cells, as expected (Fig. 5b, panel i-iii). This,
combined with the previous assay, demonstrated that exosomes can carry at least one
defined protein cargo, in this case hGluc reporter enzyme as a model system, across a
BMEC monolayer under stroke-like conditions, and therefore the hGluc activity observed
from the transwell system was truly from the hGluc-exosomes instead of free hGluc.

In order to test if the difference in density between exosomes and growth medium has any
effects on the BMEC monolayer crossing through gravity, hGluc-Lact exosomes were added
to the abluminal (lower) chamber after BMEC stimulation with TNF-a (Fig. 5¢). After 18
hours of incubation, hGluc activity was measured in the conditioned medium from the
luminal (upper) chamber and was found to be significantly higher in BMECs activated with
TNF-a compared to untreated (native) BMECs (P < 0.05, Fig. 5d). In other words,
regardless of whether exosomes were added to upper or lower chambers, about 10% of them
crossed the TNF-a treated BMEC monolayer, but they did not cross the untreated BMEC
monolayer. Thus, the difference in exosome density and pull of gravity has little effects on
their crossing, and it is equivalent to add exosomes to either upper or lower transwell
chambers to study their crossing BMEC monolayers. Collectively, these results further
suggest that exosomes can cross the activated, but not native, BMEC monolayer mimicking
stroke-like conditions.

To further delineate by which mechanisms exosomes cross a BMECs monolayer, we next
evaluated whether or not exosomes can also cross the /n vitro BBB through passive diffusion
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of the paracellular route (i.e. though intercellular junctions between BMECS). In addition to
a live BMECs transwell bioluminescence assay as in previous experiments, confluent BMEC
monolayers (untreated or TNF-a. activated) grown on the transwell insert were fixed with
PFA, and exosomes were added for various time periods (6, 12, 18 and 24 hours) as before.
Notably, no significant differences in bioluminescence activity were observed for fixed
BMECs under both TNF-a activated and untreated conditions at all time points, unlike the
much greater exosome crossing of the living BMECs under TNF-a compared to untreated
condition. This data indicates that the paracellular diffusion route contributes little to the
overall exosome crossing, i.e. no more than the background signal (e.g. native BMECs at 6
hours, Fig. 4c). Additionally, exosomes added to living BMECs treated with TNF-a showed
significantly increased migration across the BMECs monolayer compared to that of
exosomes added to fixed BMECs treated with TNF-a (for the 24 hour time point, < 0.05,
Fig. 4c). This suggested that the transcellular route, which operates only in the case of live
but not fixed BMECs, likely accounts for majority of migration of exosomes across the
BMEC monolayer.

Exosomes are internalized by BMECs via endocytosis

Internalization of exosomes, MVB formation and subsequent exocytosis (i.e. transcytosis) is
one proposed mechanism®® of exosome trafficking across the BMEC monolayer. To
elucidate the mechanisms of exosome crossing in our study, microscopy experiments were
performed to examine the interaction of exosomes with BMECs under both native and TNF-
a activated conditions, and in the absence or presence of various endocytosis inhibitors.
PKH67-labeled exosomes were incubated with CellMask-labeled BMECs (deep red) for 1,
3, 6, 12, 18 or 24 hours on coverglass. Confocal microscopy analysis was conducted to
measure exosome uptake by BMECs (Fig. 6a and 6b). Briefly, cells were washed to remove
any membrane-bound exosomes before sample preparation and the fluorescence intensity of
intracellular exosomes that were specifically associated with the cells was then quantified
(Fig. 6h, see also Methods). Fluorescence intensity analysis demonstrated that BMECs
uptake exosomes in a time dependent manner, as exosome internalization was increased with
longer incubation time (Fig. 6b). Furthermore, cells treated with TNF-a showed more
uptake than native cells at 12 and 18 hours (P < 0.05, Fig. 6b), consistent with previous
studies in which TNF-a activation resulted in an increase in nanocarrier internalization in
brain endothelial cells1®. Therefore, these data indicated that exosomes can be robustly
internalized by BMECs. Native and TNF-a activated BMECs were observed to endocytose
exosomes at similar rates up to 12 hours. Then the endocytosis of native cells kept increasing
(P<0.05, Fig. 6b) while that of TNF-a. activated BMECs remained the same (P = 0.15, Fig.
6b). Interestingly, discrepancy between uptake (Fig. 6) and transwell (Fig. 4) assays was
observed in that 1) the transwell data showed no significant exosome bypassing BMECs,
regardless native and TNF-a activated conditions, within 12 hours, while uptake data
demonstrated exosomes are being internalized by both native and TNF-a activated BMECs
within the same time period, and 2) exosomes only bypass TNF-a activated but not native
BMEC:s (at later time points (i.e., 18 h and 24 h)), whereas exosomes can be uptaken by both
native and TNF-a activated BMECSs. The reason for these observations remains unclear,
however, it could be due to the active and unregulated exocytosis processes in TNF-a
activated BMECs.
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In order to study the intracellular trafficking of internalized exosomes in BMECs, early and
late endosomal markers were used to identify endosomal trafficking machinery. BMECs
were pre-incubated with cholera toxin B (CtxB), a late endosomal compartment marker, and
cultured with PKH67-labeled exosomes for 1 or 3 hours. Confocal microscopy analysis
revealed that colocalization of exosomes and CtxB was observed at 1 hour (Fig. 7a, panel i
and ii), and accumulation of colocalization was significantly increased at 3 hours in both
native and TNF-a treated BMECs (P< 0.05, Fig. 7a, panel iii and iv and 7b), in agreement
with our previous data showing the uptake of exosomes in a time-dependent manner (Fig 6a
and 6b). Internalized exosomes were also observed to co-localize with transferrin (Tfn)-
Texas Red, an early endosome marker, in BMECs (Fig. 7c and 7d). Taken together, these
data suggest that exosomes can be internalized by BMECs and subsequently trafficked via
endocytic mechanisms.

To study the active transcellular route of exosomes across the BMEC monolayer /n vitro, a
pulse-chase analysis and transwell assay were employed. Pulse-hGluc-Lact exosomes were
added to the luminal chamber and incubated with cells for 6 hours. For exosome chasing,
hGluc-Lact exosomes were then removed and cells were washed prior to addition of
unlabeled exosomes. Cells were then incubated with unlabeled exosomes for 6 and 18 hours
(Fig. 8a). Conditioned media from both luminal and abluminal chambers were collected, and
luciferase activity was measured from combined luminal and abluminal chambers (since
BMEC:s are expected to secrete on both sides) and normalized to total hGluc-Lact exosomes
at 0 h. In other words, the relative luciferase activity of secreted exosomes over total input
exosomes indicated the percentage of exosomes secreted by BMECs. Bioluminescence
activity was observed in both luminal and abluminal chambers, revealing the secretion of
hGluc-Lact exosomes by exosome-pulsed BMECs in a time dependent manner (P< 0.0001
Fig. 8b). Importantly, a significant increase of exosome secretion was found in the TNF-a
stimulated condition compared to unstimulated condition (P<0.05, T=6h; P<0.05, T =
12 hand P<0.01, T = 24 h, Fig. 8b), which is consistent with the observation of increased
exosome uptake by BMECs leading to subsequent increased exocytosis.

Exosome internalization by BMECs includes clathrin-dependent and caveolae-dependent

routes

As previous studies have reported that cell uptake of exosomes includes an active
endocytosis mechanism®® 34, using uptake assay we next examined whether or not exosome
uptake by BMECs and transmigrate the BMEC monolayer is an energy-requiring process or
a passive membrane diffusion process (Fig. 9). Incubation of cells with exosomes at 4°C for
1 hour significantly reduced exosome uptake compared to the usual 37 °C incubation,
indicating the operation of an energy-dependent process (P < 0.05, Fig. 10c). Exosomes can
be internalized into target cells through different mechanisms, including phagocytosis,
macropinocytosis, clathrin-mediated endocytosis (CME), lipid raft (caveolae)-mediated
endocytosis and plasma membrane fusion34 55 60, Therefore, we further investigated which
endocytic pathways were most involved in exosome entry into BMECs. Various
pharmacological inhibitors of endocytic transport, including amiloride, a Na*/H* exchanger
to block macropinocytosis; filipin 111, methyl-p-cyclodextrin (MBCD), nystatin, to inhibit
lipid raft/caveolae-mediated endocytosis; chlorpromazine (CPZ), to inhibit clathrin-
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dependent endocytosis, and cytochalasin D, to depolymerize actin and inhibit fluid-phase
macropinocytois were used to examine exosome transcellular trafficking across the BMECs
monolayer (Fig. 9).

As cytotoxicity and specificity of endocytosis inhibitor were reported to be cell-type
dependent®, the cellular viability of BMECs after treatment with the various concentrations
of endocytosis inhibitors was measured using XTT assay. Cellular viability was significantly
reduced only at high concentration of most inhibitors, and therefore the concentrations of
endocytosis inhibitors used in all subsequent studies were: CPZ (15 uM), cytochalasin D (20
uM), amiloride (ImM), methyl- B -cyclodextrin (MBCD, 5 mM), filipin 111 (5 uM), or
nystatin (5 pM) (Fig. 10a). Next, we examined the effectiveness and specificity of
endocytosis inhibitors at the concentrations determined above using endocytic markers
specific for each endocytosis mechanism. Transferrin, CtxB, and dextran were shown to be
internalized by CDE, caveolae-mediated endocytosis, and macropinocytosis,

respectively>® 63, Treatment with amiloride and cytochalasin D were shown to specifically
inhibit macropinocytosis, and CPZ was revealed to significantly inhibit CDE. Treatment
with filipin 111, MBCD, or nystatin prior to CtxB incubation exhibited a significant reduction
in dye uptake, confirming a blockage of caveolae-mediated endocytosis (Fig. 10b).

To study which mechanisms were mostly involved in exosome endocytosis pathways, cells
were pretreated with endocytosis inhibitors for 30 minutes follow by exosomes incubation
for 1 hour. Exosome uptake was significantly inhibited by filipin 111 (73% for native, P<
0.001 and 64% for TNF-a, £< 0.0001, respectively), MBCD (49% for native, £ < 0.0001,
and 39% for TNF-a,, A< 0.0001, respectively), and nystatin (63% for native, £ < 0.0001,
and 54% for TNF-a,, A< 0.0001, respectively) (Fig. 10c), suggesting lipid raft disruption
blocked exosome internalization. Therefore, caveolae-dependent endocytosis is one likely
route of exosome internalization. Similarly, clathrin-dependent endocytosis inhibition by
CPZ attenuated uptake of exosomes in BMECs (45% for native and 29% for TNF-a,, P<
0.0001), also suggesting the involvement of this endocytic pathway. To further corroborate
these data, the transwell bioluminescence assay was employed to estimate the contribution
of the different endocytosis mechanisms under native and activated (TNF-a.) conditions.
Pretreatment of most inhibitors followed by 6 hours’ incubation of exosomes showed similar
results of exosome crossing in both native and TNF-a treated BMECs which are minimal in
both cases (Fig. 11a). Interestingly, filipin 111 showed a promotional effect on exosome
migration in both conditions. This is probably due to a high concentration of filipin 111 (5
uUM) used in this study, which led to membrane permeabilization and an increase of exosome
transport®l. Most inhibitor treatments resulted in a significant reduction of exosome
migration from luminal to abluminal chamber at 18 hours most notably in the case of TNF-a
treated BMEC system while minimal exosome bypassing native BMECs was observed with
or without inhibitor treatment (Fig. 11b). The attenuation of exosome crossing by inhibition
of endocytosis indicated that exosomes cross TNF-a treated BMEC monolayer largely via
the transcellular route. Importantly, multiple endocytosis mechanisms (as judged by the
effects on exosome crossing exerted by their corresponding inhibitors) are likely involved in
exosome transcellular migration. For example, abrogation of caveolae-mediated endocytosis
by cholesterol-depleting agents MBCD and filipin I11 resulted in significant reductions in
exosome transcellular migration (Fig. 11). Likewise, inhibition of clathrin-dependent
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endocytosis by CPZ (which decreases the formation of clathrin-coated pits at the plasma
membrane) suggested that the uptake and transport of exosomes across the BMECs is also
dependent on clathrin-mediated endocytosis (Fig. 11). However, cytochalasin D, which has
been reported to increase dextran uptake and decrease microparticle uptake in human brain
endothelial cells!4, here altered exosome intracellular trafficking in both native and TNF-a
stimulated conditions. Moreover, another inhibitor, amiloride, which has been reported to
alter intracellular pH homeostasis, here also reduced exosome migration during the TNF-a
activated condition. One possible explanation could be that changes in intracellular pH
delayed altered lysosome acidification and subsequently diminished exosome exocytosis.

Intriguingly, a relative reduction in exosome crossing through the BMEC monolayer was
observed when cells were treated with TNF-a at 4°C compared to the native BMECs at 4°C
(P<0.01, Fig. 11), suggesting low temperature might also attenuate TNF-a induced
changes in the BBB barrier function. Additionally, exosomes were incubated at 37°C and
4°C under the complete absence of cells to determine any measurable temperature effects on
the exosome diffusion rate. No significant differences between 37°C and 4°C were observed
when incubating exosomes for 6, 18, and 24 hours in the absence of a BMEC monolayer
(Fig. S5), suggesting that temperature effects did not affect the background diffusion of
€X0S0mes.

These inhibitor studies are generally consistent with clathrin and caveolae-mediated
mechanisms of exosome internalization of BMECs suggested by examination of the
colocalization of early and late endocytic markers. That is, colocalization of exosomes and
Tfn, which is a marker of clathrin-mediated endocytosis, confirmed the exosome uptake by
BMECs involves clathrin-dependent endocytosis mechanism (Fig. 7c and 7d). Likewise,
colocalization of exosomes and CtxB, which is a marker of caveolae-mediated endocytosis,
verified that exosome internalization is associated with lipid raft-mediated endocytosis (Fig.
7a and 7b). Together, these data suggested that exosomes could cross the in vitro BBB
model through primarily transcellular routes rather than the passive paracellular route. For
the transcellular crossing, both clathrin-mediated endocytosis and caveolae-mediated
endocytosis likely play important roles in exosome transport.

CONCLUSIONS

The BBB, also referred to as the blood-brain interface?, protects the brain from harmful
chemicals or toxins from the systemic circulation, yet it also results in the inability of most
therapeutics to cross the BBB and reach the CNS. So far, several approaches have been
investigated to increase the transport of therapeutics to the brain, including local invasive
intracerebroventricular (ICV) infusion, intranasal administration, induction of permeability
by temporary disruption of the BBB (e.g., by ultrasound), use of prodrugs that can bypass
BBB, pharmacological strategies using colloidal drug carriers such as nanoparticles or
liposomes, more complex methods using endogenous transport mechanisms (either receptor
mediated transport of chimeric proteins or carrier mediated transport of nutrients), and
transient inhibition of drug efflux mechanisms# 10 13. 38,39 Nevertheless, delivering
therapeutic and diagnostic agents across the BBB remains a daunting challenge.
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Exosomes are involved in a variety of activities in the CNS, including neuron-glia
communication, inducing neurite outgrowth and neuronal survival, transfer of toxic proteins
including p-amyloid peptide that contributes to pathogenic amyloid-p deposition, mediation
of neuronal development, and modulation of synaptic activityl2 16. 21 Endogenously as well
as exogenously administered exosomes may be potential therapeutic agents to mediate and
treat neurological diseases’4. Moreover, under certain pathological conditions including
stroke and traumatic brain injuries, exosomes were shown to have significant therapeutic
effects and neurological improvements’# 76, In addition, extracellular vesicles (EVs) have
been found to mediate, in part, the curative effects of cell-based therapies for CNS
diseases®®: 73, Thus, understanding the mechanisms of how EVs, particularly exosomes, may
bypass the BBB to exert their curative effects or deliver intended cargo is a prerequisite to
developing EVs as carriers of therapeutic or diagnostic agents for CNS diseases.

Here, we investigated the interactions between BMECs and exosomes trafficking /n vitro
under healthy and stroke-like conditions. Exosomes labeled with hGluc could readily be
detected via bioluminescence, which allowed us to evaluate exosome trafficking
quantitatively in vitro and will likely enable their use in future studies on EV biodistribution
/n vivo in both the healthy and pathological CNS. In particular, we observed that not only
compromised TJs, but also are other cell functions including endocytosis were affected by
cell activation with the inflammatory cytokine TNF-a (i.e., under stroke-like conditions)®.
Specifically, we demonstrated that luciferase-carrying exosomes (hGluc-Lact exosomes)
could be internalized by BMECs, and cross BMECs more effectively under stroke-like
conditions /n vitro. Using confocal microscopy, we demonstrated that exosomes are
internalized by BMECs through endocytosis and accumulate in endosomes. In addition, the
majority of exosome crossing the BMEC monolayer was via the transcellular route (i.e.
endocytosis, MVB formation and exocytosis across the other side of the layer), with little via
the paracellular route (i.e. via passive diffusion though intercellular gaps between BMECS).
However, as a caveat of this study, the exosome exocytosis and intracellular fate of
exosomes were not investigated in this study. It is likely that a fraction of the exosomes fuse
with lysosomes resulting in their digestion. Also, de novo generated exosomes are expected
to be secreted by BMECs, in part influenced by events triggered by internalization of
exogenous exosomes. A major fate of internalized exosomes is through the formation of
MVBs that rely on multi-subunit endosomal sorting complex required for transport (ESCRT)
machinery®2. Internalized exosomes as well as de novo generated exosomes are termed
intraluminal vesicles (ILVs). MVBs hosting ILVs can traffic to and fused with the plasma
membrane to liberate exosomes3’, in the process utilizing Rab family and small GTPases. In
addition, the endosome associated proteins including soluble N-ethylmaleimide-sensitive
factor attachment protein receptor (SNARE) proteins and annexins have also been proposed
to involve in mediating vesicular trafficking of MVBs and regulating exosome release from
the plasma membraneb1: 8. A different possible fate of internalized exosomes is the fusion of
MVBs with lysosomes to degrade the exosomes/ILVs. Furthermore, different pathways of
exosome secretion can differ between different cell types, with BMECs particularly active in
coupled edocytosis-exocytosis to yield efficient transcytosis of molecules such as albumin,
antibodies and various growth factors?2 45, The intracellular trafficking of exosome
secretion by BMECs after endocytosis was not examined in detail in this present study, but

Cell Mol Bioeng. Author manuscript; available in PMC 2017 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 17

future studies are expected to further elucidate the exocytic trafficking of exosomes in the
context of healthy and pathological BBB conditions®2.

Our data suggest that exosomes derived from 293T cells can be internalized by multiple
pathways of endocytosis, including clathrin-dependent and caveolae-dependent routes.
Nonetheless, since cellular uptake of exosomes depends on specific ligand receptors or lipid
rafts®>, future studies should focus on more precisely identifying the molecular mechanisms
at play on the interaction of exosomes with BMECs. For example, by using engineered
exosomes from different cellular sources that carry therapeutic potential, functional
antibodies to block receptor-ligand interactions, or siRNA to knockdown specific genes that
involves in endocytic process for exosome uptake, their MVB formation, their exocytosis as
newly released exosomes and their passive diffusion across BMEC intercellular gaps may
further unravel molecular mechanisms of exosomes migration across the BBB.

This study therefore paves the way for further development of engineered exosomes as drug
delivery vehicles or tracking tools for treating or monitoring neurological diseases. Although
in vitro BMEC monolayers recapitulate many of the characteristic features of the in vivo
BBB, incorporation of other cell types, such as primary astrocytes, pericytes, and
reconstituted basement membrane may provide a more robust model. As exosome
composition varies from one cell type to the other8, the intercellular communication and
cellular trafficking between exosomes and BMECs might depend on the cell source and their
treatment prior to exosomes production. Although exosomes produced by the cell line HEK
293T used in this study have been engineered and used for potential drug delivery vesicles3,
EVs derived from cell types that have been widely used in translational applications,
including MSCs and immune cells®0, are likely more ideal candidates to derive EVs for
therapeutic use in clinic and will be considered in the future studies.

Moreover, additional /7 vivo and ex vivo assays are expected to further elucidate the
physiological mechanisms of exosomes crossing the BBB and their biodistribution in the
healthy and pathological CNS in animal models. While here we did not study exosomes
biodistribution in the brain, it would be interesting to employ our sensitive hGluc exosomes
labeling system in brain slices and in live animals /7 vivo. This system can be used to
examine whether or not exosomes can be utilized to deliver therapeutic agents to specific
regions of the injured brain. Taken together, our study provides insights into the
development of exosomes as emerging therapeutic vehicles and diagnostic tools in the near
future. The ease of bioengineering and superior biodistribution characteristics of exosomes
may enable their likely therapeutic roles as drug delivery vehicles, in addition to their better-
studied intrinsic curative abilities.
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Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

We thank Dr. W. Liao and M. Lu for discussion and technique training. We thank C. Deighan from Malvern
Instruments for assistance with the use of NanoSight NS300 instrument for NTA analysis. This work was supported

Cell Mol Bioeng. Author manuscript; available in PMC 2017 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

by

Page 18

the National Institute of Health (LDP2CA195763-01), American Heart Association (13BGIA17140099) and UC

Irvine Academic Senate Council on Research, Computing, and Libraries (CORCL) Research Grant
(SI1G-2013-2014-25). CCC was supported by National Science Foundation Graduate Research Fellowship (NSF
GRFP). SXZ was supported by a Cardiovascular Applied Research and Entrepreneurship fellowship (NIH/NHLBI

T3

2).

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Abbott NJ, Ronnback L, Hansson E. Astrocyte-endothelial interactions at the blood-brain barrier.
Nat Rev Neurosci. 2006; 7:41-53. [PubMed: 16371949]

. Alvarez-Erviti L, Seow Y, Yin H, Betts C, Lakhal S, Wood MJ. Delivery of siRNA to the mouse

brain by systemic injection of targeted exosomes. Nat Biotechnol. 2011; 29:341-345. [PubMed:
21423189]

. Andreone BJ, Lacoste B, Gu C. Neuronal and vascular interactions. Annu Rev Neurosci. 2015;

38:25-46. [PubMed: 25782970]

. Banks WA.. From blood-brain barrier to blood-brain interface: new opportunities for CNS drug

delivery. Nat Rev Drug Discov. 2016

. Chen J, Zhang ZG, Li Y, Wang L, Xu Y X, Gautam SC, Lu M, Zhu Z, Chopp M. Intravenous

administration of human bone marrow stromal cells induces angiogenesis in the ischemic boundary
zone after stroke in rats. Circ Res. 2003; 92:692-699. [PubMed: 12609969]

. Colombo M, Raposo G, Thery C. Biogenesis, secretion, and intercellular interactions of exosomes

and other extracellular vesicles. Annu Rev Cell Dev Biol. 2014; 30:255-289. [PubMed: 25288114]

. Deli MA, Descamps L, Dehouck MP, Cecchelli R, Joo F, Abraham CS, Torpier G. Exposure of

tumor necrosis factor-alpha to luminal membrane of bovine brain capillary endothelial cells
cocultured with astrocytes induces a delayed increase of permeability and cytoplasmic stress fiber
formation of actin. J Neurosci Res. 1995; 41:717-726. [PubMed: 7500373]

. Dendrou CA, Fugger L, Friese MA. Immunopathology of multiple sclerosis. Nat Rev Immunol.

2015; 15:545-558. [PubMed: 26250739]

. Descamps L, Cecchelli R, Torpier G. Effects of tumor necrosis factor on receptor-mediated

endocytosis and barrier functions of bovine brain capillary endothelial cell monolayers. J
Neuroimmunol. 1997; 74:173-184. [PubMed: 9119971]
Dobson PD, Kell DB. Carrier-mediated cellular uptake of pharmaceutical drugs: an exception or
the rule? Nat Rev Drug Discov. 2008; 7:205-220. [PubMed: 18309312]
Dulamea AO. The potential use of mesenchymal stem cells in stroke therapy-From bench to
bedside. Journal of the Neurological Sciences. 2015; 352:1-11. [PubMed: 25818674]
El-Andaloussi S, Mager I, Breakefield XO, Wood MJ. Extracellular vesicles: biology and emerging
therapeutic opportunities. Nat Rev Drug Discov. 2013; 12:347-357. [PubMed: 23584393]
Etame AB, Diaz RJ, Smith CA, Mainprize TG, Hynynen K, Rutka JT. Focused ultrasound
disruption of the blood-brain barrier: a new frontier for therapeutic delivery in molecular
neurooncology. Neurosurg Focus. 2012; 32:E3.
Faille D, El-Assaad F, Mitchell AJ, Alessi MC, Chimini G, Fusai T, Grau GE, Combes V.
Endocytosis and intracellular processing of platelet microparticles by brain endothelial cells. J Cell
Mol Med. 2012; 16:1731-1738. [PubMed: 21883894]
Fischer S, Wiesnet M, Marti HH, Renz D, Schaper W. Simultaneous activation of several second
messengers in hypoxia-induced hyperpermeability of brain derived endothelial cells. J Cell
Physiol. 2004; 198:359-369. [PubMed: 14755541]
Fruhbeis C, Frohlich D, Kramer-Albers EM. Emerging roles of exosomes in neuron-glia
communication. Front Physiol. 2012; 3:119. [PubMed: 22557979]
Gabathuler R. Approaches to transport therapeutic drugs across the blood-brain barrier to treat
brain diseases. Neurobiol Dis. 2010; 37:48-57. [PubMed: 19664710]
Ge QY, Zhou Y X, Lu JF, Bai YF, Xie XY, Lu ZH. miRNA in Plasma Exosome is Stable under
Different Storage Conditions. Molecules. 2014; 19:1568-1575. [PubMed: 24473213]

Cell Mol Bioeng. Author manuscript; available in PMC 2017 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Page 19

Hsu J, Rappaport J, Muro S. Specific binding, uptake, and transport of ICAM-1-targeted
nanocarriers across endothelial and subendothelial cell components of the blood-brain barrier.
Pharm Res. 2014; 31:1855-1866. [PubMed: 24558007]

Imai T, Takahashi Y, Nishikawa M, Kato K, Morishita M, Yamashita T, Matsumoto A,
Charoenviriyakul C, Takakura Y. Macrophage-dependent clearance of systemically administered
B16BL6-derived exosomes from the blood circulation in mice. J Extracell Vesicles. 2015;
4:26238. [PubMed: 25669322]

Kalani A, Tyagi A, Tyagi N. Exosomes: mediators of neurodegeneration, neuroprotection and
therapeutics. Mol Neurobiol. 2014; 49:590-600. [PubMed: 23999871]

Komarova Y, Malik AB. Regulation of endothelial permeability via paracellular and transcellular
transport pathways. Annu Rev Physiol. 2010; 72:463-493. [PubMed: 20148685]

Kourembanas S. Exosomes: vehicles of intercellular signaling, biomarkers, and vectors of cell
therapy. Annu. Rev. Physiol. 2015; 77:13-27. [PubMed: 25293529]

Lai CP, Mardini O, Ericsson M, Prabhakar S, Maguire CA, Chen JW, Tannous BA, Breakefield
XO. Dynamic Biodistribution of Extracellular Vesicles in Vivo Using a Multimodal Imaging
Reporter. Acs Nano. 2014; 8:483-494. [PubMed: 24383518]

Lasser C. Exosomes in diagnostic and therapeutic applications: biomarker, vaccine and RNA
interference delivery vehicle. Expert Opin. Biol. Ther. 2015; 15:103-117. [PubMed: 25363342]
Lasser C, O’Neil SE, Ekerljung L, Ekstrom K, Sjostrand M, Lotvall J. RNA-containing exosomes
in human nasal secretions. Am J Rhinol Allergy. 2011; 25:89-93. [PubMed: 21172122]

Lee CC, MacKay JA, Frechet JM, Szoka FC. Designing dendrimers for biological applications. Nat
Biotechnol. 2005; 23:1517-1526. [PubMed: 16333296]

Lee RH, Pulin AA, Seo MJ, Kota DJ, Ylostalo J, Larson BL, Semprun-Prieto L, Delafontaine P,
Prockop DJ. Intravenous hMSCs improve myocardial infarction in mice because cells embolized
in lung are activated to secrete the anti-inflammatory protein TSG-6. Cell Stem Cell. 2009; 5:54—
63. [PubMed: 19570514]

Liao W, Pham V, Liu L, Riazifar M, Pone EJ, Zhang SX, Ma F, Lu M, Walsh CM, Zhao W.
Mesenchymal stem cells engineered to express selectin ligands and IL-10 exert enhanced
therapeutic efficacy in murine experimental autoimmune encephalomyelitis. Biomaterials. 2016;
77:87-97. [PubMed: 26584349]

Liu L, Eckert MA, Riazifar H, Kang DK, Agalliu D, Zhao W. From blood to the brain: can
systemically transplanted mesenchymal stem cells cross the blood-brain barrier? Stem Cells Int.
2013; 2013:435093. [PubMed: 23997771]

Liu L, Zhang SX, Aeran R, Liao W, Lu M, Polovin G, Pone EJ, Zhao W. Exogenous marker-
engineered mesenchymal stem cells detect cancer and metastases in a simple blood assay. Stem
Cell Res Ther. 2015; 6:181. [PubMed: 26391980]

Manders EMM, Verbeek FJ, Aten JA. Measurement of Colocalization of Objects in Dual-Color
Confocal Images. Journal of Microscopy-Oxford. 1993; 169:375-382.

Mathivanan S, Ji H, Simpson RJ. Exosomes: extracellular organelles important in intercellular
communication. J Proteomics. 2010; 73:1907-1920. [PubMed: 20601276]

Mulcahy LA, Pink RC, Carter DR. Routes and mechanisms of extracellular vesicle uptake. J
Extracell Vesicles. 2014; 3

Obermeier B, Daneman R, Ransohoff RM. Development, maintenance and disruption of the blood-
brain barrier. Nat Med. 2013; 19:1584-1596. [PubMed: 24309662]

Ohno S, Takanashi M, Sudo K, Ueda S, Ishikawa A, Matsuyama N, Fujita K, Mizutani T, Ohgi T,
Ochiya T, Gotoh N, Kuroda M. Systemically injected exosomes targeted to EGFR deliver
antitumor microRNA to breast cancer cells. Mol Ther. 2013; 21:185-191.

Ostrowski M, Carmo NB, Krumeich S, Fanget I, Raposo G, Savina A, Moita CF, Schauer K, Hume
AN, Freitas RP, Goud B, Benaroch P, Hacohen N, Fukuda M, Desnos C, Seabra MC, Darchen F,
Amigorena S, Moita LF, Thery C. Rab27a and Rab27b control different steps of the exosome
secretion pathway. Nat Cell Biol. 2010; 12(supp 1- 13):19-30. [PubMed: 19966785]

Pardridge WM. Targeted delivery of protein and gene medicines through the blood-brain barrier.
Clin Pharmacol Ther. 2015; 97:347-361. [PubMed: 25669455]

Cell Mol Bioeng. Author manuscript; available in PMC 2017 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Page 20

Pardridge WM. Blood-brain barrier endogenous transporters as therapeutic targets: a new model
for small molecule CNS drug discovery. Expert Opin Ther Targets. 2015; 19:1059-1072.
[PubMed: 25936389]

Pardridge WM. Drug transport across the blood-brain barrier. J Cereb Blood Flow Metab. 2012;
32:1959-1972. [PubMed: 22929442]

Pardridge WM. The blood-brain barrier: bottleneck in brain drug development. NeuroRx. 2005;
2:3-14. [PubMed: 15717053]

Peer D, Karp JM, Hong S, Farokhzad OC, Margalit R, Langer R. Nanocarriers as an emerging
platform for cancer therapy. Nat Nanotechnol. 2007; 2:751-760. [PubMed: 18654426]

Petros RA, DeSimone JM. Strategies in the design of nanoparticles for therapeutic applications.
Nat. Rev. Drug. Discov. 2010; 9:615-627. [PubMed: 20616808]

Pols MS, Klumperman J. Trafficking and function of the tetraspanin CD63. Exp Cell Res. 2009;
315:1584-1592. [PubMed: 18930046]

Raposo G, Stoorvogel W. Extracellular vesicles: Exosomes, microvesicles, and friends. Journal of
Cell Biology. 2013; 200:373-383. [PubMed: 23420871]

Ridder K, Keller S, Dams M, Rupp AK, Schlaudraff J, Del Turco D, Starmann J, Macas J, Karpova
D, Devraj K, Depboylu C, Landfried B, Arnold B, Plate KH, Hoglinger G, Sultmann H, Altevogt
P, Momma S. Extracellular vesicle-mediated transfer of genetic information between the
hematopoietic system and the brain in response to inflammation. Plos Biology. 2014; 12

Rochfort KD, Collins LE, Murphy RP, Cummins PM. Downregulation of blood-brain barrier
phenotype by proinflammatory cytokines involves NADPH oxidase-dependent ROS generation:
consequences for interendothelial adherens and tight junctions. PLoS One. 2014; 9:¢101815.
[PubMed: 24992685]

Rubin LL, Staddon JM. The cell biology of the blood-brain barrier. Annu Rev Neurosci. 1999;
22:11-28. [PubMed: 10202530]

Sandoval KE, Witt KA. Blood-brain barrier tight junction permeability and ischemic stroke.
Neurobiol Dis. 2008; 32:200-219. [PubMed: 18790057]

Schiera G, Di Liegro CM, Di Liegro I. Extracellular membrane vesicles as vehicles for brain cell-
to-cell interactions in physiological as well as pathological conditions. Biomed Research
International. 2015

Schnitzer JE, Oh P, Pinney E, Allard J. Filipin-sensitive caveolae-mediated transport in
endothelium: reduced transcytosis, scavenger endocytosis, and capillary permeability of select
macromolecules. J Cell Biol. 1994; 127:1217-1232. [PubMed: 7525606]

Shlosberg D, Benifla M, Kaufer D, Friedman A. Blood-brain barrier breakdown as a therapeutic
target in traumatic brain injury. Nature Reviews Neurology. 2010; 6:393-403. [PubMed:
20551947]

Song J. Ischemic apoplexy-induced sequelae treated by penetrating puncture with long needles. J
Tradit Chin Med. 2002; 22:200-202. [PubMed: 12400428]

Sordi V, Malosio ML, Marchesi F, Mercalli A, Melzi R, Giordano T, Belmonte N, Ferrari G, Leone
BE, Bertuzzi F, Zerbini G, Allavena P, Bonifacio E, Piemonti L. Bone marrow mesenchymal stem
cells express a restricted set of functionally active chemokine receptors capable of promoting
migration to pancreatic islets. Blood. 2005; 106:419-427. [PubMed: 15784733]

Svensson KJ, Christianson HC, Wittrup A, Bourseau-Guilmain E, Lindqvist E, Svensson LM,
Morgelin M, Belting M. Exosome uptake depends on ERK1/2-heat shock protein 27 signaling and
lipid Raft-mediated endocytosis negatively regulated by caveolin-1. J Biol Chem. 2013;
288:17713-17724. [PubMed: 23653359]

Takahashi Y, Nishikawa M, Shinotsuka H, Matsui Y, Ohara S, Imai T, Takakura Y. Visualization
and in vivo tracking of the exosomes of murine melanoma B16-BL6 cells in mice after intravenous
injection. J Biotechnol. 2013; 165:77-84. [PubMed: 23562828]

Takeshita Y, Obermeier B, Cotleur A, Sano Y, Kanda T, Ransohoff RM. An in vitro blood-brain
barrier model combining shear stress and endothelial cell/astrocyte co-culture. J Neurosci
Methods. 2014; 232:165-172. [PubMed: 24858797]

Cell Mol Bioeng. Author manuscript; available in PMC 2017 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Page 21

Tannous BA, Kim DE, Fernandez JL, Weissleder R, Breakefield XO. Codon-optimized Gaussia
luciferase cDNA for mammalian gene expression in culture and in vivo. Mol Ther. 2005; 11:435-
443. [PubMed: 15727940]

Thery C, Amigorena S, Raposo G, Clayton A. Isolation and characterization of exosomes from cell
culture supernatants and biological fluids. Chapter 3: Unit 3. Curr Protoc Cell Biol. 2006; 22

Thery C, Ostrowski M, Segura E. Membrane vesicles as conveyors of immune responses. Nat Rev
Immunol. 2009; 9:581-593. [PubMed: 19498381]

Thery C, Zitvogel L, Amigorena S. Exosomes: composition, biogenesis and function. Nat Rev
Immunol. 2002; 2:569-579. [PubMed: 12154376]

Thompson AG, Gray E, Heman-Ackah SM, Mager I, Talbot K, Andaloussi SE, Wood MJ, Turner
MR. Extracellular vesicles in neurodegenerative disease - pathogenesis to biomarkers. Nat Rev
Neurol. 2016; 12:346-357. [PubMed: 27174238]

Tian T, Zhu YL, Zhou YY, Liang GF, Wang Y, Hu FH, Xiao ZD. Exosome uptake through
clathrin-mediated endocytosis and macropinocytosis and mediating miR-21 delivery. J Biol Chem.
2014; 289:22258-22267. [PubMed: 24951588]

Torchilin VP. Multifunctional, stimuli-sensitive nanoparticulate systems for drug delivery. Nat.
Rev. Drug Discov. 2014; 13:813-827. [PubMed: 25287120]

Torchilin VP. Recent advances with liposomes as pharmaceutical carriers. Nat Rev Drug Discov.
2005; 4:145-160. [PubMed: 15688077]

Trumpp A, Essers M, Wilson A. Awakening dormant haematopoietic stem cells. Nat Rev Immunol.
2010; 10:201-209. [PubMed: 20182459]

Upadhyay RK. Drug delivery systems, CNS protection, and the blood brain barrier. Biomed Res
Int. 2014; 2014:869269. [PubMed: 25136634]

Valadi H, Ekstrom K, Bossios A, Sjostrand M, Lee JJ, Lotvall JO. Exosome-mediated transfer of
mRNAs and microRNAs is a novel mechanism of genetic exchange between cells. Nat Cell Biol.
2007; 9:654-659. [PubMed: 17486113]

Vercauteren D, Vandenbroucke RE, Jones AT, Rejman J, Demeester J, De Smedt SC, Sanders NN,
Braeckmans K. The use of inhibitors to study endocytic pathways of gene carriers: optimization
and pitfalls. Mol Ther. 2010; 18:561-569. [PubMed: 20010917]

Wajant H, Pfizenmaier K, Scheurich P. Tumor necrosis factor signaling. Cell Death Differ. 2003;
10:45-65. [PubMed: 12655295]

Whalen GF, Shing Y, Folkman J. The fate of intravenously administered bFGF and the effect of
heparin. Growth Factors. 1989; 1:157-164. [PubMed: 2624780]

Wolburg H, Lippoldt A. Tight junctions of the blood-brain barrier: development, composition and
regulation. Vascul Pharmacol. 2002; 38:323-337. [PubMed: 12529927]

Xin H, Li Y, Chopp M. Exosomes/miRNAs as mediating cell-based therapy of stroke. Front Cell
Neurosci. 2014; 8:377. [PubMed: 25426026]

Xin H, LiY, Cui Y, Yang JJ, Zhang ZG, Chopp M. Systemic administration of exosomes released
from mesenchymal stromal cells promote functional recovery and neurovascular plasticity after
stroke in rats. J Cereb Blood Flow Metab. 2013; 33:1711-1715. [PubMed: 23963371]

Yang T, Martin P, Fogarty B, Brown A, Schurman K, Phipps R, Yin VP, Lockman P, Bai S.
Exosome delivered anticancer drugs across the blood-brain barrier for brain cancer therapy in
Danio rerio. Pharm Res. 2015; 32:2003-2014. [PubMed: 25609010]

Zhang Y, Chopp M, Meng Y, Katakowski M, Xin H, Mahmood A, Xiong Y. Effect of exosomes
derived from multipluripotent mesenchymal stromal cells on functional recovery and
neurovascular plasticity in rats after traumatic brain injury. J Neurosurg. 2015; 122:856-867.
[PubMed: 25594326]

Zhuang X, Xiang X, Grizzle W, Sun D, Zhang S, Axtell RC, Ju S, Mu J, Zhang L, Steinman L,
Miller D, Zhang HG. Treatment of brain inflammatory diseases by delivering exosome
encapsulated anti-inflammatory drugs from the nasal region to the brain. Mol Ther. 2011;
19:1769-1779. [PubMed: 21915101]

Cell Mol Bioeng. Author manuscript; available in PMC 2017 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Chen et al.

(a)

Counts

Page 22
(b)
Culture Medi r Native ~18 hGluc-Lact
~urre Hediam E | 96 E | 80
! w | -~ 5 - 15
4 3 12
Centrifugation \l/ ©° 4 o
3 - 2 ta3 €9
(i) Conditioned Medium 8 : g 5
(ii) Ultra- = °
tU;tra— i \L\ centrifugation x 1 x 3
centriiugation Supernatant 2 0 g O
(iii) Exosomes o 0 100 200 300 400 500 g 0 100 200 300 400 500
© Particle size (nm) © Particle size (nm)
5
(d) ?
R\ <O 0'\'
300 & >
\> O O
N > O
5 : MFI: () CD63 | === wwmmm == |53kDa
¢ Isotype (304) N
| (i) CD81 | = wme ammme | 26 kDa
I
100 i CD9 (11.709) (iii) CD9  hsmmmn s 99 | 28 kDa
/ | (iv) Gluc S | 55 kDa
0
o 10° 10* 10°
. i 20kDa
Fluorescence Intensity =

Fig. 1. Exosome engineering and characterization
(a) Schematic depiction of the isolation protocol for exosomes. (b) Size distribution of native

and hGluc-Lact exosomes measured by nanoparticle tracking analysis (NTA). (c) Flow
cytometry detection of exosome characterization. Exosomes were incubated with anti-CD63
Dynabeads and immunostained with exosomal surface markers (CD9, CD63, and CD81).
Green histogram is the isotype control. Data were quantified and expressed as MFI (mean
fluorescence intensity). (d) Western blot analysis of the marker proteins (i) CD63, (ii) CD81,
and (iii) CD9 and (iv) Gluc on exosomes, respectively. Exosomes were purified from
conditioned medium and characterized using western blot for the presence of typical
exosomal markers CD63, CD81, and CD9. Additionally, Gluc detection by immunoblot of
purified exosomes showed that hGluc-Lact fusion protein bound to the exosomal
membranes.
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Fig. 2. Validation of hGluc-labeled exosomes using in vitro bioluminescence Assays
(&) /n vitro bioluminescence assay of conditioned medium, ultra-centrifugation supernatant

and exosomes. (i) Conditioned medium collected from 293T cells, (ii) supernatant collected
after serial steps of ultra-centrifugation and (iii) exosomes purified from 293T cells through
ultra-centrifugation were diluted in PBS. CTZ was then added at a final concentration of 25
UM. Gaussia luciferase (hGluc) activity was measured using 1VIS Lumina (exposure time
0.5s). (b) hGluc activity was significantly higher in conditioned medium. Error bar: mean +
SEM. ****P < (0.0001. (c) After ultra-centrifugation, hGluc activity was mainly detected in
hGluc-Lact exosomes, indicating hGluc was enriched on exosomes. Error bar: mean + SEM.
**** P < (0.0001.
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Fig. 3. In vitro model of the BBB using BMEC monolayer indicated that stroke-like conditions
increased its permeabilit y

(a) The schematic representation of the /n vitro model of BBB. (b) A BMECs monolayer
was grown for 24 or 48 hours in a transwell insert, and then treated with TNF-a for 6 hours.
Permeability was measured using FITC-dextran. BMECs formed a low permeability barrier
after 48 hours, and permeability was increased significantly under TNF-a condition. Values
represent as means + SEM of relative ratio normalized to no cell control, set as 100%. **P <
0.01 and ****P< 0.0001 (c) Activation of BMECs with TNF-a regulates tight junction and
adherens junction protein expressions in BMEC monolayer on coverglass.
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Immunofluorescence of VE-cadherin, ZO-1, and Claudin-5 showed that their expression
levels were dramatically down-regulated after TNF-a treatment. DAPI was used for staining
nuclei. Scale bar: 20 pm.
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Fig. 4. Exosomes can cross BMEC monolayer under stroke-like conditionsin atranswell assay
(a) Schematic representation of the /7 vitro model of the BBB. hGluc-Lact exosomes were

added to the luminal chamber of the transwell and incubated with BMECs for various time
points. Both luminal and abluminal chambers of conditioned medium were collected for
bioluminescence assay. (b) and (c) Exosomes can cross BMECSs in stroke-like conditions. (b)
Representation of /n vitro bioluminescence assay. Conditioned medium from both luminal
and abluminal chambers were collected after exosome incubation and CTZ was added at a
final concentration of 25 M. Gaussia luciferase activity was measured immediately
thereafter using IVIS Lumina (exposure time 0.5s). (c) Quantitative analysis of /n vitro
bioluminescence assay of hGluc-Lact exosomes crossing both live and fixed BMECs at
different time points. Relative Gluc Activity = (abluminal chamber signal - native exo
signal) / (luminal chamber signal -native exo signal) x 100%. Error bar: mean + SEM.
Native vs. TNF-a: 7.5., not significant, *£< 0.05 and **P < 0.01. Live BMECs (TNF-a.) vs.
fixed BMECs (TNF-a) at 24 hours: #£P < 0.05.
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Fig. 5. Validation of exosome crossing BMEC monolayers
(a) Exosomes can cross the BMECs carrying hGluc /n vitro. hGluc-Lact exosomes were

labeled with the lipophilic dye PKH67, and were added to the luminal chamber of the
transwell. Conditioned medium from abluminal chambers were collected and then incubated
with a monolayer of BMEC on coverglass to further confirm the hGluc activity observed
from bioluminescence assay was directly from exosomes. (b) Exosomes uptake by BMECs.
hGluc conditioned medium of abluminal chamber stained with PKH67 was used as a
control. Scale bar: 20 um. (c) The schematic representation of exosome migration from
abluminal chamber to the luminal chamber under native and TNF-a-treated conditions. (d)
Quantitative analysis of exosome migration from abluminal to luminal chamber at 6 hours
and 18 hours. Relative bioluminescence activity suggested that there was no significant
difference between native and TNF-a-treated conditions at 6 hours, whereas the relative
bioluminescence activity is significant higher in BMECs treated with TNF-a. at 18 hours.
Relative Gluc Activity = (luminal chamber signal - native exo signal) / (abluminal chamber
signal - native exo signal) x 100%. Error bar: mean £ SEM. 7.s., not significant and *P <
0.05.
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Fig. 6. Exosome uptake by BMECs
(@) and (b) Confocal microscopy analysis of exosome uptake by BMECs. (a) Representative

pictures of exosome uptake under normal and stroke-like conditions at selected time points
(1, 6 and 18 hour). Exosomes were labeled with PKH67 (green), BMECs were stained with
CellMask (deep red), and DAPI (blue) was used for staining nuclei. Scale bar: 20 pm. (b)
Quantitative analysis of fluorescence intensity of the PKH67-labeled exosomes. Briefly, the
outline of each cell (7> 30) was drawn referring to the cell membrane labeling. The
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fluorescence intensity of intracellular exosomes that were specifically associated with the
cells was then quantified (see Methods). Error bar: mean + SEM. **P< 0.01.
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Fig. 7. Exosome colocalization with early and late endosomes
(a and b) Confocal microscopy analysis shows colocalization of cholera toxin B (CtxB) with

exosomes. (a) Representative pictures of colocalization of CtxB with exosomes under
normal and stroke-like conditions at 1 and 3 hours. Endosomes of BMECs (red, native or
TNF-a stimulated) were stained with CtxB-biotin conjugated with Alexa Fluor 594-
streptavidin for 30 minutes and then washed. PKH67-labeled exosomes (green) were
incubated with BMECs for 1 or 3 hours. DAPI was used for staining nuclei. Scale bar: 20
pum. (b) Quantitative analysis of colocalization of CtxB with exosomes. Manders’
Colocalization Coefficient denotes the fraction of endosome membrane co-localized with
exosomes. The coefficient tends to “1” if the exosomes are highly colocalized with
endosomes. Error bar: mean + SEM. Native vs. TNF-a.: *P< 0.05. Native 1 hour vs. 3 hours
or TNF-a 1 hour vs. 3 hours: #£< 0.05. (c and d) The colocalization of early (Tfn) and late
(CtxB) endosomes and exosomes. (c) Representative pictures of colocalization of (i) CtxB
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and (i) Tfn with exosomes under stroke-like conditions at 3 hours. PKH67-labeled
exosomes (green) were incubated with TNF-a stimulated BMECs for 3 hours, and then
endosomes of BMECs (red) were stained with CtxB-Alexa Fluor 594 or Tfn-Texas Red;
DAPI was used for staining nuclei. Scale bar: 20 um. (d) Quantitative analysis of (c) to
measure the association of exosomes with CtxB or Tfn. Error bar: mean + SEM. n.s., not
significant.
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(a) Hlustration of the pulse-chase experiment to study exosome exocytosis i1 vitro. (b)

Conditioned medium from BMECs pulsed for 6 hours with hGluc-labeled exosomes and
chased with unlabeled exosomes (at indicated time points) was collected from both luminal
and abluminal transwell chambers at indicated time points and hGluc activity was measured
using IVIS Lumina (CTZ final concentration: 25 pM, exposure time: 0.5s). Error bar: mean
+ SEM. Native vs. TNF-a: *P< 0.05 and **P< 0.01. Under TNF-a condition: ###p <
0.0001, as determined by one-way ANOVA with SNK post-hoc test.

Cell Mol Bioeng. Author manuscript; available in PMC 2017 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Chen et al. Page 33

Transcellular (iv) Paracellular
—
(i) Receptor-mediated (ii) Lipid Raft-mediated (iii) Macropinocytosis
Endocytosis Endocytosis
Inhibitor Inhibitors Inhibitors
CPz Filipin lll, MBCD, Nystatin Amiloride, Cytochalasin D

(ii) (iii) (iv)
T |
Nt Nt
e W |
Brain

Fig. 9. Potential mechanisms of exosome crossing the blood-brain barrier (BBB)
Schematic representation of the proposed mechanisms on how exosomes cross the BBB, and

diagram of the major endocytic pathways as well as their corresponding inhibitors used in
this study.
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Fig. 10. Effects of endocytosisinhibitorson exosomeinternalization
(a) BMECs were treated with the indicated endocytosis inhibitors for 30 minutes, and then

cell viability was determined by XTT assay. Relative cell viability was normalized to the
vehicle control (no inhibitor) set as 1. Error bar: mean £ SEM. *P< 0.05 and **P< 0.01, as
determined by one-way ANOVA with SNK post-hoc test. (b) BMECs were pretreated with
inhibitors or vehicle (no inhibitor), followed by incubation with Texas Red-transferrin,
Alexa Fluor 594-CtxB, or Alexa Fluor 594-dextran. Cellular uptake was measured by
fluorescence microscopy and fluorescence intensity was quantified and displayed in the bar
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graphs. Error bar: mean £ SEM. 5.s., not significant, *£< 0.05, * *£< 0.01, ***P< 0.001
and ****P< 0.0001. (c) BMECs were pretreated with indicated inhibitors: amiloride
(ImM), CPZ (15 pM), cytochalasin D (20 uM), filipin 111 (5 pM), MBCD (5 mM), nystatin
(5 uM) for 30 minutes at 37°C. Exosomes labeled with PKH67 were incubated with BMECs
at 37°C for 1 hour, and their uptake was imaged with confocal microscopy and quantified as
described in Methods. Error bar: mean £ SEM. Native vs. TNF-a.: 7.s., not significant, **P
< 0.01 and ****£< 0.0001. Conditions compared were: native (unstimulated BMECS) in the
absence of inhibitors vs. in the presence of inhibitors, and native BMECs vs TNF-a.-
stimulated BMECs in the absence or presence of inhibitors: *£< 0.05, **£< 0.01, ***P<
0.001 and ****pP< 0.0001, compared to native no inhibitor or TNF-a no inhibitor
conditions, respectively.
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Fig. 11. Inhibition of endocytosis decreases exosome crossing thein vitro BBB
BMECs were pretreated with indicated inhibitors: amiloride (1mM), CPZ (15 uM),

cytochalasin D (20 pM), filipin 111 (5 pM), MBCD (5 mM), nystatin (5 uM) for 30 minutes at
37°C, respectively. hGluc-Lact exosomes were subsequently added to the luminal chamber
of each transwell and incubated with BMECs for various time points (6 and 18 hours). Cells
treated with vehicles (no inhibitor) alone were used as a negative control. To study the
temperature effect on endocytosis, BMECs containing exosomes were incubated at either
37°C or 4°C for (a) 6 and (b) 18 hours, and then conditioned medium from both luminal and
abluminal chambers were collected and Gaussia luciferase activity was measured
immediately after addition of its substrate CTZ (IVIS Lumina, exposure time: 0.5s). Relative
Gluc Activity = (abluminal chamber signal -native exo signal) / (luminal chamber signal -
native exo signal) x 100%. Error bar: mean + SEM. Native vs. TNF-a: 7.5, not significant,
*P<0.05and **P< 0.01. #P< 0.05 and ##P < 0.01, compared to native no inhibitor or

TNF-a no inhibitor conditions, respectively.
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