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Abstract

Engineered cell-derived extracellular vesicles (EVs) such as exosomes and microvesicles hold
immense potential as safe and efficient drug carriers due to their lower immunogenicity and
inherent homing capabilities to target cells. In addition to innate vesicular cargo such as lipids,
proteins, and nucleic acids, EVs are also known to contain functional mitochondria/mitochondrial
DNA that can be transferred to recipient cells to increase cellular bioenergetics. In this proof-of-
concept study, we isolated naive EVs and engineered EVs loaded with an exogenous plasmid
DNA encoding for brain-derived neurotrophic factor (BDNF-EVs) from hCMEC/D3, a human
brain endothelial cell line, and RAW 264.7 macrophages. We tested whether mitochondrial
components in naive or engineered EVs can increase ATP levels in the recipient brain endothelial
cells. EVs (e.g., exosomes and microvesicles; EXOs and MVs) were isolated from the conditioned
medium of either untreated (naive) or pDNA-transfected (Luc-DNA or BDNF-DNA) cells using

a differential centrifugation method. RAW 264.7 cell line—derived EVs showed a significantly
higher DNA loading and increased luciferase expression in the recipient \CMEC/D3 cells at

72 h compared with hCMEC/D3 cell line—derived EVs. Naive EVs from hCMEC/D3 cells and
BDNF-EVs from RAW 264.7 cells showed a small, but a significantly greater increase in the

ATP levels of recipient h\CMEC/D3 cells at 24 and 48 h post-exposure. In summary, we have
demonstrated (1) differences in exogenous pDNA loading into EVs as a function of cell type using
brain endothelial and macrophage cell lines and (2) EV-mediated increases in the intracellular ATP
levels in the recipient hCMEC/D3 monolayers.
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INTRODUCTION

Extracellular vesicles (EVs) are a heterogeneous group of membrane-derived particles

that are released from prokaryotic and eukaryotic cells under both physiological and
pathophysiological conditions (1,2). EV membranes contain lipid bilayers with integrated
surface receptors and membrane-bound proteins that allow binding to target cells and also
protect the internal cargo from physiological degradation. The core of EVs is enriched

with innate cargo that consists of soluble proteins, a variety of nucleic acids including
sSDNA, dsDNA, siRNA, miRNA, mRNA, tRNA, rRNA, lipids, mitochondrial DNA, and/or
organelles such as mitochondria. One of the key roles of EVs is to mediate intercellular
communication between the donor and recipient cells v/a horizontal transfer of proteins,
lipids, and nucleic acids (2-5). EVs have demonstrated a critical role in the normal
physiological processes such as immune modulation and surveillance, cell signaling, cell
maintenance, and tissue repair as well as pathophysiological processes during tumorigenesis,
angiogenesis, neurodegenerative disorders, and inflammatory conditions (1). The inherent
characteristics of EVs including their capabilities to contain nucleic acids and transfer them
to the recipient cells make them an attractive choice as carriers for safe and efficient delivery
of nucleic acids. Besides, EVs contain a lower abundance of MHC complexes compared
with the parent cells (6) and have also shown inhibitory effects on immune responses (7).
Thus, EVs may be less immunogenic than engineered cell-based therapies and synthetic
drug carriers due to their innate origin. Furthermore, EVs have demonstrated a lower

risk of tumorigenicity and latent viral pathogen transfer, a longer shelf life, and longer
storage stability compared with live cell-based therapies (8,9). In contrast, commercial
transfection platforms including but not limited to Lipofectamine 3000, Lipofectamine
2000, FUGENE, RNAIMAX, and Lipofectin complexed with oligonucleotides show higher
toxicity that is correlated with their greater transfection efficiency (10). Moreover, the
natural characteristics of EVs including their capability to home to specific cellular targets,
avoidance of off-target effects, intrinsic ability to cross biological membranes, and overcome
intracellular barriers to deliver cargo may allow them to outperform synthetic drug carriers
(8). In contrast, the most extensively studied and FDA-approved liposomal formulation,
Doxil for instance, is known to be rapidly cleared from the systemic circulation via
reticuloendothelial system (RES) uptake and accumulates mainly in highly perfused organs
such as the liver and spleen (11). Overall, the broad functionalities of cell-derived EVs and
their numerous advantages compared with synthetic drug delivery vehicles hold immense
promise for the delivery of biotherapeutics such as nucleic acids and proteins to treat human
disorders.

Based on their biogenesis, EVs can be classified into three main groups /7.e. exosomes,
microvesicles, and apoptotic bodies. Exosomes (EXOs) are a homogenous class of
endosome-derived, membrane-bound particles with diameters ranging from 30 to 150 nm
(12). EXOs are generated from the inward budding of endosomal membranes and released
to the extracellular space upon the fusion with the plasma membrane (5,13). Based on their
biogenesis, exosomal membranes contain phosphatidylserine, phosphatidylethanolamine,
phosphatidylinositol, sphingomyelin, ceramide, cholesterol, and lipid rafts bound to several
proteins. The specific proteins expressed on exosomes include proteins from the tetraspanin
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family (CD9, CD63, CD81, and CD82), ESCRT family proteins (tumor susceptibility gene
101, TSG101, and Alix), and heat shock proteins (HSP60, HSP70, HSPA5, and HSP90)
(2,14,15). Members of the heat shock protein family, in particular, are uniquely expressed
in exosomes and may play an important role in modulating the cellular energetics and
mitochondrial functions in the recipient cells. The mitochondrial HSP proteins maintain
the mitochondrial membrane potential, preserve mitochondrial function, and protein import
(16). Voloboueva et al. demonstrated that the overexpression of mitochondrial HSP70/
HSP75 decreased reactive oxygen species, upregulated ATP levels, and the cell viability

of astrocytes under oxygen-glucose deprivation (OGD) conditions (17). During OGD
conditions, the inner mitochondrial membranes are damaged due to the ROS-mediated
damage to lipids and proteins. HSPs can contribute to the preservation of ATP levels
during stress conditions by interrupting cytochrome c translocation from mitochondria to the
nucleus (16,17).

The discovery of mMRNA and microRNA in exosomes and their ability to express new

mouse proteins in the recipient human cells upon the transfer of mouse exosomal RNA
catalyzed many studies to test their capability to serve as carriers for nucleic acids (18).
Alvarez-Erviti et al. demonstrated that the systemic administration of EXOs modified with

a neuron-specific RVG-peptide delivered exogenously loaded therapeutic BACEL siRNA
that resulted in ca. 60% knockdown of targeted mRNA and protein in a mouse model

of Alzheimer’s disease (19). Ohn et al. reported that the intravenous administration of

EXOs fused with a GE-11 peptide delivered let-7a miRNA targeted to the epidermal

growth factor receptor and resulted in significant suppression of tumor growth in a mouse
xenograft breast cancer model (20). Recently, Mendt et a/. performed multiple /in vitroand
in vivo studies to determine the chemotherapeutic effect of clinical-grade EXOs loaded with
exogenous oncogenic KrassiRNA and demonstrated increased survival in several mouse
models of pancreatic cancer (21). Thakur et a/. provided the evidence for the presence

of double-stranded DNA in tumor-derived EXOs (22); however, there are only limited
studies reporting the exosomal delivery of exogenous-loaded therapeutic DNA. Kanada et al.
demonstrated limited loading of plasmid DNA in EXOs (23). Lamichhane et a/. studied the
effect of size of exogenous linear and circular; 7.e. plasmid DNA on their loading into EXOs
demonstrating that the pDNA loading efficiency in EXOs was less than 0.2% and a noted an
upper size limit of about 750-1000 bp for efficient loading (13). The above results suggested
that large-sized plasmid DNA constructs have limited loading into exosomes.

Microvesicles (MVs) are a heterogeneous population of membrane vesicles with particle
diameters ranging from 100 to 1000 nm (24,25). The biogenesis of MVs involves sequential
processes including sorting of cargo proteins, bulging out of a part of the membrane
followed by the abscission of the section of the plasma membrane resulting in the budding
of MVs followed by their release into the extracellular space (26). MV membranes contain
a larger amount of phosphatidylserine, cholesterol, and diacylglycerol as compared with
exosomes. MVs express characteristic surface marker proteins such as phosphatidylserine
(23), integrin, selectins (P-selectin glycoprotein ligand-1 and E-selectin), and CD40 (2,26).
A couple of studies have reported greater DNA loading into MVs and as a consequence,
greater DNA transport into recipient cells compared with exosomes (13,23). Cha et al.
reported that MVs derived from ischemic brain extract-pretreated human mesenchymal stem
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cells (hMSC) contained an abundance of cytokines and nucleic acids that led to the observed
inflammatory, angiogenic, and strong neurogenic effects in hMSC culture (9). Importantly,
MVs possess a unique feature related to the presence of mitochondria or mitochondrial DNA
(mtDNA), which can be transferred between cells to facilitate cellular communication and/or
increase cellular bioenergetics. In fact, mitochondrial transfer resulted in increased cellular
bioenergetics leading to greater cell survival in alveolar macrophages under oxidative stress
(27). Dozio et al. reported about 89 types of mitochondrial proteins in hCMEC/D3-derived
MVs whereas EXOs contained a single type of mitochondrial protein, suggesting that
mitochondria were selectively packaged in MVs when compared with EXOs (28). Under
aerobic conditions, mitochondria provide the chemical energy in the form of ATP for the
major intracellular metabolic pathways, and hence, critically affect cellular viability by
regulating ATP-mediated cellular bioenergetics, calcium signaling, and apoptosis processes
(29,30). Mutations in mtDNA or mitochondrial dysfunctions are often associated with
neurodegenerative diseases, metabolic and age-related disorders, and ischemic injury in the
heart and brain (29). Notably, it has been reported that the transfer of mitochondria from as
few as 100 hMSC donor cells was sufficient to rescue cells depleted of mitochondrial DNA
(31-34). Therefore, mitochondria-containing EVs (MVs and EXOs) can improve the cellular
bioenergetics since mitochondria are known to have significant implications in the broad
scope of ischemic repair (35).

Ischemic stroke, the world’s second leading cause of mortality, is caused by a reduction

in blood flow to the affected brain tissues that leads to a series of interrelated and
coordinated cellular processes. Such processes include cellular energy failure, neuron
depolarization, increased intracellular calcium ions, and membrane, mitochondrial, and
DNA damage caused by the generation of free radicals that eventually culminate in

cell death (36). Post-ischemic injury, the delivery of oxygen and essential nutrients are
greatly impaired which leads to a reduction in ATP levels in the endothelial cells lining

the blood-brain barrier (BBB) leading to the generation of reactive oxygen species and
subsequent mitochondrial dysfunction (37). As a result, intracellular cations accumulate in
endothelial cells that can lead to endothelial cell swelling and disruption of the BBB (37).
Protection of the brain endothelium without penetrating the BBB by increasing endothelial
ATP levels and delivering neuroprotective agents such as neurotrophins is a viable strategy
to decrease acute endothelial cell death and to restore the endothelial-neuronal trophic
signaling pathways in ischemic stroke. While therapeutic studies have historically focused
on delivering neuroprotectant drugs, the rising trend in studies delineating endothelial,

and microglial cell death mechanisms in stroke (38) point to the importance of delivering
therapeutics to decrease endothelial damage. We believe that protection of the brain
endothelium is a critical aspect in decreasing ischemic damage because the endothelial cells
are fundamentally neuroprotective (39) and decreasing acute cell death will preserve/rescue
its protective functions.

We wanted to study if EVs derived from the human brain endothelial cell line, hCMEC/D3,
can be engineered as carriers for the delivery of a therapeutic plasmid DNA, for example,
brain-derived neurotrophic factor (BDNF). Guo et a/. demonstrated that the BDNF protein
secreted from cerebral endothelial cells protected neurons against oxidative damage,
hypoxia, oxygen-glucose deprivation, and decreased overall neuronal death (39). The lack of
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effective carriers limits the safe and efficient delivery of BDNF to the BBB. Our goal is to
engineer EVs for BDNF-DNA delivery—coupled with its internal components, specifically,
mitochondria, to decrease acute ischemic cell death. In this study, we hypothesized that the
delivery of EVs derived from a brain endothelial cell line, \CMEC/D3, can increase the
cellular ATP levels in the recipient endothelial cells and our proposed approach is depicted
in Fig. 1. It should be pointed out that we collectively refer to EXOs and MVs as EVSs,
wherever applicable.

In this proof-of-concept study, we (1) tested if it is possible to load a therapeutic plasmid,
BDNF pDNA for the subsequent development of engineered EVs as a carrier to deliver
BDNF pDNA to ischemic brain endothelial cells and (2) tested if naive/engineered EVs

can increase cellular ATP levels in the recipient endothelial cells. To our knowledge, this

is the first study utilizing EXOs and MVs to deliver an exogenous therapeutic pPDNA

(here, pPBDNF) to human brain endothelial cells. In the context of developing novel stroke
therapeutics, our strategy of delivering naive- or BDNF-EVs to the brain endothelial cells is
particularly significant because delivering mitochondrial components and stimulating BDNF
production/secretion from the endothelial cells to promote cell viability without crossing
the BBB explores a new paradigm (40) in treating cerebrovascular disorders. In this study,
we isolated MVs and EXOs from the human brain endothelial; hCMEC/D3 and RAW
264.7 macrophage cell lines using a differential centrifugation method and characterized
their physicochemical characteristics and marker proteins. Exogenous pDNA-loaded EVs
were isolated from cells pre-transfected with lipofectamine/pDNA complexes. We utilized a
Design of Experiments (DOE) approach to investigate the effect of experimental parameters
(factors) on the transfection efficiency and resulting ATP levels in studies using Luc pDNA
and BDNF pDNA-loaded EVs (Luc-EVs and BDNF-EVs), respectively. First, we performed
a full factorial DOE to study the effects of the amount of Luc plasmid DNA transfected

into the parent cells (either h\CMEC/D3 endothelial or RAW 264.7 macrophage cells), type
of EVs (EXOs or MVs), amount of total EV protein, and EV incubation time on the
luciferase transgene expression mediated by Luc-EVs. In the second full factorial DOE,

we evaluated the effects of the amount of BDNF pDNA transfected into the parent cells
(either \CMEC/D3 endothelial or RAW 264.7 macrophage cells), type of EVs (EXOs or
MVs), amount of total EV protein on the resulting intracellular ATP levels of hCMEC/D3
cells treated with BDNF-EVs. We demonstrated the capability of EVs to load an exogenous
therapeutic pDNA; pBDNF and EV-mediated increases in intracellular ATP levels in the
recipient hCMEC/D3 monolayers.

MATERIAL AND METHODS

Chemicals and Reagents

gWiz plasmid containing luciferase (gWiz-Luc) and plasmid DNA encoding BDNF (gWiz-
BDNF) were purchased from Aldevron (Fargo, ND). Collagen type | was purchased from
Corning (Discovery Labware Inc., Bedford, MA) and endothelial cell basal medium-2
(EBM-2) was procured from Lonza (Walkersville, MD). Hydrocortisone, human basic
fibroblast growth factor, and ascorbic acid were purchased from Sigma-Aldrich (Saint
Louis, MO). Dithiothreitol (DTT), glycylglycine, ethylenediaminetetraacetic acid (EDTA),
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HEPES, and magnesium chloride hexahydrate (MgCl,.6H20) were received from Fisher
Scientific (Pittsburgh, PA). Aprotinin solution was purchased from Fisher Bioreagents, New
Zealand. The penicillin-streptomycin solution, Lipofectamine 3000 transfection reagent,
and chemically defined lipid concentrate were procured from Invitrogen (Carlsbad, CA).
Heat inactivated fetal bovine serum was bought from Hyclone Laboratories (Logan, UT).
Pierce MicroBCA and BCA protein assay kits were purchased from Thermo Scientific
(Rockford, IL). Quant-iT PicoGreen dsDNA Assay kit was obtained from Molecular Probes,
Inc. (Eugene, OR). CellTiter-Glo 2.0 reagent (ATP assay), Beetle Luciferin, potassium

salt, and cell culture lysis 5x Reagent were purchased from Promega (Madison, WI).
Laemmli sodium dodecyl sulfate (SDS) sample buffer and RIPA buffer, 5%, were procured
from Alfa Aesar (Ward Hill, MA). Adenosine-5-triphosphate (ATP) was obtained from

MP Biomedicals (llIkirch, France). Odyssey blocking buffer was purchased from Li-COR
(Lincoln, NE). Mouse monoclonal antibody to GRP94 and Alix were purchased from Santa
Cruz Biotechnology, Inc. (Heidelberg, Germany). Mouse monoclonal antibodies against
ATP5A and GAPDH were procured from Abcam. Mouse monoclonal antibody against CD9
was obtained from Life Technologies Corporation, whereas Alexa Fluor 790-conjugated
donkey anti-mouse 1gG was received from Jackson ImmunoResearch Lab Inc. (West Grove,
PA). Calcein AM, flow cytometry sub-micron particle size reference kit, and an Attune NxT
small particle side scatter filter were purchased from Invitrogen (Carlsbad, CA).

Cell Line and Cell Culture

Human cerebral microvascular endothelial cell line (\CMEC/D3, catalog number.
102114.3C) at passage number (P) 25 was purchased from Cedarlane Laboratories
(Burlington, Ontario), and cells between P25 and P35 were used for experiments. The
hCMEC/D3 cells were grown in tissue culture flasks or multiwell plates pre-coated using
0.15 mg/mL rat collagen I. The cells were cultured in a complete growth medium in a
humidified 5% CO, incubator at 37 £ 0.5 °C (Isotemp, Thermo Fisher Scientific). The
complete growth medium contained endothelial cell basal medium (EBM-2) supplemented
with 5% fetal bovine serum, penicillin (100 units/mL)-streptomycin (100 pg/mL) mixture,
hydrocortisone (1.4 uM), ascorbic acid (5 pg/mL), chemically defined lipid concentrate
(0.01%), 10 MM HEPES (pH 7.4), and bFGF (1 ng/mL). The complete growth medium
was replenished every other day until the cells formed confluent monolayers. Prior to
passage, the cells were washed using 1x phosphate buffer saline (PBS) and detached

from the flask using 1x TrypLE Express Enzyme (Gibco, Denmark). Abelson murine
leukemia virus-transformed macrophages, RAW 264.7 cell line (catalog number. ATCC
TIB-71) was procured from ATCC (Manassas, VA). Cells were maintained in the complete
growth medium containing glutamine-supplemented Dulbecco’s Modified Eagle’s Medium
(DMEM (1x) + Glutamax, Gibco, Carlsbad, CA) supplemented with 10% fetal bovine
serum.

Isolation of EVs from the hCMEC/D3 and RAW 264.7 Cells

The hCMEC/D3 and RAW 264.7 cells were cultured in complete growth medium in
collagen-coated (for facilitating the adherence of hCMEC/D3 cells) or non-coated (RAW
264.7 cell line) 175 cm? flasks (T175) for a minimum of 48 h until the cells formed

a confluent monolayer (41). The complete growth medium was removed, the cells were
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washed with 25 mL of pre-warmed 1x PBS, and cultured in 25 mL of serum-free medium
(conditioned medium) for 2 days in a humidified 5% CO, incubator at 37 £ 0.5 °C.

The EXOs and MVs present in the conditioned medium were isolated using a differential
centrifugation method with slight modifications (23,28,41). Briefly, the conditioned medium
from T175 flasks was transferred into polypropylene centrifuge tubes and centrifuged at
300xgfor 10 min at 4 °C to remove dead cells and debris using a Sorvall RC-5C centrifuge
(Kendro Laboratory Products, Newton, CT). The supernatant was carefully transferred into
a new set of tubes and centrifuged at 2000x g for 20 min at 4 °C to remove large vesicles
such as apoptotic bodies. Next, the supernatant was transferred into polycarbonate flanged
tubes (Thermo Fisher Scientific) and centrifuged at 20,000x g for 45 min at 4 °C to pellet
MVs using an XE-90 ultracentrifuge equipped with a 50.2 Ti rotor (Beckman Coulter,
Indianapolis, IN). The resulting supernatant was filtered through 0.22-um syringe filters to
remove vesicles greater than 220 nm in diameter. Following that, EXOs were collected by
centrifuging the supernatant at 120,000xg for 70 min at 4 °C. Lastly, EVs were suspended
either in 1x RIPA buffer containing 3 pg/mL aprotinin for western blotting, in 10 mM
HEPES buffer (pH 7.4) for zeta potential measurements, or 1x PBS for particle size
measurements and transfection experiments. EV suspensions were stored at =80 °C until
further use.

Total Protein Measurements of EVs Using BCA and MicroBCA Assays

Isolated EVs were quantified by measuring their total protein content using Pierce BCA
protein assay for western blotting and MicroBCA protein assay for all other studies
described herein. For BCA protein assay, a 25 pL volume of EV lysates, whole-cell lysates,
and bovine serum albumin (BSA) standards at concentrations ranging from 20 to 2000
ug/mL were transferred into a 96-well plate and 200 uL. BCA working reagent (WR, reagent
A:reagent B = 50:1) was added to each well. The plate was incubated at 37 °C for 30

min in the dark, and the absorbance was measured at 562 nm using a SYNERGY HTX
multi-mode reader (BioTek Instruments, Inc., Winooski, VT). For the MicroBCA protein
assay, 10 pL of EVs suspended in PBS was lysed using 150 pL of 1x RIPA buffer containing
3 pug/mL aprotinin. A 150-pL volume of the EV lysates or BSA standards (2—40 pg/mL)
was pipetted into a 96-well plate and an equal quantity of the MicroBCA WR (reagent
A:reagent B:reagent C = 25:24:1) was added to each well. After 2 h of incubation at 37 °C,
the absorbance was measured at 562 nm using a SYNERGY HTX multi-mode reader.

Particle Size Distribution and Zeta Potential of EVs

The average particle diameter and zeta potential of EVs were measured using Dynamic
Light Scattering (DLS). After measuring the total protein concentration using MicroBCA
assay, the EXOs and MVs were diluted to the final concentration of 0.7 mg/mL, using
either 1x PBS at pH 7.4 for particle size distribution measurements or 10 mM HEPES
buffer at pH 7.4 for zeta potential analysis. DLS was performed using a Zetasizer Nano
(Malvern Panalytical Inc., Westborough, PA). Each sample was measured thrice, and three
independent samples were analyzed. The data are represented as mean + standard deviation
(SD) of triplicate measurements.
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Detection of EV Marker Proteins Using Western Blotting

The characteristic marker proteins in extracellular vesicles (MVs and EXOs) derived from
the hCMEC/D3 cells were detected using the western blotting technique (42). Briefly,
cellular and EV lysates containing 25 pug total protein were mixed with 4x Laemmli buffer
and distilled water. The mixture was heated at 95 °C for 5 min using a heating block
(Thermo Scientific). The samples and the premixed molecular weight markers (ladder, 250
kD-10 kD) were separated on a 4-10% gradient sodium dodecyl sulfate-polyacrylamide

gel at 120 V for 90 min using a PowerPac Basic setup (Bio-Rad Laboratories, Inc.). The
proteins were transferred onto a 0.45-um nitrocellulose membrane using a transfer assembly
(Fisher Scientific) at 75 V and 300 mA for 90 min. The membrane was washed using
0.1%-Tween 20 Tris Buffered- saline (T-TBS) and blocked with Odyssey blocking solution
(Odyssey blocking buffer: T-TBS, 1:1) solution for an hour. The membrane was incubated
with mouse anti-GRP94 (0.2 pg/mL), anti-ATP5A (1 pg/mL), anti-GAPDH (1 pg/mL), anti-
Alix (1 pg/mL) and anti-CD-9 (1 pg/mL) primary antibodies prepared in Odyssey blocking
solution at 4 °C overnight. The membrane was washed with T-TBS and incubated with
anti-mouse AF790 (0.05 pg/mL) in Odyssey blocking solution for 1 h at room temperature.
The membrane was washed and scanned under an 800-nm near-infrared channel using an
Odyssey imager (LI-COR1Inc., Lincoln, NE) at intensity setting 5.

Confirmation of the Integrity of EVs After Ultracentrifugation and Resuspension Processes

To determine the integrity of EXOs and MVs after ultracentrifugation and resuspension,
EVs were isolated from hCMEC/D3 and RAW 264.7 cell lines using a differential
ultracentrifugation method described earlier. In order to confirm the instrument suitability
for analyzing EVs, we first ran 0.1-, 0.2-, 0.5-, 1-, and 2-pm calibration beads (Molecular
Probes, Life technologies) in the side scatter (SSC), forward scatter (FSC), and a small
particle side scatter 488/10-nm filter (BL1) channels in an Attune flow cytometer. Next,

the isolated EXOs and MVs were resuspended in PBS at 20 pg/mL and were labeled

with 10 pM calcein AM dissolved in DMSO for 20 min at room temperature in dark.

To demonstrate that the calcein AM signal intensity is specific to intact EVs, EXOs

and MVs were lysed using 2% v/v Triton-X 100 solution in PBS for 20 min at room
temperature. Lysed EVs were also incubated with 10 pM calcein AM as described earlier. A
100-pL aliquot of the sample was analyzed using Attune NXT Acoustic Focusing Cytometer
(Invitrogen, Singapore) equipped with Attune NXT software. In each experiment, about
50,000 events from a 100-uL sample volume were recorded, and the fluorescence intensity
of calcein-labeled EVs was detected at 488/10 nm. The percentage of calcein-labeled EVs
were analyzed and are presented as density plots and histograms obtained from the Attune
NXT software. PBS containing 10 uM calcein AM and PBS/2% Triton-X 100/calcein AM
mixture were used as controls for gating the signal intensity associated with background
noise.

Plasmid DNA Loading in EVs

Prior to isolating DNA-loaded EVs, we pre-transfected cells using lipofectamine/DNA
complexes. We used gWiz-Luc pDNA to incorporate luciferase DNA into EVs (Luc-EVs)
for luciferase transfection assay whereas gWiz-BDNF pDNA was used for generating
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BDNF-EVs. The hCMEC/D3 or RAW 264.7 cells were transfected with pDNA using
Lipofectamine 3000 transfection reagent as described in the supplier’s protocol with slight
modifications. Briefly, the hCMEC/D3 or RAW 264.7 cells were seeded in complete growth
medium at a density of 75,000 cells/cm? in 24-well plates and were cultured for 48 h

in a humidified incubator (37 °C + 5% CQ2). On the day of transfection, Lipofectamine
3000 diluted in the culture medium was mixed with 1 or 2 pL of P3000 reagent and 0,

0.5, or 1 pL of pDNA (1 pg/uL stock solution). The complexes were incubated for 15

min at room temperature. In each 24-well plate, the hCMEC/D3 or RAW 264.7 cells were
transfected with Lipofectamine 3000/pDNA complexes containing either 0, 0.5, or 1 pg/well
pDNA for 12 h corresponding to total amounts of 0, 12, or 24 ug of pDNA. The plate that
received 0 pg/well indicates that the transfection mixture contained Lipofectamine only, no
pDNA. The transfection medium was then removed, the cells were washed with 1x PBS,
and were cultured with serum-free medium for 48 h. The collected supernatant from each
24-well plate was pooled into pre-labeled tubes marked with the respective pDNA dose

for subsequent EV isolation. Plasmid DNA-loaded EVs (DNA-MVs and DNA-EXOs) were
isolated using the differential centrifugation method as described above.

Quantification of DNA Loading in EVs Using PicoGreen Assay

The amount of double-stranded DNA (dsDNA) in EXOs and MVs was quantified using the
Quant-iT Picogreen assay Kit. Picogreen is an ultra-sensitive benzothiazole fluorochrome
that selectively binds to dSDNA and can be excited at a wavelength of 480 nm and emits

a maximum fluorescence intensity at 520 nm proportional to dsDNA concentration. The
Luc pDNA-loaded EVs were lysed by adding 1x RIPA buffer containing 3 pg/mL aprotinin
to a final volume of 100-300 pL. A Picogreen working reagent was freshly prepared by
diluting Quant-iT Picogreen dsDNA reagent 200-fold with 1x Tris-EDTA (TE) buffer in
the dark. For the DNA standard curve, gWiz-Luc pDNA (1 pg/pL) was diluted using 1x

TE buffer to prepare the standards ranging from 1 to 150 ng/mL concentration. To each
well in a 96-well plate, DNA standards or lysates and Picogreen working reagents were
added at a 1:1 volume ratio (100 pL sample + 100 pL Picogreen reagent). The mixture was
incubated for 2-5 min at room temperature in the dark. The relative fluorescence intensity
of the mixture was measured at 485-nm excitation and 528-nm emission wavelength settings
using a SYNERGY HTX multi-mode reader. It should be noted that the fluorescence values
obtained from the 0 pg/well DNA-transfected cells (naive EVs) were subtracted from the
pDNA-loaded EVs (pDNA-EVs). The DNA loading (%) was calculated using the following
equation (Eq. 1).

DNA Loading (%)
_ (Amount of DNA in isolated DNA — EVs — amount of DNA innaive EVs)

Amount of DNA transfected into the cells using Lipofectamine reagent
% 100 %

@
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Cytocompatibility of hCMEC/D3 Cells with Luc-EVs Derived from hCMEC/D3 and RAW
264.7 Cell Lines

We performed cell viability studies to determine the cytocompatibility of engineered EVs
and lipofectamine/pDNA complexes with hCMEC/D3 cells. Luc-EVs were isolated from
hCMEC/D3 or RAW 264.7 cells pre-transfected with 0, 0.5, or 1 pug/well of pDNA
(amounting to a total of 0, 12, or 24 ug of DNA per 24-well plate), and the total EV protein
amount was quantified using a MicroBCA assay as described above. hCMEC/D3 cells were
seeded at a density of 16,500 cells/well in collagen-coated 96-well plates and cultured

in complete growth medium for 48 h in a humidified incubator (37 °C, 5% CO,). The
culture medium was replaced with 60 pL of complete growth medium containing 6 pg or
12 pg/well total EXOs or MVs protein isolated from 0, 0.5, or 1 pg/well pDNA-transfected
plates (Table I). Untreated cells were used as a control, and cells treated with branched
polyethyleneimine (PEI, molecular weight 25 kDa) at 50 pg/mL were used as a positive
control. Cells were also treated with lipofectamine/Luc-DNA complexes at a dose of 10 ng
pDNA/well. 1t should be noted that the 10-ng dose is equivalent to the amount of DNA
loaded in the EVs. Cells were incubated with the treatment mixture for 24, 48, or 72 h

in a humidified incubator. Post-exposure, hCMEC/D3 cell viability was measured using a
CellTiter-Glo luminescence assay (referred henceforth as an ATP assay). Briefly, 60 uL

of fresh pre-warmed complete growth medium and an equal quantity of CellTiter-Glo 2.0
reagent was added to each well. The plate was incubated at room temperature for 15 min
on an orbital shaker in dark. A 60-uL volume of the mixture was transferred into a white
opaque-walled 96-well plate. Immediately, the relative luminescence units were measured at
1-s integration time using a SYNERGY HTX multi-mode reader. The relative cell viability
(%) was calculated by normalizing the relative luminescence units (RLU) of treated cells to
those treated with untreated cells as shown in the following equation (Eq. 2):

Relative cell viability (% )
RLU from treated with EVs, PEI, or lipofectamine—pDNA complexes

(2
RLU from untreated cells x 100

Transfection of Luc-EVs into the Recipient Cells and Luciferase Gene Expression Assay

Luc-EVs were isolated from hCMEC/D3 or RAW 264.7 cells pre-transfected with 0, 0.5,
or 1 ug/well of pDNA (amounting to a total of 0, 12, or 24 pg DNA per 24-well plate),
and their total protein amount was quantified using MicroBCA assay as described above.
The hCMEC/D3 cells were seeded at a density of 50,000 cell/cm? in a collagen-coated
48-well plate and cultured in a complete growth medium for 48 h in a humidified incubator
(37 °C, 5% CO»). The culture medium was replaced with 250 pL of complete growth
medium containing 6 pg or 12 pg/well total EV protein (Table I). Untreated cells were
used as a control, and cells treated with lipofectamine/DNA complexes were used as a
positive control. Cells were incubated with the indicated samples for either 24, 48, or 72

h (incubation time). Post-incubation, the culture medium was removed from wells, and the
cells were washed with ice-cold 1x PBS, and the cells were lysed by adding 100 pL/well
ice-cold 1x luciferase cell culture lysis reagent and was placed for 20 min on an orbital
shaker. The plate was subjected to two freeze-thaw cycles (=20 °C for 30 min and 4 °C for
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30 min) prior to the luciferase assay. For measurement of the luciferase protein content, 20
uL of cell lysates were mixed with 100 pL of luciferase assay buffer (20 mM glycylglycine
(pH 8), 1 mM MgCl,, 0.1 mM EDTA, 3.5 mM DTT, 0.5 mM ATP, 0.27 mM coenzyme A)
into a white opaque-walled 96-well plate. The luminescence was measured at 1 s integration
time using a SYNERGY HTX multi-mode reader. The total protein in the cell lysates was
measured using the BCA assay. The data is represented in mean + SD luminescence/mg total
protein of 9 replicates.

The effect of /n vitro transfection parameters (factors) on hCMEC/D3 luciferase expression
(response) was evaluated using a full factorial design. As shown in Table I, the four factors
were the amount of Luc-pDNA used for the formation of lipofectamine/DNA complexes,
type of EVs, amount of EVs (total protein content), and incubation time. The factors were
studied at either three (1-3, or) or two levels (1 or 3). The permutation and combination of
each factor at the levels listed in Table I led to 36 experimental conditions. We performed
three independent experiments studying each experimental condition at 7= 3. The effect of
these experimental conditions on the luciferase expression was statistically evaluated using
JMP Pro 14.

Effect of BDNF-EVs Derived from hCMEC/D3 and RAW 264.7 Cells on the Cell Viability of
hCMEC/D3 Cells

EXOs and MVs from 0, 0.5, or 1 pg/well plasmid gWiz-BDNF-DNA-transfected
hCMEC/D3 or RAW 264.7 cells (BDNF-EVs) were isolated, and their total protein amount
was quantified using MicroBCA assay as described above. As noted earlier, EVs were
isolated from a single 24-well plate that was transfected with a total of either 0, 12, or 24

g BDNF pDNA. hCMEC/D3 cells were seeded at a density of 5000 cells/cm? in a collagen-
coated 96-well plate in complete growth medium and cultured for 72 h in the incubator

(37 °C, 5% COy). The old medium was replaced with 100 uL of complete growth medium
containing either 6 pg or 12 pg/well BDNF-EVs. Cells treated with a mixture of complete
growth medium and PBS were used as a control. The hCMEC/D3 cells were subsequently
incubated with the indicated treatments for either 24, 48, or 72 h. The treatment mixture
was then removed, and the cells were gently washed with pre-warmed 1x PBS buffer. The
intracellular ATP levels in each well were measured using a CellTiter-Glo luminescence
assay (ATP assay). Briefly, 75 uL of fresh pre-warmed complete growth medium and an
equal quantity of CellTiter-Glo 2.0 reagent was added to each well. The plate was incubated
at room temperature for 15 min on an orbital shaker in the dark. A 60-puL volume of the
mixture was transferred into a white opaque-walled 96-well plate. Immediately, the relative
luminescence units were measured at 1-s integration time using a SYNERGY HTX multi-
mode reader. The relative ATP levels (%) were calculated by normalizing the luminescence
of treated cells to those treated with 1x PBS buffer as shown in the following equation (Eq.
3):

Relative ATP levels (%)
Luminescence from cells treated with EVs (3)

~ Luminescence from cells treated with 1 xPBS x 100
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The effect of treatment parameters (factors) on intracellular relative ATP levels (response)
was evaluated using a full factorial design. We studied the effect of three treatment factors:
the amount of BDNF pDNA used for transfecting the donor hCMEC/D3 cells, type of
EVs, and the total protein content in EVs (Table I1). The factors were studied at either
three (1-3, or) or two levels (1 or 3). For the 24-h incubation time, we evaluated the effect
of a total of 18 experimental conditions (3x2x3 factorial, Table I1), whereas for the 48-
and 72-h incubation times, we studied the effect of 12 experimental conditions (3x2x2*
factorial, Table I1) on the relative ATP levels (%) in the recipient h\CMEC/D3 cells. The
effect of the combination of two factors, the amount of EVs, and the type of carriers, was
studied as follows: when the cells were incubated with EXOs or MVs alone, level 1 in Table
Il represents 6 ug protein and level 3 represents 12 pg protein, whereas when cells were
incubated with a mixture of EXOs + MVs, level 1 represents 3 pg EXOs and 3 pg MVs
(total protein 6 pg/well) and level 3 represent 6 pg EXOs and 6 ug MVs (total protein 12
ug/well). The relative ATP data is represented as mean + SD levels of 6 replicates. The
results were analyzed using JMP Pro 14.

Statistical Analysis

RESULTS

The matrix of experimental designs and their statistical analysis for luciferase and BDNF-
DNA transfection studies were performed using the JMP Pro 14 (SAS Institute Inc.,

NC). The statistical differences between control and experimental conditions or within the
different experimental conditions were compared using multiple regression analysis methods
in JMP Pro 14 and GraphPad Prism 8.4.2. The levels of statistical difference are indicated
using the following notations: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

Isolation and Characterization of EVs

We utilized the widely used human cerebral microvascular endothelial cell line
(hCMEC/D3) as a surrogate /n vitro model of the blood-brain barrier (BBB) because it
recapitulates many functions of the human BBB (43-47). EXOs and MVs were isolated
from hCMEC/D3 conditioned medium using the differential ultracentrifugation method
depicted in Fig. 2a. EXOs and MVs can be identified by their characteristic particle size
distribution, surface charge, and marker proteins (1,2). We measured the particle sizes and
zeta potentials using dynamic light scattering whereas the marker proteins were identified
using western blotting. The Z-average particle diameter of EXOs was 129.3 £ 11.2 nm with
a polydispersity index (Pdl) of 0.27 £+ 0.04, whereas MVs showed an average diameter of
about 394.6 £ 19.1 nm and a broader Pdl of 0.41 + 0.06 (Fig. 2¢). EXOs and MVs showed
a negative zeta potential of ca. —10 to =12 mV (Fig. 2c). The particle size and zeta potential
(Fig. 2c) values were consistent with published results (28,41,48). It is noteworthy that the
particle size distribution of EXOs and MVs partially overlapped (Fig. 2d), indicating that
particle size should not be used as the sole characteristic to distinguish EXQOs and MVs.
Western blotting was performed to further characterize these two EV populations (Fig. 2b).
Alix (95 kDa) and tetraspanins CD9 (24 kDa) are commonly used as exosomal markers (49)
because they are relatively enriched in EXOs but are inadequately expressed in MVs. The
blot showed that the EXOs expressed Alix and CD9 but those proteins were hardly seen in
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the MV sample (Fig. 2b). ATP5A (53 kDa) is a subunit of mitochondrial ATP synthase (50)
that produces ATP from ADP in the presence of a proton gradient across the membrane and
was utilized as a mitochondrial marker for MVs (27,28). The blot confirmed the expression
of ATP5A was present in MVs and EXOs (Fig. 2b). The enrichment of ATP5A in MVs

and EXOs suggested that EVs may have the potential to increase cellular ATP levels in
recipient cells. Dozio et al. (28) reported GRP94 as a MV marker at a molecular mass

of 92 kDa. However, we did not observe this protein expressed in our MVs. A possible
reason for this discrepancy could be due to the differences in the detection sensitivity of the
used antibodies. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) protein is typically
used as a loading control to verify equal protein loading among the different samples, but

it should be pointed out here that we have used GAPDH as an additional protein in this
study. The expression of GAPDH was lower in the EXOs than the MVs, which contradicted
an earlier report that showed higher GAPDH expression in the EXOs than MVs (23,41). It
should be pointed out that our EVs are derived from the hCMEC/D3 cell line whereas EVs
were isolated from RAW 264.7 and HEK293FT cell lines in the reported studies (23,41).
The differences in the biogenesis pathways of EXOs and MVs likely explains the differences
in GAPDH expression among these two samples.

The Integrity of EVs After Ultracentrifugation and Resuspension Processes

The integrity of the isolated EVs labeled using calcein AM was determined using a flow
cytometry assay since this method allows quantifying the percentage (%) of intact vs.
disrupted vesicles. Sub-micron sized populations were captured in SSC/BL1 dot plots using
calibration beads of particle diameters ranging from 0.1 to 2 pm (Fig. 3). The relative
position of the clusters on SSC/BLA plots (Fig. 3a and ¢) was directly proportional to the
diameter of the bead. As the bead diameter increased, the clusters moved towards the right
side of the plot. The overlay plots demonstrated the linearity between bead size and signal
intensity for both calibration ranges 7.e. (1) 0.1 to 0.5 um (Fig. 3a and b), and (2) 0.5 to

2 um (Fig. 3c and d). It should be noted that the average particle diameter of hCMEC/D3
cell line—derived EXOs and MVs were about 100-400 nm measured using dynamic light
scattering (Fig. 2c¢), and hence, this flow protocol allowed us to analyze EXOs and MVs of
our interest.

Prior to analyzing the calcein AM-labeled EVs using flow cytometry, the events associated
with PBS/calcein AM, and PBS/Triton-X 100/calcein AM mixture (sample processing
controls) was acquired on density plots (SL. Fig. 2a) and histograms (SL. Fig. 2b). The
gates were created on density plots and histograms allowed us to eliminate the non-specific/
background signals from PBS, Triton-X 100, and calcein AM and measure the signal
intensities of calcein-labeled EVs. As can be seen from Fig. 4a-d, >85% of hCMEC/D3
cell line—derived EXQOs and MVs were calcein-positive suggesting that at least 85% of
hCMEC/D3 cell line—derived EXOs and MVs remained intact after the isolation and
resuspension processes. EVs lysed with 2% Triton-X 100 showed <2% of calcein-positive
EVs indicating that calcein signals are specific to intact EVs, and lysed EVs or cell debris
did not contribute to calcein signal intensities. Furthermore, in a separate experiment, we
confirmed the integrity of EXOs and MVs derived from RAW 264.7 cell line using the
same method. The histograms showed that >90% of EXOs (SL. Fig. 3b) and MVs (SL. Fig.
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3d) were calcein-positive suggesting that at least 90% of RAW 264.7 cell line—derived EVs
remained intact after ultracentrifugation and resuspension processes. As earlier, the lysed
EVs showed < 1% calcein signals confirming the specificity of calcein signal intensity to
intact EVs.

Luc pDNA Loading into EVs

We transfected hCMEC/D3 or RAW 264.7 cells using lipofectamine/Luc-pDNA complexes
at 0, 0.5, and 1.0 pg pDNA/well into three 24-well plates (resulting in total DNA amounts

of 0, 12, and 24 pg per plate) to evaluate the effect of the amount of Luc-pDNA transfected
into hCMEC/D3 or RAW 264.7 cells on the extent of DNA loading in EVs. DNA-EVs

were isolated using the differential centrifugation method and the extent of DNA loading in
EXOs and MVs were quantified using the Quant-iT PicoGreen assay. The results in Table

I11 showed that EXOs contained an average of 381.6, 480.8, and 390.8 ng pDNA when
isolated from cells transfected with 0, 0.5, and 1 pg/well DNA dose, whereas the average
DNA amounts in MVs isolated from the same groups were 33.6, 60.0, and 81.5 ng of pDNA,
respectively. Interestingly, we observed that the amount of DNA in EXOs were significantly
(0 <0.0001) higher compared with MVs for each pDNA dose group (Table I11). The amount
of DNA present in naive EVs (pDNA dose 0 pg/well) was subtracted from other groups and
normalized with the total amount of transfected pDNA to calculate the %DNA loading in
EVs (Eq. 1). We observed that EXOs isolated from the 12 pg pDNA plate showed a 20-fold
increase in %DNA loading compared with EXOs isolated from the 24 ug plate whereas there
were no considerable differences in the MVs %DNA loading (Table I11). We calculated the
yield of DNA-EVs by measuring their total protein content using the MicroBCA assay. Total
EV protein content ranged from ca. 130 to 220 ug, and there were no significant differences
(0> 0.05) in the protein yield between naive EXOs and MVs, or among the EVs isolated
from cells transfected with different amounts of pDNA (Table I11).

To evaluate whether the source of EVs can alter the DNA loading in EXOs and MVs, we
tested the DNA loading in Luc-EVs derived from RAW 264.7 cells (Table IV and Fig.

5). The results in Table IV demonstrated that RAW 264.7-derived EXOs showed averages
of 5.9% and 1.9% pDNA loading when isolated from cells pre-transfected with 0.5 and

1 pg/well DNA dose, respectively, whereas the average DNA loading in MVs were 0.6

and 0.3% from equivalent treatments. Interestingly, the higher DNA loading in RAW 264.7
cell line—derived EXOs compared with MVs (Table 1V) was consistent with the higher
DNA loading observed in EXOs versus MVs derived from hCMEC/D3 cell line (Table 111).
Moreover, RAW 264.7-derived EXOs isolated from cells pre-transfected with 0.5 ug/well
DNA showed significantly (p < 0.0001) greater DNA loading compared with hCMEC/D3-
and RAW 264.7-derived MVs as well as hCMEC/D3-derived EXOs (Fig. 5).

Cytocompatibility of h\CMEC/D3 Endothelial Cells with Luc-EVs Derived from hCMEC/D3
and RAW 264.7 Cell Lines

Prior to evaluating EV-mediated luciferase expression in the recipient cells, we

performed cell viability studies to determine the cytocompatibility of engineered EVs and
lipofectamine/pDNA complexes with hCMEC/D3 cells. The cell viabilities of hCMEC/D3-
derived Luc-EVs was demonstrated in Fig. 6. The cell viability of hCMEC/D3 cells treated
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with 0, 0.5, and 1 pg/well Luc-DNA-loaded EXOs at 6 and 12 g total EV protein per

well was = 100% at 24, 48, and 72 h (Fig. 6a). Similarly, hCMEC/D3 cells treated with
Luc-MVs at 6 and 12 g total EV protein/well showed cell viabilities = 90% compared with
untreated cells at 24, 48, and 72 h (Fig. 6b). Positive control, PEI at 50 pg/mL, showed a
significant toxicity (o < 0.0001) confirming the sensitivity of the ATP assay (Fig. 6a and

b). Lipofectamine/pDNA complexes at 10 ng pDNA/well were well tolerated (cell viability
= 100%) by hCMEC/D3 cells for 48 h (Fig. 6¢). To summarize, Luc-EVs and lipofectamine/
pDNA complexes were cytocompatible with hCMEC/D3 cells for 72 h and did not show any
significant toxicity during the exposure time.

We also performed cell viability studies to determine the cytocompatibility of hCMEC/D3
cells with RAW 264.7 cell line—derived Luc-EXOs. RAW 264.7-derived Luc-EVs were well
tolerated by hCMEC/D3 cells for 72 h when incubated with 6 and 12 g total EV protein

per well (SL. Fig. 4). Luc-EXOs isolated from cells pre-transfected with 1 pg Luc-DNA/well
showed significant toxicity (p < 0.05, SL. Fig. 4a) at 48 h, however, were well tolerated

at 72 h. Similarly, RAW 264.7-derived Luc-MVs showed cell viabilities = 90% during all
transfection time points excluding the ca. <20% toxicity (p < 0.001, SL. Fig. 4b) observed at
48 h in the case of Luc-MVs isolated from cells pre-transfected with 0.5 and 1 pug Luc-DNA/
well.

Transfection Activity of Luc pDNA-Loaded MVs and EXOs

The capability of EVs to deliver pDNA into the recipient h\CMEC/D3 cells was evaluated
by transfecting Luc-DNA-loaded EVs (Luc-EVs) and measuring the resulting luciferase
expression using a standard luciferase assay. The emitted luminescence was measured as
relative light units (RLU) and normalized to the total cellular protein (RLU/mg protein).
The RLU/mg protein values obtained from the cells treated with either Luc-EVs or
lipofectamine/pDNA complexes were normalized to the cells treated with PBS buffer (Fig.
Ta-c).

The effect of the following four transfection factors: the amount of Luc-pDNA, type of EVs,
total EV protein content, and incubation time (Table I) on the luciferase gene expression
was evaluated using multiple regression analysis in JMP Pro 14. The significance of

each factor and their two-way interactions were determined using F-test in the regression
analysis method at an alpha level of 0.05 (Fig. 7e). The ANOVA table (Fig. 7e) shows

that the incubation time of EVs is statistically significant (p < 0.0001) compared with the
other transfection factors. The data in Fig. 7a-d is presented as an average-fold increase

in transfection (RLU/mg total protein) of lipofectamine-treated samples normalized to
untreated cells. As shown in Fig. 7a, b, the average-fold increase in transfection at 48 h

is ca. 40% higher compared with the values at 24 h. However, there were no significant
differences observed among DNA-EVs isolated from different amounts of Luc-pDNA that
was used to transfect the donor cells (Fig. 7a). Also, changing the amount of either EXOs
or MVs from 6 to 12 ug EV protein/well did not affect the levels of luciferase gene
expression (Fig. 7b). However, the interaction between the type of EVs and incubation time
is statistically significant (p < 0.05, Fig. 7e). A significant interaction between the type of
EVs and incubation time indicates that the effect of the incubation time on the observed
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luciferase expression is different for EXOs and MVs. As seen in Fig. 7a, MVs isolated from
the 24 ug DNA plate showed the maximum luciferase expression at 24 h that then decreased
at 48 h, in contrast, EXOs showed maximum transfection efficiency at 48 h compared with
the 24-h incubation time. Overall, EXOs isolated from the 24 ug DNA plate incubated for
48 h resulted in the maximum luciferase expression irrespective of the treated EV dose,
whereas, cells transfected with naive MVs (0 pg/well Luc-pDNA amount) at 6 pg/well total
EV amount for 48 h exhibited the highest transfection efficiency.

Cells transfected with lipofectamine/Luc-pDNA complexes (positive control) at 10 ng/well
DNA dose for 24 h showed a 20-fold increase in transfection compared with untreated
cells (Fig. 7d). It is important to note that the 10-ng dose in Lipofectamine complexes is
equivalent to the amount of DNA in Luc-EVs. At 48 h, we noted about a 220-fold increase
in luciferase expression compared with control, and a statistically significant increase (o

< 0.01) in luciferase expression compared with 24 h (Fig. 7d). At 72 h, there was about

a 125-fold increase in luciferase expression compared with the control, while the overall
luciferase expression levels were lower compared with the 48 h time point (Fig. 7d).
However, the decrease in the luciferase expression was statistically nonsignificant and was
still higher compared with the 24 h time point. Importantly, no visual toxicities were noted
under microscopic evaluation at 72 h post-incubation. Therefore, the observed changes in
transfection are a direct result of luciferase transgene expression and are not caused by
transfection-related toxicity.

As shown in Fig. 7e, there was a statistically significant effect of incubation time on the
average fold increase in luciferase expression, therefore, we added the 72-h exposure time
as an additional transfection time point. EXOs and MVs isolated from cells pre-transfected
with 0.5 and 1 pg Luc-DNA/well showed ca. a two-fold increase in average luciferase
expression compared with their naive counterparts at 72 h (Fig. 7c and f). The increase

in luciferase expression at 72 h was not statistically significant, however, was considerably
higher compared with the 24-h and 48-h incubation times (Fig. 7a-c).

We further evaluated luciferase expression at 24, 48, and 72 h in hCMEC/D3 cells
transfected with RAW 264.7-derived Luc-EVs at 6 and 12 ug total EV protein/well (Fig. 8).
Post-transfection, there were no statistically significant (p > 0.05) increases in hCMEC/D3
cell luciferase expression at the 24- and 48-h incubation times (Fig. 8a and b). This lack of
luciferase expression by RAW 264.7-derived Luc-EVs at 24 and 48 h was consistent with
our observations from the experiments using hCMEC/D3-derived Luc-EVs (Fig. 7a and b).
However, interestingly, Luc-EXOs isolated from 1 ug Luc-DNA group showed ca. 23-fold
increase in luciferase expression compared with control, untreated cells, and the increased
expression levels were statistically significant (p < 0.01) compared with naive EXOs and
MVs, as well as the EXOs and MVs isolated from cells pre-transfected with 0.5 pg Luc-
DNA/well (Fig. 8c). Notably, Luc-MVs isolated from RAW 264.7 cells pre-transfected
with 1 ug Luc-DNA/well showed a ca. 15-fold increase in luciferase expression compared
with control, untreated cells. The luciferase expression in 12 g total EV protein-treated
hCMEC/D3 cells was lower than that of the 6 pg/well protein amount. The effect test table
showed that the amount of Luc-DNA has a significant impact on luciferase expression at
the 72-h incubation time (Fig. 8f). The higher luciferase transgene expression mediated by
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RAW 264.7 cell line—derived EVs can be correlated with higher DNA loading in those EVs
compared with hCMEC/D3 cell-derived EVs (Table 1V and Fig. 5).

The Effect of EVs on Cellular ATP Levels in hCMEC/D3 Cells

It has been reported that extracellular vesicles containing mitochondria or mitochondrial
DNA can participate in cell-signaling processes in the recipient cells (3). Mitochondria is an
essential organelle that provides energy to the cells by synthesizing ATP through oxidative
phosphorylation and electron transport chain pathways (51). Therefore, we hypothesized
that treating hCMEC/D3 cells with EVs can increase their intracellular ATP levels. We
measured the resulting intracellular ATP levels after treating the hCMEC/D3 cells with naive
EVs or BDNF pDNA (pBDNF)-loaded EVs using the luminescence-based CellTiter-Glo
assay (ATP assay). The stoichiometric reaction between intracellular ATP and CellTiter-Glo
reagent emits luminescence that is directly proportional to the cellular ATP levels and hence
is proportional to the number of metabolically viable cells. The relative ATP levels in
EV-treated cells was normalized to the ATP levels of 1x PBS-treated cells (Eqg. 3).

We evaluated the effect of the following three transfection factors: the amount of pPBDNF
transfected into the cells using Lipofectamine (0, 0.5, or 1 pg/well pPBDNF corresponding to
total amounts of 0, 12, or 24 ug per plate), type of EVs (EXOs, MVs, or EXOs + MVs), and
the amount of EVs (6 or 12 g total protein) on the resulting ATP levels using a full factorial
design on JMP Pro 14 (Fig. 9). We evaluated the effect of these experimental conditions

on the resulting ATP levels at either 24-h or 48-h incubation time. The significance of each
factor and their two-way interaction at either 24 h or 48 h were determined by performing
multiple regression analysis and F-test (ANOVA table) at a. = 0.05. For the 24-h incubation
time, it can be seen from Fig. 9c that the pDNA amount, type of EVs, and total EV

protein showed a statistically significant (o < 0.0001) increase in intracellular ATP levels,
whereas their two-way interaction was statistically insignificant (o> 0.05). EXOs showed
significantly higher ATP levels compared with MVs and EXOs + MVs at all pBDNF
amounts (Fig. 9a) and total EV protein amounts (Fig. 9b). Naive EXOs or MVs (0 pg/well
pBDNF) showed significantly higher ATP levels compared with EXOs isolated from the

12 or 24 pg pBDNF plates (Fig. 9a). The lower amount of total EV protein (6 pg/well)
showed significantly (v < 0.01) higher ATP levels compared with 12 pg/well upon 24 h of
incubation. The estimates (parameter coefficients) in Fig. 9c list the magnitude of the factor
influencing the observed percent ATP levels wherein the positive coefficient values indicate
the percent increase in the ATP levels when changing any factor level from 1 to 2 and vice
versa for the negative coefficients. Notably, the negative estimates of total EV protein (-
3.41) and amount of pPBDNF (- 3.16) suggested that increasing the amount of either EV
protein or pBDNF would decrease the overall ATP levels. In contrast, the estimates for the
type of EVs indicated that treatment with EXOs would increase the ATP levels by ca. 8%
when compared with treating the cells using EXOs + MVs (Fig. 9¢). The MV-mediated
increase in ATP levels was insignificant (o> 0.05, Fig. 9¢) compared with EXOs + MVs.

When incubated for 48 h (Fig. 9d-f), the type of EVs and amount of pBDNF showed a
statistically significant (o < 0.05) effect on increasing ATP levels whereas the effect of total
EV protein and two-way interactions between three factors were statistically insignificant
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(0> 0.05, Fig. 9f). Consistent with data from the 24-h incubation time, cells treated with
EXOs for 48 h demonstrated significantly higher ATP levels compared with MVs at all
pBDNF amounts (Fig. 9d) and total EV protein amounts (Fig. 9e). EXOs + MVs showed
significantly lower ATP levels at the 24-h incubation time, and therefore, we did not evaluate
the effect of EXOs + MVs on the ATP levels at the 48-h incubation time. Treatment with
naive EXOs showed significantly (p < 0.05) higher ATP levels compared with naive MVs
as well as EXOs or MVs treated isolated from cells transfected with 24 ug pBDNF (Fig.
9d). However, there was no effect of the amount of total EV protein (6 vs. 12 ug/well) on
the ATP levels at the 48-h incubation time (Fig. 9e). The negative estimates of the amount
of BDNF pDNA (- 4.48) suggested that increasing the amount of pBDNF from none to 1.0
ug/well pBDNF would decrease the ATP levels by ca. 4.5%, whereas treatment with EXOs
would increase by ca. 4.3% of the ATP levels compared with MVs (Fig. 9f) at the 48-h
incubation time. Lack of Fit test was insignificant (v < 0.05, Fig. 9c and f) for both the 24-h
and 48-h incubation periods suggesting that the data fits the used regression model.

Overall, treatment with EXQOs showed higher ATP levels at the 24- and 48-h incubation
times suggesting that EXOs increased cell metabolic activity to a greater extent than MVs
and MVs + EXOs. Naive EXOs increased ATP levels to a higher extent when compared
with EVs isolated from cells transfected with 12 or 24 ug pBDNF.

We additionally studied the effect of parent cell line source (endothelial vs. macrophage
origin) of the isolated EVs on the resulting ATP levels in the recipient hCMEC/D3 cells
using the same experimental setup. We tested if BDNF-EVs derived from RAW 264.7 cell
line can increase relative ATP levels in the recipient hCMEC/D3 cells. BDNF-EVs were
isolated from RAW 264.7 cells pre-transfected with 0, 0.5, or 1 pg/well pDNA (amounting
to a total of 0, 12, or 24 ug DNA per 24-well plate), and their total protein amount was
quantified using a MicroBCA assay as described above. RAW 264.7-derived BDNF-EVs
were transfected into hCMEC/D3 cell line for 24, 48, or 72 h. At the 24-h exposure time,
RAW 264.7-derived BDNF-EXOs isolated from cells pre-transfected using 0.5 ug pBDNF/
well showed a statistically significant (p < 0.0001) increase in relative cellular ATP levels
compared with naive MVs and BDNF-MVs when treated at 12 g total EV protein per

well (Fig. 10a and d). At the 48-h exposure time, BDNF-EXOs with 0.5 pug/well pPBDNF
showed a statistically significant increase in ATP levels compared with 1 pg pDNA/well (p <
0.05), naive and BDNF-EVs at 12 pg total EV protein/well (at least p < 0.05, Fig. 10b and
e). There were no EV-mediated increases in ATP levels at 72 h excluding the BDNF-MV
treatment group isolated from cells pre-transfected with 1 pug/well pBDNF (Fig. 10c and f).
Interestingly, the effect of the amount of pPBDNF loading is statistically significant for EXOs
only at the 24- and 48-h exposure time, but was nonsignificant for MVs. In conclusion,
RAW 264.7 cell line—derived EXOs isolated from cells pre-transfected with 0.5 ug pBDNF/
well showed a potential to increase hCMEC/D3 cellular ATP levels compared with other
treatment groups, however, the increase in ATP levels were < 20% compared with control,
untreated cells under normoxic conditions.
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DISCUSSION

Extracellular vesicles (EVs) exert a critical role in the intercellular communication between
parent and recipient cells via transferring their nucleic acids, proteins, organelles, and/or
lipid components to the recipient cells (1,5,52-54). EVs have demonstrated the potential

to carry and deliver exogenous nucleic acids as well as transfer their innate contents such
as mitochondria to the target cells resulting in cell-signaling processes (3,13). The lack of
ATP synthesis following oxygen and glucose deprivation in ischemic stroke is the first step
that triggers the energy failure and loss of ionic gradients (38) resulting in the activation of
multiple processes leading to cell death. Therefore, in the present study, we Aypothesized
that EXOs and MVs derived from a brain endothelial cell line, \hCMEC/D3, can increase
the cellular energetics viaincreasing ATP levels in the recipient hCMEC/D3 cells (Fig. 1).
In this proof-of-concept study, we conducted these experiments in healthy endothelial cells
to determine the initial feasibility of our approach. Our current ongoing studies in an /n
vitro oxygen-glucose deprivation model of stroke is determining the effects of EV delivery
in injured endothelial cells whose results will be the subject of a forthcoming manuscript.
We also sought to determine if we could load a therapeutic plasmid DNA; pBDNF, for
future exploration of its delivery to ischemic endothelial cells. In this study, our objectives
were (1) to isolate and characterize naive EVs from hCMEC/D3 cells, (2) isolate luciferase
pDNA-loaded EVs and evaluate the luciferase gene expression in the recipient cells to
determine if EVs can transfer functional pDNA, and (3) to evaluate the resulting intracellular
ATP levels in naive or pPBDNF-EV-treated hCMEC/D3 cells.

We used a differential ultracentrifugation method to isolate EVs from the conditioned
culture medium of hCMEC/D3 monolayers, a human brain endothelial cell line (Fig. 2a).
Differential centrifugation is the most commonly reported, economic isolation method for
the separation of exosomes with a low risk of isolation reagents-mediated contamination
and is also appropriate for the large volume preparations (55). Extracellular components in
the conditioned medium can be sequentially separated based on their physical properties
such as size, shape, and density under specific centrifugal forces. Exosomes are generally
uniform, spherical membrane-covered structures with a sucrose density of 1.13-1.19 g/mL
and particle diameters ranging from 30 to 150 nm (2). On the other hand, microvesicles

are of various shapes, with broader particle diameters of about 100-1000 nm, and are
relatively denser than exosomes (2). We isolated the MVs and EXOs by eliminating the
larger bio-particles such as cell debris, protein aggregates, and apoptotic bodies from the
conditioned medium using a couple of sequential low-speed centrifugation cycles (300-
2000%g) and subsequent filtration through 0.22-pm filters. EXOs and MVs were pelleted in
the ultracentrifugation tubes at 20,000 and 120,000x g centrifugal forces and resuspended in
PBS. The average particle diameters of the isolated EVs aligned well with the published
reports (28,41,48). A possible reason for the observed broad polydispersity index and
bimodal distribution of MVs may be due to its aggregation whereas EXOs may not
aggregate due to their relatively smaller particle size. The membranes of EXOs and MVs
contain anionic lipids such as phosphatidylserine, phosphatidylinositol, and glycosylated
lipid derivatives (1,2,23) that led to their negative zeta potential of about ca. — 11.2 mV (Fig.
2c).
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EXOs and MVs represent a heterogeneous population of vesicles, and therefore, particle
size data alone cannot be used to distinguish those two EV populations even when

derived from the same cells. EXOs and MVs have defined protein compositions, and we
determined their characteristic protein markers using western blotting (Fig. 2b). Tetraspanin,
a superfamily of four transmembrane proteins, plays a critical role in EV biogenesis,
selection of exosome cargos, binding, and uptake of exosomes by target cells, and mediate
immune responses via their presentation on exosomal surfaces (14). Alix, a member of

the endosomal sorting complex required for transport machinery family of proteins, is
involved in the inward budding of endosomal membrane during the exosome biogenesis
(15). Thus, Tetraspannin CD-9 and Alix are enriched in the membrane of exosomes. Our
western blotting data indeed showed the presence of Tetraspannin CD-9 and Alix proteins
in EXOs whereas these proteins were absent in the MVs suggesting the purity of the
isolated EVs (Fig. 2b). Numerous studies have reported the entrapment of single, double-
stranded mitochondrial DNA, or mitochondrial proteins in the MVs (3,5,27). Phinney et

al. showed that the MVs derived from mesenchymal stem cells contained depolarized
mitochondria (27). Mitochondria is a key organelle responsible for the ATP synthesis during
the oxidative phosphorylation process using ATP5 synthase. MVs isolated from hCMEC/D3
cells demonstrated the presence of ATP5A protein (Fig. 2b) suggesting the presence of
mitochondrial components in MVs. In contrast, we observed the presence of ATP5A in the
EXOs sample derived from RAW 264.7 macrophage cells (SL. Fig. 1). Hence, EXOs or
MVs enriched with mitochondrial components may have the potential to increase cellular
ATP levels in the recipient cells.

The integrity of the isolated EVs labeled using calcein AM was determined using a flow
cytometry assay since this method allows quantifying the percentage (%) of intact vs.
disrupted vesicles. Calcein AM, an acetoxymethyl derivative of the fluorescent molecule
calcein, is membrane-permeant and non-fluorescent until activated by intravesicular
esterases (56). This strategy can be applied for live cell detection, cell tracking, and to
determine vesicle integrity (/.e., differentiate intact vs. disrupted vesicles) that is likely to
be affected due to factors such as mechanical forces, enzymatic degradation, freeze/thaw
cycles, osmolarity, pH, and time (56). The acetoxymethyl ester moiety of calcein AM is
hydrolyzed by intracellular esterases and converted into a membrane-impermeant green
fluorescent calcein. A few studies have reported calcein-based assessments of exosome and
microvesicle leakage as well as cell tracking (57-59). Mitchell et a/. investigated the effect
of urine osmosis on the integrity of B cell line—derived exosomes using flow cytometry
analysis of calcein-loaded exosome bead complexes (57). Gray et al. developed a sensitive
and precise flow cytometry method for determining the integrity of EVs using calcein AM
(56). The results of the integrity of EVs derived from two different origins (human brain
endothelial cells and mouse macrophages) demonstrated that our isolation process does
not result in significant damage to EV membrane integrity. Our analysis indicated that at
least 90% of the vesicles are calcein-positive (Fig. 4 and SL. Fig. 3) and thus gave us the
confidence that the observed effects of EVs arise from intact vesicles.

In order to determine the capability of EVs as vectors to deliver exogenous DNA
into recipient cells, we first pre-transfected hCMEC/D3 or RAW264.7 cells using
lipofectamine/DNA complexes and quantified the amount of Luc pDNA in the isolated EVs.
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We then evaluated the transfection efficiency of Luc pDNA-loaded EVs (Luc-EXOs/MVs)
in the recipient \CMEC/D3 cells. We used the Picogreen assay to quantify the amount of
dsDNA entrapped in the isolated EVs. While this assay is not specific to the exogenously
loaded pDNA construct, it quantifies the amount of total double-stranded nucleic acids
entrapped into the EVs. Therefore, as expected, we observed a considerable amount of
DNA loading in the naive EVs (0 pg/well pDNA, Table I11) as they are enriched with a
variety of nucleic acids (1,2,5). We subtracted the naive EVs DNA content and the resulting
DNA loading data showed that EXOs contained a significantly (o < 0.05) higher amount of
Luc pDNA compared with MVs. However, the DNA loading efficiency of both EXOs and
MVs were less than ca. 1%, indicating that a limited amount of the exogenous Luc-DNA
was packaged into EXOs and MVs and was subsequently secreted to the extracellular
environment. We speculate that the following are likely reasons for the observed low DNA
loading: First, despite using the cationic Lipofectamine reagent for transfection of the
parent \CMEC/D3 cells, only a fraction of exogenous DNA from the lipofectamine/pDNA
complexes may have entered the cells as brain endothelial cells inherently show low rates of
pinocytic uptake (60,61). Second, post-entry into the cells, a portion of the endogenous DNA
may have degraded in the acidic lysosomes, and/or a part of DNA may have delivered into
the nuclei. It is also important to note that the exosome biogenesis pathway is endosomal

in origin and thus, a proportion of the packaged DNA may have been routed to lysosomal
degradation. As a combined effect, only small amounts of the delivered DNA may have
been packaged in EXOs and MVs and secreted into the extracellular environment. It is
also important to account for the cell line-specific effects of EV biogenesis and release. We
would also like to emphasize that the transfection levels of non-viral gene carriers such as
Lipofectamine used in the current study are largely cell line-dependent (62). Lamichhane
et al. (13) used an electroporation method to entrap DNA and reported less than 2% of
exogenous DNA loading into extracellular vesicles, in line with our observations. The
extent of DNA loading is dependent on the molecular size of dSDNA, particle diameters of
EXOs and MVs, the specific transfection methods, and the experimental parameters used.
Lamichhane et a/. reported that the DNA loading decreased from about 35 ng/3 x 108 EV's
for a 750 bp DNA size to nearly 3 ng/3 x 108 EVs for a 1000 bp DNA size. It should be
pointed out that the size of gWiz-Luc-DNA we used is 6732 bp. Therefore, there is a need
for further optimization of the transfection protocol to increase the DNA loading efficiency.
Importantly, RAW 264.7 cell line—derived EXOs isolated from cells pre-transfected with
0.5 pg/well DNA showed significantly (p < 0.0001) higher DNA loading compared with
hCMEC/D3 and RAW 264.7 cell line—derived MVs as well as hCMEC/D3 cell-derived
EXOs (Fig. 5).

Noteworthy, although an earlier work (23) demonstrated functional delivery of pDNA via
MVs but not EXOs, the extent of DNA loading into the different EVs were not discussed
and thus does not allow a comparison with our DNA loading values. We compared the
protein yields of DNA-loaded EVs and EVs isolated from cells treated with Lipofectamine
alone (no DNA) with that of naive EVs. There was no significant difference in the total EV
protein content or EV yield among the three groups transfected with different DNA amounts
indicating that the biogenesis and release of EVs were not affected by the transfection
process. We have demonstrated the partial specificity of BCA or MicroBCA assay for
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determining the total EV protein content in the discussion section in supplemental 1 (SL.
Fig. 6 and SL. Fig. 7).

We evaluated the effect of the amount of Luc pDNA, total EV protein, type of EVs,

and incubation time on the transfection activity of Luc-EVs in hCMEC/D3 cells (Fig. 7).
Incubation time and the two-way interaction between type of EVs and incubation time
showed a significant (o < 0.0001) effect on the luciferase gene expression in hCMEC/D3
cells. A significant interaction between the type of EVs and incubation time indicates that
the extent of change in luciferase expression at 24 h or 48 by Luc-EVs was different

for EXOs or MVs (Fig. 7d). Kanada et al. measured luciferase expression in units of

photon flux (p/s) and reported peak luciferase expression levels when Lipofectamine 2000/
Luc-pDNA complexes were transfected for 48 h, whereas the Luc-MVs derived from
HEK293FT cells showed the maximum expression at 72 h (23). This suggests that EVs
took longer to express the delivered gene compared with cationic lipids. The difference

in the observed gene expression kinetics could be due to the differences in subcellular
trafficking and release of pDNA from the lipofectamine/DNA complexes vs. DNA-EVSs.
Lipofectamine/DNA complexes are taken up by cellular endocytosis and the cationic lipid
subsequently fuses with the endosomal membrane allowing the escape of DNA into the
cytosol (63). On the other hand, confocal laser microscopy and flow cytometry studies
revealed that EVs also undergo energy-dependent endocytic or macropinocytic uptake in
hCMEC/D3 cells (41,64) and colocalize with early endosomes within 2 h of incubation.
Using confocal fluorescence microscopy, Kanada et a/. demonstrated that fluorescently
labeled EVs internalized by cells were still localized within the endocytic compartments
even at 48 h post-incubation suggesting that the EV-mediated delivery is a slower process
compared with cationic lipid transfections (23). Importantly, lipofectamine/DNA complexes
showed significantly (< 0.0001) higher gene expression compared with Luc-EVs at 48 h of
incubation (Fig. 7d). If cellular uptake occurs viaendocytosis, it is also likely that the uptake
of negatively charged pDNA-EVs could be hindered by the anionic cell membranes, whereas
the cationic lipofectamine/DNA complexes generally show greater levels of cellular uptake
and hence, a higher transfection efficiency. We would like to point out that the Luc-EVs

did not considerably increase luciferase gene expression compared with untreated cells at
the 24- or 48-h incubation time (Fig. 7b). Besides, the increase in luciferase expression at
72 h was not statistically significant, however, considerably higher compared with 24-h and
48-h incubation time points (Fig. 7a-c). It is important to note that the transfection activity
can be cell line- and/or EV source-dependent and hence, we were not surprised to notice
low transfection levels in the hCMEC/D3 cell line which inherently possess low pinocytic
capabilities (60).

Luc-EVs derived from RAW 264.7 cell line showed a statistically significant (o < 0.01)
increase in luciferase expression in hCMEC/D3 cells at the 72-h incubation time. EV-
mediated transfection of pDNA took at least 72 h to express luciferase proteins in the
recipient cells. The luciferase expression was significantly higher in hCMEC/D3 cells
transfected with RAW 264.7 cell-derived Luc-EVs compared with hCMEC/D3 cell line—
derived Luc-EVs suggesting that the cell source of EV play a critical role in EV-mediated
gene expression in recipient cells. We speculate that the resulting membrane composition
of EVs derived from a low pinocytic cell line like hCMEC/D3 contributed to the low
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transfection activity of those EVs. However, EVs derived from a RAW264.7, a macrophage
cell line, showed greater transfection levels in the recipient cells, likely due to their
improved migratory/cell entry capabilities. It should also be noted that under conditions

like stroke, macrophages and other immune cells breach the brain endothelial cells in a
process known as diapedesis (65). Thus, engineered EVs derived from macrophage cells can
be used for therapeutic drug delivery in diseases like stroke and in other diseases where
BBB permeability is implicated in the pathogenesis. Yuan et a/. (41) have demonstrated

that naive EVs derived from RAW 264.7 macrophages utilize the integrin lymphocyte
function-associated antigen 1 (LFA-1), intercellular adhesion molecule 1 (ICAM-1), and, the
carbohydrate-binding C-type lectin receptors to interact with hCMEC/D3 monolayers. It is
also known that the upregulation of ICAM-1, a common process in inflammation, promotes
the uptake of macrophage-derived exosomes in the hCMEC/D3 monolayers. The authors
also demonstrated that intravenously administered RAW-derived exosomes crossed the BBB
and delivered a cargo protein to the brain.

Despite their moderate transfection efficiency, EV-mediated gene transfer is still intriguing
due to their rich vesicular cargo that may enhance the biologic effects of the delivery and
result in functional changes such as increased cellular energetics. Thus, we evaluated if
EVs can be loaded with a therapeutic payload, BDNF pDNA, and studied their effects on
the resulting intracellular ATP levels in recipient hCMEC/D3 cells using the ATP assay
(Fig. 9). It has been reported that MVs package mitochondria and mitochondrial DNA
(mtDNA) from the parent cells (27,28). We confirmed the presence of ATP5A, the enzyme
responsible for ATP synthesis from ADP in the mitochondria, in MVs and EXOs derived
from hCMEC/D3 cells (Fig. 2b) and in the EXOs derived from the RAW 264.7 macrophage
cells (SL. Fig. 1). ATP produced by mitochondria provides the chemical energy required for
overall cellular activity and metabolism, calcium homeostasis, induction of cell apoptosis,
regulation of innate immunity, and maintenance of cell differentiation and reprogramming
(29). Therefore, EVs containing mitochondria may have a strong potential to mediate cell
survival by increasing the ATP levels during cell duress (27,32). MVs and EXOs differ

in their biogenesis and as a result, contain different protein and gene materials (5,28). We
speculated that a combination of EXOs and MVs (EXOs + MVs) may include a menagerie
of proteins and nucleic acids that could likely result in higher cellular ATP levels compared
with treatment with MVs or EXOs alone. Therefore, we evaluated the effect of type of EVs
(EXOs, MVs, or EXOs + MVs) and naive vs. BDNF-EVs isolated from cells transfected
with different amounts of pBDNF (12 vs. 24 pg) on the relative ATP levels in hCMEC/D3
cells incubated for 24 or 48 h (Fig. 9).

EXOs showed the maximum and significant (p < 0.05) increase in the relative ATP levels
compared with MVs or EXOs + MVs at the 24-h incubation time. The relatively reduced
efficiency of EXOs + MVs may be due to the reduced amount of EXOs (by 50%) in the
combination compared with EXOs or MVs alone. Thus, we did not use the EXOs + MVs
combination treatment group for studying the effect of the factors at the 48-h incubation
time. Despite the presence of a mitochondrial marker in the MVs (Fig. 2b), our data showed
that treatment with EXOs resulted in higher cellular ATP levels compared with treatments
with MVs and MVs + EXOs. Hough et al. demonstrated that packaged mitochondria in
exosomes isolated from the myeloid-derived regulatory donor cells that were transferred to

AAPS PharmSciTech. Author manuscript; available in PMC 2022 January 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dave et al.

Page 24

the recipient T cells facilitated oxidative phosphorylation and pro-inflammatory signaling
(66).

Apart from the type of EVs and amount of transfected pBDNF, the effect of the amount

of total EV protein on cellular ATP levels was statistically (p < 0.0001) significant at 24

h, however insignificant (o> 0.05) at 48 h. A possible reason could be the incubation
time-dependent aggregation of EVs, denaturation or degradation of vesicular proteins as can
be deduced by the reduction in parameter estimates from 7.8 at 24 h to 4.33 at 48 h (Fig.

9c and f). The highest cellular ATP levels were noted in cells treated with naive-EXOs at

a dose of 6 ug protein/well instead of 12 ug protein/well suggesting that an optimal dose

of EVs is required to increase the cellular metabolic activity. Besides, EXOs have a wide
range of proteins such as heat shock proteins and pyruvate kinase that regulate functions
such as cellular growth and migration in recipient cells (28,67,68). Naive EVs (0 ug pDNA)
showed significantly (o> 0.05) higher ATP levels compared with pBDNF-EVs isolated from
transfected cells. A possible reason for the relatively lower enhancement in ATP levels in
the BDNF-EV-treated cells may be related to the qualitative changes in vesicular content
(but not the overall quantitative total protein content) as a result of DNA transfection. Our
current studies are comparing vesicular content in EVs isolated from naive vs. transfected
cells using proteomic analyses and will be presented in a forthcoming manuscript. Notably,
the interactions between any two factors (amount of BDNF pDNA, type of EV protein,

or type of EVs) at either incubation times were statistically insignificant suggesting that

the effect of any one factor on the ATP levels was independent and not influenced by

the presence of the other two factors. RAW 264.7 cell line—derived EXOs isolated from
cells pre-transfected with 0.5 pug pBDNF/well showed the potential to increase intracellular
ATP levels in hCMEC/D3 monolayers compared with other treatment groups, however, the
increase in ATP levels were < 20% compared with control, untreated cells under normoxic
conditions. We have demonstrated (D’Souza....Manickam, manuscript under preparation)
that the exposure of EVs to brain endothelial cells under hypoxic conditions (using cells
subjected to oxygen-glucose deprivation; OGD) rescues the loss in endothelial cell viability,
compared with untreated cells. Thus, our future works will explore the therapeutic utility of
these engineered EVs under hypoxic conditions.

Collectively, hCMEC/D3 cell line—derived naive EVs but not BDNF-EVs mediated a
significant increase in intracellular ATP levels, and the presence of ATP5A in naive EVs
suggested that cell-derived naive EXOs and MVs contain ATP5A and/or mitochondria/
mtDNA that can also be transferred to the endothelial cells during ischemic conditions

to increase their bioenergetics and survival. In our studies, we did not directly establish
the relationship between the transfected amount of DNA and the resulting ATP levels
with ATP5A expression. However, we would like to point out here that the BDNF-DNA
in hCMEC/D3 cell line—derived EVs is per se not expected to contribute to increased
cellular ATP levels. We wish to emphasize that we utilized plasmid BDNF-DNA as a
model therapeutic gene to evaluate the efficiency of EVs to carry a therapeutic pPDNA

and used the ATP assay as a readout to determine if these BDNF-EVs can also result in
increased cellular energetics v/a the transfer of their innate functional components such as
mitochondria/mtDNA. We wish to additionally emphasize that the observed changes in ATP
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levels were not used here as a readout for the direct therapeutic activity of BDNF-loaded
EVs.

The effects between DNA-MVs and naive MVs are subtle and are likely due to the

limited amount of DNA loading observed under the current experimental conditions.
Notwithstanding these observations, we believe that the innate, mitochondrion-related cargo
in EVs can be beneficially exploited to increase cellular energetics in injured/ischemic
endothelial cells. To this effect, we have engineered EVs for the delivery of a cationic
protein, ATP5A, and have demonstrated that the exposure of EVs or ATP5A-EVs to OGD-
subjected endothelial cells can increase their ATP levels and consequently, their overall cell
viability (D’Souza....Manickam, manuscript under preparation).

The observed increase in ATP levels is highly significant because during post-ischemic
injury, the lack of oxygen supply to the affected brain tissues leads to the mitochondrial
dysfunction-mediated reduction in ATP levels in the endothelial cells lining the BBB.

Thus, restoring the cellular ATP levels in injured ischemic endothelial cells has a strong
potential to decrease acute cell death and consequently preserve the protective functions of
the BBB. Cell-derived naive EXOs and MVs contain mitochondria and/or mtDNA that can
also be transferred to the damaged endothelial cells during oxidative stress to increase their
bioenergetics and survival. Further optimization of the engineering of BDNF-EVs will allow
its delivery to facilitate the synthesis/release of BDNF from endothelial cells thus enabling
the protective effects of the delivered BDNF without crossing the BBB.

Additional discussion in Supplemental 1: For any interested readers, we have discussed
and presented data on modifying EVs using synthetic cationic polymers that can render an
overall positive charge to the formed EV/polymer complexes. We have discussed how EVs
can be modified for purposing their delivery to specific diseases such as ischemic stroke.
We have also discussed routes of EV administration that have been used in pre-clinical and
clinical experiments.

CONCLUSION

In the present study, we explored the capability of EVs derived from a brain endothelial and
a mouse macrophage cell line to load exogenous plasmid DNAs and deliver the external
payload along with their innate vesicular content to the recipient human brain endothelial
cells. Our results showed that EXOs and MVs can load exogenous luciferase or BDNF
plasmid DNA. Increased ATP levels in naive- and BDNF-EV-treated hCMEC/D3 cells
supported our hypothesis that innate EV components such as mitochondria/mtDNA can
increase cellular energetics in the recipient cells even under normoxic conditions. Design
of experiment analyses revealed that the type of EVs, amount of DNA in isolated EVSs,

and total EV protein are statistically significant factors that affected the observed changes
in endothelial cell ATP levels. Naive EXOs increased ATP levels to a greater extent than
naive MVs and EVs isolated from cells transfected with pBDNF. An optimum amount of
the total EV protein, here 6 pg/well, was required to increase the cellular ATP levels at the
24-h incubation time; however, at 48 h, varying the total EV protein did not change the
cellular ATP levels. Further optimization of the EV engineering process is expected to lead
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to the development of this exciting class of new therapies for decreasing acute cell death in
ischemic stroke.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Schematic representation of lipofectamine/pDNA transfection in hCMEC/D3 (or)

RAW?264.7 cells and the subsequent internalization of DNA-loaded EVs into the recipient
cells. h(CMEC/D3 or RAW264.7 cells seeded in a 24-well plate were transfected with
lipofectamine/pDNA complexes for 12 h. Once they are endocytosed, the DNA complexes
can either be localized either in multivesicular bodies (MVB) to allow subsequent biogenesis
into exosomes (exocytic pathway). It is also likely that the complexes in MVBs may
progress along a degradative pathway for subsequent degradation in the lysosomes.

DNA complexes that escape the endolysosomal degradation followed by release into the
cytoplasm may be incorporated into microvesicles along with mitochondria that tend to
migrate to the cell periphery. Upon addition to the recipient cells, DNA-EVs may internalize
via pinocytosis or fuse with the cell membrane for subsequent intracellular processing
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Fig. 2.

Characterization of EXO- and MV-derived from hCMEC/D3 cells. a A flowchart of the
differential ultracentrifugation method that was used to isolate EXOs and MVs from the
conditioned medium. b Detection of marker proteins in EXOs and MVs using western
blotting. Each lane was loaded with 25 pg total protein (for ATP5A detection, the EV
protein loading amount was 50 pg/lane) of the indicated sample, electrophoresed, and
transferred to a nitrocellulose membrane prior to staining with antibodies to detect Alix,
GRP94, ATP5A, CD9, and GAPDH proteins. The bands were imaged on the 800-nm
channel using an Odyssey imager at intensity setting 5 and processed using ImageStudio
5.2 software. ¢ Z~average particle diameter, polydispersity indices, the zeta potential of
MVs and EXOs measured using dynamic light scattering (DLS). The samples at 0.7 mg/mL

protein concentration were suspended in 10 mM HEPES buffer, pH 7.4 prior to DLS

analysis. d The scattered light intensity-based particle size distribution of EXOs and MVs
was measured by DLS on a Malvern Nano Zetasizer. Data are presented as mean + SE
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of two independent experiments. The raw blot for ATP5A detection in hCMEC/D3 cell
line—derived EVs was shown in SL. Fig. 5
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Fig. 3.

Flow cytometry analysis of calibration beads. Calibration beads with particle diameters
ranging from 0.1 to 2 um were diluted in PBS, and events were acquired in the side scatter
(SSC), forward scatter (FSC), and a small particle side scatters 488/10-nm filter (BL1)
channels in an Attune flow cytometer. Representative density plots of beads ranging from
0.1t0 0.5 um (a), and 0.5-2 um (c), histograms of beads ranging from 0.1 to 0.5 um (b), and
0.5-2 um (d). In density plots, X-axis represents the number of events captured in the side
scatter 488/10-nm filter (BL1), whereas the Y-axis represents the number of events acquired
in SSC. In histograms, X-axis represents the events captured by BL1, whereas the Y-axis
represents the total count of the events. The axes scale in these plots were automatically
adjusted by the Attune NXT software
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Fig. 4.
Integrity of hCMEC/D3 cell line—derived EVs after ultracentrifugation and resuspension

determined using flow cytometry. EV's were isolated from hCMEC/D3 cell line using
sequential ultracentrifugation and the pellets were resuspended in PBS. EXOs and MVs

at 20 pg/mL were labeled with 10 uM calcein AM. In a separate experiment, EVs were lysed
with Triton-X 100 (2%) solution and were labeled with calcein AM. An aliquot of each
sample was analyzed for calcein-positive EVs using an Attune NXT flow cytometer. The
representative density plots (a), and histograms (b) of EXOs, calcein AM-labeled EXOs,
and Triton-X 100-lysed calcein-labeled EXOs. The representative density plots (c), and
histograms (d) of MVs, calcein AM-labeled MVs, and Triton-X 100-lysed calcein-labeled
MVs. In density plots, X-axis represents the number of calcein-positive events captured

in the side scatter 488/10-nm filter (BL1), whereas the Y-axis represents the number of
events acquired in the side scatter (SSC). In histograms, X-axis represents the number of
calcein-positive events captured in the side scatter 488/10-nm filter (BL1), whereas the Y-
axis represents the total count of the events. The axes scale in these plots were automatically
adjusted by the Attune NXT software. The data shown are representative plots of n=3
samples
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Fig. 5.

LL?C-DNA loading in hCMEC/D3 and RAW 264.7 cell line—derived EXOs and MVs. Luc-
DNA at 0, 0.5, and 1 pg/well were transfected into hCMEC/D3 and RAW 264.7 cell lines
using Lipofectamine in 24-well plates. EVs from corresponding plates were isolated using
sequential ultracentrifugation and resuspended in 1x PBS in volumes ranging from 300

to 1000 pL. Isolated EVs were lysed using 1.X RIPA buffer and the total DNA content

was measured using Quant-iT PicoGreen assay. DNA loading was calculated using Eq. 1
described in the method section. The differences in DNA loading between the groups were
compared using one-way ANOVA and the significance levels are indicated as **p < 0.01,
and ****p < 0.0001
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Fig. 6.

C)?tocompatibility of hCMEC/D3 cell line—derived Luc-EVs with hCMEC/D3 cells using
ATP assay. h\CMEC/D3 cells were seeded in collagen-coated 96-well plates at 16,500
cells/well. At about 80% confluency, hCMEC/D3 cells were incubated with 6 or 12 ug

of total EXO protein per well isolated from cells pre-transfected with 0, 0.5, and 1 g
Luc-DNA/well (a), 6 or 12 pg of total MV protein per well isolated from 0, 0.5, and 1 pg
Luc-DNA/well plates (b), and lipofectamine/Luc-DNA complexes at 10 ng Luc-DNA per
well (c). Cells were incubated with EVs for 24, 48, or 72 h, and with Lipofectamine/DNA
complexes for the 24- or 48-h exposure time. PEI at 50 pg/mL was used as a positive
control and untreated cells were also used as a control. Post-incubation, the CellTiter-Glo
2.0 reagent was added to an equal volume of cell culture media. The plate was measured
for luminescence at 1 s integration time using a GloMAX luminometer. The % cell viability
of the treated cells was calculated by the (relative luminescence unit (RLU) of treated
cells/RLU of untreated cells) x 100. The significance of treated groups was compared
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against control using Student’s unpaired #test compared with control or one-way ANOVA
and the significance levels are indicated as *p < 0.05, **p < 0.01 and ****p < 0.0001
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Page 38

Effect of the transfection parameters of hCMEC/D3 cell line—derived Luc pDNA-EVS on
luciferase gene expression. hCMEC/D3 cells were seeded at a density of 50,000 cell/cm2
in 24-well plates, cultured for 48 h, and incubated with Luc-EXOs or MVs derived from
hCMEC/D3 cells pre-transfected with 0, 0.5, or 1 ug/well Luc-DNA. Cells were incubated
with Luc-EXOs or Luc-MVs containing either 6 ug or 12 ug EV protein/well for 24, 48,
or 72 h. Luciferase gene expression (Relative light units (RLU)) in the cell lysates were

measured at 1 s integration time using a Synergy HTX multi-mode reader. RLU of the

luciferase reagent (blank) was subtracted from the sample values and normalized to the
total cellular protein and the data is presented as normalized RLU/mg protein. RLU/mg
cellular protein of treated groups was further normalized to that of the control, untreated
cells and is represented as an average -fold increase in the Y-axis. a-c The average -fold
increase values in groups treated with DNA-EVs isolated from donor cells transfected with
different amounts of Luc-pDNA (0, 0.5, or 1 pg/well) at different doses (6 or 12 pg EV
protein/well) when incubated for 24, 48, 72 h. d The average-fold increase in cells treated
with the positive control (lipofectamine/Luc-pDNA complexes) incubated for 24, 48, and
72 h. e, f Analysis of variance table from the effect test using multiple regression analysis
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depicting the sum of squares, Fratios, and p values of each transfection factor and their
two-way interactions. Data are presented as mean + SE of three independent experiments
(n = 3/experiment). Statistical comparisons were made using multiple regression analyses,
where p<0.05, **p < 0.01, ****p< 0.0001
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Fig. 8.

Ef%ect of the transfection parameters of RAW 264.7 cell line—derived Luc pDNA-EVs on
luciferase gene expression. hCMEC/D3 cells were seeded at a density of 50,000 cell/cm2 in
24 well plates, cultured for 48 h, and incubated with Luc-EXOs or MVs derived from RAW
264.7 cells pre-transfected with 0, 0.5, or 1 pg/well Luc-DNA. Cells were incubated with
Luc-EXOs or Luc-MVs containing either 6 pg or 12 pg EV protein/well for 24, 48, or 72 h.
Luciferase gene expression (Relative light units (RLU)) in the cell lysates were measured at
1 s integration time using a Synergy HTX multi-mode reader. RLU of the luciferase reagent
(blank) was subtracted from the sample values and normalized to the total cellular protein
and the data is presented as normalized RLU/mg protein. RLU/mg cellular protein of treated
groups was further normalized to that of the control, untreated cells. The average -fold
increase in RLU/mg of cellular protein normalized to untreated cells values in groups treated
with DNA-EVs isolated from donor cells transfected with different amounts of Luc-pDNA
(0, 0.5, or 1 pg/well) at different doses (6 or 12 ug EV protein/well) when incubated for
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24 (a), 48 (b), and 72 h (c). Analysis of variance table from the effect test using multiple
regression analysis depicting the sum of squares, Fratios, and p values of each transfection
factor and their two-way interactions for 24 (d), 48 (e), and 72 h (f). Data are presented

as mean + SE of three independent experiments (n = 3/experiment). Statistical comparisons
were made using multiple regression analyses, where *p < 0.05, **p < 0.01, ****p < 0.0001
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Fig. 9.

Ef%ect of hCMEC/D3 cell line—derived naive EVs or BDNF-EVs on cellular ATP levels

in the recipient hCMEC/D3 monolayers. hCMEC/D3 cells seeded at a density of 5000
cell/cm? in 96 -well plates were cultured for 48 h and incubated with BDNF-EXOs, MVs,
or EXOs + MVs derived from hCMEC/D3 cells pre-transfected with 0 (naive), 0.5, or 1

pug BDNF-DNA/well. EXOs, MVs, or EXOs + MVs were incubated for 24 h (a-c), or 48

h (d-f) at either 6 ug or 12 ug EV protein/well. Post-incubation, the relative ATP levels
were measured using a CellTiter-Glo 2.0-based ATP assay. Relative light units (RLU) of
the cell lysates were measured at 1 s integration time using a Synergy HTX multi-mode
reader. The average RLU values from the recipient cells treated with DNA-EVs isolated
from donor cells transfected with different amounts of BDNF pDNA (0, 0.5, or 1 pg/well)
at different doses (6 or 12 ug EV protein/well) when incubated for 24 (a, b) or 48 h

(d, e). The effect test and lack of fit test using multiple regression analysis presenting
parameter estimates (coefficient), and p values of each transfection factor and their two-way
interactions for 24-h (c) or 48-h incubation time (d). Data are presented as mean + SE

of three independent experiments (n = 3/experiment). Statistical comparisons were made
using multiple regression analyses, where *p < 0.05, **p < 0.01, ***p <0.001, and ****p <
0.0001. ns: nonsignificant. N/A: not applicable
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Fig. 10.

Effect of RAW 264.7 cell line—derived naive EVs or BDNF-EVs on cellular ATP levels in
the recipient h\CMEC/D3 monolayers. hCMEC/D3 cells seeded at a density of 5000 cell/cm2
in 96 well plates were cultured for 48 h and incubated with BDNF-EXOs, or MVs derived
from RAW 264.7 cells pre-transfected with 0 (naive), 0.5, or 1 ug BDNF-DNA/well. EXOs
or MVs were incubated for 24 h (a and d), 48 h (b and e), or 72 h (c and f) at either 6

ug or 12 pg EV protein/well. Post-incubation, the relative ATP levels were measured using
a CellTiter-Glo 2.0-based ATP assay. Relative light units (RLU) of the cell lysates were
measured at 1 s integration time using a Synergy HTX multi-mode reader. The average
relative ATP levels compared with control, untreated cells from the recipient cells treated
with DNA-EVs isolated from donor cells transfected with different amounts of BDNF
pDNA (0, 0.5, or 1 pg/well) at different doses (6 or 12 ug EV protein/well) when incubated
for 24 (a, d), 48 h (b, €), and 72 h (c, f). The effect test using multiple regression analysis
presenting parameter estimates (coefficient), and p values of each transfection factor and
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their two-way interactions for 24-h (d), 48-h (e), and 72-h incubation time (f). Data are
presented as mean + SE of three independent experiments (/7= 3/experiment). Statistical
comparisons were made using multiple regression analyses, where *p < 0.05, **p < 0.01,
*** < 0.001, and ****p< 0.0001
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Table I.

Experimental Design to Determine the Effect of Factors on the Transfection Efficiency of Luc-MVs and
Luc-EXOs

Factors Level 1 Level2 Level3
Amount of Luc pDNA (ug/well)? 0 0.5 1

Total EV protein (ug)b 6 N/A 12
Type of EVs EXOs  N/A MVs
Incubation time (h)© 24 48 72

aAmount of Luc pDNA represents the amount of gWiz-Luc pDNA transfected into the donor cells using lipofectamine3000 in each well in a
24-well plate and the EVs were isolated from a single 24-well plate that was transfected with a total of either 0, 12, or 24pug pDNA.

Total EV protein represents the protein content in EXOs or MVs quantified by MicroBCA protein assay

clncubation time represents the time that recipient hCMEC/D3 cells were treated using Luc-EVs. N/A: not applicable
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