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Abstract

Extracellular vesicles (EVs) have garnered significant interest in the biotechnology field due to
their intrinsic therapeutic properties as well as their ability to serve as vehicles for bioactive cargo.
However, the lack of an established biomanufacturing platform and limited potency of EVs /n vivo
remain critical bottlenecks for clinical translation. In this study, we utilized a 3D-printed scaffold-
perfusion bioreactor system to assess the response of dynamic culture on extracellular vesicle
production from endothelial cells (ECs). We also investigated whether ethanol conditioning, which
was previously shown to enhance vascularization bioactivity of EC-derived EVs produced in
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standard 2D culture conditions, could be employed successfully for the same purpose in a 3D
production system. Our results indicate that dynamic culture in a perfusion bioreactor significantly
enhances EV production from human ECs. Moreover, the use of ethanol conditioning in
conjunction with dynamic culture induces pro-vascularization bioactivity of EC-derived EVs that
is correlated with increased EV levels of pro-angiogenic IncRNAs HOTAIR and MALAT1. Thus,
this study represents one of the first reports of rationally-designed EV potency enhancement that is
conserved between static 2D and dynamic 3D EV production systems, increasing the potential for
scalable biomanufacturing of therapeutic EC-derived EVs for a variety of applications.
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1. Introduction

Extracellular vesicles (EVs) are crucial players in intercellular communication that are also
being explored as therapeutic vectors for numerous applications [1,2]. The recent surge of
interest in EVs as therapeutics has been fueled by reports of their status as purely biological
vehicles with putative low immunogenicity, [3] high stability in circulation [3], amenability
to broad cargo loading approaches [4], and ability to cross biological barriers [5,6]. Yet, as
with all therapeutic platforms, EVs have shortcomings. These include potentially low
potency due to limited amounts of bioactive cargo [7] as well as the lack of an established
production scheme for large-scale EV generation [8].

Addressing scalable EV biomanufacturing, bioreactor systems have been successfully used
to enhance EV production from multiple cell lines [9-11]. Notably, culturing HEK293T
cells in a hollow-fiber bioreactor system enhanced EV yield by 40-fold compared to
conventional cell culture [11]. This system was later integrated into a cGMP-compatible
purification procedure for generation of engineered EVs with immunostimulatory properties
[8]. While these and other reports of scalable EV production represent critical advances in
the field, additional development leading to discovery of rational design parameters may
enable further critical progress towards clinical translation of therapeutic EVs.

Here we present the use of a tubular perfusion bioreactor culture system with 3D-printed
scaffolds to enhance EV production. 3D printing technology provides unique design
opportunities to define scaffold geometries with intended therapeutic responses [12].
Moreover, computational fluid dynamic (CFD) studies can be used to simulate /n vivo
conditions and gain further insight into flow and shear characteristics of scaffolds with

Acta Biomater. Author manuscript; available in PMC 2020 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Patel et al.

2.

Page 3

specific architectures [13]. Tuning the fluid characteristics of the bioreactor can be achieved
by altering geometry (e.g. porosity, roughness, spacing, etc.) and flow characteristics [14].
Tubular perfusion systems have previously been used for large-scale cell-based therapeutic
production [15,16] and are broadly amenable to controlled, reproducible examination of
design parameters. In this study, we investigated the potential for increasing production of
EVs from human dermal microvascular endothelial cells (HDMECs), which may be
therapeutically useful in promoting vascularization for wound repair, critical limb ischemia,
and other injuries or diseases [17]. Further, our group previously discovered that ethanol
conditioning can improve vascularization bioactivity of EC-derived EVs via upregulation of
angiogenic INcRNAs HOTAIR and MALAT1 [18]. Thus, we additionally examined whether
this phenomenon — which was demonstrated in a conventional 2D cell culture system for EV
generation — was compatible with enhanced EV production within a 3D platform. Our data
show that perfusion bioreactor culture significantly increases the amount of HDMEC EVs
generated per cell and that, despite this increase, ethanol conditioning-mediated pro-
angiogenic effects on these EVs can be retained, likely via conserved upregulation of
IncRNAs HOTAIR and MALAT1. Overall, this study addresses two of the most crucial
limitations to EV-based therapeutics, production scalability and low potency, and describes a
platform for enhancing both to promote translation into the clinic.

Methods

2.1 Cell culture

Human dermal microvascular endothelial cells (HDMECs) were obtained commercially
from Promocell (C-12212). Cell passage was designated as P1 upon arrival from the
manufacturer. HDMECs were cultured in tissue culture polystyrene flasks coated with 0.1%
gelatin (30 min at 37°C) with Endothelial Growth Medium-2 (EGM2; Lonza CC-3162 or
Promocell C-22111) for expansion and in EV-depleted EGM2 for experiments. EGM2 was
depleted of EVs as previously described [19]. Briefly, fetal calf serum (FCS) or fetal bovine
serum (FBS) provided in the EGM2 kits were centrifuged at 100,000 x g for 16 h, sterile
filtered with a 0.2 pm syringe filter, and combined with other components of the kit to make
EV-depleted EGM2.

2.2 Bioreactor scaffold fabrication

Scaffold computational models were created using SolidWorks (Dassault Systemes, Velizy-
Villacoublay, France) as shown in Figure 1A. The scaffold consists of small pillars that are
0.5 mm in size spaced 1 mm apart in a multi-layered shelf geometry. The structure has a cell
growth surface area of 72 cm? within a 0.6 cm3 volume construct. This design was chosen to
provide a culture surface with slight curvature in a highly ordered pillared array. The
architecture allows for flow to perfuse the circuit around and between the pillars and across
the levels, facilitating active transport of nutrients and gases from gas permeable tubing, and
provides a mechanism to control fluid characteristics predictably throughout. Computational
fluid modeling was accomplished using the SolidWorks Flow Simulation add-in. Fluid flow
was analyzed at flow rates of 2-6 mL/min by modulating the inlet volume rate with surface
shear stress, flow profiles, and fluid velocity (computed and recorded).
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A commercially available stereolithography apparatus was used (EnvisionTEC Perfactory 4
Mini Multilens; Gladbeck Germany) to 3D-print scaffolds. Scaffold designs were exported
into stereolithography (.stl) files following computational design and scaffold models were
oriented, fixed, and supported using Magics 18 (Materialise, Leuven, Belgium). Solid
objects were fabricated on a Perfactory 4 DSP out of E-Shell 300, a clear, biocompatible
acrylate-based material (EnvisionTEC, Inc., Dearborn, MI). Excess resin was removed by
submerging printed objects in 99% isopropanol (Pharmco-Aaper, Shelbyville, KY) for 5
min, followed by flowing 99% isopropanol through the scaffolds, and blowing the interior
dry with air. The process was repeated until all excess material was removed from the
interior of the object. Complete resin curing was achieved with 2000 flashes of broad
spectrum light (Otoflash, EnvisionTEC, Inc.). Scaffolds were cleaned in 100% ethanol
(Pharmco-Aaper, Shelbyville, KY) for >30 min to leach any remaining soluble
contaminants. Scaffolds were disinfected under fresh 100% ethanol and UV light for 20 min.
Scaffolds were rehydrated in a serial dilution of ethanol to pH 7.4 sterile PBS (principal
chemicals sourced from Sigma-Aldrich St. Louis, MO) in 4 steps (75:25, 50:50, 25:75, and
0:100 ethanol:PBS), with each intermediary step allowed to soak for 5 min. Scaffolds were
stored submerged in sterile PBS at 4°C until ready to use. Scaffolds were reused up to 5
times, disinfecting and rehydrating before each use.

2.3 Scaffold coating and cell seeding within bioreactor

Scaffolds were enclosed in %2” platinum cured tubing with 1-1.5 mL (sufficient for complete
coverage) of 0.1% gelatin. Open ends of the tubing were closed off using binder clips to
prevent leakage and scaffolds were subsequently incubated at 37°C for 30 min. After
draining the scaffolds of the coating solution, both open ends were connected with %" tubing
using 2" to ¥ connectors (Cole-Parmer, Vernon Hills. IL). To seed HDMECs on scaffolds,
1 mL of EV-depleted EGM2 containing HDMECs at passage 4 (P4) was transferred into
each tubing holding the scaffolds. The ends of the tubing were clamped with a binder clip to
retain media containing cells. Seeding density of experiments was 4,000 cells/cm? for all
experiments with EtOH treatment and 15,000 cells/cm? per scaffold for all other conditions.
Cells were allowed to adhere for 4 h at 37°C before fully connecting the scaffold and holder
tubing to the pump; cells cultured in scaffolds under flow from the pump constituted the
“Bioreactor” configuration referred to in the rest of the manuscript. Alternatively, some
scaffolds were removed from the tubing after cell seeding and transferred to individual T-75
flasks (one scaffold per flask) with 50 mL of EV-depleted EGM2 for 3D scaffold static
control; this constituted the “Scaffold” configuration referred to in the rest of the manuscript.
In parallel, cells were also seeded in 75 cm? tissue culture flasks at the same density as in
scaffolds for each condition in EV depleted endothelial cell growth medium (EGM2; Lonza
CC-3162 or Promocell C-22111) as a 2D static control (constituting the “Flask”
configuration referred to in the rest of the manuscript).

2.4 Bioreactor assembly

After initial cell seeding, the scaffolds were connected to the bioreactor system as previously
described [15]. Briefly, binder clips were removed and replaced with bioreactor lines as
shown in Figure 1E. Both open ends of the tubing holding the scaffold were connected to
14-gauge pump head tubing (Cole-Parmer) using gas permeable 1/8” tubes in between. The
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14-gauge tubing was inserted through the pump head (Cole-Parmer) attached to a Masterflex
L/S Digital Drive (Cole-Parmer) to circulate medium at 4 mL/min. Open ends of the two
1/8” tubing on either end of the scaffold were fed through a 2-hole rubber stopper and
affixed to a 125 mL Erlenmeyer flask containing 50 mL of EV-depleted EGM2. The inlet
tube was submerged in the media reservoir and the outlet tube was situated just above the
media line to avoid excessive bubble formation. The pump head allowed for up to 4 lines to
be connected at a time. The assembly was then placed within a cell culture incubator at 37°C
with 5% CO», with the scaffold chamber secured on the incubator sidewall with flow anti-
parallel to gravity. The complementary Flask and Scaffold controls were also incubated at
37°C with 5% CO,. Scaffolds were situated vertically to ensure complete submergence in
medium.

2.5 Cell staining and imaging

After 24 h culture in the bioreactor, HDMECs were fixed in the scaffolds with 4%
paraformaldehyde and 1% sucrose for 15 min and washed 3 times with PBS. Prior to
staining, cells were permeabilized for 5 min with a 300 uM sucrose, 100 uM sodium
chloride, 6 UM magnesium chloride, 20 uM HEPES, and 0.5% Triton-X-100 solution.
Cellular actin was stained in a 1:100 dilution of AlexaFluor 488 Phalloidin in PBS for 20
min and visualized on a Nikon Eclipse Ti2 microscope.

2.6 EV collection

For experiments reported in Figure 2, conditioned medium containing EVs was collected
from HDMECs initially seeded at 15,000 cells/cm? after 24 h (Day 1) and after 48 h (Day 3)
of the Day 1 collection as shown in the timeline (Figure 2A) for Bioreactor culture.
Conditioned medium was collected from Scaffold and Flask culture groups at the same time
points. For the ExoELISA in Figure 2D, HDMECs were seeded at 15,000 cell/cm? and
conditioned media containing EVs was collected after 24 h (Day 1) of culture. Experiments
were carried out in duplicate with 3 biological replicates per experiment.

For ethanol (EtOH) treatment, HDMECs seeded at a lower seeding density of 4,000
cells/cm? in the Bioreactor, Scaffold, and Flask culture groups were expanded for 5 days or
until 80% confluent to allow conditioning to their respective culture environment prior to
ethanol treatment. Growth culture medium was replaced every other day. On Day 5, culture
medium was replaced with EV-depleted EGM2 with or without 100 mM EtOH (ethanol
conditioning). Conditioned medium was collected after 24 h for EV isolation and
downstream characterization. Experiments were carried out in duplicate with 3 biological
replicates per experiment.

2.7 EVisolation

EVs were isolated from conditioned media by differential centrifugation, with the last
centrifugation step of 100,000 x g for 2 h, as previously described [20]. After resuspending
the pelleted EVs in 1X PBS, they were transferred to a Nanosep 300kDa MWCO spin
column (Pall) and centrifuged at 8,000 x g until all PBS was removed (~8-12 min). EVs
collected at the top of the column were again resuspended in 1X PBS to a desired volume,
sterile filtered using 0.2um syringe filters (Pall) and stored at —20°C for up to one month
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with less than 2 freeze/thaw cycles. The total surface protein concentration of the EVs was
measured by BCA assay.

2.8 EV quantification by NTA

EVs were diluted to a concentration of 1-10 pg of surface protein/mL and manually
subjected to analysis using a NanoSight LM10 (Malvern Instruments; Malvern, UK). To
capture and analyze the data, NanoTracking Analysis (NTA) analytical software version 2.3
was used. Each sample was measured three times with camera level set at 14 and acquisition
time of 30 s. Approximately, 20-100 objects per frame with more than 200 completed tracks
were analyzed for each video. The detection threshold was set at the beginning of each
sample and kept constant for each repeat. Data were collected as EVs/mL and total EVs
were calculated based on initial volume and dilution factor.

2.9 EV quantification by EXOELISA

EV concentration was also assessed via quantification of the amount of total
immunoreactive CD63 present in a previously separated EV sample using the EXOELISA-
ULTRA Complete Kit (CD63 Detection; System Biosciences, Mountain View, CA). Briefly,
EVs were isolated from Day 1 conditioned media and quantified by NTA and BCA as
described above. 50 pl of an EV suspension (in PBS) were added to each well of 96-well
microtiter plates and incubated for 1 h at 37°C (binding step). After washing the plates three
times for 5 min using wash buffer provided in the kit, plates were incubated with CD63
specific primary antibody (1:100) at room temperature (RT) for 1 h under agitation. Plates
were subsequently washed 3 x 5 min with wash buffer and incubated with secondary
antibody (1:5000) at RT for 1 h. The plates were washed and incubated with Supersensitive
TMB ELISA Substrate at RT for 5 minutes under agitation. The reaction was terminated
using Stop Buffer Solution. Absorbance was measured at 450 nm using a plate reader. The
number of EVs/mL was obtained using an exosomal CD63 standard curve calibrated against
NTA data (number of exosomes) (Figure S2) and the total number of EVs was calculated.

2.10 Long non-coding RNA (IncRNA) extraction and analysis

For RNA isolation, pelleted EVs were lysed using RNeasy Mini Kit (Qiagen; 74134)
according to the manufacturer’s protocol immediately following 100,000 x g centrifugation.
Subsequently, total RNA was isolated and 0.5 g of total RNA from each sample was
converted to complementary DNA (cDNA) using an iScript cDNA Synthesis Kit (Biorad;
1708891) following the manufacturer’s protocol. The cDNA was stored at —20°C for upto 1
month and used within 2 freeze/thaw cycles. Up to 10 ng of RNA transcribed to cDNA was
used for each gPCR reaction. SsoAdvanced Universal SYBR Green Supermix PCR (Biorad,;
172-5270) reaction mix was set up according to the provided protocol for a 10uL reaction. A
RealTime PCR System (Applied Biosystems 7900HT) was used to detect INCRNA levels
specific for HOTAIR and MALAT1 and B-actin was used as a control. The reaction cycle
was 95°C for 30 s, followed by 40 cycles of 90°C for 15 s and 60°C for 30 s. Primer
sequences were as follows:

HOTAIR:

Acta Biomater. Author manuscript; available in PMC 2020 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Patel et al.

211

Page 7
Forward: 5’-GCA GTA GAA AAA TAG ACA TAG GAG A-3’
Reverse: 5’-ATA GCA GGA GGA AGT TCA GGC ATT G-3’
MALAT1:
Forward: 5’-GAA TTG CGT CAT TTA AAG CCT AG-3’
Reverse: 5°-GTT TCATCC TAC ACATCC CAATT-3
B-actin:
Forward: 5°-ACT TAG TTG CGT TAC ACC CTT-3’

Reverse: 5’-GTC ACC TTC ACC GTT CCA-3’

Immunoblotting

Approximately 20 ug of EVs and 2.5 ug of HDMEC protein lysate as determined by protein
content (BCA assay) were used for immunoblots. Levels of exosome markers CD63 [21],
CD9 [21], Alix [22], and TSG101 [23], intracellular makers HSP-90a./B, Calnexin, and
Argonaut 2 (Ago2), as well as p-actin and GAPDH as controls were quantified by
immunoblot analysis as described previously [20]. Primary antibodies for CD63 (ABM,;
Y402575), CD9 (Abcam; 92726), Alix (Abcam; 186429), TSG101 (Abcam 125011),
Calnexin (Cell Signaling; C5C9), and Ago2 (Cell Signaling; C34C6) at 1:1000, HSP-90a./p
(Santa Cruz; sc-13119) at 1:500, and p-actin (Cell Signaling; 13E5) and GAPDH (Cell
Signaling, 14C10) at 1:2000 were used. Goat anti-rabbit IRDye 800CW (925-32210;
LICOR) and goat anti-mouse secondary antibody were used at a dilution of 1:10,000. Bands
were detected with a LI-COR Odyssey CLX Imager. Median intensity was measured for
each band using Image Studio™ Software (LI-COR) and subtracted from that of the PBS
(negative control) lane.

2.12 Gap closure assay

P4 or P5 HDMECs were seeded in gelatin-coated 48-well plates at 40,000 cells/well in
EGM2 and allowed to grow until a uniform monolayer was formed (24 h). The cell
monolayer was denuded using a pipette tip to create a linear gap through the middle of each
well. Medium was replaced with endothelial cell basal medium (EBM2; Lonza, CC-3156) to
serum starve the cells for 2 h. After serum starvation, medium was replaced with fresh
EBM2 with or without the addition of EVs at 100 pg/mL based on BCA quantification of
EV-associated protein. EBM2 or EV-depleted EGM2-treated cells were used as negative or
positive controls, respectively. The closure of the cell gap was imaged at 0 h and 20 h.
Overall gap closure was determined as a percentage of area covered by HDMECs versus the
gap area after 20 h using ImageJ as previously described [19].

2.13 Statistics

Data are presented as mean = SEM. Two-way ANOVA with Bonferroni’s multiple
comparison test was used for grouped data sets to determine statistical significance (p<0.05)
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in Prism 7 (GraphPad Software, La Jolla, CA). Notation for significance in figures are as
follows: ns — P>0.05, # or * - P<0.05; ## or ** - P<0.01; *** - P<0.001; **** - P<0.0001.

3. Results
3.1 Culture of HDMECs in 3D-printed scaffold perfusion bioreactor

Endothelial cells are physiologically subjected to hemodynamic forces that modulate cell
phenotype [24] and potentially influence secretion, uptake, and cargo content of EVs. We
designed and 3D-printed a scaffold with total surface area of 72 cm? consisting of a pillared
array that permitted medium and atmospheric oxygen flow from gas permeable tubing
through the interior (Figure 1A,B). Computational fluid modeling was carried out for flow
rates of 2-6 mL/min to evaluate theoretical shear stresses and flow trajectories throughout
the scaffold (Figure S1, Figure 1D-E). Heat maps show the distribution of theoretical shear
stresses across the scaffold growth surfaces, with the highest values found in the top shelf of
the scaffold near the outer wall. Although shear stress has been shown to significantly
impact cell behavior and genetic composition, we sought only to culture cells under a
dynamic environment with minimal shear stress. Based on CFD analysis (Figures 1D-E, S1),
we cultured cells under a flow rate of 4 mL/min for varying times; average and maximum
theoretical shear stress values at this flow rate were calculated to be 1.5x10~2 dyn/cm? and
1.3 dyn/cm?, respectively. Future work analyzing the impact of different flow rates is
required to completely understand the impact of shear stress on EV production. For cell
viability analysis, HDMECs were fixed and stained with Phalloidin after exposure to
dynamic culture at 4 mL/min. Images confirmed the presence of live cells throughout the
scaffold base and along the side walls of the pillars (Figure 1C), which is consistent with our
previous findings [25].

3.2 HDMEC EV production is impacted by dynamic culture

The effects of 3D scaffold culturing (static and dynamic) on EV production were initially
assessed via NTA. EVs were isolated from HDMECs cultured in each of the Scaffold, Flask,
and Bioreactor systems for a total of 3 days. Conditioned medium was collected 24 hours
after initial seeding (Day 1) and 48 hours after first collection (Day 3) (Figure 2A). The size
distributions and peak sizes of EV samples from Flask, Scaffold, and Bioreactor for both
collection times were similar and more than 90% of the total EV populations were within the
typical exosomal diameter range (40-200 nm) (Figure 2B) [26]. NTA results showed
approximately 100-fold (Day 1; p<0.0001) and 10,000-fold (Day 3; p<0.0001) increase in
EV production when cultured in the Bioreactor compared to static Scaffold and Flask
controls (Figure 2C). CD63 ExXoELISA analysis confirmed increase in EV production from
Bioreactor culture compared to Flask culture, however the observed increase was only ~14-
fold (Figure 2D). As measured by protein mass using a BCA assay, total EVs produced in
the Bioreactor (-1000 pg) far exceeded those produced in the static Flask (—150 pg) or
Scaffold (-400 pg) culture for both collection time points. However, protein content per EV
was inversely proportional to EV production rates. BCA analysis of Day 1 and Day 3 EV
samples normalized per EV revealed more than 15-fold (p<0.001) and 70-fold (p<0.001)
decreases in total protein content, respectively (Figure 2E). HDMEC EV bioactivity was
subsequently assessed using an /n vitro gap closure assay. No significant difference in gap

Acta Biomater. Author manuscript; available in PMC 2020 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Patel et al.

Page 9

closure of HDMEC s treated with basal media alone or with 200 ug/mL EVs from Flask,
Scaffold, or Bioreactor culture groups was observed (Basal: 40 + 5%; Flask: 46 + 4%);
Scaffold: 57 + 6%; Bioreactor; 48 + 6%; p>0.05) (Figure 2F-G), matching expectations
based on previous results [18].

3.3 Ethanol conditioning enhances vascularization bioactivity of EVs produced in
scaffold culture systems (static and dynamic)

We previously demonstrated that ethanol conditioning of parent ECs in a 2D tissue culture
environment (Flask) can enhance EV vascularization bioactivity [18]. To investigate whether
this enhanced bioactivity effect could be retained in 3D culture systems, HDMECs were
cultured in Flask, Scaffold, and Bioreactor conditions for up to 5 days or until they reached
-80% confluence; at which point culture medium was replaced with medium containing 100
mM ethanol. After 24 hours of ethanol exposure, conditioned medium was collected and
EVs were isolated for characterization (Figure 3A). NTA revealed no significant difference
in size distribution and production between ethanol-treated and untreated EC-derived EVs
for each of the three culture systems respectively (Figure 3B-C). Peak size values for EVs
from Flask, Scaffold, and Bioreactor cultures with ethanol treatment were 90 £ 27 nm, 82

+ 22 nm, and 97 + 21 nm and without ethanol treatment were 104 + 20 nm, 100 + 23 nm,
and 89 + 23 nm, respectively. Total EV counts for the Flask, Scaffold, and Bioreactor groups
were similar with ethanol treatment (3.8E9 + 2.3E9 EVs, 7.4E9 + 4.9E9 EVs, and 8.6E10

+ 2.3E10 EVs, respectively) and without ethanol treatment (4.0E9 = 2.9E9 EVs, 5.9E9

+ 1.9E9 EVs, and 8.7E10 + 2.4E10 EVs, respectively) (Figure 3C), and EV production
levels overall were consistent between experiments. Protein content per EV was also similar
between ethanol and no ethanol groups (Figure 3D). Immunoblot analyses of protein
markers associated with exosomes confirmed the presence of Alix, TSG101, CD63, and
CD9 in EVs isolated from Flask, Scaffold, and Bioreactor cultures (Figure 4), consistent
with prior observations in a hollow fiber bioreactor system [11]. Moreover, EV samples
from Flask and Bioreactor culture had negligible levels of intracellular markers including
endoplasmic reticulum (ER) markers HSP-90a./B and calnexin as well as Ago2, a RNA-
induced silencing complex (RISC)-associated protein that is localized to the nucleus or
cytoplasm depending on cell type (Figure 4).

To analyze the impact of ethanol on EV vascularization bioactivity, EC gap closure was
again assessed. In Flask culture, a trend towards increased gap closure that did not reach
significance (0 mM EtOH: 34 + 13%; 100 mM EtOH: 44 + 13%; P>0.05)) was observed,
however significant increases in gap closure were seen for Bioreactor and Scaffold EVs
produced with 100 mM EtOH treatment (Scaffold: 55 + 8%; Bioreactor: 59 + 14%)
compared to 0 mM EtOH (Scaffold: 37 + 18%; Bioreactor: 40 + 17%) (P<0.001). Gap
closure values for 100 mM EtOH-treated Scaffold and Bioreactor EV groups were also
significantly higher than no EV controls (basal medium: 24 + 11%; p<0.001) (not indicated
on the graph) (Figure 3E-F).
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3.4 Ethanol-induced HDMEC EV IncRNA cargo changes are retained in perfusion
bioreactor culture

Our group previously showed that, in conventional tissue culture (Flask), ECs conditioned
with ethanol (100 mM EtOH) produce EVs with increased vascularization bioactivity in part
via a long non-coding RNA (IncRNA)-mediated mechanism. Specifically, ethanol
conditioning induced higher levels of IncRNAs HOTAIR and MALAT1 — which are
positively associated with angiogenesis — and these levels directly impacted EV-mediated
vascularization [18]. Thus, we sought to determine whether increases in vascularization
bioactivity of EVs from ethanol-conditioned ECs in Scaffold and Bioreactor culture were
correlated with changes in expression of HOTAIR and MALAT1. LncRNA levels in EVs
produced in the presence or absence of 100 mM EtOH were assessed by gPCR. Ethanol-
conditioned HDMEC-derived EVs from Flask, Scaffold, and Bioreactor groups had
significantly greater levels of both IncRNAs compared to respective controls as determined
by the AACt method (Figure 5B). p-actin was used a negative control that was not expected
to change with ethanol treatment.

4. Discussion

Perfusion bioreactor systems have been widely used for culturing cells to overcome limited
mass transport in 2D static cultures [15,16]. Culture of ECs in a perfusion bioreactor to
develop functional arteries /n vitro has been especially successful due to the ability to
recapitulate physiological hemodynamic forces, namely circumferential stretch and shear
stress [27-29], as ECs in the vasculature experience a wide range of shear stresses [30,31].
Here, we utilized the perfusion bioreactor system with 3D-printed scaffolds to attempt to
enhance HDMEC EV production and vascularization bioactivity. Thus, the design of the
scaffold used throughout this study was motivated primarily by the need for large culture
surface area amenable to medium perfusion and mass transport. Further, we used flow rates
that theoretically produced shear stresses (1.5x1072 dyn/cm?) near the lower end of reported
physiological values for ECs to demonstrate proof-of-concept for a tubular perfusion
bioreactor to improve EV production relative to current approaches. Based on total EV
counts, our results showed greater than 100-fold increase in HDMEC EV production under
dynamic culture vs. 2D flask culture (Figure 2C). However, we observed only a 14-fold
increase in production of CD63-positive EVs as determined by EXoELISA. Given the status
of CD63 as an essential component of exosome secretion and a validated marker of
exosomes [21], these data suggest that other, non-exosome EV subtypes such as
microvesicles may be preferentially produced in Bioreactor culture conditions.

The data also indicate that increased EV production in the Bioreactor culture came at a cost
of total protein content per EV (Figure 2D). This result is consistent with the findings of
Watson and colleagues in the hollow-fiber bioreactor system for HEK293 EVs, where the
ratio of EVs to total protein increased substantially under bioreactor culture [11]. Both the
overall reduction in protein:EV ratio as well as the relatively lower percentage of CD63-
positive EVs of the total Bioreactor EV population may be explained by flow-induced cell
membrane shedding. Cells are exposed to low shear stress due to media flow in the
bioreactor (Figure 1C) that could induce increased shedding of the HDMEC membrane,
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resembling the process of microvesicle budding (as opposed to the multivesicular body
(MVB)-mediated release of exosomes) [1]. Importantly, immunoblot data indicated a lack of
calnexin, HSP-90a/B, and Ago2 in Flask and Bioreactor EVs; thereby suggesting that
detected vesicles were unlikely to be apoptotic bodies or otherwise the result of mechanical
disruption of cells during dynamic culture. Still, in-depth analysis of cellular changes and
resulting EV cargo composition is required to elucidate any potential mechanism of shear
stress-mediated increases in EV production. Future studies aiming to characterize the impact
of scaffold geometry and topography are also necessary to delineate their role in EV
production from that of fluid flow.

EC-derived EVs are known regulators of vascular remodeling via intercellular
communication. They have been shown to promote neovascularization [32,33] as well as
provide atheroprotective [34] and anti-inflammatory [35] effects, thereby alluding to the
potential of EC-derived EVs as therapeutic agents in vascular diseases. However, several
researchers have also observed adverse effects of EC-derived EVs, including destabilization
of the vasculature [36—38]. Notably, the basal potency of HDMEC-derived EVS in our gap
closure assay was negligible (Figure 2F-G). Thus, to improve therapeutic efficacy, we
employed an ethanol conditioning approach, which we previously described, that induced
increased levels of INcRNAs HOTAIR and MALAT1 in HUVEC EVs, resulting in enhanced
vascularization bioactivity [18]. The current data show significant increases in HOTAIR and
MALAT1 content in HDMEC EVs produced in Flask culture after ethanol conditioning,
however no significant increase in bioactivity was observed (Figure 3E-F). This could be due
to other bioactive cargo components in EVs. For example, our group previously identified an
important role for ethanol-induced downregulation of anti-angiogenic miRNAs in EC EV
bioactivity [18]. Similar INCRNA increases were observed in Scaffold and Bioreactor
cultures, however, crucially, ethanol conditioning enhanced vascularization bioactivity of
these EVs (Figure 3E-F). Thus, these results support the conclusion that enhancement of
HDMEC EV potency via ethanol-induced regulation of INcRNAs MALAT1 and HOTAIR
may be accomplished in a bioreactor. This represents, to our knowledge, the first
demonstration of transference of an EV potency-enhancing mechanism from conventional
2D tissue culture to a scalable 3D culture system.

4.1 Conclusions

Overall, the use of perfusion bioreactor systems may be broadly applicable for production of
therapeutic EVs. Specifically, this study demonstrates that ethanol conditioning is a scalable
method for enhancing EC EV bioactivity. More generally, the data show that increased EV
production in a bioreactor system need not come at the cost of reduced therapeutic potential.
However, further investigation of potential adverse effects of dynamic culturing on parent
cells and their EV competence is warranted. The present study also establishes the utility of
3D-printed scaffolds for EV generation. The precise control endowed by 3D printing will
enable future systematic investigation of scaffold features on EV production and bioactivity.
Ultimately, the combination of advances presented here may bring rational design of
therapeutic EV biomanufacturing closer to realization.
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Statement of Significance

Extracellular vesicles (EVSs) have substantial therapeutic potential in a variety of
applications. However, translation of EV-based therapies may be hindered by
biomanufacturing challenges. EV production to date has predominantly involved the use
of tissue culture flasks. Here, we report, for the first time, the use of a tubular perfusion
bioreactor system with an integrated 3D-printed biomaterial scaffold for EV production
from human endothelial cells. This system increases EV yield by over 100-fold compared
to conventional tissue culture systems. Further, we show that an ethanol-conditioning
approach that our group previously developed in 2D culture for enhancing EV potency is
compatible with this new system. Thus, potency enhancement of EVs for vascularization
applications is possible even with significantly increased production rate.
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Figure 1. Bioreactor setup and scaffold characterization.
(A) Schematic representation of perfusion bioreactor setup. Scaffold seeded with HDMECs

is connected to a peristaltic pump and media reservoir using tubing. Inlet and outlet of the
media circulating at 4 mL/min flow rate are noted. (B) Cross-sectioned image of the scaffold
generated in Solid Works showing dimensions of the scaffold as well as individual pillar
height, diameter, and spacing. (C) Confocal images of the Phalloidin-stained scaffold seeded
with HDMECs after 1 day of dynamic culture. Visual representation of varying levels of (D)
shear stress and (E) flow trajectories at different areas within the scaffold as evaluated by
computational flow simulation are shown.
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Figure 2. Bioreactor culture enhances EV production from HDMECs.
(A) Schematic of bioreactor experimental procedure. (B) Concentration and size distribution

of HDMEC-derived EVs produced in Flask, Scaffold, and Bioreactor cultures from Day 1
and Day 3 as assessed by NTA. (C) Total numbers of EVs produced under each condition
analyzed by NTA and (D) CD63 ExoELISA (Day 1) and (E) the ratio of total surface protein
amount (ug) to total number of EVs are shown. No significant difference in EV production
and protein content was calculated between Day 1 and Day 3 (p>0.05). Significant increase
in EV production was observed in Bioreactor culture compared to both Scaffold and Flask
cultures regardless of collection time (p<0.001). Significant increase in EV production was
also observed as analyzed by CD63 ExoELISA from Bioreactor culture compared to Flask
culture (D; * - compared to Nanosight Flask, # - compared to EXoELISA Flask). (F)
HDMECs were treated with growth media (EGM2; positive control), basal media (EBM2;
negative control), or 200 pg/mL EVs isolated from HDMECs in Flask, Scaffold, and
Bioreactor culture conditions. Representative images for both Day 1 and Day 3 EV samples
captured at 0 and 20 h are shown. (G) Cell gap area after 20 h as a percentage of gap area at
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0 h (illustrated with dotted black lines in (F)) were determined and calculated using ImageJ.
Images and data representative of three independent experiments (n=3). No significant
differences in bioactivity of EVs between the three different culture conditions were
calculated. Significant difference between growth and basal media was observed (p<0.05).
Statistical significance was calculated using two-way ANOVA with Bonferroni’s multiple
comparison test (ns — p>0.05, * p<0.05, *** p<0.001, **** p<0.0001). Scale bar = 200 pm.
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Figure 3. Ethanol conditioning improves EV bioactivity in static and dynamic scaffold cultures.
(A) Schematic of experimental system for integrating ethanol conditioning with perfusion

bioreactor culture. (B) Concentration and size distribution, (C) total number of EVs
produced, and (D) surface protein content (ug) normalized to total number of EVs derived
from HDMEC:s in Flask, Scaffold, and Bioreactor culture conditions with or without 100
mM ethanol (EtOH) treatment are shown. No statistical differences were observed between
ethanol treated and untreated (0 mM EtOH) groups for EV production and protein amount
per EV. Statistical significance between total EV production and protein content was
detected between Bioreactor and Flask or Scaffold cultures (p<0.0001). (E) HDMECs were
stimulated with growth media (EGM2; positive control), basal media (EBM2; negative
control), or 200 pg/mL EVs isolated from the three indicated culture conditions with or
without 100 mM ethanol conditioning. Representative images captured at 0 and 20 h are
shown. (F) ImageJ analysis of cell gap area at 20 h relative to the gap area at O h (gap area
depicted with black dotted lines). Data and images represent three independent experiments
in triplicates each (n=3). A significant increase in EV bioactivity was observed in 100 mM
EtOH treated EV groups from Scaffold and Bioreactor (p<0.001), but not from Flask culture
(p>0.05). Statistical difference was calculated using two-way ANOVA with Bonferroni’s
multiple comparison test (ns-p>0.05, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
Scale bar= 150 um.
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Figure 4. Impact of ethanol and different culture conditions on exosome-associated protein
markers and intracellular markers in the EV population.

(A) Immunoblot analyses of exosomal markers CD63, TSG101, and Alix and control protein
marker GAPDH; (B) exosomal marker CD9 and control B-actin; (C) exosomal marker
TSG101, intracellular marker Ago2, and GAPDH control; and (D) exosomal marker
TSG101, endoplasmic reticulum (ER) markers HSP-90a/p and calnexin, and GAPDH
control were conducted for EVs from each of the indicated culture conditions with 20 pg of
EVs per lane (based on bicinchonic acid (BCA) analysis of EV protein content). A total of
2.5 g of cell lysate (total cellular protein; cell marker control) and PBS (negative) were
used as controls.
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Figure 5. Ethanol conditioning enhances angiogenic INcRNA cargo in HDMEC-derived EVs.
Expression levels of IncRNAs HOTAIR and MALAT1 were assessed by qPCR in EVs

derived from HDMECs cultured with or without 200 mM ethanol for 24 h in each of the
culture conditions. B-actin levels were assessed as a control. Data are shown as fold change
of expression levels in ethanol treated group vs. expression levels in untreated group. No
statistical significance was observed between the treated and untreated groups for B-actin.
Significant variance was calculated for HOTAIR and MALAT1 for all three indicated culture
conditions between ethanol treated and untreated groups. Data represent three independent
experiments, each performed in triplicate (n=3). Statistical significance was calculated using
two-way ANOVA with Bonferroni’s multiple comparison test (*p<0.05, **p<0.01,
***p<0.001).
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