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Improved Extracellular Vesicle Yield with Preserved

Bioactivity
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Bhushan Mahadik, Shannon T. McLoughlin, Arafat Fasuyi, Lauren Fowlkes,

Lauren Hoorens Van Heyningen, Amaya Aranda, Sanaz Nourmohammadi Abadchi,
Kai-Hua Chang, Angela Ting Wei Hsu, Sameer Bengali, John W. Harmon, John P. Fisher,

and Steven M. Jay*

Extracellular vesicles (EVs) are implicated as promising therapeutics and drug
delivery vehicles in various diseases. However, successful clinical translation
will depend on the development of scalable biomanufacturing approaches,
especially due to the documented low levels of intrinsic EV-associated cargo
that may necessitate repeated doses to achieve clinical benefit in certain
applications. Thus, here the effects of a 3D-printed scaffold-perfusion
bioreactor system are assessed on the production and bioactivity of EVs
secreted from bone marrow-derived mesenchymal stem cells (MSCs), a cell
type widely implicated in generating EVs with therapeutic potential. The
results indicate that perfusion bioreactor culture induces an ~40-80-fold
increase (depending on measurement method) in MSC EV production
compared to conventional cell culture. Additionally, MSC EVs generated using
the perfusion bioreactor system significantly improve wound healing in a
diabetic mouse model, with increased CD31" staining in wound bed tissue
compared to animals treated with flask cell culture-generated MSC EVs.
Overall, this study establishes a promising solution to a major EV translational
bottleneck, with the capacity for tunability for specific applications and
general improvement alongside advancements in 3D-printing technologies.

1. Introduction

Extracellular vesicles (EVs), specifically
those from mesenchymal stem cells
(MSCs), have emerged as an intrigu-
ing therapeutic alternative to whole-cell
therapies in a multitude of applications
(e.g., sepsis, cancer, wound healing)
with additional promise as efficient
drug delivery vehicles.!! With an im-
proved safety profile,?! favorable storage
requirements,?! and the ability to traverse
biological barriers,¥! MSC EVs represent
a promising and effective alternative to
their parental cells. However, there exist
fundamental obstacles that hinder the
translation of MSC EVs, including a lack of
a rationally designed production platform
and low therapeutic potency (i.e., low levels
of endogenous EV cargos).

Numerous methods have been employed
to attempt to combat these issues, includ-
ing MSC EV cargo loading and biochemi-
cal priming of parental cells.>¢! These ap-
proaches have their merits, but they are

generally limited with respect to the scalability and could sub-
stantially increase production costs and the regulatory burden
associated with MSC EV translation. Alternatively, biophysical
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cues, such as flow-derived shear stress, intrinsically exist in
established biomanufacturing set-ups and can be utilized in a
highly reproducible and cost-effective manner.”] Importantly,
dynamic culture conditions have been shown to augment stem
cell EV production and bioactivity. For example, using GMP-
compliant serum- and xeno-free cell culture media, Gobin and
co-workers were able to utilize a hollow-fiber bioreactor system
to significantly increase MSC EV production across multiple
donors while maintaining the functionality of the parental
cells.’®l In a separate study, EVs from human dental pulp stem
cells (DPSCs) grown in dynamic conditions on a fiber-based scaf-
fold significantly increased axonal sprouting in neurons when
compared with DPSC EVs from static conditions.l”) However,
in addition to flow-derived shear stress, these systems introduce
other cues as the topographical, chemical, and mechanical at-
tributes of the membrane itself can affect cellular behavior, which
ultimately convolutes the true effectors at play.['’] Recent studies
have utilized simpler systems (e.g., flat-plate bioreactors),'!]
allowing a more precise approach to understanding and har-
nessing flow-derived shear stress but still lack the tunability
necessary for dynamic manufacturing and exploratory research
needs.

A promising solution exists in 3D-printing technology, which,
with the ability to precisely control scaffold geometry and
architecture,'?! allows for more adaptable systems as well as
more precise computational fluid modeling. As the therapeutic
profiles of EVs are often shaped by the stress-adaptive responses
of their parental cells,['*] a tunable platform is vital in the ability to
understand these responses and subsequently adjust EV formu-
lations for specific applications. In a previous study, we employed
a 3D-printed, biocompatible scaffold coupled with a peristaltic
pump, which we termed the bioreactor, to enhance the produc-
tion of human dermal microvascular endothelial cell (HDMEC)
EVs.'*l We also showed that ethanol conditioning-mediated
pro-angiogenic effects of HDMEC EVs, previously demonstrated
using conventional culture techniques,’®! were maintained
when cells were cultured in the bioreactor. In the current inves-
tigation, we utilized a similar bioreactor to assess the effects of
flow-derived shear stress on the production and bioactivity of EVs
secreted by bone marrow-derived MSCs as they are a common
therapeutic cell source.l'®l We specifically focused on wound
healing abilities due to the well-documented pro-angiogenic
effects of EVs from traditionally cultured MSCs.!'”] Our results
suggest that this particular bioreactor set-up can be used to
increase MSC EV production while maintaining pro-angiogenic
bioactivity, effectively increasing the potency of the EV formula-
tion. Given the tunability of this system, the methods used here
have the potential to be applied to various EV-based formula-
tions with the ability to increase effectiveness without sacrificing
scalability.

2. Results

2.1. Culture of MSCs in 3D-Printed Scaffold Perfusion Bioreactor

MSCs are physiologically subjected to interstitial flow that exerts
low levels of shear stress that has been shown to impact their
growth kinetics as well as differentiation.'¥1%] We designed 3D-
printed scaffolds with a total surface area of 50 cm? consisting
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of a pillared array (Figure 1A and Figure S1, Supporting Infor-
mation) that permitted medium and gas flow through gas per-
meable tubing (Figure 1C). Computational fluid modeling was
carried out for 1, 5, and 10 mL min~! to evaluate shear stress
(Figure 1D) and flow trajectories (Figure 1E) throughout the scaf-
fold. Shear stress and flow trajectory heat maps show the distri-
bution of shear stresses across the scaffold growth surfaces, with
the highest values found close to the entrance and exit of the scaf-
fold. Average shear stress values for 1, 5, and 10 mL™! min were
calculated to be 1.6 X 107, 3 x 1073, and 1.2 x 10~ dyn cm 2, re-
spectively, all of which are below physiological interstitial shear
stress levels of 0.01 Pa (0.1 dyn cm™2).[2°] For cell viability analy-
sis, MSCs were fixed and stained with AlexaFluor 488 Phalloidin
after exposure to dynamic culture at 0, 1, 5, or 10 mL min~!. Im-
ages confirmed the presence of live cells throughout the scaffold
base and along the side walls of the pillars (Figure 1F) that were
subjected to no flow or flow rates of 1 and 5 mL min~!. At a flow
rate of 10 mL min~! flow rate, very few cells remained adhered
to the scaffold.

2.2. MSC EV Production Is Enhanced by Perfusion Bioreactor
Culture

We first aimed to assess the impact of increasing flow rates on
MSC EV production. EVs were isolated from MSCs cultured in
flask, scaffold (0 mL min~?), or perfusion bioreactor conditions
(1, 5, or 10 mL min~') for 24 h. The flow rates were selected
based on CFD analysis to determine maximum shear stress to
not exceed physiological interstitial levels of 0.1 dyn cm=2, which
has been shown to induce MSC differentiation into osteogenic
phenotype.[!) NTA revealed no significant difference in EV size
distribution. Peak size values for EVs from all culture conditions
were approximately 160 nm (Figure 2A). More than 90% of the
total EV populations from all culture conditions were within the
typical exosomal diameter range (40-200 nm) (Figure 2A).2!1 The
highest level of EV production per cell occurred when MSCs were
exposed to a 5 mL min~! flow rate (9.8E5 + 9E4), which was
83-fold, 28-fold, 3-fold, and 2.5-fold higher than flask, 0, 1, and
10 mL min~, respectively (flask: 1.18E4 + 9.3E3; 0 mL min~:
3.5E4 + 5.2E3; 1 mL min~': 3.0E5 + 2.7E4; 10 mL min~': 3.9E5
+ 4.6E4) (Figure 2B). This trend of elevated EV production as
determined by NTA was retained across various tissue origins
(i-e., bone-marrow and adipose-derived MSCs) as well as different
donors (Figure S2, Supporting Information). EV production per
cell was also evaluated using a CD63-specific ExoELISA, which
confirmed the significant increase in EV output in the bioreac-
tor culture system at 1, 5, and 10 mL min~! compared to flask
culture (25-fold, 43-fold, and 47-fold) and 0 mL min~! (23-fold,
39-fold, and 43-fold), respectively (Figure 2C). Interestingly, ex-
oELISA results showed higher CD63* EV production per cell at
10 mL min~! compared to the total EV population per cell as-
sessed by NTA (Figure 2C). As measured by BCA, average protein
content per EV decreased twofold in the 5 mL min~! bioreactor
compared to the flask culture, but was not significant (p > 0.05)
(Figure 2D). Protein content per EV was inversely proportional
to EV production rates (Figure 2D).

We observed a 2-fold, 5-fold, and 4-fold decline in protein
content per EV compared to 0 mL min~! in the 1, 5, and 10 mL
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Figure 1. Perfusion bioreactor setup and scaffold characterization. A) Image of the scaffold generated in SolidWorks showing internal pillar configuration.
B) Timeline of the perfusion bioreactor experimental procedure. C) Schematic representation of the perfusion bioreactor setup. A scaffold seeded with
cells is connected to a peristaltic pump and media reservoir using gas-permeable tubing. Inlet and outlet of the media circulates at 1, 5, or 10 mL
min~" flow rate. D) Visual representation of varying levels of shear stress and E) flow trajectories at different areas within the scaffold as evaluated by
computational flow simulation are shown for 1,5, and 10 mL min~". F) Images of the phalloidin-stained scaffold seeded with MSCs after 24 h of dynamic

culture.

min~! cultures, respectively. TEM images revealed no observable
changes in MSC EV morphology when MSCs were cultured
within the bioreactor (i.e., 5 mL min~!) (Figure 2E). Immunoblot
analyses confirmed the presence of EV markers (Alix, TSG101,
CD63, and CDY) and the absence of cellular debris markers
(Calnexin, HSP90, and Ago2) in MSC EV samples for flask, and
0, 1, 5, and 10 mL min~! culture conditions (Figure 2F). The
5 mL min~! flow rate was determined to be optimal as it was
able to significantly increase EV production without dislodg-
ing cells (Figures 1F and 2B), and was thus used for further
experiments.
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2.3. Enhanced EV Production in Perfusion Bioreactor Culture Is
Not Specific to MSCs

In an attempt to understand whether the observed boost in
MSC EV production is the result of a cell-driven mechanore-
sponse, we cultured HEK293 cells within the system as they
lack the abundance of mechanoreceptors inherently present in
MSCs.[2223] Interestingly, the HEK cells demonstrated a similar
and significant uptick in EV production as well as a decreasing
trend in protein per EV as the flow rate increased (Figure 3A,B).
HEK EV morphology was not altered by the culture conditions
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Figure 2. MSC EV production can be maximized in the bioreactor with a 5 mL min~" flow rate. A) Size distribution of MSC-derived EVs produced in
the various culture conditions. Number of EVs produced per cell as measured using B) nanoparticle tracking analysis (NTA) and C) a CD63-specific
ExoELISA. D) The ratio of total surface protein amount (ug) to total number of EVs is shown. A significant increase in EV production (f—compared to
flask, *—compared to 0 mL min~!, #—compared to 1 mL min~, +—compared to 5 mL min~') was recorded, but a decrease in protein content (p <
0.001) was observed for the 5 mL min~! condition when compared with the 0 mL min~" condition. E) TEM images of EVs from MSCs either cultured
in the flask or 5 mL min~! conditions. F) Immunoblots of MSC EVs from the various culture conditions for EV markers (CD63, Alix, TSG101, CD9), cell

markers (Calnexin, HSP90, and Ago2), and control markers (Actin and GAPDH). Data representative of at least three independent experiments (N = 3).

Statistical significance was calculated using a one-way ANOVA using Tukey's multiple comparison tests (ns—p > 0.05: #, *,

< 0.01; *¥**—p < 0.007; **** (G0§, ####, or 111T—p < 0.0001).

(Figure 3C). And immunoblotting confirmed the presence of EV
markers (CD63, Alix, TSG101) and the absence of the cellular
debris marker calnexin (Figure 3D).

2.4. MSC EV In Vitro Angiogenic Bioactivity Is Maintained
Following Perfusion Bioreactor Culture
Bioactivity of MSC EVs isolated from the flask and optimal

perfusion bioreactor condition (5 mL min~!) was subsequently
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or f—p < 0.05; §§ or **—p

assessed using an in vitro gap closure assay and a tube formation
assay. In the gap closure assay, when treated with flask-derived
MSC EVs based on EV count (i.e., 5SE9 EVs mL™!), HUVECs
had significantly higher gap closure when compared with the
negative control that was treated with basal media only (p < 0.01)
(basal media: 22.23 + 3.659; flask at 5E9 EVs mL~1: 48.49 + 1.737)
(Figure 4A,B). Using the same dosing scheme, bioreactor-derived
MSC EVs also significantly improved gap closure in comparison
with the negative control (p < 0.0001) and the flask-derived EVs
(p < 0.05) (bioreactor at 5SE9 EVs mL~!: 65.26 + 5.926). When
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Figure 3. HEK293 EV production increases when cultured in a perfusion bioreactor. A) Size distribution of HEK-derived EVs produced in the various
culture conditions. B) Number of EVs produced per cell as measured using nanoparticle tracking analysis (NTA). The ratio of total surface protein amount
(ug) to total number of EVs is shown. A significant increase in EV production (f—compared to flask, *—compared to 0 mL min~", #—compared to 1 mL
min~') was recorded, and a decrease in protein content (p < 0.0001) was observed for the 5 mL min~" condition when compared with the 0 mL min~!
condition. C) TEM images of EVs from HEK cells maintained in the flask or bioreactor conditions. D) Immunoblots of HEK EVs from the various culture
conditions for EV markers (CD63, Alix, TSG101) and cell markers (Calnexin, GAPDH). Data representative of at least three independent experiments (N
= 3). Statistical significance was calculated using a one-way ANOVA using Tukey’s multiple comparison tests (ns—p > 0.05: #, *, or {—p < 0.05; ***,
85, or ###—p < 0.007; **** or §§§§—p < 0.0001).
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Figure 4. Perfusion Bioreactor culture maintains in vitro proangiogenic activity of MSC EVs. A) Representative images of HUVECs in the gap closure
assay at 0 and 20 h after treatment with growth media (positive control), basal media (negative control), or 5E9 EVs mL~" or 200 ug mL~" EVs isolated
from MSCs in the flask or bioreactor (5 mL min~') culture conditions. B) Cell gap area after 20 h as a percentage of gap area at 0 h. A significant
increase in gap closure was observed when cells were treated with either flask or bioreactor EVs at 5E9 EVs mL™" or 200 ug mL~" (*—compared to
basal, #—compared to flask). There were no significant differences detected between dosing schemes. C) Representative images HUVECs in the tube
formation assay 6 h after application of growth media (positive control), basal media (negative control), or 5E9 EVs mL~" EVs from MSCs maintained in
flasks or the bioreactor. D) Results of the tube formation were quantified as the number of complete loops formed by HUVECs. Both flask and bioreactor
EVs significantly increased the number of loops with no differences between flask and bioreactor EVs (*—compared to basal). All images and data are
representatives of three independent experiments (N = 3). Statistical significance was calculated using either a two-way (B) or one-way ANOVA (D) with

Tukey’s multiple comparisons test (ns—p > 0.05; * or #—p < 0.05; **—p < 0.07; ***—p < 0.001; ****—p < 0.0001).

dosed at 200 pg mL~!, MSC EVs derived from both the flask
and bioreactor conditions significantly augmented gap closure
in HUVECs when compared with the negative control (p < 0.01
and p < 0.0001; respectively) (flask at 200 pg mL™': 42.31 + 2.746;
bioreactor at 200 ug mL™": 52.72 + 1.318). This trend of main-
tained EV bioactivity was retained across donors of bone marrow-
derived MSCs, whereas we observed no angiogenic activity from
adipose-derived MSC EVs (Figure S3, Supporting Information).
Importantly, there was no significant difference between the
dosing schemes in the respective culture conditions. There-
fore, in all subsequent experiments, MSC EVs were dosed at
5E9 EVs mL~L.

In the tube formation assay, both flask- and bioreactor-derived
MSC EVs significantly enhanced the number of loops formed by
the HUVECs when compared with the negative control (p < 0.01
and p < 0.05, respectively; basal: 18.67 + 3.93; flask: 43.00 + 6.110;

Adv. Healthcare Mater. 2023, 12, 2300584
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bioreactor: 35.67 + 2.300) (Figure 4C,D). There was no significant
difference between the flask and bioreactor EVs.

2.5. In Vivo MSC EV Wound Healing Bioactivity Is Enhanced via
Perfusion Bioreactor Culture

The wound-healing bioactivity of EVs from the flask and biore-
actor culture was assessed in vivo using a diabetic mouse
wound-healing model. An 8 mm punch biopsy excisional wound
was created on the dorsum of each mouse. Three days post-
injury, mice were injected four times around the wound with
50 pg of flask MSC EVs, bioreactor MSC EVs, or a PBS vehicle
control. EVs isolated from MSCs cultured in the bioreactor
generated a significant improvement in healing overall when
compared with the vehicle control (p < 0.05) (Figure 5A,B). CD31
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Figure 5. Perfusion bioreactor culture improves healing in a diabetic mouse excisional wound healing model. A) Closure evaluated for wounds treated
with flask MSC EVs, bioreactor MSC EVs, or PBS. Bioreactor MSC EVs improved overall wound healing compared with the PBS control (p < 0.05). B)
Representative images of mice wounds over the length of the experiment. C) Number of CD31% vessels in healed tissues isolated from mice on day 21
with D) representative immunohistochemistry images. A significant enhancement of CD31% vessels was apparent in mice treated with bioreactor MSC
EVs (p < 0.05). Statistical significance was calculated using a A) two-way ANOVA or C) one-way ANOVA with Holm- Sidék’s multiple comparisons test

(*p < 0.05; n=28).

immunohistochemistry revealed that mice treated with biore-
actor MSC EVs had significantly more CD31" vessel structures
when compared with animals treated with flask MSC EVs or
PBS (p < 0.05; PBS: 4.7 + 0.984; flask: 5.876 + 1.636; bioreactor:
12.02 + 2.423). There was no significant difference between the
vehicle control and flask MSC EVs (Figure 5C,D).
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2.6. Assessment of Perfusion Bioreactor Culture-Induced
Enhancement of In Vivo MSC EV Bioactivity

To determine whether any differences in MSC EV bioactivity ob-

served in vivo could be attributed to disparate internalization into
recipient cells, we evaluated EV uptake. HUVECs were treated
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Figure 6. Assessment of HUVEC uptake and protein profile of flask and bioreactor MSC EVs. To assess EV uptake, flow cytometry analysis of PKH67-
labeled EVs from MSCs cultured in flask versus bioreactor conditions was conducted as shown in (A). B) Histograms of frequency versus fluorescence
intensity are shown for HUVECs that were treated with undyed EVs (no PKH67), just dye (no EVs), dyed flask EVs, or dyed bioreactor EVs. C) MALDI-TOF
mass spectra of flask and bioreactor-derived EVs. Data represent at least 2 independent experiments (N = 2).

with PKH67-labeled MSC EVs from flask or bioreactor culture
for 24 h (Figure 6A). There was no difference in uptake of the
EVs from the bioreactor culture (96.7%) compared to flask cul-
ture (98.6%) (Figure 6B). As flow has been shown to alter pro-
tein corona composition of nanoparticles which can in turn affect
uptake,[**] we assessed the EV surface proteins using MALDI-
TOEF. However, the resulting spectra were highly reproducible
over time (Figure S4, Supporting Information) and showed no
apparent differences between the flask and bioreactor MSC EVs
(Figure 6C).

Next, to assess any variance in RNA profiles of recipient HD-
MECs due to flask versus bioreactor MSC EVs, we analyzed
the expression of 88 genes associated with wound healing (Fig-
ure 7A). Among the 88 genes, 34 were upregulated and only
2 were downregulated more than twofold compared to PBS for
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both flask and bioreactor EV groups. Between flask and bioreac-
tor EV groups, 3 were upregulated (EGF, FGF, and COL5A3) and
3 were downregulated (VIN, ITGB6, and IL2) in the bioreactor
EV group by more than twofold, though none showed statistical
significance in this assessment (p > 0.05) (Figure 7B).

3. Discussion

The lack of a scalable manufacturing platform has remained
a substantial hindrance to the clinical translation of EV-based
therapies.[®25] The most commonly employed solution to this
problem is the use of hollow-fiber technology, which is highly
effective for optimizing yield,[®?%] but has limited versatility
with regard to control of the various biophysical cues that can
most influence EV properties, such as shear stress and substrate

© 2023 Wiley-VCH GmbH

858017 SUOWWOD BAIIe.D 3(qeoljdde ayy Aq peusenob ae saoiLe VO ‘8sN JO S9InJ 10} A%eiq i 8UIIUQ AB[IA UO (SUOTHPUOO-PUR-SWRIALI0O" A3 1M AeIq 1 U1 UO//SdhL) SUORIPUOD pue SWwe 1 8y} 88S *[£202/0T/#0] U0 AkeidiTauluo A8 ‘puelkreN JO A1sieAun AQ #8500£202 WUPe/Z00T OT/I0p/W00" A8 |mAke.d 1 jBuluo//:Sdny Wouy papeojumod ‘0z ‘s20Z ‘65922612



ADVANCED
SCIENCE NEWS

ADVANCED
HEALTHCARE
MATERIALS

www.advancedsciencenews.com

) -~ -

www.advhealthmat.de

Flask
-
- ” I Extracellular Endothelial
esenchyma Vesicles (EVs) Cells
Stem Cells
\ . Wound Healing
— & mRNA Array
B
g 0 o o] e
= ~ 0 o o o~
ddCt vs. PBS

g
&3
g%
0

Flask Bioreactor

TGFBR3
COLSA3

Figure 7. RNA profiling of HDMECs treated with MSC EVs from flask versus perfusion bioreactor culture. A) Experimental schematic of wound healing
specific gene expression in HDMECs treated with MSC EVs from flask or bioreactor culture. B) Heat map representing gene regulation profile of 88 genes
associated with wound healing. Data shown as AACt = (ACt flask or bioreactor—ACt PBS), where ACt = (Ct target gene—Ct f-actin). No significant
difference between RNA profiles of HDMECs treated with flask or bioreactor derived MSC EVs was observed (data not shown). Significance was tested
using one-way ANOVA with Bonferroni’s multiple comparison test. Data are representative of two independent experiments (N = 2).

architecture. Engineering advancements, such as 3D printing,
can allow for a more reductionist and tunable approach that en-
ables control over these cues in a manner amenable to large-scale
production. In a previous study, we leveraged 3D printing to
create a scaffold-perfusion bioreactor that significantly increased
the secretion of EVs from human dermal microvascular endothe-
lial cells (HDMECs)."*! Inspired by these results, we attempted
to use the perfusion bioreactor to enhance the therapeutic
efficacy of MSC EVs, as MSCs are another mechanosensitive
cell type with many therapeutic applications.'®?] In this study,
the scaffold was redesigned to incorporate a pillar configu-
ration previously implemented to create a highly adaptable
and physiologically-relevant microenvironment specifically for
human MSCs.[8] In addition, when perfused with media, this
design allowed for the use of flow rates that produced shear
stress values well below levels previously reported for the in
vivo stem cell niche (i.e., 0.1-1 dyn cm~2) and well below values
known to induce MSC differentiation!'#2%2] (Figure 1D).

While implementing the bioreactor system, we found that a
flow rate of 5 mL min~! (3 x 10~* dyn cm~2) appeared optimal
as it significantly increased MSC EV production by 83-fold when
compared with flask culture and by 2.5-fold when compared with
aflow rate of 10 mL min~! (1.2 x 102 dyn cm~2) (Figure 2B) with-
out causing the significant cell detachment that was observed in
the 10 mL min~! condition (Figure 1F). However, when an ELISA
was used to examine the levels of tetraspanin CD63, which is
considered an indicator of EVs originating from the multivesic-
ular body (i.e., exosomes),[**) the 5 mL min~! produced only a
43-fold increase in CD63* EVs while the 10 mL min~! condi-
tion produced a very similar 47-fold increase in CD63* EVs when
compared with flask culture (Figure 2C). We also show a signif-
icant reduction in total protein content per EV as flow rate is in-
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creased from 0 to 5 mL min~!, which seemed to saturate at 10 mL

in~! (Figure 2D). Protein per EV is often used as a proxy for
EV purity, with less protein per EV being considered a gauge of
higher purity.?!] We have previously reported similar phenom-
ena in which HDMECs within a perfusion bioreactor produced a
significant yet smaller increase in CD63* EVs in comparison with
total EVs along with a purer EV population.['*] Altogether, these
results indicate that the bioreactor favors the secretion of other
EV sub-populations such as microvesicles, which are known to
originate from the cell membrane and may be composed of a rel-
atively lower amount of CD63.13%] Indeed, shear stress is known
to increase cell membrane tension which results in augmented
exocytotic activity.3334 Overall, the increased MSC EV produc-
tion we observed mirrors the results of previous studies by other
groups that have used dynamic culture conditions to increase EV
production.*333536] Tt is important to note that TEM images re-
vealed no significant changes in morphology or size (Figure 2E).
Furthermore, immunoblotting revealed no presence of the endo-
plasmic reticulum protein calnexin (Figure 2F), signifying that it
is unlikely that the levels of shear stress used in this study were
causing physical disruption to the cell membrane and/or insti-
gating the release of apoptotic bodies.

MSCs monitor mechanical cues within their microenviron-
ment in order to initiate adaptive and reparative responses;
a capability governed by countless mechanosensors includ-
ing, but not limited to, adherens junctions, focal adhesions,
integrins, and ion channels.’”] Flow-derived shear stress is a
mechanical cue pervasive throughout the physiological niche
as well as many scalable manufacturing processes. However,
flow and shear stress are two separate phenomena in that,
besides inducing various stresses on the cell surface (i.e., shear,
tensile, and compressive stresses), flow can also modulate the
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surrounding environment by augmenting diffusive exchanges
(i-e., oxygen, nutrients, and waste metabolites).*®] After cultur-
ing the relatively mechanically-inert HEK293 cell line,[?) we
found a similar increase in both EV production and EV purity as
was seen in MSCs (Figure 3A,B). HEK293 cells are often used
in overexpression studies investigating mechanically-activated
channels (e.g., Piezo2 and TRPV4) due to their low abundance
of endogenous channels.)) Coupled with our data, this could
mean that the increased EV production we observed in this
bioreactor system is a result of fluid dynamics rather than a
specific mechanoresponse of the cells. However, in a recent
study, while culturing MSCs in a flat-plate perfusion bioreactor,
Kang et al. found that flow increased intracellular calcium as
well as calcium-related proteins, and thus could be a mechanism
behind the increase in EV biogenesis.['!] Separately, Guo and
co-workers found that the increased MSC EV production present
within their perfusion bioreactor was dependent on the expres-
sion of the yes-associated protein (YAP), a well-known cellular
mechanotransducer.[*3%! As both of these proposed mechanisms
exist across cell types (including HEK293), it would be of interest
to probe these particular pathways within our system in future
studies.

Of the various therapeutic applications of MSCs and MSC EVs
elucidated thus far, the role they play in tissue reparative pro-
cesses (e.g., angiogenesis) has been well documented.[***!l More-
over, it is known that flow-derived shear stress can be used to
influence the regenerative properties of both MSCs and their se-
creted EVs.[!!] Across two orthogonal angiogenic assays (i.e., cell
migration and tube formation), we found that the angiogenic
properties of MSC EVs derived from the perfusion bioreactor
were at least as effective as those from flask-grown MSCs (Fig-
ure 4B,C). We found that the same bioactivity pattern was ap-
parent when using bone marrow-derived MSC EVs from several
donors, but not when using MSC EVs derived from adipose tis-
sue (Figure S3, Supporting Information). This emphasizes the
impact and importance of choosing the optimal EV source for
the desired application.*?] The observed similarity in angiogenic
activity between the flask- and bioreactor-derived MSC EVs was
supported by similar cellular uptake of the EVs by HUVECs and
comparable surface protein fingerprints (Figure 6B,D). Previous
works have shown that cell culture conditions (e.g., bioreactor vs
flask or 2D vs 3D culture) can enhance EV efficacy, alter EV up-
take by recipient cells, and change the EV proteome profile.3¢43]
Importantly, proteomic profiling of EVs utilizing the technique
used in the current investigation (i.e., MALDI-TOF MS) can be
sensitive. A study by Han and co-workers demonstrates the util-
ity of this methodology by using the MALDI-TOF mass spectra
of plasma-derived EVs to identify those patients with or without
osteosarcoma lung metastasis.[**l While we reveal possible slight
differences in the protein makeup (Figure 6D), we only investi-
gated the surface proteins of undigested EV samples and thus
further proteomic analyses (i.e., LC-MS) may reveal more signif-
icant differences. Additionally, it would be interesting to gauge
how perfusion bioreactor culture can alter the proteome of MSC
EVs in comparison with parental cells, which would be valuable
information for the continued development of EVs in general for
both diagnostic and therapeutic applications. It is also important
to consider that any nuances caused by shear stress may alter-
natively lie within the EV metabolome, lipidome, and/or tran-
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scriptome, all of which are known to be dynamic with changing
culture conditions.[*]

As described above, the flask- and bioreactor-derived MSC EVs
were similar in numerous ways. However, there was a significant
decrease in protein content per EV from the perfusion bioreactor.
Consequently, dosing by protein entailed applying five to seven
times more bioreactor EVs (according to NTA data) than flask
EVs. Taking this into account, we also dosed by EV count and
found a similar pattern in the angiogenic activity assays, indi-
cating a possible saturation point and equal efficacy of the two
EV preparations (Figure 4B). This agrees with previous research
showing that bioactivity of EVs can be maintained within bioreac-
tor culture systems.['*] Critically, with the exaggerated EV produc-
tion from the perfusion bioreactor, dosing by EV count allowed
the application of a much smaller volume to achieve the same ef-
fect (e.g., 8 uL of bioreactor EVs vs 80 uL of flask EVs). Altogether,
these results indicate that our perfusion bioreactor system may
not enhance MSC EV efficacy but can be used to increase MSC
EV potency and thus has important implications in scale-up ef-
forts needed for clinical administration.

Intriguingly, when applied in a diabetic mouse wound healing
model and compared to a vehicle control, EVs from the perfusion
bioreactor system significantly improved healing in terms of per-
cent wound closed and the number of new blood vessels formed,
while those from flask culture had no effect (Figure 5A,C). The
disparate results between the in vitro and in vivo data are not
to be unexpected as the physiological niche is much more com-
plex than anything that can be recapitulated in a laboratory set-
ting. Particularly, wound healing is a highly regulated process
that requires a dynamic yet balanced interplay among various
cell types, including macrophages, fibroblasts, endothelial cells,
and keratinocytes.[**%®] Notably, MSC EVs are internalized by all
of these cell types and have been documented to influence criti-
cal events during wound healing such as inflammation, collagen
deposition, apoptosis, and re-epithelialization.[*] The in vivo re-
sults suggest that bioreactor MSC EVs may be more efficacious in
any number of these wound healing processes and thus, further
work is required to understand the exact role the MSC EVs play
at the physiological wound site. It is also important to note that
the bioreactor MSC EVs were able to alter the gene expression of
HDMEQC s, including upregulation of angiogenic growth factors
(FGF) as well as changes in the expression of various extracel-
lular matrix and binding proteins (COL5A3, VIN, ITGB6) (Fig-
ure 7B). While the ability to detect statistically significant changes
in a gene array is limited by low statistical power, these proteins
nevertheless point to potential signaling pathways for further ex-
ploration to determine the mechanism of the bioreactor-induced
outcomes observed.

4, Conclusion

Overall, the perfusion bioreactor utilized in the current study em-
bodies a means to significantly increase MSC EV yield compared
to conventional flask culture while also retaining or even enhanc-
ing potency. The modularity of the system allows the significant
ability to tune to various needs, including the ability to alter other
important attributes such as the stiffness and architecture of the
3D-printed scaffold. This investigation and further exploration of
the system will ultimately inform the design of a manufacturing
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platform capable of producing potent MSC EV therapeutics at the
scale necessary for clinical use.

5. Experimental Section

Cell Culture: Bone marrow-derived mesenchymal stem cells (MSCs;
passage 2) were purchased from ATCC (PCS-500-012). A kit of MSCs
from three different donors was also purchased from RoosterBio to assess
donor variability (KT-014). All MSCs were cultured in Dulbecco’s modifi-
cation of Eagle’s medium (DMEM) (Corning, 10-013-CV) supplemented
with 10% fetal bovine serum (FBS; VWR, 89510-186), 1% non-essential
amino acids (NEAA; Fisher Scientific, 11-140-050), and 1% penicillin—
streptomycin (P/S; Corning, 30-002-Cl). MSCs were expanded so they were
at passage 4 upon seeding into the experiments.

Human embryonic kidney cells (HEK293) were used to assess the ef-
fects of bioreactor culture on EV production in a relatively mechanically-
inert cell type. HEK293 cells were purchased from ATCC (CRL-1573) and
cultured in DMEM supplemented with 10% FBS and 1% P/S. During EV
collection, MSC or HEK293 culture media was switched to media contain-
ing 10% EV-depleted FBS (referred to as EV-depleted media). EV-depleted
FBS was produced by centrifuging heat-inactivated FBS at 11 8000 x g for
16 h and filtering the supernatant through a 0.2 um bottle-top filter for later
use in media supplementation.

Human umbilical vein endothelial cells (HUVECs) pooled from multi-
ple donors (C-12203) and human dermal microvascular endothelial cells
(HDMECs) (C-12212) were obtained from PromoCell and used for the test-
ing of EV angiogenic bioactivity. HUVECs or HDMECs were cultured on
tissue culture polystyrene flasks coated with 0.1% gelatin at 37 “Cfor Th
prior to seeding. HUVECs and HDMECs were cultured in complete en-
dothelial growth medium-2 (EGM2; PromoCell C-22111) supplemented
with 1% P/S and used at passages 3-5 in experiments. During experiments,
HUVECs and HDMECs were maintained in endothelial basal medium-2
(EBM2; PromoCell, C-22221) supplemented with 0.1%FBS and 1% P/S.

3D-Printed Scaffold Design and Fabrication: The scaffold design in-
volved a series of small pillars that were 1 mm in diameter and situated
2.5 mm apart in a 50 cm? cell growth area within a 12 cm? volume con-
struct. This design was chosen to provide a sufficient culture surface area
in a highly-ordered pillared array that was amenable to cell removal and im-
munofluorescence imaging. Additionally, the pillared array was situated in
the middle of the construct to allow for fully developed flow prior to en-
tering the pillars. The architecture also allowed for media to perfuse the
circuit around and in-between the pillars, facilitating active transport of
nutrients and gases from gas permeable tubing, and provided a mech-
anism to control fluid characteristics predictably throughout. Computa-
tional fluid modeling was accomplished using the SolidWorks (Dassault
Systémes, Velizy-Villacoublay, France) Flow Simulation add-in. Fluid flow
was analyzed at flow rates of 1, 5, and 10 mL min~' by modulating the
inlet volume rate with surface shear stress, flow profiles, and fluid velocity
(computed and recorded).

Scaffold designs were exported into stereolithography (.stl) files follow-
ing computational design and scaffold models were oriented, fixed, and
supported using Magics 18 (Materialise, Leuven, Belgium). Solid objects
were fabricated out of a clear, biocompatible, acrylate-based material (E-
Shell 300; EnvisionTEC, Inc.) using a commercially available stereolithog-
raphy apparatus (EnvisionTEC Perfactory 4 Mini Multilens; Gladbeck Ger-
many). Excess resin was removed by submerging printed objects in 99%
isopropanol (Pharmco-Aaper, Shelbyville, KY) for 5 min, followed by flow-
ing 99% isopropanol through the scaffolds, and blowing the interior dry
with filtered air. The process was repeated until all excess material was re-
moved 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 before proceed-
ing to the sterilization and rehydration steps described below.

Scaffold Sterilization, Coating, and Cell Seeding: 3D-printed scaffolds
were submerged in fresh 100% ethanol and sterilized in an ultraviolet ster-
ilizer (Taylor Scientific, 17-1703) for 10 min. Scaffolds were gradually rehy-
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drated by submerging in sterile solutions with a progressively increasing
volume of pH 7.4 sterile 1xXPBS (i.e., 25:75 PBS:EtOH for 5 min, 50:50
PBS:EtOH for 5 min, 75:50 PBS:EtOH for 5 min) and placed in 100% ster-
ile 1X PBS in the fridge until use. Once ready to use, scaffolds were coated
with 0.5 ug cm™2 fibronectin in sterile water for 30 min at 37 “C. Open
ends of the scaffolds were closed using platinum-cured tubing and binder
clips to prevent leakage. Scaffolds were drained and passage 4 MSCs were
seeded into the scaffolds at a seeding density of 2500 cell cm™2 in 15 mL
of EV-depleted MSC media. Cells were allowed to attach for 24 h at 37 °C
before connecting the scaffold to the bioreactor or replacing the media and
keeping the scaffold detached as a static control. In parallel, MSCs were
also seeded in 75 cm? tissue culture flasks at the same density as within
the scaffolds in EV-depleted MSC media as an additional static control.

Perfusion Bioreactor Assembly: ~ After initial cell seeding, the 3D-printed
scaffolds were connected to a Masterflex L/S Digital Drive (Cole-Parmer)
coupled with a pump head to circulate medium at 1, 5, or 10 mL min~".
Open ends of the tubing on either end of the scaffold were affixed to a
media reservoir with 50 mL of EV-depleted MSC media. The pump head
allowed for up to 4 lines to be connected at a time at a single flow rate.
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 antiparallel to gravity. The complementary flask and scaffold controls
were also incubated at 37 °C with 5% CO,. Scaffolds were situated verti-
cally to ensure complete submergence in medium.

Cell Staining and Imaging: ~ After 24 h culture in the bioreactor, MSCs
were fixed in the scaffolds with 4% paraformaldehyde (PFA) and 1% su-
crose for 15 min and washed three times with 1x PBS. Prior to staining,
cells were permeabilized for 5 min with a 300 x 107® m sucrose, 100 x
107% m sodium chloride, 6 x 10~ M magnesium chloride, 20 X 107% m
HEPES, and 0.5% Triton-X-100 solution. Cellular actin was stained in a
1:100 dilution of AlexaFluor 488 Phalloidin (Invitrogen, A12379) in 1x PBS
for 20 min and visualized on a Nikon Ti2 Microscope (Nikon, Minato City,
Tokyo, Japan).

EV Isolation and Characterization: ~Conditioned media from MSCs cul-
tured in EV-depleted media were collected and underwent a series of differ-
ential centrifugation steps which entailed a final centrifugation step of 118
000 x g for 2 h as previously described.[*8] After resuspending the pel-
leted EVs in 1X PBS, they were transferred to a Nanosep 300 kDa MWCO
spin column (Pall, OD300C35) and centrifuged at 8000 X g until all PBS
was removed (~8-12 min). The EVs were washed two more times in a sim-
ilar fashion. EVs collected at the top of the column were then resuspended
in a desired volume of 1x PBS and sterile filtered using 0.2 um syringe fil-
ters. The total surface protein concentration of the washed EVs was mea-
sured by BCA. EV size distribution and concentration were evaluated using
a NanoSight LM 10 (Malvern Instruments; Malvern, UK) with Nanoparticle
Tracking Analysis (NTA) software version 2.3. Each sample was measured
three times with a camera level set at 14 and an 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. EVs were also
quantified based on the amount of total immunoreactive CD63 within iso-
lated EV samples using the ExoELISA-ULTRA Complete Kit (System Bio-
sciences, EXEL-ULTRA-CD63-1) per the manufacturer’s protocol. Briefly,
10-25 ug of EVs (based on BCA analysis) were used for the analysis. The
number of EVs was obtained using an exosomal CD63 standard curve cal-
ibrated against NTA data. Total number of EVs was then calculated based
on resuspension volume and the final data were expressed as total # of
EVs/cell.

Immunoblotting was then performed to confirm the presence of EVs
and purity of each sample. Based on the BCA analysis, 10 ug of protein
from each EV sample was used for analysis and compared with cell lysate.
The presence of various EV-associated proteins was assessed using pri-
mary antibodies for Alix (Abcam, ab186429), TSG101 (Abcam, ab125017),
CD9 (Abcam, ab92726), CD63 (Proteintech, 25682-1-AP), actin (Cell Sig-
naling Technology, 4970), and GAPDH (Cell Signaling Technology, 2118),
while the absence of contaminating proteins was confirmed using an-
tibodies for calnexin (Cell Signaling Technology, 2679), HSP90 (Abcam,
ab13492), and AGO2 (Abcam, ab186733). All primary antibodies were
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added at a 1:1000 dilution, except GAPDH which was diluted 1:2000. A
goat anti-rabbit secondary (LI-COR Biosciences, 926-32211) was added at
a 1:10000 dilution. Protein bands were detected using a LI-COR Odyssey
CLX Imager. All EVs were used within three days or frozen at -20 °C and
used within 2 weeks with no more than 1 freeze/thaw cycle.

Transmission Electron Microscopy: A portion of each EV sample (10 uL)
was fixed using 4% EM-grade PFA (10 ul) for 30 min at room tempera-
ture. Following fixation, a carbon-coated copper grid with type 200 mesh
(Electron Microscopy Sciences, CF200-Cu-25) was allowed to adsorb to
the EV/PFA mixture for 20 min. The grid was then placed on a drop of PBS
to wash and then laid upon a drop of 1% glutaraldehyde in 1X PBS for
5 min. The grid was washed extensively (5-7 times X 2 min) on deionized
water droplets, blotting gently in between each wash at a 45° on a piece of
filter paper. The grid was then placed on a droplet of uranyl acetate replace-
ment stain (Electron Microscopy Sciences, 22405) and let sit for 10 min.
The grid was allowed to completely dry prior to imaging at 200 kV on a
JEOL JEM 2100 LaB6 TEM.

Gap Closure Assay: P4 HUVECs were seeded in gelatin-coated 96-well
plates at 15 000 cells per well in EGM2 and allowed to grow until a uni-
form monolayer was formed (24 h). The cell monolayer was denuded us-
ing an AutoScratch (BioTek Instruments; Winooski, VT, USA). Cells were
then washed once with 1x PBS and incubated with endothelial cell basal
medium (EBM2; PromoCell C-22221) supplemented with 0.1% FBS for 2 h
to serum starve the cells. After serum starvation, the medium was replaced
with fresh EGM2 (positive control), EBM2 (0.1% FBS) without EVs (nega-
tive control), or EBM2 with the addition of EVs at 5E9 EVs mL~1 based on
NTA quantification or 200 ug mL™" of EVs based on BCA quantification of
surface protein. EBM2 or EGM2-treated cells were used as negative or pos-
itive controls, respectively. The closure of the cell gap was imaged at 0 h
and 20 h using a Nikon Eclipse Ti2 Microscope at 2x magnification. Over-
all gap closure was determined as a percentage of area covered by HUVECs
versus the gap area after 20 h using Image] as previously described.[*’]

Tube Formation Assay: 24-well plates were coated with 100 pL of
growth factor reduced Matrigel (Corning, 354230) and incubated at 37 °C
for 30 min. P4 HUVECs were then seeded with EGM2 media (positive con-
trol), EBM2 media (0.1% FBS) devoid of EVs (negative control), or EBM2
media (0.1% FBS) with EVs (5E9 EVs mL™") on top of the Matrigel. At 6
h, cells were imaged using a Nikon Eclipse Ti2 Microscope at 2x mag-
nification. The number of fully closed loops formed by the HUVECs was
counted and recorded as a proxy for the formation of capillary-like struc-
tures in wound healing.

EV Uptake via Flow Cytometry and Confocal Imaging: MSC EVs from
flask and bioreactor culture were labeled separately with lipid membrane
PKH67 dye (Sigma-Aldrich, PKH67GL) as previously described.[’] Briefly,
EVs in PBS suspension were spun down at 8000 X g in a 300 kDa MWCO
filter and resuspended in 200 L of diluent C to wash away buffer-related
salts. EVs were then spun down again at 8000 X g and resuspended in
250 pL of Diluent C per 200 pg of EVs. A mock dye treatment was prepared
by mixing PBS devoid of EVs with diluent C. EVs and the mock dye solution
were labeled at 1:1 ratio using 4 x 1078 m of PKH67 dye diluted in diluent
C solution and incubated for 5 min with frequent mixing at room temper-
ature every minute. 1% BSA prepared in diluent C was added to the EV
or PBS/PKH67 dye mix at 1:1:1 ratio and incubated for another 1 min at
room temperature to quench any leftover dye. Samples were then concen-
trated using protein concentrators (100 kDa MWCO; ThermoFisher Scien-
tific, 88524) to 500 pL and centrifuged at 10 000 x g for 10 min at 4 °C to
remove any protein aggregates formed during concentration. To remove
any non-EV-associated dye aggregates, the samples were then run through
size exclusion columns (Izon; qEV original 35 nm, ICO-35) per the man-
ufacturer’s instructions. The first four fractions after the void volume was
collected and used in further experiments (Figure S5, Supporting Informa-
tion). These fractions were concentrated (100 kDa MWCO), resuspended
in 1x PBS, and sterile filtered (0.2 um). Particle concentration was deter-
mined via NTA. Approximately 500 000 HUVECs in a six-well plate were
treated with 5E9 EVs mL™" of labeled flask or bioreactor EVs or equal vol-
ume of mock dye solution in duplicates, while untreated HUVECs (PBS ve-
hicle) were used as a negative control. HUVECs treated with the mock dye
solution were used to assess the uptake of any dye aggregates. After 24 h
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at 37 °C, media were collected from each treatment to collect nonadherent
cells. Adherent cells were detached using 1 mL of Accutase (ThermoFisher
Scientific, A1110501), then added to the collected nonadherent cells, and
spun down at 220 X g for 5 min. Cells were washed twice in 500 pL of FACS
buffer (1% BSA in 1X PBS) and then resuspended in 250 pl of FACS buffer
and strained through a cell strainer (40 pm) for further analysis. Samples
were analyzed on an Amnis ImageStream X Mark Il Imaging flow cytome-
ter and analyzed using the IDEAS software. Live cell gating was done first
in forward light scatter/side scatter, and PKH67 populations were gated
from the live cell population.

In a concurrent experiment, HUVECs were seeded onto gelatin-coated
coverslips (0.1%) in a six-well plate. After 16 h, cells were treated with the
PKH67 mock dye solution or PKH67-labeled flask or bioreactor EVs (5E9
EVs mL~"). Cells treated with PBS devoid of dye or EVs acted as an addi-
tional control. After a 24 h incubation, HUVECs were fixed with 4% PFA
for 15 min. Cells were washed three times with 1x PBS and then perme-
abilized for 5 min using a 0.5% Triton-X-100 solution. Following permeabi-
lization, HUVECs were washed three times with 1x PBS and then blocked
at room temperature for 1 h with a 2.5% goat serum (Abcam, ab7481)
solution. Cellular actin was stained in a 1:100 dilution of Alexa Fluor Plus
647 Phalloidin (Invitrogen, A30107) coupled with a nuclear stain using a
1:10000 dilution of DAPI (Cayman Chemical Company, 14285) for 30 min
at room temperature. HUVECs were then washed three times in 1x PBS
and imaged using an Olympus FLUOVIEW FV3000 confocal laser scan-
ning microscope (Olympus, Shinjuku City, Tokyo, Japan) at 60X magnifi-
cation.

MALDI-TOF Mass Spectrometry: Fresh MSC EVs from the flask and
perfusion bioreactor (5 mL min~") conditions were washed in sterile
deionized water to minimize the presence of buffer-related salts and were
resuspended in a final volume of 300 ul of deionized water. BCA and NTA
were performed and EVs were subjected to MALDI-TOF analysis on a Mi-
croFlex LRF MALDI-TOF mass spectrometer (Bruker, Bremen, Germany).
Each EV sample was mixed 1:1 with sinapic acid matrix (Millipore Sigma,
85429; 20 mg mL~" in 50% acetonitrile, 50% water, 0.1% trifluoracetic
acid v/v/v) and 1 pL of the sample/matrix solution was deposited on a
MicroFlex AnchorChip plate (Bruker, Bremen, Germany) in triplicate and
dried in a vacuum. The analysis was performed under linear positive mode
using the following parameters as previously described[*4l: 70% laser in-
tensity, laser attenuator with 35% offset and 40% range, accumulation of
500 laser shots, and 10.3 detector gain. Mass calibration was completed
using cytochrome ¢ (2 mg mL™"; Sigma Aldrich, C8857) and myoglobin
(2mg mL~ T Sigma Aldrich, M0630).

mRNA Isolation and Profiling: P4 HDMECs were treated with PBS
(control) or 200 ug mL~" MSC EVs from flask or bioreactor (5 mL min~")
culture. After 24 h, HDMEC RNA was isolated using RNeasy kits (Qia-
gen, 74106) and cDNA was prepared using the iScript cDNA synthesis
kit (Bio-Rad, 1708891). Following the manufacturer’s protocol, approxi-
mately 5 ng of RNA converted to cDNA was used per 10 pL well reac-
tion in the Wound Healing PCR Array (Bio-Rad, 10034601). Real-time PCR
reaction was prepared using SsoAdvanced Universal SYBR Green Super-
mix (Bio-Rad, 1725271). Quantitative PCR was performed using an ABI
7900 Fast HT machine, with recommended thermal cycler settings for the
SYBR Green Supermix. Data were analyzed using the AACt method. f-
actin mRNA was used as a housekeeping control (ACt = Ct target gene -
Ct p-actin) and results were normalized to PBS (AACt = ACt Bioreactor
or Flask - ACt PBS). Data are shown in a heat map, where negative values
indicate higher expression and positive values indicate lower expression
compared to PBS treated group.

Animal Studies:  All animal experimental protocols were approved by
the Johns Hopkins University Animal Care and Use Committee, followed
the Johns Hopkins University ACUC (Protocol RA18M86), and were per-
formed at Johns Hopkins University. A total of 24 db/db mice (40-50 g)
from Jackson Laboratory (Bar Harbor, ME) were utilized (eight mice per
treatment). All mice were anesthetized with 1.5% isofluorane (Baxter
Healthcare Corporation, Deerfield, IL) and had their entire dorsum shaved
where a singular 8 mm punch biopsy (Integra, Plainsboro, NJ) was per-
formed. Buprenorphine (0.05 mg kg™') was given subcutaneously on days
0, 1, and 3 to help reduce any unnecessary discomfort. Treatments (i.e.,
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flask EVs, perfusion bioreactor EVs, or PBS devoid of EVs) were injected
four times around the wound in a cross pattern on day 3. Each dose con-
tained 50 pg of EVs in a total volume of 50 pL or 50 uL of PBS without EVs.
Photographs of the wounds were taken on days 0, 3, 7, 10, 12, and 14 and
wound size was quantified by digital processing using Adobe Photoshop.
On days 7, 10, 12, and 14, the wounds were debrided of the eschar to allow
clear visualization. Wound size was calculated as the percentage of area
of the wound versus the wound size on day 0.

Histology: On day 21, healed tissues were biopsied using a 12 mm
punch biopsy. The tissue was then cut down the center of the wound area
and placed in a cryomold (Tissue Tek, 4557), where it was covered with
OCT medium (Leica, 3801480). The tissue-containing cryomold was then
placed onto a metal surface and cooled with dry ice and ethanol until the
OCT medium solidified. The samples were stored at -80 °C for less than
1 week prior to sectioning (10 um thick) using a CM1950 Cryostat (Leica,
Wetzlar, Germany). Tissue sections were fixed and permeabilized in 1:1
methanol:acetone solution at -20 °C. Sections were then stained with H&E
using a previously described protocol.[®l In brief, sections were washed
for 2 min in deionized water, hematoxylin (VWR, 75810-352) for 3 min,
deionized water for 1 min, differentiated in 4% HCl in 95% ethanol for
1 min, washed for 1 min in deionized water, bluing for T min in 1% NaCO3,
washed for 1 min in deionized water, 95% ethanol for 1 min, eosin (VWR,
75810-354) for 45 s, 95% ethanol for 1 min, 100% ethanol for 1 min twice,
and xylene for 2 min twice. Sub-X Mounting Medium (Leica, 3801740) was
used to add a # 1.5 micro coverslip (VWR, 48393-195) on top of the tissue
section and was sealed using clear fingernail polish. The tissue sections
were then imaged using a Nikon Ti2 Microscope at 10x magnification.

In addition, 10 um tissue sections were subjected to CD31 staining in
order to detect newly formed blood vessels using a previously established
protocol.l®] In short, slides were washed with tris-buffered saline (TBS)
for 2 min, pre-blocked with 1% bovine serum albumin (Sigma Aldrich,
A2058) /5% donkey serum (Sigma Aldrich, D9663) in TBS for 30 min, in-
cubated with CD31 primary antibody (Abcam, 28 364) at 1:50 in blocking
solution for 60 min at room temperature, washed with TBS for 5 min twice,
incubated with Alexa Flour 647 donkey anti-rabbit secondary antibody (In-
vitrogen, A31573) for 60 min at room temperature, and washed with TBS
for 5 min twice. Coverslips were mounted over the tissue section as de-
scribed in the previous section. Fluorescent images were taken using a
Nikon Eclipse Ti2 Microscope at 10x magnification. The number of ves-
sels were counted, and the area of tissue was quantified using Image].

Statistical Analysis: Data are presented as mean + standard error of
the mean (SEM). Each experiment involved three biological replicates un-
less otherwise specified. One-way ANOVA with Tukey’s or Holm-Sidak’s
multiple comparisons tests were used to determine statistical differences
(p < 0.05) among groups in the EV characterization data, the in vitro tube
formation assays, and in vivo vessel density data. Two-way ANOVA with
Tukey’s or Holm-Sidék’s multiple comparisons tests was used to detect
statistical differences (p < 0.05) among groups across dosing schemes in
the in vitro gap closure assay, across donors within the different culture
conditions, and among groups in the in vivo wound healing experiments
over time. All statistical analyses were performed using Prism 9.1 (Graph-
Pad Software, La Jolla, CA). Notation for significance in figures are as fol-
lows: ns—p > 0.05: #, *, or {—p < 0.05; §§ or **—p < 0.01; ***—p <
0.0071; *#3 (445, ####, or T111—p < 0.0001.
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