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Background aims: As evidenced by ongoing clinical trials and increased activity in the commercial sector,
extracellular vesicle (EV)-based therapies have begun the transition from bench to bedside. As this progres-
sion continues, one critical aspect of EV clinical translation is understanding the effects of storage and trans-
port conditions. Several studies have assessed the impact of storage on EV characteristics such as
morphology, uptake and component content, but effects of storage duration and temperature on EV func-

Key Words: tional bioactivity and, especially, loaded cargo are rarely reported.

E’g’;ﬁ:ﬁes Methods: The authors assessed EV outcomes following storage at different temperatures (room temperature,

microvesicles 4°C, —20°C, —80°C) for various durations as well as after lyophilization.

miR-146a-5p Results: Mesenchymal stromal cell (MSC) EVs were observed to retain key aspects of their bioactivity (pro-
vascularization, anti-inflammation) for up to 4—6 weeks at —20°C and —80°C and after lyophilization. Fur-
thermore, via in vitro assays and an in vivo wound healing model, these same storage conditions were also
demonstrated to enable preservation of the functionality of loaded microRNA and long non-coding RNA
cargo in MSC EVs.
Conclusions: These findings extend the current understanding of how EV therapeutic potential is impacted by
storage conditions and may inform best practices for handling and storing MSC EVs for both basic research
and translational purposes.

© 2022 International Society for Cell & Gene Therapy. Published by Elsevier Inc. All rights reserved.
Introduction Among these is a relative dearth of knowledge regarding the effects

of storage conditions on MSC EV functionality.

Extracellular vesicles (EVs) are nanoscale cell-derived products
that are considered promising therapeutic agents and drug delivery
vehicles [1]. From a drug carrier perspective, EVs compare favorably
to synthetic delivery systems with respect to cargo delivery effi-
ciency, physiological transport properties and multi-functionality
[2—5]. As native therapeutic agents, mesenchymal stromal cell (MSC)
EVs, in particular, have been widely reported to be therapeutically
useful in a variety of pre-clinical studies based on their anti-inflam-
matory and pro-angiogenic effects, leading to their use in clinical tri-
als [6-8], yet several obstacles remain to be overcome prior to
translation and widespread clinical application of MSC EV therapies.
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As EVs lack much of the complex cellular machinery and organ-
elles that exist in their parental cells, they may potentially be stored
at more desirable conditions for clinical translation such as at —20°C
or —80°C freezer storage at room temperature (RT) following lyophi-
lization [9]. There have been some important initial studies in this
area, specifically with regard to the morphological stability and enzy-
matic stability of EV cargos as well as determining appropriate buf-
fers for EV storage [10—22]. Further, some knowledge about the
effects of storage conditions on EV bioactivity has begun to accumu-
late. Wu et al. [23] recently demonstrated that cold storage of isolated
bEnd.3 EVs at —20°C and —80°C for 28 days resulted in improved cel-
lular uptake and in vivo circulation, whereas van de Wakker et al. [24]
showed that cardiac progenitor cell-derived EVs retained their bioac-
tivity in an endothelial cell gap closure assay after 7 days of storage
at —80°C, with activity reduced over the same storage period at 4°C.
However, despite these and other reports, much remains to be
learned about how MSC EV function is impacted by storage.
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Here the authors add to the understanding of storage effects on EV
activity with a focus on human bone marrow-derived MSC (BDMSC)
EVs. Specifically, the authors’ data showed that the anti-inflamma-
tory and pro-angiogenic effects of MSC EVs were retained for up to
28 days after storage at —20°C, —80°C and RT following lyophiliza-
tion. Furthermore, given the interest in EVs as drug delivery vehicles
[25], the authors examined the effects of storage conditions on
loaded microRNA (miRNA) cargo in MSC EVs, showing that although
the total amount of cargo detected was decreased in all conditions
tested, cargo-associated bioactivity was retained in several storage
modes. Finally, the authors demonstrated that lyophilization was
suitable for preservation of regenerative bioactivity of MSC EVs
loaded with the long non-coding RNA HOTAIR in a db/db mouse
wound healing model. Overall, these studies provide further guid-
ance for the field on how EVs, and in particular drug-loaded MSC EVs,
should be stored prior to therapeutic application.

Methods
Cell culture

Human BDMSCs (PC-500-012; American Type Culture Collection,
Manassas, VA, USA) were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM) [+] 4.5 g/L glucose, L-glutamine and sodium pyru-
vate supplemented with 10% EV-depleted fetal bovine serum (FBS),
1% penicillin—streptomycin and 1% non-essential amino acids in T-
175 polystyrene tissue culture flasks. The 10% EV-depleted FBS was
generated via centrifugation of FBS at 100 000 x g for 16 h before col-
lection of the non-pelleted supernatant. BDMSCs were passaged at
approximately 70% confluency until passage three or four before EV
isolation for functional assays and passage five for EV characteriza-
tion. Human umbilical vein endothelial cells (HUVECs) (C2519A;
Lonza, Basel, Switzerland) were cultured in tissue culture flasks
coated with 0.1% gelatin prior to seeding cells in endothelial growth
medium (C-C22121; PromoCell, Heidelberg, Germany). RAW264.7
cells (TIB71; American Type Culture Collection) were cultured in
DMEM [+] 4.5 g/L glucose, L-glutamine and sodium pyruvate supple-
mented with 1% penicillin—streptomycin and 5% FBS.

EV separation

BDMSCs were seeded in T-175 flasks at a density of 500 000 cells
per flask and grown in EV-depleted medium for 2 days before the
conditioned medium was collected and subjected to differential
ultracentrifugation with a 100000 x g final centrifugation step as
previously described [26]. Pelleted EVs were resuspended in 1x
phosphate-buffered saline (PBS) and subsequently washed using
Nanosep 300-kDa molecular weight cutoff spin columns (OD300C35;
Pall Corporation, Port Washington, NY, USA). Washed EVs were then
resuspended in 1x PBS and sterilely filtered using a 0.2-pum syringe
filter.

EV storage conditions

Post-isolation, EVs were resuspended in 1x PBS, aliquoted and
stored at RT, 4°C, —20°C or —80°C in polypropylene tubes. Separate
aliquots were prepared for each storage time (1 week, 4 weeks, 6
weeks) and freeze—thaw cycle (one cycle, five cycles). Three replicate
samples were prepared for each time point and storage condition.
Isolated EVs were individually quantified via total protein amount,
aliquoted and lyophilized using an SP VirTis AdVantage Pro Lyophi-
lizer with Intellitronics Controller (SP Industries Inc, Warminster, PA,
USA) and stored at RT for the designated storage time (1 week, 4
weeks, 6 weeks). Equal amounts of three replicate samples (normal-
ized by protein content) were again prepared for each time point.

EV characterization

EVs were quantified by nanoparticle tracking analysis (NTA) using
a NanoSight LM10 with NTA 2.3 analytical software (Malvern Pana-
lytical Ltd, Malvern, UK). Isolated EVs were diluted to a concentration
of approximately 10 g protein/mL and aliquoted for each of the
indicated time and storage conditions before loading into the Nano-
Sight analysis chamber at RT. Three samples were prepared for each
time point. Each sample was analyzed in triplicate using three differ-
ent fields of view with a 60-s video acquisition time. The camera level
and threshold were set at 16 and 7, respectively, for all samples.

Total EV protein amount was determined via bicinchoninic acid
(BCA) assay following the manufacturer’s protocol (ThermoFisher Sci-
entific, USA). Protein levels were determined with three replicate
samples for each time point, and each sample was measured in dupli-
cate. Based on the day 0 protein amount, samples containing 20 ug of
protein were aliquoted for each time point for total protein quantifi-
cation and western blots. At each time point, samples were prepared
and stored until the blot was run. Total protein stains were done
using a Swift membrane stain (G-Biosciences, St Louis, MO, USA). The
membrane was imaged using an Odyssey CLx imager (LI-COR, Inc,
Lincoln, NE, USA). Specific EV protein marker levels were quantified
using western blot analysis for ALIX (ab186429; Abcam, Cambridge,
UK) at 1:1000, TSG101 (ab125011; Abcam) at 1:1000, calnexin
(26798, C5C9; Cell Signaling Technology, Inc, Danvers, MA, USA) at
1:1000, flotillin-1 (ab133497; Abcam) at 1:1000, CD63 (Y402575;
Applied Biological Materials (https://www.abmgood.com/anti-cd63-
antibody-y402575.html#Y402575)) at 1:200 and glyceraldehyde 3-
phosphate dehydrogenase (D16H11, 5174; Cell Signaling, Technol-
ogy, Inc) at 1:2000 incubated over two nights at 4°C while shaking.
Goat anti-rabbit IRDye 800CW (925-32210; LI-COR, Inc) secondary
antibody was used at a 1:10000 dilution. Bands were detected with
an Odyssey CLx imager and quantified using Image Studio (LI-COR,
Inc).

To obtain transmission electron microscopy images, a negative
staining technique was utilized. Isolated EVs were briefly incubated
with an aqueous solution of electron microscopy-grade paraformal-
dehyde (157-4-100; Electron Microscopy Sciences, Hatfield, PA, USA)
before a carbon film grid (CF200-Cu-25; Electron Microscopy Scien-
ces) was floated on a droplet of the mixture to incubate. The carbon
grid was then washed before being floated on a droplet of 1% glutar-
aldehyde. The grid was again washed before flotation on a droplet of
uranyl acetate replacement stain (22405; Electron Microscopy Scien-
ces). Prepared electron microscopy grids were then stored before
imaging on a JEM 2100 LaB6 transmission electron microscope (JEOL
USA, Inc, Peabody, MA, USA).

In vitro bioactivity assays

To assess endothelial gap closure, HUVECs (passage five) were
seeded in 48-well plates in endothelial growth medium and allowed
to grow until the formation of a confluent monolayer. The cell mono-
layer was then disrupted using a pipette tip to form a scratch. After
washing, the cells were serum-starved for 2 h, after which the
medium was replaced with the treatments. Endothelial growth
medium and endothelial basal medium were used as positive and
negative controls, respectively. Experiments with day 0 BDMSC EVs
were conducted on the day of isolation, and the remaining EVs were
stored at the indicated conditions or freeze—thaw cycles. After stor-
age, another gap closure assay was performed with the samples at
those time points. The gap area was imaged at both 0 h and 11 h. The
change in denuded area was quantified using Image].

Endothelial tube formation was assessed using HUVECs (passage
five). Cells were washed, trypsinized and diluted in endothelial basal
medium supplemented with 0.1% FBS before cell counting. HUVECs
were then aliquoted and pelleted at 300 x g, at which point the
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supernatant was removed and the cells were resuspended in their
respective treatments of stored BDMSC EVs (100 w«g/mL) in endothe-
lial basal medium. Resuspended HUVECs were then added to 24-well
plates coated with growth factor-reduced Matrigel (356252; Corning,
Corning, NY, USA) at a seeding density of 75000 cells/well. Phase-
contrast images of tube-forming HUVECs were then taken after 2—12
h, and the number of branch points was quantified using Image].

To evaluate the effects of EVs on IL-6 secretion, RAW264.7 mouse
macrophages were seeded into 48-well plates in DMEM supple-
mented with 5% FBS and 1% penicillin—streptomycin at a density of
100000 cells/well. At 24 h post-seeding, RAW264.7 macrophages
were pre-treated with no treatment, dexamethasone (D4902-25MG;
Sigma-Aldrich, St Louis, MO, USA) or the given BDMSC EV treatment
(100 pg/mL) in cell culture medium. A total of 24 h later, RAW264.7
treatments were removed and replaced with 10 ng/mL lipopolysac-
charide (LPS) (L4391-1MG; Sigma-Aldrich) in DMEM supplemented
with 5% FBS and 1% penicillin—streptomycin for an additional 4 h.
After LPS treatment, cell supernatants were collected and stored at
—80°C before assessment via enzyme-linked immunosorbent assay.
IL-6 levels from RAW264.7-conditioned medium were quantified
using a DuoSet enzyme-linked immunosorbent assay kit (DY406;
R&D Systems, Inc, Minneapolis, MN, USA) following the manufac-
turer’s instructions.

EV loading via sonication

The same day as BDMSC EV isolation, EVs were loaded with an
miR-146a-5p mimic (C-300630-03-0050; Dharmacon, Lafayette, CO,
USA) as previously described [27]. Next, 100 g of EVs was incubated
with 1000 pmol of miR-146a-5p in 100 wL of PBS for 30 min. EVs
were then sonicated twice in a Symphony water bath sonicator
(97043-964; VWR International, LLC, Radnor, PA, USA) with a 2.8-L
capacity (24 x 14 x 10 cm) for 30 s at 35 Hz, resting on ice for 1 min
between sonications. After sonication, EVs were washed three times
in a 300-kDa molecular weight cutoff filter with 1x PBS. Loaded EVs
were then pooled, quantified for total protein content via BCA assay
and aliquoted for storage in their respective conditions.

At the indicated time points and storage conditions, loaded
BDMSC EV samples were placed in 700 uL QIAzol lysis reagent
(79306; QIAGEN, Hilden, Germany) spiked with 2 fmol cel-miR-39
(59000; Norgen Biotek Corp, Thorold, Canada) as an internal control.
Total RNA was isolated with an miRNeasy mini kit (217004; QIAGEN)
following the manufacturer’s instructions. Post-RNA isolation, com-
plementary DNA was generated from isolated total RNA samples
using an miScript Il reverse transcription kit (218161; QIAGEN). Com-
plementary DNA was stored at —20°C before quantitative polymerase
chain reaction (qPCR), which was performed on a QuantStudio 7 Flex
qPCR system (4485701; Thermo Fisher Scientific, Waltham, MA, USA)
using SsoAdvanced Universal SYBR (1725271; Bio-Rad Laboratories,
Inc, Hercules, CA, USA). Transcripts for miR-146a-5p were quantified
with cel-miR-39 as the internal control. The polymerase chain reac-
tion primer sequences were as follows: miR-146a-5p forward,
CGCAGGAGAACTGAATTCCA; miR-146a-5p reverse, CAGGTC-
CAGTTTTTTTTTTITTITIT; cel-miR-39 forward, GTCACCGGGTGATAAAT-
CAG; and cel-miR-39 reverse, GGTCCAGTTTTTTTTTTTTITTCAAG.
Transcript expression was calculated using the comparative Ct
method normalized to cel-miR-39 (2-AACt) and expressed as fold
change of miR-146a-5p transcripts in storage groups versus freshly
loaded EVs.

Animal studies

Passage four BDMSCs were seeded at 500 000 cells per T-175 flask
before transfection with a pCMV-HOTAIR plasmid as previously
described [26]. Specifically, pCMV-HOTAIR was transfected into
BDMSCs via Lipofectamine 3000 (L30000015; Thermo Fisher

Scientific) for 1 h before washing and then growing in EV-depleted
medium. Conditioned medium was then collected on day 3 to day 6
post-transfection and isolated via ultracentrifugation as described
earlier before subsequent lyophilization. Next, db/db mice (The Jack-
son Laboratory, Bar Harbor, ME, USA) weighing 40—50 g were anes-
thetized with isoflurane, and the dorsum of each mouse was then
shaved. An 8-mm punch biopsy was taken from the shaved region of
each mouse, and buprenorphine (0.05 mg/kg) was subcutaneously
injected on day 0, day 1 and day 3. On day 3, four subcutaneous injec-
tions (1 wg/uL, 50 L) were given to each mouse in a cross pattern.
Eight mice were used for each treatment group. Wound tracing
and wound closure were determined as previously described [26].
All animal experiments were performed in compliance with the
National Institutes of Health Guide for the Care and Use of Laboratory
Animals.

Statistical analysis

Two-way analysis of variance with Dunnett multiple comparison
test (compared with day 0 measurements) was utilized to determine
statistical significance in all in vitro experiments. Two-way analysis
of variance with Holm—Sidak multiple comparison test was used to
determine statistical significance in in vivo wound healing time
course experiments. Statistical analyses were performed with Prism
9 (GraphPad Software, Inc, San Diego, CA, USA).

Results

Frozen storage and lyophilization lead to increased EV size with little
change in EV-associated proteins

EVs were isolated from the conditioned medium of BDMSCs
via ultracentrifugation and then aliquoted and stored in each of
their respective conditions and time points. EV size distribution
and concentration were assessed for each storage condition via
NTA using a NanoSight LM10. Size distributions of isolated EVs
were within expected size ranges, with a representative distribu-
tion of BDMSC EVs demonstrated (approximately 128-nm mode
size) (Figure 1A). In the authors’ storage studies, an increase in
mode size (113-143 nm) was observed after 28 days of storage
at —20°C (Figure 1B). After five freeze—thaw cycles at —80°C, the
authors observed a non-statistically significant increase in mode
size (113-145 nm) (Figure 1C). The increase in size was postu-
lated to be due to aggregation of EVs during storage, which was
supported by an observed increase in mean size, as detected via
NTA (see supplementary Figure 1). Transmission electron micros-
copy analysis also confirmed that EV morphology was retained
after lyophilization (Figure 1D). Further, the authors did not
observe significant changes to EV protein markers CD63 and
TSG101 with storage at RT, 4°C, —20°C and —80°C or after up to
five freeze—thaw cycles, as determined by immunoblotting
(Figure 1E).

Again, isolated BDMSC EVs were aliquoted and stored in their
respective conditions and time points before assessing total protein
content using a BCA assay. Although storage at —20°C and —80°C gen-
erally preserved total protein content, the authors observed a slight
trend of decreasing protein content over up to 28 days when stored
at RT and 4°C (Figure 1F). Furthermore, when subjected to freeze-
—thaw cycles, a non-statistically significant decrease in total protein
concentration was observed after five freeze—thaw cycles at both
—20°C and —80°C (Figure 1G). Total protein content within separate
isolated BDMSC EV samples was determined via BCA assay, and ali-
quots equivalent to 100 ug were lyophilized and stored for either
7 days or 28 days before reassessing total protein content. The
authors observed that lyophilization largely preserved the total pro-
tein content of BDMSC EVs (Figure 1H).
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Fig. 1. Morphological, size and protein characterization of stored BDMSC EVs. (A) Representative concentration and size distribution profile of isolated BDMSC EVs as assessed by
NTA. (B) Mode size (diameter) changes under various BDMSC EV storage conditions at day 0, day 7 and day 28. (C) Mode size (diameter) changes in BDMSC EVs after FT1 and FT5
compared with day 0. (D) TEM images of isolated BDMSC EVs immediately after isolation or lyophilization and reconstitution. (E) Immunoblot analysis of BDMSC EV markers
TSG101 and CD63 after storage at RT, 4°C, —20°C or —80°C or FT1 and FT5. (F) BDMSC EV protein concentration at RT, 4°C, —20°C or —80°C after 7 days or 28 days compared with
day 0. Concentration was determined via BCA assay. (G) BDMSC EV protein concentration after FT1 or FT5 compared with day 0 as assessed via BCA assay. (H) Changes in BDMSC EV
protein concentration following lyophilization and storage at RT for 7 days or 28 days compared with pre-lyophilization. Data are representative of three independent experiments.
All values are expressed as mean =+ standard deviation. *P < 0.05, **P < 0.01. FT, freeze—thaw; TEM, transmission electron microscopy.

Preservation of BDMSC EV in vitro bioactivity is greatly impacted by
storage conditions

EVs were isolated from BDMSC-conditioned medium via ultracen-
trifugation and then aliquoted and stored for 4 weeks at RT, 4°C,
—20°C, —80°C or RT after lyophilization. Vascularization bioactivity of
stored BDMSC EVs was then assessed via an endothelial gap closure
assay, with freshly isolated BDMSC EVs from the same donor used as
a positive control. At a dose of 100 pg/mL, the freshly isolated, —20°
C, —80°C and lyophilized BDMSC EV groups induced an increase in
HUVEC gap closure compared with the negative control, whereas the
RT and 4°C treatment groups resulted in no observable improvement
compared with the negative control medium condition (Figure 2A).
To test whether freeze—thaw cycles had an impact on BDMSC EV bio-
activity, EVs were isolated and stored at either —20°C or —80°C and
subjected to either one or five freeze—thaw cycles while in storage
for 7 days. In another gap closure assay, the authors observed that
although one freeze—thaw cycle had minimal impact on gap closure,
five cycles led to a marginal decrease in gap closure compared with
freshly isolated BDMSC EVs (Figure 2B).

To confirm whether the in vitro pro-vascularization potential of
BDMSC EVs was impacted by storage conditions, a similar treat-
ment scheme was performed using an endothelial tube formation
assay. A significant decrease in bioactivity of BDMSC EVs stored at
RT was observed, whereas —20°C, —80°C and lyophilization pre-
served bioactivity (Figure 2C). Interestingly, storage at 4°C also

preserved the ability of BDMSC EVs to induce tube formation. The
tube formation assay was also performed using the freeze—thaw
groups at —20°C and —80°C and one or five freeze—thaw cycles. As
in the gap closure assay, one freeze—thaw cycle had no effect on
bioactivity, whereas a slight decrease was observed after five
cycles at —80°C (Figure 2D).

To further confirm whether key BDMSC EV bioactivities were
impacted by storage conditions, the anti-inflammatory effects of
BDMSC EVs were assessed in an LPS-stimulated RAW264.7 mouse
macrophage model, with the key output being the amount of pro-
inflammatory IL-6 secreted post-LPS stimulation, as this has been
shown to correlate with MSC EV anti-inflammatory activity in vivo
[28]. Using 6-week storage time as an endpoint, the authors observed
that BDMSC EVs from the RT and 4°C groups lost their ability to atten-
uate IL-6 secretion compared with freshly isolated BDMSC EVs
(Figure 2E). BDMSC EVs stored at —20°C and —80°C lowered IL-6
secretion but to a lesser extent than freshly isolated EVs. Additional
experiments revealed that BDMSC anti-inflammatory activity, as
measured by this assay, was reduced after 4 weeks of storage at 4°C,
with continued loss of activity over time, whereas activity was
retained in EVs stored at —20°C and —80°C for up to 8 weeks (see
supplementary Figure 2). Interestingly, lyophilized BDMSC EVs stored
at RT completely preserved the ability to reduce IL-6 levels. It was
confirmed in the LPS-stimulated RAW264.7 mouse macrophage
model that the impact of freeze—thaw cycles on BDMSC EV bioactiv-
ity was negligible over the course of 1 week (Figure 2F).
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Fig. 2. Storage conditions affect EV therapeutic functionality in vitro. (A) Post-scratch induction, HUVECs were treated with EGM (positive control), EBM (negative control) or 100
ug/mL BDMSC EVs stored for 4 weeks at RT, 4°C, —20°C or —80°C or Lyo (stored at RT after lyophilization). Changes in gap closure were compared with BDMSC EVs isolated at day
0, before storage. (B) Post-scratch induction, HUVECs were treated with EGM, EBM or 100 j+g/mL BDMSC EVs after storage at —20°C or —80°C and FT1 or FT5. Changes in gap closure
were compared with BDMSC EVs isolated at day 0, before storage and FT. (C) Tube formation capabilities of HUVECs after treatment with BDMSC EVs stored at RT, 4°C, —20°C or
—80°C or Lyo for 4 weeks. (D) Tube formation capabilities of HUVECs after treatment with BDMSC EVs after storage at —20°C or —80°C and FT1 or FT5. (E) RAW264.7 macrophages
were pre-treated with BDMSC EVs stored at RT, 4°C, —20°C or —80°C or Lyo (6-week storage time). RAW264.7 macrophages were treated with LPS before cell supernatants were col-
lected, and IL-6 levels were quantified via ELISA. (F) RAW264.7 macrophages were pre-treated with BDMSC EVs stored at —20°C or —80°C and FT1 or FT5. Similarly, after LPS stimu-
lation, IL-6 levels in cell supernatants were quantified via ELISA. All values are expressed as mean + standard deviation. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Dex,
dexamethasone; EBM, endothelial basal medium; EGM, endothelial growth medium; ELISA, enzyme-linked immunosorbent assay; FT, freeze—thaw; Lyo, lyophilized.

Storage of miRNA-loaded EVs at —20°C and —80°C and after
lyophilization better preserves miRNA content and bioactivity compared
with higher-temperature storage conditions

A significant aspect of the therapeutic potential associated with
EVs lies in their use as drug carriers. To assess the effects of storage
conditions on cargo-loaded EVs, a sonication method previously
validated by the authors’ group was chosen for loading of miRNA,
which is of particular interest with respect to EV-mediated delivery
[27]. BDMSC EVs were again isolated using ultracentrifugation
before subsequent total protein quantification via BCA assay. Iso-
lated EVs were then promptly co-incubated and sonicated with
miR-146a-5p (previously identified as having anti-inflammatory
effects) at a ratio of 100 g EVs to 1000 pmol miR-146a-5p as pre-
viously described [29]. miR-146a-5p-loaded BDMSC EVs were then
assessed by NTA (see supplementary Figure 4) and quantified via
BCA assay and aliquoted and stored at RT, 4°C, —20°C or —80°C or
lyophilized and stored at RT for 4 weeks. After 4 weeks, miR-146a-
5p-loaded BDMSC EV samples at each storage condition were again
aliquoted and subjected to RNA isolation, reverse transcription and
qPCR or the previously described mouse macrophage inflammatory
model. Before RNA isolation and subsequent qPCR, 2 fmol of cel-
miR-39 was spiked in as an internal control for the RNA isolation

and reverse transcription steps. qPCR results demonstrated that,
compared with freshly loaded EVs, loaded EVs stored at RT, 4°C,
—20°C or —80°C or lyophilized and stored at RT had marked
decreases in miR-146a-5p levels of approximately 99.7%, 95.3%,
80.5%, 81.4% and 75.1%, respectively (Figure 3A).

Interestingly, when utilized in the RAW264.7 mouse macrophage
inflammatory model at a dose of 40 pg/mL post-sonication, miR-
146a-5p-loaded BDMSC EVs reduced IL-6 levels at a higher rate than
unloaded BDMSC EVs in general. However, changes based on storage
conditions were less pronounced, with only loaded EVs stored at RT
leading to significantly reduced anti-inflammatory capabilities
(Figure 3B). The authors also observed that miR-146a-5p-loaded
BDMSC EVs stored at —80°C reduced IL-6 levels more than freshly
loaded BDMSC EVs, although this outcome may be explained by
slight variations within the RAW264.7 assay itself or during the soni-
cation process.

BDMSC EVs loaded with miR-146a-5p were stored at —20°C and
—80°C and subsequently subjected to one or five freeze—thaw cycles.
Analysis of these samples yielded highly variable miR-146a-5p levels,
as assessed by qPCR (Figure 3C). However, in the stimulated
RAW264.7 mouse macrophage assay, no statistical differences
between miR-146a-5p-loaded BDMSC EVs subjected to freeze—thaw
cycles and freshly loaded EVs were observed (Figure 3D).
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Lyophilization preserves wound healing bioactivity of enhanced BDMSC
EVs in vivo

As lyophilization adequately preserved the pro-angiogenic and
anti-inflammatory capabilities of BDMSC EVs in vitro, the authors
assessed whether these effects translated to a clinically relevant ani-
mal model. Previously, the authors demonstrated that BDMSC EVs
loaded with the long non-coding RNA HOTAIR enhanced wound clo-
sure after an 8-mm punch biopsy on the dorsum of db/db mice,
whereas unaltered BDMSC EVs did not [26]. Thus, the authors lyophi-
lized HOTAIR-loaded BDMSC EVs and stored them at RT for 4 weeks
before reconstituting and using them in the same db/db mouse
model. The authors observed that, compared with the PBS vehicle
control, lyophilized HOTAIR-loaded BDMSC EVs improved wound
healing at a rate comparable to that of fresh HOTAIR-loaded
BDMSC EVs (wound closure of 81 & 10%, 90 + 8.5% and 92.8 & 7%,
respectively) (Figure 4).

Discussion

EV-based therapies are drawing increasing interest for therapeu-
tic translation for a wide variety of applications [30,31]. However, to
fully realize the clinical potential of EVs, it is vital to increase under-
standing and optimization of manufacturing parameters such as stor-
age conditions. This reality was reinforced during the rollout of
coronavirus disease 2019 vaccines, with required storage conditions
greatly affecting which populations are able to access a given thera-
peutic [32]. Here the authors aimed to determine appropriate storage
conditions for MSC EVs, finding that bioactivity of both native and
cargo-loaded MSC EVs was affected by storage temperature espe-
cially. The data also reinforce the concept that lyophilization can be
employed successfully for EV storage. These findings have implica-
tions for basic EV research and eventual clinical translation of EV
therapeutics.

Several of the authors’ findings are supported by prior work in the
field. For example, the authors’ results suggest that storage of EVs at
—20°C and increased freeze—thaw cycles lead to EV aggregates, as
evidenced by an observed increase in size via NTA (Figure 1B,C). This
finding is reinforced by Wu et al. [23], in which a decrease in both
total protein content and total RNA content was observed at higher
storage temperatures (RT, 4°C) as well as after multiple freeze—thaw
cycles. Additionally, the authors’ data show that pro-vascularization
and anti-inflammatory bioactivity of BDMSC EVs is diminished after
storage at RT and 4°C, whereas storage at —20°C or —80°C or lyophili-
zation generally preserves bioactivity to a greater degree for up to 4
weeks (Figure 2). This expands on the study by van de Wakker et al.
[24], which showed that cardiac progenitor cell-derived EVs exhib-
ited bioactivity in an endothelial cell gap closure assay after 7 days of
storage at —80°C but not 4°C.

This work additionally breaks new ground in reporting the effects
of storage conditions on cargo-loaded MSC EVs. Using a previously
described sonication approach [27] to load BDMSC EVs with the anti-
inflammatory miR-146a-5p, the authors observed that cargo-associ-
ated enhanced anti-inflammatory effects were retained in several
storage conditions despite an apparent decrease in cargo levels
(Figure 3). This could indicate that miR-146a-5p-loaded BDMSC EVs
require relatively few copies per EV to achieve profound anti-inflam-
matory effects, which fits with prior observations that EVs deliver
RNA cargo to cells in a highly efficient manner compared with syn-
thetic delivery systems [2]. There results may additionally suggest
that miRNAs that are not tightly bound to or associated with EVs are
responsible for the majority of the observed miRNA signal in the con-
trol group, and that these miRNAs are removed during the additional
washing steps associated with various storage conditions. In this
case, additional preparation steps using detergents, enzymes or other
methods to degrade miRNAs interacting with EV membranes may be
useful for determining more accurate cargo loading levels for predict-
ing bioactivity in future studies.
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Critically, the authors observed that lyophilization of HOTAIR-
loaded BDMSC EVs preserved their enhanced bioactivity in a db/db
wound healing mouse model (Figure 4), indicating that lyophilization
and storage at RT are suitable for retaining the activity of enhanced
EVs. This is a vast improvement compared with cell-based therapies
that require liquid nitrogen phase storage during transport and upon
receipt in the clinic, further supporting the translatability of EV thera-
peutics [33].

There are several limitations to the present study that are worth
mentioning. The authors’ experiments were limited in duration and
did not necessarily account for the full time span of stability and func-
tionality that would be expected of a clinical EV product. Additional
studies over longer periods of time are warranted. Further, there are
additional considerations for fully determining optimal EV preserva-
tion conditions beyond what was studied here. Specifically, studies
investigating optimal freezing buffers, vessels and the use of cryopro-
tectants to reduce the formation of ice crystals have been performed
previously [11,15,34—36]. Together with the present work, these
studies provide a foundation for determining the optimal storage
conditions of MSC EVs for preservation of morphology and function-
ality. Given the current knowledge in the field and based on the pres-
ent data, the authors recommend that isolated BDMSC EVs be stored
at either —20°C or —80°C or lyophilized for up to 4 weeks while mini-
mizing the number of freeze—thaw cycles before in vitro functional
bioactivity studies or in vivo pre-clinical use.

Conclusions

Overall, the authors’ data suggest that both storage conditions and
duration may have a consequential effect on the therapeutic efficacy
of bioactive MSC EVs—including those loaded with therapeutic
cargo—in both basic research and clinical translation, with storage at
—20°C and —80°C and lyophilization providing adequate retention of
EV activity.
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