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� Advanced technique to produce
potent MSC-EVs harboring
therapeutic protein content.

� Efficient EV isolation and purification,
reducing the isolation time and scale
of EV production based on T-a3D
system.

� TGF-b signaling plays a key role in the
high production of EVs with modified
protein cargoes.

� Comprehensive quantitative
proteomic analyses of the T-a3D
spheroids and EVs.
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Introduction: Mesenchymal stromal cells (MSCs) release extracellular vesicles (MSC-EVs) containing var-
ious cargoes. Although MSC-EVs show significant therapeutic effects, the low production of EVs in MSCs
hinders MSC-EV-mediated therapeutic development.
Objectives: Here, we developed an advanced three-dimensional (a3D) dynamic culture technique with
exogenous transforming growth factor beta-3 (TGF-b3) treatment (T-a3D) to produce potent MSC-EVs.
Methods: Our system enabled preparation of a highly concentrated EV-containing medium for efficient
EV isolation and purification with higher yield and efficacy.
Results: MSC spheroids in T-a3D system (T-a3D spheroids) showed high expression of CD9 and TGF-b3,
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Advanced 3D dynamic culture with TGF-b3
TGF-b signaling
Quantitative proteomic analysis
Enhanced regenerative capacity
which was dependent on TGF-b signaling. Treatment with EVs produced under T-a3D conditions (T-a3D-
EVs) led to significantly improved migration of dermal fibroblasts and wound closure in an excisional
wound model. The relative total efficacy (relative yield of single-batch EVs (10–11-fold) � relative regen-
eration effect of EVs (2–3-fold)) of T-a3D-EVs was approximately up to 33-fold higher than that of 2D-
EVs. Importantly the quantitative proteomic analyses of the T-a3D spheroids and T-a3D-EVs supported
the improved EV production as well as the therapeutic potency of T-a3D-EVs.
Conclusion: TGF-b signalling differentially regulated by fluid shear stress produced in our system and
exogenous TGF-b3 addition was confirmed to play an important role in the enhanced production of
EVs with modified protein cargoes. We suggest that the T-a3D system leads to the efficient production
of MSC-EVs with high potential in therapies and clinical development.
� 2023 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Extracellular vesicles (EVs) are nano-sized membrane vesicles
(50–200 nm) secreted from cells, which are required for cell–cell
communication [1,2]. EVs harbor functional molecular cargoes,
including both intracellular (cytoplasmic proteins and nucleic
acids) and extracellular components (receptors, phospholipids,
and adhesion molecules) that are protected from degradation until
they reach adjacent cells. The transfer of cargo to neighboring cells
affects the physiological and pathological processes.

cells, which may lead to various clinical effects [3,4]. In partic-
ular, EVs derived from mesenchymal stromal cells (MSCs) (MSC-
EVs) have been investigated for the treatment of various diseases,
including cardiovascular diseases, neurological dysfunction, renal
disorders, and immune-related diseases [5–7].

However, most mammalian cells secrete an insufficient amount
of EVs [8,9] for therapeutic applications, which is a limitation of
EV-based drug development. To overcome this limitation, various
culture conditions, including external stimuli-mediated activation
(hypoxia, lipopolysaccharides, or thrombin) [10–12] and three-
dimensional (3D) culture systems have been used to enhance the
production of EVs [13–16]. Compared with conventional two-
dimensional (2D) culture methods, 3D culture systems can support
the self-assembly of MSCs into tightly packed clusters (MSC spher-
oids) with a better ‘‘in vivo-like” microenvironment, resulting in
the improved preservation of MSC phenotype and innate proper-
ties [17–19]. Importantly, MSCs cultivated as spheroids have been
reported to show substantially increased secretion of EVs
[13,15,20] which may be important for enhanced regenerative
and immunomodulatory effects [21,22].

During the 3D dynamic culture of MSCs for the large-scale pro-
duction of EVs, mechanical forces applied to MSC spheroids were
reported to modulate multiple signaling pathways via alterations
in MSC morphology, mechanical stress, cell–cell or cell-
extracellular matrix (ECM) adhesion capacity, and subsequent con-
formational changes of cytoskeletal complexes [23–25]. In our pre-
vious study, we revealed that mechanical forces induced by shear
stress (hydrodynamic shear stress applied by repeated shaking
and suspension) can play an important role in the regulation of
self-renewal signaling pathways through the upregulation of shear
stress-related genes (Egr1, Ap1, Epcam, Klf8, and Klf2) [26]. In fact,
the typical shear stress is 15–20 dyne/cm2 for arterial circulation
and 1–6 dyne/cm2 for venous circulation [27–29]. Additionally,
we confirmed that the mechanical force with 60 rpm of orbital
shaking in vitro led to the induction of self-renewal signaling path-
ways. We also found that the shear stress-related signaling path-
way can regulate transforming growth factor beta (TGF-b)
signaling as well as mechanical force-related signaling [30,31].
Recently, our previous study showed that physical mechanical
forces can be converted into TGF-b-mediated biochemical signals
by regulating the release of active TGF-b from the ECM [32]. In tis-
58
sues exposed to various levels of mechanical forces, the amount of
active TGF-bwas directly related to the degree of mechanical force,
implying that TGF-b/Smad2/3-mediated signaling may be one of
the key pathways for the translation of physical force into bio-
chemical signals. Similarly, human endothelial cells under shear
stress conditions showed enhanced expression of TGF-b3 and
endothelial cell-specific knockdown of TGF-b3, unlike TGF-b1,
resulting in increased cell death, suggesting that TGF-b3 may play
an important role in mechanical force-related maintenance of
endothelial cells [33,34]. In addition, a recent study revealed that
MSC spheroids significantly increased the secretion of TGF-b1
(10-fold) and TGF-b3 (40-fold) in a dynamic culture system [35].
Based on these reports, we hypothesized that the fluid shear
stress-modulating dynamic condition with exogenous TGF-b, espe-
cially TGF-b3, could efficiently modulate the properties of MSC
spheroids and their EV production capacity.

In this study, we first attempted to develop an advanced 3D
dynamic culture (a3D) system for effective fluid shear stress-
modulating dynamic MSC spheroid culture, optimizing the system
to maintain homogeneous MSC 3D spheroids without agglomera-
tion under our efficient shear stress induction method. Moreover,
we attempted to modulate mechanical force-related regulation
by inducing TGF-b signaling. We found that we could dramatically
enhance the production of MSC spheroids-derived EVs through the
advanced 3D dynamic culture system with an additional TGF-b3
treatment (T-a3D), and the EVs produced by our T-a3D system
(T-a3D-EVs) showed apparently enhanced in vitro and in vivo ther-
apeutic potential with high regeneration and immune-modulation
capacities. To explain the enhanced production of EVs with aug-
mented therapeutic potential in our T-a3D system, we also per-
formed comprehensive proteomic studies on the proteins from
the T-a3D MSC spheroids and T-a3D EVs.

Materials and methods

Cell culture

Human Wharton’s Jelly-Derived Mesenchymal Stromal Cells
(WJ-MSCs) used in this study were approved by the Institutional
Review Board (IRB) (7001355–202010-BR-407) of Konkuk Univer-
sity. WJ-MSCs were cultured in MSC medium, which is alpha-MEM
(12561072, Gibco) supplemented with 10 % FBS (PS-FB1, PEAK)
and 1 % penicillin/streptomycin (15140122, Gibco). The cells were
incubated at 37 �C in a humidified atmosphere containing 5 % CO2.

Generation of 3D spheroids and cultures using an orbital shaker

WJ-MSCs were isolated from human umbilical cords and cul-
tured at a density of 5 � 103 cells/cm2 for maintenance of stem-
ness. To generate 3D spheroids, WJ-MSCs were seeded at a
density of 2.5 � 106 cells per well in F127 (P2443, Sigma)-coated
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AggreWellTM plates and incubated for 1 d in the condition of 10 %
exosome-depleted FBS culture medium based on exosome deple-
tion protocols [36], and the cell aggregates in microwell plates
were transferred to a Petri dish (10090, Spl). The spheroids were
maintained in alpha-MEM containing 10 % exosome-depleted FBS
on a rotary shaker at 60 rpm. TGF- b3 continuously presented in
the medium until day 7 in T-a3D spheroids.

Isolation and purification of EVs

The culture medium was collected on days 3, 5, and 7. EVs were
isolated and purified from the cell culture supernatant using an
optimized isolation protocol [37]. Briefly, the supernatant was cen-
trifuged at 2,000 � g for 10 min to remove cell debris, the super-
natant was transferred to a new tube, centrifuged at 10,000 � g
for 30 min, and subsequently centrifuged at 178,000 � g for 2 h
at 4 �C. To remove contaminants, the EVs resuspended in 10 mL
PBS were centrifuged at 178,000 � g for 2 h at 4 �C. Furthermore,
to acquire highly purified EVs, the OptiPrepTM (iodixanol) density
gradient ultracentrifugation protocol was followed [38]. Iodixanol
solution (0.25 M sucrose /10 mM Tris, pH 7.5) was layered every
3 mL at concentrations of 50 %, 30 %, and 10 % (w/v) solution on
the tube. A density of 1 � 1011 particles of EVs was loaded on
the bottom of the iodixanol layers (50 %) and centrifuged for
18 h at 100,000 � g (K-factor: 277.5) using an SW 41 Ti rotor at
4 �C. We collected 1 mL of the 10 %–30 % layer, which was expected
to contain the EVs, to remove the OptiPrep solution. The EV sample
was resuspended in 1 mL of PBS and centrifuged at 178,000 � g for
2 h at 4 �C. The final pellets were resuspended in 200 lL PBS.

Characterization of the EVs

Protein quantification of the isolated EVs was carried out using
a BCA protein assay kit (Pierce, Waltham, MA, USA) according to
the manufacturer’s protocol. The EVs were analyzed using dynamic
light scattering analysis for size distribution and with a nanoparti-
cle tracking analyzer (NTA) NS300 (Malvern Instruments, Malvern,
UK) for the number of particles. The EVs were diluted in PBS at a
concentration of 1 � 1011 particles/mL and in the range of 20–
100 particles per frame for analysis. NTA was accomplished under
the following settings: gain (12), camera level (11), flow rate, and
temperature (25 �C). To determine the morphology and structure,
the EVs were analyzed by transmission electron microscopy at
80 kV (JEM-1010, Nippon Denshi, Tokyo, Japan). For negative stain-
ing, EVs from the final pellet (not diluted) were transferred to a
copper mesh grid (Formvar/Carbon 300 Mesh, Copper_FCF300-
CU) and stained with 1 % phosphotungstic acid (P4006, Sigma) or
1 % uranyl acetate (NC0788109, fisher scientific).

Western blot analysis

MSCs and EVs were dissolved in RIPA buffer (CBR002, LPS solu-
tion) containing a protease inhibitor cocktail (78440, Invitrogen)
and were centrifuged at 600 �g for 10 min at 4 �C. Protein samples
were separated on 4%–12% Bis-Tris Flus Gels (NW04125BOX, Invit-
rogen), and transferred to nitrocellulose membranes (IB23001,
Invitrogen). The membranes were incubated at 4 �C overnight with
the primary antibody (1:1000) and washed with 1� TBST (TLP-
118.1, TrnasLab) three times. The membrane was incubated with
the secondary antibody for 2 h at room temperature and then
washed again with 1� TBST for 30 min. All antibodies were diluted
in 1� blocking buffer (TLP-115.1G, Translab). The signal was
detected by InvitrogenTM iBrightTM Imagers (CL-1000) and analyzed
using iBright analysis software. The primary and secondary anti-
bodies used were directed against the following proteins: CD9
59
(ab263023, Abcam), CD63 (ab109201, Abcam), CD81 (sc-7637,
Santa Cruz), GM130 (12480, CST), Calnexin (2679, CST) Samd2/3
(8685, CST), Phospho-Smad2/3 (8828, CST), b-actin (sc-47778,
Santa Cruz), HRP-linked anti-rabbit IgG (7074, CST), and HRP-
linked anti-mouse IgG (7076, CST).
Real time PCR

Total RNA was isolated from spheroids and EVs using TRIzol
reagent (LaboPass, CMRZ00), according to the manufacturer’s
instructions. The isolated total RNA was measured using a Nano-
Drop (ND-ONE), and cDNA was synthesized with 2 lg total RNA.
Real-time PCR was performed using a 2x master mix (EBT-1802,
ELPIS BIOTECH). The results were normalized to GAPDH. The
sequences of the primers used were as follows: GAPDH, 50-GTCTC
CTCTGACTTCAACAGCG-30, 30- ACCACCCTGTTGCTGTAGCCAA-50;
Epcam, 50-GGGAAATAGCAAATGGACACA-30, 30-CGATGGAGTCCAAG
TTCTGG-50; Egr1, 50-CTTCAACCCTCAGGCGGACA-30, 30-GGAAAAGC
GGCCAGTATAGGT-50; AP-1, 50-AGCCCAAACTAACCTCACG-30, 30-TG
CTCTGTTTCAGGATCTTGG-50; TGF-b1, 50-TACCTGAACCCGTGTTGC
TCTC-30, 30-GTTGCTGAGGTATCGCCAGGAA-50; TGF-b3, 50-CTAAGCG
GAATGAGCAGAGGATC-30, 30-TCTCAACAGCCACTCACGCACA-50;
CD9, 50-TCGCCATTGAAATAGCTGCGGC-30, 30-CGCATAGTGGATGGC
TTTCAGC-50, OCT4, 50-CCTGAAGCAGAAGAGGATCACC-30, 30-AAAG
CGGCAGATGGTCGTTTGG-50; SOX2, 50-GCTACAGCATGATGCAG
GACCA-30, 30- TCTGCGAGCTGGTCATGGAGTT-50; KLF4, 50-CATCT
CAAGCACACCTGCGAA-30, 30- TCGGTCGCATTTTTGGCACTGG-50;
BMP2, 50-TGTATCGCAGGCACTCAGGTCA-30, 30- CCACTCGTTTCTGG
TAGTTCTTC-50; BMP7, 50-GAGTGTGCCTTCCCTCTGAACT-30, 30-
AGGACGGAGATGGCATTGAGCT-50; COL1A1, 50-GATTCCCTGGACC
TAAAGGTGC-30, 30-AGCCTCTCCATCTTTGCCAGCA-50; COL2A1, 50-C
CTGGCAAAGATGGTGAGACAG-30, 30- CCTGGTTTTCCACCTTCACCT
G-50; ADAMTS5, 50-CCTGGTCCAAATGCACTTCAGC-30, 30-TCGTAGG
TCTGTCCTGGGAGTT-50.
Immunofluorescent staining

For immunofluorescent staining, the spheroids were washed
with PBS, fixed with 4 % paraformaldehyde, and permeabilized
with 0.3 % Triton X-100 at room temperature for 30 min. The
spheroids were incubated overnight with primary antibodies at
4 �C. The primary antibodies used were rabbit anti oct-3/4 poly-
clonal IgG (sc-9081, Santa Cruz), rabbit anti-Nanog polyclonal IgG
(sc-33760, Santa Cruz), and rabbit anti-Sox-2 polyclonal IgG (sc-
20088, Santa Cruz). The secondary antibody used was Alexa Fluor
546 goat anti-rabbit IgG (A11035, Invitrogen). All antibodies were
diluted in a 1 � blocking buffer at a dilution of 1:100. The spher-
oids were stained with DAPI (40,6-diamidino-2-phenylindole (VEC-
TASHIELD� Antifade Mounting Medium with DAPI-[H-1200]).
Fluorescence was observed using an inverted fluorescent micro-
scope (Carl Zeiss LSM 800).
Transwell migration assay

Normal human dermal fibroblasts (C-12302, Promocell) were
seeded at 5 � 104 cells per upper chamber permeable insert (Tran-
swell permeable supports 0.6 mm) in 24 well plates (3422, Costar)
and cultivated in serum-free medium. A serum-free medium con-
taining EVs was added to the bottom chamber. After 24 h, the
upper chamber was washed with PBS and fixed with 4 %
paraformaldehyde (P2031, Biosesang) for 20 min at room temper-
ature. The cells that migrated through the insert chamber were
stained with 1 % crystal violet (V5265, Sigma). Image J software
was used for quantitative migration assessment.
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Wound healing assay

BALB/c-nude mice (females 20–30 g, six weeks of age) were
procured from IACUC (No. KU20132-1). Mice care was carried
out following international laboratory animal use and care guide-
lines. The excision wound was generated using an 8 mm biopsy
punch (BP-80F, Kai Industries), and on day 0, we applied EVs with
1 � 109 particles per 20 lL of PBS at the wound site and the carrier
control once through intradermal injection. Images of wound heal-
ing were taken every 3 days using a scale marker. The assessment
of wound healing was evaluated using ImageJ software to deter-
mine the percentage of wound contraction and re-epithelization.
Samples of 5 lm thickness were stained with hematoxylin and
eosin (H&E). Masson’s trichrome (MT) staining was performed to
assess the presence of ECM in the wound regeneration tissues.
Ethics statement

The protocols used in this study were approved by the ethics
committees of Konkuk University (7001355–202010-BR-407) and
IACUC at Konkuk University (KU20132-1) and conformed to the
principles outlined in the Declaration of Helsinki.
Results

Enhanced EV production with a3D dynamic culture condition and
exogenous TGF-b3 treatment

To enhance the production of EVs from MSCs, we attempted to
establish an efficient fluid shear stress-modulating dynamic MSC
spheroid culture system and examined whether the 3D MSC spher-
oid culture condition with exogenous TGF-b3 addition could effi-
ciently modulate the properties of MSC spheroids and their EV
production capacity (Fig. 1A). Initially, we performed the following
experiments to characterize the properties of stemness in human
Wharton’s jelly-derived mesenchymal stromal cells (WJ-MSCs).
The WJ-MSCs show positive surface markers (CD73, CD90,
CD105) and negative markers (CD34, CD45). They can also differ-
entiate to trilineage (adipo-, osteo- and chondrogenesis) under cer-
tain conditions (Figure S1). Next, we tried to optimize various
parameters such as the size of the spheroids, horizontal or vertical
dynamic culture methods, number of spheroids per culture plate,
rotation speed, and harvesting time point of the culture super-
natants (Table 1). The spheroids with diameters ranging from
150 to 200 lm displayed homogeneous round shapes at 60 rpm
(shear stress of approximately 4 dyne/cm2) and all spheroids emit-
ted stable green fluorescence with calcein-AM staining (live cells)
without any red ethidium homodimer-1 (EthD-1) staining (dead
cells) on days 3 and 5, and the red EthD-1 signals started to be
expressed in the inner region of the spheroid on day 7 (Fig. 1B).
Although the harvest of EVs was possible only once per confluence
(after 3 days of 2D culture) in a culture ware with the conventional
2D culture system, continuous harvest of EVs was possible in a3D
and T-a3D conditions with the change of medium until the MSC
spheroids were maintained without dead cells (until approxi-
mately 7 days of a3D or T-a3D culture). Based on these results,
we confirmed that the MSCs in the a3D or T-a3D system were opti-
mized to maintain homogeneous MSC 3D spheroids without
agglomeration using our efficient shear stress-induction method,
and harvested EVs from the a3D MSC spheroids cultured within
7 days for the subsequent experiment.

After exposure to shear stress, the change in gene expression in
WJ-MSC spheroids was investigated. The shear stress markers
Egr1, Ap1, and Epcam were significantly upregulated in a3D and
T-a3D spheroids compared to 2D MSCs (Fig. 1C). Moreover, 3D
60
spheroid condition can induce differentiation capacity of stem cells
[17,39]. To investigate whether our culture condition maintain the
stemness of MSCs, we assessed the expression of osteogenic
differentiation-related genes (BMP2, BMP7) and chondrogenic
differentiation-related genes (COLA1/COL2A1, ADAMTS5).
Although the differentiation related genes were upregulated in
both a3D and T-a3D spheroids (Figure S2B, S2C), they also showed
enhanced expression of the stemness-related genes (OCT4, SOX2,
and Krüppel-like factor-4) (Figure S2A) and proteins (OCT4,
SOX2, and Nanog) (Figure S2D).

Interestingly, our a3D or T-a3D conditions remarkably
enhanced TGF-b expression (about 10-fold or 25-fold increase in
TGF-b1 or TGF-b3 expression, respectively) on day 3, compared
with TGF-b1 or TGF-b3 expression on day 3 in 2D culture
(Fig. 1D). Significantly, we maintained high TGF-b1 or TGF-b3
expression levels even on day 5 with the addition of exogenous
TGF-b3 in the T-a3D system, although a substantially reduced
TGF-b1 or TGF-b3 expression level was measured on day 5 in the
a3D system.

To investigate the effect of the a3D or T-a3D system on the pro-
duction of MSC-EVs, we evaluated the expression levels of EV
markers (CD9 and CD63) in MSC spheroids and assessed the num-
ber of EVs from MSC spheroids. Expression levels of CD9 and CD63
were much higher in T-a3D spheroids than in a3D spheroids or 2D
(day 3) MSCs (Fig. 1E). The application of the a3D MSC spheroid
culture and addition of exogenous TGF-b3 (static MSC spheroid
culture) led to an increase in EV production (Fig. 1F, left panel),
and a significant synergistic increase in EV production was
observed with a3D MSC spheroid culture plus addition of exoge-
nous TGF-b3 in the T-a3D system, compared to that with 2D or
a3D conditions (Fig. 1F, right panel). In conventional 2D culture
conditions (attached MSCs), EV production was not significantly
affected by the addition of exogenous TGF-b3 (Figure S3). On aver-
age, compared with the number of EVs produced per cell in the 2D
system, �1.10 � 103 EVs/cell, we could prepare substantially
increased numbers of EVs produced per cell; �3.46 � 103 EVs/cell
in the a3D system and � 6.01 � 103 EVs/cell in the T-a3D system,
suggesting that, compared to the general 2D system, approxi-
mately 2.5–3.5-fold and 4.5–6.5-fold more EVs can be prepared
with the a3D or T-a3D system, respectively. Moreover, when we
calculated the total numbers of EVs produced from the starting
cells (single-batch) for 7 days of culture, compared those in 2D
(�1.7� 1010 EVs/cell), we could obtain about 6-fold (�1.06 � 1011-
EVs/cell) the EVs in a3D system and approximately 11-fold (�1.
99 � 1011 EVs/cell) the EVs in T-a3D system, indicating the dra-
matic enhancement of the production of MSC spheroids-derived
EVs through the a3D dynamic culture system and the additional
TGF-b3 treatment.

Proteomic analysis of the differentially expressed proteins (DEPs) in
the 2D MSCs and a3D or T-a3D MSC spheroids

To obtain insight into the cellular effect of hydrodynamic 3D
culture conditions or exogenous TGF-b3 addition at the proteome
level, we harvested 2D-cultured attached MSCs and a3D or T-a3D
MSC spheroids (Fig. 1A). We tried to identify the differentially
expressed proteins (DEPs) and found 910 significant DEPs in the
2D system versus that of the a3D system and 894 DEPs in 2D ver-
sus T-a3D systems (Fig. 2A). Of particular interest, Rab proteins and
Rab-related proteins, which are related to vesicular trafficking of
multivesicular endosomes (MVE), including budding and docking
of vesicular transportation [40,41], were significantly overex-
pressed in a3D and T-a3D MSC spheroids (Fig. 2B, Supplementary
Table 1). In particular, Rab27b showed a higher abundance in
a3D and T-a3D MSC spheroids than in 2D MSCs, suggesting that
Rab27b may have an important role in the enhanced secretion of



Fig. 1. Significant elevation in the yield of EVs upon the use of an advanced 3D dynamic culture system (A)Workflow for the proteomic analysis of spheroids and EVs under a3D or T-a3D
culture system.(B)Measurementsofcell viability inspheroidsusingadvanced3Ddynamicculturesystem(a3Dspheroid)withexogenousTGF-b3(T-a3Dspheroid)usinga live(green)
anddead (red)assayat days3, 5, and7. Scalebar: 200lm. (C)Quantitative real-timeRT-PCRanalysiswasperformedonspheroidsharvested at 3, 5 and7daysafter culture tomeasure
theexpressionofshear stress-inducedgene(Epcam,Egr1andAP1). (D)Quantitative real-timeRT-PCRanalysiswasperformedonspheroidsharvestedatdays3,5,and7after culture to
measure themRNA expression levels of TGF-b1 (left plot) and TGF-b3 (right plot). (E) Protein expression levels of CD9 and CD63 in 2D cells, a3D spheroids, and T-a3D spheroidswere
detected using western blots at days 3, 5, and 7, respectively. (F) Bar graphs indicatemean values of particle numbers per cell (left panel) and number of total particles of EVs (right
panel). EVswereharvested at days 3, 5, and7. Data are presented asmean ± SD (n = 6), and one-wayANOVA showed significant differences between groups, **p < 0.01 ****p < 0.0001.
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Fig. 1 (continued)

Table 1
Optimization of advanced 3D spheroid culture condition.

Category Key consideration Conditions Advanced
condition

Key consideration

Generation of
spheroids

Cell seeding no./well
in Agree well plate

2–3.5 � 106 2.5 � 106 Generation of spheroids without
agglomeration

Generation time of spheroids
(culture time in Agree well plate)

12–24 h 24 h

Dynamic culture Vertical or horizontal culture Vertical microgravity or
horizontal culture

Horizontal Maintenance of homogenous round-
shaped spheroids
without agglomeration - size 150–
200 lm

Cultivation of
spheroids

Speed of orbital shaker 20, 50, 60 rpm 60 rpm
Spheroid seeding no. /100 mm dish 7,000–14,000 per dish 7,000 spheroids

per dish
Harvest

of EVs
Harvest time point of the spheroids culture
supernatant

3,5,7 or 1,3,5,7 or 0,1,3,5,7 day 3,5,7 day High EVs yield
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EVs under 3D-culture conditions in both the a3D and T-a3D sys-
tems (Fig. 2B, Supplementary Table 1). We also detected very few
DEPs (log10(q-value) of � 1.3, log2 fold change ± 1) in T-a3D/a3D
comparison, compared to the a3D/2D or T-a3D/2D comparison
(Fig. 2A). This suggests that comparatively small amounts of DEPs
induced by exogenous TGF-b3 addition can successfully enhance
EV production, although the 3D-culture conditions in both the
a3D and T-a3D systems may lead to a dramatic proteome change
with the generation of MSC spheroids. We identified 13 significant
DEPs that were dependent on exogenous TGF-b3 treatment (Fig. 2A
and 2C, Supplementary Table 1). Gene ontology analysis using 13
DEPs indicated that six proteins, apolipoprotein A-I (APOA1),
cysteine-rich secretory protein LCCL domain-containing 2
(CRISPLD2), hemoglobin subunit beta (HBB), lysozyme C (LYZ), ser-
62
pin B3 (SERPINB3), and TGF-b3 proprotein (TGFB3)) were signifi-
cantly associated with exocytosis (regulated exocytosis and
exocytosis) (Fig. 2A and 2C), suggesting that the 13 DEPs, which
were assumed to be directly or indirectly affected by exogenous
TGF-b3, may play key roles in the substantial enhancement of EV
production through the T-a3D system.

Next, as DEPs between a3D and T-a3D MSC spheroids may be
important for the exogenous TGF-induced effect on EV production,
we conducted affinity propagation clustering analysis to compare
the proteomic contents of a3D and T-a3D MSC spheroids. We iden-
tified cluster 2, which was composed of 35 proteins, including
fibronectin (FN1), TGFB3, cartilage oligomeric matrix protein
(COMP), and tubulointerstitial nephritis antigen-like (TINAGL1),
which significantly increased in the T-a3D condition compared to
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the a3D condition, especially on the 7th day (Supplementary Table
3, Fig. 2E). Gene ontology analysis using these 35 proteins indi-
cated that these proteins are involved in regeneration processes
such as extracellular matrix organization, cell adhesion, angiogen-
esis, endodermal cell differentiation, positive regulation of stress
fiber assembly, and gene expression (Supplementary Table 4,
Fig. 2F). Of the 35 proteins identified through affinity propagation
clustering analysis, FN1, TGFB3, COMP, and TINAGL1 were also
identified as being among the exogenous TGF-b3 treatment-
specific DEPs (Fig. 2A, 2C, 2E, Supplementary Table 1, Table 3).

Importantly, 10 proteins (agrin (AGRN), biglycan (BGN), colla-
gen alpha-2(IV) chain (COLA4A2), COMP, elastin microfibril inter-
facer 1 (EMILIN-1), FN1, basement membrane-specific heparan
sulfate proteoglycan core protein (HSPG2), laminin subunit
gamma-1 (LAMC1), lysyl oxidase homolog 1 (LOXL1),
Thrombospondin-1 (THBS1)) out of the 35 proteins were found
to be specifically involved in TGF-b3-related ECM organization
and extracellular structure organization (Fig. 2G), which was con-
firmed through a protein–protein interaction database analysis
(STRING 11.0, https://string-db.org; [42]).

These results support the hypothesis that T-a3D culture condi-
tions can enhance TGF-b3-related ECM organization, cell–cell adhe-
sion for larger spheroid formation and translational initiation, and
SRP-dependent co-translational protein targeting the membrane
for increased EV production. The proteome analysis of the 2D MSCs
and a3D/T-a3DMSC spheroids confirmed that the expression of CD9
and TGFb3 was highly increased in T-a3D spheroids at days 5 and 7,
compared to2DMSCs (Fig. 2H, 2I). However,we could detect TGF-b1
in a3Dand T-a3DMSC spheroids andobserved very low level of TGF-
b3 in a3DMSC spheroids. Althoughwe cannot explain the exact rea-
son, we can expect that the high TGF-b3 level in T-a3D MSC spher-
oids plays an important role in EV production.
TGF-b signaling-dependent increase of CD9 expression and EV
production in a3D/T-a3D MSC spheroids

Importantly, we found that CD9 protein and mRNA expression
were significantly suppressed upon treatment with the TGF-b
receptor inhibitor SB-431542 (Fig. 3A, 3B), and the enhancement
of EV production was also repressed by SB-431542 treatment in
both the a3D and T-a3D systems (Fig. 3C), although SB-431542
treatment had almost no effect on the number of total proteins
in MSC spheroids (Figure S4). These results suggest that TGF-b sig-
naling may play an important role in both the approximately 2–3-
fold enhancement of EV production under 3D-culture conditions in
both the a3D and T-a3D systems and the other about a 2.5 %
increase in EV production with exogenous TGF-b3 addition in the
T-a3D system. Consistently, in the T-a3D system, we confirmed
that the phosphorylation of Smad2/3 protein, which is a down-
stream target of canonical TGF-b signaling [43] was significantly
upregulated in T-a3D spheroids and suppressed in the presence
of the TGF-b receptor inhibitor SB-431542 (Fig. 3D), supporting
that our advanced 3D dynamic culture system enhanced EV pro-
duction by increasing the protein expression of CD9 and Rab27b
through TGF-b signaling (Fig. 2D).
Fig. 2. Comparative analysis of quantitative MSC spheroids proteome of the 2D, a3D, and T
according to their q-values [y-axis] and their relative intensity ratios [log2 fold change] b
of � 0.05 and log2 fold change ± 1 were considered differentially expressed (red). Arrow
indicating the overlap between differentially expressed protein groups from WJ-MSC pro
Biological process enrichment analysis of the 13 significant proteins in T-a3D from DE
Spheroid protein abundance for cluster 2 of Day 3, 5, 7 from a3D and T-a3D sets were sho
in T-a3D compared to a3D regardless culture time. (F) GO analysis (ShinyGO) of 35 prot
(https://string-db.org/) using 10 proteins from cluster 2 and result showed protein–prot
between proteins indicate possible interactions (the known interactions (blue and pink),
black, and gray), respectively). A scatter dot plot indicating distribution of intensities fr
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Characterization of EVs from 2D MSCs and a3D or T-a3D MSC
spheroids

First, through western blotting, we confirmed that EV markers
such as tetraspanins (CD9, CD81, and CD63) were clearly
detected in all 2D-, a3D-, and T-a3D-EVs, and Golgi (GM130)
or endoplasmic reticulum marker (Calnexin) were hardly
observed in EVs, although they were expressed in cell lysates
(CL) (Fig. 4A). Based on transmission electron microscopy
(TEM) images, the 2D-, a3D-EVs and T-a3D-EVs displayed similar
cup shapes (Fig. 4B). Dynamic light scattering analysis revealed
that all EV samples exhibited a homogeneous size distribution,
and their mean diameters were found to be 100–200 nm
(Fig. 4C). Moreover, as the detailed size distributions were
assessed by fractionating particles into four size ranges:
<100 nm, 100–150 nm, 150–200 nm, and > 200 nm, the particles
from all 2D-, a3D-, and T-a3D-EVs were determined to have sim-
ilar subpopulations (Fig. 4D).

In addition, to confirm the purity of the isolated EVs, we mea-
sured the concentration of TGF-b3 in the final EVs by ELISA because
we added exogenous TGF-b3 to the T-a3D system. Although exoge-
nous TGF-b3 was added to the culture medium when we started
the T-a3D culture, the residual concentration of TGF-b3 per
5 � 109 particles (same dosage for wound healing experiments)
was hardly detected in T-a3D-EVs (Figure S5), suggesting that
the functional activity of T-a3D-EVs will not be affected by the con-
tamination of the exogenous TGF-b3 initially added to the T-a3D
system.
The improved regeneration capacity of T-a3D-EVs

To determine the regeneration capacity of EVs, we compared
the migratory effects of 2D-, a3D-, and T-a3D-EVs on human der-
mal fibroblasts using a Boyden chamber assay. The staining images
showed that the proportion of positively stained cells was higher in
the T-a3D-EVs-treated group than in the 2D- or a3D-EVs groups
(Fig. 5A). The quantitative graph showed that T-a3D-EVs signifi-
cantly improved the in vitro wound healing capacity (Fig. 5B).
The relative total efficacy (relative yield of single-batch EVs (10–
11-fold) � relative regeneration effect of EVs (2–3-fold)) of T-
a3D-EVs was approximately up to 33-fold higher than that of
2D-EVs.

The wound closure rates were significantly increased upon T-
a3D-EVs treatment, compared to the 2D-EVs or a3D-EVs (Fig. 5C,
5D) in excisional wound models. To confirm regeneration of the
wound and reconstruction of the ECM, tissues obtained from EV-
treated wounds were stained with hematoxylin and eosin (H&E)
and Masson’s trichrome (MT). The representative images revealed
that T-a3D-EVs treatment led to significantly enhanced migration
of dermal fibroblasts within the dermis layer and improved re-
epithelialization in the epithelial layer (Fig. 5E). MT staining to
evaluate matrix remodeling also showed that T-a3D-EV-treated
tissues displayed improved collagen synthesis compared to 2D-
or a3D-EV-treated tissues (Fig. 5F), supporting the idea that T-
a3D-EVs have substantially improved regeneration capacity.
-a3D conditions. (A) Volcano plots of proteomic data (protein groups were ranked
etween the sample types [x-axis]). Protein groups with a Benjamini–Hochberg FDR
s represent an increase or decrease compared to the base of ratio. A Venn diagram
teome. (B) Schematic representation of the EV biogenesis of a3D MSC spheroid. (C)
Ps. (D) Schematic representation of the EV biogenesis of T-a3D MSC spheroid. (E)
wn as box pots, respectively. And expression level of 35 proteins in cluster 2 increase
eins related to TGF-b3. (G) Interactome analysis was conducted using STRING 11.0
ein interaction network related to TGF-b3 (red circle). Each line with different color
the predicted interactions (green, red, and blue) and other interactions (faint green,
om CD9 (H) and TGF-b3 (I) in each sample.
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Fig. 3. TGF-b3 receptor signaling-dependent enhancement of CD9 expression and EV production of T-a3D MSC spheroids (A) Western blot data for the relative CD9 protein
expression changes upon SB431542 treatment. (B) The quantitative real time-PCR data for the relative CD9 mRNA expression changes with SB431542 treatment. Data are
presented as mean ± SD, and statistical analyses were evaluated by performing Student’s t-test (unpaired, two-tailed); *p < 0.05 and ***p < 0.001. (C) Comparison of EVs yield
between control and SB431542-treated group. Data are presented as mean ± SD (n = 6), and one-way ANOVA showed significant differences between groups, *p < 0.05,
**p < 0.01. (D) The protein expression of phospho-Smad2/3 and Smad2/3 in 2D cells, a3D spheroids, and T-a3D spheroids.
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Proteomic analysis of 2D-, a3D-, or T-a3D-EVs

To understand the potent therapeutic function of T-a3D-EVs,
the protein contents of 2D-, a3D-, or T-a3D-EVs were analyzed
using LC-MS-based label-free quantification (LFQ) (Fig. 1A). First,
we prepared and purified the 2D-, a3D-, and T-a3D-EVs, and the
amount of EV proteins was analyzed using the BCA assay. The
protein quantities of the 2D-, a3D-, and T-a3D-EVs were 33 lg,
26 lg, and 29 lg, respectively (Fig. 6A), and the abundance distri-
bution of the proteome showed a similar pattern to the amount of
protein (Figure S6A). Proteins were extracted from equal amounts
of EVs (20 lg), and 394 protein groups were identified in techni-
cal triplicates (explained in detail in the ‘‘Materials and Methods”
section). Among the 394 identified proteins, 138 ± 1 protein
groups of 2D-EVs, 304 ± 5 of a3D-EVs, and 320 ± 14 of T-a3D-
EVs were quantified (Fig. 6A, Supplementary Table 2). Among
the 394 EV proteins, 44 EV protein markers among the previously
known ‘Top 100 EV markers’ (https://exocarta.org/exo-
some_markers_new, [44]) were identified in all EV samples in this
study, and the quantitative distribution of the EV marker proteins
was observed to be very similar among the 2D-, a3D-, and T-a3D-
EVs (Figure S6A). This result can be inferred to mean that the 2D-,
a3D-, and T-a3D-EVs contain similar amounts of proteins, but the
complexity of the proteome in a3D- and T-a3D-EVs was increased
more than that in the 2D-EVs.
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From the total identified proteins from three kinds of EV sample
sets with triplicate runs, 394 proteins were quantified three times
at each EV sample set and GO analysis using those proteins indi-
cated that most of the proteins belonged to exosomes (Figure S6B).
A larger number of proteins in the 2D-EVs were found in exosomes
than in a3D and T-a3D EV sample sets. Proteins of the a3D- and T-
a3D-EVs, unlike in the 2D-EVs, were found in the cytosol, nucleo-
lus, ribosome, and ECM (Figure S6B). In addition, when comparing
the data set reported in Vesiclepedia [45] with the EV proteome in
our study, most proteins except for three (adipocyte plasma
membrane-associated protein and prolyl 3-hydroxylase 1 in both
a3D- and T-a3D-EVs, and prostaglandin G/H synthase 2 in T-a3D-
EVs only in T-3D EVs) were also found in the Vesiclepedia data
(Fig. 6B, Supplementary Table 2).

From the hierarchical clustering analysis using the Z-score to
normalize the abundance with a Benjamini-Hochberg false discov-
ery rate (FDR) of � 0.05, we identified four clusters (Fig. 6C): Clus-
ter 1 contained 87 proteins whose expression was high in both
a3D-EVs and T-a3D-EVs, indicating that these proteins might be
3D spheroid culture-specific, Cluster 2 contained 42 proteins
whose expression was high in T-a3D-EVs; Cluster 3 consisted of
23 proteins whose expression was high in a3D-EVs; and Cluster
4 had 51 proteins whose expression was high in 2D-EVs. Using
the gene ontology tool, the functional characteristics of the biolog-
ical process category for each cluster were investigated, and it was
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Fig. 4. Characterization of WJ-MSC-derived a3D-EVs and T-a3D-EVs (A) Western blot assays for measuring EVs markers (CD9, CD63, and CD81) and negative marker (GM130,
Calnexin) expressions in 2D-EVs, a3D-EVs, and T-a3D-EVs. CL: cell lysate. (B) Transmission electron microscopy images of 2D-EVs, a3D-EVs, and T-a3D-EVs with 1 %
phosphotungstic acid (upper panel) or 1 % uranyl acetate (bottom panel) negative staining. The scale bars indicate 100 nm. (C) Particle size distribution of 2D-EVs (black),
a3D-EVs (blue), and T-a3D-EVs (red) were measured using dynamic light scattering indicating the average size of EVs. (D) Percentage of particle size distribution and
concentration of all samples (n = 4). Percentage of size distribution: <100 nm, 100–150 nm, 150–200 nm, >200 nm. Particle concentrations measured per mL. Data are
presented as mean ± SEM, and statistical analyses were evaluated by performing two-way ANOVA; *p < 0.05 and ****p < 0.0001.
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confirmed that proteins belonging to cluster 2 (increased proteins
only in T-a3D-EVs group) were significantly related to tissue
regeneration, TGF-b receptor-mediated ECM remodeling, and
energy metabolism (Supplementary Table 5).

Moreover, principal component analysis (PCA) was used to
identify any inherent trends among the three EV sample sets,
revealing that these protein groups were significantly different
depending on the culture conditions (2D vs 3D culture) (Compo-
nent 1: 61.6 %) (Fig. 6D). The differences upon treatment with
exogenous TGF-b3 were also clearly reflected in the PCA (Compo-
nent 2: 27.1 %). Similar to the proteome analysis results with the
2D MSCs, a3D MSC spheroids, or T-a3D MSC spheroids (Fig. 2A),
this PCA result for 2D-, a3D-, and T-a3D-EVs indicated that the pro-
teome characteristics of the EVs from 3D-culture conditions (a3D-
EVs and T-a3D-EVs) were quite different from those of the 2D-
culture conditions (2D-EVs); relatively small proteome changes
in T-a3D-EVs may lead to significant enhancement of the EV func-
tional capacity. Consistently, as we attempted to discover the DEPs
(FDR of 5 %, log2(ratio) � 1 or � -1) through pairwise comparisons,
the volcano plots of a3D-EVs/2D-EVs and T-a3D-EVs/2D-EVs sup-
ported the fact that the number of EV-DEPs (DEPs identified in
EVs) caused by the culture conditions (2D and 3D) were apparently
higher than those induced by the exogenous TGF-b3 treatment in
the T-a3D system (Figure S6C). Furthermore, the volcano plot of
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T-a3D-EVs vs a3D-EVs revealed that 53 proteins were upregulated,
while 14 proteins were downregulated upon exogenous TGF-b3
treatment in the T-a3D system.

Next, as proteins in EVs are generally known to activate various
pathways in vitro and in vivo after internalization into the recipient
cells [46–48], we analyzed the predicted roles of the T-3D-EVs-
specific DEPs in the EV-treated recipient cells, based on the known
molecular and cellular functions of each specific DEP. A Venn dia-
gram was generated using DEPs from the three pairwise compar-
isons (T-a3D-EVs/2D-EVs, a3D-EVs/2D-EVs, and T-a3D-EVs/a3D-
EVs) (Fig. 6E, Supplementary Table 2), showing that the 93 DEPs
(40 DEPs from T-a3D-EVs/2D-EVs, 28 DEPs from an overlapping
area between the T-a3D-EVs/2D-EVs and T-a3D-EVs/a3D-EVs,
and 25 DEPs from T-a3D-EVs/a3D-EVs) could be associated with
exogenous TGF-b3 treatment-specific proteins. The 28 proteins
from an overlapping area between the T-a3D-EVs/2D-EVs and T-
a3D-EVs/a3D-EVs were speculated to be strongly associated with
exogenous TGF-b3 treatment but were not affected by the cell cul-
ture conditions. The GO analysis of the 28 proteins showed that the
proteins were mostly related to cell–cell adhesion, response to ER
stress, negative regulation of proteasomal ubiquitin-dependent
protein catabolic process, positive regulation of TGF- b receptor
signaling, energy producing process and stem cell population
maintenance, which can explain regeneration and protein



Fig. 5. The improved wound healing capacity of T-a3D-EVs in vitro and in vivo mouse model (A) Representative bright-field images of migrated cells on fibroblast indicate a
similar number of EVs among the treated a3D-EVs and T-a3D-EVs groups (1 � 108 particles) compared with the 2D-EV-treated controls. Scale bar: 200 lm. (B) Quantitative
results from stained cells (migrated cells) were measured using image J software. Data are displayed as mean ± SD (n = 3). Statistical analysis was performed using two-way
randomized ANOVA tested for the factors ‘‘T-a3D-EVs treated group” and ‘‘time”, *p < 0.05 and ****p < 0.0001. (C) Representative in vivo wound closing images for 0, 3, 5, 7,
and 9 days. (D) Quantitative wound closure rate between negative control (PBS) and test groups (EVs). Data are presented as the mean ± standard deviation of three
independent experiments. Statistical significance of differences is indicated as follows: *p < 0.05, **p < 0.01, and ****p < 0.0001. Representative figure of histological analysis at
9 day using (E) hematoxylin and eosin (H&E) (black arrow; wound length) and (F) Masson’s trichrome (MT) staining. Scale bar: 500 lm.
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production (Supplementary Table 6) and, among the 28 proteins,
expression of F-actin-capping protein subunit alpha-1 was
decreased and the other 27 proteins were increased in the T-
a3D-EVs.

In silico functional characterization of the DEPs in 2D-, a3D-, and T-
a3D-EVs

To examine the functional features of the EVs using EV pro-
teome data, we first performed a gene set enrichment analysis
(GSEA) using total DEPs in three EV sample sets. GSEA can reveal
whether some groups of proteins that share biological characteris-
tics, such as pathway or gene ontology, can be expressed with sta-
tistical significance in two biological statuses. In this study, all
DEPs from three exosome sample sets were put into GSEA to find
a T-a3D-EV set specific biological pathway compared to other EV
sample sets. The results of GSEA between T-a3D-EVs and the other
EV samples showed differences in the PI3K-AKT signaling pathway
(24 proteins) and the integrin1 (integrin beta-1) pathway (17 pro-
teins) (Fig. 6F, S7).

Among the proteins identified in the PI3K-AKT (24 proteins)
and integrin 1 (17 proteins) pathways, 11 proteins were common
in both pathways, and out of the 11 proteins, collagen alpha-1
(VI) chain (COL6A1), collagen alpha-3 (VI) chain (COL6A3), and
tenascin (TNC) were shown to be significantly enriched only in
the T-a3D-EVs. These proteins are involved in ECM remodeling
and regeneration. Furthermore, among the 13 proteins found only
in the PI3AKT signaling pathway or the six proteins only in the
intergrin1 pathway, eukaryotic translation initiation factor 4E
(EIF4E), heat shock protein HSP 90-beta (HSP90AB1), endoplasmin
(HSP90B1), Ras-related C3 botulinum toxin substrate 1 (RAC1),
transforming growth factor beta-1 proprotein (TGF-b1), and
protein-glutamine gamma-glutamyltransferase 2 (TGM2) were
significantly enriched only in T-a3D-EVs (Fig. 6G). These protein
expression patterns related to PI3K-AKT and integrin 1 can pro-
mote metabolism, proliferation, cell survival, growth, and angio-
genesis in response to extracellular signals, indicating the
regeneration effect of T-a3D-EVs on recipient cells.

To identify proteins that interact with our significant protein
and to predict their roles and pathways in the recipient cells, the
HuRi (Human Reference Protein Interactome Mapping Project)
database was analyzed using the identified T-a3D-EV-specific 28
DEPs [49].

As a result, five proteins (protein S100-A10 (S100A10),
syntenin-1 (SDCBP), actin, cytoplasmic 2 (ACTG1), PDZ domain-
containing protein GIPC1 (GIPC1), and eukaryotic translation initi-
ation factor 4E (EIF4E)) out of the 28 DEPs between the T-a3D-
EVs/2D-EVs and T-a3D-EVs/a3D-EVs were shown to interact with
113 interactors in the Huri Database with a confidence score
of � 0.9 [50] (Fig. 6D, Supplementary Table 7).

Functional annotation of these five DEPs with 113 interactors
using the annotation database (ShinyGO v0.61) showed several
signaling pathways that could be activated in the recipient cells
Fig. 6. Proteome features of identified EVs proteins from the 2D, a3Ds, and T-a3D conditions
plot shows the protein amount by BCA assay after EVs lysis in each sample set. (B) Venn
in the Vesiclepedia database. (C) Hierarchical clustering of proteins from each EV sampl
analyses per sample), followed by log2 transformation and ANOVA with Benjamini–Hoc
Principal component analysis of the 203 proteins obtained from each EV sample. The two
are plotted against each other. (E) A Venn diagram indicating the overlap between diffe
observed in T-a3D-EV with red circle. (F) Enrichment score (ES) plots of the PI3K-AKT sig
were shown. Positive and negative ES values point to gene sets over-represented in eit
genes in a gene set, and their positions reflect the contribution of each gene to the ES. (G
a3D-EV) depicting relative abundance from red to blue. The upper panel shows the pro
those associated with the integrin beta-1 pathway. (H) HuRi-generated protein–protein in
shown as network. Red circles with yellow letters are DEPs from EV proteome analysis
HuRi database and black lines between circle indicate interaction.
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(Fig. 6H, Supplementary Table 8). One of the related pathways
was the regulation of cyclin-dependent protein kinase activity,
which supports the potent function of T-a3D-EVs in recipient cells
(Supplementary Table 7). In addition, among the DEPs observed in
our EV, SDCBP is a type of central protein that primarily interacts
with 105 proteins (44.8 %), as shown in Fig. 6H, indicating that
SDCBP can be a key regulator of exosome-related effects on recip-
ient cells. SDCBP is involved in immunomodulation, exosome bio-
genesis, and tumorigenesis [51].

In conclusion, all proteome signatures in T-a3D-EVs compared
to other EV sample sets support the regeneration of EMC and
immune modulation, as confirmed in our in vitro and in vivo
studies.

Discussion

In this study, we developed a method for the improved produc-
tion of therapeutically potent EVs with higher yield and efficacy
using an advanced 3D culture system and the addition of exoge-
nous TGF-b3. Using this T-a3D method, we can prepare a highly
concentrated EV-containing culture medium for efficient EV isola-
tion and purification, which could be applied for minimizing the
production time and scale (graphical abstract). We identify frame
work for scalable and effective EV production using T-a3D system
including the uniformity and optimization of 3D spheroid genera-
tion/culture techniques. However, the current production system
still has limitations. Isolation methods using ultracentrifuge and
gradient ultracentrifuge, even if the iodixanol gradient method is
possible to obtain high-purified EVs, are not available for large-
scale production. Currently, TFF (Tangential Flow Filtration) is an
efficient concentration method for large-scale production of clini-
cal EVs [52]. To purify EVs, size-exclusion chromatography (SEC)
system is a possible method for clinical approach [13,52,53].
Therefore, T-a3D method should be tested with these purification
methods for large-scale production for clinical application.

We previously revealed that mechanical forces induced by
hydrodynamic shear stress, applied by repeated shaking and sus-
pension (optimally at 60 rpm; approximately 4 dyne/cm2), can lead
to efficient induction of self-renewal signaling pathways [26].
Here, we confirmed that the MSC spheroids with diameters rang-
ing from 150 to 200 lm displayed homogeneous round shapes at
60 rpm and maintained high expression of stemness and shear
stress markers. The mechanical forces applied to MSC spheroids
in 3D dynamic culture were reported to modulate multiple signal-
ing pathways via the alteration of MSC morphology, mechanical
stress, cell–cell or cell-ECM adhesion capacity, and subsequent
conformational changes of cytoskeletal complexes [23–25]. Of par-
ticular interest, upregulated TGF-b/Smad2/3 signaling, simultane-
ously with augmented CD9 expression and EV production, was
observed in our a3D and T-a3D dynamic culture systems. While
exogenous TGF-b3 treatment in a3D conditions resulted in an
increase in EV production, addition of exogenous TGF-b3 in the
2D culture system did not show a significant effect on EV produc-
(A) Bar graph indicating the total number of quantified protein groups, and the line
diagram of proteins identified in each EV sample compared with proteins annotated
e. Top: sample tree; left: protein tree. Data was grouped by sample type (triplicate
hberg FDR correction. Data was filtered based on an ANOVA q-value of � 0.05. (D)
principal components (PC1 and PC2) explaining most of the variation in the dataset
rentially expressed protein groups. Biological process for 28 proteins significantly
naling pathway (upper panel) and integrin beta-1 pathway (lower panel) from GSEA
her the up- or down-regulated genes in T-a3D-Evs Vertical bars refer to individual
) Heat maps of protein measurements from T-a3D-EVs vs other samples (2D-EV and
teins associated with the PI3K-AKT signaling pathway, and the lower panel shows
teraction networks for 28 significant proteins in T-a3D-EV with 234 interactors was
from this study and blue circles with white letters are the interactor proteins from
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tion (Figure S3), implying that exogenous TGF-b3 in 2D culture
conditions may not be sufficient to enhance EV production. Impor-
tantly, in both a3D and T-a3D systems, treatment with TGF-b
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receptor inhibitors led to an apparent suppression of CD9 expres-
sion (mRNA and protein) along with a significant decrease in EV
production, strongly suggesting that the dynamic 3D culture- and
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exogenous TGF-b3-induced TGF-b signaling pathway in a3D and T-
a3D systems may play a very important role in enhancing this
production.

Of note, our quantitative proteomic analysis of the T-a3D spher-
oids and T-a3D-EVs could support the TGF-b signaling-mediated
improvement of EV production as well as the high in vitro and
in vivo therapeutic potency of T-a3D-EVs. In our quantitative pro-
teomic analysis of the MSC spheroids, an interesting observation
was that most of the DEPs in a3D and T-a3D spheroids were asso-
ciated with exocytosis, supporting that the proteins affected by the
dynamic 3D culture- and exogenous TGF-b3-induced TGF-b signal-
ing pathway in a3D and T-a3D systems have a crucial influence on
the enhanced EV production. Moreover, a comprehensive pro-
teomic analysis of EVs revealed that EV production in a3D or T-
a3D systems was influenced by secreted paracrine factors includ-
ing TGF-b, fibroblast growth factor 1 (FGF1), vascular endothelial
growth factor (VEGF), and prostaglandin E2 (PGE2) [54–56], sup-
porting the importance of the autocrine effect.

Under certain conditions, TGF-b3 has been reported to induce
MSCs into chondrocytes [57,58] and TGF-b3 mixed with other fac-
tors in the chondrogenic differentiation medium could act as a
chondrogenic factor. Moreover, 3D spheroid condition can induce
differentiation capacity of stem cells. [17,39]. However, both the
dynamic culture in the a3D system and TGF-b3 treatment in the
T-a3D system led to enhanced expression of the stemness-
related genes (OCT4, SOX2, and Krüppel-like factor-4) and proteins
(OCT4, SOX2, and Nanog), suggesting that the dynamic 3D culture-
and exogenous TGF-b3-induced TGF-b signaling pathway in a3D
and T-a3D systems may play a significant role in the maintenance
of MSC stemness. Further studies are underway to elucidate the
detailed mechanism by which TGF-b3 under our dynamic culture
conditions may play a role in stemness maintenance rather than
chondrogenesis.

We hypothesized that T-a3D-EVs could enhance therapeutic
effects by affecting their therapeutic cargo content. To evaluate
the functional effects of EVs, we conducted an experiment to com-
pare the effects of 2D-, a3D-, and T-a3D-EVs in an in vivo wound
healing model. In vitro migration assays of dermal fibroblasts
showed a higher migration effect in the T-a3D-EVs treated group
compared than in the other groups. The results of the full-
thickness excisional wound model showed a positive correlation
with the in vitro studies, indicating a significant wound healing
effect of T-a3D-EVs. TGF-b3 has effects on wound healing pro-
cesses, including regeneration and anti-inflammation. To exclude
the role of the possible contamination of TGF-b3 in the final EVs,
we performed bottom-up purification using iodixanol and con-
firmed that the residual amounts of TGF-b3 were hardly detected
in T-a3D-EVs, supporting the enhanced therapeutic effect of T-
a3D-EVs cargos.

The therapeutic effects of T-a3D-EVs are only tested for the
excision wound healing model. Further study will be needed to
investigate therapeutic effects for various diseases specifically with
animal disease models already known for EV efficacy such as the
anti-inflammatory and regenerative effects of T-a3D-EVs on
injured or degenerative disease models including including
myocardial ischemia/reperfusion (I/R) injury, graft-versus-host-
disease, osteoarthritis, sepsis, stroke and Alzheimer’s disease
[59]. The proteomic approach in this study enabled us to character-
ize the proteins in EVs and infer their related signaling pathways.
Here, a well-curated database of protein–protein interactions
(HuRi database) analysis and a computational method (GSEA) were
applied to predict the functions and the pathways involved in the
EV proteins in the recipient cells. Interestingly, T-a3D-EVs cargos
were particularly rich in proteins related to the PI3K-AKT signaling
pathway and the integrin1 pathway, which are well known to be
involved in wound healing mechanisms, including regeneration
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[60,61] and anti-inflammatory [62,63]. In addition, T-a3D-EVs are
rich in SDCBP, which is known to be involved in immunomodula-
tion, exosome biogenesis, and tumorigenesis [51]. Further, through
interaction analysis, we confirmed that SDCBP, Syntenin-1 were
especially rich in T-a3D-EVs, implying that the regulation of
cyclin-dependent protein kinase activity may be involved in the
enhanced therapeutic effect of T-a3D-EVs. CDC37, which has been
reported to play a major role in tissue regeneration [64], may be a
crucial factor for wound healing and JNK pathway activation for
the enhanced therapeutic effect of T-a3D-EVs. Although there are
limitations in speculating the expected functions along with cul-
ture conditions as many proteins were identified at the cellular
level, proteomic analysis was useful to identify the proteins that
play an important role in the enhanced therapeutic effects of T-
a3D-EVs, verifying that the proteome analysis of EV cargos has
the advantage of speculating their therapeutic potential.

Conclusion

In summary, our results reveal that T-a3D conditions can boost
the production of therapeutically potent EVs through dynamic cul-
ture (mechanical force) and exogenous TGF-b-mediated upregula-
tion of TGF-b signaling and CD9 expression. Comprehensive
proteomic analysis revealed that the EVs produced under T-a3D
were particularly rich in protein cargo with high therapeutic
potential.
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