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ABSTRACT
Three-dimensional (3D) culture systems have been shown to enhance cellular secretion of small extracellular vesicles (sEVs)
compared to two-dimensional (2D) culture. However, the molecular mechanisms driving sEV secretion and influencing their
potential for disease treatment have not been elucidated. In this study, we discovered the depolymerisation of cortical actin as
a new mechanism that leads to increased sEV release, and that in 3D cultured mesenchymal stem cells (MSCs), this process
was modulated by the downregulation of integrin-α1 (ITGA1) and subsequent inhibition of the RhoA/cofilin signalling pathway.
Interestingly, the knockdown of Rab27A and Rab27B significantly reduced sEV secretion byMSCs to 0.5- and 0.1-fold, respectively.
However, there was no difference in expression levels of Rab27A/B between MSCs cultured in 2D and 3D environments. In
addition, sEVs derived from 3D cultured MSCs demonstrated enhanced therapeutic function both in vitro and in rat models
of osteoarthritis (OA) and wound healing. Collectively, this study illustrates a new mechanism for enhanced secretion of sEVs,
involving RhoA/cofilin pathway-dependent cortical actin depolymerisation, which is independent of Rab27A/B. These findings
provide novel insights for optimising the yield of stem cell-derived sEVs, as well as their therapeutic efficacy for treating chronic
diseases.
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1 Introduction

Small extracellular vesicles (sEVs) are lipid membrane-enclosed
nanoparticles released by almost all cell types, typically ranging
from 20 to 200 nm, with critical functions in intercellular
communication by transferring various signalling molecules and
cellular components such as proteins, lipids, nucleic acids and
metabolites (Jeppesen et al. 2019; Welsh et al. 2024). sEVs
have been increasingly explored as a safer and more versatile
alternative to cell therapy in numerous disease models, since
they circumvent the inherent limitations of injecting live cells,
such as tumorigenic potential, ethical concerns, immunogenicity
and systemic or local toxicity (Zhang and Cheng 2023). However,
the popularity of using sEVs as disease therapeutics has been
limited by the expansion potential of source cells, particularly if
the parent cells have a finite lifespan, introducing difficulties in
upscaling EV production from preclinical testing to levels mean-
ingful for clinical application. Recently, 3D cell culture systems
such as bioreactors and cell spheroids have emerged as sophis-
ticated platforms for large-scale EV production, providing 3D
environments closely mirroring in vivo physiological conditions
and mechanical stimuli to enhance cellular responses and EV
secretion (Centeno et al. 2018;Mo et al. 2018). For example, recent
studies have demonstrated that various 3D culture methods can
promote sEV production by 2- to 19.4-fold, which may be related
to the activation of secretory pathways that are both dependent
and independent of the Endosomal Sorting Complex Required
for Transport (ESCRT) machinery, as well as the upregulation of
sEV biogenesis markers and glycolysis genes (Yuan et al. 2022;
Yan and Wu 2020; Cao et al. 2020; Jeske et al. 2023). However,
the downstreammechanisms for regulating sEV secretion are not
well understood (Mo et al. 2018; Sart et al. 2014).

sEV secretion is preceded by a series of dynamic processes
involving intracellular transport and the plasma membrane.
Initially, intraluminal vesicles (ILVs) or the precursors of sEVs are
formed within multivesicular bodies (MVBs) by inward budding
of the MVB membrane into the lumen. Some of the ‘secretory
MVBs’ are then transported to the plasma membrane, where
ultimate fusion with the cell membrane leads to the secretion
of ILVs into the extracellular space as sEVs (Matsui et al. 2022).
Approximately 60 Rab family small GTPases are involved in
intracellular transport pathways by switching between active
(GTP-bound) and inactive (GDP-bound) forms, and interacting
with effector proteins (Hutagalung and Novick 2011; Zerial and
McBride 2001). In particular, Rab27A and Rab27B regulate vesicle
transport along the cytoskeleton and microtubules by binding
with specific effector proteins, ensuring that vesicles move along
the microtubules towards the cell membrane (Alzahofi et al.
2020). Cortical actin forms a dense meshwork adjacent to the
plasma membrane and normally acts as a barrier to prevent
vesicles from reaching themembrane in resting conditions, while
an acute reduction in cortical actin has been shown to facilitate
vesicle secretion in many cells (Ritter et al. 2017). However,
some research has reported that the formation of a cortical actin
framework around exocytosing granules can actually promote
the movement of vesicular cargo towards the plasma mem-
brane (Li et al. 2018, Papadopulos et al. 2015). Thus, cortical
actin could play a significant role in regulating sEV secretion,
although the exact mechanisms and interactions remain poorly
understood.

When subjected to 3D culture conditions, cells undergo signifi-
cant changes in their structural characteristics and appearance
(Kouroupis and Correa 2021). For instance, adherent fibroblastic
cells such as mesenchymal stem cells (MSCs) transition from
a flat spindle-like morphology to a more rounded appearance,
accompanied by a marked reduction in cell volume concurrent
with loss of tension in the F-actin cytoskeleton, which is essential
for the formation of 3D-spheroids (Cesarz and Tamama 2016).
Furthermore, treating cells with Cytochalasin D (cytoD) has been
shown to change their vesicle secretion levels (Mo et al. 2018).
For cells grown in 3D culture, integrins are pivotal in mediating
cell–cell adhesion and influencing cellular responses to spatial
cues. The activation of integrin receptors initiates a cascade
of intracellular events, with the RhoA pathway emerging as a
key player in orchestrating downstream cytoskeletal dynamics
(Yu et al. 2020; Lin et al. 2003). These cytoskeletal changes
occurring as a result of 3D culture may have a pivotal role in
regulating cortical actin depolymerisation and sEV secretion, but
the detailed mechanisms have not been investigated.

MSCs have been a popular source of stem cell-derived sEVs
aimed at therapeutic applications due to their inherent paracrine
functions. Compared to the parent cells, sEVs derived fromMSCs
have exhibited comparable therapeutic effects in various disease
models, including their anti-inflammatory, immunomodulatory
and tissue regeneration functions (Tan et al. 2024). Therefore, we
chose to use MSCs as the source cells for studying the molec-
ular mechanisms regulating sEV secretion, where 3D culture
conditions were created by loading MSCs onto microcarriers
and growing these constructs in a 3D spinner flask bioreactor
(Figure 1). We discovered that although knockdown of Rab27A
and Rab27B could greatly reduce sEV secretion, their expression
levels showed no significant differences between MSCs grown
in 2D and 3D culture, suggesting that Rab27A and Rab27B were
not the core regulators of sEV secretion. Remarkably, we found
that cortical actin depolymerisation by cytoD or inhibition of
ITGA1 greatly promoted sEV release by MSCs, elucidating a
new regulatory mechanism for sEV production. Furthermore, we
confirmed that sEVs derived from 3D MSC culture had superior
therapeutic potential in osteoarthritis (OA) andwound healing in
vivo models.

2 Results

2.1 3D Culture of MSCs Increases sEV Secretion

MSCs cultured in the 3D bioreactor system (MSC-3D) underwent
a stable proliferation phase in the first 2–3 days after cell seeding
on microcarriers (microcryogels), following which the culture
supernatant was collected between 4 and 9 days of culture at 3-
day intervals (Figures 2a and S1). Scanning electron microscopy
(SEM) images showed that MSC-3D adhered to the surface of
microcarriers, with rapid proliferation seen over the first 5 days
to completely cover the entire microcarrier surface (Figure 2b).
CCK-8 assay indicated similar proliferation rates between MSCs
grown in 2D (MSC-2D) and 3D (MSC-3D) over the first 3 days,
with both groups showing an approximate 5-fold increase in
cell number (Figure S2). With prolonged culture time, MSC-2D
stopped proliferating after 3 days while MSC-3D continued to
proliferate by up to 15-fold at 7 days, followed by a plateau in cell
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FIGURE 1 Schematic diagram of study design. MSCs, mesenchymal stem cells; EVs, extracellular vesicles; MVBs, multivesicular bodies; M1,
represents type I macrophage; M2, represents type II macrophage; MSC2D-EVs, represent EVs derived from MSCs grown on a 2D plate; MSC3D-EVs,
represent EVs derived from MSCs grown in a 3D culture system.

number from 7 to 15 days. Flow cytometry results showed that
MSC-3D maintained higher expression levels of MSC-positive
markers CD73, CD90 and CD105 compared to MSC-2D (Figure
S3). Furthermore, MSC-3D showed significantly lower propor-
tions of both senescent cells and apoptotic cells compared to
MSC-2D (Figures S4 and S5).

sEVs were extracted from the culture supernatants of MSC-2D
(MSC2D-sEVs) and MSC-3D (MSC3D-sEVs). Both MSC2D-sEVs
and MSC3D-sEVs showed high expression of the sEV markers
ALIX, CD63, TSG101 and CD9, as well as minimal expression
of calnexin and GAPDH as markers of cellular contaminants
(Figure 2c). Nanoparticle tracking analysis (NTA) indicated that
the yield of MSC3D-sEVs was approximately 2.5 times higher
than that of MSC2D-sEVs (Figure 2d). Transmission electron
microscopy (TEM) showed a similar morphology between the
MSC2D-sEVs and MSC3D-sEVs, where both groups appeared as
spherical or elliptical small vesicles, but some might have exhib-
ited a disk-like shape with a concave centre due to dehydration
(Figure 2e).

MSC-2D andMSC-3D were then subjected to mRNA-seq analysis
to compare global gene expression, from which 5494 differen-
tially expressed genes (DEGs) were identified, including 2134
upregulated genes and 3360 downregulated genes (Figure S6a).
Gene Ontology (GO) analysis indicated significant enrichment
of pathways related to integrin-mediated signalling, integrin-
mediated cell adhesion and the integrin complex (Figure 2f).
There was notable enrichment in processes associated with
GTPase activity, includingGTPbinding,GTPase activator activity,
regulation of small GTPase-mediated signal transduction and
GTP metabolic processes. Integrin-mediated processes, such
as integrin binding, were also prominently represented. Fur-
thermore, there was evidence of involvement by cytoskeleton
metabolism-related processes, such as vesicle transport along

actin filaments and negative regulation of tubulin deacetylation.
The analysis also revealed processes relating to the regulation
of sEVs, including extracellular exosomes, extracellular vesicles,
and the clathrin-coated endocytic vesicle membrane. Other
regulatory mechanisms identified as being significant included
those governing inflammatory responses,macrophage activation,
chondrocyte differentiation and cartilage development.

KEGG analysis showed significant enrichment of MSC-3D in
cytokine-cytokine receptor interaction, focal adhesion and ECM-
receptor interaction (Figure 2g). Chord figures were used to
explore the common DEGs enriched in integrin-related path-
ways and GTPase-related pathways (Figure S6b). In addition,
the single-gene GSEA enrichment analysis of RhoA and its
downstream target LIMK2 revealed significant enrichment of
MSC-3D in biological processes and cellular components such
as vesicle, stem cell, tubulin, and non-coding RNA (ncRNA)
related pathways (Figure 2h,i). Other highly expressed genes in
MSC-3D compared to MSC-3D included glycolytic-related genes
(such as HK2, PKM2 and SAMP-2), ESCRT-independent and
GTPases genes (Rab27a and Rab27b), and ESCRT-dependent
genes (Stam-1, HRS, Alix and TSG10s1) (Figure S7).

2.2 Cortical Actin Depolymerisation Increases
sEV Secretion Independent of Rab27A/B

Rab GTPases and cytoskeletal components, such as microtubules
and actin filaments, have critical roles in regulating the secretion
of sEVs (Colombo et al. 2014). To investigate whether sEV
secretion from MSCs is regulated by Rab27A and Rab27B, these
genes were knocked down in MSCs using small interfering
RNA (siRNA). The optimal concentration for siRNA transfection
in cells was determined (50 nM), and the knockdown (KD)
efficiency was confirmed at multiple levels, including gene and
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FIGURE 2 3D culture of MSCs increases sEV secretion. (a) Schematic flow chart of 3D dynamic culture of MSCs and extraction of sEVs. (b)
Live/dead staining and scanning electron microscopy (SEM) images of MSCs grown in 3D on microcryogels. (c) Western blotting (WB) results for sEV-
specific markers CD9, Alix, TSG101 and CD63, along with the negative marker Calnexin. (d) Nanoparticle tracking analysis (NTA) showing the particle
size distribution of sEVs derived from MSCs cultured in 2D (MSC2D-sEVs) and 3D (MSC3D-sEVs). (e) Representative transmission electron microscopy
(TEM) images and semi-quantitative analysis of MSC2D-sEVs and MSC3D-sEVs. (f) Gene Ontology (GO) analysis of MSCs cultured on 2D plates and in
3D culture system. (g) KEGG analysis of MSCs cultured on 2D plates and in 3D culture system. (h) Gene Set Enrichment Analysis (GSEA) of RHOA
in GO terms of macrophage migration, muscle system process, ncRNA processing, somatic stem cell population maintenance, external encapsulating
structure, vesicle lumen, exoribonuclease activity and extracellular matrix structure constituent. (i) GSEA of LIMK2 in GO terms of acute inflammatory
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response, ncRNA metabolic process, ncRNA processing, somatic stem cell population maintenance, collagen containing extracellular matrix, gamma
tubulin complex, interleukin-1 receptor binding and tumour necrosis factor receptor binding.

protein (Figures 3a–c and S8–S10). NTA results indicated a
significant reduction in sEV secretion by MSCs with Rab27A and
Rab27B knockdown, confirming the pivotal role of Rab27 proteins
in enabling the process of vesicle secretion (Figure 3d).We further
examined the expression levels of Rab27A and Rab27B in MSC-
2D andMSC-3D using immunostaining andwestern blot analysis
(Figure 3e–g). Interestingly, 2D-SIM images revealed highly
coincident spatial distribution of Rab27A and Rab27B with F-
Actin (Figure 3a,e). This co-localisation suggests a possible role of
Rab27A and Rab27B in facilitating efficient transport and release
during sEV secretion by synergistically interacting with the cell
cytoskeleton (Menaceur et al. 2023). Interestingly, our findings
indicated similar levels of Rab27A and Rab27B expression in
MSCs grown in 3D and 2D (Figure 3f,g), suggesting that increased
sEV secretion by MSCs cultured in 3D is not primarily governed
by changes inRab27AandRab27B expression. These observations
prompted us to investigate other regulatory pathways responsible
for enhanced sEV secretion in 3D-cultured MSCs.

ThemRNAsequencing data led us to suspect cytoskeletal changes
associated with F-actin as a possible regulatory mechanism
for sEV secretion in 3D-cultured MSCs. We hypothesised that
cortical actin depolymerisation might increase the secretion of
sEVs, which we investigated by treating MSCs with an actin
polymerisation inhibitor, cytochalasin D (cytoD). First, the opti-
mal concentration and duration of cytoD stimulation on MSCs
for inducing actin depolymerisation was determined to be 0.1
µM cytoD for 4 h (Figure S11). We then compared the F-actin
morphology in the 3D-MSC group to 2D-MSC, as well as to cells
grown with DMSO and CytoD (Figure 3h). The 3D group showed
irregular and disorganised F-actin morphology, accompanied by
elevated G-actin content, which had similar appearance to the
CytoD group but was distinctly different from the well-organised
F-actin structures observed in the 2D and DMSO groups. These
observations imply that a moderate reduction in cortical actin
tension could potentially promote sEV secretion (Lenzini et al.
2021). Furthermore, we investigated the distribution of MVBs
relative to the cytoskeleton by labelling them using a CD9
fluorescent probe. As a specific marker of sEVs, CD9 intensity
in the 3D group was similar to the CytoD group and showed
distribution primarily around the cell nucleus, but was markedly
lower in the 2D and DMSO groups (Figure 3i). Meanwhile, time-
lapse images of live cells revealed further similarities between the
3D and CytoD groups, with both showing more active motility
of MVBs compared to the 2D and DMSO groups (Figure 3j,
Movie S1–S4). TEM images of sEVs derived from different
groups of MSCs revealed similar vesicle morphology between
groups (Figure 3k). Concurrently, the NTA results demonstrated
elevated sEV secretion in 3D-MSC and CytoD groups (Figure 3l),
particularly after sEV secretion was normalised to cell number
(Figure 3m). These results collectively indicate that increased
sEV secretion in 3D as opposed to 2D cultured MSCs is driven
by cortical actin depolymerisation, a process mimicked by the
addition of cytoD. This enhanced sEV secretion is independent of
Rab27A/B regulation, and results in elevated yield of sEVs from
3D-MSC without affecting vesicle size or morphology.

2.3 ITGA1/RhoA/Cofilin Pathway
Downregulation Promotes Cortical Actin
Depolymerisation and sEV Secretion

Having identified cortical actin depolymerisation as a key mech-
anism that increases sEV secretion in 3D cultured MSCs, we
then sought to elucidate the upstream molecular pathways
regulating these cytoskeletal changes. Based on the analysis
of DEGs between MSC-2D and MSC-3D, we centred on the
differential expression of integrin family members. We chose
to focus on integrins that were significantly downregulated in
MSC-3D, given their role in cytoskeletal aggregation upon ligand-
receptor binding (Figure 4a). Considering the p value and basal
gene expression levels, we selected integrin α1 (ITGA1) as the
upstream target for further investigation, which demonstrated
significant enrichment in GTPase-related pathways (Figure 4b–
c). We first determined the optimal concentration of ITGA1
antibody for inducing MSC cytoskeletal remodelling, and found
that 10 µg/mL was sufficient to significantly alter the entire cell
adhesion process as well as post-adhesion morphology (Figure
S12). Blocking ITGA1 in MSCs was found to result in signif-
icant depolymerisation of F-actin into G-actin, accompanied
by increased distribution of MVBs along the cytoskeleton and
abutting the plasma membrane, suggesting a greater potential
for sEV release (Figure 4d–e). Meanwhile, MSC-3D showed
significantly lower distribution of ITGA1 on the cell membrane
compared to theMSC-2D, DMSO andCytoD groups (Figure 4f). It
would appear from these findings that ITGA1 expression inMSCs
is diminished in 3D culture conditions, subsequently leading
to cortical actin depolymerisation that results in enhanced sEV
secretion.

Based on the results of single-gene GSEA enrichment analysis
of RhoA and its downstream target LIMK2, we investigated
the RhoA/cofilin signalling pathway as a potential regulator
mediating the effects of altered ITGA1 expression in MSCs on
cortical actin (de)polymerisation. Western blot analysis showed
significantly lower protein expression of ITGA1 in the 3D-MSC
and IGTA1 blocked groups compared to the 2D-MSC, DMSO
and CytoD groups (Figures 4g–h). While total RhoA expression
was similar among the five groups, the activated form of RhoA
(RhoA-GTP) showed significantly lower expression in the 3D-
MSC and ITGA1 blocked groups compared to the 2D-MSC,DMSO
and CytoD groups. A similar trend was observed for cofilin,
where total cofilin expression was similar among all groups but
the phosphorylated form of cofilin (p-cofilin) was significantly
lower only in the 3D-MSC and ITGA1 blocked groups. For actin
expression, a similar level of total actin (T-actin) was found
between groups, but the level of F-actin in the 3D-MSC, CytoD
and ITGA1 blocked groups was significantly lower than the
2D and DMSO groups. This was accompanied by exactly the
opposite expression pattern for G-actin. TEM images taken to
illustrate sEV secretion from MSCs in different groups showed
an increased number of fusion events between MVBs and the
plasma membrane in MSC-3D, which was in alignment with
enhanced sEV secretion from this group (Figures 4i). A similar
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FIGURE 3 Cortical actin depolymerisation increases sEV secretion independent of Rab27A/B. (a) Representative 2D-SIM immunofluorescence
staining images of Rab27A, Rab27B and F-actin after siRNA knockdown of Rab27A and Rab27B. (b) Semi-quantitative analysis of Rab27A and Rab27B
in immunofluorescence staining images following transfection (n = 5). (c) Representative results of western blot analysis for the expression of Rab27A
and Rab27B in MSCs after siRNA knockdown. Vinculin was used as a loading control. (d) Number of secreted sEVs normalised to the cell number.
(e) Representative 2D-SIM immunofluorescence staining images of Rab27A, Rab27B and F-actin in 3D and 2D cultures. (f) Semi-quantitative analysis
of Rab27A and Rab27B immunofluorescence staining images in 3D and 2D cultures (n = 5). (g) Representative results of western blot analysis for the
expression of Rab27A and Rab27B in 3D and 2D cultures. Vinculin was used as a loading control. (h) Representative immunofluorescence staining
images of G-actin and F-actin of MSCs cultured in different conditions. (i) Representative immunofluorescence staining images of CD9 (specific marker
of sEVs) and F-actin of MSCs cultured in different conditions. (j) Cell membrane of MSCs cultured under different conditions were pre-labelled with a
live cell dye, and time-lapse sequence photographs of live cells were taken at 5-s intervals to obtain time-lapse sequence maps. (k) Representative TEM
images of different sEVs. (l) Nanoparticle tracking analysis (NTA) showing the particle size distribution of different sEVs. (m) Number of secreted sEVs
in different groups normalised to the cell number.
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FIGURE 4 ITGA1/RhoA/cofilin pathway downregulation promotes cortical actin depolymerisation and sEV secretion. (a) Heatmap represen-
tation of Differentially Expressed Genes (DEGs) in MSC-2D and MSC-3D. (b) Volcano diagram highlighting DEGs. (c) Circular plot of DEGs mainly
associated with integrin binding, integrin-mediated signalling pathway, cell adhesion mediated by integrin, positive regulation of kinase activity and
integrin complex. (d) Representative immunofluorescence staining images of G-actin and F-actin in MSCs with blocked ITGA1. (e) Representative
immunofluorescence staining images of CD9 and F-actin in MSCs with blocked ITGA1. (f) Representative immunofluorescence staining images of
ITGA1 and F-actin in MSCs cultured in different conditions. (g) Representative western blots and (h) Corresponding quantification for the expression
of RhoA, RhoA-GTP, cofilin, p-cofilin, T-actin, F-actin and G-actin in MSCs cultured in different conditions. The insoluble F-actin pool was separated
from the soluble G-actin pool using Triton-X100 extraction and subsequent centrifugation. GAPDH was used as a loading control. (i) Representative
TEM images of sEV secretion from MSCs in different conditions. (j) Schematic illustrating the potential mechanism regulating sEV secretion from
MSCs cultured in a 3D environment. Inhibition of the integrin α1 (ITGA1) receptor reduces activation of the RhoA/cofilin pathway, thereby preventing
actin polymerisation from G-actin to F-actin, and promoting the transportation and secretion of multivesicular bodies (MVBs) from the cell into the
extracellular space. CytoD, cytochalasin D; integrin α1: ITGA1; MVBs: multivesicular bodies.
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pattern was seen in the CytoD and ITGA1 blocked groups, while
in contrast, the MSC-2D and DMSO groups showed limited sEV
secretion. Concurrently, trends in the levels of sEV secretion
across groups were verified by NTA (Figure S13). Connecting
the dots, we propose that 3D culture results in downregulation
of ITGA1 in MSCs, which in turn attenuates the activation of
the RhoA/cofilin signalling pathway (Figure 4j). This then leads
to moderate depolymerisation of the cortical actin cytoskeleton,
facilitating increasedMVB fusionwith the plasmamembrane and
hence the secretion of sEVs into the extracellular space.

2.4 MSC3D-sEVs Enhance Cell Activity and
Macrophage Polarisation Compared to MSC2D-sEVs

Having elucidated the pathways by which 3D culture increases
sEV yield in MSCs, we then sought to compare the differences
in therapeutic function between sEVs produced by MSC-3D and
MSC-2D. We chose chondrocytes and human dermal fibroblasts
(HDFs) as in vitro cell models, in line with later in vivo testing,
to assess cell proliferation, migration and anti-senescence activity
after treatment with MSC3D-sEVs and MSC2D-sEVs (Figure 5a).
EdU assay was used to measure the proportion of proliferative
chondrocytes and HDFs, which was found to be approximately
16% and 9%, respectively, for cells treated with MSC2D-sEVs,
which increased to approximately 30% and 15%, respectively,
for cells treated with MSC3D-sEVs (Figure 5b,c). CCK-8 assay
also demonstrated a significant increase in the proliferation of
chondrocytes and HDFs treated by MSC3D-sEVs compared to
MSC2D-sEVs from days 4 to 7 onwards (Figure S14). Interest-
ingly, although chondrocyte and HDF proliferation were similar
between the 2D and 3D sEV groups at day 1, both cell types
showed greatly elevated migration after 24 h treatment with
MSC3D-sEVs, evidenced by a significant reduction in gap area
from the scratch wound healing assay compared to cells treated
with MSC2D-sEVs (Figure 5d,e). For chondrocytes, the gap area
for the MSC3D-sEVs and MSC2D-sEVs groups was 36% and 52%,
respectively, which reduced to 4% and 30% after 48 h. For HDFs,
these numbers were 29% and 45%, respectively, for MSC3D-sEVs
and MSC2D-sEVs at 24 h, and 18% and 28% at 48 h. The ability
of MSC3D-sEVs to enhance the migration of chondrocytes and
HDFs after stimulation for 24 hwas separately confirmed through
transwell assays (Figure S15). In addition,MSC3D-sEVsweremore
effective in reducing the proportion of senescent cells compared
to MSC2D-sEVs. SA-β-Gal staining, a marker of cell senescence,
was markedly higher in the control group compared to sEV-
treated groups for both chondrocytes and HDFs (Figure 5f–g).
The percentage of SA-β-Gal positive cells was 33%, 12% and
5%, respectively, for the control, MSC2D-sEVs, and MSC3D-sEVs
groups in chondrocytes, and 24%, 15% and 9%, respectively, in
HDFs.

Since inflammation is a common aetiology underlying chronic
diseases, we compared the immunomodulatory capabilities of
sEVs from 2D and 3D cultured MSCs on rat bone marrow-
derived macrophages (BMDMs). The results from qPCR analysis
indicated significant downregulation of gene expression asso-
ciated with M1 macrophage polarisation (CD86, TNF-α, iNOS
and IL-1β) in BMDMs treated with MSC3D-sEVs compared to
MSC2D-sEVs, accompanied by significant upregulation of genes
associated with M2 macrophage polarisation (CD206, IL-4, IL-10

and Arg-1) (Figure 5h). As additional indicators of M1 (CD86) and
M2 (mannose) macrophage polarisation, BMDMs treated with
MSC3D-sEVs and MSC2D-sEVs, respectively, showed 3.80% and
17.39% of cells expressing CD86, and 58.77% and 32.61% of cells
expressing mannose (Figure 5i).

MicroRNA (miRNA) sequencing was conducted to gain a better
understanding of the molecular basis by which sEVs from
3D cultured MSCs improve cellular anabolism and modulate
macrophage polarisation (Figure S16). We identified the top 5
miRNAs exhibiting the most significant differences in expression
between the 3D and 2D groups: miR-181b-5p, miR-4802-3p, miR-
664a-5p, miR-27a-5p andmiR-4491 (Figure S16a,b).We found that
474DEGswere highly expressed inMSC3D-sEVs (Figure S16c). GO
enrichment analysis of these target genes showed that MSC3D-
sEVs were primarily involved in the regulation of wound healing,
macrophage differentiation, and cartilage development, which
was consistent with the enrichment results in our bulk RNA-
seq of MSCs (Figure S16d). KEGG enrichment analysis showed
that the most likely pathways by which MSC3D-sEVs exerted
their effects on cells were related to the regulation of cellular
senescence, regulation of pluripotency of stem cells, MAPK,
mTOR, TGF-β, and PI3K-Akt signalling pathways (Figure S16e).
Finally, a comparison of qPCR analysis of the top 5 miRNA
candidates revealed that miR-181b-5p, miR-664a-5p andmiR-4491
exhibited significant differences between the 2D and 3D sEV
groups, suggesting their potential roles as the coremiRNA species
involved in the regulatory functions of MSC3D-sEVs (Figure S17).

2.5 In Vivo Effects of MSC3D-sEVs Treatment in
OA Rats

Having confirmed that 3D culture ofMSCs can increase both yield
and in vitro therapeutic function of sEVs, it was important to
investigatewhether the same beneficial effects can be carried to in
vivo chronic disease models. In line with the cell models we used
for in vitro testing, we chose to investigate the in vivo treatment
effects of sEVs derived from 2D and 3D cultured MSCs in rat
models of osteoarthritis (OA) and wound healing, both of which
are highly prevalent diseases that would benefit from improved
treatment options.

The rat OA model was created by ACL transection (Figure S18),
followed by two injections of treatment groups given at 2 and 4
weeks post-surgery (Figure 6a), with subsequent analyses per-
formed at 6 weeks after the initial surgery. At the time of analysis,
the group treated with MSC2D-sEVs showed an increase in paw
contact area, as well as improvements in ground pressure and
contact time compared to the PBS group, suggesting partial relief
of knee joint pain (Figure 6b,c). Meanwhile, rats treated with
MSC3D-sEVs exhibited the largest footprint area, with ground
pressure and contact time greatly exceeding those treated with
MSC2D-sEVs and approaching the gait characteristics of normal
rats (Figures 6c and S19). X-ray and μ-CT imaging indicated
narrowing of the intercondylar notch and increased osteophyte
formation in the medial femoral condyle and tibial plateau
of the PBS group, suggestive of OA progression (Figure 6d).
These pathological changes were partly attenuated in theMSC2D-
sEVs group and significantly attenuated in the MSC3D-sEVs
group, where the latter showed significantly increased joint space
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FIGURE 5 MSC3D-sEVs enhance cell activity and macrophage polarisation compared to MSC2D-sEVs. (a) Schematic illustrating the experiments
using different groups of sEVs to evaluate their effects on the proliferation, migration and anti-senescence activity of chondrocytes and human dermal
fibroblasts (HDFs). (b) EdU staining and (c) semi-quantitative analysis of cells treated with different sEV groups. (d) Scratch wound healing assay, and
(e) Semi-quantitative analysis of scratch gaps in different groups (n = 5). (f) Representative images of SA-β-Gal staining in chondrocytes and HDFs, and
(g) Percentage of SA-β-Gal+ cells (n= 5). (h) Relative gene expression of M1-related genes (CD86, TNF-α, iNOS and IL-1β) andM2-related genes (CD206,
IL-4, IL-10 and Arg-1). (i) Immunofluorescence staining and (j) Semi-quantitative analysis of CD86 and mannose expression.
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FIGURE 6 In vivo effects ofMSC3D-sEVs treatment inOA rats. (a) Schematic illustration of establishing the ratOAmodel, and experimental design
for evaluating the protective effects of different sEVs. (b) Representative footprint images and 3D footprint intensity (RH/LH) (n = 5). (c) Evaluation
of swing speed, mean intensity, print area, and maximum contact area during walking. (d) X-ray and 3D reconstructed μ-CT images. (e) Quantitative
analysis of articular space width, trabecular separation (Tb.Sp), bone volume fraction (BV/TV), and trabecular number (Tb.N) from μ-CT (n = 5). (f)
H&E and safranin-O staining of joint sections at 6 weeks post-surgery. (g) Heatmap representation of Mankin scoring for joint histopathology. (h)
Quantitative Mankin score analysis of safranin-O staining. (i) Immunohistochemical staining of aggrecan, collagen II (COL2), ADAMTS5 and MMP13.
(j) Quantitative Mankin score analysis of aggrecan staining. (k) Quantitative Mankin score analysis of COL2 staining. (l) Quantitative Mankin score
analysis of ADAMTS5 staining. (m) Quantitative Mankin score analysis of MMP13 staining (n = 6).
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widening, decreased number of osteophytes, and higher values of
BV/TV and Tb.N (Figure 6e).

Histological staining with H&E and safranin-O confirmed OA
progression in the PBS group, as shown by severe cartilage
destruction and loss of glycosaminoglycans (GAGs) (Figure 6f).
Compared to the MSC2D-sEVs group, the MSC3D-sEVs group
showed a smoother cartilage surface approaching normal (sham)
cartilage morphology and GAG content. Quantitative analysis
using Mankin scores showed similar trends, where the highest
score seen in the PBS group confirmed a high degree of cartilage
degeneration, followed by improvement in the MSC2D-sEVs
group and significant score reduction in the MSC3D-sEVs group
(Figure 6g,h). The results of immunohistochemical staining
and associated Mankin scores displayed similar trends, where
the MSC3D-sEVs group achieved the highest expression of the
cartilage anabolic markers aggrecan and COL2 among the treat-
ment groups, accompanied by lowest expression of the catabolic
markers ADAMTS5 and MMP13 (Figure 6i–m). These findings
suggest that sEVs derived from MSCs cultured in 3D have a
superior capacity tomaintain cartilage homeostasis and delay OA
progression after injury compared to MSC-sEVs from 2D culture.

2.6 In Vivo Effects of MSC3D-sEVs Treatment on
Wound Healing in Rats

The ratwoundhealingmodelwas created by inflicting a large skin
wound (Figure S20), followed immediately by implantation of a
GelMA hydrogel (for immobilising the treatment) loaded with
PBS, MSC2D-sEVs or MSC3D-sEVs (Figure 6a), with analyses per-
formed over a period of 14 days. The macroscopic views of tissue
healing showed relatively large wound areas throughout the 14-
day period in the untreated control and PBS groups, indicating
incomplete healing (Figure 7b). Meanwhile, the MSC3D-sEVs
group showed the most accelerated wound healing rate among
all groups, and greatly exceeded the MSC2D-sEVs group. The
same trends were demonstrated by semi-quantitative analysis
of final healing area, which reached 94.58% in the MSC3D-sEVs
group compared to 89.12% for MSC2D-sEVs, 75.85% for PBS and
72.06% for the untreated control (Figure 7c). Histologically, the
control and PBS groups exhibited notable depressions at the
injury site, accompanied by newly formed tissue that showed
incomplete defect filling, predominantly comprised disorganised
fibrous tissue, had poor integration with surrounding normal
skin, and lacked a distinct stratum corneum layer (Figure 7d). In
contrast, the MSC3D-sEVs group showed almost complete defect
filling and formation of new tissue with cell morphology and
collagen arrangement closely mimicking normal skin, whereas
these effects were less pronounced in the MSC2D-sEVs group.
Semi-quantitative analysis of hair follicle numbers and wound
length also showed the highest and lowest values, respectively
in the MSC3D-sEVs group compared to other treatment groups
(Figure 7e). These findings suggest that sEVs from 3D cultured
MSCs were effective in promoting in vivo skin wound healing,
with better restoration of both tissue structure and function
compared to sEVs from MSCs grown in 2D culture.

3 Discussion

Despite their immense therapeutic potential and ability to cir-
cumvent the practical limitations of live cell injection, EVs
have experienced hurdles in upscaling into clinically applicable
therapies due to the often unrealistic numbers of source cells
required to generate sufficient EV doses (Pincela Lins et al.
2023). 3D culture systems, including various bioreactors, have
recently been used to generate EVs from MSCs, and were
generally reported to be effective at increasing the EV yield
(Yuan et al. 2022; Yan and Wu 2020; Cao et al. 2020; Jeske
et al. 2023). However, heterogeneous study design and the lack
of mechanistic investigations make it difficult to understand
the drivers behind increased EV yield in 3D culture systems,
and hence how to better harness these systems for standardised
EV production in future clinical applications. In this study, we
employed a 3D culture system comprising microcarrier-based
MSC culture in spinner flask bioreactors, which was found to
greatly increase both yield and therapeutic function of MSC-
derived sEVs. We investigated the detailed mechanism by which
3D culture enhanced sEV secretion from MSCs, and discovered
that cortical actin depolymerisation in the cell cytoskeleton
played a major role, a process that was independent of Rab27A/B
regulation. Upstream of this, we further showed that 3D culture
could downregulate the surface expression of integrin-α1 (ITGA1)
in MSCs, thereby inhibiting RhoA/cofilin signalling pathway
activation and in turn increasing cortical actin depolymerisation.
This novel mechanism regulating sEV secretion is illustrated in
Figure 1. Moreover, we confirmed that sEVs derived from 3D
cultured MSCs had enhanced therapeutic function in both in
vitro and in vivo models relevant to two examples of chronic
diseases—OA and wound healing.

3D dynamic bioreactors, such as miniaturised dynamic wave-
motion and vertical-wheel bioreactors, have recently been used
for 3D culture of MSCs as cell aggregates, spheroids, and
microcarrier constructs (Borys et al. 2020; Wang et al. 2022). In
this study, we chose a well-established 3D cell culture platform
comprising gelatinmicrocarriers as a cell culture vehicle together
with a spinner flask bioreactor system to facilitate 3D dynamic
culture conditions through biomimetic stirring and microme-
chanical stimulation (Li et al. 2014). Our previous findings
indicated that this 3D culture system could sustain MSCs in a
metabolically favourable state, leading to improved proliferative
activity, stemness, paracrine function and protection against
senescence and apoptosis compared to cells grown in 2D (Wang
et al. 2022; Xing et al. 2020). Consistent with our findings,
other studies have also suggested that 3D culture can induce
structural and functional changes in MSCs, including activation
of autophagy, enhancement of anti-senescence properties and
alterations in cellularmorphology and cytoskeletal dynamics (Mo
et al. 2018; Jeske et al. 2023). MSCs grown using the 3D culture
system in this study demonstrated greatly elevated sEV secretion
per cell, by approximately two-fold compared to cells grown on
2D plates, which was in good alignment with previous reports
showing increased EV secretion in 3D cultured MSCs that was
approximately 2–20 times higher than 2D cultured cells (Yuan
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FIGURE 7 In vivo effects of MSC3D-sEVs treatment on wound healing in rats. (a) Schematic illustration of the rat wound healing model. (b)
Representative images depicting the dynamic progress of wound healing in different groups on days 0, 1, 3, 5, 7, 9, 11 and 14. (c) Wound healing ratio on
days 0, 1, 3, 5, 7, 9, 11 and 14 (n = 5). (d) H&E and Masson staining with semi-quantitative analysis of the wound tissue on day 14.

et al. 2022; Yan and Wu 2020; Cao et al. 2020; Jeske et al. 2023).
Various external cues including hypoxia, pH, drug stimulation
and substrate stiffness, have been reported to affect the secretion,
cargo and composition of sEVs (Liu and Su 2019; Jeyaram
et al. 2020). Some evidence also suggests that in 3D culture
systems comprising both static 3D stimulation provided to cells
by microcarrier culture and dynamic 3D stimulation provided
by a bioreactor, the dynamic environment and shear forces from
the latter had more significant contribution to modulating sEV
cargo and secretion from MSCs (Jeske et al. 2023). However,
the molecular mechanisms driving increased sEV secretion from
MSCs grown in a dynamic 3D culture system have not been
clearly defined.

sEVs originate from inward budding of the plasma membrane,
forming early endosomes that mature into MVBs. The ESCRT
machinery is a key player in regulating the upstream processes
prior to sEV release, by facilitating the sorting and packaging
of cargo into ILVs. Other ESCRT-independent mechanisms,
involving lipids such as ceramide, also play significant roles in
sEV formation (Han et al. 2022). In addition, Rab GTPases such
as Rab27A/B have crucial functions in directing the transport of
MVBs along the cell cytoskeleton, determining their destination
as either towards the plasma membrane for secretion or towards
lysosomes for degradation (Han et al. 2022; Ostrowski et al.
2010). In particular, Rab27A/B regulates the movement of MVBs
along the cytoskeleton towards the plasmamembrane, facilitating
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their docking and fusion with the membrane by interacting
with effector proteins such as Slp4 and Munc13-4 (Pfeffer 2010).
These interactions are essential for the subsequent release of
sEVs in various secretory cells, including acinar epithelial cells,
melanocytes, oligodendrocytes, and HeLa cells (Ostrowski et al.
2010; Chiang et al. 2011; Guo et al. 2019; Bello-Morales et al. 2012).
However, it remains unclear whether Rab27A/B can regulate the
release of sEVs in MSCs. Our findings indicated that knockdown
of Rab27A or Rab27B significantly reduced the number of sEVs
produced per cell in MSCs, confirming a central regulatory role
of Rab27A/B in sEV secretion fromMSCs akin to other cell types.
Interestingly, we also found that MSCs grown in 3D had similar
Rab27A/B protein expression levels as cells grown in 2D, despite
the former having a significantly higher yield of sEVs. These
observations suggested that the mechanisms leading to increased
sEV secretion by 3D cultured MSCs were not related to MVB
transport and docking processes regulated by Rab27A/B.

Cortical actin forms part of the cell cytoskeleton, comprising a
dense network of actin filaments beneath the plasma membrane.
It may act as a facilitator or barrier to sEV secretion from the
cell depending on its state of polymerisation (Gowrishankar et al.
2012). Cortical actin can facilitate sEV release by providing struc-
tural support for vesicle transport and guiding secretory vesicles
to docking sites at the plasma membrane (Ritter et al. 2017; Sinha
et al. 2016). Conversely, excessive cortical actin polymerisation
can impede sEV release by restricting vesicle access to the plasma
membrane, thus preventing exocytosis (Papadopulos et al. 2015;
Trifaró et al. 2008). The influence of cortical actin polymerisation
on sEV secretion is governed by a fine balance, where vesicle
secretion can be enhanced by the partial depolymerisation of
actin filaments, but impeded by complete filament disassembly
(Mo et al. 2018; Mitchell et al. 2008). Experimentally, the actin
polymerisation inhibitor cytoD may be used to replicate these
interactions, whereby low concentrations of cytoD (0.8–2 µM)
have been found to increase EV secretion and a high cytoD
dose (10 µg/mL) has been shown to reduce EV release (Mo
et al. 2018; Headland et al. 2014). In this study, we found that
cytoD treatment at 0.1 µM for 4 h was optimal for inducing
actin depolymerisation in MSCs and subsequently increasing the
total amount of sEV release. Interestingly, we found that MSCs
grown in 3D culture exhibited actin depolymerisation to a similar
extent as cells exposed to cytoD, with comparable disorganisation
in F-actin and elevation in G-actin. These observations pointed
us to hypothesise that 3D culture might enhance sEV release
from MSCs by increasing cortical actin depolymerisation, and to
investigate the upstream regulatory mechanisms leading to these
effects.

The Rho/cofilin axis is a key player in the regulation of cytoskele-
tal dynamics (Yu et al. 2020; Lin et al. 2003; Han et al. 2020;
Quast et al. 2009). Rho is directly involved in integrin-mediated
signalling by switching between an active GTP-bound state and
an inactive GDP-bound state (Takai et al. 2001; Ridley 2001). It
also regulates the actin cytoskeleton by activating Rho-associated
kinases ROCK I and II (collectively referred to as ROCK), which
in turn modulate various downstream effectors, with LIM kinase
(LIMK) being a key mediator (Narumiya et al. 2009). Following

its activation by ROCK, LIMK phosphorylates cofilin on its
serine 3 residue, effectively suppressing actin depolymerisation
(Schmandke et al. 2007). The activity of cofilin is modulated
by its phosphorylation state, which may either facilitate the
severing and depolymerisation of actin filaments or inhibit
cytoskeletal degradation and promote polymerisation (Bernstein
and Bamburg 2010; Wang et al. 2007). Emerging evidence has
suggested that the combined Rho/ROCK/LIMK/cofilin axis plays
an important role in regulating the dynamic changes of the actin-
based cytoskeleton (Hitsuda et al. 2022), although this has most
been demonstrated in a limited number of cancer-based cell
models. In this study, we confirmed that the same axis works in
MSCs to modulate cytoskeletal changes that result in enhanced
sEV secretion. We observed significant downregulation of RhoA-
GTP and p-cofilin in 3D cultured MSCs, which promoted the
depolymerisation of F-actin into G-actin, thereby reducing the
density of the cortical actin barrier and leading to increased sEV
release. However, a missing piece of the puzzle was how MSCs
could sense and react to a 3D microenvironment to result in
modulation of the Rho/cofilin pathway and downstream effects.

To find the missing link, we looked into the mRNA-seq data
and discovered that the identified DEGs for 3D compared to 2D
cultured MSCs were enriched in pathways related to integrin-
mediated signalling and cytoskeletalmetabolism. ITGA1 emerged
as a possible candidate, as it is implicated in cytoskeletal
dynamics and vesicle regulation (Lindberg et al. 2010; Shi et al.
2012), and was found to be downregulated in our 3D cultured
MSCs. Based on the pivotal role of ITGA1 in cell adhesion,
migration, and cytoskeletal organisation (Labus et al. 2024), we
postulated that it served as the critical link in 3D cultured MSCs,
conveying cues from the external culture environment across
the membrane surface to modulate the RhoA/cofilin signalling
pathway. To test this, we reduced the protein expression level
of ITGA1 in MSCs by antibody blocking, which was seen to
decrease activation of theRhoA/cofilin signalling pathway aswell
as cortical actin density, and result in increased sEV secretion.We
found an analogous series of events in 3D cultured MSCs, which
showed downregulation of membrane-bound ITGA1 together
with similar downstream effects. Based on our data, we propose a
mechanistic model whereMSCs in 3D culture sense themicroen-
vironment through ITGA1, and undergoes cytoskeletal changes
by regulating RhoA/cofilin signalling pathway activation. This
regulation leads to moderate actin depolymerisation, reducing
cortical actin density and thereby lowering barrier resistance
to enhance sEV secretion, which works independently from
Rab27A/B regulatory pathways.

To accelerate the translation of stem cell-derived EVs into clinical
applications for disease treatment, it is necessary to not only
solve the problemof upscaling but also to demonstrated improved
therapeutic efficacy of EVs arising from new manufacturing
processes. We therefore chose two types of possible therapeutic
applications of sEVs, OA and wound healing, which both repre-
sent highly prevalent diseases with significant unmet needs in
clinical treatment. The therapeutic functions of sEVs from 3D
cultured MSCs might be particularly relevant to the treatment of
these two types of diseases, since the pathogenesis of OA involves
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chronic inflammatory responses and dysregulated chondrocyte
metabolism (Chen et al. 2022; Pitsillides and Beier 2011), while
the progress of skin wound healing can be detrimentally affected
by excessive immune responses and fibroblast dysfunction (Peña
and Martin 2024). sEVs contain a variety of nucleic acids,
with miRNA being a particularly important component of their
therapeutic functions from the ability to mediate gene silenc-
ing through RNA interference (Isaac et al. 2021). In our 3D
culture-derived sEVs, we identified that the top five differentially
expressed miRNAs were involved in wound healing, macrophage
differentiation, and cartilage development, which could con-
tribute to enhanced therapeutic effects in related disease models.
Using in vitro models of chondrocytes and HDFs, we found that
sEVs from 3D culturedMSCs significantly promoted cell prolifer-
ation and migration while reducing senescence. Moreover, their
in vitro immunomodulatory effects were evidenced by promoting
macrophage polarisation to the anti-inflammatory M2 pheno-
type. The anti-inflammatory and pro-regenerative functions of
3D culture-derived sEVs were confirmed in vivo, where treated
groups showed more effective protection against OA progression
and accelerated skinwound regeneration, highlighting the poten-
tial to explore further applications in tissue repair and chronic
disease treatment.

In conclusion, this study provided new mechanistic insights into
sEV secretion by MSCs in 3D culture. Although Rab27A and
Rab27B knockdown inMSCs significantly reduced sEV secretion,
their expression levels were similar in MSCs cultured in 2D
and 3D environments, and did not explain the elevated sEV
secretion seen in 3D culturedMSCs.We elucidated the regulatory
pathway governing sEV secretion in 3D culture, which in MSCs
is mediated by downregulation of ITGA1, leading to inhibi-
tion of the RhoA/cofilin signalling pathway that subsequently
increases cortical actin depolymerisation, and enhances sEV
release independently of Rab27A/B. Coupled with the superior
therapeutic effects of 3D culture-derived sEVs in OA and wound
healing models, our study suggests that harnessing these new
mechanisms of sEV secretion fromMSCs could accelerate the use
of sEVs in clinical applications.

4 Methods

All detailed methods are provided in the Supplementary Infor-
mation. All results presented are from at least three independent
experiments for each condition. Data are expressed as mean ±
standard deviation (S.D.). Statistical comparisons between two
independent groups were performed using an unpaired two-
tailed t-test, while multiple group comparisons were conducted
using one-way ANOVA followed by Tukey’s post-hoc test. Data
from ordinal grading systems were analysed with the nonpara-
metric Kruskal–Wallis test, followed by Dunn’s post-hoc test.
The sample size (n) represents the number of biologically inde-
pendent samples. Statistical analyses were primarily conducted
using GraphPad Prism v8.0, except where otherwise noted, with
OriginPro 2021 SR1 (v9.8.0.200) also employed. Exact p values
are provided in the figures when available; for p values smaller
than 0.0001, p< 0.0001 is reported due to software limitations.
Significance was set at p< 0.05. Error bars represent the standard
deviation for parametric data and the 95% confidence intervals for
nonparametric data.
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