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Abstract

The secretome of mesenchymal stromal cells (MSCs) derived from different tissue

sources is considered an innovative therapeutic tool for regenerative medicine.

Although adipose tissue-and bone marrow-derived MSCs (ADSCs and BMSCs,

respectively) share many biological features, the different tissue origins can be mir-

rored by variations in their secretory profile, and in particular in the secreted extra-

cellular vesicles (EVs). In this study, we carried out a detailed and comparative

characterization of middle- and small-sized EVs (mEVs and sEVs, respectively)

released by either ADSCs or BMSCs. Their involvement in an endochondral ossifica-

tion setting was investigated using ex vivo metatarsal culture models that allowed to

explore both blood vessel sprouting and bone growth plate dynamics. Although EVs

separated from both cell sources presented similar characteristics in terms of size,

concentration, and marker expression, they exhibited different characteristics in

terms of protein content and functional effects. ADSC-EVs overexpressed pro-

angiogenic factors in comparison to the BMSC-counterpart, and, consequently, they

were able to induce a significant increase in endothelial cord outgrowth. On the other

hand, BMSC-EVs contained a higher amount of pro-differentiation and chemotactic

proteins, and they were able to prompt growth plate organization. The present study

highlights the importance of selecting the appropriate cell source of EVs for targeted

therapeutic applications.
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Significance statement

Mesenchymal stromal cells are a great source for regenerative medicine applications.

Cells derived from different tissues might have distinctive characteristics. Many
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studies suggest a critical therapeutic role for extracellular vesicles secreted by stro-

mal cells. The authors characterized extracellular vesicles isolated from two different

sources (bone marrow, adipose tissue). Despite, minimal structural differences, the

authors observed different functional effects during the differentiation and matura-

tion of cartilage tissue. Therefore, a deep investigation of biological effects is essen-

tial before selecting the optimal extracellular vesicle-cell source to be used in specific

therapeutic settings.

1 | INTRODUCTION

A combination of regenerative and trophic properties has

prompted exploration of the therapeutic use of mesenchymal

stromal cells (MSCs) over the last decades.1 MSCs virtually

reside in all tissues, where part of them localize near the

microvasculature walls, stabilizing endothelial networks.2,3

Thanks to manifold mechanisms through which MSCs act,

they are considered a powerful tool for the treatment of vari-

ous diseases.4 Although bone marrow (BM) has been regarded

as the gold standard source, it presents significant drawbacks,

such as low cell yield and invasive and painful procedure for

BM collection.5 These issues induced the scientific community

to analyze and characterize MSCs from alternative sources.6

Among the others, adipose tissue (AD) represents a promising

source for its abundance, accessibility and less invasive collec-

tion.7 Although MSCs from different tissues share many biolog-

ical features, some differences exist in the immunophenotype,

proliferative capacity, differentiation potential, gene expression

profile and immunomodulatory activity.8,9 Altogether, these

putative disparities can lead to different efficacies. For example,

it has been reported that ADSCs possess a higher angiogenic

potential in comparison to bone marrow-MSCs (BMSCs).10

Therefore, there may be the advantage of using a cell popula-

tion over another for specific clinical applications.

Apart from differentiation potential, it is now accepted

that MSCs exert their beneficial effects promoting

cytoprotection and tissue repair through their paracrine activ-

ity.11 Among the components responsible for the paracrine

effects, extracellular vesicles (EVs) have been recently

described as new players in cell-cell communication and tissue

homeostasis.12 EVs are a heterogeneous group of cell-derived

membranous structures comprising small-sized vesicles

(exosomes) originating from the endosomal compartment and

middle-sized vesicles (microvesicles) directly budding from the

cell plasma membrane.13 MSC-derived EVs are involved in a

wide spread of processes, including angiogenesis, senescence,

proliferation, and differentiation, beside strong immunomodu-

latory properties.14 Since EVs trigger specific cellular

responses, reflecting the status and composition of the paren-

tal cell, we here aimed to identify morphological and func-

tional differences between BMSC- and ADSC-derived EV

subpopulations. EVs were isolated from the cell conditioned

media by serial differential centrifugations, to collect both

medium-sized and small-sized vesicles. The role of EVs in the

different phases of the endochondral ossification (EO) process,

namely angiogenesis, chondrogenic, and osteogenic differenti-

ation, was evaluated taking advantage of fetal mouse metatar-

sal bone explants.

Just as in some pathologies there may be the advantage

of using one cell population over another, in the same way it

may be important to know in depth the functional differences

between the corresponding EVs to be used in cell-free thera-

peutic approaches.

2 | METHODS

2.1 | Isolation and culture of MSCs

Human ADSCs were obtained from subcutaneous AD, iso-

lated and cultured, as previously described,15 and in compli-

ance to Regione Liguria Ethical Committee authorization (P.R.

23571). Human BMSCs were obtained from femoral condyles

of patients undergoing knee arthroplasty, after informed con-

sent and according to the guidelines of the Ethics Committee

of IRCCS Policlinico San Martino Hospital (Genoa, Italy),

N. Registro CER Liguria: 372/2019. For more details, please

see Supplemental Materials.

2.2 | EVs separation and characterization

We have submitted all relevant data of our experiments to the

EV-TRACK knowledgebase (EV-TRACK ID: EV210113).16

When ADSCs and BMSCs reached 70% confluence, they were

rinsed twice with PBS and maintained for 20 minutes in culture

medium without FBS (serum-free medium). Medium was then

replaced with fresh serum-free medium, and cells were

maintained for 24 hours in starvation. Cell conditioned media

(CM) were collected and centrifuged at 300g for 10 minutes

and at 2000g for 20 minutes to remove cells/cell debris and

apoptotic bodies. Supernatants were transferred into ultracen-

trifugation tubes (Beckman-Coulter) and subjected to a first

centrifugation at 10 000g for 40 minutes to obtain an EV pellet

(10 K pellet) enriched in medium sized-vesicles (mEVs).

Resulting supernatants were then centrifuged at 100 000g for

120 minutes in order to obtain a pellet (100 K pellet) enriched
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in small sized-vesicles (sEVs).17 Both EV pellets were washed in

PBS and centrifuged at 100 000g. A Beckman Coulter ultracen-

trifuge (Beckman Coulter Optima XPN-100 ultracentrifuge;

Beckman Coulter) was used with the swinging bucket rotors

SW28 and SW55Ti. After the last washing step, EVs were

resuspended in sterile filtered (0.22 μm) PBS for further analysis.

The concentration of membrane-bound proteins on the surface

of freshly isolated EVs was measured by BCA (bicinchoninic acid)

Protein Assay Kit (Thermo Fisher Scientific, Massachusetts).

EV concentration and size distribution were analyzed by tun-

able resistive pulse sensing (TRPS).18 Imaging of cells and

corresponding EVs were performed by trasmission electon

microscopy (TEM). Isolated mEVs and sEVs from ADSCs and

BMSCs were analyzed by western blot19 and nonconventional

flow cytometry.20 For more details, please see Supplemental

Materials.

2.3 | Cytokine and chemokines arrays

For the analysis of cytokine and chemokine content of EVs,

10 μg of proteins were analyzed with a Proteome Profiler

Human XL Cytokine Array Kit (R&D, Minneapolis, Toll Free

USA, Canada), according to the manufacturer's instructions.

Images were scanned using the Epson perfection 1260 scan-

ner and spot densities were quantified using the ImageJ soft-

ware. Gene Ontology (GO) was also carried out using DAVID.

2.4 | Ex vivo metatarsal sprouting assay

All animal procedures were approved by the Italian Ministry

of Health, by the IRCCS Ospedale Policlinico San Martino Eth-

ical Committee (Authorization n. 55/2020-PR) and performed

in accordance with the national current regulations regarding

the protection of animals used for scientific purpose.

E17.5 fetuses were removed from pregnant C57BL/6

wild-type mice and metatarsals were dissected under ste-

reomicroscope. The isolated metatarsals were cultured in

24-well plates in 300 μL of α-MEM-GlutaMAX medium

(Gibco, Waltham, Massachusetts), supplemented with 10%

FBS (Gibco, Milan, Italy) and 50 mg/mL penicillin/strepto-

mycin for 96 hours. After 96 hours, attached bones cov-

ered with fibroblasts were selected and medium was

replaced with α-MEM-GlutaMAX supplemented with 2%

FBS. For each replicate, experimental groups have been set

as follows: (a) negative control: serum-free α-MEM Glu-

taMAX; (b) test groups: serum-free α-MEM GlutaMAX

supplemented with 0.5 μg of either ADSC-/BMSC-mEVs

or ADSC-/BMSC-sEVs; (c) positive control: α-MEM-

GlutaMAX supplemented with 10% FBS. After 7 days,

bones were analyzed for the expression of CD31 by immu-

nohistochemistry (IHC) and immunofluorescence (IF), as

previously described.21 For more information about IHC

and IF, please see Supplemental Materials.

2.5 | Cell proliferation assay

BrDu proliferation assay (cell proliferation enzyme-linked

immunosorbent assay (ELISA), bromodeoxyuridine (BrdU),

Roche Mannheim, Germany) was performed according to

manufacturer's instructions.

2.6 | Ex vivo metatarsal bone growth assay

E15.5 fetuses were removed from pregnant C57BL/6 wild-type

mice and metatarsals were dissected under stereomicroscope.

The isolated metatarsals were cultured in 24-well plates in

300 μL of α-MEM-GlutaMAX medium, supplemented with 0.2%

w/v bovine serum albumin (BSA), 50 mg/mL penicillin/strepto-

mycin and 1� Amphotericin B (basal medium). After 24 hours,

0.5 μg mEVs and sEVs were added. A positive control was used

to trigger the bone growth/differentiation by adding 50 μg/mL

ascorbic acid, 10 mM β-glycerophosphate and 10�7 M dexa-

methasone (all of them from Sigma-Aldrich, St. Louis, Missouri)

to the medium (osteogenic medium). Fresh EVs were added

every 3 days, while osteogenic medium was changed every

other day in positive controls. Metatarsal cultured in serum-free

(basal medium) were used as negative controls. Bone growth

was monitored daily and analyzed by Image J software.

2.7 | Histological and immunohistochemical
analysis

After 10 days of culture, E15.5 metatarsals were washed with

PBS and fixed in 3.7% paraformaldehyde (PFA), then

dehydrated and paraffin embedded. Sections of 5 μm were

cut, dewaxed, and stained with hematoxylin and eosin (H&E)

and Safranin-O/Fast-Green. For more details, please see Sup-

plemental Materials.

2.8 | Statistical analysis

Statistical analysis of differences between multiple groups were

performed applying Two-way ANOVA and Tukey's multiple

comparisons test. For the analysis of protein arrays,

multiple t test was performed. Data are presented as mean

± SD considering at least three independent replicates for each

assay and analyzed by GraphPad Prism (Graph Pad Software,

Inc). For all analyses P < .05 was considered statistically signifi-

cant. In all cases: ****P < .0001, ***P < .001, **P < .01, *P < .05.

3 | RESULTS

3.1 | ADSCs and BMSCs release EVs with
similar characteristics

Primary cultures of MSCs isolated from either AD or BM have

been investigated for their typical mesenchymal phenotype by

flow cytometry. According to International Society for Cell
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Therapy (ISCT) indications,22 both ADSCs and BMSCs consti-

tutively expressed the cell surface antigens CD29, CD44,

CD73, CD90, and CD105. The expression of CD31, CD34,

and CD45 was less than 15%, indicating a poor contamination

of endothelial, myeloid, and hematopoietic cells

(Supplementary Figure 1A). Only the expression of CD34 by

ADSCs was higher than 30%. This is in line with the already

published evidence that freshly isolated adipose-derived

MSCs (ADSCs) express CD34. Indeed, in these cells CD34

expression disappears after prolonged in vitro culture.23

Cell conditioned medium (CM) was collected from either

ADSCs or BMSCs maintained for 24 hours in serum free

medium. Flow cytometry of Annexin V/PI-stained cells was

used to quantify the apoptotic rate of cells exposed to serum

deprivation for 24 hours. Less than 1% of both ADSCs and

BMSCs underwent apoptosis or necrosis (Supplementary

Figure 1B). For EV separation, CM were subjected to differen-

tial ultracentrifugation (UC), using an intermediate speed

(10 K) prior to a high-speed step (100 K), in order to obtain

intermediate recovery and specificity.24 Material pelleted at

10 K, enriched in medium-sized vesicles (mEVs), was com-

pared with the 100 K pelleted one, considered to be enriched

in small-sized EVs (sEVs). Both mEVs and sEVs separated from

the two cell sources were firstly characterized by TRPS to

check their size and concentration. No significant differences

were observed in EV size among the two cell sources

(Figure 1A,B). mEVs released by ADSCs and BMSCs exhibited

a mean size of 388 ± 32.7 nm and 346 ± 42.1 nm, respec-

tively. sEVs isolated from ADSCs and BMSCs presented a

mean size of 138 ± 12 nm and 152 ± 33.2 nm, respectively,

indicating that the separation method here adopted allowed

the effective and significant separation of two different EV

subpopulations (ADSCs: mEVs vs sEVs, P ≤ .0001; BMSCs:

mEVs vs sEVs, P ≤ .001) (Figure 1A,B). Both cell types

released a significantly higher amount of sEVs than mEVs

(ADSCs: sEVs vs mEVs, P < .01; BMSCs: sEVs vs mEVs,

P < .05) and with no significant differences between the two

cell sources (Figure 1C).

In order to evaluate whether mEVs and sEVs were suc-

cessfully purified from cells, immunoblotting was performed.

Both EV subpopulations, and in particular sEVs isolated from

ADSCs and BMSCs expressed the vesicle-associated proteins

CD81 and CD63 (Figure 1D). To note, the expression of the

tetraspanin CD9 was not detected in any MSC-derived

EV. Syntenin, a specific marker for sEVs,25 was strongly

expressed by ADSC- and BMSC-derived sEVs, poorly

detected in mEVs and BMSC lysates, and not detected in

ADSC lysates (Figure 1D). Interestingly, flotillin-1 was

expressed by cell lysates, both mEVs, and by sEVs released

only by ADSCs (Figure 1D). As expected, GRP94, a protein of

the endoplasmic reticulum used as EV negative marker, was

strongly detected only in the cell lysates (Figure 1D). After

24 hours of medium conditioning, isolated EVs, as well as the

corresponding MSC monolayers, were analyzed by TEM.

Ultrastructural analysis of both cell types revealed the pres-

ence of many multivesicular bodies (MVBs) containing several

intraluminal vesicles within the cytoplasm, confirming the dis-

charge of a prevalent population of sEVs (Figure 1E, upper

panels). The corresponding EV fractions showed the typical

round or cup-shaped morphology surrounded by a bilayer

membrane, with sizes ranging from 30 to 200 nm (Figure 1E,

bottom panels), confirming that the separation procedure

picked out a mixed population of vesicles, enriched mostly

in sEVs.

ADSC- and BMSC-derived EVs were further characterized

for size and marker expression by nonconventional flow cyto-

metry.20 Both mEVs and sEVs were stained with the cell-

permeant, fluorescein-based CFDA-SE tracer, useful to discrimi-

nate intact vesicles from debris and membrane fragments. Since

CFDA-SE passively diffuses within vesicles and interacts with

intra-vesicular enzymes at room temperature (RT) (Figure 2A,

bottom panels), 4�C samples were used as controls (Figure 2A,

upper panels). Taking advantage of fluorescent dimensional

beads (Supplementary Figure 2A), specific size gates were con-

sidered (≤100 nm, from 100 to 160 nm and from 160 to

900 nm) (Figure 2B). The percentage of events falling within

each dimensional gate was calculated (Supplementary Table 1).

While the percentage of vesicles smaller than 100 nm was sig-

nificantly higher in sEVs released by BMSCs if compared with

the mEV counterpart, the percentage of events ranging from

100 and 160 nm, as well as 160 and 900 nm, was significantly

higher in BMSC-mEVs compared with sEVs (Supplementary

Table 1). A similar trend was also observed in the vesicles

released by ADSCs, but no statistically significant differences

were detected (Supplementary Table 1). Moreover, no differ-

ences were noticed between EVs released by ADSCs and

BMSCs, except for the bigger vesicles, ranging from 160 to

900 nm, whose percentage was significantly higher in ADSCs

(Supplementary Table 1). Upon accurate titration of antibodies

and the use of related isotype controls,20 the expression of

CD81, CD63, and CD9 was evaluated in both mEVs and sEVs

(Supplementary Figure 2B,C). All vesicle subpopulations derived

from both cell types expressed, at different extent, the three

markers. The expression of CD9 was the lowest among the

tetraspanins, confirming the western blot analysis. Taken

together, these data indicate that MSCs release EV subtypes

with similar characteristics, independent of the cell source.

3.2 | Differentially expressed proteins in
BMSC- and ADSC-EVs

Although ADSCs and BMSCs share many biological features,

little is known about differences in their secreted factors, and

in particular EV subtypes. In order to evaluate the protein

cargo of both mEVs and sEVs released by ADSCs and BMSCs,

vesicle lysates were analyzed using a Proteome Profiler
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F IGURE 1 ADSCs- and BMSCs-derived EVs have common characteristics. A, Tunable resistive pulse sensing (TRPS) analysis measuring size
distribution of ADSC-derived mEVs and sEVs (pink) and BMSC-derived mEVs and sEVs (green). Comparison of size distribution (B), particle
counting intended as particle/cell (C). Data are presented as mean ± SD. N = 3, ****P < .0001, ***P < .001, **P < .01, *P < .05 (two-way ANOVA
and Tukey multiple comparison). D, Western blot analysis on ADSCs and BMSCs-derived mEVs and sEVs. Control cell lysates were also loaded.
Specific expressions of CD63, CD81, flotillin, syntenin, and GRP94 were investigated. E, TEM images of preconditioned ADSCs and BMSCs (top
panel) and isolated EVs (bottom panel)
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optimized to detect cytokines and chemokines (Figure 3).

Significant differences were detected not only between mEVs

and sEVs derived from the same cell source, but also between

the two different cell sources. Gene ontology (GO) analysis

was applied to identify key pathways characterizing EV subtypes

and the relative frequency of ontology terms (ie, biological

functions) was considered. The main biological processes

characterizing ADSC- and BMSC-sEVs and mEVs were related

to “cell proliferation,” “angiogenesis,” “regulation of cellular

communication,” “defense response,” “chemotaxis,” “response to

external stimulation,” and “cell migration,” with no significant dif-

ferences among them (Figure 3A). Supplementary Table 2

resumes the more relevant biological functions and factors

involved, with frequency and p value.

Compared with the BMSC-counterpart, ADSC-mEVs

presented a significant upregulation of four different pro-

teins, involved, at different extents, in injury environment

modulation: DKK-1 (Dickkopf-related protein 1), GRO-α

F IGURE 2 Nonconventional flow cytometry strategy used to characterize mEVs and sEVs. A, Red areas identify CFDA-SE positive events.
EVs were stained with CFDA-SE at 4�C as “blank tube” (top), useful to define the appropriate dimensional gate when considering EVs stained
with CFDA-SE at room temperature (bottom). B, Size distribution of EV subtypes. Three dimensional gates were considered: EVs ≤ 100 nm
(orange), 100 nm ≤ EVs ≤ 160 nm (blue), and 160 nm ≤ EVs ≤ 900 nm (green). C, Quantification of CD9-, CD63-, and CD81-positive events
falling within the CFDA-SE gate by mEVs and sEVs. Data are presented as ratio between mean fluorescence intensity (MFI) of cells stained with a
specific antibody and MFI of correspondent isotype control (relative MFI). Data are representative of at least three independent experiments
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(growth-regulated oncogene-alpha), IL-8 (interleukin-8),

and IGFBP-3 (insulin-like growth factor binding protein-3)

(Figure 3B, left panel). On the contrary, BMSC-derived

mEVs exhibited a significant overexpression of proteins

involved in the modulation of angiogenic and osteogenic

responses (angiopoetin-2 [ANG-2] and brain derived growth fac-

tor [BDNF], respectively), as well as in the crosstalk with immune

cells (interferon-γ [IFN-γ], interleukin-1α [IL-1α], kallikrein-3

[KLK-3], and resistin [RETN]) (Figure 3B, left panel). Regard-

ing sEVs, only one protein, plasminogen activator

inhibitor-1 (PAI-1), was significantly overexpressed by

ADSC-derived vesicles (Figure 3B, right panel), while three

proteins were significantly upregulated in BMSC-sEVs:

EMMPRIN (CD147), hepatocyte growth factor (HGF), and

urokinase-type plasminogen activator receptor (uPAR)

(Figure 3B, right panel).

F IGURE 3 Proteome profiler analysis of ADSC- and BMSC-derived EVs. A, Gene ontology analysis of biological functions in mEVs and
sEVs. B, Heatmaps of expressed proteins by mEVs and sEVs. N = 3, (*) presents the statistical differences between the groups. ***P < .001,
**P < .01, *P < .05 (multiple t-test comparison). ANG, angiogenin; ANG-2, angiopoietin-2; BDNF, brain-derived neurotrophic factor; DKK1,
Dickkopf-1; EMMPRIN, extracellular matrix metalloproteinase inducer; CD105, endoglin; FGF19, fibroblast growth factor 19; GROα, growth-
regulated oncogene-alpha; HGF, hepatocyte growth factor; IFNγ, interferon γ; IGFBP3, insulin-like growth factor-binding protein 3; IL1α,
interleukin 1 alpha; IL8, interleukin-8; KLK3, kallikrein-3; OPN, osteopontin; PTX3, pentraxin-3; RETN, resistin; SDF1α, stromal cell derived factor

1 alpha; PAI1, plasminogen activator inhibitor-1; TSP1, thrombospondin-1; uPAR, urokinase-type plasminogen activator receptor
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3.3 | ADSC-sEVs promote endothelial cord
outgrowth from fetal metatarsal explants more
efficiently than BMSC-sEVs

We studied the effects of EVs secreted by ADSCs and BMSCs

on two different aspects of the EO process. Taking advantage

of mouse metatarsal organ explant cultures, E17.5 and E15.5

mice metatarsal were exploited as models of angiogenesis and

osteogenesis, respectively.21,26

In comparison with other commonly used in vitro or

ex vivo angiogenesis assays, endothelial cord outgrowth from

mouse fetal metatarsals is more representative of sprouting

angiogenesis in vivo.21 The assay performed on E17.5 meta-

tarsals revealed that ADSC-derived mEVs and sEVs were able

to induce the outgrowth of a significant higher number of

CD31+ endothelial cords in comparison to BMSC-derived

counterparts (P ≤ .05 and P ≤ .01, respectively) (Figure 4A,B

and Supplementary Figure 3).

Blood vessel formation from metatarsals is the result of

complex interactions between various cell types, overall con-

tributing to the development of an intricate vascular network

on the top of a fibroblast sheet.21 Although BMSC-sEVs pos-

sessed a lower ability to induce vessel sprouting than ADSC-

counterparts, interestingly we noticed a strong induction of

fibroblast proliferation by this experimental group (Figure 4A).

This evidence was confirmed by BrdU cell proliferation assay

on human umbilical vein endothelial cells (HUVEC) and mouse

embryonic fibroblasts (MEFs). Data showed that BMSC-sEVs

were able to induce a statistically significant higher HUVEC

proliferation in comparison to BMSC-mEVs and ADSC-sEVs

(P < .01, Figure 4C). BMSC-sEVs also induced a significant

increase in MEF proliferation compared with ADSC-

counterparts (Figure 4D).

3.4 | Metatarsal bone explants exposed to
BMSC-sEVs exhibit more organized growth plate
areas compared with ADSC-sEVs

The culture of E15.5 mouse metatarsals is a highly physiologi-

cal ex vivo model for studying EO and bone growth. Since

ADSCs and BMSCs release a significant larger amount of sEVs

compared with mEVs (Figure 1C), we focused on the effects

induced by sEVs. E15.5 metatarsals were cultured in the fol-

lowing conditions: (a) basal medium (negative control),

(b) osteogenic medium (positive control), (c) basal medium

supplemented with 0.5 μg ADSC-sEVs, or (d) BMSC-sEVs. As

shown in Figure 5A, at day 9 a mineralization center was

observed only in the positive control. Bone growth was

F IGURE 4 Ex vivo metatarsal sprouting assay. A, Representative image of CD31+ vessel structures, scale bar = 100 μm. B, Quantitative
analysis of vessel density, CD31-positive cells were considered for the analysis. Quantitative analysis of BrDu incorporation (%) by HUVEC
(C) and MEF (D). Data are presented as mean ± SD. N = 3, **P < .01, *P < .05, (two-way ANOVA and Tukey multiple comparison)
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significantly higher in positive control compared with the

other experimental groups (P ≤ .0001) (Figure 5B). Although

ADSC-sEVs seemed to promote metatarsal growth during the

first 7 days in culture compared with both negative controls

(P = .0114) and BMSC-counterparts (P = .0220) (Figure 5B),

their effect appears to reach a plateau between day 7 and

9. This evidence suggests that, at macroscopic level, both

ADSC- and BMSC-sEVs did not elicit drastic effects on meta-

tarsal bone growth. For this reason, the pro-differentiative

effect of EVs was further investigated at microscopic level,

evaluating possible differences in the growth plate dynamics.

Longitudinal bone growth occurs in the growth plate, in which

chondrocytes are finely organized in resting, proliferative and

hypertrophic zone.27 As reported in Figure 6A, the resting

zone (RZ) is characterized by single or paired chondrocytes,

irregularly dispersed and embedded in a cartilage matrix. Adja-

cent to the RZ, chondrocytes are flattened and arranged in

columns parallel to the long bone axis. This proliferative zone

(PZ) is the area of active cell replication, while the hypertro-

phic zone (HZ) is featured by enlarged, terminally differenti-

ated cells and it initiates ossification by attracting

vasculature.27,28 Moreover, an intermediary zone termed pre-

hypertrophic zone (pre-HZ) can lie between PZ and HZ.29

Since it was not easy to discriminate precisely between pre-

HZ and HZ, we will refer to pre-HZ/HZ in the description of

the results associated to our experimental groups. We exam-

ined the morphology of chondrocytes within the growth plate

and measured the extension of each zone, to understand the

potential of MSC-sEVs in supporting EO. Negative controls

exhibited a predominance of RZ (about 80% of total bone

F IGURE 5 Effect of ADSC- and BMSC-derived sEVs on longitudinal bone growth. A, Representative images of mouse metatarsals at day 1
and day 9 of culture, in different culture conditions. B, Quantification of bone length increase during the time in different experimental groups.
Each bone length was normalized on its day 1 value. Data are presented as mean ± SD. Table shows statistical significance between experimental
groups. N = 10, ****P < .0001, *P < .05 (one-way ANOVA and Tukey multiple comparison)
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area), while PZ represented a restricted flap, with a not well-

organized structure, and pre-HZ/HZ was just sketchy

(Figure 6B,C). Conversely, in positive controls all zones were

clearly detectable (Figure 6C). RZ resulted strongly restricted

compared with negative control (P < .0001), while PZ was

abundant (about 40% of total bone area, P > .0001) (Figure 6A,

B). No statistical differences were found in the extension of

pre-HZ/HZ, even if positive control presented a more defined

organization of the cells composing this area (Figure 6A,B). Sim-

ilarly, both ADSC- and BMSC-sEVs induced a significant reduc-

tion of RZ compared with negative controls (P < .01 and

P < .0001, respectively), but no statistical differences were

observed between the two cell sources (Figure 6B). Interest-

ingly, BMSC-sEVs triggered a significant increase in the PZ area

in comparison to both ADSC-sEVs and negative controls

(P < .01 and P < .001, respectively). Accordingly, an initial

columnar cell organization similar to positive control can be

detected in the samples treated with BMSC-sEVs (Figure 6C).

No significant differences were noticed among ADSC-

and BMSC-sEVs in pre-HZ/HZ area (Figure 6B). Type X-

Collagen (Coll-X) is the main marker of hypertrophic cho-

ndrocytes.30,31 Both EV-treated groups and positive controls

expressed Coll-X in their pre-HZ/HZ, localized near the cen-

ter, suggesting the establishment of a differentiation stage

close to mineralization (Figure 6C). On the contrary, no Coll-X

expression was detected in negative controls, confirming that

in basal conditions bone metatarsal were stuck in a very early

differentiation stage (Figure 6C).

F IGURE 6 Effect of ADSC- and BMSC-derived EVs on metatarsal growth plate organization. A, Schematic representation of growth plate
morphology. B, Quantification of growth plate zones in different experimental groups. Area of the zone is calculated and reported as percentage
of area/ROI (ROI = total bone area). Data are presented as mean ± SD. N = 5, (*) represent statistical significance compared with negative
control. Statistics between ADSC- and BMSC-sEVs are also reported. ****P < .0001, ***P < .001, **P < .01, *P < .05 (two-way ANOVA and Tukey
multiple comparison). C, Representative H&E, Safranin, and type-X collagen staining images of different groups. Scale bar = 100 μm
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F IGURE 7 High magnification images of metatarsal bones. A, Representative H&E images of different zones at high magnification, to show
details and chondrocytes morphology in different experimental groups. RZ, resting zone; PZ, proliferative zone; pre-HZ/HZ, pre-hypertrophic/
hypertrophic zone; Ob, osteoblast-like cells; Pc, perichondrium. Red arrows indicated Ob. B, Type I collagen staining. C, Runx2 staining. Scale
bar = 100 μm
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Apart from the extension, also the morphology and spatial

orientation of the cells composing each zone are responsible

for the correct organization of the growth plate.27 RZ was well

distinguishable in all experimental groups and, as expected, it

was characterized by single or paired chondrocytes immersed

in a dense matrix (Figure 7A). In positive controls, PZ-

chondrocytes were arranged in columns parallel to the long

axis of the bone (Figure 7A), and pre-HZ/HZ were character-

ized by enlarged cells, with a matrix relegated to some por-

tions surrounding the hypertrophic cells (Figure 7A). Close to

the perichondrium, flattened and elongated cells with an

osteoblast-like morphology were progressively incorporated

in a bone-like matrix in the area straddling PZ and pre-HZ/HZ

(Figure 7A). On the contrary, in negative controls, PZ-

chondrocytes started to show their flattened morphology, but

they were not able to self-orientate and arrange into columnar

structures (Figure 7A). These cells enlarged in pre-HZ/HZ, but

they were still scattered, and portions of dense cartilaginous

matrix were still visible. No osteoblast-like cells were detect-

able, and perichondrium was not organized (Figure 7A).

Similarly to positive controls, the proliferative zone of

BMSC-sEV-treated groups presented flattened and self-

orientated chondrocytes starting to arrange into columns paral-

lel to bone growth axis (Figure 7A). A different outcome was

observed in ADSC-sEV groups, where proliferating cho-

ndrocytes were not able to organize in columns and remained

chondron-like entities (Figure 7A). In both EV groups,

hypertrophic chondrocytes of pre-HZ/HZ were enlarged and

compacted, like positive controls. Close to perichondrium, few

osteoblast-like cells were detectable in BMSC-sEV-treated

metatarsals. Taken together, these observations suggest that

BMSC-sEVs possess a more pronounced differentiation poten-

tial, promoting the correct spatial organization of the different

growth plate area, particularly the proliferative zone. Finally, the

expression of two specific markers, type I collagen (Coll I) and

runt-related transcription factor 2 (Runx2), was also checked.

Coll I was mainly expressed in positive control and, with less

intensity, in BMSC-EVs-treated samples and it was found

mostly around the osteoblast-like cells and in the elongated cells

near pre-HZ/HZ (Figure 7B). Contrarily, ADSC-EVs showed a

weaker expression of Coll I, while negative control had no Coll I

positive cells (Figure 7B). Runx2 was found in positive controls,

but also in ADSC-EVs and BMSC-EVs (Figure 7C).

4 | DISCUSSION

MSC-EVs have gained significant interest as cell-free regener-

ative therapies.32 EVs are heterogeneous cell-derived mem-

branous structures, originating from the endosomal

compartment or shedding from plasma membrane.13 Due to

their biogenesis, the biological message transferred by EVs

reflects the information carried by parental cells.33 Indeed,

MSC-EVs have been reported to be effective in numerous

preclinical models, recapping the cell-mediated effects.34 In

particular, they have been reported as novel cell-free alternatives

to cell therapy with MSCs in the context of some bone-related

pathologies, such as osteoarthritis (OA),35 rheumatoid arthritis

(RA),36,37 osteoporosis (OP),38,39 osteonecrosis,40 and bone frac-

ture.41 Finally, MSC-EV therapy has the potential to become a

novel cell-free therapy also for genetic disorders like osteogene-

sis imperfecta.42 EVs can be easily isolated fromMSCs of various

origins, including AD and BM. Although both ADSC- and BMSC-

derived EVs are indifferently used in many studies,43 it is not yet

clear whether and how the MSC source can affect EV structure

and content and consequent biological function.

In this study, we isolated mEVs and sEVs from ADSCs and

BMSCs and we compared their activity in a highly physiological

ex vivo model of EO. Most of the vesicles released by both cell

types were enriched in sEVs (100 K pellet). This could have a

functional reason, since it has been reported that MSC-derived

sEVs are therapeutically effective in different preclinical

models.44 However, once isolated, EV subpopulations from both

cell sources exhibited similar characteristics. According to MISEV

2018 guidelines, ADSC- and BMSC-sEVs were enriched in syn-

tenin, a cytosolic protein described to be segregated mostly in

small vesicles, being involved in exosome biogenesis.24 As

expected, tetraspanins CD81 and CD63 were highly abundant in

both sEVs, but CD81 was also present, to various degrees, in

mEVs and in the corresponding cell lysates. CD9 was not

detected in any of the EV populations analyzed, confirming its

absence in MSC-derived vesicles.24 Interestingly, flotillin-1, a

caveolae associated factor, was the only protein whose expres-

sion differentiated EVs released by ADSCs and BMSCs, being

expressed by both mEVs and sEVs secreted by ADSCs, but only

by BMSC-mEVs.

A better understanding of how specific factors are sorted

into EV subpopulations could help to elucidate their biological

role. ADSC-mEVs were mainly enriched in factors involved in

the response to damage, such as GRO-α and IL-8, two structur-

ally related proteins with a potent neutrophil-stimulating

activity,45,46 IGFBP3, that modulates endothelial cell behavior

and mediates cytoprotection following vascular injury,47 and

DKK-1, an antagonist of the Wnt/β-catenin signaling involved

in tissue homeostasis and repair, whose expression is induced

by inflammatory cytokines.48 Conversely, biological factors

involved in the modulation of angiogenic and osteogenic

responses (ANG-2 and BDNF), as well as in the crosstalk with

immune cells (IFN-γ, IL-1α, and KLK-3) were upregulated in

BMSC-mEVs. Indeed, ANG-2 is a well-known growth factor

belonging to the angiopoietin/TIE pro-angiogenic signaling

pathway.49 BDNF is a growth factor described to play a role in

the modulation of bone repair increasing the expression of the

osteogenic markers.50 IFN-γ and IL-1α are two important

immunomodulators that trigger MSCs towards an anti-

inflammatory and pro-trophic phenotype.51-53 KLK3 is an
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angiogenesis suppressor.54 Surprisingly, the pro-inflammatory

adipokine RETN, described to regulate MSC proliferation and

homing,55,56 was significantly upregulated in BMSC-mEVs.

PAI-1 was the only upregulated protein in ADSC-sEVs. PAI-1

exerts both pro- and anti-angiogenic properties, with the con-

centration of PAI-1 being an important determinant of which

effect is observed.57 On the other side, three proteins associ-

ated with MSC osteogenic differentiation (EMMPRin, uPAR,

and HGF) were overexpressed by BMSC-sEVs. The glycopro-

tein EMMPRin (CD147), has been found to be upregulated in

MSCs, and in particular in osteogenically-differentiated

MSCs.58 The multifunctional receptor uPAR mediates mobiliza-

tion, migration and differentiation of MSCs, controlling their

trafficking to the vascular wall in response to injury.59 Finally,

HGF promotes osteogenic differentiation through the expres-

sion of key osteogenic markers in human MSCs and it is a nec-

essary component for the establishment of osteoblast

mineralization.60 The results described above suggest that EVs,

and in particular sEVs, are enriched in proteins that could play a

key role in angiogenesis and osteogenic differentiation, two

fundamental phases of the EO process. For this reason, the

fetal metatarsal bone explant model has been selected, since it

recapitulates these phases, providing conditions closer to the

in vivo situation than cells grown in monolayer or 3D cul-

ture.21,26 Indeed, EO acts on three different levels: the differen-

tiation of chondrocytes and their maturation, the establishment

of a vascularized network that supports the ossification pro-

cess, and the bone remodeling. Different studies demonstrated

functional differences between BMSCs and ADSCs in this

regard. BMSCs appear to be more osteoinductive than ADSCs

in vivo. On the other hand, ADSCs contain vasculogenic sub-

populations, which could be effective for bone repair, by pro-

moting neovascularization. Accordingly, also their secretory

profile can undergo variations dependent on the cell source.

Hsiao and colleagues have already shown that ADSC total

secretome exerts enhanced pro-angiogenic activities than

BMSC-derived one.61 In our study, we showed that the EV-

encapsulated components of the ADSC secretome exhibit

greater angiogenic capabilities compared with BMSC-counter-

parts, confirming that ADSCs could be preferred over other

MSC populations in therapeutic approaches dependent upon

angiogenesis. Nevertheless, the ability of EVs released by either

ADSCs or BMSCs to interfere with the subsequent phases of

EO is still unclear. Long bone growth occurs in the growth

plate, a structure in which cartilage is clearly organized in three

different horizontal layers: resting, proliferative and pre-hyper-

trophic/hypertrophic zone (RZ, PZ, pre-HZ/HZ), and the chon-

drocyte cell fate is recapitulated along the different areas. In

RZ, chondrocytes start to replicate, and the daughter cells flat-

ten and arrange themselves in columnar structures, orientated

parallel to the growth axis. When chondrocytes stop replicat-

ing, they enlarge, reaching a terminally differentiated state. This

peculiar organization and spatial orientation guides EO, leading

to the maturation of cartilage and its remodeling into bone.27,28

The ex vivo E15.5 bone explant model allowed us to evaluate

the role played by ADSC- and BMSC-EVs on growth plate mor-

phology. Although neither type of vesicle can induce significant

macroscopic differences in terms of bone growth, BMSC-sEVs

induced a more defined spatial organization of the growth

plate, compared with ADSC-sEVs. The substantial difference

lied in the organization of chondrocytes within the PZ, which is

known to play a crucial role in EO, being the region of active

cell replication. Columns in PZ are formed by four to eight flat-

tened chondrocytes, longitudinally oriented. This orientation is

related to a well-defined cartilage matrix composition, whose

maturation determines an increase in matrix stiffness and

drives the transition from round to flat chondrocytes.62 The

morphometric analysis of E15.5 metatarsals revealed that the

percentage of PZ-area/total area was significantly increased in

the BMSC-sEV treated groups compared with ADSC counter-

parts. The latter did not induce any change in PZ area com-

pared with negative control. More importantly, PZ-

chondrocytes of BMSC-sEV-treated groups maintained the flat

columnar arrangement embedded in the extracellular matrix,

which is not detected in ADSC-sEV and negative control

groups. It is well known that the mechanisms of chondrocyte

mediolateral elongation involve, among the others, several mor-

phogenetic signals that modulate chondrocyte orientation.62

Contrary to ADSC, BMSC-sEVs release signals that guide the

spatial organization of chondrocytes in this specific and funda-

mental area of the growth plate that will dictate bone growth.

Moreover, we provided evidence that initial perichondral for-

mation occurred in positive controls, where a vis-à-vis cell pat-

tern between elongated osteoblast-like cells (type I collagen

positive) and hypertrophic chondrocytes (type x collagen and

runx2 positive) was detected. Only in BMSC-sEV-treated meta-

tarsals we could appreciate an initial collar organization with

elongated cells placed in front of the hypertrophic cho-

ndrocytes as described by Riminucci and colleagues.63 Despite

our ex vivo E15.5 explant model is a powerful tool that closely

mimics the in vivo process, it presents some drawbacks, such

as limited lifespan and absence of a vascular network that could

lead to a complete ossification of HZ-chondrocytes. This could

partially explain the poor differences observed in pre-HZ/HZ

of treated metatarsals, in the organization of perichondrium

and the total bone length. Further investigations using ex vivo

bone cultures derived from different developmental stages

could help to better discriminate the EV-mediated effects and

understand the priming of bone formation.

Various reports indicate that, regardless of the cell source,

MSC-derived EVs possess immunomodulatory, pro-regenera-

tive, pro-angiogenic and anti-apoptotic properties.

Nevertheless, few of them focus on the mechanism of

action of MSC-EVs during embryonic tissue development, a

key point to better understand tissue remodeling and regener-

ation. The intrinsic characteristics of EVs make them an
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interesting strategy for tissue repair and regeneration. In

this context, their use presents some advantages, but also

some drawbacks. On one hand, EV structure protects their

cargo, contributing to increase their ability to deliver the

content into the cytosol of recipient cells. Moreover, EV-

based strategies bypass the problems of immunogenicity

and toxicity. However, there are still quite a few limita-

tions to be addressed before EVs can be developed into a

practical and effective therapeutic. Among these, the con-

fusion regarding their precise biogenesis and the difficul-

ties in tracking their fate after in vivo administration. Last,

but not least, the related mechanisms of action are still at

an early stage of comprehension and will require further

investigation.

This study shows how the differences among MSC

sources are reflected in the corresponding EVs, highlighting

the importance of selecting the appropriate cell source for the

development of innovative cell-free therapeutic strategies.

5 | CONCLUSION

This work explores the role of MSC-EVs during the differenti-

ation and maturation of cartilage and points out how EVs

from different origins can modulate early endochondral bone

formation process in a different manner. Therefore, despite

apparently few differences were found between EVs derived

from ADSCs and BMSCs, a deeply investigation of their bio-

logical effects is crucial, before selecting the optimal EV-cell

source.
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