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Mesenchymal stromal cells (MSCs) are characterized by a regulatory phenotype and respond promptly to the
environmental signals modulating their secretory activity. An appropriate preconditioning may induce MSCs to
release secretomes with an enhanced regenerative potential. However, it fails to take into account that secretomes

Q;iiggenem are composed by both soluble factors and extracellular vesicles (EVs), whose functions could be altered differently
Proteor?lics by the preconditioning approach. Here we demonstrate that the MSC secretome is strongly modulated by the

simultaneous stimulation with hypoxia and pro-inflammatory cytokines, used to mimic the harsh environment
present at the site of injury. We observed that the environmental variations strongly influenced the angiogenic
potential of the different secretome fractions. Upon inflammation, the pro-angiogenic capacity of the soluble
component of the MSC secretome was strongly inhibited, regardless of the oxygen level, while the EV-encapsulated
component was not significantly affected by the inflammatory stimuli. These effects were accompanied by the
modulation of the secreted proteins. On one hand, inflammation-activated MSCs release proteins mainly involved in
the interaction with innate immune cells and in tissue remodeling/repair; on the other hand, when MSCs are not
exposed to an inflamed environment, they respond to the different oxygen levels modulating the expression of
proteins involved in the angiogenic process. The cargo content (in terms of miRNAs) of the corresponding EV
fractions was less sensitive to the influence of the external stimuli. Our findings suggest that the therapeutic efficacy
of MSC-based therapies could be enhanced by selecting the appropriate preconditioning approach and carefully
discriminating its effects on the different secretome components.

Regenerative medicine

1. Introduction rather on their paracrine activity [2,3]. The array of trophic factors and

extracellular vesicles (EVs) secreted by MSCs is broadly defined as the

Mesenchymal Stromal Cells (MSCs) are versatile progenitors able to
sense the surrounding environment and actively respond to changes or
requirements of the milieu modulating the secretion of specific media-
tors [1]. It’s widely accepted that in many experimental and clinical
settings the MSC potency and therapeutic efficacy do not depend on the
physical closeness of the transplanted cells to the damaged tissue, but

cell secretome. When MSCs are injected in vivo and encounter the harsh
environment typical of a damaged tissue, they face a decline in their
biological performances [4]. Preconditioning represents an adaptive
strategy to improve MSC therapeutic efficacy, preparing cells to survive
in hostile conditions and enhancing their regulatory activities [5,6]. In
this context, one of the major challenges in MSC-based therapies is to
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develop in vitro culture methods that mimic the injury environment,
without compromising cell quality and function. Strong inflammation
and hypoxia are two simultaneous and related conditions during the
early phases of the tissue healing process [7,8]. Indeed, in the context of
the wound microenvironment, the activation of innate immune cells,
mainly neutrophils and monocytes, results in an enhanced release of
chemokines and cytokines, such as Tumor Necrosis Factor-a (TNF-a) and
Interleukin-1o and -1p (IL-1a and IL-1p), that act as mediators of the host
defense [9]. In these phases, wound sites are also characterized by low
oxygen tension due to disruption of the vasculature surrounding the
injury [7]. This is the complex milieu that transplanted MSCs encounter
and that mitigate their function and survival; treating cells with the
same stimuli before transplantation could overcome these limitations
and enhance their paracrine activity [4,10].

The control of blood vessel growth plays a key role to restore blood
supply and ensure rapid vascularization of damaged tissues [11].
Several literature reports indicate that MSC secretome can exert
different effects in the context of angiogenesis, and many of these dif-
ferences largely depends upon the various culture conditions [12,13]. It
has been described that MSCs respond positively to hypoxic pre-
conditioning, showing a decreased apoptosis even in severe microenvi-
ronmental conditions and an increased expression of angiogenic factors
[14,15]. Although various cytokines and chemical compounds have
been proven to have cell-protective effects [16], contrasting results have
been published regarding the angiogenic potential of MSCs licensed by a
pro-inflammatory microenvironment [17-19].

In the present study we evaluated the influence of a short-term
preconditioning with both hypoxia (1% O3) and inflammatory stimuli
(TNF-a and IL-1a) on the angiogenic potential of human adipose tissue-
derived MSC secretome. In particular, we compared the effect of the
total conditioned medium (CM) with that exerted by the corresponding
fractions composed by either small- or medium-sized extracellular ves-
icles (sEVs and mEVs), and with the vesicle-depleted medium, enriched
only in soluble factors. Extensive in vitro and ex vivo data demonstrated
that the synergistic action of hypoxia and inflammation affected the
MSC secretome fractions at different extents. In response to inflamma-
tory cytokines, MSCs released soluble factors with a strong anti-
angiogenic effect on endothelial cell proliferation, migration and tubu-
logenesis. On the contrary, and depending on the specific aspect of the
angiogenic process, the corresponding EV fractions were less sensitive to
the influence of external stimuli. Our findings suggest that a deep
investigation into how preconditioning can specifically influence the
different cell paracrine activities is fundamental to provide new insights
for the therapeutic use of the MSC secretome.

2. Materials and methods

2.1. Isolation and culture of human adipose tissue-derived Mesenchymal
Stromal Cells (MSCs)

MSCs were obtained from subcutaneous adipose tissue, as previously
described [20] and in compliance to Regione Liguria Ethical Committee
authorization (P.R. 23571). Briefly, subcutaneous adipose tissue in the
form of liposuction aspirates was obtained from human healthy donors
during routine lipoaspiration after informed consent. Adipose tissue was
extensively washed with cold phosphate-buffered saline (PBS) and
digested in 0.1% type I Collagenase (Gibco, MI, Italy) in PBS at 37 °C for
60 min. The resulting stromal vascular fraction (SVF) pellet was exten-
sively rinsed and plated at a density equivalent to 2 ml of liposuction
tissue aspirate/54cm? of surface area and cultured in Dulbecco’s MEM
(D-MEM) (Biochrom GmbH, Berlin, Germany) supplemented with 10%
fetal bovine serum (FBS) (Gibco, Milan, Italy), 2 mM of L-glutamine, and
50 mg/ml penicillin/streptomycin. The cultures were performed in the
presence of 1 ng/ml of fibroblast growth factor-2 (FGF-2; Peprotech,
Milan, Italy) (standard condition). Medium was changed every 3 days
and cells expanded after reaching about 85% confluence using 0.05%
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trypsin-EDTA (Gibco, MI, Italy). All cultures were maintained in a hu-
midified incubator at 37 °C with 5% COs. The immunophenotype was
evaluated by flow cytometry on MSC cultured in standard condition
using the following monoclonal antibodies to: CD31-FITC (390),
CD34-FITC (4H11), CD45-PE (2D1), CD73-FITC (AD2), mouse IgGl
kappa Isotype Control-FITC (P3.6.2.8.1), mouse IgG1l kappa Isotype
Control-PE (P3.6.2.8.1) (eBioscience), and monoclonal antibodies to:
CD90-PE (5E10), CD29-PE (MAR4), CD105-PE (266), CD44-FITC
(L178), mouse IgG1l kappa Isotype Control-FITC (MOPC-21), mouse
IgG1 kappa Isotype Control-PE (MOPC-21) (BD Biosciences). Cells were
analyzed using a flow cytometer (FACSCanto, BD Biosciences).

The MSC differentiation potential into osteogenic and adipogenic
lineages was verified in vitro. Briefly, cells cultured in standard condition
were detached from cultures reaching 90% confluence, washed, and
plated at a concentration of 5510 cells/cm? in 24-well culture plates.
Osteogenic differentiation was induced by stimulating cultures with 50
mg/ml ascorbic acid, 1.5 mg/ml p-glycerophosphate, and 10~/ M
dexamethasone in D-MEM for 14 days. The presence of calcium deposits
was revealed using Alizarin Red-S staining. To check the adipogenic
differentiation potential, MSCs were stimulated for 21 days in D-MEM
supplemented with 1% FBS, 10~/ M dexamethasone, and 6 ng/ml in-
sulin. Lipid droplets were revealed by staining with Oil Red staining.

Only cells that were in passage 2 or 3 were used for extracellular
vesicle separation.

2.2. MSC pre-conditioning and collection of MSC Conditioned Media
M

When MSCs reached around 70% confluence, cells were rinsed twice
with PBS and maintained for 20 min in D-MEM supplemented with 2
mM 1-glutamine and 50 mg/ml penicillin/streptomycin (serum-free
medium) to remove FBS residue. Medium was then removed and
replaced with fresh serum-free medium and cultures split into four
subcultures maintained for 24 h under normoxia (20% O3) (Nor), hyp-
oxia (1% O3) (Hyp), normoxia supplemented with 50 ng/ml Tumor
Necrosis Factor-a (TNF-a) (PeproTech, London, UK) and 50 ng/ml
Interleukin 1-o (IL1-a) (PeproTech, London, UK) (NorINF), and hypoxia
supplemented with 50 ng/ml TNF-« and 50 ng/ml IL1-a (Hyp™F). The
immunophenotype of MSCs cultured in Nor, Hyp, Nor™F and Hyp™"
conditions was evaluated by flow cytometry exploiting the same anti-
human antibodies above described. Cell viability of MSCs cultured for
24 h in Nor, Hyp, Nor™ and Hyp™F conditions was detected by FITC
Annexin V Apoptosis Detection Kit (BD Biosciences), according to
manufacturer’s instructions. Cells were analyzed using a flow cytometer
(FACSCanto; BD Biosciences). Conditioned media (CM) from Nor, Hyp,
Nor™ and Hyp™F were collected. Half of each CM preparation was used
to isolate extracellular vesicles and generate the corresponding amount
of depleted medium, as described in the next paragraph, and the other
half of CM was concentrated with Amicon®-Ultra-15, 3 kDa centrifugal
filter tubes (Merck, Massachusetts, USA). In order to quantify the protein
amount, BCA (BicinChoninic Acid) Protein Assay Kit (Thermo Fisher
Scientific, Massachusetts, USA) was used.

2.3. Extracellular vesicle (EV) separation and generation of depleted-
medium (DM)

We have submitted all relevant data of our experiments to the EV-
TRACK knowledgebase (EV-TRACK ID: EV200171) [21]. EVs were
separated from Nor-, Hyp-, Nor™ ., and HypINF— CM by differential ul-
tracentrifugation using a Beckman Coulter ultracentrifuge (Optima
L-90K), according to an already published protocol [22]. After collecting
the CM, cells/cell debris and apoptotic bodies were removed centri-
fuging the CM for 10 min at 300 xg and for 20 min at 2000 xg, respec-
tively. The resulting supernatant was transferred into
ultracentrifugation tubes (Beckman-Coulter, USA) and subjected to a
first centrifugation for 40 min at 10.000 xg (10K pellet) to obtain an EV



C. Gorgun et al.

pellet (10K pellet) enriched with medium sized-vesicles (mEVs). Su-
pernatants were then centrifuged for 120 min at 100.000 xg in order to
obtain a pellet (100K pellet) enriched with small sized-vesicles (SEVs).
Supernatants derived from 100K centrifugation were collected as
depleted media (DM) and concentrated to reach the same volume of
their corresponding CM. All EV pellets were washed in PBS and centri-
fuged at the same speed before being resuspended in sterile filtered
(0.22 pm) PBS or serum-free medium, in the same volume of their cor-
responding CM and DM. A SW28 swinging bucket rotor (Beckman
Coulter) has been used during the ultracentrifugation steps.

2.4. Flow cytometry characterization of EVs

EV characterization by flow cytometry was performed as previously
described [23]. Briefly, each EV preparation was suspended in filtered
PBS and distributed in flow cytometry tubes (100 pl/tube). For each
preparation, one tube has been stained with 1 pM CFDA-SE at 4 °C
(Vybrant™ CFDA SE Cell Tracer Kit, Thermo Fisher Scientific), that
represents the control to verify CFDA-SE specificity, and one tube con-
taining EVs was stained with the same amount of CFDA-SE at room
temperature (RT) to visualize intact vesicles and set the correct
dimensional gate. A mixture of fluorescent beads of varying diameters
(Megamix-Plus FSC and Megamix-Plus SSC, Biocytex) suspended in
filtered PBS was used following the manufacturer’s instructions to
discriminate EV size. Expression of typical vesicle markers CD9 (APC
Mouse Anti-Human CD9, Biolegend, 312108), CD63 (PE-CyTM7 Mouse
Anti-Human CD63, BD Biosciences, 561982) and CD81 (BV421 Mouse
Anti-Human CD81, BD Biosciences, 740079) was evaluated within the
CFDA-SE-positive events using the BD FACSAria II (BD Biosciences).

2.5. Nanoparticle Tracking Analysis (NTA) on MSC-derived EVs

EV concentrations and sizes were determined using a NanoSight
LM10 instrument (Malvern Instruments Ltd, Malvern, UK) equipped
with 405 nm laser and CCD camera. Readings were done as triplicates of
60 s at 30 frames per second, at a camera level set to 10 and monitoring
of temperature.

2.6. Transmission electron microscopy (TEM)

MSCs were washed out in 0.1 M cacodylate buffer and immediately
fixed in 0.1 M cacodylate buffer containing 2.5% glutaraldehyde
(Electron Microscopy Science, Hatfield, PA, USA) for 1 h at room tem-
perature. Cell pellets were post-fixed in osmium tetroxide for 2 h and 1%
uranyl acetate for 1 h. Subsequently, samples were dehydrated through
a graded ethanol series and embedded in epoxy resin (Poly-Bed; Poly-
sciences, Inc., Warrington, PA) for 24 h at 60 °C. Ultrathin sections (50
nm) were cut and stained with 5% uranyl acetate in 50% ethanol and
observed with Hitachi TEM microscope (HT7800 series, Tokyo, Japan).
Electron microscopic analysis on separated vesicle preparations was
performed as follows. The extracellular vesicle (EV) preparations were
resuspended in 20 pl PBS (pH 7.4) and fixed by adding an equal volume
of 2% paraformaldehyde in 0.1 mol/l phosphate buffer (pH 7.4). EVs
were then adsorbed for 10 min to formvar-carbon coated copper grids by
floating the grids on 5 pl drops on parafilm. Subsequently, grids with
adhered vesicles were rinsed in PBS and negatively stained with 2%
uranyl acetate for 5 min at room temperature. Stained grids were
embedded in 2.5% methylcellulose for improved preservation and air
dried before examination. Electron micrographs were taken at Hitachi
TEM microscope (HT7800 series, Tokyo, Japan) equipped with Mega-
view 3 digital camera and Radius software (EMSIS, Germany). To
visualize EV size distribution, the results were plotted as colorblind safe
scatter dot plot in which each size measured is represented as a point
along with lines for the median value and the range.
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2.7. Western blot analysis

For Western blot analysis, the pre-conditioned MSCs and their cor-
responding separated mEVs and sEVs were resuspended in RIPA buffer
(1% NONIDET p-40, 0.1% SDS, 0.1% Sodium deoxycholate, protease
inhibitor cocktail 1x, in PBS pH 7.5) and protein content was quantified
by BCA assay. Afterwards, 10 pg of proteins for each sample was loaded
on 4-20% Mini-PROTEAN®TGX™ Precast Gel for electrophoresis, and
proteins were blotted onto a PVDF membrane with a semi-dry transfer
system (all from Bio-Rad Europe, Basel, Switzerland). Blot membrane
was incubated overnight at 4 °C with the following specific primary
antibodies: anti-syntenin (1:1000 dilution, ab133267 Abcam, USA),
anti-mitofilin (1:1000 dilution, PA5 89627, Invitrogen, USA) and anti-
Grp94 (1:1000 dilution, ab238126, Abcam, USA), and anti-lamin A
(1:1000 dilution, ab26300, Abcam, USA) prepared in odyssey blocking
buffer (LI-COR, USA) at the dilution as recommended by the manufac-
turer. Following, membranes were incubated with appropriate second-
ary antibodies such as IRDye® 680RD or 800CW goat anti-mouse or goat
anti-rabbit secondary Ab (LI-COR Biosciences, Lincoln, Nebraska, USA).
Infrared signal was detected using Odyssey CLx Detection System (LI-
COR Biosciences).

2.8. HUVEC culture

HUVECs were plated on 1.5% (v/v) gelatin (Sigma-Aldrich, MO,
USA) coated 10 cm Petri dishes and cultured in Medium 199 (Euroclone,
Milan, Italy) supplemented with 10% FBS (Gibco, Milan, Italy), 2 mM t-
glutamine, 50 mg/ml penicillin/streptomycin, 100 mg/ml heparin
(PharmaTex, Milan, Italy), 10 pg/ml FGF-acidic, 10 pg/ml FGF-basic,
10 pg/ml EGF (Peprotech, London, UK), 1 mg/ml hydrocortisone
(Sigma-Aldrich, MO, USA) (complete medium). For the described ex-
periments, positive controls were set up with complete HUVEC medium
while negative controls were set up with serum-free Medium 199 (SF).
HUVECs were used at maximum passage number 5.

2.9. HUVEC proliferation assay

HUVECs were seeded at the density of 1x10* cells per well on gelatin-
coated 96-well plates and incubated in complete medium for 24 h to
allow cell adhesion. In order to synchronize the cells before starting
treatments, complete medium was replaced with SF medium for 24 h.
Following, HUVECs were treated for 24 h with secretome fractions (CM,
DM, mEVs and sEVs) derived from the 4 different MSC culture condi-
tions (Nor, Hyp, Nor™, Hyp™). Cell proliferation was measured with
the use of the Cell Proliferation Enzyme-linked immunosorbent assay
(ELISA), Bromodeoxyuridine (BrdU) (Roche Mannheim, Germany), ac-
cording to the manufacturer’s instructions. Three independent experi-
ments were performed.

2.10. HUVEC migration assay

HUVEC migration was examined using a modified Boyden chamber
technique. A 24-well Transwell apparatus (Costar) was used, with each
well containing a 6.5-mm polycarbonate membrane with 8 pm pores and
coated with 100 pL of 1.5% (v/v) gelatin (Sigma-Aldrich, MO, USA).
HUVECs (5 x 104) were placed on the membrane, and the chambers
were immersed in a 24-well plate that was filled with the secretome
fractions (CM, DM, mEVs and sEVs) derived from Nor, Hyp, Nor™F,
Hyp™ conditions. After 9 h incubation, the membranes were washed
briefly with PBS and the upper side of each membrane was then wiped
gently with a cotton ball. Cells were fixed with methanol and the ones
migrated in the lower part of the inserts were stained with Giemsa’s
Azur eosin methylene blue solution (10% v/v). Images were taken by
Axiovert 200 M microscope (Carl Zeiss Microscopy GmbH, Jena, Ger-
many). Images were analyzed by ImageJ with Cell Counter plug-in.
Three independent experiments were performed.
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2.11. Tube formation assay

Tube formation capacity by HUVECs was analyzed by using an
Angiogenesis p-slide system (Ibidi GmbH, Planegg/Martinsried, Ger-
many). p-slide wells were coated with growth factor reduced (GFR)
Matrigel (Corning, NY, USA). After matrigel polymerization, HUVECs
(1x10%) were plated and incubated at 37 °C for 7 h in presence of the
different secretome fractions. After incubation, cells were stained with
Calcein-AM (Corning, NY, USA) and images of complete wells were
taken with fluorescence microscope (Nikon Eclipse 80i, Tokyo, Japan).
Images were analyzed by using Image J Software with Angiogenesis-
Analyzer plug-in. Three independent experiments were performed.

2.12. Ex vivo metatarsal sprouting assay

Mice were bred and maintained at the Animal Facility of “IRCCS
Ospedale Policlinico San Martino”. All animal procedures were
approved by the Italian Ministry of Health and by the Institutional
(IRCCS Ospedale Policlinico San Martino) Ethical Committee (Authori-
zation n. 55/2020-PR) and performed in accordance with the national
current regulations regarding the protection of animals used for scien-
tific purpose (D. Lgs. 4 Marzo 2014, n. 26, legislative transposition of
Directive 2010/63/EU of the European Parliament and of the Council of
September 22, 2010 on the protection of animals used for scientific
purposes). The metatarsal angiogenesis assay was performed as previ-
ously described [24]. Briefly, E17.5 wild-type mice embryos (C57BL/6)
were used, and metatarsal bones were isolated under stereomicroscope.
Each bone was placed into 24-well plate and incubated for 96 h for bone
attachment in a-MEM-Glutamax medium (GiBCo, Waltham, MA, United
States), supplemented with 10% FBS (Gibco, Milan, Italy) and 50 mg/ml
penicillin/streptomycin (complete medium). Complete medium was
replaced with experimental secretome fractions in o-MEM-Glutamax
medium supplemented with 2% FBS. While positive control was set up
with complete medium, negative control was set up with 2% FBS for
maintaining the fibroblast viability around the bones. After 7 days,
bones were fixed and stained with rat anti-Mouse CD31 (clone SZ31)
(Dianova, Hamburg, Germany). Images were captured by transmitted
light microscopy using a Zeiss Axiovert 200 M microscope.
CD31-positive pixels were analyzed with Image J software with vessel
density plugin. Three independent experiments were performed.

2.13. Bioinformatic approach to Proteome Profiler™ Human
Angiogenesis Antibody Array

The relative expression of 55 angiogenesis-related proteins were
determined in CM derived from the 4 different culture conditions (Nor,
Hyp, Nor'™, Hyp™F) by using a Proteome Profiler™ Human Angio-
genesis Antibody Array (R&D Systems, Minnesota, USA) according to
the manufacturer’s instructions. Briefly, 30 pg of each CM derived from
three independent experimental replicates were pre-incubated with the
cocktail of antibodies and added onto membranes overnight at 4 °C.
After several washing steps, streptavidin-horseradish peroxidase was
added for 30 min and chemiluminescence of membranes was detected.
Image J software with protein array analyzer plugin was used to
determine the pixel density of each spot. Among 55 proteins, only the
ones that were expressed at least in two independent primaries/exper-
imental group were considered.

Statistical analyses were performed with R, under version R-3.5.1.
Multivariate analysis was first carried on by dimensionality reduction on
batch corrected data. Batch correction was done by considering the 3
primary donors as different batches thanks to the limma package in R. In
effect, a linear model was fitted to the data, including both batches and
regular treatments, then the component due to batch effects was
removed. Principal components were identified by singular value
decomposition as implemented in the R built-in function prcomp. To
assess differentially expressed proteins between treatment conditions,

Biomaterials 269 (2021) 120633

MANOVA with Pillai-Bartlett statistic was applied on log10 transformed
and centered scaled data without batch effect correction since the donor
effect was accounted for the linear model as a blocking variable. In the
one-way MANOVA, the explanatory variable was either the inflamma-
tory status regardless of the oxygen level or the oxygen level regardless
of the inflammatory status, allowing n = 6 observations per level. Values
of p < 0.05 were considered statistically significant and are reported in
figure’s legend. Significance was also confirmed by univariate ANOVA
with Bonferroni correction for multiple testing. Data distribution was
evaluated on the basis of quantile-quantile (QQ) and residuals plots.

2.14. RNA preparation and next generation sequencing of EVs

mEVs and sEVs separated from MSC cultured in Nor, Hyp, Nor™F and
Hyp™F conditions were suspended in 700 pL of Qiazol reagent (Qiagen,
Limburg, the Netherlands). EV RNA was extracted with the miRNeasy
Micro Kit (Qiagen) according to the manufacturer’s instructions and
stored at —80 °C. miRNA content was assessed by performing the
Qubit® microRNA Assay Kit with the Qubit® 2.0 Fluorometer, and RNA
quality and sizes were checked with Agilent 2100 Bioanalyzer (Agilent
Technologies, Foster City, CA) using the Agilent Small RNA chip ac-
cording to manufacturer’s protocol. For RNASeq, each sequencing li-
brary was constructed from 9.2 ng of isolated miRNA. The small RNA
libraries were prepared and amplified using QIAseq miRNA Library kit
(Qiagen), following manufacturer’s instructions. Libraries were pooled
after quality check and quantification by TapeStation (Agilent Tech-
nologies, Foster City, CA) using Agilent High Sensitivity D1000
ScreenTape. Pooled libraries were quantified by real-time qPCR
following “Sequencing Library qPCR Quantification” Guide (Illumina
Inc., San Diego, CA) and sequenced by Illumina NextSeq platform using
the 75 cycles high output kit (Illumina Inc., San Diego, CA). Data were
deposited in the Gene Expression Omnibus repository (www.ncbi.nlm.
nih.gov/geo/), accession number: GSE161474.

2.15. miRNAseq data analysis

FastQ data files obtained by sequencing were primarily processed by
a GeneGlobe pipeline to map reads to human genome and perform
Unique Molecular Indices (UMI) Analysis. Following analysis was per-
formed on UMI-filtered reads. Differential miRNA Expression Analyses
was performed using a custom R script based on Limma [25] and EdgeR
[26] Bioconductor Packages. To compare the overall enrichment of
miRNA species in the total vesicular RNA, miRNA reads of each sample
were normalized to the miRNA fraction of total RNA. After normaliza-
tion, pairwise comparisons were made according to the Limma-Voom
workflow [27]. For each comparison, miRNAs emerging as outliers in
volcano plots (fold change/p value scatterplots) were selected as
differentially expressed, and then used to perform a hierarchical clus-
tering of the compared samples. In case the selected miRNAs were not
able to correctly classify the samples, more stringency was used for the
outlier selection. Global estimates of intra-class and inter-class hetero-
geneity were generated analyzing the linear model fitting parameters
calculated by ImFit function of Limma package. The median value of the
coefficient of variation (calculated using fitting coefficients as mean
values) of all miRNAs was used as intra-class heterogeneity estimate.
The median absolute deviation of fold change estimates of all miRNAs,
restricted to the experimental comparisons, was used as inter-class
heterogeneity estimate. Given the nature of the estimates, their statis-
tical analysis was performed by Student’s t-test. Correlation matrix of
miRNA expression was performed calculating Sperman correlation of
the subset of miRNAs showing more variability across all samples (55%
of sequenced miRNA species).

2.16. Statistical analysis

Differences in EV size revealed by flowcytometry were performed
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using an unpaired two-tailed Student’s t-test. PI/Annexin data were
analyzed by two-way ANOVA. Statistical analysis of differences between
multiple groups such as particle concentration, in vitro angiogenesis
assays and ex vivo metatarsal assay were performed applying One-way
ANOVA and Tukey’s multiple comparisons test. 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 < 0.05 was considered statistically significant. In all cases:
*RExp < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05.

3. Results

3.1. Pre-conditioning with pro-inflammatory cytokines and hypoxia does
not alter MSC properties

The main mechanism by which MSCs participate to tissue repair is
through a paracrine activity and their interaction with the injured
environment is a central part of this process [28]. Here, an approach
based on the pre-conditioning of MSCs with pro-inflammatory cytokines
and hypoxia, alone or in combination, was explored for mimicking a
cellular environment more consistent with that found in vivo. In agree-
ment with the guidelines of the International Society for Cell Therapy
(ISCT) [29], human adipose tissue-derived MSCs grown in standard
condition constitutively expressed CD29, CD44, CD73, CD90 and
CD105, considered to be markers of progenitor cells of the mesenchymal
lineage (Supplementary Fig. 1a). The expression of CD31, CD34 and
CD45 was always less than 1%, indicating the absence of contaminating
endothelial, myeloid, and hematopoietic cells (Supplementary Fig. 1a).
Adipose tissue-derived MSCs possessed the ability to differentiate to-
ward the osteogenic and adipogenic lineages (Supplementary Fig. 1b).
To find out if any of the adopted pre-conditioning approaches might
alter cell phenotype, the expression of the same markers was evaluated
in MSCs maintained for 24 h in normoxia (Nor), hypoxia (Hyp), nor-
moxia with inflammatory stimuli (Nor™), and hypoxia with inflam-
matory stimuli (Hyp™). No statistically significant differences were
observed between the four treatment groups, and in comparison, with
cells grown in standard condition (Supplementary Fig. 2a-d), indicating
that MSCs preserve a correct immunophenotype after the 24h condi-
tioning. Flow cytometry of Annexin V/Pl-stained cells was used to
quantify the apoptotic rate of MSCs exposed to serum deprivation for
24h in Nor, Hyp, Nor™ and Hyp™F conditions. The different
pre-conditioning treatments did not alter the percentage of apoptotic,
necrotic or viable cells. Only the addition of inflammatory cues to nor-
moxic cells significantly increased the percentage of viable cells when
compared to normoxia, with a concomitant decrease in the percentage
of late apoptotic cells (Supplementary Fig. 1c). Taken together, these
results indicate that the selected pre-conditioning approaches exerted no
significant effects on the phenotype or viability of MSCs.

3.2. Preconditioned MSCs secrete EVs of different sizes

Since the cell secretome comprises a complex mixture of soluble
factors and a variety of extracellular vesicles (EVs) [30], the effect of the
stimulation under either normoxia or hypoxia in presence or absence of
inflammatory cues was investigated on the total conditioned medium
(CM), on the corresponding EV fraction, and on the so-called depleted
medium (DM), that is the CM depleted of EVs (enriched only in soluble
factors) (Fig. 1a). For EV separation, CM were collected from MSC-Nor,
MSC-Hyp, MSC-Nor™F, and MSC-Hyp™F and subjected to differential
ultracentrifugation. After initial low-speed centrifugation (300 xg and 2,
000 xg) to remove cells and cell debris, pelleted material recovered at
medium (10,000 xg = 10K) centrifugation speed, enriched in
medium-sized vesicles (mEVs), was washed and compared with the
material pelleted at high-speed (100,000 xg = 100K) centrifugation,
considered to be enriched in small-sized EVs (sEVs) (Fig. 1a).

Firstly, whole mounts of materials retrieved from MSCs after the 24h
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preconditioning and from the separated EVs (10K and 100K pellets
pooled together) were analyzed by transmission electron microscopy
(TEM) to obtain an overview of the heterogeneity of the secreted vesi-
cles. TEM analysis of MSCs revealed the presence in all conditions of
both multivesicular bodies (MVBs) containing smaller exosomes
(Fig. 1b, left panels - black arrowheads) and larger microvesicles (MVs)
budding from the plasma membrane (Fig. 1b, middle panels - black ar-
rowheads), indicating the release of a mixed population of EVs. Images
of corresponding EV pellets revealed the presence of a heterogeneous
population of vesicles of different sizes ranging from 30 nm to 200 nm
(Fig. 1b, right panels, red arrowheads and Fig. 1c) suggesting that the
separation procedure selected a mixed population of vesicles enriched
mostly, but not only, in sEVs. EVs showed round or cup-shaped
morphology and were surrounded by a bilayer membrane. Smaller
vesicles (30-50 nm in size) appeared round-shaped and electron-lucent
(arrows), whereas larger EVs (50-200 nm) exhibited the cup-shaped
morphology and appeared more electron dense (red arrowheads)
(Fig. 1b, right panels).

It’s well known that EVs of different sizes and intracellular origins
have different functional properties [22,31]. For this reason, we
analyzed separately the vesicles retrieved from the 10K (enriched in
mEVs) and from the 100K pellet (enriched in sEVs). To evaluate whether
mEVs and sEVs were successfully purified from Nor-CM, Hyp-CM,
Nor™F-cM, and Hyp™¥-CM, an already described non-conventional flow
cytometry analysis [23] was performed. Both mEVs and sEVs were
stained with the cell-permeant, fluorescein-based CFDA-SE tracer that is
useful to discriminate intact vesicles from debris and membrane frag-
ments, together with a mixture of fluorescent beads of known varying
diameters (Supplementary Fig. 3a and 3b). Since CFDA-SE is able to
passively diffuse within vesicles and interact with intra-vesicular en-
zymes at room temperature (RT) (Supplementary Fig. 3a and 3b, right
panels), we ensured that at 4 °C the cloud of particles was under the level
of the dimensional gate in the FL1 intensity channel (Supplementary Fig.
3a and 3b, left panels). After an accurate titration of antibodies and the
use of related isotype controls [23], the expression of the typical ve-
sicular markers CD81, CD63, CD9 belonging to the tetraspanin family
was evaluated in mEVs and sEVs (Fig. 2a). Both types of vesicles
expressed at different extent the three tetraspanin markers, and CD81
was the more expressed cell surface antigen in both types of
MSC-derived vesicles (Fig. 2a). The diverse preconditioning strategies
did not induce statistically significant differences between the two EV
subpopulations (Supplementary Fig. 3c). In order to evaluate whether
the material pelleted at 10K was actually enriched in mEVs compared to
the 100K-retrieved material, we took advantage of the use of the above
mentioned fluorescent dimensional beads (Supplementary Fig. 3a and
3b). Beads allowed to define the percentage of vesicles falling within the
dimensional gate and with diameters: i) smaller than 100 nm, ii) ranging
from 100 to 160 nm, and iii) from 160 to 900 nm (Fig. 2b). Our data
indicate that the percentage of sEVs with a diameter smaller than 100
nm was significantly higher than the corresponding mEVs in the 4
different culture conditions (Table 1). On the contrary, the percentage of
vesicles with diameters ranging from 100 to 160 nm was significantly
higher in the material pelleted at 10K if compared to the 100K coun-
terparts in all the conditions (Table 1). No main differences were
observed in the few vesicles ranging from 160 to 900 nm. Only in the
Hyp™F condition, the percentage of mEVs bigger than 160 nm was
significantly higher than the corresponding sEVs (Table 1). Nanoparticle
tracking analysis (NTA) confirmed the higher representation of medium
vesicles in the 10K pellet, resulting in a mean size of 225 + 31 nm for the
10K pellet, and 170 + 12 nm for the 100K pellet (p = 0.0162). Fig. 2¢
shows a representative NTA analysis of m- and sEVs separated from one
of the three considered MSC primary cultures stimulated in normoxia.
NTA showed that the concentration of mEVs and sEVs released by the
same amount of MSCs did not vary significantly among the 4 different
culture conditions (Fig. 2d). NTA analysis has been also performed on
DM samples and their corresponding total CM. As indicated in
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Fig. 1. Separation and characteriza-
tion of MSC-derived EVs. (a) Sche-
matic depicting the workflow used to
separate the total conditioned medium
(CM) and the different secretome frac-
tions (DM, mEVs, and sEVs). (b) Repre-
sentative TEM images of MSCs cultured
in Nor, Hyp, Nor™ and Hyp™" condi-
tions containing multivesicular bodies
(MVB) (black arrowheads, left panels)
and putative microvesicles budding from
the plasma membrane (black arrow-
heads, middle panels). Right panels
show representative TEM images of
separated EVs indicating the presence of
both smaller EVs (arrows) and larger
EVs (red arrowheads). (¢) TEM analysis
of EV size. Data are visualized as scatter
dot plot showing EV size distribution
among different conditions. Each size
measurement of EVs is showed as a
point, whereas lines represent the me-
dian value and the range. (For interpre-
tation of the references to color in this
figure legend, the reader is referred to
the Web version of this article.)
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Fig. 2. Size distribution and particle concentra-
tion of EV subtypes. (a) Flow cytometry analysis of
MSC-derived mEVs (left panels) and sEVs (right
panels). The areas under the blue lines identify vesi-
cles reacting with CD81, CD63, and CD9. The areas
under the gray lines indicate the interactions of ves-
icles with corresponding nonreactive immunoglob-
ulin of the same isotype. (b) Using the reference of a
mixture of fluorescent beads of varying diameters,
three different sub-gates can be visualized within
CFSE-positive events (P1: <100 nm, P2: from 100 to
160 nm, P3: from 160 to 900 nm) in a SSC-H histo-
gram. (c¢) Representative histograms showing the
calculated mean + SD of size distribution by NTA
analysis of purified mEVs and sEVs. (d) Histograms
representing the concentration/pL of mEVs and sEVs
derived from the 4 preconditioning treatments (Nor,
Hyp, Nor'™, Hyp™F). These results are based on three
replicates of three independent experiments. (e)
Western blot analysis of mEVs and sEVs and their
corresponding cell lysates derived from the different
preconditioning approaches (Nor, Hyp, Nor™ and
Hyp™). While Grp94 and Lamin A presence were
observed only in cells and confirmed the non-
contamination of EVs with cellular components,
syntenin was mostly present mEVs and sEVs as a
cytosolic EV marker. A large EV marker, Mitofilin,
was expressed only in cells but it was absent in both
mEVs and sEVs. (For interpretation of the references
to color in this figure legend, the reader is referred to
the Web version of this article.)
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Table 1

Flow cytometry analysis revealing the average size of both mEVs and sEVs.
Statistical analysis was performed with unpaired Student’s t-test, considering
EVs derived from three independent MSC primary cultures for each condition.

Size mEVS (%) SEVS (%) P value
Distribution (AVG =+ SD) (AVG =+ SD) (unpaired t-test)
Hyp <100 nm 65.45 + 0.5710  73.27 + 2.414 0.0344 (*)
100-160 nm  34.54 + 0.5710  23.38 + 1.436 0.0020 (**)
160-900 nm  6.213 + 0.7044  3.143 +0.8827  0.0531 (ns)
Nor <100 nm 64.42 + 0.7436  72.40 + 1.524 0.0093 (**)
100-160 nm 3557 + 0.7436  27.59 + 1.524 0.0093 (**)
160-900 nm  6.227 + 0.7774  3.697 + 0.6550  0.0676 (ns)
Hyp™ <100 nm 59.11 + 2.042 74.95 + 2.920 0.0189 (*)
100-160 nm  40.88 + 2.042 25.04 + 2.920 0.0189 (*)
160-900 nm 7,913 + 0.2872 2,900 + 0.5500  0.0028 (**)
Nor™ <100 nm 62,42 + 0.8818 69,23 + 1,606 0.0205 (*)
100-160 nm 37,57 + 0.8818 31,43 + 2,235 0.0628 (ns)
160-900 nm 6,997 + 1,063 4,620 + 0.5420  0.1172 (ns)

Supplementary Figure 3d, the percentage of total particles in DM
derived from the different preconditioning strategies was significantly
decreased if compared to their corresponding CM, ensuring a low
interference of EVs in the later experiments. FACS and NTA analysis
revealed that the EV separation procedure here adopted possessed an
intermediate specificity, as already stated in the MISEV 2018 guidelines
[32], and the EV sub-fractions largely overlapped.

A Western blot analysis has been performed on both mEVs and sEVs
as well as on their corresponding cell lysates, derived from the different
preconditioning approaches (Nor, Hyp, Nor™, and Hyp™F) (Fig. 2e).
We have selected Grp94 (HSP90B1) and Lamin A as proteins associated
with other intracellular compartments than plasma membrane/endo-
somes [32]. These proteins were highly expressed by the cell lysates
derived from the different preconditioning strategies, and, more
importantly, they were not expressed by corresponding mEVs and sEVs,
indicating that our vesicle subpopulations were not contaminated by
cells. We have also evaluated the expression of Syntenin, a cytosolic
protein expressed by EVs, and in particular by sEVs, as previously
indicated [22,32]. We have also checked for the expression of Mitofilin,
a protein anchored in the inner mitochondrial membrane, described to
be expressed by large and medium-sized EVs released by dendritic cells
and some tumor cell lines [22]. Mitofilin was not expressed in our
MSC-derived EV subpopulations, and this could be potentially due to the
different cell source (as pointed out also in the MISEV2018 paper, there
could be some differences in some marker expressions due to the
different cells of origin) and to the fact that we did not consider larger
vesicles (2K) in our study. Taken together, these results indicate that
human adipose tissue-derived MSCs release a large range of EVs, which
can be partially separated by their pelleting properties.

3.3. EVs are less sensitive than soluble proteins to the environmental
variations in the context of angiogenesis

The control of blood vessel growth plays a key role to restore blood
supply and ensure rapid vascularization of damaged tissues [11]. To
evaluate how an injured environment, here mimicked by low oxygen
tension and pro-inflammatory cytokines, influences the angiogenic po-
tential of the different MSC secretome fractions, we took in consider-
ation different aspects of the angiogenic process: endothelial cell
proliferation, migration and tubulogenesis. In order to comparatively
assess the biological activity of the whole MSC secretome over the
fractions within it, namely EVs and soluble factors, a known amount (in
terms of protein pg) of total CM was administered according to the
number of target endothelial cells in a 1:1 (cell to cell) ratio. Target cells
were also stimulated by the corresponding amounts of DM, mEVs and
sEVs. Firstly, the effect of the preconditioned MSC-derived secretome
fractions on human umbilical vein endothelial cell (HUVEC)
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proliferation was investigated. CM derived from MSCs stimulated by
TNF-a and IL-la in hypoxic condition (Hyp™-CM) significantly
down-regulated the proliferative capacity of responder cells when
compared to its non-inflamed counterpart (Hyp™ -CM vs Hyp-CM, p <
0.001) (Fig. 3a). A similar result was obtained comparing the Hyp™-DM
fraction with Hyp-DM (p < 0.01), suggesting that the soluble factors
released by MSCs in a hypoxic-inflamed environment inhibit the pro-
liferation of endothelial cells (Fig. 3a). Even if BrdU incorporation by
HUVECs was consistently lower in the presence of both Hyp-mEVs and
Hyp-sEVs compared to the total Hyp-CM (p < 0.01 and p < 0.05,
respectively), the addition of inflammatory factors in hypoxia did not
affect the function of the EV fractions (Fig. 3a). On the other hand, under
normoxia, only total CM were negatively affected by the addition of
inflammatory stimuli, inducing a significant decrease of HUVEC prolif-
eration (Nor-CM vs NorINF-CM, p < 0.01), without inducing major dif-
ferences in DM, mEVs and sEVs (Fig. 3b). No significant differences were
observed when HUVECs were incubated with the secretome fractions
derived from Hyp™F and Nor™F conditions compared to the control
medium containing TNF-a and IL-la (only INF control condition)
(Fig. 3a and b).

Since endothelial cells migrate along chemo-attractants secreted in
the microenvironment, we used a transwell migration assay to create the
chemical gradient by putting secretome fractions in the lower chamber.
Even if Hyp-CM and -DM induced a strong HUVEC migration compared
to Nor-CM and -DM (p < 0.0001 and p < 0.001, respectively) (Supple-
mentary Fig. 3f), none of the hypoxic secretome fractions prevailed in
inducing HUVEC migration (Supplementary Fig. 3f). Similarly to the
effects observed in the proliferation assay, MSCs activated by the in-
flammatory cytokines in hypoxic condition produced a total CM and DM
that negatively affected the migratory capacity of HUVECs compared to
their corresponding non-inflamed counterparts (Hyp-CM vs HypINF-CM,
p < 0.0001; Hyp-DM vs Hyp™F-DM, p < 0.01) (Fig. 3c). The presence of
the inflammatory mediators did not affect the migratory capacity
induced by the hypoxic EV fractions (Fig. 3c). In normoxia, the EV
fractions, and in particular sEVs, are the main components responsible
for the generation of a gradient to which HUVECs migrate (Nor-DM vs
Nor-sEVs, p < 0.001) (Fig. 3d), but in this case the addition of inflam-
mation did not significantly alter neither the capacity of the total CM nor
the ability of DM and mEVs to induce HUVEC migration (Fig. 3d). Only
sEVs effect was significantly down regulated (Nor-sEVs vs Nor™"F-sEVs,
p <0.01). The presence of TNF-a and IL-1a in control medium (only INF
control group) did not exert any significant migratory effect on HUVEC
(Fig. 3c and d).

Assays that simulate the formation of capillary-like tubules are
regarded as representative of the later stages of angiogenesis. A tube
formation assay was used as a quick high-throughput screen to evaluate
the role of the secretome fractions on this specific aspect of the angio-
genic process. The quantitative analysis of total branch numbers showed
that under hypoxia, MSCs released secretomes that induced the forma-
tion of vessel like structures (Fig. 3e and f). Interestingly, inflammatory
mediators added to hypoxia exerted a significant inhibitory effect on the
capacity of total CM and related secretome fractions to induce the for-
mation of tube-like structures by HUVEGs (Hyp-CM vs Hyp™“'-CM, p <
0.01; Hyp-DM vs HypINF-DM, p < 0.05; Hyp-mEVs vs HypINF-mEVs, p<
0.01; Hyp-sEVs vs HypINF—sEVs, p < 0.0001) (Fig. 3e and f). A similar
trend was observed in the normoxic counterparts, even if a significant
difference was observed only when considering the mEVs fraction (Nor-
mEVs vs Nor™F -mEVs, p < 0.01) (Fig. 3g). Taken together, these results
indicate that the synergistic action of hypoxia and inflammation affects
the MSC secretome fractions to different extents. The ability of soluble
factors to induce HUVEC proliferation, migration and differentiation is
significantly impaired. On the contrary, the ability of the EV fractions to
induce endothelial cell proliferation and migration is not affected, while
the capacity of promoting the formation of tube-like structures is
significantly impaired.

To confirm the in vitro results, the mouse fetal metatarsal sprouting
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assay was selected, since it provides an exceptional tool for studying
angiogenesis [24]. In comparison with other commonly used in vitro or
ex vivo angiogenesis assays, vessel outgrowth from mouse fetal meta-
tarsals is more representative of sprouting angiogenesis in vivo. It allows
the analysis of blood vessel growth with CD31 staining and the mech-
anisms underpinning this process, in a multicellular microenvironment
that drives the formation of a robust and complex vascular network
(Fig. 4a). The soluble factors released by MSCs stimulated with hypoxia
and inflammation inhibited significantly the sprouting of CD31" vessels,
if compared to the hypoxic counterparts (Hyp-CM vs Hyp™F-CM, p <
0.001; Hyp-DM vs Hyp™F-DM, p < 0.05) (Fig. 4b and c). The vessel
sprouting induced by EV fractions, and in particular by sEVs, were not
affected by the inhibitory effect given by the synergistic action of hyp-
oxia and inflammation, but rather they induced a significant increase in
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vessel sprouting compared to their corresponding soluble factors
(HypINF—DM Vs HypINF—sEVs, p < 0.01) (Fig. 4c). In normoxia, the
addition of inflammatory cytokines negatively affected only the total
CM (Nor-CM vs Nor™F-cM, p < 0.01), while the effects exerted by the
secretome fractions were not significantly affected (Fig. 4d). In this
assay, the inflammatory cytokines in the control medium (only-INF
group) induced a significant increase in vessel density if compared to
Hyp™-CM and Hyp™-DM (p < 0.05 and p < 0.01, respectively)
(Fig. 4c), as well as to Nor™F.cM and Nor™F-DM (p <£0.05and p <0.01,
respectively) (Fig. 4d), suggesting that inflammation-activated MSCs
release soluble factors that counteract the angiogenic capacity induced
by TNF-a and IL-1a.
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Fig. 4. Ex vivo metatarsal sprouting assay. (a) Schematic diagram of the experimental plan, illustrating the timeline of the isolation of metatarsals, secretome
stimulation and anti-CD31 staining. (b) Representative image of CD31" vessel structures, scale bar:100 pm. (¢, d) Quantitative analysis of vessel density, CD31-
positive cells were considered for the analysis. Error bars in the graphs represent mean + SD. N = 3, (*) presents the statistical differences between the groups,
while (#) presents the difference from the control “only-INF” experimental group. ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05, **p < 0.01, *p < 0.05 (one-
way ANOVA and Tukey multiple comparison).
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3.4. Soluble factors released by inflammation-activated MSCs possess a
distinctive secretome profile

The in vitro and ex vivo analysis above described indicated that
inflammation-activated MSCs secreted proteins that inhibited angio-
genesis if compared to their non-stimulated counterparts.

To define the profile of the soluble mediators secreted by MSCs, we
examined and compared the CM derived from cells stimulated in Nor,
Hyp, Nor™ and Hyp™ conditions using a human protein cytokine
array. Donor origin of the samples explained most of the variance in the
dataset. In order to understand how preconditioning strategies drive the
principal components (PC) of the analyzed dataset in the principal
component analysis (PCA) and provide the overall structure of the effect
of inflammation and hypoxia, donor effect was evaluated and removed
with the limma package of R [25] and data distribution has been eval-
uated (Supplementary Fig. 4a and 4b).

Based on the amount of secreted proteins, samples that underwent
inflammation can be clearly separated from the non-inflamed ones along
the first component (PC1) of the PCA, which explained 43.5% of the
variance (Fig. 5a and b).

When we analyzed the effects of inflammation, regardless of the
oxygen levels, we observed a significant up-regulation in the expression
of proteins, such as: i) Granulocyte-Macrophage Colony-Stimulating
Factor (GM-CSF) and Monocyte Chemoattractant Protein-1 (MCP-1),
involved not only in the recruitment of monocytes/macrophages, but
also whose presence is of basic importance in the repair process [33,34];
ii) Heparin-Binding Epidermal growth factor-like Growth Factor
(HB-EGF), whose level increases in response to different forms of in-
juries as well as stimuli, acting as a critical mediator of tissue repair and
regeneration [35]; iii) Matrix Metalloproteinase-8 and -9, enzymes
implicated in the degradation of most of the extracellular matrix com-
ponents and therefore actively involved in tissue remodeling associated
with pathological situations such as acute injury [36] (Fig. 5e). The
contribution of each protein to the different components of the PCA
further confirmed that the above-mentioned proteins (MMPs, MCP-1,
GM-CSF, etc.) were among the main positive drivers of PC1 (Fig. 5c).
On the other hand, when a similar bioinformatic approach was per-
formed to evidence the effects of hypoxia, regardless of inflammation,
the most characterizing and significantly expressed proteins were: i)
Endoglin, an auxillary TGF-beta receptor that modulates TGF-beta 1 and
beta 3 responses and plays a role in vascular development, angiogenesis
and vascular remodeling [37]; ii) Hepatocyte Growth Factor (HGF), a
pro-angiogenic factor that exert a striking effect on endothelial cell
migration, therefore playing a crucial role in recruiting endothelial cells
in vivo for the formation of new blood vessels [38]; iii) Vascular Endo-
thelial Growth Factor (VEGF), a well known signal protein that stimu-
lates the formation of blood vessels [39]; Urokinase-type Plasminogen
Activator (uPA), described to be involved in endothelial cell prolifera-
tion, migration and tubule formation [40] (Fig. 5e). Regarding the PCA,
samples that underwent hypoxic treatment could separate from the
normoxic ones mainly along the second component, which explained
16.7% of the variance (Fig. 5d). uPA, VEGF, and Endoglin were also
important contributors of PC2 (Fig. 5d). Of note, although some pro-
teins, such as DPPIV and Coagulation Factor 3, were main drivers of
PC2, they were not differentially expressed due to oxygen levels from
the statistical point of view. This is due to the fact that PC1 also
explained a small part of the variance between hypoxic and normoxic
observations, as shown by the spread of the samples in the PCs space
(Fig. 5a and d). The proteins majorly contributing to PC1 and PC2 were
also expressed by the corresponding DM derived from the different
preconditioning strategies (Supplementary Fig. 4c).

Taken together, these results indicate that there is a set of soluble
mediators generated by MSCs in a milieu-specific manner, responding to
the requirements of the environment.
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3.5. The microRNA (miRNA) landscape of MSC-derived EVs is not
majorly affected by cell preconditioning

Small RNAs within EVs are thought to be major contributors to the
molecular events occurring in the recipient cell [41]. We evaluated
whether the adopted preconditioning strategies had affected the RNA
cargo within both mEVs and sEVs. Capillary electrophoresis profiling on
vesicular RNA revealed distinctive peaks around 20 and 70 nucleotides,
suggestive of the presence of miRNAs and tRNAs (Supplementary Fig.
5a). To better define and compare the small RNA composition of the
differently preconditioned MSC-derived EV fractions, we performed
RNA sequencing of vesicular RNA. The sequencing yielded a total of 192
million reads, and the technical consistency was validated measuring
the correlation between technical replicates, which proved to be higher
than the one of biological replicates (Supplementary Fig. 5c). The levels
of the most variable miRNAs across all samples were used to perform a
hierarchical clustering. The two generated main clusters nicely separate
mEV and sEV subfractions with only few exceptions (Supplementary Fig.
5b).

Cargo RNAs of both mEVs and sEVs include various biotypes that
represent a selected portion of the RNA content of the source cell.
Indeed, the libraries of both EV fractions were highly enriched in the
classes of: i) rRNAs (46.5% in mEVs and 43.5% in sEVs), tRNAs (11.0%
in mEVs and 20.1% in sEVs) and mRNAs (1.1% in mEVs and 0.7% in
sEVs), that can be considered as possible non-functional degradation
products; ii) miRNAs (7.7% in mEVs and 11.7% in sEVs), that have been
established to be functional when carried by EVs between cells; iii)
piRNAs (1.4% in mEVs and 2.2% in sEVs), that are predicted to be
functional but have not been definitively demonstrated to mediate
intercellular communication [42] (Fig. 6a). Although miRNAs represent
a small fraction of all RNA species found in EVs (Fig. 6a), an exponen-
tially growing number of new reports indicate that a great part of the EV
effects can be attributed to their miRNA content [43-45]. Interestingly,
the relative distribution of miRNA species was uneven, with few miRNAs
extremely more enriched than others. In particular, 65.5% and 71% of
total miRNA reads in mEVs and sEVs respectively was accounted by only
15 highly enriched miRNA species (Fig. 6b and c and Supplementary Fig.
6). We therefore focused on the 15 top enriched miRNAs characterizing
both m- and sEVs from each culture condition (Nor, Hyp, Nor™ and
Hyp™F), unexpectedly identifying a group of only 18 miRNAs. Indeed,
13 out of 18 miRNAs are shared by all the considered experimental
groups, indicating that their prevalence is independent of cell pre-
conditioning and EV sub-fractioning (Fig. 6d). We also observed that
let-7a-5p and miR-26a-5p are shared by mEVs, while miR-125a-5p is
shared by sEVs, suggesting a possible role in discriminating the two
MSC-derived EV subsets (Fig. 6d). We asked wether a global miRNome
analysis could unveil any modulation of miRNA signatures, likely
belonging to the lowly enriched ones. Most of the differences were
observed comparing mEVs derived from differently conditioned MSCs,
while sEVs presented few differentially enriched miRNAs (Fig. 7a). Of
note, the differentially enriched (DE) miRNAs didn’t correspond to the
top expressed ones (Supplementary Fig. 7). Addition of inflammatory
stimuli, regardless of oxygen level, induced a characteristic signature in
both m- and sEVs, when compared to non-inflamed counterparts (Sup-
plementary Fig. 7). The most significant outlier miRNA present in both
EV subtypes upon inflammation and hypoxia is miR-146a-5p, described
to modulate the expression of pro-inflammatory genes, thus reducing or
delaying inflammation and enhancing wound healing [46,47] (Supple-
mentary Fig. 7). Given the lower number of DE miRNAs in sEVs, we
hypothesized that their miRNA composition could be more homoge-
neous than mEVs among the culture conditions. To test this hypothesis,
we evaluated whether the lower amount of DE miRNAs was due to lower
inter-class heterogeneity or higher intra-class heterogeneity (noise). No
significant differences in terms of intra-class heterogeneity were
observed between sEVs and mEVs, while the inter-class heterogeneity
was significantly lower among sEV classes (Fig. 7b). Consistently,
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correlation analysis provided further evidence that sEVs miRNome is
globally less affected by environmental changes than the one of mEVs
(Fig. 7¢).

4. Discussion

MSC-sourced secretome consists of soluble and EV-encapsulated
components, whose synergistic action is able to reduce cell injury and
improve tissue repair capacity [48]. Indeed, cells release heterogeneous
vesicles of different sizes and intracellular origins, including small EVs
generated in the endosomal compartments (i.e., exosomes) and EVs of
various sizes budding from the plasma membrane, generally referred to
as microvesicles [49]. A large number of MSC-derived bioactive mole-
cules containing genetic material (DNA, RNA fragments, miRNAs) are
enveloped within extracellular vesicles [42]. It has been reported that
the composition of the MSC secretome can be regulated by pre-
conditioning strategies during the culture in vitro [6]. An appropriate
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preconditioning may prepare the cells to release factors that could better
respond to the harsh environment present at the site of injury, charac-
terized by strong inflammation and low oxygen supply [50]. Several
approaches have been investigated so far, and a variety of different
factors has been proven to modulate the MSC therapeutic capacity,
including 3D culture [51,52], pharmacological molecules [53,54], in-
flammatory cytokines [55,56], and hypoxia [6,57]. This study shows for
the first time the effects of a simultaneous stimulation with
pro-inflammatory cytokines (TNF-a and IL-1a) and hypoxia (1% O2) on
the different components of the MSC secretome. These cytokines were
selected being able to induce endothelial cells to express adhesion
molecules and chemokines that attract white cells from the blood to the
site of injury [58]. Thus, four different culture conditions were consid-
ered: the normoxic environment (20% O3) (Nor) was regarded as the
control condition and compared to a hypoxic one (Hyp), with or without
the simultaneous stimulation with the inflammatory cytokines (Nor™F
and Hyp™F, respectively). We observed that the environmental
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variations strongly influenced the angiogenic potential of the MSC
secretomes. Several literature reports indicate that MSC secretome can
exert different effects in the context of angiogenesis, and many of these
differences largely depends upon the various culture conditions [12,13].
Although MSCs have historically been reported to be an interesting
source of pro-angiogenic factors, recent studies indicate that MSCs can
also exert detrimental effects on endothelial cell function. These dis-
crepancies could be ascribed to a multitude of reasons, ranging from the
isolation techniques, the species from which MSC populations have
originated, the cell source (bone marrow, adipose tissue, umbilical
cord), the passage number, and, last but not least, the adopted pre-
conditioning strategy. In particular, the activation of MSCs with in-
flammatory cytokines have been reported to induce opposite effects in
the context of angiogenesis. Adipose tissue-derived MSCs stimulated
with 10 ng/ml TNF-a produced a conditioned medium (CM) able to
stimulate the homing and engraftment of endothelial progenitors in a
hindlimb ischemia mouse model [17]. Moreover, treatments with CM
derived from TNF-a preconditioned MSCs have been described to
accelerate cutaneous wound healing and angiogenesis in vivo [59]. On
the contrary, recent literature reports have demonstrated that, once
activated by a pro-inflammatory environment (given by a cocktail
composed by 25 ng/ml IL1b, 20 ng/ml IL6, 25 ng/ml TNF-a), the total
conditioned medium derived from both human and mouse bone
marrow-MSCs exerted strong anti-angiogenic effects [18,60]. The same
group has recently demonstrated that the extracellular vesicles pro-
duced by MSCs activated by the same cocktail of inflammatory cytokines
inhibited angiogenesis targeting both ECM remodeling and endothelial
cell migration [19]. Here, we demonstrated that when human adipose
tissue-derived MSCs were licensed by hypoxia and by 50 ng/ml TNF-«
and 50 ng/ml IL-la, they produced a total CM that significantly
inhibited the proliferation, migration and tubulogenesis of responder
endothelial cells, as well as the sprouting capacity of CD31" cells in an
ex vivo fetal mouse metatarsal sprouting assay. Surprisingly, when we
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deeply investigated these effects in the secretome fractions composing
the total CM, namely EVs and soluble proteins, interesting differences
emerged. Indeed, the pro-angiogenic capacity of the soluble component
of the MSC secretome was significantly inhibited, regardless of the ox-
ygen level, if compared to the non-inflamed counterparts. On the con-
trary, the EV-encapsulated component was not strongly affected by the
inflammatory stimuli, suggesting a different capacity of the secretome
fractions to sense the environmental variations. When MSCs were
licensed by inflammation, they reacted increasing significantly the
release of proteins such as GM-CSF, MCP-1, MMP-8, MMP-9, and
HB-EGF, involved mainly in the interaction with the innate immune
system, as well as in tissue remodeling and repair [61]. MSCs exposed to
hypoxia modulated the expression of proteins (Endoglin, HGF, VEGF,
and uPA) implicated, to different extents, in the angiogenic process,
confirming previously reported data [20,62,63]. A great part of the EV
effects is due to their miRNA content [64-66]. Interestingly, miRNA
profiling of both medium- and small-EVs released by preconditioned
MSCs revealed that the relative distribution of miRNA species was un-
balanced, with few (15) miRNAs accounting for almost two-thirds of the
total miRNA content. More importantly, the top enriched miRNAs were
shared not only by the small and medium vesicles belonging to the same
experimental group, but also by the different preconditioning strategies.
We also observed that the differentially enriched miRNAs did not
correspond to the top expressed ones, and the most significant outlier
present in both EV subtypes upon inflammation and hypoxia was
miR-146a-5p, described to modulate the expression of pro-inflammatory
genes, thus reducing or delaying inflammation and enhance wound
healing [46,67].

In conclusion, this study provides insight into the capacity of the
different MSC secretome fractions to respond to the different environ-
mental variations. Our results highlight the importance of not only
selecting the appropriate preconditioning strategy to alter properly the
release of paracrine factors, but also the relevance of considering
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separately the effects that such approaches could induce on either the
soluble or EV-encapsulated components of the cell secretome. Future
studies will need to focus on developing standardize protocols among
the scientific community to establish preconditioning regimes useful to
enhance the regenerative capacities of MSC therapies.

5. Data availability
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within the paper, its supplementary information and from the corre-
sponding authors upon reasonable request.
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