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Endometrial-derived Mesenchymal Stem Cells (endMSCs) are involved in the
regeneration and remodeling of human endometrium, being considered one of the
most promising candidates for stem cell-based therapies. Their therapeutic effects have
been found to be mediated by extracellular vesicles (EV-endMSCs) with pro-angiogenic,
anti-apoptotic, and immunomodulatory effects. Based on that, the main goal of this
study was to characterize the proteome and microRNAome of these EV-endMSCs
by proteomics and transcriptomics approaches. Additionally, we hypothesized that
inflammatory priming of endMSCs may contribute to modify the therapeutic potential
of these vesicles. High-throughput proteomics revealed that 617 proteins were
functionally annotated as Extracellular exosome (GO:0070062), corresponding to the
70% of the EV-endMSC proteome. Bioinformatics analyses allowed us to identify
that these proteins were involved in adaptive/innate immune response, complement
activation, antigen processing/presentation, negative regulation of apoptosis, and
different signaling pathways, among others. Of note, multiplexed quantitative proteomics
and Systems Biology analyses showed that IFNy priming significantly modulated the
protein profile of these vesicles. As expected, proteins involved in antigen processing
and presentation were significantly increased. Interestingly, immunomodulatory proteins,
such as CSF1, ERAP1, or PYCARD were modified. Regarding miRNAs expression profile
in EV-endMSCs, Next-Generation Sequencing (NGS) showed that the preferred site of
microRNAome targeting was the nucleus (n = 371 microTargets), significantly affecting
signal transduction (GO:0007165), cell proliferation (GO:0008283), and apoptotic
processes (GO:0006915), among others. Interestingly, NGS analyses highlighted that
several miBRNAs, such as hsa-miR-150-5p or hsa-miR-196b-5p, were differentially
expressed in IFNy-primed EV-endMSCs. These miRNAs have a functional involvement
in glucocorticoid receptor signaling, IL-6/8/12 signaling, and in the role of macrophages.
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In summary, these results allowed us to understand the complexity of the molecular
networks in EV-endMSCs and their potential effects on target cells. To our knowledge,
this is the first comprehensive study based on proteomic and genomic approaches to
unravel the therapeutic potential of these extracellular vesicles, that may be used as
immunomodulatory effectors in the treatment of inflammatory conditions.

Keywords: mesenchymal stem cells, endometrial, proteomic analyses, next generation sequencing-NGS,
interferon-y, extracellular vesicles (EV), miRNA-microRNA, priming

INTRODUCTION

Mesenchymal Stem Cells (MSCs) obtained from endometrial
tissue have become one of the most promising candidates
in the field of stem cell therapies. They are involved
in the dynamic remodeling and regeneration of human
endometrium, being necessary for normal tissue self-renewal.
In bibliography, different populations of endometrial stem
cells have been described (Chan et al., 2004) and different
names have been used for these cells, such as menstrual blood-
derived stromal/mesenchymal cells, or endometrial-derived
stromal/mesenchymal stem cells (endMSCs) (Kyurkchiev et al.,
2010; Gargett et al, 2016). Additionally, different laboratory
procedures have been established for in vitro isolation and
expansion (Schiiring et al., 2011; Wang et al., 2012; Rossignoli
et al, 2013). Nowadays, menstrual blood-derived endMSCs
can be easily isolated by a non-invasive method, without any
painful procedure and their in vitro expansion can be achieved
by simple, and reproducible methods (Sun et al., 2019).

The therapeutic potential of endMSCs have been described
and reviewed for different diseases, such as myocardial infarction
(Liu et al., 2019), and Parkinson disease (Bagheri-Mohammadi
et al., 2019). Recent preclinical studies have also evaluated their
therapeutic effects in murine models of pulmonary fibrosis (Zhao
etal., 2018), and experimental colitis (Lv et al., 2014). In addition,
a recent clinical trial using autologous menstrual blood-derived
stromal cells have shown satisfactory results for the treatment of
severe Asherman’s syndrome (Tan et al., 2016).

The biological mechanisms underlying endMSCs function
have been associated to their immunomodulatory capacity
(Nikoo et al., 2012), which is mediated—at least in part—by
indoleamine 2,3-dioxygenase-1, cyclooxygenase-2, IL-10, and IL-
27 (Peron et al., 2012; Nikoo et al., 2014). Moreover, these cells
have demonstrated a potent pro-angiogenic and anti-apoptotic

Abbreviations: DMEM, Dulbecco’s Modified Eagle’s medium; endMSCs,
Endometrial-derived ~ stromal/Mesenchymal ~ Stem  Cells; EV-endMSCs,
Extracellular Vesicles from Endometrial-derived stromal/Mesenchymal Stem
Cells; EVs, Extracellular Vesicles; FDR, False Discovery Rate; GO, Gene Ontology;
IFNY/EV-endMSCs, Extracellular Vesicles from IFNy-primed Endometrial-
derived stromal/Mesenchymal Stem Cells; IFNy, Interferon gamma; IPA,
Ingenuity Pathway Analysis; iTRAQ, Isobaric Tags for Relative and Absolute
Quantitation; LC-MS/MS, Liquid chromatographytandem mass spectrometry;
MS, Mass spectrometry; MSCs, Mesenchymal Stem Cells; NGS, Next Generation
Sequencing; PBS, Phosphate buffered saline; PCA, Principal Component Analysis;
SBT, Systems Biology Triangle; TMM, Trimmed mean of M-values; TPM,
Tags Per Million; UMI, Unique Molecular Index; WSPP, Weighted Spectrum,
Peptide, Protein.

effect mediated by HGE, IGF-1, and VEGF (Du et al., 2016).
Similarly to other MSCs, such as adipose-derived MSCs, or
bone marrow-derived MSCs, the therapeutic effect of endMSCs
is mediated by the paracrine action of extracellular vesicles
(EVs). EVs (including microvesicles, exosomes, and apoptotic
bodies) act as carriers of bioactive molecules, such as proteins,
microRNAs (miRNAs), and lipids (Doyle and Wang, 2019).
In this sense, our group has recently revealed the presence
of TGF-p in EVs derived from endMSCs (EV-endMSCs). The
functional studies performed by TGF-p blockade demonstrated
that this molecule is partially involved in the immunomodulatory
effect of these vesicles (Alvarez et al., 2018). Apart from their
immunomodulatory effects, EV-endMSCs have been used as co-
adjuvants to improve the in vitro fertilization outcomes in murine
models (Blazquez et al., 2018), and the proteomic analysis of
these EVs revealed an abundant expression of proteins involved
in embryo development (Marinaro et al., 2019).

These preliminary results opened several questions about
the hypothetical biological mechanisms that may mediate the
therapeutic effect of EV-endMSCs. In this regard, a profound
characterization of proteins and miRNAs, as regulatory elements,
may help us to identify protein or gene targets for the treatment
of specific diseases, increasing the translational impact of
this research.

On the other hand, an important issue in the field of
EVs derived from MSCs relies in the enhancement of their
therapeutic effect. Basically, the main goal is to get vesicles
with more biologically relevant effector molecules. During the
last years, the protocols for MSCs priming (also called “MSCs
licensing”), to generate more immunosuppressive MSCs, are
gaining interest. This idea has been studied by using Interferon
gamma (IFNy)-priming (DelaRosa et al, 2009; Chinnadurai
et al,, 2014; Liang et al, 2018), Toll-like receptors priming
(Sangiorgi and Panepucci, 2016; Najar et al., 2017), and other
inflammatory stimuli (Kim and Cho, 2016). This concept has
been recently reviewed by Yin et al. (2019) and the idea of MSCs
priming has been extrapolated to the production of licensed EVs.
Several examples can be found in bibliography: exosomes from
Interleukin 1B-primed MSCs expressed miR-146a to induce M2
polarization (Song et al., 2017); EVs from TNFo/IFNy-primed
MSCs were found to enhance the immunomodulatory activity
of MSCs by altering the COX2/PGE2 pathway (Harting et al.,
2018); furthermore, it was proved that exosomes from MSCs
under low oxygen conditions produced exosomes with a higher
pro-mitotic effect (Yuan et al., 2019), and immunomodulatory
potential (Showalter et al., 2019).
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In this work, we hypothesized that IFNy-primed endMSCs
may produce EVs (IFNy/EV-endMSCs) with therapeutic
effects that may be applicable in different clinical settings.
In order to explore this idea, a large-scale analysis of
proteins and miRNAs was performed using high throughput
proteomic screening and Next Generation Sequencing (NGS),
respectively. Our results revealed the existence of a wide
range of proteins and miRNAs involved in the immune
process, apoptosis, or cell signaling, among others. Nowadays,
bioinformatics resources, such as DAVID (https://david.
ncifcrf.gov/), miRTargetLink (https://ccb-web.cs.uni-saarland.
de/mirtargetlink/), and Ingenuity Pathway Analysis (IPA)
(https://www.qiagenbioinformatics.com/products/ingenuity-
pathway-analysis/) are available and effective tools to handle
and filter the massive amount of data at the basis of in silico
functional analyses. In our study, these tools allowed us to
classify proteins and miRNAs according to their biological
roles. In the case of high throughput proteomic analysis,
some of the most significant differences were observed on
immune-related proteins, being the increase of CSF-1 in
IENY/EV-endMSCs especially relevant. Additionally, NGS for
miRNA expression identified relevant miRNAs whose target
genes are implicated in the functionality of macrophages, and
IL6/IL8/IL12 signaling. These results suggest that IFNy/EV-
endMSCs may serve as important carriers for miRNAs and
proteins with immunomodulatory effects.

MATERIALS AND METHODS

Human endMSCs Isolation, Culture, and

Characterization

This study was performed in agreement with the ethical
guidelines of the Minimally Invasive Surgery Centre Research
Ethics Committee, which approved the study (approval number:
017/16). All menstrual blood donors provided written informed
consent to participate in the study. The endMSCs were obtained
from menstrual blood collected by four healthy pre-menopausal
women (30-34 years of age). Cells were isolated according to
previously described protocols (Alvarez et al., 2018; Marinaro
et al,, 2019). Briefly, the menstrual blood was diluted 1:2 in
phosphate buffered saline (PBS) and centrifuged at 450 x g
for 10 min. The pellets of cells were resuspended in Dulbecco’s
Modified Eagle’s medium (DMEM) (containing 10% fetal bovine
serum (Gibco, Thermo Fisher Scientific, Bremen, Germany),
1% penicillin/streptomycin, and 1% glutamine) and cultured at
37°C and 5% CO,. Cell culture medium was removed after
24h to eliminate non-adherent cells. The adherent endMSCs
were cultured to 80% confluency, then detached using PBS
containing 0.25% trypsin (Lonza, Gaithersburg, MD, USA) and
seeded again into 175 cm? culture flasks at a density of 5,000
cells/em?, changing the cell culture medium every 4 days.
endMSCs characterization was carried out by flow cytometry
and differentiation assay, as previously mentioned (Alvarez et al.,
2018; Marinaro et al., 2019). Briefly, the phenotypic analysis by
flow cytometry was performed on 2 x 10> cells (passages 3-4),
stained with human monoclonal antibodies against CD14, CD20,

CD34, CD44, CD45, CD73, CD80, CD90, CD117, and HLA-
DR, using the isotype-matched antibodies as negative controls.
A FACScalibur cytometer (BD Biosciences, San Jose, CA, USA)
and the CellQuest software (BD Biosciences) were used to analyze
the cells. The differentiation of endMSCs toward the adipogenic,
chondrogenic, and osteogenic lineages was carried out on cells
at passages 3-4. After 21 days of culture in differentiation
specific media (Gibco, Thermo Fisher Scientific), adipogenic,
chondrogenic, and osteogenic differentiation were evidenced by
Oil Red O, Alcian Blue, and Alizarin Red S stainings, respectively.

Human endMSCs Treatment With IFNy and
EV-endMSCs Purification and

Characterization

in vitro expanded endMSCs at passages 5-6 were treated with
3 ng/ml human IFNy Recombinant Protein (Invitrogen, Thermo
Fisher Scientific) for 6 days. For EV-endMSCs isolation, the
standard culture medium (for control EV-endMSCs), or the
culture medium containing IFNy (for IFNy/EV-endMSCs) were
removed, and replaced by DMEM containing 1% insulin-
transferrin-selenium (ThermoFisher Scientific), after rinsing
with PBS. After 4 days, the supernatants were collected and EV's
isolated according to a previous optimized protocol (Alvarez
et al., 2018; Marinaro et al., 2019). Briefly, supernatants were
centrifuged at 1,000 x g for 10 min and 5,000 x g for 20 min
at 4°C to eliminate dead cells and debris. The supernatants were
then filtered using firstly 450 nm pore size sterile cellulose acetate
filters, followed by 200 nm pore size filters (Corning, NY, USA).
3 kDa MWCO Amicon® Ultra devices (Merck-Millipore, MA,
USA) were used to concentrate up to 15 ml filtered supernatants,
by centrifugation at 4,000 x g for 60 min at 4°C. The obtained
concentrated supernatants were collected, characterized, and
stored at —20°C for the subsequent analyses. EV-endMSCs
characterization was carried out as previously described our
group (Alvarez et al., 2018). Briefly, the protein content of
EV-endMSCs was quantified by a Bradford assay (BioRad
Laboratories, CA, USA); the size of EV-endMSCs was determined
by nanoparticle tracking analysis (Malvern Panalytical Ltd.,
Malvern, UK), and the particle-tracking analysis software
package version 2.2 (Malvern Panalytical Ltd.); EV-endMSCs
surface marker analysis was performed by flow cytometry in a
FACScalibur cytometer (BD Biosciences) and with the CellQuest
software (BD Biosciences), after incubation with aldehyde/sulfate
latex beads (Molecular probes, Life Technologies, Thermo Fisher
Scientific), and human monoclonal antibodies against CD9 and
CD63 (BD Biosciences, San Jose, CA, USA).

Protein Analysis by High-Resolution Liquid
Chromatography Coupled to Mass

Spectrometry-Based Proteomics

The characterization of EV-endMSCs proteome from three
different donors was performed by high-throughput multiplexed
quantitative proteomics approach according to previously
described protocols (Jorge et al., 2009; Navarro and Vazquez,
2009; Bonzon-Kulichenko et al., 2011; Navarro et al., 2014;
Garcia-Marqués et al., 2016). Protein extracts were incubated
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with trypsin using the Filter Aided Sample Preparation (FASP)
digestion kit (Expedeon, San Diego, CA), as previously described
(Wisniewski et al., 2011). The resulting peptides were labeled
using 8plex-iTRAQ (isobaric Tags for Relative and Absolute
Quantitation) reagents, according to manufacturer’s instructions,
and desalted on OASIS HLB extraction cartridges (Waters
Corporation, Milford, MA, USA). Half of the tagged peptides
were directly analyzed by liquid chromatography tandem mass
spectrometry (LC-MS/MS) in different acquisition runs, and the
remaining peptides were separated into three fractions using
the high pH reversed-phase peptide fractionation kit (Thermo
Fisher Scientific). Samples were analyzed using an Easy nLC
1000 nano-HPLC coupled to a QExactive mass spectrometer
(Thermo Fisher Scientific). Peptides were injected onto a C18
reversed phase nano-column (75pum LD. and 50 cm, Acclaim
PepMap100 from Thermo Fisher Scientific) in buffer A [0.1%
formic acid (v/v)] and eluted with a 180 min lineal gradient
of buffer B [90% acetonitrile, 0.1% formic acid (v/v)], at 200
nl/min. Mass spectrometry (MS) runs consisted of 140,000
enhanced FT-resolution spectra in the 390-1,500 m/z wide
range and separated 390-700 m/z (range 1), 650-900 m/z
(range 2), and 850-1,500 m/z (range 3) followed by data-
dependent MS/MS spectra of the 15 most intense parent ions
acquired along the chromatographic run. HCD fragmentation
was performed at 30% of normalized collision energy. A total
of 14 MS data sets, eight from unfractionated material and six
from the corresponding fractions, were registered with 42 h total
acquisition time. For peptide identification the MS/MS spectra
were searched with the SEQUEST HT algorithm implemented in
Thermo Fisher Proteome Discoverer version 2.1 using a Uniprot
database containing human protein sequences (Dec-2017). For
database searching, parameters were selected as follows: trypsin
digestion with two maximum missed cleavage sites, precursor
mass tolerance of 800 ppm, fragment mass tolerance of 0.02
Da. Variable methionine oxidation (+15.994915 Da) and fixed
cysteine carbamidomethylation (+57.021 Da), and iTRAQ 8-
plex labeling at lysine and N-terminal modification (4-304.2054)
were chosen.

Peptide Identification, Protein

Quantification, and Statistical Analysis
Peptide identification from MS/MS data was performed using
the probability ratio method (Martinez-Bartolomé et al., 2008)
and the false discovery rate (FDR) of peptide identification was
calculated based on the search results against a decoy database
using the refined method (Navarro and Vazquez, 2009). Peptide
and scan counting were performed assuming as positive events
those with a FDR equal or lower than 1%.

Quantitative information of iTRAQ-8plex reporter ions was
extracted from MS/MS spectra using an in-house developed
program (SanXoT), as described (Trevisan-Herraz et al., 2019),
and protein abundance changes were analyzed using the
weighted spectrum, peptide and protein (WSPP) statistical model
(Navarro et al, 2014). This model provides a standardized
variable, Zq, defined as the mean-corrected log,_ratio expressed
in units of standard deviation at the protein level. For the protein

functional analysis, proteins were annotated based on Gene
Ontology database (The Gene Ontology Consortium, 2017) and
Systems Biology Triangle (SBT) model (Garcia-Marqués et al.,
2016). This algorithm estimates weighted functional category
averages (Zc) from the protein values by performing the protein
to category integration. Student -test was used to compare Zq
and Zc values from EV-endMSCs and IFNy/EV-endMSCs, and
the statistical significance was set at p-value < 0.05. Enrichment
analysis of proteins was performed by DAVID bioinformatics
tool (Huang et al., 2009a,b) and Benjamini-Hochberg FDR was
used for multiple test correction (FDR < 0.05).

Principal Component Analysis (PCA) was performed on Zq
values of 895 selected proteins (number of peptides, Np, >2
at 1% FDR) quantified after iTRAQ proteomics analysis, using
Metaboanalyst software version 4.0 (https://www.metaboanalyst.
ca/) (Chong et al., 2018).

Human M-CSF ELISA

Considering the biological relevance of M-CSE the changes
observed for this protein were analyzed by ELISA. The
quantification of M-CSF (also called CSF-1) was performed
using the Human M-CSF Pre-Coated ELISA Kit (Peprotech,
UK) according to the manufacturer’s instructions. Briefly,
the EV-endMSCs and IFNy/EV-endMSCs from four different
donors were diluted 1:10 in dilution buffer and quantified.
Median, mean, 25th percentile, and 75th percentile were
calculated and paired t-test was used to compare the
two groups.

miRNA Analysis by Next Generation

Sequencing
All experiments, except IPA, PCA, miRTargetLink, and DAVID
analyses, were performed at QTAGEN Genomic Services (Hilden,
Germany). Total RNA was isolated from aliquots of 3-4ml of
concentrated EV-endMSCs, with an exoRNeasy Serum/Plasma
Kit (QIAGEN) according to manufacturer’s instructions. For
NGS, the miRNA NGS library was generated by fragmentation
and reverse transcription to cDNA, starting with 5 pl total
RNA for each sample, and with the use of the QIAseq miRNA
Library Kit (QIAGEN). Each individual RNA molecule was
tagged with adapters containing a Unique Molecular Index
(UMI), aimed to detect, quantify, and sequence unique RNA
transcripts with high-resolution. The obtained cDNAs were
amplified in 22 cycles of PCR and purified. Bioanalyzer 2100
or TapeStation 4200 (both from Agilent Technologies, Santa
Clara, CA, USA) were used for library preparation QC. The
libraries were pooled in equimolar ratios, according to quality
and concentration of the inserts, and were submitted to qPCR
for quantification. Next, the library pools were sequenced
on a NextSeq500 sequencing instrument in accordance with
manufacturer’s indications. The bcl2fastq software (Illumina,
San Diego, CA, USA) was used to obtain FASTQ files from
raw data, and the FastQC tool (http://www.bioinformatics.
babraham.ac.uk/projects/fastqc/) was adopted the check
FASTQ data.

As previously mentioned, adapters and 12 nt-long UMI
sequences were ligated to RNA molecules during processing.
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Therefore, trimming and UMI correction were required before
moving to the mapping of detected sequences. Cutadapt (1.11)
(https://cutadapt.readthedocs.io/en/stable/) was used to rid the
raw reads of adapter sequences and UMIs. Briefly, the raw FASTQ
data were screened to detect adapters and UMI, filtering only
the reads containing adapters and insert sequence length equal
or larger than minimal insert length (default 16 nt). Raw data
with UMI sequences shorter than 10 nt were discarded, while
reads containing UMI (equal or longer than 10 nt) were classified
in partial-UMI reads (equal or longer than 10 nt), and full-UMI
reads (equal or longer than 12 nt). The last reads were combined
and were submitted to the quality control (FastQC) and to the
mapping process, that was carried out with the software Bowtie2
(2.2.2) in order to evaluate the quality of the samples. Reads
were aligned to spike-ins, abundant sequence and miRBase_20
(http://www.mirbase.org/) (Kozomara et al., 2019) taking into
consideration, as mapping criterion, the perfect match of the
reads to the reference sequences. To map to the genome, not
more than one mismatch was allowed in the first 32 bases of the
read. No INDELs (small insertions and deletions) were allowed
in mapping. Bowtie2 (2.2.2) was used to map the reads. UMI-
corrected reads whose length was around 18-23 nucleotides and
that were associated to relevant entries in mirbase_ 20, were
selected for further analyses.

Mapped miRNAs with Tags Per Million (TPM) > 10,
belonging to EV-endMSCs samples, were processed by
IPA (QIAGEN Inc.) (Ngwa et al, 2011) to determine
the human targeted genes with Experimentally observed
annotations.  Enrichment  analysis of  EV-endMSCs
microTargets was performed using DAVID bioinformatics
tool. Only terms with p-value < 0.05 were considered
statistically ~ significant. For multiple test correction,
Benjamini-Hochberg approach was used to control the
FDR (FDR < 0.05).

PCA was performed on log-fold and absolute gene-
wise changes in expression levels between samples (TMM
normalization) (Robinson and Oshlack, 2010) of the 225
miRNAs, considering that each miRNA was detected in at least
three of the four replicates from one group (EV-endMSCs and
IENY/EV-endMSCs), and using Metaboanalyst software (version
4.0) (https://www.metaboanalyst.ca/) (Chong et al., 2018).

Differential expression analysis was performed using the
EdgeR statistical software package (http://bioconductor.org/).
For normalization, the trimmed mean of M-values method
based on log-fold and absolute gene-wise changes in expression
levels between samples (TMM normalization) was used. Using
Benjamini-Hochberg FDR corrected p-values, miRNAs were
considered differentially expressed at a significance level of 0.05
(FDR). IPA was performed to determine the microTargets of
the significantly altered miRNAs between EV-endMSCs and
IENY/EV-endMSCs samples.

In order to identify multiple query nodes among
miRNAs in EV-endMSCs, the top-abundant miRNAs (>200
TPMs), were submitted to a miRTargetLink analysis. Only
results with a strong experimental evidence were taken
into consideration.

Macrophage Polarization Assay

Human monocytes from one healthy donor were isolated from
peripheral blood collected in EDTA containing tubes. Blood
was diluted in PBS, layered over Histopaque-1077 (Sigma,
St. Louis, MO) and centrifuged at 900 x g for 20min at
room temperature. The peripheral blood mononuclear cells
were carefully aspirated and washed twice with PBS. The
peripheral blood mononuclear cells were resuspended in RPMI-
1640 supplemented with 10% FBS. The cells were seeded
in tissue culture plates and incubated for 3h at 37°C and
5% CO,. Non-adherent cells were removed by four washes
with PBS. Adherent monocytes were stimulated with 50 ng/ml
of Macrophages Colony-Stimulating Factor (M-CSF) (Gibco,
Thermo Fisher Scientific) to promote the cell differentiation
from monocytes to M2 macrophages. Simultaneously, adherent
monocytes were stimulated with 50ng/ml of Granulocyte-
Macrophages Colony-Stimulating Factor (GM-CSF) (Gibco,
Thermo Fisher Scientific) to promote cell differentiation from
monocytes to M1 macrophages (Gao et al., 2018). Finally, EV-
endMSCs and IFNy/EV-endMSCs from four different donors
were added to the adherent monocytes. At day 6, adherent cells
were trypsinized with a 0.25% trypsin solution, washed, and
counted for flow cytometry analysis.

For flow cytometry, adherent cells co-cultured with M-CSF,
GM-CSE, EV-endMSCs, and IFNy/EV-endMSCs were incubated
for 30min at 4°C with the following human monoclonal
antibodies from BD Biosciences. PE-conjugated anti-CD14 was
used as macrophage marker and APC-conjugated anti-CD206
was used as a M2-differentiation marker. Cells were analyzed
on a FACScalibur cytometer (BD Biosciences) using FSC/SSC
characteristics. Fluorescence was analyzed with CellQuest Pro
software (BD Biosciences), using isotype-matched antibodies as
negative controls. The percentage of CD206-positive cells on
gated CD14 macrophages was represented. Median, mean, 25th
percentile, and 75th percentile were calculated and paired t-
test was used to compare EV-endMSCs and IFNy/EV-endMSCs
with GM-CSF.

For transcriptional analysis studies, total RNA from
adherent cells co-cultured with EV-endMSCs (n = 3) and
IFNy/EV-endMSCs (n = 3) was isolated at day 6 using
mirVana miRNA isolation kit (ThermoFisher Scientific),
following the manufacturer’s protocol for total RNA extraction.
Quality and concentration of total RNAs were evaluated by
spectrophotometry. The cDNA was synthesized from 55 ng
of RNA in reverse transcription reactions performed with the
iScript Reverse Transcription Supermix (BioRad, Hercules,
CA, USA), according to manufacturers instructions. 5.5
ng of cDNA for each sample were then amplified in qPCR
reactions using TagMan™ Fast Advanced Master Mix (Catalog
number 4444964, ThermoFisher Scientific) and TagMan®
Gene Expression Assays probes (ThermoFisher Scientific) for the
genes TBP (Assay ID: Hs00427620_m1), IL1B (Hs01555410_m1),
TNF (Hs00174128_m1), NOS2 (Hs01075529_m1), and TGFB
(Hs00998133_m1). Samples were evaluated in triplicate and 2
ul of water replaced the cDNA templates in the three negative
controls for each probe. All the reaction mixtures were prepared
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following manufacturer’s protocol, and the suggested thermal
profile was used to carry out templates amplification in a
QuantStudio 3 Real-Time PCR System (Applied Biosystems,
Thermo Fisher Scientific Inc.). The qRT-PCR products were
quantified by fluorescent method using the 272¢! expression.
All samples were analyzed separately and normalized using
TATA-Box Binding Protein (TBP) as endogenous control (Saleh
etal., 2011).

RESULTS

Characterization of endMSCs and

EV-endMSCs

The phenotypic analysis of endMSCs was performed by flow
cytometry. The endMSCs (n = 4) were negative for CD14, CD20,
CD34, CD45, CD80, and HLA-DR, while CD44, CD73, CD90,
and CD117 markers were positively expressed. Microscopic
analysis of Oil Red O, Alcian Blue, and Alizarin Red S stainings
on endMSCs cultured in differentiation specific media proved
their multipotency toward the adipogenic, chondrogenic, and
osteogenic lineages. The nanoparticle tracking analysis of EV-
endMSCs showed that their mean size was 153.5 £ 63.05nm.
Furthermore, CD9 and CD63 exosomal markers were positively
expressed, in accordance with the Minimal information for
studies of extracellular vesicles 2018 (MISEV2018) guidelines
(Théry et al, 2018) (Supplementary Figure 1). An accurate
explanation and the characterization of cells and vesicles can be
found in our previous studies (Alvarez et al., 2018; Blazquez et al.,
2018; Marinaro et al., 2019).

Characterization of EV-endMSCs

Molecular Cargo

In order to elucidate the modulation of protein composition
suffered by EV-endMSCs under IFNy priming, we have
resorted to a high-throughput quantitative proteomic approach
performed using multiplex peptide stable isotope labeling
(Figure 1). The datasets generated and analyzed for this study are
available via ProteomeXchange (http://www.proteomexchange.
org/) with identifier PXD015465 (https://www.ebi.ac.uk/pride/
archive/projects/PXD015465). This strategy of data discovery
gave us a reliable identification of 895 proteins (number of
peptides, Np, >2 at 1% FDR) corresponding to 866 human
genes (Supplementary Table 1). Of note, 71 proteins were
included in the 100 top-identified proteins of ExoCarta
database (http://www.exocarta.org/) (Keerthikumar et al., 2016),
and 617 proteins were annotated as Extracellular exosome
proteins (GO:0070062) in the Gene Ontology (GO) database
(p-value < 0.001, 1% FDR) (Figure 1, Supplementary Table 2).
These exosomal proteins corresponded to about 80% of the
EV-endMSCs proteome composition in terms of absolute
quantification  (Supplementary Table 1).  Regarding the
subcellular origin of EV-endMSCs identified proteins,
Extracellular matrix (G0O:0031012), Cytosol (GO:0005829),
and Membrane (GO:0016020) were the most representative
categories (Figure 2A, Supplementary Table 2). Mitochondrion
(GO:0005739), and Cytoskeleton (GO:0005856) terms were also

significantly enriched (p-value < 0.001, 1% FDR). In contrast, no
significant results were found for nuclear, or ribosomal proteins.
Interestingly, Immunological synapse (GO:0001772) related
proteins were also significantly represented in the EV-endMSCs
proteome (enrichment p-value < 0.001, 1% FDR) (Figure 2B,
Supplementary Table 2).

Since RNA species are also essential components of EV
cargo (Abels and Breakefield, 2016), we performed NGS analysis
to identify and quantify the presence of miRNAs in EV-
endMSCs and IFNy/EV-endMSCs (Figure 1). The datasets
generated and analyzed for this study can be found in
the European Nucleotide Archive (https://www.ebi.ac.uk/ena)
with accession number PRJEB34442. On average 6.6 million
UMI-corrected reads were obtained for each sample and the
average percentage of mappable reads was 79.5%. Nearly
54% (on average) corresponded mostly to small RNA species
(Supplementary Figure 2).

After mapping the data using miRBase 20 database, a
total of 225 miRNAs were identified in at least three of the
four replicates from each group (EV-endMSCs and IFNy/EV-
endMSCs). In order to predict the potential effects that
these miRNAs may have on a target cell, we performed an
Ingenuity Pathway Analysis (IPA). This analysis allowed us
to elucidate a detailed regulatory network to identify those
genes targeted by identified miRNAs (Ngwa et al, 2011).
The microTargets with Experimentally observed annotations for
these microRNAs were analyzed (Supplementary Table 3). A
total of 48 miRNAs identified in EV-endMSCs (>10 TPM)
targeted 937 genes (Supplementary Table 3A). Of note, key
intracellular signaling nodes, such as PTEN or MYC were
highly targeted (8 and 4 miRNAs targeted these genes,
respectively) (Supplementary Table 3B). In contrast to protein
cargo, enrichment analysis showed that the preferred site for
miRNAs targeting is the nucleus (n = 371 microTargets)
(Figure 2C). Other over-represented subcellular targets were
cytosol (n = 296 microTargets), plasma membrane (n = 250),
and mitochondrion (n = 101), among others (Figures 2C,D and
Supplementary Table 4). The miRTargetLink analysis (Wong
and Wang, 2015; Liu and Wang, 2019) was performed to identify
multiple query nodes among those miRNAs with more than
or equal to 200 TPMs, on average: hsa-let-7a-5p, hsa-miR-
143-3p, hsa-miR-21-5p, hsa-let-7b-5p, hsa-let-7f-5p, hsa-miR-
16-5p, and hsa-miR-199a-3p (see Supplementary Table 3A).
Our results revealed that PTGS2, BCL2, KRAS, HRAS, EGFR,
HMGA2, HMGA1, CDK6, TNFRSF10B, CCND1, and PRDM]1
genes were targeted by at least three of these miRNAs with a
strong experimental evidence and that IGFIR was the target of
four out of seven top-abundant miRNAs in EV-endMSCs (hsa-
miR-143-3p, hsa-miR-16-5p, hsa-miR-21-5p, and hsa-let-7b-5p)
(Supplementary Figure 3).

Interestingly, enrichment analyses also showed the potential
effect of molecular cargo on different biological processes
(Figure 3). EV-endMSCs proteins were shown to be involved
in several processes as the extracellular matrix organization
(G0O:0030198), the unfolded protein response (GO:0006986),
and the cell redox homeostasis (GO:0045454) (p-value < 0.001,
1% FDR, Figure3A, Supplementary Table 2). Besides, the
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simultaneously obtain peptide identification and quantification from the MS2 spectra. We identified 895 confident proteins (at least two different peptide backbone
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FIGURE 1 | fragmentation spectrum matched with reference sequences from database under 1% FDR). At the same time, quantification of peptide/protein levels
were retrieved from the reporter ions (low m/z range in the MS2 spectra) being analyzed under the WSPP model (Navarro et al., 2014). In order to describe
proteome-wide alterations, category analyses were performed based on the SBT model (Garcia-Marqués et al., 2016). For the transcriptomics workflow, extracted
total RNAs from EV samples were submitted to Next Generation sequencing. The UMI-corrected reads were aligned to miRBase (http://www.mirbase.org/) to
discriminate the populations of RNAs in EVs cargo, and for the identification of the detected miRNAs in EV-endMSCs and IFNy/EV-endMSCs. Human targeted genes
were detected after an Ingenuity Pathway Analysis (IPA) on mapped microRNAs of control cells with TPM > 10. Of the 937 identified microTargets, 371 were
associated to the nucleus that may be the preferred site of EV-endMSCs targeting. miRTargetLink (https://ccb-web.cs.uni-saarland.de/mirtargetlink/) was used to
identify multiple query nodes among identified miRNAs (TPM > 200). Enrichment analyses of protein and microTarget lists were performed by DAVID software (https://
david.nciferf.gov/) using Benjamini-Hochberg FDR for multiple test correction (FDR < 0.05). Images have been created with BioRender (https://app.biorender.com/),
and BioVenn (http://www.biovenn.nl/). Two pictures in the trascriptomics workflow belong to the miRNA NGS Data Analysis Report from QIAGEN Genomic Services
(Hilden, Germany). endMSCs, Endometrial-derived MSCs; EV, Extracellular Vesicles; EV-endMSCs, Extracellular Vesicles from Endometrial-derived
stromal/Mesenchymal Stem Cells; FASP, Filter-Aided Sample Preparation; FDR, False Discovery Rate; HPLC-MS, High-Performance Liquid Chromatography coupled
to Mass Spectromety; IFNy/EV-endMSCs, Extracellular Vesicles from IFNy-primed Endometrial-derived stromal/Mesenchymal Stem Cells; IPA, Ingenuity Pathway
Analysis; iTRAQ, Isobaric Tags for Relative and Absolute Quantitation; LC-MS/MS, Liquid chromatography tandem mass spectrometry; PCR, Polymerase Chain
Reaction; SBT, Systems Biology Triangle; TPM, Tags Per Million; UMI, Unique Molecular Index; WSPP, Weighted Spectrum Peptide Protein.
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FIGURE 2 | Subcellular composition of EV-endMSCs molecular cargo. Schematic overview of subcellular origin of protein cargo (A), and microRNA cellular targets (C)
of EV-endMSCs. Subcellular organelles are highlighted according to over-represented protein annotations, and the number of microTargets, respectively. (B) Relative
contribution of major subcellular components in the EV-endMSC proteome, and (D) microTargets. Graph bars represent adjusted enrichment p-values (-Log) from
significantly represented GO annotations (only terms with an enrichment p-value adjusted by Benjamini-Hochberg FDR correction <0.01 were considered). See
further information about enrichment analyses from EV-endMSC proteins and microTargets in Supplementary Tables 2, 4, respectively. Images have been created
with BioRender (https://app.biorender.com/). EV-endMSCs, Extracellular Vesicles derived from endometrial MSCs; FDR, False Discovery Rate; GO, Gene Ontology.
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miRNA component was shown to affect signaling transduction
(GO:0007165), cell proliferation (GO:0008283) and apoptotic
processes (GO:0006915), among others (p-value < 0.001, 1%
FDR, Figure 3B, Supplementary Table 4). Interestingly, MAPK
cascade (GO:0000165), and PI3K-Akt signaling (hsa04151)
pathways were also over-represented among microTargets
(p-value < 0.001, 1% FDR) (Figure 3B), which in turn showed

a significant enrichment within protein cargo (Figure 3A,
Supplementary Table 2). Finally, results from tissue up-
regulated gene annotations showed that microTargets were
over-represented in brain (n 427), placenta (n 273
genes), epithelium (n 232), liver (n 147), and B-
cells (n 32) among others (p-value < 0.01, 1% FDR,
Supplementary Table 4).
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FIGURE 3 | Biological processes affected by EV-endMSCs molecular cargo. Graph bars represent adjusted enrichment p-values (-Log) of significantly enriched
categories from proteins (A), and microTargets (B). Only terms with an enrichment p-value adjusted by Benjamini-Hochberg FDR correction <0.01 were considered.
See further information about enrichment analyses from EV-endMSC proteins and microTargets in Supplementary Tables 2, 4, respectively. EV-endMSCs,

Extracellular Vesicles derived from endometrial MSCs; FDR, False Discovery Rate.

Effect of IFNy Priming in the EV-endMSCs

Proteome Signature

With the aim of studying the modulation of protein composition
in EV-endMSCs under IFNy treatment, a comparative analysis
of the proteome from EV-endMSCs (n 3) and IFNYy/EV-
endMSCs (n = 3) was carried out (Figure 1). The multiplexed
quantitative proteomics approach provided an extensive dynamic
range and great proteome coverage, allowing the simultaneous
identification and quantification of hundreds of proteins in
the same experiment, which offers an invaluable advantage for
the analysis of limited sample amounts (Edwards and Haas,

2016; Jylha et al, 2018), as the case for EVs samples. In
this study, protein abundance changes in each sample were
calculated in relation to the average values of each protein
corresponding to control samples [log,-ratio expressed in units
of standard deviation (Zq), Supplementary Table 5]. We have
applied a robust and rigorous ad-hoc statistical analysis based
on the WSPP model (Navarro et al., 2014), which has been
repeatedly validated for the treatment of quantitative proteomics
data in several models (Ruiz-Meana et al., 2014; Gémez-
Serrano et al.,, 2016; Binek et al., 2017; Martinez-Lopez et al.,
2019).
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FIGURE 4 | Quantitative proteomic analysis of IFNy/EV-endMSCs. A total of 895 proteins (number of peptides, Np, >2 at 1% FDR) quantified after TRAQ proteomic
approach were first subjected to Principal Component Analysis (PCA). (A) Score plot for PC1 (35.6% variance explained) vs. PC2 (33.6% variance explained).

(B) Score plot for PC1 (35.6% variance explained) vs. PC3 (20% variance explained). Data display 95% confidence regions. Patient origin (n = 3) are indicated on the
plots as p1, p3, and p4. IFNy/EV-endMSCs (treated) and EV-endMSCs (untreated, control) samples are indicated in red and green, respectively. (C) Quantitative
proteomics results. Protein profile changes were analyzed by WSPP model (Navarro et al., 2014) to identified significantly altered proteins comparing
IFNy/EV-endMSCs and EV-endMSCs samples. Protein values (Zq) are reported as the standardized variable, which is defined as the mean corrected log, -ratio
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was set at p-value <0.05. EV-endMSCs, Extracellular Vesicles derived from endometrial MSCs; IFNy/EV-endMSCs, Extracellular Vesicles derived from IFNy-primed

endometrial MSCs; WSPP, Weighted Spectrum Peptide Protein.

The unsupervised study of proteomic results through PCA
revealed substantial differences between EV-endMSCs and
IENY/EV-endMSCs (Figures 4A,B, Supplementary Figure 4).
Additionally, PCA analyses revealed that distribution of main
protein components (PC1 vs. PC2) from the same individual
behaved similarly, underlying a distinctive individual EV-
endMSCs proteome background regardless of endMSCs
treatment (Figures 4A,B). Despite inter-individual differences,
IFNy-priming of endMSCs caused an important effect on
EVs proteome (Figure4B). In order to evaluate the most
representative candidates of this effect, differences in protein
levels between samples groups were evaluated through paired ¢-
test. A total of 84 proteins showed significant changes (p-value <
0.05) between EV-endMSCs and IFNy/EV-endMSCs (51 and 33
proteins were up- and down-regulated, respectively) (Figure 4C,
Supplementary Table 5). Notably, guanylate-binding proteins

1, and 3 (GBP1, GBP3) were highly up-regulated under IFNy-
treatment as well as proteins related to complement system, such
as C1R (complement Clr subcomponent), C1S (complement Cls
subcomponent), or SERPING1 (Plasma protease C1 inhibitor)
(Figure 4C). Additionally, cytokines, such as CSF1 (also called
M-CSEF), cell adhesion molecules, like CD166 antigen—an
important component of the immunological synapse (Kato et al.,
2006; Gilsanz et al., 2013), and CD9 antigen—involved in platelet
activation and aggregation (Worthington et al., 1990; Miao et al.,
2001)—were also altered in IFNy/EV-endMSCs. Enrichment
analyses showed that IFNy protein mediators were over-
represented among differentially abundant proteins (p-value <
0.001, 5% FDR) (Supplementary Table 6). These analyses also
pinpointed significant changes on proteins related to angiogenesis
(GO:0001525), collagen catabolism (GO:0030574), tumor necrosis
factor  signaling  (GO:0033209), innate immune response
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FIGURE 5 | Human M-CSF in extracellular vesicles derived from endometrial
mesenchymal stem cells. The quantification of hM-CSF was performed by
ELISA. EV-endMSCs from different donors were analyzed (n = 4). The lower
boundary of the boxes indicates the 25th percentile and the upper boundary,
the 75th percentile. Bars above and below the boxes indicate the 90th and
10th percentiles. The line within the boxes marks the median. A paired t-test
was used to compare EV-endMSCs and IFNy/EV-endMSCs.

(GO:0045087), and proteasome core complex (GO:0005839),
among others.

Based on proteomic analyses and considering the biological
relevance of human M-CSF on M1/M2 macrophage polarization,
M-CSF was quantified by ELISA. EV-endMSCs and IFNy/EV-
endMSCs from different donors were analyzed (n = 4) and
compared by a paired t-test. Human M-CSF levels appeared
to be modified in IFNy/EV-endMSCs, when compared to
controls (Figure 5).

To study the impact of IFNy-priming on protein functional
dynamics, we additionally analyzed the normal distribution of
protein quantifications predicted by the WSPP statistical model
(Navarro et al., 2014) under the null hypothesis using the Systems
Biology Triangle (SBT) algorithm (Garcia-Marqués et al., 2016),
which allows to detect alterations to protein function produced
by the coordinated action of proteins in biological systems. Thus,
a functional category was considered up- or down-regulated
when the changes of its protein components fail to follow a
normal distribution. In the comparison of protein profiles
between EV-endMSCs and IFNy/EV-endMSCs, a total of 117
functional categories were found significantly altered (p-value <
0.05), considering categories containing more than ten proteins
(Supplementary Table 7). As expected, one of the largest
category clusters, comprising 10 categories related to antigen
processing and presentation (ie., GO:0019882; GO:0002480;
GO:0042605; G0:0002479;  GO:0002486; G0O:0002474;
GO:0002486; GO:0003823; hsa04612), was increased. The
majority of the corresponding protein components were
up-regulated (e.g, HLA class I histocompatibility antigens,
proteasome subunits, beta-2-microglobulin and heat shock

proteins). In agreement with the enrichment analysis, innate
immune response (GO:0045087) was up-regulated, with a
significant increase of B2M, SERPINGI1, CSF1, PYCARD, and
HLA-B and C proteins, among others. In addition, adaptive
immune response (GO:0002250) encompassing differentially
abundant proteins, such as ERAP1, ALCAM, and CTSS were
also  up-regulated (Figure 6A, Supplementary Table 8A).
Notably, complement activation (GO:0006958) composed of
CIR, CIS, SERPINGI, or C2 immune mediators (Figure 6B,
Supplementary Table 8B) was significantly up-regulated.
Finally, functional proteome profiling revealed that several cell
signaling pathways were also altered (Supplementary Table 7).
This cluster contained several proteins with statistically
significant increased abundance when comparing EV-endMSCs
and IFNY/EV-endMSCs. Some remarkable examples are the
IENy-mediated signaling pathway (GO:0060333) and NIK/NF-
kappaB signaling (GO:0038061), T cell receptor signaling pathway
(G0:0050852) and MAPK cascade (GO:0000165), mostly related
to the proteasome complex (GO:0000502). This complex includes
significantly up-regulated subunits, such as PSMB10, PSMB9,
PSMEI, and PSME2 (Figure 6C, Supplementary Table 8C).

microRNAome Alterations in EV-endMSCs
Under IFNy Priming

A comparative analysis of the miRNA expression profile was
carried out in EV-endMSCs (n = 4) and IFNy/EV-endMSCs (n
= 4) (Figure 1). PCA analysis demonstrated that EV-endMSCs
microRNAome does not discriminate as much as proteome does
(Supplementary Figure 5).

The comparison of miRNA expression among EV-endMSCs
and IFNY/EV-endMSCs led to 18 significantly altered miRNAs
(p-value < 0.05), four of them with an FDR < 0.05 (hsa-
miR-196b-5p, hsa-miR-1246, hsa-miR-92a-3p, hsa-miR-150-5p)
(Table 1, Supplementary Table 9). Next, we aimed to obtain a
better understanding of the functional impact of these altered
miRNAs at the cell, for which we performed IPA analysis to
determine the potential microTargets.

According to IPA analysis, only two miRNAs (hsa-miR-
150-5p and hsa-miR-196b-5p) showed Experimentally observed
target annotation (Figure7). The genes targeted by hsa-miR-
150-5p are involved in acute-phase response and signaling in
macrophages (Akt, CEBPB), IL signaling (CSFIR), adipogenesis
(EGR2), inhibition of angiogeneisis (VEGFA), endocytosis,
macropinocytosis (PDGFB), and glucocorticoid receptor
signaling (CEBPB), among others. On the other hand, among
the genes targeted by hsa-miR-196b-5p, there were ANXAI
and KRT5 (implicated in glucocorticoid receptor signaling), as
well as IKBKB and S100A9 (both associated to IL-mediated cell
signaling). The full list of microTargets from the differentially
expressed miRNAs and their functional pathways are described
in Supplementary Table 10.

Macrophage Polarization Assay

Human monocytes were in vitro cultured and differentiated
toward M1-macrophages and M2-macrophages using GM-CSF
and M-CSF, respectively. Similarly, human monocytes were co-
cultured with EV-endMSCs (n = 4) and IFNy/EV-endMSCs (n
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FIGURE 6 | Systems biology analysis of the IFNy effect on EV-endMSC proteome. Quantitative proteomics results were analyzed using the Systems Biology Triangle
(SBT) model (Garcia-Marqués et al., 2016) to detect coordinated protein changes in the functional pathways. Functional categories were considered significantly
changed at p-value <0.05. Results show the cumulative distribution of average difference of Zqg values from proteins of interesting categories. A right-wards shift from
the theoretical curve represents a global tendency of up-regulation in IFNy/EV-endMSCs vs. EV-endMSCs. (A) Innate immune response (GO:0045087), and adaptive
immune response (GO:0002250). (B) Complement activation (GO:0006958). (C) IFNy-mediated signaling pathway (GO:0060333), and proteasome complex
(GO:0000502). The complete sets of protein changes from each category are listed in Supplementary Tables 8A-C, respectively. EV-endMSCs, Extracellular
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= 4). At day 6, the flow cytometry analysis of CD206 allowed
us to quantify the monocyte-to-macrophage differentiation and
polarization (Figure8). Our results demonstrated that EV-
endMSCs and IFNy/EV-endMSCs triggered the macrophage
differentiation toward M2 phenotype (p < 0.05). As expected,
significant differences were found when we compared MI-
differentiated cells and EVs-differentiated cells. However, our
study did not reveal any significant difference between EV-
endMSCs and IFNy/EV-endMSCs.

Finally, for a more detailed characterization, in vitro
differentiated monocytes co-cultured with EV-endMSCs and
IFNy/EV-endMSCs were also analyzed by qPCR. In this
analysis, M1/M2 cytokines (IL1b, TNF, TGFb, and NOS2) did

not reveal any conclusive result in terms of gene expression
(Supplementary Figure 6).

DISCUSSION

The extracellular vesicles (EVs) derived from MSCs are gaining
interest among researchers (Keshtkar et al., 2018), and a proof of
that is the increasing number of related publications (Roy et al.,
2018). MSCs can be isolated from very different sources, however,
endometrial tissue-resident MSCs are especially attractive from
a therapeutic point of view because of their remarkable
proliferating capacity, effective regenerative, and angiogenic
potential (Tempest et al., 2018).
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TABLE 1 | Significantly expressed miRNAs in IFNy/EV-endMSCs.

miRNA logFC p-value FDR

hsa-miR-196b-5p 1.07 < 0.0001 0.00019
hsa-miR-1246 —1.12 < 0.0001 0.00616
hsa-miR-92a-3p —1.34 0.0001 0.01187
hsa-miR-150-5p —1.87 0.00023 0.02956
hsa-miR-299-5p —4.32 0.00055 0.05749
hsa-miR-146a-5p —1.88 0.00114 0.09818
hsa-miR-378a-3p —1.45 0.00763 0.49394
hsa-miR-27a-5p 0.99 0.01104 0.61100
hsa-miR-484 —-2.12 0.01614 0.61698
hsa-miR-409-3p —0.80 0.01816 0.61698
hsa-miR-490-3p 1.15 0.01853 0.61698
hsa-miR-30c-5p —0.87 0.02242 0.61698
hsa-miR-10b-5p 0.34 0.02252 0.61698
hsa-miR-574-5p 1.25 0.02263 0.61698
hsa-miR-486-5p —1.25 0.02619 0.64869
hsa-miR-17-5p 1.20 0.02630 0.64869
hsa-miR-376¢-3p 0.96 0.03618 0.67893
hsa-miR-146b-5p —0.59 0.03790 0.67893

miRNA expression level is expressed as log fold change (logFC) between IFNy/EV-
endMSCs (n = 4), and EV-endMSCs groups (n = 4). The comparison of expression
levels between groups led to 18 significantly altered microRNAs (p < 0.05), 4
of them presenting 5% FDR (bold highlighted) based on Benjamini-Hochberg FDR
adjusted p-values. The full list of differentially expressed miRNAs is described in
Supplementary Table 9. EV-endMSCs: Extracellular Vesicles derived from endometrial
MSCs; FDR: False Discovery Rate; IFNy/EV-endMSCs: Extracellular \esicles derived from
IFNy-primed endometrial MSCs.

The main objective of this study was focused on an exhaustive
characterization of EVs released by menstrual blood-derived
endMSCs (EV-endMSCs). Moreover, our interest was also
focused on the biological consequences of IFNy-priming on EV-
endMSC, unraveling the proteome and microRNAome of these
brand-new therapeutic tools (Murphy et al., 2019), and finding
for them new and safe clinical applications.

As well as stem/stromal cells derived from placenta (Silini
and Parolini, 2018), amniotic fluid (Ramasamy et al., 2018),
and Wharton’s jelly (Joerger-Messerli et al., 2016), MSCs from
endometrial tissue can be easily expanded using standardized
protocols, and without ethical concerns. This aspect is an
important issue, since the simplicity of isolation protocols by
non-invasive procedures and the robust expansion capacity of
stem cells are crucial for a successful clinical translation of adult
stem cells (Bunpetch et al., 2017).

From a methodological point of view, the in vitro isolation
of EV-endMSCs was a simple and laborious procedure that
required the collection of cell culture supernatants every 3 days
and subsequent centrifugations, filtrations, and size-exclusion
concentrations. Because of the complexity and variability of
EVs released by in vitro cultured cells (exosomes, microvesicles,
apoptotic bodies), and the variety of isolation protocols
(ultracentrifugations, size-exclusion chromatography, field flow
fractionation), the characterizations and isolations of released
vesicles have been recently reviewed by the International Society
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FIGURE 7 | Functional analysis of miRNAs expression profile EV-endMSCs.
Ingenuity Pathway Analyses were performed to identify the microTargets of
those miRNAs with Experimentally observed annotation. Figure shows
interesting/representative pathways targeted by hsa-miR-196b-5p (red) and
hsa-miR-150-5p (blue). Full lists of functional pathways involving
Experimentally observed targeted genes (microTargets) are shown in
Supplementary Table 10. EV-endMSCs, Extracellular Vesicles derived from
endometrial MSCs.

for Extracellular Vesicles (Théry et al., 2018). In our study, the
isolation/enrichment protocols for EV-endMSCs collection were
developed according to previous studies from our group, after
comparing different isolation protocols (Alvarez et al., 2015). The
workflow for molecular characterization was performed using
two strategies: high throughput proteomic analysis, and next
generation sequencing (NGS) for miRNAs. In order to simplify
and clarify the relevance of these results, the proteomic and
miRNAs analyses will be separately discussed.

The study of EV-endMSCs proteome was performed with
a high-throughput quantitative proteomic approach based on
multiplex peptide stable isotope labeling, whose applicability
on EV proteome profiling has been extensively studied and
reviewed (Raimondo et al, 2011; Pocsfalvi et al, 2016;
Greening et al, 2017). We considered more appropriate to
characterize the untreated EV-endMSCs proteome (whose cells
were not treated with IFNy) before moving toward the absolute
quantification of proteins due to IFNy-priming. We found that
the 69% of the entire EV-endMSCs proteome composition was
associated to the GO term Extracellular exosome (GO:0070062),
demonstrating the relatively high purity of the vesicles. Among
these proteins, 71 were included in the 100 top-identified
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FIGURE 8 | In vitro M1/M2 Macrophage differentiation assay. Monocytes were
firstly isolated from peripheral blood cells by plastic adherence. The M1
differentiation was performed in the presence of 50 ng/ml of human
Granulocyte-Macrophages Colony-Stimulating Factor (GM-CSF). The M2
differentiation was performed in the presence of 50 ng/ml of human
Macrophages Colony-Stimulating Factor (GM-CSF). M1-differentiated
Macrophages (M®-M1) and M2-differentiated Macrophages (M®-M2) were
analyzed at day 6 of differentiation. In parallel, EV-endMSCs and
IFNy/EV-endMSCs were added to monocytes at day 0 and in vitro cultured for
6 days. Similarly, monocytes were differentiated toward M1 Macrophages
(M®-M1) in the presence of EV-endMSCs and IFNy/EV-endMSCs. The
macrophages were then trypsinized and the surface expression of CD206 (M2
marker) was determined by flow cytometry in CD14* cells. The lower
boundary of the boxes indicates the 25th percentile and the upper boundary,
the 75th percentile. Bars above and below the boxes indicate the 90th and
10th percentiles. The line within the boxes marks the median. No significant
differences were observed between EV-endMSCs and IFNy/EV-endMSCs.

*p < 0.05.

proteins in ExoCarta database. Since ExoCarta is one of the
most reliable database about EVs biomolecules (Rosa-Fernandes
et al, 2017) and it has been commonly used by several authors
to characterize the proteomic profiles of EVs (Jeannin et al,
2018; Arab et al, 2019; Goran Ronquist, 2019), our results
further confirmed the vesicular origin of identified proteins.
Surprisingly, the first identified protein was serotransferrin (see
Supplementary Table 1). However, serotransferrin should not be
considered a component of the released EVs since its presence
may be the consequence of using an insulin-transferrin-selenium
solution for in vitro cell culture and EV collection, as previously
described by other authors (Tauro et al., 2012; Garcia et al., 2015;
Chen et al., 2017).

It is important to note that EVs are considered critical
mediators of cell to cell communication through the exchange
of different molecules, such as proteins, DNA, RNA species,
and metabolites (Caruso Bavisotto et al, 2019). Remarkably,
EVs cargo can be modulated by different stimuli to the source
cell, exerting pleiotropic effects on the recipient cell (Yoon
et al., 2014). Being EVs natural carriers of proteins, which are
essential for organism function and homeostasis, we aimed to
investigate the subcellular origins of the EV-carried proteins.
In accordance with other authors (Raimondo et al., 2011;
Yuan et al, 2019), the Gene Ontology analysis of the EV-
endMSCs proteome demonstrated an enrichment of proteins
classified by the terms Cytosol (GO:0005829), Extracellular
space (GO:0005615), Membrane (GO:0016020), and Extracellular
matrix (GO:0031012). The inclusion of our EV-proteins in
these four categories is understandable, considering that they
are necessary for EV biogenesis, release, and uptake (Abels
and Breakefield, 2016; Mathieu et al., 2019). In addition, the
proteins classified within these categories are involved in different
biological processes, such as cellular migration (Sung et al., 2015),
invasion (Mu et al., 2013), embryo implantation (Desrochers
et al,, 2016), tumor metastasis (Hoshino et al., 2015; Sedgwick
et al., 2015), and neutrophils recruitment during inflammation
(Majumdar et al., 2016), among others.

Furthermore, the EV-endMSCs proteome was composed
by proteins classified in the significantly enriched GO term
Mitochondrion (GO:0005739). Even though this category was
not reported by the above mentioned authors describing
EV proteomes (Raimondo et al, 2011; Yuan et al, 2019),
recent studies have outlined the existence of a mitochondrial-
endolysosomal axis (Soto-Heredero et al., 2017; Picca et al.,
2019a), where mitochondrial molecules are carried by EVs
and exert their effect in processes like mitochondrial quality
control (Picca et al., 2019b), senescence (Eitan et al., 2017), and
“inflamm-aging” (Prattichizzo et al., 2017).

The presence of several EV-endMSCs proteins related to the
Immunological synapse (GO:0001772) confirmed the findings of
other researchers, who already associated EVs to mechanisms
like T cell-antigen presenting cell interaction (Choudhuri et al,,
2014), antigen-specific T-cell activation induced by dendritic
cell (Théry et al, 2002), MHC class-II mediated antigen
presentation (Roche and Furuta, 2015), and T-helper 1 cells
differentiation (Qazi et al., 2009). In contrast to other authors
who detected the presence of nuclear (Raimondo et al., 2011;
Yuan et al., 2019) and ribosomal EV proteins (Ung et al., 2014),
the EV-endMSCs proteome was not significantly enriched in
these components.

As previously mentioned, the comparative analysis between
EV-endMSCs and IFNy/EV-endMSCs has revealed statistically
significant differences in a wide range of proteins with different
biological functions. In an attempt to determine the most
relevant results from this exhaustive analysis, we focused our
interest on immunomodulatory proteins that may have a key
role in the therapeutic efficacy of these EVs. Of course, we
are aware that this selection is questionable and, for sure,
many other proteins may deserve a proper discussion and
further investigation.
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The identification of CSF-1 (also called M-CSF), in EV-
endMSCs, and the differential expression observed on IFNy/EV-
endMSCs, could be considered one of the most relevant results
from this study. The changes observed for this protein were
further confirmed by ELISA. The immunoassay corroborated
the significant differences observed in the proteomic analysis
between EV-endMSCs and IFNy/EV-endMSCs. It is widely
accepted that CSF-1 is a primary regulator for macrophages
(Jones and Ricardo, 2013) and it has been associated with
M2 polarization and shifts toward homeostatic/reparative state
(Hamilton, 2008; Hamilton et al, 2014). Additionally, CSF-
1 has been found to modulate inflammatory responses,
promoting the expansion and viability of macrophages in
patients with inflammatory-mediated diseases (Lenzo et al.,
2012; Hamilton and Achuthan, 2013). In the context of
stem cell-based therapies, preclinical studies in myocardial
infarction have demonstrated the immunomodulatory capacity
of MSCs promoting the shift from M1 to M2 macrophages
(Cho et al, 2014). More recently, a deep analysis of MSCs-
macrophages interactions have shown that MSCs triggered the
proliferation/differentiation of macrophages toward M2 by cell-
to-cell contact, and by soluble factors where CSE-1 has a key
role (Takizawa et al, 2017). All these findings, together with
the identification of CSF-1 in these vesicles, and its significant
increase in EVs from IFNy-primed cells, may suggest that
EV-endMSCs promote a M2 polarization. In accordance with
this idea, an in vitro functional assay was performed using
EV-endMSCs and IFNy/EV-endMSCs. These vesicles were co-
cultured with peripheral blood monocytes and macrophage
differentiation/polarization demonstrated that both control
EV-endMSCs and IFNy/EV-endMSCs favored macrophages
differentiation toward M2. In agreement with these in vitro
results, our research group has recently demonstrated that
extracellular vesicles from cardiosphere-derived cells stimulate
M2 differentiation in the acute phase of porcine myocardial
infarction (Lopez et al., accepted).

Another relevant protein that was found in the proteome
of EV-endMSCs and that increased in IFNy/EV-endMSCs was
ERAPI (an aminopeptidase). Considering that ERAP1 is directly
involved in the MHC class I presentation process (Cifaldi et al.,
2012), the upregulation of this molecule under IFNYy treatment is
not surprising. ERAP-1 is also involved in numerous biological
processes and the presence of this protein in EV-endMSCs may
have some other consequences. Firstly, the presence of ERAP1
has been found to increase the shedding of cytokine receptors
(Cui et al., 2002), and to modulate the overall innate immune
response (Aldhamen et al., 2013). Therefore, it is expected that
the presence of ERAP1 in EV-endMSCs may have an impact in
the inflammatory signaling on target cells. Secondly, ERAP-1 is
also involved in cell proliferation, migration and angiogenesis
upon stimulation with VEGF (Miyashita et al., 2002; Reeves and
James, 2017), so the presence of this molecule in EV-endMSCs
may be responsible, at least in part, for the pro-angiogenic
effects observed on endMSCs (Hayati et al., 2011; Zhang et al.,
2016).

The third protein showing an increase on IFNy/EV-endMSCs
(and classified as immunomodulatory), was PYCARD (also

called ASC). This protein is an adaptor for inflammasomes
that activate caspase-1 (Taxman et al., 2011) which also
regulate the transcription of cytokines through NF-kB activation
pathway (Stehlik et al., 2002). Interestingly, PYCARD has
been found to inhibit the NF-«kB activation mediated by
proinflammatory cytokines. Based on that, the presence of
this protein in EV-endMSCs may reduce the susceptibility
to inflammatory stimuli in target cells. In other words, the
interactions between EV-endMSCs and inflammatory cells could
modulate the intracellular signaling pathways toward a less
inflammatory phenotype.

Together with proteins, miRNA species are essential
components of EV cargo (Abels and Breakefield, 2016). For
this reason, the characterization of the proteomic profile was
followed by an NGS analysis to define the RNA signature of
EV-endMSCs. Firstly, our results demonstrated that miRNAs
in EV-endMSCs are underrepresented over other small RNAs,
which is in agreement with other studies developed in exosomes
(Jenjaroenpun et al., 2013; Baglio et al., 2015; Tosar et al., 2015;
Sork et al., 2018). Ingenuity Pathways Analyses allowed us to
understand the pathways and biological mechanisms of miRNAs
dataset. These analyses revealed that, among the 937 miRNAs
with more than 10 TPMs, the genes PTEN, CDK6, BCL2,
CCND1I, and MET were targeted by 5 to 8 different miRNAs.
These genes are directly involved in intracellular signaling, and
cell proliferation, so the internalization of the above-mentioned
miRNAs in target cells would have a significant impact on
these intracellular pathways. Additionally, the quantification
of miRNAs revealed that hsa-let-7a-5p, hsa-miR-143-3p, hsa-
miR-21-5p, hsa-let-7b-5p, hsa-let-7f-5p, hsa-miR-16-5p, and
hsa-miR-199a-3p were abundantly expressed, having an average
of more than 200 TPMs. A networks analysis to identify multiple
query nodes was performed with miRTargetLink (Wong and
Wang, 2015; Liu and Wang, 2019). According to this analysis,
4 of the top-abundant miRNAs (hsa-miR-143-3p, hsa-miR-
16-5p, hsa-miR-21-5p, and hsa-let-7b-5p) showed a validated
interaction with IGFIR. This result may indicate that different
miRNAs from EV-endMSCs could inhibit the IGFIR signaling
in target cells and, subsequently the IGF1R-related pathways to
modulate proliferation, survival, cell adhesion, etc. (Girnita et al.,
2014). Finally, miRNA expression profile of EV-endMSCs and
IFNYy/EV-endMSCs samples showed four differentially expressed
miRNAs (FDR < 0.005). Moreover, the IPA analysis revealed
that two Experimentally observed miRNAs, hsa-miR-150-5p and
hsa-miR-196b-5p, target some genes involved in Glucocorticoid
Receptor Signaling, IL-6/8/12 Signaling, and in the Role of
Macrophages. However, when we tried to validate the expression
by qPCR of hsa-mir-1246, hsa-mir-150-5p, hsa-mir-196b-5p,
and hsa-mir-92a-3p, we did not obtain conclusive results.
PCR amplification of low abundant miRNAs in extracellular
vesicles can be a challenge. Unfortunately, the four differentially
expressed miRNAs (FDR < 0.05) that we tried to amplify by
qPCR were between the least abundant detected by NGS. Hence,
we could not validate these miRNAs, even using commercially
available optimized probes.

In summary, our qualitative, quantitative, bioinformatics,
and in vitro analyses of proteins and miRNAs have provided

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

15

December 2019 | Volume 7 | Article 431


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Marinaro et al.

Molecular Profiling of EV-endMSCs

some clues and hints to unravel the molecules involved in
the biological effect of these vesicles. This result, together with
proteomics and the macrophage polarization assay suggests
that EV-endMSCs may have an immunomodulatory effect in
inflammatory conditions.
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