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Summary

Endometrial Mesenchymal Stem Cells (endMSCs) reside in the basal and functional layer
of human endometrium and participate in tissue remodeling which is required for
maintaining the regenerative capacity of the endometrium. The endMSCs are multipotent
stem cells and exhibit immunomodulatory effects. This paper aimed to evaluate the
regulatory effects of extracellular vesicles derived from endometrial mesenchymal stem
cells (EV-endMSCs) in the setting of T cell activation. In vitro stimulations of lymphocytes
were performed in the presence of EV-endMSCs. These in vitro stimulated lymphocytes
were functionally and phenotypically characterized to distinguish CD4+ and CD8+ T cell
differentiation subsets. Moreover, the inhibition of TGFf was performed with neutralizing
antibodies. The phenotype and nanoparticle tracking analysis of the EV-endMSCs
demonstrated that they are similar in terms of size distribution to other MSCs-derived
exosomes. The in vitro assays showed an immunomodulatory potential of these vesicles to
counteract the differentiation of CD4+ T cells. The quantification of active TGFf in EV-
endMSCs was found to be very high when compared to extracellular vesicles-free
concentrated supernatants. Finally, the neutralization of TGFp significantly attenuated the
immunomodulatory activity of EV-endMSCs. In summary, this is the first report
demonstrating that EV-endMSCs exhibit a potent inhibitory effect against CD4+ T cell

activation which is partially mediated by TGFf signaling.

Keywords:  Extracellular  vesicles, Endometrial Mesenchymal Stem  Cells,

Immunomodulation, TGF, Lymphocyte activation, Lymphocyte differentiation.
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1. Introduction

The mesenchymal stem/stromal cells (MSCs) have been widely described in bibliography.
These cells can be derived from different sources and according to the minimal criteria
from the International Society of Cellular Therapy, they are characterized by their plastic
adherence, CD73, CD90 and CDI105 expression, as well as their differentiation towards

osteoblasts, chondroblasts and adipocytes (Dominici et al., 2006).

Multipotent stem cells in endometrial tissue can be obtained by different procedures such as
hysterectomy (Wang et al., 2012), endometrial biopsy (Schiiring et al., 2011) or by the
collection of menstrual blood (Rossignoli et al., 2013) and different names have been given
to these multipotent stem cells such as endometrial regenerative cells, endometrial
mesenchymal stem-like cells or endometrial decidual tissue multipotent mesenchymal stem
cells (Kyurkchiev et al., 2010). According to the hypothesis from E. Lucas et al.,
endometrial stromal cells, rather than being a homogeneous population, comprise distinct
cellular subsets ranging from quiescent and active MSCs (Lucas et al., 2016). Moreover, it
is assumed that endometrial MSCs predominantly reside in the perivascular niche of the
basal and functional layer maintaining the regenerative capacity of the endometrium

(Schwab and Gargett 2007; Masuda et al., 2012).

The isolation of MSCs from the endometrial decidual tissue in menstrual blood is a non-
invasive and reproducible method. In contrast to other invasive methods which limit their
clinical use, the isolation of endometrial MSCs from menstrual blood (hereinafter referred

to as endMSCs) does not require any painful procedure. In terms of laboratory processing,
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these cells can be selected by plastic adherence and in vitro expanded under standard
culture conditions. The menstrual blood-derived stromal stem cells display multipotent
capabilities and immunomodulatory effects (Nikoo et al., 2012). Moreover, their
immunomodulatory capacity have been found to be different when compared women with

and without endometriosis (Nikoo et al., 2014).

The immunosuppressive mechanisms of endMSCs, as well as the angiogenic and anti-
apoptotic, are mainly mediated through paracrine factors. In terms of angiogenic and anti-
apopototic factors, VEGF, HGF and IGF-1 have been detected in endMSCs supernatants
(Du et al., 2016). With respect to immunosuppressive factors produced by menstrual blood-
derived stromal stem cells, indoleamine 2,3-dioxygenase-1 (IDO-1) and cyclooxygenase-2
(COX-2) have been described as immunoregulatory molecules (Nikoo et al., 2014).
Moreover, Peron et al. demonstrated that endMSCs secrete IL-10 and IL-27 cytokines
which are involved in their immunomodulatory effect against Th17 and Thl T CD4 cells

(Peron et al., 2012).

Taking into account that the therapeutic effect of MSCs is thought to be mediated by a
paracrine effect, the released exosomes and other extracellular vesicles from MSCs have
become a promising therapeutic tool for the treatment of inflammatory-related diseases (De
Jong et al., 2014; Merino et al., 2014; Zhang et al., 2014). In vitro and in vivo studies from
our laboratory have demonstrated that exosomes derived from mesenchymal stem cells
have an immunomodulatory potential against in vitro activated T cells (Blazquez et al.,
2014) as well as an anti-inflammatory effect in an antigen-induced synovitis animal model

(G Casado et al., 2017). In two recent papers from Wang K et al. and Chen L et al., it was
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found that the potent paracrine effect of endMSCs was mediated by secreted exosomes
(Chen et al., 2017; Wang et al., 2017). In the first report, a cardioprotective effect (anti-
apoptotic and pro-angiogenic) was demonstrated through the release of miR-21 (Wang et
al., 2017). In the second report, the exosomes from endMSCs showed an anti-apoptotic

capacity in the setting of fulminant hepatic failure.

In summary, taking into account that the immunomodulatory effect of endMSCs is widely
accepted and considering that extracellular vesicles have a key role in the paracrine effect
of MSCs, this paper aimed to evaluate the regulatory effect of extracellular vesicles derived
from endMSCs (EV-endMSCs) against in vitro stimulated T cells. The phenotypic and
functional analysis of lymphocyte subsets demonstrated that EV-endMSCs exerted an
inhibitory effect counteracting CD4+ T cell activation. More importantly, here we show
that these extracellular vesicles are a rich source of active TGFf and the blockade of TGFf
signaling with neutralizing antibodies showed that the immunomodulatory effect of EV-

endMSCs is partially mediated by TGF.

2. Materials and Methods

2.1. Isolation and in vitro expansion of endometrial MSCs from menstrual blood

Menstrual blood was obtained from four healthy women on day 2 to 3 of the menstrual
cycle. Samples were collected using a menstrual cup for several hours. The study was

approved by Minimally Invasive Surgery Centre Research Ethics Committee (approval
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number: SITC215). All participants provided written informed consent. Menstrual blood
was diluted 1:2 in PBS and centrifuged at 450 x g for 10 minutes. Supernatant was
discarded and the pellet was re-suspended in DMEM (containing 10% FBS, 1%
penicillin/streptomycin and 1% glutamine). Subsequently, cells were cultured in a tissue
culture flask and expanded at 37 °C and 5% COz. Non-adherent cells were removed after 24
h. Adherent cells were cultured to 80% confluency and detached using PBS containing
0.25% trypsin. Cells were seeded again into a new culture flask at a density of 5,000

cells/cm?. Culture medium was changed every 4 days.

2.2. Phenotypic analysis by flow cytometry

For phenotypic analysis 2x10° cells were stained with human monoclonal antibodies
against CD14, CD20, CD34, CD44, CD45, CD73, CD80, CD90, CD117 and HLA-DR and
incubated for 30 min at 4 °C in the presence of PBS containing 2% FBS. The cells were
washed and re-suspended in PBS. The corresponding isotype-matched antibodies were used
as the negative control. The flow cytometric analysis was performed on a FACScalibur
cytometer (BD Biosciences, CA, USA) after acquisition of 10° events. Viable cells were
selected using forward and side scatter characteristics and analyzed using CellQuest
software (BD Biosciences, CA, USA). Isotype-matched negative control antibodies were
used in the experiments. The mean relative fluorescence intensity (MRFI) was calculated
by dividing the mean fluorescent intensity (MFI) by the MFI of its negative control. Cells

were analyzed at passages 3-4.
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2.3. Adipogenic, chondrogenic and osteogenic differentiation of endometrial MSCs

from menstrual blood

The differentiation assay of endMSCs was performed when the cells reached 80% of
confluence. Standard protocols were used to promote osteogenic, adipogenic and
chondrogenic differentiation. Cells were cultured for 21 days with differentiation specific
media (Gibco Life Sciences, Rockville, MD, USA), which was replaced every three days.
Oil Red O, Alcian Blue and Alizarin Red S stainings were performed to evidence
adipogenic, chondrogenic and osteogenic differentiation, respectively. The degree of
adipogenic, chondrogenic and osteogenic differentiations was quantified by determining the
absorbance of the extracts at 490 nm (Oil Red O and Alizarin Red S staining) and at 600
nm (Alcian Blue 8GX). Alcian blue and Alizarin Red staining were extracted with 6 M

guanidine-HCI. Oil Red O staining was extracted with pure isopropanol.

2.4. Isolation, purification and characterization of EV-endMSCs

The mesenchymal stem cells-derived extracellular vesicles were obtained from endMSCs
cultured in 175 cm? flasks. When cells reached a confluence of 80%, culture medium
(DMEM containing 10% FBS) was replaced by exosome isolation medium (DMEM
containing 1% insulin-transferrin-selenium). The supernatants were collected every 3-4
days. To eliminate dead cells and debris, the supernatants were centrifuged at 1,000 x g for
10 min and 5,000 x g for 20 min at 4 °C. Every 15 ml of these supernatants were ultra-
filtered through a 3 kDa MWCO Amicon® Ultra device (Merck-Millipore, MA, USA).

Samples were spun at 4,000 x g for 60 min and 200-300 pl of concentrated supernatant
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were collected and stored at -20 °C. To obtain the EV-Free concentrated supernatants, the
concentrated supernatants were ultracentrifuged for 2 hours at 100,000 x g and stored at -20

°C.

Prior to in vitro experiments, extracellular vesicle concentration was indirectly quantified
by protein measurements in a Bradford assay. Moreover, a nanoparticle tracking analysis
(NanoSight Ltd, Amesbury, UK) was also performed to characterize the size and to
quantify the number of particles per milliliter. Results were analyzed using the nanoparticle
tracking analysis software package version 2.2. Triplicate samples were diluted 1:100,

1:500 and 1:1000 in sterile-filtered PBS and analyzed.

For flow cytometric analysis, extracellular vesicles were conjugated with latex beads.
Briefly, 5 pg of extracellular vesicles were incubated 15 min at room temperature with 10
ul of aldehyde/Sulfate latex beads (4 um) (Molecular probes, Life Technologies, Carlsbad,
CA, USA). PBS was then added to a final volume of 1 ml and samples were incubated
overnight at 4 °C. Finally, 110 pl of 1 M glycine were added to each tube. After 30 min of
incubation, samples were centrifuged, washed and re-suspended in a final volume of 0.5 ml
PBS/0.5% BSA. These extracellular vesicles-coated beads were incubated for 1 h at room
temperature with human monoclonal antibodies against CD9 and CD63 (BD Biosciences,
San Jose, CA, USA). After incubation, the extracellular vesicles-coated beads were washed
and re-suspended in PBS/0.5% BSA. The flow cytometric analysis was performed on a
FACScalibur cytometer (BD Biosciences, San Jose, CA, USA) after acquisition of 10°
events. The extracellular vesicles-bead complexes were primarily selected using forward

and side scatter characteristics and fluorescence was analyzed using CellQuest software
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(BD Biosciences). Isotype-matched negative control antibodies were used in all the

experiments.

For proteomics analysis, protein extracts were incubated with trypsin using the Filter Aides
Sample Preparation (FASP) digestion kit (Expedeon), as previously described (Wisniewski
etal., 2011). The resulting peptides were labelled using 8plex-iTRAQ reagents (Sciex)
according to manufacturer’s instructions and desalted on OASIS HLB extraction cartridges
(Waters Corp.). Half of the tagged peptides were directly analyzed by LC-MS in different
acquisition runs, and the remaining peptides were separated into 3 fractions using the high
pH reversed-phase peptide fractionation kit (Thermo Fisher Scientific). High-resolution
LC-MS analysis of iTRAQ-labelled peptides was carried out on an Easy nLC 1000 nano-
HPLC apparatus (Thermo Scientific) coupled to QExactive mass spectrometer (Thermo
Fisher Scientific). Peptides were injected onto a C18 reversed phase (RP) nano-column (75
pum [.D. and 50 cm, Acclaim PepMap100, Thermo 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)). MS runs consisted of enhanced FT-resolution spectra (140,000 resolution) in
the 390-1,500 m/z range and separated 390-700, 650-900, and 850-1500 m/z ranges
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 Proteome Discoverer 2.1 (Thermo Scientific). The results were analyzed
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using the probability ratio method (Martinez-Bartolome 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 et al., 2009). Enrichment
analysis was performed by wusing the DAVID functional annotation database

(https://david.ncifcrf.gov/).

2.5. Measurements of active TGFf by ELISA

The quantification of TGFB1 was performed by ELISA test using the LEGEND MAX™
Free active TGFB1 (Biolegend, San Diego, CA) and according to the manufacturer's
instructions. The active form of TGFP was quantified in the extracellular vesicles-free
fractions from extracellular vesicle-enriched supernatants. Additionally, the active TGFf
was quantified in the extracellular vesicle-containing fraction of ultracentrifuged
supernatants. Both lysed and intact extracellular vesicles were quantified and TGFp was
normalized on the basis of total protein content. The vesicles were lysed with 0.05%

Tween-20 and 2.5% Triton at pH 7.4.

2.6. Lymphocytes isolation

Peripheral blood lymphocytes (PBLs) were obtained from healthy adult donors by
centrifugation of peripheral blood collected in EDTA over Histopaque-1077 (Sigma, St.
Louis, MO, USA) and washed twice with PBS. The PBLs was re-suspended in RPMI 1640

supplemented with 10% FBS.

10
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2.7. Invitro stimulation of PBLs and co-culture with EV-endMSCs

To determine the immunomodulatory effect of EV-endMSCs on in vitro stimulated PBLs, a
total of 2x10°> PBLs/well were seeded in a 96 wells plate. In order to stimulate PBLs, a T
cell activation/expansion kit was used (Miltenyi Biotec Inc, San Diego, CA, USA).
Extracellular vesicles at different concentrations (8, 16, and 32 x10'" particles/ml) were
added to different wells. The PBLs and extracellular vesicles were co-cultured for 3 and 6
days. Negative controls (non-stimulated PBLs) and positive controls (stimulated PBLs
without extracellular vesicles) were used in all the experiments. In a second set of
experiments, the TGF[ blockade was performed using a TGFB-neutralizing antibody (clone

ID11) at 1 pg/ml (Thermo Fisher Scientific, Waltham, MA, USA).

2.8. Differentiation/activation markers expression on in vitro stimulated PBLs

For flow cytometry, in vitro stimulated PBLs co-cultured with extracellular vesicles at
different concentrations (8, 16, and 32 x10' particles/ml) with or without TGFp-
neutralizing antibodies were collected at day 6. The cells were stained with fluorescence-
labeled human monoclonal antibodies against CD4 (SK3), CD8 (SK1), CD62L (DREG-56)
and CD45RA (L48) (BD Biosciences, San Jose, CA, USA). The cytometric analysis was
performed as follows: 2x10° cells were incubated for 30 min at 4 °C with appropriate
concentrations of monoclonal antibodies in the presence of PBS containing 2% FBS. The
cells were washed and re-suspended in PBS. The flow cytometric analysis was performed
on a FACScalibur cytometer and analyzed using Cell Quest software (BD Biosciences, San

Jose, CA, USA) after acquisition of 10* events. Viable cells were selected using forward

11
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and side scatter characteristics and fluorescence was analyzed using CellQuest software
(BD Biosciences, CA, USA). Isotype-matched negative control antibodies and/or

Fluorescence Minus One (FMO) controls were used in the experiments.

2.9. Statistical analysis

Data were statistically analyzed with SPSS-21 software (SPSS, Chicago, IL, USA). Normal
distribution of variables, as well as homoscedasticity, was firstly assessed using Shapiro-
Wilk and Levene tests, respectively. For variables with normal distribution and
homogeneity of variances, one-way ANOVA test was performed. When a statistically
significant difference was found, a Tukey test was performed to evidence differences
between groups. For non-parametric and heteroscedastic variables, a Kruskal-Wallis test
was performed, followed by a Dunn’s test to evidence differences between groups. The p-

values <0.05 were considered statistically significant.

3. Results

3.1. Phenotypic analysis of endMSCs

Menstrual blood was collected from four healthy donors. Plastic adherent cells were in vitro
expanded at 5,000 cell/cm? and the population doubling time of these cells was between 48
and 72 hours. The endMSCs cultured under standard conditions were characterized by flow
cytometry. The phenotypic analysis, demonstrated that endMSCs were negative for CD14,

CD20, CD34, CD45, CD80, HLA-DR and positive for the stemness markers CD44, CD73,

12
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CD90 and CD117. Figure 1A shows the representative histograms for these markers and
the numbers within the histograms represent the mean and standard deviation of MRFI
from different donors (n=4). It is interesting to note that we did not observe significant
changes in the phenotype of endMSCs after different passages and their phenotypes were

very similar when different donors were compared (data not shown).

In order to demonstrate the multipotency of isolated and in vitro expanded endMSCs, the
adipogenic, chondrogenic and osteogenic differentiation potential was evaluated according
to standard differentiation protocols. The endMSCs were cultured for 21 days and
differentiation was evaluated with Alizarin Red, Alcian Blue and Oil Red O stainings. The
stains were solubilized and the resulting absorbances were quantified by spectrophotometry
(Figure 1B). As shown in the representative images, the differentiation towards adipogenic,

chondrogenic and osteogenic lineages was confirmed by microscopy (Figure 1C).

3.2. Size distribution, concentration and characterization of EV-endMSCs

The cell culture supernatants from endMSCs (n=4) were enriched up to 50 times with
centrifugal filter concentration devices. The quantification of proteins in extracellular
vesicle-enriched supernatants was performed by Bradford assay. The resulting protein

concentrations ranged between 350 and 750 pg/ml.

Additionally, in order to fully characterize these extracellular vesicles, a nanoparticle
tracking analysis was performed for each cell line (n=4). This analysis allowed us to
quantify size distribution and particle concentration. The mean size and standard deviation

of isolated vesicles was 153.5+63.05 nm. The concentration was 3.31x10''+£3.8x10°

13
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particles/ml. Figure 2A shows a representative analysis of nanoparticle tracking. Finally,
exosomal markers were identified by flow cytometry. Our results demonstrated that
different extracellular vesicles isolated from four different endMSCs were positive for CD9

and CD63. Figure 2B shows representative histograms for these markers.

Regarding the high-throughput proteomic analysis, a total of 657 proteins (with more than
two peptides per protein at 1% FDR) were identified in the EV-endMSCs. Among these
657 selected proteins, 480 (75%) were associated to the Gene Ontology term extracellular
exosome (GO:0070062, p<<<0.001, 1% FDR) and 62 of them were present in the 100 top

identified proteins in Exo Carta database (Keerthikumar et al., 2015) (Figure 2C).

3.3. Distribution of in vitro stimulated T cells co-cultured in the presence of EV-

endMSCs

In order to study the effect of EV-endMSCs over lymphocyte subsets, a total of 2x10° in
vitro stimulated PBLs (isolated from four healthy donors) were co-cultured in the presence
of four different EV-endMSCs. These extracellular vesicles were co-cultured in vitro with
PBLs at 8, 16 and 32 x10'° particles/ml. At day 6, multiparametric flow cytometry was
performed on gated CD4+ and CD8+ T cells and the co-expression of CD45RA and

CD62L was analyzed to distinguish T cell differentiation subsets.

As expected, our results firstly showed a significant decrease of CD4+ naive T cells
(CD45RA+ and CD62L+) in the positive control (CON) when compared to non-stimulated
PBLs (Figure 3A). This decrease of naive cells on in vitro stimulated PBLs was

significantly compensated by the presence of EV-endMSCs at 16 and 32 x10'° particles /ml

14
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(Figure 3A). Simultaneously, the increase in in vitro stimulated effector memory CD4+ T
cells was also compensated by the presence of EV-endMSCs and despite extracellular

vesicle concentration (Figure 3B).

Regarding in vitro stimulated CD8+ T cells, no significant changes were observed in naive

(Figure 3C) or effector memory (Figure 3D) T cells subsets.

Additionally, in order to exclude the possibility that the immunomodulatory effect observed
on CD4+ T cells with the extracellular vesicle-enriched supernatants was not attributed to
soluble factors (not contained in EV-endMSCs), in vitro stimulated PBLs were co-cultured
with ultracentrifuged enriched supernatants, also called extracellular vesicle-free fractions,
from different donors. As shown in Supplementary Figure 1, any statistical difference was
observed between the positive control and those PBLs co-cultured with the extracellular
vesicle-free fractions. It is important to note that, in this analysis, equivalent concentrations

of soluble protein to extracellular vesicle proteins were used.

34. Active TGFP in EV-endMSCs: analysis on EV-free fractions and

ultracentrifuged fractions

In order to determine the levels of active TGFB in EV-endMSCs, samples from four
different donors were ultracentrifuged. This procedure allowed us to quantify the TGFf in
the EV-free fraction. The quantification of active TGFf in EV-free fraction demonstrated
that soluble TGFp (normalized on the basis of total protein content) is very low (Figure 4,
left column). In contrast, ultracentrifugation allowed us to obtain a purified fraction of

extracellular vesicles which showed high levels of active TGFP. Moreover, it is important

15
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to note that TGFB was also quantified in intact and lysed extracellular vesicles. This
analysis demonstrated the presence of surface-bound TGF in extracellular vesicles as well

as its encapsulation in the vesicles (Figure 4).

3.5. TGFp blockade on EV-endMSCs and co-culture with in vitro stimulated T cells

The impact of TGFf blockade in the immunomodulatory activity of extracellular vesicles
was evaluated using TGFf neutralizing antibodies. These neutralizing antibodies were pre-
incubated with EV-endMSCs and co-cultured with PBLs during in vitro stimulation. At day
6, the co-expression of CD45RA and CD62L was analyzed in CD4+ T cells and CD8+ T
cells. The percentage of naive T cells (CD45RA+ CD62L+) and effector memory T cells
(CD45RA—-CD62L—) were compared to the positive control (CON) both in control samples
and in TGFp blockade samples. It is important to note that, in order to analyze whether the
difference between the positive controls (with and without TGFf blockade) could interfere
in the analysis, additional statistical analyses were carried out to evidence potential

differences between them.

Our results showed that TGFf blockade partially counteracted the immunomodulatory
effect of extracellular vesicles against in vitro activated CD4+ T cells (Figure 5A and 5B).
As expected, no significant differences were found in CD8+ T cells, where no

immunomodulatory effect was initially observed (Figure 5C and 5D).

4. Discussion

16
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Endometrial stem cells reside in the perivascular niche of the basal and functional layer of
human endometrium maintaining the regenerative capacity of the tissue (Gargett et al.,
2016). These cells migrate towards the functional layer during the menstrual cycle and
participate in tissue remodeling which is required for the reconstruction of the endometrium
(Elsheikh et al., 2011). Although the bibliography shows different classifications,
according to the review by Gargett et al., resident stem cells in the human endometrium
could be classified as three different subsets: epithelial stem cells, endothelial stem cells
and mesenchymal stem cells (Gargett et al., 2012). In comparison to other stem cells such
as adipose-derived stem cells or bone marrow-derived stem cells, the isolation method of
endometrial stem cells from shed blood is a non-invasive practice and does not require any
painful procedure. These cells can be selected by adherence and have been found to be very
similar, at least in terms of phenotype, to other MSCs from different sources (Patel et al.,

2008).

Considering that endometrial MSCs have shown immunomodulatory effects (as well as
angiogenesis and vascularization during tissue remodeling), this paper aimed to evaluate
the immunomodulatory effects of extracellular vesicles from endometrial mesenchymal
stem cells (EV-endMSCs) against in vitro stimulated T cells. Our first sets of experiments
were carried out to isolate, expand and characterize endMSCs from healthy donors. Four
out of four cell lines were successfully expanded and similar to previous published studies,
these cells showed a highly proliferative rate and a very short population doubling time
(Rossignoli et al., 2013). The phenotypic analysis of these cells was also very similar to

MSCs from other sources such as adipose-derived MSCs or bone marrow-derived MSCs
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(Sousa et al., 2014). Moreover, our endMSCs showed phenotypical similarities to
previously characterized endometrial stem cells named as endometrial decidual tissue
multipotent mesenchymal stem cells (Rossignoli et al., 2013), endometrial mesenchymal
stem-like cells (Schiiring et al., 2011) or menstrual blood-derived stromal stem cells (Nikoo
et al, 2012). Once the phenotype of endMSCs was characterized, the in vitro
differentiation towards adipogenic, chondrogenic and osteogenic lineages was found to be

similar to previously published results using endometrial stem cells (Du et al., 2016).

Based on previously described protocols from our group (Alvarez et al., 2015), the EV-
endMSCs were successfully isolated and the distribution size was comparable to exosomes
isolated from other cell sources (G Casado et al., 2017). The immunomodulatory role of
EV-endMSCs was evaluated in in vitro stimulated T cell subsets using anti-CD2, anti-CD3
and anti-CD28 that partially mimic the stimulation by antigen-presenting cells (Figure 6A)
(Trickett and Kwan, 2003). The co-expression analysis of CD45RA and CD62L in in vitro
stimulated T cells allowed us to identify four major subsets with distinct functional
properties: naive (CD45RA+ CD62L+), central memory (CM) (CD45RA-CD62L+),
effector memory (EM) (CD45RA—CD62L-) and effector memory re-expressing CD45RA
(TEMRA) (CD45RA+CD62L-) cells (Maldonado et al., 2003; Foster et al., 2004; Turtle et
al., 2009; Pender et al., 2014; Prabhu et al., 2016; Golubovskaya and Wu 2016). Similar to
previous findings using extracellular vesicles from adipose-derived MSCs (Blazquez et al.,
2014), our results demonstrated that EV-endMSCs significantly inhibited in vitro-induced
differentiation of CD4+ T cells towards effector memory cells. The Figure 6B represents

the co-culture of EV-endMSCs with in vitro stimulated PBLs and the inhibitory effect of
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these vesicles on CD4+ T cell differentiation. Our results are in agreement with a previous
study by Wang et al. who demonstrated in endometrial regenerative cells (ERCs) an
overexpression of released soluble factors with a greater immunomodulatory potential
against T cells when compared to bone marrow-derived MSCs (Wang et al., 2012). It is
necessary to clarify that, Wang et al. evaluated the gene expression of ERCs and the
presence of soluble factors in cell supernatants, but not in extracellular vesicles. In our
experimental setting, the soluble factors from extracellular vesicle-free fractions did not
show any significant immunomodulatory effect against anti-CD2, anti-CD3 and anti-CD28
stimulated T cell subsets. However, we should consider that these soluble factors may exert

a regulatory effect under different stimulation conditions.

In order to identify the key regulatory molecules involved in the immunomodulatory
capacity of these EV-endMSCs, we hypothesized that TGF} would be directly involved in
the immunomodulatory activity of these vesicles. This hypothesis was based on four
different types of evidence. Firstly, TGFf participates in the onset of menstruation and all
three TGFps are increased around menstruation (Omwandho et al., 2010). Secondly, the
identification of TGFP and receptors in endometrial cells appears to be associated with cell
proliferation, differentiation, apoptosis and tissue remodeling (Jones et al., 2006). Thirdly,
TGFP has been found to be contained in exosomes from different cells such as epithelial
cells (Borges et al., 2013) or cancer cells (Webber et al., 2010). Finally, this cytokine has
been found to be released by adult stem cells as adipose-derived MSCs (inducing Treg
expansion) (Cho et al., 2015) or autologous MSCs (as a modulator of microglia) (Noh et

al., 2016).
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The quantification of active TGFB1, demonstrated that EV-endMSCs contained high levels
of this cytokine which may suggest a hypothetical inhibitory effect of these extracellular
vesicles through TGFp signaling. Moreover, the ELISA test demonstrated the presence of
surface-bound TGFP and encapsulated TGFP in extracellular vesicles. Based on these
results, anti-TGFf blocking experiments with the neutralizing antibody 1D11 (Dasch et al.,
1989) were performed to identify any hypothetical evidence for a link between
immunosuppresive effects and TGFp levels. The results from these studies /Figure 5) are
summarized in Figure 6C which schematically shows the effect of TGFf blocking in the
immunomodulatory capacity of extracellular vesicles on CD4+ T cells. Our in vitro
differentiation-activation assays in the presence of extracellular vesicles TGFf neutralized
are in agreement with Murphy et al. who demonstrated that Conditioned Media and
Endometrial Regenerative Cells co-cultured with peripheral blood leukocytes suppressed

their TNFa and IFNy production (Murphy et al., 2008).

TGFP release from adult stem cells has been found to be related to breast cancer
progression where adipose-derived stem cells triggered a potent anti-inflammatory response
in the tumor site through TGFp signaling (Razmkhah et al., 2011). According to our
results, we have proved that endMSCs may share similarities in terms of
immunomodulatory mechanisms with tumor tissue-resident stem cells. Additionally,
although this study has been only limited to the immunomodulatory effect against T cells,
we should not discard a hypothetical effect of EV-endMSCs and TGFP against other
immune cells. Moreover, we should also consider that, apart from TGFp, other potential

candidates (i.e. indoleamine 2,3-dioxygenase, miRNAs, proteins, lipids and RNAs) may
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simultaneously participate in the inhibitory effect of these vesicles. Finally, it is interesting
to note that previous reports have also shown that MSC-conditioned media modulate the
response of CD68+ immune cells through TGFB (Yoo et al., 2013) and that TGFp released
by MSCs, acts by autocrine mechanisms which seems to reverse the immunosuppressive

effect of these cells (Xu et al., 2014).

In conclusion, to our knowledge, this is the first report demonstrating that EV-endMSCs
had a potent inhibitory effect against CD4+ T cell activation and differentiation. These
extracellular vesicles showed a large quantity of active TGFf and have been experimentally

proved to be associated with their immunomodulatory activity.
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8. Figure legends

Figure 1. Phenotypic analysis of endMSCs and multipotent differentiation assays. A)
Phenotypic analysis was performed by multicolor flow cytometry. Representative
histograms of four different cell lines are shown. The expression level of cell surface
markers (CD14, CD20, CD34, CD44, CD45, CD73, CD80, CD90, CD117 and HLA-DR) is
represented as Normalized Mean Relative Fluorescence Intensity (MRFI) which is
calculated by dividing the Mean Fluorescent Intensity by its isotype control. The MRFI
values and the standard deviations obtained from four different cell lines are included in the
upper right corner of the histograms. B) Adipogenic, osteogenic and chondrogenic
differentiation of endMSCs were induced as described in “Material and Methods”. The
adipogenic, chondrogenic and osteogenic differentiation degree was quantified by
determining the absorbance of the extracts at 490 nm (Oil Red O and Alizarin Red S
staining) and at 600 nm (Alcian Blue 8GX). Four independent experiments using four
different cell lines were performed and a Mann-Whitney U test was used. C) The in vitro
differentiations were confirmed by microscopic examination at 20X magnification. The
upper images correspond to control cells (non-induced) and lower images to in vitro

induced differentiations.
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Figure 2. Characterization of EV-endMSCs. A) Representative frequency size
distribution graph of EV-endMSCs. The nanoparticle tracking analysis was performed to
quantify size distribution and particle concentration (n = 4). B) Flow cytometry expression
of CD9 and CD63 in EV-endMSCs-coated latex beads. Representative histograms of CD9
and CD63 expression are shown (filled histograms) together with their negative control
(gray lined histograms). C) Proteomic characterization of EV-MSCs. A total of 657
proteins (with more than two peptides per protein at 1% FDR) were identified in the EV-
endMSCs. Among these 657 selected proteins, 480 (75%) were associated to the Gene
Ontology term extracellular exosome (GO:0070062, p<<<0.001, 1% FDR) and 62 of them
were present in the 100 top identified proteins in Exo Carta database (Keerthikumar et al.,

2015).

Figure 3. CD45RA and CD62L co-expression on in vitro stimulated T cells co-cultured
in the presence of EV-endMSCs. At day 6, in vitro stimulated PBLs co-cultured with EV-
endMSCs at 8, 16 and 32 x10'" particles/ml, were analyzed for the co-expression of
CD45RA and CD62L. The CD45RA isoform and CD62L distinguished two subsets of T
cells: naive T cells (CD45RA+ CD62L+) and effector memory T cells (CD45RA-CD62L—
). The peripheral blood lymphocytes from four different healthy donors were co-cultured in
the presence of different extracellular vesicles isolated from four different cell lines (n=16).
A) percentage of CD4+ naive T cells, B) percentage of CD4+ effector memory T cells, C)
percentage of CD8+ naive T cells and D) percentage of CD8+ effector memory T 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
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within the boxes marks the median. For variables with normal distribution and
homogeneity of variances (CD4+ effector memory T cells and CD8+ effector memory T
cells) one-way ANOVA test was performed. When a statistically significant difference was
found, a Tukey test was performed to evidence differences between groups. For non-
parametric variables (CD4+ naive T cells and CD8+ naive T cells), a Kruskal-Wallis test
was performed, followed by a Dunn’s test when s statistically significant difference was
found to evidence differences between groups. P-values were considered significant at

<0.05 (*p< 0.05; **p< 0.01; ***p< 0.001).

Figure 4. Active TGFp quantification in EV-endMSCs: EV-free fractions and
ultracentrifuged fractions. The quantification of active TGFf was performed by ELISA
in different fractions of extracellular vesicle-enriched supernatants from 4 different donors
(n=4). The left column represents the amount of active TGFp in extracellular vesicle-free
fractions (normalized on the basis of total protein content). The central column represents
the amount of active TGFp on intact extracellular vesicles purified by ultracentrifugation
from EV-endMSCs. The right column represents the amount of active TGFB on lysed
extracellular vesicles. 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. The individual values are
also shown. Data was analyzed by one-way ANOVA test followed by Tukey test to
evidence differences between groups. P-values were considered significant at <0.05 (**p<

0.01; ***%p< 0.0001).
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Figure 5. TGFp blockade in in vitro stimulated T cells co-cultured with EV-endMSCs.
The in vitro stimulation of PBLs was performed for 6 days. These PBLs, obtained from
four different donors, were co-cultured with different EV-endMSCs isolated from four
different cell lines (n=16) at 8, 16 and 32 x10' particles/ml in the presence or absence of
TGFB-neutralizing antibody at 1pg/ml. The percentages of different T cell subsets from
extracellular vesicle-treated PBLs were compared with the appropriate control. 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. The Kruskal-Wallis test for non-parametric data was
performed, followed by the Dunn’s test when a significant difference was found to
evidence differences between extracellular vesicle-treated PBLs and the control without

extracellular vesicles. P-values were considered significant at <0.05 (*p<0.05; ***p<0.001;

##3%0<0.0001).

Figure 6. Schematic diagram of experimental design and results. A) In vitro stimulation
of CD4+ T cells with anti-CD2, anti-CD3 and anti-CD28 that partially mimic the
stimulation by antigen-presenting cells. At day 6, the percentage of effector memory CD4+
T cells and naive CD4+ T cells increased and decreased respectively. B) In vitro
stimulation of CD4+ T cells co-cultured in the presence of EV-endMSCs. At day 6, the
differentiation towards effector memory CD4+ T cells was significantly inhibited by EV-
endMSCs. C) In vitro stimulation of CD4+ T cells co-cultured in the presence of EV-
endMSCs blocked with neutralizing TGFP. Anti-TGFp partially counteracted the inhibitory

effect of extracellular vesicles against in vitro activated CD4+ T cells.
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Supplementary Figure 1. CD45RA and CD62L co-expression in in vitro stimulated T
cells co-cultured in the presence of extracellular vesicle free-fractions from
concentrated supernatants. At day 6, in vitro stimulated PBLs co-cultured with
extracellular vesicle-free fractions at 20, 40 and 80 pg of total proteins/ml were analyzed
for the co-expression of CD45RA and CD62L. The CD45RA isoform and CD62L
distinguished two subsets of T cells: naive T cells (CD45RA+ CD62L+) and effector
memory T cells (CD45RA-CD62L-). The peripheral blood lymphocytes were co-cultured
in the presence of different extracellular vesicles isolated from four different cell lines
(n=4). A) percentage of CD4+ naive T cells, B) percentage of CD4+ effector memory T
cells, C) percentage of CD8+ naive T cells and D) percentage of CD8+ effector memory T
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. Data were statistically analyzed
using the Kruskal-Wallis test, together with the Dunn’s test when a statistically significant
difference was found, to evidence differences with the CON group. P-values were

considered significant at <0.05 (*p< 0.05; **p<0.01).
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23 Figure 1. Phenotypic analysis of endMSCs and multipotent differentiation assays. A) Phenotypic analysis was
24 performed by multicolor flow cytometry. Representative histograms of four different cell lines are shown.
25 The expression level of cell surface markers (CD14, CD20, CD34, CD44, CD45, CD73, CD80, CD90, CD117
and HLA-DR) is represented as Normalized Mean Relative Fluorescence Intensity (MRFI) which is calculated
by dividing the Mean Fluorescent Intensity by its isotype control. The MRFI values and the standard
27 deviations obtained from four different cell lines are included in the upper right corner of the histograms. B)
28 Adipogenic, osteogenic and chondrogenic differentiation of endMSCs were induced as described in “Material
29 and Methods”. The adipogenic, chondrogenic and osteogenic differentiation degree was quantified by
30 determining the absorbance of the extracts at 490 nm (Oil Red O and Alizarin Red S staining) and at 600 nm
31 (Alcian Blue 8GX). Four independent experiments using four different cell lines were performed and a Mann-
Whitney U test was used. C) The in vitro differentiations were confirmed by microscopic examination at 20X
magnification. The upper images correspond to control cells (non-induced) and lower images to in vitro
33 induced differentiations.
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30 Figure 3. CD45RA and CD62L co-expression on in vitro stimulated T cells co-cultured in the presence of EV-
31 endMSCs. At day 6, in vitro stimulated PBLs co-cultured with EV-endMSCs at 8, 16 and 32 x10*°
32 particles/ml, were analyzed for the co-expression of CD45RA and CD62L. The CD45RA isoform and CD62L
33 distinguished two subsets of T cells: naive T cells (CD45RA+ CD62L+) and effector memory T cells
34 (CD45RA-CD62L-). The peripheral blood lymphocytes from four different healthy donors were co-cultured in
35 the presence of different extracellular vesicles isolated from four different cell lines (n=16). A) percentage of
CD4+ naive T cells, B) percentage of CD4+ effector memory T cells, C) percentage of CD8+ naive T cells
36 and D) percentage of CD8+ effector memory T cells. The lower boundary of the boxes indicates the 25th
37 percentile and the upper boundary, the 75th percentile. Bars above and below the boxes indicate the 90th
38 and 10th percentiles. The line within the boxes marks the median. For variables with normal distribution and
39 homogeneity of variances (CD4+ effector memory T cells and CD8+ effector memory T cells) one-way
40 ANOVA test was performed. When a statistically significant difference was found, a Tukey test was
41 performed to evidence differences between groups. For non-parametric variables (CD4+ naive T cells and
CD8+ naive T cells), a Kruskal-Wallis test was performed, followed by a Dunn’s test when s statistically
42 significant difference was found to evidence differences between groups. P-values were considered
43 significant at <0.05 (*p< 0.05; **p< 0.01; ***p< 0.001).
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Figure 4. Active TGFB quantification in EV-endMSCs: EV-free fractions and ultracentrifuged fractions. The
quantification of active TGFB was performed by ELISA in different fractions of extracellular vesicle-enriched
supernatants from 4 different donors (n=4). The left column represents the amount of active TGFB in
extracellular vesicle-free fractions (normalized on the basis of total protein content). The central column
represents the amount of active TGFB on intact extracellular vesicles purified by ultracentrifugation from EV-
endMSCs. The right column represents the amount of active TGFB on lysed extracellular vesicles. 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. The individual values are also shown. Data was analyzed by one-way ANOVA test followed by Tukey
test to evidence differences between groups. P-values were considered significant at <0.05 (**p< 0.01;
****xp< 0.0001).
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Figure 5. TGFB blockade in in vitro stimulated T cells co-cultured with EV-endMSCs. The in vitro stimulation
of PBLs was performed for 6 days. These PBLs were co-cultured with different EV-endMSCs isolated from
four different cell lines (n=4) at 8, 16 and 32 x10'° particles/ml in the presence or absence of TGFp-
neutralizing antibody at 1 pg/ml. The percentages of different T cell subsets from extracellular vesicle-
treated PBLs were compared with the appropriate control. 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. The Kruskal-Wallis test for non-
parametric data was performed, followed by the Dunn’s test when a significant difference was found to
evidence differences between extracellular vesicle-treated PBLs and the control without extracellular
vesicles. P-values were considered significant at <0.05 (*p<0.05; **p<0.01).
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Figure 6. Schematic diagram of experimental design and results. A) In vitro stimulation of CD4+ T cells with
anti-CD2, anti-CD3 and anti-CD28 that partially mimic the stimulation by antigen-presenting cells. At day 6,
the percentage of effector memory CD4+ T cells and naive CD4+ T cells increased and decreased
respectively. B) In vitro stimulation of CD4+ T cells co-cultured in the presence of EV-endMSCs. At day 6,
the differentiation towards effector memory CD4+ T cells was significantly inhibited by EV-endMSCs. C) In
vitro stimulation of CD4+ T cells co-cultured in the presence of EV-endMSCs blocked with neutralizing TGFRB.
Anti-TGFpB partially counteracted the inhibitory effect of extracellular vesicles against in vitro activated CD4+

T cells.
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