BioStudio -T o

Cell Observation Device

Nikon's BioStudio-T was designed specifically for research applications in the
fleld of regenerative medicine and stem cell biology and for use in cell manu-
facturing facilities. A compact live-cell imaging microscope, the BioStudio-T fits
inside most incubators and is compatible with a variety of sterilization methods
including vaporized H,0,. The fixed-stage, scanning lens system also provides
a superior solution for long-term time lapse imaging and large image acquisition.

For more information on the BioStudio-T,

visit www.microscope.healthcare.nikon.com/biostudio-t

mmkon—instruments—inc- nnikoninstrumentsinc L J nikoninst @nikoninstruments

Nikon Instruments Inc. | www.microscope.healthcare.nikon.com | nikoninstruments@nikon.net


http://pubads.g.doubleclick.net/gampad/clk?id=5100309006&iu=/2215

“Laboratory of Nano-
Regenerative Medicine,
Faculty of Medicine,
Universidad de Los Andes,
Santiago, Chile; bInserm,
U1183, Montpellier, France;
“University Montpellier,
Montpellier, France; ®Clinical
Immunology and
Osteoarticular Diseases
Therapeutic Unit, Lapeyronie
University Hospital,
Montpellier, France; deells for
Cells, Santiago, Chile

Correspondence: Maroun
Khoury, PhD, Av. San Carlos de
Apoquindo 2500, Santiago,
Chile. Telephone: +56226181956;
Fax: +5622149468;

e-mail: mkhoury@uandes.cl

Received February 20, 2015;
accepted for publication
September 14, 2015; first
published online in STEM CELLS
Express November 3, 2015.

© AlphaMed Press
1066-5099/2015/$30.00/0

http://dx.doi.org/
10.1002/stem.2244

*STEM CELLS

The Immunosuppressive Signature of Menstrual
Blood Mesenchymal Stem Cells Entails Opposite
Effects on Experimental Arthritis and Graft
Versus Host Diseases

a,b,c

PATRICIA Luz-CRAWFORD, MARIA J. TORRES,? DANIELE NOi-fL,b’c AINOA FERNANDEZ,a’d
KARINE TOUPET,""¢ FRANCISCA ALCAYAGA-MIRANDA,*® GAUTIER TEJEDOR,"©

CHRISTIAN JORGENSEN,”“® SeAsTIAN E. ILLANES,? FERNANDO E. FIGUEROA,? FARIDA DJouaD,™*
MAROUN KHOURY*®

Key Words. Menstrual-blood derived MSCs ¢ Immunosuppression ¢ CIA « GVHD

ABSTRACT

Recently, a noninvasive and highly proliferative stem cell population from menstrual blood
called MenSCs has been identified. Despite their use in clinical studies, their immunomodulatory
properties have not yet been investigated. In this context, we studied the immunosuppressive
properties of MenSCs in comparison with the well-characterized bone marrow derived-MSCs
(BM-MSCs). Using an in vitro proliferation assays, we showed that MenSCs displayed a lower
suppressive effect on peripheral blood mononuclear cells and in particular on the proinflamma-
tory CD4*IFN-y* and CD8*IFNy* cells than BM-MSCs. Moreover, compared to BM-MSCs,
MenSCs activated with IFN-y and IL-1§ produced lower amounts of immunosuppressive factors
such as IDO, PDL-1, PGE2, and Activin A and exhibited a substantial lower expression level of
IFN-y receptor subunits. In the collagen induced arthritis model, while BM-MSCs administration
resulted in a potent therapeutic effect associated with a significant decrease of proinflamma-
tory T cell frequency in the lymph nodes, MenSCs injection did not. In contrast, in the xeno-
GVHD model, only MenSCs administration significantly increased the survival of mice. This bene-
ficial effect mediated by MenSCs was associated with a higher capacity to migrate into the
intestine and liver and not to their anti-inflammatory capacities. All together our results demon-
strate for the first time that the therapeutic potential of MSC in the experimental xeno-GVHD
model is independent of their immunosuppressive properties. These findings should be taken
into consideration for the development of safe and effective cell therapies. STEM CELLS
2016;34:456-469

SIGNIFICANCE STATEMENT

In the present study we report for the first time the immunosuppressive properties of MenSCs.
We showed that they present lower immunosupressive properties compared to bone marrow-
MSCs, evidenced by lower expression of several immunomodulatory factors, and the absence
of beneficial effect in experimental arthritis model. However, their therapeutic effect was main-
tained in the xeno-GVHD model, but this was independent on their antiinflammatory capaci-
ties. Since the use of MenSC has being proposed for several clinical trials the information
provided here raises the alertness for evaluating carefully their potential side effects, a key pre-
requisite for the development of safe cell therapies.

biomedical investigation [1, 2]. Furthermore,
the discovery of the immunosuppressive prop-
erties of MSC [3] has widened the scope of
these studies also promoting the search for
new and less invasive sources for MSC isolation

INTRODUCTION

Since Friedenstein and coworkers demonstrated
that the osteogenic potential of bone marrow
(BM) derived cells was associated with a

restricted subpopulation of stromal cells, today
well-described as mesenchymal stem cells
(MSC), the field of cell therapy has expanded
to become one of the most important lines of
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[4, 5]. Thus, the phenotypic and functional
properties of MSCs from other sources such as
placenta, adipose tissue, umbilical cord, syno-
vium, tonsil, and dental tissues have been
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reported [6-9]. More recently, a new source of MSCs isolated
from menstrual fluids (MenSCs) has been identified [10-12].
Some of their practical advantages include the noninvasive
method of their isolation, their easy expansion, high prolifera-
tive rate, potent angiogenic effect, migratory properties and
hematopoietic stem cell support reported both in vitro and in
vivo [13]. However, although the inhibitory effect of MenSCs
on dendritic cells maturation has been reported [14] their
immunosuppressive  potential has not vyet been fully
investigated.

Currently, it is well-established that BM-MSCs display a
potent regulatory effect on several immune cells including T
cells, dendritic cells, and natural killer cells [15-17]. Although
the mechanisms involved in BM-MSCs immunosuppressive
effects are still under investigation, the suppressive role of
prostaglandin E2, programmed cell death-ligand (PDL)-1, trans-
forming growth factor-f1, interleukin (IL)-6, indoleamine 2,3
dioxygenase (IDO) has been described for human BM-MSCs
[15, 18-20]. Some of these factors are expressed at a basal
level by BM-MSCs while others are induced upon stimulation
with proinflammatory cytokines, especially interferon (IFN-y)
solely or together with tumor necrosis factor (TNF-«) or IL-1f
[21]. In line with this study, it has been reported that the
inhibition of the IFN-y receptor strongly reverses the suppres-
sive properties of BM-MSCs on T-cell proliferation [22].

These immunomodulatory properties exerted by BM-MSCs
have shown promising therapeutic effects promoting their use
for the treatment of different autoimmune diseases like rheu-
matoid arthritis, systemic lupus erythematous, and graft ver-
sus host diseases (GVHD) [23-25]. Based on the encouraging
preclinical studies, MSC-based therapies reached advanced
stages of clinical investigation as many ongoing trials in
patients have reached phases Il and lll; some of them with
favorable results [26, 27].

In this study, we performed a broad evaluation of MenSCs
immunomodulatory properties in vitro and in vivo, in compar-
ison with BM-MSCs to improve our understanding of their
biology and clinical potential. To that aim, we used two exper-
imental models of autoimmune diseases, the collagen-induced
arthritis (CIA) and the humanized xenograft versus host dis-
ease (GVHD).

MATERIALS AND IMETHODS

Isolation and Characterization of BM-MSCs and
MenSCs

For BM-MSCs isolation, BM from hip operated patients was
used from four different donors while for MenSCs isolation,
3-5ml of menstrual fluids were obtained from seven healthy
donors from 18 to 45 years (Supporting Information Tables 1
and 2). Isolation and characterization were achieved as we
previously described [13] according to the International Soci-
ety for Cellular Therapy (ISCT) [28]. All the cells used in this
study were harvested with the informed consent of the
donor, and the study was approved by the Institutional
Review Board of Universidad de los Andes, Chile. All the
experiments were performed using MenSCs and BM-MSCs at
early passages (P3-P7), and cells were routinely tested for
mycoplasma.

www.StemCells.com

Peripheral Blood Mononuclear Cell Proliferation Assays

Fresh peripheral blood mononuclear cells (PBMCs) from
healthy donors where obtained after a density gradient cen-
trifugation using the Ficoll-Paque Plus (Amersham, GE Health-
care, Piscataway, NJ, http://www.amersham.com) (1.077 g/ml).
Briefly, PBMCs were stained with the carboxyfluorescein succi-
nimidyl ester (CFSE) (Life Technology, Grand Island, NY, http://
www.lifetech.com) and cultured in the presence or absence of
BM-MSCs or MenSCs at different PBMC:MSC ratios (10:1 and
100:1) in contact or separated by a 0.4 um transwell system
(Corning Life Sciences, Union City, CA, http://www.corning.
com/lifesciences ) at 37°C, 5% CO, in the presence of 10 pug/
ml of phytohemaglutinin (PHA) (Sigma-Aldrich, St Louis, MO,
http://www.sigmaaldrich.com). After 72 hours, the prolifera-
tion of T cells was quantified by measuring the corresponding
decrease in cell fluorescence by flow cytometry.

Analysis of T-Cell Subpopulation Frequency in PBMC In
Vitro and In Vivo

Freshly isolated PBMCs from blood of healthy donors were
cocultured in the presence or absence of BM-MSCs and
MenSCs preactivated or not with 20ng/ml of IFN-y and
10ng/ml of IL-1f at different PBMCs:MSCs ratios (10:1 and
100:1). After 72 hours of coculture, PBMC were stimulated for
4 hours with 50ng/ml phorbolmyristate acetate (PMA)
(Sigma-Aldrich) and 1 pg/ml ionomycin (Sigma-Aldrich) in the
presence of Brefeldin A (Biolegend San Diego, CA, http://
www.biolegend.com).

For surface staining, cells were incubated with antibodies
against human CD4, CD8 and CD25 (Biolegend) in the dark at
4°C for 20 minutes and fixed at 4°C with the forkhead box P3
(FoxP3) staining buffer set (eBioscience, San Diego, CA, http://
www.ebioscience.com). For intracellular staining, cells were
then incubated for 30 minutes with antibodies against IFN-y-
PE, IL-17-Percp5.5, IL-10-PE (BD Pharmingen, San Diego, CA,
http://www.bdbiosciences.com/index[lowen]us.shtml) and
RAR-related orphan receptor gamma (ROR-)T)-APC and FoxP3-
FITC (eBioscience). Data were acquired using a FACS Canto I
and analyzed with the BD FACSdiva (BD Pharmingen) and the
FlowJo software (Tree Star, Inc., http://www.flowjo.com).

Real Time Quantitative PCR Analysis

Total RNA from BM-MSCs and MenSCs activated during 48
hours in the presence or absence of 20ng/ml IFN-y or IFN-y
with 10 ng/ml IL-1 were extracted using the RNeasy mini kit
(Qiagen S.A., Valencia, CA, http://wwwl.giagen.com). RNA
(500 ng) was reverse transcribed using the M-MulV Reverse
Transcriptase (New England Biolabs, Ipswich, MA). Quantita-
tive polymerase chain reaction (PCR) was performed using the
Brilliant 1l SYBR Green QPCR Master Mix according to the
manufacturer recommendations (Agilent Technologies, La
Jolla, CA, http://www.agilent.com) in the Mx3000P system
(Stratagene, Agilent Technologies, La Jolla, CA). Specific pri-
mers for IDO and Cox 2 were designed using the Primer-Blast
program (Supporting Information Table 3). Data were
expressed as relative mRNA level of specific gene using the
272 method and normalized with the Beta 2 microglobulin
housekeeping gene.
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Assessment of the IDO Activity

BM-MSCs and MenSCs cells were stimulated with 100 ng/ml
of IFN-y during 48 hours in complete Dulbecco’s modified
Eagle’s medium (DMEM) medium in the presence of 100 ug/
ml of L-tryptophan (Sigma-Aldrich). IDO enzyme activity was
measured determining the kynurenine concentration in the
cell supernatant as previously reported [29].

Activin A, PDL1, CXCR4, and IFNGR1 Quantification

Activin A was quantified in the supernatants of BM-MSCs and
MenSCs activated for 48 hours in the presence or absence of
20 ng/ml IFN-y or IFN-y with 10 ng/ml IL-1/ using an enzyme-
linked immunosorbent assay from R&D Systems (R&D Sys-
tems, Minneapolis, MN, http://www.rndsystems.com) follow-
ing the manufacturer instructions. For PDL-1, CXCR4, and
IFNGR1 detection, BM-MSCs or MenSCs with or without acti-
vation were collected and stained with specific antibodies (BD
Pharmingen) and analyzed by flow cytometry.

CIA Induction

Adult male DBA/1 mice aged between 9 and 10 weeks were
immunized with 100 pug of Chicken Collagen Il (ChCll), (Thermo-
scientific, Rockford, IL) emulsified with an equal volume of
Freund’s complete adjuvant in the presence of 40 g of Myco-
bacterium tuberculosis (Difco, Le Pont-de-Claix, France), fol-
lowed by a boost injection of the ChCIl emulsion in Freund’s
incomplete adjuvant at day 21. Then 5X 10° BM-MSCs or
MenSCs or saline were injected intravenously at day 18 and 24
postimmunization. The development and progression of arthri-
tis symptoms were assessed every 2—-3 days by measuring the
paw swelling of the hind paw and evaluating the clinical score
using the macroscopic scale as previously described [30].

Quantification of Cytokines Produced by PBMCs,
Lymph Nodes Cells, and Splenocytes of Mice

PBMCs from all CIA mice groups were isolated at different
time points after MSC injection (Day 21, 28 and 32 postimmu-
nization) and cultured for 48 hours with 100 ng/ml of lipopo-
lysaccharid (LPS). At euthanasia, draining lymph nodes and
splenocytes from the different groups were activated in the
presence of 25 ug/ml chicken collagen Il for 48 hours. Super-
natants were collected and stored at —80°C. Murine IL-5, IL-
6, IL-10, IL-13, TNF-o. were quantified using a R&D Systems kit
(R&D Systems) following the manufacturer instructions.

Experimental Xenogenic GVHD Model

For the induction of GVHD, 8-10 weeks old NOD-scid IL2rynull
(NSG) mice were irradiated using a dose of 1.5 Gy at the Chil-
ean Commission for Nuclear Energy Facilities. At 24 hours post-
irradiation, mice were injected through the tail vein with
12 X 10° human PBMCs obtained from the buffy coat of
healthy donors (Centro Metropolitano de Sangre y Tejidos, Ser-
vicio Metropolitano Sur Oriente, Santiago, Chile). This was fol-
lowed by an immediate intraperitoneal injection of 1 X 10°
BM-MSCs or MenSCs. The onset of the GVHD occurs typically
around day 7 post-PBMCs injection. The GVHD monitoring was
done by weighing the animals on daily basis. Euthanasia of the
mice was performed at days 8 and 14. Target organs were har-
vested from each group for specific human RNA expression lev-
els of -2 microglobulin, Foxp3, IL-10, IL-6, Neurophilin 1, IFN-y,
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vascular endothelial growth factor (VEGF), and hepatic growth
factor (HGF) (Supporting Information Table 3). Cells from the
peripheral blood and spleen were also isolated. An immuno-
phenotypic analysis using antibodies against mouse CDA45,
human CD45, CD4, and CD8 was performed to detect the pres-
ence of human lymphocytes within the mouse tissue samples
by fluorescence-activated cell sorting (FACS).

Histopathological Analysis

The presence of GVHD was assessed by morphologic analysis
of the small intestine. The samples were harvested from mice
at day 8 post-GVHD and fixed in 10% formalin (Sigma). Fol-
lowing fixation, the specimens were embedded in paraffin,
cut into 5-um-thick sections and stained with hematoxylin
and eosin. Slides were analyzed in a blinded fashion to assess
the severity of GVHD. Pictures were obtained using the Nano-
zoomer (Hamamatsu Photonics K.K, Hamamatsu, Japan) and
the analysis was made with the NDP scan 2.5 program (Hama-
matsu Photonics K.K.). For histopathological quantification in
the small intestine, the epithelial damage index was calcu-
lated using the parameters as previously described [31].

Migratory Assay

BM-MSCs and MenSC (2 X 10%) cells were stained with cell
tracker red (Life Technology) for 40 minutes and added to the
upper chamber of a Fluoroblok cell cultured insert (8-um pore
size, Corning Costar, NY) in serum-free medium. The migratory
stimulus corresponds to media supplemented with 10% fetal
bovine serum (FBS). After 6, 12, and 24 hours, the cells that
have migrated at the lower surfaces of the membranes were
fixed and stained with 4’,6-diamidino-2-phenylindole (DAPI).
Photographs were taken using a fluorescence microscope (Axi-
overt 200, Zeiss), and the number of cells that have migrated
was determined using the Image J software.

Scratch Assay

A straight-line scratch was performed using a 10 ul pipette tip
over a confluent monolayer of BM-MSCs or MenSCs plated in
a six-well plate. Then, cells were washed with PBS to remove
detached cells and incubated in DMEM 2% FBS media for 24
hours. Photographs were acquired at different time laps using
a phase-contrast microscope, and the number of migrating
cells into the ruptured area was quantified using the Image)
analysis software.

Biodistribution Studies

For intraperitoneal administration, 10° BM-MSCs or MenSCs
were resuspended in 200 ul of PBS and injected in NSG mice
at 24 hours post-irradiation. Twenty four hours and eight days
after MSC injection the liver, the heart, the spleen, and the
intestine were collected in RLT buffer (Qiagen S.A.) and frozen
at —80°C. For intravenous administration, 5 X 10° BM-MSCs
or MenSCs were injected via tail vein at day 18 and 24 after
collagen type Il immunization of DBA mice. 24 hours after the
second MSC injection the spleen, lymph nodes, ankles, knees,
and lungs were collected and frozen at —80°C.

Tissues were disrupted using an ultraturrax homogenizer,
and DNA or RNA extractions were achieved on 30 mg of tis-
sue suspension using the AllPrep DNA/RNA Mini Kit (Qiagen
S.A.) and quantified using a spectrophotometer (Nanodrop,
Labtech, Palaiseau). Real time quantitative PCR (RT-gPCR) was
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performed using 0.05uM primers for human arthrobacter
luteus (ALU) (hALU) or 0.5 uM for murine Actin (mActin) (Sup-
porting Information Table 2). PCR conditions and human Alu
Sequences were setting as previously described [32]. Standard
curves were made by adding 10-fold serial dilutions of either
human BM-MSCs or MenSCs in murine MSCs (10° total cell
number). Results were expressed as the number of cells per
100 mg of either human BM-MSCs or MenSCs per organ, and
limit of detection was estimated to be 0.005% human cells of
total injected cells.

Statistical Analysis

Results are expressed as the mean = SEM. All in vitro experi-
ments were performed for at least three independent times
and using three or four BM-MSCs and seven MenSC donors
each time. For the proliferation assay and study of T-cell sub-
populations on PBMCs after cocultured with either BM-MSCs
or MenSCs the experiment was repeat at least three times
and using three different BM-MSCs, seven MenSCs, and three
PBMCs donors each time. For the in vivo studies, 8-10 ani-
mals were used for each experimental group. For GVHD
model, the experiment was repeated at least five times using
two different donors for BM-MSCs and MenSC. For CIA model
we performed the experiment two times using two different
donors. p values were generated using nonparametric analysis
using the Mann-Whitney test to compare between two
groups. For survival analysis data were plotted by the Kaplan—
Meier method and analyzed by the log rank test. p val-
ues < .05 (*), p<.01 (**), or p<.001 (***) were considered
statistically significant. All the analyses were performed using
the Graph-Pad Prism 6 software (Graphpad, San Diego, CA).

REsuLTS

MenSCs Display a Reduced Anti-Inflammatory Effect
on T-Cell Proliferation and Phenotype Compared to
BM-MSCs

The immunosuppressive properties of MenSCs were tested in
vitro by assessing their capacity to modulate the proliferative
response of CFSE-labeled PBMCs upon PHA stimulation (Fig.
1A). Cells were cocultured at 1:10 and 1:100 MSC to PBMC
ratios. MenSCs exhibited a similar inhibitory effect on T-cell
proliferation compared to BM-MSCs at the 1:10 ratio (Fig. 1A).
However, while BM-MSCs still exert a suppressive potential
when cultured at a lower ratio (1:100), MenSCs showed a stim-
ulatory effect on T cells (Fig. 1A). Taking into account the sup-
pressive functions of MSCs on pathogenic T-cell subsets such
as Thl, Th17, T-CD8 cytotoxic lymphocytes, and regulatory T
cells (Treg), we investigated the frequency of these T-cell popu-
lations. For that purpose, 72 hours post-coculture with BM-
MSCs or MenSCs, PBMCs were treated during 4 hours with
PMA/lonomycin in the presence of Brefeldin A in order to
determine the cytokine production profiles by FACS. Then, the
frequency of CD8 cytotoxic lymphocytes, Thl, Th17 cells, and
regulatory T cells was assessed. Compared to BM-MSCs, we
observed a significantly lower suppressive effect of MenSCs on
IFN-y secreting cells including both CD4* (Th1l) and CD8%,
when cocultured at a MSCs:PBMCs cell ratio of 1:100 (Fig. 1B).
In contrast, no significant difference was observed on the per-
centage of Th17 cells (Fig. 1C). At the cell ratio 1:100, MenSCs
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displayed a reduced capacity to generate CD4"IL4"IL10™ T cells
when cocultured with PBMCs compared to BM-MSCs (Fig. 1D).
No difference between MSCs was observed on classical Treg
cells (data not shown). Moreover, we observe the same
increase in proliferation of T-cells at a 1:100 ratio when we
coculture MenSCs with PBMCs from the same donor (data not
shown). These results demonstrate that MenSCs exert less
immunosuppressive effects in vitro than BM-derived MSCs.

MenSCs Display a Lower Capacity to Produce
Suppressive Factors Than BM-MSCs

We then compared the capacities of BM-MSC and MenSCs to
express the well-described suppressive molecules involved in
BM-MSCs immunosuppressive properties. For that purpose, we
studied the production of different molecules already associ-
ated to the suppressive effect of MSCs. Our results showed
that MenSCs expressed significantly lower levels of Cox-2 and
IL-6 as well as a lower secretion of Activin A or IDO activity
compared to BM-MSCs under both basal and activated condi-
tions (Fig. 2A, 2B). Then, we assessed the expression level of
PDL-1, described to play a major role in regulating the immune
response. While we observed a significant increase of PDL-1
expression in BM-MSCs upon stimulation, we did not observe
any change in MenSCs (Fig. 2C). This lower expression level of
suppressive factors produced by MenSCs was associated with a
significantly lower expression level of the IFNy-R1 and -R2 com-
pared to BM-MSCs (Fig. 3A). Thus, in order to functionally
define the role of proinflammatory cytokines in the suppressive
signature of MenSCs, we performed a proliferation assay in the
presence or absence of both BM-MSCs and MenSCs preacti-
vated or not with IFN-y and IL-1f3. Our results showed that
while preactivated BM-MSCs significantly inhibit the prolifera-
tion of T cells at a MSC:T ratio of 1:100, the preactivation of
MenSCs did not change their suppressive capacities (Fig. 3B),
suggesting that MenSC are less activated by proinflammatory
molecules. Altogether these data suggest that the lower immu-
nomodulatory effect of MenSCs compared to BM-MSCs might
be due to a reduced expression of suppressive molecules both
under basal or activated conditions.

MenSCs Fail to Exert a Therapeutic Effect in the CIA
Model

The therapeutic effect mediated by MSCs in experimental
autoimmune diseases is mainly due to their immunosuppres-
sive properties leading to a decrease of the proinflammatory
response [25, 33]. The discrepancy observed in vitro between
BM-MSCs and MenSCs suggests that these cells might exhibit
different therapeutic effect in vivo. We thus compared the
effect of BM-MSCs and MenSCs in experimental models of
inflammatory diseases. First, we used the CIA model to
address the anti-inflammatory potential of MenSCs in vivo.
While the systemic injection of BM-MSCs significantly reduced
the progression of arthritis (Fig. 4A), MenSCs did not (Fig.
4A). Assessing at the immunological parameters, we showed
that BM-MSCs reduced the secretion of TNF-a by activated
PBMC, while MenSCs injection induced a twofold increase of
TNF-o. expression at day 27 compared to the control group
(Fig. 4B). No significant difference was observed on IL-10, IL-6,
and IL-1f secretion levels (data no shown). At euthanasia, the
frequency of the different proinflammatory T-cell populations
was analyzed in the draining lymph nodes and spleens. Both
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Figure 1. MenSCs display less suppressive capacities to inhibit proinflammatory T cells than BM-MSCs. (A): Allogeneic activated periph-
eral blood mononuclear cells (PBMC) labeled with CFSE were cocultured with or without BM-MSCs and MenSCs at different MSCs:PBMC
ratios (1:10 and 1:100 MSC:PBMC) (left: representative CFSE proliferation panel) (light color histogram: activated PBMCs; dark color his-
togram: activated PBMC with either BM-MSCs or MenSCs). (B, C): Thl, CDS8, and Th17 proinflammatory subset analysis from coculture
of BM-MSCs and MenSCs with allogeneic-activated human PBMC at different MSCs:PBMC ratios. (D): Anti-inflammatory CD4"1L4¥1L107
cells analysis under the same culture conditions. Results are represented as mean = SEM of at least five independent experiments using
at least three different donors for PBMC, MenSC, and BM-MSCs each time (*, p <.05; **, p <.01; *** p <.005). Abbreviations: BM-
MSCs, bone marrow-derived mesenchymal stem cells; CFSE, carboxyfluorescein succinimidyl ester; IFN, interferon gamma; IL, interleukin;
MenSC, MSCs isolated from menstrual fluids; PHA, phytohemaglutinin; RORyT, RAR-related orphan receptor gamma.

BM-MSCs and MenSCs significantly reduced the frequency of Supernatants from activated cultures of LNC from mice
CD8 and Thl cells but to a significantly lesser extent for treated with BM-MSCs or MenSCs exhibited significantly
MenSCs (Fig. 4C; Supporting Information Fig. 4). Moreover, higher concentrations of the anti-inflammatory cytokines IL-5,
only BM-MSC treatment significantly inhibited the frequency IL-10, and IL-13 compared to CIA control mice (Fig. 4D). Then,
of proinflammatory Th17 cells in lymph nodes (Fig. 4C). we quantified the proinflammatory cytokines and found a
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Figure 2. MenSCs are less responsive to cytokine activation and express less immunosuppressive molecules compared to BM-MSCs.
(A): Quantification of Cox 2, IL-6, and IDO by quantitative polymerase chain reaction. (B): Activin A secretion levels by ELISA and IDO
activity measured by Kynurenine production. (C): PDL-1 expression levels by fluorescence-activated cell sorting. Activin A secretion and
IDO activity were quantified in the supernatants of MSC and MenSCs cultured in the presence or absence of 20ng/ml of IFN-y or
100 ng/ml of IFN-y, respectively, alone or with 10 ng/ml of IL-1f. PDL-1, Cox-2, IL-6, and IDO expression levels were quantified on BM-
MSCs or MenSCs under the same culture conditions described below. Results are represented as mean = SEM of at least three inde-
pendent experiments using each time at least three different MenSCs and BM-MSC donors. *, p <.05; **, p <.01; *** p <.005 with
respect to the MSCs control group without proinflammatory cytokines treatment. Abbreviations: BM-MSCs, bone marrow-derived mes-
enchymal stem cells; IL, interleukin-1f; IFN, interferon; IDO, indoleamine 2,3 dioxygenase; MenSC, MSCs isolated from menstrual fluids;
PDL-1, programmed cell death-ligand; f2M, Beta 2 microglobulin.

significant increase of TNF-a and IL-6 produced by splenocytes humanized-GVHD mouse model to evaluate the therapeutic

isolated from MenSCs injected mice compared to both control potential of MenSCs. Mice were irradiated before the admin-
and BM-MSCs mice (Supporting Information Fig. 4). Taken istration of human PBMCs alone (control group) or together
together, all the immunological and clinical parameters dem- with BM-MSCs or MenSCs. Six days post-GVHD induction,
onstrated the inability of MenSCs to suppress the inflamma- while a loss of weight was recorded in the control group, the
tory response and exert a beneficial effect in the groups treated with either BM-MSCs or MenSCs did not dis-
experimental CIA model. play any significant weight change (Fig. 5A). Although both

MSC treated groups exhibited an improvement in survival
that was significant only after MenSCs injection (Fig. 5A). In
contrast, in the spleen of MenSCs treated group compared to
We then investigated whether the low immunomodulatory the BM-MSCs treated group, a significantly higher number of
potential of MenSCs may be sufficient to inhibit the inflam- human CD45" cells was detected (Fig. 5B) suggesting that
mation in other clinical indications. To that aim, we used the MenSC were not able to inhibit the activation of human

MenSCs Increased the Survival Rate of GVHD Mice
Independently of the Degree of Inflammation

www.StemCells.com ©AlphaMed Press 2015
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T cells. Moreover, no difference was observed in the percent-
age of CD45"7CD4™ cells in all groups (Fig. 5B) while the fre-
quency of human CD45+CD8 + effector cells was only
decreased in the spleen of mice treated with BM-MSCs (Fig.
5C). The quantification of proinflammatory mediators
revealed a significant increase of IFN-y that paralleled a
decrease of Foxp3 expression level in splenocytes of MenSCs
treated mice (Fig. 5D). Interestingly, we measured high
expression levels of IL-6 and lower expression of Foxp3 and
NRP-1 in the PBMC of MenSCs treated group (Supporting
Information Fig. 5). This data suggest that MenSC impaired
the proliferation of natural regulatory T cells in circulation
(Supporting Information Fig. 5B) that could be associated
with the increased percentage of human T-CD8 cells that we
observed in the spleen.

Histological analysis of the intestine harvested from
untreated mice revealed the presence of damages with villous
blunting (Fig. 6A) and a higher epithelial damage index than
those recorded in treated mice (Fig. 6A). Interestingly, we
observed a significantly higher expression level of human HGF
and VEGF in the liver of animals treated with MenSCs com-
pared to the mice that have received BM-MSCs. These results
suggest that MenSCs exert a beneficial effect in the experi-
mental GVHD model, which was not associated with their
capacity to suppress inflammation.

©AlphaMed Press 2015

MenSCs Exhibit Higher Migratory Capacities Than
BM-MSC

Finally, we investigated the possible mechanisms involved in
the therapeutic effect of MenSCs in the experimental GVHD
model. For that purpose, we assessed the migratory capacity
of both BM-MSCs and MenSCs since the ability of MSC to
migrate into the damage tissue is one of the main mecha-
nisms that contribute to tissue regeneration [34]. Since MSCs
overexpressing the migratory molecule CXCR4 displayed a sig-
nificantly increased migratory capacity in vitro together with a
decreased mortality rate in a GVHD model [35] we decided to
study the expression level of CXCR4 in BM-MSCs and MenSCs.
Our results showed that a higher percentage of CXCR4 + cells
was found in the MenSC population compared to BM-MSCs
(Fig. 7A). Then in vitro, we evaluated the migratory capacity
of MenSCs and BM-MSCs either using a transwell or in a
wound-healing assay. We observed that MenSCs migrated
more rapidly than BM-MSCs, resulting in a significantly higher
number of migrating cells in the lower chamber of the trans-
well membrane after 24 hours of culture (Fig. 7B). In the
same line, in the wound-healing assay, we showed that
MenSCs were able to close the wounded area faster than
BM-MSCs (Supporting Information Fig.6). We then looked at
the biodistribution of BM-MSCs and MenSCs in NSG irradiated
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Figure 4. MenSCs do not show therapeutic benefit in the experimental arthritis model. DBA mice were immunized with chicken colla-
gen type Il emulsified with Freund’s complete adjuvant. On day 18 and 24 after immunization 1 X 10° BM-MSCs and MenSCs were
injected into the tail vain. (A): Clinical score of arthritis was determined every each day after the second cell injection. (B): TNF-oc was
detected in the supernatants of activated peripheral blood mononuclear cell (PBMC) at different time points of arthritis progression. (C):
The frequency of Thl, CD8 secreting IFN-y, and Th17 cells was determining in draining lymph nodes (dLNs) of mice from the different
experimental groups at day of euthanasia. (D): IL-5, IL-10, and IL-13 were detected after 48 hours of dLNs activation with 25 ug/ml of
chicken collagen Il. (A-D), scale bars show the mean = SEM of seven to nine different mice per experimental group. (C): Representative
dot plot of flow cytometry data show the expression of IFN-y gated on the CD8 cells and IFN-y and RORyT IL-17 producing cells gated
on CD4 cells from one of two independent experiments. *, p <.05; **, p <.01; ***, p <0.005 with respect to the non treated group.
Abbreviations: BM-MSCs, bone marrow-derived mesenchymal stem cells; CIA, collagen induced arthritis; IFN, interferon; IL, interleukin;
MenSC, MSCs isolated from menstrual fluids; ROR-yT, RAR-related orphan receptor gamma.
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Figure 5. MenSCs increased the number of CD45 + cells and the expression levels of proinflammatory mediators in xeno-GVHD (graft

versus host disease) while showing a higher survival. (A): Weight loss and survival of mice were determined daily. (B): The percentage
and absolute number of human CD45 cells were quantified by fluorescence-activated cell sorting (FACS). (C): The percentage of CD4 and
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BM-MSCs, bone marrow-derived mesenchymal stem cells; MenSC, MSCs derived from menstural fluids; IFN, interferon; f2M, Beta 2
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mice following intraperitoneal injections (IP). One day after
the injection, we detected both BM-MSCs and MenSCs in the
liver of 4/5 mice while in the intestine, spleen, and heart in
5/5 of NOD irradiated mice (Fig. 7C). Interestingly, a signifi-
cant difference in the number of MenSCs present in the liver,
the spleen and the intestine was detected in comparison to

©AlphaMed Press 2015

BM-MSCs (Fig. 7C). While this significant difference between
the two groups was not maintained at day 8 postinfusion, the
number of BM-MSCs in the liver decreased by eightfold while
MenSCs numbers decreased by only 2.5-fold (Fig. 7D). Inter-
estingly, the biodistribution assay using the CIA model showed
the presence of MSCs in the lung of all the mice that have
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Figure 6. Tissue protective effects of MenSCs are mediated through the secretion of growth factors. (A): Histological analysis of the

intestines of mice at day 8 (magnification of X 200, scale bar =50 um).

(B): Human VEGF quantification in the intestine by real time

quantitative polymerase chain reaction (RT-gPCR). (C): VEGF and HGF quantification in the liver by RT-gPCR. All the quantifications were
performed at day 8 after GVHD induction. Bars show the mean = SEM of six to eight different mice for all the different experimental
groups. p values referred to the nontreated group. Abbreviations: BM-MSC, bone marrow-derived mesenchymal stem cells; GVHD, graft
versus host disease; hHGF, human HGF; HGF, hepatocyte growth factor, *p < 0.05; vascular endothelial growth factor (hVEGF), human
VEGF; MenSC, MSCs isolated from menstrual fluids; VEGF, vascular endothelial growth factor; ;2M, Beta 2 microglobulin.

been treated with MenSCs and only in 50% of the mice
treated with BM-MSCs. Moreover, MSCs have been found in
the lymph nodes of 75% of the mice treated with MenSCs
and in only 25% of the mice treated with BM-MSCs. All
together these data suggest that the higher therapeutic effect
of MenSCs in the GVHD model compared to BM-MSCs might
be due to their higher rate of migration, survival and homing
into the different damage tissues in vivo.

In this work, we study the immunosuppressive properties of
MenSCs, which have so far been poorly investigated. We first

www.StemCells.com

addressed whether MenSCs possess immune-privileged proper-
ties and showed that such as BM-MSCs, MenSCs express low
levels of histocompatibility antigen (HLA)-B, -C, and do not
express HLA-DR. A very similar immunophenotype was shared
with BM-MSC suggesting that MenSC may also be able to
escape immune recognition. However a lower expression levels
on Toll like receptor 3 and 4 expression was observed on
MenSCs, suggesting that the immunomodulation exerted by
these cells might differ to BM-MSCs. Then, we assessed the
effect of MenSCs on the proliferation of activated PBMCs.
While MenSCs were as efficient as BM-MSCs to suppress T cell
proliferation at the 1:10 cell ratio, a lower suppressive effect of
MenSCs was observed at the 1:100 ratio. Nikoo et al. [36] have
previously described that MenSCs exhibit a dual anti-

©AlphaMed Press 2015
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Figure 7. MenSCs exert a higher migratory potential than BM-MSCs. (A): The expression level of CXCR4 was evaluated in BM-MSCs
and MenSCs by fluorescence-activated cell sorting. (B): The migratory capacities of both BM-MSCs and MenSCs were evaluated in vitro
using a transwell system. The capacity of the cells to migrate in response to the serum used as a chemo attractant was evaluated after
6, 12, and 24 hours. The percentage and the number of MenSCs and BM-MSCs were quantified on NOD-scid IL2rynull (NSG) mice after
irradiation. NSG mice were injected via intraperitoneal and the migratory and homing capacities of both BM-MSCs and MenSCs were
evaluated after (C) 1 day or (D) 8 days after the injection by quantitative polymerase chain reaction using human ALU sequences.
Results are represented as mean = SEM using four MenSCs and three BM-MSCs donors for the transwell system experiment, and images
are representative of migration after 24 hours (scale bars =50 um). For the biodistribution assay, four to five different mice were used
per experimental group. p values represent the statistical significance between MenSCs and BM-MSCs. Abbreviations: BM-MSCs, bone
marrow-derived mesenchymal stem cells; MenSC, MSCs isolated from menstrual fluids. *p < 0.055
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inflammatory and proinflammatory effect depending on the
PBMC:MenSCs cell ratio. This dual effect was in concordance
with other studies reporting that high concentrations of BM-
MSCs suppress alloreactive T cells, whereas low MSC concen-
trations stimulate lymphocyte proliferation [37-39]. At low con-
centrations, MenSCs were also less efficient to inhibit the
induction of CD8 + T and CD4" Th1 lymphocytes. This reduced
immunosuppressive capacity was associated with a lower
induction of anti-inflammatory IL-4%IL-10"CD4"  lymphocyte
subset. Our data strongly demonstrated that MenSCs are less
suppressive than BM-MSCs at low concentrations both on the
proliferation and the differentiation of T-cell subsets.

The low immunosuppressive capacity of MenSCs may be
related to the reduced basal expression of both IFNyR1 and
IFNyR2, which likely impaired their activation by IFN-y [22].
Consequently, the expression levels of several immunomodu-
latory molecules, such as IL-6, Cox2, Activin A, IDO activity,
and PDL-1 were lower in MenSCs than in BM-MSCs. PD-L1 is
an important mediator involved in the suppressive effect of
MSCs as demonstrated with placental-and BM-derived MSCs
[40-42]. IDO, COX2, and Activin A are other major suppressive
mediators of human MSCs, which are also downregulated in
MenSCs [18, 43, 44]. Indeed, the moderate immunosuppres-
sive function of MenSCs is likely due to a reduced capacity to
be activated by IFN-y to release important mediators.

We confirmed the results observed in vitro, in the auto-
immune CIA model. The CIA model offers a good opportunity
to study arthritis progression after MSC implantation [33, 45].
In contrast to BM-MSCs, MenSCs failed to exhibit any thera-
peutic benefit in CIA progression. Additionally, mice treated
with MenSCs as opposed to BM-MSCs were unable to
decrease inflammatory Thl and Th17 lymphocytes suggesting
that MenSCs fail to improve CIA course, probably due to a
diminished capacity to regulate the switch from a proinflam-
matory to an anti-inflammatory profile. To further confirm the
lower suppressive activity of MenSCs, we relied on the use of
another immune mediated disease model, the acute xeno-
GVHD, as it presents the advantage to allow the study of the
interactions between T-cells and MSCs, both from human ori-
gin [46, 47]. While both BM-MSCs and MenSCs improved the
survival rates of mice, an interesting result of this study is
that MenSCs-treated mice displayed higher survival rates com-
pared to both BM-MSC and control groups. This was associ-
ated to histological improvement of the intestine structure by
both BM-MSCs and MenSCs. Nevertheless, the difference
could not be attributed to a higher suppressive function since
only BM-MSCs were able to lower the number of human
cD45" cells even though MenSCs upregulated and downregu-
lated the expression of IFN-y and IL-10, respectively.

The opposite effect of MenSCs in the GVHD model on tis-
sue protection on one side, and proinflammation on the other
side results in better survival rate. In order to explain these
results, it is important to mention that the humanized GVHD
animal model is established following a combination of two
different stress sources including the high irradiation doses
and the injection of total human PBMCs. It is well-
documented that MSCs possess a high potential to repair and
protect different healthy tissues against radiation damages in
many animal models [48, 49]. Herein, MenSCs seemed to fos-
ter an important protective and regenerative effect compen-
sating their immunosuppressive shortfall, resulting in a

www.StemCells.com

noticeable therapeutic effect in GVHD. This could be attrib-
uted to a superior paracrine response of MenSCs to hypoxic
conditions by the secretion of VEGF and basic fibroblast
growth factor (bFGF), and a higher capacity to generate blood
vessels both in vitro and in vivo as we previously reported
[13]. Moreover, we observed that only mice treated with
MenSCs significantly increased the expression of human HGF
and VEGF in the liver compared to control group. A possible
explanation for this increased therapeutic effect in the GVHD
model is that MenSCs migrate at a higher rate and display a
better homing potency than BM-MSCs in vivo. Our results,
are in line with the study that has shown that mice treated
with MSCs overexpressing the migration molecule CXCR4 sig-
nificantly increased the survival of GVHD through an
enhanced migration potential [35]. Indeed, we demonstrated
that the expression of CXCR4 was significantly higher in
MenSCs than BM-MSCs and this was correlated with a supe-
rior migration rate of MenSCs in vitro. Furthermore, in a bio-
distribution assay our data demonstrated that MenSCs were
able to migrate rapidly to the target organs 24 hours postin-
jection compared to BM-MSC. At 8 days postinjection,
MenSCs were able to efficiently home into the intestine,
spleen, and liver and in a higher rate than BM-MSCs. Impor-
tance of MSC migration and homing has been detailed in
some studies and shown to improve animal survival in GVHD
where inefficient migration, survival, and homing limits the
therapeutic effect of MSCs in GVHD [35, 50]. Moreover, all of
these factors are important properties that can explain the
outcome observed in the GVHD model.

The present results raise a warning concerning therapeutic
application of MenSCs in autoimmune diseases as rheumatoid
arthritis. While they do not imply MenSCs are the first-line
cell source for treatment for GVHD, they do suggest MenSCs
might have higher protective effect following irradiation dam-
age. Also the therapeutic effect of autologous versus alloge-
neic use of MenSCs needs to be considerate. This still
requires further investigation in a more related animal model.

CONCLUSIONS

As many autologous and allogeneic clinical trials using
MenSCs are being planned, the information provided here
raises the awareness for assessing carefully their potential
side effects and presents decisive arguments for the disqualifi-
cation of their use in immune-mediated diseases. This repre-
sents a key prerequisite for securing the development of safe
and effective cell therapies devoid of setbacks.
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