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A B S T R A C T

Stem cells have high potential for cell therapy in regenerative medicine. We previously isolated stem cell types
from human amniotic fluid, derived from prenatal amniocentesis. One type, characterized by a fast doubling
time, was designated as fast human amniotic stem cells (fHASCs). These cells exhibited high differentiation
potential and immunoregulatory properties. Sphingosine-1-phosphate (S1P) is a bioactive sphingolipid meta-
bolite that influences stem-cell pluripotency, differentiation, mobility, and regulates immune functions. In this
study, we investigated the influence of S1P on fHASC migration, proliferation, differentiation and immune
regulatory functions. We found that fHASC stimulation with S1P potentiated their migratory and proliferative
activity in vitro. Notably, short fHASC exposure to S1P enhanced their differentiation towards multiple lineages,
including adipocytes, osteocytes and endothelial cells, an effect that was associated with downregulation of the
main transcription factors involved in the maintenance of a stem-cell undifferentiated state. A specific crosstalk
between S1P and tumor growth factor β1 (TGF-β1) has recently been demonstrated. We found that fHASC
exposure to S1P in combination with TGF-β1 promoted the expression of the immune regulatory pathway of
indoleamine 2,3-dioxygenase 1 (IDO1). In addition, human peripheral blood mononuclear cells, co-cultured with
fHASCs treated with S1P and TGF-β1, expanded regulatory T-cells, via a mechanism requiring IDO1. Overall,
this study demonstrates that S1P potentiates several properties in fHASCs, an effect that may be critical for
exploiting the therapeutic potential of fHASCs and might explain the specific effects of S1P on stem cells during
pregnancy.

1. Introduction

Amniotic fluid cells derive from both fetal and extra-embryonic
tissues. The majority of these cells are terminally differentiated and
have limited proliferative capabilities (Cananzi et al., 2009). There
appear to be both hematopoietic and non-hematopoietic stem-cell
precursors in amniotic fluid (De Coppi et al., 2007; Prusa et al., 2003).
We have isolated and characterized stem-cell types from second-tri-
mester human amniotic-fluid samples, that were collectively indicated

as human amniotic-fluid stem cells (HASCs) (Romani et al., 2015). Of
those populations, one was characterized by a fast doubling time, and
cells were thus designated as fHASCs (Romani et al., 2015). fHASCs
express the main stromal markers, but also additional transcription
factors (e.g., octamer-binding transcription factor 4, OCT4; Kruppel-like
factor 4, KLF4; sex determining region Y-box 2, SOX2 and Nanog
homeobox, NANOG) indicative of an undifferentiated state and plur-
ipotency, as typically found in all embryonic stem cells (ESCs) (Jaenisch
and Young, 2008). We found that fHASCs maintain their original
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phenotype under prolonged in vitro passaging, and that they were able
to originate embryoid bodies. Moreover, fHASCs exhibited im-
munoregulatory properties when treated with interferon (IFN)-γ, and
those depended on the induction of the immune regulatory pathway of
indoleamine 2,3-dioxygenase 1 (IDO1) (Romani et al., 2015).

Sphingosine 1-phosphate (S1P), a potent bioactive sphingolipid
metabolite, regulates diverse cellular processes (Inniss and Moore,
2006; Kim et al., 2003; Maceyka et al., 2012; Pebay et al., 2005; Spiegel
and Milstien, 2002). S1P functions are mediated by five specific G
protein-coupled S1P receptors (S1PR1–5), which initiate distinct
downstream signalling pathways (Maceyka et al., 2012). The produc-
tion of S1P is effected via two sphingosine-kinase isoforms (SK1 and
SK2), and it occurs mostly at the membrane level – where the substrate
resides – once translocation of the enzymes is triggered by cell-acti-
vating events (Taha et al., 2006).

Although S1P can be considered as a pleiotropic lipid mediator,
involved in several biological functions – including regulation of cell
proliferation, migration, cytoskeletal rearrangement, cell differentia-
tion, and adhesion (Inniss and Moore, 2006; Pebay et al., 2005; Spiegel
and Milstien, 2002) – recent evidence suggests that S1P is also an im-
portant mediator of both innate and adaptive immune responses
(Rivera et al., 2008). In particular, local S1P elevation has been linked
to the promotion of lymphocyte, dendritic-cell and macrophage dif-
ferentiation (Rivera et al., 2008). Additional studies have demonstrated
that S1P can activate the tumor growth factor β1 (TGF-β1) pathway
(Lebman and Spiegel, 2008). TGFβ1 is produced by many cell types,
and it induces a wide range of biological effects, which depend on the
specific cell type as well as their state of differentiation (Massague and
Gomis, 2006).

In pregnancy, S1P and the glycerophospholipid signalling molecule
lysophosphatidic acid, are critical in the functional maturation of
uterine endometrium in the decidual reaction, to support embryo im-
plantation (Nagamatsu et al., 2014). The S1P pathway has also been
implicated in placental immune function. Specifically, one study found
that S1P inhibited the differentiation of human cytotrophoblasts into
syncytiotrophoblasts, by a mechanism associated with intracellular
cyclic adenosine monophosphate (cAMP) reduction (Johnstone et al.,
2005). In addition, it has been reported that, before labor, human
amniotic fluid contains significant amounts of S1P (Kim et al., 2003).

Although S1P is a potent bioactive lipid molecule, implicated in the
regulation of pregnancy-related events, any direct effects of S1P on
amniotic stem cells have not been investigated yet. In the present study,
we investigated the influence of S1P on fHASC proliferation, survival,
migration, differentiation and immune function. Specifically the effect
of S1P in inducing immunregulatory pathways like that of IDO1 has
never been investigated.

We found that S1P promoted fHASC proliferation, differentiation
and immune activity. Understanding the role of S1P in fHASC functions
may ultimately contribute to the identification of novel actions of S1P
or synthetic analogues thereof (Xin et al., 2006) on stem cells, that
could be instrumental in implementing fHASC therapeutic exploitation.

2. Materials and methods

2.1. fHASC isolation and culture

fHASCs were obtained from amniotic fluids of 15–17-weeks preg-
nant women (aged 35–40 years), who underwent amniocentesis during
routine prenatal diagnosis. fHASC lines had a normal karyotype. The
study was approved by the University of Perugia Bioethic Committee,
and each participant provided informed consent for the secondary use
of amniotic-fluid samples. Stem cells were isolated as described
(Romani et al., 2015). Briefly, residual cells from prenatal diagnosis
tests were cultured in mesenchymal stem-cell growth medium
(MSCGM, LONZA Gaithersburg, MD, USA); the isolation consisted of
selecting cultures containing cells with peculiar morphology and colony

shape (Romani et al., 2015). These colonies were selected and cultured
for several passages in vitro.

2.2. Flow cytometry

Phenotypical characterization of fHASCs was performed as follows.
For fHASC surface antigen analysis, cells were harvested by trypsini-
zation, washed with phosphate-buffered saline supplemented with FBS
(3%) and stained with antibodies reacting to the following antigens:
HLA A,B,C (Beckton Dickinson); class II DR, CD10, CD11b, CD14,
CD29, CD34, CD38, CD44, CD49d, CD73, CD105 (Immunotools); CD90,
CD117 (c-kit), SSEA3, SSEA4, (Biolegend). To detect the intracellular
markers SSEA3, SSEA4 and CD117, cells were permeabilized with 0.2%
(vol/vol) Triton-X (Sigma-Aldrich) for 30min at room temperature
before staining. Cells were acquired on an LSR Fortessa (BD
Biosciences) flow cytometer, and analysed with FloJo software.

2.3. Cell proliferation and viability assay

fHASCs were cultured in selected stem-cell media, supplemented
with delipidated serum, with or without different concentrations of
externally added S1P. Cell proliferation assays were conducted using
Click-iT™ EdU flow cytometry kits (Invitrogen), according to manu-
facturer's instructions. Briefly, fHASCs were collected by trypsinization
and incubated with 10 μM EdU solution for 12 h. Cells were then fixed
and permeabilized, and incubated with the Click-iT™ reaction mixture
for 30min at room temperature and analysed by flow cytometer. Cell
viability was evaluated via reduction of 3-(4,5-dimethylthiazol-2-yl)
2,5-diphenyl-tetrazolium bromide (MTT), as described (Kanagasabai
et al., 2010). Cell survival was calculated relative to that of control
fHASCs, cultured in the absence of S1P, that was taken as the 100%
value.

2.4. Reverse transcription and Quantitative Real-Time polymerase (RT-q-
PCR) analysis

Total RNA was extracted from fHASCs by Trizol (Invitrogen) and
used as a template for reverse transcription to cDNA. The cDNA was
obtained by the RevertAid First Strand cDNA Synthesis Kit (Fermentas).
All mRNA measurements were performed by RT-q-PCR analyses using
Brilliant SYBR Green QPCR Master Mix 2× (Stratagene) with the
Mx3000P qPCR System (Stratagene), except for S1PRs, which were
analysed using ABI Prism 7700 (Applied Biosystems), as previously
described (Donati and Bruni, 2006). The reaction was performed fol-
lowing the manufacturer's recommendations. Each sample was nor-
malized to β-actin (Invitrogen) or to ribosomal 18 S RNA. Final results,
represented as relative gene expressions, were calculated using MxPro
software (Stratagene). Each experiment was repeated at least three
times. The 2-ΔΔCT method was applied, as a comparative method of
quantitation, and data were normalized to β-actin RNA expression.
Primer sequences are reported in Table 1.

2.5. Cellular fractionation

fHASCs treated with control media or S1P at various concentrations
were washed twice with cold PBS, scraped, and collected by cen-
trifugation (1000× g). Cells were dispersed in a buffer solution con-
taining 10mM HEPES, pH 7.4, 1 mM EGTA, 1mM EDTA, 250mM su-
crose, 5 mM NaN3, and protease inhibitors (1 mM 4-(2-aminoethyl)
benzenesulfonyl fluoride (AEBSF), 0.3 μM aprotinin, 10 μg/ml leu-
peptin and 10 μg/ml pepstatin) and disrupted in a Dounce homogenizer
(100 strokes). Lysates were centrifuged (10min, 800× g) and the re-
sulting supernatants were centrifuged again at 200,000× g for 1 h to
separate cytosolic and total membrane fractions.
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2.6. S1PRs and IDO1 Short interfering RNA (siRNA)

These procedures have been described previously (Matino et al.,
2015). Briefly, the siRNA sequences specific for human IDO1 (sense,
5′-CCACGAUCAUGUGAACCCAtt-3′; antisense, 5′-UGGGUUCACAUGA
UCGUGGat-3′) were selected, synthesized, and annealed by the manu-
facturer (Ambion). Additional sets of siRNA sequences specific for
human IDO1 (sense, 5′-UCACCAAAUCCACGAUCAUUU-3′; antisense,
5′-PUAUGCGAAGAACACUGAAAUU-3′; and, sense, 5′-UUUCAGUGUU
CUU- CGCAUAUU-3′; antisense, 5′-PUAUGCGAAGAACACUGAA-
AUU-3′) were from Dharmacon. siCONTROL Nontargeting Pool (D-
001810–10-05, Dharmacon) was used as a control. siRNA sequences
specific for:

S1PR1, 5′GAGUUAGUUCCUGUGAACA(dT)3′– 5′UGUUCACAGGAA
CUAACUC(dT)3′– 5′GACCAUUAUGUCUUCUGGA(dT)3′; UCCAGAAGA
CAUAAUGGUC(dT)3′;

S1PR2, 5′CAUCGUGCUAGGCGUCUUU(dT)3′– 5′AAAGACGCCUAG
CACGAUG(dT)3′;

S1PR3, 5′CAGAAUUUGUGUUGCAGGU(dT)3′– 5′ACCUGCAACACA
AAUUCUG(dT)3′– 5′CUUGUAUAUUCGUACAUCU(dT)3′– 5′AGAUGUA
CGAAUAUACAAG(dT)3′;

S1RP4, 5′GUCCUCAACUCGGCGGUCA(dT)3′– 5′UGACCGCCGGAG
UUGAGGAC(dT)3′– 5′GCCUUUGACCGCUGCUCCA(dT)3′– 5′UGGAGC
AGCGGUCAAAGGC(dT)3′;

and S1PR5, 5′GUCUUGCCGCUCUACGCCA(dT)3′ – 5′UGGCGUAGA
GCGGCAAGAC3′(dT)3′

as well as MISSION® siRNA Universal Negative Control were from
Sigma-Aldrich. For transfection, siRNAs (5 μg) in 30 μl of transfection
buffer (20mM HEPES, 150mM NaCl, pH 7.4) were pipetted into a
sterile Eppendorf tube. In a separate polystyrene tube, 6.7 μg of 1,2
dioleoyl-3-trimethylammonium-propane (DOTAP) was mixed with
30 μl of transfection buffer, and then both solutions were mixed gently
by pipetting several times. After incubation at room temperature for
20min, the mixture was added to 1ml of complete medium, containing
106 cells and incubated for 24 h at 37 °C, either alone or in the presence
of S1P. Cells were recovered, washed, and immediately used for in vitro
experiments. siRNA treatment resulted in the complete disappearance
of the relevant transcripts for S1PRs at 24–48 h (Supplemental Fig. 1) or
IDO1 (Supplemental Fig. 4) Control treatments consisted of cells treated
with negative control siRNA (Ambion or Sigma) or MISSION® siRNA
Universal Negative Control. Efficiency of siRNA transfection was eval-
uated in terms of percentage of cells stained with Cyanine 3 (Cy3)-la-
beled siRNA negative control (Ambion). Transfection rates always ex-
ceeded 90%.

2.7. Differentiation of fHASCs in vitro

Cells were induced to differentiate in vitro under the conditions
described below and RNA was then purified for RT-q-PCR analysis, to
confirm lineage-specific gene expression.

2.7.1. Osteogenic cell differentiation
fHASCs, harvested at passage five, were cultured in Differentation

Media BulletKits-Osteogenic (Lonza), according to manufacturer's in-
structions. Changes in the expression of genes, markers of osteogenic
differentiation, namely, secreted Phospho-Protein 1 (SPP1), Bone
Gamma-carboxyglutamate (Gla) Protein (BGLAP), and Runt-related
transcription factor 2 (RUNX2) were assessed by RT-q-PCR using spe-
cific primers (Table 1). The differentiation potential for osteogenesis
was assessed by mineralization of calcium accumulation on von Kossa
staining (Abcam). Percent cell staining was determined by measuring
von Kossa-positive stained areas relative to a total selected area, in five
different images, using ImageJ software (NIH, Bethesda, MD, USA).

2.7.2. Adipogenic cell differentiation
HASCs, harvested as indicated above, were cultured in

Differentiation Media Bullet Kits-Adipogenic (Lonza). Changes in the
expression of specific genes, markers of adipogenic differentiation, such
as Peroxisome Proliferator-Activated Receptor Gamma (PPARG), Lipo-
Protein Lipase (LPL), and Fatty Acid Binding Protein 4 (FABP4) were
determined by RT-q-PCR using specific primers (Table 1). The potential
for adipogenic differentiation was assessed by Sudan III staining
(Sigma-Aldrich), according to the manufacturer's instructions. Percen-
tage of positive cell staining was recorded by measuring Sudan III-po-
sitive stained areas relative to a total selected area in five different
images, using ImageJ software.

2.7.3. Endothelial cell differentiation
Cells were seeded at a density of 3000 cells/cm2 on plastic plates

pre-coated with gelatin and maintained in culture for one month in
endothelial cell medium-2 (EG-MTM-2, Clonetics; Cambrex
Bioproducts) supplemented with 10% FBS, and Pen/Strep.
Recombinant human BFGF (StemCell Technologies) was added every
other day at the concentration of 2 ng/ml. Changes in the expression of
specific genes, markers of endothelial differentiation such as Kinase
Insert Domain Receptor (KDR) and Platelet and Endothelial Cell
Adhesion Molecule 1 (PECAM1) were analysed by RT-q-PCR using
specific primers (Table 1). For KDR and PECAM1 protein analysis, cells
were harvested by trypsinization, washed with phosphate-buffered
saline supplemented with FBS (3%) and stained with anti CD31
(PECAM1, Beckman Coulter) and CD309 (KDR, Beckman Coulter) an-
tibody. Cells were acquired on an LSR Fortessa (BD Biosciences) flow
cytometer, and analysed with FloJo software.

2.8. Cell migration

Cells were grown to reach 60–70% confluence, and then starved
overnight in DMEM containing 0.1% BSA. The ChemoTx System was
used for chemotaxis assay (NeuroProbe, Gaithersburg, MD). Briefly,
cells were washed twice with PBS, and then incubated for 30min at
37 °C in the presence of 1 μM calcein-AM. Stained cells were washed
three times with PBS, and detached with trypsin. Approximately 8000
cells were placed directly onto chemotaxis filters. The bottom chambers
were filled with DMEM containing different concentrations of S1P
(0.01, 0.1, or 1 µM). Cells were incubated for 6 h at 37 °C. The non-
migratory cells on the top of the filter were removed by gently wiping
the filter with a cotton swab. Fluorescence of migrated cells into the
bottom chamber was measured in a multi-well fluorescent plate reader
(Fluoroskan Ascent FL, ThermoElectron Corporation, Excitation,
485 nm; Emission, 538 nm). Fluorescence was converted to numbers of
cells based on a standard curve, generated by seeding known numbers
of fHASCs at the bottom of the chamber.

2.9. Western blot analysis, kynurenine assay and TGF-β determination

Western blot analysis was performed according to standard proce-
dures. A specific anti-SK1 polyclonal antibody (directed against the 16
carboxy-terminal amino acids of SK1) (kindly provided by Dr. Y. Banno,
Gifu University School of Medicine, Japan) was used to detect en-
dogenous SK1 in total cellular extracts. Rabbit polyclonal antibody
generated against SK2 was a kind gift of Dr. S. Nakamura (Department
of Molecular and Cellular Biology, Kobe University Graduate School of
Medicine, Kobe, Japan). Equally loaded protein was checked by ex-
pression of the nonmuscle-specific β isoform of actin (β-actin mono-
clonal antibodies, Cytoskeleton Inc.).

Human IDO1 expression was detected by sequential immunoblot-
ting with anti-IDO1 (Millipore) and anti–β-tubulin (Sigma-Aldrich) for
normalization.

IDO1 functional activity was measured in vitro in terms of the
ability to metabolize tryptophan to L-kynurenine, whose concentrations
were measured by high-performance liquid chromatography (Romani
et al., 2015; Pallotta et al., 2011). Briefly, fHASCs treated (24 h) or not
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with TGF-β1 (10 ng/ml), with S1P (1 µM) or a combination thereof
were re-suspended in media containing 100 µM tryptophan (Sigma-Al-
drich) and then incubated for 4 h at 37 °C. After incubation, the su-
pernatant was collected and stored at − 80 °C for quantitation of ky-
nurenine by HPLC. IDO1 activity was expressed as kynurenine
concentration (µmol/l) in each sample (Pallotta et al., 2011). Human
TGF-β1 was measured in culture supernatants by ELISA, using specific
kits (R&D Systems and Abnova Corporation). The detection limit of the
assay was 15 pg/ml.

2.10. fHASC-PBMC co-cultures and Treg analysis

Peripheral blood mononuclear cell (PBMC)-fHASC co-cultures were
performed according to Romani et al. (2015) (Romani et al., 2015).
Briefly, PBMCs (3× 105/well) were activated with 5 µg/ml anti-CD3
mAb (clone OKT3) and co-cultured for 5 days with fHASCs, that had
been pre-treated or not with 10 ng/ml TGF-β1, 1 µg/ml S1P or their
combination for 24 h. Treg cells were evaluated by FACS. Briefly, cells
were treated with rat anti-CD16/32 (2.4G2) for 30min at 4 °C, for
blocking Fc receptors, before assaying on LSRFortessa (BD BioSciences)
flow cytometer, and then analysed by flowJo data analysis software.
The following fluorochrome-conjugated mAbs were used, CD4 (RPA-
T4), CD25 (BC 96) and FOXP3 (150D) (Biolegend).

2.11. Statistical analysis

All in vitro determinations are means± S.D. from at least three
independent experiments, unless otherwise indicated. For comparisons
between two groups, unpaired, two tailed Student's t-test was used. For
comparison of more than two groups, one-way ANOVA followed by
Bonferroni for multiple comparison test was performed. All n values
were computed by power analysis to yield a power of at least 80% with
an α-level of 0.05. GraphPad Prism version 6.0 (San Diego, CA) was
used for all analyses.

3. Results

3.1. S1P promotes fHASC migration

S1P is known to influence the migration of several cell types, in-
cluding immune cells, bone-marrow stem cells, hematopoietic cells, and
satellite cells (Calise et al., 2012; Golan et al., 2013; Kong et al., 2014;
Li et al., 2009; Maceyka et al., 2012). We investigated the ability of
fHASCs to migrate toward three different S1P concentrations (Fig. 1A).
In particular, we found that fHASCs preferentially migrate toward the
low concentrations (0.01 and 0.1 µM) of S1P (Fig. 1A), while higher S1P
levels (1 µM) stimulated moderate fHASC migration (Fig. 1A).

S1P-associated chemotactic activity is mediated by activation of
specific S1PRs (Calise et al., 2012). S1PR1, S1PR2 and S1PR3 are
mostly involved in S1P chemotactic activity in specific cell types, such
as T cells and B cells (Proia and Hla, 2015). High-level expression of
S1PRs has been detected in a variety of cell types (Brinkmann, 2007).
Accordingly, we found that fHASCs expressed all five S1PRs mRNAs
(Fig. 1B). In particular, S1PR1 was the most expressed receptor in
fHASCs, whereas an intermediate expression was found for S1PR2 and
S1PR3, and only low levels were detected for S1PR4 and S1PR5
(Fig. 1B).

To test the functional roles of individual S1PRs on fHASC migration,
we used the siRNA technique (Fig. 1C and Supplemental Fig. 1).
Transfection of fHASCs with a S1PR1-specific siRNA, but not with a
control siRNA, significantly reduced fHASC migration in response to
S1P gradients (Fig. 1C). Moreover, transduction of fHASCs with S1PR3-
or S1PR4-specific siRNAs moderately reduced fHASC migration, but
only toward low S1P (0.01 and 0.1 µM) concentrations (Fig. 1C). In
contrast, inhibition of S1PR2 and S1PR5 had no impact on fHASC mi-
gration. (Fig. 1C). Overall, these results suggest that low S1P gradients

may favor fHASC recirculation mainly through S1PR1 activation.

3.2. S1P induces fHASC proliferation and favors stem-cell lineage
differentiation

S1P has potent actions on embryonic-cell differentiation and pro-
liferation (Price et al., 2009). We assessed the ability of S1P to promote
fHASC proliferation. To this purpose, fHASCs were cultured for 24 h in
selected stem-cell media, supplemented with delipidated serum, either
as such – to eliminate endogenous S1P – or containing three individual,
externally added S1P concentrations (0.01, 0.1, or 1 μM). Similarly to
what showed for migration, we found a negative correlation between
fHASC proliferation or viability and S1P concentration in media
(Fig. 2). In particular, the lowest S1P concentration (0.01 μM) yielded
the highest fHASC proliferation and viability (Fig. 2 A-B). Next, we
evaluated S1P effect on the expression of several fHASC surface mar-
kers. To this purpose, fHASCs were cultured for 24 h in media supple-
mented with delipidated serum alone or containing different S1P con-
centrations. We found that S1P did not alter the expression of major
stem cell markers such as HLA-ABC (Human Leucocyte Antigens ABC),
CD10 (Common Acute Lymphoblastic Leukemia Antigen), CD29 (in-
tegrin β1-chain), CD44 (hyaluronan receptor), CD73 (ecto-50-nucleo-
tidase), CD90 (Thy-1 membrane glycoprotein), and CD105 (endoglin)
(Supplemental Fig. 2). Moreover, S1P did not induce any change in the
expression of HLA DR (Antigen D-Related) or other haematopoietic
markers (i.e., CD11b, CD14, CD34, CD38) (Supplemental Fig. 2). These
results suggest that S1P affects fHASC migration and viability without
altering major stem-cell surface markers.

3.3. S1P facilitates fHASC differentiation towards distinct major cell
lineages

We previously reported that fHASCs have an ability to differentiate
towards the adipogenic and osteogenic lineages, when cultured under
specific conditions (Romani et al., 2015). Because S1P has been shown
to condition stem-cell pluripotency (Smith et al., 2013), we evaluated
the impact of S1P on fHASC lineage differentiation. Notably, we found
that 24 h pre-treatment of fHASCs with S1P significantly reduced
mRNA expression of the major transcription factors associated with
stem-cell pluripotency (Fig. 3A-B). Considering the role of S1P in stem-
cell differentiation and tissue plasticity (Arya et al., 2014; Price et al.,
2015), we tested the effect of S1P on fHASC commitment and differ-
entiation towards three different cell lineages, namely, adipogenic,
osteogenic and endothelial.

For this purpose, we analysed the expression of markers specific for
adipogenic (e.g., PPRAG, LPL, FABP4), osteogenic (e.g., RUNX2, SPP1,
BGLAP), and endothelial (e.g., PECAM1, KDR) lineages, after culturing
fHASCs in selected cell-differentiation media or in basal stem-cell media
(Fig. 4A-F). Under these conditions, we found that 24-h fHASC pre-
treatment with S1P (1 µM) – the concentration promoting the highest
downregulation of the major pluripotency transcription factors – but
not with vehicle resulted in a significant increase in adipocyte (Fig. 4A)
and osteocyte (Fig. 4C) specific mRNA transcripts. We confirmed these
results by specific immunostaining. Specifically, fHASC pre-treatment
with S1P led to increased Sudan III cytoplasmic staining (adipogenic
differentiation) (Fig. 4B), and to more intense von Kossa staining (os-
teogenic differentiation) (Fig. 4D), relative to control cultures. Notably,
we found that fHASC pretreatment with S1P, prior to their culture in
differentiation media, was an important requirement for improving
fHASC lineage differentiation. This effect was not observed when S1P
was added to the stem-cell differentiation media (Supp. Fig. 3A-C).
Similarly, we demonstrated that fHASC pretreatment with S1P sig-
nificantly increased the expression of the endothelial marker PECAM1,
both at the mRNA and protein levels (Fig. 4E-F). Altogether, these re-
sults suggested that S1P downregulates the main pluripotency markers
and facilitates fHASC differentiation toward specific lineages.
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3.4. S1P increases TGF-β1 release while TGF-β1 promotes S1P kinase re-
localization in fHASCs

It has previously been reported that S1P treatment of fibroblasts
activates the TGF-β1 signalling pathway (Watterson et al., 2007). To
ascertain whether S1P would stimulate TGF-β1 release from fHASCs,
cells were cultured for 24 h in stem-cell media, supplemented with
delipidated serum, either as such or containing three different con-
centrations of S1P (e.g., 0.01, 0.1, or 1 μM). Then, the expression of
latency associated protein (LAP) – the TGF-β1's precursor on cell sur-
face – and secreted TGF-β1 in supernatants were measured. We found
that S1P significantly increased LAP expression in fHASCs, in a dose-
dependent manner, relative to control cells (Fig. 5A). In contrast, a
significant increase in active TGF-β1 could be detected only in super-
natants from fHASCs treated with the highest S1P concentration (1 μM)
(Fig. 5B), which suggested that only specific S1P levels will promote the
expression of both precursor and secreted forms of TGF-β1 in fHASCs.

Cell-dependent production of S1P is effected by two sphingosine-
kinase isoforms (i.e., SK1 and SK2), and it occurs mostly at the mem-
brane level, once translocation of the enzymes is triggered by specific
cell-activating events (11). It has previously been reported that myo-
blast stimulation with TGF-β1 results in specific upregulation of SK1
enzymatic activity (Cencetti et al., 2010). Therefore, we investigated
whether TGF-β1 conditioning could activate the same pathway in
fHASCs as well. We found that TGF-β1 treatment caused increased SK1
accumulation on fHASC plasma membrane (Fig. 5C), suggesting a po-
tential for TGF-β1–enriched medium to increase S1P production by
fHASCs. Notably, under the same conditions, SK2 expression – the other
kinase involved in sphingosine phosphorylation (Hait et al., 2006) –
was not affected (Fig. 5D). Overall, these results demonstrated the oc-
currence of feedback regulation and of a positive loop between S1P and
TGF-β1 in fHASCs, which could be instrumental in specific fHASC-de-
pendent functions.

3.5. Cooperativity between S1P and TGF-β1 activates IDO1-dependent
immune regulatory effects in fHASCs

S1P is now emerging as an important mediator of both innate and
adaptive immunity (Spiegel and Milstien, 2011). Moreover, both S1P
and TGF-β1 have been shown to activate immune-regulatory functions
in several immune cells (Aoki et al., 2016; Fujio et al., 2016). Based on
the existence of a specific crosstalk between S1P and TGF-β1 in fHASCs
(Fig. 5), we assessed its potential to promote immune regulatory
functions in fHASCs. Accordingly, fHASCs, pre-conditioned with S1P or
TGF-β1, each alone or in combination, were assessed for their ability to
induce human Treg cells in PBMC–fHASC co-cultures, using vehicle-
treated fHASCs as a control (Fig. 6A). Unlike IFN-γ (Romani et al.,
2015), stimulation of fHASCs with S1P or TGF-β1 alone did not result in
a significant increase in CD4+ FOXP3+ (Treg) cells in vitro (Fig. 6B-C).
However, PBMCs co-cultured with fHASCs pre-conditioned with a
combination of S1P and TGF-β1 significantly increased Treg levels,
implying the occurrence of a synergistic S1P/ TGF-β1-dependent im-
mune regulatory action (Fig. 6B-C). We have previously reported that
IFN-γ–stimulated fHASCs increase Treg cells through the induction of
the immune regulatory enzyme IDO1 (Romani et al., 2015). Therefore,
we analysed IDO1 expression after treatment of fHASCs with S1P, TGF-
β1 or their combination. Similarly, to what found for Treg induction
(Fig. 6b-c), induction of IDO1 protein (Fig. 6D-E) and activity (Fig. 6F)
could be detected only when fHASCs were treated with a combination
of selected concentrations of S1P and TGF-β1. In contrast, treatment
with either molecule alone resulted in no detectable effects (Fig. 6D-F).
Next, to test for any IDO1 requirement for Treg induction, we trans-
fected fHASCs with either IDO1-specific or control siRNA targeting,
before combined treatment of fHASCs with S1P and TGF-β1 (S1P/TGF-
β1). Notably, as previously reported for IFN-γ (Romani et al., 2015), we
found that transfection of fHASCs with the IDO1-specific siRNA im-
paired Treg generation via S1P/TGF-β1 pre-conditioned fHASCs
(Fig. 6G-H). These results suggested that, as in a different setting
(Romani et al., 2015), IDO1 represents a crucial checkpoint pathway
required for Treg generation by fHASCs. Moreover, these data may be

Fig. 1. S1P induces fHASC migration mostly
via S1PR1, and moderately through SP1R3
and S1PR4. A) fHASC migration in response to
three different S1P concentrations. Data are
mean± S.D. from 3 independent experiments.
**P < 0.01, (ANOVA and Bonferroni multiple
comparison test). B) S1PRs mRNA expression
levels in fHASCs. Data (mean± S.D.) are pre-
sented as normalized transcripts expression in
the samples, relative to transcript expression of
S1PR5 (in which fold change = 1; dotted line);
one experiment representative of two. C) Effect
of S1PR1–5 silencing on S1P-induced fHASC
migration. Data are means± S.D. from three
independent experiments. ** P < 0.01,
ANOVA followed by Bonferroni multiple com-
parison test.
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the first to describe a synergic action between S1P and TGF-β, resulting
in functional expression of the immunoregulatory IDO1 pathway.

4. Discussion

S1P is a pleiotropic lipid mediator whose effects may be particularly
interesting in improving specific functions of stem cells. Specifically,

S1P can increase proliferation, survival, and differentiation of several
stem cell types (Calise et al., 2012; Donati et al., 2007; Lu et al., 2015),
including human embryonic stem cells (Inniss and Moore, 2006; Pebay
et al., 2005).

fHASCs are a recently-identified stem-cell subtype present in human
amniotic fluid, characterized by a fast doubling time and the ability to
differentiate into several cell lineages (Romani et al., 2015). Yet, the
effects of S1P on fHASCs are still unknown. Here we provide evidence
for several biological roles of S1P on fHASCs, suggesting that S1P may
represent an interesting means of potentiating selected functions of this
stem-cell type. Specifically, we found that S1P improves proliferation,
survival and migration of fHASCs. Somewhat different from previous
studies, we demonstrated that maximum increase in fHASC pro-
liferative and migratory capacities did selectively occur with low con-
centrations of S1P (e.g., 10 nM); conversely, a hundred times higher
level of S1P resulted poorly or not effective. These results could be due
to selective recruitment of specific S1PRs, more abundantly expressed
by fHASCs that therefore require lower S1P concentrations. Accord-
ingly, although we found that fHASCs expressed transcripts of all five
S1PRs, high S1PR mRNA levels were found only for S1PR1.

In lymphocytes, S1PR1 activation is required for S1P migratory
stimulation (Matsuyuki et al., 2006). Agonism of S1PR1 by the selective
small molecule SEW2871 boosts cell mobilization, while functional
antagonism of S1PR1 with FTY720 sequesters hematopoietic cells in
bone marrow (Golan et al., 2012). In fHASCs, we found that, S1PR1-
specific siRNA abrogated the effect of S1P on migration, whereas si-
lencing of the other S1PRs (2−5) had no effect. S1PR1, S1PR2, and
S1PR3 are coupled to different and opposing signalling cascades. For
example, S1PR1 is coupled to inhibitory G protein (Gi) and has been
shown to activate extracellular signal regulated kinase (ERK), PI3K, and
Rac, whereas S1PR2 is coupled to Gi/o, Gq, and G12/13 and signals in
part through JNK and Rho (Watterson et al., 2005). Moreover, activa-
tion of S1PR2 is thought to directly oppose S1PR1-induced proliferation
and migration through a Rho-dependent pathway and decreased Rac.
Therefore, although not addressed in this study, it is possible that a
specific S1PR1-mediated signalling cascade is required for S1P-medi-
ated fHASC migration. Another potential explanation for the low S1P
concentration required for inducing fHASC migration might be traced
to the selective S1PR1 downregulation occurring with high S1P con-
centrations. Accordingly, lymphocyte egress from LNs is blocked upon
inhibition or loss of S1P lyase, which increases total lymph node S1P by
almost a hundred fold and down-modulates S1PR1 on T cells (Schwab
et al., 2005).

Migration and differentiation of stem cells are crucial for tissue
regeneration following injury. Previous studies have shown that S1P
may have a decisive role in those events, being upregulated in damaged
tissues in response to organ and tissue injuries (Bendall and Basnett,

Fig. 2. S1P promotes fHASC proliferation and viability. A) Evaluation of
fHASC proliferation in response to different S1P concentrations. fHASCs were
cultured in selected stem cell media, supplemented with delipidated serum,
with or without different concentrations of S1P for 24 h, then harvested and
incubated with 10 μM EdU solution for 12 h. Percentage of BrDu positive cells
was evaluated by flow cytometry. Data are means± S.D. of three independent
experiments. **P < 0.01, ANOVA and Bonferroni multiple comparison test. B)
Evaluation of cell growth using the MTT Assay. fHASCs were cultured as in a,
the percent survival values for each sample were calculated relative to the
vehicle-treated controls (taken as the 100% value). Data are means± S.D. from
three independent experiments, each performed in triplicate. * * P < 0.01,
ANOVA followed by Bonferroni multiple comparison test.

Fig. 3. S1P decreases the expression of specific pluripotent transcription factors in fHASCs. fHASCs were cultured in selected stem-cell media, supplemented
with delipidated serum in the presence or in the absence of three different S1P concentrations for 24 h. A) Analysis of expression of pluripotent markers by real-time
PCR in fHASCs. Data (mean± S.D of three experiments) are presented as normalized transcript expression in the samples relative to normalized transcript expression
in control cultures (i.e., in basal medium), in which fold change = 1 (dotted line). *P < 0.1, **P < 0.01, ANOVA followed by Bonferroni's correction. B) Analysis of
percent expression of selected pluripotent markers by FACS in fHASCs. Data are means± S.D. of three independent experiments. * P < 0.1, **P < 0.01, ANOVA
and Bonferroni multiple comparison test.
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2013; Golan et al., 2012; Ogle et al., 2016; Ratajczak et al., 2014). S1P
has been implicated in events regulating pluripotency and differentia-
tion in both adult and embryonic stem cells and in various species
(Kobayashi et al., 2010; Pitson and Pebay, 2009). S1P, in combination
with platelet-derived growth factor (PDGF), was shown to maintain
hESCs undifferentiated, in Gi-, ERK-, and SphK-dependent mechanisms
(Pebay et al., 2005). Conversely, it has been shown that S1P promotes
the differentiation of human umbilical cord mesenchymal stem cells
into cardiomyocytes under the designated culturing conditions (Zhao
et al., 2011). Other studies have reported that SP1 can be an effective
factor inducing endothelial cell proliferation (English et al., 2001). Si-
milar to previous data in human ESCs (Avery et al., 2008), here we
found that S1P would foster fHASC differentiation into different
lineages, an effect likely associated with downregulation of the main
transcription factors indicative of stem-cell pluripotency. Although we
did not find changes in specific stem cell markers shortly after S1P
pretreatment, we reported a downregulation of the main surface stem
cell markers when the cells differentiated toward specific cell types.
Therefore, our data suggest that, depending on the specific stem-cell

type or other selected cell-extrinsic differentiation factors, S1P may be
able to maintain both stem cell pluripotency and favor stem cell dif-
ferentiation. Specifically fHASCs represent also a novel behavior in
response to S1P only pretreatment of the cells with S1P facilitated cell
differentiation but this effect was lost when S1P was added concomitant
with the differentiation medium, this represent a novel action of S1P.

S1P is now emerging as an important mediator of multiple aspects
of both innate and adaptive immunity (Spiegel and Milstien, 2011). It
has been shown that some of the biological effects of S1P overlap with
those of specific cytokines and growth factors, and this overlapping can
be traced to a bidirectional loop, namely, an ability of S1P to trans-
activate growth factor and cytokine signalling cascades and the capa-
city of growth factors and cytokines to trans-activate S1P signalling
pathways (Lebman and Spiegel, 2008). More recent studies have de-
monstrated that S1P can trans-activate the TGF-β1 pathway (Sauer
et al., 2004). Moreover, cross-talk between S1P and TGF-β1 signalling
pathways has also been observed in renal mesangial cells (Cencetti
et al., 2013; Donati et al., 2009; Xin et al., 2006, 2004). Similarly, here
we found that treatment with S1P resulted in a significant increase of

Fig. 4. S1P increases fHASC differentiation towards specific cell lineages. fHASCs were pre-treatment with 1 μM S1P for 24 h in basal stem-cell culture medium
then cultured in specific differentiation media for adipogenic, osteogenic or endothelial cell lineage differentiation. A) mRNA levels of specific adipogenic markers.
Data (means± S.D) are presented as normalized transcript expressions in the samples relative to normalized transcript expression in control medium in one
experiment representative of two. ***P < 0.001 by ANOVA followed by Bonferroni multiple comparison test. B) representative pictures of fHASC differentiation into
adipocytes monitored with Sudan III staining for lipid droplets and nuclear staining with Mayer's hematoxylin, scale bar = 100 μm. Sudan III positive stained areas
(means± S.D.) were determined. C) mRNA levels of specific osteogenic markers. Data (means± S.D.) are showed as normalized transcript expressions in the
samples relative to normalized transcript expression in samples cultured in control medium. One experiment representative of two. **P < 0.01 by ANOVA followed
by Bonferroni multiple comparison test. D) Representative pictures of fHASC differentiation in osteocytes monitored with Von Kossa staining of calcium deposition in
the extracellular matrix in terminal osteoblast differentiation and nuclear staining with Mayer's hematoxylin, scale bar = 100 μm. Von Kossa positive stained areas
(means± S.D) were determined. E) mRNA levels of specific endothelial markers. Data (means± S.D) presented as normalized transcript expressions in the samples
relative to normalized those in samples cultured in control medium. One experiment representative of two. ***P < 0.001 by Student's t-test. F) Expression of
endothelial cell differentiation markers by FACS, in one representative experiment of three.
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TGF-β1 in fHASCs. Although our study did not investigate the specific
molecular pathway leading to such an increase, it is possible that se-
lected S1PRs signalling events may intercept specific transcription
factors leading to TGF-β1 production.

Both S1P and TGF-β1 are crucial mediators of regulatory functions
in several immune cells (Aoki et al., 2016; Fujio et al., 2016). Here we
detected the occurrence of a crosstalk between S1P and TGF-β1 in
fHASCs, leading to specific induction of the immune regulatory enzyme
IDO1, which was in turn instrumental for in-vitro generation of human
Treg cells. It has been previously reported that TGF-β1 is critical for
IDO1 induction in dendritic cells (Pallotta et al., 2011). Conversely,
here we demonstrated that fHASCs exposed to TGF-β1 were instead
unable to increase IDO1 expression. In contrast, when TGF-β1 was used
in combination with S1P, high levels of IDO1 could be detected in
fHASCs as well. It is possible that, differently from what found in DCs
(Pallotta et al., 2011), fHASCs require the combined effects of TGF-β1
and S1P for efficient IDO1 expression. Such combined effects may be
required for activation or reinforcement of selected downstream sig-
nalling events, known to affect IDO1 expression in other cells, including
the non-canonical nuclear factor-κB (NF-κB) or the Signal Transducers
and Activators of Transcription (STAT) pathways (Pallotta et al., 2011;
Rosowski et al., 2014). Future studies are required to investigate
whether such pathways are activated by the combined treatment of
fHASCs with S1P and TGF-β1. In fact this may represent a novel means
to activate IDO1 in specific cell types.

In conclusion, we demonstrate that S1P activates multiple effects in
fHASCs leading to increased migratory activity, promotion of cell

differentiation toward multiple lineages and immune-regulatory func-
tions. The implications of such findings are of interest. On the one side,
S1P is present in amniotic fluid and our data may suggest that it may
potentiate specific stem cell functions during pregnancy. On the other
side, this study reveals novel potential and druggable effects of S1P
functioning. Currently, S1P analogues, including 2-amino-2-(2-[4-oc-
tylphenyl]ethyl)-1,3-propanediol (FTY720) fingolimod and FTY720
phosphate, offer therapeutic potentials in autoimmune diseases, such as
multiple sclerosis (Brinkmann et al., 2010), where FTY720 is mainly
considered to inhibit trafficking of immune cells to the central nervous
system. Our results suggest that the effects of S1P and potentially of its
analogues may extend beyond the effects on specific immune cells and
may involve potentiation of specific stem-cell functions that could be
instrumental in tissue regeneration and other pathological conditions.
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Fig. 5. Positive regulation of TGF-β1 by S1P and SK1 subcellular localization by TGF-β1 in fHASCs. Quantification of latency-associated peptide (LAP) on cell
surface of fHASCs by FACS (A) and of secreted TGF-β1 by ELISA (B) in fHASCs cultured for 24 h in stem cell medium, supplemented with delipidated serum, either as
such or containing different concentrations of S1P. Data are means± S.D. of three independent experiments. **P < 0.01, ***P < 0.001; ANOVA and Dunnett test
(treatments vs. medium control). Effect of TGF-β1 on SK1 and SK2 subcellular localization. Serum fHASCs were incubated with 10 ng/ml TGF-β1 for 10min. Western
analysis of SK1 (C) and SK2 (d) was performed in membrane and cytosolic fractions. Representative Western blots and relative histograms depicting densitometric
analysis of immunoblots of SK1 (C) or SK2 (D) bands in three independent experiments. Data reported as fold increase over untreated control of the membrane/
cytosol ratio for SK1 and for SK2. * P < 0.05, Student's t-test.
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