














Figure 5 Effect of S1P signal on dNK cell-associated HTR-8/SVneo trophoblast migration. The wound-healing assay was performed with HTR-8/SVneo
cells. Once the wound was created, primary decidual leukocytes from first trimester pregnancy were added in the culture well and 16 h later migration of
trophobast cells into the wounded area was measured. (A) Representative images show HTR-8 cells migration alone (negative), or with fresh isolated
(control) or FTY720 pretreated (FTY720) decidual leukocytes. Scale bar ¼ 100 mm. (B) Summarized histogram of relative wound closure index of
four repeated experiments using decidual leukocytes performed in duplicates. *P , 0.05. (C) MACS-enriched CD56+dNK cells were applied in wound
assay and same result was obtained. n ¼ 5. *P , 0.05. (D) During the wound assay, rhVEGF (100 ng/ml) or rhIL-8 (50 ng/ml) was added in the
HTR-8-coated well either alone or together with FTY720 pretreated decidual leukocytes. n ¼ 6. *P , 0.05. (E) MACS-enriched CD56+ dNK were
treated with or without FTY720 for 1.5 h, then they were cultured another 18 h to collect supernatant for an HUVEC tube formation assay. The negative
group was cultured with medium from untreated cells. As a positive control, 50 ng/ml rhVEGF was added in the culture system. Representative images are
from six experiments. Scale bar ¼ 250 mm.
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CD56+ dNK and similar results were observed. As shown in Fig. 5C,
control dNK cells significantly improved HTR-8 cell migration, and
FTY720 pretreatment of dNK prevented this effect (P , 0.05). Exogen-
ous administration of rhVEGF or rhIL-8 to the co-culture system in the
presence of FTY720-pretreated dNK was able to restore HTR-8 cell mi-
gration (Fig. 5D). We further investigated the effect of FTY720 on the
angiogenic function of dNK using an HUVEC tube formation assay.
Our results confirmed that FTY720 treatment not only decreased
dNK VEGF expression, but downregualted the secreted VEGF in the
conditioned media. As shown in Fig. 5E and Supplementary Fig. S3,
HUVEC tube formation was inhibited when cultured with conditioned
medium from FTY720-treated dNK, compared with that in the medium
from the vehicle-treated normal group or the rhVEGF-positive control.

S1PR5 expression levels are decreased
in second trimester dNK cells
Pregnancy is a dynamic process that requires decidual immune cells to
adapt their phenotype and function to the surroundings. To investigate
the potential change in the S1PR profile overtime, we evaluated their
expression on second trimester dNK cells and compared it with that
found on the first trimester dNK (Fig. 6A). In normal pregnancy, there
was no change in dNK S1PR1 expression between first and second tri-
mester pregnancy. However, a significant decrease in S1PR5 expression
on dNK cells was observed in the second trimester dNK cells, compared
with that from the first trimester (20 versus 45%; P , 0.05). However,

we did not find a significant difference in the proportions of dNK cells
expressing VEGF or IL-8 between first and second trimester pregnancy
(Fig. 6B).

Discussion
Increasing evidence supports a critical role for the dNK cells in the
establishment of the placenta and uteroplacental circulation. Human
dNK cells have been shown by our group and others to stimulate tropho-
blast invasion and angiogenesis and to playan active role in the initiation of
vascular remodelling in the first trimester (Hanna et al., 2006; Smith et al.,
2009; Lash et al., 2010). However, little is known about the dNK cellular
responses and angiogenic functions, which are regulated by the lipid sig-
nalling pathway. In the current study, we demonstrated that dNK cells
exhibit an angiogenic phenotype, which is modulated by S1P signalling.
Furthermore, such change is mediated by changes in dNK VEGF pro-
duction and downstream effects of trophoblast migration and HUVEC
angiogenesis.

At early stages of pregancy, decidualization enhances the recruitment
of specialized immune cells and creates a temporary lymphoid niche at
the fetal–maternal interface (Vacca et al., 2011). Such a well-controlled
inflammatory stimulation (Sargent et al., 2006) may re-shape molecular
and functional features of decidual leukocytes, particularly via the
engagement of S1P-S1PR1/5 to orchestrate dNK cell adaptation
(Shi et al., 2011; Walzer and Vivier, 2011). Interestingly, we have con-
firmed that in the first trimester, .70% CD45+ leukocytes express

Figure 6 S1PR5 expression is decreased in second trimester dNK cells. (A) Gestational S1PR1 and S1PR5 expression on CD56+CD162 dNK cells from
first (n ¼ 14) or second (n ¼ 9) trimester deciduas. (B) VEGF and IL-8 expression of dNK cells from first (n ¼ 8) and second (n ¼ 5) trimester pregnancy.
Data were presented as mean+ SD.
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CD56 and 40% of these dNK were S1PR5+, while only 18% of pNK
expressed S1PR5. The CD56+ or CD16+ NK cells in the decidua are
the main source of S1PRs signal as T cells which make up 15–25% of de-
cidual leukocytes express very low levels of S1PRs (Supplementary
Fig. S4). These findings correlate well with previous reports of pNK
(Walzer et al., 2007) and also indicate that the enhanced dNK responsiv-
ness to the S1P signal may facilitate their accumulation within the first tri-
mester decidua. Moreover, the high numbers of S1PR5+ dNK cells
presenting in the fetal–maternal interface suggests that they are resensi-
tized in situ as effector cells, a mechanism that has been identified by
Arnon et al. (2011).

In this study, we demonstrated the functionality of the S1PR signalling
by using FTY720 to affect dNK cell mobility and cytokine/chemokine ex-
pression profiles. It was reported that FTY720 application leads to sus-
tained S1PR internalization and lymphocyte sequestration (Sensken
and Gräler, 2010). However, more recent data indicated that FTY720
stimulation had a dual effect on external S1PR activation and cellular func-
tion (Wu et al., 2013). In our experiments short-term exposure of dNK
cells to FTY720 resulted in the down-regulation of both S1PR1 and
S1PR5 expression. The significant S1PR5 decrease suggested that this re-
ceptor has a more important biological function than S1PR1 in regulating
dNK reactivity. Interestingly, subset alterations and functional changes of
pNK populations were also reported in patients with multiple sclerosis
who received sustained FTY720 therapy (Johnson et al., 2011). We
further confirmed that this modulation of the S1P signalling pathway
can cause an impairment of decidual lymphocyte/dNK migration,
mainly mediated by chemokine responsiveness (Mayol et al., 2011).
These data agree with previous studies where S1PR expression by lym-
phocytes correlates with their egress kinetics (Thangada et al., 2010).
Our results indicate that investigating the S1P signalling pathway of NK
cells in the early stages of gestation may provide valuable information
regarding dNK homing to the uterus.

Human dNK cells are observed in close proximity to migrating
HLA-G+ trophoblast cells in the decidua (Pijnenborg et al., 2006;
Smith et al., 2009) and one of their most important functions is to regulate
EVT invasion (Hanna et al., 2006; Lash et al., 2011; Wallace et al., 2012).
Many angiogenic and chemokine factors have been reported to be
expressed by dNK and herein we choose to investigate VEGF and IL-8
expression as both have been shown to mediate angiogenesis and
trophoblast invasion (Hanna et al., 2006). In this study, we demonstrated
that the majority of freshly isolated CD56+ dNK express a high level of
VEGF while only a few of them are IL-8 reactive. This discrepancy with
previous findings may be explained by the culture conditions, as the pre-
vious report of high IL-8 expression by dNK was found in cells cultured in
the presence of IL-2 (Hanna et al., 2006) (personal communication with
Dr O. Mandelboim). Alternatively, IL-8 production by NK cells may also
depend upon their developmental status since this capability was
reported to be confined to immature NK (CD56+CD117+CD942)
derived from tonsil (Montaldo et al., 2012), while the human dNK popu-
lation is dominated by the mature subset (CD117+/2CD94+) (Male
et al., 2010).

VEGF expression by dNK cells is decreased by FTY720 treatment, this
suggests that S1P signalling is involved in the regulation of VEGF produc-
tion, which is essential for the functional integrity of angiogenic dNK cells.
Indeed, we demonstrated that FTY720 can reduce the angiogenic ability
of dNK cells in stimulating both trophoblast migration and HUVEC tube
formation. Similarly, an ex vivo model has shown that the signalling and

angiogenic properties of S1P (including basic fibroblast growth factor
and VEGF) enhance vascular sprouting and neovascularization through
the activation of S1P receptors (Spiegel and Milstien, 2011). Conversely,
the non-classical class I HLA-G homodimer can induce secretion of
IL-6 and IL-8 from dNK cells, but with no effect on VEGF production
(Li et al., 2009). Combined with our data, these results suggest that
dNK function is modulated by microenviromental stimulation and
that there are different signalling pathways governing the regulation of
VEGF and IL-8 expression.

During pregnancy, there are significant changes in decidual stromal and
glandular cells as well as in immune cell phenotype and activation status at
the fetal–maternal interface (Male et al., 2011; Marlin et al., 2012).
Mature NK cells from peripheral organs are able to accommodate the
changing cellular environment (Vivier et al., 2011). In contrast to decidual
T cells, CD56+or CD16+NK are the main population reactive to S1PR5
signal (Supplementary Fig. S4). Our current data provide additional evi-
dence regarding the heterogeneity of dNK cells with increasing gestation
as illustrated by their different S1PR5 reactivity. There are more S1PR5+

dNK in the first trimester, a time characterized by increasing decidual
angiogenesis, comparedwith that in the second trimester when the inter-
villous space circulation is established to support the rapidly growing
fetus. Yamamoto et al. (2010) reported that decidual SPHK, which can
promote S1P synthesis from sphingosine, is increased during pregnancy.
Although S1P is much less effective than FTY720 at inducing receptor in-
ternalization and degradation, high levels of S1P can induce S1PR5 intern-
alization in the dNK cells. Such a reduction in sensitivity of dNK to the S1P
signal may affect their angiogenic function on trophoblast invasion.
However, in our study no significant change was found in VEGF or IL-8
expression level by the second trimester dNK cells compared with
those from the first trimester. Alternatively, the down-regulation of
S1PR5 may lead to retention and specialization of the dNK within the de-
cidual niche, as such a mechanism has been observed in other lymphoid
organs (Jenne et al., 2009; Mayol et al., 2011). Recent reports have
emphasized the integrative and bidirectional effects between S1P and
VEGF, as they have differential angiogenic effects that are dependant
upon the S1P inhibitor and growth factor cocktail (Gough 2013;
Nguyen et al., 2013; Törnquist, 2013). Thus, a detailed investigation of
the S1P signalling dynamic in the placental bed may yield significant
insights into how dNK remain and function in situ.

In conclusion we have shown that: (i) modulation of the S1P pathway
results in decreased S1PR5 expression by dNK cells; (ii) dNK VEGF but
not IL-8 expression is significantly decreased by FTY720 treatment and
(iii) dNK-mediated EVT migration and HUVEC angiogenesis are also
impaired by FTY720 treatment. These results identify for the first time
that the S1P pathway is an important player in the regulation of dNK
cell physiology during normal pregnancy. We suggest that dNK homing
and angiogenic function can be manipulated by modulating their S1PR5
reactivity. Thus, S1PR5 may represent a potential target in gestational
diseases, such as pre-eclampsia and intrauterine growth restriction,
which are characterized by the inadequate dNK/trophoblast coordi-
nated uterine spiral artery transformation.
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