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Figure 5 Effectof S|P 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 |6 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 = 100 wm. (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 = 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 = 6. *P < 0.05. (E) MACS-enriched CD56" dNK were
treated with or without FTY720 for |.5 h, then they were cultured another |8 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 = 250 wm.
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Figure 6 SIPR5 expression is decreased in second trimester dNK cells. (A) Gestational S| PR1 and SIPR5 expression on CD56 TCD 16~ dNK cells from
first (n = 14) or second (n = 9) trimester deciduas. (B) VEGF and IL-8 expression of dNK cells from first (n = 8) and second (n = 5) trimester pregnancy.

Data were presented as mean + SD.

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.

SIPR5 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 SIPR 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 SIPRI expression between first and second tri-
mester pregnancy. However, a significant decrease in SIPR5 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-
blastinvasion and angiogenesis and to play an active role in the initiation of
vascular remodelling in the first trimester (Hanna et al., 2006; Smith etal.,
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 S|P 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., 201 I). 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 SIP-SIPRI/5 to orchestrate dNK cell adaptation
(Shi et al., 201 1; Walzer and Vivier, 201 ). Interestingly, we have con-
firmed that in the first trimester, >70% CD45" leukocytes express
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CD56 and 40% of these dNK were SIPR5™, while only 18% of pNK
expressed SIPR5. The CD561 or CDI6% NK cells in the decidua are
the main source of S| PRs signal as T cells which make up |5-25% of de-
cidual leukocytes express very low levels of SIPRs (Supplementary
Fig. S4). These findings correlate well with previous reports of pNK
(Walzeretal., 2007) and also indicate that the enhanced dNK responsiv-
ness to the S| P signal may facilitate their accumulation within the first tri-
mester decidua. Moreover, the high numbers of SIPR5T 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 etal. (2011).

In this study, we demonstrated the functionality of the SIPR 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 SIPR internalization and lymphocyte sequestration (Sensken
and Griler, 2010). However, more recent data indicated that FTY720
stimulation had a dual effect on external S| PR activation and cellular func-
tion (Wu etal., 2013). In our experiments short-term exposure of dNK
cells to FTY720 resulted in the down-regulation of both SIPRI and
SIPRS expression. The significant S| PR5 decrease suggested that this re-
ceptor has a more important biological function than SI PR 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 SIP 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 S| PR expression by lym-
phocytes correlates with their egress kinetics (Thangada et al., 2010).
Our results indicate that investigating the S|P 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 etal., 2009) and one of theirmostimportant functionsis to regulate
EVT invasion (Hanna et al., 2006; Lash et al., 201 |; 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
trophoblastinvasion (Hanna et al., 2006). In this study, we demonstrated
that the majority of freshly isolated CD561 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 (CD56CDI177CD94")
derived from tonsil (Montaldo et al., 2012), while the human dNK popu-
lation is dominated by the mature subset (CDI177~CD94™) (Male
etal., 2010).

VEGF expression by dNK cells is decreased by FTY720 treatment, this
suggests that S|P 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 SIP (including basic fibroblast growth factor
and VEGF) enhance vascular sprouting and neovascularization through
the activation of S|P receptors (Spiegel and Milstien, 201 ). Conversely,
the non-classical class | 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 inimmune 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 (Vivieretal., 201 ). In contrast to decidual
T cells, CD56™ or CD 161 NK are the main population reactive to S| PR5
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 S| PR5 reactivity. There are more SIPR5™
dNK in the first trimester, a time characterized by increasing decidual
angiogenesis, compared with thatin 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 S|P synthesis from sphingosine, is increased during pregnancy.
Although SIPis much less effective than FTY720 at inducing receptorin-
ternalization and degradation, high levels of S|P caninduce SI PR5 intern-
alizationin the dNK cells. Such a reduction in sensitivity of dNK to the S| P
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
SIPR5 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., 201 1). Recent reports have
emphasized the integrative and bidirectional effects between SIP and
VEGF, as they have differential angiogenic effects that are dependant
upon the SIP inhibitor and growth factor cocktail (Gough 2013;
Nguyen et al., 2013; Térnquist, 2013). Thus, a detailed investigation of
the SIP 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 S|P pathway
results in decreased SIPR5 expression by dNK cells; (ii) dNK VEGF but
not IL-8 expression is significantly decreased by FTY720 treatment and
(iif) dNK-mediated EVT migration and HUVEC angiogenesis are also
impaired by FTY720 treatment. These results identify for the first time
that the SIP 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 S|PR5
reactivity. Thus, SIPR5 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.

Acknowledgements

We thank the donors, the Research Centre for Women’s and Infants’
Health BioBank Program of Lunenfeld-Tanenbaum Research Institute
(LTRI) and the Mount Sinai Hospital/University Health Network

9T0Z ‘9T Jequeldss uo A1ISBAIUN SI.IS BILRA|ASULSd e /B10'S [euino(puoxo-dewnyy//:dny wouj papeo umod


http://jid.oxfordjournals.org/lookup/suppl/doi:10.1093/infdis/jit263/-/DC1
http://jid.oxfordjournals.org/lookup/suppl/doi:10.1093/infdis/jit263/-/DC1
http://jid.oxfordjournals.org/lookup/suppl/doi:10.1093/infdis/jit263/-/DC1
http://humrep.oxfordjournals.org/

S|P signal regulates dNK angiogenic function

(Toronto, Canada) for providing human specimens. We appreciate the
technical help of Dr Lubna Nadeem and Ms Melissa Kwan (LTRI). We
thank Dr Andrea Jurisicova (Lunenfeld-Tanenbaum Research Institute,
Toronto) for providing us with HUVEC. We thank Dr Oksana Shynlova
(LTRI) for critical reviewing and Ms Annie Bang (LTRI, Mount Sinai Hos-
pital) for technical support of flow cytometry.

Authors’ roles

J.H.Z. was responsible for the experiment design, data acquisition and
analysis, and manuscript drafting. C.E.D. and S.J.L. were responsible
for the data interpretation, critical discussion and manuscript revision.

Funding

This study was supported by Canadian Institutes of Health Research
(CIHR), MOP8281 | to S.J.L.

Conflict of interest

No conflicts of interest are declared.

References

Ader|, Malavaud B, Cuvillier O. When the sphingosine kinase | /sphingosine
|-phosphate pathway meets hypoxia signaling: new targets for cancer
therapy. Cancer Res 2009;69:3723-3726.

Allende ML, Bektas M, Lee BG, Bonifacino E, KangJ, Tuymetova G, Chen W,
Saba JD, Proia RL. Sphingosine- | -phosphate lyase deficiency produces a
pro-inflammatory response while impairing neutrophil trafficking. | Biol
Chem 2011;286:7348—7358.

Andraweera PH, Dekker GA, Laurence JA, Roberts CT. Placental expression
of VEGF family mRNA in adverse pregnancy outcomes. Placenta 2012;
33:467-472.

Arnon TI, Xu Y, Lo C, Pham T, An J, Coughlin S, Dorn GW, Cyster ]G.
GRK2-dependent SIPRI desensitization is required for lymphocytes to
overcome their attraction to blood. Science 201 1;333:1898—1903.

Baczyk D, Drewlo S, Proctor L, Dunk C, Lye S, Kingdom J. Glial cell missing- |
transcription factor is required for the differentiation of the human
trophoblast. Cell Death Differ 2009;16:719-727.

Bulmer JN, Burton GJ, Collins S, Cotechini T, Crocker IP, Croy BA, Cvitic S,
Desforges M, Deshpande R, Gasperowicz M et al. IFPA meeting
2011 workshop report llI: angiogenic signaling and regulation of fetal
endothelial function; placental and fetal circulation and growth; spiral
artery remodeling. Placenta 2012;(Suppl.):S9-S14.

Chakraborty D, Rumi MAK, Konno T, Soares M]. Natural killer cells direct
hemochorial placentation by regulating hypoxia-inducible factor
dependent trophoblast lineage decisions. Proc Natl Acad Sci USA 201 1;
108:16295-16300.

Gough NR. Reconstituting angiogenesis in vitro. Sci Signal 2013;6:ec99.

Graham CH, Hawley TS, Hawley RC, MacDougall JR, Kerbel RS, Khoo N,
Lala PK. Establishment and characterization of first trimester human
trophoblast cells with extended lifespan. Exp Cell Res 1993;206:204-21 1.

Gréler MH, Goetzl EJ. The immunosuppressant FTY720 down-regulates
sphingosine |-phosphate G protein-coupled receptors. FASEB | 2004;
18:551-553.

Hanna J, Goldman-Wohl D, Hamani Y, Avraham |, Greenfield C, Natanson-
Yaron S, Prus D, Cohen-Daniel L, Arnon Tl, Manaster | et al. Decidual NK
cells regulate key developmental processes at the human fetal—maternal
interface. Nat Med 2006;12:1065—1074.

Hazan AD, Smith SD, Jones RL, Whittle W, Lye SJ, Dunk CE. Vascular-
leukocyte interactions. Mechanisms of human decidual spiral artery
remodeling in vitro. Am | Pathol 2010;177:1017—1030.

HuY, Dutz)P, MacCalman CD, YongP, Tan R, von Dadelszen P. Decidual NK
cells alter in vitro first trimester extravillous cytotrophoblast migration: a
role for IFN-y. J Immunol 2006;177:8522—-8530.

Jenne CN, Enders A, Rivera R, Watson SR, Bankovich AJ, Pereira |P,
Xu Y, Roots CM, Beilke JN, Banerjee A et al. T-bet-dependent SIP5
expression in NK cells promotes egress from lymph nodes and bone
marrow. | Exp Med 2009;206:2469—-2481.

Johnson TA, Evans BL, Durafourt BA, Blain M, Lapierre Y, Bar-Or A, Antel |P.
Reduction of the peripheral blood CD56bright NK lymphocyte subset in
FTY720-treated multiple sclerosis patients. ] Immunol 201 | ;187:570—579.

Kaneko-Tarui T, Zhang L, Austin K], Henkes LE, Johnson J, Hansen TR, Pru JK.
Maternal and embryonic control of uterine sphingolipid-metabolizing
enzymes during murine embryo implantation. Biol Reprod 2007;77:658—665.

Lash GE, Otun HA, Innes BA, Percival K, Searle RF, Robson SC,
Bulmer JN. Regulation of extravillous trophoblast invasion by uterine
natural killer cells is dependent on gestational age. Hum Reprod 2010;
25:1137-1145.

Lash GE, Naruse K, Robson A, Innes BA, Searle RF, Robson SC, Bulmer JN.
Interaction between uterine natural killer cells and extravillous trophoblast
cells: effect on cytokine and angiogenic growth factor production. Hum
Reprod 201 1;26:2289-2295.

Li C, Houser BL, Nicotra ML, Strominger JL. HLA-G homodimer-induced
cytokine secretion through HLA-G receptors on human decidual
macrophages and natural killer cells. Proc Natl Acad Sci USA 2009;
106:5767-5772.

Maceyka M, Harikumar KB, Milstien S, Spiegel S. Sphingosine- | -phosphate
signaling and its role in disease. Trends Cell Biol 2012;22:50—60.

Male V, Hughes T, McClory S, Colucci F, Caligiuri MA, Moffett A. Immature
NK cells, capable of producing IL-22, are presentin human uterine mucosa.

J Immunol 2010;185:3913-3918.

MaleV, Sharkey A, Masters L, Kennedy PR, Farrell LE, Moffett A. The effect of
pregnancy on the uterine NK cell KIR repertoire. Eur | Immunol 201 1;
41:3017-3027.

Marlin R, Duriez M, Berkane N, de Truchis C, Madec Y, Rey-Cuille M-A,
Cummings J-S, Cannou C, Quillay H, Barré-Sinoussi F et al. Dynamic
shift from CD85j/ILT-2 to NKG2D NK receptor expression pattern on
human decidual NK during the first trimester of pregnancy. PLoS One
2012;7:e30017.

Mayol K, Biajoux V, Marvel |, Balabanian K, Walzer T. Sequential
desensitization of CXCR4 and SIP5 controls natural killer cell trafficking.
Blood 201 1;118:4863—-4871.

Mizugishi K, Cuiling L, Olivera A, Bielawski |, Bielawska A, Chu-Xia D,
Proia RL. Maternal disturbance in activated sphingolipid metabolism
causes pregnancy loss in mice. J Clin Invest 2007;117:2993-3006.

Moffett A, Regan L, Braude P. Natural killer cells, miscarriage, and infertility.
BMJ 2004;329:1283—1285.

Montaldo E, Vitale C, Cottalasso F, Conte R, Glatzer T, Ambrosini P,
Moretta L, Mingari MC. Human NK cells at early stages of differentiation
produce CXCL8 and express CDI161 molecule that functions as an
activating receptor. Blood 2012;119:3987-3996.

Nadeem L, Munir§, Fu G, Dunk C, Baczyk D, Caniggia |, Lye S, Peng C. Nodal
signals through activin receptor-like kinase 7 to inhibit trophoblast
migration and invasion: implication in the pathogenesis of preeclampsia.
Am | Pathol 201 1;178:1177—1189.

Nguyen D-HT, Stapleton SC, YangMT, Cha SS, Choi CK, Galie PA, Chen CS.
Biomimetic model to reconstitute angiogenic sprouting morphogenesis
in vitro. PNAS 2013;110:6712—-6717.

Ofer M. Trans-well migration assay. Protoc Exchange 2006. doi:10.1038/
nprot.2006.210.

9T0Z ‘9T Jequeldss uo A1ISBAIUN SI.IS BILeA|ASUUSd e /B10'S [euino(pio xo-dewnyy/:dny wouj papeo umoq


http://humrep.oxfordjournals.org/

12

Zhang et al.

Pijnenborg R, Vercruysse L, Hanssens M. The uterine spiral arteries
in human pregnancy: facts and controversies. Placenta 2006;27:
939-958.

Rivera ], Proia RL, Olivera A. The alliance of sphingosine- | -phosphate and its
receptors in immunity. Nat Rev Immunol 2008;8:753-763.

Robson A, Harris LK, Innes BA, Lash GE, Aljunaidy MM, Aplin |D, Baker PN,
Robson SC, Bulmer JN. Uterine natural killer cells initiate spiral artery
remodeling in human pregnancy. FASEB | 2012;26:4876—4885.

Romero R, Kusanovic JP, Kim CJ. Placental Bed Disorders in the Genesis of the
Great Obstetrical Syndromes. Cambridge, UK: Cambridge University Press
2010.

Sargent IL, Borzychowski AM, Redman CWG. NK cells and human
pregnancy—an inflammatory view. Trends Immunol 2006;27:399—-404.
Sensken S-C, Gridler MH. Down-regulation of SIPI| receptor surface
expression by protein kinase C inhibition. | Biol Chem 2010;285:

6298-6307.

Shi F-D, Ljunggren H-G, La Cava A, Van Kaer L. Organ-specific features of
natural killer cells. Nat Rev Immunol 201 1;11:658—671.

Smith SD, Dunk CE, Aplin |D, Harris LK, Jones RL. Evidence forimmune cell
involvement in decidual spiral arteriole remodeling in early human
pregnancy. Am | Pathol 2009;174:1959—1971.

Spiegel S, Milstien S. The outs and the ins of sphingosine-|-phosphate in
immunity. Nat Rev Immunol 201 I;11:403—-415.

Thangada S, Khanna KM, Blaho VA, Oo ML, Im D-S, Guo C, Lefrancois L,
Hla T. Cell-surface residence of sphingosine |-phosphate receptor | on
lymphocytes determines lymphocyte egress kinetics. | Exp Med 2010;
207:1475-1483.

Tornquist K. Sphingosine |-phosphate and cancer: lessons from thyroid
cancer cells. Biomolecules 2013;3:303—-315.

Vacca P, Moretta L, Moretta A, Mingari MC. Origin, phenotype and function of
human natural killer cells in pregnancy. Trends Immunol 201 1;32:517-523.

Vivier E, Raulet DH, Moretta A, Caligiuri MA, Zitvogel L, Lanier LL,
Yokoyama WM, Ugolini S. Innate or adaptive immunity? The example of
natural killer cells. Science 201 1;331:44—49.

Volker B. Sphingosine |-phosphate receptors in health and disease:
Mechanistic insights from gene deletion studies and reverse pharmacology.
Pharmacol Ther 2007;115:84—105.

Wallace A, Fraser R, Cartwright J. Extravillous trophoblast and decidual
natural killer cells: a remodelling partnership. Hum Reprod Update 2012;
18:458-471.

Walzer T, Vivier E. G-protein-coupled receptors in control of natural killer
cell migration. Trends Immunol 201 1;32:486—492.

Walzer T, Chiossone L, Chaix ], Calver A, Carozzo C, Garrigue-Antar L,
Jacques Y, Baratin M, Tomasello E, Vivier E. Natural killer cell trafficking
in vivo requires a dedicated sphingosine |-phosphate receptor. Nat
Immunol 2007;8:1337—1344.

Wu C, Leong S, Moore C, Cui QL, Gris P, Bernier L-P, Johnson T, Seguela P,
Kennedy T, Bar-Or A et al. Dual effects of daily FTY720 on human
astrocytes in vitro: relevance for neuroinflammation. | Neuroinflammation
2013;10:41.

Yamamoto Y, Olson DM, Bennekom My, Brindley DN, Hemmings DG.
Increased expression of enzymes for sphingosine |-phosphate turnover
and signaling in human decidua during late pregnancy. Biol Reprod 2010;
82:628-635.

9T0Z ‘9T Joquieidas uo A1sBAIUN aIS BlURA|ASUURd Te /610°Sfeulno[pioxo-daiwny//:dny wodj papeojumod


http://humrep.oxfordjournals.org/

