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dNK cells facilitate the interaction between
trophoblastic and endothelial cells via VEGF-C
and HGF
Liyang Ma1,2,7, Guanlin Li1,3,7, Guangming Cao1,4,7, Yuchun Zhu3, Mei-Rong Du5, Yangyu Zhao6,
Hao Wang1,2, Yanlei Liu1,2, Yanyan Yang1, Yu-xia Li1, Da-Jin Li5, Huixia Yang3 and Yan-Ling Wang1,2
Decidual NK (dNK) cells, identiﬁed as CD56brightCD16−CD3−, account for ~ 70% of lymphocytes within the uterine wall during
early pregnancy. Accumulating evidence suggests that tight interactions between placental trophoblasts and dNK cells are
critical for trophoblast cell differentiation. However, the underlying mechanism remains to be explored in detail. In the present
study, conditioned medium (CM) was collected from cultured primary human dNK cells. Primary cytotrophoblasts (CTBs) or the
human trophoblast cell line HTR8/SVneo was treated with dNK-CM and co-cultured with human umbilical vein endothelial cells
(HUVECs) in a three-dimensional Matrigel scaffold, and the formation of tube structures was dynamically monitored with live
cell imaging. Trophoblast invasion was analyzed with a transwell invasion assay. The data demonstrated that the treatment of
HTR8/SVneo cells or CTBs with dNK-CM remarkably promoted trophoblast invasion and tube formation in the presence of
HUVECs. The epithelial marker E-cadherin was reduced, while the expression of endothelial markers NCAM, VE-cadherin and
integrin β1 was signiﬁcantly promoted in the HTR8/SVneo cells upon treatment with dNK-CM. Antibody blocking experiments
revealed that the dNK cells promoted trophoblast invasion through the production of IL-8 and HGF, and they induced
trophoblast differentiation toward endothelial phenotype by producing VEGF-C and HGF. These results provide new evidence to
clarify the ﬁnely tuned interactions between trophoblasts and dNK cells at the maternal–fetal interface.
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During human pregnancy, placental trophoblast cells differentiate in a
unique and complicated manner. A subpopulation of trophoblast cells
migrate into the uterine decidua and even into the inner third of the
myometrium. In this way, the fetus is anchored to the uterine wall.
The subpopulation of cells are called interstitial extravillous trophoblasts (iEVTs). Some other trophoblast cells, named as endovascular
extravillous trophoblasts (enEVTs), penetrate the uterine spiral arteries
and replace the endothelial cells. The uterine spiral arteries are
therefore remodeled into low-resistance, high-capacity utero-placental
arteries.1 The remodeling of uterine spiral arteries will guarantee an
increased blood ﬂow toward the maternal–fetal unit to meet the
requirements of the growing fetus.2 Along the invasive pathway, the
trophoblast cells lower down the expression of integrin α6β4 and
E-cadherin, and switch on the adhesion receptors including VEcadherin, vascular cell adhesion molecule (VCAM)-I, plateletendothelial cell adhesion molecule (PECAM)-I and integrin αVβ3
and α1β1.3 The enEVTs speciﬁcally possess the expression of neural
cell adhesion molecule (CD56/NCAM).4–6 The process of human EVT

cell differentiation involves complex interactions among trophoblasts,
endothelial cells, decidual natural killer (dNK) cells, decidual stromal
cells and many other cell types at the maternal–fetal interface, and
their regulatory mechanism remains puzzling.
Accumulating evidence indicates the active participation of dNK
cells in the process of EVT differentiation, especially in the vascular
remodeling by enEVTs.7 At the maternal–fetal interface of humans,
~ 70% of the decidual lymphocytes are dNK cells, and the remainder
are macrophages, dendritic cells, T cells and so on.8 The dNK cells
identiﬁed by CD56brightCD16−CD3− substantially differ in their
phenotypic properties from the peripheral NK cells (pNKs), which
are characterized by either CD56brightCD16−CD3− or CD56dimCD16+
CD3−.9,10 It is generally believed that the cytotoxicity of dNK cells is
reduced, while the secretion potentials are greatly enhanced compared
with pNKs.11 Human dNK cells can produce a variety of cytokines and
growth factors, including GM-CSF, TNF-α, leukemia inhibitory factor
(LIF), IFN-γ, CSF-1, IL-8, interferon-inducible protein-10 (IP-10),
hepatocyte growth factor (HGF), several members of the vascular
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endothelial growth factor (VEGF) family and placental growth factor
(PlGF).12 Many of these factors act to facilitate immune tolerance at
the maternal–fetal interface, and some of them, such as the proangiogenic factor VEGF-C, play roles in promoting de novo angiogenesis.13
NK-deﬁcient Tgξ26 mice exhibit impaired uterine blood vessel
remodeling and reproductive deﬁciency, and the engraftment of bone
marrow from severe combined immune deﬁcient mice, which lack T
and B lymphocytes but not NK cells, can restore adverse pregnancy
outcomes in the Tgξ26 mice.14,15
Although in vivo studies indicate the indispensable roles of dNK
cells in the remodeling of uterine blood vessels during gestation, the
mechanism by which human dNK and trophoblast cells interact to
regulate the differentiation of EVTs remains to be explored in detail. It
has been speculated that the cytokines and growth factors produced by
dNK cells may play essential roles in regulating the behavior of EVTs,
but evidence is lacking. In this regard, we modiﬁed an in vitro threedimensional (3D) Matrigel tube formation model in the present study
and monitored the penetration of trophoblast cells into tubes
preformed by human umbilical vein endothelial cells (HUVECs) with
a live cell imaging system. The roles of dNK-derived factors in
regulating trophoblast cell differentiation toward enEVTs or iEVTs
were explored separately with the 3D Matrigel tube formation model
and transwell invasion assay with speciﬁc adhesion molecule proﬁles
as biological markers to represent the features of EVT differentiation.
The data demonstrated that dNK-produced IL-8, HGF and VEGF-C
exert distinct functions in modulating EVT differentiation toward
iEVTs or enEVTs.
RESULTS
Distribution of dNK and EVT cells at the human maternal–fetal
interface
By using immunoﬂuorescence staining against CD56/NCAM, we
examined the distribution of dNK cells in the human decidual tissues
in early pregnancy. Immunostaining for cytokeratin 8 (CK8) was
performed to mark the trophoblast cells. As shown in Figure 1, the
dNK cells showed strong positive staining for CD56/NCAM, and they
were predominantly found close to the spiral arteries. The EVTs were

positive for both CK8 and CD56/NCAM, and iEVTs invading the
spiral arteries were surrounded by dNK cells (Figures 1a–d). In the
remodeled arteries, the enEVTs exhibited strong staining for CD56/
NCAM (Figures 1e–h).
Isolation and identiﬁcation of the primary dNK cells at early
gestation
The lymphocytes derived from human decidual tissues at gestational
weeks 6–10 were sorted by ﬂow cytometry using speciﬁc antibodies
against human CD16, CD56 and CD3, and the dNK cells were gated
for CD56brightCD16−CD3− (Supplementary Figure 1A). The morphology of the isolated dNK cells is shown in Supplementary Figure 1B,
and further identiﬁcation with immunoﬂuorescence for CD56 showed
that the purity of the isolated dNK cells was greater than 99%
(Supplementary Figure 1C). The isolated dNK cells were cultured in
RPMI 1640 medium supplemented with 10% FBS and 10 ng ml− 1
IL-15 (complete medium), and the supernatant was collected after
48 h as the conditioned medium (dNK-CM). In addition, the
complete medium without dNK cells was kept in the same incubator
for 48 h and collected as the cell-free conditioned medium (CF-CM).
The expression of several growth factors and cytokines in the cultured
dNK cells was examined by real-time PCR. The data revealed relatively
high expression of VEGF-C and IL-8 and low levels of HGF and
VEGF-A in the ex vivo cells, and the expression patterns were
maintained throughout the in vitro culture for 48 h (Supplementary
Figure 1D).
dNK cells enhanced trophoblast cell invasion via the production of
IL-8 and HGF
The acquisition of invasive ability is a distinct characteristic of
trophoblast cell differentiation toward iEVTs. We isolated primary
CTBs from human placental villi at gestational weeks 6–10 and
cultured the cells with FD medium containing 1 ng ml − 1 EGF and
1 μg ml − 1 insulin (CTB medium). The purity of the cells was greater
than 99% by immunostaining for CK8 and HLA-G (Supplementary
Figure 2A). Upon treatment with 50% dNK-CM (50% dNK-CM
+50% CTB medium) for 24 h, the invasive ability of the CTB cells was

Figure 1 Immunoﬂuorescent assay to show the localization of dNK cells and trophoblastic cells in human decidua at early pregnancy. Section of human
decidual tissue at gestational week 8 were stained with CD56/NCAM (red) and CK8 (green), and visualized by Leica TCSNT confocal system. The nuclear
were stained with DAPI (blue). The dNK cells (arrow) and the iEVT cells (arrowhead) that were invading the spiral artery were located in close adjacent to
each other (a–d). In the lumen of the remodeled spiral artery (e–h), the enEVT cells (star) were strongly positive for both CK8 and NCAM/CD56. Scale bars
represent 20 μm.
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Figure 2 Transwell invasion assay to show the enhanced trophoblast cell invasion by dNK cells via the production of IL-8 and HGF. (a, b) The primary CTBs
were separately treated with 50% dNK-CM, 20 ng ml −1 IL-8, 100 ng ml − 1 VEGF-C or 50 ng ml − 1 HGF. Following a 24 h treatment, the cells were subjected
to transwell invasion assay. The invasion index was expressed as the percentage of invaded cells compared with the corresponding control. (c–f) HTR8/SVneo
cells were separately treated with 50% dNK-CM, 20 ng ml − 1 IL-8 or 50 ng ml − 1 HGF, together with or without speciﬁc blocking antibody against IL-8 or
HGF. Following a 24 h treatment, the cells were subjected to transwell invasion assay. The typical results of invasion assay are shown in a, c and e, and the
scale bars represent 2 mm. The statistical analysis based on the results of three independently repeat experiments is shown in b, d and f. Data are expressed
as means ± s.e.m., and statistical analysis are performed with two-sided Student’s t-test. * or #, versus the corresponding control as indicated, Po0.05.

markedly enhanced to approximately fourfold that of the control cells
treated with 50% CF-CM (50% CF-CM+50% CTB medium)
(Figures 2a and b). The data demonstrated that the trophoblast cell
line HTR8/SVneo possessed certain properties of migration and
invasion. We treated HTR8/SVneo cells with 50% dNK-CM (50%
dNK-CM+50% RPMI 1640 containing 10% FBS) or 50% CF-CM
(50% CF-CM+50% RPMI 1640 containing 10% FBS) for 24 h and
observed similar invasion-enhancement effect of dNK-CM as in the
primary CTB cells (Figures 2c–f).

To identify the factors mediating the invasion-promoting function
of dNK-CM, we ﬁrst measured the effect of IL-8, HGF and VEGF-C.
Primary CTB cells or HTR8/SVneo cells were separately treated with
20 ng ml − 1 IL-8, 50 ng ml − 1 HGF or 100 ng ml − 1 VEGF-C for 24 h.
The results of a transwell invasion assay revealed that the two kinds of
cells had similar responses to these factors in terms of their invasive
ability. IL-8 or HGF led to a signiﬁcant increase in cell invasiveness by
approximately twofold greater than that in the controls (Figure 2),
while VEGF-C had little effect on cell invasion (Figure 2a and
Supplementary Figures 2B and C).
Immunology and Cell Biology
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Furthermore, the HTR8/SVneo cells were treated with 50% dNKCM together with speciﬁc blocking antibodies against IL-8 or HGF at
concentrations of 4 μg ml − 1 and 10 μg ml − 1, respectively. As shown in
Figures 2c–f, the blocking antibodies suppressed the dNK-CMinduced cell invasion by ~ 31% and 48%, respectively. The data
indicated that dNK cells promoted invasion of the trophoblastic cell
partly by the secretion of IL-8 and HGF, but not VEGF-C.
dNK cells promoted tubulogenesis of trophoblast cells with
endothelial cells by producing VEGF-C and HGF
Uterine spiral artery remodeling is characterized by the replacement of
endothelial cells by enEVTs. The process involves interaction among
endothelial cells and EVTs, leading to the differentiation of EVTs
toward an endothelial phenotype. To mimic the physiological process,
an in vitro 3D tube formation system was modiﬁed based on a
previous report.16 Primary CTB cells or HTR8/SVneo cells were
labeled with PKH26 (red), and the HUVECs were labeled with PKH67
(green). The labeled HUVECs were seeded on the Matrigel scaffold for
3–4 h until they formed tube-like structures (Supplementary
Figure 3A). The labeled primary CTB cells or HTR8/SVneo cells were
added onto the HUVEC tubes, and this time point was recorded as
C0h. Live cell imaging of the co-cultured cells demonstrated that the
red trophoblast cells quickly moved toward and incorporated into the
tube walls formed by the green HUVECs (Supplementary Video 1). At
C1h, C2h and C4h, ~ 20%, 39% and 56%, respectively, of the total
seeded primary CTB cells had incorporated into the tube walls
(Figures 3a and b). For the HTR8/SVneo cells, the incorporation
rates at C1h, C2h and C4h were 15%, 38% and 62%, respectively
(Supplementary Figures 4A and C). The tube structure was further
stereoscopically observed with a two-photon laser scanning confocal
microscope, and incorporation of the red trophoblast cells into the
green tubes at various depths was observed (Supplementary Figures 5A
and B and Supplementary Video 2). Thus, the in vitro 3D model to
dynamically mimic the remodeling process of uterine blood vessels
was established.
The differentiation of trophoblast cells toward an endothelial
phenotype was examined using this in vitro 3D model. Following
treatment with 50% dNK-CM (50% dNK-CM+50% CTB medium)
or 50% CF-CM (50% CF-CM+50% CTB medium) for 24 h, the CTB
cells were subjected to a 3D tube formation assay as described above.
The data showed that the dNK-CM-treated CTBs exhibited a
signiﬁcantly greater potential to incorporate into the HUVEC tubes.
The incorporated cell numbers were 23%, 32% and 29% more than
the corresponding controls at C1h, C2h and C4h, respectively
(Figures 3b and c). The HTR8/SVneo cells displayed a similar response
to dNK-CM with a greater potential to incorporate into the HUVEC
tubes, with the incorporated cell numbers being 36%, 35% and 16%
more than the corresponding controls at C1h, C2h and C4h,
respectively (Supplementary Figures 4A and D). Observation with
two-photon laser scanning confocal microscope and statistical analysis
revealed that the ratio of the number of red HTR8/SVneo cells to that
of the green HUVECs in the tube structures increased by 80% in the
dNK-CM group compared with that in the CF-CM group. The data
indicated a higher incorporation ability of the dNK-CM-treated
trophoblast cells (Supplementary Figures 5A and B).
To determine which factors in dNK-CM participate in this process,
we examined the effect of VEGF-C, HGF and IL-8 in HTR8/SVneo
cells. The HTR8/SVneo cells were pretreated with 100 ng ml − 1
VEGF-C, 50 ng ml − 1 HGF or 20 ng ml − 1 IL-8 together with 50%
FC-CM for 24 h before being subjected to the 3D tube formation
system. It was seen that treatment with VEGF-C or HGF signiﬁcantly
Immunology and Cell Biology

enhanced the tubulogenesis ability of the HTR8/SVneo cells, but IL-8
could not (Supplementary Figures 3B and C). VEGF-C treatment in
the HTR8/SVneo cells mimicked the effect of dNK-CM, leading to an
enhanced tube formation ability by 36%, 16% and 13% more than
that of the corresponding controls at C1h, C2h and C4h, respectively
(Supplementary Figures 4A and C). Treatment with the blocking
antibody against the VEGF-C receptor VEGFR2 speciﬁcally attenuated
the pro-tubulogenesis effect of VEGF-C (Supplementary Figures 4A
and C). When the HTR8/SVneo cells were pretreated with 50% dNKCM together with the VEGFR2 blocking antibody, the incorporated
cell numbers at C1h and C2h were ~ 55% and 81%, respectively, of
those in the group treated with dNK-CM alone (Supplementary
Figures 4A and D). Similarly, the blocking antibody against HGF
partly hampered the pro-tubulogenesis effect of dNK-CM, with the
incorporated cell numbers at C1h, C2h and C4h being ~ 46%, 76%
and 73%, respectively, of those in the group treated with dNK-CM
alone (Supplementary Figures 4B and E).
The effect of VEGF-C and HGF on the tubulogenesis of trophoblast
cells were further conﬁrmed in the primary CTB cells. Upon treatment
with 50% dNK-CM and VEGFR2 blocking antibody, the tube
formation ability of the CTB cells was attenuated, with the incorporated cell numbers at C1h, C2h and C4h decreasing to ~ 65%, 78%
and 81% of those in the dNK-CM-treated cells, respectively
(Figures 3a and b). The blocking antibody against HGF also partly
reduced the pro-tubulogenesis effect of dNK-CM in the CTB cells, and
the incorporated cell numbers at C1h, C2h and C4h were ~ 53%, 63%
and 78%, respectively, of those in the dNK-CM-treated cells
(Figures 3a and c). The data in the primary CTB cells and HTR8/
SVneo cells suggested that dNK cells promoted the interaction
between trophoblast cells and endothelial cells, partly through the
secretion of VEGF-C and HGF, but not IL-8.
dNK cells regulated the expression of adhesion molecules
E-cadherin, VE-cadherin, integrin β1 and NCAM in HTR8/SVneo
cells
The differentiation of trophoblast cells along the invasive pathway is
marked by the switching of various adhesion molecules, including
E-cadherin, VE-cadherin, integrin β1 and NCAM. We further
examined the expression of these molecules in trophoblast cells after
treatment with dNK-CM or VEGF-C. In the above experiments, it was
revealed that the behaviors of HTR8/SVneo cells and primary CTB
cells were similar after treatment with dNK-CM and various factors,
including VEGF-C. We also found that the expression pattern of
E-cadherin, VE-cadherin, NCAM, integrin β1 and β3 in the HTR8/
SVneo cells was similar to that in primary CTBs (Supplementary
Figures 6E–G). Because of the limited availability of primary CTBs, we
examined adhesion molecules in the HTR8/SVneo cells.
Real-time PCR results showed that dNK-CM signiﬁcantly enhanced
the expression of VE-cadherin and integrin β1 but reduced the
expression of E-cadherin (Supplementary Figures 6A–D). Western
blotting results demonstrated similar trends in these adhesion
molecules found by real-time PCR. In the dNK-CM-treated cells,
the levels of VE-cadherin and integrin β1 proteins were increased by
~ 300% and 198%, respectively, and the expression of E-cadherin was
reduced by 50% compared with the corresponding controls
(Figures 4a–d). VEGF-C exhibited similar effects as dNK-CM, and
the results of western blotting revealed that 100 ng ml − 1 VEGF-C
promoted the expression of VE-cadherin and integrin β1 by 210% and
109%, respectively, but reduced the expression of E-cadherin by 44%
(Figures 4a–d).
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Figure 3 Live cell imaging to show the tube formation processes between the primary CTB cells and HUVECs. The HUVECs were stained with the Cell
Tracker PKH67 (green) and formed tubes on 3D Matrigel matrix. The CTB cells were separately treated with dNK-CM in combination with or without blocking
antibody against VEGFR2 or HGF for 24 h, followed by staining with Cell Tracker PKH26 (red). The CTB cells were then added onto the preformed tubes of
HUVEC, and this time point was recorded as C0h. The co-cultured cell behaviors were recorded by live cell imaging every 10 min from C0h to C24h. The
representative images recorded by live cell imaging at C0.2 h, C1h, C2h and C4h are shown in a. At each indicated time point, the right panel is the merged
images of the left and middle panels. Scale bars, 100 μm. (b, c) The statistical results for the percentage of red CTB cells incorporated into the green tubes
based on the live cell imaging record as shown in a. In every experiment group, ﬁve view ﬁelds were randomly selected to count the cell number, and data
were expressed as means ± s.d. according to three independently repeated experiments. For each independent experiment, the pooled decidual tissues or villi
from four donors at gestational weeks 6–10 were used for isolation dNK cells or CTB cells. The statistical analysis was performed with two-sided Student’s
t-test. *: versus CTRL, Po0.05; #: versus dNK-CM, Po0.05.

The expression of NCAM/CD56 has been recognized as a speciﬁc
marker for the acquisition of endothelial phenotype by trophoblasts.17
Real-time PCR results showed that dNK-CM and VEGF-C promoted
the expression of NCAM in HTR8/SVneo cells (Figure 5a). Immunoﬂuorescent assays revealed an ~ 130% increase in the number of
NCAM-positive HTR8/SVneo cells that were treated with dNK-CM or
VEGF-C (Figures 5b and c). The cells in the 3D tube formation model
at C4h were subjected to speciﬁc immunoﬂuorescent assays for
NCAM. The data showed that the HTR8/SVneo cells that had
penetrated into the tubes were positive for NCAM (Figure 5d, arrow),
while those that had not incorporated into the tubes were negative
(Figure 5d, arrowhead). The data indicated that the trophoblast cells
that participated in tube formation possessed the endothelial phenotype of enEVTs.
DISCUSSION
The differentiation of human trophoblast cells along the invasive
pathway is a prerequisite for the establishment of feto–placental–

uterine circulation. The acquisition of an endothelial phenotype of a
trophoblast subtype, enEVTs, indicates a delicate interaction between
blood vessel endothelial cells and trophoblast cells. An appropriate
in vitro model to mimic cell interaction would be of great value to
explore the underlying mechanisms. Cartwright and colleagues cocultured the ﬂuorescently labeled trophoblast cell line SGHPL-4 with
unmodiﬁed spiral arteries obtained from uterine biopsies during
cesarean sections. They used this model to mimic the interstitial or
endovascular invasion.18 The co-culture system is relatively complicated, and the availability of the uterine artery also limits the wide use
of the model. The 3D co-culture model that we reported here was
modiﬁed from the protocol reported by Aldo et al.16 The
endothelial cells that they used were an immortalized human
endometrial endothelial cell line, while we used culture primary
HUVECs. In accordance with their reports, we observed that
trophoblasts rapidly migrated toward endothelial cells in Matrigel
and incorporated into the endothelial cell-derived tubes within 4–8 h.
They demonstrated a complete replacement of the endothelium by the
Immunology and Cell Biology
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Figure 4 The expression of E-cadherin, VE-cadherin and integrin β1 in HTR8/SVneo cells treated by dNK-CM or VEGF-C. (a) Typical results of western
blotting showing the protein levels of E-cadherin, integrin β1 and VE-cadherin in the HTR8/SVneo cells that were treated with 10–100 ng ml − 1 VEGF-C or
50% dNK-CM. (b–d) Bar chart showing the statistical results of the western blotting. Data are expressed as means ± s.e.m. according to three independent
experiments, and statistical analysis was performed with two-sided Student’s t-test. *, versus corresponding control as indicated, Po0.05.

trophoblast cells by 72–96 h. Such in vitro systems have obvious
advantages. The structure and thickness of the Matrigel scaffold
guarantee the formation of blood vessel-like tubular structures by
endothelial cells. As shown in our study, the combination of live cell
imaging and two-photon microscopy can monitor the penetration of
the trophoblast cells into the walls of the 3D tube very well. Labeling
of the endothelial cells and trophoblast cells with different ﬂuorescent
dyes makes it easy to visualize and trace the cell behaviors by live
imaging in real time. In this way, the process of migration of
trophoblast cells and penetration into the endothelial tube walls can
be dynamically recorded and subtle changes in the interaction between
these two cell types can be revealed.
It has been demonstrated that dNK cells play essential roles in the
remodeling of uterine spiral arteries during pregnancy. dNK cells can
produce chemokines, such as interleukin-8 (IL-8) and interferoninducible protein-10 (IP-10), and regulate trophoblast invasion both
in vitro and in vivo. The dNK cells can also secrete an array of
angiogenic factors and induce vascular growth in the decidua.12 There
is an increasing amount of evidence on the activities of factors secreted
by dNK cells. CM from the dNK cells induced the disruption of
Immunology and Cell Biology

vascular smooth muscle cells and breakdown of extracellular matrix
components, while Ang-2 inhibitor abrogated the effects of the dNKCM.19 A report from Vacca et al.20 revealed that dNK cells release
VEGF, SDF-1, IP-10 and high levels of IL-8, and these cytokines may
participate in the interaction between dNK and trophoblast cells.
A study from Tilburgs et al.21 demonstrated that dNK, but not pNK,
constitutively secreted high levels of IL-8 and galectin-1. In vitro
studies from Hu et al.22 revealed that dNK-CM was able to enhance
capillary tube and network formation of HTR8/SVneo cells on
Matrigel. A study in mice revealed that the absence of dNK cells
results in the deﬁciency of spiral arterial remodeling between gestation
days (gd) 9–10. The secretion of interferon gamma (IFNγ) by dNK
cells provided the signaling to transiently change spiral arteries from
constricted, muscular, vasoactive arterioles into dilated, thin-walled
vein-like structures.23 Here, by using the transwell invasion assay and a
3D co-culture model that mimics the blood vessel remodeling by
trophoblasts, we found that the dNK cells promoted both cell
invasiveness and the acquisition of endothelial phenotypes in human
trophoblast cells, and the effects were mediated by different kinds of
cytokines produced by the dNK cells. The data expanded our
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Figure 5 NCAM expression in the HTR8/SVneo cells that were treated by 50% dNK-CM or 100 ng ml − 1 VEGF-C. (a) Quantitative real-time PCR to measure
the mRNA expression of NCAM in the HTR8/SVneo cells that were treated with VEGF-C, dNK-CM or CF-CM (CTRL) for 24 h. *Po0.05.
(b, c) Immunoﬂuorescence for NCAM in the HTR8/SVneo cells that were treated with VEGF-C, dNK-CM or 50% FC-CM (CTRL) for 48 h. The typical result is
shown in b, and the ratio of NCAM-positive cells to total cells is statistically analyzed and shown in c. In every group, ﬁve ﬁelds were randomly selected to
count the cell number. Data are expressed as means ± s.e.m. according to three independent experiments, and statistical analysis was performed with twosided Student’s t-test. *Po0.05. (d) Immunoﬂuorescent assay for NCAM (blue) in the 3D tubes formed by HTR8/SVneo cells (red) and HUVECs (green) at
C4h. The arrow indicates the NCAM-positive HTR8/SVneo cells that incorporate into the tubes, and the arrowhead points to the NCAM negative HTR8/SVneo
cells that do not yet incorporate into the tubes. Scale bar, 10 μm (b) and 200 μm (d).

knowledge on the indirect interactions between dNK and
trophoblast cells.
The role of VEGF-C in inducing trophoblast cell differentiation
toward enEVTs was the most striking ﬁnding. VEGF-C, a member of
the VEGF family, is a proangiogenic factor. It is mainly produced by
dNK cells at the feto–maternal interface and can facilitate immune
tolerance and promote de novo angiogenesis.24 In humans, a relatively
low expression of VEGF-C was reported during pregnancy-associated
complications, including preeclampsia or intrauterine growth
restriction.16 The data shown in this study demonstrate the essential
roles of dNK-derived VEGF-C in speciﬁcally enhancing the differentiation of EVTs toward endothelial phenotypes, which is characterized by
the effective incorporation of trophoblast cells into the HUVEC tube
walls as well as the switching of cell adhesion molecules in trophoblast

cells, including the upregulation of NCAM, VE-cadherin and integrin
β1 and the downregulation of E-cadherin. These effects of VEGF-C
were mediated by VEGFR2 (KDR/Flk-1) because the blocking of the
VEGFR2 function with speciﬁc antibodies effectively abolished the
VEGF-C-induced trophoblast cell differentiation toward endothelial
phenotypes. Another member of the VEGF family, VEGF-A, which
binds to both VEGFR-1 (Flt-1) and VEGFR2, is a well-known proangiogenic factor that can regulate endothelial cell proliferation,
migration, vascular permeability and other endothelial functions.25
The resources on VEGF-A and VEGF-C at the feto–maternal interface
are quite different. The dNK cells produced higher levels of VEGF-C
than VEGF-A, as shown in this study. The decidual cells were the
predominant cell type that produces VEGF-A, and the trophoblast cells
and endothelial cells could contribute to a lower extent. It remains
Immunology and Cell Biology
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uncertain how the two VEGF members coordinate to regulate
trophoblast cell differentiation. It is therefore interesting to explore
the detailed dynamic changes of the VEGF members and their receptors
at the maternal–fetal interface along the developmental time course.
HGF is a multifunctional factor that modulates cell growth,
differentiation, motility and morphogenesis in many tissues and cell
types. There is evidence supporting that c-Met localizes to various
subtypes of trophoblast cells as well as the vascular endothelium.26 It
appears that HGF may primarily act at the villous part to modulate
trophoblast growth and angiogenesis within the villous core, which is
important for normal villous development. However, here we found
that HGF also promoted the incorporation of trophoblast cells into the
endothelial tube wall, suggesting its role in trophoblast endovascular
differentiation and blood vessel remodeling during pregnancy. Our
study and others have demonstrated the effects of HGF in controlling
trophoblast cell invasion.27 It is most likely that dNK cell-derived
HGF, although at a much lower level when compared with that of
VEGF-C and IL-8, may work as a paracrine factor in the decidual part
to direct the differentiation of trophoblasts along the invasive pathway.
Although we clariﬁed the differential function of the dNK-derived
cytokines/growth factors, some limitations exist in our present study.
An optimal in vitro cell model is very important for the study of human
trophoblast cell function. It is generally agreed upon that primary
cultures can best mimic the in vivo physiological characteristics;
however, limited access to placental villi tissues at early gestation and
the existence of differences among individuals make it hard to use
primary trophoblast cells as a regular cell model. Substantial efforts
have been made to identify optimal and stable trophoblast cell lines. A
very recent report from Lee et al.28 indicated that HTR8/SVneo cells are
very different from human EVTs. For instance, the cells are hypermethylated at the ELF5 promoter, do not express C19MC miRNAs and
exhibit a different HLA proﬁle from the villous or extravillous
trophoblasts. Tilburgs et al.21 reported the assessment of trophoblast
cell lines and showed that the closest model cell line for EVTs,
especially in terms of typical HLA-C, HLA-E and HLA-G expression

patterns, was the choriocarcinoma cell line JEG-3. However, many
previous studies indicated trophoblastic characteristics of HTR8/SVneo
cells, especially in the aspects of cell invasiveness and tubulogenesis. In
our present study, we found very similar cell behaviors, including
invasion and tube formation, between the primary CTBs and HTR8/
SVneo cells in response to several dNK-derived cytokines. In addition,
we found they had similar expression patterns of E-cadherin, VEcadherin, NCAM and integrins β1 and β3 as the primary trophoblast
cells. On the basis of this evidence, a number of experiments in this
study were performed using the HTR8/SVneo cells. However, we must
acknowledge that the characteristics of HTR8/SVneo cells are different
from real EVTs, as indicated by Lee et al.28 An optimal alternative cell
model is thus necessary for further mechanistic studies.
The second limitation pertains to the use of HUVECs to represent
endothelial cells in the 3D tube formation model. The properties of
HUVECs may be different from those of the uterine spiral artery
endothelial cells. It is believed that the spiral arteries are not passively
invaded by trophoblast cells at the maternal–fetal interface but can
actively interact with the invading trophoblast cells. It is therefore
necessary to further modify the in vitro system by using uterine artery
endothelial cells instead of HUVECs. Finally, the direct interactions
between dNK cells and trophoblasts were not considered in this study.
dNK cells can recognize EVTs through the killer-cell immunoglobulinlike receptors (KIRs) and CD94/NKG2, which can interact with their
ligands expressed by EVTs, such as the classical class I molecule HLA-C
and non-classical class I molecules HLA-E and HLA-G.29 The ligandreceptor-mediated direct interaction between the dNK cells and EVTs
has been demonstrated to inﬂuence the behaviors of these cells. For
instance, dNK clones expressing the KIR2DS4-activating receptor
generated higher concentrations of IL-8, IP-10, VEGF and PLGF when
these cells were incubated with cells transfected with HLA-Cw4, which is
known to bind to the KIR2DS4 receptor.30 The ligand expression pattern
of the ligands on the trophoblasts favoring the stimulation of inhibitory
receptors on dNK cells was found to be associated with an increased risk
for preeclampsia.30 However, various subtypes of dNK cells exist in the
decidual part, which may have different inﬂuences on trophoblast cell
differentiation. These issues are worthy of further investigation.
In general, we modiﬁed a 3D model to mimic and dynamically
record the process of uterine blood vessel remodeling by trophoblast
cells and identiﬁed the different roles of dNK-derived factors in
modulating EVT cell differentiation. As summarized in Figure 6, dNK
cells promoted the differentiation of iEVTs through the production of
IL-8 and HGF, while they directed the properties of enEVTs through
the production of VEGF-C and HGF. This study provides new
evidence to understand the interactions among dNK cells, trophoblast
cells and endothelial cells within the uterine wall during pregnancy.
METHODS
Tissue collection and ethic permission

Figure 6 Schematic illustration of the mechanism by which dNK cells
promote trophoblastic cells differentiation. The dNK cells can promote
trophoblast cells differentiation toward iEVTs through producing IL-8 and
HGF, whereas enhance the differentiation of trophoblast cells toward enEVTs
by producing VEGF-C and HGF.
Immunology and Cell Biology

Human placental villi and decidual tissues at early gestation were collected in
Beijing Haidian Hospital (Beijing, China) from women who underwent
therapeutic termination of pregnancies at weeks 6–10. These patients accepted
no special medical treatment before termination of pregnancy, and the villous
tissues were pathologically normal. The gestational weeks of the specimens were
deﬁned based on the morphological observation of the villi and the pathological
examination, with the record of menstrual cycles as a reference. Human
umbilical cords were collected in the Department of Obstetrics and Gynecology,
Peking University Third Hospital (Beijing, China) from normal term pregnant
women within 1 h of delivery. The methods were carried out in accordance with
the approved guidelines. The study protocols for the collection of human tissue
samples were approved by the Ethics Committee in Institute of Zoology,
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Chinese Academy of Sciences and the written informed consent was obtained
from all subjects.

were thawed and maintained in RPMI 1640 medium supplemented with 10%
fetal bovine serum.

Isolation and puriﬁcation of human dNK cells at early gestation

Treatment of trophoblast cells

dNK cells were isolated as previously described.31 In brief, pooled decidual
tissues from four donors at gestational weeks 6–10 were thoroughly washed
with cold PBS, trimmed into fragments of ~ 1 mm3 and enzymatically digested
for 20 min at 37 °C with 1 mg ml − 1 type IV collagenase (9001121, Gibco,
Grand Island, NY, USA), 10 U ml − 1 DNase I (DN25, Sigma, St Louis, MO,
USA) and 100 U penicillin–streptomycin (11805-017, Gibco) with vigorous
shaking. Following digestion repeated three times, the cell suspensions were
ﬁltered through 60-mesh and 100-mesh sieves. Then, the cells were centrifuged
at 1000 rpm for 10 min. The cell pellet was resuspended in 10 ml medium,
plated on culture dishes and incubated overnight at 37 °C with 2 ng ml − 1 IL-15
(247-ILB-025, R&D Systems, Minneapolis, MN, USA). The non-adherent cells
were collected and subjected to lymphocyte enrichment using Ficoll-Paque Plus
(17-1440-02, GE Healthcare, Uppsala, Sweden). The decidual CD56brightCD16 −
CD3− NK cells were further puriﬁed by incubation with PE-labeled anti-CD56
monoclonal Abs (555516, BD Pharmingen, Frankin, NJ, USA), APC-labeled
anti-CD3 Abs (555342, BD Pharmingen) and FITC-labeled anti-CD16 Abs
(561308, BD Pharmingen) and subjected to ﬂuorescent-activated cell sorting.
The purity of the CD56brightCD16−CD3− cells reached 99.0% after sorting, and
~ 6 × 105 dNK cells per gram of decidual tissue were obtained. The puriﬁed
dNK cells were cultured in RPMI 1640 medium (31800-022, Gibco)
supplemented with 10% FBS (10270-106, Gibco), 10 ng ml − 1 IL-15 and
100 U penicillin–streptomycin for up to 1 week. The conditioned medium
from the dNK cells was collected at 48 h and stored at − 80 °C. In addition, the
same media without the cells was also collected at 48 h and stored at − 80 °C.

Primary CTBs or HTR8/SVneo cells were trypsinized and seeded in 24-well
plates at 5 × 104 cells per well and were starved for 16 h in either FD medium
containing 0.1 ng ml − 1 EGF and 0.1 μg ml − 1 insulin (for the primary CTBs) or
RPMI 1640 medium containing 0.5% FBS (for the HTR8/SVneo cells). The
cells were further treated with 50% dNK-CM and with 100 ng ml − 1 VEGF-C
(2179-VC-025, R&D Systems), 50 ng ml − 1 HGF (294-HG-025, R&D Systems)
or 20 ng ml − 1 IL-8 (208-IL, R&D Systems) with or without blocking antibody
against IL-8 (4 μg ml − 1; MAB208, R&D Systems), HGF (10 μg ml − 1;
AF-294-NA, R&D Systems) or VEGFR2 (4 μg ml − 1; MAB3572, R&D Systems).
Following the above treatment for 24 h, the cells were subjected to
invasion assay, tube formation assay or various measurements as
indicated below.

Isolation and culture of HUVECs
HUVECs were isolated from human umbilical cord veins with slight modiﬁcation of the reported methods.32 In brief, the umbilical vein was cannulated with
a blunt, hubless, 18-gauge needle shaft, and the needle was secured by clamping
the cord over the needle with a hemostat. The vein was perfused with 100 ml
saline to thoroughly wash out the blood inside it. The other end of the cord was
then clamped with a hemostat, and ~ 20 ml 0.25% type I collagenase (17100017,
Gibco) dissolved in M199 medium (31100-027, Gibco) was injected into the
vein. Following digestion at 37 °C for 15 min, the collagenase solution containing the endothelial cells was ﬂushed from the cord. The cells were collected by
centrifugation, resuspended in fresh M199 medium supplemented with LSGS
(S00310, Gibco) and cultured at 37 °C with 5% CO2. The medium was changed
every 2 days, and the cells were enzymatically passaged every 3 days.

Isolation and culture of primary cytotrophoblast cells
The isolation and primary culture of cytotrophoblast cells were performed as
previously described.33 Brieﬂy, pooled placental villi from four donors at
gestational weeks 6–10 were minced and digested with 0.25% trypsin
(25300054, Gibco) for 45 min at 7–9 °C, and the enzyme was inactivated by
adding the same volume of Ham’s F-12/Dulbecco’s modiﬁed Eagle’s medium
(FD; SH30023, Hyclone, Logan, UT, USA). The cell suspension was centrifuged,
and the pellet was resuspended with FD medium containing 15 IU ml − 1 DNase
I. After incubating for 15 min at 37 °C, the cell suspension was ﬁltered through
60-mesh and 150-mesh nylon sieves. The ﬁltered cell suspension (1–2 ml) was
then subjected to a 3–1.5% BSA (A9418-100G, Sigma) gradient for 1 h at unit
gravity. The cytotrophoblast cells were collected from the bottom of the tube and
plated in collagen I (Cell Matrix Type I-A, 950821, Institute of Biochemistry,
Osaka, Japan)-coated dishes in FD medium supplemented with 10 ng ml − 1
epidermal growth factor (EGF; E9644, Sigma) and 10 ng ml − 1 insulin (1106168-0, Sigma). The cells were incubated in a humidiﬁed incubator at 37 °C with
5% CO2 and 95% air, and the medium was changed 24 h after seeding. The
purity of isolated CTB cells were analyzed by CK8 (NB100-91850, Abcam,
Cambridge, UK) and HLA-G staining.

Culture of trophoblast cell line
An immortalized human trophoblast cell line, HTR8/SVneo, was a kind gift
from Dr CH Graham (Queen’s University, Kingston, ON, Canada).34 The cells

Transwell invasion assay
In vitro cell invasion was assayed by determining the ability of the cells to invade
a synthetic basement membrane, growth factor-reduced Matrigel matrix
(356230, BD Biosciences, Frankin, NJ, USA). The experiment was carried out
as previously described.35 Brieﬂy, 24-well ﬁtted transwell inserts with membranes (3422, Costar, Corning, NY, USA) were coated with growth factorreduced Matrigel at a concentration of 200 μg ml − 1 and placed in a 24-well
plate. The cells at a concentration of 4 × 105 ml − 1 were seeded in each insert
containing deﬁned medium. After incubating for 24 h, the cells were ﬁxed and
stained with crystal violet. The non-invaded cells on the upper surface of the
membrane were removed using a cotton swab. The number of stained cells on
the bottom surface of the membrane was counted using a light microscope with
a × 2 objective. All experiments were performed in triplicates, and the invasion
index was expressed as the percentage of invaded cells compared with the
corresponding control.

Tube formation assay and live cell imaging
In vitro cell tube formation was assayed by determining the ability of the cells to
form tubes on a 3D Matrigel scaffold.16 Matrigel (356230, BD Biosciences) at a
concentration of 8 mg ml − 1 was plated into 24-well plates at 200 μl per well and
polymerized for 30 min at 37 °C. HUVECs stained with green ﬂuorescent linker
dye PKH67 (MINI67, Sigma) were plated at 8.0 × 104 cells per well in M199
medium (31100-027, Gibco) supplemented with LSGS. Upon tube formation in
HUVECs for 3–4 h, the M199 medium was removed and the preincubated
trophoblast cells, which were stained with red ﬂuorescent linker dye PKH26
(MINI26, Sigma), were seeded at 8.0 × 104 cells per well in speciﬁc medium. At
the time of trophoblast cell seeding (recorded as C0h), the cells were tracked by a
live cell imaging system (PerkinElmer UltraVIEW-VoX). The plates were scanned
every 10 min until C24h. Two-photon laser scanning confocal microscopy (Leica,
Wetzlar) for immunoﬂuorescence assay was performed for some plates at C6h.

Immunoﬂuorescence confocal imaging
The cultured cells were ﬁxed in 4% PFA for 10 min at room temperature and
incubated with mouse anti-human CD56/NCAM antibody (NBP2–15184,
Novus Biologicals, Littleton, CO, USA). Binding of the primary antibody was
visualized with goat anti-mouse IgG/DyLight 594 (E03211001, Zhong Shan
Golden Bridge, Beijing, China), and the cell nuclei were stained with DAPI
(28718-90-3, Sigma). The results were recorded on a Leica TCSNT confocal
system (Leica, Wetzlar, Germany). The negative control consisted of replacing
the primary antibodies with preimmune mouse IgG (ab190475, Abcam).

RNA preparation and quantitative real-time PCR
Total RNA from the cultured cells was extracted with TRIzol reagent
(15596018, Invitrogen, Carlsbad, CA, USA) and reverse transcribed into cDNA
using the Oligo (deoxythymidine) Primer (CD106, TIANGEN, Beijing, China).
An aliquot of the cDNA sample (2 μl) was subjected to real-time PCR following
the instructions of the SYBR Premix Ex TaqTM kit (DRR820A, Takara, Dalian,
China), and the reaction for each sample was carried out in duplicate at 95 °C
Immunology and Cell Biology
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for 30 s, followed by 40 cycles of 95 °C for 5 s and 60 °C for 31 s. The primer
sequences were as follows: human GAPDH, 5′-GAAGGTGAAGGTCGGAGTC
-3′ (forward) and 5′-GAAGATGGTGATGGGATTTC-3′ (reverse); human IL-8
5′-CTGGCCGTGGCTCTCTTG-3′ (forward) and 5′-TTAGCACTCCTTGG
CAAAACTG-3′ (reverse); human VEGF-A, 5′-TTGCCTTGCTGCTCTACCTC
-3′ (forward) and 5′-AGCTGCGCTGATAGACATCC-3′ (reverse); human
PLGF, 5′-CAGAGGTGGAAGTGGTACCCTTCC-3′ (forward) and 5′-CGG
ATCTTTAGGAGCTGCATGGTGAC-3′ (reverse); human VEGF-C, 5′-TGTAC
AAGTGTCAGCTAAGG-3′ (forward) and 5′-CCACATCTATACACACCTCC
-3′ (reverse); and human HGF, 5′-GAATGACACTGATGTTCCTTTGG-3′
(forward) and 5′-GGATACTGAGAATCCCAACGC-3′ (reverse). All reactions
were performed in triplicate, and the relative mRNA expression levels were
determined using the 2 − ΔΔCT method with normalization by GAPDH.36

Protein extraction and western blot analysis
Total protein was extracted using RIPA lysis buffer, and 40 μg protein was
subjected to 10% SDS-PAGE and subsequently electrotransferred to a nitrocellulose
membrane. Western blotting was performed as previously described.27 The
antibodies used included mouse anti-human E-cadherin antibody (ab1416,
Abcam), mouse anti-human VE-cadherin antibody (ab7047, Abcam), rabbit
anti-human integrin β1 antibody (ab52971, Abcam), mouse anti-human GAPDH
antibody (LF-MA0100, Ambion, Austin, TX, USA) and horseradish peroxidaseconjugated secondary antibody (W4021, Promega, Fitchburg, WI, USA). Final
visualization was achieved with an enhanced chemiluminescence system. The
relative densities of the detected proteins were determined by normalization to the
density value of GAPDH in the same blot.

Statistical analysis
The data are shown as the mean ± s.e.m. (or s.d.) based on at least three
independently repeated experiments. Statistical analysis was carried out by twosided Student’s t-test, and differences were considered signiﬁcant for Po0.05.
The variance is similar between the groups that are being statistically compared.
All statistical analyses were performed using GraphPad Prism version 5.01 for
Windows (GraphPad Software, San Diego, CA, USA).
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