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Transformation of the uterine spiral arteries (SAs) during pregnancy is critical to support the developing fetus,
and is impaired in some pregnancy disorders, including preeclampsia. Decidual natural killer (dNK) cells play a
role in SA remodeling, although their interactions with fetal trophoblast remain unclear. A uterine artery
Doppler resistance index (RI) in thefirst trimester of pregnancy canbeused as a proxymeasure of the extent of
SA remodeling; we have used this technique to characterize dNK cells from pregnancies with normal (normal
RI) and impaired (high RI) SA remodeling, which display least and highest risk of developing preeclampsia,
respectively. We examined the impact of dNK cell secreted factors on trophoblast motility, chemoattraction,
and signaling pathways to determine the contribution of dNK cells to SA transformation. We demonstrated
that the chemoattraction of the trophoblast by dNK cells is impaired in pregnancies with high RI, as is the
ability to induce trophoblast outgrowth from placental villous explants. These processes are dependent on
activation of the extracellular signaleregulated kinase 1/2 and phosphatidylinositol 3-kinaseeAkt signaling
pathways, which were altered in trophoblasts incubated with secreted factors from dNK cells from high RI
pregnancies. Therefore, by characterizing pregnancies using uterine artery Doppler RI before dNK cell isola-
tion, we have identified that impaired dNK-trophoblast interactions may lead to poor placentation. These
findings have implications for pregnancy pathological conditions, such as preeclampsia. (Am J Pathol 2013,
183: 1853e1861; http://dx.doi.org/10.1016/j.ajpath.2013.08.023)
Supported by the Wellcome Trust project 091550.
After implantation of the blastocyst, the pregnant uterus
(decidua) undergoes physiological changes to ensure a suc-
cessful pregnancy. Key to this is the transformation of the
uterine spiral arteries (SAs) from high-resistance, low-flow
vessels to low-resistance, high-flow vessels. This establishes
an increased blood flow to the intervillous space, allowing
nutrient and gas exchange between the maternal blood flow
and fetal placenta.1 SA transformation is under the control of
extravillous trophoblast (EVT), specialized fetal cells derived
from the placenta that invade into the decidua and remodel
the SA by inducing apoptosis of endothelial cells and
vascular smooth muscle cells (VSMCs).2,3 The VSMCs un-
dergo induced hypertrophy and disruption of VSMC layers,
leading to motility and dedifferentiation of vascular smooth
muscle cells.4,5 Trophoblasts then line the SA in place of the
absent vascular cells. The essential presence of trophoblasts
in SA transformation is inferred from pregnancy disorders,
such as preeclampsia and intrauterine growth restriction, that
stigative Pathology.
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display reduced trophoblast invasion and reduced remodel-
ing of the arteries in the first trimester of pregnancy.6,7 The
reason for decreased EVT invasion in these pathological
conditions is unknown.

It is increasingly recognized that transformation of SA be-
gins in a trophoblast-independent manner, when onlymaternal
cells are present surrounding the spiral arteries.8 Several
different maternal cells exist in the decidua in the first trimester
of pregnancy, including leukocytes, of which 70% are
decidual natural killer (dNK) cells. These differ from periph-
eral blood natural killer (pbNK) cells in their surface receptor
expression; notably, dNK cells are predominantly
CD56brightCD16�, whereas pbNK cells are predominantly
CD56dimCD16þ. Decidual NK cells are thought to have a
cytokine-secreting role as opposed to the cytotoxic role of
pbNK cells,9 because dNK cells do not kill trophoblasts in a
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normal pregnancy,10 despite possessing the same cytotoxic
capacity as pbNK cells in terms of expression of the cytolytic
proteins, perforin and granzyme.11 Disruption of the vascula-
ture when the SAs are surrounded by dNK cells, but the tro-
phoblasts are absent, has been identified8 and has implicated
dNK cells in SA remodeling via both direct interaction with
the vascular cells and indirect interaction with trophoblasts.

Decidual NK cells are proposed to contribute directly to SA
remodeling by expression of secreted factors that disrupt
vascular cell interactions,12 including matrix metal-
loproteinases that disrupt vascular extracellular matrix con-
nections, therefore enabling migration of VSMCs from the
vessel.8,13 Some apoptosis of VSMCs and endothelial cells
during remodeling has also been attributed to dNK cells via an
Fas-ligand pathway.14 Decidual NK cells may also have indi-
rect effects on remodeling by controlling EVT invasion, by
both promotion and inhibition. EVT invasion is dependent on
motility and chemotaxis. dNK cells have been demonstrated to
increase EVTmotility via hepatocyte growth factor secretion,14

and to play a role in chemoattraction of the EVT to the sites of
remodeling, in particular through expression of the chemokines
IL-8 and CXCL10.15 They have also been reported to decrease
trophoblast invasion via an interferon-gesecreted mecha-
nism.16 However, many chemokines have been identified as
secreted by dNK cells, and these may also play a role in the
promotion of invasion of EVT through the decidua.17e19

Although there is strong evidence for the role of dNK cells
in mouse SA remodeling,20 and human dNK cells have been
linked to pregnancy disorders associated with poor SA
remodeling,21,22 the key role of dNK cells in human pregnancy
is proposed to occur during the first trimester of pregnancy,
hampering studies because of a lack of access to tissue. When
first-trimester termination of pregnancy samples is used for
isolation of dNK cells, the outcome of that pregnancy, if
brought to term, and the extent of remodeling are unknown.
Uterine artery Doppler resistance index (RI) in the first
trimester can be used as a proxymeasure of the extent to which
remodeling of the spiral arteries has occurred,23,24 and can,
therefore, be used as a technique to separate pregnancies of a
normal and high RI, which are at least risk (<1%) and most
risk (21%) of developing preeclampsia, respectively.14,25 We
can, therefore, examine the role of dNK cells isolated from
these pregnancies.We have previously demonstrated that dNK
cells isolated from high RI pregnancies are less able to induce
vascular cell apoptosis.14 In this study, we examined the in-
teractions of dNK cells from normal and high RI pregnancies
with trophoblasts, to determine the contribution of dNK to
trophoblast-induced SA remodeling.

Materials and Methods

Doppler Ultrasound Characterization

Determination of uterine artery RI was performed in women
attending a clinic for termination of pregnancy in the first
trimester, as previously described,14,26 at the Fetal Medicine
1854
Unit, St. George’s Hospital (London, UK). Ethics commit-
tee approval and full written consent were obtained. Inclu-
sion criteria were singleton pregnancy, gestational age of 8
to 14 weeks, normal fetal anatomical features, and nuchal
translucency thickness with no known maternal medical
condition or history of recurrent miscarriage. High-
resistance cases were defined as those with bilateral uter-
ine diastolic notches and a mean RI >95th percentile. The
presence of diastolic notches reduces the possible effect of
an extremely lateral placental insertion, causing a unilateral
high RI reading.27 Normal-resistance cases had a mean RI
of <95th percentile. These resistance groups represent cases
most (21%) and least (<1%) likely to have developed pre-
eclampsia, respectively, had the pregnancy progressed.24,28

dNK Cell Isolation

Decidual tissue was minced and digested in serum-free M199
media containing 2 mg/mL collagenase and 0.1 mg/mLDNase
overnight with constant agitation at room temperature. The
supernatant was filtered, centrifuged, and resuspended in PBS
(2% fetal calf serum) and layered onto Ficoll-Paque (GE
Healthcare Life Sciences, Buckinghamshire, UK) to collect the
buffy layer. Cells were resuspended in 10 mL dNK cell culture
media [phenol redefree RPMI 1640 medium supplemented
with 10% (v/v) fetal bovine serum (FBS), containing 2mmol/L
L-glutamine, 100 IU/mL penicillin, 100 mg/mL streptomycin,
and 2.5 mg/mL amphotericin] and plated in a 37�C incubator
for 15 minutes. Nonadherent cells containing the dNK cell
fractionwere counted by lightmicroscopy, and dNK cells were
purified using negative selection using a MagCellect Human
NK Cell Isolation Kit (R&D Systems, Abingdon, UK), ac-
cording to the manufacturer’s instructions. Viability was
assessed as measured by the Annexin V Apoptosis Detection
Kit and propidium iodide (eBioscience, San Diego, CA)
(Supplemental Figure S1). Purity, as measured by CD56þ

cells, was, on average, 95.7% � 0.92% and viability after 6
hours of culture was, on average, 84.6% � 2.8%.

Cell Culture and Generation of Conditioned Media

Decidual natural killer cells were cultured in dNK culture
media supplemented with 5 ng/mL IL-15 and 250 ng/mL stem
cell factor (Peprotech, London, UK). The mean gestational
ages of dNK cells used in these experiments are listed within
the text and were not significantly different between normal
and high RI groups. The human EVT cell line, SGHPL-4, was
cultured in Hams F10 media supplemented with 10% (v/v)
FBS, containing 2 mmol/L L-glutamine, 100 IU/mL penicillin,
and 100 mg/mL streptomycin. These cells are well character-
ized and share many characteristics with isolated primary cells,
including the expression of cytokeratin-7 and human leuko-
cyte antigen-G.29,30 All cells were incubated with 95% air and
5% CO2 at 37�C in a humidified incubator.
Conditioned media (CM) were obtained after a 6-hour

incubation of dNK cells at a density of 1 � 106 cells/mL in
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dNK culture media. CM was concentrated fivefold or 20-
fold (VivaSpin columns, 3000 mol. wt. cutoff; Sartorius
Stedim, Surrey, UK) for use in spheroid invasion and
chemotaxis assays, respectively.

Spheroid Invasion Assay

SGHPL-4 spheroids were generated using a hanging drop
culture method. A total of 750 cells were placed on the un-
derside of a petri dish lid in a 30-mL drop of Hams F10 media
containing 0.5% (v/v) FBS and 25% (v/v) carboxymethyl-
cellulose. Spheroids were left to form for 24 hours before use
in experiments, and individual spheroids were then resus-
pended in 100 mL of fibrin gel (2.5 mg/mL fibrin, 100 U/mL
aprotinin, and 1.25 U/mL thrombin) in separate wells of a 96-
well plate. A volume of 100 mL of control medium (dNK
culture media with IL-15 and stem cell factor supplements) or
dNK cell CM was added, spheroids were visualized after 24-
hour incubation using an Olympus IX70 inverted microscope
(Olympus, Southend on Sea, UK), and images were captured
using a Hamamatsu C4742-95 digital camera (Hamamatsu
Photonics UK Limited, Hertfordshire, UK). Invasion was
measured as the average number and length (mm) of all
invasive processes from each spheroid using Adobe Photo-
shop CS3 Extended version 10.0 (San Jose, CA) and was
performed blinded by one observer (A.E.W.).

Chemotaxis Assay

SGHPL-4 cell chemotaxis toward dNK cell conditioned
media was measured using the m-Slide Chemotaxis 2D assay
(Ibidi, Martinsried, Germany), according to the manufac-
turer’s instructions. Analysis of chemotaxis and motility was
performed by time-lapse microscopy using an Olympus IX70
inverted fluorescence microscope with motorized stage and
cooled charge-coupled device camera and enclosed in a
heated, humidified chamber at 37�C with 5% CO2 in air.
Images were taken every 15 minutes for 24 hours, and time-
lapse sequences were analyzed using ImageJ software
version 1.43u (NIH, Bethesda, MD) with the Manual
Tracking and Chemotaxis Tool version 1.01 plug-ins.
Analysis of directional cell movement and cell motility was
measured by randomly choosing 20 SGHPL-4 cells in two
fields of view, which were manually tracked over the time
period. The distance moved (arbitrary units) and number of
cells moving toward a chemotactic stimulus (percentage
chemotaxis toward stimulus) were recorded. For inhibitor
studies, SGHPL-4 were pretreated with 50 mmol/L PD98059,
50 mmol/L LY 294002 (Calbiochem Merck Millipore, Mid-
dlesex, UK), or vehicle control for 30 minutes before per-
forming the assay in the presence of the inhibitors.

ELISA Data

The concentration of IL-8, IL-6, and CXCL10 in dNK cell
CM was measured using Human Duo-set enzyme-linked
The American Journal of Pathology - ajp.amjpathol.org
immunosorbent assay (ELISA) kits (R&D Systems, Abing-
don, UK), according to the manufacturer’s instructions.

Extravillous Trophoblast Explants

EVT explant outgrowth was measured using a modification of
a previously described method.31 Briefly, a 96-well plate was
coated in Matrigel (BD, Oxford, UK), diluted 1:10 in explant
media (Dulbecco’s modified Eagle’seF12 media supple-
mented with 2 mmol/L L-glutamine, 100 IU/mL penicillin, 100
mg/mL streptomycin, and 2.5 mg/mL amphotericin). Villous tip
explants were dissected from placental villous tissue and
incubated with 120 mL per well of explant medium for 48
hours. Explants displaying EVT outgrowth were then incu-
bated with 120 mL of dNK CM in duplicate. For inhibitor
studies, explants were co-incubated with normal RI dNK cell
CM and 50 mmol/L PD98059, 50 mmol/L LY 294002, or
vehicle control. EVT outgrowth area was measured in images
(Olympus IX70 inverted microscope and Hamamatsu C4742-
95 digital camera) by manual tracing of total outgrowth area
using Adobe Photoshop CS3 Extended version 10.0. The fold
increase in outgrowth area was then calculated. Placental tissue
used was from pregnancies displaying a normal RI to control
for trophoblast background confounding results, and was be-
tween 63 and 69 days of gestational age (nZ 9) because this is
a time point when EVTs are still invasive.32

Western Blot Analysis

SGHPL-4 cells were serum starved for 24 hours in Hams-F10
media containing 0.5% FBS at 37�C before incubation with
normal or high RI dNK cell CM (n Z 8) for 4 hours. Then,
Westernblot analysiswasperformed, as previouslydescribed,30

using 1:2500 rabbit antiephosphorylated-AktSer473 (Cell
Signaling Technology,Hertfordshire, UK), 1:1000 rabbit antie
phosphorylatedeextracellular signaleregulated kinase (ERK)
1/2 (Cell Signaling Technology), and 1:10,000 mouse antiea-
tubulin (Abcam,Cambridge,UK).Western blotswere scanned,
and the integrated density of each band was determined using
ImageJ software version 1.43u. Results are expressed as a ratio
to loading control within the same sample.

Statistical Analysis

Where appropriate, data were analyzed by one-way analysis
of variance or Student’s t-test, and are presented as means �
SEM.

Results

Trophoblast Invasion and Motility Induced by dNK Cell
CM Does Not Differ between Normal and High RI
Pregnancies

It has been previously demonstrated that dNK-secreted
factors induce EVT migration and invasion,15,33 key steps
1855
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Figure 1 Trophoblast invasion induced by decidual natural killer (dNK)
cell conditioned media (CM) does not differ between normal and high RI
pregnancies. A: SGHPL-4 cells were cultured to form spheroids as shown and
embedded in fibrin gels. The length and number of invasive processes were
measured (arrow). B: The average number of invasive process outgrowths of
SGHPL-4 cell spheroids increased in response to normal and high resistance
index (RI) dNK cell conditioned media from individual patients compared
with control culture media. **P < 0.01. C: The average length of invasive
process outgrowths of SGHPL-4 cell spheroids does not differ in response to
normal and high RI dNK cell CM from individual patients compared with
control culture media. Invasion assay data shown are means � SEM. Mean
gestational ages are as follows: normal, 74.90 � 2.46 days; high, 74.92 �
3.31 days. D: Motility of SGHPL-4 cells incubated with normal RI dNK cell CM
or high RI dNK cell CM (arbitrary units, as assessed by time-lapse micro-
scopy). Motility assay data shown are means � SEM. Mean gestational ages
are as follows: normal, 73.63 � 3.7 days; high, 72.1 � 2.8 days.

Figure 2 High resistance index (RI) decidual natural killer (dNK) cell
secreted factors do not chemoattract trophoblasts or induce significant
extravillous trophoblast (EVT) outgrowth from placental villous tissue. A:
SGHPL-4 cells were cultured in chemotaxis chambers to analyze chemo-
tactic capacity of normal RI dNK cell conditioned media (CM) and high RI
dNK cell CM. Nondirected movement gives expected chemotaxis of 50% of
cells. Normal RI dNK CM is significantly more chemotactic to SGHPL-4 cells
than high RI dNK CM. Data shown are means � SEM. Mean gestational ages
are as follows: normal RI dNK cell CM, 73.63 � 3.7 days; high RI dNK cell
CM, 72.1 � 2.8 days. B: EVT explant outgrowth from villous tissue was
incubated with control media, normal RI dNK cell CM, and high RI dNK cell
conditioned media, and outgrowth area measured by manual tracing as
shown. Normal RI dNK cell CM induced significantly increased EVT
outgrowth at 24 and 48 hours compared with control and dNK cell CM. High
RI dNK cell CM did not significantly induce explant outgrowth. Scale bar Z
500 mm. Data shown are means � SEM. Mean gestational ages are as fol-
lows: normal RI dNK cell CM, 75.42 � 2.7 days; high RI dNK cell CM,
74.07 � 2.0 days. *P < 0.05; ***P < 0.01.
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in the recruitment of EVT to the spiral arteries. Because
high uterine artery RI in the first trimester may be used as
a proxy measure of the extent to which remodeling of
the spiral arteries has occurred,24 and is associated with a
higher risk of preeclampsia,25 we isolated dNK cells
from normal and high uterine artery RI first-trimester ter-
minations of pregnancy. We then examined the effects of
dNK cellesecreted factors from individual patients on the
invasion of the extravillous trophoblast cell line, SGHPL-4.
In a spheroid invasion assay, the length and number of
invasive processes formed in response to dNK CM were
measured (Figure 1A). Significantly more invasive pro-
cesses were formed in response to both normal and high RI
dNK cell CM compared with control (control, 12.79 � 1.3;
normal RI, 21.5 � 1.7; high RI, 23.8 � 1.9; P < 0.01)
(Figure 1B). However, there was no difference in number of
invasive processes between SGHPL-4 spheroids stimulated
with high or normal RI dNK cell CM. The average length of
invasive processes did not differ between control media and
1856
dNK cell CM (control, 91.78 � 15.6 mm; normal RI,
129.4 � 13.06 mm; high RI, 109.8 � 8.9 mm) (Figure 1C).
A chemotaxis assay was used to measure motility and

chemotaxis of SGHPL-4 cells in response to dNK cell CM.
Motility of SGHPL-4 was not significantly different when
stimulated with normal (n Z 8) or high (n Z 7) RI dNK
CM (normal RI, 613.3 � 36.19; high RI, 545 � 25.46)
(Figure 1D).

Trophoblast Chemotaxis Is Not Induced by dNK
Isolated from High RI Pregnancies

Chemotaxis toward dNK cell CM was examined using high
(n Z 7) and normal (n Z 8) RI dNK CM as a chemo-
attractant. When cells are undergoing nondirected move-
ment, the expected movement toward a chemoattractant is
50% of cells. When normal RI dNK CM was used as a
stimulus, 65.18% � 2.4% of SGHPL-4 cells were chemo-
attracted to the CM. This was significantly more chemo-
tactic to SGHPL-4 cells than high RI dNK cell CM, because
49.46% � 1.7% of SGHPL-4 cells migrated toward high RI
dNK CM (P < 0.001) (Figure 2A).
ajp.amjpathol.org - The American Journal of Pathology
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Figure 3 Expression of IL-8, IL-6, and CXCL10 is not significantly altered between normal resistance index (RI) and high RI decidual natural killer (dNK)
cell conditioned media (CM). Expression of IL-8 (A), IL-6 (B), and CXCL10 (C) was examined by ELISA in normal and high RI dNK cell CM. Expression levels
were not found to be significantly different between high and normal RI dNK cell CM. Data shown are means � SEM. Mean gestational ages are as follows:
IL-8 and CXCL10: normal RI dNK cell CM, 75 � 2.4 days; high RI dNK cell CM, 73.72 � 1.6 days; IL-6: normal RI dNK cell CM, 79.7 � 3.8 days; high RI dNK
cell CM, 74.2 � 1.8 days.

Impaired dNK-Trophoblast Interactions
Extravillous Trophoblast Outgrowth Induced by dNK Is
Reduced in High-Resistance Pregnancies

To further examine differences in trophoblast responses to
normal (n Z 15) and high (n Z 10) RI dNK cellesecreted
factors, extravillous trophoblast outgrowth from villous
placental explant tissue cultured in the presence of dNK CM
for 48 hours was examined (n Z 9). This experiment was
conducted to determine whether primary trophoblasts also
responded to normal and high RI dNK cell CM differen-
tially, and because outgrowth of primary EVT over Matrigel
requires a combination of both invasion through Matrigel
and migration. Compared with control media, only normal
RI dNK cell CM significantly increased EVT outgrowth at
both 24 and 48 hours (24 hours: control, 2.3 � 0.4-fold;
normal, 4.6 � 0.8-fold; 48 hours: control, 3.7 � 0.9-fold;
normal, 7.5 � 0.8-fold; P < 0.05) (Figure 2B). High RI
dNK cell-conditioned media did not significantly induce
explant outgrowth compared with control (24 hours: control,
2.3 � 0.4-fold; high, 3.0 � 0.3-fold; 48 hours: control,
3.7 � 0.9-fold; high, 4.4 � 0.8-fold) (Figure 2B).
IL-8, IL-6, and CXCL10 Expression by dNK Cells Is Not
Different between High and Normal RI Pregnancies

Chemokines that have been previously described as
important in controlling trophoblast invasion include IL-8,
IL-6, and CXCL10.15,34 Expression of these three chemo-
kines was examined in the dNK cell CM, and expression
levels were not found to be significantly different between
high and normal RI dNK cell CM [IL-8: normal RI dNK
cell, 3655 � 618 pg/mL; high RI dNK cell, 2868 � 520 pg/
mL (P Z 0.338); IL-6: normal RI dNK cell, 242.7 � 87 pg/
mL; high RI dNK cell, 229.9 � 40.27 pg/mL (P Z 0.89);
CXCL10: normal RI dNK cell CM, 23.8 � 5 pg/mL; high
RI dNK cell CM, 20.02 � 6.2 pg/mL (P Z 0.635)]
(Figure 3).
The American Journal of Pathology - ajp.amjpathol.org
CM from Normal RI dNK Cells Phosphorylates ERK1/2
and Aktser473 to a Greater Extent than CM from High RI
dNK Cells

Because the three chemokines, IL-8, IL-6, and CXCL10,
showed no difference in expression between normal and
high RI dNK cell CM, to examine the mechanisms of
reduced trophoblast chemotaxis and EVT outgrowth from
villous tissue explants in response to high RI dNK cell CM,
the signaling pathways in trophoblast downstream of dNK
cell-secreted factors binding to trophoblast receptors were
examined. Common signaling pathways previously
demonstrated to be important in motility of SGHPL-4 cells
include activation of the classic mitogen-activated protein
kinase signaling pathway (p42/44 MAPK, or ERK1/2) and
the phosphatidylinositol 3-kinase (PI3K)-Akt signaling
pathway, which have both also been demonstrated to be
important in invasion and motility in other trophoblast
models.35,36 SGHPL-4 cells were incubated with dNK CM
from normal and high RI pregnancies (n Z 8) for 4 hours,
and phosphorylation of ERK1/2 and Aktser473 (serine 473)
was assessed by using Western blot analysis (Figure 4).
SGHPL-4 cells incubated with high RI dNK CM were
found to display 1.3-fold lower ERK1/2 phosphorylation (P
< 0.05) and 2.5-fold lower Aktser473 phosphorylation (P <
0.01) compared with SGHPL-4 cells incubated with normal
RI dNK CM.
Trophoblast Chemotaxis and Invasion in
Normal-Resistance Pregnancies Are Dependent on
ERK1/2 and Akt Signaling

Chemical inhibitors targeting the ERK1/2 and Akt pathways
were then used to assess the impact of increased phos-
phorylation induced by normal RI dNK cell CM on
trophoblast chemotaxis and EVT outgrowth from villous
explants. Chemotaxis of SHGPL-4 cells in response to
1857
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Figure 4 SGHPL-4 cell incubation with normal resistance index (RI)
decidual natural killer (dNK) cell conditioned media (CM). differentially
phosphorylates ERK1/2 and AKTser473 compared with high RI dNK cell CM. A:
SGHPL-4 cells were incubated with normal RI dNK cell CM (N1 to N5) and
high RI dNK cell CM (H1 to H5) for 4 hours before total protein was sub-
jected to Western blot analysis for the phosphorylation of ERK1/2 and Akt
(n Z 8). B: Densitometry of Western blot analysis of phospho-ERK1/2 and
phospho-Aktser473 in SGHPL-4 cells incubated with normal RI dNK cell CM
and high RI dNK cell CM for 4 hours. Data shown are means � SEM. *P <

0.05, **P < 0.01.

Figure 5 The effect of inhibition of the ERK1/2 and PI3K-Akt signaling
pathways on trophoblast chemotaxis and extravillous trophoblast (EVT)
outgrowth in the presence of normal resistance index (RI) decidual natural
killer (dNK) cell conditioned media (CM). A: SGHPL-4 cells were cultured in
chemotaxis chambers to analyze chemotactic capacity of normal RI dNK cell
CM in the presence of the ERK1/2 inhibitor, PD98059, and the PI3K in-
hibitor, LY294002. Nondirected movement gives expected chemotaxis of
50% of cells. The ERK1/2 inhibitor, PD98059, significantly decreased
chemotaxis compared with normal RI dNK CM with vehicle control or the
PI3K inhibitor, LY294002. Data shown are means � SEM. The mean
gestational age of dNK cell CM is 76 � 3.8 days. B: EVT explant outgrowth
from villous tissue incubated with normal RI dNK cell CM in the presence of
vehicle control or the ERK1/2 inhibitor, PD98059. EVT outgrowth induced
by normal RI dNK cell CM is significantly inhibited in the presence of
PD98059 at 24 and 48 hours compared with normal RI dNK cell CM in the
presence of vehicle control. C: EVT explant outgrowth from villous tissue
incubated with normal RI dNK cell CM in the presence of vehicle control or
the PI3K inhibitor, LY294002. EVT outgrowth induced by normal RI dNK cell
CM is significantly inhibited in the presence of LY294002 at 48 hours
compared with normal RI dNK cell CM in the presence of vehicle control.
Data shown are means � SEM. The mean gestational ages are as follows:
normal RI dNK cell CM, 75.42 � 2.7 days; high RI dNK cell CM, 74.07 � 2.0
days. *P < 0.05.
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normal RI dNK CM was examined in the presence of a
specific inhibitor to MEK and, therefore, ERK1/2 phos-
phorylation and signaling (PD 98059) or a specific inhibitor
to PI3K signaling (LY 294002) (n Z 5). Compared with
vehicle-treated cells, normal RI dNK cell CMeinduced
chemotaxis was found to be significantly inhibited by
PD98059 but not LY29002 (vehicle control, 58.8% �
3.75%; PD98059, 43.9% � 2.75%; LY29002, 58.9% �
4.5%; P < 0.05) (Figure 5A). Inhibition of ERK1/2 and
PI3K-Akt signaling was then examined in EVT outgrowth
from explants (Figure 5, B and C), and outgrowth induced
by normal RI dNK cell CM was found to be significantly
decreased in the presence of PD98059 compared with
vehicle control at both 24 and 48 hours (at 48 hours: vehicle
control, 6.8 � 1.1-fold increase; PD98059, 4.2 � 0.6-fold
increase; P < 0.05), as was outgrowth induced by normal
RI dNK CM in the presence of LY294002 (at 48 hours:
vehicle control, 7.8 � 0.8-fold increase; LY29002, 3.6 �
0.7-fold increase; P < 0.05).

Discussion

The role of decidual natural killer cells in the first trimester
of pregnancy and their potential contribution to pregnancy
disorders is difficult to study because of the inability to
access first-trimester tissue with a known pregnancy
outcome. Herein, we have used a uterine artery Doppler RI
1858
as an indirect measure of SA transformation14 to identify
key differences in dNK cells from pregnancies with a
normal and high RI. A high uterine artery RI is associated
with poor spiral artery remodeling and decreased numbers
of trophoblast-plugged vessels in the first trimester.24 We
have demonstrated that the chemoattraction of trophoblast
by dNK cells is impaired in high RI pregnancies, as is the
ajp.amjpathol.org - The American Journal of Pathology
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ability of dNK cells to induce EVT outgrowth from
placental villous explants, and this process of EVT
chemotaxis and outgrowth is dependent on ERK1/2 and Akt
signaling. Therefore, spiral artery transformation may be
partly limited in high RI pregnancies by the inability of dNK
cells to control the migration and invasion of trophoblast
into the decidua.

In the decidua, NK cells are the most abundant leukocyte
and are found in close contact with trophoblasts.37 An
important aspect of the physiological change in pregnancy is
the migration of trophoblasts into the decidua, which re-
quires a combination of differentiation to the invasive
phenotype, invasion, motility, and chemotaxis of tropho-
blasts. In the spheroid invasion assay used in this study,
dNK cell CM induced trophoblast invasion by increasing
the number of invasive cells, rather than the length of the
invasive processes. This could indicate that the dNK-
secreted factors induce invasion primarily by acting on the
ability of EVT to invade, or the differentiation to an invasive
phenotype, rather than the distance of cell invasion. How-
ever, there was no difference in invasion induced by dNK
cell CM from normal and high RI pregnancies on the
SGHPL-4 cell line. We have also demonstrated in this study
that there was no difference in SGHPL-4 motility when
incubated with high or normal RI dNK cell CM, although
we have previously shown this under different experimental
conditions.14 We then examined EVT outgrowth from
placental villous tissue, which represents a combination of
proliferation of trophoblast progenitors at the base of the
villous tip, differentiation of trophoblast into the invasive
extravillous phenotype, and migration. Because this is
measured by the area that non-proliferative EVT moves over
Matrigel, this is an appropriate assay to use to assess EVT
migration and invasion. Both normal and high RI dNK cell
CM stimulated explant outgrowth, and this outgrowth was
significantly increased when stimulated with normal RI
dNK cell CM compared with high RI dNK cell CM. Explant
outgrowth has been previously shown to be increased by
dNK cells via chemokine-induced alteration of EVT adhe-
sion molecules,38 again indicating induction of differentia-
tion to the invasive phenotype is a key step. Decidual NK
cells also increase EVT production of proteases, which al-
lows migration.33 The difference in responsive ability be-
tween the SGHPL-4 cells and EVT explants in these assays
may be because of the intrinsically invasive properties of the
cell line overcoming external effects of the dNK cell
secreted factors.29

Chemotaxis is an additional feature allowing migration of
EVT through the decidua. Decidual NK cells are often
found surrounding the spiral arteries before trophoblast in-
vasion,8 and it is tempting to speculate that they may be
inducing chemotaxis of trophoblast into the vicinity of the
SA to allow transformation to occur. In this study, dNK cell
CM from high RI patients was unable to chemoattract tro-
phoblasts. Decidual NK cells have previously been
demonstrated to control trophoblast chemotaxis with
The American Journal of Pathology - ajp.amjpathol.org
secreted factors, and this has been shown to include the
chemokines IL-8, CXCL10, and IL-6.15,34,39 Although dNK
cells in our studies produced these chemokines, there was
no difference in secreted levels between high or normal RI
dNK cells and, therefore, this is unlikely to lead to the
striking differences in chemotactic ability demonstrated in
our study. Between the patients in each group, there was,
however, a large range in the amounts of each chemokine
secreted, making these results difficult to interpret. A review
of the current literature would indicate that there are at least
42 factors produced by dNK cells that could influence
trophoblast invasion.40 Because many of these factors, such
as vascular endothelial growth factor, may also chemoattract
trophoblasts via specific receptors,41 determining the bal-
ance of factors present in the dNK cell CM that are altered
in high RI dNK cells will be a challenging future study. We,
therefore, decided to examine the signaling pathways that
are commonly activated in trophoblasts in response to
binding of external factors, such as cytokines and growth
factors to specific receptors. The directed migration of cells
requires localized activation of PI3K at the leading edge of
the cell, which has been demonstrated to be upstream of Akt
in our trophoblast model.35 The classic MAPK signaling
pathway has also been examined in trophoblasts and
SGHPL-436,42; thus, both of these signaling pathways were
examined. We found that after a 4-hour incubation period
with high RI dNK cell CM, SGHPL-4 cells displayed
decreased phosphorylation of ERK1/2 and Aktser473

compared with SGHPL-4 cells incubated with normal RI
dNK cell CM. We then showed that inhibition of the ERK
signaling pathway decreased trophoblast chemotaxis in
response to normal RI dNK cell CM; however, a chemical
inhibitor of PI3K signaling did not do this. Inhibition of
both the ERK and Akt signaling pathways also decreased
EVT outgrowth from placental villous tissue explants. The
ERK1/2 signaling pathway is crucial in downstream
signaling of activation of many receptor types, including
chemokine G-proteinecoupled receptors and growth factor
receptor tyrosine kinases.43 Akt signaling is also important
in the regulation of trophoblasts by growth factors and the
differentiation of trophoblasts into the invasive phenotype.36

Secreted factors that dNK cells are capable of producing
have also previously been shown to decrease EVT
outgrowth from explants, showing the variation in this
process.16,44,45 Therefore, it is possible that the high RI dNK
cell CM activates these signaling pathways in a different
manner from normal RI dNK cell CM, leading to decreased
trophoblast invasion; however, because of the complexity of
the integration of the signaling pathways, the underlying
mechanism is still unknown.

Taken together, our results indicate that dNK cells iso-
lated from pregnancies with a high RI, which are at a higher
risk of preeclampsia,25 are less able to chemoattract tro-
phoblasts and induce EVT outgrowth from the villi,
dependent on ERK1/2 and Akt signaling. Using uterine
artery Doppler RI screening before cell isolation has,
1859
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therefore, identified that dNK cells from high RI pregnan-
cies have altered interactions with trophoblasts, which may
lead to poor placentation. We anticipate that these findings
will increase our knowledge of maternal-fetal signaling in
pathological conditions of pregnancy that develop in the
first trimester, and potentially help to develop successful
management of these disorders.
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