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Abstract
During human pregnancy, natural killer (NK) cells accumulate in the maternal decidua, but their specific roles
remain to be determined. Decidual NK (dNK) cells are present during trophoblast invasion and uterine spiral
artery remodelling. These events are crucial for successful placentation and the provision of an adequate blood
supply to the developing fetus. Remodelling of spiral arteries is impaired in the dangerous pregnancy complication
pre-eclampsia. We studied dNK cells isolated from pregnancies at 9–14 weeks’ gestation, screened by uterine
artery Doppler ultrasound to determine resistance indices which relate to the extent of spiral artery remodelling.
dNK cells were able to promote the invasive behaviour of fetal trophoblast cells, partly through HGF. Cells isolated
from pregnancies with higher resistance indices were less able to do this and secreted fewer pro-invasive factors.
dNK cells from pregnancies with normal resistance indices could induce apoptotic changes in vascular smooth
muscle and endothelial cells in vitro, events of importance in vessel remodelling, partly through Fas signalling.
dNK cells isolated from high resistance index pregnancies failed to induce vascular apoptosis and secreted fewer
pro-apoptotic factors. We have modelled the cellular interactions at the maternal-fetal interface and provide
the first demonstration of a functional role for dNK cells in influencing vascular cells. A potential mechanism
contributing to impaired vessel remodelling in pregnancies with a higher uterine artery resistance is presented.
These findings may be informative in determining the cellular interactions contributing to the pathology of
pregnancy disorders where remodelling is impaired, such as pre-eclampsia.
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Introduction

Following implantation in human pregnancy, cytotro-
phoblasts arising from the outer layer of the blasto-
cyst differentiate into specialized sub-populations with
specific roles in ensuring successful placentation. Pla-
cental villi are formed from villous cytotrophoblasts
which fuse to form syncytiotrophoblasts. Extravillous
trophoblasts (EVTs) invade the maternal decidua as far
as the first third of the myometrium. The extent of EVT
invasion is critical for implantation and remodelling of
the spiral arteries and is tightly regulated in both a
temporal and a spatial manner.

The uterine blood supply is built up of a branched
structure of arteries which decrease in size as they
advance through the myometrium and the endome-
trium, finally giving rise to spiral arteries. During

pregnancy, spiral arteries are remodelled into vessels
with a much larger diameter, allowing up to a ten-fold
increase in blood flow supplied to the intervillous
space, where exchange of gases and nutrients takes
place across the syncytiotrophoblast to the fetal vessels
of the chorionic villi [1].

The decidual environment consists of a complex net-
work of cell types, including those of the maternal
immune system. Infiltration of leukocytes begins prior
to implantation and in early pregnancy, the major ma-
ternal immune cell component of the decidua, compris-
ing approximately 70%, is decidual natural killer (dNK)
cells. Other immune cells include macrophages (20–
30%) and T cells (<10%). dNK cells are CD56bright,
as opposed to peripheral blood natural killer (PB-NK)
cells, which are predominately CD56dim. dNK cells are
considered a cytokine-producing rather than cytotoxic
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population, even though they contain the same cyto-
toxic machinery as PB-NK cells [2].

The roles that dNK cells have in promoting success-
ful placentation in a normal pregnancy are beginning
to be elucidated. dNK cells can interact directly with
invading EVTs through their expression of inhibitory
and activating receptors which bind to trophoblast lig-
ands such as MHC class I molecules [3], as well as
producing cytokines, angiogenic factors, and matrix
metalloproteinases which can signal to regulate tro-
phoblast invasion [4]. In addition to roles in regulating
trophoblastic functions, there is increasing evidence to
suggest that dNK cells may play an active role in reg-
ulating spiral artery remodelling.

Spiral artery remodelling involves the loss of vascu-
lar cells and surrounding matrix proteins and occurs
in co-ordinated stages. The initiation of vascular
remodelling, termed decidua-associated remodelling
[1], involves endothelial cell activation and vacuoliza-
tion, muscular hypertrophy and disorganization, and
fibrinoid change [5]. These events allow the sub-
sequent trophoblast-dependent remodelling events to
occur. Histological studies have suggested an active
role for trophoblasts [6,7], while more recent studies
have identified a functional role for EVTs in the remod-
elling process [8–12].

The mechanisms responsible for the earlier decidua-
associated vessel changes, which are apparent prior
to trophoblast invasion [5], have begun to be studied,
although many questions remain unanswered. Immuno-
histochemical studies have shown that the initial loss
of vascular smooth muscle cells (VSMCs) and breaks
in the endothelial layer take place in the presence of
maternal immune cells but in the absence of invading
trophoblasts [13] and that early apoptotic changes can
be detected in vascular cells of the spiral artery when
leukocytes are present [14]. In addition, murine studies
have implicated dNK cells in gestational modification
of uterine vessels [15], while in the rat, NK cells can
influence both the development of uterine spiral arteries
and their remodelling [16].

Insufficient remodelling of the spiral arteries with
retention of the muscular wall and an inadequate blood
supply to the placenta has been associated with the
hypertensive pregnancy disorder pre-eclampsia as well
as intrauterine growth restriction [17–19]. Compelling
evidence from several groups identifies dNK cells as
key players in controlling the environment at the mater-
nal–fetal interface and there is strong evidence for the
involvement of maternal immune cells in the aetiology
of pre-eclampsia [20,21]. Human studies are restricted
by a lack of access to tissue throughout the key stages
of gestation when spiral artery remodelling is taking
place. Functional studies using isolated dNK cells have
been limited to using first-trimester tissue from ter-
minated pregnancies where the extent of remodelling
was not known or using cells isolated from term pre-
eclamptic pregnancies or animal models. Hence, repro-
ductive research has been hampered by an inability
to study first-trimester cells and tissue from human

pregnancies where the extent of spiral artery remod-
elling is known.

In a normal pregnancy, when vessel remodelling
takes place, this leads to increased maternal blood flow
through a low-pressure placental bed. However, when
remodelling is incomplete, there will be an amplified
resistance to maternal blood flow. Doppler ultrasound
screening can characterize pregnancies into distinct
groups reflecting a proxy measure of the extent to
which remodelling of the spiral arteries has occurred
[22], which provides a powerful new dimension to
studies carried out on early pregnancy tissue. In this
study, we have isolated dNK cells from women under-
going surgical termination of pregnancy between 9 and
14 weeks’ gestation, who have been classified as hav-
ing a normal or high uterine artery resistance index,
to investigate their role in both the establishment of a
healthy pregnancy and the pathogenesis of conditions
where remodelling is impaired.

Materials and methods

Doppler ultrasound characterization
Maternal uterine artery Doppler velocimetry scans
were conducted in the Fetal Medicine Unit, St George’s
Hospital on women attending clinic for elective termi-
nation of pregnancy [22]. Ethics Committee approval
was in place and all women gave informed written
consent. Inclusion criteria were singleton pregnancy,
gestational age 9–14 weeks, normal fetal anatomy, and
nuchal translucency thickness with no known maternal
medical condition or history of recurrent miscarriage.
High resistance cases were defined as those with bilat-
eral uterine diastolic notches and a mean resistance
index (RI) above the 95th percentile. Normal resistance
cases had no diastolic notches and a mean RI below the
95th percentile. These resistance groups represent cases
most (21%) and least (<1%) likely to have developed
pre-eclampsia had the pregnancy progressed [23,24].
There was no significant difference in gestational ages
between the normal-RI and high-RI groups studied.

Immunohistochemistry
Decidual fragments were formalin-fixed and paraffin-
embedded, and 4 µm sections cut. Implantation site
fragments were determined by the presence of intersti-
tial EVTs on routine haematoxylin and eosin staining.
Decidual tissue was examined from 24 normal-RI and
22 high-RI cases. The median gestational age was
11.5 weeks (range 10.1–13.6 weeks) for normal-RI
and 11.1 weeks (range 9.0–12.9 weeks) for high-RI.
Immunohistochemical staining was performed for mark-
ers of NK cells (CD56; Novacastra, NCL-CD56-
504 Novacastra, Newcastle-upon-Tyne, UK) and tro-
phoblast (CK7; Novacastra NCL-L-CK7-560, HLA-
G; Serotec MCA2043, Serotec, Kidlington, UK) using
standard methods and detection systems with pretreat-
ment where necessary. Full details can be found in the
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Supplementary methods. Every case was examined at
the same magnification and a semi-quantitative esti-
mate of the number/density of NK cells present within
the decidua was determined. Immunohistochemical
scoring was performed by an experienced pathologist
blinded to Doppler information.

Isolation of dNK cells
Decidual tissue was isolated, washed with HBSS, and
dNK cells were isolated using a modification of the
methods described previously [25]. The purity of cells
isolated in this way was examined by flow cytom-
etry. Full details can be found in the Supplemen-
tary methods. Purity was 93.6 ± 1.3% (mean ± SEM,
n = 19 patients). No T cells or macrophages were
detected. After 24 and 48 h culture, cells were 80 ± 4%
and 77 ± 5% viable (mean ± SEM, n = 11 patients),
respectively, assessed by Trypan blue exclusion.

Culture of cell lines
SGHPL-4, a first-trimester human EVT line [26],
and SGVSM-9, a human aortic vascular smooth
muscle cell line [9], were cultured as previously
described. SGHEC-7, a human umbilical vein EC line,
was cultured in Medium 199 : RPMI 1640 (1 : 1)
with 10%(v/v) FCS containing 2 mm l-glutamine,
2.5 µg/ml endothelial cell growth supplement (ECGS),
0.09 mg/ml heparin, and 16 mg/ml gentamycin.
SGVSM-9 and SGHEC-7 cells have previously been
shown to respond in a similar way to vascular cells
from dissected spiral arteries [8,9,11]. SGVSM-9 cells
retained differentiated VSMC markers in culture such
as α-smooth muscle actin (Supplementary Figure 1).
The PB-NK cell line NK92, derived from a non-
Hodgkin’s lymphoma patient, was cultured in α-MEM
containing 5% (v/v) FCS, 5% (v/v) horse serum, 200
U/ml IL-2, 2 mm l-glutamine, 50 IU/ml penicillin, and
50 µg/ml streptomycin.

Time-lapse microscopy
Time-lapse microscopy was carried out using a 1X81
inverted microscope (Olympus, Tokyo, Japan), a dig-
ital camera, and motorized stage (Hamamatsu Proton-
ics UK, Welwyn Garden City, UK) within a 37 ◦C
chamber with a 5% CO2 atmosphere (Solent Scien-
tific, Segensworth, UK). Images were analysed using
ImagePro Plus software (Media Cybernetics, Bethesda,
MD, USA). Cell motility and apoptosis were deter-
mined using previously described methods [8,11,27],
with details given in the Supplementary methods.

Detection of angiogenic and pro-apoptotic factors
A Proteome Profiler Human Angiogenesis Array (R&D
Systems, Abingdon, UK) was used according to the
manufacturer’s instructions on pooled culture super-
natants from normal- and high-RI dNK cells (n = 28
per group), concentrated 23-fold (VivaSpin columns,
3000 MW cut-off, Sartorius). Densitometric analysis

gave relative levels from two array spots/analyte; there-
fore statistical comparisons could not be made. Levels
of cell-associated and soluble FasL, TRAIL, and TNFα

were measured in pooled dNK cell lysates or cul-
ture supernatants by ELISA (R&D Systems, Peprotech,
London, UK). Detection of soluble TRAIL required a
15-fold concentration of supernatants.

Immunoblotting for cleaved PARP and caspase-3
dNK cells were cultured with VSMCs/ECs in a 1 : 3
ratio for 30 h. Vascular cells were lysed in RIPA buffer
with 1 mm Na3VO4, 1 mm PMSF, and 60 µg/ml apro-
tinin. Samples were separated by SDS-PAGE and trans-
ferred to a PVDF membrane. After blocking for 1 h,
the membrane was incubated with rabbit anti-human
cleaved PARP (1/5000; G74A; Promega, Southampton,
UK) or anti-cleaved caspase 3 (Cell Signaling Technol-
ogy, Danvers, MA, USA) or mouse anti-human tubulin
(1/10 000; ab7291; Abcam, Cambridge, UK) overnight
at 4 ◦C. Anti-rabbit IgG peroxidase (1/10 000; A6154;
Sigma-Aldrich, Dorset, UK) or anti-mouse IgG perox-
idase (1/10 000; A4416; Sigma) was added for 1 h at
room temperature. Membrane-bound antibodies were
detected by enhanced chemiluminescence (ECLPlus;
GE Healthcare Life Sciences, Little Chalfont, UK).

Statistical analysis
One-way ANOVA with Bonferroni’s post-test, unpaired
t-tests or a χ2 test was used to determine p values using
GraphPad Prism. p < 0.05 was considered statistically
significant.

Results

CD56+ interstitial dNK cells did not differ between
decidua of normal-RI or high-RI pregnancies
Immunohistochemical analysis of decidua basalis [con-
firmed by the presence of HLA-G (Figure 1A) and
cytokeratin-7 (Figure 1B)-positive EVTs] showed that
interstitial CD56+ dNK cell infiltration was present
in all samples examined from both normal and
high-RI pregnancies (Figure 1C). In all cases, CD56
immunostaining, when positive, was strong. All cases
were examined and an estimate was made of the
extent/density of NK cells using a point scale, with
slides scored as negative (none or only scattered
CD56+ cells), positive (representing extensive NK cell
infiltration), and plus/minus cases representing those
that did not fall at either extreme. No slides scored as
negative. Scores were 19± and 16± for normal versus
high-RI, respectively, and 5+ and 6+ scores for nor-
mal versus high-RI, respectively. The extent of NK cell
infiltration did not differ significantly between decidua
from normal-RI or high-RI pregnancies (χ2 = 0.26,
1 df, p = 0.61, n = 24 normal-RI and 22 high-RI
samples). In Figures 1C and 1D, CD56+ endovascu-
lar trophoblasts are shown plugging spiral arteries;
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Figure 1. Immunohistochemical analysis of CD56+ dNK cell infiltration in decidua basalis. HLA-G staining of EVT (A) and cytokeratin-7
staining of cytotrophoblast (B) confirmed that tissue was obtained from decidua basalis. CD56+ dNK cells are shown interstitially and
were present in all tissues examined. The extent of CD56 staining was scored. In C and D, CD56+ endovascular EVTs can be seen in spiral
arteries. Interstitial EVTs are not CD56+. (D) CD56+ dNK cells can be seen both in close proximity to vessels with endovascular plugs (inset
box) and located more distal to plugged vessels (arrows). Original magnification: (A, D) ×20; (B) ×40; (C) ×100.

up-regulation of CD56 has been characterized in EVTs
within spiral arteries [28]. CD56+ dNK cells could be
detected interacting with EVT-containing vessels and
distal to vessels (Figure 1D).

Normal-RI dNK cells induce trophoblast motility to
a greater extent than high-RI dNK cells
Cellular motility is an important component of tro-
phoblast invasion [27]. Motility of the EVT cell line,
SGHPL-4, was assessed by time-lapse microscopy.
SGHPL-4 cells treated with normal-RI dNK culture
supernatant showed a 1.5-fold increased motility in
comparison with cells treated with high-RI dNK culture
supernatant (Figure 2A, p = 0.015). The motility with
high-RI culture supernatant did not differ from treat-
ment with control medium (not conditioned by culture
with dNK cells). An initial screen by proteome array
analysis was carried out on pooled culture supernatants
from normal- versus high-RI dNK cells to determine
factors that may be responsible for regulating motil-
ity/invasion to target in function-perturbing experi-
ments. Increased levels of CXCL16, HB-EGF, HGF,
IL-1β, IL-8, TGF-β1, and urokinase-type plasminogen
activator were detected in culture supernatants from
normal-RI dNK, whereas decreased tissue inhibitor
of metalloproteinase (TIMP)-1 was detected compared
with high-RI dNK culture supernatants (Figure 2B).
The levels of all additional proteins assayed are shown
in Supplementary Table 1. HGF stimulates EVT motil-
ity [27]; therefore a HGF blocking antibody was used
to examine if HGF was involved in the motility induced

by pooled normal-RI dNK culture supernatants. Block-
ing HGF significantly decreased SGHPL-4 motility
compared with cells treated with an isotype control
(Figure 2C, p < 0.0001), whereas there was no dif-
ference in SGHPL-4 motility when treated with high-
RI dNK culture supernatant plus Ig control compared
with when the HGF blocking antibody was added
(Figure 2C).

dNK cells do not induce trophoblast apoptosis
Increased trophoblast apoptosis has been associated
with pregnancies where remodelling is impaired [29].
Since dNK cells may have interactions with EVTs
which are cytotoxic/apoptotic, the effect of dNK
cells on SGHPL-4 cells was monitored by time-lapse
microscopy over 50 h. There was no increase in
apoptosis above basal levels when in co-culture with
normal- or high-RI dNK cells (Figure 2D).

Normal-RI dNK cells induce vascular cell apoptosis
The effect of co-cultured normal-RI dNK cells (from
individual patients) on VSMCs and ECs was moni-
tored by time-lapse microscopy. VSMC apoptosis was
increased by 18.5% after 50 h in the presence of dNK
cells (Figure 3A). Incubation of ECs with normal-RI
dNK cells led to an increase in apoptosis of 23.5%
after 50 h (Figure 3B). Analysis of the area under
the kinetics curves showed that incubation of VSMCs
with normal-RI dNK cells led to a 2.6-fold increase
in apoptosis after 50 h (Figure 3C, p < 0.001). The
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A B

C D

Figure 2. dNK cells induce trophoblast motility but not apoptosis. (A) SGHPL-4 cells were incubated with normal-RI or high-RI dNK cell
culture supernatant (pooled from dNK cultures from n = 28 patients per group) and cell motility was determined over 24 h. In each
experiment, data were expressed relative to the motility induced by culture medium alone [arbitrary units (AU) = 100]. Results are mean
± SEM of pooled data from four separate experiments carried out in duplicate with 40 cells analysed per sequence. ∗p = 0.016. The
median gestational age was 11.3 weeks (range 9.3–13.7 weeks) for normal-RI and 10.9 weeks (range 9.1–13.3 weeks) for high-RI cells
used to generate pooled culture supernatants (p = 0.4, t-test). (B) Normal-RI or high-RI dNK cell culture supernatant (pool of n = 28 as
above) was concentrated 23-fold and examined by a Proteome Profiler Angiogenesis Array Kit. Mean + range of densitometric analysis
of selected spots are shown. Open bars are normal-RI dNK CS; shaded bars are high-RI dNK CS. (C) SGHPL-4 cells were incubated with
normal-RI or high-RI dNK cell culture supernatant (as above) +/− 0.3 µg/ml HGF neutralizing antibody or IgG1 control, and cell motility
was determined over 24 h. Results are mean ± SEM of three separate experiments carried out in duplicate with 40 cells analysed per
sequence. ∗p < 0.05; ∗∗∗p < 0.0001. (D) SGHPL-4 cells were co-cultured with normal-RI (open bars) or high-RI (shaded bars) dNK cells
(from four individual patients) and apoptotic morphology was monitored by time-lapse microscopy for 50 h. Results are mean ± SEM of
four separate experiments carried out in duplicate with 40 cells analysed per sequence.

broad spectrum caspase inhibitor zVAD-fmk inhibited
the dNK-induced VSMC apoptosis back to almost
basal levels (Figure 3C, p < 0.05). A similar inhibitory
effect was seen when experiments were repeated with
SGHEC-7 cells. The area under the kinetics curve data
indicated that EC apoptosis increased 3.7-fold when
co-cultured with normal-RI dNK cells (Figure 3D,
p = 0.0001). zVAD-fmk inhibited the dNK-induced
EC apoptosis back to basal levels (Figure 3D,
p < 0.001). Western blot analysis of ECs or VSMCs
which had been co-cultured with normal-RI dNK cells
showed increased cleavage of PARP and caspase 3
(Figure 3E).

High-RI dNK cells do not induce vascular cell
apoptosis

The effect of co-culturing high-RI dNK cells (from
individual patients) with VSMCs and ECs was mon-
itored by time-lapse microscopy. The area under
the kinetics curve data indicated that neither VSMC

apoptosis (Figure 4A) nor EC apoptosis (Figure 4B)
increased in co-culture with high-RI dNK cells. West-
ern blot analysis of cleaved PARP after co-culture with
dNK cells confirmed this result (Figures 4C and 4D).
A comparison of the ability of normal-RI dNK and
high-RI dNK cells to induce vascular cell apopto-
sis demonstrated significant differences in apoptosis
induction with high versus normal-RI dNK cells on
VSMCs (Figure 4E, p < 0.001) and ECs (Figure 4F,
p < 0.001). Neither VSMC apoptosis (Figure 4G) nor
EC apoptosis (Figure 4H) increased in co-culture with
the PB-NK cell line NK92.

Normal-RI dNK-induced vascular cell apoptosis is
partly a FasL but not TRAIL- or TNF-dependent
effect

In order to identify dNK-secreted pro-apoptotic fac-
tors, FasL, TNFα, and TRAIL were measured by
ELISA in pooled normal-RI or high-RI culture super-
natants. Cell-associated factors were assessed in lysates
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Figure 3. dNK cells induce vascular cell apoptosis. SGVSM-9 or SGHEC-7 cells were co-cultured with normal-RI dNK cells from individual
patients in a dNK : vascular cell ratio of 1 : 3 and monitored over 50 h by time-lapse microscopy. Kinetics of VSMC apoptosis (A) and
EC apoptosis (B) induced by normal-RI dNK cells. SGVSM-9 or SGHEC-7 cells were co-cultured alone (control) or with normal-RI dNK
cells +/− 50 µm zVAD-fmk over 50 h, and area under the kinetics curve data were generated for VSMC apoptosis (C) and EC apoptosis
(D). Results are mean ± SEM of three separate experiments carried out in duplicate with 40 cells analysed per sequence. ∗p < 0.05;
∗∗p < 0.001; ∗∗∗p < 0.0001. (E) Apoptosis was further confirmed by western blot analysis of cleaved PARP (85 kDa) or cleaved caspase 3
(17/19 kDa) in SGVSM-9 or SGHEC-7 cells cultured with normal-RI dNK cells in a dNK : vascular cell ratio of 1 : 3 for 30 h. GAPDH (37 kDa)
or tubulin (55 kDa) was detected as loading control.

pooled from dNK cultures. Values shown are mean
± range of replicate measurements within ELISAs;
therefore statistical comparisons could not be made.
Cell-associated FasL was at similar levels in normal-RI
dNK (120.1 ± 0.1 pg/mg cell protein, n = 28 patients)
and high-RI dNK cells (123.8 ± 1.3 pg/mg cell protein,
n = 28 patients). In contrast, FasL secreted by high-RI
dNK cells was reduced in comparison with normal-RI
dNK cells (3455 ± 69 and 5766 ± 253 pg secreted/mg
cell protein, respectively; n = 28 patients per group).
TNFα secreted by high-RI dNK cells was also reduced
in comparison with normal-RI dNK cells (6754 ± 133
and 7949 ± 136 pg secreted/mg cell protein, respec-
tively; n = 9 patients per group), as was cell-associated
TNFα (high-RI dNK: 14.18 ± 0.30 pg/mg cell pro-
tein, normal-RI dNK: 26.07 ± 1.51 pg/mg cell protein;

n = 16 patients per group). Cell-associated TRAIL was
at similar levels in the high versus normal-RI dNK
cells (811.8 ± 3.1 pg/mg cell protein compared with
876.5 ± 2.1 pg/mg cell protein, respectively; n = 28
patients per group), whereas TRAIL secretion was
only detectable from normal-RI dNK cells (1155 ±
38 pg/mg cell protein, n = 28 patients per group), with
high-RI dNK cells not producing enough TRAIL to be
detected within the assay limitations.

To investigate whether FasL, TNFα, or TRAIL was
responsible for the normal-RI dNK-induced vascular
cell apoptosis, function-perturbing antibodies or con-
structs were utilized in experiments on cells isolated
from individual patients. Addition of a FasL block-
ing antibody [8] inhibited normal-RI dNK-induced
VSMC apoptosis by 50% (Figure 5A, p < 0.01)
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Figure 4. High-RI dNK and NK92 cells do not induce vascular cell apoptosis. SGVSM-9 or SGHEC-7 cells were co-cultured with high-RI
dNK cells from individual patients or NK92 cells in a NK : vascular cell ratio of 1 : 3 and monitored over 50 h by time-lapse microscopy.
Results are mean ± SEM of experiments carried out with five separate dNK isolates in duplicate with 40 cells analysed per sequence.
VSMC apoptosis (A) or EC apoptosis (B) after 50 h co-culture with high-RI dNK cells. Western blot analysis of cleaved PARP (85 kDa) in
SGVSM-9 (C) or SGHEC-7 cells (D) cultured with normal-RI or high-RI dNK cells in a dNK : vascular cell ratio of 1 : 3 for 30 h. GAPDH
(37 kDa) was detected as loading control. VSMC apoptosis (E) and EC apoptosis (F) compared between normal- and high-RI dNK cells.
∗∗∗p < 0.0001; n = 5 separate experiments for each (normal-RI dNK cells were from additional experiments to those shown in Figure 3).
The median gestational age of the samples used to generate dNK cells for VSMC co-culture (E) was 12.2 weeks (range 10.1–13.3 weeks)
for normal-RI and 10.7 weeks (range 9.3–12.6 weeks) for high-RI (p = 0.3, t-test). The median gestational age of the samples used to
generate dNK cells for EC co-culture (F) was 11.4 weeks (range 9.4–12.7 weeks) for normal-RI and 10.4 weeks (range 9.1–11.7 weeks)
for high-RI (p = 0.6, t-test). VSMC apoptosis (G) or EC apoptosis (H) after 50 h co-culture with NK92 cells; experiments were repeated
3–4 times.

and normal-RI dNK-induced EC apoptosis by 62%

(Figure 5B, p < 0.05). Addition of a TRAIL-R1Fc

construct to inhibit TRAIL signalling [11] (Figures 5C

and 5D) or a TNFα blocking antibody (Figures 5E

and 5F) had no effect on the induction of apoptosis

in either VSMCs or ECs.

Discussion

There has been considerable interest in the role of
immune cells in early pregnancy with studies focusing
on the possible role they can have in recurrent
miscarriage and early pregnancy loss [30]. Investiga-
tion of immune cells in early human pregnancy has
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Figure 5. dNK cells induce endothelial cell and vascular smooth muscle cell apoptosis via a FasL-dependent mechanism. SGVSM-9 (A) or
SGHEC-7 cells (B) were co-cultured alone (control) or with normal-RI dNK cells +/− 10 µg/ml NOK- 2 (FasL blocking antibody) or control
IgG2a in a dNK : vascular cell ratio of 1 : 3 and monitored over 50 h by time-lapse microscopy. Results are mean ± SEM of experiments
carried out with at least three separate dNK cell isolates in duplicate with 40 cells analysed per sequence. The experiment was repeated
with a TRAILR1-Fc construct to block the effects of TRAIL; VSMC (C), EC (D) and a TNFα blocking antibody or control Ig; VSMC (E), EC (F).

been hampered by an inability to determine whether
the pregnancies being studied are developing normally.
Study of term pregnancies has limitations because it is
not possible to relate pathology to first-trimester abnor-
malities. In this study, use of uterine artery Doppler
screening has allowed us to classify first-trimester
pregnancies into those with a normal resistance index
(reflecting more extensive vessel remodelling) com-
pared with those of high resistance index (reflecting
impaired artery remodelling). This provides a power-
ful tool with which to investigate normal pregnancy
and gives the opportunity to make direct comparisons
with pregnancies where remodelling is impaired.

NK cells are present in the decidua in large num-
bers at a time when EVT invasion and spiral artery
remodelling are taking place, with their numbers dimin-
ishing towards the third trimester [31]. Our studies
showed that there were no major differences in the
number of CD56+ cells in first-trimester decidua from

pregnancies with high-RI or normal-RI, suggesting that
the number of dNK cells present is similar. Reduced
numbers of dNK cells have been demonstrated in
decidua from pre-eclamptic and fetal growth-restricted
pregnancies compared with normal pregnancies [31];
however, these studies were carried out at term when
the number of dNK cells has decreased. Our studies
suggest that if dNK cells are contributing to first-
trimester pathophysiology, they may be doing so at
a functional level rather than as a result of largely
differing numbers of cells present, although subtle dif-
ferences in their co-localization with other cell types,
which may relate to their function, remain to be
determined.

dNK cells are the most abundant maternal immune
cells in the first-trimester decidua and are local-
ized in close proximity to trophoblasts [32], mak-
ing them prime candidates for influencing their func-
tion. Previous studies have suggested both pro-invasive
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[4,33,34] and anti-invasive [35] effects of dNK cells.
We assessed the effect of dNK-derived factors on tro-
phoblast migration and demonstrated that cell migra-
tion was promoted, an effect consistent with the dNK
secretome profile of many factors known to have
stimulatory effects on trophoblasts such as uPA [36],
CXCL16 [37], HB-EGF [38], HGF [27], IL-1β, and
IL-8 [34]. Other secreted factors could down-regulate
the invasive process, such as TIMPs and TGFβ, and
so the overall balance between pro- and anti-invasive
factors will determine the effect on invading cells. In
the present study, we extended this further by sepa-
rating isolated cells into those from pregnancies with
high- and normal-RI. Culture supernatants from dNK
cells isolated from normal-RI pregnancies were able
to promote migration, whereas trophoblast motility in
the presence of medium conditioned by high-RI dNK
cells was no higher than that with control medium. Fur-
thermore, high-RI dNK cells secreted lower amounts
of the invasion-promoting factors listed above than
the normal-RI dNK cells. We have previously demon-
strated that there is less plugging of first-trimester spi-
ral arteries by endovascular EVTs in pregnancies with
high-RI, which supports there being less trophoblast
invasion in the high-RI group [22]. We suggest that this
may be partly attributable to the lack of a pro-invasive
environment in the decidua to which dNK cells con-
tribute. HGF has been implicated in the regulation of
trophoblast migration [27]. We demonstrated that HGF
is partially responsible for the pro-migratory effect
induced by normal-RI dNK cells but is not involved
in migration induced by high-RI dNK cells. Disruption
of the gene for mouse HGF leads to embryonic lethality
because of a defect in placental development [39], and
HGF levels are lower in term placental tissue from pre-
eclamptic pregnancies compared with normal pregnan-
cies [40]. The role of dNK-derived HGF warrants fur-
ther investigation since our studies add to the evidence
that HGF is important at the fetal–maternal interface.

The changes that occur during spiral artery remod-
elling involve alterations in extracellular matrix pro-
teins, loss of contractile VSMCs, and the tempo-
rary loss of the endothelial layer. It has been sug-
gested that these events occur in stages, with contri-
butions from both maternal immune cells and fetal
trophoblast cells [1]. The mechanisms of these changes
are beginning to be elucidated [8–12], and partly
involve the induction of vascular apoptosis, a cel-
lular process that does not elicit an inflammatory
response and allows the rapid removal of apoptotic
cells by phagocytes, consistent with vessel remod-
elling as part of a physiological rather than patho-
logical process. Apoptotic markers appeared prior to
the presence of trophoblast in vessels in a placen-
tal–decidual co-culture model [14], suggesting that
immune cells, which accumulate near vessels, may
be involved. In this study, we investigated whether
dNK cells have roles in regulating this process.
dNK cells (from normal-RI pregnancies) co-cultured

with vascular cells induced caspase-dependent apop-
totic changes. A PB-NK cell line did not have this
effect. This is the first demonstration of a direct func-
tional interaction between dNK cells and vascular
cells in regulating events of importance in vascular
remodelling.

We have previously demonstrated that the signalling
events in trophoblast-induced vascular cell apoptosis
involve members of the TNF death receptor family
[8,9,11]. Spiral artery vascular cells express Fas and
TRAIL-R [8,11], which, on binding to their ligands,
FasL and TRAIL, respectively, lead to apoptosis. dNK
cells expressed and secreted FasL, TNFα, and TRAIL.
We further demonstrated that Fas–FasL interactions,
but not TNFα or TRAIL-mediated events, were partly
responsible for dNK-induced apoptosis. Our previous
studies showed that Fas–FasL was also important in
trophoblast induction of apoptosis [8,9], highlighting
the importance of this signalling pathway in more
than one interaction at the maternal–fetal interface. In
addition, other cytokines and pro- and anti-angiogenic
factors which are known to be produced by dNK cells
have recognized roles in regulating vessel integrity
[41]. In a normal healthy artery, VSMCs are mostly
of a functional, contractile phenotype, whereas when
they dedifferentiate, a more synthetic, proliferative
phenotype is adopted. Dedifferentiation may result
in VSMCs which are more prone to migration or
apoptosis induction. Recent studies suggest that NK
cells can influence the alignment and organization of
VSMCs, which may represent an additional effect on
their differentiation status [42].

The present study, in addition to what is known about
trophoblast-dependent effects, suggests that regulation
of uterine vessel remodelling involves a complex inter-
play between maternal and fetal cell types. We suggest
that preliminary stages are initiated by dNK-cell induc-
tion of vascular cell changes, including apoptosis, and
that this is later completed by trophoblasts. There is
likely to be overlap and redundancy in the system as
the end result of remodelling is so fundamental for a
successful pregnancy. It is also interesting to note that
some of the same signalling pathways have now been
implicated in regulating remodelling induced by both
maternal and fetal cells. NK cells are not as abundant
in the inner myometrium as they are in the decidua [1];
therefore the relative contribution of maternal and fetal
cells will be likely to change depending where along
the vessel length remodelling is occurring.

Pre-eclamptic women have spiral arteries which
retain more non-pregnant histological features than
those with uncomplicated pregnancies [43,44]. Having
demonstrated that dNK cells from normal-RI pregnan-
cies have a functional interaction with vascular cells,
we extended our investigations to dNK cells from preg-
nancies with high-RI. We showed that these cells failed
to induce vascular apoptosis. Analysis of pro-apoptotic
factors revealed that FasL, TRAIL, and TNFα were at
lower levels from high-RI than from normal-RI dNK
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cells, although this remains to be profiled from indi-
vidual patients. We hypothesize that lower levels of
pro-apoptotic factors, in particular FasL, as we asso-
ciated this with dNK-induced vascular cell apoptosis,
may partially explain the decreased effect of dNK cells
from high-RI pregnancies.

Cross-talk between dNK cells and both trophoblast
and vascular cells is important in regulating devel-
opment at the maternal–fetal interface. We have
demonstrated that maternal immune cells can regu-
late vascular cell apoptosis, a part of the remodelling
process previously shown to involve fetal trophoblasts,
and importantly have demonstrated that dNK cells iso-
lated from pregnancies with high uterine artery resis-
tance indices are unable to activate some of these
processes. A high resistance uterine artery blood flow
is likely to reflect poor placentation and impaired artery
remodelling in all of the high-RI group; however, there
are clearly maternal and/or fetal adaptations that com-
pensate for this which, in many cases, prevent the
development of pregnancy complications such as pre-
eclampsia. This highlights the importance of integrat-
ing investigations of both the maternal and the fetal
components in early pregnancy such that appropri-
ate interventions can be developed to optimize preg-
nancy success. Our introduction of tools to associate a
proxy measure of remodelling with the study of first-
trimester cells now means that these investigations will
be possible.
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