Chapter 5
The Role of Uterine NK Cells in Normal

Reproduction and Reproductive Disorders

Judith N. Bulmer and Gendie E. Lash

Abstract The human endometrium contains a substantial population of leucocytes
which vary in distribution during the menstrual cycle and pregnancy. An unusual
population of natural killer (NK) cells, termed uterine NK (uNK) cells, are the most
abundant of these cells in early pregnancy. The increase in number of uNK cells in
the mid-secretory phase of the cycle with further increases in early pregnancy has
focused attention on the role of uNK cells in early pregnancy. Despite many studies,
the in vivo role of these cells is uncertain. This chapter reviews current information
regarding the role of uNK cells in healthy human pregnancy and evidence indicating
their importance in various reproductive and pregnancy problems. Studies in
humans are limited by the availability of suitable tissues and the limitations of
extrapolation from animal models.
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5.1 Introduction

The human uterus fulfils a unique role, allowing implantation of the semi-allogeneic
fetoplacental unit and, in normal human pregnancy, survival in safety for 40 weeks
of gestation. Outside of pregnancy, the endometrium lining the uterine cavity is
exposed to spermatozoa and seminal fluid on a regular basis and has to be able to
resist infection potentially ascending through the cervix. The endometrium under-
goes profound morphological changes during each menstrual cycle under the con-
trol of ovarian steroid hormones. After epithelial and stromal proliferation in the
oestrogen-dependent follicular phase, after ovulation, influenced by progesterone,
the glands become secretory and the stroma shows predecidual change, initially
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around spiral arterioles. In addition to epithelial and stromal cells, the endometrium
contains a substantial leucocyte population (Bulmer et al. 1991), mainly within the
stroma but with a small population of intraepithelial leucocytes (Pace et al. 1991).
The endometrial stromal leucocyte population varies dramatically during the normal
menstrual cycle and in pregnancy, and alterations in endometrial leucocyte popula-
tions have been described in various pathological situations, including recurrent
miscarriage, recurrent implantation failure and pre-eclampsia (reviewed in Bulmer
and Lash 2005; Lash and Bulmer 2011). In the 20-30 years since monoclonal anti-
bodies allowed phenotypic identification of leucocyte populations within the endo-
metrium, these cells have been the subject of numerous investigations, but despite
considerable progress, the in vivo role of these cells is not yet fully understood.

5.2 Endometrial Leucocyte Populations

Leucocytes are present in both stratum basalis and the hormonally responsive stra-
tum functionalis, and the populations differ between these two sites. Leucocyte
populations in the stratum basalis have been less well characterised than those in the
stratum functionalis.

Lymphoid aggregates are a common feature in the stratum basalis, sometimes
with germinal centres. These follicles include T cells, predominantly CD8+, macro-
phages and B cells (Morris et al. 1985; Marshall and Jones 1988; Bulmer et al.
1988a); the aggregates have been reported to increase in size in the secretory com-
pared with proliferative phase and to be absent in postmenopausal endometrium,
suggesting possible hormonal regulation (Yeaman et al. 1997; Wira et al. 2008). The
presence of CD56+ uterine natural killer (uNK) cells in the stratum basalis has not
been documented in detail.

The proportion of endometrial stroma accounted for by leucocytes in the stra-
tum functionalis varies during the menstrual cycle. Whereas leucocytes account for
fewer than 10 % of stromal cells in the proliferative and early secretory phases, their
numbers increase dramatically from the mid-secretory phase, increasing further in
the late secretory phase and early pregnancy (Bulmer et al. 1991). Three main cell
types account for the majority of endometrial stromal leucocytes in the secretory
phase and early pregnancy: macrophages, T lymphocytes, including regulatory
T cells, and uNK cells. Unlike other mucosal sites, including vagina, cervix and
fallopian tube, B lymphocytes are uncommon in the endometrial stratum functio-
nalis and plasma cells are not a normal feature of endometrium; their presence in
non-pathological endometrium is generally considered to indicate chronic endo-
metritis (Disep et al. 2004). Other leucocytes such as dendritic cells (Schulke
et al. 2008), NK T cells (Shimada et al. 2003), eosinophils and mast cells are also
present in endometrial stroma, in smaller numbers (Evans and Salamonsen 2012).
Endometrial leucocyte populations also alter with the onset of menstruation, with
neutrophil polymorphs becoming prominent components (Evans and Salamonsen
2012; Berbic and Fraser 2013). The mechanisms underlying the regulation of
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the various endometrial leucocyte populations during the menstrual cycle are not
fully understood and are likely to involve complex interactions between steroid
hormones, chemokine and cytokine products of endometrial stromal and epithelial
cells, as well as placental trophoblast cells during pregnancy.

The relative proportion of endometrial leucocytes varies during the menstrual
cycle. Whereas endometrial T lymphocytes remain relatively constant during the
menstrual cycle, both macrophages and, to a greater extent, uNK cells increase in
number in secretory endometrium and in early pregnancy (Bulmer et al. 1991). The
prominence of uNK cells around the time of expected implantation in a fertile cycle
and during early placentation has focused attention on these cells, with fewer studies
of other leucocytes in human endometrium. Although uNK cells are the main focus of
this chapter, it is useful to consider briefly other endometrial leucocyte populations.

5.2.1 T Lymphocytes

Although the numbers of CD3+ T cells remain relatively constant during the men-
strual cycle, their proportion alters as other cells vary in number. T cells constitute
40-60 % of endometrial leucocytes in non-pregnant endometrium (Bulmer et al.
1991; Klentzeris et al. 1994) reducing to 10-20 % in early pregnancy as other cell
populations become more abundant (Bulmer et al. 1991). Endometrial T lympho-
cyte subsets differ compared with those in peripheral blood; CD8+ cytotoxic T lym-
phocytes are the most abundant T cell in endometrium, with 30-45 % of CD4+
helper T cells. In vitro studies of CD8+ T cells purified from both non-pregnant
endometrium and early pregnancy decidua have demonstrated that endometrial
T cells are capable of cytotoxic activity (Yeaman et al. 1997; Scaife et al. 2006),
although CD8+ T cells in normal pregnancy must maintain a complex balance
between control of infection and tolerance towards the fetoplacental unit (Tilburgs
et al. 2010; Tilburgs and Strominger 2013).

Besides CD8+ T cells, less abundant endometrial T lymphocyte populations
include TCRYd T cells, CD4-CD8-TCRafp+ T cells and Va24+Vp11+ NK T cells
(Shimada et al. 2003), although the function of these cell types is largely unknown.
Th17+ cells are reduced in decidua compared with peripheral blood (Mjosberg et al.
2010), although Th17 cell responses in decidua are abrogated by uNK cells (Fu
et al. 2013). CD4+ CD25 FOXP3+ regulatory T cells are the most studied T cell
subset in pregnancy (Tilburgs et al. 2008, 2010). Although they represent a minor
T cell population in human decidua, regulatory T cells may act as immune
suppressors, contributing to immune homeostasis during pregnancy. They express
immunosuppressive cytokines such as IL-10 and TGF-f, suppressing cytotoxic
T cells (Aluvihare et al. 2004; Zenclussen et al. 2006). T regulatory cells may also
play a role in vascular homeostasis at the maternal-fetal interface via production of
IL-10 and TGF-p (Nevers et al. 2011).

T lymphocytes are a consistent and important component of the endometrial leu-
cocyte population. Various subsets have been identified and even minor populations
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may play an important role in implantation and pregnancy, although additional
studies are required to determine the role of specific T cells in both normal and
pathological human pregnancy.

5.2.2 Macrophages

Macrophages are an important component of both non-pregnant and pregnant endo-
metrium, although their in vivo role remains unclear. They express CD14, CD68
and class II MHC antigens as well as CD11c, CD86 and adhesion and activation
markers depending on their activation state (Nagamatsu and Schust 2010; Houser
2012; Thiruchelvam et al. 2013). Macrophages have diverse functions, including
remodelling of extracellular matrix, protease production, tissue regeneration and
antigen presentation (Houser et al. 2011). Macrophages account for 20-25 % of the
CD45+ leucocytes in non-pregnant endometrium and early pregnancy decidua,
although the proportion of leucocytes accounted for by macrophages varies as uNK
cell numbers increase during the menstrual cycle and pregnancy. Macrophages have
been reported to increase in number in the late secretory and menstrual phases and
in early pregnancy (Bulmer et al. 1991; Salamonsen et al. 2002; Thiruchelvam et al.
2013). Proteases and cytokines derived from macrophages may contribute to men-
struation and clearance of menstrual debris, and macrophages may also play a role
in remodelling of the stratum functionalis after menstruation (Maybin et al. 2012;
Thiruchelvam et al. 2013).

In decidua, macrophages are detected in both decidua basalis and decidua pari-
etalis, and in the former these cells are often closely associated with extravillous
trophoblast (Bulmer et al. 1988b). Macrophages have been divided into two distinct
subtypes, termed pro-inflammatory M1 and anti-inflammatory M2, but decidual
macrophages do not conform to these subtypes; recent phenotypic studies reported
two distinct populations of decidual macrophages based on CD11c expression as
CDll1che" or CDI1c* (Houser et al. 2011). CDI1l1che" macrophages exhibited
increased antigen-presenting function with increased expression of CDla, CDIc
and CD1d compared with CD11c"" cells. In addition, microarray studies suggest
that decidual macrophages group closer to a M2 phenotype, but are a unique popu-
lation of cells (Gustafsson et al. 2008). It has also been suggested that macrophages
in decidua basalis show increased activation compared with decidua parietalis, evi-
denced by increased expression of HLA-DR (Repnik et al. 2008).

Despite the frequency of macrophages in endometrium and decidua, there have
been relatively few studies of these cells, partly because of the difficulty in obtain-
ing viable purified populations. Production of anti-inflammatory substances such as
IL-10, IDO (Heikkinen et al. 2003) and prostaglandin E, (Parhar et al. 1989) raises
the possibility of an immunosuppressive function in pregnancy (Nagamatsu and
Schust 2010). Our recent studies of macrophages enriched from human early preg-
nancy decidua have demonstrated production of both IL-6 and IL-8 by macrophages
in first trimester decidua, with reduced production of both chemokines in associa-
tion with first trimester miscarriage (Pitman et al. 2013).
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5.2.3 Dendritic Cells

Mature dendritic cells (DCs) are numerically a small component of the human
endometrial leucocyte population, but immature DCs are seen in greater numbers in
early pregnancy, although studies are at a relatively early stage. In the cycling
human endometrium, mature dendritic cells (DCs) are at their peak at the late secre-
tory phase, in contrast with early pregnancy decidua, where the majority of the DCs
express CD209 (DC-SIGN), a marker of immature or inactive DC (Gardner and
Moffett 2003; Kammerer et al. 2003; Rieger et al. 2004). Although it has been sug-
gested that DCs may play a role in remodelling the cycling endometrium following
menstruation, current attention is focused on their potential role in the modulation
of immune responses within the pregnant uterus (Dietl et al. 2006; Blois et al. 2011;
Leno-Durén et al. 2014) with increasing interest into their potential interactions
with uNK cells.

5.2.4 Uterine NK Cells

As the most abundant leucocyte population in endometrium at the time of implanta-
tion and early placentation, uNK cells have been the most investigated of the endo-
metrial leucocyte populations, although their in vivo function is still not fully
established. Although they were originally recognised by the presence of cytoplas-
mic granules (Hamperl and Hellweg 1958), uNK cells are now recognised by their
unusual phenotype which is distinct from most peripheral blood NK cells (Bulmer
et al. 1991; Trundley and Moffett 2004; Bulmer and Lash 2005). In contrast with
most peripheral blood NK cells which are CD56%™ CD16+, uNK cells express
CD56 brightly but are CD16-. Around 5 % of peripheral blood NK cells are
CD56ie" CD16-, but, in contrast with the uNK cells which show prominent cyto-
plasmic granules, CD56" CD16- NK cells in peripheral blood are mainly non-
granulated (Cooper et al. 2001). There are other notable differences in the phenotype
of uNK cells compared with peripheral blood NK cells, with expression of the tet-
raspanin family of proteins CD9 and CD151 by uterine but not by peripheral blood
NK cells. uNK cells also show expression of NK surface receptors, with differing
KIR repertoires noted between uNK cells and peripheral blood NK cells from the
same individual (Verma et al. 1997).

5.2.4.1 Distribution of uNK Cells

Although relatively sparse in the proliferative and early secretory phases of the men-
strual cycle, uNK cells increase in number dramatically in the mid-secretory phase of
the cycle, increasing further as the cycle progresses and in early pregnancy (Bulmer
et al. 1991). They reduce in number after the first half of pregnancy, but a substan-
tial number of CD56+ cells remain in the decidua at term (Williams et al. 2009a).
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Early reports of a virtual absence of uNK cells at term may be explained by a reduc-
tion in the proportion of cells with perforin- and granzyme-containing cytoplasmic
granules and therefore detectable using histochemical stains such as phloxine tartra-
zine to detect cytoplasmic granules (Bulmer et al. 2010). Electron microscope stud-
ies have suggested that the cells undergo some degranulation during pregnancy
(Spornitz 1992), and this may reflect functional changes as pregnancy progresses.

uNK cells are often seen closely associated with extravillous trophoblast in the
decidua basalis. Several studies have compared the distribution of uNK cells in
decidua basalis and decidua parietalis with conflicting results. Williams et al.
(20092) noted no differences between uNK cell numbers in decidua basalis and
decidua parietalis at various gestational ages, whereas others have suggested that
uNK' cell numbers are increased in decidua basalis associated with invasive
EVT. Most recently, Helige et al. (2014) examined density of uNK cells in relation
to EVT and noted an increased uNK cell density within 20 um of trophoblast cells
in decidua with density reducing in areas more distant from extravillous
trophoblast.

uNK cells are also found adjacent to endometrial glands, as well as in aggregates
adjacent to spiral arterioles and arteries (Bulmer et al. 1991). Although it was sug-
gested that the perivascular distribution in the secretory phase may reflect influx of
ulNK cells from blood, the distribution of the uNK cells at this site may reflect their
close association with predecidual change in the perivascular stromal cells. Both
uNK cells and macrophages are closely associated with spiral arteries as pregnancy
progresses, and this is likely to reflect their role in the transformation of uterine
spiral arteries which is an essential feature of normal pregnancy.

The mechanisms that control the altered numbers of uNK cells during the men-
strual cycle and in pregnancy are not known. uNK cells are often associated with
stromal cell decidualisation; in secretory phase endometrium, they accumulate in
areas of stromal predecidual change. They are also associated with stromal decidu-
alisation at ectopic sites such as ovarian serosal or cervical decidualisation in nor-
mal pregnancy or fallopian tube mucosa in ectopic tubal pregnancy. uNK cells are
also particularly common in endometrium showing pseudodecidualisation due to
high-dose progesterone treatment. This association has suggested regulation by pro-
gesterone, but uNK cells do not express progesterone receptor or oestrogen receptor
(ER)a (Stewart et al. 1998; Henderson et al. 2003). Regulation of uNK cells by
progesterone could occur indirectly via products of decidualised endometrial stro-
mal cells; endometrial stromal cells produce interleukin (IL)-15 in the late secretory
phase of the cycle and early pregnancy, and immunostaining for IL-15 has been
shown to correlate with numbers of CD56+ cells in endometrium from women with
recurrent miscarriage and implantation failure (Mariee et al. 2012). uNK cells do,
however, express ERp and glucocorticoid receptor (Henderson et al. 2003). Recent
studies suggest that stromal decidualisation may be associated with secretion of
oestrogen (Gibson et al. 2013), raising the possibility that oestrogen may play a role
in stimulating uNK cell proliferation and/or differentiation in the secretory phase of
the menstrual cycle.



5 The Role of Uterine NK Cells in Normal Reproduction... 101

5.2.4.2 Increased uNK Cells: Recruitment, Differentiation
and/or Proliferation?

There is no consensus regarding the origin of uNK cells; there is evidence to support
both recruitment and local differentiation (Koopman et al. 2003; Bulmer and Lash
2005; Bulmer et al. 2010; Zhang et al. 2012). In mice, uNK progenitor cells have been
identified in primary and secondary lymphoid tissues, and CD127 is expressed at days
10.5 and 12.5 but not at day 6.5 suggesting local differentiation and regulation (Zhang
etal. 2012). However, limited extrapolation is possible from mouse studies since uNK
cells are only detected after blastocyst implantation in mouse and not in non-pregnant
endometrium; and human and mouse placentation show important differences.

Early studies suggested recruitment of uNK cells into endometrium in response
to chemokine and cytokine secretion. For example, production of CXCL-12 by
extravillous trophoblast cells was suggested to attract uNK cells into decidua in
pregnancy (Wu et al. 2005), and IL-15 which is produced by secretory endometrium
and decidua has been shown to have a selective chemoattractant effect on peripheral
blood CD16- NK cells (Kitaya et al. 2007). Increasing evidence, however, indicates
that uNK cells differentiate in situ in endometrium from haematopoietic precursor
cells (HPC) or immature NK cells recruited from peripheral blood into an environ-
ment rich in growth factors, cytokines and hormones. CD34+ CD45+ HPC have
been reported in non-pregnant endometrium (Lynch et al. 2007) and early pregnancy
decidua (Keskin et al. 2007; Vacca et al. 2011; Szereday et al. 2012), with a fre-
quency of 0.1-4 %. CD34+ CD45+ HPC purified from decidua and cultured in
decidual stromal cell-conditioned medium or combinations of c-kit ligand (KL),
IL-15, FIt3L and IL-7 produced CD56¢" CD16- CD9+ uNK-like cells (Keskin
et al. 2007; Vacca et al. 2011). Transplantation of human proliferative endometrium
into nonobese diabetic/severe combined immunodeficiency/yCnull immunodefi-
cient mice provides additional evidence for local differentiation; increased CD56+
uNK cells were detected after hormone treatment mimicking the menstrual cycle
(Matsuura-Sawada et al. 2005). In contrast, Male et al. (2010) detected stage 3 NK
cell precursors (CD34- CD117+ CD94-) in uterine mucosa that were able to develop
into stage 4 mature (CD34- CD117+/— CD94+) NK cells in vitro but did not detect
CD34+ HPC in non-pregnant endometrial pipelle samples; other studies used curet-
tage (Lynch et al. 2007) or hysterectomy samples (Matsuura-Sawada et al. 2005)
which, in contrast with pipelle samples, would consistently include the stratum basa-
lis which is preserved after menstruation and would be a likely source of CD34+ HPC.

Although mesenchymal stem cells have been reported in endometrium (Gargett
and Masuda 2010), whether there are haematopoietic stem cells (HSCs) in non-
pregnant endometrium is uncertain. It could be proposed that stem cells residing in
the stratum basalis, which is retained after menstruation, could differentiate into uNK
cells as the cycle progresses. We have demonstrated rare CD45+ CD34+ double-
labelled cells in non-pregnant endometrium with most cells within the stratum basa-
lis. It is interesting to note that if uNK cells do develop locally within endometrium
during each menstrual cycle, abnormalities which have been detected in, for exam-
ple, recurrent miscarriage (see below) would point to abnormal regulation within the
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endometrium as the cells develop and proliferate locally or an inherent defect in the
stem cell population leading to abnormal development within each individual cycle.

Locally secreted chemokines/cytokines could attract distinct mature or immature
NK cell subsets to endometrium and mediate further local differentiation. Male
et al. (2010) proposed migration of stage 3 immature NK cells into endometrium
and differentiation in situ within the endometrium into uNK cells. In contrast,
Keskin et al. (2007) reported conversion of purified peripheral blood CD16+ CD9-
NK cells into CD16- CD9+ uNK-like cells after culture with decidual stromal cell-
conditioned medium or TGF-B1, suggesting conversion of peripheral blood NK
cells to uNK cells locally within endometrium. Further evidence that uNK cells are
an immature population comes from a report that 60 % of decidual uNK cells are
CD11b- CD27- (Fu et al. 2011). There is also clear evidence that uNK cells are able
to proliferate within endometrium. Stromal mitotic figures which are often seen in
late secretory phase endometrium are due to proliferation in uNK cells (Pace et al.
1989), and several studies have demonstrated expression of the Ki67 proliferation
marker by uNK cells (Pace et al. 1989; Kdmmerer et al. 1999). In a study of CD56+
cells purified from non-pregnant endometrium by immunomagnetic selection, uNK
cell expression of Ki67 was highest (>40 %) in the mid- and late secretory phase,
reducing to ~12 % in early pregnancy decidua (Jones et al. 1998). Using a range of
different techniques, Kdmmerer et al. (1999) demonstrated proliferation in CD56+
cells in decidua from 5 to 11 weeks gestational age, with 7-23.5 % CD56+ cells
co-expressing Ki67. CD56+ cells in pseudodecidualised endometrium after proges-
terone treatment also express Ki67.

Whether there is local development from HSCs within endometrium or local
modification of peripheral blood NK cells recruited into endometrium, it is clear that
there is local development of uNK cells within endometrium. In addition, the pheno-
type of uNK cells in early pregnancy varies with gestational age, suggesting ongoing
differentiation: reduced expression of KIR specific for HLA-C (KIR2DL1/S1 and
KIRDDL3/L2/S2) with increasing gestational age from 6 to 12 weeks (Sharkey et al.
2008; Marlin et al. 2012) has been reported, as well as the reduction of the
CD85j+NKG2D- subset and increase of the CD85j- NKG2D+ with increasing ges-
tation from 8 to 12 weeks (Marlin et al. 2012). In addition, in double immunohisto-
chemical labelling studies, we noted increased expression of CD122 by CD56+ cells
in LH+13 endometrium compared with LH+7 endometrium (Otun et al. 2009). It is
possible that the origin of uNK cells differs between non-pregnant endometrium and
also different stages of pregnancy, with varying populations being recruited as their
required function changes with implantation and early placentation.

5.2.4.3 Regulation of uNK Cells by Growth Factors in Endometrium

Endometrial stromal cells undergo differentiation into decidual cells in the luteal
phase, and human uNK cells localise to areas of stromal decidualisation. This asso-
ciation suggests a role for decidualised endometrial stromal cell products in uNK
cell accumulation. A range of growth factors are produced within endometrium
which could play a role in the development of uNK cells.
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In peripheral blood, IL-15 and/or IL-2 promote differentiation and expansion of
CD34+ HPCs to CD56+ NK cells (Mrdzek et al. 1996). Although IL-2 is not present
in normal endometrium, IL-15 has been detected in stromal cells in luteal phase
endometrium and early pregnancy decidua; secretion is stimulated by progesterone,
although the regulation of this appears complex (Okada et al. 2000), involving
IL-1-p (Okada et al. 2004) and IFNy (Dunn et al. 2002). Studies of luteal phase
endometrium in women with recurrent reproductive failure have shown a correla-
tion between uNK cell number and stromal cell IL-15 levels (Mariee et al. 2012).
Although no data are available for human uNK cells, IL-11 is required for mouse
ulNK cell maturation (Ain et al. 2004). As well as epithelial expression, IL-11 is
highly expressed in decidualised endometrial stromal cells in luteal phase endome-
trium (Dimitriadis et al. 2005). CD117 (c-kit) is expressed by the earliest IL-15-
responsive HPC throughout human NK cell differentiation (Freud et al. 2006). c-kit
ligand (KL, stem cell factor, SCF) triggers haematopoiesis on binding to CD117
(Broudy 1997) and enhances the proliferative action of both IL-2 and IL-15 on
human CD56"ie NK cells (Benson et al. 2009). Endometrial expression of KL/SCF
increases in early pregnancy decidua (Kauma et al. 1996; Umekage et al. 1998).
Reports on other NK cell differentiation factors in endometrium are limited: IL-7
and FIt3L have recently been reported in uterine fluid (Hannan et al. 2011); and
IL-18 has been proposed as a marker of endometrial function and is related to uNK
cell numbers and activation of NKp46 (Petitbarat et al. 2011). Transforming growth
factor beta 1 (TGF-B1) inhibits peripheral blood NK cell cytotoxic activity, cytokine
production and cell proliferation (Bellone et al. 1995) and suppresses expression of
NK cell surface receptors, including NKp30 and NKG2D when cultured with
human peripheral blood NK cells (Castriconi et al. 2003). TGF-p1 is present in
human endometrium during the menstrual cycle and in early pregnancy (Jones et al.
2006; Omwandho et al. 2010; Lash et al. 2012).

5.2.4.4 Relationship of uNK Cells in Non-pregnant Endometrium
and Decidua in Pregnancy

The relationship between uNK cells in non-pregnant endometrium and decidualised
endometrium in pregnancy is uncertain, at least in part because the origin of uNK
cells remains controversial. Although they were initially reported as absent in pro-
liferative endometrium based on histochemical stains to detect cytoplasmic gran-
ules, CD56+ cells are detectable, albeit in relatively low numbers (Bulmer et al.
1991). The increase in numbers is seen from day 22 onwards (Russell et al. 2011,
2013), and at least some of the increase can be accounted for by local proliferation.
The phenotype of uNK cells in non-pregnant endometrium has not been investigated
to the same extent as those from early pregnancy decidua, where distinct gestational
age differences in phenotype and function have been reported. In a study of CD56+
cells separated from non-pregnant endometrium (>98 % CD56+) at various men-
strual cycle changes, expression of various cell surface markers was investigated.
There was low to no expression of CD3, CD8, CD16, HML-1, L-selectin and CD25
(IL-2 receptor-a) on CD56+ cells isolated from non-pregnant and pregnant
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endometrium. Expression of CD2, CD49a and CD122 increased from the prolifera-
tive to the late secretory phase of the menstrual cycle, whereas CD11a, CD69 and
CD49d expression was high and did not vary with menstrual cycle phase, although
CD49d levels were significantly reduced in early pregnancy. There were also dif-
ferential proliferative responses: in contrast with those from early pregnancy
decidua, CD56+ cells from non-pregnant endometrium did not proliferate in
response to phytohaemagglutinin (Searle et al. 1999).

Manaster et al. (2008) suggested that CD56+ cells in non-pregnant endometrium
are immature, non-functional cells awaiting activation in pregnancy. This contrasts
with other studies that have shown both proliferative and cytotoxic activity of uNK
cells from non-pregnant endometrium (Jones et al. 1997; Searle et al. 1999). More
recently, microarray studies (Kopcow et al. 2010) compared CD56+ cells from non-
pregnant and early pregnancy endometrium: 450 genes were differentially expressed
with >twofold difference, with ~70 % over-expressed in the non-pregnant uNK cell
subset, suggesting that uNK cells in non-pregnant endometrium are far from inac-
tive and likely to play an important role in implantation and early placentation.

Studies of uNK cells in non-pregnant endometrium are limited by availability of
tissues. As nonsurgical and more conservative treatments for problems associated
with heavy menstrual bleeding increase in popularity, it is increasingly difficult to
obtain endometrial samples for functional studies of uNK cells in non-pregnant
endometrium. This difficulty makes studies of the functional relevance of the
increased luteal phase uNK cells that have been reported in some women with recur-
rent implantation failure (RIF) and recurrent miscarriage (RM) harder to achieve.

5.2.4.5 Function of uNK Cells

The in vivo roles of uNK cells are still not clear, but in vitro studies are providing
clues to their function. Because of the difficulty in obtaining sufficient non-pregnant
endometrium for cell purification, the vast majority of studies have been performed
using uNK cells from early pregnancy decidua, with relatively few studies per-
formed on uNK cells from non-pregnant endometrium.

Cytotoxicity

The recognition of uNK cells as a type of natural killer cell led to early studies of
their cytotoxic activity and focus on this function as a means to control trophoblast
invasion in early pregnancy. Although uNK cells isolated from early pregnancy
decidua exhibit cytotoxic activity against the classical NK cell target K562, this
cytotoxic activity is lower than that of peripheral blood NK cells (Ritson and Bulmer
1989; Kopcow et al. 2005). Early reports suggested that uNK cells were able to lyse
choriocarcinoma and normal trophoblast cells after IL-2 activation (King and Loke
1990), but the current consensus is uNK cells do not lyse normal trophoblast, due to
expression of HLA-G, HLA-E and HLA-C by extravillous trophoblast and
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expression by uNK cells of inhibitory receptors (Chumbly et al. 1994; Rouas-Freiss
et al. 1997; Chen et al. 2010; Chazara et al. 2011). Vascular endothelial growth fac-
tor (VEGF)-C also upregulates expression of TAP-1 by extravillous trophoblast;
TAP-1 plays a role in peptide loading for MHC class I assembly and antigen presen-
tation in EVT cells, thereby also potentially protecting them from uNK cell cyto-
toxic activity (Kalkunte et al. 2009). The cytoplasmic granules which are a
characteristic feature of uNK cells express perforin and granzyme (King et al. 1993)
suggesting that they are capable of effector function, although the proportion
expressing these molecules reduces with increasing gestational age (Bulmer et al.
2010). However, although they possess the machinery for effector function, uNK
cells have been shown to form immature synapses with K562 cells, failing to pola-
rise their microtubule-organising centres and perforin-containing granules to the
synapse (Kopcow et al. 2005). Thus, although NK cells were originally defined by
their cytolytic activity, it appears that cytolytic activity is unlikely to be a primary
function of uNK cells in either normal or pathological human pregnancy.

Cytokine, Growth Factor and Protease Secretion

uNK cells purified from early pregnancy decidua are a rich source of a range of
cytokines and growth factors, including tumour necrosis factor (TNF)-a, IL-10,
granulocyte-macrophage colony-stimulating factor (GM-CSF), IL-1-f, TGF-f1,
macrophage colony-stimulating factor (M-CSF), leukaemia inhibitor factor (LIF)
and interferon (IFN)y (Saito et al. 1993; Jokhi et al. 1994; Lash et al. 2010a).
Interestingly, there are gestational age differences in cytokine secretion by uNK
cells: secretion of IL-1-B, GM-CSF (Lash et al. 2010a), IL-6 (Champion et al.
2012), IL-8 (De Oliveira et al. 2010) and IFNy (Lash et al. 2006a) has been shown
to increase from 8—10 to 12—14 weeks gestational age.

uNK cells are also an important source of angiogenic growth factors within early
pregnancy decidua. Production of angiopoietin (Ang) 1, Ang2, VEGF-C, placental
growth factor (PIGF) and TGF-f1 by uNK cells from early pregnancy decidua has
been reported (Lash et al. 2006b), and uNK cells in secretory phase endometrium
also produce VEGF-C, Angl, Ang2 and PIGF (Li et al. 2001). In contrast with cyto-
kine production, uNK cell secretion of Ang2 and VEGF-C appears to reduce from
8-10 to 12—14 weeks gestational age (Lash et al. 2006b). The results of secretion
studies suggest that uNK cells at 8—10 weeks gestational age are major local intra-
uterine producers of angiogenic growth factors, whereas at 12—14 weeks gestational
age, they have switched their secretory profiles to become major cytokine produc-
ers. As the phenotype of uNK cells alters during the first trimester of pregnancy, the
change from secretion of angiogenic growth factors to cytokines as pregnancy pro-
gresses may reflect these phenotypic alterations. Indeed, it is possible that the pro-
portion of uNK cells developing locally or trafficking from the peripheral blood
varies at different stages of the menstrual cycle and pregnancy in both non-pregnant
endometrium and decidua. Detailed functional investigation of phenotypically dis-
tinct uNK cell populations in accurately dated samples would be required to resolve
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this question. An alternative explanation is that exposure to the changing intrauter-
ine environment induces functional changes in uNK cells. There is evidence to sug-
gest that exposure of peripheral blood NK cells to soluble HLA-G induces a
senescent phenotype that is characterised by increased secretion of IL-6 and IL-8
(reviewed in Rajagopalan 2014). It could be proposed, therefore, that the exposure
of uNK cells to soluble HLA-G within the pregnant uterus could lead to alterations
in their secretory profile which could impact on their in vivo function.

During early pregnancy, cytotrophoblast proliferates from the tips of the chori-
onic villi to form cytotrophoblast columns which extend peripherally to form a
cytotrophoblast shell. Extravillous trophoblast from the cytotrophoblast shell then
invades into uterine decidua and superficial myometrium. There are two main path-
ways of trophoblast invasion: interstitial extravillous trophoblast invades through
the decidua and superficial myometrium, whereas endovascular trophoblast extends
within the lumen of the spiral arteries, transiently replacing the endothelium and
ultimately remodelling the uterine spiral arteries from thick-walled musculoelastic
vessels into dilated tubes whose wall comprises fibrinoid material containing intra-
mural trophoblast cells (Pijnenborg et al. 2006). Both interstitial trophoblast inva-
sion and spiral artery remodelling require breakdown of extracellular matrix (ECM)
by proteolytic enzymes. Uterine NK cells secrete metalloproteinase (MMP)-1,
MMP-2, MMP-7, MMP-9, MMP-10, tissue inhibitor of metalloproteinases (TIMP)-
1, TIMP-2, TIMP-3, urokinase plasminogen activator (uPA) and uPA receptor
(uPAR), although not plasminogen activator inhibitor (PAI)-1 and PAI-2 (Naruse
et al. 2009a, b). In contrast with cytokines and angiogenic growth factors, no gesta-
tional age differences have been detected in secretion of these proteolytic enzymes.
Immunoreactivity of MMP-7 and MMP-9 by leucocytes surrounding spiral arteries
during early pregnancy has also been reported (Smith et al. 2009).

Both trophoblast invasion and spiral artery remodelling are tightly controlled
processes, deficient trophoblast invasion and vascular transformation being associ-
ated with pregnancy pathology such as pre-eclampsia, fetal growth restriction, late
miscarriage and preterm delivery (Pijnenborg et al. 2006). By their secretion of
cytokines and angiogenic growth factors, uNK cells have been suggested to play a
central role in these processes in early pregnancy.

Regulation of Trophoblast Invasion by uNK Cells

Hanna et al. (2006) demonstrated that IL-15-stimulated uNK cell supernatants stim-
ulate invasion of isolated cytotrophoblast cells in vitro, this stimulatory effect being
partially abrogated by neutralising antibodies to IL-8 and IP-10 (Hanna et al. 2006).
This result is supported in part by studies demonstrating that uNK cell supernatants
from 12 to 14 weeks gestational age stimulated invasion of extravillous trophoblast
from placental explants (Lash et al. 2010b). This uNK-mediated stimulation of EVT
invasion was partially abrogated in the presence of an IL-8 neutralising antibody
(De Oliveira et al. 2010). In contrast, when both uNK cells and placenta were from
8 to 10 weeks gestational age, uNK cell supernatants had no effect on extravillous
trophoblast invasion (Lash et al. 2010b; De Oliveira et al. 2010). Hu et al. (2006)
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demonstrated that IL-15-stimulated uNK cell supernatants inhibited migration of
EVT in a two-dimensional migration assay by a mechanism dependent on IFNy.
Discrepancies between reports may, therefore, be due to variation in the gestational
ages of the samples studied, as well as sources of trophoblast cells and the presence
of prior activation of uNK cells by IL-15.

Role of uNK Cells in Spiral Artery Remodelling

Spiral artery remodelling is a key feature of successful human pregnancy (Pijnenborg
et al. 2006). This process has often been attributed solely to the effect of extravillous
trophoblast, but increasing evidence indicates that there is a ‘trophoblast-
independent’ phase of spiral artery remodelling (Pijnenborg et al. 2006). Histological
studies of the placental bed in early pregnancy demonstrated that initial stages of
spiral artery remodelling, including dilatation, some fibrinoid deposition, endothe-
lial swelling and vascular smooth muscle cell (VSMC) separation, occur in the
absence of extravillous trophoblast (Craven et al. 1998; Kam et al. 1999), and more
recent studies support this view.

uNK cells are often seen aggregated around the spiral arteries and arterioles in
both the secretory phase of the menstrual cycle and in early human pregnancy; this
distribution in pregnancy may reflect a role in mediating vascular changes in preg-
nancy. Increased numbers of both uNK cells and macrophages were detected within
25 pm of the vessel lumen in human decidual spiral arteries showing partial
remodelling and an absence of EVT, compared with non-remodelled vessels and
those with greater degrees of remodelling, including the presence of extravillous
trophoblast (Smith et al. 2009). Using in vitro vessel models (either chorionic plate
arteries from human term placenta or non-pregnant myometrial arteries), we dem-
onstrated that supernatants produced by uNK cells from 8 to 10 weeks gestation
were able to mediate separation of vascular smooth muscle cells within the vessels,
while uNK cell supernatants from 12 to 14 weeks gestation had a greater effect on
vascular smooth muscle cell dedifferentiation (Robson et al. 2012). The uNK cell-
derived factors responsible for mediating the effects on uterine spiral arteries remain
to be fully determined, but evidence from our in vitro studies implicates Angl, Ang2
and VEGF-C in this process (Robson et al. 2012). It is possible that the stimulation
of trophoblast invasion by uNK cells at 12—14 weeks gestational age may play a role
in attracting interstitial trophoblast cells towards spiral arteries that have been par-
tially remodelled by uNK cells for completion of the remodelling process.

5.2.4.6 Interaction of uNK Cells with Other Cell Types

uNK cells are intimately associated with a range of cell types in both non-pregnant
and pregnant endometrium, including other endometrial leucocyte populations.
Because of the intimate association of uNK cells with extravillous trophoblast in
decidua basalis, several studies have focused on interactions between these two
cell types.
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Uterine NK Cell: Trophoblast Cell Interactions

Although early studies of uNK cells focused on the ability of uNK cells to lyse
normal and pathological trophoblast cells, current studies are focused on their secre-
tion of cytokines. Interactions could occur indirectly by secretion of growth factors
and cytokines or directly via ligand-receptor interactions.

A key distinguishing feature of extravillous trophoblast, compared with villous
cytotrophoblast and syncytiotrophoblast which do not express class I MHC anti-
gens, is their expression of HLA-C, HLA-E and HLA-G, but not the classical, poly-
morphic MHC molecules HLA-A and HLA-B. HLA-C alleles are recognised by
both inhibitory and activating KIRs, including KIR2DL 1, KIR2DL2, KIR2DL3 and
KIR2DSI1. Genetic association studies have linked maternal KIR and fetal (pater-
nal) HLA-C haplotypes and reproductive success. It has been suggested that a
maternal KIR AA haplotype, with mainly inhibitory KIR in combination with a
fetal HLA-C2 haplotype, is associated with pre-eclampsia and recurrent miscar-
riage (Hiby et al. 2004, 2010), while interaction between a fetal HLA-C2 haplotype
and KIR BB, which is activating, may confer reproductive protection. However, it
should be noted that the importance of this association has been disputed (Clark
2014), and it is not clear why only a proportion of pregnancies with the AA/C2
combination have compromised reproductive success.

As HLA-G expression appears to be restricted to extravillous trophoblast cells,
initial assumptions were that it was important to protect these cells from lysis by
ulNK cells closely associated in decidua basalis. However, it is now clear that any
protective effects can be attributed to interactions of HLA-G with T cells rather than
NK cells (van der Meer et al. 2004, 2007), although interactions between HLA-G
and uNK cells do appear to result in altered secretion of a range of soluble factors
(van der Meer et al. 2004).

Several studies have investigated the effect of interactions between extravillous
trophoblast and uNK cells on secretion of cytokines and angiogenic growth factors.
Most studies have used either HLA-G-transfected cell lines or the choriocarcinoma
cell lines JEG-3 (HLA-G positive) and JAR (HLA-G negative), and in addition,
peripheral blood mononuclear cells and uterine mononuclear cells have often been
used as a proxy for uNK cells. There have been few studies using primary isolates of
extravillous trophoblast and uNK cells. Not surprisingly with the diverse approaches
that have been used, the overall results of these studies have been variable.

We performed an extensive study of cytokine and angiogenic growth factor
secretion after uNK cell coculture with either extravillous trophoblast or cytotro-
phoblast, with all cell types being isolated from the same patient. uNK cells and
trophoblast were cultured both in direct contact or separated by a 0.4 pm pore filter
(Lash et al. 2011). Secretion of both cytokines and angiogenic growth factors was
reduced in cocultures, although whether this was due to uNK cells or trophoblast
cells or both was not determined. In general, coculture of uNK cells with either
extravillous trophoblast or cytotrophoblast produced similar results suggesting that
any effects were not mediated by HLA molecules which differ between these two
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cell types, but by other shared molecules. Furthermore, secretion of angiogenic
growth factors was altered after both direct and indirect coculture suggesting media-
tion by soluble factors, whereas alterations in cytokine secretion were only observed
after direct coculture, suggesting involvement of a membrane-bound molecule.
However, HLA-C and KIR haplotypes were not determined in this study, and recent
studies indicate that secretion profiles may vary according to the HLA-C and KIR
haplotypes (Xiong et al. 2013).

Xiong et al. (2013) studied the response of inhibitory KIR2DL1 or activating
KIR2DS1 uNK cell subsets to coculture with 721.221 parent cells or those trans-
fected with HLA-C2 (221-C2) by microarray analysis. uNK cell subsets were
KIR2DS1+ KIR2DL1- (KIR2DSI single positive (sp)), KIR2DS1- KIR2DL1+
(KIR2DL1sp), KIR2DS1+ KIR2DL1+ (double positive (dp)) or KIR2DSI1-
KIR2DL1- (double negative (dn)). Distinct differences in all four uNK cell subsets
were demonstrated using cluster analysis; 45 transcripts were altered in the
KIR2DL1sp group, 378 in the KIR2DS1sp group, 289 in the dp group and 3 in the
dn group. There was little overlap between the 3 positive groups with only 24 altered
transcripts common in the KIR2DS1sp and dp groups, despite both expressing
KIR2DSI1. Furthermore, there were only six common transcripts between the
KIR2DL1sp and dp groups, as well as between the two different sp subsets. It is
important to note that each individual has different subsets of uNK cells suggesting
that differential local production of cytokines and growth factors may occur through-
out the placental bed where uNK cells and EVT interact. In addition, the described
study specifically concentrated on the effect of HLA-C2 on uNK cell transcription,
whereas extravillous trophoblast cells express a range of ligands that would simul-
taneously interact with uNK cell-expressed receptors.

The functional consequence of interactions between uNK cells and trophoblast
remains unclear. Although specific cytokines and growth factors have been impli-
cated in these processes, it is likely that many different cytokines and chemokines
are involved in the control of trophoblast invasion and spiral artery remodelling.
Close association of extravillous trophoblast cells with uNK cells leads to reduced
cytokine secretion, and it is possible that after recruitment of extravillous tropho-
blast or uNK cells to specific sites in the placental bed by higher cytokine levels, this
serves to inhibit their onward passage. Extravillous trophoblasts are naturally highly
invasive cells (Lash et al. 2006c¢), yet cease to invade in the inner third of the myo-
metrium. Fusion of mononuclear trophoblast cells to form non-invasive multinucle-
ate trophoblast giant cells may play a role in the control of trophoblast invasion. In
women with focal placenta accreta, the numbers of myometrial multinucleate tro-
phoblast giant cells are highly reduced in areas lacking decidua compared with areas
with intact decidua, suggesting that decidual derived factors mediate or initiate this
fusion process as the cells move towards the myometrium (Hannon et al. 2012).
Furthermore, in placenta adhesiva, the mildest form of adherent placenta in which
decidua basalis is present (van Beekhuizen et al. 2009), numbers of uNK cells were
markedly reduced (van Beekhuizen et al. 2010). It is tempting to speculate that uNK
cells may play a role in the fusion of mononuclear to multinucleate trophoblast.
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Interaction of uNK Cells with Other Endometrial Cells

Many different cell types are present in human endometrium, and potentially uNK
cells could interact with any of these cells. There is considerable interest in potential
interactions between uNK cells and CD209+ (DC-SIGN) dendritic cells (DCs) in
early pregnancy decidua. Although many studies have focused on mouse (Blois
et al. 2011), there are a few studies that point to important interactions in human
pregnancy. Using immunohistochemistry, Kammerer et al. (2003) noted intimate
contact between DCs and uNK cells within human decidua, and this was confirmed
in studies of decidual leucocyte suspensions in which it was suggested that a pro-
portion of the DC-SIGN+ cells associated with uNK cells were apoptotic (Tirado-
Gonzélez et al. 2012). Investigation of the DC/uNK cell interaction in human
pregnancy is at a very early stage, and technical issues in in vitro studies using a
decidual source for both cell populations are challenging. However, studies in
mouse highlight the potential importance, with evidence suggesting direct control
of stromal cell proliferation, angiogenesis and homing and maturation of uNK cell
precursors in the pregnant uterus (Blois et al. 2011).

5.2.4.7 uNK Cells in Pregnancy Pathology

As the predominant endometrial leucocyte population in the secretory phase and
early pregnancy, when the seeds are sewn for pregnancy problems that may not
manifest until much later in gestation, uNK cells have been a focus for studies of
pathological pregnancy.

Miscarriage

Miscarriage is a common gynaecological problem; it has been estimated that
11-20 % of all clinically recognised pregnancies are lost before the 20th week of
gestation (Everett 1997). Miscarriages are often separated into early (<12 com-
pleted weeks from LMP) and late (>13 weeks): early miscarriage accounts for the
majority, with ~50 % being associated with aneuploidy, whereas late miscarriage
affects only 1-2 % of pregnancies (Regan and Rai 2000) and is less likely to be
associated with chromosomal abnormalities. Whereas some studies have focused on
ulNK cell populations in secretory phase endometrium, studies of decidua in miscar-
riage are hampered by the potential criticism that since clinical presentation may
occur days after demise of the pregnancy, any alteration in leucocyte populations
may simply reflect the result rather than the cause of the miscarriage.

Having been referred to by several names, such as Kornchenzellen, K cells and
endometrial/decidual granulated/granular lymphocytes, the terminology of ‘uterine
natural killer cell”’ was adopted following the recognition that these cells are a type
of NK cell, expressing NK receptors. Unfortunately, the term may suggest potential
for these cells to ‘kill” a pregnancy if activated, although there is no evidence for this
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and activation of uNK cells in pregnancy is considered beneficial. The focus on
peripheral blood NK cells and uNK cells in recurrent miscarriage and implantation
failure has led to patient demand for testing and treatment. At present, although
some associations with NK cells have been reported, the functional consequences
and importance of these are not known.

Sporadic Miscarriage Increased uNK cells have been reported in immunohisto-
chemical studies of decidua from women with sporadic miscarriage compared with
controls (Zenclussen et al. 2001; Plaisier et al. 2009), although this was not repro-
duced in an immunohistochemical study of placental bed biopsies from 8 to 20
weeks gestation (Scaife et al. 2004). A recent study of chromosomally normal and
abnormal miscarriage reported an increased incidence of NK cell aggregates in both
euploid and aneuploid miscarriage compared with elective abortion (Lee et al.
2015). In contrast, Yamamoto et al. (1999) reported reduced CD56+ uNK cells in a
flow cytometric study of decidua of women with sporadic miscarriage. Vassiliadou
and Bulmer (1996) noted increased numbers of CD57+ NK cells in a subgroup of
cases of sporadic miscarriage. Thus, whether numbers or phenotype of uNK cells
are altered in sporadic miscarriage remains uncertain.

Altered NK cell function is likely to be more important than any change in NK
cell numbers within decidua. Early suggestions that activation of NK cells in
decidua could lead to pregnancy loss by cytotoxicity against fetoplacental tissues
have not been supported by studies in human pregnancy. Compared with controls,
Vassiliadou and Bulmer (1998) detected reduced cytotoxic activity against K562
cells in uNK cells isolated from decidua of women with early sporadic miscarriage.
Yamada et al. (2005) reported an increased proportion of perforin-positive uNK
cells in decidua associated with sporadic miscarriage compared with controls. In
contrast, Nakashima et al. (2008) reported no difference in the proportion of uNK
cells expressing perforin and granzyme B in sporadic miscarriage compared with
controls, although the proportion of granulysin-positive uNK cells in decidua was
increased and this was linked to an increase in EVT apoptosis.

Hence, there are several studies that suggest that uNK cells could play a role in
sporadic early pregnancy loss. However, results are conflicting and studies are com-
plicated by the potential of inflammation secondary to pregnancy demise.
Furthermore, despite many studies of uNK cell function in the first trimester of
pregnancy, understanding of their function around implantation and in very early
pregnancy remains very limited.

Recurrent Miscarriage Recurrent miscarriage (RM) is defined as three or more
consecutive first trimester miscarriages and in 50 % of cases the cause remains
unknown (Quenby and Farquharson 1993; Rai and Regan 2006). Several immuno-
histochemical studies from different groups have reported increased numbers of
ulNK cells in mid-secretory phase endometrium from women with a history of RM
(Clifford et al. 1999; Quenby et al. 1999; Tuckerman et al. 2007). Quenby et al.
(1999) noted significantly higher uNK cell numbers in women who went on to a
further miscarriage compared with those who had a live birth, although a subsequent
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larger study failed to detect such an association (Tuckerman et al. 2007). In contrast,
using flow cytometry, others have not detected altered numbers of endometrial uNK
cell numbers in women with RM (Lachapelle et al. 1996; Shimada et al. 2004),
although Lachapelle et al. (1996) did report reduced CD56"*¢" CD16- and increased
CD56%mCD16+ subsets. Michimata et al. (2002) also did not detect any differences
in endometrial uNK cell numbers, although RM in this study was defined as two
rather than three or more consecutive miscarriages. Although there are discrepancies
in results, immunohistochemical studies have consistently shown increased uNK
cell numbers in mid-secretory phase endometrium of women with a well-defined
history of RM.

It is difficult to interpret studies of uNK cell numbers in the miscarried decidua
of women with RM which have differing results; this may reflect the use of immu-
nohistochemistry versus flow cytometry, but in addition whether any changes noted
represent ‘cause’ or ‘effect’ is uncertain. Chao et al. (1995) reported similar num-
bers but increased NK activity in decidua associated with RM. Emmer et al. (2002)
reported expression of CD16 by CD56+ cells in decidua from RM samples, while
Kwak et al. (1995) noted increased expression of CD57+ cells in 29.6 % of RM
cases. In contrast, Quack et al. (2001) reported reduced CD56+ cells in decidua
from RM, although there were significantly increased numbers of CD25+ cells, sug-
gesting increased leucocyte activation. Yamamoto et al. (1999) also reported reduced
numbers of CD56+ cells in RM compared with controls, but an increased propor-
tion expressed CD16.

In summary, reports of increased uNK cells in secretory phase endometrium
from women with RM are consistent, but other approaches, including investigation
of decidua, have not yielded consistent results. The functional importance of this is
largely unknown. Quenby et al. (2009) linked increased uNK cells to altered blood
flow in endometrium from women with both RM and RIF. However, little is known
of uNK cell function in non-pregnant endometrium, and further studies of normal
endometrium are required before the functional significance of these increased uNK
cells is known.

Recurrent Implantation Failure and Infertility

There are several studies that have suggested that uNK cells may be implicated in
both infertility and RIF, but results are variable. Although, using flow cytometry,
Matteo et al. (2007) reported no difference in uNK cells in late secretory phase
endometrium in women with RIF compared with normal fertile controls, others have
reported increased uNK cells in pre-pregnancy endometrium in association with
RIF. Tuckerman et al. (2010) reported a dramatic increase in uNK cells as a propor-
tion of stromal cells in the mid-secretory phase in women with RIF after IVF com-
pared with normal fertile controls, with uNK cell numbers correlating with stromal
expression of IL-15 (Mariee et al. 2012). Similarly, Ledee-Bataille et al. (2004)
demonstrated elevated uNK cell numbers in women with RIF in association with
increased endometrial IL-12 or IL-18. This cohort also showed abnormal uterine
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artery Doppler compared with normal controls or RIF women without elevated uNK
cells and cytokines. Quenby et al. (2009) also reported that elevated uNK cell num-
bers in women with RIF correlated with abnormal uterine artery Doppler.

Women with unexplained infertility have been less well studied. Klentzeris et al.
(1994) reported reduced CD56+ cells in timed luteal phase biopsies from women
with unexplained infertility compared with fertile controls. In contrast, using flow
cytometry, Fukui et al. (1999) did not demonstrate alteration in overall CD56+ cell
numbers but reported increased CD16+ CD56%™ NK cells and reduced CD56 it
CD16- NK cells in endometrium from women who subsequently went on to have
failed IVF compared with those who had a successful pregnancy. McGrath et al.
(2009) subsequently reported that while uNK cell numbers were not altered in infer-
tility, uNK cell expression of CD94, CD158a and CD158a was increased, suggest-
ing an altered phenotype in this cell type.

Infertility may be associated with uterine pathology, and although there are few
studies, this may also be associated with altered uNK cells. Tremellen and Russell
(2012) studied infertile women with adenomyosis and demonstrated increased uNK
cells and macrophages in late secretory phase endometrium in women with diffuse or
‘adenomyoma’-type adenomyosis compared with focal adenomyosis or no disease.
Leucocytes have also been investigated in the endometrium of women with leiomyo-
mata (Kitaya and Yasuo 2010). Compared with controls, uNK cell numbers in prolif-
erative and mid- to late secretory phase endometrium were lower in association with
leiomyoma, with reduced uNK cells seen in ‘non-near nodule’ (i.e. distant from the
leiomyoma) endometrium with a further reduction in ‘near nodule’ endometrium.

Clinical Applications of uNK Assessment in Recurrent Reproductive Failure

The association of altered uNK cells in endometrium has led to testing of uNK cells
in endometrium from women suffering RM and RIF. Although increased uNK cell
numbers have consistently been detected in a proportion of women suffering RM
(Clifford et al. 1999; Quenby et al. 1999; Tuckerman et al. 2007), assessment differs
between different laboratories and definitions of ‘abnormal’ uNK cell levels differs.
Since there is variation in uNK cell numbers at different levels in endometrium (e.g.
between zona spongiosum and zona compactum), an initial step should be to estab-
lish consistent methodology for quantification of uNK cell numbers in endometrium
(Lash et al. 2014). Furthermore, the date of assessment may vary from LH+6 to
LH+9 in different studies, reflecting a cycle stage when uNK cell numbers can vary
dramatically (Russell et al. 2011, 2013). It is essential that sampling is on a specific
day of the cycle or that ‘normal’ ranges for uNK cell numbers are established in
large subject groups.

At present, the importance of increased uNK cells in recurrent reproductive fail-
ure remains unknown, and whether there is a correlation between high uNK cell
levels and pregnancy outcome is uncertain and unclear. A recent meta-analysis did
not demonstrate any difference in uNK cell numbers in RM subjects compared with
controls, although percentages and numbers of peripheral blood NK cells were
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increased in women with RM (Seshadri and Sunkara 2014). Tang et al. (2011)
conducted a systematic review and concluded that studies of uNK cells were not
sufficiently large to determine whether high levels of uNK cells in the luteal phase
predicted subsequent miscarriage.

Fetal Growth Restriction and Pre-eclampsia

Both fetal growth restriction (FGR) and pre-eclampsia (PE) are associated with
failed spiral artery transformation and trophoblast invasion (Pijnenborg et al. 2006).
Since uNK cells have been implicated in the control and stimulation of trophoblast
invasion as well as in early stages of spiral artery transformation, it is feasible that
altered uNK cell numbers or function may contribute to the aetiology of these path-
ological pregnancies. Furthermore, as already highlighted, there are genetic asso-
ciation studies that suggest that pre-eclampsia and recurrent miscarriage may be
associated with specific maternal KIR haplotypes expressed by uNK cells interact-
ing with paternal HLA-C haplotypes expressed by extravillous trophoblast (Moffett
and Colucci 2014).

In common with RM and RIF, reports of uNK cells in FGR and PE are variable.
Some groups have reported increased numbers of CD56* uNK cells in decidua
from women with pre-eclampsia compared with age-matched controls (Stallmach
et al. 1999; Wilczynski et al. 2003; Bachmayer et al. 2006). However, in an immu-
nohistochemical study of placental bed biopsies, we demonstrated reduced CD56+
uNK cells in both pre-eclampsia and FGR (Williams et al. 2009b). These results
are similar to another report of reduced decidual CD56* uNK cells in women with
severe FGR with and without pre-eclampsia, although there were no differences in
pre-eclampsia not associated with FGR (Eide et al. 2006). A flow cytometry study
of decidual curettings reported no difference in the proportion of CD45+ cells that
were CD56+ CD16- in pre-eclampsia compared with controls, although the pro-
portion of CD45+ cells that were CD56+ CD16+ was reduced in pre-eclampsia
(Rieger et al. 2009).

Studies of both pre-eclampsia and fetal growth restriction are limited by the fact
that their clinical presentation occurs in the second half of pregnancy, whereas the
pathogenetic lesions are likely to be established at a much earlier gestational age.
Recent studies have investigated uNK cell function in early pregnancy decidua from
pregnancies screened prior to pregnancy termination using uterine artery Doppler
(Fraser et al. 2012; Wallace et al. 2013, 2014, 2015). Pregnancies were separated
into those showing normal or high uterine artery Doppler resistance index as those
at least risk (<1 %) and at most risk (21 %) of developing pre-eclampsia. Compared
with uNK cells from low-risk pregnancies, those from pregnancies showing a high
resistance index were less able to induce apoptosis of vascular smooth muscle cells
and produce factors able to stimulate trophoblast invasion (Fraser et al. 2012). The
cells were also less chemoattractant for trophoblast and less able to stimulate
outgrowth from placental villous explants (Wallace et al. 2013), and uNK cell secre-
tion of various angiogenic growth factors was increased (Wallace et al. 2014).
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Perhaps most interesting in the context of reports of the importance of paternal
HLA-C/maternal KIR interactions in the pathogenesis of pre-eclampsia, a reduced
proportion of uNK cells from the high-risk pregnancies expressed KIR2DL/S1, 3
and 5 and LILRB1 (Wallace et al. 2015), raising the possibility of an altered interac-
tion with extravillous trophoblast via class I MHC antigens. Whether these results
will be confirmed by others is not yet known, and it is notable that only a proportion
of those pregnancies with a high uterine artery Doppler resistance index will go on
to develop pre-eclampsia. Furthermore, the studies are based on vascular smooth
muscle cell and extravillous trophoblast cell lines which may not be representative
of the primary cells. However, these studies represent an exciting new approach to
investigation of pre-eclampsia and potentially other pregnancy disorders that are
associated with deficient trophoblast invasion.

Could uNK Cells Interact with Seminal Fluid Components?

Investigation of the role of uNK cells in pregnancy disorders has mainly focused on
their potential role in mediating successful implantation and early placentation.
However, uNK cells are potentially exposed to components within the seminal fluid,
and this is an alternative mechanism whereby their function and/or differentiation
and proliferation may be disturbed, thereby contributing to reproductive failure.
Despite several studies, many in animals, that have indicated that seminal fluid con-
tributes to reproductive success by signalling to elicit functional adaptations in the
female (Robertson 2007; Schjenken and Robertson 2014), no studies have consid-
ered the potential effect of seminal fluid on uNK cell function.

Seminal fluid contains cytokines and prostaglandins that are synthesised in the
male accessory glands which are transferred to the female at insemination. Early
studies in humans demonstrated an influx of leucocytes, predominantly neutrophil
polymorphs, into the cervix following insemination (Thompson et al. 1992), and
more recent studies have demonstrated that the seminal fluid induces production of
GM-CSF, IL-6, IL-8, MCP-1, MIP-3-a and IL-1-a (Sharkey et al. 2012). Evidence
in mice suggests that seminal fluid induces T regulatory cells (Guerin et al. 2011),
and there is some evidence for a similar effect in humans, although evidence to date
is not definitive (Schjenken and Robertson 2014). Molecules within seminal fluid
which may play a role in signalling are TGF-p, HLA-G5 and PGE, (Kelly and
Critchley 1997; Hutter and Dohr 1998; Robertson et al. 2002; Schjenken and
Robertson 2014), and it is feasible that these could affect the function of uNK cells
within endometrium. TGF-f affects the differentiation of NK cells, and incubation
of peripheral blood NK cells in TGF-f1 has been shown to result in formation of
cells with uNK-like phenotype (Keskin et al. 2007). TGF-p1 also affects uNK cell
function by altering expression of cytokines (Eriksson et al. 2004). Soluble HLA-G
has been detected in seminal fluid (Larsen et al. 2011); although effects on uNK
cells have not been studied directly, it has been shown that soluble HLA-G induces
a senescent phenotype in peripheral blood NK cells, altering their cytokine secre-
tion profile (reviewed in Rajagopalan 2014).
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Several pregnancy complications are commoner in the first pregnancy or when
pregnancy occurs with a new partner in multiparous women, emphasising the
importance of a paternal component in successful reproduction. Furthermore,
women who have had recurrent miscarriages with one partner may go on to have
successful pregnancy with a different partner. Although the focus has been on inter-
actions of endometrial leucocytes with placental trophoblast cells as the pathoge-
netic mechanism in problems such as recurrent miscarriage and pre-eclampsia, the
possibility that problems arise much earlier in the process should be considered.
Given the prominence of uNK cells in endometrium around the time of implanta-
tion, as well as the known effects on NK cells in general, and in some cases on uNK
cells, of the various components of seminal fluid, it is surprising that attention has
not focused on the potential effect of seminal fluid on uNK cell function. This may
be a promising area for future investigation.

5.3 Conclusions

Uterine NK cells have been the focus of many studies since it was appreciated that
they are a major leucocytic component of the endometrial stroma at the time of
implantation and in early pregnancy. There have been considerable advances in
knowledge, but studies of very early pregnancy are limited by availability of tissues
from humans and the limitations of extrapolating from animal (predominantly
mouse) models. Functional studies of uNK cells from early pregnancy have high-
lighted their functions, with particular focus on secretion of cytokines and angio-
genic growth factors pointing to roles in facilitation and control of trophoblast
invasion and spiral artery remodelling in early pregnancy. Despite studies suggest-
ing altered uNK cell numbers in recurrent reproductive failure, the functional con-
sequences remain uncertain. It is important that the mechanisms that underlie the
increased numbers of uNK cells as well as the functional consequences are deter-
mined before it will be possible to develop effective diagnostic and therapeutic
approaches. Furthermore, the possible contribution of male factors such as compo-
nents within seminal fluid should be considered in the context of uNK cell differen-
tiation and function in recurrent reproductive failure.
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