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BACKGROUND: Recurrent miscarriage and pre-eclampsia are common reproductive disorders, but their causes are often unknown.
Recent evidence has provided new insight into immune system influences in reproductive disorders. A subset of lymphocytes of the innate
immune system known as uterine natural killer (uNK) cells are now recognized as fundamental to achieving embryo implantation and suc-
cessful pregnancy, but were initially attributed a bad reputation. Indeed, immune therapies have been developed to treat the ‘exaggerated’
immune response from uNK cells. These treatments have been based on studies of peripheral blood natural killer (pbNK) cells. However,
uNK cells and pbNK cells have different phenotypic and functional characteristics. The functions of uNK cells are closely related to their
interactions with the extravillous trophoblast cells (EVTs) and spiral arteries, which underlie an essential role in regulating vascular function,
controlling trophoblast invasion and promoting placental development. EVTs express MHC molecules of class | HLA-C/E/G/F, while uNK
cells express, among other receptors, killer cell immunoglobulin-like receptors (KIRs) that bind to HLA-C or CD94/NKG2A inhibitory
receptors, and then bind HLA-E. Associations of certain KIR/HLA-C combinations with recurrent miscarriage, pre-eclampsia, and foetal
growth restriction and the interactions between uNK cells, trophoblasts and vascular cells have led to the hypothesis that uNK cells may
play a role in embryo implantation.

OBJECTIVE AND RATIONALE: Our objective was to review the evolution of our understanding of uNK cells, their functions, and their
increasingly relevant role in reproduction.

SEARCH METHODS: Relevant literature through June 2020 was retrieved using Google Scholar and PubMed. Search terms comprised

uNK cells, human pregnancy, reproductive failure, maternal KIR and HLA-C, HLA-E/G/F in EVT cells, angiogenic cytokines, CD56" NK
cells, spiral artery, oestrogen and progesterone receptors, KIR haplotype and paternal HLA-C2.

OUTCOMES: This review provides key insights into the evolving conceptualization of uNK cells, from their not-so-promising beginnings
to now, when they are considered allies in reproduction. We synthesized current knowledge about uNK cells, their involvement in
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reproduction and their main functions in placental vascular remodeling and trophoblast invasion. One of the issues that this review

presents is the enormous complexity involved in studying the immune system in reproduction. The complexity in the immunology of the
maternal—foetal interface lies in the great variety of participating molecules, the processes and interactions that occur at different levels
(molecular, cellular, tissue, etc.) and the great diversity of genetic combinations that are translated into different types of responses.

WIDER IMPLICATIONS: Insights into uNK cells could offer an important breakthrough for ART outcomes, since each patient could
be assessed based on the combination of HLA and its receptors in their uNK cells, evaluating the critical interactions at the materno—foetal

interface. However, owing to the technical challenges in studying uNK cells in vivo, there is still much knowledge to gain, particularly regarding

their exact origin and functions. New studies using novel molecular and genetic approaches can facilitate the identification of mechanisms by

which uNK cells interact with other cells at the materno—foetal interface, perhaps translating this knowledge into clinical applicability.

Key words: uterine natural killer cells / killer cell immunoglobulin-like receptors / HLA-C / human pregnancy / materno—foetal interface

/ immunotherapies

Introduction

During pregnancy, remodeling of the maternal uterine spiral arteries is
a key step for normal foetal growth and development (Kam et al.,
1999). For proper development of the placenta, the cells of the foetal
trophoblast must infiltrate the decidua and transform the placental bed
spiral arteries during the first weeks of pregnancy. This ensures suffi-
cient oxygen and nutrient supply to promote normal foetal growth
and development. The invasion of the uterus by the trophoblast
should not be excessive, since this would generate risks for the
mother. However, poor arterial transformation would deprive the
feto-placental unit: when vascular remodeling is deficient, so is the pla-
cental blood supply, which could lead to pregnancy complications such
as pre-eclampsia, maternal hypertension, foetal growth restriction
(FGR), preterm labor, or late miscarriage (Brosens, 1977; Khong et dl.,
1986; Brosens et al., 201 |). Therefore, this process must be well con-
trolled and balanced.

Villous trophoblasts and extravillous trophoblasts (EVTs) are the
two main subpopulations of trophoblast cells. The syncytiotrophoblast
comes into contact with maternal blood, while EVTs invade the de-
cidua, spiral arteries, and myometrium (King et al, 1991; Genbacev
et al., 1992; Moffett and Loke, 2006; Chazara et al., 2011). Few spe-
cies have a placental invasion as deep and complex as humans (Carter
and Pijnenborg, 2011). Invasion of the uterine wall by trophoblasts
causes EVTs to surround the uterine arteries (Pijnenborg et al., 1983).
It was previously thought that EVTs replace the maternal endothelial
cells of these arteries during remodeling. However, recent evidence
now suggests this is not the case and that loss of endothelial cells is in-
stead a transient process with regenerative capacity (Bulmer et al.,
2020).

These changes promote the increase in blood flow necessary for
normal foetal growth and development (Moffett-King, 2002). Yet, infil-
tration of the foetal tissues creates an immunological dilemma because
the fetus can express paternal antigens. The placenta could also be
rejected by being recognized by the maternal immune system as non-
self, similar to what can occur during transplant rejection (Trundley
and Moffett, 2004). The immune system plays an essential role in
establishing these maternal—foetal limits (Hiby et al., 2010a).

In humans, T and B cells are relatively rare at the endometrial em-
bryo implantation site, while the dominant lymphocyte population is
represented by uterine natural killer (UNK) cells (King et al., 1998).
Although the exact role of uNK cells is not fully unravelled, the secre-
tion of cytokines by these cells could be involved in remodeling the

blood vessels and creating a propitious microenvironment for the fetus
(Croy et al., 2003). Peripheral blood natural killer (pbNK) cell cytotox-
icity and cytokine production are essential in defending the body
against viruses or even controlling the early spread of tumours
(Moffett and Shreeve, 2015). Although their name is reminiscent of
the ability of pbNK cells to destroy other cells, uNK cells have a low
cytotoxic response (King et al, 1989). However, their name has
prompted the idea that uNK cells could be responsible for miscar-
riages or failures after IVF treatments by executing their ‘destructive’
ability against the embryo (Quenby et al., 1999; Tuckerman et al.,
2007). So far, there is no evidence that this occurs, but immune thera-
pies targeting NK cells have been developed (Wong et al., 2014). In
fact, concerning statements have purported that NK cells can be so
aggressive that they attack pregnancy by recognizing the fetus as a for-
eign body (Shehata, 2014; Alan, 2015). uNK cells do not come into di-
rect contact with the fetus, but rather with the trophoblast (Moffett-
King, 2002; Sharkey et al., 2008). Despite the aforementioned differen-
ces between pbNK and uNK cells, some fertility clinics still perform
blood tests to measure pbNK cell number and activity (Yamada et al.,
2003; Wang et al., 2008). As a result of therapeutic trials, treatments
such as steroids or intravenous immunoglobulins (IVIG), which are not
risk-free for the mother or the fetus (Duhem et al., 1994), are offered
to women with infertility or other reproductive disorders (Nyborg
et al., 2014; Ehrlich et al., 2019).

uNK cells differ from pbNK cells both in cell surface markers and
functions (Caligiuri, 2008; Moffett and Shreeve, 2015). uNK cells have
killer cell immunoglobulin-like receptors (KIRs), which are membrane
receptors that bind to human leukocyte antigen (HLA)-C (classical
MHC class | antigen) present on the EVTs. EVT cells also express the
three non-classical MHC class | antigens, HLA-E, HLA-F, and HLA-G
(Ishitani et al., 2003; Apps et al, 2008; Hackmon et al, 2017).
Recently, certain KIR/HLA-C combinations have been associated
with an increased risk of recurrent miscarriage (RM), pre-eclampsia or
foetal growth restriction (Hiby et al, 2010ab). The objective of
this essay is to review (i) how research on uNK cells has evolved,
(i) knowledge of their functions and (jii) their increasingly relevant role
in reproduction.

The origin of uNK cells

The study of what we know today as uNK cells has a long history.
They were first described in the pregnant uterine mucosa |00 years
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ago and were referred to as a type of leukocyte restricted to the decidua
(Weill, 1921). The first descriptions of these cells were made in
rodents, where they were called granulated metrial gland cells (Peel,
1989). In the 1980s, several articles reported these cells in the human
endometrium, referring to them as large granular lymphocytes owing
to their size and prominent cytoplasmic granules (Starkey et al., 1988;
King et al, 1991), endometrial stromal granulocytes (Bulmer et dl,
1987) or NK cells in early pregnancy decidua (Manaseki and Searle,
1989). In some cases, they were identified as lymphoid cells.
However, because their characteristics were more similar to those of
NK cells, in the 1990s it was firmly established that these endometrial
cells were a type of lymphocyte in the NK cell lineage (King et dl.,
1991).

uNK cells present phenotypic and functional characteristics differ-
ent from those of pbNK cells (Moffett-King, 2002). Further, because
of differences in gene expression, uNK cells have been proposed to
represent a distinct lineage of NK cells (Koopman et al., 2003). uNK
cells appear small and agranular in the pre-ovulatory proliferative
phase; while in the post-ovulatory secretory phase, they proliferate,
enlarge, and granulate (Spornitz, 1992). Depending on the relative
expression of CD16 (also known as FcyRIIl, low-affinity receptor for
the Fc portion of 1gG) and CD56 (adhesion molecule mediating
homotypic adhesion), subpopulations of NK cells can be identified
and classified (Cooper et al, 2001; Mavilio et al., 2005; Caligiuri,
2008). uNK cells express high levels of CD56 and are negative for
CDI6 (CD56™"™ CDI167), whereas approximately 90% of pbNK
cells express low levels of CD56 and are positive for CDI6
(CD56dimCDI6+) (Ritson and Bulmer, 1987; King et al., 1991;
Trundley and Moffett, 2004). These two NK subpopulations also
gdim

show functional differences. CD5 cells are more cytotoxic and

igh
6Pright  cells:

have many cytolytic granules compared to CD5
CD56°"8" cells are the major cytokine-producing NK cells (Cooper
et al., 2001). uNK cells also have higher expression of CD56 (King
et al, 1991), are larger, and contain more cytolytic granules than
CD56°8" pbNK cells. uNK cells have been identified both in the
endometrium of non-pregnant women and in the decidualized endo-
metrium of pregnant women, varying in quantity throughout the
menstrual cycle and during pregnancy (Bulmer et al., 2010).

During the proliferative phase of the menstrual cycle, these
CD56™ cells increase in number and reach their maximum level in
the late secretory phase, an increase that is maintained until the
early stages of pregnancy (King et al., 1991; Whitelaw and Croy,
1996). However, uNK cells are less concentrated in the endome-
trium of premenarchial and postmenopausal women (Hameed et dl.,
1995; Kdmmerer et al., 2003). In the decidua, more than 70% of the
leukocytes are CD56" and aggregate around glands and spiral arter-
ies (Trundley and Moffett, 2004). When the trophoblast completes
its invasion (around the 20th week of pregnancy), the number of
uNK cells begins to decrease, constituting a much smaller lympho-
cyte population compared to that of the first trimester. Likewise, as
will be described later, these changes in the number of uNK cells
are related to fluctuations in the hormones that induce decidualiza-
tion and chemokine expression (Red-Horse et al., 2001; Jones et dl.,
2004; Ordi et al., 2006).

The origin of uNK cells is not yet clear. Their gene expression pat-
tern differs remarkably from that of pbNK cells (Koopman et al.,
2003). In fact, according to their genetic profile, CD56""8™ pbNK cells

are more similar to CD56%™ pbNK cells than to CD56°™" uNK cells
(Koopman et al., 2003). It is still unknown where and how their differ-
entiation begins; if it is a local effect; if they are recruited by the endo-
metrium; or if there are both local and distant events. Several
hypotheses exist to explain how these cells originate (Fig. 1). uNK cells
could be generated from pbNK cells, in which case the cells would dif-
ferentiate in the uterus (King et al, 1991). Since stromal cells are in
close contact with uNK cells, they could play an important role during
uNK' cell differentiation in the uterus (Kitaya et al, 2000, 2003;
Gubbay et al., 2002). Transforming growth factor beta (TGFf) appears
to promote the conversion of CD16% pbNK cells into CDI6™ cells,
which would therefore resemble the phenotype of uNK cells (Keskin
et al., 2007). TGFp has also been proposed to act on progenitor cells
present in the decidua to direct their differentiation towards uNK cells
(Keskin et al., 2007). Chemokine production varies throughout the
menstrual cycle, so chemokines are also suggested to play an essential
role in recruiting these pbNK cells into the decidua (Hornung et al.,
1997; Kitaya et al., 2003; Hannan et al., 2004; Jones et al., 2004): the
latter hypothesis is reinforced by the expression of chemokine recep-
tors in UNK cells (CXCR3 and CXCR4) that mediate the migration of
pbNK cells to the decidua (Hanna et al., 2003). Some evidence indi-
cates that uNK cells could also originate from hematopoietic precur-
sors already present in the endometrium (in situ differentiation)
(Matsuura-Sawada et al., 2005; Lynch et al, 2007; Manaster et dl.,
2008; Chiossone et al., 2014).

uNK' cells have also been proposed to proliferate directly in the
uterus from precursor cells characterized by CD34 expression
(Trundley and Moffett, 2004; Bulmer and Lash, 2005). Some studies
using mouse models also suggest that uNK cells proliferate during
decidualization from the local NK cells present in the decidua basalis
and myometrium (Sojka et al., 2018, 2019). Other studies support the
possibility that the endometrium recruits hematopoietic stem cells and
provides them with an optimal microenvironment for uNK cell differ-
entiation and proliferation (Taylor, 2004; Keskin et al., 2007). If ppbNK
cells were recruited in the decidua, owing to the functional and pheno-
typic differences between pbNK and uNK cells, ppNK cells must un-
dergo greater differentiation to acquire the functional and phenotypic
characteristics typical of uNK cells. Factors provided by the decidual-
ized stroma, such as interleukin (IL)-11 and IL-15, seem to be involved
in this phenotypic and functional differentiation process (Santoni et al.,
2008). IL-15 is a key cytokine in hematopoietic progenitor cell differen-
tiation towards NK cells and its expression increases in the decidua
(Becknell and Caligiuri, 2005). The increase of IL-15 in the decidua af-
ter fertilization is hypothesized to promote differentiation of these NK
cells towards uNK cells.

Gene expression differences between pbNK and uNK cells also
present the possibility that uNK cells represent a different lineage of
NK cells, that is, uNK cells present in the decidua are derived from
a different hematopoietic precursor (Koopman et al., 2003). In fact,
three subpopulations of uNK cells (uNKI, uNK2 and uNK3) were
recently described based on differential expression of key genes and
morphological differences (Vento-Tormo et al., 2018). uNKI cells
express higher levels of KIRs and are the only uNK cells that ex-
press LILRBI (the receptor for HLA-G molecules). Only uNKI and
uNK2 cells express NKG2C (or KLRCZ: killer cell lectin like receptor
C2), NKG2E (or KLRC3) and NKG2A (or KLRCI). Additionally, uNK
cells have more granules and a greater number of enzymes involved
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Figure |. Possible origins of uterine natural killer cells. (A) Origin and proliferation of uterine natural killer (uNK) cells within the decidua it-
self. There is evidence suggesting that uNK cells could differentiate in situ from the local hematopoietic progenitors (CD34* precursors present in de-
cidual tissues) (Eriksson et al., 2004; Male et al., 2010; Vacca et al., 201 I). The production of different factors and interleukin-15 in the endometrium
could create an environment conducive to the development of uNK cells from lineage-negative (Lin~) CD34" CD45" cells present in the decidua
(Keskin et al., 2007). (B) Recruitment of peripheral blood (pb)NK cells and their subsequent differentiation into uNK cells. The recruited pbNK cells
have been proposed to be either CD56°8"™ CD 16~ pbNK cells or CD56%™ CD 16" pbNK cells. (C) Precursors present in the peripheral blood that
reach the uterus and differentiate, in the event that they derive from a different hematopoietic precursor (Keskin et al., 2007). Created with

BioRender.com.

in glycolysis than uNK2 and uNK3 cells. Together, these data sug-
gest that uNKI cells interact especially with EVT cells (Vento-
Tormo et al., 2018).

uNK cell regulation by steroid
hormones

Given the association between the number of uNK cells and the
menstrual cycle, sex steroid hormones (oestrogen and progester-
one) seem to be responsible for regulating uNK cell proliferation in
the late secretory and decidualized endometrium (Fig. 2). Stromal
cells have also been proposed to be indirectly responsible for
exerting a hormonal influence on uNK cells, since they express
classical oestrogen and progesterone receptors (ER and PR, re-
spectively) (King et al., 1996). Furthermore, although uNK' cells
were thought to be devoid of steroid hormone receptors, they do

express ER-b, which is a lower-affinity variant of the classical ER
(Henderson et al., 2003). On the other hand, when progesterone
levels drop, so does the number of uNK cells, indicating that uNK
cell number is dependent on progesterone (Acar et al., 201 1). uNK
cells express both mRNA and protein for ERBI and glucocorticoid
receptor (GR), but not for PR (Henderson et al., 2003). Although
pbNK cells express PR (especially CD567), uNK cells do not ap-
pear to express PR (Arruvito et al., 2008). This suggests that the
effect of progesterone on these cells must be indirect (King et al.,
1996) (Fig. 2). Stromal cells do have PR, so progesterone binding
to PR triggers IL-15 secretion (Okada et al., 2000). In-vitro studies
showed that progesterone favours the production of IL-15 by en-
dometrial stromal cells in the decidualization process. These results
demonstrate the importance of IL-15 during the secretory phase
and the early stages of pregnancy when the corpus luteum releases
this hormone. Therefore, IL-15 could play an important role in the
proliferation and differentiation of uNK cells and in the success of
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Figure 2. uNK cells throughout the menstrual cycle. (A) Variation in the number of uNK cells, physiological and hormonal changes through-
out the menstrual cycle. Although uNK cells do not express progesterone receptor (PR), there is a clear relation between steroid sex hormones and
uNK cell proliferation. Since the number of uNK cells reaches its peak in the secretory phase, where high production of progesterone also occurs,
the effect of progesterone is believed to be indirect, through stromal cells. (B) The concentration of uNK cells increases considerably when passing
from the proliferative phase to the secretory phase, going from constituting 30% of total lymphocytes in the endometrium at mid-secretory phase to
reaching 70-80% of the decidual leukocytes (King et al., 1991; Hanna et al., 2006). The proliferation of these cells appears to be controlled by fluctu-
ating hormonal levels throughout the menstrual cycle and pregnancy. Among the most studied factors and hormones are interleukin (IL)- 15 and pro-
gesterone. In the secretory phase of the endometrium and the early stages of pregnancy, an increase in progesterone predominates and the
expression of IL-15 is much higher than in the proliferative phase (Kitaya et al., 2005). Therefore, progesterone has been proposed to act through
stromal cells (which do express PR), which then release IL-15, a cytokine that could be responsible for the proliferation/differentiation of the uNK

cells (Verma et al., 2000). Created with BioRender.com.

pregnancy (Okada et al., 2000). In fact, other in-itro studies
showed that IL-15 stimulates the proliferation of uNK cells without
promoting cytolytic activity against trophoblasts (Verma et al.,
2000; Kitaya et al., 2003). Furthermore, murine NK cell differentia-
tion requires this IL-15 (Puzanov et al., 1996).

Along with the other predecidual changes that occur in the endo-
metrium during the secretory phase, uNK cells maintain arterial stabil-
ity as long as the corpus luteum remains in the early decidua and will
continue until the trophoblast-mediated arterial transformation occurs
(Kam et al,, 1999). In the event of no pregnancy, the corpus luteum
degenerates and the levels of progesterone and IL-15 decrease, caus-
ing uNK cells to disappear and the vascular collapse that leads to men-
struation. Thus, it seems that the proliferation and maturity of uNK
cells in a normal non-pregnant endometrium is also due to the influ-
ence of progesterone, which causes IL-15 trans-presentation from
stromal cells (Wilkens et al., 2013).

Since it has been proposed that NK cells could be recruited by the
endometrium (Chantakru et al., 2002), various chemokines that would
induce such migration have been studied (Campbell et al, 2001;
Inngjerdingen et al., 2001; Hanna et al., 2003). Sex hormones can in-
duce the expression of certain chemokines, such as CXCLIO (IP-10)
and CXCLII (I-TAC), in the human endometrium (Sentman et al.,

2004). Furthermore, both pbNK cells and uNK cells express high lev-
els of specific receptors for these chemokines. Therefore, progester-
one and oestradiol could regulate the expression of specific
chemokines in the endometrium that, in turn, would be involved in
the recruitment of NK cells in the uterus (explaining the increase in
the number of uNK cells during the menstrual cycle) (Sentman et dl,

2004).

The functions of uNK cells: not
so similar to those of pbNK
cells

While pbNK cells play a role in the immune response against viruses,
tumours or infections (Flaherty, 2012), uNK cells play a fundamental
role during embryo implantation and trophoblast invasion, ensuring
proper placentation through vascular remodeling (Pace et al., 1989;
Robson et al, 2012; Xiong et al., 2013). pbNK cells represent be-
tween 10% and 15% of the lymphocyte population in the peripheral
blood and the two most relevant functions of pbNK cells are target-
cell killing and cytokine production (Jonges et al., 2001). As uNK cells
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could affect hormonal regulation of the endometrium (Hickey et dl.,
2005), they have been proposed to be not only regulators of placenta-
tion, but also participants in endometrial cycle homeostasis and main-
tenance of the decidua (Wilkens et al., 2013). In the first weeks of
pregnancy, uNK cells infiltrate and accumulate around spiral arteries.
In both the first and second trimesters, the number of uNK cells is
maintained. However, uNK cell numbers are significantly reduced in
the third trimester of pregnancy, although a residual population of
these cells is preserved (Williams et al., 2009). Therefore, uNK cells’
most notable presence coincides with the invasion period of the tro-
phoblast (King et al., 1998). The presence of uNK cells throughout the
menstrual cycle suggests that a role in the collapse and endometrial re-
newal (Loke and King, 1995). However, these cells appear to have a
broader role since CD56" CDI16~ uNK cells are the most abundant
leukocyte population during the first trimester of human pregnancy
(Moffett-King, 2002), representing approximately 70% of decidual leu-
kocytes (Hiby et al., 2010a). There is evidence that uNK cells are likely
involved in the regulation of placentation and trophoblast invasion
(Hanna et al., 2006; Xiong et al., 2013; Moffett and Colucci, 2014). In
addition to differentiating and proliferating in the implantation window
(Pace et al., 1989), uNK cells populate the decidua immediately adja-
cent to the infiltrating EVTs and around the spiral arteries during early
pregnancy (Xiong et al., 2013).

These uNK cells are also characterized by secreting several factors
involved in vascular remodeling and angiogenesis (Chen et al., 2017a),
an action that occurs when EVT invasion begins shortly after implanta-
tion (Robson et al., 2012). Therefore, uNK cells have been associated
with this implantation process, and attributed with a role in establishing
normal early placentation through vascular remodeling.

Women with heavy menstrual bleeding have altered endometrial
vascular maturation. In fact, heavy menstrual bleeding has been linked
to dysregulation of uNK cells (Biswas Shivhare et al., 2015). When
comparing endometrial leukocyte populations throughout the men-
strual cycle in patients with heavy menstrual bleeding compared to
healthy controls, the CD56" uNK cell population shows the greatest
alterations (Biswas Shivhare et al., 2015). Specifically, the proportion of
CD56" cells significantly increases in the proliferative and early secre-
tory phases yet decreases in the late secretory phase in patients with
heavy menstrual bleeding compared to controls. These results are
consistent with previous studies noting altered differentiation of vascu-
lar smooth muscle cells (VSMCs) in patients with menorrhagia
(Shivhare et al., 2014) and could be related to reduced vascular devel-
opment. Similarly, a positive relation also has been noted between the
number of uNK' cells and vascular maturation in women with RM
(Quenby et al., 2009).

Inadequate placentation associated with poor vascular remodeling
is the main characteristic of pre-eclampsia (Roberts, 2003).
Therefore, the primary pathological defect in this disease is the fail-
ure of the transformation of the spiral arteries (Moffett-King, 2002;
Pijnenborg, 2003). The relationship between uNK cells and the vas-
cular remodeling necessary for the proper development of preg-
nancy indicates that one of the possible key factors that may be
failing when pre-eclampsia develops is related to the uNK cells
(Wallace et al., 2015; James-Allan et al., 2018). Furthermore, this al-
tered vascular conversion and insufficient invasion of the uterine lin-
ing by trophoblasts (Burton et al., 2009) are considered to be the

main defects in not only pre-eclampsia, but also in disorders such as
FGR and RM (Arck and Hecher, 2013).

Trophoblast and uNK cell
receptors: interactions at the
materno-foetal interface

uNK cells are generally found most abundantly among trophoblast cells
that invade the decidua (King et al., 1998). In fact, when an ectopic
pregnancy occurs, or the embryo attaches to the scar tissue from a
previous caesarean section, uncontrolled growth and invasion occur
due to the absence of decidua. Therefore, the cells that make up the
decidua (such as uNK cells) must exert control over the degree of pla-
cental invasion by interacting with the trophoblast ligands (Warren,
1995). NK cell receptors were discovered when they were found to
be capable of killing major histocompatibility complex (MHC) class |
negative tumour cells (Ljunggren and Karre, 1990). Three groups of
these NK cell receptors have been described (Yokoyama, 1993): the
KIR family (Moretta et al., 1993), the C-type lectin family (CD9%4/
NKGs) (Lazetic et al., 1996) and immunoglobulin-like transcripts (ILTs
or LIRs) (Samaridis and Colonna, 1997). HLA-C binds to KIRs of NK
cells, HLA-G binds to members of the leukocyte immunoglobulin-like
receptor family (LILR) and KIRs, and HLA-E binds to CD94/NKG2
(Parham, 2004).

KIR receptors are defined as ‘surface inhibitory receptors specific
for allelic forms of HLA class | molecules, which are expressed by NK
cells and a subset of T lymphocytes’ (Moretta and Moretta, 2004).
However, as will be seen later, uNK cells exert not only an inhibitory
action, but also an activator action. KIR receptors help regulate NK
cells recognizing ‘normal’ cells versus target cells (e.g. tumour or
infected cells) by interacting with MHC class | molecules (Colonna and
Samaridis, 1995; Wagtmann et al., 1995; Handgretinger et al., 2016).

KIRs are type | transmembrane glycoproteins (Wagtmann et dl.,
1997) encoded by a group of highly polymorphic genes located on hu-
man chromosome 19ql3.4 (Faridi and Agrawal, 201 1). There are 16
different KIR genes, identified as KIR2D if they encode two
immunoglobulin-like extracellular domains, or as KIR3D if they encode
three immunoglobulin-like extracellular domains. Likewise, genes are
identified by whether the encoded cytoplasmic tail is long (KIR2DL and
KIR3DL) or short (KIR2DS and KIR3DS) (Fig. 3) (Colonna and
Samaridis, 1995; Biassoni et al., 1996). However, classification is gener-
ally done according to more functional terms. They are classified as
haplotype A or B depending on the content of their encoding gene
(Cooley et dl., 2018). Although more than | 110 KIR alleles have been
described (IPD—KIR Database Statistics | EBI, 2019), they are all clas-
sified into two main functional categories, activators (KIR B) or inhibi-
tors (KIR A), depending on how they regulate the ‘cytotoxic’ and
angiogenic behaviour of uNK cells (Vilches and Parham, 2002). The ac-
tivating KIR receptors have a short (S) cytoplasmic tail (2DS, 3DS)
while the inhibitors have a long (L) cytoplasmic tail (2DL, 3DL) (Hong
et al., 2008). Therefore, this classification is determined by the type
and number of genes that encode activating or inhibiting KIRs (Faridi
and Agrawal, 201 1). The KIR A haplotype has only seven KIR genes:
KIR3DL3-2DL3-2DL[-2DL4-3DL[-2DS4-3DL2. The KIR2DS4 gene is the
only activator in the A haplotype, but is generally non-functional
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Figure 3. Representation of the receptors present in uNK cells that bind to HLA class | molecules. Extravillous trophoblast (EVT)
cells express a unique combination of four major histocompatibility complex (MHC) class | molecules: HLA-C, HLA-E, HLA-F and HLA-G. These in-
clude three non-classical (HLA-E, HLA-F and HLA-G) and only one polymorphic classical class | molecule, HLA-C. CD94/NKG2 heterodimer recep-
tors, expressed by uNK cells, bind to non-classical HLA-E molecules. Three receptors to which HLA-G binds have been identified, including killer cell
immunoglobulin-like receptor (KIR) KIR2DL4. Finally, HLA-C is the ligand for KIR receptors (highly polymorphic as well). In turn, KIR receptors are
classified according to how many Ig-like extracellular domains they present (KIR2D if they have two, or KIR3D if they have three). In addition,
whether the cytoplasmic tail is long (KIR2DL and KIR3DL) or short (KIR2DS and KIR3DS) is also considered. Adapted from Moffett and Colucci

(2015). Created with BioRender.com.

(Moffett et al., 2016). The KIR B haplotype consists of any other com-
bination of the KIR loci (Rajalingam et al., 2008).

A woman carries alleles for multiple KIR genotypes, often from both
inhibitory and activating categories. However, linkage disequilibrium
causes some genes to not segregate independently, tending to migrate
together (Parham, 2004). This is why the KIR genotype profile of each
person is broadly classified into two haplotypes: KIR A and KIR B. In
any pregnancy, the maternal KIR genotype could be AA (no activating
KIR), AB or BB (only activating KIR) (Uhrberg et al., 1997). uNK cells,
in contrast with pbNK cells, express KIR receptors that are specific for
HLA-C. This indicates that the recognition of HLA-C by NK cells is
much more pronounced in the uterus (Hiby et al., 1997; Verma et dl.,
1997). Furthermore, in the population of CD56+ pbNK cells with a
lower cytotoxic capacity, the expression of certain KIRs is more dimin-
ished or even absent (Jacobs et al., 2001). This has given rise to the
possibility that uNK cells (CD56" and of low cytotoxicity) express
these KIR receptors induced by the uterine environment (Moffett-
King, 2002).

The MHC constitutes a fundamental pillar of the vertebrate immune
system. lts main function is to regulate adaptive immunity against
pathogens mediated by T cells (Fernandez et al., 1999). During preg-
nancy, the maternal immune system undergoes changes that lead to
tolerance of the fetus (Fernandez et al., 1999). The most fundamental
expressed genes in the trophoblast are related to the MHC and
MHC-like since they are ligands of the uNK cells. Although the fetus
expresses all the MHC genes (Loke and King, 1995), it is the tropho-
blast that comes into direct contact with the maternal immune system.
The EVT expresses some MHC antigens, but it does not express
MHC class Il molecules or the two main classical MHC class | antigens,

HLA-A or HLA-B. Four MHC class | antigens (HLA-C, HLA-G, HLA-E
and HLA-F) have been detected in the trophoblast (Hiby et al., 1999;
King, 2000; Ishitani et al, 2003; Trundley and Moffett, 2004; Shobu
et al., 2006; Hackmon et al., 2017).

HLA antigens are glycoproteins that belong to the immunoglobulin
superfamily present on most cell surfaces in the body. HLA antigens
present in specialized immune cells allow the peptides of foreign sub-
stances (viruses, bacteria, etc.) to be exposed to the effector cells of
the immune system. Therefore, their main function is to serve as rec-
ognition molecules during the initiation of an immune response
(Scaradavou, 2013). EVTs express the classical class | HLA-C mole-
cules and the non-classical class | HLA-E, HLA-F and HLA-G mole-
cules, while HLA-A and HLA-B class Il antigens are absent (King,
2000; Apps et al., 2009; Hackmon et dl., 2017). HLA-E, HLA-F and
HLA-G are non-classical genes located in the human MHC on chro-
mosome 6 (Hviid, 2006), discovered in the 1980s (Geraghty et dl.,
1987, 1990; Koller et al., 1988). Since then, HLA-G has been the most
extensively studied, including determining its functions and expression
in the trophoblast (Kovats et al, 1990; Ishitani and Geraghty, 1992;
, 2003). HLA-C is highly polymorphic (6,067 alleles)
(Antony Nolan Research Institute, 2020) and the paternal allele is
expressed on the trophoblast cell surface. Thus, in terms of recogni-
tion in the context of placentation, HLA-C in the trophoblast is the

Ishitani et al.

most relevant MHC class | molecule. The HLA-C genotypes expressed
by EVT cells are generally organized into two groups defined by a di-
morphism at position 80 of the ol domain, according to the amino
acid, HLA-CI: asparagine; HLA-C2: lysine (Mandelboim et al., 1996).
Group CI allotypes (antibody chain alleles) are ligands for inhibitory
receptors KIR2DL2 (haplotype B) and KIRZDL3 (haplotype A). Group
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C2 allotypes show a much stronger inhibitory effect when binding to
KIR2DL! inhibitory receptors (haplotype A) than group Cl allotypes
binding with their corresponding inhibitory receptors (listed above).
HLA-C2 also binds to the activating receptor KIRZDS/| (haplotype B)
(Winter et al., 1998).

HLA-G is a non-classical human leukocyte antigen located mainly at
the maternal-foetal interface, suggesting its involvement in the estab-
lishment and maintenance of pregnancy (Ellis et al., 1990; Kovats et dl.,
1990). HLA-G expression is quite restricted, and it has a low level of
polymorphisms (80 alleles) (Antony Nolan Research Institute, 2020).
Three receptors that appear to interact with HLA-G have been identi-
fied: ILT2 (Colonna et al., 1997; Allan et al., 1999), ILT4 (Allan et dl.,
1999) and KIR2DL4 (Ponte et al., 1999; Rajagopalan and Long, 1999).
Specifically, KIR2DL4 and ILT2 receptors are expressed by NK cells.

HLA-G is widely expressed in the placenta and has been associated
with cytokine secretion, which, in turn, could influence placental devel-
opment, invasion of the trophoblast, transformation and vascular
remodeling (Roth and Fisher, 1999; Li et al, 2001; Ingman and
Robertson, 2002). Membrane-bound HLA-G seems to promote spe-
cific functions of the uNK cells related to implantation and decidualiza-
tion (van der Meer et al., 2004), favouring uNK cell proliferation and
interferon-y (IFN-y) and vascular endothelial growth factor (VEGF)
production (van der Meer et al, 2004). Foetal and placental weights
were analysed in patients who experienced severe pre-eclampsia dur-
ing pregnancy and compared with the same measures in pregnancies
that developed without this complication (Hviid, 2004). Patients with a
homozygous HLA-G genotype, based on the presence of a |4-base
pair (bp) sequence polymorphism, were found to have babies with sig-
nificantly higher birthweights (Hviid, 2004). Based on these results, it
has been suggested that certain clinical parameters, such as placental
and foetal weight, could be influenced by the HLA-G polymorphism
(Hviid, 2006). Although in different trimesters of pregnancy, several
studies have found levels of serum soluble HLA-G (sHLA-G) to be sig-
nificantly lower in women with pre-eclampsia compared to healthy
pregnancies (Yie et al, 2005; Hackmon et al., 2007; Darmochwal-
Kolarz et al., 2012; Rokhafrooz et al., 2018). Therefore, a low concen-
tration of sSHLA-G has been associated with an increased risk of devel-
oping pre-eclampsia (Steinborn et al., 2007; Alecsandru and Garcia-
Velasco, 2020).

On the other hand, the presence of HLA-E transcripts has been de-
scribed in EVT cells in the placenta and in choriocarcinoma cell lines
(Wei and Orr, 1990; Ulbrecht et al., 1992; Guillaudeux et al., 1995).
The surface expression of HLA-E is regulated by the binding of pepti-
des derived from sequences of other MHC class | molecules (Braud
et al, 1997, 1998b). CD94/NKG2 heterodimer receptors, expressed
by uNK cells (Verma et al., 1997), bind to non-classical HLA-E mole-
cules (Braud et al, 1998a). Depending on the origin of the HLA-E-
linked peptides that interact with CD94/NKG2C, activation or inhibi-
tion of NK cells has been demonstrated (Lee et al., 1998; Llano et dl.,
1998). HLA-E expression increases considerably from the 20th week
of gestation, which coincides with the time of rapid increase in foetal
weight. This suggests that its functions may be related to the release
of cytokines by uNK cells, favouring and ensuring sufficient nutritional
supply for the growth of the fetus (Shobu et al., 2006).

HLA-F is expressed on the surfaces of placental EVTs in the last pe-
riod of gestation (Ishitani et al, 2003), and in the cytoplasm of EVT
cells during early pregnancy (Shobu et al., 2006). The exact functions

of this molecule have not yet been elucidated. Although HLA-F tet-
ramers were reported to bind to NK receptors ILT2 and ILT4 (Lepin
et al, 2000), there has been no evidence to verify if and how HLA-F
interacts with NK cells.

KIR/HLA-C combinations:
impact on reproduction

Given that each pregnancy involves different combinations of paternally
derived foetal HLA-C and maternal KIR, it was suggested that some of
these combinations were not optimal for proper implantation, which
could lead to disorders such as pre-eclampsia or RM (Moffett-King,
2002). Therefore, the wide variety of foetal KIR and HLA-C maternal
ligands could mean that certain KIR/HLA-C combinations would fa-
vour greater reproductive success than others, primarily due to signals
received by uNK cells (Hiby et al., 2010a).

Hiby et al. (2004, 2008) found a significant increase in the KIR AA
genotype frequency in women with RM and pre-eclampsia compared
to a control population. When a woman is homozygous for the KIR
AA genotype, the fetus has more HLA-C2 genes than the mother and
the additional foetal HLA-C2 alleles are of ‘foreign’ origin (inherited
from the father or from donated oocytes) and there is not an ade-
quate arterial transformation, which translates into increased risk of
RM, pre-eclampsia or FGR (Alecsandru et al, 2014, 2020; Moffett
et al., 2016). These data suggest that HLA-C2 may have a deleterious
allogeneic effect (Hiby et al, 2004, 2008; Hiby et al, 2010a,b).
KIR2DL! (inhibitory KIR for C2 epitope) has been proposed to be the
main cause of this negative effect since, when the KIR AA genotype is
present, strong uNK inhibition occurs, mediated by the binding of
KIR2DLI to the trophoblast HLA-C2 (Moffett et al., 2016). When a
woman presents two KIR A haplotypes (KIR AA), only receptors that
exert a strong inhibitory signal on the uNK cells are coded (inhibitory
KIR genes). On the other hand, women who express the KIR B haplo-
type (which contains activator genes) in which the C2 receptor activa-
tor (KIR2DSI) is present, are significantly protected against these
pregnancy disorders (Hiby et al., 2010a). Thus, strong inhibition of
uNK cells after trophoblast blndlng is detrimental to placentation, trig-
gering arterial transformation disorders, while activation of uNK cells
counteracts this effect (Hiby et al., 2014).

Couples with RM undergoing IVF were analysed genetically and one
of the KIR genes of haplotype B was shown to be protective against
this pathology (KIR2DS!). The absence of KIR2DS| in women with RM
was found to be significant (Hiby et al., 2008). Thus, KIRZDS| could be
activating the receptor for C2 groups, compensating for the inhibitory
effect generated by the C2-KIR2DL/ interaction (Stewart et al., 2005).
Furthermore, when this binding of KIRZDLI to C2 occurs, the produc-
tion of angiogenic factors and cytokines by uNK cells is decreased
(Hiby et al., 2008). Although a combination of maternal KIR2DS| with
foetal HLA-C2 inherited from the father protects against poor placen-
tation, it has also been associated with increased birthweight, increas-
ing the risk of a macrosomic baby (Hiby et al., 2014). This highlights
the importance of balanced activation of these cells as an essential re-
quirement for successful implantation.

The transfer of more than one embryo at a time, although much
less frequent than previously, is still performed in some circumstances.
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Donor oocytes are used much more frequently. These situations
translate into a higher number of non-self-antigens (HLA-C) presented
to the mother’s uNK cells KIR receptors compared to what happens
in natural pregnancies. During IVF treatments, embryo transfers can
even be performed quite regularly in patients with recurrent implanta-
tion failure (RIF) (Das and Holzer, 2012). Therefore, the presentation
of these HLA-C antigens occurs much more frequently than in a natu-
ral pregnancy (Alecsandru and Garcid-Velasco, 2015), associating oo-
cyte donation with an increased risk of morbidity during pregnancy
(Pecks et al., 2011).

Notably, significantly decreased live birth rates were observed in
KIR AA patients whose embryos had an increased expression of
HLA-C2 (Alecsandru et al., 2020). This difference was not observed
in KIR AB or KIR BB patients when HLA-C2 expression was also in-
creased (Alecsandru et al., 2020). In fact, there is great concern es-
pecially for those women who receive donated oocytes, as the risk
of pre-eclampsia has been reported to be considerably increased,
even in young oocyte recipients (Levron et al., 2014). A 25% risk of
pre-eclampsia has been reported in oocyte donations versus a 0%
risk in other women who undergo ART (Moffett et al., 2016).
Curiously, the KIR AA genotype and HLA-C2 frequencies vary be-
tween populations and appear to be inversely related. This inverse
relation supports the hypothesis that reproduction has exerted se-
lective pressure on the KIR and HLA-C variety (Hiby et al., 2004).
Certain combinations of maternal KIR and foetal HLA-C genes
seem to influence the risk of developing pre-eclampsia and repro-
ductive success. Upon consulting and comparing data from different
populations, an inverse relation between the population prevalence
of HLA-C2 and AA genotypes was observed: that is, the higher the
frequency of C2, the lower the frequency of the KIR AA genotype
(Hiby et al., 2004).

Reproduction exerts selective pressure for KIR and HLA-C diver-
sity, so it is likely that the KIR and HLA regions have evolved rapidly
to prevent risky pregnancy combinations, as they are located on
separate chromosomes and segregate independently. In the
Japanese population, the frequency of the KIR A haplotype is high,
while the frequency of HLA alleles that carry the C2 epitope is low
compared to the frequencies in other populations (Hiby et al.,
2004). The incidence of the KIR AA genotype in Japanese women is
60%. However, the frequency of HLA-C alleles with the C2 epitope
is more than three times higher in the European population (32%)
than in the Japanese population (9%) (Moffett et al., 2016). Saito
et al. found that pre-eclampsia rates were similar between couples
with fully Japanese ancestry and couples of mixed ancestries
(Japanese women and Caucasian men), indicating that the HLA-C/
KIR genotype was not associated with pre-eclampsia (Saito et dl.,
2006). However, some concerns about the sample size of the study
have been recently raised (Moffett et al., 2016).

uNK cells and angiogenesis: a
balanced relationship

Invasion of the trophoblast during placentation is one of the most criti-
cal moments in the entire pregnancy process. Although the extent to
which uNK' cells could regulate this process has not yet been

determined in-vivo, in-vitro studies have demonstrated that these cells
can induce trophoblast invasion (Fraser et al., 2012). As will be seen in
the next section, uNK cells secrete a series of growth factors that
seem to be involved in decidual-associated remodeling and, therefore,
in the arterial remodeling that this entails (Lash, 2006).

Many changes occur during remodeling of the spiral arteries,
including increased permeability and dilation of vessels, transient loss
of endothelial cells, separation of VSMC, endovascular invasion of EVT,
and presence of intramural EVT (Lash et al., 2010c). This vascular
remodeling process is suggested to be regulated by paracrine signaling
of factors produced by uNK cells (Robson et al., 2019). An in-vitro
model evaluating possible angiogenic factors derived from uNK cells
that could be involved in this dedifferentiation of VSMCs (Lash, 2006;
Lash et al., 2010a) identified Ang-1 and Ang-2 (Robson et al., 2019).
However, as will be seen in the next section, several angiogenic factors
produced by uNK cells have been associated with endometrial angio-
genesis (Trundley and Moffett, 2004; Lash, 2006). In fact, differences
have been found in the expression levels of these factors between fer-
tile women, and women with RM and RIF (Chen et al., 2016b, 2017a).

The study of angiogenesis and its relationship to uNK cells reveals
two opposite trends associated with increased risk of pregnancy disor-
ders, the underinvasion or the overinvasion of the trophoblast in the
decidua. On one hand is deficient arterial transformation with low pro-
duction of angiogenic factors (VEGF-A/C, placental growth factor
(PLGF), TGF-B1 and angiopoeitin) and insufficient invasion of the tro-
phoblast (Trundley and Moffett, 2004; Hiby et al., 2008). On the other
hand, an opposite effect is increased production of these angiogenic
factors that translates into greater peri-implantation blood flow and
thus an increase in the oxidative process (Quenby et al., 2009; Chen
et al., 2017a).

Several studies indicated a relation between impaired vascular de-
velopment and miscarriage (De Agustin et al., [971; Ball et dl,
2006; Chen et al., 2016a). Angiogenesis and an adequate blood sup-
ply are critical steps in pregnancy, especially in its earliest stages.
Angiogenesis and vasoconstriction-related genes may be associated
with RM. A meta-analysis of genes related to angiogenesis and vaso-
constriction evaluated a possible association of these genes with idi-
opathic RM. VEGF (21154G.A), p53 (codon72) and endothelial
nitric oxide synthase (GIu298Asp) polymorphisms showed significant
associations with idiopathic RM (Su et al., 2013). Ball et al. (2006)
studied the relation between trophoblast invasion and arterial trans-
formation with late miscarriage. Invasion of the trophoblast in the
decidua and myometrium was reduced in women who had suffered
a late miscarriage, and the spiral arteries in late miscarriage showed
reduced endovascular change. These results suggest that inadequate
transformation of the spiral arteries and poor invasion of the
trophoblast could not only be associated with disorders such as
preeclampsia and FGR but also with late miscarriage (Ball et al.,
2006).

As previously indicated, certain KIR/HLA-C combinations have
been associated with increased risk of pregnancy disorders such as
preeclampsia or RM (Alecsandru et al., 2014, 2020; Moffett et dl.,
2016). These results were linked to a strong inhibitory effect of uNK
cells, decreasing production of angiogenic factors and cytokines
(Hiby et al., 2008) to yield deficient placentation (Hiby et al., 2010a,b;
Faridi and Agrawal, 2011). This process translates into insufficient inva-
sion of the decidua by the EVT, one of the main defects that occur in
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disorders such as pre-eclampsia, FGR, or RM (Alecsandru and Garcia-
Velasco, 2015).

However, numerous studies have reported opposing results.
Increased numbers of uNK cells have also been detected in the
peri-implantation endometrium of women with RM (Clifford et dl.,
1999; Tuckerman et al., 2007). uNK cells isolated from women with
RM were found to produce more angiogenic factors compared to
fertile women (Chen et al., 2016b). It has also been proposed that a
high number of uNK cells increases angiogenesis and thus peri-
implantation blood flow (Quenby et al., 2009). Together, this infor-
mation suggests that angiogenesis in the endometrium is increased
in women with RM (Chen et al., 2017a). In fact, it has been ob-
served that women with RM have an increased number and volume
of micro-blood vessels in the peri-implantation endometrium (Chen
et al., 2016a). On the other hand, this increase in angiogenesis has
also been related to higher levels of progesterone. Women with el-
evated progesterone levels on the same day and the day after hCG
administration have significantly upregulated genes of the killer cell
lectin-like receptors (KLRs) family (Liu et al., 2017). These genes are
involved in cytotoxicity, with production of cytokines and angiogenic
factors. Another aspect is an ‘over-activation’ that KIRBB receptors
(specifically KIR2ZDS!) could generate on uNK cells, as the frequency
of KIR2DS! is significantly higher in pregnancies with a high birth-
weight (Hiby et al., 2014).

Early vascular remodeling causes an increase in blood flow in the
vascular bed, a decrease in the speed of blood entering the placen-
tal region, greater blood supply and greater supply of oxygen to the
maternal—foetal interface (Thaler et al., 1990; Burton et al., 2009;
Hofmann et al., 2014). Variation in the oxygen supply would cause
an alteration in oxygen tension within the utero-placental environ-
ment. Invasion of the trophoblast is favoured in hypoxic conditions
(Na et al., 2012), therefore, changes in oxygen tension have conse-
quences in trophoblast invasion. From here, it is suggested that uNK
cells can indirectly regulate trophoblast invasion by regulating oxy-
gen tension at the maternal—foetal interface (Chakraborty et dl.,
201 1). During the first trimester of pregnancy, the placenta is highly
sensitive to the effect of oxygen as a consequence of low concentra-
tions of antioxidant enzymes (Quenby et al., 2009). In abnormal
early pregnancies, placental oxidative stress levels have been
reported to be higher than normal (Jauniaux et al., 2003). Also, a
correlation exists between the number of uNK cells present in the
endometrium and increased oxidative stress and trophoblast degen-
eration (Quenby et al., 2009). Therefore, it seems that a relatively
hypoxic environment promotes correct embryo implantation and
early development of the placenta (Yedwab et al., 1976; Rodesch
et al, 1992), minimizing the detrimental effect of reactive oxygen
species (Yang et al., 1998). This is closely related to endometrial an-
giogenesis, which, as will be seen in the next section, can be fav-
oured by uNK cells.

Taking all this information into account, an increase in endometrial
angiogenesis activity induced by an increase in uNK cells and their pro-
duction of cytokines and angiogenic factors could be detrimental to
embryo implantation owing to increased arrival of oxygen, thus in-
creasing oxidative stress (Chen et al., 2017a). This is currently being
studied as a possible cause of RM (Chen et al., 2017a).

uNK cytokine production: open
research

uNK ' cells are an important source of growth factors and cytokines
(Li et al, 2001; Hanna et al., 2006; Lash, 2006). For this reason, two
main functions have been attributed to them—promoting vascular
remodeling and regulating trophoblast invasion (Hanna et al., 2006;
Lash et al., 2010b).

During invasion of the trophoblast and remodeling of the spiral ar-
teries, numerous growth factors, cytokines, and hormones are se-
creted from the trophoblast and decidua to regulate these processes
(Kharfi et al., 2003; Lala and Chakraborty, 2003; Bischof and Irminger-
Finger, 2005). uNK cells have been characterized by their role in the
production of different cytokines as well as growth factors involved in
the regulation of trophoblast invasion (Hanna et al., 2006; Lash et al.,
2010c) and in the initial stages of spiral artery remodeling (Lash, 2006;
Smith et al., 2009; Lash et al., 2010c). uNK cytokine profiling has been
investigated during the early stages of pregnancy: granulocyte colony-
stimulating factor (G-CSF), granulocyte-macrophage colony-stimulating
factor (GM-CSF), macrophage colony stimulating factor (M-CSF), tu-
mour necrosis factor-o (TNF-a), IFN-y and leukaemia inhibitory factor
(LIF) were the main molecules produced by these cells (Saito et dl,
1993; Jokhi et al., 1994).

uNK' cells are also a major source of VEGF-C, Angl, Ang2 and
TGF-B1 (Lash, 2006), suggesting that uNK cells may play an important
role in endometrial angiogenesis. UNK cells secrete other pleiotropic
cytokines such as IL-1p, IL-6, IL-8 and IFN-y, which increase with ges-
tational age (Lash et al., 2010c). Indeed, VEGF-A, PLGF and angiopoie-
tin (Trundley and Moffett, 2004) are among the cytokines and
angiogenic growth factors produced by uNK cells that could direct an-
giogenesis during embryo implantation (Chen et al., 2017a). It is un-
known whether there are differences in the expression levels of
growth and angiogenic factors produced by uNK cells during the men-
strual cycle and early pregnancy. The levels of these proteins secreted
by uNK cells vary throughout pregnancy (Lash, 2006). Ang2, Angl and
VEGF-C proteins are detected at lower levels in weeks 12—14 of preg-
nancy than in weeks 8-10 of pregnancy (Lash, 2006; Lash et dl,
2010c).

In fact, co-culture of uNK cells with either EVT or cytotrophoblast
suggests that the interaction between these cells could mediate de-
creased secretion of both growth factors and cytokines (Lash et al.,
2011). Cytokine secretion decreases only when both cell types are in
direct contact (IL-6 and IL-8) (Lash et al,, 2011). These interactions
could play a role in controlling the invasiveness of EVT. Differences in
cytokine and growth factor secretion (IL-6, TGFBI or inhibin-A/B
among others) have been observed when comparing term pregnancy
EVT and chorionic EVT with first trimester EVT (HLA-G + in all three
cases) (Papuchova et al., 2020). Furthermore, significant changes were
also seen in their phenotypes and gene expression profiles, suggesting
that first trimester and term pregnancy EVTs employ different mecha-
nisms to interact with immune cells present in the decidua (Papuchova
et al., 2020).

Angl and Ang2 exert their effect through the Tie2 receptor. Angl
has proangiogenic properties, while Ang2 binds competitively to the
Tie2 receptor, inhibiting its effect (Maisonpierre et al, 1997).
Furthermore, although trophoblastic interstitial cells express some
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receptors for these cytokines (GM-CSF, IFN-y, CSFI), the problem
appears when studying the functional role of these cytokines. Isolating
EVT cells for in-vitro studies is not an easy task, nor is the use of cell
lines to simulate what happens in vivo with these EVTs (King et dl.,
2000; Moffett-King, 2002). Nonetheless, Xiong et al. (2013) evaluated
how inhibitory KIR2DL| and activating KIRZDS! appear to confer pro-
tection or increase the risk of certain reproductive disorders: they
demonstrated that activation of KIRZDS/ by HLA-C2 from uNK cells
promoted the production of cytokines and other factors, including
GM-CSF. In turn, GM-CSF promoted the migration of the primary tro-
phoblast and choriocarcinoma cells (JEG3) in vitro (Xiong et al., 2013).

Immune therapies: what are we
fighting against?

Although the trophoblast cells invade the mother’s uterine tissue just
as cancer cells do, there is no rejection response from the NK cells. In
fact, uNK cells do not generate a cytotoxic rejection response, but in-
stead positively interact with the trophoblast during implantation and
early stages of pregnancy (Colucci, 2017). The role of the immune sys-
tem in cases of RM and RIF and its implications for assisted reproduc-
tion remain controversial. However, much of this controversy is
related to the fact that, until now, many of the studies carried out on
this topic have focused on the search for markers in peripheral blood
rather than directly on uNK cells (Alecsandru and Garcid-Velasco,
2015; Alecsandru and Garcia-Velasco, 2017). Based on a controversial
concept that immunomodulatory drugs could be an effective therapy
for reproductive disorders such as RM or RIF, different treatments, in-
cluding steroids, IVIG, and intralipids (see below), have been used
(Table 1) with discordant results. These types of immune-modulating
therapies include paternal leukocyte immunization, progesterone, aspi-
rin, steroids (Wong et al.,, 2014), TNFa inhibitors, IVIG (Christiansen
et al, 2002; Winger et al, 2011; Moraru et al, 2012), intralipid
(Shreeve and Sadek, 2012), prednisolone or dexamethasone and G-
CSF (Ubaldi et al., 2002; Motteram et al., 2015). However, the effec-
tiveness of these treatments is mostly not scientifically accepted, so it
is still unknown if they really affect only uNK cells of the immune sys-
tem and exactly what type of effect is generated (Moffett and Shreeve,
2015).

Lymphocyte immunotherapy (LIT) began to be used in the 1980s to
treat infertility and miscarriage. Infusions of paternal leukocytes were
administered to women with the intention to generate a beneficial im-
mune response to paternal antigens (Mowbray et al., 1985). To ac-
complish this, women were injected with purified lymphocytes from
the blood of their male partners (Mowbray et al., 1985). The scientific
basis of this technique was always quite doubtful because, although the
maternal immune system is activated against the paternal antigens
expressed by the fetus, the immune response that is generated to
EVTs in the uterus must be considered separately (Moffett and
Shreeve, 2015). In 2002, the US Food and Drug Administration (FDA)
banned this treatment (Wong et al., 2014). In the 1990s, a new test
was launched to measure pbNK cells (Chao et al., 1995), and women
who had a high number of these cells were offered therapies to pre-
vent NK cells from attacking the embryo (Ruiz et al., 1996). Apart
from immunization with paternal cells, other approaches have also

been evaluated, such as those using leukocytes from third-party
donors or trophoblast membranes. None of them improve the live
birth rate after application (Wong et al., 2014).

Another immune therapy consists of the supply of a fat emulsion
composed of soybean oil, glycerine and egg phospholipids, known as
intralipid. It is generally used as a component of parenteral nutrition in
patients who cannot tolerate an oral diet (Driver et al, 1989).
Although it is not entirely clear how intralipid exerts its immunomodu-
latory effect, the ability of soybean oil to inhibit pro-inflammatory
mediators is thought to be involved (Granato et al., 2000). In 1985,
it was verified that incorporation of intravenous intralipid to the
total parenteral nutrition regimen does not modify immune function
(Ota et dl., 1985). However, different studies have sent conflicting
messages.

Few studies have evaluated the effect of intralipid in reproduction,
and promising new treatments such as this can be a double-edged
sword (Shreeve and Sadek, 2012). Intralipid is an inexpensive and in-
teresting option because of its possible application in reproductive clin-
ics, but its efficacy has not been tested, so its application in patients is
risky (Shreeve and Sadek, 2012). In fact, a prospective cohort study in
women aged 40-42years assessing the efficacy of intralipid therapy
had to be interrupted before the established time because the prelimi-
nary data did not show any live births in the treatment group, while
the live birth rate in the control group was 30% (without treatment)
(Check and Check, 2016).

IVIG preparations are composed of a pool of plasma obtained from
blood samples from different human donors (Chen et al., 2000;
Constantine et al., 2007). To verify the effectiveness of IVIG treatment
in preventing embryo implantation failure, the reproductive results of
patients with previous miscarriages and implantation failures were ana-
lysed. Although the implantation rate was significantly higher in treated
patients, the pregnancy rate was not increased (Placido et al., 1994).
Furthermore, a meta-analysis carried out by Polanski compared the re-
productive results of three different studies of IVIG administration and
the use of oral prednisolone. Although beneficial clinical results after
the application of immunotherapy were seen in all of the included
studies, this meta-analysis did not support ‘the use of prednisolone,
IVIG, or any other adjuvant treatment in women undergoing ART who
are found to have elevated absolute numbers or activity of NK cells’
(Polanski et al., 2014). This conclusion was established after verifying
the low statistical power of the individual studies (Alhalabi et al., 201 I;
Winger et al., 2011; Moraru et al,, 2012) as well as the absence of
good-quality evidence. All the studies included in this meta-analysis
used pbNK cell levels as a diagnostic test. Therefore, the lack of scien-
tific support for the predictive value of these data and the scarcity of
available data to support these treatments highlights the need for the
scientific community to reach an agreement on the most appropriate
methodology to follow and the NK levels to be taken as reference.
Once again, the validity of these tests that continue to be offered to
couples with ART is questioned.

Some studies have shown positive reproductive results after cortico-
steroid administration (De Fried et al, 1993; Dan et al, 2015).
A meta-analysis showed that prednisolone therapy improved preg-
nancy outcomes in patients with RM, but there were no significant dif-
ferences in pregnancy outcomes in ICSI cycle patients (Dan et dl.,
2015). However, some studies show no beneficial effects of cortico-
steroids on implantation rates in patients receiving IVF or ICSI

120z Ateniged Lz uo Jasn ujeoy AIsIeAlun 1y PN / 3N §Z A9 022921 9/290ewp/pdnuwinu/g601 "0 1/10p/a1ole-80ueApe/pdnwiny/woo°dnoolwapese/:sdjy Woly papeojumod



Diaz-Hernandez et al.

12

Downloaded from https://academic.oup.com/humupd/advance-article/doi/10.1093/humupd/dmaa062/6126220 by ZB MED / Med Abt. University Koeln user on 21 February 2021

p=nunuoD

(s861)
‘D 29 ABJGMOLL

(€661)
‘I 39 AQualen)

(F661) 1012
uasuensuyd

(z661)
Ip 39 dued

(6661)
‘D 19 4290

(#000)
[eme.dy

pue Aspuey

(1661)
‘Ip 19 OH

(1661)
'[D 19 IydneD)

(e61)
1D 33 1U3||

(¥661) Aquno
pue eAeq

(Fe61)
‘D 19 J9sRI4

(e61)
‘ID 19 WenoD

uonedqngd

(100=d)
|0J3u0d 3y3 ueyl dnougd pasiunwiwl Y3 Ul 431
-19q Apuediiudis a4am sawodIno Adueudaid ay |

'sdnoJ38 usamiaq yg ul
SODUDUBYIP JUBDYIUSIS A|[BD1ISIIEIS OU DUSM Y |

'SUIOgMaU pue

USWOM U POPJODDJ SIDM SIDYD SSISAPE SNOLIDS
'sdnou3 usamiaq JuaIaYIp AJuedlIUSIS J0U SBM
(syig Al yum sapueudaud) a1ed $5930NS Y |

“(ApAnsadsal “700'0 =d PUe §100°0 =d) paseatd
-ul AQUBDIUSIS SBM WG Y3 ‘PaZIUNWILI SI9M
oym sjuaned uonioge Aenusy pue Aewd u

“JUaJaYIPp ApuediIu

-3is 30u auam dnous joJ3uod ay3 pue dnoud paziu
-NWILWI SY) USSMISG SYMIG SA]] JO Jaquinu 3y |
(10070 > ¢) sse22ns Adueudaud

pasea.nul Apuediiudis pamoys ssakooydwiA| [eu
-J91ed Y)IM UONBZIUNWWI PIAISISS OYM USWIOAA

‘dnoJd oqgeoe|d

ay3 u1 asoy3 yam sanued paiys wody seakdoyduwiA|
YIIM IO Spueqgsny Jiay3 woy sa3ooydwiA| yam
paziunwwl uswom Suedwod Usym paureiqo
2J9M YgT Ul sjuswaAodw Juedyiudis oN|

'sdnoJ3 usamy
-390 POAISSGO UM SDURIIYIP JuEdYIUSIS ON|

'sdnoJ3
U9M13Q SBWIODINO SANDNPO.IdaU Ul PaAISS
-0 UM SIDUBIYIP JuBdIUSIS A|[ednSieIs ON|

(8000 =4d) 30U pIp 182
dnoJ3 sya 01 paJedwod JuswWIBa.L) SY) PIAISIS
183 dnou3 aya ui Jaydiy Apuedyiudis sem ygT YL

“JuBWIER SIY) SUIUOPUEBGE PIPUSLILIODSY
(AjpAnoadsau
%700 =d PUe §70'0 = d) Adeaypounwiwi jo uon

-eo1jdde sy Jaye Jay3iy Apuediiudis auem (Yg)
S1BJ YlIq SAI| BY) ‘7 U | SasAeue y30q U]

suoIsn|pU0D/s3NSaY

‘s21400ydwiA|

UMO JIsY3 YIM Jay1oue pue s14doyd

-WA| s,puegsny ay3 yum pa3daful sem dnousd suQ
*S9W02IN0 aARdNpo.dal saroadwi sa1ko0oydwiA|
[eUJ33Bd U3IM UOHEZIUNWIWI JSYISYM P3EN[BA]

‘Y PaUIR[dX3UN YIIM USWOM JO SIWOD
-3n0 9ARdNpoJdad ay3 sarosdwil $334005N3| A1ed
P4IY3 Y3IM UOIEZIUNWIWI JOYIBYM PaTeSIsaAu|

"PISA|eUR SEM SOSBLLIBISILU 9JOW JO DAL LM
syuaned ul uonenuslodounwiwi Jo 1934 Y |
‘saipueudaud

|NJsS9IINS JO 31U BY) S9A0JdWI UoNEBZIUNWIWI
|92 Jesppnuouow [euared JayIaym patedisaau]

"Sy[99M INnoy AUd
-A® SUONBZIUNWIWI [BDAUSPI XIS PAAISIS. S1USNEBY

"saped paiyy wody sa3kooyduwiA| yam paziunw
-Wl 9J9M Jo spuegsny Jiay jo asoyl ‘(dnous jonn
-U02) $91A20ydWA| UMO JI9Y) POAIDISI USWOAA
*S2WO2IN0 dARdNpoLdal

paACIdWI |y YIM USWOM U] S||92 Jes|pnuouow
Jeuss3ed JO UOIIBUISIUILLPE JDYISYM paJen|eAs

"Pa1EN[BAD SEM |y PaUlR|dXaUN JBU) O} S21A03|
-na| [eussred yum Adessypounwiwl jo Adediye sy |

“§g o swua ul susned

| Ul uonezIunwwi 914305Nn3| 219UsS0o)e Jo
SSOUDAIIIYD S} SSISSE O PISA|BUER UM SIIUDD
Y813 Ul S[el3 P3]|0JIUOD-PISILUOPUE WO BIB(]
‘Y 78941 01 saideaayy sunwiwil Jo Aded1ye

3y3 S3en[eAS O3 pauliopad sem siskeue-ejaw
‘(spoyrswi [e21sieIs pue suon

-1ULYOP JUSISYIP YIIM) sasAeue Juspusdapul omi
AQ PaIpNIs 9JaM SPIMPOM UOREBZIUNWIWI 91AD
-03n3| d19ua30||e Jo S[eul eIl Ul pajedidned
pey oym |y Supusuadxs syusned |je wouy eieq

(saAn>alqojuonyeanpjyuswijeauy)
uondiidsap [esauan

*(4ounued swes ayy
M sa3eLIIBISIWL 99JY) I5eS| IB) s9|dnod /¢

*(se3eLUBISIW SnosUBIUOdS SAIINIASUOD SJOW
40 324Y3) |y paure|dxaun Yim UsWwom /4

“IWY YIM uswom 99

(1€41) (sonusd Jay1o) J91sI3au [BUOHEU
-J91ul Uk woudy syusned pue sasso| Aoueugdaud
SAIIND3SUOD SUOW JO 3243 Y3im syuaired g8t

*dnou3 |0.1u0d Y1 Ul Og pue dnoud Juswieaay
a3 ul syuaned ¢g *(sadeuedsiw paurejdxaun
2J4OW 1O 93JY3 YIM) |Y YIUM USWOM ¢/ |

Y YIM USWOM 4 |

‘suonJoqe snoauejuods
SAIIND3SUOD 3J0W JO 3341 YIIM USWIOM 464

*S98RIIIBISIW J9ISSWILA ISl

SAIINDISUOD SUOW JO 33UY3 YIM USWOM 94,
JusWwagdeurw JueIdadxs Jo Adessyy

-ounwiw| 01 PaJedO|[e A|WOPUE. oM Ssjusieyd
"Apnis a4} PaaIUD USWIOM {4, JO [B10] Y

'syusned Ggy Jo [e101

's1i0dau SoLI9s-958D
61 PUE S[eLI) P3]|0JIUOD-PaSILOPUE N0

*T SISA[eU® Ul g}4, PUB | SISA[eue Ul papnjaul
aJam siusned (gt "paIen|eAs aJam (papuliq
-9|qNOP USASS) S[BLI} PISILOpUE SUIN|

sjuaned

[e1 puliq 2/gnoQ
[l P3||0J43U0d-0gad
-e|d ‘puljg-sjgnog

[eLd pajjony
-uod-0qgade|d ‘9Andads
-o.d ‘puijg-a|qnoQ

S[el} pasiwopuel
-UOU puUE PasiWOpURY

[el3 [ed1uld
pasiWOopuUel ‘941Udd
-djnw ‘purg-sqnog
[el3 pasiwo

-pued ‘p3||043U0d-0gad
-e|d ‘puiig-sjgnoQ

[el} pasiwopued
paj|01u02-0gade|d

[eL) pasiwopued
Paj|01u0-0gade|d

[eLI) P9||OJIUOD 241U
-njnW pasiwopuey

uolissaJdad onsi3
-0| pUe sisA[eue-e3a||

sisAjeue-e319|.

sisAjeue-e319|.

Apnjs jo adA )

Adessyjounwiwiy
33A20ydwifk

Adeaayy sunwuwj

* 1 4V Suio3aapun syuaiyed ui saipnis Adeaayy sunwwii jo Arewwung | 3jqeL



13

Uterine natural killer and trophoblast cell interactions

Downloaded from https://academic.oup.com/humupd/advance-article/doi/10.1093/humupd/dmaa062/6126220 by ZB MED / Med Abt. University Koeln user on 21 February 2021

panunuoy

*dnous jonn
(1107) -uod ay3 01 pasedwod dnous suojosiupaud ay3 ul
Ip 19 1e[eYY (S0°0 > d) 49431y Apuediiudis sem ydd [ed1UlD Sy |

(S0°0 > ¢) dnous ogede|d ayy
(8007) ueys sdnou3 Adesyy uoneuiquIod pue uliedexous

ID 39 Azmey a1 yroq ui Jaysiy Apuedyiudis sem yg oy |
(8007) ‘sdnoug usamiaq seduaISYIp
D19 1[9ASY  IUBDIUSIS A|[BD1ISIEIS MOYS 10U PIP Y| PUB Yid
(9000) 'sdnoJ3 usamiag Yd ul

ID 39 UBANQ  S9DUDJBYIP JUBDIUSIS A|[ED1ISIIBIS OU 949M U3y |

(z000)

1D 39 1plRgN "PUNOJ SEM Y| JO Ydd UO 123}3 Juediudis oN|

"SODUDIBYIP JULD
(5661) -udis A|leansnels ou pamoys sdno.s plodnIod0d
ID 29 NIYOLy -N|S pue 0gade|d USIMID] Yd [BDIUID PUE Y| Y|

(r661) 'sdnoJ8 usamiaq seduRIDy
ID 29 997 -4Ip JUBDLIUSIS A||ED1ISIIEIS MOYS 10U PIP Y| PUB Yd

‘sajed Aqeq

awoy axe3 pue Adueudaud ul (0’0 > 4) 9sea.d

(£661)  -ur3uedyIUSIS A|[E21ISIEIS B POASIYDE JUSWIIESI]
IP 39 pali4 3
JuedlIU3IS 30U SeMm (|SD|) uondalul wuads

oiwse|dolAoeaiul Suloduapun USWOM Ul Aoedl

aAIssaiddnsounwiwl paAldad 1eys dnoud 8y | JO | PUB Ydd SY2 UO SPIOJ3ISODII0D JO 109)49 Y |

*1690D Jdpew
uoneAnde 3uissaidxs s|[93 YN Jo Sunsisuod

s91400ydwA| [e303 J1I9Y1 JO 9% | UBY) SJOW pey
OUM JUSWIEDY [SD)| BUlOSISpUN USWOM T | |

‘passasse Sem awoIno Adueudaud

puE paJeN[eAd SBA 2UO|Os|UpaJd JO 129)0 3y |
‘0gade(d B SI9Y10 pue suoJaIse30.d

pue uuidse ‘suosiupaud jo Adessyy uoeuIquIod ©
POAIDDRU SIBYIO ‘UliEdBXOUS PIAISIAL SWOS “|AY
1yredolp! YaIm uswom jo sdnous om) usamiaq
paJedwod aiam sawodIno Adueudaud pue yg "WYY 21Y2edOIP! YIIM USWOM (/ |
‘sisoudoud Adueu

-3aud poog ® pey WaY) JO || "Po1D9[SS oM
uonedIpaW AUe 9AI93. 10U PIp Oym susned
867 Jayroue pue suojosiupaid + (YSy)
pIo® DIjAdI[es|A190. paA@Ial oym sjusned /¢

"JAl JO S3Nsau ARdNposdas 3yl parocadul
suojosiupaid pue Sy yum Adedsy ji parenjeas

"P3)EN[BAS 249M Ydd PUB | UO P3JeN|BAS SeM
auo|osiupaJd yum Jayra30) uLidse Jo 19949 ay | 'ISD| Suioduspun syusned ooz

“JUSWIES) INOYIM
Jayjoue pue (Aep /3w (|) JuswIea) YIIM

dnouJ3 suo ol papIAlp aJ4am syusned ¢| ¢

"paleN[eAd sem swuaned SO Ul Y|
PUE YJd UO duojosiupaid asop-mo| Jo 1299 3y |
‘(sAep }) Aep Jad sawin 4noy aulPAd
-8J39) [BJO SW ()G PRJISIUILPE UM A3y | "SSulu
-9A3 4, 40} SuojosiupaidiAyIsw-0-9 [eJo SwW 9 |
POUBISSE 9J9M SIUSIBY "POIBN[BAS SBM Ydd S UO "POPN|IXD oM uonE|n
JUSWIE.) PlOdAI020IN(3 9SOP-MO| JO 12948 3y | -diurwoudiw Suirey siusned ‘syusned JA| /97
'sAep {, 404 (Aep /3w (09 40 9|°0) uojosiupaid
-lAyrsw-g9 | jo sesop s|dnjnw paAiedad sjusned
"POIBN[BAS SBM Y| PUB Ydd dA0Jdwi 01 SPIosals
0213402 yuMm uoissauddnsounuwiwl jo Adediye ay | "USWOM 3)1Idjul G/ |
“JusWIERl)
Inoyam dnous usyjoue pue (sAep 4, 4o} aUOSIU
‘palenjeAd auam  -paudiAyiaw jo 3w (9) Juswiea.y yim dnoud
Jajsue.) 0Auquia pue 4| ulodispun syusned SUO 01Ul PAPIAIP 3JaM SIUBIRY *(susned
Al4) AunJsjur 1o1oe) [egn Laim sausnied 9g
"A3ojouyd9)
aAoNpoJdau palsisse SuUl0ZIapuN USWOM Ul pue

Apnis
aAndadsoud pajjoan
-UOd-pasiopuey

Apmis psjjoiuod
-0gode|d pasiwopuey

Apnis pasiw

-opuedJ 9ARdadsoud
Apnis pajjoaa
-uod-ogade|d ‘oA
->adsoud ‘pasiwopuey

Apnis aAn
->adsoud ‘pasiwopuey

[el3 P3]|03UOD-0GD
-e|d ‘puiq-3|gnop ‘oA
->adsoud ‘pasiwopuey

[eld pasiw
-opueJ 9Andadsouy

Apmis pasiwo
-puUBJ-UOU dAIRdRdsOUY

(S107) -4 SH 3IYM |y Diy3edoIpl YIM USWOM Ul SSWOD |y pauredxaun uo uoneJisiuiwpe suojosiupaJd “BLISILID UOIS

‘039 ueq  -Ino Adueudaud parosdwi Adessys suojosiupadg 40 ASUBIDIYD Y1 PRIBN[BAD SISA[RUB-BIDW SIU | -N[DUI DY) 19W JBY) PIIID|DS 9I9M SDIPNIS SAl4 sISAjeue-e19| SP1049350313.40D)
‘uoneIsag
S>9aM g7 UeY) J91eaU3 1 Jueudaud Apuauind auam

(8861) 40 yuiq aAl| & paAalyde sapueudaud pey Apusnb *Adessyjounww se suonesedaud sueiquiaw Ise|q *S93eLIIBISIW J91SaWIII-ISJl paulejdxaun Adesayjounwiwui

Ip 33 uosuyo( -asgns oym sjuaned (9%9/) [Z/9] Jo [e101 y -oydosy payund Yim UoISNjUI SNOUSABIIUL JO BS)  SAIINIISUOD 2JOW JO 9343 YIIM USWOM (G [eUONEBAISSO 934>0ydwifn

(seAn3dalqojuoiyeanpjyuawuzeaas)
uonedl|qnd SUoISNPUOD/S)INSIY uondiidsap [esauan sjuaned Apn3s jo adA | Adesayy sunww

panupuo) | 3jqeL



Diaz-Hernandez et al.

14

Downloaded from https://academic.oup.com/humupd/advance-article/doi/10.1093/humupd/dmaa062/6126220 by ZB MED / Med Abt. University Koeln user on 21 February 2021

panunuo
[en
's9s550| Adueu pajjosnuod-ogade|d
(8661) 012 *sdnoJg usamiaq ssadons Aoueudaud u "PIEN[BAD SEM |y -S0.d snosueluods SAINDSUOD PAIUSWNIOP  ‘Pul|g-3|qnop ‘Pasiu
uosuaydalg  sedURIRYIP IUBDLIUSIS A|[EI1ISIIBIS OU 9U9M U3y  JO JusWIeaU] 93 Joj Adesayy DA Jo Adediye ay | 9J0W JO OM] JO AIOISIY B YIIM USWOM 79 -Opued ‘9Andadsouy
‘ogede|d [eLn
‘$00=4d) B U910 93 pUB JUBWIII) D)|A| PAAI2IRI SUO pa||0.3uod-0gade|d
(s661)  Adesayy jA| paai@dad 1eyy dnous ays uruaydly  ‘sdnou3 om) ojul PalISSE|D I9M SJURIRY “PaIEe *s9geLLIEDSIW SNO  ‘puUl|g-9|qnOp ‘pasiw
D39 wenoD)  Apuedyiudis sem sdnoud syl UsIMISG YT SYL  -N[BAS SBM ||y 1891 01 AdeJsyl DA JO Aol -1ASJd SUOW JO OM) LIIM USWIOM P3||OJUS G -OpURJ ‘9Andadsold
Al J9UE Jajsur)
'(50°0 > d) dno.8 ogedeid sy 03 'SSWO2IN0  0AIquUD JO sydwalle pajie) 240w U0 324y (q oqeade|d
(p661) paJsedwod uaydiy Apuedyiudis sem dnous H|A| 9yl  9ANINPOIdSI UO paseq Passasse Sem aJn|iej UOH  pue sapueU3a.d [edIWBYD0Iq JO SoSeLIIBdSIW SNSJ9A APNIs AN
D19 OPPE|4  Ul'Y| 9Y3 Ing padueyd Apuedyiudis 10U sem Ydd -Euejdwl 18a4) 01 JUSWIEA) DA[ JO AdBde By | AES AUSA 240w 40 OM) (B 1yIm sIusned 4 -ededwod pasiwopuey
OIAIYUMm
JUSWIEAY JO 1D9YD JUBDYIUSIS OU PIMOYS OS[e SISAeue-e39W /[eL)
S[EL) P3||0JIUOD-PISILOPUE JBYIO OM) SUIpN|d "UOIIN|OS SUI[ES B IO D)|A| PAAIRIA pa||0.au0d-0gade|d
(0107) 1033 -ul Aq pawiopad sisA[eue-eIawW SY3 ‘DIOWIBYLIN SIUSNEY "PIBN[EAS SEM |y AIepuodas dlyiedolpl ‘pul|g-3|gnop ‘pasiw
uosuaydeag  'sdnous usamIag ApuedyIUSIS JSYIP 10U PIP Yg 4O JusWIBS] Y3 Jo) Adesayl DIAJO 1RSI BY] |y Adepuodas diyredolpl yum syusned 7@ -Opued ‘9.1uadnin|y
"PoSA[RUE SU9M S[BLI1 JUSIRYIP XIS Ul
(001 =d) Pajjo4ud syuaned wody eI “|NY YIM USWOM U}
(6661) |g140 (820 =4d) Wd |nyssaans ul sdnoud  AoueuSaud |nysseddns e Jo sedURYD Y1 SasEAUDUI ‘dnoJd ogade|d sy ui syuszed
D19 BABQ]  USDMIDQ SIDUIIDYIP JUBDLIUSIS OU U4aM dJdY | OJAIl Jo uonedyjdde sy Jspeym parenjers G| | pue dnouS juswiesul ay1 ul ssusned 67| sisA[eue-eIa||
(6¥0'0=4d)
JuBDYIUSIS SBM 129)0 a3 ‘osn ogade|d
01 Pa1E[2JUN 3J9M JO JusWIea) Aq pajuaAaud aq
10U P|NOD 1B} SI01DB) AG PISNED DUIM 1BY) SISSO| 'SISA[eUB-BIDW SIYY Ul PAPN|DUI SJoM (d®IAD
(8661) Adueudaud Suipnpxs Jayy (9]0 = ) JuedyIusis ‘POIBN[BAD SEM |4} JO JusUIEa.) Joj 0gade|d yum DA | Sul uiingojSounwiwii
|19 AR A|[BOIISIIEIS 10U SEM JUSWIEA] D|A| JO 104D 3| ||y IO} JUSWIIBI) B SB D|A| JO SSOUSANDIDYS 3Y | -Jedwod S[eLs) pul|g-3|gnop ‘PasILIOpUE. Jno sisA[eue-e1a SNOUDAR.U|
“dno.3
JUSLIEAU] Y3 Ul JSMO| SBM YT Y3 ‘SoAuquid ‘suarowesed
(5107) P30 USZO0.J YUAA "PRJIDJSUE] 249M SOAIQUID USay 'S3]2A2 |SD)| PUB JA| Y10q Ul SOAIqWID USZody  [edluld pue [edisAyd o1 Suipiodde payplew Apms
WEJDNIO|  USYM PIAIDSGO D49M SIDUBIBYIP JUBDLIUSIS ON| PUB US) JO JDJSUBIL DU J9)JB POIBN[BAD SEM YgT 249M (G8) = U) S|0IUOD PUB (G8) = U) SISBD) [0IUOD-ISED Paydie||
"IY 21Y2edOoIp! YaIM USLIOM JO SINSaJ 9A
-onpoudad ay3 Uo 109y [eIdYaUS] B SeY U0
(9007) "(#0'0 = ¢) dnous jos3uod ay) 03 pasedwod Jaysly -oud pue a3e|o} ‘Ulidse ‘Duosiupaud jo Juswieasy
1039 J43)dwis | Apuedyiudis sem dnoud JusLWIBSII SYI JO g SY | PSUIGUIOD B JO UONB.ISIUILIPE JSYISYM Palen|eAd ‘WY 2iyredoipl yum syusned gz Apnis Jred-paydiel
JUaWIRIY S| /4A| Sulo3apun 41y
'sdnoJ8  yum suaned Ui sswodIno [esiuld aAoudwi suo)
(8100) Ip @ U99MIDq S9DUBIYIP JuBdIUSIS Ajjednsinels  -osiupaud pue (HAAWT) ukieday 1ySiem Jends) “JuswIeas)
SIPABISUIS  MOUS 10U PIP Yg PU. a3eLLeISIW ‘AdUBUSS.4d -OW MO JO UONBIISIUILUPE 9Yl JOYISYM PaieneA]  [SD|/4A| SUloS4apun 4y YIIM USWOM G | Apnis 140yoD
*(ueday pue uuidse asop Mmo|
pue ogade|d paAigdau dnoud puodas ay3 pue uLl
-eday pue uuidse asop mo| pue suojosiupa.d [eJo
POAIRDAJ BUO ‘pajeJauad auam sdnou3 oml) |y
‘dnous suojosiupaud ay3 ul (§0'0 > 4) paurejdxaun yim syusned ul suoje uLredsy jo uon [eL
($107) Ppaseasoul Apuediyiudis sem (S99M (7 JOA0 ADUBU  -BJISIUILUPE DY) 01 ISBJIUOD Ul PIIBN[BAS SBM ULIE |0J3UOd-PasIWOpUE
/D 39 eRWOD)  -3aud) sapueudaud |nyssaddns jo a3ejusdtad ay | -day yim pauiquiod suojosiupadd jo Adediye ay | ‘WY Y sausized 9| ‘ogadeld ‘puljg-sjgnoq SpP10.49350213.10D)
(saAndalqojuoiyeanpjyuawiyeauy)
uopedl|qngd SUOoISNPUOD/SIINSY uoidiidsap |esauan sjuaned Apn3s jo adA Adeaayy sunwiwg

panupuo) | 3jqeL



15

Uterine natural killer and trophoblast cell interactions

Downloaded from https://academic.oup.com/humupd/advance-article/doi/10.1093/humupd/dmaa062/6126220 by ZB MED / Med Abt. University Koeln user on 21 February 2021

psnunuoy
(0207) Ip 30 “seaualayIp JuedyiuSIs
IPIRGEZ-Y  Al[eansnels moys 1ou pip sdno.8 usemiag ¥g

‘sdnoJd

OMI 33 U99MI9q (1430 40} G00'0 =d) SYniIq
(9107) @Al pue sapueu3aud Suio3uo jo sapuanbauy ay3 Ul

“JUSWIIERJ] INOYLIM PUB LIIM
‘sdnoJ3 om) olul PIPIAIP BJoM Ay 41y YIm

syuaned 74| ul uoneasiulwpe uoisnjul pidijesiul

J9jE P2IBN[BAS 949M SBWODINO dANINPO.IdaYy

*(uoisnjur suljes Jay10 ay3 pue uoisnjul pidije.iul
3y paAIadal 9Uo) sdnoU3 OM] OJUl PIPIAIP SU9M

syusned ay| ‘pajen[eAs sem (%7 | <) AlARde

|92 J43][P>] [B4NIBU PRIBAS[S PUE |\ YIIM USWIOM

“41Y yum sened gy |

[el3 p3jjon
-UOD-PasILOpURY

Apmas
Pa||03U0d-pasiw

1029 A\Ye  PAAISSQO SU9M S9DUSISYIP JUBDLIUSIS A|[BoNSeIS ui uopeiusws|ddns pidifesaur jo A>ediye sy | "USWIOM 947  -Opued ‘puljg-a|qnoQ pidifeayug
“JUSWIBRIL DA YIM YIg BA] B Jo Ajiqeqo.d ‘WY 189
(1107)  @Ya ur aseaudul Ue 35933NS 10U PIP S[eL] XIS 9yl [eLI) PO||0IUOD-PISILIOPUR. B PUB SSEGRIEP JUD 01 Adeaay1 H|A| Jo Adedlye ay1 Sunenjeas
‘D 29 B1Y JO SISA[BUB-BISW SY | ‘POAISSCO SU9M SIJOUSG ON| -JOHIP Ul INO PSLLIED SBM UDJeas paziusIndwiod Y S[el] PIJ|0JIUOI-PSILOPUE XIS JO [810) Y MBIASJ DNBUISISAS
*93elUedSIW
Auewlid Y1M USWIOM JOJ US3S SBM 11JouSq ‘Y 40} JuBWIRa DA
(£007) ©uINg ‘(40°0 =d) INY AIBPUODISS YIIM USWOM Ul JO 109)J9 S S1BN[BAS 0) PSIINPUOD SEM S[BLI)
‘ID 29 UONINH pasea.dul Apuedyiudis yg ‘uonedljdde HiA| 481y  PS|[0IUOI-PISILIOPUBI JO MIIASI JNBUISISAS "USWOM T4 SUIAJOAUI S[BL 8 MBIASJ DNBUISISAS
‘sAep SAIIND3SUOD € 4O}
WY YIM USWOM Joj [eDYD DA JO Aep /33 /8W 04 PRAIRISI WYL JO |[B pUE
(966 1) -Uaq 29 p|nod JusWIBAL D|A] 7Byl 15933NS PUB A1l PS1I[SS SI9M |y YIIM USWOAA ‘PRIBSNSIAUI SEM
ID 39 ZINY -ARDE |92 YN JO UONIGIYUl UB PSMOYS SINSaJ 3y | S|[92 HNGd Jo AIIARDE BY1 UO DA JO 1034 3y | ‘WY YIM USWomM §  Apnis [eUOnBAIRSGO
‘pasAjeue sem
(100070 > d) DIAI PRAISI3 OYM USWIOM JO Jey)  UONB.ISIUILPE D|A] Joe Adueudaud sy jo ssad
(z107)  ©31 paJedwod Jamo| Apuediyiusis Sem JUSWIBSI] -DNS 9Y | "PIEN|BASD SEM a.N|ie} dAIdNPOIda Jua
‘D 19 NJJO DAl 2A19294 10U PIP OYM USWOM Ul Ydd Y| -4ndad 1891 01 Adedsyy DA JO SSOUSANIBYS aY | ‘Al 493 4y 4O |y Yum syusied /G| Apnis [euopReAIssqO
SIIP3 195AD 4O % vy
‘Al PUe || sdnou8  pue oned 7y] 1|yl ay3 uo paseq sdnous 4 oul
(1102 U9aM19q puE || pue | sdnoJ3 usamiaq Ja11aq POPIAIP 949M USWOAA "sdnou3 pajeasje aunw “(sauaned
ID 39 JBSUIAA Apuediugis a4am Yg PUe Ydd [BI1Ul]D Y| @Y -Wi Ul pajenjeAs sem Adessyy DA Jo Adeduye ay | /61) USWOM 3|1Usyqns Ul 924D JA| 20T Apnis sAndadsounsy
(6007) “(S0°0 > ) sdnoJ3 usamiag Yg PUB Ydd [BDIUID  "PIIBN[BAS SBM $91BJ SS9IINS JA| S9A0IdW S103 ‘poo|q [esaydLiad ul SjoAS| sauDy ®JEBP [BDIUI] JO
1D 39 JOBUIA  “ddd Y| Ul PAAISSGO DM SIIUBIBYIP IUEDYIUSIS -IqIYUI ©-JNL PUE DIA] YHM JUSWIBSIL JOUYIBYAA  -0IAD PIIBASIS PUE AJI|ILIBUI YUIM USLIOM G/ SisA[eut aAndadsonay
(9100 'sdnoJ3 om) ay1 usaml JUSWIBAI] H|A| O SANBUISI[E UR JO 9|ge.ed dnou3d 9|A| ay3 ul syusned g7 pue dnoud [BlJ2 [BD1UID PAsIWO
D29 8Usly  -9q Ydd Ul SedUaIayIp JUBDLIUSIS A|[ea1IseIS O -W0D 9q Ued Adessy pidijesiul Joyisym pajenjeas pidijeaul sy ur papnjaul a4em syusned 97 -pued pue aAndadsoly
(200 > d) edyu
-31S 949M S9DUSJSYIP Y3 ‘[eLi) P3||j0.auod-0gqade|d
snolAaJd B WoJj BIep SUIpNjdUIl USYM ‘USASMOH "P91BN[BAS SBM SSWODINO [e1 pajjo.n
(z00?) P22 'S90URIBYIP JUBDLIUSIS A|[eansnels moys AdueuSaud uo sagdelLedsiw paurejdxaun unoy 1ses) ‘so3eLuedSIW  -Uod-0qgede|d ‘pullq
USSUBASMYD 10U PIP Y AJBPUODSS YIIM USWOM Ul g SY | I8 YIIM USWIOM UO H|A] JO SUOISNJUI JO 3293 3y | paule|dxaun Jnoj 15es] 1B LJIM USWIOM 8G  -3|qNOp ‘PasILIOpURY
“dg7 Jo swu1 ul dnoud Apnis pajjosy
(6661) 1012 ogedeid sy pue dnoud pareasl HA| Syl UsamIaq ‘palen[eAd -uod-0gade|d ‘pasiw
B)SMOUO|GE|  S9DUJIBYIP IUBDHIUSIS A|[BINSBIS OU SUSM SU3Y | SeM |y JuaAaad 01 Adeasyl DA Jo Adediye sy | ‘WY YIM USWOM [§  -OpURJ ‘puljg-3|qnoC]
'sdnoJ3
U29MI3Q SULIIQ SAI| JO J2QUINU BY) Ul JO SHIIM T | *S93BILIBISIW 9JOW JO "ogade|d 4,7 pue Apmis pajjo.n
(z661) UeY) 9J0W Jo sopueuSa.d JO JoquUnU Syl Ul 934yl PEY OUYM USWIOM Ul PSIBN[BAS SBM SSWOD  DJA| 7T "PPN|PUI 94oMm (saSeLuedsiw aJow  -uod-ogaded ‘puliq (®1AI1) uninqgoj3ou

ID 19 OURd  SSDUSJISYIP JUBDHIUSIS A|[BISEIS OU SUSM 343y | -INO sAndnpoddsu uo Adedsyl H|A| Jo 1994 3y |

uonediqng SuoISNPUOY)/S)NSAY

(seA13d>3lqojuonyeanp3uswiesauy)
uondiidsap [esauan

40 92443) |y PaduUSLIadXe oym UsWom 94,

sjuaned

-3|qNOop ‘2.43uadN|N|A|

Apnjs jo adA )

=nwiwii snoudAeaju|

Adesayy sunwiwj

panupuod | ajqe.L



Downloaded from https://academic.oup.com/humupd/advance-article/doi/10.1093/humupd/dmaa062/6126220 by ZB MED / Med Abt. University Koeln user on 21 February 2021

*98eLLIBDSIW JUSLINDAI
‘WY t2n|1ey uoneiueldwl Jua.IIndaa ‘4Jy 184 AdueuSaud Yud ‘uneday 1ySiom Jendsjou MO| ‘HAAINT SI[22 J3]|ID] [B4NIBU ‘YN ©18J YLIIG SAI| “Yg ‘©1ed uoneiue|dwi Y| tuingojSountuwl SNOUSAB.AUL ‘D|A| “I0IDB) Bunenwns-Auojod 914d0nuedd ‘45D-9

Diaz-Hernandez et al.

16

‘sadeliIedsIW Jaylny Sunusaa.d ul ‘WY paurejdxaun sno

0qede|d JIAO 12949 [BIDSUS] JUBDIUSIS OU SPIA  -1AS4d YIIM USWOM Ul Yg a3 uo (239 ‘pidijesaul

-o0ud H|A| pue ‘saueiquiaw Ise|qoydoud ‘s214205 ‘D|A| ‘UonEZIUNWWI 3IAD05(N3)) SIUSWILDI] duUNW

(£007) 11025 -n3| Jouop Awied puiy3 ‘UONBZIUNWIWI [|9D [BUISIEY  -Uil JUSISYIP JO SIS SU) SSIBN[BAS MBIAI SIY |

‘P3pnRUl

9J9M Y1Iq 9AI| UO UBY) SJOW OU pue
(so8eLIUBISIW BIOW 4O 93UYI YUM) [y YIM
USWOM 1e3.) 0} pash saldessyiounwwil Jo sfe
-L1} PISIWIOPUBY "PAPN[2Ul 949M S[eLY AJUSM |

"Papnjpul a4am suonediignd og

M3IASY

sisA[eue-e3ow
PUE MBIASJ DIIBWIDISAS

sjusuwijead) snoliep

1Y PUB Y

‘saidedayy Joj Juswiea.) e se Adessyiounwiwi 4A| 40} 9duUsp

(8102) aunwiwi jo uonedidde ay3 Jo1ye PAAISSGO -IAS JUSLIND Yl APNIS 01 pawLIopIad auam sisAeue

D32 IIYDY  Sem uORUSARd |y 4O g Ul JusWwACIdWI O] -BISW B PUB MBIASI DIBWISAS SAISUSYRIdWOD
syusned

JO %(0| UBYI SS9| Ul POPJOII UM SID9YD SIDA *(UoNEIIPAW INOLIIM IS0 U1

-pE SWOG JusWIEa.] 45D-5) INOYIIM sdnouSgns pue UOREIIPAW JSYIOUE. YIIM SUO) JUSWIBI 45D

oml ay3 yum dnous 45-9 aya Suedwod usym -o) Inoyam sdnou3gns omi 03 paedwod |y Yim

(£107) 1p3>  PaAIRsqo SeM (910°0=d ‘910°0=d ‘9000=4  swuaned ui synsas aAnonpoidas parosduwi 450
Jasueyofjueg 19100 =d) ¥ PUB Ydd 42481y Apuesyiudis \y - JO UOHEBIISIUILPE SYI JSYISYM PIYLISA SEM 3|

"SOWO02IN0 ‘INY Paure[dxaun Yyiim USWOM Ul sYnsad

(6100 Aue 4oy sdnoJ3 ogade|d pue pajead) Usaml aAndNpoJdal saroadw 4§D-5) uewiny Jueulq

Ip 33 uadeg -9Q PAAISSGO D49M SDUIDYIP JUBDYIUSIS O] -WOD3J JO UONEBIISIUIWPE SY3 JOYIDYM pajen|ea]
ENORY)

40 uondalful sulvINe.UI UB PaARdaJ Jey) dnoud

(£100) P32 “Wid & pue dno.s |0.13uod e :sdnous om) olul papIA

ISNOPJBjEZ  JO Y| Ul PUNOJ S49M SSDUSISYIP JUBDIIUSIS ON -IP 949M [eL) pasiwopued siyl ul siuedpnaed sy |
*dnoug |0J3u0d a3 pue dnoJd pajeaJl ay3 USIM)
"PUNOJ 949M 91 93RBLIBISIW PUB -3¢ PaJedWod 949M SINSAJ JA| "PIIBN[BAS SU9M
(9107) I “Y4d Ul sdnou3 usamiaq sedualayp JuedyIuis JUSWIEI] JA| [BWIOU USJE SBWODINO SAIINP
D 39 Jeyp9g O "sewo0Ino Aoueudsud saoudwi 1ou pIp 4SD-9  -04dad UO UONEBAISIUILPE 4SD-5) JO SI9YD 3y |
(1000 >d)
0gade|d SNSUSA 4SD-5) YIIM PIBSI) USWUOM
ul Jay3iy Apuedyiudis susm HDY-¢ Jo SjeAs| 8y |

'S|0JIUOD 8/ PUB Y YuMm siusned /7|

‘WY
paure|dxaun Jo AI0ISIY B YIM USWOM (G |

*s93B1LIBISIW 9941 1O OM] YIIM sjusied g9

"USWOM 3[IRJul 00 |

Apns

1U0Y0D dARdRdsouoYy
[e13 [ed1uld pajjos3
-uod-oqgade|d ‘puiiq
-9|gnop ‘pasiwiopuey

[ew
[eD1UI|D PasIWOpURY

[e13 [ed1uld p3)jos3
-UOD-PasILOpURY

"(19000=d) “(suon.oqe

(6007) BIPBIGS dnoug ogade|d ayy 03 pasedwod Jay3iy Apued "PoIBN[BAD SEM |A|Y SnoaueIUOdS SAINIISUOD UNOJ ISED) [eLy pajjoan
pue lujjodieds  -YIudis SeM 4SD-5) YIIM Pa1ea] USLIOM Ul YgT] JuaAid 03 Juswieau) 4SD)-5) JO SSOUSANDRYS dY | 18 YUM) |y Pauredxaun yum syusned gg -UOD-PaSIWLIOpUERY 4$D-5

(0z00) *Adesayy pidifesiul paAidas oym ‘POIBN[BAD SBM {|Y Apnis

ID 19 siede|d UaWOoM Ul (6500 = d) 42Y31y ApuediyiuSis sem Yg PuUe |y 3831 01 Adeaayy pidieaul jo Adediye ay | "IN 40 41Y YUM USWOM /8|  OYOD dARNdadso1ay

'sdnoJ3 ay) usamiaq paJedwod auem S3nsal "dnoJ3 |0.3UOD € PUE JUSLIIESIL BUY) PAAIRD
a1 usym (AjaAndadsad ‘0g'0 pUB 7|'0=4) S92 -4 2ey2 dnous e usamiaq pateduiod auem syg

(8107) -usJayip JuedyIuSIs A|[ed1ISIIeIS MOYS 10U PIP YgT 41y 4O Y YIM USWOM JO s3ynsau dARdNpoud Apnis

D39 lunJel 9y pue sapueudaud [ediuld jo Jaquinu dY ylog  -a4 ay3 daoadwi suoisnjul pidijeaul ji pajenjeA 41y 40 Y Y3Im sauaned /7| 340YOd DARdadsoAIRY pidije.ayuj

(saAndalqojuoiyeanpjyusawuyeauy)
uopedlqng SuoISN|PU0D/s3INSIY uoi3diidsap [esauan

sjuaijed

Apn3s jo adA )

Adeaayy sunwwj

panuiuo) | 3jqeL



Uterine natural killer and trophoblast cell interactions

17

treatments (Lee et al., 1994; Moffitt et al, 1995; Ubaldi et al., 2002;
Duvan et al., 2006). In a case-control study, the effectiveness of com-
bined co-treatment with aspirin, doxycycline and prednisolone in IVF
and ICSI cycles was investigated by evaluating the live birth rate.
However, no significant differences were found in the cycles with fresh
embryo transfers, (Motteram et al., 2015). In frozen embryo transfer
cycles, the live birth rate was even lower in the group given the com-
bined adjuvant (Motteram et al., 2015). Criticisms have been raised
about these studies because of the differences in corticosteroid admin-
istration protocols, types and doses of drugs used (prednisolone, meth-
ylprednisolone, dexamethasone and hydrocortisone combined with
prednisolone), and the treatment duration (Boomsma et al., 2012).

Another aspect to consider is the lack of consensus when consider-
ing the levels of reference uNK cells (or pbNK cells). There is no
established cut-off value to define an ‘abnormal’ level of uNK cells.
Some studies consider a ‘high’ level of uNK cells as >5% of total stro-
mal cells (Quenby et al., 2005), while others have established a cut-off
value of 13.8% using the 90th percentile as the upper limit of normality
(Tuckerman et al., 2007). There is no consolidated value when evalu-
ating uNK cells as a diagnostic tool. For a cohort of 215 women,
mean percentages of uNK cells significantly differed at 2.5% in fertile
women, 3.2% in women with RM, and 3.1% in women with RIF (Chen
et al,, 2017b). In addition, when establishing a lower limit of 1.2%, 16%
of women with RM and 18% with RIF had uNK cells below this value
(Chen et al.,, 2017b). Most studies focused on evaluating higher levels
of uNK cells without paying attention to lower levels, thus few studies
have evaluated possible detrimental effects on the endometrium of
such low levels.

Although some treatments have achieved favourable reproductive
results, many other studies showed no benefit. Therefore, more well-
designed prospective randomised studies with larger sample sizes are
necessary to assess the efficacy, reliability and safety of this type of im-
munotherapy in a more objective and complete way. Furthermore,
some treatments, such as IVIG therapy, apart from being financially
costly also have reported cases of adverse reactions, some of them se-
vere (Duhem et al., 1994). A meta-analysis including nine randomised
controlled trials to check whether alloimmune stimulation of the fe-
male partner improves live birth rate concluded that paternal cell
immunisation may be an effective treatment. However, although the
treatment effect appears to be small (helping only 8% to 10% of cou-
ples), significantly more problems were observed among immunised
women, including hepatitis, cytomegalovirus, flu-like symptoms and
transfusion reactions. Some patients also developed antipaternal eryth-
rocyte antibodies, antipaternal platelet antibodies or autoimmune
problems (Coulam et al., 1994). The FDA banned LIT in 2002 consid-
ering this treatment as a new investigational drug with significant asso-
ciated safety concerns.

However, not all patients with RM have high levels of uNK cells, so
application of this type of therapy may not have the desired effect.
While personalized treatments adapted to each individual case are an
alternative, such strategies are complicated by variability in the number
of uNK cells throughout the menstrual cycle (Wilkens et al., 2013) as
well as the lack of a standardized protocol or test across clinics
(Moffett and Shreeve, 2015).

A recent meta-analysis evaluated the effectiveness of different im-
mune therapies for the treatment of RM. The most common immuno-
modulators, such as immunoglobulin, LIT, intralipid and intrauterine

infusion of G-CSF, were evaluated (Achilli et al., 2018). This complete
and exhaustive review of the available medical literature on the role of
immunotherapy in reproductive outcomes concluded that immuno-
therapies should only be applied in the context of research. This is be-
cause of the lack of evidence showing any clear improvement in RM
prevention or in the live birth rates in women undergoing IVF. There
is a need for well-designed randomised controlled trials to correctly
address this issue and offer conclusive results (Achilli et al., 2018).

Many studies have established in patients a baseline value of ppNK
>12% in order to consider treating them with an immunotherapy
(Woon et dl., 2020). This, together with the variety of immune thera-
pies being applied without a common criterion, generates even more
heterogeneity (Woon et al., 2020). Treatments based on uNK cells
must be considered carefully: there is still an intense debate about
these therapies, many doctors affirm that these types of therapies offer
false expectations to patients, the options are mostly expensive and,
on occasion, they have been associated with side effects. For this rea-
son, these treatments should not continue to be offered to treat unex-
plained recurrent pregnancy loss. Furthermore, the studies showing
beneficial results do not provide predictive value for the success of
pregnancy and should be abandoned (Scott, 2003).

Conclusion

One of the issues that this review presents is the enormous complex-
ity involved in studying the immune system in reproduction. It is practi-
cally impossible to evaluate each element in isolation, because of
interactions with the other components. The complexity in the immu-
nology of the maternal—foetal interface lies in the great variety of par-
ticipating molecules, the processes and interactions that occur at
different levels (molecular, cellular, tissue, etc.) and the great diversity
of genetic combinations that are translated into different types of
responses.

This review highlights the critical and important role that uNK cells
play during pregnancy. Indeed, these cells perform their main functions
during the most critical phases of pregnancy, that is, in its early stages.
Although uNK cells have been regarded as ‘enemies’ in reproduction,
it seems that they are more allies than was previously thought. Until
recently, uNK cells were thought to be equivalent to cytotoxic pbNK
cells, in part owing to their name. But, as discussed throughout the ar-
ticle, uNK cells are not implicated in a cytotoxic response against the
embryo. Recently obtained knowledge of these cells in the endome-
trium during the menstrual cycle, especially in the decidua, shows that
they are instead key regulators in the early stages of pregnancy, playing
a fundamental role in vascular remodeling and trophoblast invasion.
Thus, alterations in their functions could compromise reproductive
success. Furthermore, the study of uNK KIR receptors and their inter-
action with trophoblast HLA-C could help clinicians to prevent preg-
nancy disorders such as miscarriage, pre-eclampsia and low
birthweight. This could be quite a breakthrough for IVF clinics, as oo-
cyte or sperm donors for patients with the KIR AA genotype could be
selected based on their HLA-C expression. Similarly, the embryos to
be transferred to patients with this haplotype who undergo RM or RIF
could be selected, also based on their HLA-C expression (Alecsandru
et al., 2014, 2020).
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Additional research is needed to establish the functions, interactions
and processes in which uNK cells participate, since their clinical impli-
cations could be of great interest and beneficial for many women
worldwide. Couples in which the woman has a KIR AA genotype and
her male partner is homozygous for HLA-C2 have a more negative
prognosis. Thus, the use of sperm/oocytes from a homozygous HLA-
Cl donor could be considered along with single embryo transfer
(Hiby et al., 2008; Alecsandru et al., 2014, 2020). Translation of this
idea into clinical practice could lead to improved live birth rate for af-
fected KIR AA patients (Alecsandru et al., 2020).

One of the main problems in studying reproductive immunology is
that of considering results obtained from the concentration and activity
of pbNK cells as valid for use as a diagnostic test or a predictor of
pregnancy outcome (Matsubayashi et al., 2005). Indeed, despite the
lack of verified and complete information about the functions of uNK
cells and their role in the correct development of pregnancy, many im-
mune treatments and therapies have been offered to patients to avoid
RM, RIF or problems such as pre-eclampsia ‘caused’ by a high number
or activity of NK cells. Many of these therapies have been applied with-
out empirical evidence to back them up, and often consist of expensive
tests that do not produce the desired results. These studies show con-
troversial results because the number of included patients is not always
large enough for sufficiently strong statistical power to be able to draw
clear and consistent conclusions. Likewise, there is great variability in
terms of inclusion criteria, the methodology followed to analyse NK
cells, outcome measures, and the doses, duration, or types of medica-
tions used between different studies. This heterogeneity decreases the
value of the studies and requires the results to be interpreted with ex-
treme caution. Therefore, due to the lack of information and evidence
supporting the use of immune therapies in IVF patients, the discrepan-
cies between the studies themselves and the lack of consensus, efficacy
and safety, whether these treatments should be offered to couples un-
dergoing ART has been highly questioned. Specific tests are needed to
safely study and diagnose RM caused by immune system disorders.
Some of the unexplained early losses are likely due to genetic abnor-
malities that have not yet been defined and that may be affecting early
embryo development (Copp, 1995; Pegoraro et al., 1997; Spandidos
et al., 1998; Tsai et al., 1998; Rossant and Cross, 2001; Tempfer et al.,
2001; Quenby et al., 2002). In turn, to evaluate the efficacy of any pro-
posed treatment, it is essential to carry out randomised-controlled
studies with an adequate number of participants. Complete, well-
designed studies with strong statistical power and common methodol-
ogy (to reduce variability between studies) are necessary to provide
conclusive scientific evidence. This would allow evaluation of the real
benefit, if any, of these therapies in terms of live births after IVF applica-
tion, ensuring the health and safety of the patient.
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