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Abstract
Uterine natural killer (uNK) cells, a specific type of natural killer (NK) cells, are important cells at the 
foeto-maternal interface in humans as well as in mice. uNK cells are part of the innate lymphoid cells group 1. 
Especially in the mouse, but also in the rat, many in vivo studies have been performed to evaluate the role 
of uNK cells in placental development. These studies have shown that uNK cells are not indispensable to 
pregnancy, but that they play an important role in optimal decidual angiogenesis in early pregnancy, 
trophoblast invasion and spiral artery remodelling in the mouse placenta. Based on the mouse studies, various 
in vitro studies, as well as immunohistological studies of the human placenta from elective abortions, have 
shown that uNK cells have similar functions in the human placenta. In the present narrative review, the role 
of the uNK cells in the development of the mouse and rat placenta will be discussed first. Thereafter, studies 
on the role of human uNK cells in the human placenta will be reviewed and these studies will be discussed in 
the light of the knowledge on mouse uNK cells.
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Introduction
Natural killer (NK) cells are innate immune cells with cytolytic functions [1]. They belong to the group of 
innate lymphoid cells (ILCs). ILCs are a diverse group of cells, which are important for immunity and tissue 
development and remodelling [2]. They are subdivided into 3 groups based on the similarity with cytokine 
production and transcription factors with the various T cell subsets [2]. NK cells belong to the group 1 
ILCs [2, 3]. Next to their cytolytic function, NK cells also produce proinflammatory and regulatory cytokines. 
Human NK cells are characterized by the expression of CD56 and lack of expression of CD3 [1]. In the peripheral 
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circulation, two major types of NK cells can be distinguished: CD56bright and CD56dim NK cells [1]. The CD56dim 

NK cells are mature cells, co-express CD16, have a cytolytic function and make up 90% of the NK cells in the 
peripheral circulation [1]. CD56bright NK cells are more immature NK cells, do not co-express CD16, comprise 
about 10% of all circulating NK cells and are considered poorly cytotoxic, but cytokine producers [1].

In the uterus, group 1 ILCs are important for placental and foetal development. The main cells of this 
group 1 ILCs are uterine NK (uNK) cells [4]. The first detection of uNK cells in the placenta was in mice in 
the 1980s [5, 6]. Soon thereafter, large granular lymphocytes (LGL), were detected in the human decidua [7]. 
These cells were uNK cells. Since then a lot of research has been done on uNK cells and their function at the 
foeto-maternal interface. uNK cells have important functions in for instance decidual angiogenesis and in 
spiral artery remodelling [8]. Although they are CD56bright and produce cytokines and other factors, they have 
a different phenotype and function as compared with circulating CD56bright NK cells—they are granulated and 
produce various molecules, such as angiogenic molecules [9]. Similar to uNK cells in the human placenta, 
uNK cells in the mouse placenta are granulated and produce various cytokines, angiogenic factors and 
growth factors [10, 11].

One of the first studies showing the role of uNK cells in placental development and therefore foetal 
survival was a study by the group of B. Anne Croy, showing that foetal loss occurred in mice lacking uNK 
cells [12]. Since then many studies have been performed on mouse and human uNK cells and their role in 
healthy placental and foetal development and growth as well as in pregnancy complications. In various 
pregnancy complications, different numbers and functions of uNK cells have been observed. For instance 
women with preeclampsia, it has been suggested that excessive inhibition of uNK cell function may play a role 
in incomplete trophoblast invasion and spiral artery remodelling in these patients [13]. Also, the numbers of 
uNK cells may be decreased in preeclampsia as well as in foetal growth restriction [14]. Other complications 
of pregnancy have been associated with increased numbers of uNK cells, such as in women with recurrent 
miscarriage or unexplained fertility [15–17]. The studies on uNK in pregnancy complications suggest the 
importance of uNK cells for normal placental and foetal growth and development. 

This narrative review aims to give an overview of the role of uNK cells in normal placental development 
and function. We will first focus on the role of uNK cells in the mouse placenta since the role of the uNK cells 
in placenta development has mostly been studied in this species. We will also discuss some studies in rat 
placentas, which are additive to the mouse studies. This will be followed by reviewing studies on the role of 
uNK cells in the human placenta and indicating the role of mouse studies in defining the role of uNK cells in 
human placental development.

Rodent placentas as models for the human placenta
After fertilization and various cell divisions, the fertilized oocyte develops into the blastocyst, which implants 
into the endometrium [18]. The embryo develops from the inner mass of the blastocyst, the embryoblast, 
while the placenta develops from the outer layer of the blastocyst, i.e. the trophoblast [18]. The placenta 
supports the foetus during pregnancy by exchange of gasses and nutrients and waste products. This takes 
place in the chorionic villi, of which the syncytiotrophoblasts, i.e. the outer lining, are in direct contact with 
maternal blood. This part of the placenta is also called the foetal part of the placenta. The foetal part of 
the rodent placenta has a labyrinthine structure, rather than a villous structure. Also in the labyrinth, foetal 
syncytiotrophoblast is in direct contact with maternal blood [19].

Rodents, such as mice and rats, like humans, have a haemochorial placenta, indicating intimate contact 
between foetal and maternal tissue [19]. This intimate contact is observed in the foetal part of the placenta 
but also at the foeto-maternal interface. This interface is not identical between human and rodent pregnancy 
(see also Figure 1). The uterine response to pregnancy, i.e. to the implanting blastocyst and the invading foetal 
trophoblast cells is, however, similar between human and rodent pregnancy [20]. This response includes 
implantation of the blastocyst, which induces endometrial decidualisation, an increase in the numbers and 
composition of maternal immune cells at the site of implantation as well as placental vascular remodelling [20]. 
Thus, the foeto-maternal interface consists of decidualised maternal endometrium, with many maternal 

https://doi.org/10.37349/ei.2022.00065


Explor Immunol. 2022;2:518–39 | https://doi.org/10.37349/ei.2022.00065 Page 520

immune cells, such as uNK cells, as well as invaded foetal trophoblast cells. This part is sometimes also called 
the maternal part of the placenta.

Figure 1. Location of uNK cells in the placenta of early to mid-pregnancy of humans (left), rats (middle) and mice (right). In mice 
and rats, uNK cells can be found in the decidua basalis and mesometrial lymphoid aggregate of pregnancy (MLAp). They can 
be found close to trophoblast cells, around the spiral arteries and in the arterial wall as well as scattered throughout the decidua 
and MLAp. In mice, trophoblast invasion is only seen in the first part of the decidua, close to the trophospongium, while in rats, 
trophoblast invades throughout the whole decidua and into the MLAp. In the human placenta, uNK cells can be found in the 
decidua basalis, closely related to trophoblast cells, around and in the wall of the spiral arteries as well as scattered throughout 
the decidua. In human, rat and mouse placentas also other immune cells can be found, such as macrophages, dendritic cells and 
T cells (not shown in this figure) 
Note. Adapted from “Uterine NK cells and macrophages in pregnancy,” by Faas MM, de Vos P. Placenta. 2017;56:44–52 (https://
www.sciencedirect.com/science/article/pii/S0143400417301790?via%3Dihub). CC BY.

Foetal trophoblast invasion at the foeto-maternal interphase is different between human and rodent 
placentas. Foetal trophoblast invasion is very invasive in humans, even into the myometrium, while in mice 
trophoblast invasion is very restricted with only limited invasion into the decidua [21]. In the rat, trophoblast 
invasion is more similar to humans and is observed throughout the decidua and into the MLAp, also called 
the mesometrial triangle [22, 23]. The localisation of uNK cells in the placenta is different between humans 
and rats/mice since in human pregnancy, uNK cells are mainly found in the decidua [21], while in mouse 
and rat pregnancy uNK cells are found in the decidua as well as in the MLAp [21]. The MLAp develops 
in the myometrium in early to midgestation in mice and rats from decidualised endometrial cells and 
maternal immune cells and can be compared with the deeper part of the maternal placental bed in humans 
(see also Figure 1) [24].

uNK cells in the rodent placenta
Despite the differences in early placental development and uNK cell location between rodents and human 
placentas, much of the knowledge on uNK in placental development and function is derived from rodent 
studies, especially from mouse studies. Many of the mouse studies on uNK cells have been performed by the 
group of B. Anne Croy from Kingston, Canada and therefore much of our knowledge on uNK cells is derived 
from this group, supplemented and confirmed by others. This will be described below. Studies on rat uNK 
cells if they are supplemental to the knowledge on uNK cells from the mouse studies will also be described.

Location and timing of presence of the uNK cells
After implantation of the blastocyst, decidualisation is initiated and as a result of the decidualisation, immune 
cells are attracted to the decidua and angiogenesis is initiated and the decidual vessels undergo structural and 
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molecular changes [25]. This is followed by invasion of foetal trophoblasts and further increased numbers of 
leukocytes into the decidua basalis and further development of the placenta [25]. The main populations of 
immune cells found in the decidua basalis in early pregnancy in the mouse are uNK cells, macrophages and 
dendritic cells [10]. Unique to the mouse placenta is the presence of B-cells in the early placenta [10]. Helper 
T cells and cytotoxic T cells are hardly found [10].

The dominant immune cell in the decidua in early pregnancy is the uNK cell [10]. Although these cells are 
rare immediately after implantation in mice (day 4.5 of gestation), there are many uNK cells in the decidua 
basalis on the mesometrial side as of day 5.5 of gestation, with the number of uNK cells peaking between day 
10.5 and day 14 of gestation in the mouse [10]. At this peak, uNK cells can be found in the decidua basalis and 
the MLAp [26] and are localised around and in the arterial wall of spiral arteries and scattered throughout 
the tissue (see Figure 1) [26]. After day 14 of gestation, the numbers of uNK in the placenta decline towards 
the end of pregnancy [26].

Although not so well studied as in the mouse placenta, in the rat placenta, uNK cells also increase in 
number in early pregnancy in the decidua [27]. The peak of the uNK cells in the decidua of and the MLAp 
of rats is around day 13–14 after which there is a demise of the uNK cells in the direction of the MLAp and 
at the end of pregnancy, there are only a few uNK cells in the MLAp, only at the outer border, close to the 
myometrium [21]. uNK cells are found throughout the decidua and MLAp but are mainly concentrated around 
the spiral arteries [21].

Subtypes of uNK cells
uNK cells in the mouse placenta were classically defined by the presence of periodic acid shift (PAS) positive 
granules [28]. Later it was shown that uNK cells in the mouse, but not other NK cells, were positively 
stained with Dolichos biflorus agglutinin (DBA) lectin [29]. DBA lectin stained both the uNK cell granules 
and the cell membrane [29]. Further studies have shown that mouse uNK cells are either PAS+DBA+ (and 
also NK1.1–DX5–) [30] or PAS+DBA– (and NK1.1+DX5+) [26, 30]. The latter subset resembles peripheral NK 
cells [30] and is smaller than the DBA+ subset [30]. The PAS+DBA+ subset is unique to the decidua basalis 
and MLAp of pregnancy [26]. These two subsets are present in equal numbers in the decidua basalis in early 
pregnancy (gestational day 6), but at later pregnancy days, i.e. by midgestation, much more PAS+DBA+ uNK 
cells can be found in the decidua as compared with PAS+DBA– uNK cells [26]. In the MLAp, also more DBA+ 
as compared to DBA– uNK were found at midgestation [26]. Especially the DBA+ uNK cells were associated 
with the vascular wall [26]. The DBA+ and DBA– subsets do not only differ in their presence and localisation, 
but they also differ in gene expression. The DBA+ subset expresses more angiogenic factors, such as vascular 
endothelial growth factor (VEGF)A and placental growth factor (PLGF) and perforin and granzyme [11, 31], 
while the DBA– subset is the main producer of interferon (IFN)γ [11].

In more recent papers, uNK cells are subdivided into uterine tissue-resident NK (trNK) cells and uterine 
conventional NK (cNK) cells. The uterine trNK cells are mainly PAS+DBA+ uNK cells and produce angiogenic 
factors, while the uterine cNK cells are mainly PAS+DBA– NK cells, producing more IFNγ [32]. In the 
remainder of this review, the terms trNK and cNK cells will be used rather than DBA+ and DBA– uNK cells (see 
also Figures 2 and 3).

Source of uNK cells
The source of uNK cells has been of interest for a long time. The question of whether uNK cells are derived 
from an in situ uterine precursor or home from the periphery to the uterus during pregnancy is still not 
completely solved, since this was and remains a difficult subject to study. The use of alymphoid mice and NK 
cell-deficient mice have given insights into the source of uNK cells in mice. Using alymphoid mice, the group 
of B. Anne Croy has shown that no uNK (no trNK nor cNK) cells were found in the implantation sites of day 
12 alymphoid pregnant mice [26]. Following bone marrow transplantation of normal lymphoid mice, uNK 
cells were relatively normal in the decidua basalis and the MLAp at day 12.5 of gestation and almost similar 
in numbers and location to control immune-competent pregnant mice at this day [26]. These uNK cells were 
exclusively PAS+DBA+ (trNK cells), no PAS+DBA– uNK cells (cNK cells) were found in the decidua basalis and 
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MLAp of these mice [26]. This suggests that trNK cells are derived from homed progenitor/precursor cells 
from the bone marrow and that most uNK cells at this stage of pregnancy, i.e. trNK, are of non-uterine origin. 
They may ultimately originate from a hematopoietic precursor from the bone marrow [33]. It may also 
suggest that the cNK cells do not arise from the bone marrow. Since earlier studies have shown that uNK cells 
may be derived from the spleen, it may be suggested that the cNK cells are peripheral NK cells derived from 
the spleen and home to the decidua basalis and MLAp [34].

Figure 2. Number of uNK cells at different time points of pregnancy in the mouse. The mouse placenta has two uNK cells subsets, 
trNK and cNK cells. trNK cells are derived from hematopoietic precursors from the bone marrow and proliferate in early pregnancy 
and peak in the placenta from day 8–12 and thereafter decrease towards the end of pregnancy. These cells are important for 
decidual angiogenesis and spiral artery remodelling. cNK cells are recruited from the peripheral blood to the placenta around day 
9 and peak on days 11–12. They produce IFNγ, which is important for spiral artery remodelling (Created with BioRender.com)

Figure 3. uNK cells subsets in humans (left) and mice (right). Humans have three uNK cell subsets: uNK1, uNK2, and uNK3. 
Although current knowledge indicates that human uNK cells are involved in decidual angiogenesis, trophoblast invasion and 
spiral artery remodelling, which subsets execute which function is not completely known. Therefore, dashed lines indicate which 
uNK cell subset may be involved in which function. Mouse uNK cells consist of two subsets, trNK and cNK cells. Various studies 
have shown that trNK cells are involved in decidual angiogenesis, trophoblast invasion and spiral artery remodelling, while cNK 
cells produce IFNγ, which is involved in spiral artery remodelling (indicated by uninterrupted lines). At this time uNK subsets have 
not been studied in the rat. KIR: killer-cell immunoglobulin-like receptor; NKG2: NK group 2; AHR: aryl hydrocarbon receptor; 
Tim3: T cell immunoglobulin and mucin domain-containing protein 3; NCR: natural cytotoxicity receptor; LILRB1: leukocyte 
immunoglobulin-like receptor B1; KLRB1: killer cell lectin-like receptor B1; ?: it is not sure that this receptor is expressed on 
these cells 

Using another elegant model, i.e. Ncr1iCreXRosaMt/MG reporter mice, mice were studied from day 5.5 until 
day 11.5 of pregnancy and it was shown that, in line with previous experiments, the pregnant uterus contained 
cNK cells and trNK cells during this pregnancy period [32]. The trNK cells were the only NK cells able to 
proliferate and they were PAS+DBA+ uNK cells. Although the cNK cells in the uterus increased in number, this 
was not due to proliferation [32], suggesting that they home to the uterus from other sources. As indicated 
above, this other source may be the spleen [34].
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Further studies into the cNK cells and trNK cells in the decidua and MLAp used knockout (KO) mice for 
nuclear factor interleukin 3-regulated (Nfil3), which lack peripheral NK cells, but still have trNK cells [35]. In 
these mice, although both cNK and trNK cells differentiate and uNK cells localise and mature at implantation 
sites similar to control mice, the abundance of uNK cells is much lower compared to control mice, especially 
for cNK cells (decreased by about 75–80%) [35]. The authors suggested that less uterine trNK were present 
in Nfil3 KO mice. This has indeed been shown by Boulenouar et al. [36]. Since the uNK cells show relatively 
normal, terminal maturation, it is suggested that the uNK cells do not require (Nfil3) for their maturation [35]. 
Despite this, it was suggested that the uNK cells in Nfil3 KO mice were functionally disturbed since spiral 
artery remodelling was diminished [35]. An alternative explanation may be that diminished spiral artery 
remodelling was not due to diminished function of the uNK cells present in these mice, but was due to a lack 
of cNK cells in these KO mice; these cNK cells are the cells mainly involved in IFNγ production [11], which 
is necessary for spiral artery remodelling [37]. Since these cNK cells are derived from peripheral NK cells, 
which infiltrate into the decidua basalis and MLAp during spiral artery remodelling, these uNK cells are not 
present in Nfil3 KO mice [35].

Together these data may suggest that there may be different sources for different subtypes of uNK in 
the mouse and that the different subtypes may be present at different times of pregnancy. The trNK cells 
mainly accumulate in early pregnancy by the proliferation of already present trNK cells. This subtype may be 
important for decidualisation and decidual angiogenesis. The cNK cells accumulate later, are recruited from 
the periphery, and are important for spiral artery remodelling (see also Figure 2).

Maturation and activation of uNK cells
In the virgin uterus, NK cells are small, agranular lymphocytes and mature uNK cells are only found in 
the uterus after blastocyst implantation and decidualisation [38, 39]. Maturation involves uNK cell 
proliferation and acquiring cytoplasmic granules. For this maturation process, interleukin (IL)-15 is 
indispensable, since in IL-15 KO mice, uNK cells do not mature [40]. IL-15 is produced by stromal cells in 
the decidualising uterus [41].

While IL-15 is important for uNK cell maturation and maintenance, other stimuli are important for the 
activation of uNK cells and there their functional activities. uNK cells can become activated in various ways. 
uNK cells can become activated by integrating positive and negative signals from inhibitory and activating 
Ly49 receptors that bind to major histocompatibility complex (MHC) molecules [42]. Ly49 receptors 
in mice have similar functions to KIRs in humans. Both trNK cells and cNK ells express Ly49 [42]. In 
broad-spectrum Ly49 knockdown mice, the numbers of uNK cells were not affected, although these mice 
were usually infertile [42]. When pregnancy developed, decidual angiogenesis was lagging, with decreased 
VEGFA production [42]. However, the production of IFNγ or perforin was not reduced [42], suggesting that 
the production of IFNγ or perforin is not regulated by the binding of Ly49 receptors to its ligands.

The MHC dependent receptors on the uNK cells can bind to classical and non-classical MHC-I. Most 
classical MHC-I is expressed on maternal cells in the placenta, while non-classical MHC-I is expressed on 
the trophoblast. Education of NK cells is the priming and calibrating of NK cell function, which is regulated 
via inhibitory receptors on NK cells [43]. Studies have indicated that in the mouse uNK cells education 
mainly takes place via CD94/NKG2, a natural-killer group 2 receptor, which has an important role in NK 
cell cytotoxicity [44]. NKG2 member A (NKG2A) is an inhibitory receptor and is involved in uNK cells 
education at the foeto-maternal interface [44]. NKG2A expression was observed in both uNK cells subsets in 
the mouse [44]. uNK cells positive for NKG2A are involved in spiral artery remodelling, probably related to 
IFNγ production, foetal growth and brain development [44]. Education of uNK cells via NKG2A is induced by 
binding to receptors on maternal cells and not to receptors on foetal cells, since the ligand for NKG2A in the 
mouse (Qa-1) is not expressed on mouse trophoblast [44, 45]. Also, NKG2D is expressed by mouse uNK cells. 
NKG2D is an activating receptor and is more strongly expressed in cNK cells as compared to trNK cells [30].

In addition to MHC-dependent receptors, other NK cells receptors, i.e. MHC-independent receptors, 
have been shown to play a role in uNK cells activation in the mouse, such as NCR1, the homologue of NKp46 in 
humans. The NCR receptor was most expressed by trNK cells in the decidua as compared to cNK cells [46]. KO 
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mice lacking this receptor showed normal numbers of NK cells in the uterus [46]. However, uNK cells (both 
trNK and cNK) remained smaller, indicating impaired maturation and activation [46, 47]. The immaturity of 
uNK cells in NCR KO mice is also reinforced by the finding that uNK cells in these mice were lytically inert [47]. 
The impaired maturation is also in line with the finding that early implantation sites in NCR1 KO mice 
showed limited angiogenesis [46], and trNK cells showed increased VEGF production with decreased PLGF 
production [47]. As the impairments in early decidual angiogenesis in the NCR1 KO mice are comparable to 
PLGF deficient mice [48], PLGF may be the most important angiogenic factor for early decidual angiogenesis, 
which cannot be substituted by VEGF.

The AHR is also expressed on uNK in the mouse and rat [46, 49]. AHR is a ligand-dependent transcription 
factor responding to environmental pollutants, such as aromatic hydrocarbons, and endogenous metabolites, 
for instance, products produced by the gut microbiota (f.i. indole derivatives) [50]. In mice, AHR expression is 
mainly seen on cNK cells [46]. Lack of this receptor in pregnancy does not result in decreased amounts of 
uNK cells, but the proportion of cNK cells is decreased [46], suggesting that AHR is important for recruiting 
cNK cells. In mice lacking the AHR, uNK were smaller and spiral artery remodelling was deficient [46]. This 
suggests a role for AHR in uNK cells maturation; the lack of cNK cells seems to be in line with deficient spiral 
artery remodelling. Recent studies in pregnant rats have shown that dioxins, a well-known ligand of AHR, 
resulted in placental adaptions and changes in uNK cells. This study, however, showed that endothelial cells 
were the predominant direct cellular site of dioxins and effects on uNK cells may be indirect [49].

Thus, both Ly49 receptors and NKG2D receptors as well as MHC independent receptors are important 
for the maturation and activation of uNK cells (see also Figure 3). AHR may be especially interesting since 
it links uNK with deficient spiral artery remodelling, which is a hallmark of the important pregnancy 
complication preeclampsia.

uNK cells and decidual angiogenesis
Blastocyst implantation into the mouse uterus is at gestation day 4.5 and initiates massive structural changes 
in the uterus. The first changes include decidualisation. The decidua is visible from gestational day 5.5 [10]. 
At that time, also decidual angiogenesis starts with the development of decidual capillaries [10]. There is 
an increase in the number of vessels and CD31+ endothelial cells showing blebbing [10], which is a sign of 
endothelial tip cell differentiation and sprouting. Initially, the role of uNK cells in early decidual angiogenesis 
was shown by histological studies indicating that at the time of decidual angiogenesis uNK cells can be found 
in the neighbourhood of the developing vasculature in the decidua basalis [51, 52]. These uNK cells are mainly 
trNK cells [11]. To aid in the angiogenic process in early placentation, these trNK cells in the decidua produce 
various angiogenic factors, such as VEGFA, VEGFC, PLGF, transforming growth factor (TGF)β1, metallomatrix 
proteinases (MMPs), tumour necrosis factor (TNF)α and inducible nitric oxide synthase (iNOS) [11, 51, 53], 
but also the delta-like ligand (DLL)1 [52]. The role of VEGF in decidual angiogenesis is most studied: it is 
important for sprouting [54] and VEGF expression is widespread in uNK cells as well as in epithelial and 
stromal cells immediately surrounding the blastocyst on day 5, and in the decidual cells as of day 6 [55]. The 
definite role of VEGF in implantation, angiogenesis and placentation in the mouse is seen from the fact that 
embryos in VEGF KO mice are lethal [56–58].

The role of uNK cells in decidual angiogenesis has been shown by in vivo studies in which alymphoid 
mice were used (Rag2–/–/Il2rg–/– mice lacking NK cells and T and B cells) [26]. Although decidual angiogenesis 
occurs in these mice, indicating that uNK are not an absolute requirement for decidual angiogenesis, 
the onset of angiogenesis was delayed, while also a delay in vessel maturation was observed [59]. This 
suggests that uNK cells not only produce VEGF or other angiogenic factors but also factors that induce 
vessel maturation [59]. The definite role for uNK cells in decidual angiogenesis was shown by subsequent 
transplantation studies, in which the Rag2–/–/Il2rg–/– mice were reconstituted preconceptionally with Rag2–/– 
bone marrow (containing NK cells but not T and B cells) and which showed complete normalisation of the 
decidua basalis angiogenesis [12, 59].
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uNK cells and spiral artery remodelling
During pregnancy, spiral arterioles in the decidua and MLAp are remodelled into high capacity, low resistance 
vessels with thin walls and large lumens [60]. In the mouse, this takes mainly place between day 9 and day 14 of 
pregnancy [24]. This remodelling is important since it is thought to be necessary for the increased nutritional 
demands of the foetus during pregnancy. In mice, 5–10 spiral arteries in the MLAp and decidua converge in 
the layer of trophoblast giant cells into only a few trophoblast-lined canals. These canals bring the maternal 
blood to the base of the placenta from where the blood flows into the intervillous spaces of the labyrinth [24]. 
Although foetal trophoblasts are important for spiral artery remodelling in both humans and mice, in mice 
the role of the trophoblast is less well established but may be less important since in the mouse trophoblast 
invasion is less deep [24]. Trophoblast cells only invade spiral artery segments in the decidua close to the 
main layer of trophoblast giant cells [24]. Since spiral artery remodelling is also found in the MLAp, in which 
uNK are found but no trophoblasts, uNK cells are thought to be the most important cell aiding in mouse spiral 
artery remodelling. This is in line with the fact that various NK-cell deficient mice models, also lacking uNK 
cells, have defective spiral artery remodelling [12, 31, 61]. Later it was established that IFNγ, produced by the 
uNK cells, but independent of the uNK cells, is important for this spiral artery remodelling [37]. The IFNγ is 
derived from cNK cells that infiltrate into the decidua during the time of spiral artery remodelling [11]. The 
mechanisms by which IFNγ induces spiral artery remodelling are not completely understood yet. However, 
IFNγ likely regulates gene expression by cells in and around the arteries, since IFNγ is known to regulate 
the expression of many genes [62]. Such genes could be VGEF, iNOS and alpha 2-macroglobulins which are 
known to destabilize vessels [62–64]. Alternatively, IFNγ can also activate macrophages [65], which can also 
be found close to spiral arteries [21]. Macrophages are known producers of MMPs, which may be involved in 
spiral artery remodelling [66].

In the rat, uNK cells are also involved in spiral artery remodelling, although in this species, trophoblasts 
seem to be more important in spiral artery remodelling [21, 67, 68]. UNK cells in the rat induce (partial) 
disruption of the spiral artery tunica media [68]. Our group found uNK cells in the presence of partially 
remodelled spiral arteries, in the absence of trophoblast [21]. This initial remodelling by uNK cells of the 
spiral arteries is followed by further remodelling of these arteries by invasive trophoblasts [27, 68].

uNK cells and trophoblast invasion
In rodents, both mice and rats, uNK cells have been shown to suppress trophoblast invasion. Various studies 
have shown that the trafficking of trophoblast into the decidua and MLAp was inversely related to the 
presence of uNK cells [21, 67, 69, 70]. Further studies have shown that in mice lacking NK cells (such as 
the Tge26 transgenic mice), trophoblast invasion was accelerated [69]. Similar results were found in the 
rat by using anti-asialo GM antibodies, which deplete NK cells [68]. IFNγ null mutant and IFNγ receptor 
null mutant mice show early-onset trophoblast invasion, suggesting a role for IFNγ produced by uNK in the 
suppression of trophoblast invasion in the mouse [69]. The role of IFNγ on trophoblast was corroborated by 
in vitro studies [69].

uNK cell memory
Recent research may suggest that uNK cells possess a memory [71]. It has been suggested that in the mouse 
decidua memory cells exist, but these are not uNK cells but other cells of the ILC-1 groups of cells. These 
specific ILC-1 cells are 4–5 fold increased in midgestation in the second compared with the first pregnancy [4]. 
These cells express C-X-C motif receptor 6 (CXCR6), a marker associated with memory NK and NKT cells [71]. 
These data suggested that CXCR6+ ILC-1 are potential memory cells of pregnancy.

uNK cells in humans
uNK cells in the human endometrium and placental bed do express high levels of CD56 and lack CD16 
expression, akin to the CD56bright/CD16– peripheral NK cell population [9]. However, in contrast to the 
peripheral NK cells, uNK cells are granulated and express different markers [9, 72], such as higher levels of 
KIRs and NKG receptors as compared with blood NK cells [9, 72]. KIRs and NKG receptors are important for 
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uNK function. The binding of these receptors to human leukocyte antigen (HLA) molecules on trophoblast 
affects uNK cell function, for instance for the production of certain growth factors [73] or their role in spiral 
artery remodelling [73].

Location and timing of presence of uNK cells
CD56bright uNK cells are present in the endometrium before pregnancy and expand and become more 
granulated in the luteal phase of the menstrual cycle [74, 75]. In the early pregnancy decidua, their numbers 
increase even further [74, 75]. In early pregnancy, more than 70 % of the decidual leukocytes are uNK cells 
and therefore these cells are the dominant population in the decidua at that time [72]. uNK cells decrease 
after midgestation but remain present during all stages of pregnancy [76, 77]. In healthy pregnancy, uNK 
cells are usually found close to invading foetal trophoblast cells [78], as well as around spiral arteries that are 
being remodelled and scattered throughout the tissue (see Figure 1) [73, 74, 79].

Subtypes of uNK cells
Also in the human decidua, uNK cells are not a homogeneous population of cells, but heterogeneity exists in 
human uNK cells (see also Figure 3). These subsets, however, are less well characterized than in the mouse. 
Recent studies have shown that in the first-trimester decidua, three subsets of uNK cells can be found: uNK1, 
uNK2 and uNK3 [80, 81]. Each subset showed a unique transcriptome [80]. By looking at the expression 
profile of different markers, it was shown that uNK1 express higher levels of KIR as compared to the other 
subsets [80, 81]. uNK1 is also the only subset that expressed LILRB1, which can bind to HLA-G [80]. Both 
uNK1 and uNK2 express NKG2 receptors, which can bind to HLA-E molecules [80]. uNK3 expresses KLRB1, 
a member of the C-type lectin family (which is also expressed by uNK2, but at a much lower level), which 
may have inhibitory effects on trophoblasts [80]. Although at the moment it is difficult to relate the human 
uNK cells subsets to their mouse counterparts, the uNK1 cells may resemble the trNK cells in the mouse 
decidua [80, 81]. The peripheral blood NK (pbNK) clusters in the human decidua may resemble cNK cells in 
mice [81]. Based on the expression of IFNγ, also the uNK3 may resemble cNK cells in mice [81]. The exact 
function of the uNK subsets in the human decidua is unknown yet; however, it was shown that uNK1 cells have 
more cytoplasmic granules and express more granule proteins, such as perforin and granzyme [81]. They also 
have a more active glycolytic metabolism [81]. This together with their increased expression of KIR, the uNK1 
subset is suggested to particularly interact with extravillous trophoblast [80]. This suggestion is in line with 
the suggestion that they resemble trNK cells in mice. The uNK2 and uNK3 subsets produced more cytokines/
chemokines after stimulation [81]. In analogy with the mouse cNK cell subsets, it may be suggested that (one 
of) these subsets by producing cytokines [80] affect the function of other decidual cells such as macrophages, 
smooth muscle cells or uNK1 cells and in this way affect placental development. Unfortunately, it is difficult 
to test this hypothesis in vivo in the human decidua. Further studies are needed to identify the function of the 
different uNK cell subsets in humans. In view of the fact that at this time little is known about the role of the 
different uNK cell subtypes at the human maternal interface, in the remainder of this part of the review on 
human uNK cells, data will be discussed for the total population of uNK cells.

Source of uNK cells
Like in the mouse decidua, for the human decidua two sources of uNK cells have been suggested: a local 
presence of precursor cells and trafficking of pbNK cells into the decidua. The presence of local hematopoietic 
precursor cells (HPCs; CD34+ positive cells) has been shown in the endometrium [82] as well as in the early 
decidua of pregnancy [83, 84]. They differed from peripheral blood or cord blood-derived CD34+ cells and 
expressed NK cell-specific transcription factors [84]. In the presence of IL-15 the main uNK cell activation/
maturation factor, and other cytokines, or conditioned medium from decidual stromal cells, these HPCs 
isolated from decidua could be differentiated towards uNK like cells [83, 84]. Alternatively, another report 
suggests that uNK cell maturation does take place in the decidua, but not from HPCs, but from an immature 
uNK cells precursor present in the endometrium or decidua [85], which can locally differentiate into uNK cells.
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In addition, the possibility of recruitment of pbNK cells into the decidua in pregnancy has also been 
suggested. Factors secreted from the decidua, such as C-X-C motif ligand 10 (CXCL10), CXCL12, and CX3C 
chemokine ligand 1 (CX3CL1) could attract pbNK cells to the decidua [86], where these NK cells could 
differentiate into uNK cells [87]. Evidence for this comes from various in vitro studies in which for instance 
pbNK cells could be converted into uNK like cells after culture with conditioned medium from decidual 
stromal cells [88–90].

Maturation and activation of uNK cells
In line with mouse uNK cells, IL-15 is important for the maturation and survival of uNK cells in humans [91]. 
Other triggers are necessary for the activation of uNK cells. It is well-known that uNK cells are activated by 
KIR receptors (both inhibitory and activating) [92]. KIR receptors bind to HLA-G and MHC-I molecules, which 
at the foeto-maternal interface is mainly HLA-C, which are expressed by the trophoblast [93]. KIR receptors 
are not the only receptors important for uNK cell activation. Also, other uNK cells receptors play a role in 
uNK cell activation. These are other for instance receptors that can bind to HLA-G, HLA-E and HLA-F on the 
trophoblast, i.e. LILRB [94], NKG2A and NKG2C [95]. Like in mice, NKG2A seems to be involved in uNK cell 
education and women that can better educate uNK cells via NKG2A have a lower risk of preeclampsia [44]. 
Also, non-MHC-dependent receptors are expressed on uNK in humans, such as the NCR [96]. Although it has 
been shown that the AHR, which plays a role in mouse uNK cell activation (see above), is expressed in human 
NK cells [97], only one report suggests that human uNK cells express the AHR [98]. Another molecule that 
may be important in uNK cells activity is Tim3 [99]. UNK cells expressed more Tim3 than pbNK cells and 
Tim 3 is important for cytokine production (f.i. IFNγ) and decreased cytotoxicity to trophoblast cells (see 
also Figure 3) [99].

Production of cytokines, growth factors and angiogenic factors by uNK cells
One important function of uNK cells is the production of various factors, such as cytokines, growth factors and 
angiogenic factors. The diversity of factors produced by the uNK cells indicates the central role of uNK cells 
in placental development and maintenance. uNK cells produce various proinflammatory cytokines, such as 
TNFα, IFNγ, and IL-1β [100], but also anti-inflammatory cytokines, such as IL-10 [100]. uNK cells also produce 
chemotactic factors, such as IL-8, CXCL10 [101] and IL-6 [102]. Moreover, also various angiogenic factors are 
produced, amongst others VEGF-C, PLGF, angiopoietin-1 (Ang1) and Ang2 [103] and growth factors, such 
as granulocyte-macrophage colony-stimulating factor (GM-CSF) and macrophage colony-stimulating factor 
(M-CSF) and TGFβ [101, 103]. uNK cells also have been shown to produce proteases, such as MMPs [104].

uNK cells interaction with trophoblast
uNK cells are in close contact with foetal trophoblast cells but do not show cytotoxic activity to extravillous 
trophoblast cells [105]. They do show cytotoxic activity against an NK cell target K562 [106], which is lower 
than the cytotoxicity of peripheral NK cells against this target [106]. Therefore, the presence of uNK cells in the 
neighbourhood of invading trophoblast does not result in trophoblast killing or lysis, but, in accordance with 
the role of these cells in mouse and rat pregnancy, may suggest that they regulate trophoblast invasion. The 
presence of KIR receptors and the presence of the C-type lectin receptors (NKG receptors) on the uNK cells 
indicate that these cells can bind to trophoblasts, since trophoblasts express the ligands for these receptors, 
i.e. HLA-C, HLA-G and HLA-E [93]. The trophoblast does not express MHC class II molecules or the MHC class 
I molecules HLA-A or HLA-B [107].

In contrast to other functions of uNK cells, most of our knowledge on the interaction of uNK cells with 
trophoblast via KIRs and HLA molecules has been derived from human studies. HLA-C binds to KIR molecules 
on uNK cells; HLA-C1 binds to inhibitory KIR receptors, while HLA-C2 binds to KIR receptors that can be 
inhibitory or activating [13, 108, 109]. Thus, the result of the interaction between uNK cells and trophoblast 
does depend on the HLA-C expressed by the trophoblast and the KIR receptors expressed by the uNK cells. 
Correlation studies have shown that some combinations of trophoblast HLA-C and uNK cell KIR may not 
be optimal for uNK cell function and therefore trophoblast invasion and as a result may not be optimal for 
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decidual angiogenesis and spiral artery remodelling [13, 108, 109]. Hiby et al. [13] found that women with 
uNK with mostly inhibitory KIRs (the KIR AA genotype), who carry a foetus with HLA-C2 are more likely to 
have aberrant placentation, with decreased trophoblast invasion and spiral artery remodelling and therefore 
more likely to develop preeclampsia.

HLA-G, HLA-E, and HLA-F are non-classical leukocyte antigens, mainly expressed by the trophoblast [110], 
indicating their role at the foeto-maternal interface. They can replace classical HLAs in providing a “self-signal” 
to uNK cells. This is important for the tolerance of invading trophoblasts that lack classical HLA 
molecules [107, 110]. HLA-G binds to KIR2DL4 [111] and immunoglobulin-like transcript 2 (ILT2) [112] on 
uNK cells. This binding of HLA-G on trophoblasts to its uNK cells receptor promotes cytokine production, 
such as IFNγ or VEGF, as well as uNK proliferation [113]. Trophoblast HLA-E binds to CD94/NKG2 receptors 
on uNK cells and may induce activation or inhibition of uNK cells, depending on the origin of the HLA-E linked 
peptide [114]. In addition, the expression of HLA-F on placental trophoblasts was shown. HLA-F was most 
highly expressed on the surface of extravillous trophoblast from the second trimester until term [115]. HLA-F 
has been shown to bind to KIR3DS1 [116], as well as to ILT2 [117]. The exact function of HLA-F in uNK cell 
activation is not known yet, but given the timing of expression of HLA-F, it may be suggested that HLA-F is 
involved in placental growth.

uNK cells and trophoblast invasion
It is clear from the above that there is intimate contact between uNK cells and invading trophoblast and that 
these cells type reciprocally influence each other. Although difficult to study in vivo in humans, studies in 
rodents suggested that uNK cells regulated trophoblast invasion (see above). Various in vitro studies have 
demonstrated that uNK cells can induce trophoblast invasion [101, 118, 119], while also conditioned medium 
from uNK cells is a chemoattractant for trophoblasts [119, 120]. However, other studies have found that uNK 
cells limit trophoblast invasion [120] or did not affect trophoblast invasion [119]. Differences in outcome 
between the studies may be because uNK cells from different gestational ages may have been used since the 
study of Lash et al. [119] has shown that uNK isolated from week 8 to 10 decidua did not affect trophoblast 
invasion, while uNK cells isolated from the decidua in weeks 12–14 decreased trophoblast invasion. 
Moreover, different trophoblast sources have been used, such as isolated trophoblasts [101] or trophoblast 
explants [119, 120]. This may have affected the results. Finally, some studies stimulated the uNK cells with 
IL-15, while others did not. It thus seems clear that similar to mouse pregnancy, the uNK cells in humans 
regulated trophoblast invasion, although how they regulate this invasion remains under investigation.

uNK cells and decidual angiogenesis
Together uNK cells and trophoblast induce decidual angiogenesis and spiral artery remodelling. Unfortunately, 
understanding of early decidual angiogenesis is limited in humans. It seems likely, however, that uNK cells are 
involved, given the production of angiogenic factors by uNK cells [101, 103, 121]. uNK cells also have perforin 
present in the granules. Although perforin is mostly known for its lytic activity on virally infected cells [122], 
it may also be involved in angiogenesis [123]. As described in the section on mouse uNK cells, in the mouse, 
uNK cells are not essential for early decidual angiogenesis but do affect decidual angiogenesis [59]. Therefore, 
in view of the production of angiogenic factors by human uNK cells and data from mouse studies, it seems 
plausible that also human uNK cells play a role in early decidual angiogenesis.

uNK cells and spiral artery remodelling
Similar to the mouse, spiral artery remodelling takes place in humans in order to meet the increased 
nutritional demand of the foetus towards the end of pregnancy. In humans, spiral artery remodelling takes 
place between weeks 7 and 18 [124]. The first phase in human spiral artery remodelling is trophoblast 
independent remodelling. This phase is mainly mediated by immune cells, especially uNK cells [79, 125], 
although also other mechanisms are involved such as mechano-sensing by endothelial cells [126]. In this 
phase, a loss of the muscular-elastic structure and breaks in the endothelial cell layer are observed [79]. In 
the second phase, not only uNK cells play a role, but extravillous trophoblast cells are also important, as well 
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as the collaboration between these 2 cell types [124]. The extravillous trophoblast is important in the loss of 
arterial smooth muscle and endothelial cells in this second phase [124].

uNK cell memory
In human pregnancy, first-time pregnancies are at a higher risk for complications like miscarriage and 
preeclampsia. Preeclampsia is a pregnancy-specific disease mainly characterized by hypertension and 
proteinuria or involvement of other organs, such as the liver, brain or kidney [127]. The most severe form of 
preeclampsia, early-onset preeclampsia, is associated with decreased trophoblast invasion and spiral artery 
remodelling [127]. Interestingly, not only is the percentage of preeclampsia higher in first-time pregnancies 
as compared with later pregnancies, but also the uterus and placenta differ between first time and later 
pregnancies [128]. In women who already had an uncomplicated pregnancy, early pregnancy trophoblast 
invasion into decidual vessels was more extensive [128]. These findings may suggest that there is a memory 
for pregnancy. Indeed, recent studies indicated the presence of pregnancy-trained decidual NK (PtdNK) 
cells [129]. These cells can only be found in the decidua of parous women [129]. They have a unique 
transcriptome and epigenetic signature and they uniquely express NKG2C and LILRB1 [129]. Interestingly, 
they produce more IFNγ and VEGF after stimulation [129]. Since IFNγ and VEGF are important in remodelling 
of the spiral arteries, it may be suggested that these PtdNK cells are better equipped for spiral artery 
remodelling than regular uNK cells. The finding of PtdNK cells was confirmed by a study by Vento-Tormo 
et al. [80], who showed the presence of three uNK cells subsets in the early human decidua, dNK1, dNK2 and 
dNK3 cells. The dNK1 cells are the only cells expressing both NKG2C and LILRB1 together with the expression 
of various KIR genes, indicating that these cells particularly interact with extravillous trophoblasts. It was 
suggested that these were the PtdNK cells [80].

The importance of mouse studies for the evaluation of the role of uNK cells 
in human placentation
As indicated at the start of this review, there are not only similarities between early placenta development in 
humans and mice/rats, but there are also differences in this early development between the species. Despite 
these differences, the studies on uNK cells in mice have often guided the studies on uNK cells in humans. For 
instance, the first detection of uNK cells in the placenta was in mice in the 1980s [5, 6], while only thereafter, 
LGL, which turned out to be uNK cells, were detected in the human decidua [7]. Also, uNK cell subsets were 
first described in mice and only much later in humans. Most of our evidence for the importance of uNK cells in 
placental and foetal development has come from mouse studies and mouse studies have been instrumental in 
our knowledge of the function of uNK cells in placental and foetal development. This is among others due to 
the fact that uNK cells can be studied at various time points of pregnancy in mice, especially in early pregnancy, 
at which uNK have their effects on placental development and growth. This is in contrast to human placental 
tissue, which is mainly available at the end of pregnancy, a stage in which little uNK cells are present.

The other advantage of mouse studies is the existence of KO mice, lacking NK cells or molecules, such as 
activation markers. Also, these studies have been indispensable in determining the role of uNK cells at the 
foeto-maternal interface. The use of KO mice lacking uNK cells, for instance, was the first study to show the 
definite role of uNK cells for placental and foetal development, since mice lacking uNK cells showed foetal 
loss [12]. Also, the use of various other KO mice showed the existence and function of uNK cell subsets in 
placental and foetal development, which was later confirmed in human studies.

Mostly mouse studies, rather than studies in the rat, have been used for studying uNK cell function. This 
is amongst others due to the fact that more KO mouse models were available than KO rat models. Moreover, 
in the mouse, trophoblast invasion is very shallow and only observed in the decidua closest to the embryo. 
Therefore, many of the changes in the decidua and MLAp, such as angiogenesis or spiral artery remodelling, 
are mainly induced by uNK cells, making it easier to study uNK cell function perse. Trophoblast invasion in the 
rat is much deeper, i.e. far into the MLAp and decidual angiogenesis and spiral artery remodelling is induced 
by a collaboration of uNK cells and trophoblast. This is more complicated to study. However, this advantage of 
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mouse studies is at the same time a disadvantage, since the collaboration of uNK cells and trophoblast in the 
rat decidua and MLAp is much more similar to the human situation. Therefore, future studies should focus 
more on the rat to be able to study the role of the uNK cells in collaboration with trophoblasts.

Since the main role of uNK cells is in early placentation, to confirm the role of uNK cells in the human 
placenta, tissue from early pregnancy is needed. This confirmation has mostly been done using isolated uNK 
cells from placentas from elective abortion material or by immunohistochemical staining of these placentas. 
uNK cell function is mostly studied in isolated uNK cells, while the location of uNK in human decidua has 
been studied using immunohistochemistry. The disadvantage of early elective abortion material is that no 
information is available as to the outcome of the pregnancy. Some researchers have tried to overcome this 
problem by using uterine artery Doppler ultrasound screening to try to identify pregnancy outcomes [130]. 
This method is relatively good for identifying women at risk for preeclampsia or foetal growth restriction [130]; 
it does not identify some other pregnancy complications. In future studies, the use of biomarkers may help to 
discriminate between a healthy pregnancy and pregnancy complications to study uNK function from elective 
abortion material.

It seems very likely that in future studies, mouse or rat studies will remain necessary in further studies 
on the role of uNK cells in placental development and function, since it is and will remain difficult to study 
early placentation in humans. However, given the differences at the foeto-maternal interface between human 
and rodent pregnancy, it will always remain extremely important to confirm results from mouse or rat studies 
in human studies to be able to gain better insight into the role of uNK cells in human pregnancy. For now, not 
all functions of uNK cells have been confirmed in humans. For instance, although IFNγ is produced by both 
mouse, rat and human uNK cells, in mice this IFNγ is essential for spiral artery remodelling while in rats 
IFNγ plays a role in trophoblast invasion. It remains unclear what the role of IFNγ derived from uNK cells in 
humans is. Its role in human spiral artery remodelling is not clear, since in humans spiral artery remodelling 
is suggested to be mainly performed by extravillous trophoblasts in collaboration with uNK cells.

Conclusions
uNK cells are important cells at the foeto-maternal interface. Many mouse studies have shown that uNK cells 
are important for placental development; however, they are not indispensable for pregnancy. It is now known 
from these mouse studies, that uNK cells are important for early decidual angiogenesis, trophoblast invasion 
and spiral artery remodelling. To do so, they can produce various factors, such as cytokines, growth factors, 
angiogenic factors and chemokines. In the mouse, different uNK subsets exist, with different functions: a trNK 
subset, which is important for decidual angiogenesis, trophoblast invasion and spiral artery remodelling and 
a cNK cell subset, which produces IFNγ, which is necessary for spiral artery remodelling. Together with this 
knowledge from rodent studies, it is now well accepted that in human pregnancy, uNK cells have similar 
functions as uNK cells in the mouse—they are important for decidual angiogenesis, trophoblast invasion 
and spiral artery remodelling. The production of various cytokines, growth factors, angiogenic factors and 
chemokines is also important for uNK cell function in humans.

To be able to perform their function, uNK cells are activated via various mechanisms. uNK cells can be 
activated by MHC dependent and independent mechanisms. KIR (Ly49 in mice) and NKG receptors bind to 
classical and non-classical MHC-I molecules, and binding induces activation or inhibition of uNK cell function 
depending on the KIR (Ly49) or NKG receptor used. As an exception to the rule that most knowledge on uNK 
cells is derived from mouse studies, most of our knowledge on KIR and NKG receptors in uNK cell function is 
derived from studies into human uNK cells. These receptors are thought to be very important for the function 
of uNK cells. For instance, correlation studies have shown that specific combinations of KIR receptors and 
HLA-C molecules appear to be important for normal placentation, while other combinations are more present 
in women with preeclampsia. NKG receptors have shown to be involved in uNK cells education and these cells 
are also associated with complications like preeclampsia.

Less well studied are the MHC independent receptors on uNK cells, such as AHR receptors. Interestingly, 
these receptors bind to environmental pollutants, such as aromatic hydrocarbons, and endogenous 
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metabolites, such as products produced by the gut microbiota. Therefore, through this receptor, uNK cells can 
also respond to environmental factors, indicating that environmental pollutants, but also bacterial products, 
may affect uNK cell function. This receptor may represent an option to therapeutically influence uNK cell 
function. Therefore, further study into the role of this receptor on uNK cells may lead to new therapeutical 
options for the treatment of pregnancy complications associated with aberrant uNK cells numbers or function. 
Aberrant numbers of uNK cells may result in decreased spiral artery remodelling, which is a hallmark of 
foetal growth retardation or preeclampsia. The presence of the AHR on uNK cells may also explain the recent 
findings on the role of the gut microbiome in pregnancy. We have recently shown that foetal and placental 
weight is decreased in germ-free mice as compared with conventional mice [131]. Pilot studies indicated 
decreased uNK cells in the decidua and MLAp of these mice (unpublished data). It may be suggested that 
the gut microbiome is important for the development of the placenta by affecting uNK cell function. Further 
studies are needed to substantiate this hypothesis.

Recent research has suggested that not only mouse uNK cells (trNK and cNK cells) but also human 
uNK cells consist of subsets. In humans, three subsets have been identified so far: uNK1, uNK2 and uNK3. 
Also, pbNK cells are found in the human placenta. Unfortunately, the function of these subsets has not been 
established yet. However, based on their receptor expression and similarity with mouse trNK cells, the uNK1 
is thought to be similar to trNK cells, suggesting that they are involved in decidual angiogenesis, trophoblast 
invasion and spiral artery remodelling, while the pbNK cells, as well as the uNK3, may be similar to cNK cells, 
based on their production of IFNγ. Further studies are needed to evaluate the function of the different uNK 
cells subsets in the human placenta.

Interestingly, recently, a memory uNK cell has been discovered in the human placenta. This so-called 
PtdNK cell is mainly seen in second or later pregnancies and appears to be a uNK1 cell. These cells have 
a unique transcriptome and epigenetic signature and they uniquely express NKG2C and LILRB1. Further 
research is needed to evaluate how these PtdNk cells are generated, how they differ from other uNK cells and 
whether they are present in pregnancy complications, like preeclampsia. Also, mice seem to possess memory 
cells. They do not appear to be uNK cells but another cell type of the ILC-1 group.

In sum, although there is a huge literature on uNK cells in mice and humans and a lot of knowledge on 
the function of uNK cells, future studies should be focused on human uNK cells subsets and their respective 
functions, uNK cell memory cells, uNK cell education and the role of MHC-independent uNK cells receptors, 
such as AHR.

Abbreviations
AHR: aryl hydrocarbon receptor 
cNK: conventional natural killer 
CXCL10: C-X-C motif ligand 10 
DBA: Dolichos biflorus agglutinin 
HLA: human leukocyte antigen 
HPCs: hematopoietic precursor cells 
IFN: interferon 
IL: interleukin 
ILCs: innate lymphoid cells 
KIR: killer-cell immunoglobulin-like receptor 
KO: knockout 
LILRB1: leukocyte immunoglobulin-like receptor B1
MHC: major histocompatibility complex 
MLAp: mesometrial lymphoid aggregate of pregnancy 

https://doi.org/10.37349/ei.2022.00065


Explor Immunol. 2022;2:518–39 | https://doi.org/10.37349/ei.2022.00065 Page 532

MMPs: metallomatrix proteinases 
NCR: natural cytotoxicity receptor 
Nfil3: nuclear factor interleukin 3-regulated 
NK: natural killer 
NKG2: natural killer group 2 
NKG2A: natural killer group 2 member A 
PAS: periodic acid shift 
pbNK: peripheral blood natural killer 
PLGF: placental growth factor 
PtdNK: pregnancy-trained decidual natural killer 
Tim3: T cell immunoglobulin and mucin domain-containing protein 3
trNK: tissue-resident natural killer 
uNK: uterine natural killer 
VEGF: vascular endothelial growth factor 

Declarations
Author contributions
The author contributed solely to this paper.

Conflicts of interest
The author declares that there are no conflicts of interest.

Ethical approval
Not applicable.

Consent to participate
Not applicable.

Consent to publication
Not applicable.

Availability of data and materials
Not applicable.

Funding
Not applicable.

Copyright
© The Author(s) 2022.

References
1.	 Vivier E, Tomasello E, Baratin M, Walzer T, Ugolini S. Functions of natural killer cells. Nat Immunol. 

2008;9:503–10.
2.	 Ebbo M, Crinier A, Vély F, Vivier E. Innate lymphoid cells: major players in inflammatory diseases. Nat 

Rev Immunol. 2017;17:665–78. 
3.	 Vivier E, Artis D, Colonna M, Diefenbach A, Di Santo JP, Eberl G, et al. Innate lymphoid cells: 10 years on. 

Cell. 2018;174:1054–66. 

https://doi.org/10.37349/ei.2022.00065


Explor Immunol. 2022;2:518–39 | https://doi.org/10.37349/ei.2022.00065 Page 533

4.	 Filipovic I, Chiossone L, Vacca P, Hamilton RS, Ingegnere T, Doisne JM, et al. Molecular definition of 
group 1 innate lymphoid cells in the mouse uterus. Nat Commun. 2018;9:4492. 

5.	 Croy BA, Gambel P, Rossant J, Wegmann TG. Characterization of murine decidual natural killer (NK) cells 
and their relevance to the success of pregnancy. Cell Immunol. 1985;93:315–26. 

6.	 Gambel P, Croy BA, Moore WD, Hunziker RD, Wegmann TG, Rossant J. Characterization of immune 
effector cells present in early murine decidua. Cell Immunol. 1985;93:303–14. 

7.	 Starkey PM, Sargent IL, Redman CW. Cell populations in human early pregnancy decidua: characterization 
and isolation of large granular lymphocytes by flow cytometry. Immunology. 1988;65:129–34. 

8.	 Ratsep MT, Felker AM, Kay VR, Tolusso L, Hofmann AP, Croy BA. Uterine natural killer cells: supervisors 
of vasculature construction in early decidua basalis. Reproduction. 2015;149:R91–102. 

9.	 Koopman LA, Kopcow HD, Rybalov B, Boyson JE, Orange JS, Schatz F, et al. Human decidual natural killer 
cells are a unique NK cell subset with immunomodulatory potential. J Exp Med. 2003;198:1201–12. 

10.	 Croy BA, Chen Z, Hofmann AP, Lord EM, Sedlacek AL, Gerber SA. Imaging of vascular development in 
early mouse decidua and its association with leukocytes and trophoblasts. Biol Reprod. 2012;87:125. 

11.	 Chen Z, Zhang J, Hatta K, Lima PD, Yadi H, Colucci F, et al. DBA-lectin reactivity defines mouse uterine 
natural killer cell subsets with biased gene expression. Biol Reprod. 2012;87:81. 

12.	 Guimond MJ, Luross JA, Wang B, Terhorst C, Danial S, Croy BA. Absence of natural killer cells during murine 
pregnancy is associated with reproductive compromise in TgE26 mice. Biol Reprod. 1997;56:169–79. 

13.	 Hiby SE, Walker JJ, O’Shaughnessy KM, Redman CW, Carrington M, Trowsdale J, et al. Combinations of 
maternal KIR and fetal HLA-C genes influence the risk of preeclampsia and reproductive success. J Exp 
Med. 2004;200:957–65. 

14.	 Williams PJ, Bulmer JN, Searle RF, Innes BA, Robson SC. Altered decidual leucocyte populations in the 
placental bed in pre-eclampsia and foetal growth restriction: a comparison with late normal pregnancy. 
Reproduction. 2009;138:177–84. 

15.	 Clifford K, Flanagan AM, Regan L. Endometrial CD56+ natural killer cells in women with recurrent 
miscarriage: a histomorphometric study. Hum Reprod. 1999;14:2727–30.

16.	 Quenby S, Bates M, Doig T, Brewster J, Lewis-Jones DI, Johnson PM, et al. Pre-implantation endometrial 
leukocytes in women with recurrent miscarriage. Hum Reprod. 1999;14:2386–91.

17.	 Tuckerman E, Laird SM, Prakash A, Li TC. Prognostic value of the measurement of uterine natural killer 
cells in the endometrium of women with recurrent miscarriage. Hum Reprod. 2007;22:2208–13.

18.	 Cockburn K, Rossant J. Making the blastocyst: lessons from the mouse. J Clin Invest. 2010;120:995–1003.
19.	 Soares MJ, Varberg KM, Iqbal K. Hemochorial placentation: development, function, and adaptations. 

Biol Reprod. 2018;99:196–211.
20.	 Georgiades P, Ferguson-Smith AC, Burton GJ. Comparative developmental anatomy of the murine and 

human definitive placentae. Placenta. 2002;23:3–19.
21.	 Faas MM, de Vos P. Uterine NK cells and macrophages in pregnancy. Placenta. 2017;56:44–52.
22.	 Spaans F, Melgert BN, Chiang C, Borghuis T, Klok PA, de Vos P, et al. Extracellular ATP decreases 

trophoblast invasion, spiral artery remodeling and immune cells in the mesometrial triangle in 
pregnant rats. Placenta. 2014;35:587–95.

23.	 Vercruysse L, Caluwaerts S, Luyten C, Pijnenborg R. Interstitial trophoblast invasion in the decidua 
and mesometrial triangle during the last third of pregnancy in the rat. Placenta. 2006;27:22–33.

24.	 Adamson SL, Lu Y, Whiteley KJ, Holmyard D, Hemberger M, Pfarrer C, et al. Interactions between 
trophoblast cells and the maternal and fetal circulation in the mouse placenta. Dev Biol. 2002;250:358–73.

25.	 Abrahamsohn PA, Zorn TM. Implantation and decidualization in rodents. J Exp Zool. 1993;266:603–28.
26.	 Zhang JH, Yamada AT, Croy BA. DBA-lectin reactivity defines natural killer cells that have homed to 

mouse decidua. Placenta. 2009;30:968–73.

https://doi.org/10.37349/ei.2022.00065


Explor Immunol. 2022;2:518–39 | https://doi.org/10.37349/ei.2022.00065 Page 534

27.	 Soares MJ, Chakraborty D, Karim Rumi MA, Konno T, Renaud SJ. Rat placentation: an experimental model 
for investigating the hemochorial maternal-fetal interface. Placenta. 2012;33:233–43.

28.	 Peel S, Steward IJ, Bulmer D. Experimental evidence for the bone marrow origin of granulated metrial 
gland cells of the mouse uterus. Cell Tissue Res. 1983;233:647–56.

29.	 Paffaro VA, Bizinotto MC, Joazeiro PP, Yamada AT. Subset classification of mouse uterine natural killer 
cells by DBA lectin reactivity. Placenta. 2003;24:479–88.

30.	 Yadi H, Burke S, Madeja Z, Hemberger M, Moffett A, Colucci F. Unique receptor repertoire in mouse 
uterine NK cells. J Immunol. 2008;181:6140–7.

31.	 Lima PD, Croy BA, Degaki KY, Tayade C, Yamada AT. Heterogeneity in composition of mouse uterine 
natural killer cell granules. J Leukoc Biol. 2012;92:195–204.

32.	 Sojka DK, Yang L, Plougastel-Douglas B, Higuchi DA, Croy BA, Yokoyama WM. Cutting edge: local 
proliferation of uterine tissue-resident NK cells during decidualization in mice. J Immunol. 
2018;201:2551–6.

33.	 Chiossone L, Vacca P, Orecchia P, Croxatto D, Damonte P, Astigiano S, et al. In vivo generation of 
decidual natural killer cells from resident hematopoietic progenitors. Haematologica. 2014;99:448–57.

34.	 Chantakru S, Miller C, Roach LE, Kuziel WA, Maeda N, Wang WC, et al. Contributions from self-renewal 
and trafficking to the uterine NK cell population of early pregnancy. J Immunol. 2002;168:22–8.

35.	 Redhead ML, Portilho NA, Felker AM, Mohammad S, Mara DL, Croy BA. The transcription factor NFIL3 
is essential for normal placental and embryonic development but not for uterine natural killer (UNK) 
cell differentiation in mice. Biol Reprod. 2016;94:101.

36.	 Boulenouar S, Doisne JM, Sferruzzi-Perri A, Gaynor LM, Kieckbusch J, Balmas E, et al. The residual innate 
lymphoid cells in NFIL3-deficient mice support suboptimal maternal adaptations to pregnancy. Front 
Immunol. 2016;7:43.

37.	 Ashkar AA, Di Santo JP, Croy BA. Interferon gamma contributes to initiation of uterine vascular 
modification, decidual integrity, and uterine natural killer cell maturation during normal murine 
pregnancy. J Exp Med. 2000;192:259–70.

38.	 Croy BA, Ashkar AA, Foster RA, DiSanto JP, Magram J, Carson D, et al. Histological studies of gene-ablated 
mice support important functional roles for natural killer cells in the uterus during pregnancy. J Reprod 
Immunol. 1997;35:111–33.

39.	 Croy BA, van den Heuvel MJ, Borzychowski AM, Tayade C. Uterine natural killer cells: a specialized 
differentiation regulated by ovarian hormones. Immunol Rev. 2006;214:161–85. 

40.	 Guimond MJ, Wang B, Croy BA. Engraftment of bone marrow from severe combined immunodeficient 
(SCID) mice reverses the reproductive deficits in natural killer cell-deficient tg epsilon 26 mice. J Exp 
Med. 1998;187:217–23.

41.	 Ye W, Zheng LM, Young JD, Liu CC. The involvement of interleukin (IL)-15 in regulating the differentiation 
of granulated metrial gland cells in mouse pregnant uterus. J Exp Med. 1996;184:2405–10.

42.	 Lima PD, Tu MM, Rahim MM, Peng AR, Croy BA, Makrigiannis AP. Ly49 receptors activate angiogenic 
mouse DBA+ uterine natural killer cells. Cell Mol Immunol. 2014;11:467–76.

43.	 Orr MT, Lanier LL. Natural killer cell education and tolerance. Cell. 2010;142:847–56.
44.	 Shreeve N, Depierreux D, Hawkes D, Traherne JA, Sovio U, Huhn O, et al. The CD94/NKG2A inhibitory 

receptor educates uterine NK cells to optimize pregnancy outcomes in humans and mice. Immunity. 
2021;54:1231–44.e4.

45.	 Kieckbusch J, Gaynor LM, Moffett A, Colucci F. MHC-dependent inhibition of uterine NK cells impedes 
fetal growth and decidual vascular remodelling. Nat Commun. 2014;5:3359.

46.	 Felker AM, Chen Z, Foster WG, Croy BA. Receptors for non-MHC ligands contribute to uterine natural 
killer cell activation during pregnancy in mice. Placenta. 2013;34:757–64.

https://doi.org/10.37349/ei.2022.00065


Explor Immunol. 2022;2:518–39 | https://doi.org/10.37349/ei.2022.00065 Page 535

47.	 Felker AM, Croy BA. Natural cytotoxicity receptor 1 in mouse uNK cell maturation and function. 
Mucosal Immunol. 2017;10:1122–32.

48.	 Rätsep MT, Carmeliet P, Adams MA, Croy BA. Impact of placental growth factor deficiency on early mouse 
implant site angiogenesis. Placenta. 2014;35:772–5.

49.	 Iqbal K, Pierce SH, Kozai K, Dhakal P, Scott RL, Roby KF, et al. Evaluation of placentation and the role 
of the aryl hydrocarbon receptor pathway in a rat model of dioxin exposure. Environ Health Perspect. 
2021;129:117001.

50.	 Cella M, Colonna M. Aryl hydrocarbon receptor: linking environment to immunity. Semin Immunol. 
2015;27:310–4.

51.	 Wang C, Tanaka T, Nakamura H, Umesaki N, Hirai K, Ishiko O, et al. Granulated metrial gland cells in the 
murine uterus: localization, kinetics, and the functional role in angiogenesis during pregnancy. Microsc 
Res Tech. 2003;60:420–9.

52.	 Degaki KY, Chen Z, Yamada AT, Croy BA. Delta-like ligand (DLL)1 expression in early mouse decidua and 
its localization to uterine natural killer cells. PLoS One. 2012;7:e52037.

53.	 Tayade C, Hilchie D, He H, Fang Y, Moons L, Carmeliet P, et al. Genetic deletion of placenta growth factor 
in mice alters uterine NK cells. J Immunol. 2007;178:4267–75.

54.	 Chappell JC, Wiley DM, Bautch VL. Regulation of blood vessel sprouting. Semin Cell Dev Biol. 
2011;22:1005–11.

55.	 Halder JB, Zhao X, Soker S, Paria BC, Klagsbrun M, Das SK, et al. Differential expression of VEGF 
isoforms and VEGF(164)-specific receptor neuropilin-1 in the mouse uterus suggests a role for 
VEGF(164) in vascular permeability and angiogenesis during implantation. Genesis. 2000;26:213–24.

56.	 Carmeliet P, Moons L, Luttun A, Vincenti V, Compernolle V, De Mol M, et al. Synergism between vascular 
endothelial growth factor and placental growth factor contributes to angiogenesis and plasma 
extravasation in pathological conditions. Nat Med. 2001;7:575–83.

57.	 Karkkainen MJ, Haiko P, Sainio K, Partanen J, Taipale J, Petrova TV, et al. Vascular endothelial growth 
factor C is required for sprouting of the first lymphatic vessels from embryonic veins. Nat Immunol. 
2004;5:74–80.

58.	 Haiko P, Makinen T, Keskitalo S, Taipale J, Karkkainen MJ, Baldwin ME, et al. Deletion of vascular 
endothelial growth factor C (VEGF-C) and VEGF-D is not equivalent to VEGF receptor 3 deletion in mouse 
embryos. Mol Cell Biol. 2008;28:4843–50.

59.	 Hofmann AP, Gerber SA, Croy BA. Uterine natural killer cells pace early development of mouse decidua 
basalis. Mol Hum Reprod. 2014;20:66–76.

60.	 Cross JC, Hemberger M, Lu Y, Nozaki T, Whiteley K, Masutani M, et al. Trophoblast functions, angiogenesis 
and remodeling of the maternal vasculature in the placenta. Mol Cell Endocrinol. 2002;187:207–12.

61.	 Greenwood JD, Minhas K, di Santo JP, Makita M, Kiso Y, Croy BA. Ultrastructural studies of implantation 
sites from mice deficient in uterine natural killer cells. Placenta. 2000;21:693–702.

62.	 Croy BA, Ashkar AA, Minhas K, Greenwood JD. Can murine uterine natural killer cells give insights into 
the pathogenesis of preeclampsia? J Soc Gynecol Investig. 2000;7:12–20.

63.	 Wang C, Umesaki N, Nakamura H, Tanaka T, Nakatani K, Sakaguchi I, et al. Expression of vascular 
endothelial growth factor by granulated metrial gland cells in pregnant murine uteri. Cell Tissue Res. 
2000;300:285–93.

64.	 He H, McCartney DJ, Wei Q, Esadeg S, Zhang J, Foster RA, et al. Characterization of a murine alpha 2 
macroglobulin gene expressed in reproductive and cardiovascular tissue. Biol Reprod. 2005;72:266–75.

65.	 Schroder K, Hertzog PJ, Ravasi T, Hume DA. Interferon-gamma: an overview of signals, mechanisms and 
functions. J Leukoc Biol. 2004;75:163–89.

https://doi.org/10.37349/ei.2022.00065


Explor Immunol. 2022;2:518–39 | https://doi.org/10.37349/ei.2022.00065 Page 536

66.	 Fontana V, Coll TA, Sobarzo CM, Tito LP, Calvo JC, Cebral E. Matrix metalloproteinase expression and 
activity in trophoblast-decidual tissues at organogenesis in CF-1 mouse. J Mol Histol. 2012;43:487–96.

67.	 Renaud SJ, Scott RL, Chakraborty D, Rumi MA, Soares MJ. Natural killer-cell deficiency alters placental 
development in rats. Biol Reprod. 2017;96:145–58.

68.	 Chakraborty D, Rumi MA, Konno T, Soares MJ. Natural killer cells direct hemochorial placentation by 
regulating hypoxia-inducible factor dependent trophoblast lineage decisions. Proc Natl Acad Sci U S A. 
2011;108:16295–300.

69.	 Ain R, Canham LN, Soares MJ. Gestation stage-dependent intrauterine trophoblast cell invasion in the 
rat and mouse: novel endocrine phenotype and regulation. Dev Biol. 2003;260:176–90.

70.	 Groen B, Uuldriks GA, de Vos P, Visser JT, Links TP, Faas MM. Impaired trophoblast invasion and increased 
numbers of immune cells at day 18 of pregnancy in the mesometrial triangle of type 1 diabetic rats. 
Placenta. 2015;36:142–9.

71.	 Paust S, Gill HS, Wang BZ, Flynn MP, Moseman EA, Senman B, et al. Critical role for the chemokine 
receptor CXCR6 in NK cell-mediated antigen-specific memory of haptens and viruses. Nat Immunol. 
2010;11:1127–35.

72.	 Trundley A, Moffett A. Human uterine leukocytes and pregnancy. Tissue Antigens. 2004;63:1–12.
73.	 Xiong S, Sharkey AM, Kennedy PR, Gardner L, Farrell LE, Chazara O, et al. Maternal uterine NK 

cell-activating receptor KIR2DS1 enhances placentation. J Clin Invest. 2013;123:4264–72.
74.	 King A, Wellings V, Gardner L, Loke YW. Immunocytochemical characterization of the unusual large 

granular lymphocytes in human endometrium throughout the menstrual cycle. Hum Immunol. 
1989;24:195–205.

75.	 Moffett-King A. Natural killer cells and pregnancy. Nat Rev Immunol. 2002;2:656–63.
76.	 Williams PJ, Searle RF, Robson SC, Innes BA, Bulmer JN. Decidual leucocyte populations in early to late 

gestation normal human pregnancy. J Reprod Immunol. 2009;82:24–31.
77.	 Rieger L, Segerer S, Bernar T, Kapp M, Majic M, Morr AK, et al. Specific subsets of immune cells in human 

decidua differ between normal pregnancy and preeclampsia—a prospective observational study. Reprod 
Biol Endocrinol. 2009;7:132.

78.	 Helige C, Ahammer H, Moser G, Hammer A, Dohr G, Huppertz B, et al. Distribution of decidual natural 
killer cells and macrophages in the neighbourhood of the trophoblast invasion front: a quantitative 
evaluation. Hum Reprod. 2014;29:8–17.

79.	 Smith SD, Dunk CE, Aplin JD, Harris LK, Jones RL. Evidence for immune cell involvement in decidual 
spiral arteriole remodeling in early human pregnancy. Am J Pathol. 2009;174:1959–71.

80.	 Vento-Tormo R, Efremova M, Botting RA, Turco MY, Vento-Tormo M, Meyer KB, et al. Single-cell 
reconstruction of the early maternal-fetal interface in humans. Nature. 2018;563:347–53.

81.	 Huhn O, Ivarsson MA, Gardner L, Hollinshead M, Stinchcombe JC, Chen P, et al. Distinctive phenotypes and 
functions of innate lymphoid cells in human decidua during early pregnancy. Nat Commun. 2020;11:381.

82.	 Lynch L, Golden-Mason L, Eogan M, O’Herlihy C, O’Farrelly C. Cells with haematopoietic stem cell 
phenotype in adult human endometrium: relevance to infertility? Hum Reprod. 2007;22:919–26.

83.	 Szereday L, Miko E, Meggyes M, Barakonyi A, Farkas B, Varnagy A, et al. Commitment of decidual 
haematopoietic progenitor cells in first trimester pregnancy. Am J Reprod Immunol. 2012;67:9–16.

84.	 Vacca P, Vitale C, Montaldo E, Conte R, Cantoni C, Fulcheri E, et al. CD34+ hematopoietic precursors are 
present in human decidua and differentiate into natural killer cells upon interaction with stromal cells. 
Proc Natl Acad Sci U S A. 2011;108:2402–7.

85.	 Male V, Hughes T, McClory S, Colucci F, Caligiuri MA, Moffett A. Immature NK cells, capable of producing 
IL-22, are present in human uterine mucosa. J Immunol. 2010;185:3913–8.

https://doi.org/10.37349/ei.2022.00065


Explor Immunol. 2022;2:518–39 | https://doi.org/10.37349/ei.2022.00065 Page 537

86.	 Carlino C, Stabile H, Morrone S, Bulla R, Soriani A, Agostinis C, et al. Recruitment of circulating NK cells 
through decidual tissues: a possible mechanism controlling NK cell accumulation in the uterus during 
early pregnancy. Blood. 2008;111:3108–15.

87.	 van den Heuvel M, Peralta C, Bashar S, Taylor S, Horrocks J, Croy BA. Trafficking of peripheral blood 
CD56bright cells to the decidualizing uterus—new tricks for old dogmas? J Reprod Immunol. 2005;67:21–34.

88.	 Keskin DB, Allan DS, Rybalov B, Andzelm MM, Stern JN, Kopcow HD, et al. TGFbeta promotes conversion 
of CD16+ peripheral blood NK cells into CD16– NK cells with similarities to decidual NK cells. Proc Natl 
Acad Sci U S A. 2007;104:3378–83.

89.	 Cerdeira AS, Rajakumar A, Royle CM, Lo A, Husain Z, Thadhani RI, et al. Conversion of peripheral blood 
NK cells to a decidual NK-like phenotype by a cocktail of defined factors. J Immunol. 2013;190:3939–48.

90.	 Wu X, Jin LP, Yuan MM, Zhu Y, Wang MY, Li DJ. Human first-trimester trophoblast cells recruit 
CD56brightCD16– NK cells into decidua by way of expressing and secreting of CXCL12/stromal cell-derived 
factor 1. J Immunol. 2005;175:61–8.

91.	 Waldmann TA, Tagaya Y. The multifaceted regulation of interleukin-15 expression and the role of this 
cytokine in NK cell differentiation and host response to intracellular pathogens. Annu Rev Immunol. 
1999;17:19–49. 

92.	 Colucci F, Kieckbusch J. Maternal uterine natural killer cells nurture fetal growth: in medio stat virtus. 
Trends Mol Med. 2015;21:60–7.

93.	 Colucci F. The role of KIR and HLA interactions in pregnancy complications. Immunogenetics. 
2017;69:557–65.

94.	 Djurisic S, Skibsted L, Hviid TV. A phenotypic analysis of regulatory T cells and uterine NK cells from 
first trimester pregnancies and associations with HLA-G. Am J Reprod Immunol. 2015;74:427–44.

95.	 Kusumi M, Yamashita T, Fujii T, Nagamatsu T, Kozuma S, Taketani Y. Expression patterns of lectin-like 
natural killer receptors, inhibitory CD94/NKG2A, and activating CD94/NKG2C on decidual CD56bright 

natural killer cells differ from those on peripheral CD56dim natural killer cells. J Reprod Immunol. 
2006;70:33–42.

96.	 Takahashi H, Yamamoto T, Yamazaki M, Murase T, Matsuno T, Chishima F. Natural cytotoxicity receptors 
in decidua natural killer cells of term normal pregnancy. J Pregnancy. 2018;2018:4382084.

97.	 Shi Z, Ohno H, Satoh-Takayama N. Dietary derived micronutrients modulate immune responses through 
innate lymphoid cells. Front Immunol. 2021;12:670632.

98.	 Yang SL, Tan HX, Niu TT, Li DJ, Wang HY, Li MQ. Kynurenine promotes the cytotoxicity of NK cells 
through aryl hydrocarbon receptor in early pregnancy. J Reprod Immunol. 2021;143:103270.

99.	 Sun J, Yang M, Ban Y, Gao W, Song B, Wang Y, et al. Tim-3 is upregulated in NK cells during early 
pregnancy and inhibits NK cytotoxicity toward trophoblast in Galectin-9 dependent pathway. PLoS One. 
2016;11:e0147186.

100.	Saito S, Nishikawa K, Morii T, Enomoto M, Narita N, Motoyoshi K, et al. Cytokine production by 
CD16–CD56bright natural killer cells in the human early pregnancy decidua. Int Immunol. 1993;5:559–63.

101.	Hanna J, Goldman-Wohl D, Hamani Y, Avraham I, Greenfield C, Natanson-Yaron S, et al. Decidual NK cells 
regulate key developmental processes at the human fetal-maternal interface. Nat Med. 2006;12:1065–74.

102.	Jovanović M, Vićovac L. Interleukin-6 stimulates cell migration, invasion and integrin expression in 
HTR-8/SVneo cell line. Placenta. 2009;30:320–8.

103.	Lash GE, Schiessl B, Kirkley M, Innes BA, Cooper A, Searle RF, et al. Expression of angiogenic growth 
factors by uterine natural killer cells during early pregnancy. J Leukoc Biol. 2006;80:572–80.

104.	Naruse K, Lash GE, Innes BA, Otun HA, Searle RF, Robson SC, et al. Localization of matrix metalloproteinase 
(MMP)-2, MMP-9 and tissue inhibitors for MMPs (TIMPs) in uterine natural killer cells in early human 
pregnancy. Hum Reprod. 2009;24:553–61.

https://doi.org/10.37349/ei.2022.00065


Explor Immunol. 2022;2:518–39 | https://doi.org/10.37349/ei.2022.00065 Page 538

105.	Chen LJ, Han ZQ, Zhou H, Zou L, Zou P. Inhibition of HLA-G expression via RNAi abolishes resistance 
of extravillous trophoblast cell line TEV-1 to NK lysis. Placenta. 2010;31:519–27.

106.	Ritson A, Bulmer JN. Isolation and functional studies of granulated lymphocytes in first trimester human 
decidua. Clin Exp Immunol. 1989;77:263–8.

107.	Apps R, Murphy SP, Fernando R, Gardner L, Ahad T, Moffett A. Human leucocyte antigen (HLA) 
expression of primary trophoblast cells and placental cell lines, determined using single antigen beads 
to characterize allotype specificities of anti-HLA antibodies. Immunology. 2009;127:26–39.

108.	Hiby SE, Apps R, Sharkey AM, Farrell LE, Gardner L, Mulder A, et al. Maternal activating KIRs protect 
against human reproductive failure mediated by fetal HLA-C2. J Clin Invest. 2010;120:4102–10.

109.	Hiby SE, Apps R, Chazara O, Farrell LE, Magnus P, Trogstad L, et al. Maternal KIR in combination with 
paternal HLA-C2 regulate human birth weight. J Immunol. 2014;192:5069–73.

110.	King A, Hiby SE, Gardner L, Joseph S, Bowen JM, Verma S, et al. Recognition of trophoblast HLA class I 
molecules by decidual NK cell receptors—a review. Placenta. 2000;21:S81–5.

111.	Rajagopalan S, Long EO. A human histocompatibility leukocyte antigen (HLA)-G-specific receptor 
expressed on all natural killer cells. J Exp Med. 1999;189:1093–100.

112.	Colonna M, Navarro F, Bellón T, Llano M, Garcí�a P, Samaridis J, et al. A common inhibitory receptor for 
major histocompatibility complex class I molecules on human lymphoid and myelomonocytic cells. 
J Exp Med. 1997;186:1809–18.

113.	van der Meer A, Lukassen HG, van Lierop MJ, Wijnands F, Mosselman S, Braat DD, et al. Membrane-bound 
HLA-G activates proliferation and interferon-gamma production by uterine natural killer cells. Mol Hum 
Reprod. 2004;10:189–95.

114.	Lee N, Goodlett DR, Ishitani A, Marquardt H, Geraghty DE. HLA-E surface expression depends on 
binding of TAP-dependent peptides derived from certain HLA class I signal sequences. J Immunol. 
1998;160:4951–60.

115.	Ishitani A, Sageshima N, Lee N, Dorofeeva N, Hatake K, Marquardt H, et al. Protein expression and 
peptide binding suggest unique and interacting functional roles for HLA-E, F, and G in maternal-placental 
immune recognition. J Immunol. 2003;171:1376–84.

116.	Burian A, Wang KL, Finton KA, Lee N, Ishitani A, Strong RK, et al. HLA-F and MHC-I open conformers bind 
natural killer cell Ig-like receptor KIR3DS1. PLoS One. 2016;11:e0163297.

117.	Lepin EJ, Bastin JM, Allan DS, Roncador G, Braud VM, Mason DY, et al. Functional characterization of 
HLA-F and binding of HLA-F tetramers to ILT2 and ILT4 receptors. Eur J Immunol. 2000;30:3552–61.

118.	Fraser R, Whitley GS, Johnstone AP, Host AJ, Sebire NJ, Thilaganathan B, et al. Impaired decidual natural 
killer cell regulation of vascular remodelling in early human pregnancies with high uterine artery 
resistance. J Pathol. 2012;228:322–32.

119.	Lash GE, Otun HA, Innes BA, Percival K, Searle RF, Robson SC, et al. Regulation of extravillous trophoblast 
invasion by uterine natural killer cells is dependent on gestational age. Hum Reprod. 2010;25:1137–45.

120.	Hu Y, Dutz JP, MacCalman CD, Yong P, Tan R, von Dadelszen P. Decidual NK cells alter in vitro first 
trimester extravillous cytotrophoblast migration: a role for IFN-gamma. J Immunol. 2006;177:8522–30.

121.	Lash GE, Robson SC, Bulmer JN. Review: functional role of uterine natural killer (uNK) cells in human 
early pregnancy decidua. Placenta. 2010;31:S87–92.

122.	Stallmach T, Ehrenstein T, Isenmann S, Müller C, Hengartner H, Kägi D. The role of perforin-expression 
by granular metrial gland cells in pregnancy. Eur J Immunol. 1995;25:3342–8.

123.	Lima PD, Zhang J, Dunk C, Lye SJ, Croy BA. Leukocyte driven-decidual angiogenesis in early pregnancy. 
Cell Mol Immunol. 2014;11:522–37.

124.	Pijnenborg R, Vercruysse L, Hanssens M. The uterine spiral arteries in human pregnancy: facts and 
controversies. Placenta. 2006;27:939–58.

https://doi.org/10.37349/ei.2022.00065


Explor Immunol. 2022;2:518–39 | https://doi.org/10.37349/ei.2022.00065 Page 539

125.	Robson A, Harris LK, Innes BA, Lash GE, Aljunaidy MM, Aplin JD, et al. Uterine natural killer cells initiate 
spiral artery remodeling in human pregnancy. FASEB J. 2012;26:4876–85.

126.	James JL, Cartwright JE, Whitley GS, Greenhill DR, Hoppe A. The regulation of trophoblast migration 
across endothelial cells by low shear stress: consequences for vascular remodelling in pregnancy. 
Cardiovasc Res. 2012;93:152–61.

127.	Hernandez-Diaz S, Toh S, Cnattingius S. Risk of pre-eclampsia in first and subsequent pregnancies: 
prospective cohort study. BMJ. 2009;338:b2255.

128.	Prefumo F, Ganapathy R, Thilaganathan B, Sebire NJ. Influence of parity on first trimester endovascular 
trophoblast invasion. Fertil Steril. 2006;85:1032–6.

129.	Gamliel M, Goldman-Wohl D, Isaacson B, Gur C, Stein N, Yamin R, et al. Trained memory of human uterine 
NK cells enhances their function in subsequent pregnancies. Immunity. 2018;48:951–62.e5.

130.	Cartwright JE, James-Allan L, Buckley RJ, Wallace AE. The role of decidual NK cells in pregnancies with 
impaired vascular remodelling. J Reprod Immunol. 2017;119:81–4.

131.	Faas MM, Liu YR, Borghuis T, van Loo-Bouwman CA, Harmsen H, de Vos P. Microbiota induced changes 
in the immune response in pregnant mice. Front Immunol. 2020;10:2976.

https://doi.org/10.37349/ei.2022.00065

	Abstract
	Keywords
	Introduction 
	Rodent placentas as models for the human placenta 
	uNK cells in the rodent placenta 
	Location and timing of presence of the uNK cells 
	Subtypes of uNK cells 
	Source of uNK cells 
	Maturation and activation of uNK cells 
	uNK cells and decidual angiogenesis 
	uNK cells and spiral artery remodelling 
	uNK cells and trophoblast invasion 
	uNK cell memory 

	uNK cells in humans 
	Location and timing of presence of uNK cells 
	Subtypes of uNK cells 
	Source of uNK cells 
	Maturation and activation of uNK cells 
	Production of cytokines, growth factors and angiogenic factors by uNK cells 
	uNK cells interaction with trophoblast 
	uNK cells and trophoblast invasion 
	uNK cells and decidual angiogenesis 
	uNK cells and spiral artery remodelling 
	uNK cell memory 

	The importance of mouse studies for the evaluation of the role of uNK cells in human placentation 
	Conclusions 
	Abbreviations 
	Declarations 
	Author contributions 
	Conflicts of interest 
	Ethical approval 
	Consent to participate 
	Consent to publication 
	Availability of data and materials 
	Funding 
	Copyright 

	References

