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Pre-eclampsia

A systemic disorder of
endothelial cells that usually
presents with hypertension
and proteinuria in late
gestation. It is triggered by
stress of the syncytiotropho-
blast covering the placental
villi, resulting from disordered
blood flow into the intervillous
space of the placenta.

Trophoblast

The definitive epithelial cells
of the placenta at the interface
between the mother and the
fetus. They are derived from
trophectoderm surrounding
the blastocyst.

Decidua

The specialized uterine mucosa
of pregnancy formed from
endometrium under the
influence of progesterone.
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Local immune recognition of
trophoblast in early human pregnancy:
controversies and questions
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Abstract | The role of the maternal immune system in reproductive success in humans remains
controversial. Here we focus on the events that occur in the maternal decidua during the first
few weeks of human pregnancy, because this is the site at which maternal leukocytes initially
interact with and can recognize fetal trophoblast cells, potentially involving allorecognition

by both T cells and natural killer (NK) cells. NK cells are the dominant leukocyte population in
first-trimester decidua, and genetic studies point to a role of allorecognition by uterine NK cells
in establishing a boundary between the mother and the fetus. By contrast, definitive evidence
that allorecognition by decidual T cells occurs during the first trimester is lacking. Thus, our view
is that during the crucial period when the placenta is established, damaging T cell-mediated
adaptive immune responses towards placental trophoblast are minimized, whereas NK cell
allorecognition contributes to successful implantation and healthy pregnancy.

The functional relationship formed through the close
apposition of the fetal placenta and the maternal uterus
is essential for successful pregnancy. Following on from
his studies of skin grafts, Peter Medawar (1915-1987)
pointed out that pregnancy involves two genetically dis-
tinct individuals coexisting throughout gestation', which
later led to the emergence of the concept that maternal
T cell tolerance must be essential for successful mamma-
lian pregnancy. This view of pregnancy as being ‘Nature’s
transplant’ has had a marked influence on studies inves-
tigating how the maternal immune system recognizes
and responds to the fetus and placenta in pregnancy’.
Much of the research focus so far has been on genetic
differences, particularly of major histocompatibility
complex (MHC) genes, between the mother and her
fetus. Multiple mechanisms have been discovered that
help to avoid potentially damaging allorecognition
responses involving maternal T cells during pregnancy.
By contrast, there is now ample evidence that allorecog-
nition by natural killer (NK) cells that are unique to
the uterus does occur, although the mechanisms by
which this affects reproductive outcomes are still being
investigated.

Here we present an overview of maternal immune
cells at the placental-uterine interface in early human
pregnancy, discuss the controversies and outstanding
questions in the field, and make suggestions as to how
these issues might be resolved. Many of the major clini-
cal problems in human pregnancy, such as pre-eclampsia,
although classically presenting in the third trimester,

have their origins in the first trimester when maternal-
fetal interactions determine placental development and
access to the maternal blood supply®*. Thus, we focus
exclusively here on the dialogue between the human
uterine immune system and trophoblast early in gesta-
tion. Some studies of decidua in the second and third
trimesters have failed to separate uterine leukocytes
from maternal or fetal blood leukocytes and thus do
not provide definitive evidence of local interactions in
this tissue microenvironment. Furthermore, it is hard
to distinguish cause from effect for systemic immune
changes observed during pregnancy complications at
term. We therefore think it is important to separately
discuss events that occur early in pregnancy at the tis-
sue site of maternal-fetal interactions, with a focus on
human data rather than animal models.

The human placental-uterine interface

The immunology of human pregnancy needs to be
viewed in light of the anatomy of placental development’.
Apart from the great apes, no other species uses a sim-
ilar strategy for pregnancy, particularly with respect to
the extent of placental invasion into the uterus, arte-
rial transformation by trophoblast and the differentia-
tion of non-pregnant endometrium to decidua before
implantation occurs.

Development of the human placenta. Trophoblast cells
are the earliest extra-embryonic cells to differentiate in
the mammalian embryo, and they form the interface
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Box 1 | Systemic changes to the maternal immune system in pregnancy

 Throughout pregnancy, changes occur in all circulating populations of maternal leu-
kocytes, which subsequently revert post-partum’’2. The proportion of neutrophils
increases towards term, concurrent with a reduction in the proportion of lympho-
cytes'’*"* It is controversial whether there is a bias towards T helper 2 cells away from
Thelper 1 cells*’.

Antibodies and T cells specific for paternal HLA allotypes are found in the maternal
systemic circulation during pregnancy, but their presence or absence does not seem
to affect pregnancy outcome'’*™"". Antibodies to polymorphic blood group antigens,
in particular rhesus factor, are also found.

Antibody responses are to fetal somatic cells, which can cross into the maternal circu-
lation'’®'"°, not to trophoblast. Antibody responses to trophoblast antigens shed into
the circulation in mice and humans are inhibited by sialoglycoproteins characteristic
of trophoblast*’.

Pregnancy is associated with an increased maternal susceptibility to viral
infections, although the clinical course of respiratory infections is also affected
by pregnancy-related changes to lung physiology*®'*%.

Changes in the severity of autoimmune symptoms occur during pregnancy, commonly
in patients with multiple sclerosis or rheumatoid arthritis, which further supports the
idea that systemic changes in the immune response occur — to self-antigens as well as

to fetal and pathogen antigens

183,184

These systemic responses do not reflect events occurring in the decidua during

placentation, and are probably secondary effects driven by hormones and other
syncytial products, such as pregnancy-specific glycoproteins, that flood into the

maternal circulation®’.

Decidua parietalis

The area of the uterine mucosa
that is away from the site of
implantation and placentation.

Haemochorial placentation
A type of placentation in which
the trophoblast cells of the
placenta are in direct contact
with maternal blood with no
intervening maternal epithelial,
stromal or endothelial cells.

between the fetus and the mother throughout pregnancy.
First, the conceptus embeds into the endometrium of
the uterus®, and then villous cytotrophoblast cells rap-
idly proliferate to form branching villi covered by a
multinucleated syncytiotrophoblast (SCT) layer that is
the site of nutrient and oxygen exchange with maternal
blood. Extravillous trophoblast (EVT) cells arise from
the villi attached to the decidua and invade towards the
uterine spiral arteries. EVT transforms these normally
thick walled arteries into low-resistance vessels capable
of high conductance. Thus, following implantation, there
are two main sites of contact between maternal leuko-
cytes and fetal trophoblast cells: all maternal decidual
cells, in particular stromal cells and immune cells, are in
contact with EVT, whereas maternal blood in the inter-
villous space flows over the SCT layer. One source of
confusion in reproductive immunology is the failure to
distinguish between local uterine responses and systemic
immune responses (BOX 1). A third site of contact between
fetal trophoblast cells and maternal immune cells in the
decidua parietalis is not present until after the first tri-
mester when the uterine cavity is obliterated, so is of less
relevance to the early maternal-fetal interactions that
determine placental development. In addition, the fetus
itself is never in contact with maternal blood or decidua,
with the placenta always functioning as a barrier between
the two individuals.

Role of the decidua in placentation. The human uterine
endometrium begins to differentiate into decidua before
implantation, during the secretory phase of the menstrual
cycle, in response to progesterone secreted following ovu-
lation. This spontaneous decidualization necessitates the
cyclical menstrual shedding and renewal that occur only
in simian primates’. All elements of the uterine mucosa
(blood vessels and epithelial, stromal and immune cells)
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undergo marked changes during decidualization, including
the proliferation of a specialized population of uterine NK
(uNK) cells. Decidualization and uNK cells are seen only
in species such as humans, rats, mice and non-human pri-
mates that have forms of haemochorial placentation whereby
uterine invasion by trophoblast occurs”®. Furthermore, in
these species, the depth of trophoblast penetration cor-
relates with the extent of decidualization, with both of
these being greatest in humans. From the findings taken
together, it is clear that successful pregnancy requires a
mutually beneficial dialogue between the decidua and the
placenta, involving trophoblast invasion that seems to be
modified in some way by the decidua (FIC. 1).

The effects of disrupting this dialogue can be seen
from pathological pregnancies in humans. When a blas-
tocyst implants at a site in the uterus where decidua is
absent, typically on a caesarean section scar, excessive
trophoblast invasion occurs, even penetrating through
to the peritoneum in some cases (FIC. 1). Limited infil-
tration of EVT is also problematic as the transformation
of maternal arteries mediated by trophoblast is essential
to increase and maintain fetoplacental blood flow until
the end of pregnancy®'’. Inadequate transformation
of the uterine spiral arteries occurs in a range of dis-
orders, including pre-eclampsia, preterm labour, fetal
growth restriction and unexplained stillbirth (FIC. 1).
These conditions, known collectively as the great obstet-
ric syndromes, affect at least 10% of first pregnancies, and
all have their origins in the first trimester*'"">. Decidua
is thus the tissue site where the boundary is formed
between two genetically distinct individuals, and if the
boundary is drawn in the correct place, then the outcome
is successful for both the mother and the baby. A central
question therefore is how do the decidua and placenta
recognize and cooperate with each other to establish this
successful boundary?

A role for the immune system in regulating placen-
tation first emerged from studies of the epidemiology
of pre-eclampsia, a disorder that is unique to humans.
The syndrome arises from maternal endothelial cell
dysfunction triggered by factors released by SCT that
becomes stressed as a result of disordered uterine blood
flow into the intervillous space'>"”. Pre-eclampsia occurs
more commonly in first pregnancies than in subsequent
pregnancies', which suggests the involvement of some
kind of memory response. Furthermore, there is a clear
genetic contribution to the risk of pre-eclampsia associ-
ated with particular fathers''¢, although the interbirth
interval is a confounding effect'”. Because memory and
specificity are both characteristics of adaptive immune
responses, this gave rise to the idea that immune ‘mal-
adaptation’ is the underlying cause of pre-eclampsia'®.
However, mechanistic explanations for these epidemi-
ological findings in pregnancy are lacking. A focus on
the decidual leukocytes and immune responses that are
present early in pregnancy when EVT invades the spiral
arteries has provided some answers.

The early decidual immune response

The leukocyte population in endometrium and decidua
in the first few weeks of human pregnancy is domi-
nated by distinctive NK cells specific to this location.
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In addition, despite the intrusive nature of human placen-
tation deep into the uterine mucosa, an inﬂammatory
response is not seen.

Decidual leukocytes. The composition of leukocytes
changes in the endometrium throughout the menstrual
cycle and in the decidua throughout gestation'*.
Following ovulation in the secretory phase of the men-
strual cycle, ~20% of CD45* cells in the non-pregnant
endometrium are macrophages and ~10% are T cells.
Only 1% of CD45" cells are dendritic cells, and sparse
B cells are present in basal lymphoid aggregates. The
main population of CD45" cells in endometrium and
early decidua are specialized CD56"" uNK cells, which
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account for ~70% of leukocytes®'. By contrast, at term,
uNK cells account for less than 50% of leukocytes in
the endometrium, with the number of T cells having
increased proportionally*>”. Thus, during early preg-
nancy when the boundary between the decidua and the
placenta forms, uNK cells and macrophages, rather than
adaptive immune cells, dominate the decidual immune
landscape, although their relative importance seems to
decline as gestation proceeds. A recent detailed study
by mass cytometry described the decidual leukocytes
that are present throughout gestation, excluding blood
leukocytes®, which is particularly important when one is
interpreting studies of cell isolates from term decidua, as
contaminating maternal and fetal blood leukocytes will

Placenta accreta syndrome

= =<

Fig. 1| The effects of an inappropriate fetal-maternal boundary in
human pregnancy. Successful pregnancy requires that the boundary
between placental trophoblast cells and uterine tissues be formed in the
correct place. In normal pregnancy (centre panel), to establish optimal
blood flow to the fetoplacental unit, extravillous trophoblast (EVT) arises
from the placental villi attached to the decidua and invades the decidua
(as interstitial EVT), eventually reaching and destroying the media of mater-
nal spiral arteries. EVT with a spidery appearance becomes embedded in
the fibrinoid material that replaces the media of these arteries. Endo-
vascular trophoblast then moves down the spiral arteries, partially replacing
the endothelium. EVT thus transforms these normally thick-walled arteries
into low-resistance vessels capable of high conductance. If the invasion of

the decidua by trophoblast is defective (left panel), part of the deeper por-
tions of the maternal spiral arteries remain thick-walled, leading to turbu-
lent blood flow into the intervillous space. As a result, the villous placenta
develops abnormally and eventually becomes stressed and dysfunctional.
This is associated with pregnancy disorders such as pre-eclampsia and fetal
growth restriction. If the trophoblast cells invade maternal tissue too deeply
(right panel), which usually occurs where decidua is absent at the site of a
previous caesarean section, the fetal-maternal boundary is formed beyond
the decidua and into the myometrium or beyond. Interstitial EVT invades
deeply into the myometrium, with no formation of placental bed giant cells.
These conditions, termed ‘placenta accreta syndrome’, have a high risk of
maternal and fetal morbidity.
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Epitheliochorial
placentation

A type of placentation in which
the trophoblast cells of the
placenta remain in contact
throughout pregnancy with the
uterine epithelium, which
remains intact.

Corpus luteum

A structure formed each month
from the postovulatory follicle
when the granulosa and thecal
cells produce progesterone.

It regresses if pregnancy does
not occur.

inevitably be present. In addition, samples taken after
delivery are affected by the inflammatory events char-
acteristic of labour and birth. By contrast, there is little
evidence that a classic inflammatory response occurs
early in pregnancy during placentation despite the large
numbers of innate immune cells.

Is there an inflammatory response in early decidua?
Breaching a mucosal barrier, as occurs during implan-
tation and trophoblast invasion of the decidua, would
be predicted to activate an inflammatory response. The
endometrium is receptive to implantation during a win-
dow of only 3-6 days in the mid-secretory phase, and
a common view is that the receptive endometrium is
an inflammatory environment®*. However, mast cells,
which are a key trigger of inflammatory responses, are
not present in the functional layer of the endometrium
or decidua, although they do populate the myometrium?.
Despite some reports to the contrary, neutrophils, which
would be the hallmark of an acute inflammatory response
and are easily and definitively identified by histology
alone®, are present only when the endometrium breaks
down at menstruation and miscarriage’*. In decidua,
neutrophils are confined to the narrow zone of necrosis —
Nitabuch’s layer — at the boundary between the anchor-
ing villi and superficial decidua basalis. Macrophages are
constantly present in the endometrium and decidua, and
arecent report using imaging mass cytometry has defined
several subsets of macrophages (including an HLA-DR-
negative subset present in first-trimester decidua basalis)
and their distribution throughout gestation®.

Features of granulation tissue that characterize the
progression from inflammation to wound healing —
angiogenesis, influx of macrophages and other inflam-
matory cells, and deposition of collagen by fibroblasts
— are also not seen during pregnancy, and the total loss
of the uterine mucosa each month during menstrua-
tion does not result in fibrosis unless the basal layer is
lost. Indeed, the wound healing response is suppressed
in murine decidua by the histone methyltransferase
EZH2 (REF). The classical angiogenesis response typi-
cal of granulation tissue in wound healing is also not a
feature of human decidua. Angiogenesis is responsible
for the increased uterine blood flow to the placenta in
species with epitheliochorial placentation, where the uter-
ine epithelium remains intact (large domestic animals
and pro-simian primates)”’. By contrast, during early
pregnancy in humans, increased blood flow is achieved
mainly by trophoblast-mediated arterial transformation,
involving destruction of the media by interstitial EVT
and, subsequently, endothelial replacement by endovas-
cular EVT®. In vitro assays that have assessed the func-
tions of uNK cells using angiogenesis as a readout do
not reflect this in vivo situation’**. Similarly, the change
in the spiral arteries during the non-pregnant secretory
phase in humans occurs by non-sprouting angiogenesis*,
which is unlike the angiogenesis seen in wound healing.

Furthermore, clinical trials of a procedure used in
assisted reproduction to enhance local inflammation,
whereby the endometrium is ‘scratched’ in the mid-luteal
phase — before implantation but when the endometrium
has already begun to differentiate into decidua —have
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shown no beneficial effects with regard to embryo
implantation rates*'. All of these features indicate that
inflammation is not required for successful implantation.

So, what exactly has been meant by ‘inflammatory’ in
the context of the uterine endometrium and decidua**?
Perhaps the difficulty here is semantic. Genes that are
characteristically expressed by a receptive endometrium
have been described as ‘inflammatory’ in other environ-
ments, including those encoding IL-15, granulysin, gran-
zymes and IL-6 receptor. In the uterus, however, these
gene products function as part of a physiological process
involving the active proliferation of NK cells during the
secretory phase. Numerous anti-inflammatory factors
are present during this phase, including IL-17A, which
inhibits neutrophil recruitment by decidual stromal cells,
abundant prostaglandin E, (PGE2) and transforming
growth factor-p (TGEp) derived from EVT, and annexin
Al (ANXAL1), which is expressed by a subset of uUNK
cells (uNK2 cells)**~*. Indeed, a compelling argument
has been made that modification of the inflammatory
response elicited by trophoblast invasion was essential
for placental evolution in eutherian mammals*.

Inflammation is present in decidual tissue examined
after a spontaneous miscarriage. However, this is an effect
rather than a cause of the failing pregnancy because the
decidua is usually not shed until several days after the loss
of the fetal heartbeat. The changes that occur after mis-
carriage resemble the influx of neutrophils and macro-
phages seen at menstruation that restore the mucosa.
Therefore, comparisons of gene expression data from
decidua from spontaneous miscarriages compared with
therapeutic surgical terminations of pregnancy are unin-
formative, as the changes in miscarriage samples reflect
only these secondary inflammatory events and not the
underlying pathogenesis”~".

So, given the dominance of uNK cells in first tri-
mester but the lack of a classical inflammatory immune
response, what is the role of these cells in recognizing
and responding to fetal trophoblast cells and potentially
other maternal cells in the uterus, and are they involved
in responding to infection (BOX 2)?

Uterine NK cells
Uterine lymphoid cells with distinctive granules were
first described early in the twentieth century® and are
now recognized as members of the innate lymphoid cell
(ILC) family”'. Uterine ILCs are dominated by a popu-
lation closely resembling ILC1s — the CD56"¢" NK cells
— that are unique to the uterine mucosa, being hormo-
nally regulated and proliferating in response to pro-
gesterone secreted by the corpus luteum, which induces
IL-15 production by stromal cells**~**. uNK cells differ-
entiate within the uterine microenvironment throughout
the menstrual cycle, sequentially acquiring expression
of killer cell immunoglobulin-like receptors (KIRs),
LILRB1 and NKG2C, which regulate NK cell function®.
A small population of decidual ILC3s (CD127*CD117+)
is also present, but no ILC2s are present™".

uNK cells are CD56"€"CD94*"NKG2A*CD16-CD57-
cells that express the tissue residence markers CD49a,
CD9 and CD69. They have only few, but large, cytoplas-
mic granules (compared with peripheral blood NK cells),
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which might have a role in cytokine production as uNK
cells in the first trimester are poorly cytolytic owing
to an inability to polarize the microtubule-organizing
centre®*~*". Single-cell transcriptomic and mass cytome-
try studies have defined three main subsets of uNK cells:
uNKI1, uNK2 and uNK3 cells (with an additional cycling
population)***. The major group of uNK1 cells express
NK receptors for HLA class I ligands present on EVT —
namely, KIRs (receptors for HLA-C), LILRB1 (receptor
for HLA-G, which is specific to EVT), CD94-NKG2A
(inhibitory receptor for HLA-E) and CD94-NKG2C
(activating receptor for HLA-E) (FIG. 2). They are large
cells defined by expression of eomesodermin and CD39.
Higher levels of uNK1 cells are found in the decidua of
women who have had more than one pregnancy®', with a
possible confounding effect of cytomegalovirus infection
status®. Perhaps uNKI1 cells are ‘trained’ by a first preg-
nancy and thereafter expand more rapidly in subsequent
pregnancies, which might partially explain the increased
frequency of pre-eclampsia and lower birthweight that
are observed in first pregnancies'**. uNK2 cells express
anti-inflammatory ANXA1 and ITGB2. The minor
population of CD103*T-bet* uNK3 cells closely resem-
ble intraepithelial ILC1s and express CCL5, KLRB1 and
TIGIT (which bind CCR1, CLEC2D and PVR, respec-
tively, all of which are expressed by EVT). uNK3 cells
are small and agranular, with uNK2 cells lying between
uNK1 and uNK3 subsets in terms of their size and gran-
ularity. Further details regarding the functional and
phenotypic characteristics of endometrial and deci-
dual uNK cell subsets have recently been published***.
The uNK1 and uNK2 subsets dominate early in preg-
nancy, but by term, most cells of the remaining uNK cell
population are uNK3 cells*.

Heterogeneity between uNK cell subsets associ-
ated with their location, menstrual phase and stage of

Box 2 | Role of uterine natural killer cells in infection

Although pregnant women are at risk of poor outcomes when infected with viruses
such as severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and influenza
virus'®>'*7_ the importance of uterine natural killer (uNK) cells in host defence and
protection of the fetus from vertically transmitted pathogens is uncertain as they are

the dominant leukocyte population in the decidua only during the first half of gestation.

Pathogens in maternal blood flowing through intervillous spaces in the placenta,
either as free pathogens or within monocytes, can attach to the syncytiotrophoblast
(as has been shown for Plasmodium parasites) or can cross into the fetal circulation®.
Exactly how pathogens gain access to the villous core is generally unknown, but breaks
do occur in syncytiotrophoblast that probably heal with the aid of maternal macro-
phages'®’. These breaks could aid the transmission of pathogens that survive in

macrophages (such as Listeria monocytogenes, Toxoplasma gondii and cytomegalovirus).

The only fetal immune cells present in the placental villi are specialized placental
macrophages known as Hofbauer cells'.

Overwhelming systemic infections of the mother will involve the decidua, and roles
for uNK cells in defence against cytomegalovirus, L. monocytogenes and Zika virus have
been reported'*"'**"'**. How such pathogens in the decidua might be transmitted to
fetal blood vessels in the villi is not clear; in contrast to the direct passage from
maternal blood through syncytiotrophoblast, there is no direct anatomical connection
between the decidua and fetal blood apart from the anchoring villi, and pathogens
would need to move between many cell types to be transferred in this way. The scarcity
of uNK cells in the proliferative phase of the menstrual cycle before ovulation, their
abundance correlating spatially and temporally with placentation, and the absence
of uNK cells outside reproductive life all make it likely that the primary function of uNK
cells is not defence of the uterine mucosa against infections.

gestation is likely. Whether uNK cells are derived from
resident or circulating progenitors has been partially
resolved by studies of uterine transplants, in which
uNK cells are derived from the recipient and not the
donor, suggesting a source of circulating progenitors®.
However, further work is needed as both mouse and
human studies suggest that tissue-resident progenitors
may also contribute to the uNK cell population®.

Allorecognition of trophoblast by uNK cells. Recognition
of allogeneic cells depends on the detection of highly
diverse HLA molecules by T cells or NK cells. Owing to the
extreme polymorphism of HLA genes, the fetus usually
inherits different variants from each parent. There is gen-
eral agreement about the expression of HLA molecules by
trophoblast®. HLA class IT molecules are not expressed
by trophoblast even after exposure to interferon-y. Villous
cytotrophoblast and SCT also express no HLA class I allo-
types. By contrast, EV'T, which is in direct contact with all
maternal decidual cells, including immune cells, expresses
the HLA class I molecules HLA-C, HLA-E and HLA-G,
but not class I HLA-A or HLA-B molecules, which are
the major T cell receptor ligands. HLA-E and HLA-G
are non-classical class I molecules with only minimal
polymorphism, so the only major polymorphic classical
HLA alloantigen on EVT that could potentially be reco-
gnized by uterine T cells and uNK cells is paternally
derived HLA-C (FIG. 2).

The effector function of NK cells depends on a bal-
ance between the signals received by activating and
inhibitory receptors®’. Normally, the functional inhibi-
tion of NK cells is mediated either by CD94-NKG2A
binding to HLA-E or by inhibitory members of the
diverse KIR family that bind to HLA class I molecules®.
Activating receptors — CD94-NKG2C, activating KIRs
and other NK receptors (such as NKG2D) — override
this inhibition when their ligands are present on tar-
get cells, and this is likely to be affected by the peptide
bound to the HLA class I molecule. KIRs bind to four
major HLA epitopes: two groups of HLA-C allotypes
(C1+ and C2+), HLA-Bw4 and HLA-A11 (REF*). Thus,
given the absence of HLA-A and HLA-B on trophoblast,
KIRs expressed by uNK cells can recognize only the
HLA-C allotypes expressed by EVT.

Evidence from multiple functional and genetic
studies supports the view that uNK cells can recog-
nize and respond to EVT through KIR-HLA-C inter-
actions: higher proportions of uNK cells express KIRs
for HLA-C compared with peripheral blood NK cells in
the first trimester; KIR tetramers bind to HLA-C mole-
cules expressed by trophoblast, and HLA-C tetramers
specifically bind to uNK cells; and the activation of
KIRs on uNK cells results in the secretion of cytokines
(GM-CSF and XCL1) whose receptors are expressed
by EVT and which seem to affect EVT invasion®"".
In addition, genetic studies in the UK and Uganda of
pregnancy disorders arising from defective placentation,
such as pre-eclampsia, show that specific combinations
of maternal KIR and fetal HLA-C variants are repro-
ducibly found in women experiencing pre-eclampsia
— in particular, two copies of the strongly inhibitory
KIR2DL1 (found on the KIR A haplotype) together
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Fig. 2 | Interactions of HLA class | molecules expressed by extravillous
trophoblast with uterine natural killer cells or T cells in the first trimes-
ter. Extravillous trophoblast (EVT) does not express HLA class |l molecules
or the HLA class | molecules HLA-A and HLA-B. Different combinations of
the highly polymorphic maternal killer cellimmunoglobulin-like receptors
(KIRs; both activating and inhibitory) expressed by uterine natural killer
(uNK) cells and fetal HLA-C variants expressed by EVT are associated with
disorders of placentation, and result in altered secretion of cytokines and
chemokines by EVT. The effect of HLA-E expressed by EVT engaging

inhibitory CD94-NKG2A or activating CD94-NKG2C receptors on uNK
cellsis not known. LILRB1, which is expressed by both uNK cells (mainly the
uNK1 subset) and maternal decidual antigen-presenting cells (APCs), inter-
acts with a dimer of HLA-G molecules. This deviates APCs towards a toler-
ogenic phenotype. Potential pathways for the indirect T cell-mediated
recognition of paternal HLA-C or other alloantigens expressed by EVT are
shown. However, there is no evidence that activation of decidual T cells
occurs, and there are many mechanisms in the decidua to maintain T cell
tolerance, as described in the main text and in BOX 3. TCR, T cell receptor.

Placental bed giant cells
Giant cells found in the deeper
layers of the decidua and inner
myometrium that are the ter-
minal end point of the differen-
tiation pathway of interstitial
extravilloustrophoblast.

with the presence of C2+ HLA-C in the fetus”7"’
(FIG. 3). Conversely, protection from pre-eclampsia and
higher birthweights are associated with the presence of
KIR2DS1 (found on the KIR B haplotype), which is an
activating receptor for C2+ HLA-C">”*”, Thus, it seems
that this NK cell allorecognition system has a physio-
logical role in striking a trade-off between the fetal
developmental requirements of adequate nutrition and
oxygenation and the mother’s need to remain healthy to
nurture her child, survive and reproduce again.

How do uNK cells affect EVT? uNK cells are usually
thought to function by regulating EVT invasion, but it
remains unclear how this might be mediated™***-*, with
results in vitro seeming to depend on the particular inva-
sion assays and trophoblast cells that are used®. Indeed,
a fundamental unanswered question is whether uNK
cells facilitate or impede trophoblast invasion. Although
EVT needs to transform the maternal arteries for suc-
cessful pregnancy, this process must also be regulated
to avoid the risk of excessive invasion. Most trophoblast
invasion assays have not considered how the genetic
studies relating to maternal KIR-fetal HLA-C combina-
tions might translate into the functional effects that uNK
cells exert on EVT as they move through the decidua®.

It is also unknown how EVT phenotype and functions
change as these cells move deeper into the decidua,
or how EVT cells stop invading and fuse to become
placental bed giant cells in the myometrium. To study this
will require samples taken from pregnant hysterectomies,
which are rare operations in early pregnancy.

Other aspects relating to interactions between NK
receptors and trophoblast HLA molecules also remain
unresolved. KIR2DL1, KIR2DL2, KIR2DL3 and KIR2DS1
all bind to trophoblast HLA-C allotypes, but it is still
controversial whether KIR2DL4 recognizes trophoblast-
specific HLA-G. KIR2DL4 is expressed in late endosomes
in peripheral blood NK cells (although this has not yet
been demonstrated for uNK cells), and its triggering by
asoluble HLA-G construct results in upregulated expres-
sion of cytokines*. However, the crystal structure of
KIR2DL4 suggests that binding to HLA class I molecules
is precluded, and no direct binding to HLA-G was shown
by surface plasmon resonance®. In addition, there is no
known association of any KIR2DL4 alleles with the risk
of pre-eclampsia®. By contrast, there is agreement that
HLA-G dimers bind the inhibitory receptor LILRB1, which
is expressed by uNK1 cells as well as myeloid cells*-'.
Whether LILRB1 might also function as an activating
receptor for peripheral blood NK cells or uNK cells in
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some contexts is controversial, with contradictory reports
even from the same group™°--,

HLA-E expressed by EVT is the ligand for the inhib-
itory receptor CD94-NKG2A, which is expressed at
high levels by almost all uNK cells (like other tissue NK
cells) and has a role in NK cell education and pregnancy
success’”®. An unusual feature of uNKI1 cells is that
they co-express the activating receptor NKG2C, which
also recognizes HLA-E**>*”. The leader sequence of
HLA-G, which binds to and is presented by HLA-E, has

KIR AA genotype

A— [KIR2DL1) —
A— [KIRzDL1) —

T T

higher affinity for both NKG2A and NKG2C than pep-
tides derived from any other HLA class I molecules™”.
This means that uNK cells receive different signals from
infiltrating EVT cells (which express HLA-G) compared
with surrounding maternal cells (which do not express
HLA-G), which has unknown functional consequences.

Another important issue in attempting to elucidate
the functions of uNK cells is that the assays traditionally
used to study peripheral blood NK cells involve cytotox-
icity or interferon-y production, which are not features
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Fig. 3 | The effect of different combinations of maternal KIRs and paternal HLA variants on pregnancy outcome.
Maternalkiller cellimmunoglobulin-like receptor (KIR) AA haplotypes, which encode two copies of KIR2DL1 (a potent
inhibitory receptor for C2+ HLA-C epitopes), result in strong inhibition of uterine natural killer (uNK) cells when C2+
HLA-C is inherited paternally and expressed on extravillous trophoblast (EVT). This is associated with low birthweight,
increased risk of pre-eclampsia and recurrent miscarriage, probably secondary to reduced remodelling of the maternal
vasculature and poor placentation. The presence of the activating KIR KIR2DS1, encoded in women with KIR AB or BB
haplotypes, in combination with paternal C2+ HLA-C results in less uNK cell inhibition and increased secretion of
cytokines such as CCL4, XCL1 and GM-CSF. This is associated with a greater frequency of large for gestational age infants.
Increased birthweight is associated with maternal and neonatal complications, including dysfunctional labour, shoulder
dystocia, maternal trauma and post-partum haemorrhage. Human birthweight is thus an example of balancing selection

partially dependent on KIR and HLA gene families®.
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Endometritis

Inflammation of the
endometrium, the uterine
mucosa, that is usually caused
by bacterial infection and is
characterized by the presence
of plasma cells.

of most freshly isolated human uNK cells. Preactivation
with IL-2 or IL-15 increases the cytotoxicity of freshly
isolated uNK cells*>*%1%1%! but without preactivation,
interferon-y is made only by minor uNK cell subsets
and not by the main populations of uNK1 or uNK2
cells****¢1 Furthermore, secreted products that have
been attributed to uNK cells in some studies may in fact
be mostly derived from other decidual cells, particularly
macrophages and stromal cells, that are invariably pres-
ent in uNK cell isolates. For example, VEGFA and SPP1,
which were previously thought to be produced by uNK
cells®”, have been shown in more recent single-cell analy-
ses to be produced by macrophages*. Similarly, pleiotro-
phin and osteoglycin are secreted by stromal cells**.
The cytokines and chemokines that are produced by the
main uNK cell populations in vivo, whose receptors are
expressed by EVT cells, include GM-CSE, CSF1, CCL4
and XCL1 (REFS.*»%72731921%%) However, it has not been
rigorously studied how these factors affect trophoblast
function, and few functional studies have genotyped
uNK cells for KIR expression. Experiments are required
that reflect the normal in utero environment and can
systematically determine how responses generated by
specific uNK cell receptors regulate trophoblast cells.

Do uNK cells affect other uterine maternal cells? In addi-
tion to their interactions with fetal trophoblast cells,
uNK cells could also have effects on other maternal cells
in the decidua, including maternal immune cells such
as macrophages and arterial, glandular or stromal cells.
Conversely, other uterine maternal cells might affect
the functions of uNK cells, although very little is known
about this possibility. A controversial view is that uNK
cells can eliminate decidual stromal cells'*. A subset
of senescent pro-inflammatory stromal cells is said to
be normally removed by uNK cells'”®, although stand-
ard NK cell cytotoxicity assays were not used in that
study and the uNK cells were preactivated with IL-15,
which increases the otherwise low levels of cytotoxic-
ity that are observed in the first trimester'*. Another
difficulty is that the markers used to define senescence
in vitro (B-galactosidase and CDKN2) are not specific
to this process'’”'*. A possible explanation is that these
‘senescent’ cells were identified after culturing of stro-
mal cells in vitro with the standard decidualization cock-
tail of progesterone and cAMP, which induces stromal
cells that express higher levels of senescence-associated
genes than those seen with a more physiological stimu-
lus of progesterone and PGE2 (REF.'®). In vivo, stromal
cells become non-proliferative, terminally differenti-
ated, large cells in the superficial decidua and secrete
abundant prolactin and IGFBP1, but not CDKN2A*.
Furthermore, as both uNK cells and stromal cells are
routinely shed at menstruation, there would not seem
to be a rationale for uNK cells being required to remove
stromal cells in vivo.

If pregnancy does not occur during the postovulatory
secretory phase, the first morphological sign that men-
struation rather than further decidualization will occur is
the nuclear fragmentation of uNK cells, which precedes
mucosal breakdown''*'"". This feature is also seen as the
first sign of a failed pregnancy in the first trimester, but
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never as a feature of a continuing pregnancy. It is, there-
fore, possible that uNK cells might prevent breakdown
of the uterine mucosa by secreting factors that stabilize
the maternal spiral arteries, although there is no clear
evidence of this as yet.

Uterine T cells

The tolerance of decidual T cells to fetal alloantigens
(especially HLA-C allotypes) expressed by EVT is
clearly required for a successful pregnancy. The uterine
mucosa is not a privileged site, as can be seen from the
adaptive T cell and B cell responses that are made in
response to infecting organisms. For example, abundant
plasma cells are present in endometritis, and granulomas
are seen in systemic tuberculosis''>'"*. Furthermore,
HLA-C-restricted T cells have been described in clinical
situations including cytomegalovirus infection, kidney
allografts and tumours'". Here we discuss how decid-
ual T cells might recognize trophoblast and how such
allorecognition is prevented by a range of mechanisms.

Allorecognition of trophoblast by T cells. Because SCT,
which is in contact with maternal blood, does not
express HLA, it is invisible to systemic immune recog-
nition by HLA-restricted T cells. Similarly, the lack of
HLA class II expression by all trophoblast cells means
that direct recognition by maternal CD4* T cells cannot
occur, although indirect recognition by CD4" T cells
via antigen presentation on HLA class II-expressing
decidual myeloid cells is possible. To generate such
CD4" T cell responses, decidual HLA class IT-expressing
antigen-presenting cells would need to take up paternal
HLA-C or other alloantigens from EVT and migrate to
the draining lymph nodes to initiate a T cell response,
and then activated CD4" T cells would need to migrate
back into the decidua. EVT does not express the classical
HLA class  molecules HLA-A and HLA-B, and thus can
be recognized by decidual CD8* T cells only through
HLA-C. Are paternal HLA-C-restricted effector T cells
ever generated in early decidua and, if so, what might
be the functional consequences? Although responses to
paternal HLA-A and HLA-B antigens expressed by fetal
somatic cells can be demonstrated in maternal periph-
eral blood and term decidua''>''?, our view is that con-
vincing evidence for the presence of T cells directed to
alloantigens (including HLA-C) expressed by EVT in
early decidua in humans is still lacking. In mice, the lack
of decidual lymphatics impedes dendritic cell migra-
tion to the lymph nodes'", and it is still controversial
whether human decidua has lymphatic drainage''®'"’.
Furthermore, epigenetic silencing in murine decid-
ual stromal cells of key cytokines (such as CXCL9
and CXCL10) that are required for T cell recruitment
limits the return of T cells into the decidua'”’. Lymph
nodes draining the uterus have not been studied in
humans, but there are many tolerogenic features of the
decidua itself that would suppress allorecognition by
T cells (BOX 3).

Mechanisms for tolerance of decidual T cells to EVT. The
advantage of local allogeneic responses being inhibited
directly by invading EVT only where fetal and maternal
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Box 3 | Tolerogenic features of the decidua in the first trimester

* No expression of the dominant T cell ligands, HLA-A and HLA-B, by trophoblast®°.

* HLA-G dimers expressed by trophoblast bind LILRB1 on antigen-presenting cells,
resulting in their deviation to a tolerogenic phenotype®**.

* Decidual T cells express the checkpoint molecule PD1, and its ligand PDL1 is strongly
expressed by extravillous trophoblast**#+26,

* Expression of the immunosuppressive cytokine transforming growth factor- (TGFp)
is upregulated as extravillous trophoblast differentiates®.

* The immunosuppressive COX2-prostaglandin E, (PGE2) pathway is induced in
decidua by human chorionic gonadotropin’*.

* The major subset of uterine natural killer cells (uNK1 cells) expresses CD39, which
together with CD73 expression by extravillous trophoblast can potentially convert
extracellular ATP to immunosuppressive adenosine**>.

* The migration of dendritic cells from the decidua to draining lymph nodes and of
T cells back to the decidua is reduced compared with other tissue sites in mice'?’,
although it is not known whether this occurs in humans.

 Regulatory T cell subsets are present in the decidua®’.

cells are in close proximity in decidual tissue is that there
is no systemic immune suppression that could, for exam-
ple, increase susceptibility to infection. The profile of
HLA class I molecules on EVT is central to this, specifi-
cally the lack of HLA-A and HLA-B expression and the
increased expression of HLA-G as it moves deeper into
the decidua. All HLA class I molecules bind to the inhib-
itory receptors LILRB1 and LILRB2 expressed by decid-
ual myeloid cells. However, only HLA-G forms dimers
that are associated with p,-microglobulin, which bind
with greatly increased avidity to LILRB1 (REF*"). This
has a negative effect on antigen presentation by myeloid
cells, resulting in their deviation towards a tolerogenic
rather than an immunogenic phenotype®. Ligation of
LILRBI is clearly an effective strategy for immune sup-
pression as it is also used by pathogens — for example,
UL18 proteins from cytomegalovirus and dengue virus
and RIFIN proteins from Plasmodium spp. all bind
LILRBI (REFS."*!-1%).

T cells are not the dominant leukocyte population in
human decidua (~10-15% of total leukocytes) and have
many features suggesting that they are exhausted***>”,
including expression of the immune checkpoint protein
PD], the ligands for which (PDL1 and PDL2) are highly
expressed by EVT*-12¢_ PDL2 has a higher affinity than
PDLI for PD1 and emerged in placental mammals'>’.
Other B7 family molecules involved in the regulation
of immune responses, such as B7H3 (also known as
CD276), are also expressed by EVT and inhibit T cell
proliferation'”. Furthermore, EVT expresses high levels
of TGFp, which has a central role in immune evasion
by tumours by inducing the differentiation of regulatory
T cells (T, cells) and the expression of indoleamine
2,3-dioxygenase (IDO) by dendritic cells'”. As well as
increased proportions of classical FOXP3* T, cells in
decidua compared with blood"", the decidua also con-
tains two FOXP3~ populations of CD4* T cells expressing
the regulatory molecules PD1 and TIGIT"*'. CD8* decid-
ual T cells also express inhibitory PD1, TIM3, CTLA4 and
LAGS3 but are not irreversibly suppressed”'**. Other par-
allels with the immunosuppressive tumour environment
include the COX2-PGE2 pathway, which is induced by
human chorionic gonadotropin in decidua'**"** (BOX 3).

There is also a potential role for NK cells in the avoid-
ance of T cell responses in the decidua as the main uNK1
population expresses CD39, which is characteristic of
T, cells in tumours and the small number of T, cells
in decidua'®. In combination with CD73, which is
expressed by EVT and stromal cells, CD39 can convert
extracellular ATP to adenosine, which suppresses effec-
tor T cells and activates T, cells'**, although there are no
functional data yet to show that adenosine is generated
by CD39-CD73 in the decidua. Another immunomod-
ulatory molecule, TIGIT, is expressed by uNK3 cells, and
its ligand, PVR, is expressed by EVT.

Thus, there are multiple mechanisms in the decidua
to dampen potentially damaging T cell responses to
EVT. This redundancy means that it is highly unlikely
they would all fail together. Indeed, invasive haemo-
chorial placentation, the primordial form in eutherian
mammals, could not have evolved without mechanisms
in place to avoid damaging adaptive maternal immune
responses’*‘.

Do decidual T cells cause pregnancy disorders?
Reproductive immunology articles frequently invoke
Medawar’s ‘immunological paradox of pregnancy’’, but
the evidence for ‘breakdown of maternal tolerance’ and
T cell-mediated rejection causing pregnancy disorders
such as miscarriage and pre-eclampsia is circumstan-
tial*”1%%, and clear mechanisms for how this could hap-
pen have not been described. Many reports have focused
on the decidual T,,, cell subsets that seem to be induced
by EVT and that suppress T cell proliferation through
IL-10 production'*>'*. Reduced numbers of decidual
T, cells in pregnancy disorders such as miscarriage and
pre-eclampsia compared with normal pregnancy have
been described'*'~'*’. However, these differences were
detected only after the disorder became obvious clini-
cally, and it is not clear whether they have any role in
the primary pathogenesis. Another unresolved issue is
that the main regulator of T,,, cell survival and function,
IL-2, is absent from the decidua*>'**-"*, excluding the
tiny amounts that might be produced by small numbers
of decidual T cells themselves.

Because of the difficulties in studying early human
pregnancy, there has been a reliance on mouse mod-
els, the relevance of which to pregnancy disorders in
humans remains unclear (80X 4). Human studies have
focused on data from peripheral blood or term decidua
rather than considering decidual T cells in early preg-
nancy, when maternal-fetal interactions set the stage
for a successful outcome. Both human and mouse stud-
ies have been expertly summarized, highlighting many
common problems'”. These include a failure to distin-
guish between antigens expressed by fetal somatic cells
or extra-embryonic trophoblast; the focus on systemic
and not decidual responses; little exploration of possi-
ble effector mechanisms for poor pregnancy outcomes;
and lack of appreciation of the bystander inflammatory
effects that can result from experimental manipulations.
It has also never been explained how a breakdown in
T cell tolerance could result in the primary defect of
failure of placentation in the first trimester, in particu-
lar EVT-mediated transformation of the spiral arteries.
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Glycogen cells

A specialized trophoblast cell
subtype found in the junctional
zone of the mouse placenta
that interacts with decidua

and accumulates glycogen.

Spongiotrophoblast

A trophoblast subtype present
in the placental junctional
zone in mice, the main function
of which is the production of
hormones.

Any systemic changes seen in T cell populations in
peripheral blood probably reflect the response to syncy-
tial stress that is characteristic of the later stages of preg-
nancy and that is amplified in pre-eclampsia'*®. Indeed,
systemic inflammation or even stress such as loud noise
can lead to fetal resorption in mice (miscarriage does not
occur in mice) "%,

In summary, many questions remain with regard to
the role of T cells in pregnancy: does early decidua con-
tain T cells with T cell receptor specificities that bind to
HLA-C molecules expressed by EVT; what is the nature
of the specific peptides presented by HLA-C on EVT;
if CD8* T cells specific for HLA-C are present in the
decidua, what are their effector functions, and in par-
ticular how can they affect EVT invasion and pregnancy
outcome? EVT is resistant to killing by freshly isolated
uNK cells but can it be killed by T cells? Tissue T,, cells
in fat, muscle and skin have distinct characteristics
depending on their microenvironment, with roles in
the physiological regulation of non-lymphoid progenitor
cells'”". A role for decidual T, cells in tissue homeostasis
rather than pathology is therefore also possible.

The way forward

Research over the past 20 years has reached a consen-
sus regarding the importance of balanced EVT invasion
during human placental development, the unique profile
of decidual immune cells, expression of HLA molecules
by trophoblast subpopulations, the uNK cell-mediated
allorecognition system dependent on KIR-HLA-C inter-
actions and the need for T cell tolerance to trophoblast.
However, as outlined in the preceding discussion, there
are still many questions regarding the dialogue between
the uterine immune system and trophoblast cells in
human pregnancy that historically have been difficult

Box 4 | Limitations of mouse models to study human placentation

There are several advantages of using laboratory mice to study pregnancy, including

their well-characterized genome and widely annotated functional transcriptome, the
ability to manipulate gene expression, and their short gestation period (~19 days). Mice
have a form of haemochorial placentation and specialized uterine natural killer (uUNK)
cells, similarly to humans. However, there are also many differences between human
and mouse pregnancies, and conditions such as pre-eclampsia occur only in humans and
not even in higher primates.

In contrast to human pregnancy, there is no menstrual shedding of the endometrium in
mice, and the decidua starts to form only at implantation, where uNK cells proliferate®’'*°.
Mice have minimal trophoblast invasion into the decidua, and the transformation of spiral
arteries in mice is mediated mainly by uNK cells secreting interferon-y rather than by
extravillous trophoblast as in humans; indeed, uNK cells are also found in the mouse
myometrium encircling the arteries. There are three main populations of uNK cells in
mice'*"': tissue-resident uNK cells that express eomesodermin and CD49a (also known
as integrin-al); a small subset of type 1 innate lymphoid cells that express CD49a but not
eomesodermin; and conventional NK cells that express interferon-y but not CD49a,
similarly to splenic NK cells. It is not clear how these subsets relate to the three uNK
cell subsets identified in humans®°.

The expression of major histocompatibility complex (MHC) alleles is also a point of
difference between mice and humans. The murine H-2 complex encodes two classical
MHC class | molecules (H2-K and H2-D); H2-K is expressed by glycogen cells and to a
lesser extent by spongiotrophoblast, with a low level of expression of H2-D by both cell
types'***®°. By contrast, human extravillous trophoblast expresses the classical class |
molecule HLA-C, but not HLA-A or HLA-B. There is no expression of non-classical MHC
molecules, including Qa-1b, on mouse trophoblast, compared with the expression of
HLA-G and HLA-E by human extravillous trophoblast.

REVIEWS

to tackle, partly owing to ethical and practical issues sur-
rounding access to human tissues and the limitations of
animal models.

In light of these controversies and unresolved issues
in the field, use of new research technologies will be
crucial to better understand the role of the immune
system in human placentation and reproductive suc-
cess. Single-cell RNA sequencing and single-nucleus
RNA sequencing will continue to be important tools
as they can highlight novel cell populations, genetic
markers or potential functional pathways for further
validation*>'*>'>, In the future, spatial transcriptomic
methods and multiplex antibodies to visualize the
dynamic changes occurring in the placenta in the first
weeks of human pregnancy will also be informative'**.
The considerable differences between human and mouse
placentation remain a problem (as exemplified by the
direct role played by uNK cells in remodelling of the spi-
ral arteries in mice but not humans) (BOX 4). Placentation
in higher primates is more similar to that in humans, but
interstitial invasion by EVT occurs only in the great apes
and no animal model is perfect'**.

Experimenting with human trophoblast cells in vitro
has so far been problematic because many of the cell lines
used do not have the defining features of first-trimester
trophoblast in vivo: namely, a unique HLA profile, ELF5
methylation and expression of characteristic genes
such as TFAP2C and GATA3 and the chromosome 19
microRNA complex'*. So far, there has been too much
reliance on the use of choriocarcinoma lines, such
as JEG-3 and BeWo, which have little resemblance to
normal invasive EVT'*. Microfluidic methods to study
trophoblast invasion will be beneficial because bulk pla-
cental cell isolates always also contain non-trophoblast
cells”***. Human trophoblast stem cell lines'*”-'** and
trophoblast organoids'**'** can be induced to differen-
tiate to SCT or invasive EVT and are powerful tools to
study placental development and interaction with mater-
nal cells. Several recent reports showing that human
embryonic stem cells can be differentiated to trophoblast
will enable the generation and study of trophoblast cells
from individuals (either mother or child) who have had
abnormal pregnancies'®'~'*,

Despite much evidence to suggest that uNK cells regu-
late human placentation, their precise functions still
remain largely unknown. The necessity to use primary
uNK cells from ongoing first-trimester pregnancies to
study these functions has obvious ethical and logistical
limitations, and no representative uNK cell lines exist.
Although genetic studies show that particular combina-
tions of maternal KIR and fetal HLA-C variants are asso-
ciated with increased risk of pre-eclampsia and other
pregnancy disorders, the functional mechanisms remain
unresolved. New models of EVT derived from tropho-
blast stem cell lines and trophoblast organoids, which
can be biobanked and typed for HLA-C alleles, will be
useful to study interactions between KIR* uNK cells and
EVT. Unlike human trophoblast stem cell lines grown
in two dimensions, which continue to express classical
HLA-A and HLA-B molecules, EVT derived from tropho-
blast organoids does have the unique HLA profile of
primary EVT in vivo'*>'*®. One feature that is likely to
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Box 5 | Reproductive immunology and the clinic

The functions and mechanisms of action of decidual immune cells in normal pregnancy
remain unclear. Despite this uncertainty, many treatments have been offered to women
with infertility or recurrent pregnancy loss that purport to suppress uterine natural
killer (uNK) cells on the basis of the erroneous notion that they kill the fetus?**?°2. These
treatments include steroids, intravenous immunoglobulins, G-CSF and tumour necrosis
factor inhibitors, all of which have potentially serious side effects.

Blood tests to measure NK cell numbers or function do not provide any information
about the uNK cells that are distinctive to the uterine mucosa and are probably involved
in establishing the physiological maternal-placental boundary. Another test in use does
measure numbers of uNK cells in secretory phase endometrium, but this requires inva-
sive biopsies*”. Because uNK cell numbers normally greatly increase after ovulation,
and they are not uniformly distributed in the endometrium, these are not robust assays’*“.
Furthermore, uNK cell proliferation is an integral part of the marked differentiation of the
endometrium induced by progesterone production after ovulation, which also affects
glands and stromal cells. Thus, uNK cell numbers will reflect the global response of the
uterine mucosa to progesterone.

Typing mothers for killer cellimmunoglobulin-like receptor (KIR) genotypes has not
proven useful clinically and is not sensitive or specific enough to predict conditions
such as pre-eclampsia’”. Pregnancies of surrogate mothers after oocyte or embryo
donation have a risk of pre-eclampsia that is four to five times higher than after normal
conception, which supports a role for non-self antigens in regulating placentation’®.
Typing for KIR AA genotypes could eventually be feasible to avoid such pregnancy
disorders, but more research is needed in large clinically well characterized cohorts
before this is introduced in the clinic?”’.

affect NK cell and T cell responses both in the uterus and
systemically is the altered pattern of protein sialylation
for trophoblast compared with fetal cells from the same
conceptus'®’. The glycosylation of trophoblast proteins
should be a focus of future research into maternal-fetal
immune interactions'®.

Another issue relating to the current immunogenetic
studies of maternal KIR-fetal HLA-C combinations is
that they are typically small and restricted mainly to
European populations, so replication in larger, clinically
well characterized cohorts is needed to detect the effects
of particular alleles of both KIR2DL1 and its HLA-C lig-
ands'®. The impact of maternal HLA-C groups and a
variant in the leader sequence of HLA-B (dimorphism
at position —21) that affects the education of peripheral
blood NK cells also needs further study’'”’. Studying
pregnancies resulting from oocyte or embryo donation,
in which the conceptus is entirely ‘non-self” in rela-
tion to the mother, will also be informative as the risk
of pre-eclampsia increases to ~25% in these cases'”".
We suggest that this increased risk might associate with
surrogate mothers who are of the KIR AA genotype,

which contains two copies of KIR2DL1 (a potent inhib-
itory receptor for C2+ HLA-C epitopes), and who are
pregnant with a conceptus that has two non-self C2+
HLA-C alleles.

Given these many uncertainties regarding the func-
tions of decidual leukocytes in placentation, there
is no current rationale for the treatments offered in
infertility or recurrent miscarriage clinics that pur-
port to beneficially affect the maternal immune sys-
tem. Disappointingly, there have been no translational
impacts from studying human decidua-trophoblast
interactions in the first few weeks of pregnancy that can
prevent or predict women at risk of spontaneous fetal
loss, stillbirth, fetal growth restriction, pre-eclampsia or
any other pregnancy disorder (BOX 5), which highlights
the urgent need for further research in this area.

Conclusions

Medawar was correct to point out that, in mammals, preg-
nancy is a unique time when two genetically different indi-
viduals coexist. However, unlike any similarities drawn to
the artificial example of organ transplantation, a crucial
feature of the specialized mucosal barrier where the pla-
centa implants is the need to define a balanced boundary
between the mother and the fetus so that both survive
and thrive. Evolutionary history can provide insight into
how humans have developed a system whereby pregnancy
success seems to depend mainly on NK cells mediating
this boundary, with a still questionable role for T cells.
In primates, and particularly the great apes, the emergence
of KIRs and C2+ MHC-C alleles and the extent of decidu-
alization concomitant with the specialization of uNK cells
all correlate with increasing brain size and the need for
a longer gestation period and better fetoplacental blood
supply. Conflicting selective pressures affecting childbirth
emerged in large-brained humans for whom the impact of
bipedalism constrained the size of the pelvic inlet, which
has likely tempered this evolution of increased deciduali-
zation, highlighting the need for EV'T invasion to be care-
fully balanced®. Adaptive immune responses by T cells
are avoided in the decidua, and there is still no convincing
evidence that T cells directly recognize EVT or affect its
function. By contrast, a role for an allorecognition system
dependent on maternal KIRs interacting with HLA-C in
mediating balanced trophoblast invasion is clear.
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