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We are pleased to present this Special Issue of International Journal of Molecular Sciences,
entitled ‘Placental Related Disorders of Pregnancy’. The placenta is a unique organ, pro-
duced outside the embryo and connected by a cord of vessels, and is formed as a result
of various degrees of interactions between fetal and maternal tissues within the pregnant
uterus. The placenta fulfils a variety of functions, which are completed by several different
organs in adult life. Unlike the relatively stable mature adult organs, the placenta is pro-
grammed to complete very different functions during development. Thus, the placenta can
be described as a constantly evolving organ. Its major role is the homeostasis of a protected
environment for the undisturbed growth and development of an embryo/fetus.

Placental-related disorders of pregnancy are almost unique to the human species and
affect around a third of human pregnancies. Many of these disorders result in increased
maternal and fetal mortality and morbidity and can have life-long health implications
for both the mother and her child. Recent changes in human lifestyle, such as delayed
childbirth and hypercaloric diets, may have increased the global incidence of placental-
related disorders over recent decades.

This Special Issue is a compilation of 21 research manuscripts and reviews, covering
all aspects of placentation, with a particular focus on those related to placental function
and disorders of pregnancy. The manuscripts cover aspects of placental physiology, bio-
chemistry and molecular biology, and clinical and animal models are also included in this
excellent Special Issue.

This collection contains some excellent reviews. The first review covers the home-
ostasis of the cytokine interleukin-15 (IL-15) in healthy pregnancy, providing up-to-date
mechanisms of the action of IL-15 at the maternal-fetal interface [1]. A fascinating review
by Anthony Carter covers why human placentation is so unique, with in-depth details on
placentation in different animals to wonderfully illustrate this [2]. This is followed by a
comprehensive review covering the important condition of gestational diabetes and the
contribution of the placenta in the associated immunoendocrine dysregulation [3]. Finally,
a very topical and informative overview highlighting the role of the placenta and the use of
low-dose aspirin in the prevention of pre-eclampsia [4,5]. In addition to the reviews, our
collection also contains several novel studies covering pre-eclampsia [6-8]; fetal growth
restriction [7,9-11]; calcium signaling [12]; placental oxidative stress, nutrition, senescence
and apoptosis [6,9,13-15]; sexual dimorphism [16-18], intrahepatic cholestasis [19]; placen-
tal vascular modelling [20]; and placental villous explant culture models [21].

This Special Issue presents placental research using a range of established and state-
of-the-art techniques showcasing novel and up-to-date data to enhance and facilitate our
understanding of placentation as well as mechanisms that result in associated adverse
pregnancy outcomes, as well as longer-term risks of complications.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Human placentation differs from that of other mammals. A suite of characteristics is shared
with haplorrhine primates, including early development of the embryonic membranes and placental
hormones such as chorionic gonadotrophin and placental lactogen. A comparable architecture of
the intervillous space is found only in Old World monkeys and apes. The routes of trophoblast
invasion and the precise role of extravillous trophoblast in uterine artery transformation is similar in
chimpanzee and gorilla. Extended parental care is shared with the great apes, and though human
babies are rather helpless at birth, they are well developed (precocial) in other respects. Primates and
rodents last shared a common ancestor in the Cretaceous period, and their placentation has evolved
independently for some 80 million years. This is reflected in many aspects of their placentation.
Some apparent resemblances such as interstitial implantation and placental lactogens are the result
of convergent evolution. For rodent models such as the mouse, the differences are compounded by
short gestations leading to the delivery of poorly developed (altricial) young.

Keywords: decidual reaction; fetal membranes; placental hormones; primates; uterine spiral artery;
uterine NK cell

1. Introduction

Adverse pregnancy outcomes can often be linked to defects in placentation [1]. Ethical
considerations preclude detailed exploration of the underlying mechanisms. Unfortu-
nately, there are also limitations to what can be learned from animal models. The mouse
(Mus musculus) and other murine rodents have exceedingly short gestations. Whilst
they may be informative about early events, such as the differentiation of cell lineages,
they are unsatisfactory for modelling the events of third-trimester human pregnancy [2].
In addition, there are important differences between rodent and human in placentation
and the disposition of fetal membranes such as the yolk sac. The objective of this review is
to discuss these unique features of human placentation, to define their appearance during
the evolution of primates and to contrast them with rodents.

Primary functions of the placenta are gas exchange and the transfer of substrates
from mother to fetus. The underlying mechanisms are similar across mammals. Thus the
sheep is an excellent model for studying the oxygen supply to the fetus despite structural
differences between human and ovine placentation [3]. Similarly, glucose transfer by
facilitated diffusion uses the same set of transporters across species [4]. These topics will
not be further explored. The interactions between the trophoblast and the maternal immune
system are manifold, and a full reckoning cannot be made here. The section on placental
immunology therefore focuses mainly on the uterine natural killer (uNK) cells and their
ligands. Information on other immune cells, including macrophages, T-cells and innate
lymphoid cells, should be sought elsewhere [5,6].

Mammalian Evolution and Phylogeny

The uniqueness of human placentation can best be assessed in the evolutionary
framework provided by phylogenetics. I have striven to keep terminology to a minimum,
yet some context is needed, especially for primates. In a broader perspective, eutherian
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mammals can be sorted into four major clades (Figure 1A). Here we shall deal mainly with
one of those clades (Euarchontoglires) and its two subdivisions (Figure 1B). Euarchonta
comprises primates, tree shrews and colugos. Glires comprises rodents and lagomorphs.
The split between Euarchonta and Glires is estimated to have occurred in the Cretaceous
period some 80 million years ago [7]. Therefore, it is not surprising that placentation in the
mouse and other rodent models differs in significant respects from human placentation [2].

Laurasiatheria

A

Euarchontaglires

Afrotheria

Xenarthra

B —— Rodents

Glires

Lagomarphs

— Colugos

L—— Primates Euarchonta

Tree shrews

Figure 1. The mammalian tree. (A) The four major clades of eutherians [8]. (B) The orders of
Euarchontoglires [9]. Note the separation of Glires (including rodents) from Euarchonta (including
primates). There are alternative interpretations of the root of the tree and the position of tree shrews.
Reprinted with permission from [2] © 2021 Society for Reproduction and Fertility.

The primate order has two major subdivisions: Strepsirrhini and Haplorrhini (Figure 2).
The former comprises lemurs and lorises with placentation that differs radically from that
of humans [10]. In contrast, Haplorrhini, to which our species belongs, was defined by
commonalities in fetal membrane development [11]. It includes tarsiers (Tarsiiformes),
New World monkeys (Platyrrhini), Old World monkeys and apes (together Catarrhini).
Gibbons and great apes (orang-utans, gorillas, bonobo, chimpanzees, and man) comprise
the superfamily Hominoidea.

O W monkeys

— Great apes

—— Gibbons Haplorrhines
N W monkeys
1 Tarsiers
Lemurs
Strepsirrhines
Lorises

Figure 2. Classification of primates [12]. Strepsirrhines and haplorrhines are suborders, tarsiers are
regarded as an infraorder, whilst the other clades shown are superfamilies. OW, Old World; NW,
New World. Reprinted with permission from [2] © 2021 Society for Reproduction and Fertility.
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2. Early Development
2.1. Interstitial Implantation

In most primates, implantation of the blastocyst is superficial. In macaques and
baboons, for example, the trophoblast invades the endometrium to establish a placenta,
but the developing embryo remains in the uterine cavity. In contrast, the human blastocyst
is pulled into the endometrium, which closes above it so that it is completely embedded by
the 12th day [13]. The placental bed is underlain by the basal decidua, and the developing
embryo is covered by the capsular decidua. Interstitial implantation is a feature shared
with the great apes and the gibbons [14,15]. It does occur in rodents, but the process is not
identical and has been independently evolved.

Initial penetration of the endometrium is achieved by syncytiotrophoblast [16]. This is
formed by fusion of cellular trophoblast to form a multicellular syncytium. The process
depends in large part upon syncytins, which are proteins encoded by endogenous retroviral
envelope genes that have been incorporated in the genome and exapted to promote cell fu-
sion in the placenta [17]. Humans have two syncytin genes acquired at different timepoints.
Whereas Syncytin-2 occurs in all haplorrhine primates, Syncytin-1 is found only in apes [17].
Syncytin genes occur in a wide range of mammals, and each represents a separate gene
capture [17]. However, it has been argued that the capture of retroviral envelope genes was
a prerequisite for the evolution of invasive placentation in mammals [18].

2.2. Initial Decidual Reaction

The maternal response to implantation is the decidual reaction, which involves the
transformation of fibroblast-like endometrial stromal cells into polygonal decidual stromal
cells [19]. The decidual reaction once was thought to be absent or atypical in elephants
and carnivores [20], yet recent work shows it to be a characteristic feature of eutherian
mammals [19]. However, the decidual reaction is transient in some species, such as the nine-
banded armadillo (Dasypus novemcinctus), and has been lost in many with non-invasive
placentation such as cattle (Bos taurus) [21]. It is now thought that the decidual reaction
evolved from an inflammatory response that is present in marsupials, where it imposes
a limit on the length of gestation [22,23]. Several of the genes involved in this response
have been downregulated in eutherians, while genes beneficial to implantation have been
upregulated [24].

In humans and many primates, as well as rodents, decidual stromal cells persist
throughout gestation and have acquired an additional role in pregnancy maintenance [19].
These novel functions arose in the lineage of the large clade Euarchontoglires [19].

2.3. Early Differentiation of Mesoderm and Secondary Yolk Sac

One of the first fetal membranes to form in mammals is a bilaminar yolk sac com-
prising an outer layer of trophoblast and an inner lining of the extraembryonic endoderm.
It may later acquire blood vessels and function as a choriovitelline placenta. In humans,
however, the primary yolk sac is short-lived due to precocious differentiation of the ex-
traembryonic mesoderm, which intrudes between the endoderm and trophoblast (Figure 3).
This leads to formation of the secondary yolk sac, which consists of mesoderm and endo-
derm and becomes a free floating structure within the exocoelomic cavity [25]. Despite lack
of contact with maternal tissues, the secondary yolk sac plays an important role in nutrient
supply to the first trimester embryo [26]. Precocious development of the extraembryonic
mesoderm is a defining feature of haplorrhine primates [11]. Recent work comparing gene
expression in the common marmoset (Callithrix jacchus), rhesus macaque (Macaca mulatta)
and human suggests extraembryonic mesoderm is derived in part from the extraembryonic
endoderm [27,28].
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Figure 3. Early differentiation of mesoderm in the human embryo. (a) Trophoblastic plate stage

(Carnegie Stage 5a) showing the inner cell mass (icm). The cavity of the blastocyst is collapsed. The
pad of trophoblast has different sized nuclei and both cellular and syncytial trophoblast (syn tr)
(Carnegie Embryo #8020). Scale bar, 70 um. (b) Early lacunar stage (Carnegie Stage 5b) Some maternal
blood has leaked into the primary yolk sac (pys). Note the irregular shape of the lacunae on the right,
which appear to be formed from expanding clefts (Carnegie Embryo #8004). Scale bar, 90 pm. (c)
Lacunar stage (Carnegie Stage 5¢c). Note the anastomotic lacunae within the syncytiotrophoblast. In
the area between the trophoblast and the already partially constricted primary yolk sac (pys), there
are mesenchymal cells (extraembryonic mesoderm) (Carnegie Embryo #7699). Scale bar, 176 um. (d)
Predecessors of the primary villi (Carnegie Stage 6). The cytotrophoblast (cyt troph) is accumulating
in the partitions between lacunae, initiating the formation of primary villi (Carnegie Embryo #9260).
Scale bar = 70 pm. Reprinted with permission from Carter, Enders and Pijnenborg [16] © The Authors.
Published by the Royal Society. All rights reserved.

Rodents pursue an entirely different course resulting in an inverted yolk sac with
an outward-facing layer of endoderm that persists throughout pregnancy [29]. There
are similarities but also marked differences in gene expression and regulatory pathways
between the mouse and primates [28].

2.4. Allantoic Stalk

The chorioallantoic placenta is formed by the fusion of the allantois with the chorion
(trophoblast and extraembryonic mesoderm). In most mammals, the allantois also encloses
a fluid-filled space. Indeed, a medium to large allantoic sac is the ancestral state for
eutherians [30], and it forms a prominent structure in some species. As an example, cattle
have 6-9 litres of allantoic fluid against 2.5 litres of amniotic fluid [31]. In contrast, the
human allantois develops as a small diverticulum, and the connection between embryo and
placenta, which carries the blood vessels, is the allantoic stalk. This is yet another shared
feature that defines haplorrhine primates [11,28]. An allantoic sac is absent in rodents, but
this may be due to convergent evolution as it is found in their sister group, the lagomorphs
(e.g., rabbit Oryctolagus cuniculus) [29].
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3. Placentation
3.1. Haemochorial Placentation

Invasive placentation is the basal condition in eutherians [30,32]. Some strepsirrhine
primates (lemurs and lorises) have epitheliochorial placentation, but this is widely regarded
as a derived trait [10]. In haemochorial placentas, the trophoblast is in direct contact
with maternal blood. Early in human gestation the interhaemal barrier includes two
layers of trophoblast [33], but the cytotrophoblast layer (Langhan’s layer) later becomes
discontinuous. The interhaemal barrier then comprises syncytiotrophoblast, a thin layer
of connective tissue, and the fetal capillary endothelium (Figure 4). Therefore, human
placenta is classified as haemomonochorial [34]. Mouse and rat (Rattus norvegicus) have
three layers of trophoblast, rabbits two, and guinea pigs (Cavia porcellus) one, but the
significance of these differences should not be overstated [2].

fetal capillary

endothelium

intervillous space

Figure 4. The interhaemal barrier of the human placenta is classified as haemomonochorial. The
intervillous space is separated from blood in the fetal capillary by syncytiotrophoblast and fetal
capillary endothelium with their basal membranes. A very thin layer of connective tissue cytoplasm
is interposed between the two basal membranes. Courtesy of Dr. Allen C. Enders. Reproduced with
permission from [35] Copyright © American Physiological Society.

3.2. Villous rather Than Labyrinthine Placentation

Of greater consequence is the internal structure of the placenta. Most haemochorial
placentas are labyrinthine and organised so that maternal blood channels are arranged in
parallel with fetal capillaries. Maternal and fetal blood flow in opposite directions allowing
for efficient countercurrent exchange [36,37]. This is also the case in the mouse [38].
In human placenta, on the other hand, the terminal villi are suspended in the intervillous
space, which is supplied with blood by the spiral arteries of the basal plate. This is a pattern
shared with Old World monkeys and apes [39]. An intermediate form of placentation,
where the villi remain connected by bridges of trophoblast (trabeculae), is found in tarsiers
and New World monkeys. The evolution of a villous placenta from a labyrinthine one
negates the benefit conferred by countercurrent exchange. However, opening up the
maternal component allows for a larger volume flow of blood and, thus, greater oxygen
delivery, and this likely outweighs the loss of countercurrent exchange [4].



Int. J. Mol. Sci. 2021, 22, 8099

3.3. Uterine Spiral Artery Transformation

A key feature of human placentation is the transformation of the uterine spiral arteries
to wide vessels with low resistance to flow. An initial phase involves vacuolation and
focal loss of endothelial cells and loosening of the smooth muscle layer. It appears to
be dependent on cytokines secreted by uNK cells and macrophages [40-42]. The second
phase is associated with invasion of the endometrium and vessel walls by extravillous
trophoblast. This leads to complete loss of endothelium and disruption of the smooth
muscle with the greatly widened vessels eventually being lined by trophoblast embedded
in a fibrinoid layer [41].

With advancing pregnancy there is also dilatation of the radial arteries, arcuate arteries
and uterine arteries, none of which are invaded by trophoblast. This is most likely due to
stimulation by oestrogens and nitric oxide-mediated flow-dilation signals [43].

3.4. Trophoblast Invasion by Interstitial and Intravascular Routes

In human pregnancy, the trophoblast invades by two routes [16]. Firstly, it migrates
from the basal plate into the lumina of the uterine spiral arteries against the direction of flow
(the intravascular route). Secondly, the trophoblast differentiating from the anchoring villi
migrates through the decidua towards the blood vessels (the interstitial route). In a healthy
pregnancy, trophoblast invasion extends through the relatively shallow endometrium to
the inner third of the myometrium. Shallower invasion leads to inadequate transformation
of the spiral arteries, thereby limiting the blood supply to the intervillous space, and is
causally associated with fetal growth restriction and preeclampsia [1,44]. Trophoblasts that
invade by the interstitial route undergo endoreduplication [45] and go no deeper than the
inner myometrium, where they are found as multinucleate giant cells [46].

Our studies in chimpanzee and gorilla suggest that the depth of trophoblast invasion
and spiral artery transformation resembles the human condition [47,48]. In Old World
monkeys, however, there is rapid invasion of spiral arteries by the intravascular route but
none by the interstitial route; indeed, there is a sharp border between the cytotrophoblastic
shell and decidua [49,50]. This also appears to be the case in gibbons, suggesting that
invasion by the interstitial route evolved in the lineage of the great apes [51]. In Old World
monkeys, intravascular trophoblast is confined largely to the endometrial segments of the
spiral arteries [49]. The situation in New World monkeys and tarsiers is not sufficiently
known [16].

Rodent models do not readily conform to any of these features. The depth of tro-
phoblast invasion in rodents varies but can extend to the mesometrial arteries, as in the
guinea pig [52]. In the mouse, trophoblast glycogen cells migrate to the decidua but do
not invade its vessels [53]. Instead, trophoblasts of the giant cell lineage migrate to and
line the spiral arteries [54]. However, this does not occur until vascular remodelling is
complete [5,55]. Indeed, rodents are unsatisfactory models of trophoblast invasion. Thus,
deeper penetration of the arteries was found in a rat model of preeclampsia [56], which is
the opposite of the shallower invasion typical of preeclampsia in human pregnancy [1].

4. Immunology of Decidua and Trophoblast

The placenta is a semi-allograft, yet it is not rejected by the maternal immune system.
This immunological paradox was framed by Sir Peter Medawar [57] and remains a pivotal
question in reproductive immunology [6]. As many as 70% of leukocytes in the uterus
are uNK cells [58]. Their properties differ from those of peripheral natural killer cells and
include lower cytotoxic activity [42]. Their putative role in the early stages of uterine artery
transformation, alluded to above, may be explained by the secretion of cytokines, growth
factors and proteases [40,42]. Here, we are concerned with their interplay with invasive
extravillous trophoblast.
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Interplay of uNK Cell Receptors and HLA Antigens

Human trophoblast does not express the major histocompatibility antigens (MHC)
Class I, which include human leukocyte antigens (HLA) A and B. Instead, the surface of
trophoblast presents HLA-C, which exhibits a high degree of allelic polymorphism, as well
as HLA-E and HLA-G. There is no equivalent to HLA-C in monkeys or gibbons [59,60],
but an invariant form appears in orangutans [61]. A later gene duplication yielded the two
epitopes C1 and C2, which are found in chimpanzees, gorillas and humans [62].

HLA-C1 and -C2 are the principal ligands for the killer immunoglobulin-like receptors
(KIRs) on uNK cells. KIRs likewise exhibit a high degree of allelic polymorphism, and
importantly, there are inhibitory and excitatory variants [63]. Thus, numerous combinations
are possible of HLA-C presented by the trophoblast (with one allele being paternal in origin)
and KIRs expressed by maternal uNK cells. This can affect pregnancy outcome. When
the trophoblast expresses HLA-C2 and the uNK cells express only inhibitory receptors,
the combination is associated with a higher incidence of recurrent abortion, fetal growth
restriction and preeclampsia [64,65]. KIR genes have evolved along separate pathways
in great apes and human [66]. Indeed, it has been proposed that the emergence of the
HLA-C2 epitope in apes is causally linked to the advent of preeclampsia. This is difficult to
prove as reports of eclampsia in great apes are largely anecdotal (see [51]). In any case, the
evolution of KIRs has pursued different paths in nonhuman primates [67].

HLA-G is expressed exclusively on trophoblast and has been implicated in maternal
immune tolerance [68,69]. MHC-G is expressed in the great apes [70] but is a pseudo-
gene in baboons (Papio spp.), thesus macaque (Macaca mulatta), cynomolgus macaque
(M. fascicularis) and vervet monkey (Chlorocebus aethiops), where its function is assumed by
a new gene MHC-AG [60,71]. Receptors for HLA-G and MHA-AG are expressed by uNK
cells and include KIR2DL4 [60].

The uterus of rodents is also rich in uNK cells, and they appear to be essential for
the transformation of vessels analogous to human spiral arteries [72,73]. However, the
principal receptors on rodent uNK cells belong to the lectin-like family (Ly49) [74], so
rodents are not useful for exploring interactions between KIRs and HLA antigens. Rodents
do not have MHC-G, although HLA-G expression has been achieved in transgenic mice [75].

5. Endocrinology of the Placenta

Placental hormones are secreted to the maternal circulation and adapt maternal phys-
iology to meet the requirements of pregnancy and subsequent lactation [76]. Many of
the peptides made by human trophoblast are unique to the primate lineage. Placental
lactogens occur in human and rodents but have arisen through convergent evolution and
serve different functions. Pregnancy maintenance depends on progesterone secretion, but
an unusual feature of human pregnancy is that parturition occurs without a fall in plasma
progesterone.

5.1. Chorionic Gonadotrophins

Human chorionic gonadotrophin (hCG) is responsible for early pregnancy mainte-
nance. It evolved through duplication of the gene encoding the 3-subunit of luteinising
hormone. This occurred in the lineage of haplorrhine primates followed by further du-
plications so that many primates have multiple genes and pseudogenes [77]. A chorionic
gonadotrophin was convergently evolved in the lineage of equids [78].

5.2. Placental Lactogens and Growth Hormones

Human placenta also secretes a placental lactogen, hPL, previously known as chorionic
somatomammotropin. The genes that code for hPL are derived from the growth hormone
gene [79]. A third gene in the cluster codes for placental growth hormone, which supplants
pituitary growth hormone in the latter part of pregnancy [80]. All haplorrhine primates
have placentally expressed genes related to growth hormone but there is great variation
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especially between New World and Old World monkeys [81,82], which may have attained
placental expression separately [83].

The placental lactogens of muroid rodents, PL1 and PL2, are responsible for the
maintenance of the corpus luteum [84]. In contrast to primates, they were derived by
duplication from the prolactin gene together with a range of other cytokines [84]. Thus,
placental lactogens of primates and rodents differ both in origin and function.

5.3. Progesterone and Its Receptors

Pregnancy maintenance in mammals requires the presence of progesterone secreted
from the corpus luteum or placenta [85]. In many species, parturition is initiated through
a fall in circulating progesterone, so-called progesterone withdrawal. In humans, where
the placenta synthesises progesterone from maternal cholesterol, secretion is maintained
right up to the start of labour [86]. This contra-intuitive finding led to the concept of a
“functional” progesterone withdrawal for which the favoured explanation focusses on
progesterone receptors (PR) in the myometrium. Of the two major isoforms, PR-B is
the stronger trans-activator of progesterone-responsive genes, and PR-A acts as a trans-
suppressor of PR-B’s effect. They are equally expressed in the myometrium throughout
gestation. However, parturition is associated with a change in the PR-A to PR-B ratio due
to increased expression of PR-A [87]. This switch contributes to myometrial activation via
the activator protein-1 (AP-1) pathway [88]. Interestingly, there is evidence for adaptive
evolution of the progesterone receptor gene (PGR) in the human lineage [89,90]. Of note,
PRs are also expressed in human decidua, and a recent hypothesis points to a decline in
decidual PR expression as a possible factor in the initiation of parturition [91].

Plasma progesterone levels increase before parturition in the rhesus macaque [92],
and there is evidence of rapid evolution of PGR in catarrhine primates [90].

In mouse and rat, the corpus luteum is the sole source of progesterone, and plasma
concentrations fall precipitously before parturition. These models are of limited value in
understanding human parturition [93]. The situation is different in hystricomorph rodents:
the placenta is a major source of progesterone in the guinea pig, and there is no change
in circulating progesterone prior to parturition [86]. Therefore, it is considered a more
appropriate model for parturition research [93].

6. Pregnancy Duration and Newborn State

An undeniably unique feature of human reproduction is that newborn babies are
helpless and entirely dependent on parental care [94]. They differ to some degree from
other haplorrhine primates, although a long childhood is a general feature of great apes
(Table 1).

Table 1. Precocity and parental care in selected primates. Apart from tarsier and marmoset, data are
from field observations on free-living populations. Gestation lengths are approximate and based on
few observations.

Common Length of

Clade Species Name Gestation Parental Care References
. Cephalopacus Western Nutritional and social
Tarsiers bancanus tarsier 178 days independence by 60 days 93]
New Callithrix Common Independent movement
World . 143-144 days by 3 weeks; weaning by 3 [96,97]
jacchus marmoset
monkeys months
Milk supplemented early
Old World Papio Yellow with plant foods; fully .
monkeys cynocephalus baboon 178 + 6 days weaned after about a [98-100]

year; carried for 8 months

10
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Table 1. Cont.

Clade Species Common Lengtl} of Parental Care References
Name Gestation
Lesser Symphalaneus Partial weaning at 6
:SZZ sy n’Ziac ¢ lis Siamang 230-235 days months; travel [101]
P Y Y independently by 1 year
Partial weaning by 11
Pongo Bornean months; fully
Great apes pygmaeus orangutan 275 days independent at 7-10 [102,103]
years
Gorilla Eastern .
beringei gorilla 255 days Weaning at 3—4 years [103-105]
Pan Weaning at 10 months;
Chimpanzee  196-260 days  dependent on mother for [103,106,107]
troglodytes

5 years

Mammals tend to adopt one of two contrasting strategies [108]. In the first, a short
gestation with a large litter leads to the birth of poorly developed or altricial offspring.
In the second, a long gestation with a small litter (usually singleton) ends with the birth
of well-developed offspring with open eyes and ears, a coat of hair, and some degree of
independence. Human babies have most of the attributes of precocial offspring but are
helpless at birth and require parental care for several years.

The human pelvis has been remodelled to enable bipedal walking. Therefore, there
has been a trade-off between prenatal brain development, i.e., the size of the fetal head, and
the diameter of the birth canal [109]. As a result, the volume of the brain at birth is about a
quarter of adult size compared to 40% in the chimpanzee [110]. Indeed, in humans, the fetal
pattern of brain growth continues for a year after birth [94]. Consequently, the fontanelles
separating the bones of the skull do not close until 18 months to 2 years after birth [111].
The development of most other organs is as complete at birth as in other primates, all of
which deliver precocial young.

In contrast, rodents such as mouse and rat deliver truly altricial young with closed
eyes, naked skin, and incomplete development of major organs, such as the kidneys [2].
The short gestation means that there is no period equivalent to the third trimester of human
pregnancy when obstetric complications are most evident. Differences in gestation length
are even reflected in placental function, the different role of placental lactogens in rodents
and primates being a case in point.

7. Discussion
7.1. Placental Evolution

Placental characters shared with all eutherian mammals are invasive placentation
and the decidual reaction (Table 2). Persistence of decidua into late gestation is common
to the major clade Euarchontoglires, which includes rodents as well as primates. Many
characteristics are shared with the primate suborder Haplorrhini, including features of
the fetal membranes that Hubrecht used to justify classing tarsiers with monkeys and
apes [11]. Characters shared with Old World monkeys include villous placentation with
an intervillous space and some aspects of trophoblast invasion. However, implantation is
superficial in all primates except gibbons and great apes, and trophoblast invasion by the
interstitial route is shared only with the great apes. This leads to the evolutionary timeline
shown in Table 2.

11
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Table 2. Characteristics of human placentation and their estimated appearance during evolution. Branching points (Mya,

million years ago) are estimates based on molecular data [7,112].

Character

Geological Period or

Taxonomic Clade Epoch

Branching Point Comments

Invasive placentation Eutheria 98.5 Mya Late Cretaceous
Decidual reaction Eutheria 98.5 Mya Late Cretaceous An mﬂ.ammatory‘ response
in marsupials
Persistence of decidual stromal Euarchontoglires '(mcludes 91.8 Mya Late Cretaceous
cells rodents and primates)
Precocious extraembryonic Haplorrhini 44.8 Mya Middle Eocene
mesoderm
Secondary yolk sac Haplorrhini 44.8 Mya Middle Eocene
Allantoic stalk Haplorrhini 44.8 Mya Middle Eocene Many mammals have an
allantoic sac
Haemomonochorial placentation Haplorrhini 44.8 Mya Middle Eocene
Syncytin-2 env gene Haplorrhini 44.8 Mya Middle Eocene
Chorionic gonadotropin Haplorrhini 44.8 Mya Middle Eocene
Placental lactogens and growth Haplorrhini 448 Mya Middle Eocene Vary betrween primate
hormone lineages
Tr(.)phoblast invasion by Old World monkeys and 29.8 Mya Oligocene
intravascular route apes
Villous placentation with an Old World monkeys and . Trabecular placentation in
. . 29.8 Mya Oligocene .
intervillous space apes tarsiers and NW monkeys
Interstitial implantation Lesser and greater apes 20.2 Mya Early Miocene
Syncytin-1 env gene Lesser and greater apes 20.2 Mya Early Miocene
Trophoblast 1n\;(a)iltoe n by interstitial Great apes 15.1 Mya Middle Miocene
HLA-C Great apes 15.1 Mya Middle Miocene

7.2. Pregnancy Complications

Comparatively little is known about pregnancy complications in nonhuman primates.
Preeclampsia may occur in great apes, but the evidence is thin, although in one case
supported by a renal biopsy [113]. There is, however, much to be said for the argument
that deep trophoblast invasion, especially by the interstitial route, can be linked to the
emergence of preeclampsia in the great apes [51].

Many changes reminiscent of preeclampsia could be replicated in a baboon model
by uterine artery ligation [114], but these may merely reflect responses to reduced oxygen
delivery. Hypertension can develop spontaneously in the vervet monkey, even when
not pregnant [115], and gestational hypertension in the closely related patas monkey
(Erythrocebus patas) was accompanied by preeclampsia-like symptoms [116].

Fetal growth restriction is another focus of obstetric research. It occurs in New World
monkeys that regularly bear twins or triplets, and the effects on birth weight and neona-
tal outcomes are currently under investigation [117]. Indeed, the common marmoset
(Callithrix jacchus) is a promising model for pregnancy research [2].

8. Conclusions

The many unique features of human pregnancy and placentation pose problems in
planning and interpreting animal experiments. Two factors are involved. The first is
phylogenetic distance. Quite a few features are shared with haplorrhine primates, making
them the models of choice. Baboons and macaques share additional features such as
endovascular trophoblast and spiral artery transformation as well as a true intervillous
space. On the other hand, maintenance of breeding colonies is costly. Therefore, it is
worth considering the common marmoset for which caging and feeding costs are much
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lower [118]. As mentioned in the introduction, primates and rodents last shared a common
ancestor in the Cretaceous period, so it is not surprising that placental evolution has
pursued different paths. There has, for example, been convergent evolution of placental
lactogens to serve different purposes.

A second factor compounds the problem with rodent models. This is the difference
in reproductive strategies. The short generation times of mice and rats make them ideal
laboratory animals. Unfortunately, the same qualities render them unsatisfactory for
pregnancy research [119,120]. The major obstetric syndromes become manifest in the third
trimester, but there is no equivalent period in the mouse. The newborn mouse is truly
altricial, with much of organ development occurring in the postnatal period. I have been
at pains to stress, as argued by Martin [111], that human babies are precocial in almost all
aspects save brain development; they are not altricial. Alternative rodent models are the
spiny mouse (Acomys cahirinus) and guinea pig, both of which deliver precocial young [2].
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Abstract: Interleukin-15 (IL-15) is a pleiotropic cytokine that classically acts to support the develop-
ment, maintenance, and function of killer lymphocytes. IL-15 is abundant in the uterus prior to and
during pregnancy, but it is subject to tight spatial and temporal regulation. Both mouse models and
human studies suggest that homeostasis of IL-15 is essential for healthy pregnancy. Dysregulation of
IL-15 is associated with adverse outcomes of pregnancy. Herein, we review producers of IL-15 and
responders to IL-15, including non-traditional responders in the maternal uterus and fetal placenta.
We also review regulation of IL-15 at the maternal-fetal interface and propose mechanisms of action
of IL-15 to facilitate additional study of this critical cytokine in the context of pregnancy.

Keywords: Interleukin-15; CD122; pregnancy; inflammation; placenta; natural killer cells; macroph-
ages; trophoblast

1. Introduction

The regulation of pro- and anti-inflammatory signals is a critically important aspect
of pregnancy, from implantation of the embryo to delivery of a newborn. As in countless
other contexts, immune homeostasis must be maintained at the maternal-fetal interface
to ensure the health of the mother and fetus. Both inappropriate immune activation and
inappropriate immune quiescence are associated with adverse outcomes of pregnancy.

Multiple cytokines and chemokines regulate the unique composition and function
of immune cells at the maternal-fetal interface. Interleukin-15 (IL-15) is a pleotropic
cytokine that classically supports development, maintenance, and activity of killer lym-
phocytes [1-5]. Populations of natural killer (NK) cells, NKT cells, and memory CD8+ T
cells are severely impaired in the absence of IL-15 in mice. Prior to pregnancy and early in
gestation, NK cells are evident in the uterus in staggering concentrations relative to other
lymphoid and non-lymphoid organs. While not all functions for NK cells in pregnancy
are known, it has become clear that NK cells play key roles in healthy and complicated
gestations [6]. Given the abundance and importance of NK cells in pregnancy, detailed
study of IL-15 is essential.

The signaling components of the IL-15 receptor complex have been well described [7,8].
In brief, the IL-15 receptor complex is heterotrimeric, consisting of an o« chain (CD215), a
chain (CD122), and the common vy chain (yc/CD132) (Figure 1). IL-15R« binds IL-15 with
high affinity and presents it to cells expressing high levels of CD122 and yc. Presentation
of IL-15 may occur in cis, with the IL-15/IL-15Rx complex on the same cell as CD122 /e,
or presentation of IL-15 may occur in trans, with IL-15/IL-15Ra on one cell and CD122/yc
on another [5,9-11].

Of note, CD122/yc also represents the intermediate-affinity IL-2 receptor complex.
Despite the fact that IL-2 and IL-15 share key components of their respective receptor
complexes, we focus here on IL-15. IL-2 is completely absent from the maternal-fetal
interface during steady-state pregnancy in mice. In a study of cytokine dynamics during
mouse pregnancy, whole uterine tissue, plus placenta later in gestation, was subjected to
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qRT-PCR at nearly every day of gestation [12]. No II2 transcript was detected. In a large,
publicly available dataset of single-cell RNA sequencing (scRNAseq) of hematopoietic and
non-hematopoietic cells during the first trimester of human pregnancy, IL2 transcript is
also absent from the decidua and placenta [13].

IL-15Ra + IL-15
IL-15Ra + IL-15 or free IL-15
CD122 yc :
v
JAK3
. CD122
\@ @ ~ homodimer
ll\‘ Gab3
STATS / l\
& OHO
. Survival, maturation, cytolysis,

cytokines, metabolism

CD122+ NK cell

CD122+ Mac

Figure 1. Components of IL-15 receptors and signaling cascades in IL-15-responsive cell types at the
maternal-fetal interface. NK cells express CD122 and the common gamma chain (yc) and activate
JAK-STAT, Akt, and MAP kinases in response to IL-15 presented in the context of IL-15Re. IL-15
drives numerous functions in killer lymphocytes, including classical and uterine NK cells. Emerging
IL-15-responsive cell types, such as CD122+ macrophages (CD122+ Mac) and CD122+ extravillous
trophoblasts (EVT), may express alternative forms of the IL-15 receptor and activate non-classical
signaling cascades downstream of IL-15. Created with Biorender.com, accessed 3 October 2021.

2. Spatial and Temporal Regulation of IL-15 in the Uterus

Like many other inflammatory cytokines, IL-15 is regulated at multiple levels to
maintain homeostasis. Human IL15 transcript exists as two isoforms, one with a long
signal peptide sequence (LSP) and one with a short signal peptide sequence (SSP) [14,15].
When translated, the resultant IL-15 proteins are differentially localized in the cell and
differentially secreted [15]. Soluble, free IL-15 is evident in the serum of mice in the steady
state, as is small but nonzero amounts of IL-15 complexed with IL-15Re [16]. Both isoforms
of IL-15 are stabilized by IL-15Ra and exhibit greatly enhanced bioactivity on target cells
when bound to IL-15Re in vitro and in vivo [15,17-19]. The IL-15/IL-15Ro complex may
remain bound to the cell membrane to spatially restrict the activity of IL-15 only to target
cells directly contacting the IL-15-presenting cell. Instead, IL-15/IL-15Rx may be cleaved
by a variety of mechanisms from the cell surface to act on more distant target cells [20].

Both 1115 and 1l15ra transcripts in mice have been detected by gRT-PCR in bulk uterus
alone in early gestation or in bulk uterus and placenta later in gestation [12]. II15 is
induced during the preimplantation period, by embryonic day 3 (E3), and peaks during
mid-gestation, from E8 to E10 (Figure 2). It declines thereafter to a lower but constant level
through E18.5. With II15, Il15ra is also strongly induced from E8 to E10, but it is nearly
undetectable in bulk tissue at every other gestational day. These were semi-quantitative
and neither completely rule out low expression of 1/15ra nor rule out the persistence of
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IL-15R« protein even after production of new transcripts ceases. However, uterine NK
(uNK) cells in mice, identified by the binding of Dolichus biflores agglutinin (DBA), expand
and contract with the same kinetics as the Il15ra transcript. In a kinetic, flow cytometric
study of conventional NK1.1+DX5+NK cells and DBA+ uNK cells, uNK cells are rare prior
to pregnancy and at E6.5, expand at least 10-fold and peak at E9.5, and return nearly to
pre-pregnancy levels by E13.5 [21]. These data support a model in which IL-15 is induced
just prior to implantation of the embryo in mice, peaks at mid-gestation around the time
of spiral artery remodeling, and declines but persists to term. Uterine NK cells may then
differentiate and expand in response to IL-15/IL-15R«, but not to IL-15 alone (Figure 1).

Secretory phase Secretory phase

Proliferative phase (Early) (Late) Implantation Gestation Term

D

¥

N Y el Aol : %? %(

Window of
implantation

=~ I~

PGR

GATA2

HAND2

Decidualization
of ESFs into DSCs

NK cells: i Mu:NK1.1+DX5+
. P o ] CD49a+DBA+
Expansion of uNK cells “ Hu: KIR-CD39-
- KIR+CD39+
Placenta:

Figure 2. Spatial and temporal regulation of IL-15 during the menstrual cycle and during gestation has multiple effects
during pregnancy. IL-15 is produced and presented by decidual stromal cells (DSCs) and macrophages (Macs) in the uterus.
IL15 is induced during the late secretory phase, when progesterone is dominant. Transcription of IL15 is induced by the
progesterone receptor (PGR) and GATA2. HAND?2 binds the IL15 promoter directly and induces IL15 in DSCs but represses
it in endometrial stromal fibroblasts, precursors to DSCs. Drawing on murine data, IL-15Rx peaks post-implantation,

at the time of uterine spiral artery remodeling. The presumed abundance of IL-15/IL-15R«x complexes during that time
expands murine DBA+ uterine NK cells and drives differentiation of KIR+CD39+ NK cells in human decidua. In the
placenta, trophoblasts can produce IL-15 early in gestation at low levels but produce IL-15 maximally late in gestation

during spontaneous labor. Created with Biorender.com, accessed 3 October 2021.

In the human uterus, the first studies to characterize IL-15 at the maternal—fetal
interface did so with semi-quantitative RI-PCR and immunohistochemistry (IHC) [22,23].
With endometrial tissues collected after hysterectomy for leiomyomas or carcinoma in situ
of the cervix, work by Kitaya found both the SSP and LSP isoforms of IL15 transcript evident
at low levels during the proliferative phase [22]. Both SSP and LSP IL15 were induced
during the secretory phase, and in first trimester elective terminations of 7-11 weeks
gestation, IL15 transcripts remained elevated (Figure 2). Data by Verma agree with low
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levels of IL15 in proliferative phase endometrium [23]. While Verma found minimal to
no induction of IL15 transcript in secretory phase endometrium, at odds with the data by
Kitaya, the highest levels of IL15 transcript were found in pregnant decidua. Different
findings between these two studies may reflect differences in when, exactly, tissues were
obtained during the secretory phase. In recent studies of human endometrial tissue,
exact dating was possible during proliferative and secretory phases [24-26]. With such
granular data, it was shown that the IL15 transcript is induced only during the second
half of the secretory phase, which correlates to the window of implantation, or the point
in the menstrual cycle, during which the uterus is most ready to receive an embryo
(Figure 1) [24-27].

In the study by Kitaya, IHC for IL-15 protein in the proliferative phase endometrium
showed staining in endometrial glandular epithelial cells, with very weak stromal cell
staining [22]. IL-15 staining increased throughout the stroma and was most prominent in
perivascular cells around spiral arteries in the secretory phase endometrium (Figure 2).
In first-trimester decidua, IL-15 was found throughout the stroma, as well as in vascular
endothelial cells. Newer data confirm the induction of IL15 in stromal cells of the secretory
phase endometrium by RNA in situ hybridization, as well as IL-15 staining by IHC in
pregnant decidua [24,25]. The data by Verma add that the IL15 transcript was abundant
in decidual macrophages enriched by adherence to tissue culture plastic [23]. While
these data agree with scRNAseq data showing decidual macrophages at the first-trimester
maternal-fetal interface express IL15 [13], decidual stromal cells are also adherent and
strongly express IL15 (as discussed below), perhaps biasing detection of IL-15 transcript in
this assay.

By flow cytometry, surface IL-15, presumably bound by IL-15R«, was detected on
CD14+ and CD14— cells (Figure 2) [22]. CD14+ cells in the uterus most likely represent
monocytes, macrophages, and/or monocyte-derived dendritic cells. The identity of the
CD14— cells as hematopoietic or non-hematopoietic was not revealed, as flow data were
not gated on CD45+ cells. As most decidual stromal cells express a large amount of IL15
and IL15RA [13], we presume that these CD14— cells presenting IL-15 are decidual stromal
cells. While Kitaya showed that IL-15 was not detected on the surface of CD56""8ht NK
cells in first-trimester decidua [22], Verma reported the IL15RA transcript in CD56""180t cells
purified by magnetic cell separation [23]. While relatively few NK cells in first-trimester
human decidua express IL15 and/or IL15RA by scRNAseq [13], NK cells can express
IL-15Rw and signal in cis in other contexts [11].

3. Hormonal and Transcriptional Regulation of IL-15 in the Uterus

Taken together, the data discussed above support that the uterus expresses a modest
amount of IL-15 until the late secretory phase, after the endometrial lining has remodeled,
or decidualized [27-29], in preparation for an embryo (Figure 2). The uterus remains
rich in IL-15 through the first trimester of pregnancy. IL-15 levels then wane and are
accompanied by a withdrawal of IL-15R«, which would limit trans-presentation of IL-
15 and could lead to contraction of the killer lymphocyte compartment. Contributions
by reproductive hormones may shed additional light on the regulation of IL-15 at the
maternal—fetal interface.

Estrogen is far in excess of progesterone until the beginning of the secretory phase,
when progesterone levels begin to rise and the process of decidualization begins [27-29].
The timeframe during which levels of progesterone become dominant represents the
window of implantation. One interpretation of the data presented thus far is that an
estrogen-dominant hormonal environment restricts expression of IL-15. Another interpre-
tation is that progesterone needs to reach a critical level before it can drive the expression
of IL-15. Alternatively, progesterone may initiate a cascade of events that culminates
indirectly, over days, in the induction of IL-15. In other words, expression of IL-15 may be
a distal feature of the decidualization program (Figure 2).
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Kitaya cultured matched samples of bulk decidual cells for 5 days in medium alone or
in medium plus progesterone [22]. Supernatants contained inconsistently higher concentra-
tions of IL-15 after 5 days of exposure to progesterone. Effects of estrogen were not tested.
Verma found that cultures enriched for decidual macrophages produced over twofold less
IL-15 by ELISA after exposure to progesterone and prostaglandin E2 (PGE2) [23]. This
same medium containing progesterone and PGE2 stimulated decidual stromal cells to
produce about 50% more IL-15 by ELISA. These data suggest that hormonal control of
IL-15 production is complex and may be cell type-specific.

More recently, two groups have examined the role of the transcription factor Heart
and neural crest derivatives-expressed transcript 2 (HAND2) in regulating IL-15. Shindoh
studied the effects of HAND2 on expression of IL15 in Vimentin+ primary endometrial
stromal cells (ESCs) cultured for 12 days in estrogen and progesterone to decidualize
them [30]. Knockdown of HAND2 with siRNA resulted in loss of multiple decidualization-
associated genes, including IL-15 (Figure 2). More recently, the same group showed
coordinate induction of HAND?2 transcript and protein, as well as IL15 transcript and
protein, in secretory phase endometrium [24]. Of note, not every stromal cell expressed
IL-15 protein. IL-15 expressers appeared to be evenly distributed throughout the stroma.
These data suggest that certain stromal cells may be specialized in their ability to express
IL-15. Instead, IL-15 expression may be stochastic.

To answer whether HAND? had a direct effect on IL-15 or a secondary effect by virtue
of controlling decidualization, Murata found a HAND2 binding motif conserved between
mice, macaques and humans at position -1628 to -1622 relative to the IL15 transcriptional
start site (TSS) [24]. By CHIP-qPCR, HAND2 was found to bind this site of the IL15 pro-
moter. Next, ESCs were decidualized in culture and transfected with luciferase constructs
containing the IL15 promoter region with the HAND2 motif intact or mutant versions of
the IL15 promoter region lacking the intact HAND2 binding motif. Co-transfection of these
constructs with a HAND2 expression vector drove expression of luciferase only in the
presence of the intact promoter region.

Similar to findings by Murata, Marini¢ recently found that levels of HAND2 and
IL15 transcript were directly correlated in preparation for and during pregnancy [25].
They added a complete kinetic of levels of both HAND2 and IL15 over the course of
human gestation, showing induction during the mid-to-late secretory phase into the first
trimester of pregnancy and showing a relative decrease in levels of HAND?2 and IL15
transcripts in the basal plate, or the maternal side, of the placenta as gestation approached
term (Figure 2). Broadly speaking, these human data agree with the kinetics of murine
1115 during gestation, but expression of IL-15Ro was not examined. In contrast to prior
findings [24,30], however, Marini¢ found that HAND2 negatively regulated IL15 using
siRNA knockdown in immortalized endometrial stromal fibroblasts (ESFs) [25]. Marinié¢
used the hTERT-immortalized cell line CRL-4003, derived from mid-secretory ESFs, and
performed siRNA knockdown of HAND?2 for 48hrs [25,31]. Murata and Shindoh used bulk
Vimentin+ primary ESCs, which likely contain ESFs and more differentiated DSCs [32],
and performed siRNA knockdown in the presence of decidualization hormones for 12 days.
So, the discrepant results are likely due to differences in cell type, timing, and differences
in culture conditions.

Altogether, these data suggest that HAND2 directly binds the IL15 promoter and
regulates expression of IL15 (Figure 2). HAND2 clearly can bind a motif proximal to the
IL15 TSS [24]. Whether HAND2 promotes or represses transcription may depend on cell
type/state, with activation seen in decidualized primary ESCs [24] and repression seen in
undifferentiated, immortalized ESFs [25]. It is possible, though it remains to be formally
shown, that HAND?2 also directs expression of IL15 by binding to more distant enhancers.
In silico analyses show that HAND2 binding motifs exist beyond the IL15 promoter, within
distant enhancers that contact the IL15 promoter [25].

Additional factors that may drive expression of IL15 were identified by analysis of
publicly available siRNA knockdown data in primary ESFs differentiated to DSCs with
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cAMP and progesterone. Consistent with the notion that IL-15 is part of a decidualization
program (Figure 2), IL15 was induced by differentiation of ESFs into DSCs with cAMP and
progesterone [25]. Knockdown of PGR, encoding the progesterone receptor, diminished the
IL15 transcript approximately twofold, consistent with data that the progesterone receptor
antagonist asoprisnil suppresses IL15 [26]. Knockdown of GATA Binding Protein 2 (GATA?2)
diminished the IL15 transcript over fourfold [25]. Of potential interest is that GATA2 has
been implicated in differentiation and maintenance of CD56""18" NK cells in humans, the
precursors of more mature CD564™ NK cells and the predominant phenotype of human
ulNK cells [33]. While GATA2 mutations appear to cause NK cell-intrinsic defects, it was not
formally shown whether these inborn errors of immunity also impact the IL-15 axis, with a
secondary effect on NK cell differentiation and/or survival. In the context of myelopoiesis
and lymphopoiesis in the steady state, expression of IL-15 using a fluorescent reporter
was demonstrated in hematopoietic progenitors and myeloid cells, the transcriptional
regulators of which remain unknown [34]. The same group showed that upregulation of
IL-15 occurred after viral infection and that induction of IL-15 was dependent on the type I
interferon (IFN) receptor IFNAR [35]. Type I IFNs are present in the uterus at low levels
in the steady state and contribute to host defense [36], but whether IFNs play a role in
decidualization and/or induction of IL-15 in the uterus has not been examined.

4. Spatial and Temporal Regulation of IL-15 in the Placenta

While IL-15 is rich in the maternal uterus during early gestation, the developing
fetal placenta is relatively poor in IL-15 early in gestation. Minimal IL15 transcript was
found in flow-sorted, first-trimester epidermal growth factor receptor-positive (EGFR+)
villous trophoblasts (VTs) and erbB2+ extravillous trophoblasts (EVTs) [23], consistent with
scRNAseq data mentioned previously [13]. Toth shows minimal expression of IL-15 in
multiple cells of the normal first-trimester placenta by IHC, including EVT and syncytiotro-
phoblast [37]. Agarwal measured IL-15 by ELISA and IL15 by semi-quantitative RT-PCR
in cultured human placental explants [38]. While these were bulk explants containing a
heterogenous population of cells, production of IL-15 increased twofold from first-trimester
explants to full-term explants from spontaneous vaginal deliveries. Full-term explants from
elective cesarean sections in the absence of labor produced an intermediate amount of IL-15.
Placental macrophages isolated at term and cultured for 24 h produce an undetectable
amount of IL-15 by ELISA [39]. These limited data suggest that the human fetal placenta
is capable of making progressively more IL-15 over the course of gestation, with a peak
during labor (Figure 2). Trophoblasts, not macrophages, appear to be responsible for the
production of IL-15 in the placenta.

5. Dysregulation of IL-15 in Adverse Outcomes of Pregnancy

Multiple lines of evidence in mice and humans suggest that either excess or loss of IL-
15 leads to adverse outcomes of pregnancy. First, a genetic deficiency of IL-15 in mice leads
to fetal growth restriction, morphologically abnormal deciduae, and impaired remodeling
of spiral arteries [40,41], a pathologic hallmark of preeclampsia. IL-15 knockout dams were
also shown to have a modestly but consistently elevated rate of fetal resorption during
pregnancy, compared to IL-15-sufficient dams [42]. However, IL-15-deficient dams mated to
IL-15-deficient sires still have a normal length of gestation and deliver a normal number of
viable pups [40,41]. Both groups to report this phenotype demonstrate an absence of DBA+
ulNK cells, consistent with the notion that IL-15/IL-15R« drives differentiation of uterine-
phenotype NK cells, as discussed above (Figure 2). Of note, DBA-negative NK cells in the
uterus were not examined and may support gestation in important ways. More broadly,
IL-15-independent NK cells in the uterus have not been examined. It has been shown
by two different groups that interleukin-12 can support the development and expansion
of NK cells independently of yc cytokines [43,44]. It is also important to appreciate that
relatively minor adverse outcomes of pregnancy in IL-15-deficient mice and in other NK
cell-deficient mice were observed in the setting of syngeneic matings [40,41,45,46]. Despite
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the hardiness of syngeneic mouse pregnancy, fetal growth restriction and preeclampsia are
of major clinical significance in humans. In allogeneic matings, Nfil3/E4BP4-deficient mice
that have a severe reduction in NK cells also exhibit substantial fetal loss [47].

Overabundance of IL-15 in mouse models is also associated with poor outcomes
of pregnancy. IL-15 permits fetal loss in a model of lipopolysaccharide (LPS)-mediated
abortion, in which low-dose LPS is given to pregnant dams post-implantation at E7.5 [42].
In other words, IL-15-deficient dams are completely resistant to fetal loss in this system.
Whether IL-15 permits inflammation-mediated fetal loss by activating NK cells was not
formally shown. With an anti-NK1.1 antibody known to deplete NK1.1+ NK cells in vivo,
though, the authors demonstrated partial rescue of fetal loss in response to LPS. The
mechanism of this remains unclear, as successful depletion of NK cells in the uterus was
not shown, and NK1.1-DBA+ uNK cells should not be depleted using this method [21].

Another example of unrestrained IL-15 is in the BPH/5 mouse, a model of spontaneous
hypertension and preeclampsia [48-50]. Compared to control animals, pregnancies in
BPH/5 dams are characterized by implantation defects, placental abnormalities, fetal
growth restriction, and fetal loss. Despite having abnormal, delayed decidualization,
BPH/5 implantation sites exhibit inappropriately elevated IL-15 transcript and protein
early in gestation, during the peri-implantation period and through at least E7.5 [48]. Thus,
decidualization and IL-15 are uncoupled in this model. Levels of IL-15 normalize in BPH/5
implantation sites by E10.5, when IL-15 peaks in normal mouse pregnancy. Paradoxically,
however, DBA+ uNK cells are decreased in BPH/5 mice by flow cytometry, NK cell-related
transcripts, including Ncr1, and by immunofluorescence of E7.5 implantation sites. It is
worth noting that uNK cells are rare early in gestation [21], and the authors’ raw data
confirm this [48]. At the same time, the number of CD122+TCRf3- lymphocytes, presumably
conventional DBA- NK cells, appears to be severely reduced by flow cytometry in the
BPH/5 mouse. Treatment of pregnant WT mice with recombinant IL-15 precomplexed
with IL-15R« also reduced DBA+ NK cells- and Ncr1 transcript in early implantation
sites. Administration of the cyclooxygenase 2 (COX2) inhibitor celecoxib at E6.5 reduced
resorption of fetuses, improved fetal-placental weights, and quickly (by E7.5) normalized
IL-15 and NK cells back to WT levels. These data support that IL-15 must be tightly
regulated in a spatial and temporal manner during pregnancy and that the relationship
between uNK cells and IL-15 is complex and not fully understood.

One caveat to applying studies of IL-15 in mice is that mouse and human cells dif-
ferentially depend on, and respond to, IL-15. A single 10 ug intraperitoneal dose of an
antibody raised against murine IL-15 results in near-total elimination of classical splenic
DX5+NK1.1+ NK cells in less than 5 days [51]. Blood NK cells also sharply declined in
cynomolgus macaques administered 5 weekly doses of intravenous or subcutaneous anti-
IL-15 antibody by 2 weeks post-treatment through 20 weeks post-treatment. Despite high
levels of circulating IL-15-blocking antibody in healthy volunteers, neither CD56"8"t nor
CD56%™ NK cells in the blood declined in number during the study. These data suggest
that, in contrast to murine and non-human primate NK cells, human NK cells do not
depend on IL-15. While they may not critically depend on IL-15, human NK cells are at
least partially dependent on Janus kinase 3 (JAK3), which directly associates with yc. A
safety and efficacy study in kidney transplant recipients showed that a JAK3 inhibitor (that
also modestly inhibits JAK2) substantially decreases the absolute number of circulating
NK cells [52]. Investigations of IL-15-dependent and -independent mechanisms of uNK
cell development and function may help to reconcile these differences between mouse and
human studies and refine our understanding of roles for IL-15 in human pregnancy.

Further study of IL-15 is essential, as IL-15 is consistently dysregulated in the setting
of adverse outcomes of pregnancy in humans. Placental explants from term pregnancies af-
fected by severe preeclampsia produce fourfold less IL-15 in culture than explants prepared
from healthy term pregnancies [38]. In the uterus of women with preeclampsia, IL15 tran-
script was upregulated tenfold in DSCs but only twofold in ESFs [25]. IL-15 was modestly
elevated in the serum of women with preeclampsia at term [53]. In the uterus of women
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with implantation failure, IL15 transcript was downregulated over twofold and trended
toward marginal downregulation in women with recurrent spontaneous abortion. IL-15
protein by IHC in the placenta is elevated in the setting of miscarriage and further elevated
in the setting of recurrent miscarriage [37]. These data underscore that adverse outcomes
of pregnancy are associated with disturbed homeostasis of IL-15 and that IL-15 is regulated
(and dysregulated) in a cell type-specific manner. Whether abnormal homeostasis of IL-15
is a cause or effect of adverse outcomes of pregnancy, and whether targeting IL-15 might
reverse such conditions and restore maternal-fetal health, remain to be investigated.

6. Traditional and Non-Traditional Responders to IL-15

Effects of IL-15 on NK cells, as well as signaling and metabolic cascades activated
in response to IL-15, have been extensively studied and are the subject of several com-
prehensive reviews [54-56]. In brief, IL-15 supports NK cells in many ways, including
the development, maintenance, cytolysis, antibody-dependent cell-mediated cytotoxicity,
and production of cytokines, such as IFNy (Figure 1). Like so many other inflammatory
cytokines, IL-15 also induces counter-regulatory mechanisms to avoid overwhelming IL-15-
mediated inflammation. For instance, IL-15 given continuously to human NK cells in vitro
results in enhanced proliferation but decreased cytolysis, decreased production of IFNY,
decreased killing of liquid tumors in vivo, and increased cell death, all due (in part) to im-
paired fatty acid oxidation [57]. The membrane-bound A disintegrin and metalloprotease
17 (ADAM17), activated downstream of IL-15 signaling, restrains proliferation of NK cells
in another example of negative feedback [58]. These data may help explain the findings of
Sones, in which inappropriately high levels of IL-15 in preeclamptic mice are associated
with reduced numbers of uNK cells [48].

Recent studies have also shed new light on how uNK interpret signals from IL-15
to carry out numerous functions essential to pregnancy, such as the release of angiogenic
factors and growth factors, driving spiral artery remodeling, and shaping trophoblast
invasion [59-61]. Sliz showed that the scaffolding protein GRB2-associated binding protein
3 (Gab3) was required for expansion of NK cells in response to both IL-15 (and IL-2) through
CD122/vyc [62]. Gab3-deficient NK cells stimulated with IL-15 exhibited major defects
in phosphorylation of the mitogen-activated protein (MAP) kinases extracellular signal-
related kinase (ERK), p38, and c-Jun N-terminal kinase (JNK) but phosphorylated signal
transducer and activator of transcription 5 (STAT5) and Akt normally (Figure 1). Consistent
with impaired IL-15 responsivity, NK cells in the uterus are reduced in the absence of
Gab3, although only conventional NK1.1+ NK cells, not DBA+ NK cells, were affected.
Regardless of the subset affected, abnormal spiral artery remodeling and trophoblast
invasion were observed in Gab3-deficient dams, again supporting the importance of IL-15
in healthy pregnancy.

Recent human data show that a subset of decidual NK cells lacking expression of killer
cell immunoglobulin-like receptors (KIRs) and CD39 proliferate strongly in response to
IL-15 [63]. KIR-CD39- NK cells stimulated with IL-15 then acquire expression of KIRs and
CD39, a phenotype previously identified as NK1 and enriched for transcripts encoding the
cytolytic mediators perforin and granzymes by scRNAseq [13]. These data indicate that
IL-15 supports the differentiation and function of NK cells in the uterus. These data also
provide evidence that responsiveness to IL-15 among subsets in the uterus is heterogeneous.
Marini¢ demonstrated that culture of primary NK cells in IL-15 or in conditioned medium
from ESFs promotes migration of NK cells into Matrigel [25]. Knockdown of IL15 in ESFs
with siRNA or treatment of conditioned medium with anti-IL-15 antibody led to a marginal
decrease in NK cell migration, raising the possibility that not all migration by NK cells
in response to conditioned ESF medium is due to IL-15. Future work directed at how
ulNK subsets differentially integrate signals from IL-15 will be useful to better understand
IL-15-mediated adverse outcomes of pregnancy, as discussed above.

While killer lymphocytes are the canonical responders to IL-15 by virtue of high expres-
sion of CD122 and yc, several other cells expressing IL-15 receptor components have been
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identified at the maternal-fetal interface. We recently showed that a subset of macrophages
(Macs) in the uterus of mice and humans expresses CD122 [64]. CD122+Macs are enriched
for interferon-stimulated transcripts and respond to type I and II IFNs by inducing CD122
in a dose-dependent manner. These Macs respond biochemically to stimulation with the
IL-15/1IL-15R e complex by phosphorylating ERK and respond functionally by enhancing
the release of proinflammatory cytokines (Figure 1). Unique tools to understand roles for
CD122 on Macs have been developed and are being studied in our laboratory to better
understand how IL-15-responsive macrophages impact pregnancy.

In addition to Macs, trophoblasts and trophoblastic cell lines have been found to
express CD122 and respond to IL-15. Derived from choriocarcinomas, the cell lines JEG-3,
BeWo, and JAR all expressed the IL2RB transcript by RT-PCR, but protein expression
was not examined [65]. IL-15 increases the invasion of JEG-3 cells into Matrigel in a
dose-dependent fashion at 1 and 10 ng/mL of recombinant IL-15 [66]. At 10 ng/mL of
IL-15, JEG3 invasion increased by a factor of two, relative to untreated JEG3 cells. IL-
15 does not affect proliferation of JEG-3 cells at any dose, as measured by activity of
mitochondrial dehydrogenases. Similar data were obtained recently using HTRS cells,
which are immortalized first-trimester trophoblasts [25]. Finally, a modest increase in
secretion of matrix metalloproteinase 1 (MMP1), but not MMP2 or MMP9, by JEG3 cells
was shown by ELISA in response to culture in the presence of IL-15 [66]. Interpretation
of these data derived from JEG3 cells is complicated by how distantly related JEG3 cells
and primary EVTs are at a global transcriptional level, with almost 1200 genes significantly
different by microarray between the two cell types [67].

In primary cells obtained from 8 to 12 weeks gestation, Apps compared the transcrip-
tomes of flow-sorted EGFR+ VTs and HLA-G+ EVTs cultured for 12 h on fibronectin. While
this method of obtaining EVT may be criticized, cross-referencing this dataset with that of
the recently published scRNAseq data from the first-trimester maternal-fetal interface [13]
confirmed that the vast majority of genes associated with EVT or VT in the Apps dataset
were indeed associated specifically with EVT or VT (data not shown). IL2RB was highly
enriched in EVTs [67]. Strong extracellular staining of CD122 protein was evident by flow
cytometry on EVTs (Figure 1), with weak but non-zero expression by VTs. Expression
of CD122 was also seen by IHC in a column of EVTs outside of a villous, with minimal
staining in the villous itself.

Interestingly, yc is not detected in EVT or VT (Figure 1) [13,67]. It has been estab-
lished in cell lines that CD122 can homodimerize [68,69]. Ferrag showed in CHO cells
that chimeric receptors, containing the intracellular domain of CD122 paired with unique
extracellular domains, signaled through JAK2 and STATS5 [68]. Co-transfection of COS-
7 cells with differentially tagged human CD122, followed by co-immunoprecipitation,
showed that CD122 can homodimerize [69]. CD122 prefers to heterodimerize with yc, if yc
is available. With fluorescence resonance energy transfer (FRET), Pillet showed that the
N-terminal (extracellular) domain of CD122 was absolutely required for homodimeriza-
tion, while the intracellular domains were dispensable for homodimerization. With flow
cytometry using tagged IL-2, CD122 homodimers bound IL-2 that could be blocked by
an anti-CD122 antibody. Finally, cells expressing CD122 homodimers bound IL-2 with
a similar, intermediate affinity as cells expressing heterodimers of CD122 and yc. Alto-
gether, these data suggest that CD122 homodimers bind IL-2, but it is unclear how these
homodimers interact with IL-15 in the presence or absence of IL-15Ra. Further, it remains
unknown how IL-15 affects the function of trophoblasts, especially EVTs that invade into
an IL-15-rich decidua.

Expression of CD122 on trophoblasts is unusual in several ways. Cohen found a long
terminal repeat (LTR) with endogenous retroviral promoter elements 25kb upstream of
the native promoter for IL2RB [70]. This LTR contains a transcriptional start site (TSS)
and can splice into the normal ATG residing in exon 2 of IL2RB. RT-PCR for the LTR-
containing transcript containing the retroelement showed that this alternative transcript
was abundant in placenta (nearly 90% of transcripts) and rare in spleen and other organs,
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including peripheral blood mononuclear cells (PBMCs). Using a luciferase assay, a construct
containing a portion of the LTR upstream of the splice donor site drove luciferase expression
strongly in the choriocarcinoma cell line JEG-3. In vitro methylation of the luciferase
construct eliminated luciferase expression under control of the LTR. Supporting the notion
that epigenetic factors unique to trophoblasts allowed the LTR to drive expression of
IL2RB, 9 C followed by G dinucleotide (CpG) sites within the LTR were identified and
found to be consistently methylated in PBMCs but methylated less frequently in placenta
and enriched trophoblasts. Inhibition of histone deacetylases to improve accessibility of
the LTR also enhanced expression of IL2RB in cell lines. At the protein level, extracts
of bulk placental villi were probed with two C-terminal-specific antibodies by Western
blot. Full-length 75 kDa CD122 was not detected with these antibodies, only a 37 kDa
fragment that may correspond to a cleaved fragment of CD122, something that has been
previously demonstrated in leukemic cell lines [71]. Sequencing was not carried out to
confirm the identity of this fragment, nor was subcellular localization of CD122 to confirm
that it was membrane bound and not localized elsewhere. Further, the lack of full-length
CD122 is at odds with flow cytometry data demonstrating clear expression of CD122
on trophoblasts [67]. If CD122 is translated and cleaved subsequently in trophoblasts,
the N- and C-terminal fragments may have distinct and novel functions that have yet to
be explored.

7. Conclusions

IL-15 is abundant and tightly regulated in the uterus during pregnancy. Several lines
of evidence suggest that homeostasis of IL-15 must be maintained to ensure the health
of the mother and fetus. Given widespread interest in IL-15 as a mediator of anti-tumor
immunity in preclinical studies, numerous biological agents have been synthesized to
mimic or inhibit the activity of IL-15 on target cells [51,72]. IL-15 agonists succeed in
expanding killer lymphocytes but fail to reject tumors in humans when administered
alone. Thought to be due to compensatory induction of anti-inflammatory signaling by
IL-15, these observations may be of great interest in the context of reproduction, which
depends on appropriate inflammation that maintains tolerance to the fetus. With a deeper
understanding of the spatial and temporal regulation of IL-15, as well as its effects on
classical and novel cell types, we can better detect dysregulation of IL-15 and associated
immunopathology during gestation. We may then modulate IL-15 signaling in the uterus
to optimize outcomes of pregnancy.
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ADAM17 A disintegrin and metalloprotease 17
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CD cluster of differentiation
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DBA Dolichus biflores agglutinin

DsC decidual stromal cell

E embryonic day

ELISA enzyme-linked immunosorbent assay
EGFR epidermal growth factor receptor
ERK extracellular signal-related kinase
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ESF endometrial stromal fibroblast

EVT extravillous trophoblast

FRET fluorescence resonance energy transfer
Ye common gamma chain

Gab3 GRB2-associated binding protein 3
GATA2 GATA Binding Protein 2

HAND?2 Heart and neural crest derivatives-expressed transcript 2
IFN interferon

ITHC immunohistochemistry

IL-2 Interleukin-2

IL-15 Interleukin-15

JAK Janus kinase

JNK ¢-Jun N-terminal kinase

KIR killer cell immunoglobulin-like receptor
LPS lipopolysaccharide

LSP long signal peptide

LTR long terminal repeat

MMP matrix metalloproteinase

NK cell natural killer cell
NKT cell natural killer T cell
PBMCs peripheral blood mononuclear cells

PGE2 prostaglandin E2
PGR progesterone receptor
siRNA short-interfering RNA
RT-PCR reverse-transcription polymerase chain reaction
scRNAseq single-cell RNA sequencing
SSP short signal peptide
STAT signal transducer and activator of transcription
TSS transcriptional start site
VT villous trophoblast
uNK cell uterine natural killer cell
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Abstract: The road to low-dose aspirin therapy for the prevention of preeclampsia began in the 1980s
with the discovery that there was increased thromboxane and decreased prostacyclin production
in placentas of preeclamptic women. At the time, low-dose aspirin therapy was being used to
prevent recurrent myocardial infarction and other thrombotic events based on its ability to selectively
inhibit thromboxane synthesis without affecting prostacyclin synthesis. With the discovery that
thromboxane was increased in preeclamptic women, it was reasonable to evaluate whether low-dose
aspirin would be effective for preeclampsia prevention. The first clinical trials were very promising,
but then two large multi-center trials dampened enthusiasm until meta-analysis studies showed
aspirin was effective, but with caveats. Low-dose aspirin was most effective when started <16 weeks
of gestation and at doses >100 mg/day. It was effective in reducing preterm preeclampsia, but not
term preeclampsia, and patient compliance and patient weight were important variables. Despite
the effectiveness of low-dose aspirin therapy in correcting the placental imbalance between throm-
boxane and prostacyclin and reducing oxidative stress, some aspirin-treated women still develop
preeclampsia. Alterations in placental sphingolipids and hydroxyeicosatetraenoic acids not affected
by aspirin, but with biologic actions that could cause preeclampsia, may explain treatment failures.
Consideration should be given to aspirin’s effect on neutrophils and pregnancy-specific expression
of protease-activated receptor 1, as well as additional mechanisms of action to prevent preeclampsia.

Keywords: low-dose aspirin; preeclampsia; placenta; eicosanoids; sphingolipids; thromboxane;
prostacyclin; isoprostanes; neutrophils; protease-activated receptor 1

1. Introduction

The rationale for low-dose aspirin therapy began in the 1970s with the discovery
of thromboxane and prostacyclin [1,2]. Thromboxane is a potent vasoconstrictor and
platelet aggregating agent, whereas prostacyclin is a potent vasodilator and inhibitor of
platelet aggregation. Both are synthesized from arachidonic acid by action of cyclooxyge-
nase to generate prostaglandin H2, which is then converted by thromboxane synthase to
thromboxane or by prostacyclin synthase to prostacyclin.

In the 1980s, low-dose aspirin was being used to prevent recurrent myocardial infarc-
tion and other thrombotic events based on its ability to selectively inhibit thromboxane
synthesis without affecting prostacyclin synthesis [3-6]. The reason this is possible is
because the synthesis of thromboxane and prostacyclin is compartmentalized in different
cell types. In the systemic circulation, thromboxane is produced by platelets. Platelets do
not have nuclei and so cannot regenerate cyclooxygenase when it is inhibited. Therefore,
the synthesis of thromboxane is inhibited for the life span of the platelets. Prostacyclin
is produced by endothelial cells. Endothelial cells do have nuclei and can regenerate
cyclooxygenase, so prostacyclin production is minimally affected by low-dose aspirin.
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2. Low-Dose Aspirin for the Prevention of Preeclampsia

Preeclampsia only occurs in the presence of the placenta or placental tissue. Once
the placenta is delivered, symptoms clear. Therefore, the placenta is key to understanding
preeclampsia, but treatment must correct placental, as well as maternal, abnormalities. In
the early 1980s, the placental imbalance between thromboxane and prostacyclin was dis-
covered. The first reports described a decrease in prostacyclin production. Several groups
reported a deficiency in prostacyclin in umbilical arteries, uterine vessels, and placental
veins in women with preeclampsia [7-9]. In 1985, we demonstrated that the reduction in
placental prostacyclin was associated with a significant increase in placental production
of thromboxane (Figure 1). Normal placentas produced equal amounts of thromboxane
and prostacyclin, but in preeclampsia the placenta produced 7 times as much thrombox-
ane as prostacyclin [10]. Other studies later confirmed increased placental production of
thromboxane in preeclampsia [11-16], with the increase linked to increased phospholipase
A [15], increased cyclooxygenase-2 [16], and increased thromboxane synthase [14] in
trophoblast cells.
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Figure 1. Production of prostacyclin and thromboxane in normal and preeclamptic placentas.

With the discovery that there was an imbalance between thromboxane and prosta-
cyclin in preeclampsia, it was reasonable to evaluate whether low-dose aspirin would
be effective for preeclampsia prevention. The first clinical trial was published in 1986 by
Wallenburg et al. [17]. It was a randomized, placebo-controlled, double-blind trial using
60 mg/day of aspirin. Forty-six normotensive women at 28 weeks’ gestation were judged
to be at risk for preeclampsia by increased blood pressure response to infused angiotensin II.
Twelve of 23 women taking placebo developed preeclampsia, whereas only 2 of 21 women
on aspirin developed preeclampsia. The incidence of preeclampsia was decreased 83% by
low-dose aspirin (Figure 2). The investigators concluded that low-dose aspirin may correct
the thromboxane/prostacyclin imbalance.
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Figure 2. Significant reduction in preeclampsia.

A plethora of clinical trials followed, reporting varying degrees of effectiveness of
aspirin treatment. Two large multicenter intent-to-treat studies were conducted in nul-
liparous pregnant women given 60 mg/day of aspirin by the NICHD Maternal-Fetal
Medicine Unit Network and the Collaborative Low-dose Aspirin Study in Pregnancy
(CLASP) trials [18,19]. Only modest decreases in the incidence of preeclampsia were found
(Figure 3). The MEM Unit Network study reported no improvement in perinatal morbidity
and an increased risk of placental abruption. Interest in low-dose aspirin declined after the
MEFM Network Unit and CLASP studies due to concerns about placental abruption and
small beneficial effect of aspirin.

Sibai study

27% decrease
P=0.05

94/1500

69/1485

Incidence of
Preeclampsia (%)
S

2 -
0 L] L]
Placebo Low-Dose
ASA

Figure 3. Modest reduction in preeclampsia.

However, there were problems with these studies. Regarding placental abruption,
only one MFM Network Unit reported this, and abruption was found only on patho-
logic examination. None were clinically significant, and no other studies previous or
since have found an increase in placental abruption due to low-dose aspirin therapy [20].
Another problem was that both the MFM Network and CLASP studies recommended
patients use acetaminophen for pain relief. Acetaminophen selectively inhibits prostacyclin
without affecting thromboxane [21,22], so the effect of low-dose aspirin to correct the
thromboxane/prostacyclin imbalance was compromised. Another major problem was
these were intent-to-treat studies. Compliance with low-dose aspirin was not taken into
consideration [23]. No drug will work if the patient does not take it.

35



Int. . Mol. Sci. 2021, 22, 6985

Hauth et al. reanalyzed the MFM Network data based on compliance [24,25]. They
found that women who were more than 75% compliant in taking their aspirin had a signifi-
cant decrease in the incidence of preeclampsia, from 5.7% to 2.7%, as well as significant
decreases in the incidence of low birth weight, preterm birth, and adverse pregnancy
outcomes (Figure 4). Unfortunately, these data were only published in abstract form and
did not gain recognition.
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Figure 4. Importance of compliance for low-dose aspirin therapy.

In 2007, the first meta-analysis of low-dose aspirin trials was published by Askie et al.,
who found that in almost all studies low-dose aspirin reduced the incidence of preeclamp-
sia [26]. Additional meta-analysis studies followed, reinforcing the effectiveness of aspirin.
Bujold et al. found that aspirin was more effective when started before 16 weeks [27].
Roberge et al. reported that low-dose aspirin was effective in preventing preterm preeclamp-
sia, but not term preeclampsia [28,29]. These investigators also considered the dose of
aspirin. They found that studies that used a dose of aspirin >100 mg were more effective
in reducing preeclampsia than studies that used a dose <100 mg [29], and Seidler et al.
reported a dose response effect for aspirin when comparing studies using <81 mg/day to
those using >81 mg and up to 150 mg/day [30]. Another study reported that aspirin delays
the development of preeclampsia, suggesting this may partly explain why aspirin is more
effective in preventing preterm preeclampsia than term preeclampsia because women who
would have developed preterm preeclampsia had symptoms delayed to term [31]. The
influence of obesity is another factor to consider. A dose of 60 mg/day may have been
sufficient in the 1980s when the first clinical trials were started, but since then the United
States and other countries have experienced an obesity epidemic. Most study subjects are
now overweight or obese, which may explain why meta-analysis studies find that higher
doses of aspirin are more effective [29,30,32,33].

Overall, the meta-analysis studies demonstrated that low-dose aspirin not only de-
creases the incidence of preeclampsia, but also preterm birth < 37 weeks, perinatal death,
IUGR, and pregnancies with serious adverse outcomes. In 2013 and 2018, the American
College of Obstetrics and Gynecology recommended low-dose aspirin therapy for women
at risk of preeclampsia, and it is now the standard of care [34-36].
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Consideration should be given to the possibility that the effectiveness of low-dose as-
pirin could be improved by supplementation with L-arginine, the substrate for nitric oxide
synthase. Nitric oxide, like prostacyclin, is a potent vasodilator, so supplementation to
increase its production would be beneficial. Supplementation with L-arginine significantly
reduced the incidence of preeclampsia in a population at high risk for preeclampsia [37],
and a recent study showed favorable effects of L-arginine supplementation in conjunction
with low-dose aspirin to improve perinatal outcomes, blood pressure values, and uterine
pulsatile index [38].

Another consideration is the finding that low-dose aspirin is most effective when
started before 16 weeks gestation. This raises the importance of identifying accurate
predictive biomarkers for preeclampsia risk to be used in conjunction with maternal char-
acteristics and medical history, so at-risk women can be identified early in their pregnancy
and immediately put on low-dose aspirin therapy.

3. Does Low-Dose Aspirin Affect the Placenta?

The actions of low-dose aspirin are generally attributed to selective inhibition of
maternal platelet thromboxane; however, beneficial effects must extend to the placenta,
which is a major source of eicosanoids. Indeed, preeclampsia only occurs in the presence of
placental tissue, and the preeclamptic placenta is characterized by increased thromboxane,
decreased prostacyclin, and oxidative stress. Does low-dose aspirin affect the placenta to
correct the thromboxane/prostacyclin imbalance and oxidative stress?

As part of the NICHD Human Placental Project, we undertook a comprehensive
evaluation of placental lipids in women with normal pregnancy (NP) and women at risk
for preeclampsia who were prescribed aspirin [39]. We found the placenta is a rich source of
eicosanoids. We measured 30 eicosanoids in numerous different classes of cyclooxygenase
and non-cyclooxygenase metabolites. Ten of these were abnormal in women with severe
preterm preeclampsia (SPE). Interestingly, thromboxane (TXB2) was not increased, and
prostacyclin (6-keto PGF1a) was not decreased (Figure 5), so the imbalance was not present.
However, prostaglandins PGE and PGF were decreased, indicating maternal ingestion
of aspirin did affect placental cyclooxygenase. These findings suggest low-dose aspirin
therapy corrects the thromboxane/prostacyclin imbalance in the placenta.

Correction of the placental imbalance is possible because thromboxane and prostacy-
clin are compartmentalized within the placenta (Figure 6). Thromboxane is produced by
the trophoblast cells on the maternal side of the placenta, whereas prostacyclin is produced
by the placental vasculature on the fetal side [40—42]. This allows for selective inhibition of
thromboxane because as aspirin enters the maternal intervillous space and starts to cross
the placenta, its concentrations are highest in the trophoblast cells to selectively inhibit
cyclooxygenase associated with thromboxane production. As aspirin crosses the placenta,
its concentration gradually declines according to Fick’s second law of diffusion, sparing
prostacyclin production by the endothelial cells of the placental vasculature. Only 34%
of aspirin from the maternal side crosses to the fetal side [43]. In vitro studies demon-
strated that low-dose aspirin preferentially inhibits placental thromboxane while sparing
prostacyclin [43—45].

We also found evidence that maternal ingestion of aspirin attenuated placental ox-
idative stress. Two of the most abundant isoprostanes, 8-isoprostane (8-iso PGF2a) and
5-isoprostane (5-iPF2a), which are significantly elevated in placentas of preeclamptic
women [46,47], were not elevated in our study of women who developed preeclampsia
while on aspirin therapy (Figure 5) [39]. Isoprostanes are accurate markers of endogenous
lipid peroxidation. They are prostaglandin-like products formed in vivo by free-radical
catalyzed non-enzymatic peroxidation of arachidonic acid [48-50]. The finding that two of
the most abundant isoprostanes were not elevated in preeclampsia is significant because
the placental imbalance between thromboxane and prostacyclin is driven by oxidative
stress [25,51]. This may explain why the imbalance was not present.
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Figure 5. Placental production of cyclooxygenase metabolites and isoprostanes in women with severe
preeclampsia receiving low-dose aspirin, * p < 0.05.

The fact that placental isoprostanes did not increase in women taking low-dose aspirin
could be due to an indirect effect of cyclooxygenase inhibition. Cyclooxygenase generates
reactive oxygen species (ROS) [52], so inhibition of cyclooxygenase could have removed
the source of free radicals to generate isoprostanes from arachidonic acid (Figure 7). This
idea is consistent with our previous reports that low-dose aspirin inhibits lipid peroxides
along with thromboxane in the maternal circulation and in the placenta [43—45,53]. This
action of aspirin could explain the correction of the thromboxane/prostacyclin imbalance
because aspirin removed the driving force.

Despite aspirin therapy, some women develop preeclampsia. Low-dose aspirin re-
duces the risk, but it does not prevent the disease in all women. Significant elevations in
levels of placental hydroxyeicosatetraenoic acids (HETEs) and sphingolipids with biologic
actions that could cause preeclampsia could explain why.

HETEs are lipoxygenase metabolites of arachidonic acid, and they are, therefore,
not affected by low-dose aspirin. The placenta produced four HETEs, two of which,
15-HETE and 20-HETE, were significantly elevated in women who delivered preterm with
severe preeclampsia (Figure 8) [39]. Both of these HETEs cause inflammation [54-61], and
placental pathologic features of preterm preeclampsia are consistent with chronic inflam-
mation [62]. In addition, 20-HETE promotes hypertension, vasoconstriction, and vascular
dysfunction [59-61]. Intrauterine production of 20-HETE by the placenta could contribute
to reduced uterine blood flow and placental vasoconstriction in preeclampsia, and placental
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release into the maternal circulation could contribute to maternal hypertension. In this
regard, 20-HETE enhances vascular reactivity to angiotensin II.
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Figure 6. Mechanism for selective inhibition of placental thromboxane (TX) by low-dose aspirin (ASA). Prostacyclin (PGI2).

Inhibition of Isoprostanes

Arachidonic Acid

Cyclooxygenase === |ROS > | ()

(-) I/ | Isoprostanes
ASA

Figure 7. Mechanism for inhibition of isoprostanes by aspirin (ASA).

Sphingolipids are major constituents of the cell membrane and are involved in cell
signaling (Figure 9). They are long-chain fatty acids of various carbon chain lengths that
contain a backbone of sphingosine. Sphingolipids include sphingomyelin, ceramide, sph-
ingosine, and sphingosine-1-phosphate. They are involved in inflammatory signaling
pathways and implicated in cardiovascular disease [63—68]. They are not cyclooxygenase
metabolites, and so, are not affected by aspirin. The placenta produced 42 sphingolipids,
5 of which were abnormal in women with severe preeclampsia [39]. All sphingolipids that
were abnormal were significantly increased compared to normal pregnancy, including ma-
jor C:18 forms. D-e-Cyg.,9 ceramide, D-e-Cyg.9 sphingomyelin, D-e-sphingosine-1-phosphate
(S1P), and D-e-sphinganine-1-phosphate were increased 2-fold to over 4-fold in placen-
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tas of women with severe preeclampsia compared to placentas of women with a normal

pregnancy (Figure 10).
5-HETE 12-HETE
50 - 30 -
£ 40 £ T
2 2
o o 20
a 301 a
g g ]
20 4 |
£ £ 104 [
p— JR -
0 T T 0 T T
NP SPE NP SPE
15-HETE 20-HETE
150 4 151 *kk
£ *x £ T
—— Q
‘E 100 - © 101
o o
(=2 (=]
E £
< 50+ = 5 —I—
(=2 o)
Q. Q
pu— — N
e
0 T T 0 — T
NP SPE NP SPE

Figure 8. Increases in HETEs related to the development of preeclampsia, ** p < 0.01, *** p < 0.001.
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Figure 10. Increases in sphingolipids related to the development of preeclampsia, * p < 0.05, ** p < 0.01.

Abnormal placental sphingolipid production may contribute to several features of
preeclampsia. For example, ceramide induces apoptosis, which may contribute to placental
cell death in preeclampsia [69], and S1P inhibits extravillous trophoblast migration [70],
and so may contribute to failure of extravillous trophoblasts to effectively remodel the
spiral arteries in preeclampsia. S1P is also involved in inflammation, vascular permeability,
and the immune response. S1P is an intracellular second messenger, but it is also a blood-
borne lipid mediator, and as such, has extracellular actions by binding to S1P receptors.
Placental secretion of S1P could be responsible for abnormalities in the maternal circulation.
Very little information is available about sphingolipids in pregnancy, but maternal levels
of ceramide and S1P have been reported to be elevated in preeclampsia and linked to a
placental source [71,72].

4. Other Considerations Involving Neutrophils and Pregnancy-Specific Expression of
Protease-Activated Receptor 1

Normal pregnancy is characterized by leukocytosis caused by proliferation of neu-
trophils in the 2nd and 3rd trimesters. The number of neutrophils increases 2.5-fold by
30 weeks of gestation in normal pregnancy [73], and the number increases further in
preeclampsia [74]. Neutrophils are usually thought of as part of the innate immune system
and the first line of defense against infection. A role for neutrophils in non-infectious
disease has not been widely considered, but accumulating evidence indicates a role for
neutrophils in “sterile” inflammatory diseases [75].

For neutrophils to manifest their inflammatory effects, they need to infiltrate tis-
sue, and in women with preeclampsia there is extensive neutrophil infiltration into the
maternal systemic blood vessels (Figure 11) [76-79]. In preeclamptic women, 80-90%
of vessels in subcutaneous and omental fat are infiltrated and, although all classes of
leukocytes are activated [80,81], vascular infiltration is restricted to neutrophils [77,78].
Neutrophil infiltration is associated with a significant increase in inflammatory markers,
e.g., interleukin-8 (IL-8), intercellular adhesion molecule-1 (ICAM-1), cyclooxygenase-2
(COX-2), nuclear factor-kappa B (NF-kB), thromboxane synthase (TBXAS1), and myeloper-
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oxidase (MPO) [76,79,82,83]. The finding of neutrophil infiltration provides a basis for a
new way of thinking about vascular dysfunction in preeclampsia. It does not discount
the potential role of plasma factors but adds a new dimension to the understanding of the
underlying mechanisms of the vascular phenotype.

Normal Pregnancy

Magndication; 40 x

Figure 11. Neutrophils (brown) in omental fat arteries.

4.1. Pregnancy-Specific Expression of PAR-1

Protease-activated receptor 1 (PAR-1), originally known as thrombin receptor, is activated
by serine proteases, such as thrombin, neutrophil elastase, and matrix metalloproteinase-1
(MMP-1) [84-86]. Activation leads to downstream signaling mechanisms that include
the RhoA kinase (ROCK) phosphorylation pathway. ROCK is a recognized mediator of
enhanced vascular reactivity, and also regulates the shape and movement of cells. There is
pregnancy-specific expression of PAR-1. Wang et al. showed that PAR-1 is expressed on
neutrophils, but only during pregnancy [87,88]. This suggests that something associated
with the placenta is causing the expression of PAR-1 on circulating neutrophils.

Figure 12 shows omental fat vessels of preeclamptic and normal pregnant women
immunostained for PAR-1. In preeclampsia, PAR-1 is expressed in endothelial cells (EC),
vascular smooth muscle (VSM), and in neutrophils flattened and adherent to the endothe-
lium, infiltrated into the vessel, and present in the lumen of the vessel. In normal pregnancy,
weak staining is present in the endothelium and neutrophils in the vessel lumen. There is
an 8-fold increase in gene and protein expression of PAR-1 in blood vessels of women with
preeclampsia [89].

Preeclampsia Normal Pregnancy

Figure 12. Expression of PAR-1 in omental vessels.
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4.2. PAR-1 Mediates Neutrophil Inflammatory Response in Pregnancy

Proteases, such as MMP-1, neutrophil elastase, and thrombin, are elevated in women
with preeclampsia [90]. The expression of PAR-1 on neutrophils is specific to pregnancy, so
its activation by elevated proteases in preeclampsia activates an inflammatory mechanism
unique to pregnancy. In normal pregnancy, it makes sense that the expression of inflamma-
tory genes would be silenced. A mechanism for this could be DNA methylation to mask
binding sites for inflammatory transcription factors, such a NF-xB. However, if the methy-
lation marks were erased, it would open these sites, possibly leading to increased gene
expression. One mechanism for erasing methylation marks involves the recently discov-
ered TET proteins (ten-eleven translocation proteins, aka tet methylcytosine dioxygenases).
TET proteins regulate gene expression by enzymatic de-methylation of DNA. They catalyze
the conversion of 5-methycytosine (5-mC) to 5-hydroxy-methylcytosine (5-hmC) [91-94],
which is further oxidized and then removed by the DNA base excision repair enzyme,
thymine-DNA glycosylase, and replaced with unmodified cytosine [95]. TET enzymes
were first discovered in 2009 [93], and little is known about their regulation or role in
disease. TET2 is the main TET protein expressed in leukocytes, and its activation has been
shown to play an essential role in regulating hematopoietic differentiation, which proceeds
in mature cells without cell division normally during emigration from the circulation into
tissue [96-98].

4.3. Proteases Activate Neutrophil TET2 and NF-xB to Mediate Inflammatory Response

Protease activation of PAR-1 causes translocation of TET2 from the cytosol into the
nucleus in neutrophils obtained from pregnant women as evidenced by immunofluores-
cence and confocal microscopy (Figure 13) [90]. TET2 (green) is localized to the cytosol in
control cells of normal pregnant women. Protease treatment with MMP-1 or elastase results
in translocation of TET2 into the nucleus (location identified by DAPI blue) in as early
as 15 min, which is consistent for proteins containing a nuclear localization signal (NLS).
Nuclear translocation of TET2 coincides with activation of NF-«B. Similar to TET2, protease
stimulation of pregnancy neutrophils causes translocation of the p65 subunit of NF-kB (red)
from the cytosol to the nucleus. Inhibition of PAR-1, as well as inhibition of ROCK, prevents
protease-induced translocation of TET2 and p65 into the nucleus (Figure 13). Inhibition of
PAR-1 or ROCK also inhibits inflammatory response as measured by the production of IL-8
and TXB2, which are regulated by NF-«B. Protease treatment of neutrophils from normal
pregnant women significantly increases IL-8 and TXB2, demonstrating that proteases stim-
ulate inflammatory response, but when cells are pretreated with PAR-1 or ROCK inhibitors,
protease-induced increases in IL-8 and TXB2 are prevented.

Expression and activation of neutrophil TET2 are increased in preeclampsia. Im-
munohistochemical staining reveals significantly more staining in omental vessels of
preeclamptic women than in omental vessels of normal pregnant women (Figure 14) [90].
In preeclampsia, almost 90% of vessels stain for TET2 with neutrophils infiltrated into the
vessel wall, as compared to only 16% of vessels in normal pregnancy with staining. When
neutrophils are present in normal vessels, they are usually in the lumen of the vessel. High
magnification images reveal dark staining of the polymorphonuclear nuclei of neutrophils
in preeclampsia (Panel D), as opposed to diffuse staining in normal pregnancy (Panel C).
Nuclear staining suggests TET2 is active in preeclampsia, and activation involves translo-
cation from the cytosol to the nucleus just as observed for TET2 translocation induced by
protease activation of PAR-1. Staining for TET2 in preeclamptic vessels mirrors the staining
for PAR-1 with staining present in endothelium and vascular smooth muscle (VSM), as
well as in neutrophils [90]. This close relationship between PAR-1 and TET?2 likely has
important implications for vascular inflammation in preeclampsia.
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Figure 13. Confocal images of TET2 and p65 immuno-fluorescence staining in neutrophils of normal
pregnant women. Nuclear localization induced by protease treatment was prevented by inhibition of
PAR-1. Images were taken with a Zeiss LSM 700 using x63 lens and then cropped.
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Figure 14. TET2 in omental vessels (A-D).

Figure 15 summarizes the molecular mechanisms for protease activation of pregnancy
neutrophils. In normal pregnancy, circulating proteases are not elevated, TET2 and NF-«xB
are localized to the cytosol, and inflammatory genes are not expressed. In preeclampsia,
circulating proteases are elevated and activate neutrophils due to their pregnancy- specific
expression of PAR-1. Activation of PAR-1 results in the movement of TET2 and NF-«B
from the cytosol to the nucleus and the expression of inflammatory genes. The PAR-1
pathway involves ROCK phosphorylation because inhibition of either PAR-1 or ROCK
blocks the movement of TET2 and NF-«B from the cytosol to the nucleus and the inflam-
matory response. To summarize, elevated levels of proteases in the maternal circulation
of preeclamptic women activate neutrophils due to their pregnancy-specific expression
of PAR-1. PAR-1 activates ROCK, which phosphorylates TET2 and NF-«B, causing their
translocation from the cytosol to the nucleus. The fact that TET2 translocation into the nu-
cleus coincides with movement of NF-«B implicates epigenetic mechanisms and suggests
that TET2 may enzymatically de-methylate DNA, opening up transcription factor binding
sites for NF-kB, resulting in the expression of inflammatory genes.
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Figure 15. Molecular mechanism for protease activation of pregnancy neutrophils.

4.4. Expression of PAR-1 in the Placenta

Several studies show PAR-1 is expressed in the placenta [99-102], which is a tissue
specific to pregnancy and dysfunctional in preeclampsia. Figure 16 shows staining for PAR-1
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in a placental villus. PAR-1 is expressed in the syncytiotrophoblast cells, which are directly
bathed by maternal blood. PAR-1 is also present in macrophages of the villous core.

PAR-1 in Placental Villus

Syncytiotrophoblast

Intervillous Space
(Maternal Blood)

Syncytiotrophoblast

Intervillous Space

grabcanen 48 -

Figure 16. Expression of PAR-1 in syncytiotrophoblasts and macrophages in the placenta (dark
brown staining).

There is evidence that PAR-1 mediates placental dysfunction in preeclampsia. Be-
cause PAR-1 is expressed in the syncytiotrophoblast, elevated levels of proteases in the
intervillous space could activate PAR-1, leading to placental dysfunction. For example,
protease stimulation of trophoblast PAR-1 causes increased release of the angiogenic fac-
tor, sFlt [100,103], by activation of placental NADPH oxidase to generate reactive oxygen
species [99]. Activation of NADPH oxidase via PAR-1 could be responsible for placental
oxidative stress, which drives the imbalance of increased thromboxane and decreased
prostacyclin production [25].

A protease activating mechanism of neutrophil and placental PAR-1 could explain
why preeclampsia only occurs in pregnant women, and a protease feed-forward scenario
could explain why clinical symptoms progressively worsen. Protease activation of PAR-1
could explain other features of preeclampsia. For example, because neutrophils have
a limited life span of about 8 days, their rapid turnover would explain why maternal
symptoms clear shortly after delivery because new neutrophils not expressing PAR-1 enter
the circulation. Some women develop preeclampsia in the immediate post-partum period.
Labor is recognized to be an inflammatory process, and even in normal term labor, there
is extensive infiltration of neutrophils into maternal systemic vasculature [104]. Women
who develop post-partum preeclampsia might have been on the verge of developing
preeclampsia, and then neutrophil infiltration with labor pushed them over the edge.

4.5. Central Role for PAR-1 in the Clinical Manifestations of Preeclampsia

Protease activation of PAR-1 may play a central role in the pathology of preeclampsia
(Figure 17). Protease activation is involved in the neutrophil TET2 inflammatory response,
neutrophil activation, and enhanced vascular reactivity [90,105]. Activation of PAR-1 may
explain other pathologic features as well because PAR-1 mediates coagulation abnormali-
ties, platelet aggregation, and thromboxane generation. Protease activation of endothelial
PAR-1 activates NF-«B, upregulates cell adhesion molecules (ICAM-1), triggers produc-
tion of neutrophil chemokines (IL-8), and increases permeability of the endothelium to
trigger edema formation [106-112]. PAR-1 may explain the elevation in angiogenic factors
because trophoblast and decidual production of sFlt is stimulated by protease activation of
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PAR-1 [100,103]. Placental oxidative stress may be explained by protease stimulation of
trophoblast PAR-1, which activates NADPH oxidase to generate reactive oxygen species,
resulting in the release of sFlt [99]. Activation of NADPH oxidase could also explain the
placental imbalance of increased thromboxane and decreased prostacyclin characteristic of
preeclampsia because oxidative stress drives this imbalance [25]. The effect of aspirin on
PAR-1 signaling should be evaluated. If aspirin interferes with downstream signaling of
PAR-1, this would be another action to account for its beneficial effects.

Neutrophil TET2
Inflammatory Response

Enhanced Vascular Neutrophil
Reactivity Activation
Placental
Dysfunction '\ / vascular Cell
\ r__f,.,-""’ Dysfunction
Oxidative — PAR-1
Stress / —_— B
Increased \ Proteinuria
sFlt
Increased Coagulation
Thromboxane Abnormalities
Proteases

Figure 17. Clinical manifestations of preeclampsia that can be explained by protease activation
of PAR-1.

4.6. Placental Activation of Neutrophils

Although all classes of leukocytes are activated in the circulation of women with
preeclampsia [80,81,113-115], only neutrophils extensively infiltrate maternal blood ves-
sels [76-78]. The extensive infiltration of activated neutrophils into blood vessels of women
with preeclampsia [76,78,79] could explain systemic vascular inflammation and why multiple
organs are affected. The question arises as to how neutrophils are activated. The placenta
would seem to be a source for the activator because preeclampsia only occurs in the pres-
ence of placental tissue. Lipid peroxides are potent activators of leukocytes [116-118], and
the human placenta produces lipid peroxides and secretes them into the maternal circula-
tion [13,42,46,119]. In women with preeclampsia, placental production of lipid peroxides
is significantly higher than in women with normal pregnancy [13,42,46]. Therefore, it is
plausible that activation occurs as neutrophils circulate through the intervillous space and are
exposed to lipid peroxides released by the placenta [51,120,121].

4.7. Inhibition of Neutrophils and Treatment of Preeclampsia with Aspirin

Low-dose aspirin is currently standard of care for the prevention of preeclampsia in
high-risk populations. Low-dose aspirin selectively inhibits maternal platelet thromboxane
production without affecting prostacyclin production and, as shown above, it appears
to also selectively inhibit placental thromboxane production, as well as placental oxida-
tive stress. However, maternal platelets and placental trophoblasts may not be the only
aspirin targets. Neutrophils may also be a target. The expression of cyclooxygenase-2 is
increased in neutrophils of preeclamptic women [79,122], and aspirin inhibits neutrophil
production of thromboxane, as well as the generation of reactive oxygen species [117,118].
Neutrophils could be a major source of thromboxane and oxidative stress due to the marked
increase in their numbers during pregnancy. Aspirin treatment might also reduce the in-
filtration of neutrophils into the maternal blood vessels. Future studies are necessary to
address the various mechanisms by which low-dose aspirin is able to reduce the incidence
of preeclampsia.
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Low-dose aspirin is currently being used to prevent preeclampsia in women at risk, but
given its effectiveness, consideration should be given to the use of aspirin in treating women
with preeclampsia. Aspirin was contraindicated for use in pregnancy due to concern that it
might reduce amniotic fluid volume or cause closure of the ductus arteriosus. However,
this concern may be unwarranted because only 30% of an aspirin dose crosses from the
maternal to the fetal side of the placenta [43], and more importantly, the Collaborative
Perinatal Project in the 1970s involving over 40,000 pregnant women and their offspring,
over 24,000 of whom took aspirin during their pregnancy, 1500 of whom were heavily
exposed, found no harmful effects of aspirin use on the neonates [123].

5. Mysterious Beneficial Effects of Low-Dose Aspirin—Is Cyclooxygenase Involved?

The known mechanism of aspirin is to inhibit cyclooxygenase enzymes, the consti-
tutive COX-1 and the inducible COX-2. However, reports are appearing that aspirin also
affects non-cyclooxygenase products. For example, placental soluble fms-like tyrosine
kinase 1 (sFlt-1) is elevated in the circulation of women with preeclampsia and implicated
in preeclampsia pathology [124,125]. sFlit-1 is not a cyclooxygenase product, but low-dose
aspirin reduces hypoxia-induced sFlt-1 release by cytotrophoblast cells in vitro [126,127].
Hypoxia causes oxidative stress and the induction of COX-2, so inhibition of sFlt-1 may be
related to aspirin’s ability to decrease ROS generated by COX-2 (Figure 7).

Aspirin has favorable effects through alterations in phosphoproteins, transcription fac-
tors, and microRNAs implicated in placental apoptosis and trophoblast migration [128-131].
Aspirin facilitates trophoblast invasion by regulating a family of microRNAs that inhibit
trophoblast invasion [131]. Thus, aspirin may augment extracellular trophoblast remodeling
of the spiral arteries, which is deficient in preeclampsia. COX-2 is elevated in the process of
apoptosis [129], so aspirin may decrease placental apoptosis by inhibiting COX-2.

Another puzzling effect of low-dose aspirin is on the regulation of placenta-derived
exosomes. Exosomes are lipid bilayer nano-vesicles released by many cells and are present
in blood [132]. Their lipid makeup reflects their tissue of origin. Placental exosomes can be
specifically identified because they contain microRNAs of the chromosome 19 miRNA cluster
that are highly and exclusively expressed by the placenta throughout pregnancy [133-136].
The placenta releases exosomes throughout pregnancy into maternal blood and placental
exosomes are higher in women with preeclampsia and may contribute to endothelial dysfunc-
tion [137]. Aspirin has been shown to inhibit exosome formation and shedding by platelets,
erythrocytes, monocytes, and vascular smooth muscle cells, and it has been suggested that
low-dose aspirin may have a similar beneficial effect on placental exosome shedding and
content during pregnancy [137].

Most of the studies demonstrating beneficial effects of low-dose aspirin on non-
cyclooxygenase products were conducted in vitro or with animal models of preeclampsia.
It remains to be shown that these effects occur in pregnant women in vivo. However,
these studies expose how much there is to learn about how low-dose aspirin achieves its
protective effect. Does aspirin affect non-cyclooxygenase pathways, or are cyclooxygenase
metabolites involved in regulating these other pathways? Future studies are needed to
address these issues.

6. Conclusions

In summary, low-dose aspirin therapy for the prevention of preeclampsia began with
the discovery of an imbalance of thromboxane and prostacyclin production by placentas
of women with preeclampsia. Although the benefits of low-dose aspirin are generally
attributed to inhibition of maternal platelet thromboxane, they must extend to the pla-
centa. Maternal low-dose aspirin appears to attenuate placental oxidative stress and
correct the thromboxane/prostacyclin imbalance. Abnormalities in eicosanoids and sphin-
golipids not affected by low-dose aspirin may explain why some aspirin-treated women
develop preeclampsia.
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Meta-analysis studies provide new considerations for low-dose aspirin therapy be-
yond those currently recommended by the American College of Obstetrics and Gynecology.
These include the following: (1) a higher dose of aspirin of 150 mg/day (or 2 baby as-
pirin/day) is more effective, (2) aspirin should be started before 16 weeks of gestation,
(3) obese women might need a higher dose, (4) low-dose aspirin is most effective in prevent-
ing preterm preeclampsia, and (5) compliance is very important and should be emphasized
to the patient.

Neutrophils and the pregnancy-specific expression of PAR-1 also play significant
roles in preeclampsia. Proteases are elevated in women with preeclampsia and protease
activation of PAR-1 on neutrophils and placental trophoblasts can explain major clinical
manifestations of preeclampsia. Additional mechanisms of action of aspirin to prevent
preeclampsia should be explored, and consideration should be given to using a standard
dose of aspirin and possible supplementation with L-arginine for treatment of women
with preeclampsia.
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Abstract: Utero-placental development in pregnancy depends on direct maternal—fetal interaction
in the uterine wall decidua. Abnormal uterine vascular remodeling preceding placental oxida-
tive stress and placental dysfunction are associated with preeclampsia and fetal growth restriction
(FGR). Oxidative stress is counteracted by antioxidants and oxidative repair mechanisms regulated
by the transcription factor nuclear factor erythroid 2-related factor 2 (NRF2). We aimed to deter-
mine the decidual regulation of the oxidative-stress response by NRF2 and its negative regulator
Kelch-like ECH-associated protein 1 (KEAP1) in normal pregnancies and preeclamptic pregnancies
with and without FGR. Decidual tissue from 145 pregnancies at delivery was assessed for oxida-
tive stress, non-enzymatic antioxidant capacity, cellular NRF2- and KEAP1-protein expression, and
NRF2-regulated transcriptional activation. Preeclampsia combined with FGR was associated with
an increased oxidative-stress level and NRF2-regulated gene expression in the decidua, while de-
cidual NRF2- and KEAP1-protein expression was unaffected. Although preeclampsia with normal
fetal growth also showed increased decidual oxidative stress, NRF2-regulated gene expression was
reduced, and KEAP1-protein expression was increased in areas of high trophoblast density. The
trophoblast-dependent KEAP1-protein expression in preeclampsia with normal fetal growth indicates
control of decidual oxidative stress by maternal-fetal interaction and underscores the importance of
discriminating between preeclampsia with and without FGR.
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1. Introduction

Preeclampsia is an inflammatory multisystem syndrome affecting 2-5% of pregnancies,
and it is often further complicated by fetal growth restriction (FGR) [1-3]. Both disorders
originate from placental dysfunction due to inadequate blood supply via decidual spi-
ral arteries to the placenta. The decidua basalis develops from the endometrium at the
blastocyst implantation site and is composed of spiral arteries, decidualized endometrial
cells, maternal immune cells, fetal extravillous trophoblasts, fibrinoid layers and endome-
trial glands [4]. Close interactions between fetal extravillous trophoblasts and maternal
cells are crucial for optimal remodeling of the decidual spiral arteries during pregnancy.
Impaired spiral-artery remodeling causes malperfusion of the placenta and leads to pla-
cental oxidative-, endoplasmic reticulum (ER)- and inflammatory-stress culminating in
established placental dysfunction. The dysfunctional placenta releases stress signals and
anti-angiogenic factors to the maternal circulation, leading to endothelial dysfunction and,
eventually, to the clinical signs of preeclampsia [1,2].

Reactive oxygen species (ROS) are constantly generated within cells as metabolic by-
products, and low-to-moderate levels of ROS are physiological [5,6]. When the production
of ROS overwhelms the tissue antioxidant defenses, oxidative stress occurs and causes
cellular damage. ROS may provoke damage to multiple cellular organelles and ultimately
be detrimental [7]. Nuclear factor erythroid 2-related factor 2 (NRF2) is the master regulator
of cellular oxidative-stress responses and initiates the transcription of antioxidants and
protective genes for oxidative repair and detoxification [8-10]. During oxidative stress,
NRF2 is phosphorylated and translocates to the nucleus [11], binds the antioxidant response
element (ARE), and initiates the transcription of antioxidants and protective genes [9]. The
NRE2-binding protein Kelch-like ECH-associated protein 1 (KEAP1) is a negative regulator
of NRF2 that ensures homeostasis by turning off the NRF2 transcriptional activity when
not required, through a continuous degradation of the NRF2 protein [9]. KEAP1 inhibits
NREF2 both by binding cytosolic NRF2 and preventing its translocation to the nucleus,
and by removing nuclear NRF2 from the ARE [12-14]. In the case of oxidative stress,
NRF2-activating electrophilic molecules may modify cysteine residues in KEAP1 and
impair its function [15] or other mechanisms may disrupt KEAP1-NRF2 protein—protein
interactions [16].

Although decidual oxidative stress plays an essential role in the establishment of
normal placental function [5,17], excessive oxidative stress in the placenta, decidua and
maternal circulation is central to the development of preeclampsia and FGR [5,18-20].
Placental NRF2 expression has been shown to be both upregulated [21,22] and down-
regulated [23] in preeclampsia. Decidual NRF2 is expressed by extravillous trophoblasts
and maternal cells such as decidual stroma cells, myometrial cells and leukocytes, and is
upregulated in preeclampsia [24,25]. The NRF2 expression and cellular distribution have
not been determined in the decidua for different preeclampsia subgroups.

We previously performed decidual transcriptional profiling where the “NRF2-mediated
oxidative stress response pathway” was shown to be dysregulated in preeclampsia [26]. A
more comprehensive assessment of the decidual oxidative-stress response at the protein
level is needed in order to improve our understanding of how it affects the maternal-
fetal interaction and pregnancy outcomes. We aimed to determine the role of NRF2- and
KEAP1-regulated oxidative-stress responses in decidual maternal and fetal cells in normal
pregnancies and preeclamptic pregnancies with and without FGR.
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2. Results
2.1. Characteristics of the Study Population

A total of 145 pregnant women were recruited to the study. As expected, preeclamptic
pregnancies, both with and without FGR, were associated with elevated blood pressure,
lower gestational age at delivery, reduced birth weight and placental weight, and increased
occurrence in first pregnancies (Table 1). Preeclamptic pregnancies complicated by FGR
had lower birth weight and placental weight, placental weight ratio, and gestational age at
delivery compared to preeclamptic pregnancies without FGR.

Table 1. Clinical characteristics of included pregnancies.

Normal Pregnancies (n = 70) PE without FGR (n = 28) PE with FGR (n = 47)

Baseline characteristics

Maternal age, years 31.8 (£5.1) 30.5 (£4.9) 30.9 (£5.5)
BMI, kg/m? * 25.2 (+4.2) 26.5 (+6.6) 27.2 (£5.5) F
Primipara, n (%) 12 (17) 17 (61) 26 (55) 1
Characteristics at delivery
Systolic BP, mmHg § 121.1 (£12.8) 165.1 (£21.2) 161.6 (£19.8)
Diastolic BP, mmHg § 73.4 (£8.6) 102.0 (+12.4) 99.6 (+£8.9) ¥
Gestational age, weeks 38.5 (0.9) 33.1(+£3.9) % 30.1 (£3) ¥
Severe PE ', n (%) na. 23 (82) 34 (72)
Early onset PE (<34 weeks), n (%) na. 15 (54) 40 (85) *
Placental weight, g 620 (193) 450 (238) ¥ 275 (140) ¥
Fetal birth weight, g 3621 (+474) 2208 (+955) ¥ 1182 (4456) *
Placental weight ratio ** 1.04 (0.35) 0.90 (0.35) 0.60 (0.27) ¥

BMI, body mass index; BP, blood pressure; FGR, fetal growth restriction, n.a., not applicable; PE, preeclampsia.
Continuous variables, listed as means (+standard deviations) or medians (interquartile ranges), were assessed
for differences between groups by one-way ANOVA with Tukey’s post hoc test or Kruskal-Wallis with Dunn’s
post hoc test. Categorical variables, listed as numbers (percentages in parentheses), were assessed for differences
between groups by Fisher’s exact test. * Maternal BMI at first antenatal care visit (first trimester). Information
is missing for three women (2%). t Significantly different when comparing PE without FGR and PE with FGR
to normal pregnancies, p < 0.05. f Significantly different when comparing PE without FGR and PE with FGR
to normal pregnancies, p < 0.001. § BP from last antenatal care visit or before the cesarean section. Information
is missing for four women (3%). # Significantly different when comparing PE with FGR to PE without FGR,
p <0.001. I PE was classified as severe if one or more severe clinical features were present [27,28]. ** Calculated
as observed/expected placental weight according to gestational age and sex in a Norwegian normogram [29].
Information is missing from one woman (0.6%).

2.2. Non-Enzymatic Antioxidant Capacity and Oxidative-Stress Levels in the Decidua
2.2.1. Non-Enzymatic Antioxidant Capacity in the Decidua

Frozen decidual samples were available from 126 of the 145 pregnancies. Ten of
these were excluded due to insufficient amounts or poor tissue quality, and one was
excluded as an outlier. No differences in decidual non-enzymatic antioxidant capacity
between preeclampsia with or without FGR when compared to normal pregnancies were
observed (Figure 1A).

2.2.2. Decidual Oxidative-Stress Levels

Of 126 available frozen decidual samples, 15 were excluded due to insufficient amount
or poor tissue quality and one as an outlier. Significantly higher oxidative-stress levels were
detected in preeclampsia both with and without FGR compared to normal pregnancies
(p < 0.001) (Figure 1B).

2.3. NRF2-Regulated Transcriptional Activation

Eighty-six of the 145 included pregnancies had been analyzed in a previous decidual
microarray transcriptional data set [26] and were reanalyzed for the current study. The
transcriptional data were available for 51 normal pregnancies, 11 preeclamptic pregnan-
cies without FGR, and 24 preeclamptic pregnancies with FGR. The comparison between
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preeclampsia with and without FGR showed that preeclampsia without FGR was associ-
ated with a reduced overall expression of NRF2-regulated transcripts (p = 0.048) and the
transcripts for “antioxidant proteins” (p = 0.02) and the “chaperone and stress response
proteins” (p < 0.05) (Table 2). In contrast, the comparison between preeclampsia with
FGR and normal pregnancies showed that higher expression of transcripts for “chaper-
one and stress response proteins” was associated with preeclampsia with FGR (p < 0.001)
(Table 2). The decidual expression of the main “antioxidant protein” heme oxygenase 1
(HO-1) (Supplementary Table S1) was significantly reduced in preeclampsia without FGR
compared to preeclampsia with FGR (Table 2). The expression of the HO-1 protein was as-
sessed by reanalyzing the data from a previous study [30]. HO-1 was expressed in most cell
types in the decidua (Supplementary Figure S1), and the expression level was significantly
higher in preeclampsia overall compared to normal pregnancies (p = 0.01) (Figure S2A). A
comparison of the overall decidual HO-1 protein expression between preeclampsia with
and without FGR showed no differences, but included only three cases of preeclampsia
without FGR (Supplementary Figure S2B).
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Figure 1. Non-enzymatic antioxidant capacity and oxidative-stress levels in decidua. Decidual
non-enzymatic antioxidant capacity expressed as uM Trolox equivalent levels per 100 mg decidual
tissue (A). Decidual oxidative-stress levels assessed by malondialdehyde (MDA) concentrations per
100 mg decidual tissue (B). Comparisons between normal pregnancies (preg) and preeclampsia (PE)
with or without fetal growth restriction (FGR) (A,B). Boxes with medians extend from the 25th to
75th percentiles. ** p < 0.001.
Table 2. Gene-set enrichment analysis of NRF2-regulated functional gene sets.
Comparison between Diagnostic Groups Gene-Set Description  No. of Transcr. ES NES p-Value
PE — FGR Normal preg Antioxidant proteins 18 —0.47 -1.39 0.08
PE — FGR Normal preg Phase Land II 48 —0.25 ~0.85 0.70
metabolizing enzymes
PE — FGR Normal preg Chaperone and stress 43 —0.23 —0.82 0.76
response proteins
PE — FGR Normal preg Phase Il detoxifying 4 0.31 0.59 0.90
proteins
PE — FGR Normal preg Ub1qu1t1nat10n/proteasomal 5 0.37 0.74 0.77
degradation
PE — FGR Normal preg All five gene sets 118 —0.24 —1.01 0.44
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Table 2. Cont.

Comparison between

Diagnostic Groups Gene-Set Description  No. of Transcr. ES NES p-Value
PE + FGR Normal preg Antioxidant proteins 18 0.46 1.38 0.10
PE + FGR Normal preg e tait?f;iggigmes 48 ~0.33 ~1.23 0.24
PE + FGR Normal preg CT:E;;O:;: ;?i:it;‘;ss 43 0.45 1.73 <0.001
PE + FGR Normal preg Phase gjo‘ieeitr‘::lfymg 4 0.55 1.07 0.45
PE + FGR Normal preg Ublq‘zzgf::ioar;/g(’tea”mal 5 0.71 143 0.07
PE + FGR Normal preg All five gene sets 118 0.32 1.32 0.08
PE — FGR PE + FGR Antioxidant proteins 18 —0.60 —1.66 0.02
PE — FGR PE + FGR e tail;?is; r11 ;“;igmes 48 0.31 0.99 0.55
PE — FGR PE + FGR C?gf;ég‘;: ;i‘i;tfs 43 —0.44 ~1.59 <0.05
PE — FGR PE + FGR Phase go‘i:its:‘fymg 4 ~0.60 ~1.06 0.45
PE — FGR PE + FGR Ublq‘g:gf;o;i/of"teasomal 5 —0.71 ~1.43 0.07
PE — FGR PE + FGR All five gene sets 118 —0.36 —1.41 <0.05

ES, enrichment score [31]; FGR, fetal growth restriction; NES, normalized enrichment score [31]; PE, preeclampsia;
preg, pregnancy.

2.4. Cellular Quantitative Decidual NRF2 and KEAP1 Expression

The NRF2- and KEAP1-protein expression in the decidua was assessed in 88 and
82 pregnancies, respectively. In the decidua, extravillous trophoblasts were observed both
clustered together surrounded by fibrinoid tissue and as single cells in close proximity to
maternal decidual stroma cells, leukocytes, and macrophages (Figure 2). The interstitial
clusters of extravillous trophoblasts contained defined multinucleated trophoblast giant
cells (Figure 3).

The decidual expression of NRF2 and KEAP1 was detected in both fetal cells and in
maternal tissue lacking trophoblasts (Figure 2). NRF2 and KEAP1 were strongly expressed
by fetal extravillous trophoblasts, multinucleated trophoblast giant cells, maternal decidual
stroma cells and leukocytes, while muscle cells/myometrial cells showed a weaker expres-
sion (Figure 2). The decidual NRF2 and KEAP1 expression was localized to the nucleus and
cytoplasm and comparably distributed in normal and preeclamptic pregnancies (Figure 3).
The nuclear localization of NRF2 was confirmed by the staining of the phosphorylated form
of NRF2 (Supplementary Figure S3). The amount and density of decidual trophoblasts did
not differ between normal and preeclamptic pregnancies (data not shown).

The decidual NRF2 and KEAP1 expression was quantified in decidual trophoblasts
and in maternal tissue without trophoblasts (Figure 4 and Supplementary Table S2), using
a novel automated protein-quantification method (Figure 5). The trophoblast-dependent
NRF2 expression tended to be higher in preeclamptic pregnancies without FGR than
in normal pregnancies and preeclamptic pregnancies with FGR (p = 0.10 and p = 0.09,
respectively) (Figure 4A and Supplementary Table S2). No difference in NRF2-protein
expression was detected in maternal tissue without the presence of trophoblasts (Figure 4A).
The decidual KEAP1-expression pattern differed from the pattern for NRF2 by being more
strongly located to extravillous trophoblast-rich areas, and decidual KEAP1 in trophoblast-
rich areas showed increased expression in preeclampsia without FGR compared to both
normal pregnancies and preeclampsia with FGR (p = 0.049 and p = 0.02, respectively)
(Figure 4B). The KEAP1-protein expression in maternal tissue (Figure 4B) and the overall
KEAP1 expression (protein and mRNA) in decidual tissue did not differ between groups
(data not shown).
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Figure 2. Decidual tissue from a preeclamptic pregnancy without fetal growth restriction stained
as indicated with hematoxylin and eosin (HES) and markers for trophoblasts (cytokeratin 7 (CK?7)),
leukocytes (CD45), macrophages (CD68), nuclear factor erythroid 2-related factor 2 (NRF2), Kelch-
like ECH-associated protein 1 (KEAP1), or negative isotype controls (20 x magnification). CK7 was
counterstained with smooth muscle actin (SMA). Black arrows indicate trophoblasts, transparent
arrows indicate maternal decidual stroma cells, and black triangles indicate maternal leukocytes.

Scale bar: 200 uM.
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Figure 3. Decidual expression of trophoblasts (cytokeratin 7 (CK7)), nuclear factor erythroid
2-related factor 2 (NRF2), and Kelch-like ECH-associated protein 1 (KEAP1) in normal pregnancy,
preeclampsia (PE) without fetal growth restriction (FGR), and PE with FGR (40 x magnification). CK7
was counterstained with smooth muscle actin (SMA). The transparent arrows indicate examples of
trophoblast giant cells. Scale bar: 100 uM.
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Figure 4. Decidual protein expression levels of nuclear factor erythroid 2-related factor 2 (NRF2) and
Kelch-like ECH-associated protein 1 (KEAP1) in maternal cells and fetal trophoblasts, and maternal
tissue without trophoblasts (0% trophoblast density). The expression of NRF2 (A) and KEAP1 (B)
related to trophoblast density was compared between normal pregnancies (preg) and preeclampsia
(PE) with or without fetal growth restriction (FGR). Expression levels are shown as estimated means
with standard errors of means. * p < 0.05.
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Figure 5. Automated identification of trophoblasts and maternal tissue in decidua for cellular
quantification of nuclear factor erythroid 2-related factor 2 (NRF2)- and Kelch-like ECH-associated
protein 1 (KEAP1)-protein expression using a custom MATLAB script. Tissue scans of slides stained
with the trophoblast marker CK7 were used to determine included (red) and excluded (blue) tissue
areas (A). Positive CK7 staining identified trophoblast-rich areas (green patches), and lack of CK7
identified maternal-tissue areas (blue patches) (B). A mask of patches was created for each decidua
based on CK7-positive staining and used to relate NRF2- and KEAP1-expression levels to trophoblasts
and maternal tissue in the spatially aligned NRF2 or KEAP1 tissue scans (C).

3. Discussion

This study shows the protein expression of the oxidative-stress regulator NRF2 and its
inhibitor KEAP1 by both extravillous trophoblasts and maternal cells in the decidua. By
using a novel automated image-based quantification of protein expression, we identified a
distinct decidual NRF2-regulated oxidative-stress response in preeclampsia with normal
fetal growth. This response was characterized by increased trophoblast-dependent KEAP1
expression and corresponding inhibition of the expression of NRF2-regulated antioxidant-
response genes, and with a further corresponding increase in the decidual oxidative-stress
levels. Preeclamptic pregnancies with FGR showed increased NRF2-regulated stress-
response genes and oxidative stress, but a maternal or fetal effect on decidual NRF2- or
KEAP1-protein expression was not identified in those pregnancies.

Our findings are in accordance with other studies that have shown decidual NRF2
expression in extravillous trophoblasts and maternal cells such as decidual stroma cells,
myometrial cells, and leukocytes [24,25]. However, while Kweider et al. described exclusive
cytoplasmic expression of NRF2 in extravillous trophoblasts [24], our findings show a clear
nuclear expression of NRF2 in several cell types, paralleled by transcriptional functionality.
This discrepancy may be due to the use of different antibodies. In smaller study populations,
the decidual expression of NRF2 has been shown to be upregulated in trophoblasts in
early-onset preeclampsia with FGR [24] and downregulated in isolated FGR [25]. To our
knowledge, decidual KEAP1-protein expression has not previously been reported, and
the presented cytoplasmic and nuclear expression of KEAP1 is supported by its role in
sequestering cytoplasmic NRF2 through an active Crm1/exportin-dependent nuclear-
transport mechanism [32]. We identified FGR-associated regulation of the oxidative-stress
response in preeclampsia, as evidenced by increased decidual trophoblast-dependent
KEAP1-protein expression in preeclampsia without FGR. Similar upregulation of Keap1
mRNA could not be detected by microarray, probably since it was performed on decidual
tissue consisting of both maternal and fetal cells.

A microarray meta-analysis of the placenta has shown transcriptional downregulation
of Nrf2 and Keap1 in preeclampsia [33]. Both reduced [23] and increased [21,22] placental
nuclear NRF2-protein expression have been reported in preeclampsia. Likewise, studies
assessing NRF2-regulated enzyme activity and the protein expression of NRF2 targets have
reported both increases and reductions associated with preeclampsia [25,34-37]. Our novel
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identification of a diverging regulation of NRF2-regulated oxidative-stress responses in
preeclampsia subgroups provides a probable explanation for the lack of consistency in
existing data that have not distinguished between preeclampsia subgroups. The NRF2-
regulated genes were assessed as overall response pathways in this study. Further gene or
protein expression analysis of specific NRF2 target genes would strengthen the findings.
Newer technologies such as single-cell RNA sequencing may provide a better approach to
understanding this heterogenous tissue consisting of both maternal and fetal cells [38,39].

The increased NRF2-mediated gene activation in preeclampsia with FGR presented
here was not supported by the decidual transcriptomics profiling by Tong et al., but they
included other subgroups of preeclampsia (i.e., early onset and late onset) and had only
three individuals per group [38,40]. The distinct NRF2-mediated regulation correlates,
however, with our previous findings of increased decidual ER-stress responses associated
with preeclampsia with FGR [41]. Oxidative and ER stress are closely linked and activate
NRF2 [42]. ER stress results in the accumulation of misfolded proteins. The increased
NREF2-regulated “chaperone and stress response proteins” genes in preeclampsia with
FGR may indicate that the accumulation of unfolded proteins in the decidua is a central
challenge in this preeclampsia subgroup. The downstream effect of placental ER stress
and responses is implicated in FGR, as it may lead to perturbations of post-translational
modifications and reduced translation of proteins, resulting in a small and insufficient
placenta [42].

The decidual expression of KEAP1 was selectively increased in preeclampsia without
FGR, potentially resulting in a reduced NRF2/KEAP1 ratio, supporting a net inhibition of
NREF?2 activation as an explanation for the corresponding reduction in the NRF2-regulated
gene expression. This KEAP1 inhibition by fetal cells was associated with improved fetal
outcomes, suggesting that decidual KEAP1 represents a fetal protective mechanism in
preeclampsia; this is a novel observation in humans. Our findings are partly supported in a
study of mice with pregnancy-associated hypertension where KEAP1 knockdown resulted
in reduced fetal weight, and reduced placental angiogenesis stimulated by increased ROS
production was suggested as a causative mechanism [43]. In further agreement, NRF2
knockdown has been shown to improve maternal and fetal outcomes in similar murine
studies [44,45]. Accepting somewhat higher levels of oxidative stress to improve the
placental vascularization in pregnancies with vascular dysfunction, such as in preeclampsia,
may be a beneficial fetal compromise. Stronger KEAP1 inhibition may allow for a moderate
increase in ROS, stimulating beneficial and immune-suppressive T-cell activity in the
decidual microenvironment [6,46].

Chronic NRF2 activation may affect the renin—angiotensin system [47-49]. A pro-
longed activation of NRF2 has been related to hypertension, kidney injury, and cardiac
maladaptation, and these adverse effects were reverted by NRF2 inhibition in murine dia-
betes [48] and cardiac-pressure-overload models [47]. Prolonged NRF2 activation results
in an increased angiotensin II/angiotensin 1-7 ratio, facilitating development of hyperten-
sion [48]. The same perturbation of this ratio is observed in maternal plasma and urine
in preeclampsia [50], and may be linked to chronic NRF2 activation from oxidative stress.
Increased decidual expression of angiotensin II has been reported in preeclampsia [51]. The
decidual angiotensin II could act on adjacent fetal chorionic villi, where angiotensin II recep-
tor type 1 expression is increased in preeclampsia, and thereby induce vasoconstriction that
impairs fetal blood supply [51-53]. Our study supports the implications of these previous
studies, that chronic stress-induced decidual NRF2 activation might be a detrimental step
in the development of preeclampsia potentially resulting in FGR through its effect on the
renin—-angiotensin system. Increased KEAP1 expression in preeclampsia without FGR, as
observed here, potentially counteracts these adverse effects of NRF2 activation.

This study substantiates a divergent regulation of the decidual NRF2-mediated oxidative-
stress response in preeclampsia with and without FGR, and suggests that the inhibitor KEAP1
is an important regulator. The complex role of NRF2-regulated oxidative stress in pregnancy
warrants a more detailed characterization of the NRF2 system locally at the maternal—fetal in-
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terface throughout gestation, in relation to maternal-fetal outcomes. The unbiased automated
cellular quantification method developed for our study allows for such follow-up studies.
The trophoblast-dependent downregulation of NRF2-mediated oxidative-stress responses
identifies a role for decidual maternal—fetal interaction in the regulation of oxidative-stress
responses in pregnancy.

4. Materials and Methods
4.1. Study Participants and Decidual Biopsies

The Preeclampsia Study includes healthy and preeclamptic singleton pregnancies
delivered by caesarean section (CS) in the absence of labor at St. Olavs and Haukeland Uni-
versity Hospitals between 2002 and 2012. Pregnant women diagnosed with preeclampsia
with or without FGR were included as cases. Healthy normotensive pregnant women with
no previous history of preeclampsia or FGR were included as normal pregnant controls. For
the current study, women with immunosuppressive medications, pre-existing hypertension,
or gestational diabetes mellitus were excluded. Preeclampsia was defined as persistent
hypertension exceeding 140/90 mmHg plus proteinuria >0.3 g/24 h or >+1 by dipstick
after 20 weeks of gestation. FGR was diagnosed by serial ultrasound measurements show-
ing reduced intrauterine growth, or by birth weights < the 5th percentile of Norwegian
reference curves [54] combined with clinically and sonographically suspected FGR and/or
postpartum defined placental pathology.

Decidua basalis tissue was collected by vacuum suction of the placental bed during
caesarean section [18,55]. None of the women showed signs of labor prior to the caesarean
section. The samples were placed in RNAlater or in 10% neutral-buffered formalin and
paraffin embedded or snap frozen in liquid nitrogen within 30 min of collection.

The Norwegian Regional Committee for Medical and Health Research Ethics ap-
proved the study (REC no. 2012/1040), and written informed consent was obtained from
each participant.

4.2. Non-Enzymatic Antioxidant-Capacity Assay

The non-enzymatic antioxidant capacity was measured as the 3-ethylbenzothiazoline-
6-sulphonic acid (ABTS)-radical-scavenging activity [56]. In brief, ABTS radicals were
generated by mixing 2 mL each of ABTS (7.4 mM, #MAK187, Sigma-Aldrich, St. Louis,
MO, USA, Total Antioxidant Assay KIT) and potassium peroxodisulfate (2.6 mM, #60489,
Sigma-Aldrich, St. Louis, MO, USA). Decidual tissue lysates were prepared at 4 °C by ho-
mogenizing tissue samples in assay buffer from the Total Antioxidant Assay KIT (#MAK187,
Sigma-Aldrich, St. Louis, MO, USA) (50 mg/250 uL) with a probe sonicator (10 s with
4 cycles/s) and centrifuged (12,000 x g for 15 min) before collecting the supernatant. Reac-
tions were carried out by incubating 190 puL of ABTS-radical solution and 10 uL of decidual
lysate for 30 min. The green color of the ABTS radicals scavenged by decidual-lysate
antioxidants was measured spectrophotometrically at 731 nm. The vitamin E equivalent
Trolox (Sigma-Aldrich, St. Louis, MO, USA, Total Antioxidant Assay KIT) was used as a
standard and quantified as uM Trolox/100 mg of decidua, representing the non-enzymatic
antioxidant capacity.

4.3. Measuring Oxidative-Stress Levels by a Malondialdehyde (MDA) Assay

The total decidual MDA content analyzed with the Lipid Peroxidation (MDA) Assay
Kit #MAKO085, Sigma-Aldrich, St. Louis, MO, USA) was used as a measurement of the
decidual oxidative-stress levels [57]. In brief, a mixture of 100 uL of decidual extracts
(10 pg of tissue/300 pL of extracting buffer) and 300 pL of thiobarbituric acid (TBA,
#MAKO85, Sigma-Aldrich Assay Kit, St. Louis, MO, USA) solution was incubated at
95 °C for 60 min. Of the reaction mixture, 150 uL was analyzed spectrophotometrically
in duplicate at 532 nm. The decidual MDA level was estimated using the MDA standard
provided with the kit.
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4.4. NRF2-Regulated Transcriptional Activation

Decidual microarray transcriptional data from the pregnancies included in this study
were published previously [26], and were preprocessed in Sequential Oligogenic Linkage
Analysis Routines (SOLAR) [26,58], in accordance with the Minimum Information About a
Microarray Experiment (MIAME) guidelines [59]. The data were submitted to ArrayExpress
(www.ebi.ac.uk/arrayexpress/ (accessed on 4 May 2014)) under accession no. E-TABM-682.
For the current study, downstream targets of NRF2 in “the NRF2-mediated oxidative-stress
response pathway” were divided into five functional gene sets identified by Ingenuity
Pathway Analysis (QIAGEN Inc., Germantown, MD, USA); 1, “antioxidant proteins”;
2, “phase I and II metabolizing enzymes”; 3, “chaperone and stress response proteins”;
4, “phase III detoxifying proteins”; and 5, “ubiquitination and proteasomal degradation”
(Supplementary Table S1). Gene-set enrichment analysis (100 permutations) was run on
the five gene sets in the Partek Genomics Suite 6.6 [31].

4.5. Immunohistochemistry

Parallel decidual tissue sections (3 pm) were pre-treated in PT link (#PT101, Dako,
Glostrup, Denmark) using target retrieval solution (#K8004, Dako, Glostrup, Denmark) at
97 °C for 20 min, and next treated with peroxidase blocking solution (#K4007 or #K5361,
Dako, Glostrup, Denmark). The tissue sections were incubated with primary antibodies
for KEAP1 (1:150, #10503-2-AP, Proteintech, Rosemount, IL, USA, room temperature for
40 min); NRF2 (1:200, #PA1828, Bosterbio, Pleasanton, CA, USA, overnight at 4 °C); pNREF2
(1:300, #ab76026, Abcam, Cambridge, UK, room temperature for 40 min); cytokeratin 7
(CK7) (1:300, #M7018, Dako, Glostrup, Denmark, room temperature for 45 min); CD45
(1:150, #M0701, Dako, Glostrup, Denmark, room temperature for 40 min); or CD68 (1:6000,
#M0718, Dako, Glostrup, Denmark, room temperature for 40 min). All the sections were
incubated for 30 min with HRP-labeled polymer (#K4007, Dako, Glostrup, Denmark)
and for 10 min with DAB+ as a chromogen (1:50, #K4007 or #K5361, Dako, Glostrup,
Denmark). The CK7 sections were double-stained with smooth muscle actin antibodies
(1:300, #M0851, Dako, Glostrup, Denmark) with the EnVision G |2 Doublestain System
Rabbit/Mouse (DAB+/Permanent Red) Kit system (#K5361, Dako, Glostrup, Denmark).
The staining was performed using an Autostainer Plus (#53800, Dako, Glostrup, Denmark)
for KEAP1 and CK7, and manually for NRF2. The sections were counterstained with
hematoxylin. Negative isotype controls for KEAP1 and NRF2 were included (1:67, Rabbit
IgG #NBP2-24891, Novus, St. Charles, MO, USA, and 1:240, CD3 #A0452, Dako, Glostrup,
Denmark). Additional routine staining with hematoxylin (75290, Chemi-Teknik, Oslo,
Norway), erythrosine 239 (720-0179, VWR, Radnor, PA, USA), and saffron (75100, Chemi-
Teknik, Oslo, Norway) (HES) was performed using a Sakura Tissue-Tek © Prisma Stainer™
(Sakura Finetek, Alphen aan den Rijn, the Netherlands). The reanalysis of HO-1 expression
from a previous study [30] is included in the Supplementary Materials.

4.6. Automated Quantification of Protein Expression

Parallel sections of decidual tissue stained for NRF2, KEAP1, and CK7 by immuno-
histochemistry were used for protein quantification. Tissue scans were obtained with the
EVOS™ FL Auto Imaging System (Thermo Fisher Scientific, Waltham, MA, USA) using
20x magnification and defined microscope settings. To ensure a representative analysis,
each tissue scan consisted of 9 to 100 bright-field TIFF images (2048 x 1536 pixels) per
sample section depending on the amount of available tissue. A custom Image]J script was
used for the background correction and stitching of images [60-62]. The large tissue scans
were further analyzed using custom MATLAB scripts (MathWorks, Natick, MA, USA,
version 2017a) developed for the identification and automatic quantification of staining
intensity [63-65], with the examiner blinded to the pregnancy outcome. Regions of the
decidua with muscle cells, villous placental tissue, blood vessels, endometrial glands, and
poor morphology were excluded by manually defining regions of disinterest (Figure 5A).
A mask of patches (50 x 50 pixels, 662 pm x 662 pm) defining trophoblasts and maternal
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tissue without trophoblasts was created for each decidua based on CK7-positive stain-
ing (Figure 5B). The created masks were used to relate NRF2- and KEAP1-expression
intensity to trophoblasts and maternal tissue in the spatially aligned NRF2 and KEAP1
tissue scans (Figure 5C). Trophoblasts were automatically counted, and the trophoblast
density was calculated as the total number of trophoblasts divided by the total area of
tissue (mm?). The average NRF2- and KEAP1-intensity values were grouped according to
trophoblast density; as maternal tissue (0% trophoblasts), low trophoblast density (>0-50%),
and high trophoblast density (>50%). The overall decidual KEAP1-expression intensity
was calculated as the average value of all the positive patches. The decidual protein-
expression-intensity values were measured as gray-level-intensity values ranging from
0 (the absence of color, black) to 255 (the presence of all colors, white) after conversion from
RGB to grayscale images. The staining intensity is, therefore, inversely proportional to the
protein-expression level.

4.7. Statistical Methods

The statistical analyses were performed using the SPSS v. 25, GraphPad Prism 7.03,
and Partek Genomic Suite 6.6 software. For the clinical data, one-way ANOVA or Kruskal-
Wallis tests with Tukey’s or Dunn’s test, respectively, were used for comparisons of con-
tinuous variables, while Fisher’s exact test was applied for categorical variables. For the
non-enzymatic antioxidant capacity and oxidative-stress levels, outliers were detected with
the Robust regression and Outlier removal (ROUT) method in GraphPad Prism 7.03, and
the Kruskal-Wallis with Dunn’s test was used for comparisons.

The mRNA level of Keapl from the decidual microarray data set was compared
between normal pregnancies and pregnancies with preeclampsia with or without FGR by
the Kruskal-Wallis test.

For the immunohistochemistry data, the amount and density of decidual trophoblasts
were compared between the study groups by one-way ANOVA with Tukey’s test for pair-
wise comparisons. To compare the NRF2- and KEAP1-protein expression in maternal tissue
(defined by 0% trophoblast density) and the overall decidual KEAP1-protein expression
between the study groups, a linear regression model with the recruitment location and
study group as additional covariates was used. To compare the NRF2 and KEAP1 expres-
sion in trophoblast-containing tissue (>0-50 or >50% trophoblasts), a linear mixed model
with the recruitment location and trophoblast density interval as fixed-effects variables
was used. Within-subject correlations were accounted for by including a subject-specific
random intercept. The significance level was set to 0.05.

Supplementary Materials: Supporting information can be found at https://www.mdpi.com/article/
10.3390/ijms23041966/s1.
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ABTS 3-ethylbenzothiazoline-6-sulphonic acid
ARE Antioxidant response element

CK7 Cytokeratin 7
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FGR Fetal growth restriction

KEAP1 Kelch-like ECH-associated protein 1
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NRF2 Nuclear factor erythroid 2-related factor 2
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Abstract: Recently, we reported a case of an infant with neonatal severe under-mineralizing skeletal
dysplasia caused by mutations within both alleles of the TRPV6 gene. One mutation results in
an in frame stop codon (Rsygstop) that leads to a truncated, nonfunctional TRPV6 channel, and
the second in a point mutation (GggR) that, surprisingly, does not affect the Ca>* permeability of
TRPV6. We mimicked the subunit composition of the unaffected heterozygous parent and child
by coexpressing the TRPV6 GggoR and Rspgstop mutants and combinations with wild type TRPVe6.
We show that both the GggoR and Rs1gstop mutant subunits are expressed and result in decreased
calcium uptake, which is the result of the reduced abundancy of functional TRPV6 channels within
the plasma membrane. We compared the proteomic profiles of a healthy placenta with that of the
diseased infant and detected, exclusively in the latter two proteases, HTRA1 and cathepsin G. Our
results implicate that the combination of the two mutant TRPV6 subunits, which are expressed in the
placenta of the diseased child, is responsible for the decreased calcium uptake, which could explain
the skeletal dysplasia. In addition, placental calcium deficiency also appears to be associated with an
increase in the expression of proteases.

Keywords: TRPV6; placenta; calcium transport; skeletal dysplasia; serine proteases; subunit assem-
bly; transient receptor potential

1. Introduction

TRPV6 is a Ca* selective ion channel which shows a very restricted expression pat-
tern. Human TRPV6 is expressed in a few glands, including acinar salivary and lacrimal
glands, in parts of the small intestine, and in the trophoblast layer of the placenta [1-3]. In
addition, TRPV6 is overexpressed in a number of malignancies, namely, prostate, mammary
ovarial and endometrial cancer [1,2,4-10]. In the human population, two TRPV6 alleles,
TRPV6a and TRPV6b, exist, leading to a coupled polymorphism with three distinct amino
acid exchanges detected in TRPV6a (R197V418T721) and TRPV6b (C197M418M7p1) [1,11,12].
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Whether this polymorphism has a functional consequence is not known. In recent pub-
lications, the effects of TRPV6 mutations altering the functionality of TRPV6 channels
in humans were published [13-17]. Dysfunction of TRPV6 channels leads to transient
neonatal hyperparathyroidism (HRPTTN) and is listed in the OMIM database (Online
Mendelian Inheritance in Man). We recently described the case of an infant who suffers
from neonatal severe under mineralizing skeletal dysplasia due to underlying severe tran-
sient hyperparathyroidism. Both the TRPV6 alleles of the infant showed mutations (13):
one mutation leads to an amino acid exchange of glycine 660 to arginine (GggR) at the
C-terminus of the TRPV6 protein, which is presumed to be localized intracellularly. The
second TRPV6 locus exhibits a mutation which leads to an in frame stop codon replacing
an arginine coding triplet by a stop codon, Rsjgstop (stop mutant). The TRPV6 protein
contains six hydrophobic transmembrane domains, and the pore region of the channel is
located between the fifth and the sixth domain [18]. The Rsjpstop mutation is placed in
the linker sequence between the fourth and the fifth transmembrane domain and results
in a truncated protein without a pore region and any detectable Ca** permeability. We
demonstrate that the mutations of the affected child lead to an inadequate channel assembly
and, as a consequence, to a reduced insertion of the maternal GggoR-mutant in combination
with the truncated paternal TRPV6-R5;pstop mutant into the plasma membrane.

In addition, we show by mass spectrometry that two serine proteases were only
detectable in the placenta of the affected child. In addition, a protease is upregulated in a
TRPV6 expressing human trophoblast cell line cultured under a low Ca?* condition.

2. Results
2.1. Functional Consequence of Mutations within TRPV6 Channel Subunits

An affected child who exhibits mutations within the TRPV6 gene was recently anal-
ysed using whole exome sequencing [13,14]. The child showed a pronounced dysplasia
of the skeleton and died after several months. One TRPV6 allele of the child contained a
mutation that leads to a Gg¢9R mutation in the very C-terminus of the coding sequence,
whereas the second allele contained an in frame stop codon, Rsjgstop, which leads to a
truncated protein without the pore region of the TRPV6 channel. We focused on the TRPV6
mutations and cloned a number of TRPV6 constructs in the dicistronic pCAGGS-IRES-GFP
or IRES-RFP vectors, allowing the expression of TRPV6 independently from the fluorescent
proteins. First, we analysed the GggR mutation present in the affected child. We intro-
duced this mutation in the TRPV6 cDNA and expressed the construct in HEK293 cells,
measured Ca?* uptake, and compared the result with wild type TRPV6 expressing cells
(Figure 1A,B). Surprisingly, the Ca?* uptake is not significantly different compared to wild
type TRPV6 expressing cells (Figure 1B). The peak value of the two constructs was not
altered. TRPV6 channels consist of four identical subunits and, in the human placenta, both
TRPV6 loci are expressed [1,19-21]. Therefore, we mimicked the TRPV6 expression of the
nonaffected parents and the affected child by coexpressing wild type TRPV6 and the GggoR
mutant (maternal genotype), as well as wild type TRPV6 and the Rs5;pstop mutant (paternal
genotype) and GgeoR and Rsygstop mutant which reflects the affected child (Figure 1D and
Supplementary Figure S1). It can be seen that the combination of the expressed mutant
TRPV6 variants strongly reduces the Ca* uptake of expressing cells. The peak value of the
combination present in the affected child is 48% of the maternal and 51% of the paternal
combination (Figure 1E). The experiment also shows that the reduced Ca?* uptake is not an
effect of the amount of functional TRPV6 channels, otherwise, one would expect to also see
a reduced Ca?* signal using the paternal combination (TRPV6 WT and Rsjgstop mutant)
which is not the case. To test that in the coexpressing experiments, both variants were
synthesized and we expressed the combinations of constructs cloned in IRES-GFP vectors
and in IRES-RFP vectors. Next, we asked if the amount of TRPV6 mutant proteins might
be reduced in TRPV6 expressing cells as consequence of an unfolded protein response.
Therefore, we expressed all constructs alone or as combinations that reflect the parents and
the affected child. It can be seen on Western blots using two different TRPV6 specific anti-
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bodies that all constructs are present (Figure 1F). Thus, according to this experiment, there
is no evidence that unfolded protein response/degradation occurs in the overexpressing
cells. We also transfected the TRPV6 Rsjgstop mutant alone and did not detect a higher
Ca? uptake, as seen in cells expressing the empty vector, which shows that the mutation
completely abolishes the Ca?* uptake of the mutated TRPV6 protein in expressing cells. It
should be mentioned that the construct of the stop mutant contained the full length TRPV6
c¢DNA in which the stop triplet was inserted. This experiment confirms the Western blot
experiment and shows that in HEK293 cells the in frame Rsjgstop codon present in the
c¢DNA of TRPV6 is not translated and leads to a truncated protein, as expected (~53 kDA).
The experiment was performed to exclude that a read-through phenomenon occurs, as
described by Li and Zhang [22].
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Figure 1. TRPV6 activity is reduced in HEK293 cells expressing mutant TRPV6 subunits present in the affected child.
(A) TRPV6 constructs used for CaZ* imaging and Western blots, TRPV6 WT (blue), TRPV6-Gg4oR (red) and TRPV6 Rsqgstop
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(green). Transmembrane domains (black bars), GggoR mutation (*) and binding sites for TRPV6 specific antibodies 1271
and 429 are indicated. (B,C) CaZ* imaging of TRPV6 WT (blue, n/N = 132/3) and TRPV6-GggR (red, n/N = 126/3) in
HEK293 cells and statistical analysis of the peak values. Circles indicate TRPV6 subunits. (D,E) Coexpression of TRPV6
WT-I-GFP and TRPV6-Gg4oR-1-RFP, which reflects the maternal TRPV6-genotype (1, blue/red, n/N = 117/3), coexpression
of TRPV6 WT-I-RFP and TRPV6-Rs;pstop mutant I-GFP, which reflects paternal genotype (2, blue/green, n/N = 72/3),
coexpression of TRPV6-GggoR-I-RFP and TRPV6-R51gstop mutant I-GFP, which reflects the child (3, red/green, n/N = 87/3),
vector control (4, white, n/N = 82/2) and statistical analysis of peak values. n/N = cells/experiments. Asterisks assign
significance differences (*** p < 0.001, ns = not significant). (F) Western blots of cells expressing TRPV6 constructs in HEK293
cells: lanel TRPV6-R51gstop mutant (green semicircle), lane2 TRPV6-GggpR mutant (red circle), lane 3 TRPV6 WT (blue
circle), lane 4 coexpression of TRPV6-Rs;pstop and GggpR mutants, lane 5 coexpression of TRPV6 WT and GggoR mutant,
lane 6 coexpression TRPV6 WT and TRPV6-Rspstop mutant. All TRPV6 variants were expressed as I-GFP constructs.

Western blot was probed with antibody 429 (left) and antibody 1271 (right). GFP control below.

2.1.1. The GggoR Mutation Can Be Rescued by Alanine

Next, we asked if the GggoR mutant in combination with the Rsjpstop mutant leads to
a decreased Ca?* uptake as the result of the positively charged amino acid arginine. If so,
is it possible to obtain a rescuing effect by introducing an alanine residue instead (GggpA
mutation)? We coexpressed the GggoA mutant with the Rsjgstop mutant and measured Ca%*
signals comparable to the combination of wild type/Rsjpstop mutant, as present in the
father (Figure 2A). This result shows that the GggpA mutation rescues the Ca%* uptake. In
addition, we replaced the Gggp residue with another positive charged amino acid, resulting
in a GggoK mutation (lysine, Figure 2B). This mutation had a similar effect to the GggoR
mutation, if coexpressed with the truncated Rsjgstop mutant. In addition, replacement by
a negative charged amino acid, GggoFE, greatly reduced Ca?* uptake (Figure 2C). We also
tried to rescue the GggoR mutation by introducing several mutations within the interacting
sequence of the truncated Rsgstop mutation (Figure 2D described in detail below). The
data indicate that, at position 660 of the human TRPV6 sequence, positive as well as
negative charged amino acids affect the function of the channel when coexpressed with the
truncated TRPV6 Rs1gstop mutant. Therefore, one would expect that a noncharged amino
acid at corresponding positions is strictly conserved within mammalian TRPV6 proteins
and this is, indeed, the case. Although the Gg¢pA mutant rescued Ca?* uptake, within all
mammalian TRPV6 sequences the Ggg residue is invariant (Figure 2E).
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Figure 2. A TRPV6-Gge0A mutation rescues the GggoR mutation. (A) Calcium imaging of cells coexpressing TRPV6
WT-I-GFP and TRPV6-Rs;gstop-I-RFP (1, blue/green, paternal, n/N = 95/3), TRPV6-R5pstop mutant I-RFP and TRPV6-
GegoA-I-GFP (2, red/grey, n/N = 97/3) and TRPV6-GggoR I-GFP and TRPV6-R51gstop mutant I-RFP (3, green/red, child,
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n/N =91/3) n/N = cells/experiment. (B) Coexpression of TRPV6-Rs51pstop mutant I-RFP and TRPV6-GgoK-I-GFP (2,
pink/green, n/N = 106/3) compared with the parental combination (1, blue/green, n/N =79/3) and the child (3, red/green,
n/N = 84/3). (C) Similar experiment as shown in (B), coexpression of TRPV6-Rs;pstop mutant I-RFP and TRPV6 GggoE-
I-GFP (2, light green/green n/N = 55/3), compared with the parental combination (1, blue/green n/N = 65/3) and the
child (3, red/green n/N = 44/3). (D) Coexpression of the TRPV6-Gg40R-I-RFP with several TRPV6-R51gstop mutants cloned
in I-GFP vectors, which, in addition, contain a second mutation within the N-terminal located sequence QQKRg3. This
sequence interacts with the C-terminal sequence in which the Ggg( residue is located. The following mutants were tested:
Ks2E (3, red/white, n/N = 50/3), Kg;ERg3E (4, red/yellow, n/N = 44/3), QgoEQg; E (5, red/magenta, n/N = 65/3), and QgyE
(6, red/light blue, n/N = 45/3). The mutants were compared with the parental combination (1, blue/green, n/N =52/3) and
the child (2, red/green, n/N = 47/2). Here, n/N = cells/experiments. Asterisks assign significance differences (** p < 0.01,
*** p < 0.001, ns = not significant). (E) Alignment of mammalian TRPV6 protein sequences from amino acid 643 to 681. Gggg
is strictly conserved (grey). H.s., Homo sapiens; O.c., Oryctolagus cuniculus; S.s., Sus scrofa; B.i., Bos indicus; E.a., Equus
asinus; S.b., Saimiri boliviensis; Z.c., Zalophus californianus; T.c., Tupaia chinensis; M.mo., Monodon Monoceros; D.o.,
Dipodomys ordii; L.t., Ictidomys tridecemlineatus. (F) Expression of artificial TRPV6 construct which contains amino acids

510 to 765 (1, n/N = 117/3) and coexpression with the same construct and the TRPV6-R5;gstop mutant (2, n/N =70/3).

2.1.2. Functional TRPV6 Channels Cannot Be Formed When the Subunits Are Expressed as
Two Independent Parts

The TRPV6 stop mutant is characterized by the in frame stop codon which replaces
Rs19; thus, the stop mutant corresponds to amino acid 1-509 of the TRPV6 protein. We
made a TRPV6 construct in which amino acids 1-509 are not present but Rs;y was replaced
by an artificial methionine, resulting in Ms19. This construct contains the amino acids
Ms10-to I7¢5, which represent the complete C-terminus, including the pore region of the
TRPV6 protein. We coexpressed the latter construct with the Rsjgstop mutant to test if
cells can form functional TRPV6 channels (Figure 2F). We compared the coexpression with
the single expression of TRPV6 Ms1¢-I765 but could not find significant differences. This
indicates that functional TRPV6 channels cannot be formed from the Rsjpstop mutant in
combination with the TRPV6 Ms1p-I7¢5 construct. Next, we analysed the position of the
particular Gggg residue within the structure of the TRPV6 channel [18]. Gggp is located at
the boundary surface of the TRPV6 subunits in a large distance to the pore of the TRPV6
channel. The location implicates an influence of subunit assembly rather than parameters
influencing the functionality of the pore directly. We suggest, from the TRPV6 structure,
that the Ggg that is located within the C-terminus of TRPV6 interacts with the N-terminal
sequence of the adjacent TRPV6 subunit.

2.1.3. The GggoR Mutation Cannot Be Rescued by Mutations in the N-Terminus of the
Interacting Subunit

We identified amino acid residues within the N-terminus of TRPV®6, to be considered
as interaction partners of the Gggo using the structural data published by Saotome and
coworkers [18]. We identified, as a possible interacting sequence, a QQKRg3 motif within
the N-terminus of TRPV6, with Kg; being at a distance of about 10.43A to Gggo- We cloned
a number of constructs, introducing one or two negatively charged amino acids in the
C-terminus of the QQKRg3 motif in the R51gstop mutant, and coexpressed these constructs
with the GggoR mutant to see if a negative charged mutation in the truncated Rs;jpstop
mutant can rescue the effect of the GggoR mutation. We analysed four mutations within
the QQKRg3 sequence, namely, the mutations Kg;R, Kg;ERg3E, QgoEQg1 E and QgoE, which
were cloned into the truncated Rsjpstop mutant, and coexpressed these constructs with
GeeoR mutant and tested if these can rescue the GggoR mutation present in the full length
protein. The expressed combinations of the four mutated truncated constructs showed a
decreased Ca®* signal and did not rescue the GggoR mutation (Figure 2D, Supplementary
Figure Slc).
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2.1.4. The TRPV6-R51stop Subunit Interacts with the Full Length TRPV6 Subunit

The previous experiment requires the assumption that the truncated stop mutant
can still interact with the GggoR mutant. This assumption is supported by the finding
that the N-terminal ankyrin repeats which are important for the multimerization of the
TRPV6 channel, are also present in the truncated mutant [23]. In addition, we performed
a coimmunoprecipitation experiment, which shows that the truncated TRPV6 present in
the child can interact with the full length TRPV6 protein (Figure 3A,B). We fused GFP to
TRPV6 resulting in TRPV6-R519-GFP and TRPV6-GFP. As shown earlier by Hirnet and
coworkers, the TRPV6 protein occurs as glycosylated and non-glycosylated protein [24].
The glycosylation site is located in between transmembrane S1 and S2, and is present in
the full length TRPV6 as well as in the truncated TRPV6-R519-GFP variant. The TRPV6
protein was fished with the TRPV6 specific antibody 429, which binds to the C-terminus
of TRPV6, and the co-immunoprecipitate (COIP) was analysed on a Western blot with a
GFP antibody. Both proteins, TRPV6-R519-GFP and TRPV6-GFP, as well as glycosylated
forms, were detected by COIP, which shows that both proteins interact. Another COIP
experiment using TRPV6-GggoR-RFP and TRPV6-R519-GFP fusion proteins also shows that
the mutant variants present in the affected child can interact (Figure 3C,D). The interaction
of both fusion protein was also confirmed by mass spectrometry (Figure 3E).

2.1.5. The Amount of the Full Length TRPV6 Channel in the Plasma Membrane Is Reduced

Next, we asked if we can also detect the different TRPV6 subunits in the plasma
membrane. We performed a biotinylation experiment, which shows that a small amount of
the truncated TRPV6-Rs;gstop variant is detectable in the plasma membrane of expressing
cells (Supplementary Figure S2A). Furthermore, we expressed the combinations of TRPV6
WT and TRPV6-Rs1gstop, as well as the combination of TRPV6-GgoR and TRPV6-Rs1gstop,
and performed another biotinylation experiment. Although TRPV6 WT, as well as TRPV6-
GesoR, were present in the plasma membrane, it is clearly visible that the amount of the
TRPV6-GgeoR in the plasma membrane is greatly reduced (Supplementary Figure S2B).

2.1.6. The GggoK Mutation Cannot Be Rescued by Mutating Wgs of the Interacting Subunit

In the experiment shown in Figure 2D, we identified the N-terminal sequence of
TRPV6, which is in close proximity to Gggo. Next, we emulated the effect of the GggoR
mutation in the affected child. The introduction of the R4y residue may lead to a slight
shift in the interacting TRPV6 subunit and place the Rg4p residue next to a tryptophan
residue, Wgs, of the interacting subunit. To test if an exchange of Wgs to alanine (Wg5A),
arginine (WgsR) or glutamate (WgsE) can rescue the GggoR mutation, we also coexpressed
the latter three mutant constructs as truncated Rsjgstop variants with the GggoR mutation
(Figure 4A,B). The three mutations, WgsA, WgsR and WgsE, did not rescue the GggoR
mutation. The data indicate that the Gggp, which is strictly conserved among all mammalian
TRPV6 proteins, is important for correct channel function when coexpressed with the
TRPV6 Rsipstop mutant. In addition, we compared the paternal TRPV6 combination
(TRPV6 and Rsjgstop variant) with the combination of the child in the permanent presence
of Ca?* ions and measured the basic cytosolic Ca?*. It can be seen that the cytosolic Ca®*
level is significantly lower in cells mimicking the affected child (Figure 4C).
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451 GVTRFFGQTI LGGPFHVLII TYAFMVLVTM VMRLISASGE VWPMSFALVL
501 GWCNVMYFAI MVSKGEELFT GVVPILVELD GDVNGHKFSV SGEGEGDATY
551 GKLTLKFICT TGKLPVPWPT LVTTLTYGVD CFSRYPDHME QHDFFKSAMP
601 EGYVQERTIF FKDDGNYKTR AEVKFEGDTL VNRIELKGID FKEDGNILGH
651 KLEYNYNSHN VYIMADKQKN GIKVNFKIRH NIEDGSVQLA DHYQONTPIG
701 DGPVLLPDNH YLSTQSALSK DPNEKRDHMV LLEFVTAAGI THGMDELYK

Figure 3. (A) TRPV6 fused to GFP (TRPV6-GFP) and TRPV6-R510 fused to GFP (TRPV6-R510-GFP, stop codon removed)
were cotransfected in HEK293 cells and immunoprecipitated with a C-terminal TRPV6 specific antibody 429 (directed
against aa 753-765 of TRPV6). (B) Western blot of the input and eluate from co-immunoprecipitaion (COIP) with a GFP
antibody. (C) TRPV6-G660R fused to mRFP (TRPV6-G660R-RFP) and TRPV6-R510 fused to GFP (TRPV6-R510-GFP) were
cotransfected in HEK293 cells. TRPV6-G660R-RFP was immunoprecipitated with TRPV6 antibody 429. (D) Detection of
fused RFP and GFP tagged TRPV6-G660R and TRPV6-R510 proteins in cell lysates from single transfections and in the eluate
obtained after cotransfection/co-immunoprecipitation (COIP). (E) Mass spectrometrical identification of TRPV6-G660R-RFP
and TRPV6-R510-GFP proteins in the eluate of the COIP (as presented in (C,D)). Location of tryptic peptides identified by
MS/MS fragmentation; TRPV6 (blue), RFP (red) and GFP (green).
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Figure 4. (A,B) Coexpression of TRPV6-G660R-I-RFP with several TRPV6-R510stop mutants which, in addition, contain
W85 mutations. The tryptophan W85 was mutated to W85R (3, red/magenta, n/N = 47/3), W85A (4, red/light blue,
n/N =92/3), W85E (3 shown in B, red /white, n/N = 98/3) and compared with the TRPV6 combination present in the father
(1, blue/green, n/n/N/N = 61/3, 55/3) and the child (2, red/green, n/n/N/N = 60/3, 120/3), respectively. (C) Expression
of the TRPV6 combination of parental (1, blue/green, n/N = 48/3) and child (Red/green, n/N = 73/3) after loading
FURA-2AM and incubation of the cells in the permanent presence of 2.5 mM Ca2+. n/N = cells/experiments. Asterisks
assign significance differences (* p < 0.05, ** p <0.01, *** p < 0.001, ns = not significant).

2.2. Comparative Proteome Analysis of Tissue Sections Obtained from a Healthy Placenta and
the Placenta of the Affected Child

2.2.1. HTRA1 and Cathepsin G Are Upregulated in the Placenta of the Affected Child

Since the malfunction of the mutated TRPV6 protein changes Ca2* homeostasis in
the placenta and leads to hyperparathyroidism, we analysed whether the dysfunction
of the channel alters the protein expression profile in the placenta of the affected child.
Therefore, we analysed sections of paraformaldehyde embedded placenta tissue from
the sick and from a healthy child (with no skeletal dysplasia and hyperparathyroidism).
After separation by gel electrophoresis, we analysed the extracted proteins using label
free nano LC mass spectrometry. Three independent analyses were performed from each
placenta. Using this approach, a total of 740 individual proteins were identified in both
placentas (Figure 5A-C), 649 in the placenta of the child and 600 in the control placenta. As
we showed previously, TRPV6 is mainly expressed in human syncytiotrophoblasts [1,25].
We used placental alkaline phosphatase (Swissprot: P05187 (PPB1_HUMAN) as a fetal
syncytiotrophoblasts marker to evaluate the share of fetal syncytiotrophblast cells present
in the tissue sections in both groups [26]. Combining the datasets for both categories
(healthy vs. sick placenta), the mean amount of alkaline phosphatase was not different,
which indicates that the content of syncytiotrophoblasts in both groups was similar. Next,
we performed a label free semiquantitative analysis by counting the total number of peptide
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spectra belonging to the individual proteins of three datasets from both categories. Doing
this, 15 proteins were exclusively or significantly more abundant in the affected placenta,
while four proteins were downregulated compared to the healthy placenta (Figure 5A,B).
Two proteases, high-temperature requirement A serine peptidase 1 (HTRA1) and cathepsin
G, were only identified in the affected placenta. In a previous work, we analysed murine
placenta trophoblasts from Trpv6~/~ and wild type mouse, and also found HTRA1 protease
being upregulated in the TRPV6 deficient placenta [27].
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Figure 5. Proteome analysis of paraformaldehyde fixed tissue of a healthy placenta and the placenta of the affected child. (A)
Vulcano-blot of a semiquantitative analysis of differentially expressed proteins identified by mass spectrometry of pooled
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tissue sections of a healthy placenta and the placenta of the affected child (n = 3 samples/genotype). Fifteen proteins

are upregulated and four proteins downregulated in the placenta of the affected child. Up- and downregulated proteins

were identified based on at least 1.3-fold changes in the total spectrum counts, with p-values < 0.05 using unpaired two-
tailed Student’s t-test. Cathepsin G (CATG) and serine protease HTRA1 (green) are only detectable in the affected child.
(B) Heatmap of Z-scores calculated from the total peptide spectra counts of proteins (UniProt Identifier), which were more

abundant in the child (green triangles and squares shown in (A)). (C) Heatmap of identified proteins on the basis of total

spectrum count values (shown as Z-scores) from three independent mass spectrometry samples prepared from placentas

from healthy control and affected child (n = 3). In total, 740 proteins were identified by a least two unique peptides/protein
of the healthy placenta and the placenta of the affected child.

2.2.2. The HTRA4 Protease Is Upregulated in BeWo Cells in the Presence of Low Ca2*

Next, we tested if TRPV6 is expressed in a cell line, BeWo, which serves as model
for throphoblast cells. After immunoprecipitation, we unambiguously identified several
tryptic TRPV6 peptides, covering 15% of the human TRPV6 sequence (SwissProt: Q9H1DO0)
by mass spectrometry and Western blot (Figure 6A and Supplementary Figure S3C). With
the confirmation that TRPV6 is expressed in these human cells, we cultured BeWo cells in
the presence of high (0.65 mM) or low Ca?* (0.35 mM), and analysed the protein expression
again by mass spectrometry. By this approach, 2337 proteins were detected for both
conditions: 2154 proteins were identified in lysates obtained after cultured in low Ca%*
and 1890 proteins were identified under high Ca?* conditions. Interestingly, one serine
protease, HTRA4, was detected to be five times more abundant in BeWo cells cultured using
low Ca?* (Figure 6A-D). Taken together, our Ca imaging experiments and the proteome
analysis show that a disturbed assembly of the TRPV6 subunits in the placenta of the sick
child leads to a massive reduction in the Ca?* influx and, presumably, to a reduced Ca%*
content in trophoblasts, which, in turn, triggers a higher expression of serine proteases.
The data may explain the phenotype of the observed child. The results raise the question
of if TRPV6 is involved in the syncytialisation of the placenta. BeWo cells were treated
with forskolin which induces syncytialisation and we analysed TRPV6 expression by
Western blot (Supplementary Figure S3). As an indicator for syncytialisation, we used
a zonula occludens (ZO-1) specific antibody. TRPV6 was immunoprecipitated from the
BeWo cells and detected using two different TRPV6 specific antibodies. The experiment
indicates that TRPV6 expression is very similar in forskolin treated and untreated BeWo
cells. On the other hand, we compared murine TRPV6 deficient trophoblasts with wild type
trophoblasts and found that the percentage of cells that showed a distinct ZO-1 staining at
the cell membrane is very low ( Supplementary Figure S4), meaning that the trophoblast
cells are fully syncytialised independent of the Trpv6 genotype. The result implies that, at
least in the murine trophoblasts, TRPV6 is not involved in the syncytialisation.
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Figure 6. Proteome analysis of BeWo cells cultured in the presence of different Ca?* concentrations. (A) Tryptic TRPV6
peptides identified by mass spectrometry after immunoprecipitation from BeWo cells (red) with TRPV6 ab 429. (B) BeWo
cells were cultured in the presence of 0.65 mM (high) or 0.35 mM CaZ* (low). Cells were fixed and stained with eosin/azur,
scale bar: 200 um. (C) Total protein identifications in BeWo cells cultured in the presence of high or low Ca?*. (D) Vulcano
blot shows semi quantitative analysis of differentially detected proteins identified in BeWo cell lysates. Proteome analysis
of the abundance of peptide spectra detected in BeWo cells in the presence of high or low Ca?*. Up- and downregulated
proteins were identified based on at least 2-fold changes in the total peptide spectra abundance detected in three independent
experiments with a p-value < 0.01, calculated using the unpaired two-tailed Student’s f test. Serine protease HTRA4 is more
abundant in BeWo lysates cultured in 0.35 mM Ca?*.

3. Discussion

The human TRPV6 protein is expressed in a few tissues, e.g., pancreatic acini and
the trophoblast layer of the placenta. Several recent studies describe new born children
who suffer from hyperparathyroidism with undermineralized bones [13-17]. However,
the underlying cause of the disease seems to be the TRPV6 gene. Most of the identified
TRPV6 mutations when cloned and overexpressed affect the function of the channel.
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Thus, typically, the Ca* influx via TRPV6 channels is greatly reduced. Interestingly, the
parents of the described children were healthy at their time of birth, which indicates that
one dysfunctional TRPV6 allele does not lead to a dramatic undermineralization of the
skeleton.

3.1. The TRPV6 Mutations of the Affected Child Lead to a Decreased Surface Expression of
Functional Channels

We examined the role of two TRPV6 mutations in an affected child [13], in which one
TRPV6 allele contains a premature stop codon, Rsjpstop, whereas the other allele contains,
at position 660, a G to R (GggoR) substitution. Surprisingly, the overexpressed GggoR mu-
tation behaves very similarly to the wild type TRPV6 channel, whereas, as expected, the
truncated TRPV6 with the premature stop codon, Rsjgstop, exhibits no detectable Ca®*
conductance. Coexpression studies that mimic the parental TRPV6 combinations, thus,
wild type plus GggoR or wild type combined with the truncated Rsjpstop TRPVS, also
did not reveal significantly reduced Ca* activity. Only the combination of the truncated
Rs1pstop TRPV6 with the GggoR mutation showed a greatly reduced Ca?* activity. The
interpretation of the experimental data leads to the following model (Figure 7A-E): The
maternal combination, TRPV6 WT allele and GggpR mutation, does have a minor effect
on the function of the channel. In addition, the paternal combination of the truncated
Rsjpstop mutation and a WT allele does not lead to reduced TRPV6 activity. Only the
combination of the GggoR and Rs1gstop mutation shows a reduced Ca%* uptake, most likely
due to a disturbed subunit assembly and reduced surface expression. Interestingly, the
particular glycine residue, Gggp, is conserved among all mammalian TRP-proteins, which
emphasizes its indispensable importance for the correct function of the subunits. However,
this becomes evident when the mutation was coexpressed together with the truncated
TRPV6 Rs1pstop mutant. The next related TRP protein, TRPV5, contains a glycine residue
corresponding to the G660 of the human TRPV6 sequence, which is conserved in mam-
malian TRPV5 proteins. In addition, the interacting sequence within the N-terminus of
TRPV6 is also conserved in TRPV5 proteins. We suggest that the G660 residue is critical for
the interaction of N and C-termini of TRPV6 subunits. A mutation of this residue disturbs
subunit assembly /membrane trafficking, and cannot be rescued by the tested mutations
using the truncated TRPV6 R510stop constructs. The data provide the molecular basis of
why these mutations lead to a pronounced undermineralization and, as a consequence, to
the dysplasia of the skeleton of the affected child [13]. A recent publication shows that a
small percentage of patients with nonalcohol dependent pancreatitis contain mutations
that affect the TRPV6 gene [28]. All of the patients who were examined contained only one
defective TRPV6 allele, which, when overexpressed, showed reduced Ca?* activity [16].
In addition, mutations were found that lead to a dysfunctional channel, in which the
closing/inactivation behaviour of the TRPV6 channel is affected. These combinations
are thought to be potentially toxic as the result of Ca?* overload. Suzuki and coworkers
published a patient who contained the combination of a TRPV6 with reduced Ca?* and one
with an enhanced Ca2* conductance [15]. This combination also leads to a reduced mineral-
isation of the skeleton in this patient. In addition, the overexpression of TRPV6 transcripts
seems to be critical. Thus, overexpression of TRPV6 transcripts is associated with sev-
eral malignancies, which include cancer derived from prostate and breast. The present
work shows that the GggoR mutation, which does not alter the function of the channel
when expressed as homomultimer, is critical for the mineralization of the bones when
coexpressed in combination with the Rsjpstop mutation. We suggest that these mutations
affect the assembly of the subunits and lead to the reduced surface expression of functional
TRPV6 channels. It can be seen in Supplementary Figure S2 that, in the plasma membrane
fraction of the paternal combination, the amount of TRPV6 WT is higher compared to the
combination which reflects the affected child. Thus, the amount of TRPV6-GggR seems
to be greatly decreased. On the other hand, in both cotransfections (paternal and child),
occurs an additional protein that is detectable with the N-terminal ab 1271 but not with the
C-terminal ab 429. We speculate that this protein is a C-terminal breakdown product of
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the TRPV6 channel. Most notably, the amount of the breakdown product is higher in the
plasma membrane fraction of the affected child. The data are conclusive that the occurrence
of a lower amount of TRPV6 channels results in the decreased calcium uptake of expressing
cells, and may explain the undermineralization of the skeleton of the affected child.

plasma membrane

Figure 7. Putative assembly of TRPV6 subunits. (A) Crystal structure of rat TRPV6 (PDB ID: 5IWK, Saotome et al., 2016).
View from the top. Ggg is located at the border of the TRPV6 subunits (arrows). The pore of the channel is shown in the
middle, a Ca2* ion is indicated (blue). (B) Assembly of TRPV6 wild type subunits (blue). (C) Assembly of wild type and
Rs19stop TRPV6 subunits, as present in the father (blue/green). (D) Assembly of wild type and the Gg4oR TRPV6 subunit, as
present in the mother (blue/red). (E) Assembly of truncated Rsjgstop and GggoR TRPV6 subunits, as present in the affected
child (red/green). Ca®* uptake is only decreased in the child because the abundance of functional TRPV6 channels in the
plasma membrane is greatly reduced (indicated by grey arrow).

3.2. Loss of TRPV6 Function Is Associated with the Upregulation of Placental Proteases

In addition, we show that the loss of TRPV6 is associated with changes in the expres-
sion level of a few proteases. We compared the protein profiles of a healthy placenta with
the placenta of the affected child and found that two proteases, HTRA1 and cathepsin G,
were only detectable in the placenta of the affected child. A link between cathepsin G and
Ca?* transport has been reported by Peterson and coworkers [29]. The authors show that,
in cultures of endothelial/epithelial cells, cathepsin G affects the formation of intercellular
gaps and thereby increases the permeability for Ca®* ions. The underlying mechanism is
not known but the expression of cathepsin G in the placenta of the sick child may act as
a compensation mechanism to increase the Ca?* uptake/transfer to the foetus, which is
reduced as a consequence of the mutations in the TRPV6 channel.

Additionally, the serine protease HTRAlwas exclusively detected in the placenta of
the affected child. HTRA1 was also more abundant in murine Trpv6-deficient placenta
trophoblasts [27]. In line with this observation, murine Trpv6 deficient placenta contains a
higher activity of HTRA1, which leads to enhanced degradation of extracellular matrix pro-
teins, such as fibronectin. This also applies to the human trophoblast derived cell line BeWo,
in which TRPV6 is endogenously expressed. In the presence of low Ca?* in the medium,
which mimics the loss of TRPV6 channels, BeWo cells overexpress the protease HTRA4,
which is closely related to the HTRA1 protease. The HTRAI protease is preferentially
expressed in human placenta during the third trimester, is localized in syncytiotrophoblasts
and cytotrophoblast intracellularly and is also detectable extracellularly [30]. Both pro-
teases, HTRA1 and HTRA4, are elevated in the placenta of preeclampsia patients [31]. In
this study, the overexpression of HTRA1 and HTRA4 in the human trophoblast cell line
HTR-8 reduces cell migration and, under hypoxic cell culture conditions, HTRA1 and
HTRA4 expression increases. In line with results reported for HTR-8 cells, we detected
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a 5-fold increase in HTRA4 expression in the presence of low Ca?* concentration in the
medium, which obviously induces a comparable stress in BeWo cells.

In addition, in pancreatic acini, which also express TRPV6, there is a link between
protease activity and dysfunctional TRPV6 channels. A subpopulation of patients with
chronic pancreatitis shows mutations in one TRPV6 allele [28]. The same study also shows
that Trpv6 knock in mice, which express non Ca?* permeable channels, are more sensitive
to treatment with cerulein. After cerulein treatment, the serum level of a few pancreatic
enzymes, namely, amylase and lipase, are accelerated in this mouse model. A link between
the onset of pancreatitis and the intracellular Ca?* concentration of rodent acinus cells was
observed earlier [32]. Taken together, we demonstrate that the mutations in the TRPV6
gene of the affected child lead to reduced Ca?* uptake in heterologous expression system,
which may explain the skeletal dysplasia observed in the new born. In addition, the Ca?*
deficiency seems to be connected to enhanced expression of proteases in the placenta of the
affected child.

4. Materials and Methods
4.1. Cloning

Mutations were introduced using Fusion polymerase (NEB, Ipswich, MA, USA) and a
plasmid which contains the TRPV6 cDNA cloned in pCDNA3. Mutations in the C-terminal
part replacing Ggg were subcloned as BstEIl and Mfel fragments in TRPV6-pCAGGS-IRES-
eGFP and TRPV6-pCAGGS-IRES-mRFP. To generate an in frame stop codon replacing Rs1,
we used a similar strategy. We subcloned mutations within the QQKRg 3as well as the Wgs
present in the N-terminus of TRPV6 as PshAI-BestEIl fragments in the appropriate vectors.

4.2. Immunoprecipitation of TRPV6 from Transfected HEK293 and BeWo Cells

BeWo cells were grown to 90% confluence in cell culture dishes (282cm? each) and
harvested using 10 mL PBS and a cell scraper, cells were sedimented (1400 g, 5 min) and
washed with PBS. The cell pellet was resuspended in 1 mL RIPA buffer (150 mM NaCl,
50 mM Tris HCI, pH 8.0, 5 mM EDTA, 1% Nonidet P40, 0.1% SDS, 0.5% Na-deoxycholate,
pH 7.4), supplemented with proteinase inhibitors (Roche, Mannheim, Germany). Cell
solution was sheared ten times (27G gauge needle) on ice and then incubated for 30 min
at 4 °C on a shaker. After centrifugation at 100,000x g at 4 °C for 45 min, the supernatant
containing the solubilized proteins was incubated for 16 h at 4 °C in the presence of 10 pg
anti-TRPV6 antibody 429 (directed against the c-terminus) coupled to 50pL of Dynabeads™
Protein G (Invitrogen, Schwerte, Germany). The beads were collected using a magnetic
rack, washed three times with 1 mL RIPA buffer and were eluted with 50 pL denaturing
sample buffer (final concentration: 60 mM Tris HCl, pH 6.8, 4% SDS, 10% glycerol including
0.72 M beta-mercaptoethanol). The elution was incubated for 20 min at 60 °C and analysed
by mass spectrometry. To co-immunoprecipitate TRPV6 from HEK293 cells two dishes
were cotransfected with WT TRPV6 and truncated TRPV6 (Rs1pstop mutant) GFP fusion
constructs.

The stop mutant was fused to GFP to discriminate this protein from IgGs on the
Western blot. Harvested cells were solved in 1.5 mL lysis buffer (TBS including 1% digitonin
and protease inhibitors). After 10x shearing, the cells were incubated for 1 h at 4 °C on
a shaker device and centrifuged at 100,000x g for 45 min at 4 °C. The cell lysate was
incubated for 2 h at 4 °C with antibody 429 coupled to magnetic protein A/G beads
(ThermoFisher, Karlsruhe, Germany). Antibody 429 is directed against the C-terminus of
TRPV6 and binds only WT TRPV6 but not the Rsjpstop mutant. The beads were washed
3 times using 1ml of 0.1% digitonin buffer including protease inhibitors, denatured in 60 uL
sample buffer, subjected to SDS-PAGE electrophoresis following Western blot procedure as
described below. The Western blot was incubated with the GFP antibody.
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4.3. Surface Biotinylation and Western Blot

The method has already been described (Fecher-Trost et al., 2013). A 75cm? flask with
confluent COS cells was transfected with the appropriate constructs and cultured for 24 h,
washed twice with ice-cold phosphate buffered saline (137 mM NaCl, 2.7 mM KCI, 10 mM
NapyHPOy, 2 mM KH;POy) containing 1 mM MgCl, and 0.5 mM CaCl, (PBSB, pH, 8.0),
and incubated in the presence of NHS-LC-biotin freshly diluted in PBSB at 0.5 mg/mL
for 30 min at 4 °C. The reaction was stopped by washing twice with PBSB containing
0.1% (w/v) bovine serum albumin and once with PBS, pH 7.4. Cells were harvested from
the flasks by shaking in PBS supplemented with 2 mM EDTA. The cells were centrifuged
at 1000x g at 4 °C for 5 min and resuspended in ice cold lysis buffer (PBS containing
1% Triton X-100, 1 mm EDTA, and a mixture of protease inhibitors). Cell lysates were
rotated at 4 °C for 30 min to solubilize proteins; after centrifugation at 1000x g and 4 °C
for 5 min, the amount of protein was determined using BCA (ThermoFisher, Waltham,
MA, USA), and the protein solution (~1 mg) was added to 100 pL of avidin—agarose beads
pre-equilibrated in lysis buffer and incubated at 4 °C for 2 h. The biotin—avidin—-agarose
complexes were washed 4 times with lysis buffer supplemented with 0.25 mM NaClL
Biotinylated proteins were eluted in 100 pL of 2-times denaturing electrophoresis sample
buffer and incubated at 60 °C for 30 min before SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) on 8% Bolt gels, (Invitrogen, Carlsbad, CA, USA) in a Bolt buffer system. Cell
lysate input corresponds to protein samples taken before adding avidin—agarose beads. The
proteins were electrophoretically separated, blotted, and probed with TRPV6 N-terminal
ab 1271 and C-terminal ab 429, respectively. The endoplasmic reticulum protein calnexin
was used as a control.

4.4. Antibodies

The following in house generated anti-TRPV6 antibodies were used: Polyclonal
antibody 1271 and 429 directed against N- and C-terminus of human TRPV6 [24,25],
respectively and monoclonal YFP/GFP antibody [25]. All antibodies were affinity purified
before use. Commercial ZO1 antibody was from Invitrogen.

4.5. Calcium Imaging

Intracellular live cell Ca?*-imaging experiments were performed using a Polychrome
V and CCD camera (TILL Imago)-based imaging system from TILL Photonics (Martinsried,
Germany) with a Zeiss Axiovert S100 fluorescence microscope equipped with a Zeiss
Fluar 20x /0.75 objective. Data acquisition was accomplished with the imaging Live
Acquisition software (TILL Photonics). Data were analysed using the Offline analysis
software (TILL Photonics). Cells were incubated in media supplemented with 4 pm Ca?*-
sensitive fluorescent dye Fura-2-AM (Molecular probes, Eugene, USA) for 30 min in the
dark at room temperature and washed 4 times with nominally Ca?* free external solution
(140 mM NaCl, 5 mM KCl, 1 mM MgCl,, 10 mM HEPES, 10 mM glucose, adjusted to pH
7.2 with NaOH) to remove excess Fura-2-AM. The Fura-2-AM loaded cells, growing on
2.5 cm glass coverslips, were transferred to a bath chamber containing nominally Ca?* free
solution, and Fura-2 fluorescence emission was monitored at >510 nm after excitation at
340 and 380 nm for 30 ms each at a rate of 1 Hz for 600 s. Cells were marked, and the
ratio of the background-corrected Fura-2 fluorescence at 340 and 380 nm (F340/F380) were
plotted versus time. After reaching a stable F340/F380 base line, 2.5 mM CaCl, was added
to the bath solution, and cytosolic Ca®*-signals were measured.

4.6. Cell Culture and Transfection of HEK293 Cells

HEK?293 cells were grown in culture dishes (3 cm diameter) with poly l-lysine-coated
glass coverslips (diameter 2.5 cm) until 80% confluence and then transiently transfected
with 2.5 pg of appropriate cDNA constructs in 5 mL of Lipofectamin 3000 (ThermoFisher,
Karlsruhe, Germany). For Fura-2-AM measurements, cells were transfected with TRPV6
constructs cloned in pcAGGS-IRES-GFP or IRES-mRFP vectors. Cotransfection was carried
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out with a combination of the appropriate constructs cloned in vectors with green and red
fluorescent proteins (1.25 ug each). Coverslips with transfected cells were used for Ca*
imaging experiments 24 h after transfection.

4.7. Modelling GgsoR Mutation

We used the RCSB PDB [33] software and the rat TRPV6 structure (PDB ID: 5IWK) to
identify amino acids in close proximity to the glycine residue, which corresponds to Ggg
in the human TRPV6 sequence [18]. It was concluded that the C-terminal part of wild type
TRPV6 interacts with the amino acid sequence QQKRg3 present within the N-terminus of
the interacting TRPV6 subunit. In addition, we analysed the TRPV6 structure in which the
Reep mutation was modelled. The Rggp residue comes in close proximity to the tryptophan
residue Wgs present in the N-terminus of the interacting subunit.

4.8. Protein Extraction from Paraformaldehyde/Formalin Fixed Placenta Tissue Sections

For protein extraction, two to three unstained slides of 4% formalin fixed placenta tissue
(3um) were scraped from glass microscope slices with a scalpel and resuspended in 80 pL
protein extraction buffer (60 mM Tris, pH 6.8, 1.2 M glycerol, 0.78 M 3-mercaptoethanol,
70 mM SDS, 10 mM arginine). Samples were consecutively incubated for 15 min on ice,
20 min at 100 °C and for 1 h at 80 °C. Protein extracts were centrifuged for 15 min at
14,000x g (4 °C) and the supernatant was transferred to a fresh vial. 60 uL per sample was
loaded on a 4-12% BoltTM gel (ThermoFisher, Waltham, MA, USA) and electrophoresed.
The gel was fixed and stained with a colloidal Coomassie, 16 gel bands/lane were isolated
and digested using trypsin as described before [25].

4.9. BeWo Cell Culture

Human BeWo cells (ATCC® CCL—-98™) were cultured in 3.5 cm diameter cell culture
dishes (Corning, Tewksbury, USA), with culture medium (F-12 Nut Mix with 2 mM gluta-
max (ThermoFisher, Karlsruhe, Germany), 10% FKS (Corning, Tewksbury, MA, USA) and
1% penicillin/streptomycin (Sigma-Aldrich-Merck, Darmstadt, Germany). The cells grew
in the presence of 5% CO, at 37 °C. Cells were trypsinized, seeded in fresh cell culture dishes
and cells grew until 40% of confluency was reached. The medium was changed after 24 h to
medium containing 0.65 mM Ca?* or to medium containing 0.35 mM Ca?* including EDTA.
Calcium concentration was determined using a Dri-Chem NX500i System (FujiFilm, Japan).
The amount of EDTA was calculated using the WEBMAXCSTANDARDY?/3/2009 soft-
ware (https:/ /somapp.ucdmc.ucdavis.edu/pharmacology /bers /maxchelator /webmaxc/
webmaxcS.htm retrieved on 31 March 2021). Cells were cultured for additional 48h in either
0.65 mM Ca?* or 0.35 mM Ca?* medium, washed 3 times with PBS and removed from the
dish with a cell scraper (Corning, Tewksbury, MA, USA) and resuspended in denaturing
sample buffer. To prepare a sample for one mass spectrometry experiment, two cell culture
dishes of the same medium condition were pooled. To induce syncytialisation of BeWo cells
200,000 cells were cultured in a flask (Falcon, 75 cm?) and medium was supplemented with
0.3% DMSO or 20 uM forskolin/0,3% DMSO for 48 h. Cells were stained with azur/eosin
or with a ZOl-antibody.

4.10. Preparation of BeWo Cell Lysates for Proteome Analysis

20 pL of BeWo cell lysates grown in 0.65 mM Ca?* or 0.35 mM Ca** medium were sep-
arated on a NuPAGE® 4-12% gradient gels (ThermoFisher, Karlsruhe, Germany). Proteins
were fixed in the presence of 40% ethanol and 10% acetic acid and visualized with colloidal
Coomassie stain (20% (v/v) methanol, 10% (v/v) phosphoric acid, 10% (w/7v) ammonium
sulfate, and 0.12% (w/v) Coomassie G-250). Fourteen gel pieces were cut/sampled and
trypsin digested as described [25].
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4.11. Primary Mouse Trophoblast Cell Culture

Trophoblasts from WT and Trpv6”" placentae were isolated at E13.5 as previously
described by Winter et al., 2020 [27]. 200,000 cells were seeded in a 3.5 cm dish on four
uncoated glass coverslips (Orsa', 1.2 cm) and incubated with 2 mL medium (DEMEM,
Gibco®, 10% FCS, 100 U/mL penicillin, 100 ug/mL streptomycin) at 37 °C and 5% CO,.
After 24 h the medium was changed and cells were cultured for additional 4 days followed
by ZO1-antibody staining.

4.12. Zona Occludens 1 (ZO-1) Antibody Staining of Trophoblast and BeWo Cells

Coverslips with BeWo or mouse trophoblast cells were removed and washed with
PBS. Fixation and permeabilization was performed by incubating the cells with methanol
(—20 °C) on ice for 20 min. Cells were washed 4 times with PBS and blocking buffer (3%
BSA, 1% normal goat serum and 0.1% Triton X100 in PBS) was added for 1 h at RT. After
washing 4 times with PBS, cells were incubated over night at 4 °C in a buffer (1% BSA in
PBS) containing a ZO-1 specific primary antibody (1:1000, Invitrogen). Cells were washed
with PBS 4 times and incubated with an Alexa-fluor 488 anti-rabbit antibody (Invitrogen)
and DAPI (2 pg/mL) in PBS. Cells were washed with PBS 4 times and mounted using
Immu-Mount™ (ThermoSCIENTIFIC). Stained BeWo cells were analyzed by using an
Imager.M2 microscope (Zeiss) obtaining a Axiocam MRm (Zeiss). Trophoblast cells were
analyzed using a Slightscanner (Axio Scan.Z1, Zeiss). The whole set of pictures was
processed with the software Imaris (Oxford Instruments) and the number of nuclei were
detected automatically. ZO-1 positive cells were counted manually and the percentage of
Z0O-1 positive cells was calculated.

4.13. Mass Spectrometric Measurement (Nano-LC-MS/MS)

Six pL of tryptic digested peptides derived from each gel piece (BeWo cell lysate,
IPs from BeWo cells or human placenta lysates) were analysed by nano LC-ESI-MS/MS
analysis using the set up (Ultimate 3000 RSLC nano system equipped with an Ultimate3000
RS autosampler coupled to an LTQ Orbitrap Velos Pro, (ThermoFisher, Dreieich, Germany)).
Peptides were trapped on a C18 trap column (75 pm x 2 cm, Acclaim PepMap100C18,
3 um, Dionex) and separated on a reversed phase column (nano viper Acclaim PepMap
capillary column, C18; 2 um; 75 pm x 50 cm, Dionex) at a flow rate of 200 nL/min with
buffers A (water and 0.1% formic acid) and B (90% acetonitrile and 0.1% formic acid)
using a 94 min gradient (BeWo cell lysates) or 120 min gradient (human placenta lysates).
The effluent of the chromatography was sprayed into the mass spectrometer through a
coated emitter (PicoTipEmitter, 30 um, New Objective, Woburn, MA, USA) and ionized
at 2.2 kV. MS spectra were acquired in a data dependent mode. For the collision induced
dissociation (CID) MS/MS top10 method, full scan MS spectra (m/z 300-1700) were
acquired in the Orbitrap analyser using a target value of 10°. Peptide ions with charge
states >2 were fragmented in the high-pressure linear ion trap by low-energy CID with
normalized collision energy of 35%.

4.14. Raw Mass Spectrometrical Data Analysis

The fragmented tryptic peptides were identified using the MASCOT algorithm and
TF Proteome Discoverer 1.4 software (ThermoFisher, Waltham, MA, USA). Peptides were
matched to tandem mass spectra by Mascot version 2.4.0 by searching of a SwissProt
database (version2018_03, number of protein sequences, taxonomy human: 20,387). Data
were analysed as described by Winter and co-workers [27].

Supplementary Materials: All data are available online at https://www.mdpi.com/article/10.339
0/1jms222312694/s1.
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Abstract: Irisin is a newly discovered exercise-mediated polypeptide hormone. Irisin levels increase
during pregnancy however, women with preeclampsia (PE) have significantly lower levels of Irisin
compared to women of healthy pregnancies. Even though many studies suggest a role of Irisin
in pregnancy, its function in the human placenta is unclear. In the current study, we aimed to
understand key roles of Irisin through its ability to protect against apoptosis is the preeclamptic
placenta and in ex vivo and in vitro models of hypoxia/re-oxygenation (H/R) injury. Our studies
show that Irisin prevents cell death by reducing pro-apoptotic signaling cascades, reducing cleavage
of PARP to induce DNA repair pathways and reducing activity of Caspase 3. Irisin caused an
increase in the levels of anti-apoptotic BCL2 to pro-apoptotic BAX and reduced ROS levels in an
in vitro model of placental ischemia. Furthermore, we show that Irisin treatment acts through the
Akt signaling pathway to prevent apoptosis and enhance cell survival. Our findings provide a novel
understanding for the anti-apoptotic and pro-survival properties of Irisin in the human placenta
under pathological conditions. This work yields new insights into placental development and disease
and points towards intervention strategies for placental insufficiencies, such as PE, by protecting and
maintaining placental function through inhibiting hypoxic ischemia-induced apoptosis.

Keywords: Irisin; placenta; trophoblast; preeclampsia; apoptosis; oxidative stress

1. Introduction

Preeclampsia (PE) is a hypertensive disorder of pregnancy described by systemic
endothelial damage in the mother. In its severe form, PE establishes clinically as early as
20 weeks of gestation. It often necessitates preterm delivery and presents a significant risk
to the immediate and long-term well-being of the baby, furthermore, causing vast neonatal
intensive care unit costs [1,2]. The etiology of PE is thought to originate from the placenta
since, at present, the only available treatment is the removal of the placenta, requiring
delivery of the baby.

In healthy pregnancy, the extra-villous trophoblast (EVT) cells of the placenta invade
from the anchoring villi into the uterine wall and participate in spiral artery remodeling to
establish blood supply of the placenta [3,4]. This results in a low pressure/high flow blood
delivery, which maintains a steady perfusion of the placental villi and its exchange function.
The hemodynamic adaptations are disturbed in severe PE pregnancies due to low EVT cell
invasion and reduced spiral artery remodeling causing decreased oxygen availability for
the placental villi [5]. This pathological process is accompanied with increased hypoxic
and oxidative stress often resulting in significant placental apoptosis [6,7].

In the mother, endothelial dysfunction is a major contribution to maternal hyperten-
sion causing damage to the kidneys and resulting in proteinuria and renal failure [5,8]. If
untreated, severe forms of PE can advance to include the hepatic and coagulation systems
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and damage the brain. These disease phenotypes are largely attributed to abnormal pla-
cental function resulting in an excess release of anti-angiogenic proteins secreted by the
placenta [9]. Abnormal placental protein secretion such as soluble fms-like tyrosine kinase
1 (sFLT1), endoglin and others can damage the maternal endothelium and is commonly
observed in PE [5].

Irisin is among many peptides that are upregulated during pregnancy and function
to regulate energy homeostasis across gestation [10]. Irisin was first described in 2012
as a myokine polypeptide secreted from skeletal muscle that regulates glucose and lipid
metabolism in adipose tissues in response to exercise [11]. Irisin is a secreted form of
the Fibronectin Type III Domain Containing 5 (FNDC5) transmembrane protein. Studies
showed that FNDC5/Irisin is expressed in adipose tissue, cardiomyocytes, the brain and
other parts of the body [12,13]. Recently the interest in the molecular actions of Irisin
revealed that it is not only involved in energy storage and sensing, but it has a variety of
molecular functions including differentiation, inflammation, oxidative stress in different
systems [14-18]. The inhibitory effects of Irisin on cell apoptosis was shown to occur by
modulation of pro-apoptotic markers such as the BCL2 associated agonist of death (BAD),
BCL2 associated X apoptosis regulator (BAX), Caspase-9 and Caspase-3 and anti-apoptotic
proteins such as BCL-2 and BCL-XL [16,19,20].

The Akt signaling pathway plays an important role in regulating cell proliferation,
cell migration and apoptosis inhibition [21-23]. Akt activation has been shown to regulate
trophoblastic cell migration and invasion [24]. In the human placenta, Akt regulates
trophoblast invasion through the upregulation of matrix metalloproteinase 9 (MMP-9)
and tissue inhibitor of metalloproteinase-1 (TIMP-1) [25]. Under oxidative stress and
hypoxia conditions, Akt is inactivated in trophoblast cells and in primary cytotrophoblast
cells via Hypoxia inducible factor-1oc (HIF-1«) upregulation, which subsequently triggers
Glial cell missing 1 (GCM1) degradation that, in turn, inhibits migration and invasion of
trophoblast cells [26-30]. Inactivation of the Akt pathway in human PE placentas suggests
its possible contribution in PE pathophysiology and progression [31]. In addition to the
crucial role in trophoblast differentiation, Akt activation has also cytoprotective effect in
trophoblasts [32,33].

Irisin was shown to be reduced in the circulation of women with preeclampsia [34,35],
which has led us to question its importance human reproduction and disease. Previously,
we identified that Irisin modulates trophoblast differentiation through activation of the
AMPK pathway [36]. However, the role of Irisin in placental function and pathophysiology,
especially in pregnancy complications such as PE, is still not fully known. In our study, we
hypothesized that Irisin can protect from apoptosis in the human placenta through activa-
tion of the Akt signaling pathway. To test this hypothesis, we employed Irisin treatment in
preeclamptic placentas and in ex vivo and in vitro placental models of ischemic-reperfusion
injury and evaluated Irisin’s effect on Akt activation and downstream apoptotic pathways.

2. Results
2.1. Irisin Rescues Villous Trophoblast Cells from Apoptosis in the Preeclamptic Term Placenta

The preeclamptic placenta is characterized by increased apoptosis believed to be
caused by the prolonged hypoxic-ischemic stress caused by intermittent reperfusion injury
during pregnancy. To test the effect of Irisin on apoptosis in the preeclamptic placenta,
tissues were dissected and cultured overnight with 10 and 50 nM of Irisin and collected for
protein analysis and embedded for staining. Placental sections were stained for late-stage
apoptosis. DNA-strand breaks were identified by a fluorescein-based TUNEL (terminal
deoxynucleotidyl transferase [TdT] dUTP nick-end labeling) assay. DNA strand breaks
are thus identified by the green fluorescence as shown Figure 1A. We observed a signifi-
cant reduction of apoptotic cells in the villous trophoblast cells of preeclamptic placental
explants exposed to different concentrations of Irisin (Figure 1A). Downstream apoptosis
markers were analyzed by western blots. There was a significant 50% and 70% increase in
the ratio for the anti-apoptotic BCL2: pro-apoptotic BAX protein levels in the PE tissues
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treated with 10 or 50 nm Irisin, respectively, supporting the anti-apoptotic effect of Irisin in
the preeclamptic placenta (n = 9, Figure 1B).
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Figure 1. Irisin reduces apoptosis in the preeclamptic placenta. (A) A TUNEL assay shows a
significant reduction of double-stranded DNA breaks, as measured by dUTP fluorescent molecules,
when treated with Irisin. (B) 10 nm and 50 nm Irisin treatment in the preeclamptic placenta increased
the anti-apoptotic BCL-2: pro-apoptotic BAX protein levels (n = 8). (Relative protein expression was
determined by normalization to 3-actin, a one-way analysis of variance and subsequent Tukey’s
post hoc test to analyze differences between cohorts; * p < 0.05, ** p < 0.01. Bar plots are presented as
mean + SEM. Scale bar = 100 pm. Green staining indicates DNA strand breaks; Blue staining is for
Dapi indicating the cell nucleus. dUTP, deoxyUridine TriPhosphate; PE, Preeclampsia).

2.2. Irisin Significantly Decreases Apoptosis and Improves Cell Survival in 1st Trimester Human
Placental Explants Stressed by Hypoxia/Re-Oxygenation

First trimester placental explants were cultured in hypoxia/re-oxygenation (H/R)
conditions (24-hours 1% O, followed by 5-hours 8% O5), to imitate the intermittent reperfu-
sion injury observed in the preeclamptic placenta and treated with 10 or 50 nM Irisin. Cell
death was quantified by TUNEL assay. There was a significant decrease in apoptotic cells
in response to Irisin treatment compared to the no treatment control (n = 4, Figure 2A,B).
Early-stage apoptosis was measured by using proximity ligation assay (PLA) to investigate
the interaction of Apoptotic protease activating factor-1 (APAF-1) and Cytochrome C at
single molecule resolution. The binding of Cytochrome C and APAF-1 is a key step in
the initiation of apoptosis to permit the formation of apoptosome complexes [37]. Irisin
treatment resulted in a visual reduction of APAF1 and Cytochrome C co-localization during
H/R (Figure 2C).
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Figure 2. Irisin reduces apoptosis and improves cell survival in the ischemic 1st trimester human
placenta. (A,B) Irisin significantly reduced the number of apoptotic cells during H/R in the first
trimester placenta, as identified by a reduction of green fluorescent molecules in the TUNEL assay
(n =4). (C) The interaction between APAF1 and Cytochrome C (the early sign for initiation of
apoptosis) indicated by red fluorescent molecules, was significantly diminished when H/R stressed
first trimester placental explants were exposed to Irisin. The molecular interaction was studied by
immunofluorescence in situ PLA, a novel technique that enables visualization of molecular proximity
at single molecule resolution. (Significant changes in TUNEL index were measured by a one-way
analysis of variance and subsequent Tukey’s post hoc test to analyze differences between cohorts;
*p <0.05. Scale bar = 100 uM. Green fluorescent staining indicates DNA strand breaks (A); Blue fluo-
rescent staining is for Dapi indicating the cell nucleus (A,C); Red fluorescent staining indicates APAF1
and Cytochrome C interaction (C). Bar plots are presented as mean + SEM; N/ T, non-treatment;
H/R, hypoxia/re-oxygenation; PLA, Proximity Ligation Assay; dUTP, deoxyUridine TriPhosphate).

2.3. Anti-Apoptotic Effect of Irisin in 1st Trimester Placenta Explants Coincides with
Akt Activation

To evaluate how Irisin can reduce apoptosis in the ischemic first trimester placenta,
we investigated expression of various proteins in the apoptotic pathways. Irisin treatment
of first trimester placental explants exposed to H/R resulted in a 25-40% decrease in gene
expression of the pro-apoptotic BAX, while gene expression of anti-apoptotic BCL2A1 did
not significantly change (n = 3, Figure 3A). Irisin further showed a 65-105% increase in the
ratio for the anti-apoptotic BCL2: pro-apoptotic BAX protein levels in the first trimester
explants (n = 3, Figure 3B). We additionally investigated the levels of Poly (ADP-ribose)
polymerase (PARP) cleavage in the first trimester placenta after H/R injury. PARP functions
to detect DNA damage and provide base excision repair and during apoptosis [38], and its
cleavage by caspases prevents the ability to undergo DNA repair. We observed a significant
reduction in cleaved PARP (cPARP) compared to total PARP (tPARP) levels when treated
with 50 nm Irisin (n = 3, Figure 3C). Further, we observed an increase in the ratio of
phosphorylated Akt: total Akt protein levels from Irisin treatment during H/R (n = 3,
Figure 3D).
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Figure 3. Irisin activates Akt pathway to protect against apoptosis during first trimester oxidative
stress. (A) The gene expression of pro-apoptotic BAX decreased in presence of Irisin however the
gene expression of anti-apoptotic BCL2A1 did not change with Irisin treatment (n = 3). (B) Protein
expression for the BCL2: BAX ratio were significantly increased with Irisin treatment during H/R
(n =3). (C) cPARP was significantly reduced in the first trimester placenta treated with Irisin during
H/R (n = 3). (D) Treatment of 50 nm of Irisin led to a significant increase in the ratio for phosphory-
lated Akt: total Akt protein levels in the first trimester placenta during H/R (n = 3). (Relative protein
expression was determined by normalization to 3-actin, followed by a one-way analysis of variance
and subsequent Tukey’s post hoc test to analyze differences between cohort; * p < 0.05. Bar plots are
presented as mean + SEM. H/R, Hypoxia/Re-oxygenation, PARP, Poly (ADP) Polymerase; cPARP,
cleaved PARP; tPARP, total PARP).

2.4. Treatment IRISIN with Rescued Ischemic Injury in JEG-3 Cells

In addition to our ex vivo experiments, we used the choriocarcinoma JEG-3 cell line to
validate our findings in H/R conditions. PLA showed that H/R induced APAF1/Cytochrome
C interaction (apoptosis) in the cell-based model, which was significantly reduced in
response to Irisin treatment (n = 3, Figure 4A). Caspase 3 assists in apoptotic pathways by
cleaving several cellular proteins [39]. We observed a reduction of Caspase 3 activity in the
JEG-3 cells exposed to H/R after treatment with Irisin (n = 3, Figure 4B).



Int. J. Mol. Sci. 2021, 22, 11229

'y | A |  wvere N

(]
o
]
Jﬁ-

-

H

o
1

(

Relative CASP3 Activity
T

e
L
1

(=]

b

o
1

T T T
NT 20% O, NTH/R  IR10 IR50

Irisin 50nM | Irisin10nM | N/T |

Figure 4. Irisin reduced apoptosis during ischemic injury in JEG-3 cells. (A) Proximity ligation assay
(PLA) showed that the elevated APAF1/Cytochrome C interaction (apoptosis), as shown by red
fluorescent molecules, under H/R condition was antagonized by Irisin in JEG-3 cells, similar to
our observation in human 1st trimester explants. (B) This process coincided with the inhibition of
Caspase 3 activity as confirmed by specific fluorogenic substrates Ac-DEVD-AMC (n = 3). (Significant
changes in Caspase 3 activity were measured by a one-way analysis of variance and subsequent
Tukey’s post hoc test to analyze differences between cohorts; * p < 0.05. Scale bar = 100 uM. Blue
fluorescent staining is for Dapi indicating the cell nucleus; Red fluorescent staining indicates APAF1
and Cytochrome C interaction. Bar plots are presented as mean + SEM. N/ T, non-treatment; PLA,
Proximity Ligation Assay).

2.5. Perifosine, a Specific Akt Antagonist, Inhibited Anti-Apoptotic Effect of Irisin in JEG-3 Cells

To investigate the potential role of Akt signalling in cellular response to Irisin, JEG-3
cells were incubated with 10 or 50 nm Irisin and within 5-min we observed a significant
increase in the ratio for the phosphorylated Akt: total Akt protein expression levels (n =3,
Figure 5A). We incubated JEG-3 cells with different concentration of Perifosine (10-100 uM),
a specific Akt inhibitor. Perifosine significantly reduced the ratio of phosphorylated Akt:
total Akt protein expression (n = 3, Figure 5B). Treatment with both 50 nm Irisin and 50 uM
Perifosine resulted in a significant reduction of phosphorylated Akt: total Akt protein
expression levels (n = 3, Figure 5C). To further support the notion of Irisin’s apoptotic
effects, we identified a significant reduction of reactive oxygen species (ROS) during H/R
which was successfully blocked by Perifosine, showing that the antioxidant effect of Irisin
is an Akt-dependent phenomenon (Figure 5D).
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Figure 5. Perifosine inhibited the anti-apoptotic effect of Irisin in JEG-3 cells. (A) Irisin treatment
increased the ratio of phosphorylated Akt: total Akt protein expression within 5-minutes of treatment
(n = 3). (B) The ratio of phosphorylated: total Akt protein expression was significantly reduced
after 5 h of increasing amounts of Perifosine (n = 3). (C) The promoting effect of Irisin on Akt
phosphorylation was attenuated in presence of Perifosine (n = 3). (D) The rescue effect of Irisin on
intracellular generation of ROS, shown by red fluorescence, in JEG-3 cells was blocked by Perifosine
during H/R. (Relative protein expression was determined by normalization to 3-actin, followed a one-
way analysis of variance and subsequent Tukey’s post hoc test to analyze differences between cohorts;
*p <0.05,** p < 0.01. Bar plots are presented as mean & SEM. Scale bar = 100 uM. Blue fluorescent
staining is for Dapi indicating the cell nucleus; Red fluorescent staining indicates ROS presence in
the cells. N/T, non-treatment, H/R, Hypoxia/Re-oxygenation; ROS, Reactive Oxygen Species).

3. Discussion

Placental disorders such as preeclampsia often involve ischemic reperfusion injury
that largely contributes to increased cell death in the placenta. In this study we provided
evidence of the anti-apoptotic role for Irisin in the human preeclamptic placenta and in
the human first trimester placenta and in the choriocarcinoma JEG-3 cell model during
pathological conditions.

Irisin is a secreted myokine that is involved in energy metabolism. Irisin has a
wide range of effects in the cell involving changes in inflammation, oxidative stress and
apoptosis [16]. Exercise upregulates Irisin secretion which acts on fat tissue to induce tissue
browning for the purpose of energy mobilization. Therefore, many studies have been
focused on the roles of Irisin in the treatment of metabolic disorders such as obesity and
type 2 diabetes, and less is known of Irisin’s roles during pregnancy.

Our study is one of the first to report anti-apoptotic features of Irisin treatment in the
placenta. Evidence to support this is shown by the reduction of apoptotic cells and by an
increase in the ratio of anti-apoptotic BCL2: pro-apoptotic BAX protein levels in response
to Irisin-treated preeclamptic placentas and in ex vivo and in vitro model systems during
ischemic reperfusion injury. The reduction of cleaved PARP induced by Irisin provides
the cells an opportunity to undergo repair of DNA strand breaks in the first trimester
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placenta during ischemic conditions. Caspase 3 is a crucial member of apoptotic pathways
by acting to cleave several cellular proteins [39] and its reduction in activity by Irisin
further convinces the role for Irisin in promoting anti-apoptotic pathways. Furthermore,
Caspase and BAX reduction has been described in lung injury models [40] and vascular
diseases [41] in response to irisin treatment, which correlates with the findings of our study.

The increase in BAX activity during oxidative stress compromises mitochondrial
membrane integrity to release Cytochrome C into the cytoplasm [42] where it is free to in-
teract with apoptotic protease-activating factor-1 (Apaf-1) [43]. The binding of Cytochrome
C with Apaf-1 initiates apoptosis signaling cascades [43]. Remarkably, we observe a
dose-dependent decrease in the interaction between Cytochrome C and Apaf-1 with in-
creasing Irisin treatment, which provides greater support to our claims that Irisin protects
against apoptosis.

The Akt signaling pathway is an important intracellular signal transduction pathway
with a key role in the regulation of apoptosis and cell survival [44]. Akt phosphorylation
acts on several proteins including the Foxo family members, YAP, BAD and Caspase 9 to
inhibit apoptosis [43]. We observed significant increases in the ratio of phosphorylated Akt:
total Akt protein levels from Irisin treatment in our ischemic models. Blocking Akt activa-
tion with the Akt specific inhibitor, Perifosine, abolished the anti-apoptotic effects of Irisin,
which suggests that Irisin likely acts through the Akt pathway to protect against apoptosis.
Furthermore, our results correlate with additional reports in the literature. Specifically, a
study by Li et al. assessed Irisin’s effect on endothelial function in apolipoprotein E-Null
diabetic mice and found that Irisin treatment protected the endothelium through activation
of AMPK and Akt pathways [41].

The exact signaling mechanisms on how Irisin exhibits its action are still under in-
vestigation. While we have shown that Irisin activates Akt phosphorylation at the serine
473 residue, more studies investigating members upstream and downstream of Akt are
needed to further explore this pathway. A putative receptor for Irisin, «V/p5 integrin
has been recently identified [45,46], which was initially characterized in the human pla-
centa making it a prime target for Irisin signaling [47]. «V /(35 integrin has a variety of
downstream targets and although it is likely Irisin will initiate these same «V /{35 integrin
signaling pathways in the placenta, future studies will need to validate this process. While
the placenta is known to express the full length FNDC5 protein, it is unclear if the placenta
is a significant source of its secreted form, Irisin. Overall, the many physiological roles of
Irisin are still under investigation and here we were able to show that Irisin has cytopro-
tective capabilities in the human preeclamptic placenta and models of placental disease.
Future research should focus on the various sources of Irisin in pregnancy and the effects
on the placenta to better understand its roles in maternal and feto-placental metabolism
and disease.

4. Materials and Methods
4.1. Placental Tissue Collection

First trimester (10-12 weeks of gestation) placental tissues (n = 4) were obtained with
written informed consent from healthy pregnant women undergoing elective termination
of pregnancy. Term placental samples were obtained either by the Research Centre for
Women’s and Infants’ Health BioBank program of Hutzel Women’s Hospital in Detroit,
MI or by Women’s Health Center at Spectrum Hospital in Grand Rapids, MI, USA. The
Institutional Review Board of Wayne State University and Michigan State University
and approved all consent forms and protocols used in this study, which abide by the
National Institutes of Health (NIH) research guidelines. Specimens were collected from
pregnancies complicated by preeclampsia (n = 8; gestational age = 31-37 weeks) and were
delivered either by Cesarean section or vaginal birth. Inclusion criteria for preeclampsia
was in accordance with current guidelines including blood pressure >140/90 mm Hg on
2 occasions longer than 6 h apart, evidence of end-organ damage including proteinuria,
with or without fetal growth restriction [48].
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The collected tissues were washed and transported to the laboratory in ice-cold
Hank’s balanced salt solution and were processed within a maximum of 2 h after collection.
Upon arrival, tissues were snap-frozen in liquid nitrogen for further analysis. For ex vivo
modeling, individual clusters of villous trees were dissected under a stereomicroscope and
cultured in 1 mL of Dulbecco’s modified Eagle’s medium/Ham'’s F-12 nutrient mixture
(DMEM/F-12; 1:1; Life Technologies; Grand Island, NY, USA) containing 10% fetal bovine
serum (FBS; Life Technologies) and 1% Gibco™ antibiotic-antimycotic. The explants were
maintained overnight at either 8% O, or Hypoxia/Reoxygenation (H/R) with 5% CO; at
37 °C. During hypoxic exposures, the gas mixtures were balanced with N>. HR conditions
were performed by culturing the first trimester placental explants in 1% O, overnight
followed by culture at 8% O, and replacement of fresh medium and incubation for 5 h.
For the experiments, placental explants were cultured in a medium supplemented with
low (10 nM) or high (50 nM) physiological doses of active recombinant Irisin (Enzo Life
Sciences, Farmingdale, NY, USA) [34,49].

4.2. Human Trophoblast Cell Culture

The human choriocarcinoma cell line JEG-3 was purchased from the American Type
Culture Collection (ATCC). Cells were cultured in Dulbecco Modified Eagle Medium
(DMEM) and Ham F12 (1:1 DMEM/F12) medium (Invitrogen, Waltham, MA, USA) con-
taining 10% FBS and 1% Antibiotic-Antimycotic (Gibco, Amarillo, TX, USA) in a humidi-
fied incubator at 5% CO,. The H/R (hypoxia/reoxygenation) was performed as 1.5% O,
overnight followed by replacement with fresh medium equilibrated at 20% O, and in-
cubation for 5 h. To examine the effect of irisin on trophoblast differentiation, the cells
were treated with 10 nM or 50 nM of recombinant Irisin (Enzo Life Sciences, Farmingdale,
NY, USA). JEG-3 cells were also treated with 10 um, 50 um and 100 um of Perifosine
(Selleckchem, Houston, TX, USA) to inhibit Akt phosphorylation.

4.3. Protein Extraction and Immunoblotting

Protein extraction from tissues (20-30 mg) was performed as previously described
before [50]. Protein concentration was determined with BCA™ protein assay reagent
(Thermo Fisher Scientific, Rockford, IL, USA) according to the manufacturer’s instruc-
tions. Equal protein amounts (35 ng) were denatured (8 min, 95 °C) in Laemmli sample
buffer (Bio-Rad Laboratories; Hercules, CA, USA) and separated using sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, with subsequent semi-dry transfer (Trans-Blot®;
Bio-Rad Laboratories) to a polyvinylidene difluoride membrane. The membranes were
blocked with 5% nonfat dry milk in 1x Tris-buffered saline containing 0.05% Tween-20
and were incubated overnight at 4 °C with anti-BAX (1:1000; Cell Signaling Technology,
Danvers, MA, USA), anti-BCL-2c (1:1000; Cell Signaling Technology, Danvers, MA, USA),
anti-cleaved PARP (Cell Signaling Technology, Danvers, MA, USA), anti-PARP (Cell Sig-
naling Technology, Danvers, MA, USA), anti-pan-Akt (1:1000; Cell Signaling Technology,
Danvers, MA, USA) and anti-phospho-Akt (Ser473) (Cell Signaling Technology, Danvers,
MA, USA) primary antibodies. Subsequently, membranes were incubated with horseradish
peroxidase-conjugated secondary antibodies for 1 h at room temperature and were devel-
oped with Western Lightning® ECL Pro (PerkinElmer, Waltham, MA, USA). Signals were
visualized using a ChemiDoc™ Imaging System (Bio-Rad Laboratories) and Image Lab
Version 5.1 software (Bio-Rad Laboratories). Densities of immunoreactive bands were mea-
sured as arbitrary units by the Image] software (NIH, Bethesda, MD, USA). Protein levels
were normalized to a housekeeping protein (3-actin; 1:4000; Cell Signaling Technology,
Danvers, MA, USA).

4.4. Cell Death Assay

A total of 5 placentas were used for histological evaluation and quantification of
apoptosis in paraffin-embedded section. A similar number of villi were dissected from
all five regions mixed and then randomly picked from the pool for each experiment to
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avoid sampling bias. Each dissected explant contained approximately 8-10 mg tissue, four
to five villi, or cultured cells. All treatments were performed in triplicates. DNA-strand
breaks were detected by TUNEL (terminal deoxynucleotidyl transferase [TdT] dUTP nick-
end labeling), using a fluorescein-based in situ cell death detection kit (Roche Applied
Science, Indianapolis, IN, USA), according to the manufacturer’s instructions. Nuclei were
counterstained with DAPI (EMD Biosciences, Billerica, MA, USA). Sections were imaged
with a Nikon Eclipse 90i epifluorescence microscope (Nikon Inc., Melville, NY, USA). The
apoptotic cells (TUNEL-positive nuclei) were counted at 40xX from four random fields on
each section from three samples for each treatment, along with the total number of nuclei
(DAPI-labeled) to calculate the percentage of TUNEL/DAPI-labeled nuclei (TUNEL index).
Additional sections subjected to treatment without TdT were assessed as negative controls.

4.5. Proximity Ligation Assay (PLA)

Proximity ligation assay (PLA) was performed in situ using a Duolink In Situ Red
Starter Kit for Mouse/Rabbit (Sigma, St. Louis, MO, USA), according to the manufacturer’s
instructions. Briefly, first trimester explants were fixed in 4% paraformaldehyde, imbedded
in paraffin block and sectioned onto slides for staining, followed by standard dewaxing
and rehydrating conditions. JEG-3 cells were fixed and permeabilized. Cells or tissues and
incubated overnight at 4 °C with primary anti-Cytochrome C and anti-APAF1 antibodies
(Abcam) in pre-blocking buffer (0.05% Triton X-100 in PBS, pH 7.4). A negative control
was prepared by incubating cells/tissues in blocking solution without primary antibodies.
Cells/tissues were washed and incubated with rabbit plus and mouse minus PLA probes
for 60 min at 37 °C. After washing, the ligation-ligase mixture was added and cells were in-
cubated for 30 min at 37 °C, followed by an amplification step that generates a rolling circle
DNA. Hoechst 33342 was used to stain nuclei. The fluorescently labeled oligonucleotides
were visualized by a Nikon Eclipse 90i epifluorescence microscope (Nikon Inc.).

4.6. Caspase Activity Assay

The activation of caspase 3 was determined using a fluorometric substrate, Ac-DEVD-
AMC (Enzo Life Sciences). JEG-3 cells were seeded at a density of 70,000 cells/well
in a 6-well plate. After treatment, a nondenaturing lysis buffer was added to extract
cellular protein, as described previously [51]. Total protein (35 pg) and 40 pL of substrate
were added to 50 pL of reaction buffer (1% NP-40, 10% glycerol in TBS). The mixture
was incubated at 37 °C for 3 h, and the fluorescence intensity was quantified using a
microplate reader.

4.7. Fluorometric and Quantitative Evaluation of ROS Generation

To observe the basic changes of intracellular ROS, a Cellular Reactive Oxygen Species
Detection Assay Kit (Abcam, Cambridge, MA, USA) was utilized as instructed by the
manufacturer. JEG-3 cells were seeded in an eight-chamber slide at 10,000 cells/chamber.
After a 48-h incubation, cells were washed with PBS and preloaded with 1x ROS probes
for 45 min at 37 °C. Cells were then washed with PBS. Cells were examined under a Nikon
Eclipse 90i epifluorescence microscope (Nikon Inc.) with appropriate filters.

4.8. Statistical Analysis

All statistical analysis was performed with GraphPad Prism 7.0 software. Raw mRNA
and protein expressions were normalized to respective housekeeping genes or protein.
All experiments were performed at least three times. A one-way analysis of variance and
subsequent Tukey’s post hoc test was performed to analyze differences between cohorts.
An effect was considered significant when p < 0.05 and is indicated with (*) on each graph.
For arbitrary units, results were calculated relative to non-treatment (N/T) controls (set
as 1) and presented as mean + standard error of the mean (SEM).
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Abstract: In the placenta the proliferative cytotrophoblast cells fuse into the terminally differentiated
syncytiotrophoblast layer which undertakes several energy-intensive functions including nutrient up-
take and transfer and hormone synthesis. We used Seahorse glycolytic and mitochondrial stress tests
on trophoblast cells isolated at term from women of healthy weight to evaluate if cytotrophoblast (CT)
and syncytiotrophoblast (ST) have different bioenergetic strategies, given their different functions.
Whereas there are no differences in basal glycolysis, CT have significantly greater glycolytic capacity
and reserve than ST. In contrast, ST have significantly higher basal, ATP-coupled and maximal
mitochondrial respiration and spare capacity than CT. Consequently, under stress conditions CT
can increase energy generation via its higher glycolytic capacity whereas ST can use its higher and
more efficient mitochondrial respiration capacity. We have previously shown that with adverse in
utero conditions of diabetes and obesity trophoblast respiration is sexually dimorphic. We found no
differences in glycolytic parameters between sexes and no difference in mitochondrial respiration
parameters other than increases seen upon syncytialization appear to be greater in females. There
were differences in metabolic flexibility, i.e., the ability to use glucose, glutamine, or fatty acids, seen
upon syncytialization between the sexes with increased flexibility in female trophoblast suggesting a
better ability to adapt to changes in nutrient supply.

Keywords: placenta; metabolism; glycolysis; mitochondrial respiration; cytotrophoblast;
syncytiotrophoblast; placental metabolism; trophoblast glycolysis; trophoblast mitochondrial

respiration; sexual dimorphism

1. Introduction

The placenta is a highly specialized fetal organ responsible for supporting growth and
development of the fetus in utero. It forms an immune and physical barrier between the
mother and fetus and provides metabolic, transport, and endocrine functions [1]. Each
of these functions exact a metabolic cost so it comes with no surprise that the placenta
has an extraordinarily high metabolic rate, accounting for approximately 40% of the total
oxygen consumed by the fetus and placenta combined [2]. The chorionic villi of the
placenta, which contain fetal capillaries, are bathed with maternal blood and it is here on its
outer surface where oxygen and nutrient uptake and transfer between maternal and fetal
circulations occurs across the syncytiotrophoblast (ST) cell layer, a multinuclear syncytium
13 m? in area at term. The ST also synthesizes and secretes large amounts of peptide
and steroid hormones [3]. The ST cell layer is formed from underlying mononucleated
villous cytotrophoblast (CT) cells which constantly proliferate in vivo and fuse into the
fully differentiated multinucleated ST. Formation of ST can be recapitulated in vitro by
culture of isolated CT cells which, although they cannot proliferate in-vitro, spontaneously
fuse, and differentiate into ST [4]. As the majority of energy requiring placental functions
(nutrient/waste transfer and hormone production) are carried out by the ST layer, it has
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traditionally been assumed that the ST is more metabolically active than CT cells, although
recent studies suggest a more complex metabolic status [5].

Trophoblast cells, like other cells, produce chemical energy in the form of adenosine
triphosphate (ATP) mainly via oxidative phosphorylation. Glycolysis, the TCA cycle, and
fatty acid oxidation all result in formation of energy-rich NADH and FADH2 which donate
their electrons into the electron transport chain (ETC) for shuttling down a chain of protein
complexes while protons are pumped out of the mitochondrial matrix into the intermem-
brane space, creating a proton gradient across the inner mitochondrial membrane. In the
final step of oxidative phosphorylation, protons travel down their concentration gradient
through complex 5 (ATP synthase) and phosphorylate adenosine diphosphate (ADP), cre-
ating ATP. In most cells, breakdown of glucose via glycolysis and formation of acetyl CoA
is the primary pathway that provides metabolites for oxidative phosphorylation. However,
cells can switch to other metabolites in either the absence of glucose or excess of fatty acids.
This ability to switch metabolite substrates depending on nutrient availability is called
metabolic flexibility and is a crucial cell survival mechanism when faced with sub-optimal
metabolic conditions. We recently showed that in addition to glucose, trophoblast cells can
also utilize amino acids, e.g., glutamine, and fatty acids for generation of ATP via the ETC
and that the proportions of each used can change with metabolic condition, e.g., obesity
or gestational diabetes [6]. Since, the proliferative CT and differentiated ST have different
role in terms of transport, metabolism, and steroid and peptide hormone production, we
hypothesized that they might differ in their use of fuel sources and metabolic flexibility.

Cytotrophoblast cells share many similarities with cancer cells which proliferate,
migrate, and invade tissues to establish a continuous nutrient supply to support the devel-
opment of a tumor. In-vivo, CT proliferate, migrate, and invade (as extravillous trophoblast)
endometrial tissue to establish a nutrient supply but also as villous cytotrophoblast undergo
fusion to form ST [7]. Otto Warburg described a phenomenon, the Warburg effect, where
cancer cells preferentially utilize glycolysis in the presence of oxygen (aerobic glycolysis)
to produce the bulk of their ATP requirement, unlike normal body cells that generate ATP
through mitochondrial respiration using metabolites from glycolysis, the TCA cycle and
-oxidation of fatty acids [8-10]. Based on the similarities between CT cells and cancer
cells, we therefore hypothesized that CT might have higher glycolytic function, compared
to ST cells.

There is now an overwhelming body of data indicating a sexual dimorphism exists
in placental physiology underpinned by a sex-dependent difference in placental gene
expression [11-14]. This may be linked to the different fetal growth and survival strategies
where male fetuses grow larger than female fetuses but are therefore at a greater risk of
suffering from adverse pregnancy outcomes if maternal nutrition and placental function
are not optimal [15-17]. We have previously reported maternal obesity, preeclampsia, and
gestational diabetes mellitus to be associated with sexually dimorphic effects on energetics
and autophagy in the placenta, and have also shown sexual dimorphism in placental
antioxidant enzyme activity [6,18-20]. In this study we also investigated if fetal sex had
effects on glycolytic and mitochondrial metabolism in CT vs. ST cells from women of a
healthy weight.

2. Results
2.1. Clinical Characteristics

All the women who donated their placentas to this study were chosen because they
were of healthy pre-pregnancy (lean) BMI (<25 kg/ m?). There were no significant differ-
ences in gestational age at delivery, maternal age, pre-pregnancy BMI (Body Mass Index),
gestational weight gain, or placental weight between the groups (Table 1). However, there
were significant differences in fetal weight and the fetal/placental weight ratio between
male vs. female pregnancies with the male being significantly heavier and, hence, with a
more “efficient” placenta.
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Table 1. Clinical characteristics of study participants.

Pre- Maternal Gestational . Placental Fetal/ Gestational Et.hn1c1t.y
Fetal Fetal Weight . . . (Hispanic,
Pregnancy Age Age Weight Placental Weight Gain
Sex BMI (kg/m?) (yrs) (wks) (Grams) (Grams) Ratio (kg) Non-
Hispanic)
I\fazlzs 229+ 1.6 359 +6.7 39.0 £ 0.5 3612 + 257 508 + 87.6 72+1.1 15.0 £ 3.7 0,8
F‘;“f;es 23+15 321445 386+10  3208*+400 518 +719 62*+06 15.1 + 4.2 1,7

Data presented as mean =+ SD. Significant differences between male and female groups were determined using the student’s ¢ test. * p < 0.05
male vs. female.

On average, male fetuses are born larger than female fetuses [21], with little differences
in placental weight, resulting in a larger fetal to placental weight ratio in males [22]. Our
data agrees with these findings (Table 1).

2.2. Isolated Cytotrophoblast Differentiate into Syncytiotrophoblast in Culture

Isolating intact ST from the placenta is not feasible as the digestion process destroys
the syncytial layer. However, CT can be isolated and in culture will aggregate and fuse to
form ST over 96 hrs. Figure 1A shows individual cells positive for cytokeratin-7 confirming
identity as single CT at 24 hrs. Over the course of the culture, these undergo fusion to form
ST as evidenced by multinucleate structures with positive cytokeratin-7 stain (Figure 1B,C)
and E-cadherin stain (Supplemental Figure S1B).
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Figure 1. Identification of trophoblast cells and their syncytialization. (A) Cytotrophoblast at 24 h (20x), (B) Syncy-
tiotrophoblast at 96 hrs (20x), and (C) Syncytiotrophoblast (63 x) stained with cytokeratin 7 (red) and counterstained
with Hoechst 33,342 for nuclei (blue). (D) Human Chorionic Gonadotropin (hCG) production pg of hormone per ug of
cell protein. Data presented as minimum, maximum, median, 25th and 75th quartiles boxes, and whisker plots, n = 8,
male = blue, female = pink. ** p < 0.01, (Wilcoxon test CT vs. ST).

To further verify that our technique of culturing trophoblasts results in ST formation,
we measured human chorionic gonadotropin (hCG) production. With data from both
fetal sexes combined, ST, as expected had significantly higher hCG production (p = 0.007)
compared to CT (Figure 2D). With fetal sex separated, ST from both males (p = 0.01) and
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Extracellular Acidification Rate (ECAR)

(mpH/min)

females (p = 0.02) have significantly increased hCG production, compared to CT of the
same sex (Supplemental Figure S1) however interestingly, the increase in hCG production
upon syncytialization appears to be greater in female vs. male trophoblast (p = 0.02).
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Figure 2. Glycolytic function of CT vs. ST analyzed using the glycolysis stress test. (A) Graphical representation of the
glycolysis stress test, (B) non-glycolytic acidification, (C) glycolysis, (D) glycolytic capacity, and (E) glycolytic reserve. Male
(blue, n = 8) and female (pink, n = 8) groups combined. Data presented as minimum, maximum, median, 25th and 75th
quartiles boxes, and whisker plots. * p < 0.05, ** p < 0.001 (Wilcoxon signed-rank test). 2-DG: 2-deoxy-glucose, ECAR:
extracellular acidification rate.

2.3. Cytotrophoblast Have Higher Glycolytic Capacity and Reserve Capacity

The glycolytic function of CT and ST cells was measured using the glycolysis stress
test (Figure 2A). When analyzing with fetal sex combined, no differences were observed
in non-glycolytic acidification or rates of glycolysis (Figure 2B,C) suggesting both CT and
ST have similar rates of basal glycolysis and basal bioenergetics. However, CT showed
significantly higher glycolytic capacity (p = 0.01) and glycolytic reserve (p = 0.0003) when
compared to ST (Figure 2D,E, Supplemental Figure S2G,H). Glycolytic capacity indicates
the maximum amount of glycolysis/glucose breakdown the cells can perform acutely,
whereas glycolytic reserve (glycolytic capacity —glycolysis rate) is the difference between
the basal and maximal glycolytic capacity. The glycolytic reserve thus indicates the cells
potential to increase ATP production via glycolysis under stress or other physiologically
energy-demanding situations. Our results thus suggest that whereas CT and ST have
similar basal rates of glycolysis, CT have higher potential for energy/ATP generation via
glycolysis when stressed.

We then separated the data to determine the effects of fetal sex (Supplemental Figure S2).
Non-glycolytic acidification and basal glycolysis rate which were not different between CT
and ST were also not different between the sexes (Supplemental Figure S2A,B,E,F). Male
CT however showed significantly higher glycolytic capacity (p = 0.04) when compared to
their ST whereas no difference was observed between the female CT and ST. Interestingly,
there was no sexually dimorphic effect on glycolytic reserve as male (p = 0.015) and female
ST (p = 0.039) both had significantly lower reserve as compared to their CT, suggesting that
under energetically demanding or stressed conditions, both male and female ST have less
potential to use glycolysis for ATP production (Supplemental Figure S2C,D).
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2.4. Syncytiotrophoblast Have Higher Mitochondrial Respiration Compared to Cytotrophoblast

The Mitochondrial stress assay was performed to determine how mitochondrial
oxidative respiration and the resultant ATP production change as CT differentiate to
ST (Figure 3A). With data from both fetal sexes combined, ST had significantly higher
basal respiration (oxygen consumption in the resting state) (p = 0.003) and higher ATP-
coupled respiration (p = 0.0008), suggesting ST are energetically more demanding than CT
(Figure 3B,C, Supplemental Figure S3G,H). In addition, the ST also showed significantly
higher maximal respiration (p = 0.0001) and spare capacity (p = 0.0001), suggesting that
ST can achieve a higher rate of mitochondrial respiration if needed and have a higher
ability to respond to demand when compared to CT (Figure 3D,E). Syncytiotrophoblast
also showed significantly higher non-mitochondrial respiration (p = 0.009) and proton leak
(p = 0.04), compared to CT (Figure 3EG). Proton leak is the amount of oxygen consumption
not coupled to ATP production in the mitochondria and has been linked to the levels of
reactive oxygen species (ROS) and oxidative stress in the cell [23-25].
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Figure 3. Mitochondrial respiration of CT vs. ST analyzed using the mitochondrial stress test. (A) Graphical representation
of the mitochondrial stress test, (B) basal respiration, (C) ATP-coupled respiration, (D) maximal respiration, (E) spare
capacity, (F) non-mitochondrial respiration, and (G) proton leak. Male (blue, n = 8) and female (pink, n = 8) groups combined.
Data presented as minimum, maximum, median, 25th and 75th quartiles boxes, and whisker plots. * p < 0.05, ** p < 0.01,

*** p < 0.001, and Wilcoxon signed-rank test. FCCP: Trifluoromethoxy carbonylcyanide phenylhydrazone.

To determine the effect fetal sex has on mitochondrial function, data were analyzed
separately for male and female groups (Supplemental Figure S3). Overall, ST from both
males and females showed trends similar to that observed in the combined analysis. In both
sexes, ST had significantly higher ATP-coupled respiration (M, p = 0.03, F, and p = 0.01),
maximal respiration (M, p = 0.007, F, and p = 0.007) and spare capacity (M, p = 0.016, F,
and p = 0.007) compared to CT. In females, ST had significantly higher basal respiration
(p = 0.02) and non-mitochondrial respiration (p = 0.03) compared to CT. In males, ST had
significantly higher proton leak (p = 0.03) compared to CT (Supplemental Figure S3A-EL]).

2.5. Cytotrophoblast and Syncytiotrophoblast Differ in Their Capacity to Respond to Stress

To more clearly visualize how the metabolic phenotype changes as CT fuse to form
ST, basal OCR vs. basal ECAR measurements were plotted against each other (Figure 4A).
Both male and female trophoblasts increase glycolysis (ECAR) and oxidative phosphoryla-
tion (OCR) upon syncytialization showing the increased energy demands upon fusion into
ST. The metabolic potential of CT (Figure 4B) and ST (Figure 4C) in response to stress was
visualized by plotting basal OCR/ECAR rates and maximal OCR/ ECAR rates upon addi-
tion of FCCP or Oligomycin, respectively, mimicking a physiologically stressed situation.
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CT did not show any increase in their oxygen consumption rate (OCR), a direct measure of
their ability to generate ATP via oxidative phosphorylation, when stressed by addition of
FCCP but did show increased glycolytic function (ECAR, M, p = 0.02, F, and p = 0.008). This
is expected as CT do not have appreciable mitochondrial spare capacity (Figure 3E) but
do have appreciable glycolytic reserve (Figure 2E). In contrast, ST (Figure 4C) can increase
oxidative phosphorylation (OCR) as well as glycolysis (ECAR) to meet energy demands
when presented with a stress (M, p = 0.11, F, and p = 0.05). This is also expected as ST have
significantly higher mitochondrial spare capacity (Figure 3E) and some glycolytic reserve,
although less glycolytic reserve than CT (Figure 2E). Taken together, these results suggest
that CT and ST have different strategies and capabilities to respond to physiologically
demanding/stressful conditions.
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Figure 4. Comparison of metabolic phenotypes of CT and ST. (A) Metabolic shift of CT to ST and metabolic potential of (B)
CT and (C) ST. Data presented as mean +/— SEM. Male (blue, n = 8) and female (pink, n = 8) groups separated. * p < 0.05,

** p < 0.01, Wilcoxon signed-rank test.

2.6. Syncytiotrophoblast Have a Higher Capacity and Efficiency for Substrate Utilization
under Stress

We examined the impact of different substrates on trophoblast spare respiratory capac-
ity (the ability to respond to increased energy demand or under stress) using an adapted
version of the mitochondrial stress test. A combination of two pathway inhibitors (UK5099
(glucose), BPTES (glutamine) or Etomoxir (long-chain fatty acid)) was added, leaving only
a single substrate utilization pathway open, before performing the mitochondrial stress test
protocol. The impact of availability of just a single substrate—glucose or glutamine or fatty
acids—on the ability of cells to increase respiration rate in physiologically stressed condi-
tions (spare/reserve capacity) was then calculated as described in the methods section.

With both sexes combined, CT had a significantly higher capacity to use either glucose
(p = 0.01) or fatty acids (p = 0.04) alone than glutamine alone. However ST were observed to
have a significantly higher spare capacity for glucose utilization than glutamine (p < 0.02)
or fatty acids (p < 0.05) when each was present alone which indicates a higher efficiency
in glucose utilization over the other two substrates. When compared to CT, ST also had
significantly higher spare capacity when glucose (p = 0.02) or glutamine (p = 0.003) were
available alone as substrates (Figure 5A) with no difference apparent between CT and ST
spare capacity when only fatty acids were available as substrate. These results suggest
that upon syncytialization there is a change in the preference for utilization of the different
substrates to generate energy under physiologically stressed conditions.

We then separated the data based on fetal sex to determine if the cells differed in
their capacities for substrate utilization under stress (Figure 5B,C). In males, ST showed
a trend towards an increase in spare capacity for each substrate over CT, but the values
reached significance only for glutamine (p = 0.04) (Figure 5B). Interestingly, in females
CT had a higher spare capacity (and hence efficiency in utilization) for glucose (p = 0.03)
over glutamine and a trend towards increased spare capacity for long-chain fatty acids
over glutamine (p = 0.09). Female ST had significantly higher capacity for use of glucose
compared to glutamine (p = 0.01) and long-chain fatty acids (p = 0.01) (Figure 5C). Thus, it
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appears that female trophoblast account for most changes in substrate utilization under
stress conditions when male and female are combined.
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Figure 5. Impact of specific substrates on spare capacity of CT vs. ST. (A) Impact of glucose (red), glutamine (blue), and
long chain fatty acid (green) on spare capacity for each fuel source with fetal sex groups combined (n = 16). Combined
data presented as minimum, maximum, median, 25th and 75th quartiles boxes, and whisker plots. * p < 0.05, ** p < 0.01,
(Friedman test when comparing substrates or Wilcoxon test when comparing CT vs. ST). (B) Substrate impact on spare
capacity in males (n = 8), and (C) females (1 = 8). Glucose (red), glutamine (blue), and long-chain fatty acid (green). Data
plotted as individual values of paired CT and ST from the same sample. * p < 0.05, (Friedman test when comparing
substrates or the Wilcoxon test when comparing CT vs. ST).

2.7. Syncytiotrophoblast Have Lower Mitochondrial Content but Higher Citrate Synthase Activity

To determine if the increased overall mitochondrial respiration observed in ST was
a function of increased number of mitochondria, we measured mitochondrial content
using the mitochondria specific dye MitoTracker™ (normalized to total DNA amount).
Surprisingly, we found the opposite to be true. With data from both fetal sexes combined,
CT have significantly greater mitochondrial content compared to ST (p = 0.007) (Figure 6A).
However, when separated by fetal sex, CT from males (p = 0.01) account for the majority
of this difference with significantly higher mitochondrial content compared to ST, while
females only approached significance (p = 0.07) (Supplemental Figure S4A).
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Figure 6. Mitochondrial content and activity measurements in cyto- and syncytiotrophoblast. (A) MitoTracker™, (B) citrate
synthase protein, and (C) VDAC protein levels. (D) Citrate synthase activity (in picomole/min/uL of substrate). Male (blue,
n = 4) and female (pink, n = 4). A, D: Data presented as minimum, maximum, median, 25th and 75th quartiles boxes, and
whisker plots. (B,C): Data plotted as individual values of paired CT and ST from the same sample Male (blue, n = 4) and
female (pink, n = 4) fetal sex groups combined. ** p < 0.01, (Wilcoxon test, CT vs. ST).
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To further validate the above observation, we quantified the expression using western
blotting of two other mitochondrial markers, citrate synthase, and voltage-dependent
anion channel (VDAC) found in the mitochondrial outer membrane. In agreement with
the MitoTracker™ data, the ST had lower expression of both citrate synthase (p = 0.01) and
VDAC (p = 0.007) (Figure 6B,C). When the data was separated and analyzed based on fetal
sex the decrease in citrate synthase expression upon syncytialization was significant only in
male mirroring the change seen with MitoTracker™ whereas VDAC significantly decreased
in both male and female trophoblast with syncytialization (Supplemental Figure S4B,C).

We subsequently measured citrate synthase activity as an additional marker for overall
mitochondrial activity. Citrate synthase is responsible for catalyzing the first step of the
citric acid cycle by combining acetyl-CoA (end product of all three fuel oxidation pathways)
with oxaloacetate to generate citrate which then enters the TCA cycle to generate FADH2
and NADH. With data from both sexes combined, ST have significantly higher citrate
synthase activity (p = 0.007) compared to CT (Figure 6D), however, separation by fetal sex
revealed male (p = 0.008) ST have significantly increased citrate synthase activity compared
to CT, while female ST only approached significance (p = 0.09) (Supplemental Figure S4D).
Increased citrate synthase activity in ST aligns with our results of increased mitochondrial
respiration rate in ST.

2.8. Effect of Syncytialization on Mitochondrial Protein Expression

We next investigated if the increased mitochondrial respiration and citrate synthase
activity measured in ST corresponded with an increase in the expression of proteins
involved in mitochondrial catabolic pathways (outlined in Table 2).

Table 2. List of mitochondrial metabolism proteins assessed by western blotting grouped in 3 sub-
groups (capitalized).

ELECTRON TRANSPORT CHAIN COMPLEXES

NADH reductase (Complex I)
Succinate dehydrogenase (Complex II)
Cytochrome C reductase (Complex III)

Cytochrome C oxidase (Complex II)
ATP synthase (Complex V)

METABOLITE PROCESSING ENZYMES

Glutamate dehydrogenase, Mitochondrial (GLUD 1/2)
Carnitine palmitoyl transferase one alpha (CPT1«x)
Hexokinase 2
Glutaminase
Glucose Transporter Type 1(GLUT1)

MITOCHONDRIAL BIOGENESIS

Peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGCl«)

Surprisingly, we also found that every mitochondrial specific protein we measured
significantly decreased in ST compared to CT. As seen in Figure 7, the expression of all
five complexes in the respiratory chain, . NADH dehydrogenase (p = 0.007), II. Succinate
dehydrogenase (p = 0.007), III. Cytochrome C reductase (p = 0.02), IV. Cytochrome C oxidase
(p = 0.007) and V. ATP synthase (p = 0.01) significantly decrease in ST compared to CT
(Figure 7E-I). Glutaminase and glutamate dehydrogenases (GLUD 1/2) the mitochondrial
enzymes that convert glutamine into glutamate, and glutamate to «-ketoglutarate, a pre-
cursor of the citric acid cycle intermediate, respectively, were also found to be significantly
decreased in ST compared to CT (p = 0.0078,) (Figure 7], K). However, no differences were
observed in Hexokinase 2, Carnitine palmitoyltransferase one alpha (CPT1«), or Glucose
Transporter Type 1 (GLUT1) expression (Figure 7L-N). Peroxisome proliferator-activated re-
ceptor gamma coactivator 1-alpha (PGCl«), which is the mast