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Preface to “Pathogenesis of Pregnancy-Related
Complication”

Preeclampsia, HELLP syndrome, fetal growth restriction, gestational diabetes mellitus,
preterm birth (preterm prelabor rupture of membranes and spontaneous preterm labor),
infection/inflammation, recurrent pregnancy loss, and pregnancy-induced chronic venous disease
are major complications responsible for maternal and perinatal morbidity and mortality.

Elucidation of the pathogenetic mechanisms related to human reproduction, the implantation
process, and the initiation and onset of severe pregnancy-related complications is crucial, since it
enables the identification of potential biomarkers for early stratification of patients at risk, early right
diagnosis, and the development of novel therapeutical options. All studies performed using either in
vitro or in vivo experimental models or samples derived from patients have significantly contributed
to the broadening of our understanding, since altogether, they give comprehensive insight into these
particular mechanisms.

Additionally, pregnancy-related complications have induced long-term metabolic and vascular
abnormalities that might increase the overall risk of metabolic, cardiovascular, cerebrovascular,
kidney, and other diseases later in life in mothers and their offspring. In addition, children
from pregnancies with an estimated first trimester risk of complications based on the fetal nuchal
translucency thickness and abnormal maternal serum levels of first trimester routine biomarkers have
a higher likelihood of adverse outcomes. Therefore, they should be monitored long term.

This Special Issue provides an overview of the latest research in the field and may be of interest to
scientists, gynaecologists, and obstetricians working in this highly demanding and quickly expanding

area.

Ilona Hromadnikova
Editor
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Pregnancy-Related Complications

Department of Molecular Biology and Cell Pathology, Third Faculty of Medicine, Charles University,
100 00 Prague, Czech Republic; ilona.hromadnikova@If3.cuni.cz; Tel.: +42-029-651-1336

In this special edition (closed on 31 October 2022), 4 reviews, 13 original papers,
1 communication, and 1 case report are published. These papers were published by scien-
tific teams from 24 countries, including China, Tunisia, Canada, France, Serbia, Portugal,
Spain, Chile, Singapore, Australia, USA, Mexico, Czech Republic, Germany, Sweden,
Finland, United Kingdom, Norway, Poland, Greece, Japan, Italy, Switzerland, and Israel,
which is a really great achievement.

In the review of Chen et al. [1], the authors summarize the role of galectins, multi-
functional regulators of cellular biological processes involving innate and adaptive im-
mune responses, in human reproduction, pregnancies with normal course of gestation
and pregnancy-related disorders such as preeclampsia, gestational diabetes mellitus, fetal
growth restriction and preterm birth.

The review of Benkhalifa et al. [2] was dedicated to the endometrium immunomodu-
lation to prevent recurrent implantation failures and repeated pregnancy loss in women
undergoing an in vitro fertilization programme. Various possible therapeutical options
are reviewed together with a profiling of predictive biomarkers of implantation before
embryo transfer.

The review of Viloti¢ et al. [3] provided a comprehensive overview on the role of IL-6
and IL-8, inflammatory cytokines, in cycling endometrium, the feto-maternal interface,
establishment of pregnancy, parturition, and in the pathogenesis of pregnancy-related
complications such as pregnancy loss, preeclampsia, gestational diabetes mellitus and
infection/inflammation.

Angelo-Dias et al. [4] performed a systematic review and meta-analysis assessing
the association of B cells with idiopathic recurrent pregnancy loss. They highlighted
a potential association between increased levels of endometrial B cells and idiopathic
recurrent pregnancy loss.

Ortega et al. [5] demonstrated that pregnancy-induced chronic venous disease is
associated with a proinflammatory environment characterized by altered serum levels of
multiple inflammatory cytokines and chemokines in affected women and their newborns,
which might have serious consequences for both.

Peniailillo et al. [6] described the potential communication between maternal mes-
enchymal stem cells derived from menstrual fluid and invading trophoblast cells during
the implantation process. Reduced mesenchymal stem cell-induced trophoblast invasion
was observed in patients with a history of preeclampsia.

Martinez-Fierro et al. [7] present interesting findings on the pathogenesis of preeclamp-
sia, evaluating the effect of the administration of fibroblast growth factor type 2 on the
placental expression of various genes involved in angiogenesis and apoptosis in an experi-
mental murine model of preeclampsia. The administration of fibroblast growth factor type
2 reduced the effects generated by proteinuria and hypertension and also impacted the
expression of studied genes.

Our research group [8] introduced a set of cardiovascular disease-associated microRNAs
as potential biomarkers for the early identification of pregnancies at risk of later develop-
ment of gestational diabetes mellitus. A first trimester screening of particular microRNAs
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allowed the authors to predict the later occurrence of gestational diabetes mellitus both
irrespective of or with respect to the severity of the disease (group of all patients, group of
patients on diet only, and group of patients on the combination of diet and therapy).

Czamara et al. [9] showed that children from pregnancies with an estimated first
trimester risk based on fetal nuchal translucency thickness and abnormal maternal serum
levels of first trimester routine biomarkers have a higher likelihood of adverse outcomes,
even if initial testing of known genetic conditions is negative. In these children, congenital
malformations of the circulatory system are more frequent. These children also have more
copy number duplications. These cases should therefore be followed-up during pregnancy
and after the birth.

Huang et al. [10] demonstrated that PEG2-induced pyroptosis affects the progression
of endometriosis by changing the migration ability of pyroptotic cells and through the
upregulation of HMGBI1, E-cadherin, and vimentin. These findings might support the
usage of anti-inflammatory drugs in patients with endometriosis.

Lynch et al. [11] reported that a deficiency in SLC2A3, a glucose transporter located on
the maternal-facing apical trophoblast membrane, results in fetal hypoglycemia, reduced
fetal development, and altered metabolic hormone concentrations in sheep.

Misan et al. [12] described the destabilization of the blood-brain barrier in pregnancies
complicated by fetal growth restriction. Neurological disorders in newborns, including in-
traventricular hemorrhage, were associated with higher serum levels of NME1, nucleoside
diphosphate kinase A, and the decreased placental expression of CLN4. Both biomark-
ers may be predictive of the appearance of intraventricular hemorrhage in newborns in
FGR pregnancies.

Mavreli et al. [13] introduced miR-125a-3p as a promising early biomarker for predic-
tion of spontaneous preterm birth. Mir-125a-3p was identified as a potential biomarker
for the early prediction of spontaneous preterm birth using small RNA-seq and confirmed
by qRT-PCR.

Szala-Pozdziej et al. [14] reported that some FCN2 gene promoter region polymor-
phisms that are associated with relatively low serum levels of ficolin-2 significantly increase
the risk of very low birthweight in preterm neonates.

Kedziora et al. [15] studied gene expression signatures related to the diabetic placental
pathology and concluded that fetal sex has a prominent effect on the placental transcriptome
in diabetic pregnancies.

Kadife et al. [16] demonstrated that the expression of SLC38A4, a system A transporter
controlling non-essential amino acid uptake and supply, is persistently low in placentas
derived from pregnancies complicated with early preterm intrauterine growth restriction
regardless of disease etiology.

Dymara-Konopka et al. [17] evaluated the serum levels of anti- and pro-angiogenic fac-
tors in pregnancies with preeclampsia and/or fetal growth restriction. They concluded that
the angiogenic imbalance reflects placental disease regardless of its clinical manifestation
in the mother.

Chighine et al. [18] presented a very rare case of a fatal respiratory failure two weeks
after the delivery of a healthy newborn at home in a woman with normal course of gestation
who suffered from a primary hyperparathyroidism secondary to a parathyroid carcinoma.

Finally, Sammar et al. [19] showed on in vitro models of preeclampsia that the overex-
pression of STOX1-A /B transcription gene, discovered in familial forms of preeclampsia,
leads to the decreased expression of CD24, a mucin-like immunosuppressing glycopro-
tein, which was observed in syncytiothrophoblasts and cytotrophoblasts in early and
preterm preeclampsia.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Galectins (Gal) are characterized by their affinity for galactoside structures on glycoconju-
gates. This relationship is mediated by carbohydrate recognition domains, which are multifunctional
regulators of basic cellular biological processes with high structural similarity among family members.
They participate in both innate and adaptive immune responses, as well as in reproductive immunol-
ogy. Recently, the discovery that galectins are highly expressed at the maternal-fetal interface has
garnerd the interest of experts in human reproduction. Galectins are involved in a variety of functions
such as maternal-fetal immune tolerance, angiogenesis, trophoblast invasion and placental develop-
ment and are considered to be important mediators of successful embryo implantation and during
pregnancy. Dysregulation of these galectins is associated with abnormal and pathological pregnancies
(e.g., preeclampsia, gestational diabetes mellitus, fetal growth restriction, preterm birth). Our work
reviews the regulatory mechanisms of galectins in normal and pathological pregnancies and has
implications for clinicians in the prevention, diagnosis and treatment of pregnancy-related diseases.

Keywords: galectin; maternal-fetal interface; pathologic pregnancy; preeclampsia; gestational
diabetes mellitus; fetal growth restriction; preterm birth

1. Introduction

The maternal-fetal interface features a number of complex and tightly regulated mech-
anisms. These include physical defenses through intercellular junctions, the secretion of
cytokines, and protection against microbial infections through the innate immune response.
In addition, the interaction between fetal trophoblast and maternal decidual immune cells
can also promote immune tolerance [1,2]. Studies suggest that a successful pregnancy is the
result of multiple steps, including maternal immunological adaptation, normal blastocyst
development, functional placental development and endometrial receptivity formation [3].
During early gestation, trophoblasts in the human placenta have two main differentia-
tion pathways: they differentiate into chorionic villous trophoblasts and extrachorionic
villous trophoblasts. Extravillous trophoblasts (EVT) have both migratory and invasive
phenotypes for remodeling spiral arteries and can invade the uterus [4].

Galectins are believed to play a crucial role in reproductive processes, such as maternal—
fetal immune tolerance, embryo implantation and angiogenesis [5]. Evidence points out
that galectins are involved in the establishment and maintenance of normal pregnancy.
Gal-1, gal-3 and gal-9 are the main participants in these processes, with other family mem-
bers also contributing significantly to immune-endocrine interactions and maternal—fetal
immunological responses [5,6]. Galectins show diverse intra and extracellular localization
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and biological functions [7]. Through a number of clinical trials, scientists have found that
their most considerable role in pregnancy appears to be the modulation of the maternal—-
fetal immune response, with some galectins suppressing the mother’s immune response
to the fetus, thus maintaining a normal pregnancy [8]. Therefore, we reviewed the role of
galectins in normal and pathological pregnancies.

2. The Galectins (Gal) Family

Galectins are a family of galactoside-binding proteins found in animals, bacteria and
fungi [9]. They consist of a core sequence of 130 amino acids and a highly conserved
carbohydrate recognition domain (CRD) [10]. Two defining characteristics of the lectin
family including: significant similarity in the amino acid sequence and high affinity for
galactoside [11]. Currently, researchers have found 15 galectins in mammals, including
gal-1-15. On the basis of their structural differences, these galectins have been categorized
into three types (Figure 1): prototype galectin, chimeric galectin and tandem repeat galectin.
Prototype galectins contain a single carbohydrate recognition domain, including gal-1,
gal-2, gal-5, gal-7, gal-10, gal-11, gal-13, gal-14 and gal-15. Chimeric galectins are self-
associated with a c-terminal CRD and a non-carbohydrate bound n-terminal structural
domain, while gal-3 is the only member of this group. Tandem repeat galectins are dimers
consisting of a linker peptide joining two CRDs, and these include gal-4, gal-6, gal-8, gal-9
and gal-12 [12,13].

Proto-type Chimera-type Tandem repeat-type
Galectin-1,-2,-5,-7, )
-10,-11,-13,-14,-15 Galectin-3 Galectin-4,-6,-8,-9,-12

8 CRD: Carbohydrate recognition domain

Figure 1. The classification and structure of galectins. The proto-type galectins are in green, which
are non-covalently connected. The chimera-type galectins are in yellow, which are self-associated
with a c-terminal CRD and a non-carbohydrate bound n-terminal structural domain. The tandem
repeat-type galectins are in blue, which are dimers consisting of a linker peptide joining two CRDs.

In a large number of different cell types, galectins are found both intracellularly, such
as in the nucleus, cytoplasm and cell membrane, and extracellularly, especially in the
extracellular matrix [14]. Galectins are synthesized in the cytosol on free ribosomes [15,16].
Because they lack a signal sequence for secretion, which is probably related to their ability
to bind glycans, they utilize nonclassical secretion pathways [14]. As a result, vesicle-
disruption-induced accumulation and binding to luminal glycans may serve as a molecular
link between autophagy and galectin secretion [17]. However, in another study, the matura-
tion of N-linked glycoprotein was not necessary for galectin-3 transport from the cytosol to
the extracellular space, and the majority of the released galectin-3 was not packaged into the
extracellular vesicles [18]. The results of a study on galectin-3 showed that oligomerization
may be required for galectins secretion [19-21].
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Galectin-1 may secrete similarly to fibroblast growth factor-2 (FGF-2), the most re-
searched unconventionally secreted protein that follows the direct translocation path-
way [22]. Galecitins are released from cells in the extracellular vesicles (EVs), either in the
microvesicles created by membrane blebbing or in the exosomes derived from multivesicu-
lar bodies (MVBs) [23]. Extracellular matrix components and some inflammatory factors
can affect the secretion of galectins [13,24]. Extracellular galectins are capable of binding to
various cell surface receptors to form carbohydrates [25]. Tyrosine kinase receptors and T
cell glycoproteins (TCR, CD3, CD43, CD45 and CD?) are just two of the many receptors that
galectins interact with to control cytokine signaling and receptor activation. Integrins and
galectins collaborate to control cell adhesion and death. Additionally, contact with Gal3
encourages lamellipodia generation, actin and focal adhesion turnover and fibronectin mod-
ification all increase cell adhesion and migration [26]. Additionally, recombinant galectins
can exert multiple in vitro activities by binding cell surface glycans and the extracellular
matrix [27].

3. The Expression of Galectins at Maternal-Fetal Interface

The maternal-fetal interface connects maternal tissue and fetal components in direct
contact, and its local immune response plays a role in protecting the fetus during the
establishment and maintenance of pregnancy and the onset of labor [28]. Gall-4, gal-9,
and gal-12 are expressed in the endometrium, with gal-1 and gal-3 expressing the most.
Immunohistochemistry detected gal-1 in the endometrial stroma, as well as the decidua
and gal-3 in the endometrial glandular epithelium [29]. This was also demonstrated by
immunohistochemistry, in post-pregnancy mice, where the gal-3 was located mainly in the
luminal epithelium and glandular epithelium and reached a maximum at 2—4 and 6-8 days,
respectively [30]. Gal-3 was rare in non-pregnant animals or during preimplantation. Later
in pregnancy, gal-3 was found in the decidual basement, uterine glands and placental tro-
phoblast cells. Decidualized and non-decidualized endometrium lacked gal-3 [31]. Finally,
gal-3 was shown to be associated with endometrial receptivity and implantation [30,32].

Galectins are abundantly expressed in the reproductive system, and their expression in
the human reproductive system is summarized in Table 1. During the first trimester, gal-1
is mainly expressed in human placental cytotrophoblasts (CTB) and syncytiotrophoblast
(STB) [33,34]. Gal-1 also was detected in decidual cells, suggesting that this galectin
promotes inter-trophoblast and trophoblast—stromal cell interactions during placental
formation interactions [35]. Additionally, the double immunofluorescence confirmed that
the expression of gal-2 was mainly in syncytiotrophoblast and maternal decidua [36]
but also in extravillous trophoblast and fetal endothelial cells [37]. Gal-2 is primarily
immunomodulatory through its anti-inflammatory effects [38].

Gal-3 was found by immunohistochemistry, which is expressed in all trophoblastic
lineages but decreased in the villous trophoblast (VT) and trophoblast columns in first
and third trimester [35,37], suggesting that gal-3 expression is associated with a shift in
cell phenotype, namely, the change from a proliferative to a migratory phenotype [39].
As pregnancy progresses, circulating levels of gal-3 gradually increase, indicating that its
expression is regulated throughout development [39,40]. Through in vitro experiments,
investigators found that exogenous gal-3 positively regulates trophoblast function and
induces cell invasion, tube formation and fusion [41]. Gal-7 was immunolocalized to
syncytiotrophoblast, extravillous cytotrophoblast and glandular epithelial cells of the
placenta in early pregnancy and to syncytiotrophoblast and endothelial cells in term
placentas, but no endothelial cell staining was seen in pre-eclamptic placentas [42]. Results
by immunolocalization showed gal-8 expression in both villi and EVT [43].

Gal-9 mRNA was expressed in the human endometrium, especially in endometrial
epithelial cells, and was significantly increased in the mid-and to late-secretory stages, in
the window of implantation and in the decidua [44]. Ultrastructural immunocytochemistry
confrimed the localization of gal-9 in the endometrium was, where it was mainly located in
the apical protrusions of the endometrial epithelium, a type of protrusion also known as
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the uterodome [44]. It plays a role in endometrial receptivity; however, there was no gal-9
observed between the uterodomes [45]. Importantly, compared with other kinds of T cells,
gal-1 and -10 have much higher expression levels in CD4+ CD25+ Treg cells, where they
perform an essential role in the suppression of immune responses [46,47].

Gal-12 is minimally expressed in adipocytes and is required for in vitro adipocyte
differentiation. This protein can regulate in vivo lipolysis, total body adiposity, and glucose
homeostasis [48]. Gal-13 (placental protein 13, PP13) was found in STB in chorionic villi
and sometimes in multinucleated luminal trophoblasts within converted decidual spiral
arterioles. However, gal-13 was not detected in the cytotrophoblast, and the anchoring
trophoblast and invasive trophoblast [49,50]. In early gestation, gal-14 is predominantly ex-
pressed in the STB and its placental expression is decreased in women with miscarriage [7].
LGALS15 (a gene of gal-15) is only expressed in Caprinae endometrium and serves as a
peri-implantation attachment factor [51].

Table 1. The expression of galectins in maternal-fetal interface.

Galectins Expression Reference
Decidua; Endometrium; Extravillous trophoblast Immune
Galectin-1 cells (i.e., ANK; CD4+CD25+Treg cells); [29,47,52,53]
Syncytiotrophoblast

Galectin-2 Decidua; Endo;l}ics}i}l:;:{rls;’ggglig;us trophoblast; [29,38]
Galectin-3 Cytotrophoblast; Endometrium; Villous trophoblast [29,39,40]
Galectin-4 Endometrium [29]
Galan7  Dogdun Endomations ailow vt 5
Gy Erdomertm Sy plbla Baviloss
Galectin-9 Cytotrophoblast; Decidua; Endometrium [29,44]
Galectin-10 Immune cells (i.e., CD4+CD25+Treg cells) [47]
Galectin-12 Endometrium [29]
Galectin-13 Syncytiotrophoblast [49,50]
Galectin-14 Syncytiotrophoblast [7]
Galectin-15 Caprinae endometrium [51]

4. The Role of Galectins in the Maternal-Fetal Interface
4.1. Immune Regulation

Successful pregnancy is a complex physiological process and a major immune chal-
lenge [55]. It requires the synchronization of endometrial and embryonic development and
maintenance of a delicate equilibrium between inflammation and immune tolerance [56].
The endometrium undergoes decidualization in response to the regulation of pregnancy-
related hormones, accompanied by the enrichment and reissue of immune cell subpop-
ulations [57,58]. A normal pregnancy is similar to a successful pure heterozygous semi-
allogeneic transfer in which the mother does not reject the embryo carrying the father’s
antigens, but rather establishes a unique immune tolerance mechanism through a subtle
immune dialogue [28,59,60]. The maternal—fetal interface consists mainly of trophoblast
cells, decidua stromal cells and decidua immune cells, which, under hormonal regulation,
produce a variety of cytokines that create a specific immune tolerance environment between
the mother and the fetus, facilitating a successful pregnancy [3,61].

Additionally, the regulation of multiple galectins is involved in regulating maternal-fetal
immune tolerance [62,63]. Almost all immune cells can express galectins, which are upregu-
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lated in activated B cells, T cells, macrophages and decidual natural killer (ANK) cells [63,64].
Thus, galectins make a difference in maternal-fetal immunotolerance (Figure 2).

[ Estrogen | Regulate O Maternal-fetal interface
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Figure 2. Galectin affects the function of immune cells at the maternalfetal interface, maintaining
maternal-fetal immunological tolerance. (1) Gal-1, regulated by estrogen, modulates HLA-G expres-
sion on EVT. (2) dNK cells produce gal-1, which can induce apoptosis of Thl and Th17 cells. (3) Gal-3
induces the apoptosis of T cells. (4) Gal-13 and gal-14 can induce the apoptosis of T cells. (5) Gal-13
reduces the rate of apoptosis in neutrophils and increases the expression of PD-L1 and the production
of HGF, TNF-a, ROS and MMP-9 in neutrophils. (6) Gal-9 signal is important for the regulation of
PBMC function toward a Th2 bias. (7) Gal-9 induce peripheral NK cells to a dNK-like phenotype.
(8) Treg cells have high levels of gal-9, and gal-9 interacts with Tim-3 to promote the differentiation of
decidual Tim-3+ CD4+ T cells into Treg cells.

During pregnancy, gal-1 modulates the inflammatory response, promotes immune
tolerance and prevents maternal rejection of the fetus. Therefore, it is a key regulator of
maternal-fetal immune tolerance and may have therapeutic implications for pathologic
pregnancies [63]. This is because recombinant gal-1 induces tolerogenic dendritic cells,
promotes the secretion of interleukin-10 (IL-10) and regulates the expansion of T cells. In
addition, gal-1 and progesterone have a synergistic effect in maintaining pregnancy [63].

Gal-1 has pro-apoptotic activity on activated CD4+ T cells of the subtypes Th1, Th17
and CD8+ T cells. dNK cells can produce gal-1 [53], and the supernatant of cultured dNK
cells can induce apoptosis in T cells, which can be blocked by anti-gal-1 antibodies. Instead
of peripheral T cells, decidual T cells can bind gal-1. This suggests that decidual immune
cells form a privileged maternal-fetal immune microenvironment by secreting gal-1 and
binding gal-1 [65]. Molvarec et al. found that gal-1 is possibly related to innate and acquired
immune cell activation [66].

Gal-1 is regulated by estrogen, which may be one of the regulatory mechanisms
involved in maternal-fetal immune tolerance [67]. The estrogen-responsive element in
the promoter of LGALS]1 (gene of gal-1) is conserved human cis motifs, present in the
placenta and involved in how steroid hormones influence the level of gal-1 expression.
Amino acid substitutions occur at key residues in early mammalian evolution, including
the acquisition of cysteine residues, which regulate immune function through redox-state-
mediated conformational changes that disable sugar binding and dimerization [68]. In
addition, gal-1 regulates the expression of human leukocyte antigen G (HLA-G) on EVT
cells, thereby promoting maternal-fetal immune tolerance [69]. These are the possible
mechanisms by which hormonal and redox responses regulate the involvement of the gal-1
in immune responses.

Gal-3 is essential during gestation, and in mice it is mainly located at the embryo
implantation site. The binding partner of gal-3, cubilin, was isolated in the uteroplacental
complex. In the last week of pregnancy in mice, cubilin co-localized with gal-3 in the yolk
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sac epithelium and was found in uterine NK cells [70]. Furthermore, cytoplasmic gal-3
protects T cells from apoptosis while increasing cell proliferation [71]. In contrast, gal-3
induced T cell apoptosis [72] and inhibited CD-66a expression [73].

Gal-9 expression is increased during pregnancy [74], which was expressed in the
placental spongiotrophoblast, where decidual immune cells displayed lower toxicity and
higher PD-L1 expression levels relative to peripheral immune cells. T-cell immunoglobulin
and mucin domain 3 (Tim-3) plays a function in immune control by attaching to its ligand,
gal-9, which triggers effector T cell exhaustion or apoptosis [75]. Local Tim-3 expression
was higher than in the periphery and decidua, which reduced lysis activity. In preeclampsia,
maternal immune cells (T cells, cytotoxic T cells, NK cells, CD56(dim) NK cells) express
less Tim-3 [76,77]. Tim-3/Gal-9 decreases NK cell toxicity to trophoblast cells by converting
NK cells into dNK [78]. Regulatory T cells (Tregs) produce gal-9 at increasing levels to
maintain maternal-fetal immunological tolerance as pregnancy progresses [79]. He et al.
suggest that gal-9 can modify PBMC function to Th2 bias, maintaining pregnancy [80].
IL-27 and gal-9 can synergistically induce Tim-3+Treg cells in vitro [81]. Tim-3(+) pNK cells
release anti-inflammatory cytokines and activate regulatory T cells in a TGF-1-dependent
manner, causing immunosuppression. Tim-3(+) pNK cells decreased miscarriage risk in
NK-deficient mice. Moreover, Tim-3/Gal-9 signaling regulates immunological control by
PNK cells, a critical player in maternal—fetal immune tolerance [82].

The Tim-3/Gal-9 pathway stimulation causes midterm M2 macrophage conversion.
Tim-3 and gal-9 expression were elevated in dysfunctional decidual macrophages at em-
bryonic day 9(E9), showing that this pathway is engaged in early pregnancy and embryo
development [83]. The LGALS9 D5 isoform inhibits interferon production by decidual nat-
ural killer cells. In human spontaneous abortion patients, researchers detected six LGALS9
splice variants [84]. Tim-3/Gal-9 modulates the cellular activity of dNK to maintain nor-
mal pregnancy and a result has been confirmed in human aborted decidua and in a mice
miscarriage model with a reduced percentage of Tim(+) dNK cells [85].

Gal-10, also known as Charcot-Leyden crystal protein, is the most abundant pro-
tein in eosinophils and can form characteristic crystals in tissues and secretions at sites
of eosinophil-associated inflammation. Gal-10 is a characteristic expression feature of
suppressor T cells, eosinophils and basophils [46,86,87].

Than et al. demonstrated that placenta-specific galectins (such as gal-13 and gal-14)
are predominantly expressed by STB and induce apoptosis in T lymphocytes [64]. Gal-13
and gal-14 can induce apoptosis in Th and Tc cells. Examining activation markers revealed
that gal-13 increased CD25 expression and gal-14 decreased CD71 expression on the cell
surface, while both galectins increased CD95 expression on T cells [7]. In the presence of
gal-13 and gal-14, inactivated T cells were capable of producing substantial amounts of IL-8.
These are the mechanisms involved in the regulation of maternal-fetal immunity by gal-13
and gal-14 [7]. By decreasing the rate of apoptosis, gal-13 appears to make a significant
contribution to the control of placental neutrophils by raising the production of PD-L1, HGF,
TNF-a, ROS, and MMP-9, therefore polarizing them toward a placental-growth-permissive
phenotype [88]. In addition, gal-13 aggregates in the decidua may act as decoys to induce
apoptosis and promote maternal immune tolerance to pregnancy [89].

4.2. Embryo Implantation

Successful embryo implantation is a complicated procedure, which requires the em-
bryo and the endometrium to work together in order to coordinate a sequence of events
that occur during the procedure [90,91]. An intricate chemical chain reaction, which is
controlled by endocrine, paracrine and autocrine regulators present in both the embryo
and the mother, is essential to the progression of embryo implantation [92]. The results of
in vitro and in vivo studies have demonstrated that galectins are crucial mediators in the
implantation process [93]. During embryo implantation, the enhanced expression of gal-1,
-3 and -9 in endometrial epithelial cells reflect the galectins’ most crucial involvement in en-
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dometrial receptivity. This is due to the increased expression of these genes in endometrial
epithelial cells [29,45].

Gal-1 is an important downstream target of the P(4)-FKBP52-PR signaling pathway in
the uterus, which enhances P(4) responsiveness during pregnancy, and the activation of this
pathway reduced the rate of mid-gestation resorption in mice and rescued implantation
failure [94]. In the absence of embryos, gal-1 expression decreases. In delayed implantation
mice, gal-1 mRNA levels increase with the termination of the implantation delay [67].
Progesterone and estrogen oppose each other in uterine gal-1 mRNA levels. RU486 (proges-
terone receptor antagonist) reduced progesterone-induced gal-1 mRNA in ovariectomized
mice uterine tissues. This regulation corresponded with the implantation procedure [67].

The discovery of complex connections between gal-3 and integrin 53 in the control of
endometrial cell proliferation and adhesion provides an in vitro model applicable to embryo
implantation and endometrial receptivity [95]. BeWo cells are stimulated to produce and
secrete gal-3 by 17-estradiol (E2), progesterone and human chorionic gonadotropin (hCG).
Through activation of integrin 1, recombinant gal-3 inhibited endometrial cell (RL95-2
cells) proliferation and induced apoptosis. In vitro tests confirmed the pro-apoptotic action
of trophoblast-secreted gal-3 on endometrial cells [96]. Gal-3 has an anti-apoptotic impact
on endometrial cells, and estrogen and progesterone can modify gal-3 synthesis [97]. In
animal trials, when the gal-3 gene was knocked out in mice, considerably fewer embryos
were implanted in the mice endometrium. In conclusion, embryo implantation requires
an increase in gal-3 expression after pregnancy [30]. In contrast, researchers demonstrated
that mice can undergo embryo implantation even without gal-1 and gal-3. Additionally,
gal-5 is present during the window of implantation in the blastocyst [98].

Gal-7 is a potentially useful blood biomarker for preeclampsia and may play a signifi-
cant part in the implantation of the placenta [42]. In addition, gal-7 expression is elevated in
the endometrial epithelium and stroma of women with a history of miscarriage. The find-
ings imply that gal-7 promotes the embryo’s adhesion to the endometrium and that higher
gal-7 levels may cause pathological pregnancy [54]. It is expressed at low levels throughout
the proliferative and early secretory phases and sharply increases during the mid- and
late-secretory phases, the window of implantation and in the decidua [44], indicating that
gal-9 may have been involved in embryo implantation.

4.3. Angiogenesis

A number of vascular processes that need to be coordinated in a spatial and temporal
manner at the interface between the mother and the fetus for pregnancy to be successful [99,100].
In the early stages, the embryo is able to successfully implant in a vascularized and
receptive uterus thanks to the hormone-mediated modification of the endometrial vascular
system [101,102]. In order to guarantee that the embryo is provided with oxygen and
nutrients prior to the formation of a definitive placenta, this is accompanied by vasodilation
and the formation of neonatal structures during the decidualization process [103]. The
vascular system of the placenta continues to be remodeled as the pregnancy progresses
reach needs of the fetus [103]. Disturbances in these processes are frequently associated
with unfavorable pregnancy outcomes such as preeclampsia, intrauterine growth restriction
(IUGR) or preterm birth [104].

The result of oncology studies have found that gal-1 can regulate tumor angiogenesis
and can be a potential therapeutic target to reduce angiogenesis [105]. Researchers dis-
covered that gal-1 demonstrates a pro-angiogenic function in early gestation, promoting
vasodilation through vascular endothelial-derived growth factor (VEGF) receptor 2 signal-
ing [106]. Gal-1 may be involved in mechanisms related to placental and maternal spiral
artery remodeling. Gal-1 deficiency manifests as spontaneous PE-like disease in mice [106].
Through its mRNA-binding function, gal-1 is able to regulate angiogenesis by binding to
the mRNAs of genes that are linked with angiogenesis [107]. OTX008, an inhibitor of gal-1,
was found to inhibit tumor proliferation, invasion and angiogenesis [108].
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The result of endometriosis studies have confirmed the involvement of gal-1 in an-
giogenesis. Using experimental endometriosis models induced in wild-type and gal-1-
deficient (LGALS1(—/—)) mice, researchers demonstrated that gal-1 regulates the for-
mation of vascular networks in endometriotic lesions and contributes to the growth of
their ectopic foci, independently of VEGF and plasmacytoid-derived CXC-motif (CXC-KC)
chemokines [109]. An increase in angiogenesis can be attributed to the synergistic impact
of gal-1 and gal-3, which works by activating VEGFR-1. This activation of VEGFR (vascular
endothelial-derived growth factor receptor)-1 may be related to a decrease in receptor
endocytosis [110,111]. The absence of gal-3 or its inhibition led to a significant reduction in
the implantation and size of endometriotic lesions, as well as the expression of VEGF and
VEGFR-2, and the vascular density [112].

Gal-2 expression was significantly lower in decidua and extravillous cytotrophoblast,
possibly due to its role in angiogenesis [113]. In tumor patients, an increased circulation
of gal-2, -4 and -8 interacts with the vascular endothelium and significantly promotes the
increased circulation of granulocyte colony-stimulating factor (G-CSF), IL-6 and monocyte
chemoattractant protein-1 (MCP-1). In turn, these cytokines and chemokines boost the
activity of endothelial cells during angiogenesis and metastasis [114]. Only gal-2 expression
was dramatically reduced in spontaneous abortion and recurrent abortion (RA) placental
trophoblast cells [113]. In studies of patients with coronary artery disease, research has
confirmed that gal-2 is a novel inhibitor of arteriogenesis. The modulation of gal-2 may
become a new therapeutic strategy for stimulating arteriogenesis in patients with coronary
artery disease [115].

Troncoso et al. describe a unique role for gal-8 in the regulation of vascular and
lymphatic angiogenesis and give evidence of its critical impacts on tumor progression [116].
Gal-8 may synergize with VEGF to promote pro-angiogenesis [117]. Gal-9 stimulates
monocyte migration in vitro and produces acute inflammatory arthritis in mice, suggest-
ing a unique role for gal-9 in angiogenesis, joint inflammation and other inflammatory
diseases [118,119]. Reduced gal-9 and VEGF-A concentrations in women with previous
miscarriages may be associated with angiogenic regulation [120]. Gal-12 has been shown
to have an angiogenic effect in adipose tissue [121].

During pregnancy, gal-13 stimulates the dilatation of uterine arteries and veins via
endothelium-dependent endothelial NO synthase (eNOS) and prostaglandin signaling
pathways [89]. The carbohydrate recognition domain of gal-13 causes the structural stability
of vasodilation by binding to the sugar residues of extracellular and connective tissue
components [89].

5. Galectins in Pregnancy Disorders

The function of galectin dysregulation in abnormal pregnancies is becoming the focal
point of investigation for an increasing number of researchers, with some issues linked
to faulty placental development, abnormal angiogenesis and others with inflammatory
responses and inappropriate maternal-fetal immunological tolerance. Figure 3 summarizes
the expression of galectins in these four categories of pregnancy-related disorders and the
possible pathogenic processes.

5.1. Preeclampsia

Preeclampsia is a multisystemic disorder specific to pregnancy, mainly associated with
systemic small vessel spasms [122]. In early pregnancy, immune, genetic and endothelial
cell dysfunction factors can lead to the spasm of the small spiral arteries of the uterus
and a reduced invasiveness of trophoblast cells due to ischemia [123]. It has also been
suggested that PE is associated with trophoblast immaturity, which has poor trophoblast
differentiation in pathologies [124]. In mid to late pregnancy, due to local oxidative stress in
the placenta from ischemia and hypoxia, endothelial cell damage is induced, resulting in the
release of a large number of inflammatory factors, thus causing various clinical symptoms
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such as preeclampsia and eclampsia. The main clinical manifestations are hypertension

and kidney damage [123].
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Figure 3. Expression of galectins in four types of pregnancy-related diseases and their possible
pathological mechanisms. The four pregnancy-related diseases are preeclampsia (PE), gestational
diabetes mellitus (GDM), fetal growth restriction (FGR) and preterm birth (PTB). The figure describes
the dysregulation of galectins in these diseases. Red up-arrow means up regulation; Green down-
arrow means down regulation.

PE is classified as early onset (before 34 weeks of gestation) or late onset based on
its onset timing (after 34 weeks of gestation) [125]. Compared with the normal group, re-
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searchers found that gal-1 was elevated in early-onset and late-onset HELLP patients [126].
The term HELLP is used to describe a clinical disease that produces hemolysis, elevated
liver enzymes and low platelet count. As a serious complication of hypertension during
pregnancy, it can be fatal for both mother and fetus [127]. Low gal-1 levels at 1824 weeks,
but not 27-31 weeks, predicted early-onset and late-onset PE, as well as gestational hyper-
tension (GH). After adjusting for the effects of high blood pressure and an elevated soluble
fms-like tyrosine kinase-1 (sFlt-1)/placental growth factor (PIGF) ratio at 18-24 weeks,
decreased gal-1 expression is considered to be a risk factor for the development of GH
and PE in pregnancy [128]. Because it is expressed at low levels in late pregnancy and at
high levels after the onset of the condition, serum gal-1 levels have been proposed as an
independent risk factor for gestational hypertension and preeclampsia [128]. This is due to
the fact that it is expressed at low levels in late pregnancy and at high levels following the
onset of the condition [128].

According to the findings of Freitag et al., patients who presented with early-onset PE
showed a reduced expression of gal-1 [106]. Galectin-1 suppresses trophoblast cell growth
and promotes the development of syncytium. Its suppression in the syncytiotrophoblast has
been linked to early pregnancy loss [129]. Recombinant Gal-1 also promotes differentiation
and invasion of trophoblast stem cells [130]. These findings provide credence to the
hypothesis that gal-1 is necessary for a healthy pregnancy and highlight gal-1 as a biomarker
that has the potential to be helpful in the early diagnosis of PE [106].

Gal-2 is thought to be an inhibitor of atherogenesis by regulating monocyte /macrophage
numbers in a mice model [115]. In PE, both spiral artery formation and macrophage inward
flow were dramatically altered. As a result, abnormal spiral artery transformation in PE
may be connected to trophoblast downregulation of gal-2 expression [131]. In preeclampsia,
both mRNA and protein levels of gal-2 are decreased in EVT, independent of the time of
PE onset. This discovery was made possible by the fact that gal-2 was shown to be one of
the molecules with reduced expression [131]. A recent study found that downregulated
gal-2 seems to prevent the apoptosis of Tregs in PE [132]. In trophoblasts, gal-2 has been
linked to the histone modifications H3K4me3 (trimethylated lysine 4 of the histone H3) and
H3K9ac (acetylated lysine 9 of the histone H3). In addition, an increase in syncytialization
was seen following incubation with Gal-2 [133]. According to Charkiewicz et al. gal-2
participates in the immunological pathogenic process of PE [134]. The reduced gal-2 may
be associated with autoantibodies against this protein along a potential immunological
pathway. Individuals with antiphospholipid syndrome produce autoantibodies against
gal-2 [135]. Antiphospholipid syndrome is prevalent in individuals with PE, which may
help to explain why women who have mild forms of PE have lower levels of gal-2 in their
blood [136].

During mouse pregnancy, gal-3 deficiency leads to placental dysfunction, which is
manifested by inflammation and poor perfusion. This may be associated with an elevated
expression of gal-3 in the EVT, leading to the development of PE [137,138]. Furthermore,
the gal-3 levels of patients with late-onset PE were considerably lower than those of patients
with early-onset PE [139].

Gal-7 increased anti-angiogenic sFlt-1 splice variants in the placenta and reduced
the production and secretion of ADAM12 (a catabolite and metalloenzyme 12) and an-
giotensinogen, which may lead to the development of PE [140]. Tim-3/Gal-9 causes
a pro-inflammatory response by regulating the polarization of decidual macrophages,
causing macrophages to polarize towards M1, resulting in an increased expression of
pro-inflammatory factors, such as TNF-« and IL-18, and a decreased expression of anti-
inflammatory factors such as TGF-$ and IL-10. It can also cause placental dysfunction
impairment [83]. After the administration of the recombinant gal-9 (rGal-9) protein, re-
searchers found that liver and kidney damage as well as maternal placental dysfunction
were reversed [83]. The monocyte may be implicated in the pathogenesis of PE via the
Tim-3/Gal-9 pathway, and reducing Tim-3 may lower monocyte inhibitory activity [141].
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The elevated expression of the Tim-3/Gal-9 pathway in PE may be involved in its systemic
inflammatory response in PE, which shows that gal-9 may serve as a marker for PE [142].

Gal-13 is a lectin expressed by syncytiotrophoblast. The actin cytoskeleton, likely in
conjunction with lipid rafts, regulates "nonclassical” PP13 exports from trophoblasts [143].
According to the results of studies, pregnant women with PE had lower levels of gal-13
than normal groups. However, there is no difference in gal-13 expression in the placenta
or serum between pregnant women with PE and those who deliver at term [144]. In
contrast, immune responses in STB microvilli were stronger in both preeclampsia and
HELLP syndrome patients with term and preterm births than in controls [145]. In addition,
gal-13 is highly expressed in syncytial cytoplasm protrusions, membrane vesicles and
shed particles in PE and HELLP syndrome patients [143,145]. This mechanism may be
due to the secretion of gal-13 into the intervillous space and perivenous area through the
basal vein of the decidua, which forms gal-13 aggregates that attract and activate maternal
immune cells and promote the transformation of trophoblast cells and small maternal spiral
arteries [49]. PP13 induced uterine veins dilatation via the SKca-NO-BKca pathway in
late pregnancy and became endothelium-dependent [146]. Researchers have proposed a
gal-13 complementary therapy for the treatment of PE [89]. Screening serum gal-13 levels
in the first trimester is a potential diagnostic method with high sensitivity and specificity
for predicting preterm birth [147,148].

5.2. Fetal Growth Restriction

Fetal growth restriction (FGR), which can be diagnosed by ultrasound and maternal
abdominal circumference measurements, is a disease in which the fetus does not grow
to its proper potential in the uterus, usually due to placental hypoplasia and dysfunc-
tion [149,150]. A fetus with FGR is more susceptible to perinatal morbidity and mortality,
as well as long-term health problems. Immediate complications include neonatal asphyxia,
hypothermia and hypoglycemia, while long-term complications include intellectual disabil-
ity, behavioral abnormalities and an increased incidence of hypertension, coronary heart
disease and diabetes in adulthood [150,151]. Due to the importance of fetal growth for
subsequent development and health and the absence of indicators for early identification
and appropriate care, there is a need for in-depth study on this pregnancy issue and its
prognosis [152].

Gal-1 expression is low in the serum and placenta of FGR-affected pregnant women.
In addition, gal-1 may contribute to the development of FGR and serve as a possible
diagnostic marker for the disease [153]. By immunohistochemistry, Jeschke et al. discovered
a considerable elevation of gal-1 and gal-3 expression on EVT in placentas from patients
with preeclampsia or HELLP, but no significant change was seen in FGR placentas compared
to normal controls [137].

In the FGR, gal-2 and gal-13 expression was decreased in placental villous and extrav-
illous trophoblasts; furthermore, this decrease was more pronounced in male placentas,
which demonstrates significant sex differences [154]. In contrast, gal-3, the only chimeric
lectin, showed no sex differences and was only significantly downregulated in extravillous
cytotrophoblast of the placenta [154]. Decreased gal-3 expression during pregnancy in
mice without preeclampsia syndrome leads to placental dysfunction, as well as FGR. This
suggests that gal-3 deficiency leads to placental inflammation and malperfusion. Gal-3
dysregulation leads to abnormal uterine natural killer cell activation and infiltration, further
contributing to the development of FGR [138]. These same findings were also observed in
human pregnancies, where reduced maternal serum gal-3 levels were associated with the
development of FGR in mid and late pregnancy [138].

Decreased gal-13 levels in early pregnancy are associated with a number of pathologi-
cal pregnancy disorders, in particular fetal growth restriction and early onset preeclampsia.
In the second and third trimesters, pregnant women with PE and FGR had concentrations
that were greater than normal [155], mostlikely due to its strong association with placental
growth before the transition of uterine spiral arteries begins [156]. One study, however,
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revealed no link between decreasing gal-13 levels and FGR. Further research is required to
determine whether gal-13 assays have any relevance for assessing early pregnancies [157].

The expression of certain galectins is believed to correlate with the fetal gender. Gal-4,
gal-8 and gal-9 expression in male fetal FGR trophoblast cells is dramatically reduced.
In contrast, gal-9 and gal-12 expression increased in the EVT and endothelial cells of
female fetuses with FGR [158]. Thus, researchers argue that tandem repeat galectins in
FGR placentas have a fetal sex-specific role [158]. Using double immunofluorescence with
trophoblast-specific markers, cells expressing galectin at the maternal—fetal interface in the
decidua were identified. Only the extravillous trophoblast was significantly downregulated
for gal-3 in FGR placentas. In contrast, both the villous and extravillous trophoblast cells of
FGR placentas revealed lower gal-2 and gal-13 expressions [145,154].

5.3. Gestational Diabetes Mellitus

Gestational diabetes mellitus (GDM) is a serious pregnancy complication that includes
two conditions: a pregnancy in a patient with pre-existing diabetes, known as pregesta-
tional diabetes mellitus (PGDM), and a first occurrence of diabetes after pregnancy, also
known as gestational diabetes mellitus [159]. GDM is observed in about 90% of diabetic
pregnant women. Changes to the diagnostic criteria for GDM have resulted in a consid-
erable increase in the prevalence of GDM to above 15% [160]. Most patients with GDM
recover from abnormal glucose metabolism after delivery; however, 60% will develop dia-
betes in the future [161]. GDM can lead to an increased incidence of spontaneous abortion
in early pregnancy, complications of hypertension during pregnancy and a decrease in
maternal resistance, which leads to infections. Effects on the fetus include fetal malforma-
tions and fetal growth restriction [162]. There is evidence that galectins contribute to the
pathophysiology of GDM.

Elevated circulating gal-1 expression contributes to the development of GDM in mid-
to late-term pregnancy, in addition to placental tissue gal-1 overexpression. Researchers
detected aberrant gal-1 regulation in the local and peripheral circulation of the placenta in
pregnancies with combined GDM. In addition, the relationship between LGALS1 polymor-
phism and GDM may suggest that genetic factors play a role in this unfavorable pregnancy
outcome [163]. In GDM patients, there was an inverse relationship between glucose and
gal-1, confirming these results [163].

A recent study revealed elevated gal-2 expression in STB and GDM placental decidua.
These data suggest two possible conclusions about the function of gal-2 dysregulation in the
pathophysiology of GDM: that elevated gal-2 expression is a reaction to the inflammatory
state of GDM or whether it promotes the development of GDM [36]. Consequently, its
significance in GDM and potential treatment implications must be further studied.

Gal-3 levels increased when mothers presented with gestational diabetes [164-167].
Women with late-onset GDM exhibited raised gal-3 levels in the first trimester, suggest-
ing that gal-3 in the first trimester can serve as a predictor of GDM and may be related
with increased insulin resistance [166,168]. Other researchers found that GDM patients’
circulating gal-3 levels were significantly lower than those of normal pregnant women [41].
As mid- to late-term placental development correlates with increased maternal peripheral
gal-3 levels, it has been postulated that trophoblast cells may be a source of circulating
lectins. In the same study, it was revealed that patients with GDM had reduced serum
gal-3 levels, which were only detectable in late pregnancy. This may suggest that gal-3 is
vulnerable to GDM-specific hormonal and metabolic changes [41].

Gal-4 overexpression in the decidua of women with type 2 diabetes, with significantly
increased nuclear and cytoplasmic levels [169].

The gal-13 serum levels in the blood of GDM patients were considerably lower than
those of healthy controls, as tested by ELISA. Since gal-13 has anti-inflammatory functions
and regulates the maternal immune system, a deficiency of gal-13 may lead to an imbalance
in the inflammatory process of the placenta during pregnancy, thereby influencing the
development of GDM [170].
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5.4. Preterm Birth

Preterm birth is defined as less than 37 weeks of gestation [171]. The shorter the
weeks of gestation at delivery, the lower the birth weight, the worse the prognosis for
the perinatal baby and the more complications after birth, accounting for 5% to 18% of
pregnancy complications [172]. The causes of the majority of PTBs, which are spontaneous
and idiopathic, are largely unknown [172].

Preterm premature rupture of the membranes (PPROM) refers to the rupture of the
fetal membranes prior to the 37th week of pregnancy. This problem is estimated to affect
4% of pregnant women and accounts for nearly half of all preterm births [173]. Despite sig-
nificant improvements in perinatal care over the past few decades, the number of preterm
births caused by PPROM continues to increase [174]. It is hypothesized that galectins
are related to premature membrane rupture and that premature membrane rupture is
associated with up to 75% bacterial membrane and/or amniotic fluid infections [175].
Compared with healthy controls, PPROM patients showed significantly higher levels of
gal-1 and gal-3. Gal-3 concentrations in maternal serum are significantly and adversely
linked with gestational age and birth weight. The data show that gal-1 and gal-3 regulate
critical biological processes and may be initiators of PPROM pathogenesis, predictive
indicators, and targets for preventative treatments [176]. Chorioamnionitis is an acute
inflammatory reaction associated with early rupture of the amniotic sac. Inflammatory
factors cause chorioamnionitis by disrupting membrane junctions [177]. Gal-1 is asso-
ciated with an inflammatory response [178]. IL-1, a key cytokine in chorioamnionitis,
can upregulate gal-1 expression [179]. Overexpression of gal-1 in fetal membranes may
correlate with weakened membrane structure, increased susceptibility to infection and
eventual membrane rupture, and it is believed that gal-1 protects the fetus against bac-
terial infection [180]. At 21-24 weeks of gestation, the majority of spontaneous births
are accompanied by histological chorioamnionitis, whereas at 35-36 weeks, this rate is
approximately 10% [181]. Than et al. revealed that gal-1 modulates the immunological
response to infection and inflammation and that chorioamnionitis is related with high gal-1
mRNA expression and robust inflammatory immunoreactivity. Therefore, gal-1 may be
implicated in the modulation of the inflammatory response of chorioamnionitis [180].

The immunological regulator Gal-3 was highly increased in placenta, amniotic fluid
and serum. Co-stimulation with gal-3 and Porphyromonas gingivalis (Pg.)-LPS raised
cytokine levels; however, co-stimulation with gal-3 and Aggregatibacter actinomycetem-
comitans (A.a.)- or Escherichia coli (E. coli)-LPS lowered cytokine levels, showing the
essential involvement of gal-3 in P.g.-induced PTB. Infection with P.g.-dental produced PTB,
which was related with gal-3-dependent cytokine production, prompting the development
of gal-3 targeted therapy or diagnostic systems for PTB treatment [73]. A link between
gestational age and gal-3 levels was identified by analyzing gal-3 levels in the cord blood of
term and preterm newborns. Expression of gal-3 was induced by invasive but not definitive
streptococcus lactis strains, indicating a role for gal-3 in innate immunity [182]. Neverthe-
less, studies found the gal-3 binding protein levels in cord blood have revealed that gal-3BP
levels are elevated in cases of preterm birth, which may reflect the inflammatory status of
the infant and mother, and this warrants further investigation [183].

A single facility conducted a prospective analysis of 170 preterm infants delivered at
fewer than 35 weeks gestation. During the neonatal period, peripheral venous blood was
collected, and gal-1, gal-3 and gal-9 were measured by ELISA [184]. Researchers found
that negative correlation existed between the levels of gal-1 and gal-3 at delivery and
gestational age. Gal-1 and gal-9 concentrations were significantly higher in neonates with
Amniotic Infection Syndrome (AIS). Neonates with early-onset sepsis exhibited greater
gal-3 concentrations than healthy infants. Observational research revealed that preterm
children born in an inflammatory milieu, such as AIS or early-onset sepsis (EOS), have
higher levels of galectin-1, -3 and -9. Future studies must identify if galectins mediate
inflammation-induced preterm birth; if so, galectins might be the subject of treatment
studies [184].
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6. Conclusions

Galectins are a family of conserved, soluble proteins distinguished by their affinity
for the galactoside structures present on a variety of glycoconjugates. Over the past sev-
eral decades, galectins have been recognized as crucial for implantation and pregnancy
maintenance. The results of several studies have revealed their role in trophoblast cell
function and placental development. In addition, evidence suggest that they play key
roles in the control of fetal-maternal immunological tolerance and angiogenesis. Addition-
ally, an increasing number of studies reported pregnancy-related diseases with altered or
dysregulated galectin expression.

This review seeks to elucidate the expression of the galectin family in the reproductive
system and its function in normal and pathological pregnancy. An increasing number
of researchers haves found galectins, and a substantial body of this literature indicates
that specific galactose lectins may be recommended to predict pregnancy-related diseases.
However, additional research is required to confirm this.
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Abbreviations

The following abbreviations are used in this manuscript:

Aa. Aggregatibacter actinomycetemcomitans
ADAMI12 A catabolite and metalloenzyme 12

AIS Amniotic Infection Syndrome

CKC-KC  Keratinocyte-derived CXC-motif chemokine
CRDs Carbohydrate recognition domains CTB Cytotrophoblasts
DMs Dysfunction of decidual macrophages

dNK cells Decidual natural killer cells

dpc5 Fifth day post-coitum

E.coli Escherichia coli

E2 17-estradiol

EVs Extracellular Vesicles

E9 Embryonic day 9

eNOS endothelial NO synthase

EOS Early-onset sepsis

EVT Extravillous trophoblast

FGF-2 Fibroblast growth factor-2

FGR Fetal growth restriction

GDM Gestational diabetes mellitus

GH Gestational hypertension

GTD Gestational trophoblastic disease

hCG human chorionic gonadotropin

HELLP Hemolysis, elevated liver enzymes, low platelet count
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HLA-G Human leukocyte antigen G
H3K4me3 trimethylated lysine 4 of the histone H3
H3K9%ac acetylated lysine 9 of the histone H3

TUGR intrauterine growth restriction
LPS Lipopolysaccharide
MVBs Multivesicular Bodies
MUC1 Mucinl
Pg. Porphyromonas gingivalis
P4 Progesterone
PBMC Peripheral blood mononuclear cells
PE Preeclampsia
PGDM Pregestational diabetes mellitus
PIGF Placental growth factor
pNK cells  peripheral natural killer cells
PP13 Placental protein 13
PPROM Preterm premature rupture of the membranes
PTB Preterm birth
RA Recurrent abortion
rGal-9 Recombinant Gal-9
sFlt-1 Soluble fms-like tyrosine kinase-1
SA Spontaneous abortion
STB Syncytiotrophoblast
TF Thomsen-Friedenreich
Tim-3 T-cell immunoglobulin and mucin domain 3
VEGF Vascular endothelial-derived growth factor
VEGFR Vascular endothelial-derived growth factor receptor
VT Villous trophoblast
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T I N

Abstract: After more than four decades of assisted reproductive technology (ART) practice worldwide,
today more than 60% of women undergoing in vitro fertilization (IVF) treatments fail to become
pregnant after the first embryo transfer and nearly 20% of patients are suffering from unexplained
recurrent implantation failures (RIFs) and repeated pregnancy loss (RPL). The literature reported
different causes of RIF-RPL, mainly multifactorial, endometrial and idiopathic. RIF remains a black
box because of the complicated categorization and causes of this physio-pathological dysregulation
of implantation and pregnancy process after ovarian stimulation. Many options were suggested as
solutions to treat RIF-RPL with controversial results on their usefulness. In this article, we reviewed
different possible therapeutic options to improve implantation rates and clinical outcomes. Based on
our experience we believe that endometrium immunomodulation after intrauterine insemination
of activated autologous peripheral blood mononuclear cells (PBMCs) or platelet-rich plasma (PRP)
can be a promising therapeutic solution. On the other hand, peripheral lymphocyte balance typing,
specific cytokines and interleukins profiling can be proposed as predictive biomarkers of implantation
before embryo transfer.

Keywords: infertility; assisted reproductive technology; implantation failure; endometrium
immunomodulation

1. Introduction

In assisted reproductive technology (ART) programs, 60-70% of women fail to become
pregnant after embryo transfer. Repeated implantation failure (RIF) remains a black box in
daily practice due to the complicated categorization and causes of this physio-pathological
dysregulation [1]. Different causes of RIF were reported, mainly multifactorial, endometrial
and idiopathic. Multifactorial RIF can be caused by maternal and paternal factors, gamete
and embryo quality, infections and lifestyle changes in combination with psychological
status and oxidative stress [1,2]. Impaired endometrium function such as abnormal growth
or loss of vascularization can account for endometrial RIF, but idiopathic RIF, caused mainly
by abnormal cross-talk between the embryo and endometrium, remains the principal
question and needs to be elucidated [1].

RIF may be defined as a failure to obtain a pregnancy after multiple viable embryo
transfers during IVF treatment [3], but its definition is inconsistent between studies. The
most common definition was portrayed by Bashiri and colleagues [4] who describe RIF
as three or more pregnancy failures following the transfer of at least three good-quality
embryos [4]. However, other authors such as Coughlan and colleagues [5] suggest includ-
ing maternal age, number of embryos transferred and number of previous cycles to the
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definition of RIF [5]. Interestingly, a consensus is emerging thanks to a recent extensive
survey. It was proposed to define RIF as the failure to achieve a clinical pregnancy after
2-3 IVF cycles with 14 good-quality embryos [6]. RIF is a challenge for clinicians as its
etiology includes various possible causes [2].

The causes of RIF can be divided into two categories: maternal (uterine anatomic
abnormalities, chronic endometritis, non-receptive endometrium, antiphospholipid an-
tibody syndrome and immunological factors) and embryonic (genetic defects and other
factors specific to embryonic development) causes [3]. In the absence of male factors, oxida-
tive stress, bad-quality embryos and anatomical abnormalities such as hydro-salpinx and
thrombophilia, RIF seems to be caused by impaired endometrial function such as abnormal
endometrial growth or loss of vascularization [4]. However, RIF caused by immunological
factors could be manageable using several innovative therapeutic options. Among them,
intrauterine administration of human chorionic gonadotropin (HCG), granulocyte colony-
stimulating factor (G-CSF) or autologous peripheral blood mononuclear cells (PBMCs) has
been suggested as a treatment for patients suffering from RIF [4,7-16].

Intrauterine administration of autologous PBMC prior to embryo transfer was pro-
posed to regulate the immune environment of the endometrial tissue [4]. In 2006, Yoshioka
and colleagues were the first to propose this immunotherapy to help RIF patients [7]. Since
then, this therapeutic option was recommended as an effective treatment for RIF according
to numerous studies [4,7-14]. The present study is a review aiming at summarizing studies
that used this immunotherapy to evaluate its benefit regarding RIF patients.

2. Endometrium Immunomodulation via Intrauterine Insemination of Activated
Autologous Peripheral Blood Mononuclear Cells (PBMCs)

PBMCs from patients with RIF are usually isolated during the ovulation period using
a lymphocyte separation medium composed of an iso-osmotic poly-sucrose and sodium di-
atrizoate solution to separate mononuclear cells (including B-lymphocytes, T-lymphocytes
and monocytes) from the other blood cells. After separation, PBMCs are generally activated
with hCG or corticotropin-releasing hormone (CRH) and cultured in vitro for 24-72 hin a

humidified incubator with 5% CO, at 37 °C (Figure 1).
After culture, PBMCs are administered in utero using a catheter [4,7-15]. However, the

number of cells administered in utero is not homogeneous among all studies investigating
the use of PBMC in the treatment of RIF (Table 1). Although there were some methodologi-
cal variations between studies in terms of the number of previous cycles, cycle type, and
number and quality of transferred embryos, patients were generally administered with
10 to 30 million PBMCs [7-16]. Madkour and colleagues showed a significant increase
in clinical pregnancy rate (CPR) with only 1 million cells [10]. Furthermore, in a recent
meta-analysis, Qin and colleagues have demonstrated that CPR was higher when less than
100 million PBMCs/mL were administered in utero, suggesting that although the quantity
of cells inseminated is not homogeneous, intrauterine administration of PBMC does appear
to be an effective treatment for patients suffering from RIF [17].
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Figure 1. PBMC isolation technique and in vitro culture (PBS: phosphate-buffered saline; PBMC:
peripheral blood mononuclear cell).

3. Immunoregulation of the Endometrium during Embryo Implantation: Biological
Function and Molecular Pathway

To achieve successful embryo implantation and pregnancy, an appropriate dialogue
between the embryo and the endometrium must take place [18].

In the uterine environment, a particular form of natural killer (NK) cells with a
unique transcriptional profile, the uterine NK (uNK) cells, represents the most abundant
lymphocyte population, especially in the endometrium [19-21]. In fact, most of the immune
cells present in the uterus usually display a unique phenotype [18]. Peripheral blood NK
cells express CD56"CD16" at their membrane surface and are characterized by a highly
cytotoxic profile [22]. However, uNK cells are less toxic since they do not express CD16
on their membrane surface [23]. During the menstrual cycle, levels of uNK cells start
to increase in the mid-secretory phase, which could explain their importance in embryo
implantation [24-27].

Dendritic cells (DCs), another type of innate immune cells, have a crucial role in the site
of embryo implantation and maternal-fetal interface. DCs act as antigen-presenting cells to
T cells and have the unique ability to induce a primary immune response, a phenomenon
crucial for successful pregnancy [28]. In addition, DCs can influence trophoblast invasion
by regulating the secretion of cytokines and the production of endometrial cell-surface
proteins. Through the regulation of immune cell functions and actions, DCs have a major
role in the establishment of a special local immune environment essential for embryo
implantation and placental development [29]. Human decidual DCs, however, seem to
have an immature phenotype characterized by a low expression of CD40, CD80, CD86
and CD205 [30,31]. DCs seem to be involved in the immune tolerance of the implantation
site through the regulation of T-cell proliferation and the elimination of antigen-specific
T cells. In the decidua, uterine dendritic cells (uDCs) are also crucial in maintaining
pregnancy [32]. Since the 1990s, it has been known that maternal T cells are essential to the
complex mechanisms of immune tolerance, a phenomenon critical to the invasion of the
endometrium by the blastocyst [33].

T-cell interactions can be performed directly by cellcell contact or indirectly through
the secretion of pro-inflammatory or anti-inflammatory cytokines [34]. Pro-inflammatory
cytokines such as interleukin (IL)-1f3, -6, -12, -2 and -18; tumor necrosis factor alpha (TNF-
«) and interferon gamma (IFN-y) are mainly produced by T helper (Th) 1 cells, while
anti-inflammatory cytokines such as IL-4, IL-10, IL-13 and TGF-31 are mostly secreted
by Th2 cells [35]. The pro-inflammatory Th1 profile was shown to be associated with
successful and normal pregnancy at early and late pregnancy stages. In the midgestation
stage, however, a shift to an anti-inflammatory Th2 profile must take place to establish
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tolerance to the foreign fetal antigens [36]. An imbalance in these cytokine profiles has been
associated with spontaneous abortion and common complications of pregnancy [37-39].
Moreover, it has been shown that levels of pro-inflammatory cytokines (such as IL-2 and
IFN-v) decreased while levels of anti-inflammatory cytokines (such as IL-4 and IL-10)
increased in the induction of immune tolerance to allografts [40,41]. The implication of
T cells, especially CD4+ CD25+ Foxp3+ Treg cells, in the initial stages of pregnancy is
therefore needed for the prevention of an alloreactivity action by the endometrium against
the fetus through cascades of immunoregulation actions [42,43].

Treg, Th1 and Th2 cells are, however, not the only T-cell subtypes known to be crucial
for successful embryo implantation. Th17 cells, a subset of T cells showing remarkable
plasticity, are also indispensable in the immunoregulation of embryo implantation as well
as in maintaining normal pregnancy [44].

Monocytes and macrophages also play an important role during the menstrual cy-
cle and pregnancy [14,45,46]. Macrophages regulate trophoblast activity by promoting
endometrial tissue remodeling and angiogenesis [47]. Pregnancy hormones directly and
indirectly modulate the recruitment of monocytes in the uterus and participate in their dif-
ferentiation and stimulation into functional macrophages [48]. Intrauterine administration
of PBMCs could also be a source of hCG-activated macrophages and regulate the uterine
environment at the embryo implantation site [14].

4. Endometrium Immunomodulation with Activated PBMCs and Embryo Implantation

Intrauterine administration of PBMCs in patients suffering from RIF aims to improve
endometrial receptivity by regulating the Th1/Th2 cytokine ratio and growth factors to
stimulate many cascades of cytokines and matrix metalloproteinase actions [1,7,10,15].
Increased peripheral blood Th1l/Th2 ratio was shown to be detrimental to embryo im-
plantation [39]. However, PBMCs produce many cytokines that can regulate Th1/Th2
imbalance in women suffering from RIF [39]. Furthermore, PBMCs are known to increase
the secretion of growth factors and Thl pro-inflammatory and anti-inflammatory cytokines
at the time of embryo implantation to boost endometrial receptivity [4,9-11]. This im-
munotherapy was shown to improve progesterone (P4) production in cultured human
granulosa luteal cells [49]. Ovarian steroids such as P4 and 3-hCG are among the most
crucial factors needed in the immunoregulation of embryo implantation [50]. Luteinizing
hormone (LH) and hCG have also an important role in establishing the immune tolerance
mechanisms of embryo implantation. These two gonadotropins were shown to affect
immune cells by binding to the LH/hCG receptors present at the surface of several immune
cell types [50]. Furthermore, it has been shown that hCG has the capacity to downregulate
pro-inflammatory immune responses during pregnancy [51]. During the embryo implanta-
tion window, 3-hCG seems to play a role in the immunoregulation of the endometrium
in increasing Fas ligand expression (APO-1, CD95) in the endometrial cells to facilitate
trophoblast invasion [52]. Increased peripheral blood Treg cell levels have also been shown
to be positively associated with higher pregnancy rates in IVF treatment [53]. These cells
being attracted to trophoblasts by hCG [51] supports the fact that the administration of
hCG could be an effective treatment for some infertile women. Moreover, it has been shown
by Mansour and colleagues that intrauterine hCG injection before embryo transfer could
significantly improve implantation and pregnancy rates [54].

Intrauterine administration of PBMCs for patients suffering from RIF has been shown
to be specifically efficient for increasing implantation and pregnancy rates in women with
three or more previous implantation failures [17,55]. Recently, Nobijari and colleagues
and Pourmoghadam and colleagues presented a different strategy to administer PBMCs
in RIF patients using frozen-thawed embryo transfers [14,15]. Nobijari and colleagues
confirmed the effectiveness of this immunotherapy by showing an increase in CPR in
patients with three or more implantation failures undergoing frozen—-thawed embryo
transfer [15]. Pourmoghadam and colleagues only administrated PBMCs in utero in RIF
patients with a low Th-17/Treg cell ratio [14]. Furthermore, in the study of Pourmoghadam
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and colleagues, PBMCs were activated in vitro with 10 IU/mL hCG for 48 h before the
intrauterine administration, while Nobijari and colleagues activated the PBMCs in vitro
with CRH for 48-72 h [14,15]. In RIF patients, it has also been shown that levels of IL-13,
TNEF-o and IFN-y, three pro-inflammatory cytokines, were increased in the PBMC culture
medium, suggesting that PBMCs secrete these Th1 cytokines when treated with hCG [14].
Moreover, Pourmoghadam and colleagues have shown that CPR and live birth rates
increased significantly and miscarriage rates decreased significantly in RIF patients treated
with PBMCs compared to control [14]. In addition, Makrigiannakis and colleagues have
shown that the insemination of autologous PBMCs treated with CRH before blastocyst or
early cleaved embryo transfer presented better results than PBMCs without CRH treatment
in terms of CPR in women with RIF [13].

Therefore, these three studies supported the effectiveness of this immunotherapy for
patients suffering from RIF undergoing fresh or frozen-thawed embryo transfer, especially
when PBMCs are treated with CRH [13-15]. However, these findings are still limited
because, in the study of Pourmoghadam and colleagues for example, the authors measured
only three pro-inflammatory cytokines, and they did not show anti-inflammatory cytokine
levels with PBMC administration for RIF women or in a control group [14]. The increase in
these cytokine levels should be compared to a control, not treated cells, but the authors did
not perform this comparison [14].

5. Other Endometrium Immunomodulation Options

Immunological therapy approaches other than intrauterine administration of PBMCs
for the management of RIF patients were reported in the literature. These immunotherapies
focus on elevated Th1/Th2 ratio, abnormal TNF-«/IL-10 ratio, elevated NK cells and
auto-antibodies. One of these immunomodulatory agents that have been described for
RIF patients is intravenous immunoglobulin IgG (IVIg). Patients receiving this treatment
have shown significantly higher implantation and clinical pregnancy rates compared
to non-treated patients [56]. This treatment has been extensively used, but the results
are heterogeneous [57-60]. According to many studies, the application of IVIg has shown
positive effects on RIF patient pregnancy rates and in patients with increased immunological
risk factors [24,61-64].

Granulocyte colony-stimulating factor (G-CSF) was also shown to have positive effects
on embryo implantation in women suffering from RIF, especially when endometrial thick-
ness was insufficient [65]. Furthermore, a recent meta-analysis showed that G-CSF was an
effective treatment for women with thin endometrium or with recurrent IVF failures [66].
G-CSF was originally used as a treatment for thin endometrium to thicken it. Increased
implantation rates were shown after G-CSF treatment in patients with an endometrium
thickness >7 mm on the day of embryo transfer [67]. These results were confirmed by
another study conducted by Xu and colleagues in 2015 in which they showed a higher
implantation rate in women treated with G-CSF compared to controls [68]. Furthermore,
Kalem and colleagues have shown that the administration of G-CSF into the uterine cavity
in RIF patients with normal endometrium did not alter the endometrial thickness, clinical
pregnancy rates or live birth rates in comparison with a control group [69].

Vitamin E, which has been shown to improve capillary blood flow in different or-
gans [70,71], and sildenafil citrate (Viagra), which improves uterine artery blood flow [72,73],
were also proposed as a treatment for thin endometrium [72-74]. In the study of Miwa
and colleagues, 23 out of 25 patients showed improved radial artery, 17 patients had in-
creased endometrial thickness and 13 patients developed an endometrium thickness of
more than 8 mm [74]. Sher and Fisch were the first to suggest the use of sildenafil during
the follicular phase and until ovulation trigger as a treatment for thin endometrium of
women undergoing IVF with fresh embryo transfer [72]. They reported an improvement in
uterine blood flow and in endometrial thickness [72]. These results were confirmed in a
larger cohort study showing a 45% pregnancy rate [73]. However, a randomized controlled
trial study reported no significant difference in endometrial thickness and pregnancy rate
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after administration of sildenafil and valerate estradiol during the luteal phase following
fresh embryo transfer [75]. Another randomized controlled trial study did not show any
improvement in uterine blood flow or in endometrial thickness [76]. Recently, a random-
ized placebo-controlled trial study reported that the use of vaginal sildenafil on the hCG
injection day did not present a statistically significant improvement in endometrium thick-
ness; however, the implantation (chemical pregnancy) was significantly higher in women
who received sildenafil with placebo compared to women who received only sildenafil or
only placebo [77]. More trials are needed to confirm the effectiveness of these treatments
on endometrium thickness and/or RIF.

In 2015, Nakagawa and colleagues proposed a treatment using immunosuppressive
drugs such as tacrolimus, one of the major immune-suppressive agents that have been
used after allogeneic organ transplantation to reduce the alloreactivity of a recipient’s
immune system and to decrease the risk of the rejection [78,79]. This treatment has shown
positive results on successful implantation and pregnancy outcome in RIF patients with
elevated Th1l/Th2 ratios, suggesting that this immunological imbalance plays a crucial
role in causing RIF [78]. However, the posology of this drug must be determined more
accurately to maintain the levels of the essential Thl cytokines necessary for embryo
implantation [39].

Another treatment using atosiban administration was proposed for RIF women. In
fact, atosiban is a receptor of oxytocin and V1la vasopressin, proposed to avoid uterine con-
tractions during embryo transfer, which could be detrimental in embryonic apposition [80].
However, according to the review of Makrigiannakis and colleagues, various randomized
controlled trial studies reported a non-significant effect on reproductive outcomes [81-85],
and only two non-randomized studies on RIF patients report a significant benefit after
atosiban treatment [86,87]. Therefore, more randomized studies are needed to verify the
efficiency of atosiban as a benefic treatment for RIF women.

In 2015, Chang and colleagues reported that autologous platelet-rich plasma (PRP)
promotes endometrial growth and improves pregnancy outcomes during IVF [88]. After
being collected from the peripheral vein in acid citrate dextrose solution A (ACD-A) an-
ticoagulant tubes, PRP was prepared by separating the various components of the blood
using multiple centrifugations [89]. This PRP, within 10 min after clotting, can activate
cytokines and growth factors which become bioactive and increasingly secreted. These
factors include vascular endothelial growth factor (VEGF), transforming growth factor
(TGF), platelet-derived growth factor (PDGF) and epidermal growth factor (EGF), which
can regulate cell migration, attachment, proliferation and differentiation, while promot-
ing extracellular matrix accumulation [90]. This could lead to ameliorated implantation
conditions and improved pregnancy, as was revealed by Chang and collaborators [88].
Other studies could confirm these results; for example, in 2019, Kim et al. showed that
autologous PRP treatment increases the activity of cytokines and growth factors compared
to that observed without the use of PRP, especially when combined with frozen-thawed
embryo transfer [91]. These studies support the suggestion of PRP as a useful treatment
for RIF. However, in a recent study that used PRP treatment in patients with a history
of failed implantation before frozen-thawed embryo transfer, the authors did not find
significant differences in the pregnancy results in comparison with controls [92]. A recent
study by Ibafiez-Perez and colleagues suggested a non-invasive method of microRNA-
based signatures obtained from very small volumes of endometrial fluid collected just
before day 5 frozen embryo transfers to identify the competence of the endometrium in
implantation [93]. This technique could help physicians to avoid RIF by changing the
embryo transfer strategy when the results show an unfavorable implantation pattern by
using immunomodulation techniques from the first IVF cycle [93].

6. Conclusions

There is no scientific consensus about the best immunological treatment for RIF pa-
tients presenting an imbalanced Th1/Th2 ratio or immune dysregulation. However, recent
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studies have shown the potential of the intrauterine administration of hCG-activated
PBMCs and activated PRP as a good way to modulate endometrial receptivity. The im-
munotherapy field strategy needs to be further elucidated for a better understanding of
maternal immunotolerance to embryo implantation. Proteomic investigations of biomark-
ers produced by immunological cells and their pathways should be continued to identify the
exact combination of immunological factors needed for successful implantation. Correcting
immunological dysregulations in embryo implantation by intrauterine administration of
PBMCs or treatment with activated PRP seems to be a promising solution in RIF. It is clear
that we need to know much more about maternal immune tolerance and the exact role of
each biomarker involved in embryo—endometrium cross-talk to improve implantation and
reduce repeated implantation failure and pregnancy loss.
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Abstract: Interleukin-6 (IL-6) is an acknowledged inflammatory cytokine with a pleiotropic action,
mediating innate and adaptive immunity and multiple physiological processes, including protective
and regenerative ones. IL-8 is a pro-inflammatory CXC chemokine with a primary function in
attracting and activating neutrophils, but also implicated in a variety of other cellular processes.
These two ILs are abundantly expressed at the feto-maternal interface over the course of a pregnancy
and have been shown to participate in numerous pregnancy-related events. In this review, we
summarize the literature data regarding their role in healthy and pathological pregnancies. The
general information related to IL-6 and IL-8 functions is followed by an overview of their overall
expression in cycling endometrium and at the feto-maternal interface. Further, we provide an
overview of their involvement in pregnancy establishment and parturition. Finally, the implication of
IL-6 and IL-8 in pregnancy-associated pathological conditions, such as pregnancy loss, preeclampsia,
gestational diabetes mellitus and infection/inflammation is discussed.

Keywords: IL-6; IL-8; inflammation; pregnancy; pregnancy complications

1. Introduction

The initial step in the establishment of a pregnancy is the implantation of an dembryo
at the blastocyst stage into the receptive endometrium (decidua). This is followed by the
formation of the placenta, a transient organ essential for fetal development and growth [1].
The development of the placenta depends on the differentiation of the cells from the outer
layer of the blastocyst, i.e., trophectoderm, into specialized trophoblast cell subpopulations,
with specific roles in the process of placentation and in placental function. Cytotrophoblast
cells (CTBs) are progenitor cells which constantly proliferate and differentiate into other
trophoblast populations. By fusion, CTBs give rise of multinucleated syncytiotrophoblast
(STB) and through epithelial-mesenchymal transition, CTBs differentiate to invasive ex-
travillous trophoblast cells (EVTs). STB covers chorionic villi and is in direct contact with
the maternal circulation, facilitating the exchange of nutrients, gases and excretory ma-
terials between the mother and fetus. EVTs invade the decidual stroma and part of the
myometrium anchoring the placenta to the mother’s uterus while a portion of the EVTs,
representing endovascular EVT cells (eEVTs), reaches the decidual spiral arteries, and
transforms their walls by degrading and replacing the endothelial and smooth muscle cell
layers. Inadequate implantation and impaired trophoblast differentiation and function lead
to placental dysfunction and the development of different pregnancy complications which
affect the maternal health and fetal development, with a possible lifelong impact on the
offspring health (all in [1]).

The highly regulated and coordinated feto-maternal communication is essential for a
successful pregnancy. Cytokines, small multifunctional molecules abundantly expressed at
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the feto-maternal interface, are one of the key players involved in this finely orchestrated
interaction [2]. Data presented in the literature, together with our previous research, show
that interleukins (IL)-6 and IL-8, among other cytokines, are one of the decisive drivers of
the physiological pregnancy-related processes and pathological conditions [2].

IL-6 is a pleiotropic cytokine, a member of the IL-6 family of cytokines, implicated in a
wide range of physiological processes, such as organ development, acute-phase response,
inflammation, immune responses, metabolic regulation and others [3]. IL-6 exerts its
effects upon binding to its receptors and subsequently activating the Janus kinase-signal
transducer and activator of the transcription (JAK/STAT) pathway [4]. The activated
STAT3 downstream induces the expression of the suppressor of the cytokine signaling 3
(SOCS3), a potent negative regulator of the JAK/STAT signaling that prevents excessive
inflammation [5]. The classical signal transduction of IL-6 is induced by the binding of
IL-6 to its specific membrane IL-6x-receptor (IL-6R), which is followed by the formation
of a signaling complex with the signal-transducing receptor -subunit, transmembrane
glycoprotein 130 (gp130). This pathway is thought to be limited to a few tissues only, due
to the restricted expression of IL-6R [6]. The signaling receptor 3-subunit is shared by
several other cytokines that comprise the IL-6 cytokine family, enabling redundant effects
upon engaging with different ligands [6]. By contrast, IL-6 trans-signaling denotes the IL-6-
binding to a soluble form of IL-6R« (sIL-6R), which enables increased IL-6 bioavailability
and broadening of its target cell repertoire, due to the ubiquitous expression of gp130 [6].
IL-6 and other members of this cytokine family may exert both pro- and anti-inflammatory
functions. It is generally accepted that the pro-inflammatory effects of IL-6 are exerted by
IL-6 trans-signaling, via the sIL-6R [6]. Moreover, the anti-inflammatory effects of IL-6 are
mainly conducted via the classic membrane-bound IL-6R-mediated signaling [6]. The IL-6
signaling pathways and functions are described in more detail elsewhere [6,7].

IL-8, also known as C-X-C motif chemokine ligand 8 (CXCLS), is a pro-inflammatory
chemokine, a member of the CXC family of chemokines, produced under inflammatory
conditions by immune and other cell types [8]. The most prominent role of IL-8 is the
attraction of neutrophils to the sites of inflammation, but also the promotion of monocyte-
macrophage growth and differentiation [9], endothelial cell survival, proliferation and
angiogenesis [10]. IL-8 also enhances the oxidative metabolism and generation of reactive
oxygen species, possibly leading to oxidative stress [11]. The biological effects of IL-8
are induced upon engaging with its transmembrane, G protein-coupled receptors CXCR1
and CXCR2 [12], and the activation of the inflammatory Akt/protein kinase B (PKB),
mitogen-activated protein kinase (MAPK) and protein kinase C (PKC) pathways [13].

This review discusses the role of IL-6 and IL-8 in processes important for the estab-
lishment of a healthy pregnancy and for parturition, as well as the involvement of these
cytokines in the development of selected common pregnancy-related pathologies (Figure 1).
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Figure 1. Implication of the IL-6 and IL-8 disbalance in the embryo implantation and trophoblast
invasion, and the pathological pregnancy conditions — pregnancy loss, preeclampsia, gestational
diabetes mellitus and maternal immune activation, based on the literature data.

2. IL-6 and IL-8 in a Healthy Pregnancy
2.1. Expression of IL-6 and IL-8 and Their Receptors at the Feto-Maternal Interface

IL-6, IL-8 and their respective receptors are expressed in the human endometrium
throughout the menstrual cycle [14-16]. IL-6 and IL-8 are predominantly localized to
the endometrial epithelial and glandular cells [14,15]. IL-6R and gp130 are expressed
in the endometrial glands [14], while CXCR1 and CXCR2 are immunolocalized into the
surface of the endometrial epithelium, endometrial glandular cells, and, to a lesser extent,
on stromal cells [16]. Both IL-6 and IL-8 show a menstrual cycle-dependent expression
pattern, suggesting their role in endometrial physiology. IL-6 is weakly expressed during
the proliferative phase, but its expression progressively increases after ovulation and
peaks during the mid- to late-secretory phase [14]. This expression pattern temporally
corresponds to the window of implantation, suggesting a role for IL-6 in the endometrial
receptivity. Moreover, across the menstrual cycle, the IL-8 mRNA expression peaks at
the early- to mid-proliferative phase and once again at the late secretory phase [15]. The
first peak-expression suggests a role for IL-8 in the neovascularization of the growing
endometrium, whereas the second peak could be related with the neutrophil recruitment
into the endometrium, right before the onset of menstruation [15].
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In the first trimester of pregnancy, IL-6 expression is detected in different cell popu-
lations from the uteroplacental tissues. In the decidua, decidual stromal cells (DSCs) and
different populations of immune cells were immunostained for IL-6 [17-19]. In the placenta,
IL-6 expression was found in CTBs, STB and EVTs [17,19,20]. In line with immunohis-
tochemical analyses, IL-6 expression at the mRNA and protein level was also shown in
isolated first-trimester CTBs and EVTs [20,21], as in primary DSCs, decidual natural killer
cells (ANKs), CD8* T cells and macrophages [18,20]. Moreover, IL-6 production by DSCs,
CTBs and EVTs, is shown to increase with gestational age [20]. In first-trimester decidual
sections and isolated cells, IL-8 is shown to be expressed in DSCs and the glandular ep-
ithelium, as well as in dNKs, decidual CD8" T cells and macrophages [18,22-24]. In the
first-trimester placenta, this protein is detected in different trophoblast subpopulations, as
STB, CTBs and EVTs [22,24-26]. Study on explants from the first and the second trimesters,
and the at term placenta, show that IL-8 secretion increases during gestation, with the
maximal production in the second trimester and at term [25]. A widespread expression
of IL-6R, gp130, CXCR1 and CXCR2 is found in first-trimester placental bed sections [18].
Among the trophoblast subpopulations, all of the named receptors were immunolocalized
to EVTs [20,24].

2.2. Pregnancy Establishment

Considerable data now indicate that uterine epithelium-derived factors control embryo-
implantation processes. In turn, the developing embryos have been shown to produce a
variety of cytokines that may act in an autocrine fashion or on the endometrium to influence
its receptivity [27]. The IL-6 immunoreactivity in the human endometrium is strong during
the putative window of implantation, suggesting its role in this process [14]. A microarray
analysis of the mid-secretory phase endometrium of patients suffering from recurrent
implantation failure show a lower expression of IL-6, compared to healthy controls [28],
further supporting the role of IL-6 in endometrial receptivity. Blastocysts also express
and secrete IL-6 [29-32], and IL-6 in vitro treatment increases the embryos’ blastulation
and hatching rates, compared to untreated embryos [33]. Furthermore, a higher IL-6 level
in the follicular fluid also correlates with implantation success in patients undergoing
in vitro fertilization (IVF) [34]. However, studies on animal models regarding the role
of IL-6 in pregnancy establishment and maintenance are inconsistent. Reduced fertility,
a decreased number of viable implantation sites and the increased rate of miscarriage
in mid-gestation [35], but also no changes in fertility, implantation or early embryonic
development [36], have both been observed in IL-6 knockout mice, compared to control
mice. These discrepancies are suggested to reflect the differences in the lines of the IL-6
knockouts used in the studies, housing conditions, and other factors that influence the
immune system development [36].

The results from our study and those by other groups also highlight IL-6 as one of
the major regulators of multiple cellular processes at the feto-maternal interface. Namely,
we have shown that IL-6 stimulates trophoblast invasion and migration of both primary
first trimester CTBs and the EVT cell line HTR-8/SVneo [21]. This was partly mediated
by the upregulated trophoblast expression of integrin «5, «1 and 1 [21], and the ac-
tivation of MMP-2 and MMP-9 [37,38], molecules, particularly relevant for trophoblast
invasion [39-42]. Our findings were also confirmed on other trophoblast cell models, such
as ACH-3P and JEGS3 cell lines [43,44]. However, Champion and collaborators did not
observe a stimulatory effect of HTR-8/SVneocell invasion by IL-6 [20]. This discrepancy
could be due to the different experimental conditions, compared to the ones found effective
in our study [21].

Further, a role for IL-6 in the remodeling of spiral arteries has also been indicated. IL-6,
along with IL-8, has been proposed as a key EVT-derived factor that activates endothelial
cells to release chemoattractants for the dNKs and macrophages from the surrounding
tissue into the upper segments of the spiral arteries, to initiate the remodeling process [45].
Along with mediating the trophoblast invasion and spiral artery remodeling, IL-6 has also
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been shown to mediate the immune-endocrine crosstalk in pregnancy. Namely, IL-6 was
found to regulate the synthesis of the 3-subunit of the human chorionic gonadotropin and
human placental lactogen, two major placental hormones essential for pregnancy [46,47].

IL-8 is also proposed to contribute to endometrial receptivity and to participate in
the dialogue between the embryo and the human endometrium during implantation.
Namely, the endometrial IL-8 mRNA expression starts to increase at the receptive phase of
the menstrual cycle [15,48]. Furthermore, in vitro findings demonstrate an upregulation
of the IL-8 and CXCR1 expression in endometrial epithelial cells in the presence of an
embryo [48,49]. Additionally, in vitro decidualization of endometrial stromal fibroblasts
is shown to increase their IL-8 secretion in respect to the non-differentiated cells [50]. In
patients undergoing IVF, IL-8 is suggested to be a predictor of the embryo developmental
potential in the pre-transfer assessment of embryos. The pregnancy and the implantation
rates, as well as the number of live births per IVF or intracytoplasmic sperm injection, were
higher when the pre-transfer embryo-conditioned medium contained IL-8 [51].

Moreover, IL-8 is shown to stimulate progesterone secretion from the BeWo trophoblast
cell line, suggesting a role for IL-8 in the maintenance of pregnancy [52]. dNKs are shown
to regulate human trophoblast invasion in vitro as well as in in vivo mouse models by the
production of IL-8 [23]. Recombinant IL-8 is shown to stimulate both first-trimester CTBs
and HTR-8/SVneo-cell invasion [24,26], while silencing of IL-8 mRINA had the opposite
effect [53]. The levels of the secreted MMP-2 and MMP-9 were significantly elevated by
IL-8 treatment, as was the trophoblast expression of integrin o5 and 31, compared to the
non-treated cells [24,26]. Furthermore, the viability and proliferation of HTR-8/SVneo
cells increased following IL-8 treatment [26,54], as well as HTR-8/SVneo- and JEG-3-cell
migration [26,55]. IL-8 has also been designated as one of the key EVT-secreted factors
involved in spiral artery remodeling [45]. This chemokine is also shown to stimulate the
endothelial-like phenotype in HTR-8/SVneo cells, reflected in an increased tube formation
on Matrigel [54]. The presented literature data about the IL-6 and IL-8 roles in pregnancy
establishment are summarized in Table 1.

In conclusion, the spatial and temporal distribution of IL-6, IL-8 and their correspond-
ing receptors, clearly indicate a role for IL-6 and IL-8 signaling in the early events of preg-
nancy establishment—from the initial crosstalk between the embryo and the endometrium,
to the subsequent formation of the functional placenta. Their disturbed expression in a
range of clinical situations discussed further herein, suggests that manipulation with IL-6,
IL-8, their receptors and/or components of their effector pathways, may be a plausible
strategy for achieving a successful pregnancy in selected patients.

Table 1. Involvement of IL-6 and IL-8 in a healthy pregnancy.

Process Role Cytokine Reference
. - . . IL-6 [14,28]
Endometrial receptivity and implantation IL-8 [48,49]
Stimulation of human embryo blastulation -6 33]
and blastocyst hatching in vitro
Potential indicator of human embryo developmental IL-8 51
Pregnancy establishment potential in ARTs * 3 [51]
Regulation of trophoblast invasion and migration IL-6 [21,43,44]
in vitro IL-8 [23,24,26,53,55]
. . IL-6 [45]
Spiral artery remodeling IL-8 [45,54]
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Table 1. Cont.

Process Role Cytokine Reference
Key gene triggering specific
mechanisms in different gestational IL6 [56]
tissues leading to labor onset
Most upregulated gene in the myometrium
and cervix with the onset of labor CXCLS 571
Parturition Stimulation of prostaglandin synthesis by decidual
: . IL-6 [58,59]
cells and chorioamniotic membranes
Stimulation of oxytocin secretion and
oxytocin receptors’ expression on MSMCs * IL-6 [60,61]
Cervical remodeling and
rupture of the gestational membranes IL-8 [62,63]
Circulating concentrations
Increased over the course of pregnancy IL-6 [64-67]
No difference between trimesters IL-6 [68-72]
IL-6 [73,74]
Pregnancy Decreased over the course of pregnancy IL-8 [75]
U shape (decreased between the 1st and 2nd I1-8 [68-70,76]

trimesters and increased between the 2nd and 3rd)

* ARTs—artificial reproductive technologies; MSMCs—myometrial smooth muscle cells.

2.3. Parturition

Human labor is a physiological process that involves a coordinated activation and
transformation of several reproductive tissues — myometrium, cervix and choriamniotic
membranes. The timely development of the inflammatory/immune response in all main
reproductive tissues involved in parturition, is shown to be indispensable for initiating
the uterine contractions, cervical ripening and dilatation, as for the activation and rupture
of the gestational membranes [77]. Recent concepts suggest that human parturition oc-
curs when the upregulated pro-inflammatory mediators are amplified above a threshold
level that stimulates the uterine transition to its activated state for labor [78,79]. This
paracrine inflammatory amplification is based on multiple positive feedback loops between
ligands, cells, and tissues [77]. Due to cellular stress, necrosis and senescence, more and
more damage-associated molecular patterns (DAMPs) are released from the cells of the
increasingly stressed uterus, maturing fetus and ageing placenta, as parturition nears [80].
Engaging with toll-like receptors (TLRs), DAMPs cause immune cell activation and in-
flammasome assembly, a release of pro-inflammatory cytokines and chemokines, and
leukocyte chemoattraction and activation [81]. The activated leucocytes, along with the
resident cells, jointly release inflammatory mediators, such as cytokines, chemoattractants,
prostaglandins and other molecules. This enables the transition from a quiescent to an
active uterine phenotype [78,79,82]. Consistently, a number of studies report increased
mRNA expression and protein levels of IL-6 and IL-8 in the myometrium, cervix, decidua,
amnion and choriodecidua, during labor [57,83-87]. This is supported by transcriptome
studies showing upregulation of the relevant signaling pathways in the laboring gestational
tissues [57,88-92].

According to the gene-gene association analysis, IL6 might be the key gene to trigger
specific mechanisms in the gestational tissues that eventually lead to the onset of labor [56].
This study showed that IL6 was linked to genes which stimulate proliferation, maturation,
chemoattraction and activation of neutrophils, including CXCLS [56]. Furthermore, IL-6
participates in the initiation and progression of parturition by stimulating the produc-
tion of prostaglandins and oxytocin, which facilitate cervical ripening and induce uterine
contractions. IL-6 is shown to stimulate prostaglandin synthesis by decidual cells and
chorioamniotic membranes, the major sources of intrauterine prostaglandins [58,59]. Addi-
tionally, IL-6 treatment increases oxytocin secretion by myometrial smooth muscle cells
(MSMCs) [60] and the expression of oxytocin receptors on them [61], thus establishing a
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positive feedback loop for amplifying the oxytocin-induced effects. Vice versa, oxytocin
activates the master inflammatory transcription factor NF«B, followed by an upregulation
of gene expression for IL-6, IL-8 and other inflammatory molecules in MSMCs [93], fur-
ther amplifying the inflammatory process. In addition, the mechanical stretching of the
uterus significantly elevates the expression of pro-inflammatory cytokines, such as IL-6 and
IL-8 [94]. Nonetheless, according to rodent models, IL-6 alone is incapable of stimulating
uterine contractions [95], or to induce preterm labor (PTL) [96].

An analysis of the inflammatory signaling pathways has shown that CXCLS is the most
upregulated gene in both the myometrium and cervix with labor onset [57]. Consistently,
the cells of the cervix and the lower segments of the uterus produce great amounts of IL-8
with the progression of the cervical dilatation and parturition [86,97,98]. In cervical stroma,
expression of CXCR1 and CXCR2 was seen only after vaginal delivery [99], possibly pro-
viding a feedforward mechanism for amplification of IL-8 signaling during human vaginal
parturition. Upregulation of IL-8 expression in the laboring intrauterine tissues is associated
with an increased leukocyte infiltration [85,100]. In addition to neutrophil chemoattraction,
IL-8 also stimulates neutrophil degranulation and release of MMPs and elastase, leading
to extracellular matrix degradation [101,102]. This contributes to cervical remodeling and
rupture of the gestational membranes—processes that promote spontaneous labor [62,63].
In line with that, a correlation between IL-8 expression and the neutrophil-derived MMPs
in laboring tissues was detected [97,103].

Considering all the aforementioned (summarized in Table 1), it may be hypothe-
sized that human parturition is driven by multiple local interactions between the pro-
inflammatory and pro-contractile mechanisms. This perpetuates the inflammation towards
a point-of-no-return value which sets in motion parturition cascades [77]. Although IL-6
and IL-8 are repeatedly implicated in various steps of labor, the exact role of each of them is
still unclear. Further research on the specific inflammatory interactions associated with the
onset and progression of parturition could lead to a better risk assessment and treatment
of PTL. For instance, tracking IL-8 serum levels in pregnant women is suggested as a
main marker to determine the time of parturition [104]. In addition, the maternal IL-6 and
IL-8 serum levels are also considered as appropriate markers for monitoring the effects of
tocolytics in PTL [105]. Being central to the initiation and propagation of the inflammatory
signaling cascade in parturition, IL-6 and IL-8 may also serve as potent therapeutic targets
for PTL and other adverse birth outcomes. As suggested, targeting the inflammatory
cascade at an earlier stage, could be a promising tocolytic strategy [82,106].

2.4. Circulating IL-6 and IL-8 Levels in a Healthy Pregnancy

Measurements of the circulating cytokine levels show that IL-6 levels are generally
found to be elevated in pregnant vs. non-pregnant women [67], especially in the second
and third trimester [66,67]. Longitudinal assessments of IL-6 concentrations in the maternal
circulation over the course of pregnancy, adjusted for maternal body mass index (BMI) and
other confounders, yield rather conflicting findings (Table 1). While several studies report
a progressive increase of IL-6 with advancing gestational age [64—67,69], no significant
differences between trimesters [68,70-72], or a decrease in the circulating IL-6 levels during
gestation [73,74], have also been observed.

The maternal serum levels of IL-8 have been shown to decrease with gestational age
during the first half of a non-complicated pregnancy [69,76], but to increase between the
second and third trimester [68,70] (Table 1). This pattern of circulatory IL-8 levels might
suggest a Th1/Th2 cytokine shift towards a pro-inflammatory profile, as the term for
parturition approaches, following the predominantly immunotolerant state that protects
the feto-placental unit from the maternal immune system [107]. Still, a progressive decline
in serum IL-8 over the course of pregnancy has also been observed [75].

Although the influence of the fetoplacental sex on the maternal immune milieu is
growingly recognized [108-110], only a few existing studies investigated gestational cy-
tokine levels in respect to the fetoplacental sex. Although data indicate a generally more
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pro-inflammatory milieu in women carrying male vs. female fetuses [108,110], no signifi-
cant sex-specific differences regarding the IL-6/IL-8 levels under steady state conditions are
reported [108-111]. However, upon lipopolysaccharide (LPS) stimulation, a more robust
inflammatory response, reflected in greater production of cytokines, including IL-6, was
shown in cultures of peripheral blood mononuclear cells (PBMCs) from mothers carrying
female vs. male fetuses, at all tested time-points across pregnancies [109]. In summary,
it may be concluded that the circulating IL-6 and IL-8 levels fluctuate over the course of
pregnancy. This may reflect the continuous immune modulation across gestation, consistent
with the aim of pregnancy maintenance. Identifying typical patterns in immune parameter
trajectories over the course of pregnancy should enable recognizing relevant deviations
and predict adverse perinatal outcomes [69]. However, comparisons of absolute cytokine
levels between studies are often inconclusive in practice. The abundance of inconsistent
data probably reflects the methodological inconsistencies between the studies and inter-
assay differences (i.e., the detection of varying amounts of free and/or bound cytokines,
using plasma vs. serum, differences in population size—statistical power, population
characteristics), and other factors which cannot be corrected [67,70]. Conflicting results
may also be related to a number of factors that influence cytokine levels, such as age,
ethnicity, genetic polymorphisms and epigenetic marks, fetoplacental sex, pre-gestational
BMI, HbAlc, diet, smoking, intestinal microbiota, and other [112-115]. Therefore, more
standardized fundamental mechanistic research and longitudinal study designs accounting
for confounding variables may help to clarify the role of IL-6/IL-8 in a healthy pregnancy
and related disorders. Nevertheless, a panel of cytokines/chemokines and other related
parameters, adjusted for the multicollinearity among them, is more likely to describe the
inflammatory milieu in pregnancy and predict the outcomes than the individual measures.

3. IL-6 and IL-8 in Selected Pregnancy Pathologies
3.1. Pregnancy Loss

Pregnancy loss (PL) is the most common pregnancy complication. The pooled risk
of PL is 15.3% of all clinically recognized pregnancies, usually before the 12th week of
gestation (wg) [116]. Most PLs stay undetected since they happen soon after implantation.
With these cases included, the incidence of PLs rises to 30% [117,118]. Spontaneous PLs are
usually sporadic (SPL), but 1% to 5% of women experience recurrent PLs (RPL). RPL is de-
fined as more than two or three consecutive PLs, depending on the definition [119]. Genetic
abnormalities of the conceptus represent a major cause of early PL [119]. Other common
risk factors and causes of PL, especially recurrent, include maternal anatomical malforma-
tions, infections, endocrine, thrombophilic and immune disorders [119]. Nevertheless, the
etiology of more than 50% of PLs remains unexplained [120].

An inadequate expression/secretion of IL-6 and IL-8 at the feto-maternal interface
has been indicated in unexplained early PLs in several studies (Table 2). In isolated SPL,
decidual macrophages and dNKs are found to produce less IL-6 and IL-8, compared to the
corresponding cells from a normal pregnancy [18]. Considering that: (i) IL-6 and IL-8 are
involved in the regulation of trophoblast invasion and spiral artery remodeling [18,21,26],
and (ii) dNKs stimulate EVT invasion, at least partly, through IL-8 signaling [24], subop-
timal decidual IL-6 and IL-8 levels could lead to an inadequate trophoblast invasion and
spiral artery remodeling, and eventually to an early PL. However, recent studies report in-
creased IL-6 and IL-8 expression in decidual tissue [121-123], and increased IL-8 expression
in decidual macrophages and dNKs [124,125], in RPL, compared to normal pregnancy. Fur-
thermore, increased IL-8 levels in products of conception containing tissue of maternal and
fetal origin, were reported in RPL patients, compared to healthy controls [126]. Increased
IL-6 and IL-8 levels in decidual tissue indicate an enhanced pro-inflammatory state at the
feto-maternal interface that could be detrimental to the implanted embryo and compromise
the pregnancy. The previous findings indicate that both insufficient and excessive levels
of IL-6/IL-8 disturb the inflammatory network at the feto-maternal interface, which may
compromise the pregnancy. Furthermore, the differences in the expression profile of IL-6
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and IL-8 in reproductive tissues between SPL and RPL, support the hypothesis that these
complications may have a substantially different etiopathogenetic background [127].

Patients experiencing PL may exhibit altered systemic cytokine levels, compared to
women having uneventful pregnancies, although the results are varying significantly. An
increased IL-6 concentration in plasma [128] and serum [123,129,130], as well as greater
expression in PBMCs [123,128], is found in SPL and RPL patients vs. controls. Unal-
tered [131,132] or decreased IL-6 levels in serum [133-136] of SPL and RPL patients are
also shown. Similarly, unaltered [131], increased [133,136] and decreased [134] levels of
IL-8 in PL patients are all reported. These inconsistent findings could be explained, at least
in part, by the methodological differences between the studies (inclusion criteria for the
participants, gestational age, inclusion of both SPL and RPL patients in the study, assigned
control groups, etc.).

Women experiencing RPL exhibit a heightened immune activity, both locally and
systemically, regardless of the gestational status. Thus, in non-pregnant RPL patients,
higher IL-6 plasma levels, compared with women without reproductive problems [137],
along with increased circulating levels of sIL-6R [138] are found. This, in addition to the
lower levels of soluble gp130 (sgp 130) — a selective antagonist of the IL-6/sIL-R trans-
signaling pathway [139], points to increased pro-inflammatory IL-6 trans-signaling in RPL
patients [138]. Moreover, the PBMCs of RPL patients isolated at the mid-luteal phase of
the cycle, which corresponds to the window of implantation, were shown to more readily
respond to stimulation, expressing a greater amount of IL-6 mRNA, compared to healthy
controls [140]. Increased IL-8 mRNA and protein levels in peripheral blood samples of
non-pregnant RPL patients vs. controls are also reported [141,142].

Locally, the peri-implantation endometrial tissue of RPL-prone patients is shown to
express lower IL-6 and IL-8 levels, compared to controls [143-146]. The impaired expression
of IL-6, IL-8 and other cytokines in the mid-secretory endometrium could affect endometrial
receptivity and thus compromise the establishment of a pregnancy. Or, it may impair the
decidual selection of high-quality embryos, which could lead to a subsequent abortion.

Taken together, the reported data suggest that IL-6 and IL-8 may be closely associated
with PL, possibly through different underlying mechanisms, consistent with the multifacto-
rial nature of PL (Table 2). The variety of findings regarding the local or systemic IL-6 and
IL-8 expression between PL-prone women and controls, suggests that neither IL-6 nor IL-8
could be a sole underlying factor of PL. Hence, neither IL-6 nor IL-8 levels alone represent
a reliable diagnostic test for PL. Instead, a panel of several cytokines and/or other parame-
ters in combination may provide a greater predictive value than any single factor utilized
alone. Furthermore, a better understanding of the specific underlying mechanisms of PL is
also needed, to explore the therapeutic potential of the IL-6 and IL-8 pathway regulation
in PL-prone patients. The previous implies a more personalized approach towards the
diagnostics and the therapeutic treatments—ideally, adjusted to the individual patient.
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Table 2. Pathology-related changes of the IL-6/IL-8 in pregnancy pathologies.

Pathology Sample Pathology-Related change Cytokine Reference
Decidual macrophages Decreased expression in SPL * IL-6, IL-8 [18]
and dNKs * Increased expression in RPL * IL-8 [124,125]
Decidua Increased expression in RPL * IL-6, IL-8 [121-123]
IL-6 [123,129,130]

Increased concentration

Pregnancy loss IL-8 [133,136]
IL-6 [131,132]
Serum No change IL-8 [131]
. IL-6 [133-136]
Decreased concentration IL-8 [134]
. IL-6 [147-151]
Preeclampsia Placenta Increased expression IL-8 [149,152,153]
p S I d trati IL-6 [150,151,154-158]
erum ncreased concentration IL-8 [151,153,156,159-162]
Increased expression IL-6 [115,163-166]
P IL-8 [115,167]
IL-6 [168,169]
Placenta No change IL-8 [169,170]

Increased levels in extravillous and

Gestational diabetes decreased in villi tissue IL-6 [167]

mellitus Sex-specific expression IL-8 171
in STB * and EVTs * i (1711
. IL-6 [113,115,172-179]
Increased concentration IL-8 [115,176,179,180]
Serum IL-6 [180-183]
No change IL-8 [167,184,185]
Decreased concentration in IL-8 [184]
early pregnancy
Placenta/trophoblast Increased expression in response to IL-6 [186-191]
Maternal immune and fetal membranes inflammatory stimuli IL-8 [189-191]
activation Amniotic fluid and L . IL-6 [192-198]
cervicovaginal lavage ~ Increased concentration in API IL-8 [192-197,199,200]

* API—acute placental inflammation; dNKs—decidual natural killer cells; EVTs—extravillous trophoblast cells;
RPL—recurrent pregnancy loss; SPL—sporadic pregnancy loss; STB—syncytiotrophoblast.

3.2. Preeclampsia

According to the 2018 recommendations from The International Society for the Study
of Hypertension in Pregnancy (ISSHP), preeclampsia (PE) is defined as de novo hyperten-
sion after the 20th wg, accompanied by one or more of the following features: proteinuria,
maternal organ dysfunction (including hepatic, renal, neurological), or hematological in-
volvement, such as thrombocytopenia, and/or uteroplacental dysfunction, such as fetal
growth restriction (FGR) and/or abnormal Doppler ultrasound findings of the uteropla-
cental blood flow [201]. PE affects approx. 2% to 8% of pregnancies worldwide [202].
Maternal and perinatal outcomes in PE are predicted based on the gestational age at the
onset. Accordingly, PE is classified as early-onset PE (EOPE), occurring before the 34th wg,
and late-onset PE (LOPE), which manifests at or after the 34th wg [201]. LOPE comprises
around 80% to 95% of all PE cases, while EOPE, although less common, is associated with
a higher maternal morbidity and FGR or neonatal mortality rates [203,204]. Although the
exact mechanisms are not fully understood, there are indications that EOPE is related to
abnormal placental development and consequent placental inflammation/dysfunction,
whereas LOPE seems to be related to inherent maternal cardiovascular dysfunction and
systemic inflammation [204,205].

Common features of the both PE phenotypes are placental ischemia and increased
oxidative stress, with excessive systemic inflammation and endothelial dysfunction, which
may be deleterious to the fetal and maternal health [206]. A reduced trophoblast invasion
into the decidua and defective spiral artery remodeling are thought to be the earliest patho-
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physiological events in PE [207]. The shallow trophoblast invasion and development of
placental hypoxia, induced tissue injury and increased release of inflammatory mediators
from the placental cells [207]. The increased levels of pro-inflammatory cytokines, reac-
tive oxygen and nitrogen species, lytic enzymes and other aggressive molecules damage
the endothelial cells, causing their dysfunction and increased endothelial production of
vasoconstrictors over vasodilators, leading to maternal hypertension and uteroplacental
dysfunction [208]. An analysis of the dynamic connections within the pro-inflammatory
cytokine network in PE cases identified a positive correlation between IL-6 and IL-§,
suggesting these cytokines are implicated in the pathophysiology of PE [156] (Table 2). Con-
sistent with the previous notion, IL-6 is recognized as a circulating marker of endothelial
dysfunction and increased levels have been observed in the sera of women suffering from
PE [150,151,154-158]. Interestingly, besides IL-6, increased level of sgp130 in the maternal
circulation [209] and lower release of sIL-6R from the maternal neutrophils [210] are also
shown in PE patients, compared to healthy pregnant women. As previously suggested,
these findings possibly indicate a compensatory mechanism to control IL-6 signaling and
prevent an overactivation of the IL-6/sIL-6R pathway [211,212].

An increased IL-6 expression is found in decidual cells and placentas of PE patients,
associated with elevated levels of plasma IL-6 in PE [147-151]. The local excess of IL-6
could increase the trophoblast shedding, as shown in vitro, possibly contributing to the
development of PE [213]. Furthermore, IL-6 aids to the recruitment and activation of the
decidual macrophages that could lead to disturbed EVT invasion and spiral artery transfor-
mation [147,214,215]. A shift in the macrophage differentiation from the anti-inflammatory
M2 to the pro-inflammatory M1 phenotype is observed in PE deciduas [151,214,216], con-
sistent with a greater production of pro-inflammatory cytokines and decreased levels of
anti-inflammatory cytokines in PE placentas [150,151,214,216]. In addition, an excess of IL-6
favors the differentiation of naive CD4* T cells towards Th17 and cytotoxic T cell phenotype,
whereas it inhibits the differentiation of Th2 and regulatory T (Treg) cells [217,218]. This
contributes to the immune maladaptation and sustained systemic inflammation observed in
PE [219]. Therefore, applying IL-6-reduction strategies as anti-IL-6 monoclonal Abs (mAbs)
or TLR inhibitors to the treatment of PE, could shift the differentiation of naive CD4" T cells
towards the anti-inflammatory Treg and Th2 phenotype, rather than the pro-inflammatory
Th1 and Th17 one [219]. Of note, although the current data do not indicate a substantially
increased malformation risk of using anti-IL-6 mAbs in pregnancy, they are insufficient to
prove safety [220,221].

IL-8 is considered to contribute to the PE pathogenesis by attracting more neutrophils
into the endothelium [222]. Neutrophils infiltrate the vessel tunica intima and release reac-
tive oxygen species, myeloperoxidase, MMP-8 and thromboxane, causing cell injury/death,
endothelial inflammation and vasoconstriction [156]. Neutrophil extracellular traps (NET)
have been found in placental intervillous spaces in PE patients [223]. The presence of
NETs in the maternal circulation during pregnancy can contribute to thrombotic events,
inflammation, and ultimately, to fetal death [224]. Consistently, higher IL-8 serum lev-
els [151,153,156,159-162], and placental tissue expression of IL-8 [149,152,153] are reported
in PE patients, compared to healthy controls.

According to some studies, sex-specific susceptibility is noticed for different pregnancy
complications, including PE [225]. Hence, pregnant non-Asian women bearing male fetuses
were found to have an increased risk for developing PE [226]. Moreover, the placental
inflammatory response in PE was found to be significantly influenced by the fetal sex [149].
For instance, the IL-6 and IL-8 expression was found to be more pronounced in male,
compared to female PE placentas [149]. Of note, healthy placentas did not exhibit any
sexual dimorphism in the expression of IL-6/IL-8 [149]. The underlying mechanisms of
the reported sexual dimorphism in PE remain unclear, but they could be associated with
sex-specific gene expression in early to mid-gestation placenta [227]. In that vein, placental
transcriptome profiling revealed that genes upregulated in male placentas are the ones
involved in the regulation of the immune response [227].
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Conflicting results are also shown for the serum levels of IL-6 and IL-8, when com-
paring severe vs. mild PE, or the time of PE onset. A number of studies reported elevated
levels of both cytokines in severe, compared to mild PE [162,228-232]. However, an absence
of an association between the maternal serum IL-6 levels and the severity of PE is also
reported [155,233,234]. Comparing maternal blood concentrations of IL-6 between EOPE
and LOPE on the one hand, and a healthy pregnancy on the other, also yielded inconsistent
findings [205,232,235,236]. These inconsistencies could reflect individual differences in age,
hormonal status, lipid concentration, chronic inflammation and other factors which are
shown to affect individual circulating IL-6 levels [237-239], and whether these confounders
were factored into the analyses or not.

Collectively, it can be concluded that the altered trophoblast invasion and spiral artery
remodeling, as well as the endothelial dysfunction in PE, are interrelated with the immune
maladaptation and disturbed homeostasis of IL-6 and IL-8. However, what remains un-
resolved is to what extent the levels of these cytokines relate to the severity of PE and its
phenotypes, due to a large number of studies with conflicting results. The latter probably
reflects not only the inconsistencies between the study methods, but also the multifaceted
nature of the PE syndrome and the heterogeneity of risk factors and mechanisms leading
to its development. In that context, PE, or at least EOPE, is seen as just one in a spectrum
of complications of pregnancy that share a common pathophysiology rooted in aberrant
placentation. In general, an elevated level of pro-inflammatory cytokines in the mater-
nal circulation, with a shift in the “IL-8 x IL-6” axis towards the pro-inflammatory Th1
response is thought to drive the cytokine network in PE women towards an excessive
systemic inflammatory state [156]. Thus, while the mechanistic relevance of IL-6 and IL-8
in the pathogenesis of PE is to some extent obvious, the mechanisms influencing their
dysregulation are noteworthy objectives of additional investigations.

3.3. Gestational Diabetes Mellitus

Gestational diabetes mellitus (GDM) is a common gestational complication, discern-
able by de novo spontaneous hyperglycemia that develops during the course of preg-
nancy [240]. It is formally defined as “diabetes first diagnosed in the second or third
trimester of pregnancy that is not clearly either preexisting type 1 or type 2 diabetes
mellitus” (DM) [240]. GDM usually resolves following delivery, however, it may have
long-lasting health consequences for the mother and the fetus, including an increased risk
for type 2 DM and cardiovascular diseases [241,242]. It may be associated with premature
delivery and PE [243,244], and quite often with neonate hypoglycemia, macrosomia and
obstructed labor, due to the endogenous production of fetal insulin and insulin-like growth
factor 1, in response to maternal metabolic alterations [245].

Analyses of the risk factors for GDM, despite methodological inconsistencies, point to
an advanced maternal age, overweight/obesity, excessive gestational weight gain, ethnicity,
genetic polymorphisms, low or high birth weight, family or past history of GDM, and other
insulin-resistant states, such as polycystic ovarian syndrome, as common risk factors for
developing GDM [246-248]. As in type 2 DM, insulin resistance (IR) and 3-cell dysfunction
play a central role in the pathophysiology of GDM [249]. In normal pregnancy, during early
gestation, insulin sensitivity increases, promoting adipose storage of glucose in preparation
for the increased energy demands in gestation [250]. As pregnancy advances, the surge
of adipokines and diabetogenic placental hormones (progesterone, cortisol, prolactin and
human placental lactogen) promotes a state of decreased insulin sensitivity and hyper-
glycemia [251]. Thus, a physiological pregnancy is considered an insulin-resistant state,
with a 50% reduction in the insulin-mediated glucose clearance, and a more than two-fold
increase in insulin production to maintain maternal euglycemia [252]. Chronic hyper-
glycemia and hyperinsulinemia, along with increased inflammatory and oxidative stress,
is detrimental for the maternal pancreatic (3-cells, leading to their functional exhaustion
and injury/death [253]. When (-cell function fails to compensate the additional metabolic
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stress imposed by the diabetogenic state of pregnancy, the glucose metabolism becomes
further dysregulated, leading to the development of GDM [254].

Evidence points that GDM is associated with changes in the maternal, fetal and
placental inflammatory profile [254]. Systemic, chronic, subclinical inflammation that
involves unbalanced cytokine production, is a key feature of GDM. Such metabolically
induced inflammation, appropriately termed “metainflammation” [255], also accompa-
nies obesity, IR, metabolic syndrome, type 2 DM and other related metabolic disorders.
Although a lack of a significant association between the circulating IL-6 levels and GDM
has been observed in some studies [180-183,256], an elevated concentration of IL-6 has
been frequently reported in GDM patients, even regardless of obesity [113,115,172-179].
The results of the most recent systematic review indicate that serum IL-6 levels seem to be
significantly higher in the majority of GDM patients, compared to euglycemic pregnant
women [257]. Thus, as the authors suggest, assessing the serum IL-6 level could be a
feasible diagnostic criterion for GDM [257]. As observed in PE and other chronic low
grade inflammations [258,259], the increase in the systemic IL-6 in GDM patients may
be accompanied by an increase in the sgp130 concentration [211]. This finding could be
indicative of a compensatory anti-inflammatory mechanism to prevent overt inflamma-
tion induced by IL-6 trans-signaling [211,212]. Moreover, animal studies reveal that the
blockade of peripheral IL-6 trans-signaling by recombinant sgp130, induces mature-onset
obesity, glucose intolerance and IR [260].

The first (and, so far, the only) meta-analysis and systematic review of chemokines and
their cognate receptors, suggests a role for IL-8 in the shaping of the complex immune mi-
croenvironment in GDM [261]. This is supported by case-control studies reporting increased
circulating IL-8 levels in GDM patients, compared to healthy pregnancies [115,176,179,180].
However, comparable concentrations of IL-8 in the plasma of GDM patients vs. healthy
pregnant women are also reported [167,184,185], as well as a lower IL-8 level in early
pregnancy [184]. These inter-study inconsistencies probably emerge from the differences in
the applied protocols and assays.

Current data point that both innate and adaptive immune system components re-
spond to hyperglycemic and IR conditions, participating in the development of metain-
flammation [262]. In an obese state, the immune cells maintaining an anti-inflammatory
environment in the adipose tissue are replaced with a pro-inflammatory immune-cell infil-
trate [262]. This is accompanied by an increased secretion of pro-inflammatory cytokines
and chemokines that act in an autocrine, paracrine, and endocrine manner, to promote
inflammation and IR in the adipose and other target tissues [262]. Additionally, evidence
shows that activated adipocytes are one of the main sources of the IL-6 and IL-8 production
in obesity-associated IR and also in GDM [263,264]. In line with this, Kleiblova and coau-
thors indicated an upregulated IL-6 mRNA expression in subcutaneous adipose tissue of
pregnant women with GDM [169]. Unlike TNF-&, which is suggested to act locally (in the
adipose tissue) in an autocrine/paracrine manner contributing to the local IR and inducing
IL-6 secretion, IL-6 rather appears to be released systemically by the adipose tissue, acting
more as an endocrine signal that induces the hepatic acute-phase response and IR [265]. In
fact, under basal conditions, up to 35% of systemic IL-6 is shown to originate from visceral
adipose tissue in obese states, secreted by adipocytes and resident/infiltrated immune
cells [265]. IL-6 contributes to IR primarily by impairing the phosphorylation of the insulin
receptor and insulin receptor substrate-1, and inducing the expression of SOCS3—-which
impairs insulin signaling [266]. IL-6 is also known to promote lipolysis and secretion of
free fatty acids from the adipose tissue into the circulation, which contributes to IR and to
the increased gluconeogenesis in hepatocytes [267].

In obesity-related IR, visceral white adipose tissue (WAT) is considered to be the
main source of IL-8, along with subcutaneous WAT and the infiltrated macrophages [268].
Considering that IL-8 attracts not only neutrophils and other immune cells, but also
adipocytes, IL-8 secreted from hypertrophic adipocytes may contribute to the further
accumulation of excess intra-abdominal fat in obesity [112]. Moreover, IL-8 itself enhances
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IL-8 mRNA expression in human adipocytes, thus providing an autoamplifying loop via
CXCR1 and CXCR2 expressed on the human adipocytes [269]. Data suggest that persistent
inflammatory stimuli may perpetuate this vicious circle of IL-8 production in human
adipocytes over the p38 MAPK pathway, which is also implicated in promoting IR in
human adipocytes [269]. Moreover, IL-8 in obesity may downregulate adiponectin in
adipocytes [169,261]. A decreased adiponectin level is a common finding in IR, DM and
GDM [270]. Given that adiponectin stimulates insulin secretion, enhances its signaling
and inhibits gluconeogenesis [271], by decreasing the adiponectin production, IL-8 may
play a crucial role in obesity-linked IR and GDM. Consistently, increased levels of IL-8 are
detected in visceral adipose tissue of women with GDM [169,272,273].

The placental common repertoire of cytokines also becomes overexpressed in a diabetic
environment [274-276]. Data from the literature show an increased IL-6 mRNA expression
in GDM placentas [115,163-166], possibly associated with the enhanced macrophage in-
filtration in GDM placentas, compared to a physiological pregnancy [163,168]. However,
no significant differences in the IL-6 mRNA expression in placentas of women with GDM,
compared with healthy controls were also reported [168,169]. Results on the IL-8 placental
expression in GDM patients are also conflicting. No significant difference [169,170], as
well as increased IL-8 levels in GDM placentas [115,167], compared to healthy controls
were both detected. Interestingly, one recent study revealed that the expression of IL-8 in
GDM placentas might be sex-specific [171]. Namely, the male GDM placentas exhibited a
lower IL-8 expression in EVTs and STB, compared to sex-matched controls [171]. On the
other hand, the female GDM placentas expressed comparable and higher levels of IL-8 in
EVTs and STB, respectively, than the sex-matched controls [171]. However, the implications
of this sex-specific expression of IL-8 in GDM placentas remain to be elucidated. Data
regarding the IL-6 and IL-8 expression/circulating level changes in GDM are summarized
in Table 2.

Collectively, it may be concluded that a certain level of metabolically induced inflam-
mation, reflected in the more pronounced maternal cellular and biochemical inflammatory
profile than in non-diabetic pregnancies, accompanies maternal IR and GDM. IL-6 appears
to be decisively involved in the development of IR and GDM, primarily by the impaired
phosphorylation of the insulin receptors and the induced expression of SOCS3, which
inhibits the insulin signaling in peripheral tissues, adipocytes and hepatocytes [266]. More-
over, IL-8 seems to participate in promoting obesity, inflammation and IR, by attracting
additional adipocytes and immune cells in the adipose tissue, and by interfering with
insulin signaling by downregulation of adiponectin and/or activation of the p38 MAPK
pathway [112,261,269]. However, studies investigating inflammatory mediators in the
maternal and placental compartments in GDM are not always consistent, whereas data
regarding the fetal inflammatory state in GDM are lacking. A better understanding of
the inflammatory process in GDM is urgently needed, considering that the placental in-
flammation in GDM may have a central role in shaping the in utero environment that
“programs” the offspring development [169,277]. As the prevalence of pre-gestational DM
and GDM continues to rise worldwide [278], such an understanding will be critical to opti-
mize long-term health outcomes for both the mother and the offspring. In the meantime, it
is necessary to once again stress the importance of correcting the modifiable risk factors
and applying inflammation-reducing life-style changes during pregnancy, especially in the
early stages of pregnancy, to reduce the risk of developing GDM and the consequences
associated with it [279].

3.4. Maternal Immune Activation

Maternal immune activation (MIA) in pregnancy is usually associated with acute
infections, or with a sterile, low-grade, persistent inflammation, accompanying a number
of systemic conditions, such as metabolic syndrome, type 2 DM, autoimmune diseases,
cardiovascular disease, anxiety, depression, socio-economic adversity, micronutrient defi-
ciencies, microbiome alterations, exposure to cigarette smoke or A-9-tetrahydrocannabinol,

52



Int. ]. Mol. Sci. 2022, 23, 14574

air pollution and other factors [280-287]. This myriad of exogenous and endogenous en-
vironmental exposures during pregnancy may cause tissue injury and trigger maternal
inflammatory /immune responses, leading to a release of a plethora of effector molecules,
with IL-6 and IL-8 having one of the key roles [288].

Maternal systemic infections in pregnancy are recognized as the principal non-genetic
risk for neurodevelopmental and neuropsychiatric disorders in the child [289-291]. The
variety of infectious agents associated with a shared neurodevelopmental risk points to the
maternal immune response rather than a particular pathogen as a common denominator of
the dysregulated offspring development [292,293]. This concept is particularly plausible
considering that an increased risk of developmental abnormalities was also associated
with pathogens that typically do not cross the placental barrier (influenza, agents causing
upper respiratory infections) [280,294-296] or with serologic evidence of the maternal
pre-gestational exposure to pathogens in the absence of an active infection [297-299]. It
has been suggested that MIA during the sensitive window of in utero brain development,
may alter neurodevelopmental trajectories, following the proposed sequence of events:
(i) infection or other noxious stimuli trigger maternal inflammatory /immune responses,
(ii) released cytokines and other inflammatory mediators cross the blood-placental barrier
and (iii) activate the fetal immune system enabling the establishment of a self-propagating,
low-grade inflammatory cascade [300]. Inflammatory cytokines reaching the fetal brain
may trigger microglial activation and upregulation of pro-inflammatory transcription
factors. Consequently, aberrant gene and protein expression may in long term give rise to
neurological, immunological and behavioral disturbances in a predisposed offspring [300].
Supported by a fair amount of epidemiological data and animal research, IL-6 has been
identified as the critical mediator in this unfortunate series of events [301-304].

Apart from systemic infection, acute placental inflammation (API), the microscopic
equivalent to the clinical diagnosis of chorioamnionitis [305], is another common MIA-
associated event in pregnancy, even in a clinically inapparent disease [306,307]. Low-stage
APl is observed in up to 50% of uncomplicated vaginal deliveries following uncomplicated
pregnancies [308]. It is even more frequent in the absence of infectious agents, than due
to intra-amnionic infection [192]. Whether the microbial invasion of the chorioamniotic
membranes or the release of DAMPs during the course of cellular injury/death, an increase
in the expression of IL-6 and IL-8 follows, along with the release of other acute phase
mediators [25,193,309]. This is supported by findings of an increased expression of IL-6
and IL-8 in the trophoblast in response to LPS stimulation [188,190,191]. Consistently,
elevated concentrations of IL-6 and IL-8 in amniotic fluid (AF) or cervicovaginal lavage, as
indicators of APIin PTL, are reported in a vast number of studies [192-198]. Additionally,
a high concentration of IL-6 in AF was significantly associated with an increased risk
of perinatal morbidity and mortality [197]. The AF level of IL-8 sampled in the third
trimester of pregnancy was shown to correlate with the severity of API, irrespective of
the presence/severity of funisitis [200], suggesting that the high AF IL-8 levels in API are
mainly a product of the maternal immune response. Moreover, some studies indicate that
human IL-8 does not seem to cross placentas obtained from pregnancies at term, implying
that IL-8 in AF and in fetal blood is solely of fetal origin [310,311]. This is consistent
with the data showing human fetal amnion and chorion as an important source of IL-8
in the setting of an ongoing inflammation [312-314]. The source of IL-6 in MIA has also
been debated. Through a rodent MIA model, Hsiao and Patterson proposed that elevated
level of IL-6 in the placenta was of maternal origin only, including both circulating IL-6
and the one secreted by the placental resident cells [189]. Nevertheless, the fetus itself
can also mount an inflammatory response to maternal infection, especially in terms of
IL-6 production [315,316]. Fetuses with fetal inflammatory response syndrome (FIRS),
characterized by high levels of IL-6 in fetal plasma, had a higher rate of severe neonatal
morbidity and a shorter procedure-to-delivery interval [317]. Considering these risks, rapid
tests for the timely identification of inflammatory processes in the amniotic cavity that
would circumvent amniocentesis as an invasive technique are highly needed in clinical
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practice. To this end, the determination of IL-8 [318] in the maternal serum and IL-8 [319]
or IL-6 [318] in the cervical secretion for non-invasive screening for chorioamnionitis
was suggested. However, there are data indicating that high levels of cervical IL-6 and
IL-8 are only moderately predictive of intrauterine infection/inflammation and preterm
delivery [194]. The reported data are summarized in Table 2.

The role of IL-6 and IL-8 in the pathogenesis of the neurodevelopmental and neu-
ropsychiatric endophenotypes as MIA sequelae is widely supported by epidemiological
studies indicating that in utero exposure to elevated concentrations of both, IL-6 [320-322],
and IL-8 [323-326], may partially account for an increased risk of neurodevelopmen-
tal/neuropsychiatric disorders. However, remarkably little is known about the mechanistic
pathways that connect these molecules with neurodevelopmental disorders. Emerging data
suggest that both IL-6 and IL-8 inhibit synaptic long-term potentiation and induce changes
in the hippocampal-dependent learning and memory tasks [327]. IL-6 may also influence
the fate switching and cell differentiation in development, acting directly on the progenitor
cells to regulate fetal neurogenesis and gliogenesis [328,329], or altering many parameters
that influence neuronal migration, axonal pathfinding and synapse formation [330], or fetal
growth in general, including nutrient transfer, anoxia and vascular permeability at the
feto-maternal interface [331-333]. IL-8 dysregulation has also been found to have a role in
atypical white matter development in preterm infants [334] and brain dysmaturation [326].
In addition, the activation of the JAK/STATS3 signaling axis by the maternal IL-6 in murine
placenta, indirectly influenced fetal neurodevelopment through the diminished production
of both the placental growth hormone and the insulin-growth factor 1 [189] indispensable
for the proper fetal development [335]. Moreover, IL-6 can disrupt the immunological
homeostasis of the placenta and the maintenance of the maternal tolerance by altering the
Th1/Th2 ratio and by activation of the uterine immune cells [329,330].

One murine study employing a trophoblast IL-6R knockout model, reported no sexual
dimorphism in the MIA-related behavioral abnormalities [303]. Noteworthy, it is generally
recognized that MIA affects the offspring neurodevelopment in a sexually dimorphic man-
ner and those sex-specific effects persists across the lifespan [320,336]. Sex differences in the
placental responses to MIA, fetal brain structure/function and immune response could ac-
count for these sexually dimorphic effects of MIA [337-339]. Both human [322,340,341] and
animal [336,342,343] studies indicate that male offsprings are more frequently affected with
MIA-induced neurodevelopmental outcomes than females. Consistent with this notion, a
general trend toward the heightened acute inflammation and elevated cytokine levels was
shown in murine male vs. female placentas, especially for the abundant cytokines, such as
IL-6, upon maternal stimulation with LPS [344].

Considering all of the aforementioned, it may be concluded that the maternal immune
activity in pregnancy may potentially affect the offspring development, cognition, and
behavior, through mechanisms including, at least partly, IL-6 and IL-8 signaling. As
therapeutic interventions that significantly alter the prenatal environment and systemic
non-specific immunomodulatory agents are not likely candidates in pregnant humans,
focusing on eliminating the risk of maternal infection remains the main prevention strategy
to reduce the incidence of neurodevelopmental abnormalities.

Last, but not least important, it must be taken into consideration that in humans, most
gestational infections do not lead to overt neurological/psychiatric disease in the offspring,
despite the strong evidence that the stimulation of the maternal immune response during
gestation has a potential for profound effects on the offspring neurodevelopment [326,345].
In fact, it may be assumed that MIA acts more as a “disease primer”, by establishing a
susceptible neuroanatomical /neurophysiological setting which, coupled with a permissive
genetic background, may increase sensitivity to the disrupting effects of postnatal stressors
and ultimately result in pathological behaviors and functions later in life [346]. This is
reasonable, considering the multitude of highly diverse factors that contri-bute to neurode-
velopment, and the multifactorial etiology and complex pathogenesis of neuropsychiatric
and developmental diseases [347].
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4. Conclusions

According to the reviewed literature, IL-6 and IL-8 clearly play multiple functional
roles in pregnancy physiology. They appear to contribute to the establishment and main-
tenance of pregnancy by mediating uterine receptivity, trophoblast function at the im-
plantation site and parturition, the immune-endocrine interactions at the feto-maternal
interface and other processes. The hereby presented body of evidence also indicates
that a dysregulated IL-6/IL-8 expression, either at the feto-maternal interface or system-
ically, may contribute to the development of various gestational complications. There-
fore, it appears that targeting the IL-6/IL-8 pathways may rescue some pregnancy tra-
jectories and prevent or ameliorate sequelae. Animal models and empirical data sug-
gest several preventive/therapeutic strategies which, directly or indirectly, affect the IL-
6/IL-8 production/function. Classic anti-inflammatory drugs, both steroid [348-350]
and non-steroid [350,351], the application of anti-IL-6 or anti-IL-6R mAbs [352-355], or
anti-inflammatory cytokines [356,357], dietary interventions [358-360], the use of probi-
otics [361,362] or vitamin D [363], microbiota transplants [281,364], and other immunomod-
ulatory interventions have been examined in the context of gestational complications with
some success. However, considering that (i) interference with the prenatal inflamma-
tory/immune environment may lead to devastating consequences [365], and (ii) due to
complex ethical issues pregnant women are traditionally excluded from clinical trials [366],
novel immunomodulatory treatments require an extensive evaluation on both a scientific
and ethical basis before being routinely implemented in a clinical setting. Thus, increasing
awareness and optimizing prevention by correcting modifiable risk factors for gestational
complications associated with dysregulated inflammatory/immune responses, should
remain one of the main strategies in prenatal care.

Finally, one of the limitations of the present review for a successful translation to the
clinical level, is its focus on IL-6 and IL-8 only. This reductionist approach enables a better
overview of the role of IL-6 and IL-8 in pregnancy-related processes, but is insufficient to
draw accurate conclusions about the inflammatory status. This is reasonable considering
the complex cytokine networks that underlie these processes and the dynamic relationship
between the pro- and anti-inflammatory factors over the course of inflammation.

The emerging advances in biomedical research that enable the computer modeling
of data and the new insights into the fields of genomics, epigenetics, proteomics, metage-
nomics (the microbiome), and metabolomics, and will hopefully improve our understand-
ing of the molecular mechanisms of pregnancy and its possible complications. Such an
understanding could be employed to tailor the diagnostic/therapeutic strategies for a
more personalized healthcare. Bridging the gaps in knowledge identified herein, could
contribute to optimizing the current practices to improve pregnancy outcomes.
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Abstract: Recurrent pregnancy loss (RPL) affects 1-2% of women and is defined as having experienced
two or more failed pregnancies. In almost 50% of cases, the causes are idiopathic (IRPL), but increasing
evidence has suggested an immunological cause. B cells are known to provide crucial support for a
successful pregnancy outcome. However, their involvement in the mechanisms underlying IRPL is
still unclear. This systematic review and meta-analysis aimed to comprehensively summarise the
existing evidence regarding the levels and profiles of B cells in IRPL. An extensive computerized
search in PubMed/Medline, Embase, Scopus, and Web of Science databases was performed with no
imposed limits. Two reviewers independently screened all retrieved studies, extracted all the data,
and assessed the methodological quality. Disagreements were resolved by a third reviewer. From
a total of 1125 retrieved studies, 19 studies were included in the systematic review, and 8 studies
were quantitatively analysed. We highlight a potential association between women with IRPL and
increased levels of endometrial B cells. In addition, the flow cytometry technique seems to be
preferred over immunohistochemistry for identifying those differences, while further studies are
necessary to clarify the role of B cells as an immunological risk factor for RPL.

Keywords: B cells; idiopathic recurrent pregnancy loss; reproductive immunology; meta-analysis; MeSH

1. Introduction

Recurrent pregnancy loss (RPL) is defined as experiencing two or more failed preg-
nancies prior to the 24th week of gestation and affects 1-2% of women [1,2]. Several causes
and risk factors have been considered, including advanced maternal age, parental chromo-
somal abnormalities, uterine anatomical disorders, antiphospholipid syndrome, inherited
thrombophilia, thyroid disorders, and even environmental factors. However, in nearly
50% of cases, the specific aetiology cannot be determined, and such cases are commonly
referred to as unexplained or idiopathic RPL (IRPL) [3-5], with a significant psycholog-
ical impact for the couples involved [6]. Many IRPL cases are treated empirically using
several therapeutic strategies, including acetylsalicylic acid, progesterone, corticosteroids,
low-molecular-weight heparin, intravenous immunoglobulin, lipid emulsion, leukocyte
immune therapy, pre-implantation genetic screening, and tender loving care, but there is a
paucity of high-quality evidence for the medical treatment of women with IRPL, with the
exception of the use of progesterone [3,7].

Increasing experimental and clinical evidence suggests that immunological causes,
such as immunological rejection or the presence of an unbalanced intrauterine immune
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homeostasis that is adverse for the embryo and pregnancy, could be significantly implicated
in IRPL [8]. In fact, the maternal immune system plays a fundamental and challenging role
during pregnancy. It ensures a state of tolerance for genetically foreign content while main-
taining important protections against pathogens for both the mother and the developing
foetus [9,10]. Looking at the maternal-foetal interface, we observed a maternal immune
system acquiring distinctive features and articulating new functions and particular cell
phenotypes, which suggest its commitment to assure the necessary processes taking place
at these sites [11]. In this way, endometrial immune cells may contribute to the proper
mechanisms for embryo implantation, survival and development. Therefore, is it of ut-
most importance to clarify the molecular mechanisms and specific cell types and cellular
pathways involved in mediating endometrial receptivity.

B cells are a major component of the immune system. Recent studies have proven
that during pregnancy, these cells undergo important adaptations, with physiological
circulating B cell lymphopenia observed from mid-gestation onwards and a decreased
presence of the more differentiated B cell subsets in the peripheral blood [12,13]. Moreover,
altered B cell proportions and changes in their activation states were reported in different
obstetric complications, including RPL, preterm birth, and pre-eclampsia [14-16]. In
fact, differences in the peripheral B cell compartment have been previously observed in
women with recurrent pregnancy losses. In particular, Kwak et al. [17] reported increased
percentages of CD19* B cells in pregnant women with RPL compared to multiparous
pregnant normal controls. Later, Jablonowska et al. [18] also obtained similar results,
with increased percentages and levels of peripheral B cells in first-trimester RPL pregnant
women. In contrast, Darmochwal et al. [19] reported decreased percentages in CD19* B
cells when considering non-pregnant women with RPL compared to normal non-pregnant
controls., while Ghafourian et al. [20] observed similar proportions of CD20" B cells in
both non-pregnant RPL and normal control women. Regarding the specific subsets of
B cell compartments, it has been demonstrated that IL-10-producing regulatory B cells
were decreased in a murine model of pregnancy loss compared to the normal pregnancy
model, which present elevated levels in the first pregnancy trimester. Furthermore, it was
shown that IL-10 administration and the transfer of IL-10-producing regulatory B cells
in aborting animals could prevent foetal rejection [21]. In humans, increased regulatory
B cell counts observed in the first trimester of pregnancy may also indicate the higher
necessity to suppress possible unwanted immune maternal responses, thus protecting
against pregnancy loss [22].

Interestingly, given the different leucocyte compositions of tissue, such as the decidua
and the endometrium, which are rich in T cells, uterine NK cells (uNK), macrophages,
and dendritic cells in comparison to peripheral blood stress, characterising these tissue
types as only addressing circulating cells can be a limitation and is sometimes a biased
perspective [23-25]. Thus, despite being considered a rare population with undetermined
functions at these locations, B cells are present in the endometrium and they should be
further characterised, particularly in pathological reproductive processes [23,26,27]. The
initial characterisation of endometrial immune populations by Lachapelle and colleagues
reported the presence of 6% of lymphocytic cells expressing the CD20 B cell marker in the
endometrium of normal non-pregnant women [28]. Recently, similar proportions of CD19*
B cells using menstrual blood and term decidua parietalis samples of healthy non-pregnant
women were also reported [29], while other studies presented different results [30,31].
Importantly, differences in endometrial B cells have also been demonstrated, with some
studies reporting increased proportions of B cells in the endometrium of women with
recurrent pregnancy losses [30,32].
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The increasing number of studies characterising uterine B cells confirms the growing
interest in the role of B cells in reproductive immunology. However, information on their
potential involvement in the mechanisms underlying IRPL is still scarce and unclear. Hence,
studying the role of B cells during IRPL deserves proper consideration. To congregate
information and discuss what is known so far, we conducted a systematic review of the
literature by addressing the association between idiopathic recurrent pregnancy loss and B
cells, whether local or systemic.

2. Materials and Methods

This systematic review and meta-analysis aimed to identify and analyse human studies
that assessed the role of B cell levels and profiles in non-pregnant women with recurrent
pregnancy loss of unknown aetiology compared to non-pregnant healthy women.

This work was conducted and reported in line with the criteria of Preferred Reporting
Items for Systematic Reviews and Meta-analyses (PRISMA) guidelines (Table S1) [33,34].
The updated methodology used in this systematic review is in accordance with the
Cochrane Handbook of Systematic Reviews of Interventions [35] and is registered in
the PROSPERO database (ID: CRD42020181418).

2.1. Search Strategy

An extensive computerised literature search was performed to retrieve studies that
were included in this systematic review. The searches were performed in PubMed /Medline,
Embase, Scopus, and Web of Science databases using database-specific subject heading
terms and all variants in free-text words according to the specificities of each database
(Table S2). Additionally, a supplementary search of the grey literature and of the reference
sections of the selected studies and reviews was performed to identify any additional
relevant missing publications that were not retrieved in the electronic search. No date or
language limits were imposed on the search.

2.2. Eligibility Criteria and Study Selection

Study selection was independently performed by two individuals (MAD and JL) who
screened the title and abstracts of all yielded articles from the queries according to the
eligibility criteria displayed in Table 1.

Table 1. Eligibility criteria for study selection.

Inclusion Criteria Exclusion Criteria
Studies on living humans Animal studies
Women of reproductive age (1845 years) Women with current pregnancy

Recurrent pregnancy loss of unknown Studies not reporting B cell levels

aetiology
IRPL group with at least two consecutives . .
miscarriages Genetic studies
B cell compartment evaluation No primary research

Case-report studies

IRPL, idiopathic recurrent pregnancy loss.

Idiopathic RPL is defined as experiencing more than 2 or 3 failed pregnancies be-
fore 24 weeks of gestation in the absence of risk factors or commonly known causes of
RPL, namely, uterine anatomic disorders, thyroid dysfunctions, inherited and acquired
thrombophilia, and/or parental chromosomal disorders. Studies clearly not matching
the eligibility criteria were excluded. No restrictions on geographical location, language
of publication, or year of publication were applied, and all the non-primary literature
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was excluded, such as literature reviews, dissertations, theses, editorials, protocol studies,
clinical guidelines, and abstracts or reports from meetings.

The full text of the remaining studies was analysed, and studies were included or
discarded according to the eligibility criteria. Any disagreements were referred to a third
reviewer (CM) to reach consensus. All decisions, including reasons for exclusion and the
number of selected articles in each step, are recorded and depicted in a flow chart following
the PRISMA 2020 guidelines. None of the review authors was blinded to journal titles or
the study’s authors or institutions.

EndNote version 20 (bibliographic software) was used to store, organise, and manage
all references arising from the literature search, including the management and removal of
duplicates and scanning the titles/abstracts of all records.

2.3. Data Extraction and Quality Assessment

All relevant data were extracted from each selected study by two independent review-
ers following a standardised piloting form methodology to minimise the risk of bias and to
ensure full data extraction. Only information relevant to this review from studies assessing
multiple outcomes and variables was collected. If applicable, the original study’s authors
were contacted to clarify missing or unreported data. Any disagreements were referred to
a third reviewer (CM) to reach consensus. The following data were extracted:

Identification of the study: title, authors, year of publication, journal title, country of
origin, study design, and number of participants;

Participant characteristics: sample size, age, race, IRPL definition, clinical data of IRPL,
and control groups;

Methodological features: sample characteristics, phase of sample collection, methodol-
ogy used for B cell characterisation, and B cell markers;

Outcomes: B cell levels, B cell profiles, and number of miscarriages.

Methodological quality of each individual study was assessed independently by
two reviewers (MAD and JL), using the NHLBI quality assessment tool for case—control
studies. This scale evaluates 12 components of a study to determine its methodological
quality. Therefore, evaluation criterion was answered either by “Yes”, “No”, “CD” (cannot
determine), “NA” (not applicable), or “NR” (not reported). Subsequently, studies were
graded as “Poor”, “Fair”, or “Good”. The level of bias will influence the evidence and
results obtained in the systematic review; thus, studies deemed to be of “poor quality”
were not included in the meta-analysis. Any disagreement between the two reviewers was
referred to a third reviewer to reach consensus.

2.4. Data Synthesis

Meta-analyses were conducted using standardised mean differences (SMDs) and 95%
confidence intervals (CIs) to allow a comparison of data from different instruments [36]. A
random-effect model was used in the meta-analysis as it combines sampling errors and
between-study variances to estimate the effect size [37]. To interpret the effect sizes, the
following thresholds were used: <0.2 = trivial effect; 0.2-0.5 = small effect; 0.5-0.8 = mod-
erate effect; >0.8 denoting large effects [38]. The statistical heterogeneity among studies
was assessed using the I-squared (I2) value, which represents the percentage of variation
across studies that is attributable to heterogeneities rather than chance [39]. We adopted
the following thresholds: 12 = 25%: low heterogeneity; I> = 50%: moderate heterogeneity;
12 = 75%: high heterogeneity [39]. Evident heterogeneities were investigated via subgroup
analyses. Studies that did not report data as means & SD were not suitable for inclusion in
the meta-analysis.

All statistical analyses were conducted using statistical software R and using the
package “meta” to perform the meta-analysis [40,41]. Statistical significance was defined as
a p-value < 0.05.
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3. Results
3.1. Study Selection

Using the aforementioned methodology, the database search yielded a total of 1125 studies,
of which 452 were removed due to duplication. The abstract and title screening of
673 records revealed 576 studies that clearly did not meet the eligibility criteria, result-
ing in their exclusion. From the 97 records sought for retrieval, 94 full-text articles were
obtained and critically analysed, leading to the exclusion of 75 studies due to ineligibility-
related reasons. Finally, a total of 19 studies [17,19,20,30-32,42-54] were included in the
qualitative analysis and 8 [20,32,42,43,46,48,50,54] were included in the quantitative analy-
sis. Eleven studies were excluded from the meta-analysis because one had a high risk of
bias [47] and ten [17,19,30,31,44,45,49,51-53] did not have the data required for performing
the analysis. Figure 1 presents an outline of the study’s selection process.

Identification of studies via databases and registers

Identification

Records identified from Databases:
PubMed/Medline (n = 258)
EMBASE (n = 460) ——»
Scopus (n=318)

Web of Science (n=84)

Grey literature (n=>5)

Records removed before screening:

Duplicate records removed (n =452)

Screening

Records screened (n=673) Records excluded (n =576)

'

Reports sought for retrieval (n=97) [ ®| Reports not retrieved (n=3)

h 4

Reports assessed for eligibility (n = 94) P Reports excluded with reasons:

. No B cell evaluation/data (n=22)

. No HC group (n=16)

Included

h 4
. No IRPL group (n=11)
Studies included in systematic review
) . Pregnant IRPL/HC group (n=8)
(n=19)
. Unsuitable IRPL/HC group (n = 6)
Y . Non-primary literature (n=15)
Studies included in meta-analysis . Not translatable (n=7)
(n=8)

Figure 1. PRISMA 2020 flow diagram. PRISMA, Preferred Reporting Items for Systematic Reviews
and Meta-analyses; HC, healthy control; IRPL, idiopathic recurrent pregnancy loss.
3.2. Characteristics of Included Studies

All relevant data collected from each selected study are summarised in Table 2.
All studies were case—control observational studies conducted in 12 countries: China
(n = 4) [45,46,53,54], Ireland (n = 2) [30,49], Spain (n = 2) [43,44], the US (n = 3) [17,47,48],
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and one study each from Egypt [42], Germany [31], Greece [50], Iran [20], Poland [19],
the UK [51], Brazil [52], and Canada [32]. The RPL definition criteria used were not
consistent among the studies, with 9 studies defining RPL as two or more pregnancy
losses [30,31,43,46,47,49,50,52,54] and 10 studies using three or more pregnancy losses as
the criterion for RPL [17,19,20,32,42,44,45,48,51,53]. Six studies did not report information
regarding the number of miscarriages in the IRPL group [19,20,44,48,50,52].

As part of the inclusion criteria, all studies included and compared an IRPL group with
a healthy control group. In six studies, the control group was composed of women with at
least one live birth and no history of miscarriages [17,20,43,44,52,53], three studies included
women with at least one live birth but sporadic cases of miscarriages in some [32,51,54],
four studies included women with at least one successful pregnancy with no information
regarding the previous history of miscarriages [19,42,45,46], two studies included a control
group with no previous history of miscarriage but with no information regarding parity
history [31,48], two studies included a control group with some miscarriages and some
live births [30,49], and two studies did not report clinical information for the control
group [47,50].

A total of 1386 IRPL women and 581 control women were included, with a mean
sample size amongst studies of 73 (SD = 101; 9411 range) in the IRPL group and 31 women
(SD = 38; 8-179 range) in the control group. The studies used two different types of samples
to characterise the immune compartment: peripheral blood (1 = 12) [17,19,20,43-48,50,52,54]
and endometrial biopsies (n = 7) [30-32,42,49,51,53]. Nine studies performed sample
collection during the luteal phase of the menstrual cycle [30-32,42,46,49,51-53], while
only one study performed sample collection during the follicular phase [44]. The re-
maining studies did not specify the phase of the menstrual cycle in which the samples
were collected [17,19,20,43,45,47,48,50,54]. Flow cytometry was the preferred methodol-
ogy used to assess the B cell population in studies (n = 16) [17,19,20,30,32,42-50,52,54],
while immunohistochemistry was used in three studies [31,51,53]. B cells were identified
mostly through CD19 lineage markers (n = 14) [17,19,30,31,43-50,52,54], followed by CD20
(n=4)[20,32,42,53] and CD22 (n = 1) [51]. Additional markers were used in seven studies
to identify specific B cell subsets, namely, CD5, IgD, CD27, and CD40 [17,19,43,44,47,48,50].

3.3. Methodological Quality

The methodological quality (risk of bias) of the included studies was assessed inde-
pendently by MAD and JL, while any disagreement was discussed with a third author
(CM) to reach consensus. The NHLBI Assessment Tool for case—control studies was used,
which assesses the quality of a study through 12 questions that can be answered as yes, no,
not applicable, not reported, or cannot determine, as shown in Table S3.

All studies explicitly defined the research question. With the exception of two stud-
ies [47,48], the study’s population was clearly specified and well defined, whereas only one
study included a sample size justification [44]. Most of the studies had a low risk of bias
when considering the group’s population recruitment, the specification and application
of the inclusion and exclusion criteria, and the definition of cases and their differentiation
from the controls. None of the studies performed a random selection of study participants,
although this was not considered to be a fatal flaw, while most of the studies did not use
concurrent controls. In none of the studies did the exposure (B cell evaluation) precede
the outcome (miscarriages). Nevertheless, we consider that this question is not applicable
in this context, since immune profile evaluation is usually recommended when women
have already had two or more miscarriages with an unknown aetiology where immune
dysregulation might be occurring. Finally, all studies measured the exposure in a consistent
and valid manner, and most applied an adjustment for potential confounding variables in
the statistical analysis. It was not possible to determine whether the exposure assessors
were blinded to the case or control status of the participants.
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Study

Alosh et al., 1998 [42]
Carbone et al, 2009 [43]
Gaoetal, 2014 [46]
Ghafourian et al., 2014 [20]
Lachapelle et al., 1996 [32]
Mahmoud et al., 2001 [48]
Psarra et al., 2001 [50]
Zhuetal, 2015 [54]

Random effects model

Heterogeneity: 1° = 93%, t° = 3.2389, p < 0.01

Study

Alosh et al., 1998 [42]
Lachapelle et al., 1996 [32]

Random effects model

Heterogeneity: = 0%, = 0,p=082

Overall, 10 studies were considered to be at a low risk of bias and had good method-
ological quality [19,20,31,32,43-46,52,54]. Eight were considered to have fair methodologi-
cal quality [17,30,42,48-51,53]. One study was deemed to be of poor quality [47]; thus, it
was not included in the meta-analysis due to its potential high risk of bias.

3.4. Results of Individual Studies and Meta-Analyses

Considering all included studies, a majority (n = 11) reported no significant differences
between the proportion or concentration of total B cells in women with IRPL compared
to HC women [17,20,31,43-46,50,51,53,54]. Seven studies reported statistically significant
differences between groups [19,28,30,42,48,49,52], and one study did not perform statistical
analyses on B cell data [47].

We pooled data from eight studies (1 = 652 women) and observed a non-significant
tendency towards lower proportions of total B cells in the IRPL group (SMD = —0.36
[95% CI, —1.63-0.92]), with a high heterogeneity among the included studies (I?> = 93%)
(Figure 2).

Experimental Control Standardised Mean
Total Mean SD Total Mean sD Difference SMD 95%-Cl Weight
20 17.00 7.0000 12 550 6.0000 | N 169 [085; 253] 123%
36 800 30000 37 800 40000 - 000 [-0.46; 046] 128%
67 1319 43100 22 1256 3.3600 = 015 [-0.33; 063] 128%
25 945 07100 25 11.34 0.7600 - 253 [[329,177] 125%
11 16.00 8.0000 15 5.00 6.0000 e 154 [064; 244] 123%
10 990 11000 20 1390 1.0000 —— : S377 [5.04;-250] 116%
244 1060 3.8000 44 11.40 6.0000 = -019 [0.51; 0.13] 129%
39 1170 3.3100 25 11.70 2.4500 - 000 [-0.50; 0.50] 128%

452 200 “:%} -0.36 [-1.63; 0.92] 100.0%

Figure 2. Random-effect meta-analysis for the levels of B cells in IRPL and HC women.

Subgroup analyses were carried out to explore possible causes of heterogeneity ac-
cording to the type of sample used in the studies: peripheral blood or endometrial biopsies.

From the seven studies using endometrial biopsies, all those (1 = 4) characterising
the B cell compartment with flow cytometry reported significant differences towards
increased percentages or concentrations of total B cells in IRPL compared to the HC
group [30,32,42,49]. The remaining three studies used immunohistochemistry to evaluate
B cell compartment and did not find significant differences between groups [31,51,53]. We
pooled data from two studies (n = 58 women) that reported B cell data in endometrial biop-
sies. Overall, there were higher proportions of total B cells in the IRPL group (SMD = 1.62
[95% CI, 1.00-2.23]; p < 0.001, I? = 0%) (Figure 3).

Experimental Control Standardised Mean
Total Mean SD Total Mean sD Difference SMD 95%-Cl Weight
20 17.00 7.0000 12 550 6.0000 —— 169 [0.85;253] 535%
11 16.00 8.0000 15 500 6.0000 ———— 154 [064;244] 465%
3 27 -——i:::l: 1.62 [1.00; 2.23] 100.0%

Figure 3. Random-effect meta-analysis for the levels of endometrial B cells in IRPL and HC women.
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From the 12 studies using peripheral blood samples, a majority (n = 8) reported
similar percentages of B cells between groups [17,20,43—46,50,54], while two reported
significantly lower percentages of total B cells in IRPL women compared to HC [19,48].
These observations were not shared by Souza et al., 2002 [52], who reported increased B cell
counts in IRPL compared to HC women. We pooled data from six studies (n = 594 women)
that evaluated B cells in peripheral blood. Overall, the analyses revealed no statistically
significant associations between peripheral B cell levels and IRPL (SMD = —0.99 [95% CI,
—2.29-0.32]; p > 0.05, 1> = 93%) (Figure 4).
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Total Mean SD Total Mean sD Difference SMD 95%-Cl Weight
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Figure 4. Random-effect meta-analysis for the levels of circulating B cells in IRPL and HC women.

Regarding the evaluation of specific B cell subsets in the included studies, one study
reported increased levels of circulating unswitched memory B cells in IRPL compared
to the HC group [44], one study reported increased percentages of circulating CD5" B
cells within total lymphocytes in IRPL compared to the HC group [19], and one study
reported decreased percentages of circulating CD5" B cells within total lymphocytes in
IRPL compared to the HC group [50]. Due to the small number of studies addressing
specific B cell subsets, a meta-analysis was not feasible for this subgroup.

4. Discussion

Reproductive failure is a pregnancy-related complication that represents a significant
concern for human reproduction. In this context, immunological abnormalities have
been implicated in many female reproductive pathologies, including recurrent pregnancy
loss [8,55]. Unlike other immune compartments [56-58], the current scarce, sparse, and
methodologically unstandardised available data on the involvement of B cells (their levels
and profiles) as a risk factor in the aetiology of recurrent pregnancy loss represent and
point to the challenge in obtaining consistent conclusions on this matter. Therefore, it is
of utmost interest to summarise, in a transparent, structured, and organised manner, the
existing literature evaluating B cell compartments in women with IRPL. To the best of our
knowledge, this is the first systematic review with a meta-analysis that addresses studies
evaluating the involvement of B cells in non-pregnant women with IRPL compared to
non-pregnant healthy controls. In this review, a total of 19 studies were selected in the
qualitative analysis, and from these, 8 were included in the meta-analysis.

Here, we highlight the potential association between women with IRPL and increased
levels of endometrial B cells (compared to HC women). In contrast, no such associations
were found when considering peripheral B cells, which is not surprising, since distributions
and functions of immune populations, including B cells, are not equal when considering
different tissue types [59,60]. Unfortunately, insufficient studies evaluating specific B cell
subsets were retrieved. Interestingly, although only two studies characterising endometrial
B cells were quantitatively analysed, all retrieved studies evaluating endometrial B cells
with flow cytometry (n = 4) reported significantly increased levels of endometrial B cells
in IRPL compared to the HC group, whereas studies using immunohistochemistry did
not report differences between groups. This might indicate that the endometrial charac-
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terisation of B cells is preferred over peripheral characterisation to identify differences
between these subsets in IRPL women. In addition, the use of flow cytometry as the
methodological tool to characterise those differences seems to be advantageous compared
to immunohistochemistry.

Our systematic review has several strengths. The predefined methodology used in this
review was based on the Cochrane Handbook for Systematic Reviews of Interventions [35],
and we conducted our review using a prospectively registered protocol. In addition, we
employed a comprehensive and extensive search strategy using the most representative
electronic bibliographic databases for biomedical research. No restrictions were applied
to the search so that all possibly relevant studies were retrieved, and the risk of bias was
evaluated independently by two individuals. Finally, a meta-analysis was performed using
the random-effect model to pool the data as much as possible.

However, we also acknowledge some limitations of this review. First, although we
were able to identify a large number of studies reporting the levels of B cells in IRPL
women, there were significant heterogeneities among them, namely, in the criteria for the
definition of RPL, the lack of or limited clinical reported information from the included
groups, particularly for the control group, the large number of countries in which the
selected studies were conducted, and the distinct sample types and methodologies used to
characterise B cell data. Importantly, our significant findings should be interpreted with
caution, as some of our meta-analysis included data from a reduced number of studies,
which—although valid—might limit the value of pooling data. In fact, although it is
a limitation of the included studies, only a small portion of the selected studies (1 = 8)
reported B cell data suitable for inclusion in the meta-analysis. Other conclusions or
more robust findings might have been identified if all studies were included in the meta-
analysis. Due to the small number of studies, we were unable to adjust for some important
confounding variables, such as age, ethnicity, country of origin and number of previous
miscarriages, which could affect our findings. In addition, we did not consider formal tests
for publication bias, since fewer than 10 studies were included in the meta-analysis [35].

Finally, although this review emphasises that increased levels of endometrial B cells
might play a role during the processes of miscarriage, it is still unclear whether these higher
levels of B cells are causes or consequences of the RPL. To further explore this causality, it
would be more accurate to compare women with a known cause for the RPL as a control
group with women with IRPL. Thus, if B cells are equally increased in this control group,
then B cells may likely represent a consequence of miscarriages rather than the cause.

We have identified a systematic review published in HROpen journal that is some-
what similar to our present work [61]. However, in this review, the authors did not
specifically analyse the RPL of unknown origins or analyse both circulating and local B
cell compartments in the IRPL. In addition, this review includes data from both pregnant
and non-pregnant RPL women; thus, the results obtained in those studies might reflect
pregnancy-induced changes in B cell populations, rather than changes associated with the
pathology of interest. Importantly, in this systematic review, the authors were unable to
perform a quantitative synthesis, so the conclusiveness of the presented evidence in that
review is unclear. Nevertheless, we recognise that the existing heterogeneity among the
available studies (either due to differences in the methodology, study design, or selection
criteria) on this matter represents a problem in the attempt to provide solid conclusions
regarding the role of B cells in IRPL.

Overall, although there is an apparent association between increased endometrial
B cells and IRPL, their role and levels in the development of this condition are not well
understood. The use of flow cytometry could be a valuable tool to evaluate different
endometrial B cell phenotypes in IRPL and to further explore this association. Nevertheless,
further studies are necessary to clarify the role of B cells as an immunological risk factor
for RPL, and we expect that this review will provide clues and important data to stimulate
further research on this matter.
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Abstract: Chronic venous disease (CVD) is a common vascular disorder characterized by increased
venous hypertension and insufficient venous return from the lower limbs. Pregnancy is a high-risk
situation for developing CVD. Approximately a third of the women will develop this condition
during pregnancy, and similarly to arterial hypertensive disorders, previous evidence has described a
plethora of alterations in placental structure and function in women with pregnancy-induced CVD. It
is widely known that arterial-induced placenta dysfunction is accompanied by an important immune
system alteration along with increased inflammatory markers, which may provide detrimental
consequences for the women and their offspring. However, to our knowledge, there are still no
data collected regarding cytokine profiling in women with pregnancy-induced CVD. Thus, the aim
of the present work was to examine cytokine signatures in the serum of pregnant women (PW)
with CVD and their newborns (NB). This study was conducted through a multiplex technique in
62 PW with pregnancy-induced CVD in comparison to 52 PW without CVD (HC) as well as their NB.
Our results show significant alterations in a broad spectrum of inflammatory cytokines (IL-6, IL-12,
TNF-«, IL-10, IL-13, IL-2, IL-7, IFN-y, IL-4, IL-5, IL-21, IL-23, GM-CSF, chemokines (fractalkine),
MIP-3¢, and MIP-1§3). Overall, we demonstrate that pregnancy-induced CVD is associated with a
proinflammatory environment, therefore highlighting the potentially alarming consequences of this
condition for maternal and fetal wellbeing.

Keywords: pregnancy-induced CVD; chronic venous disease; proinflammatory cytokines; hypertensive
vascular disorder; MeSH

1. Introduction

Chronic venous disease (CVD) is a common vascular disorder characterized by insuffi-
cient venous return from the lower extremities and an increase in venous pressure, known
as venous hypertension [1,2]. Clinical manifestations of CVD can range from mild to severe,
such as telangiectasia, venous ulceration, lipodermatosclerosis, and, most notably, varicose
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veins. Risk factors for developing CVD include advanced age, obesity, genetics, and female
sex [3-5]. Pregnancy also appears to be a major risk factor for developing CVD. Indeed,
it is estimated that approximately 40% of women will suffer from this condition during
pregnancy, and this increased risk is even higher with the number of pregnancies [6,7].
During pregnancy, there are many changes in the hemodynamics of the cardiovascular sys-
tem accompanied by hormonal and mechanical variations. Some of these changes include
vasodilation, iliac vein compression, stasis, decreased venous flow velocity, and venous
valve incompetence, hence leading to the development of CVD [8-12]. Previous studies
have demonstrated the impact of CVD-induced venous hypertension on placental integrity.
Specifically, evidence of cellular damage, hypoxia, increased calcification, oxidative stress,
and increased vascularization was observed in the placentas of CVD patients [13-16]. These
pathological manifestations are also observed in pre-eclampsia, an analogous condition
also characterized by vascular hypertension [2,17,18]. However, the effects of CVD on
maternal and fetal wellbeing have not been as widely studied as pre-eclampsia.

The pathogenesis of CVD in pregnancy remains poorly understood. Cytokines are
central players in immune system modulation and also show modulatory effects on differ-
ent tissues and organs [19]. Alterations in cytokine production and circulating levels have
been involved in the pathogenesis of organ and systemic damage [20]. Different patterns
of variation in cytokine serum levels have been to be associated with different inflam-
matory diseases [21]. They may provide either beneficial effects, collaborating with host
defense, or they can be related to adverse outcomes under pathological conditions when
they are dysregulated [19]. Pregnancy is, in part, inflammatory status, and a broad range of
studies have demonstrated the relevance of analyzing cytokine signatures in both physio-
logical and pathological conditions [22-27]. Conversely, elevated levels of inflammatory
cytokines, such as TNF-« and IL-6, have been implicated in the pathogenesis of vascular
hypertension during pregnancy [28,29]. Inflammation often mediates the deterioration of
healthy tissue, and proinflammatory cytokines instigate apoptotic pathways responsible
for many of the clinical presentations of CVD [30]. It has been shown that proinflammatory
cytokines are significantly elevated in patients with CVD compared to healthy controls.
On aggregate, these previous data on proinflammatory cytokine levels in both CVD and
pregnancy-induced vascular hypertension suggest that proinflammatory cytokines play an
important role in pregnancy-induced CVD. This study aims to identify the systemic effects
of pregnancy-induced CVD by measuring proinflammatory cytokines in the peripheral
blood of mothers as well as of their newborns.

2. Results
2.1. Women with CVD during Pregnancy Show an Increase in Different Proinflammatory
Cytokines

Analysis of plasma samples has shown a significant increase in many proinflammatory
cytokines. For instance, we observed a significant increase in IL-6 levels in the plasma of
PW-CVD patients (PW-HC = 3.168 + 4.897 pg/mL vs. PW-CVD =4.791 + 314.900 pg/mL,
p ** =0.029, Figure 1A). This trend of a significant increase is similarly observed in the
plasma of NB-CVD without being statistically significant (NB-HC = 1.988 + 1.555 pg/mL
vs. NB-CVD = 10.685 £ 19.350 pg/mL, p = 0.3167, Figure 1A). In contrast, no significant
differences were observed in the plasma levels of IL-1B in the study patients
(PW-HC =5861 + 11,486 pg/mL vs. PW-CVD = 2.692 + 3.598 pg/mL, p = 0.9302,
NB-HC =1.231 £ 1.220 pg/mL vs. NB-CVD =2.625 + 4.536 pg/mL, p = 0.8366, Figure 1B).

Simultaneously, an increase in TNF-« was reported in pregnant women with CVD (PW-CVD)
compared to PW-HC (PW-HC = 14.002 £ 23.096 pg/mL vs. PW-CVD = 12,295 £ 5477 pg/mL,
p * =0.0167, Figure 2A). Likewise, NB-CVD display a notable increase in this cytokine in
comparison to NB-HC (NB-HC = 6225 + 2360 pg/mL vs. NB-CVD = 12,076 &+ 3079 pg/mL,
p *** < 0.0001). Likewise, our results reported a significant increase in the proinflamma-
tory cytokine IL-12 in pregnant women with CVD (PW-CVD) compared to PW-HC, as
well as in NB-CVD (PW-HC = 0.698 & 0.320 pg/mL vs. PW-CVD = 3.569 £ 1.617 pg/mL,
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p **<0.0001, NB-HC =0.965+ 0.469 pg/mL vs. NB-CVD = 3917 £ 1335 pg/mL,
p *** < 0.0001, Figure 2B). Subsequently, a significant increase in the proinflammatory
cytokine IL-2 was observed in PW-CVD with respect to PW-HC, as well as in NB-CVD
(PW-HC = 1112 £ 3343 pg/mL vs. PW-CVD = 1583 £ 0.987 pg/mL, p***<0.0001,
NB-HC = 1948 £ 6268 pg/mL vs. NB-CVD = 2309 + 3108 pg/mL, p *** = 0.0002, Figure 2C).
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Figure 1. Histogram showing the significant increase in IL-6 in PW-CVD but not in their NB (A). IL-1B
did not show any variation neither in the plasma of PW-CVD or NB-CVD (B). PW-HC = pregnant
women without vascular pathology, PW-CVD = pregnant women with chronic venous disease during
gestation, NB-HC = newborns of mothers without vascular pathology, NB-CVD = newborns of
mothers with chronic venous disease during gestation. p < 0.01 (**).
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Figure 2. Histogram showing the significant increase in TNF-a (A), IL-12 (B), and IL-2 (C) in PW-
CVD plasma and in NB-CVD. PW-HC = pregnant women without vascular pathology, PW-CVD
= pregnant women with chronic venous disease during gestation, NB-HC = newborns of mothers
without vascular pathology, NB-CVD = newborns of mothers with chronic venous disease during
gestation. p < 0.05 (*), p < 0.001 (***).
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Similarly, IL-17A levels were significantly higher in PW-CVD compared to PW-HC,
as well as in NB-CVD (PW-HC = 1555 + 1055 pg/mL vs. PW-CVD = 6119 + 3244 pg/mL,
p *** < 0.0001, NB-HC = 2384 £ 1711 pg/mL vs. NB-CVD = 7245 + 2381 pg/mL, p *** < 0.0001,
Figure 3A). No significant differences were observed in plasma levels of IL-21 in PW-CVD
with respect to PW-HC (PW-HC = 1142 + 0.843 pg/mL vs. PW-CVD = 2197 4 1991 pg/mL,
p = 0.0871, Figure 3B). However, plasma IL-21 levels were significantly higher in NB-CVD
compared to NB-HC (NB-HC = 2036 + 1501 pg/mL vs. NB-CVD = 5.124 4 5.428 pg/mL,
p * = 0.0174, Figure 3B). Moreover, we found a significant increase in the proinflammatory
cytokine IL-23 in pregnant women with CVD (PW-CVD) compared to PW-HC, as well as
in NB-CVD (PW-HC = 54,831 & 51,632 pg/mL vs. PW-CVD = 208.095 + 144.753 pg/mL,
p *** <0.0001, NB-HC = 93.715 +£ 78.808 pg/mL vs. NB-CVD = 273,872 £ 196,395 pg/mL,
p *** = 0.0008, Figure 3C). Similarly, the levels of the proinflammatory cytokine IL-7 were
significantly higher in PW-CVD, being similar in NB-CVD (PW-HC = 8778 + 4162 pg/mL
vs. PW-CVD = 31,549 + 42,609 pg/mL, p *** < 0.0001, NB-HC = 10,281 + 4534 pg/mL vs.
NB-CVD = 23,503 & 6550 pg/mL, p *** < 0.0001, Figure 3D).
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Figure 3. Histogram showing a significant increase in IL-17A (A), IL-23 (C), and IL-7 (D) in PW-CVD
plasma and in NB-CVD. Likewise, an increase in IL-21 (B) in NB-CVD is also observed. PW-HC = preg-
nant women without vascular pathology, PW-CVD = pregnant women with chronic venous disease
during gestation, NB-HC = newborns of mothers without vascular pathology, NB-CVD = newborns
of mothers with chronic venous disease during gestation. p < 0.05 (*), p < 0.001 (***).

2.2. Women with CVD during Pregnancy Show a Decrease in Anti-Inflammatory Cytokines

Our results showed a significant decrease in IL-4 levels in PW with CVD (PW-CVD) with
respect to PW-HC (PW-HC = 23,642 & 19,978 pg/mL vs. PW-CVD= 19,149 & 66,704 pg/mL,
p *** < 0.0001, Figure 4A). In parallel, we have observed a decrease in IL-4 in the umbil-
ical cord plasma of NB-CVD with respect to NB-HC (NB-HC = 22,469 + 13,756 pg/mL
vs. NB-CVD = 37,471 £ 88,639 pg/mL, p * = 0.0265, Figure 4A). Furthermore, our
analyses have shown a significant decrease in the anti-inflammatory cytokine IL-10 in
PW with CVD (PW-CVD) with respect to PW-HC (PW-CVD = 6958 + 3949 pg/mL
vs. PW-HC =4.354 4 4.596 pg/mL, p * = 0.0102, Figure 4B). In parallel, we have ob-
served a decrease in IL-10 in the umbilical cord plasma of NB-CVD with respect to NB-
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HC (NB-CVD = 8611 £ 5201 pg/mL vs. NB-HC = 8.307 & 16.487 pg/mL, p * = 0.0127,
Figure 4B). Our analysis has reported a significant decrease in the anti-inflammatory
cytokine IL-13 in PW-CVD with respect to to PW-HC (PW-CVD = 2094 + 5902 pg/mL
vs. PW-HC = 5973 & 2975 pg/mL, p *** < 0.0001, Figure 4C). Simultaneously, we have
observed a decrease in IL-13 in the umbilical cord plasma of NB-CVD with respect to
NB-HC (NB-CVD = 3453 + 7995 pg/mL vs. NB-HC =7.121 &+ 3.439 pg/mL, p *** = 0.0002,
Figure 4C).

Rk

ME-CS ME-EVC RN-CS RN-EVC

PW NB
C

10+ *xx

IL-13 pg/ml

PW-HC PW-CVD NB-HC NB-CVD

PW

NB PW NB

Figure 4. Histogram showing the significant decrease in the anti-inflammatory cytokines (A) IL-4,
(B) IL-10, and (C) IL-13 in PW-CVD plasma and in NB-CVD. PW-HC = pregnant women without
vascular pathology, PW-CVD = pregnant women with chronic venous disease during gestation,
NB-HC = newborns of mothers without vascular pathology, NB-CVD = newborns of mothers with
chronic venous disease during gestation. p < 0.05 (*), p < 0.001 (***).

2.3. Women with CVD during Pregnancy Showed a Decrease in [FN-y

A significant decrease in INF-y levels was observed in pregnant women with CVD (PW-CVD)
with respect to PW-HC (PW-HC = 35,221 + 15,473 pg/mL vs. PW-CVD = 9390 4 9130 pg/mL,
p *** < 0.0001, Figure 5. In parallel, we have observed a decrease in INF-y in the umbilical
cord plasma of NB-CVD with respect to NB-HC (NB-HC = 40,815 + 15,181 pg/mL vs.
NB-CVD = 15,969 + 16,285 pg/mL, p ** < 0.0001, Figure 5).

2.4. Women with CVD during Pregnancy Show an Increase in the Eosinopoietins GM-CSF
and IL-5

Analysis of plasma samples has shown a significant increase in GM-CSF in pregnant
women with CVD (PW-CVD) compared to PW-HC (PW-HC = 5900 + 3276 pg/mL vs.
PW-CVD =12,359 £ 10,980 pg/mL, p * = 0.0104, Figure 2). In parallel, we have observed
an increase in GM-CSF in the umbilical cord plasma of NB-CVD with respect to NB-HC
(NB-HC = 6567 £ 5234 pg/mL vs. NB-CVD = 18.108 + 17.329 pg/mL, p ** = 0.0084,
Figure 6A).
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Figure 5. Histogram showing a significant decrease in IFN-y in PW-CVD plasma and in NB-CVD.
PW-CVD = pregnant women with chronic venous disease during gestation, NB-CVD = newborns of
mothers with chronic venous disease during gestation. p < 0.001 (***).
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Figure 6. Histogram representing the significant increase in GM-CSF (A) and IL-5 (B) in plasma from
PW-CVD and NB-CVD. PW-HC = pregnant women without vascular pathology; PW-CVD = pregnant
women with chronic venous disease during pregnancy; NB-HC = newborn from mothers without
vascular pathology; NB-CVD = newborn from mothers with CVD during pregnancy. p < 0.05 (*),
p <0.01 (**), p <0.001 (***).

Similarly, IL-5 levels were significantly higher in PW-CVD compared to PW-HC, as
well as in NB-CVD (PW-HC = 0.936 & 1.196 pg/mL vs. PW-CVD =1.987 + 0.884 pg/mL,
p ***=0.0002, NB-HC = 1.387 £ 1.447 pg/mL vs. NB-CVD = 2.316 & 0.957 pg/mL,
p **=0.0019, Figure 6B).

2.5. Women with CVD during Pregnancy Show a Significant Increase in Plasmatic Chemokines

The study of plasma samples did not show significant differences in MIP-1a lev-
els in PW-CVD compared to PW-HC, just as in NB (PW-HC = 11.153 + 19.986 pg/mL
vs. PW-CVD = 75.099 + 176.796 pg/mL, p = 0.8674, NB-HC = 9.165 £ 7.764 pg/mL
vs. NB-CVD =5.077 & 3.881 pg/mL, p = 0.1322, Figure 7A). On the contrary, a signifi-
cant increase in MIP-1b was observed in PW-CVD compared to PW-HC, just as in NB
(PW-HC = 34.131 & 47.936 pg/mL vs. PW-CVD = 48.097 £ 19.065 pg/mL, p = *** 0.007,
NB-HC =16.585 & 11.144 pg/mL vs. NB-CVD = 550.822 + 17.412 pg/mL, p *** < 0.0001,
Figure 7B). In this line, a significant increase in MIP-3a was evinced in PW-CVD compared to
PW-HC, just as in NB (PW-HC = 12.096 + 6.086 pg/mL vs. PW-CVD = 30.241 = 21.189 pg/mL,
p =**0.0003, NB-HC = 12.759 + 3.407 pg/mL vs. NB-CVD = 26.338 + 13.532 pg/mL,
p ** < 0.0001, Figure 7C).
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Figure 7. Histogram representing a significantly increased level of plasmatic chemokines (A) MIP-1a,
(B) MIP-1b, (C) MIP-3a, (D) IL-8, (E) Fractalkine, and (F) ITAC in PW-CVD and in NB-CVD. PW-
CVD = pregnant women with chronic venous disease during pregnancy; NB-HC = newborn from
mothers without vascular pathology; NB-CVD = newborn from mothers with CVD during pregnancy.
p <0.05(*), p <0.01 (**), p <0.001 (***).

Our results have demonstrated a significant increase in IL-8 plasmatic levels in PW-CVD;
however, an upward trend was only observed in NB-CVD (PW-HC = 14.050 £ 19.501 pg/mL
vs. PW-CVD = 405.486 + 915.893 pg/mL, p = * 0.0209, NB-HC = 20.878 & 25.607 pg/mL vs.
NB-CVD = 25.127 £ 48.059 pg/mL, p = 0.3581, Figure 7D). Moreover, a significant increase in
fractalkine was observed in PW-CVD compared to PW-HC (PW-HC = 54.148 + 26.064 pg/mL
vs. PW-CVD = 135.082 + 143.891 pg/mL, p *** < 0.0001, Figure 7E). Moreover, signifi-
cant increased levels were observed in NB-CVD’s umbilical cord compared to NB-HC
(NB-HC =73.367 4 34.607 pg/mL vs. NB-CVD = 110.285 £ 26.028 pg/mL, p ** = 0.0022,
Figure 7E).

Finally, the study of plasma samples has not shown significant differences either in
ITAC levels in PW-CVD with respect to PW-HC or NB-CVD’s umbilical cord compared
to NB-HC (PW-HC = 54,823 £ 35,371 pg/mL vs. PW-CVD = 70,630 + 51,407 pg/mL,
p =0.3209, NB-HC = 59,398 £ 35,982 pg/mL vs. NB-CVD = 97.948 £ 814.592 pg/mL,
p = 0.2540, Figure 7F).

3. Discussion

In the present work, we have demonstrated that CVD leads to an altered cytokine sig-
nature in the PW and their NB in comparison to those without this condition. More detailly,
we have observed an increased serum level of several proinflammatory cytokines but re-
duced levels of anti-inflammatory cytokines and INF-y. Simultaneously, we have observed
raised serum chemokines and GCSF, measurable in the PW with CVD and their NB.

CVD is a multifactorial disease with complex pathophysiological mechanisms in-
volved, associated with an important inflammatory response [31]. CVD involves a power-
ful alteration in the immune inflammatory system, with a significant increase in plasmatic
innate and adaptive cytokines. In fact, it has been demonstrated that CVD itself causes
noteworthy changes in cytokine production by the immune cells, hence inducing proin-
flammatory profiling [32]. CVD has also been associated with placental, umbilical cord, and
systemic oxidative stress [14,33]. Moreover, an altered local detection of some cytokines has
also been observed in the placenta of women with CVD, which is closely related to abnor-
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mal cell and molecular behavior [34-36]. This inflammatory, hypoxic, and also oxidative
environment could be part of fetal programming, as some previous studies suggest [37-39].
In this sense, we show the possible role of a group of cytokines in PW undergoing CVD that
could simultaneously affect NB, showing a proinflammatory state. To our knowledge, our
study is the first to evidence a unique cytokine signature in this group of patients, therefore
showing that CVD may be a deteriorating condition with important consequences for both
PW and NB.

Cytokines can be classified according to different criteria such as molecular composi-
tion, interaction receptor, main cell producers, and targets [40]. However, from a pathogenic
point of view, cytokines are defined by their effect on the immunoinflammatory response
as proinflammatory and anti-inflammatory. They are produced by leukocytes and other
cells, being essential to orchestrate immune cells growth, differentiation, and activation [41].
Moreover, many of these cytokines have provided their clinical relevance in a wide variety
of conditions, including during normal pregnancy or its complications [26,29]. This is
mainly due to the fact that many of these cytokines can cross the placental barrier, although
it is in dispute to what extent this fact occurs [42]. In our study, we found significant
alterations in diverse interleukins, including IL-6, IL-2, IL-12, IL-7, IL-21, IL-23, IL-10, IL-13,
IL-4, and IL-5.

Our data clearly show a marked increase in serum levels of proinflammatory cytokines
in PW-CVD. Unfortunately, this maternal immunoinflammatory disturbance is also found
in NB-CVD. We have found increased IL-6 and TNF-« serum levels in both populations.
In agreement with this fact, we also observed increased IL-6 levels in the placenta of
women with CVD [34]. IL-6 is mostly a proinflammatory but also anti-inflammatory
cytokine with pleiotropic effects in the organism [43]. For instance, IL-6 participates in
B-cell differentiation and stimulation of acute phase proteins [41]. Increased maternal IL-6
levels have been related to the development and severity of different pregnancy-associated
complications such as pre-eclampsia or chorioamnionitis [44,45]. IL-6 with TNF-x exert
synergistic proinflammatory effects [46]. It seems that high levels of both cytokines promote
trophoblasts cell death, hence impairing placental function [47]. In addition, high levels
of IL-6 in the umbilical cord have been associated with the requirement of oxygen at
36 weeks of post-menstrual age in small for gestational age newborns [48]. Furthermore,
increased maternal serum levels of IL-6 and TNF-o have been associated with hypertensive
disorders during pregnancy [49-51]. In this line, our study might indicate an important
correlation between CVD with high levels of IL-6 and TNF-«. Because of that, TNF-« has
been proposed as a potential target for preventing placental and fetal complications of
pregnancy [52]. Further studies could be designed to evaluate therapeutical approaches
of TNF-« inhibitors in pregnant women with CVD as well as to avoid possible fetus or
newborn complications. Moreover, we cannot disregard the fact that IL-6 has also been
described as an elevated inflammatory mediator during labor onset [50], but this condition
was shared by both groups of women.

In contrast with the increased serum levels of IL-6 with TNF-«, our results show nor-
mal concentrations of IL-1(3. Different patterns of alterations in the levels of these cytokines
have been observed in inflammatory diseases, as well as different clinical responses to
specific anti-cytokine treatments [53]. These findings suggest that the cellular mechanisms
involved in the pathogenesis of the proinflammatory status of PW-CVD are specific.

Associated with the systemic proinflammatory environment observed in PW-CVD,
we have found a marked disbalance of the circulating cytokines secreted by the different
Th subsets. An increase in Thl cytokines has been observed in these women and their
NB. IL-2, IL-12, and TNF-«x are critical cytokines involved in Thl responses, while IL-4
and IL-10 inhibit this polarization [54]. IL-2, also called T-cell growth factor, is a central
cytokine involved in the proliferation and differentiation of both adaptative and innate
immune cells [55]. IL-2 is produced by polarized Th1 cells, and it has central effects on
the activation of B cells, monocytes, natural killers (NKs), innate lymphoid cells (ILCs),
as well as modulating effector T cells and T reg activity [56]. However, it is hypothesized
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that IL-2 proinflammatory/anti-inflammatory effects might be determined by the amount
and kinetics of IL-2. Thus, a high but transient level of IL-2 appears to be associated
with effector cell development, while low-grade IL-2 presence could be related to T reg
induction [57]. T reg populations are essential for gestational success, and a correct IL-2—
STATS signaling with adequate levels of T reg has been associated with the prevention of
autoimmunity and human recurrent abortions [58]. Oppositely, increased levels of IL-2
have been related to higher NK cytotoxicity, which has been proposed as a risk factor for
human recurrent abortions [59]. Increased IL-2 levels described in PW and NB related
to CVD may indicate a likely imbalance of Th1/T regs and NK cytotoxicity, therefore
supporting a proinflammatory status affecting both individuals. Moreover, we have also
reported increased levels of further Th1 cytokines, including the proper TNF-« and IL-12,
along with a reduction in IL-4 and IL-10. IL-12 is a crucial cytokine involved in IFN-y
production [60], also related to pathogenic Thl differentiation [61]. Simultaneously, IL-12
is also associated with an imbalance in Th1/Th2 cells, which has been associated with
pregnancy complications such as recurrent spontaneous abortion, obstetric complications,
and poor pregnancy outcomes [62]. Despite the elevated IL-12 levels found, we report a
significant IFN-y decrease in both PW with CVD and NB. The role of IFN-y in pregnancy
has already been well-described and substantial alterations of this cytokine appear to be
related to different pregnancy complications such as preterm labor [63]. In this line, Scott
et al. [64] also reported high levels of IL-12 without IFN-y induction by immune cells
extracted from cord blood. More recently, a reduction in IFN-y levels was observed in
PW with pre-eclampsia [65]. It is probable that IFN-y diminishment could be associated
with pathological conditions such as CVD, although further works should clarify the
mechanisms involved in its dysregulation.

IL-4, IL-10, and IL-13 are three anti-inflammatory cytokines significantly decreased
in our study in both PW and NB. IL-10 was first discovered as a product secreted by Th2
cells, although this cytokine is secreted by many types of immune cells, being capable of
reducing proinflammatory cytokines release and Th1 responses [66,67]. It causes inhibition
of IL-2 and interferon gamma [41]. One of the most important roles of IL-10 is to provide
contrary effects to TNF-o. Thus, an adequate balance between IL-10 and TNF-« is crucial
during pregnancy, and reductions in IL-10 levels with augmented TNF-a might be related
to pathological inflammation during this period [68]. In addition, deficiencies in IL-4
and IL-10 cytokines have been associated with a plethora of pregnancy-related disorders,
including infertility, spontaneous miscarriage, preterm birth, fetal growth restriction, pre-
eclampsia, gestational hypertension [69], and as we have just demonstrated with CVD.
IL-4 is synthesized by CD4+T cells, and it is a major inductor of Th2 differentiation while
inhibiting Th1 phenotyping, acting co-ordinately with IL-13 in the alternative macrophage
polarization (M2 responses), among other effects [70]. Animal models show that the
absence of IL-4 is sufficient to induce pregnancy hypertension accompanied by excessive
inflammation in IL-4-deficient mice [71]. Low levels of IL-4 and IL-10 have been described
in pregnancies with severe pre-eclampsia [72]. Similarly, low maternal levels of IL-4 and IL-
13 have been positively correlated with an increased risk of NB for developing overweight
during childhood [73]. Therefore, our results might indicate the pathological role of IL-4,
IL-10, and IL-13 reduction due to CVD, furthermore promoting a proinflammatory status
and a Th1/Th2 imbalance, which has also been implicated with preterm labor [74].

Additionally, we have observed increased Th17 cytokine levels in PW with CVD and
their NB. Accordingly, elevated levels of circulating IL-23 and IL-17A are found in PW-CVD
and NB-CVD. IL-23 is a member of the IL-12 family, and it is key to inducing the Th17
pathogenic phenotype through the stabilization of IL-17 (Also known as IL-17A) [60]. Our
results show increased IL-17A and IL-23 levels, denoting an abnormal Th17 polarization as-
sociated with CVD in PW and NB. IL-17A dysregulation is associated with the development
and progression of different inflammatory diseases [75]. A study conducted Eghbal-Fard
et al. [76] in 50 women with pre-eclampsia also reported the contribution of higher serum
levels of IL-17A and IL-23 in the pathogenesis of the disease, with impaired Th17/Treg
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ratio. Conversely, other studies only detected significant differences in IL-17 but not in IL-
23 [77,78]. In this line, we show that CVD is responsible for the induction of both IL-17 and
IL-23 production, which may be implicated in the proper pathogenesis of the disease. In
the same line, we report a significant increase in IL-7 in both maternal and fetal serum. IL-7
is crucial for B-cell proliferation, T-cell development, and homeostasis [79]. Additionally,
it has been associated with pregnancy complications such as recurrent pregnancy losses
due to its ability to induce aberrant Th17 responses and reductions in Treg cells in animal
models [80]. In addition, it has been proposed that IL-7 crosses the placental barrier and
triggers IL-17R, and could affect fetal neurons producing cortical and behavioral abnormal-
ities [24]. Furthermore, we reported an increased IL-21 in the cord blood obtained from NB.
IL-21 is another cytokine produced by T cells and NKT cells, inducing Th17 phenotyping
while stimulating NKT, NK, and T cytotoxic subsets proliferation and cytotoxicity [81].
However, in immune cells derived from cord blood, IL-21 seems to stimulate the expression
of immunosuppressive IL-10 to diminish Th1 responses [82]. It is probable that increased
levels of IL-21 in the NB could emerge as a protective mechanism to diminish the global
proinflammatory status.

IL-5 causes B-cell growth factor and differentiation and IgA selection. IL-5, together
with granulocyte-macrophage colony-stimulating factor (GM-CSF), plays a key role in
eosinophilic function and development, being frequently designed as “eosinopoietins” [83].
Previous research has established the synergic action of GM-CSF and IL-5 on eosinophil
activation under inflammatory diseases [84]. Although, classically, the eosinophils were
associated with anti-parasite responses, nowadays, it is widely accepted their importance
in maintaining tissue homeostasis [85]. Furthermore, eosinophils are involved in the
secretion of many immunomodulatory cytokines, integrating different signals and directing
inflammatory responses [86]. An altered eosinophilic activity might be a clinical risk of
note during mild to late gestation of preterm labor related to type I hypersensitivity
reaction [87]. Recently, Lebold et al. [88] have demonstrated that intra-utero exposition to
IL-5 results in fetal eosinophilia and as a developmental origin of airway hyperreactivity
in the adult offspring. Regarding GM-CSE, this cytokine is produced by different cells
from the innate and adaptative immune system with major effects in bone marrow, where
stem cells are provoked to mature not only into eosinophils but also into monocytes and
macrophages [89]. GM-CSF is importantly produced both by Th17 and Th1 cells after
IL-23 and IL-12, respectively [90,91]. In addition, the IL-7 axis is involved in GM-CSF
production by Th subsets that could lead to autoimmune diseases such as type 1 diabetes
mellitus [92]. Besides its role in cell growth, it may act as a proinflammatory cytokine in
infections and activates the following pathways: JAK/STAT, PI3K, MAPK, and NF«B [93].
This factor has an important role in fertility and in embryo implantation and is crucial for
placental development [94]. In fact, reduced levels of this cytokine during pregnancy were
related to recurrent miscarriages [95], placental dysfunction, and abnormal fetal growth [96].
Conversely, Huang et al. [97] described the crucial role of aberrant GM-CSF expression
in the pathogenesis of pre-eclampsia, acting as a powerful inductor of inflammatory cells.
Increased levels of IL-5 and GM-CSF may indicate an abnormal activation of eosinophils in
pregnancy-associated CVD. Future studies should be conducted to unravel the possible
role of eosinophils in the pathogenesis of the disease and its consequences in newborns.

Chemotactic cytokines are produced by mast cells and stimulate the migration of
several cells, mostly WBCs, not only being involved in all kinds of immune responses but
also in many other biological processes such as angiogenesis, embryonic development,
phagocytosis, survival, and apoptosis [98]. By following gradients of several kinds of
chemokines, cells are usually guided to the site of interest in homeostasis and inflammation
and linking innate and adaptative responses [99]. In this study, there were four chemokines
found from two different subfamilies, CC and CXC (classification is based upon cysteine
residues position): CCL4, CCL20, IL-8, and CX3CL1, all of them with significance in the
PW and the NB. CXC chemokines convey chemotactic activity for neutrophils and CC for
monocytes and Th subsets, although there are exceptions [100]. Chemokines are critical
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regulators for trophoblasts invasion. The rising evidence alleges that chemokines are
considered regulatory molecules that, due to their selective trafficking of immune cells,
settle a normal or a pathological placental status and delivery [101]. The expression of
chemokines in the endometrium orchestrates the appropriate infiltration of immune cells
and invasion of trophoblasts in the maternal vasculature. It is known that trophoblast cells
express countless membrane receptors for these chemokines as well, contributing to fetal
immunity besides placental development.

IL-8 (CXCLS) is released by NK cells implying the migration of trophoblast cells for
endovascular invasion and maternal vascular remodeling [102]. Elevated levels of cord
blood IL-8 have been associated with pre-eclampsia [103] and moderate-severe bronchopul-
monary dysplasia in NBs [48]. The chemokine network at the fetal-maternal interface also
looks decisive in the future adult’s health. Our results denote a decrease in the inhibitors of
IL-8, which are anti-inflammatory cytokines IL-4 and IL-13. When blocking IL-8, and hence
neutrophil migration, by these two, the polarization of Th subsets tends to Th2 type [104].
As in this case, there is no impedance for IL-8 activity together with other chemokines
and interleukins, and Th2 response is decreased. We also found increased TNF-«, which
upregulates IL-8 [105], agreeing with the high IL-8 obtained. At the same time, at normal
term, choriodecidua and amnion also produce IL-8 [50], boosting the activity of MMPs and
other compounds; meanwhile, IL-6 and TNF-« also stimulate these components leading to
collagenolysis [101]. In previous studies, we found increased levels of MMP-9 and COL-1I],
affecting the structure of the placentas of women with venous insufficiency during preg-
nancy [106]. Then, if certain chemokines may upregulate the expression of collagenolytic
components, CVD may increase these even more.

Furthermore, we found significant plasma levels of fractalkine (CX3CL1) and CCL4
(MIP-1f3). Some studies have found an association between fractalkine and later pre-
eclampsia, concretely decidual cell secreted CX3CL1 but not circulating [107]. Other trials
have denoted that pregnant women with pre-eclampsia present an overexpression of
fractalkine, coinciding with poor pregnancy outcomes [108]. Recently, elevated levels
of fractalkine in maternal serum in pre-eclampsia have been described [109]. Moreover,
CX3CL1 chemoattractant and adhesive properties breeding inflammation and angiogenesis
processes are especially upregulated by inflammatory conditions such as diabetic placenta.
The evidence also demonstrates a robust upregulation by hypoxia conditions [110]; hence,
we could see CVD women also have overexpression of fractalkine compared to the control
group, which could be promoted by hypoxia pathways such as HIF-1x, as we previously
found in placenta from women with venous insufficiency [18]. CCL4 has been observed
with enhanced expression related to implantation competence, serving as a predictor of
pregnancy labor [111]. Increased detection of serum CCL4 has been associated with the
presence of active infections during pregnancy [112]. Trophoblast migration also reacts to
CCL4 and CX3CL1, being also key for maternal-fetal communication [113].

Finally, CCL20 (MIP-3x) was significantly increased in PW affected by CVD and their
NB as well. CCL20 is known to be chemotactic and antimicrobial [114], and evidence
says that it is a Th-17 response associated with chemokine, inducing inflammation [115].
The presence of this cytokine within amniotic fluid has been associated with microbial
invasion and amniotic inflammation in preterm labors [111]. In the absence of infection,
the bioavailability of CCL20 in amniotic fluid was associated with the partum process.
However, it remains elusive if maternal serum concentrations of CCL20 might be indicative
of intra-amniotic infection or inflammation [116].

Taken together, our results demonstrate a severe disturbance of cytokines and chemokines
in PW with CVD and their NB. The interactions and possible implications of the abnormal
pool of the cytokines mentioned before and the NB remains to be explored. In Table 1,
the main findings and discussion about the different cytokines detected in our study
are summarized.
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4. Materials and Methods
4.1. Experimental Design

An observational, analytical, and prospective cohort study was conducted on 114 preg-
nant women (PW) and their newborns (NB). A total of 62 plasma samples from PW
diagnosed with CVD during pregnancy and their NB were obtained with a median age of
33 years (22-40) and a median gestational age of 40.5 weeks (39—41.5). Similarly, 52 plasma
samples from PW and NB without CVD were also studied during pregnancy, with a median
age of 34 years (27-41) and a median gestational age of 41 weeks (39-42).

Exclusion criteria were defined by women with endocrine diseases such as diabetes
mellitus; high blood pressure (HBP); body mass index (BMI) > 25 kg/m?; unhealthy habits;
active infectious diseases; autoimmune diseases; venous malformations; renal insufficiency;
heart failure; pulmonary insufficiency; pre-eclampsia and/or hemolysis, elevated liver
enzymes and low platelet syndrome (HELLP); uterine growth restriction of unknown cause;
pathological lesions such as placental infarcts, avascular villi, late maturation and chronic
inflammation affecting the chorionic villi; the appearance of any of these exclusion criteria
described at any time before delivery or prior evidence of CVD.

All the participants were women who had visited their obstetrician at week 32 of gesta-
tion (time of blood sample collection). Once the informed consent was signed, her medical
history was obtained, and a general physical exploration along with laboratory measure-
ments was performed. An Echo-Doppler (portable M-Turbo Echo-Doppler; SonoSite, Inc.,
Washington, DC, USA) examination of the lower extremity was performed at 7.5 MHz while
the women were in the orthostatic position, and the leg was examined by external rotation
with support on the contralateral leg. The study included the greater saphenous axis from
the inguinal region to the ankle and the femoral veins. Classification of CVD in participat-
ing PW was based on CEAP (Clinical-Etiological-Anatomical-Pathophysiological) [14]. All
participants had CEAP scores > 1 (C1 = 59.67% (n = 37), C2 = 33.87% (n = 21), C3 = 6.45%
(n=4)).

The gestational period of the studied participants was routinely monitored and fol-
lowed at the Hospital Central de la Defensa Gémez Ulla-UAH (Madrid, Spain), and plasma
samples were obtained from the umbilical cord vein at the time of delivery.

The study was carried out in accordance with the basic ethical principles of autonomy,
beneficence, non-maleficence, and distributive justice, and its development followed the
statements of Good Clinical Practice, the principles contained in the most recent Declaration
of Helsinki (2013), and the Convention of Oviedo (1997). The data and information collected
complied with current legislation on data protection (Organic Law 3/2018 of December 5,
Protection of Personal Data and Guarantee of Digital Rights and Regulation (EU) 2016/679).
The project was approved by the Clinical Research Ethics Committee of the Gémez Ulla
Military Hospital (37/17).

4.2. Determination of Inflammatory Status

Plasma levels of ITAC, IL-10, granulocyte-macrophage colony-stimulating factor (GM-
CSF), fractalkine, IFN-y, MIP-3«, IL-12p70, IL-13, IL-2, IL-5, IL-13, IL-21, IL-17A, IL-4,
IL-23, IL-6, IL-7, IL-8, MIP-1x, MIP-13, and TNFx were determined. With this aim, we
used an aliquot of serum samples that had previously been obtained from peripheral blood
in a dry tube by centrifugation at 2000 rpm for 20 min and kept at —80 °C until the moment
of quantification.

This study was carried out using the Luminex technique with a high sensitivity kit
(Milliplex MAP kit, HSTCMAG-285K-21) from the Merck laboratory (Darmstadt, Germany).
For the study of cytokines, microspheres were used, each one encoded with a percentage of
red and infrared depending on the element to be studied. These were incubated for 16-18 h
with the antigen for binding to the capture antibody of each microsphere in 96-well plates.
After incubation, the biotilinated detection antibody for every cytokine was added. Lastly, a
streptavidin-phycoerythrin complex (Strep-PE) was employed, which bound the detection
antibody. The plate was read on the MAGpix equipment (Merk). Using the standard curve,
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the Merck analysis program (Analyst) calculated the concentration of each cytokine of
interest using the mean fluorescence intensity (MFI). Detection limits were established for
all cytokines analyzed according to the protocol.

4.3. Statistical Analysis

For the statistical analysis, the GraphPad Prism® 9.0 program (San Diego, CA, USA)
was used, and the Mann-Whitney U test was applied. Data are expressed as the mean with
SD. The significant results were established at p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***).

5. Conclusions

Overall, our study is the first to demonstrate a proinflammatory cytokine profiling
in both PW and NB associated with pregnancy-induced CVD. This could have important
consequences in the maternal and fetal environment, thereby affecting different immune
populations from the innate and adaptative systems. Assuming the choriodecidual interface
(where mother and fetal tissues are in contact) is a complex network of signals where each
component (cells, cytokines, and many molecules) is a critical regulator, it is undeniable
that the formed environment could be a determinant for the future child with echo in
adulthood (as summarized in Figure 8). Future research could be approached to evaluate
the impact of the inflammatory environment associated with CVD in women affected by
this condition and their offspring.
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Figure 8. Summary of cytokines network studied in PW with CVD and their NB. The picture describes
significant impaired levels of cytokines and conclusions from the study, being the Th1/Th2 imbalance
a notable hallmark, besides the Th17/Treg impaired ratio. The complex network of signals could be
determinant for the future child. A low level of anti-inflammatory cytokines is also associated with
pre-eclampsia, gestational hypertension, spontaneous miscarriage, infertility, fetal growth restriction,
and preterm birth. Low levels of IL-4 and IL-13 have been related to overweight in 1-2-year-old NB
and could have their echo in health for adulthood. PW = pregnant woman; CVD = chronic venous
disease; NB = newborn.
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Abstract: Endometrial stromal cells play an important role in reproductive success, especially in
implantation and placentation. Although Mesenchymal stem cells (MSCs) have been studied to
assess decidualization disorders in preeclampsia (PE), their role during trophoblast invasion remains
unclear. This study aims to determine: (i) whether MSCs isolated from menstrual fluid (MenSCs) from
nulliparous, multiparous, and women with a previous history of preeclampsia exhibited different
patterns of proliferation and migration and (ii) whether reproductive history (i.e., prior pregnancy
or prior history of PE) was able to produce changes in MenSCs, thus altering trophoblast invasion
capacity. MenSCs were collected from nulliparous and multiparous women without a history of
PE and from non-pregnant women with a history of PE. Proliferation and migration assays were
performed on MenSCs with sulforhodamine B and transwell assays, respectively. Trophoblast
invasion was analyzed by culturing HTR-8/SVneo trophospheres on a matrigel overlying MenSCs
for 72 h at 5% O, simulating a 3D implantation model. A previous history of pregnancy or PE
did not impact the proliferative capacity or migratory behavior of MenSCs. Following exposure to
physiological endometrial conditions, MenSCs demonstrated upregulated expression of IGFBP-1
and LIF mRNA, decidualization and window of implantation markers, respectively. The mRNA
expression of VIM, NANOG, and SOX2 was upregulated upon trophosphere formation. Relative
to co-culture with multiparous MenSCs, co-culture with PE-MenSCs was associated with reduced
trophoblast invasion. The findings of this study suggest a potential role for communication between
maternal MenSCs and invading trophoblast cells during the implantation process that could be
implicated in the etiology of PE.

Keywords: preeclampsia; MenSCs; trophoblast invasion
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1. Introduction

Preeclampsia (PE) is a pregnancy-specific disorder characterized by new-onset hyper-
tension and proteinuria after 20 weeks of gestation [1]. It affects 2-8% of all pregnancies
and is associated with an increased risk of maternal and fetal morbidity and mortality [2].
Although the precise etiology of PE remains unclear, it is now widely accepted that its
pathophysiological process involves deficient trophoblast invasion of the maternal decidua
and impaired remodeling of the maternal spiral arteries during the first trimester of preg-
nancy [3,4]. For successful implantation and placentation, the interaction between decidual
stromal cells and extravillous trophoblast (EVT) cells is crucial. Specifically, trophoblast
invasion relies on communication between the blastocyst and the maternal decidua [5].

The endometrium is highly dynamic and undergoes cyclical regeneration, differentia-
tion, and shedding during the menstrual cycle. In humans, decidualization occurs during
the mid-secretory phase of the cycle, begins around the spiral arteries, and is independent
of the presence of the conceptus [6]. During this process, regulated by estradiol and pro-
gesterone, cells acquire a secretory phenotype that discharges specific products such as
prolactin and insulin-like growth factor binding protein 1 (IGFBP1) [7]. Decidualization
helps regulate embryo implantation and, subsequently, cytotrophoblast interaction with
the uterus, making this process an essential component of establishing the maternal—fetal
interface during normal pregnancy [8]. Failed decidualization has been an important
contributor of altered cytotrophoblast invasion in human endometrial stromal cells from
women with a previous pregnancy complicated by severe PE [9].

Placentation requires the invasion of fetal-derived EVT cells into the maternal uterine
spiral arteries [10]. EVTs, that differentiate from cytotrophoblast cells, lose some epithelial
phenotypes at the villous tips and acquire additional mesenchymal phenotypes, improving
their migration and invasion capacity. EVT invasion involves the degradation and remod-
eling of the extracellular matrix, which is achieved mainly by matrix metalloproteinases
(MMPs), such as MMP-2 and MMP-9 [11], and alters the abundances of adhesion-associated
molecules such as E-cadherin and vimentin [12,13]. Alteration in MMP expression and
activity could cause uterine and vascular dysfunction, contributing to the pathogenesis of
PE [14].

Endometrial cells have been demonstrated to play a central role in normal and ab-
normal early pregnancy development. Mesenchymal stem cells (MSCs) are pluripotent
progenitor cells with a self-renewing capacity and potential ability to differentiate. MSCs of
endometrial origin have been identified and characterized from human endometrial tissue
and menstrual fluid [15,16]. The properties of MSCs isolated from menstrual fluid (MenSCs)
have demonstrated improved angiogenic properties, including vascular endothelial growth
factor (VEGEF) secretion, in comparison to MSCs isolated from the bone marrow [17]. We
previously studied the angiogenic properties of MenSCs obtained from patients with a
history of PE (PE-MenSCs), further demonstrating less endoglin and VEGF expression as
well as less VEGF secretion but higher expression of interleukin (IL)-6 compared to MenSCs
obtained from women with a previous normal pregnancy [18]. These results suggested that
PE-MenSCs had reduced angiogenic capacity and were more proinflammatory than those
of MenSCs from women with a previous normal pregnancy [18].

In this study, we aim to: (i) characterize the proliferative capacity and migratory
behavior of MenSCs isolated from women with or without a history of PE (nulliparous and
multiparous women); and to (ii) determine the capacity of MenSCs to induce trophoblast
invasion by utilizing a blastocyst-like structure in a 3D in vitro model that simulated
communication between endometrial and trophoblast cells.

2. Results
2.1. Characteristics of the Donors
The demographic characteristics of the nulliparous, multiparous, and PE donors

are presented in Table 1. Nulliparous donors were younger than multiparous and PE
women (adjusted p values = 0.021 and p = 0.008, respectively); however, there was no
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difference between multiparous and PE women (adjusted p value > 0.99). Body mass
index and gravidity did not differ between groups. Preeclamptic women presented with
significantly lower gestational ages and newborn weights in their last pregnancy compared
to multiparous women (control group).

Table 1. Characteristics of controls and preeclampsia donors.

Nulliparous Multiparous  Preeclampsia

Characteristics p Value
(n =10) (n =10) (n=9)
Age (years) 27.6 4.5 34 +4.6 350453 0.005
BMI (Kg/m?) 232+ 34 222432 248 +47 0.319
Gravidity 0 31+£13 21+11 0.086
Gestational age at last delivery - 377 £11 333 +£59 0.045
Newborn weight - 3240 +388.2 2100 + 1014.8 0.004

BMI, body mass index. Statistical analyses were performed with one-way ANOVA with Bonferroni post hoc test
for the variables age and BMI (between the 3 groups), meanwhile for gravidity, gestational age at last delivery
and newborn weight, Student’s ¢-test was performed (MUL and PE groups).

2.2. Proliferation and Migration of MenSCs

To assess functional properties of MenSCs, the proliferative potential and migratory
behavior of cells obtained from the 3 different groups were compared. The proliferation
rate was similar in nulliparous (NUL), multiparous (MUL), and preeclamptic (PE) women
(Figure 1A) from day 1 to day 9. The migratory behavior of MenSCs isolated from mul-
tiparous women did not differ from nulliparous MenSCs (p = 0.393, Figure 1B) or from
MenSCs isolated from women with a history of PE (p > 0.999, Figure 1C).
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Figure 1. Proliferation and migration of MenSCs derived from nulliparous (NUL), multiparous
(MUL) and PE women. (A) MenSCs were seeded for SRB assays to quantify cell proliferation at day 3,
day 6, and day 9. Results are presented as mean values and SDs of eight MenSCs per group. (B) NUL
and MUL MenSCs migration assays. (C) MUL and PE MenSCs trans-migration assays. Results are
presented as mean values and SDs of six MenSCs per group. Statistical analyses were performed
with Mann-Whitney tests. MenSCs, mesenchymal stem cells derived from the menstrual fluid; PE,
preeclampsia; SD, standard deviation; SRB, sulforhodamine B.

2.3. Estradiol and Progesterone Treatment Increase the Expression of LIF and IGFBP1 in MenSCs

To characterize the effect of estradiol and progesterone treatment on MenSCs cultured
in 5% O, (endometrial physiological conditions, defined as Mimic), the gene expression of
decidualization and the window of implantation markers were evaluated in all MenSCs.
We determined the expression of insulin-like growth factor binding protein 1 (IGFBP1) and
prolactin (PRL) as decidualization markers. IGFBP1 demonstrated a significant increase
(p = 0.02, Figure 2B) compared to cells without hormonal treatment (control). MenSCs
also demonstrated an increase in leukemia inhibitory factor (LIF) (p = 0.04, Figure 2C), the
window of implantation marker after treatment with the endometrial hormonal mimic,
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suggesting that the exposure of MSCs of menstrual origin to estrogen for 24 h and then to
estrogen plus progesterone for another 24 h at levels of oxygen present in the endometrium
can simulate endometrial conditions that precede implantation.
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Figure 2. Characterization of MenSCs after endometrial physiological conditions (Mimic). Gene
expression of decidualization markers: (A) Prolactin (PRL) and (B) insulin-like growth factor binding
protein 1 (IGFBP1) were detected in MenSCs. Window of implantation marker (C) leukemia inhibitory
factor (LIF) was detected in MenSCs after hormonal treatment. Results are expressed as mean and
SD of nine MenSCs per group. * p < 0.05. Statistical analyses were performed by using the Wilcoxon
matched-pairs signed-rank test. MenSCs, mesenchymal stem cells derived from the menstrual fluid;
SD, standard deviation.

2.4. Characterization of Trophospheres from HTR-8/SVneo Cells Origin

Relative to adherent 2D cultures, trophospheres had a significant decrease in mRNA
expression of the epithelial marker CDH1 (p = 0.046, Figure 3A), an increase in mRNA
expression of the mesenchymal gene VIM (p = 0.03, Figure 3C) and the stemness markers
NANOG and SOX2 (p = 0.015 both, Figure 3D,E) after 72 h in culture. There was no dif-
ference in the expression of mesenchymal SNAIL transcript levels in the trophospheres
compared to the adherent cells (p = 0.21) (Figure 3B). These findings suggest spheroid for-
mation and culture are associated with the induction of epithelial-mesenchymal transition
(EMT) and that the formed spheres are able to express higher levels of stemness genes.

2.5. The Invasive Potential of Trophospheres Is Reduced When Co-Cultured with PE-MenSCs

Trophoblast invasion involves an active process of migration through various layers
of endometrial tissues, including the extracellular matrix and stroma. To elucidate the com-
munication between endometrial stem cells and trophoblasts during the invasion process,
we developed a 3D in vitro invasion model by using MenSCs, Matrigel, and trophospheres
(Figure 4A). After 72 h of co-culture, we observed the formation of projections that pen-
etrated the Matrigel in a radial orientation. Using phase-contrast images captured with
an inverted microscope, we measured the area of invasion and compared it to the area of
invasion measured in 3D cultures lacking MenSCs (Figure 4H). First, we analyzed the effect
of gravidity on trophoblast invasion. The results demonstrated that when trophospheres
are co-cultured with MUL-MenSCs there was a modest but non-significant difference in the
degree of invasion compared to NUL-MenSCs (p = 0.064, Figure 4B). These trophospheres
had an increased expression of matrix metalloproteinase 2 (MMP2; p = 0.036, Figure 4C).
Secondly, we compared whether the PE history of donors can influence trophoblast in-
vasion capacity induced by MenSCs. Indeed, when trophospheres were cultured with
MenSCs from women with a history of PE (PE-MenSCs), they had a reduced area of inva-
sion compared to MUL-MenSCs (p = 0.004, Figure 4E). Trophospheres co-cultured with
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PE-MenSCs showed an increased expression of matrix metalloproteinase 9 (MMP9) after
invasion (p = 0.036, Figure 4G) but no difference in MMP2.
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Figure 3. Characterization of trophospheres after 72 h culture compared to 2D adherent culture.
mRNA expression of CDH1 (A), SNAIL (B), VIM (C), NANOG (D) and SOX2 (E) in trophospheres
and 2D cultures was analyzed by qRT-PCR and normalized to GADPH and 185 housekeeping
genes. (F) Tropho-sphere following 72 h of culture. Results are expressed as mean and SD of seven
trophospheres and HTR-8/SVneo monolayer cultures per group. * p < 0.05. Statistical analyses were
performed by using the Wilcoxon matched-pairs signed-rank test. SD, standard deviation.
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Figure 4. In vitro 3D model of trophoblast invasion. (A) Schematic depicts the components of the
model: MenSCs on the bottom of the plate as a monolayer of endometrial cells. Matrigel mimics the
extracellular matrix, and trophospheres mimic the trophectoderm of a blastocyst that is transferred
onto the Matrigel. (B,E) Invasion area of trophospheres co-cultured with MenSCs of nulliparous,
multiparous, and PE women. Each area is expressed as relative to control invasion without MenSCs.
Results are the means and SD of six MenSCs per group. (C,F) MMP2 and (D,G) MMP9 mRNA expres-
sion in trophospheres after invasion assay compared to the control invasion trophospheres. * p < 0.05,
**p < 0.01. Statistical analysis was performed by using the Mann-Whitney U test. (H) Representative
images of trophospheres invasion after 72 h of co-culture with MenSCs. MenSCs, mesenchymal stem
cells derived from the menstrual fluid, SD, standard deviation.
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3. Discussion

MenSCs are characterized by their capabilities of self-renewal and differentiation under
standard conditions [19]. They are the focus of a growing amount of interest due to their
clinical potential in the study of pregnancy complications, given the minimally invasive
manner in which they may be obtained. Data published previously suggested that MenSCs
retain phenotypic variation postpartum that may be associated with, and perhaps account
for the abnormal implantation process observed in PE [18]. Moreover, human decidual
natural killer cells also possess a trained memory after the first pregnancy, which includes
expression of receptors that interact with EVTs and growth factors promoting an efficient
placentation in subsequent pregnancies [20,21]. This pregnancy-imprinted memory could
be a part of the reason why a history of PE could impact the capacity to induce trophoblast
invasion by MenSCs. In this study, troposphere co-culture with PE-MenSCs was associated
with decreased trophoblast invasion capacity compared to the control (MUL-MenSCs). This
impaired invasion capacity was not associated with changes detectable in the proliferation
and migration capacity of the same cells. However, deficient trophoblast invasion during
placentation in combination with maternal conditions are accepted as a cause of endothelial
dysfunction, inflammatory alteration, and the appearance of symptoms of PE [22].

The EMT-related molecules are linked to the migration and invasion capacity of
the trophoblast. This process includes the reduction of epithelial and the increase in
mesenchymal markers in trophoblast cells. Our model of trophospheres demonstrated the
induction of EMT as decreasing CDHI expression and as increasing VIM, NANOG and
SOX2 compared to the 2D monolayer culture of the same cells. These results have been
reported previously [23,24] and suggest that spheroids have the capacity to drive EVTs, as
we observed in our 3D invasion model.

Trophoblast invasion is regulated by several factors, including MMPs, the proteases
that degrade different components of the extracellular matrix, and are expressed by utero-
placental interphases such as trophoblast, endometrial stromal cells, and natural killers
cells [25]. MMPs play a major role in trophoblast invasion into the uterine wall to create
an optimum environment for embryonic development. Studies have demonstrated that
MMP-2 and MMP-9 may be implicated in the early and late stages of PE due to their
role in vasodilation, placentation, and uterine expansion during normal pregnancy [14].
Herein, however, we demonstrated that despite the reduced trophoblast invasion capacity
in the presence of PE-MenSCs, the expression of MMP?2 in trophospheres did not exhibit
differences after the 72-h invasion compared to the control group (MUL-MenSCs), while
MMP9 demonstrated an increased expression. The altered expression of MMPs have also
been reported in preeclamptic women. Higher levels of MMP-2 and lower levels of MMP-9
in maternal serum have been associated with early- and late-onset severe PE [26], and the
urinary MMP-2 concentration at 12 and 16 weeks of gestation was reported as increased in
women who developed PE later during pregnancy [27].

Trophoblast cell invasion is regulated by signaling events, autocrine and paracrine
stimuli, specific protein recognition, and immunological tolerance [28]. Considering our
control of invasion without MenSCs, communication between MenSCs and trophoblast
cells during the 3D invasion model results appears necessary to induce trophosphere inva-
sion. Therefore, we propose that MenSCs may stimulate trophosphere invasion through
the release of exosomes [29]. Studies have demonstrated that exosomes secreted by Men-
SCs served as a convincing new type of cell-free treatment [30,31]. Exosomes contain
microRNA /IncRNA and adhesion molecules as well as small vesicles with secreted pro-
teins, which mediate cellular signaling pathways [32]. The content of exosomes secreted by
MenSCs in relation to the invasion capacity remains poorly characterized. Analysis of the
MenSCs-derived exosomes could help to explain the changes in the invasion capacity of
trophoblast cells.

Given that the human uterus is exposed to varying hormonal profiles throughout the
menstrual cycle [33], MenSCs were cultured with estradiol and progesterone to simulate
the window of implantation environment in vitro. During the window of implantation, the
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blastocyst can attach to the endometrial epithelial cells and invade the endometrial stroma
and vasculature [34]. The receptive endometrium is characterized by the appearance of
pinopodes and the increased expression of the leukemia inhibitor factor (LIF). LIF regulates
trophoblast cell adhesion, and it might be important for embryo invasion and placental
development. Our results demonstrated an increase in LIF expression in MenSCs after
treatment with estradiol and progesterone, simulating the signaling milieu present in the
uterus. The extent of trophoblast invasion relies on communication between the placenta
and maternal decidua. Studies have demonstrated increased decidualization markers such
as IGFBP1 and prolactin in endometrial stromal cells after hormonal treatment [35,36].
Moreover, endometrial stromal cells of women with a history of PE failed to decidualize
in vitro after hormonal treatment [9]. Herein, we only observed increased of IGFBP1
expression in MenSCs after hormonal treatment, suggesting that the hormone concentration
used in this study might be too modest to induce decidualization.

4. Materials and Methods
4.1. Isolation and Culture of MenSCs

Menstrual fluid was self-collected by consenting donors following informed consent
according to a protocol reviewed and approved by the ethical scientific committee of
Universidad de los Andes. Samples of MenSCs were obtained from three groups of study
participants: nulliparous women, multiparous women, and women with a history of PE.
All donors confirmed that they had not used hormonal contraceptives for at least three
months, and a clinical/gynecological history was obtained for each donor.

Overnight menstrual fluid was collected in a silicone menstrual cup within the first 48 h
of menstruation and transferred into a 50 mL tube containing 10 mL 1 x phosphate-buffered
saline (PBS) and the following supplements: 0.25 mg/mL amphotericin B, penicillin 100 IU,
streptomycin 100 mg/mL, and 2 mM ethylenediaminetetraacetic acid (EDTA) (all Gibco,
Thermo Fisher Scientific, Waltham, MA, USA). MenSCs were isolated from the mononuclear
cell fraction with Ficoll®Paque Plus (GE Healthcare, Piscataway, NJ, USA) density gradient
by centrifugation at 400 x g for 30 min at room temperature, according to the manufacturer’s
instructions. Mononuclear cells were recovered from the interface between the plasma
and Ficoll®Paque Plus, then washed twice with PBS to remove the platelets, Ficoll®Paque
Plus, and plasma. Mononuclear cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) with high glucose (Mediatech Inc, Manassas, VA, USA) supplemented with 1%
penicillin/streptomycin (P/S), 2.5 ng/mL amphotericin B, 2 mM glutamine, and 15% fetal
bovine serum (FBS) (all Gibco, Thermo Fisher Scientific) in a humidified environment at
37 °C and 5% CO; to obtain adherent cells. All experiments were performed by using
MenSCs at early passages (P) P3 to P7.

4.2. Proliferation Assay: Sulforhodamine Assay

MenSCs were cultured at 1000 cells/cm? in 24-well plates (Falcon, Corning, NY,
USA) in supplemented DMEM (10% FBS, 1% penicillin-streptomycin, 1% glutamine). Cell
proliferation and viability were determined at days 3, 6, and 9 by using a sulforhodamine
B (SRB) assay (BioVision, Milpitas, CA, USA). The SRB assay is based on the ability of
the protein dye SRB to bind basic amino acid residues of fixed cells. Quantification was
performed by spectrophotometric quantification (absorbance to 492 nm) on a Tecan Sunrise
Reader, 96-well Microplate Reader, according to the manufacturer’s instructions.

4.3. Migration Assay

MenSCs were suspended in 400 uL of DMEM with reduced serum (0.5% FBS) and
seeded in a millicell insert (pore 8 um, 12 mm, Millipore, Billerica, MA, USA) with
25,000 cells/insert. Inserts were placed on 500 puL of complete media (10% FBS) in 48-well
plates. Migration capacity was evaluated at 18 h. Briefly, the insert was washed with
1x PBS, fixed with cold methanol for 2 min, and stained with 0.5% crystal violet (Winkler,
Santiago, Chile). The cells inside the inserts were scraped with cotton swabs moistened
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with 1x PBS to ensure only migrated cells were analyzed. Five fields were captured for
each insert at 40x objective magnification before and after scraping under an inverted
microscope (Primo Vert, Zeiss, Jena, Germany), using the AxioCam ERc5s camera (Zeiss).
Images were analyzed with AxioVision analysis software (Zeiss). The percentage of mi-
grated cells was calculated as follows: number of cells after /before scraping x 100 (average
of the 5 fields). The experiments were performed in duplicate.

4.4. Hormonal Treatment

MenSCs were cultured under an endometrial hormonal milieu, as described pre-
viously [18]. Briefly, 3000 MenSCs/well were cultured in a 96-well plate with DMEM
phenol red free media (Mediatech Inc.), supplemented with 10% charcoal-stripped FBS, 1%
penicillin-streptomycin for 24 h. The following day, medium was replaced with fresh media
supplemented with 173-estradiol (E2; 213 pg/mL) and cultured at 5% O, for another 24 h.
The day after, MenSCs were exposed to 173-estradiol and progesterone (E2; 146 pg/mL,
P4; 11 ng/mL) and cultured at 37 °C for another 24 h in a humidified atmosphere hypoxia
chamber with 5% O, and -5% CO,. Hormone-treated MenSCs were used in real-time
quantitative reverse transcription PCR (qRT-PCR) analysis or 3D invasion assays.

4.5. Trophoblast Sphere Formation

Trophoblast sphere formation was described previously in 2019 [19], which we used
with some modifications. An adherent first-trimester trophoblast cell line, HTR-8/SVneo
(HTR-8) was purchased from the American Type Culture Collection (CRL-3271; Lot
#70016636, ATCC, Manassas, VA, USA). Cells were maintained in RPMI-1640 medium
(GE Healthcare, Piscataway, NJ, USA), 10% heat-inactivated FBS (Gibco, Thermo Fisher
Scientific), and 1% P/S (Gibco, Thermo Fisher Scientific) at 37 °C in a humidified incu-
bator with 5% CO,. For trophoblast sphere formation, HTR-8 cells were harvested and
resuspended in complete media. The 2 x 10* HTR-8 cells were suspended in 200 pL and
placed into each well of an ultra-low attachment 96-well plate. Following centrifugation
at 300x g for 5 min, cells were incubated for 72 h at 37 °C in a humidified atmosphere
hypoxia chamber with 5% Oy and 5% CO;. The trophospheres were washed with 1x PBS
and used for characterization by qRT-PCR or for 3D invasion assays.

4.6. 3D Invasion Assay

This model was first described in 2019 [19], which we used with some modifications.
MenSCs treated under endometrial hormonal milieu in 96-well plates were used for 3D
invasion assays. Matrigel Growth Factor Reduced and Phenol Red-free (Corning Life
Sciences, Union City, CA, USA) was mixed with DMEM containing 10% charcoal-stripped
FBS and 1% penicillin-streptomycin 1:1 and added to the treated MenSCs in the 96-well
plates. The plate was then incubated for 30 min at 37 °C to allow the Matrigel to solidify. A
single sphere of trophoblast cells was subsequently placed on each well onto the Matrigel,
and 150 puL of DMEM, 10% charcoal-stripped FBS, and 1% P/S were added to embed
the sphere. Trophosphere invasion was evaluated after 72 h. Phase contrast images were
captured by the contrast microscope Olympus CKX41 and Axiocam 208 color (Zeiss). The
invasion level (area) was quantified by using Image] software, and trophospheres were
collected for qRT-PCR assay. Eight trophospheres were required for each condition.

4.7. RNA Isolation and gRT-PCR

Total RNA was extracted from MenSCs and trophospheres by using TRIzol Reagent
(Invitrogen Corporation, San Diego, CA, USA), according to the manufacturer’s proto-
col. RNA amount and quality were evaluated on the NanoDrop 2000 spectrophotometer
(Thermo Fisher Scientific) at 260/280 with all samples having values between 1.8 and 2.0.
Before cDNA synthesis, total RNA was treated with DNase I (Invitrogen Corporation). One
microgram of RNA was used for reverse transcription using SuperScript II (Invitrogen Cor-
poration), according to the manufacturer’s instructions. Determination of gene expression
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was carried out using Brilliant III SYBR Green qPCR Master Mix (Agilent Technologies,
Santa Clara, CA, USA), according to the manufacturer’s instructions, and amplified on
a qRT-PCR Stratagene Mx3000P System (Agilent Technologies). GAPDH and 18S were
used as housekeeping genes for the normalization of trophospheres and TBP was used for
MenSCs. The real time PCR was set at 95 °C for 10 min for enzyme activation, followed
by 40 cycles of denaturation, primer annealing, and extension consisting of 95 °C for 15 s,
60 °C for 15 s, and 72 °C for 15 s, respectively. All samples were run in duplicate. After
the PCR runs, a dissociation curve was generated to confirm the absence of nonspecific
amplification. The expression was quantified using the 27#T method. Primers details
are provided in Table 2. Reaction specificity was confirmed using dissociation curves,
no-template, and no-RT controls for each target.

Table 2. Primer sequence and annealing temperatures (AT) for qRT-PCR.

Gene Sequence AT °C
18S Fw GCCGCTAGAGGTGAAATTCTTGGA 60
185 Rv ATCGCCGGTCGGCATCGTTTAT

GAPDH Fw GTCAGGGTCTCTCTCTTCCT 60
GAPDH Rv GCTCTCCTCTGACTTGAACA
TBP Fw CACGAACCACGGCACTGAT 62
TBP Rv GTT GGT GGG TGA GCA CAA GG
SOX2 Fw AGC TAC AGC ATG ATG CAG GA 60
SOX2 Rv GGT CAT GGA GTT GTA ATG CA
NANOG Fw CTG ATT CTT CCA CCA GTCCC 60
NANOG Rv AGG TCT TCA CCT GTT TGT AG
SNAIL Fw CCC CAATCG GAA GCCTAACT 62
SNAIL Rv GCT GGA AGG TAA ACT CTG GAT TAG
IGFBP1 Fw GAA GGA GCC CTC CCG AAT AG 62
IGFBP1 Rv CCA TTC CAA GGG TAG ACG CA
CDHI1 Fw CTGCCAATCCCGATGAAATTG 60
CDHI1 Rv TCCTTCATAGTCAAACACGAGC
VIM Fw AGTCCACTGAGTACCGGAGAC 62
VIM Rv CATTTCACGCATCTGGCGTTC
LIF Fw GTTTCCTCCAAGGCCCTCT 60
LIF Rv TGTTTCCAGTGCAGAACCAA

4.8. Statistical Analysis

Graphs were made and statistical analyses were performed with GraphPad Prism
Version 7.0 software (Graphpad, San Diego, CA, USA). Statistical significance was set
at p <0.05 for all analyses. Data normality was tested by the Shapiro-Wilk test. For
parametric data (characteristics of donors) we applied one-way ANOVA with a Bonferroni
post-test and a Student’s f-test and for nonparametric data (functional assays and qRT-PCR),
Kruskal-Wallis, Dunn’s multiple comparison, and Mann-Whitney U tests were applied.

5. Conclusions

In summary, we demonstrated that PE-MenSCs exposed to trophospheres in a 3D
co-culture model was associated with a decrease in the invasive capacity of trophoblasts
in vitro, a characteristic that could be associated with the pathogenesis of PE.
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Abstract: The abnormal implantation of the trophoblast during the first trimester of pregnancy
precedes the appearance of the clinical manifestations of preeclampsia (PE), which is a hypertensive
disorder of pregnancy. In a previous study, which was carried out in a murine model of PE that
was induced by NG-nitro-L-arginine methyl ester (L-NAME), we observed that the intravenous
administration of fibroblast growth factor 2 (FGF2) had a hypotensive effect, improved the placental
weight gain and attenuated the fetal growth restriction, and the morphological findings that were
induced by L-NAME in the evaluated tissues were less severe. In this study, we aimed to determine
the effect of FGF2 administration on the placental gene expression of the vascular endothelial growth
factor (VEGFA), VEGEF receptor 2 (VEGFR?2), placental growth factor, endoglin (ENG), superoxide
dismutase 1 (SOD1), catalase (CAT), thioredoxin (TXN), tumor protein P53 (P53), BCL2 apoptosis
regulator, Fas cell surface death receptor (FAS), and caspase 3, in a Sprague Dawley rat PE model,
which was induced by L-NAME. The gene expression was determined by a real-time polymerase
chain reaction using SYBR green. Taking the vehicle or the L-NAME group as a reference, there was
an under expression of placental VEGFA, VEGFR2, ENG, P53, FAS, SOD1, CAT, and TXN genes in the
group of L-NAME + FGF2 (p < 0.05). The administration of FGF2 in the murine PE-like model that
was induced by L-NAME reduced the effects that were generated by proteinuria and the increased BP,
as well as the response of the expression of genes that participate in angiogenesis, apoptosis, and OS.
These results have generated valuable information regarding the identification of molecular targets
for PE and provide new insights for understanding PE pathogenesis.

Keywords: preeclampsia; FGF2; angiogenesis; oxidative stress; L-NAME; gene expression; placenta

1. Introduction

Preeclampsia (PE) is a hypertensive syndrome of pregnancy (>140 mmHg systolic
or >90 mmHg diastolic) that occurs prior to the 20th week of gestation, which affects
approximately 2-8% of women worldwide, contributing to both maternal and perinatal
mortality and morbidity [1]. While the origin of PE has not yet been fully comprehended,
it has been associated with the poor remodeling of the spiral arteries, whereby there is
a decrease in the mean diameter of the external myometrial spiral artery [2]. Poor spiral
remodeling by extravillous trophoblasts contributes to an alteration in the blood supply to
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the placenta, with subsequent ischemic episodes and changes in the oxygen supply in the
maternal-fetal unit, triggering the wide variety of pathophysiological mechanisms that are
associated with the clinical manifestations of PE [3].

In pregnancy, one of the vital processes during normal placental development is the
formation of new blood vessel networks that enable the correct delivery of nutrients and
oxygen to tissues from the mother to the fetus [4]. This process, which is called angiogenesis,
is a complicated and well-ordered process that involves extensive signaling networks both
between and inside the endothelial cells (ECs), the mural cells (the vascular smooth muscle
cells and the pericytes), and other cell types (e.g., immune cells) [5-7]. Angiogenesis is
regulated by a wide range of different angiogenic stimulators and inhibitors, and the
normal endothelial cell turnover is the product of the correct balance between them [7].
During pregnancy, angiogenesis is promoted by vascular endothelial growth factor (VEGF)
and placental growth factor (PLGF) [4], and it is modulated by antiangiogenic growth
factors, such as soluble fms-like tyrosine kinase-1 (sFlt-1), which is a splice variant of
Flt-1, and soluble endoglin (sENG), which is a truncated form of endoglin, both of which
act as the antagonist of VEGF and PLGF and of transforming growth factor- (TGEp),
respectively [8]. The appearance of the clinical manifestations of PE is related to the
abnormal induction of the increased synthesis and release of sFlt-1 and sENG impairing
their cell signaling pathways through distinct but additive mechanisms [8,9] and triggering
placental oxidative stress (OS) [3]. Despite the efforts of the antioxidants, such as superoxide
dismutase (SOD) and catalase (CAT), to ensure proper vascular functioning, the presence
of placental ischemia reduces the anti-oxidative ability and enhances the OS [10]. Besides
ischemia, hypoxia is one of the most powerful triggers for the increased production of
VEGEF and nitric oxide (NO), which induces both vasodilatation and angiogenesis [11].
NO is a known paracrine mediator that acts as a placental vasodilator and functions as
a modulator during the ovulation, the implantation, the maintenance of pregnancy, the
placental perfusion, the labor, and the delivery [3,12]. During the course of pregnancy, both
placental angiogenic and oxidative imbalances, and/or an alteration in the bioavailability
of NO, hinders normal pregnancy progression by disrupting the functioning of the placenta
and contributing to the pathogenesis of PE [3,8].

Previous studies have stated the importance of fibroblast growth factor type 2 (FGF2)
in the enhanced expression of VEGF [13]; furthermore, a relationship between a decreased
circulating FGF2 concentration and PE development has also been reported [14]. In a
previous study that was carried out in a Sprague Dawley rat model of PE that was induced
by NG-nitro-L-arginine methyl ester (L-NAME), which is an inhibitor of nitric oxide
synthase (NOS), we observed that the intravenous administration of recombinant FGF2
had a hypotensive effect, did not increase the maternal urine protein concentrations that are
typically induced by L-NAME, improved the placental weight gain and attenuated the fetal
growth restriction, and, histologically, the morphological findings that were induced by L-
NAME in the evaluated tissues were less severe [12]. FGF family members have previously
been noted to regulate the functioning of other growth factors, such as PLGF, monocyte
chemoattractant protein 1, hepatocyte growth factor, and angiopoietin-2 [15-17]. This is
consistent with our previous findings, whereby FGF2 was associated with the formation
of the blood vessels [12]. Therefore, we hypothesize that these effects are due to the
regulatory role of this growth factor in the well-known pathways that are associated with
the pathophysiology of PE. Based on this, in this study we aimed to determine the effect of
FGF2 administration on the placental gene expression of the key genes that are involved in
angiogenesis, OS, and apoptosis, in a murine model that was induced by L-NAME.

2. Results

2.1. Modulatory Effect of FGF2 on BP Values and Urine Protein Concentration in the Rat PE-like
Model Induced by L-NAME

The PE-like model that has been used in this study was established in Sprague Dawley
rats and it was induced using L-NAME at doses of 60 mg/kg/day, which were admin-

120



Int. J. Mol. Sci. 2022, 23, 10129

jab)

Systolic blood pressure (mmHg)

istered daily, starting on the 10th day of gestation until the 19th day of gestation, as
previously reported [12]. Hypertension and proteinuria were the first two parameters
that were considered as the reference for the establishment of the model [12]. In order
to evaluate the modulatory effect of thFGF2 on the BP values in the rat PE-like model,
FGF2 was also administered daily (666.6 ng/kg/day), either alone or in combination with
L-NAME. Figure 1 shows the BP measurements that were obtained for the groups of the
vehicle, FGF2, L-NAME, L-NAME + FGF2, and L-NAME + hydralazine, on days 10, 15,
and 20, respectively. Before the treatment, there were no significant differences in the BP
values between the experimental groups (p > 0.05).
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Figure 1. Comparisons of the blood pressure values between the treatment groups. Sprague
Dawley rats (n = 3 for each group) were treated with vehicle, L-NAME (60 mg/kg/day), FGF-2
(666.6 ng/kg/day), L-NAME + FGF2, or L-NAME + hydralazine. Systolic (a) and diastolic (b) blood
pressure values were recorded, and urine samples were collected from the 10th to the 20th day of

pregnancy. * p < 0.05.

The mean of the SBP (Figure 1a) and the DBP (Figure 1b) before the treatment were
117.76 mmHg £ 1.9 and 74.7 mmHg = 3.5 in the L-NAME group and were 116.5 mmHg + 3.6
and 79.3 mmHg + 6.7 in the vehicle group, respectively. There were differences in both the
SBP and the DBP values between the L-NAME and the vehicle groups at day 15 (p = 0.001
for the SBP and p = 0.023 for the DBP) and at day 20 of pregnancy (p < 0.001). At days
15 and 20 of pregnancy, and compared with the vehicle group, there were no changes in
the BP values in the groups that were treated with thFGF2 alone or in the group that was
treated with L-NAME + FGF2, relative to the vehicle group (p > 0.05). On day 20, there
was a significant increase in the BP values in the L-NAME group when compared with the
values that were observed in the vehicle, the FGF2, the L-NAME + hydralazine, and the
L-NAME + FGF2 groups, respectively (p < 0.05). On day the 20th day of pregnancy, no
differences in the BP values were observed between the vehicle and the L-NAME + FGF2
groups or between the vehicle and the FGF2 groups (p > 0.05).

Figure 2a displays the results of the urine protein concentration for each experimental
group on the 20th day of pregnancy. Before the treatment (from day 10 to day 15), there were
no significant changes in the urine protein concentrations between the groups (p > 0.05).
The normal urine protein concentration before the treatment ranged from 31.4 pug/mL to
154.8 ng/mL. On day 20 of pregnancy, there were differences in the urine protein concen-
trations between the L-NAME group and the vehicle, the FGF2, and the L-NAME + hy-
dralazine groups (p < 0.05). At this time point, the urine protein concentrations of the
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L-NAME + hydralazine group decreased, reaching lower levels than those that were ob-
served in the vehicle and the FGF2 groups. However, while there were differences in
the urine protein concentrations between the vehicle and the L-NAME + FGF2 groups
(p < 0.001), the urine protein concentrations in the FGF2 group did not differ from those
that were observed in the vehicle group (p = 0.732).
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Figure 2. Comparisons of the urine protein concentrations and placental weight between the treat-
ment groups. Sprague Dawley rats (n = 3 for each group) were treated with vehicle, L- NAME
(60 mg/kg/day), FGF-2 (666.6 ng/kg/day), L-NAME + FGF2, or L-NAME + hydralazine (a). Urine
proteins were quantified using the Bradford method. At the end of the protocol (20th day of preg-
nancy) placental tissue was collected (n = 6), weighed, and the mean of the weight was compared
between groups (b). Data are represented as mean + SE. * p < 0.05.

2.2. FGF2 Administration Induced Changes in Placental Weight in the Rat PE-like Model Induced
by L-NAME

After the experimental protocol was completed, on the 20th day of gestation, the
placentas were collected and weighed. The results of these measurements are shown in
Figure 2b. The mean weights of the placentas were 0.169 g + 0.0299, 0.146 g £ 0.0231,
0.212 g £ 0.0495, 0.242 g £ 0.0748, and 0.134 g £ 0.0227, in the vehicle, the L-NAME, the
FGF2, the L-NAME + FGF2, and the L-NAME + hydralazine groups, respectively (p < 0.05).
When considering the L-NAME group as a reference, the weight of the placentas was
significantly higher in the vehicle, the FGF2, and the L-NAME + FGF2 groups (p < 0.001).
There were also differences in the placenta weight between the vehicle group and the
L-NAME + FGF2 and L-NAME + hydralazine groups (p < 0.05), but not between the vehicle
and the FGF2 groups alone (p > 0.05). There were no differences between the L-NAME and
the L-NAME + hydralazine groups (p > 0.05).

2.3. FGF-2 Administration Modulated the Placental Gene Expression in the Murine PE-like Model
Induced by L-NAME

Figure 3 shows the results of the placental mRNA expression levels of the evaluated
genes for each treatment group. Compared to the vehicle group, in the L-NAME group
there was a significant under expression of TXN (p = 0.014). Although there was an apparent
over expression of VEGF, PLGF, VEGFR-2, SOD1, p53, and FAS, and an under expression
of ENG, these changes were not significant (p > 0.05). In the FGF2 group, only TXN showed
a significant under expression (p = 0.01) when it was compared to the vehicle group. With
the exception of PLGF, and taking the vehicle group as a reference, there was an under
expression of all of the evaluated genes in the L-NAME + FGF2 group (p < 0.05). The
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VEGF

L-NAME + hydralazine group showed an under expression of TXN when compared to the
vehicle group (p = 0.017).
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Figure 3. Comparison of placental gene expression between treatment groups. Sprague Dawley
rats were treated with vehicle (NaCl 0.9%), L-NAME (60 mg/kg/day), FGF-2 (666.6 ug/kg/day),
L-NAME + FGF2, or L-NAME + hydralazine. Placental samples (1 = 6) were collected from three
animals in each group on the 20th day of pregnancy. The expression levels of the genes involved in
angiogenesis (VEGF, PLGF, VEGFR2, and ENG), oxidative stress (SOD1, CAT, and TXN) and apoptosis
(p53 and FAS) were quantified by qRT-PCR, using SYBR Green, and HPRT1 as the endogenous gene.
The data obtained from the vehicle group were considered as the calibrator during the gene expression
calculations. One-way analysis of variance was carried out to compare each gene of interest between
the treatment groups. Comparisons with p-values < 0.05 were subjected to multiple comparison
analyses using the Holm-Sidak or Dunn’s method * p < 0.05 versus vehicle; L p < 0.05 versus L-NAME.

With the exception of PLGE, all of the evaluated genes were under expressed in the
placentas from the rats in the L-NAME + FGF2 group when they were compared to the
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L-NAME group (p < 0.05). The VEGF was the only gene whose expression differed in
the comparisons between the groups of the L-NAME and the FGF2, the L-NAME and the
L-NAME + FGF2, and between the L-NAME and the hydralazine (p < 0.05). Compared
with the L-NAME group, the p53 gene was also significantly under expressed in the FGF-2
group (p = 0.047).

Although the placental expressions of BCL2 and CASP3 were considered in this study,
these genes were not included in the gene expression calculations or in the comparisons
because the Cq values that were obtained for several placental tissues in the study groups
were not observed in most of the animals and the amplification plots that were obtained
had a Cq of > 38. Accordingly, and in order to avoid bias, these genes were excluded.

3. Discussion

Considering the previous evidence that the intravenous administration of FGF2 has
beneficial and hypotensive effects, reducing the clinical manifestations of PE in a rat
model [12], in this study we aimed to determine the effect of FGF2 administration on the
placental gene expression of the key genes that are involved in angiogenesis, OS, and
apoptosis, in a murine model that was induced by L-NAME.

Different working groups, including ours, have previously established the PE-like
model that has been used in this study [12,18,19]. It is induced by the administration of
L-NAME, which is an inhibitor of NO production, as it inhibits the NOS enzyme, prevents
endothelium-dependent relaxation, and produces an increase in the BP [20]. As expected,
during the establishment of the model, we observed a gradual increase in BP during the
course of pregnancy and a hypotensive effect in the L-NAME group, which was derived
from both the administration of the hydralazine, which is an agent that is known for its
antihypertensive properties [21], and from the administration of FGF2, which may also
regulate hypertension [12,22]. Similarly, besides hypertension, urinary protein excretion
is a key finding during the pathogenesis of PE [23]. In this study, there was a decrease
in the concentration of proteins in the urine from day 15 to day 20 of gestation in the
L-NAME + FGF2 group; these results correlated with a decrease in the BP in the same
group. It is well known that proteinuria causes hypoxia and the constriction of the uterine
vessels, which may limit the supply of nutrients to the fetus, therefore, generating a low
birth weight [24]. Similarly, previous studies have observed that the lack of endothelial
synthesis of NO generates damage to the podocytes and L-NAME also causes global severe
glomerular endotheliosis in rats, suggesting a beneficial decrement in the endotheliosis
severity when FGF2 is administered [25]. These results suggests that FGF2 reduces the L-
NAME-associated-injuries in the glomerulus, and it may also explain the decrement in the
proteinuria that was observed in the L-NAME + FGF2 group in our study. Accordingly, the
decrease in the BP and urine proteins after FGF2 administration represent a beneficial effect
on both the mother’s health and on the growth of the offspring, as previously reported [12].
Additional studies are necessary in order to investigate the molecular mechanism by which
FGF2 decreases renal damage, secondary to the L-NAME treatment.

Among the main molecular markers that are associated with the development of PE
are those that are associated with angiogenesis, OS, and apoptosis, which are intimately
involved in adequate cell proliferation, invasion and remodeling, and placental perfu-
sion [26]. Similarly to the molecular mechanisms that are observed during PE pathogenesis,
the administration of L-NAME in animal models, as seen with other NO inhibitors, also
alters the different physiological mechanisms influencing endothelial regeneration, angio-
genesis, apoptosis, and cellular OS [27,28]. In our study, compared to the vehicle group,
there was no apparent impact of L-NAME administration on the placental mRNA quan-
tity of the evaluated genes (with the exception of TXN). These results were unexpected;
however, they seem to indicate that, in spite of the differences in both the placenta size
and weight between the vehicle and the L-NAME groups, additional mechanisms exist
that may compensate for the pathological process that is induced by L-NAME, which are
reflected as subtle changes in the gene expression in the placenta at term. In humans, the
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placenta expression profiles of women with PE differed from those of women with normal
pregnancies; however, the gene expression profiles have been widely variable between
studies [29-31]. Although many factors could be responsible for these differences (e.g., the
lack of consensus in the criteria to select the placental tissue for the experiments and the
PE classification criteria) [29-31], it is probable that the placental pathological processes in
both humans and mice, may have compensatory mechanisms that allow the pregnancy to
end without any obvious differences in the expression profiles in the placenta at term.

The VEGF and its receptor, VEGFR?2, are two important factors that collaborate in
placental cell proliferation and angiogenesis during several stages of pregnancy [32]. Inter-
estingly, in our study, when the L-NAME group was considered as the reference, there was
a lower quantity of VEGF mRNA in the placentas from the FGF2, the L-NAME + FGF2,
and the L-NAME+ hydralazine groups, with the difference being the largest in the L-
NAME + FGF2 group (fold change = —9.5). Lower quantities of the mRNA of VEGFR2
were also found in the L-NAME + FGF2 group when they were compared to that observed
in the placentas from the L-NAME group (fold change —8.8; p < 0.015). The placental under
expression of VEGF that was observed in our study in the L-NAME group is consistent
with that observed by Abe and collaborators, who reported that the VEGF mRNA expres-
sion in both rat placentas and placental explants was temporarily decreased by L-NAME
treatment [33]. However, there are no reports on the effect of FGF2 administration on
these genes in any animal model that were induced with L-NAME. In order to explain the
modulation of VEGF/VEGFR2 expression in our study, we must consider the following
additional previously reported findings: first, the inhibition of the NO generation by L-
NAME results in a decreased VEGF synthesis [27]; second, the VEGEF-dependent release
of NO and the angiogenic activity of VEGFA is blocked by the action of L-NAME [27,33];
third, in tumors, if VEGF-dependent angiogenesis is blocked, FGF2-driven angiogenesis
takes its place [34]. Accordingly, we propose that the under expression of VEGF in our
study was a consequence of the treatment with L-NAME, but when FGF2 was continuously
administered, the angiogenesis that was driven by FGF2 was triggered in order to compen-
sate for the absence of the VEGF functions. Because the inhibition of tumor angiogenesis
that was mediated by the VEGEF signaling blockade with bevacizumab correlated with a
reversal of VEGFR1 and VEGFR2 protein levels [35], it is highly probable that the under
expression of VEGFR2 that was observed in our study may reflect a VEGF modulatory
effect, since FGF2 is also capable of modulating the expression of VEGF and its receptors in
both an autocrine and a paracrine way [36].

Antioxidant enzymes, such as CAT, SOD1, and TXN, intervene in the normal physio-
logical processes that help the body to counteract the negative effects of OS. These molecules
are involved in the development of the fetus, they play a role in the growth and develop-
ment of the fetal-placental unit [37-39], and their expression is modulated depending on
the month of gestation [40]. The abnormal regulation of the placental expression of the OS
genes in women with PE is controversial because some authors have demonstrated their
over expression [41,42]. Other reports have shown decreased levels of these enzymes in
women with PE that are associated with IUGR and lipid peroxidation [43,44], while others
have reported no difference in the placental levels of antioxidants in women with PE [42]. It
has been postulated that the levels of OS-related genes may be influenced by the stage and
the severity of the disease, as OS can initially upregulate the antioxidant enzymes, the level
of which may decrease in the presence of more severe or prolonged stress [42]. Additionally,
the down-regulation of the antioxidant enzymes, such as CAT, correlate with high levels
of HyO,, which is involved in the activation of the signaling pathways that induce the
proliferation, the migration, and the cell invasion of cancer cells [45]. In our study, the
placental gene expression of the CAT and SOD1 genes was significantly down-regulated in
the L-NAME + FGF2 group, but not in the group that was treated with L-NAME or with
FGF2 alone. Our results are similar to those that were reported by Tang and colleagues in
alveolar epithelial cells, who observed that FGF-2 attenuated inflammation and reduced OS
and apoptosis by activating the PI3K/ Akt signaling pathway [46]. Accordingly, we propose
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that the under expression of these genes requires both the inhibition of NO synthesis (NOS
inhibition) and the activation of the FGF2 signaling pathways at the same time, which may
reflect a compensatory mechanism because of its proliferative and angiogenic properties
(which may still be active in the placentas from this group). TXN, in turn, plays an impor-
tant role in the NO pathway by reducing its production and promoting its degradation [47].
In our study, the placental expression of TXN was found to be modulated by L-NAME
and FGF2 alone, or in combination, and their effect on the TXN under expression was
additive. When compared with the L-NAME group, the TXN mRNA showed a fold change
of 1 x 1078 in the vehicle group, —1.4 in the FGF2 group, and —3.0 in the L-NAME + FGF2
group. These results indicate that, in extreme conditions, such as the inhibition of the NO
signaling pathway and its biological consequences, and also during the constant activation
of the FGF2 route (which is associated with cell proliferation, cell migration, and angio-
genesis, among others) the TXN system does not play a principal role in counteracting the
OS and, therefore, is down-regulated. In agreement with this observation, in humans, the
expression of the placental TXN was reduced in patients with PE [42,48].

Apoptosis is a key function in the cells that manage the induction of cell growth
arrest. The FAS and p53 are involved in this pathway and are expressed in the decidua, the
chorionic villi, the cytotrophoblast, and the syncytiotrophoblast, indirectly promoting the
maintenance of pregnancy [49-51]. In our study, both of the genes were under expressed in
the placentas from the rats that were treated with L-NAME + FGF2. The increase in the
P53 expression corresponds to the hypoxia that is generated in the placenta by PE, at least
in vitro [52], and has implications in the intrauterine growth restriction [53]. The FAS, on
the other hand, is involved in mediating the maternal immune response, in cell remodeling,
and in cell proliferation [51,54]; therefore, the increase in this protein is a direct indicator
of placental apoptosis, which is a common finding in PE [55,56]. Although these findings
are not completely comparable with ours, the under expression of the apoptosis-related
genes may be due to the fact that the placental biopsies that were used in this study came
from the rats that were at the end of their pregnancy. At this final pregnancy stage, the
apoptosis is not expected to be an active process, and similarly to the OS genes, the p53
and the FAS under expression in the L-NAME +FGF2 group may be related to the chronic
activation of the FGF2 signaling pathways, which is compatible with the presence of less
apoptotic activity.

The study’s limitations are as follows: In this study, we determined the effect of FGF2
administration on the placental gene expression of the key genes in angiogenesis, OS, and
apoptosis; although the existence of regulation at the transcription level was not necessarily
reflected at the protein level, a study perspective will be to validate our results at the protein
level. Similarly, the placental gene expression that has been evaluated in the study was
only at the end of the rat gestation and, therefore, the evaluation of the FGF2 effect during
the previous stages of pregnancy at the placental levels and on the other organs or tissues
should be assessed in futures studies.

4. Materials and Methods
4.1. Ethical Approval

The trial was approved by the Ethics and Biosafety Committee of the Area of Health
Sciences of the Universidad Auténoma de Zacatecas Francisco Garcia Salinas in Za-
catecas, Mexico, and it was registered with the following identification number: CEB-
ACS/UAZ.0fc.002/2015. All of the experimental procedures were carried out in accor-
dance with the recommendations of the “Technical specifications for the production, care
and use of laboratory animals”, Mexican guidelines (NOM-062-ZO0-1999).

4.2. Animal Treatment

We followed the experimental protocol that was described in detail in a previous study,
carried out by Martinez-Fierro et al. 2021 [12]. Briefly, pregnant 10-week-old Sprague
Dawley rats were separated into the following five treatment groups: Group 1. The vehicle
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group, which was administered with 0.9% of NaCl by the intragastric route, using a cannula
and syringe of 4 mm diameter. Group 2. The FGF2 group, which consisted of pregnant
rats treated with thFGF2 (Sigma-Aldrich, St Louis, MO, USA), intravenously administered
(666.6 ng/kg/day) using the tail vein (caudal). Group 3. The L-NAME group, which was
administered with L-NAME (NG-nitro-L-arginine methyl ester; Sigma-Aldrich, St Louis,
MO, United States of America) by the intragastric route at a concentration of 60 mg/kg/day.
Treatments in the vehicle group, FGF2 group, and L-NAME group began on the 10th day
of gestation and concluded on the 19th day of pregnancy. Group 4. The L-NAME + FGF2
group, which consisted of pregnant rats that were administered daily both L-NAME and
rhFGF2 simultaneously, as described above, beginning on the day 10th up to the 19th
day of pregnancy. Group 5. The L-NAME + hydralazine group, in which L-NAME was
administered, as described above, along with oral hydralazine at 10 mg/mL/kg/day by
the intragastric route from the 15th to 19th day of pregnancy.

4.3. Biological Samples and Data Collection

The blood pressure (systolic: SBP, and diastolic: DBP) and urine protein levels were
quantified and recorded on the 10th, 15th, and 19th days of pregnancy. The placental tissues
were collected on the 20th day of gestation from each animal in the experimental groups.
Each tissue was weighed and then all of the tissues (approximately 0.5 cm®/each) were
embedded in Tissue-Tek® O.C.T™ Compound (Sakura Finetek, Torrance, CA, USA). The
embedded tissues were preserved by freezing at —80 °C until use.

4.4. Placental RNA Isolation and cDNA Synthesis

The frozen placental tissues that were stored at —80 °C and embedded in Tissue-Tek®
O.C.T™ Compound were defrosted at room temperature and were separated from the
preservative. Total RNA was isolated from homogenized placental tissue, according to the
RNeasy Mini Kit protocol (QIAGEN, Hilden, Germany). The RNA concentration and its
purity were measured via optical density at 260 nm and the relation 260/280, respectively,
using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE).
The cDNA was synthesized from 1 mg of the total RNA using a High-Capacity cDNA
Reverse Transcription Kit and random hexamers (Thermo Fisher Scientific, Wilmington,
DE, USA), according to the manufacturer’s instructions. The cDNA samples were stored at
—20 °C until use.

4.5. Gene Selection and Primer Design

The study genes were selected according to their relationship with the angiogenesis,
apoptosis, and OS process. The genes selected included the following: VEGFA, PLGE,
vascular endothelial growth factor receptor 2 (VEGFR2), ENG, tumor protein P53 (P53),
BCL2 apoptosis regulator (BCL2), Fas cell surface death receptor (FAS), caspase 3 (CASP3),
S0OD1, CAT, and thioredoxin (TXN). In addition, the hypoxanthine phosphoribosyltrans-
ferase 1 (HPRT1) gene was selected as a reference gene. All gene-specific primers for the
real-time qPCR assay were independently designed (Table 1) and provided by T4AOLIGO®
(T4OLIGO, Guanajuato, Mexico).

Table 1. General characteristics of the primers designed for the genes included in the study.

Gene

Gene Bank ID Description * Primer Sequence (5 —3') Tm Product Size (bp)
Symbol
Vascular Endothelial Fw: GGAGCAGAAAGCCCATGAAGTGGT
VEGFA NM_031836.3 Growth Factor A Rv: TCATTGCAGCAGCCCGCACA 65 168
Vascular Endothelial Growth Fw: TTTGCACTGCAGGAGCGCGT
VEGFR2  NM_0130622 Factor Receptor 2 Rv: GGAATCGCCAGGCAAACCCACA 65 71
. Fw: CAGGGCTTCGTACAGGTGAGCA
ENG NM_001010968.3 Endoglin Rv: TCACACAGCTGCCCTTGGCT 64 139
P53 NM_030989.3 Tumor Protein P53 Fw: GTTGCTCTGATGGTGACGGCCT 65 112

Rv: ACCACCACGCTGTGCCGAAA
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Table 1. Cont.

851:1111)?)1 Gene Bank ID Description * Primer Sequence (5 —3') Tm Product Size (bp)
BCL2 NM_016993.2 BCL2 Apoptosis Regulator 1};‘3’ zggﬁ%g:gﬁg%%g@gg%fgfgzgg 67 103

ps s Gl RICCMCCCOGCIGON o
CASP3 NM_012922.2 Caspase 3 AT aACOLOMT A 6 120

soD1 NM_017050.1 Superoxide Dismutase 1 e T 66 169

CAT NM_012520.2 Catalase ngGfgﬁg&%ggg?gﬁéﬁ%%%i%ﬁ 65 184

TXN NM_053800.3 Thioredoxin e ey VA o arn 66 126

PLGF NM_053595.2 Placental Growth Factor L e S S o 65 156
HPRT1 NM_012583.2 phosphl;ll}‘,ig?))s(;ﬂiﬁlseferase 1 FI‘{A\// ?Fégzccggégggggggﬁi?? 60 168

* All of the primer sequences were designed based on the respective GenBank sequence for the examined gene
and between exons to guarantee the specific detection of the interest gene.

4.6. Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

Quantitative real-time PCR (qQRT-PCR) was carried out using a StepOne Plus Real-
Time PCR System (Applied Biosystems, Foster City, CA, USA) in 96-well PCR plates. Fifty
nanograms of synthesized cDNA were used as templates for qRT-PCR amplification in
a 10 pL of final reaction volume, using SYBR™ Green PCR Master Mix (Thermo Fisher
Scientific, Wilmington, DE, USA), and 300 nM gene specific primers. The amplifications
were performed with the following thermal cycle program: pre-denaturation for 10 min at
95 °C, amplification of 40 cycles with denaturation for 15 s at 95 °C, and annealing for 1 min
at 60 °C. The cycle series were followed by a melt-curve analysis to confirm the specificity
of amplification and the lack of primer dimers. All samples were analyzed in duplicate,
including two non-template controls, to detect any template contamination. The 2~44C4
equation was applied to calculate the relative expression of the placenta samples [57]. The
mean of quantification cycle (Cq) of the vehicle group samples was used as a calibrator.
The sequences and product sizes of the forward and reverse primers for all of the evaluated
genes are listed in Table 1.

4.7. Statistical Analysis

All data were expressed as mean =+ standard error (SE) for three animals per group.
Comparisons between two groups of data were carried out by Student’s ¢-test. For multiple
comparisons of data, one-way analysis of variance (ANOVA), coupled with the Holm-Sidak
method, was used; for non-normally distributed variables, the Kruskal-Wallis ANOVA on
ranks, and the Dunn’s method as a multiple comparison procedure was applied. One-way
repeated measures ANOVA, coupled with the Holm-Sidak test as a post hoc test, was used
to evaluate whether there were differences in the BP values and urine protein concentrations
within the same experimental group during the evaluated times. All statistical analyses
were carried out using Sigma Plot® version 11 (Systat Software Inc., San Jose, CA, USA). A
95% confidence interval (CI) was used and p < 0.05 was considered statistically significant.

5. Conclusions

In conclusion, we have corroborated that the administration of FGF2 in a murine
PE-like model that was induced by L-NAME reduces the effects that are generated by
proteinuria and increased BP. In presence of NOS inhibition, the intravenous administration
of FGF2 during pregnancy induced lower quantities of placental mRNA of the VEGFA,
VEGEFR?2, ENG, P53, FAS, SOD1, CAT, and TXN genes, in the model that was evaluated
here. These results demonstrate that the pathogenic consequences of NOS inhibition that
are induced by L-NAME during pregnancy may be modulated by FGF2 and are reflected
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as placental under expression of genes that are related to angiogenesis, apoptosis, and OS,
thus, generating valuable information for the identification of molecular targets for PE, and
for understanding the complex pathogenesis of PE.
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Abstract: We assessed the diagnostic potential of cardiovascular disease-associated microRNAs for
the early prediction of gestational diabetes mellitus (GDM) in singleton pregnancies of Caucasian
descent in the absence of other pregnancy-related complications. Whole peripheral venous blood
samples were collected within 10 to 13 weeks of gestation. This retrospective study involved all
pregnancies diagnosed with only GDM (n = 121) and 80 normal term pregnancies selected with
regard to equality of sample storage time. Gene expression of 29 microRNAs was assessed using
real-time RT-PCR. Upregulation of 11 microRNAs (miR-1-3p, miR-20a-5p, miR-20b-5p, miR-23a-3p,
miR-100-5p, miR-125b-5p, miR-126-3p, miR-181a-5p, miR-195-5p, miR-499a-5p, and miR-574-3p) was
observed in pregnancies destinated to develop GDM. Combined screening of all 11 dysregulated
microRNAs showed the highest accuracy for the early identification of pregnancies destinated to
develop GDM. This screening identified 47.93% of GDM pregnancies at a 10.0% false positive rate
(FPR). The predictive model for GDM based on aberrant microRNA expression profile was further
improved via the implementation of clinical characteristics (maternal age and BMI at early stages of
gestation and an infertility treatment by assisted reproductive technology). Following this, 69.17%
of GDM pregnancies were identified at a 10.0% FPR. The effective prediction model specifically for
severe GDM requiring administration of therapy involved using a combination of these three clinical
characteristics and three microRNA biomarkers (miR-20a-5p, miR-20b-5p, and miR-195-5p). This
model identified 78.95% of cases at a 10.0% FPR. The effective prediction model for GDM managed
by diet only required the involvement of these three clinical characteristics and eight microRNA
biomarkers (miR-1-3p, miR-20a-5p, miR-20b-5p, miR-100-5p, miR-125b-5p, miR-195-5p, miR-499a-5p,
and miR-574-3p). With this, the model identified 50.50% of GDM pregnancies managed by diet
only at a 10.0% FPR. When other clinical variables such as history of miscarriage, the presence of
trombophilic gene mutations, positive first-trimester screening for preeclampsia and/or fetal growth
restriction by the Fetal Medicine Foundation algorithm, and family history of diabetes mellitus in
first-degree relatives were included in the GDM prediction model, the predictive power was further
increased at a 10.0% FPR (72.50% GDM in total, 89.47% GDM requiring therapy, and 56.44% GDM
managed by diet only). Cardiovascular disease-associated microRNAs represent promising early
biomarkers to be implemented into routine first-trimester screening programs with a very good
predictive potential for GDM.

Keywords: cardiovascular microRNAs; early pregnancy; gene expression; gestational diabetes
mellitus; prediction; screening; whole peripheral venous blood
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1. Introduction

Gestational diabetes mellitus (GDM), glucose intolerance in pregnancy [1-3], increases
the risk of the onset of maternal pregnancy-related complications and neonatal morbidity.
It also has long-term implications for both mother and child in form of risk of developing
type 2 diabetes mellitus and cardiovascular diseases [1,4-6].

Several universal screening programs of GDM [1,2,7,8] have been implemented in
the routine care of pregnant women. The first screening phase based on the monitoring
of a fasting glucose is usually held at first visit during the first trimester of gestation and
rules out patients with pre-existing diabetes and detects the occurrence of early GDM. The
second screening phase is usually performed at 24-28 weeks of gestation in pregnancies
with normal early screening with the oral glucose tolerance test (OGTT) and identifies the
occurrence of GDM at the late second and early third pregnancy trimesters. If normal, the
OGTT may be repeated again at 32 weeks of gestation [7].

As of now, several promising early predictive models for GDM have been established.

The initial logistic regression model based on the inclusion of maternal characteristics
only (maternal age, weight, height, racial origin, family history of diabetes, use of ovulation
drugs, birth weight, and previous history of GDM) showed a high accuracy for prediction
of GDM at 11-13 weeks of gestation. It reached the following parameters: area under
the curve (AUC) 0.823, 95% confidence interval (95% CI) 0.820-0.826, 55.0% sensitivity at
a 10.0% false positive rate (FPR) [9]. A slightly older model for the prediction of GDM
based on some of the above mentioned factors combined with serum concentrations of
adiponectin and sex hormone binding globulin reached similar predictive results (AUC
0.842, 95% CI: 0.817-0.867, 58.6% at a 10.0% FPR) [10].

Similar data were reported by another research group which used a multivariate
regression model for the early prediction of GDM. This model was also based on maternal
clinical parameters such as age, body mass index (BMI), South/East Asian ethnicity, parity,
family history of diabetes, and previous history of GDM (AUC 0.880, 95% CI: 0.850-0.920,
70.2% detection rate at a 10.0% FPR) [11]. Similarly, the same research group later intro-
duced an improved first-trimester risk multivariate prediction model for GDM. This novel
model incorporated family history of diabetes, previous history of GDM, South/East Asian
ethnicity, parity, BMI, pregnancy-associated plasma protein A (PAPP-A), triglycerides, and
lipocalin-2, and achieved a higher discrimination power (AUC 0.910, 95% CI: 0.890-0.960,
76.8% at a 10.0% FPR) [12].

Furthermore, reduced plasma levels of irisin in the first trimester of gestation were im-
plemented into another model based on known risk factors (maternal age, BMI, gestational
age at sampling, smoking, ethnicity, pre-existing hypertension or cardiovascular disease,
family history of diabetes, physical activity, family history of diabetes, and blood levels
of cholesterol, high-density lipoprotein cholesterol, triglycerides, insulin, fasting plasma
glucose, and C-reactive protein). This improved the discrimination rate of predicting GDM
in a Chinese population (AUC 0.809, 95% CI: 0.763-0.854) [13]. Another independent
large-scale study performed in a Chinese population during the first trimester of pregnancy
explored a total of 73 variables and also reached a high discriminative power for GDM
(AUC 0.800) [14].

An additional non-invasive predictive model consisting of mean arterial blood pres-
sure in the first trimester, age, ethnicity and previous history of GDM demonstrated rela-
tively high predictive ability for a Singaporean population (AUC 0.820, 95% CI: 0.710-0.930),
where UK NICE guidelines had poor GDM predictive outcome (AUC 0.600, 95% CI:
0.510-0.700) [15].

Additionally, metabolomics analyses performed on a Japanese population revealed
novel promising metabolic biomarkers (serum glutamine, urine ethanolamine, and urine
1,3-diphosphoglycerate). Each biomarker individually demonstrated a high discrimination
power for prediction of GDM during the first or early second trimesters of gestation (AUC
over 0.800) [16].
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First-trimester screening for GDM for an Israeli population reached very high dis-
criminative power in both non-obese women (AUC 0.940, 95% CI: 0.850-0.990, 83.0% at a
10.0% FPR) and obese women (AUC 0.950, 95% CI: 0.880-0.990, 89% at a 10.0% FPR). These
screening models were based on the combination of soluble cluster of differentiation 163
(sCD163), tumour necrosis factor alpha (TNF«), placental protein 13 (PP13), and PAPP-A
or on the combination of BMI, insulin, sCD163, and TNF« [17].

The latest model was based on maternal clinical characteristics (age and pre-pregnancy
BMI); maternal coagulation function (prothrombin time, international standardized ratio,
activated partial thromboplastin time, fibrinogen, and thrombin time); and glycolipid
metabolism indicators (fasting blood glucose, total cholesterol, triglycerides, low density
lipoprotein cholesterol, small and dense low density lipoprotein cholesterol, apolipoprotein
B, and apolipoprotein E). This model was applied to a Chinese population in the first
trimester of gestation and reached a high clinical value for the prediction of GDM (AUC
0.892, 95% CI: 0.86-0.93) [18].

Previously, the potential usage of coagulation function examination variables such as
prothrombin time and activated partial thromboplastin time as novel biomarkers for the
prediction of GDM for a Chinese population at 19 weeks of gestation was demonstrated [19].

Similar results were reported for a Chinese population, when a mid-pregnancy risk
prediction model for GDM was applied (AUC 0.911, 95% CI: 0.893-0.930). This model
was based on maternal status in the combination with ultrasound and serological findings
(age, pre-pregnancy BMI, family history of diabetes, polycystic ovary syndrome, previous
history of GDM, high systolic pressure, glycosylated haemoglobin levels, triglyceride levels,
total cholesterol levels, low density lipoprotein cholesterol levels, C-reactive protein levels,
increased subcutaneous fat thickness, and visceral fat thickness) [20].

Similarly, a combined multivariate prediction model performed between 10 and
16 weeks of gestation in an Irish population also achieved a very high level of discrimination
for the prediction of GDM (AUC 0.860, 95% CI: 0.774-0.945). This model was based on
family history of diabetes, previous perinatal death, overall insulin resistant condition,
ultrasound measurements of subcutaneous and visceral abdominal adipose tissue, 8-point
skinfold thickness, mid-upper-arm circumference, and weight [21].

Interestingly, the latest study of Eidgahi et al. [22] presented a simplified GDM predic-
tive model with a very good efficiency (AUC 0.83, 95% CI: 0.76-0.90) in an Irani population.
This model was based on the mean values of basic indicators (haemoglobin, haematocrit,
red blood cell count, and fasting blood glucose) obtained from repeated measures during
the first and early second trimesters of gestation. They suggested that this GDM predictive
model might be used mainly in poor and low-income countries.

Other models for the early prediction of GDM have not been as effective as the
predictive models introduced above [23-40].

We focused on the exploration of gene expression profiles of selected cardiovascular
disease-associated microRNAs in the whole peripheral venous blood of women during the
early stages of gestation. The aim of the study was to assess the predictive potential for
GDM in the absence of other pregnancy-related complications.

Previously, by searching the Medline database we identified a large number of microR-
NAs playing a role in pathogenesis of diabetes mellitus and cardiovascular/cerebrovascular
diseases. Finally, we selected a shortlist of 29 microRNAs for the study which have been
repeatedly demonstrated by numerous scientific teams to be involved in development and
homeostasis of the cardiovascular system, angiogenesis, and adipogenesis. In addition,
these microRNAs were reported to be associated with pathological conditions and diseases
(vascular endothelial dysfunction and inflammation, hypoxia, hypertension and regulation
of hypertension-related genes, obesity, dyslipidaemia, atherosclerosis and atherosclerotic
plaque formation, insulin resistance, diabetes mellitus and diabetes-related complications,
metabolic syndrome, cardiovascular diseases involving the blood vessels and/or the heart,
chronic kidney disease, ischemia/reperfusion injury, cardiac regeneration, and cachexia)
(Table 1) [41-225].
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The epigenetic profiling of microRNAs (miR-1-3p, miR-16-5p, miR-17-5p, miR-20a-5p,
miR-20b-5p, miR-21-5p, miR-23a-3p, miR-24-3p, miR-26a-5p, miR-29a-3p, miR-92a-3p, miR-
100-5p, miR-103a-3p, miR-125b-5p, miR-126-3p, miR-130b-3p, miR-133a-3p, miR-143-3p,
miR-145-5p, miR-146a-5p, miR-155-5p, miR-181a-5p, miR-195-5p, miR-199a-5p, miR-210-3p,
miR-221-3p, miR-342-3p, miR-499a-5p, and miR-574-3p) was the subject of our interest
(Table 1).

Up to now, no reports on microRNA gene profiling of the whole peripheral venous
blood in early stages of gestation are at disposal in pregnancies with subsequent onset
of GDM.

To our knowledge, only several studies have reported promising data on the early diag-
nosis of GDM during the first trimester of gestation via screening of circulating cardiovascu-
lar disease-associated microRNAs in maternal plasma or serum samples [112,130,226-228].

2. Results
2.1. Clinical Characteristics of GDM and Control Pregnancies

The clinical characteristics of GDM and control pregnancies are summarized in Table 2.

From the clinical characteristics of patients, it is obvious that maternal age (mainly
advanced maternal age, >35 years), BMI (higher BMI values, BMI > 30 kg/m?) at early
stages of gestation, the necessity to undergo an infertility treatment by assisted reproductive
technology, history of miscarriage, the presence of trombophilic gene mutations, positive
first-trimester screening for preeclampsia and/or FGR by FMF algorithm, and family
history of diabetes mellitus in first-degree relatives represent independent significant risk
factors for the subsequent onset of GDM.
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2.2. Dysregulation of Cardiovascular Disease-Associated MicroRNAs in Early Stages of Gestation
in Pregnancies Destinated to Develop GDM

Initially, microRNA gene expression in peripheral blood leukocytes was compared
in the early stages of gestation (within 10 to 13 weeks) between pregnancies destinated
to develop GDM and term pregnancies with normal course of gestation (Figure 1). After-
wards, early microRNA gene expression was compared between pregnancies destinated to
develop GDM and normal term pregnancies with respect to the treatment strategies (GDM
pregnancies managed by diet only and GDM pregnancies requiring a combination of diet
and administration of appropriate therapy).
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Figure 1. MicroRNA gene expression profile in early stages of gestation in pregnancies destinated to
develop GDM and term pregnancies with normal course of gestation. MicroRNA gene expression
data (2724€Y) are visualised using the heatmap. In this setting, each row represents a sample (GDM1-
GDM121, NP1-NP80) and each column represents a microRNA gene. The colour and intensity
of the boxes are used to represent changes of gene expression (2~22t), Green colour indicates
upregulation, and red colour indicates downregulation. GDM; gestational diabetes mellitus, NP;
normal pregnancies.
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Only the data that reached statistical significance after the application of Benjamini—
Hochberg correction are discussed below (Supplementary Figures S1 and S2). To interpret
the experimental data, new cutoff point p-values were set up. Significant results following
the Benjamini-Hochberg correction are marked by asterisks for the appropriate significance
levels (* for o« = 0.05, ** for o = 0.01, and *** for o« = 0.001). The data that were statistically
non-significant after the application of Benjamini-Hochberg correction (Tables 2 and 3) are
also displayed (Supplementary Figures S3 and S4), but not discussed further.

Upregulation of miR-1-3p (p = 0.0028 **), miR-20a-5p (p < 0.001 ***), miR-20b-5p
(p < 0.001 ***), miR-23a-3p (p = 0.0065 *), miR-100-5p (p < 0.001 ***), miR-125b-5p (p = 0.0034 **),
miR-126-3p (p = 0.0137 *), miR-181a-5p (p = 0.0065 *), miR-195-5p (p < 0.001 ***), miR-499a-
5p (p < 0.001 ***), and miR-574-3p (p < 0.001 ***) was detected during the first trimester of
gestation in pregnancies destinated to develop GDM (Supplementary Figure S1, Table 3).

MiR-20a-5p (21.49%), miR-20b-5p (18.18%), miR-23a-3p (15.70%), miR-100-5p (20.66%),
miR-125b-5p (14.88%), miR-126-3p (14.05%), miR-195-5p (19.83%) miR-499a-5p (14.88%),
and miR-574-3p (23.14%) showed moderate sensitivities at a 10.0% FPR to distinguish be-
tween normal pregnancies and pregnancies destinated to develop GDM. In contrast, miR-1-
3p (12.40%) and miR-181a-5p (10.74%) showed a low sensitivity to differentiate normal preg-
nancies and pregnancies with subsequent onset of GDM at a 10.0% FPR (Supplementary
Figure S1). This means that the sensitivity in case of miR-1-3p and miR-181a-5p was similar
to the false positive rate (10.0%) at which the expression data were assessed.

Table 3. MicroRNA expression profiles in peripheral blood leukocytes in early stages of gestation in
pregnancies destinated to develop GDM and normal term pregnancies.

Mann-Whitney Test Results
GDM Opverall (n = 121) vs. Normal Term Pregnancies (n = 80)

Median (IQR) Mean (SD) p-Value
miR-1-3p 0.135 (0.071-0.254) vs. 0.075 (0.033-0.198) 0.259 (0.525) vs. 0.176 (0.303) p=0.0028 **
miR-16-5p 1.216 (0.968-1.725) vs. 1.411 (0.890-1.980) 1.495 (0.981) vs. 1.646 (1.129) p=0.5781
miR-17-5p 1.527 (1.181-2.311) vs. 1.384 (0.971-1.923) 1.973 (1.473) vs. 1.748 (1.312) p =0.0538
miR-20a-5p 2.215 (1.493-3.398) vs. 1.576 (0.991-2.413) 3.037 (3.068) vs. 1.909 (1.370) p <0.001 ***
miR-20b-5p 2.662 (1.812-3.959) vs. 1.976 (1.111-2.675) 3.706 (3.878) vs. 2.377 (2.291) p < 0.001 ***
miR-21-5p 0.344 (0.231-0.460) vs. 0.320 (0.167-0.538) 0.433 (0.420) vs. 0.394 (0.219) p=0.2418
miR-23a-3p 0.239 (0.168-0.436) vs. 0.185 (0.103-0.376) 0.367 (0.337) vs. 0.296 (0.329) p = 0.0065 *
miR-24-3p 0.292 (0.228-0.372) vs. 0.326 (0.196-0.468) 0.331 (0.197) vs. 0.384 (0.284) p =0.5730
miR-26a-5p 0.699 (0.500-0.926) vs. 0.633 (0.410-1.066) 0.837 (0.670) vs. 0.776 (0.521) p =0.3022
miR-29a-3p 0.405 (0.282-0.575) vs. 0.372 (0.221-0.545) 0.510 (0.396) vs. 0.407 (0.245) p =0.0840
miR-92a-3p 2.179 (1.604-3.084) vs. 2.327 (1.188-3.743) 2.702 (2.226) vs. 2.807 (2.132) p=0.9812
miR-100-5p 0.0023 (0.0013-0.0036) vs. 0.0013 (0.0006—-0.0027)  0.0030 (0.0039) vs. 0.0018 (0.0016)  p < 0.001 ***
miR-103a-3p 1.565 (0.963-2.541) vs. 1.203 (0.815-2.425) 2.121 (2.252) vs. 1.770 (1.466) p =0.1547
miR-125b-5p 0.0041 (0.0025-0.0057) vs. 0.0030 (0.0016-0.0054)  0.0049 (0.0046) vs. 0.0036 (0.0027)  p = 0.0034 **
miR-126-3p 0.328 (0.231-0.509) vs. 0.272 (0.140-0.432) 0.462 (0.551) vs. 0.336 (0.270) p =0.0137 *
miR-130b-3p 0.745 (0.476-1.409) vs. 0.702 (0.407-1.157) 1.075 (0.960) vs. 1.163 (2.425) p =0.2105
miR-133a-3p 0.109 (0.061-0.220) vs. 0.110 (0.550-0.233) 0.193 (0.265) vs. 0.232 (0.483) p = 0.8750
miR-143-3p 0.048 (0.030-0.880) vs. 0.038 (0.016-0.089) 0.073 (0.086) vs. 0.058 (0.057) p =0.0260
miR-145-5p 0.176 (0.125-0.236) vs. 0.161 (0.980-0.243) 0.209 (0.153) vs. 0.195 (0.143) p =0.2025
miR-146a-5p 1.224 (0.821-1.843) vs. 1.225 (0.578-1.765) 1.658 (1.541) vs. 1.388 (1.096) p =0.1415
miR-155-5p 0.619 (0.434-0.778) vs. 0.607 (0.361-1.614) 0.703 (0.523) vs 1.247 (1.439) p =0.2987
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Table 3. Cont.

Mann-Whitney Test Results

GDM Overall (n = 121) vs. Normal Term Pregnancies (1 = 80)

Median (IQR) Mean (SD) p-Value

miR-181a-5p 0.250 (0.175-0.379) vs 0.181 (0.141-0.330) 0.330 (0.318) vs 0.246 (0.184) p = 0.0065 *
miR-195-5p 0.267 (0.168-0.487) vs 0.106 (0.048-0.271) 0.470 (0.690) vs 0.227 (0.364) p <0.001 ***
miR-199a-5p 0.080 (0.037-0.159) vs 0.058 (0.023-0.111) 0.136 (0.223) vs 0.096 (0.131) p =0.0288
miR-210-3p 0.102 (0.074-0.154) vs 0.138 (0.075-0.224) 0.134 (0.105) vs 0.186 (0.180) p =0.0952
miR-221-3p 0.644 (0.448-0.969) vs 0.548 (0.293-0.906) 0.815 (0.736) vs 0.693 (0.561) p =0.0947
miR-342-3p 3.069 (2.122-4.110) vs 2.542 (1.551-4.206) 3.605 (2.724) vs 3.307 (2.383) p =0.1947
miR-499a-5p 0.460 (0.231-0.780) vs 0.269 (0.089-0.587) 0.758 (1.070) vs 0.477 (0.566) p < 0.001 ***
miR-574-3p 0.275 (0.180-0.395) vs 0.181 (0.117-0.292) 0.354 (0.332) vs 0.222 (0.156) p <0.001 ***

Sensitivity

MicroRNA gene expression is compared between groups using the Mann-Whitney test. Statistically significant
results are marked in bold. Median (interguartile range, IQR) and mean (standard deviation, SD) fold values of
relative gene expression of samples (2~24Ct) are presented. Statistical significant data after Benjamini-Hochberg
correction are marked by * for « = 0.05, ** for & = 0.01, and *** for « = 0.001.

2.3. First-Trimester Combined MicroRNA Screening Is Able to Differentiate between Pregnancies
Destinated to Develop GDM and Term Pregnancies with Normal Course of Gestation

Despite the low sensitivities of miR-1-3p (12.40%) and miR-181a-5p (10.74%), the
combined screening of all 11 dysregulated microRNA biomarkers (miR-1-3p, miR-20a-5p,
miR-20b-5p, miR-23a-3p, miR-100-5p, miR-125b-5p, miR-126-3p, miR-181a-5p, miR-195-5p,
miR-499a-5p, and miR-574-3p) showed the highest accuracy for the early identification of
pregnancies destinated to develop GDM (AUC 0.742, p < 0.001, 63.64% sensitivity, 78.75%
specificity, cut off >0.5850). This combined screening identified, in the early stages of
gestation, 47.93% of pregnancies destinated to develop GDM at a 10.0% FPR (Figure 2).

Combined screening
(miR-1-3p + miR-20a-5p + miR-20b-5p + miR-23a-3p + miR-100-5p + miR-125b-5p
+ miR-126-3p + miR-181a-5p + miR-195-5p + miR-499a-5p + miR-574-3p)

100
80
60
40 Area under the ROC curve (AUC) 0.742
Standard Error 0.0345
20 95% Confidence interval 0.676 to 0.801
Significance level P (Area=0.5) <0.0001
o L 1 4 1 1 1 1 . |Estimated sensitivity at fixed specificity
0 20 40 60 80 100 | Specificity | Sensitivity 95% ClI Criterion
100-Specificity 90.00 47.93 35.54 t0 61.98 | >0.705293056
Criterion Sensitivity 95% CI | Specificity 95% CI [ +LR | 95% Cl | -LR | 95% CI
>0.585044312 63.64 | 54.4-722 78.75|68.2-87.1/299 1 1.9-47 /046 |04-06

Figure 2. ROC analysis—the combination of microRNA biomarkers (miR-1-3p, miR-20a-5p, miR-20b-
5p, miR-23a-3p, miR-100-5p, miR-125b-5p, miR-126-3p, miR-181a-5p, miR-195-5p, miR-499a-5p, and
miR-574-3p). A total of 47.93% pregnancies destinated to develop GDM had an aberrant microRNA
expression profile in the whole peripheral venous blood during the first trimester of gestation at a
10.0% FPR. This represents 58 out of 121 pregnancies correctly predicted to develop GDM and 8 out
of 80 normal pregnancies predicted false positively to develop GDM.
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2.4. The Very Good Accuracy of First-Trimester Combined Screening (MicroRNA Biomarkers and
Selected Clinical Characteristics) to Differentiate between Pregnancies Destinated to Develop GDM
and Term Pregnancies with Normal Course of Gestation

The effective screening based on the combination of minimal number of basic clinical
characteristics (maternal age and BMI at early stages of gestation and an infertility treatment
by assisted reproductive technology) and 11 dysregulated microRNA biomarkers (miR-1-3p,
miR-20a-5p, miR-20b-5p, miR-23a-3p, miR-100-5p, miR-125b-5p, miR-126-3p, miR-181a-5p,
miR-195-5p, miR-499a-5p, and miR-574-3p) showed relatively high accuracy for the early
identification of pregnancies destinated to develop GDM (AUC 0.835, p < 0.001, 67.50%
sensitivity, 92.50% specificity, cut off >0.6929). This combined screening identified, in the
early stages of gestation, 69.17% of pregnancies destinated to develop GDM at a 10.0% FPR
(Figure 3).

Combined screening
(3 basic clinical characteristics + 11 microRNAs)

0 Area under the ROC curve (AUC) 0.835
Standard Error 0.0281
F 95% Confidence interval 0.777 10 0.884
Significance level P (Area=0.5) <0.0001
A R R IR R TR N N Estimated sensitivity at fixed specificity
0 20 40 60 80 100 Specificity | Sensitivity 95% ClI Criterion
100-Specificity 90.00 69.17 55.83 to 78.33 | >0.677092674
Criterion Sensitivity 95% ClI | Specificity 95% Cl | +LR 95% Cl | -LR | 95% CI
>0.692915478 67.50 | 58.3-75.8 92.50 |84.4-97.2|9.00|4.1-196|035|/0.3-0.5

Figure 3. ROC analysis—the combination of 3 basic clinical characteristics (maternal age and BMI
values at early stages of gestation and an infertility treatment by assisted reproductive technology)
and 11 dysregulated microRNA biomarkers (miR-1-3p, miR-20a-5p, miR-20b-5p, miR-23a-3p, miR-
100-5p, miR-125b-5p, miR-126-3p, miR-181a-5p, miR-195-5p, miR-499a-5p, and miR-574-3p). At
a 10.0% FPR, 69.17% of pregnancies destinated to develop GDM were identified during the first
trimester of gestation. This represents 84 out of 121 pregnancies correctly predicted to develop GDM
and 8 out of 80 normal pregnancies predicted false positively to develop GDM.

The screening based on the combination of seven clinical characteristics (maternal
age and BMI at early stages of gestation, an infertility treatment by assisted reproductive
technology, history of miscarriage, the presence of trombophilic gene mutations, positive
first-trimester screening for preeclampsia and /or FGR by FMF algorithm, and family history
of diabetes mellitus in first-degree relatives) and 11 dysregulated microRNA biomarkers
(miR-1-3p, miR-20a-5p, miR-20b-5p, miR-23a-3p, miR-100-5p, miR-125b-5p, miR-126-3p,
miR-181a-5p, miR-195-5p, miR-499a-5p, and miR-574-3p) showed the highest possible
accuracy for the early identification of pregnancies destinated to develop GDM (AUC 0.869,
p < 0.001, 72.50% sensitivity, 90.0% specificity, cut off >0.6572). This combined screening
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identified, in the early stages of gestation, 72.50% of pregnancies destinated to develop
GDM at a 10.0% FPR (Figure 4).

Combined screening
(7 clinical characteristics + 11 microRNASs)

100
80
60
40

Area under the ROC curve (AUC) 0.869

Standard Error 0.0246

20 H 95% Confidence interval 0.815t0 0.913

Significance level P (Area=0.5) <0.0001

oY , , | ' I . Estimated sensitivity at fixed specificity
0 20 40 60 80 100 | Specificity | Sensitivity 95% CI Criterion
100-Specificity 90.00 7250 60.83 t0 83.33 | >0.65721512
Criterion Sensitivity 95% CI | Specificity 95% CI | +LR 95% Cl | -LR | 95% CI

>0.657215612

72.50 | 63.6 - 80.3 90.00 | 81.2-956|7.25|3.7-14.1]031|02-04

Figure 4. ROC analysis—the combination of 7 clinical characteristics (maternal age and BMI at early
stages of gestation, an infertility treatment by assisted reproductive technology, history of miscarriage,
the presence of trombophilic gene mutations, positive first-trimester screening for PE and/or FGR by
FMF algorithm, and family history of diabetes mellitus in first-degree relatives) and 11 dysregulated
microRNA biomarkers (miR-1-3p, miR-20a-5p, miR-20b-5p, miR-23a-3p, miR-100-5p, miR-125b-5p,
miR-126-3p, miR-181a-5p, miR-195-5p, miR-499a-5p, and miR-574-3p). At a 10.0% FPR, 72.50% of
pregnancies destinated to develop GDM were identified during the first trimester of gestation. This
represents 88 out of 121 pregnancies correctly predicted to develop GDM and 8 out of 80 normal
pregnancies predicted false positively to develop GDM.

2.5. Dysregulation of Cardiovascular Disease-Associated MicroRNAs in Pregnancies Destinated to
Develop GDM with Respect to the Treatment Strategies (Diet Only and a Combination of Diet and
Administration of Appropriate Therapy)

Concurrently, upregulation of miR-20a-5p (p = 0.0015 **, p = 0.0098 *), miR-20b-5p
(p <0.001 ***, p = 0.0054 **), and miR-195-5p (p < 0.001 ***, p < 0.001 ***) was observed
in both groups of pregnancies destinated to develop GDM, irrespective of the treatment
strategies (diet only or a combination of diet and therapy).

In addition, upregulation of miR-1-3p (p = 0.0045 *), miR-100-5p (p = 0.0010 **), miR-
125b-5p (p = 0.0109 *), miR-499-5p (p = 0.0043 *), and miR-574-3p (p < 0.001 ***) was observed
in only the group of pregnancies destinated to develop GDM, which was managed well by
diet only (Supplementary Figure S2, Table 4).

Sensitivities at a 10.0% FPR were reported for miR-20a-5p (21.78%, 20.0%), miR-20b-5p
(15.84%, 30.0%), and miR-195-5p (18.81%, 25.0%) in pregnancies destinated to develop
GDM requiring management by diet only or a combination of diet and administration of
appropriate therapy.

Sensitivities at a 10.0% FPR were reported for miR-1-3p (13.86%), miR-100-5p (19.80%),
miR-125b-5p (14.85%), miR-499a-5p (15.84%), and miR-574-3p (21.78%) in pregnancies
destinated to develop GDM requiring diet only (Supplementary Figure S2).
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Table 4. MicroRNA expression profiles in peripheral blood leukocytes in early stages of gestation

in pregnancies destinated to develop GDM with respect to the treatment strategies and normal

term pregnancies.

Kruskal-Wallis Test Results
GDM Managed by Diet Only (# = 101) vs. Normal Term Pregnancies (1 = 80)

GDM Managed by Diet and Therapy (n = 20) vs. Normal Term Pregnancies (n = 80)

Median (IQR)

Mean (SD)

p-Value

miR-1-3p

0.141 (0.075-0.274) vs.
0.099 (0.071-0.175) vs.

0.075 (0.033-0.198)
0.075 (0.033-0.198)

0.278 (0.568) vs
0.162 (0.190) vs

. 0.176 (0.303)
. 0.176 (0.303)

p =0.0045 *
p =1.000

miR-16-5p

1.216 (0.981-1. 785) vs. 1.411 (0.890-1.980)

1.268 (0.923-2.007) vs.

1.411 (0.890-1.980)

1.469 (0.976) vs
1.626 (1.019) vs

. 1.646 (1.129)
. 1.646 (1.129)

p =1.000
p =1.000

miR-17-5p

1.480 (1.166-2.267) vs.
1.893 (1.346-2.362) vs.

1.384 (0.971-1.923)
1.384 (0.971-1.923)

1.950 (1.553) vs
2.085 (0.996) vs

. 1.748 (1.312)
. 1.748 (1.312)

p=0.3822
p =0.1019

miR-20a-5p

2.144 (1.486-3.398) vs.
2.598 (1.787-3.384) vs.

1.576 (0.991-2.413)
1.576 (0.991-2.413)

3.019 (3.220) vs
3.130 (2.204) vs

. 1.909 (1.370)
. 1.909 (1.370)

p = 0.0015 **
p = 0.0098 *

miR-20b-5p

2.577 (1.784-3.719) vs.
3.072 (2.085-5.484) vs.

1.976 (1.111-2.675)
1.976 (1.111-2.675)

3.678 (4.112) vs.
3.850 (2.439) vs.

2.377 (2.291)
2.377 (2.291)

p < 0.001 ***
p = 0.0054 **

miR-21-5p

0.339 (0.222-0.460) vs.
0.352 (0.260-0.464) vs.

0.320 (0.167-0.538)
0.320 (0.167-0.538)

0.472 (0.332) vs.

0.394 (0.219)
0.394 (0.219)

p =1.000
p =0.4483

miR-23a-3p

0.229 (0.160-0.444) vs.
0.299 (0.219-0.344) vs.

0.185 (0.103-0.376)
0.185 (0.103-0.376)

0.364 (0.346) vs.
0.383 (0.293) vs.

0.296 (0.329)
0.296 (0.329)

p =0.0627
p=0.0371

miR-24-3p

0.292 (0.222-0.370) vs.
0.301 (0.241-0.377) vs.

0.326 (0.196-0.468)
0.326 (0.196-0.468)

0.330 (0.206) vs.
0.339 (0.147) vs.

0.384 (0.284)
0.384 (0.284)

p =1.000
p =1.000

miR-26a-5p

0.729 (0.497-0.938) vs.
0.658 (0.560-0.917) vs.

0.633 (0.410-1.066)
0.633 (0.410-1.066)

0.841 (0.705) vs.
0.815 (0.462) vs.

0.776 (0.521)
0.776 (0.521)

p = 0.9599
p =1.000

miR-29a-3p

0.404 (0.276-0.571) vs.
0.435 (0.358-0.666) vs.

0.372 (0.221-0.545)
0.372 (0.221-0.545)

0.486 (0.377) vs.
0.630 (0.471) vs.

0.407 (0.245)
0.407 (0.245)

p =0.5656
p=0.1198

miR-92a-3p

2.171 (1.604-3.036) vs.
2.258 (1.603-3.681) vs.

2.327 (1.188-3.743)
2.327 (1.188-3.743)

2.647 (2.217) vs.

(
(
(
(
(
(
(
(
(
(
0.426 (0.436) vs.
(
(
(
(
(
(
(
(
(
(

2.807 (2.132)

2.979 (2.3086) vs. 2.807 (2.132)

p =1.000
p =1.000

miR-100-5p

0.0024 (0.0013-0.0036) vs. 0.0013 (0.0006-0.0027)
0.0014 (0.0012-0.0037) vs. 0.0013 (0.0006—0.0027)

0.0031 (0.0041) vs. 0.0018 (0.0016)
0.0028 (0.0025) vs. 0.0018 (0.0016)

p =0.0010 **
p =0.2898

miR-103a-3p

1.531 (0.949-2.533) vs. 1.203 (0.815-2.425)
1.618 (1.234-2.554) vs. 1.203 (0.815-2.425)

2.085 (2.294) vs. 1.770 (1.466)
2.304 (2.075) vs. 1.770 (1.466)

p=0.7368
p = 0.4354

miR-125b-5p

0.0041 (0.0026-0.0057) vs. 0.0030 (0.0016-0.0054)
0.0038 (0.0021-0.0055) vs. 0.0030 (0.0016-0.0054)

0.0050 (0.0048) vs. 0.0036 (0.0027)
0.0045 (0.0029) vs. 0.0036 (0.0027)

p =0.0109 *
p = 0.4855

miR-126-3p

0.332 (0.219-0.500) vs.
0.324 (0.280-0.546) vs.

0.272 (0.140-0.432)
0.272 (0.140-0.432)

0.470 (0.595) vs.
0.418 (0.228) vs.

0.336 (0.270)
0.336 (0.270)

p=0.0842
p=0.1516

miR-130b-3p

0.707 (0.453-1.315) vs.
1.087 (0.577-1.481) vs.

0.702 (0.407-1.157)
0.702 (0.407-1.157)

1.051 (0.995) vs.
1.194 (0.769) vs.

1.163 (2.425)
1.163 (2.425)

p =1.000
p=0.1983

miR-133a-3p

0.118 (0.066-0.228) vs.
0.071 (0.055-0.105) vs.

0.110 (0.550-0.233)
0.110 (0.550-0.233)

0.209 (0.283) vs.
0.113 (0.109) vs.

0.232 (0.483)
0.232 (0.483)

p =1.000
p=04015

miR-143-3p

0.048 (0.029-0.087) vs.
0.049 (0.033-0.090) vs.

0.038 (0.016-0.089)
0.038 (0.016-0.089)

0.072 (0.088) vs.
0.078 (0.077) vs.

0.058 (0.057)
0.058 (0.057)

p=01327
p = 0.2766

miR-145-5p

0.176 (0.122-0.235) vs.
0.171 (0.131-0.242) vs.

0.161 (0.980-0.243)
0.161 (0.980-0.243)

0.210 (0.162) vs.

0.195 (0.143)
0.195 (0.143)

p =0.6997
p =1.000

miR-146a-5p

1.116 (0.800-1.798) vs.
1.451 (1.167-2.129) vs.

1.225 (0.578-1.765)
1.225 (0.578-1.765)

1.634 (1.621) vs.
1.780 (1.068) vs.

1.388 (1.096)
1.388 (1.096)

p =0.8676
p=0.1619

miR-155-5p

0.624 (0.432-0.820) vs.
0.566 (0.448-0.695) vs.

0.607 (0.361-1.614)
0.607 (0.361-1.614)

0.701 (0.516) vs
0.710 (0.573) vs

(
(
(
(
0.200 (0.100) vs.
(
(
(
(

. 1.247 (1.439)
. 1.247 (1.439)

p =1.000
p =1.000
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Table 4.

Cont.

Kruskal-Wallis Test Results
GDM Managed by Diet Only (# = 101) vs. Normal Term Pregnancies (1 = 80)

GDM Managed by Diet and Therapy (1 = 20) vs. Normal Term Pregnancies (n = 80)

Median (IQR) Mean (SD) p-Value
miR-181a-5 0.246 (0.175-0.375) vs. 0.181 (0.141-0.330) 0.331 (0.336) vs. 0.246 (0.184) p =0.0399
P 0.260 (0.190-0.393) vs. 0.181 (0.141-0.330) 0.326 (0.208) vs. 0.246 (0.184) p =0.1367
miR-195-5 0.269 (0.154-0.487) vs. 0.106 (0.048-0.271) 0.460 (0.707) vs. 0.227 (0.364) p < 0.001 ***
p 0.246 (0.210-0.522) vs. 0.106 (0.048-0.271) 0.520 (0.609) vs. 0.227 (0.364) p < 0.001 ***
miR-199a-5 0.073 (0.033-0.139) vs. 0.058 (0.023-0.111) 0.134 (0.233) vs. 0.096 (0.131) p =0.1575
P 0.088 (0.052-0.163) vs. 0.058 (0.023-0.111) 0.148 (0.165) vs. 0.096 (0.131) p=0.1701
miR-210-3 0.102 (0.074-0.154) vs. 0.138 (0.075-0.224) 0.134 (0.109) vs. 0.186 (0.180) p =0.2982
P 0.099 (0.075-0.155) vs. 0.138 (0.075-0.224) 0.131 (0.080) vs. 0.186 (0.180) p =1.000
miR-221-3 0.644 (0.448-0.948) vs. 0.548 (0.293-0.906) 0.819 (0.776) vs. 0.693 (0.561) p =0.3698
P 0.616 (0.459-1.032) vs. 0.548 (0.293-0.906) 0.796 (0.503) vs. 0.693 (0.561) p=0.7241
iR-342-3 3.093 (2.070-3.955) vs. 2.542 (1.551-4.206) 3.555 (2.756) vs. 3.307 (2.383) p =0.6912
P 2.884 (2.159-4.844) vs. 2.542 (1.551-4.206) 3.858 (2.610) vs. 3.307 (2.383) p =1.000
miR-499a-5 0.459 (0.218-0.881) vs. 0.269 (0.089-0.587) 0.771 (1.104) vs. 0.477 (0.566) p =0.0043 *
P 0.472 (0.285-0.611) vs. 0.269 (0.089-0.587) 0.692 (0.902) vs. 0.477 (0.566) p =0.1765
miR-574-3 0.275 (0.182-0.392) vs. 0.181 (0.117-0.292) 0.350 (0.339) vs. 0.222 (0.156) p < 0.001 ***
p 0.279 (0.178-0.485) vs. 0.181 (0.117-0.292) 0.375 (0.301) vs. 0.222 (0.156) p =0.0356

MicroRNA gene expression is compared between individual groups using Kruskal-Wallis test. Statistically
significant results are marked in bold. Median (interquartile range, IQR) and mean (standard deviation, SD)
values of relative fold gene expression of samples (2724%!) are presented. Statistical significant data after
Benjamini-Hochberg correction are marked by * for o = 0.05, ** for o = 0.01, and *** for & = 0.001.

2.6. First-Trimester Combined MicroRNA Screening Is Able to Differentiate between Pregnancies
Destinated to Develop GDM Requiring a Combination of Diet and Administration of Appropriate
Therapy and Term Pregnancies with Normal Course of Gestation

The combined screening of three microRNA biomarkers (miR-20a-5p, miR-20b-5p and
miR-195-5p) in early stages of gestation was able to detect aberrant microRNA expression
profile in 30.0% pregnancies destinated to develop GDM requiring a combination of diet
and administration of appropriate therapy at a 10.0% FPR (AUC 0.731, p < 0.001, 65.0%
sensitivity, 73.75% specificity, cut off >0.1987) (Figure 5).

2.7. The Very High Accuracy of First-Trimester Combined Screening (MicroRNA Biomarkers and
Selected Clinical Characteristics) to Differentiate between Pregnancies Destinated to Develop GDM
Requiring a Combination of Diet and Administration of Appropriate Therapy and Term
Pregnancies with Normal Course of Gestation

The effective screening based on the combination of minimal number of basic clinical
characteristics (maternal age and BMI at early stages of gestation, and an infertility treat-
ment by assisted reproductive technology) and three dysregulated microRNA biomarkers
(miR-20a-5p, miR-20b-5p, and miR-195-5p) showed very high accuracy for the early identi-
fication of pregnancies destinated to develop GDM requiring a combination of diet and
administration of appropriate therapy (AUC 0.949, p < 0.001, 89.47% sensitivity, 86.25%
specificity, cut off >0.1912). The screening identified 78.95% of cases at a 10.0% FPR in the
early stages of gestation (Figure 6).
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Combined screening
(miR-20a-5p + miR-20b-5p + miR-195-5p)
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Figure 5. ROC analysis—the combination of microRNA biomarkers (miR-20a-5p, miR-20b-5p and
miR-195-5p). A total of 30.0% pregnancies destinated to develop GDM requiring a combination of
diet and administration of appropriate therapy had aberrant microRNA expression profile in the
whole peripheral venous blood during the first trimester of gestation at a 10.0% FPR. This represents
6 out of 20 pregnancies correctly predicted to develop GDM and 8 out of 80 normal pregnancies
predicted false positively to develop GDM.

Combined screening
(3 basic clinical characteristics + 3 microRNAs)

100 -
80 |-
60 |-
40 H

Area under the ROC curve (AUC) 0.949

Standard Error 0.0229

20 H 95% Confidence interval 0.886 to 0.983

Significance level P (Area=0.5) <0.0001

OB v v v v Estimated sensitivity at fixed specificity
0 20 40 60 80 100 | Specificity | Sensitivity 95% ClI Criterion

100-Specificity 90.00 78.95 50.78 to 94.74 | >0.243735973

Criterion Sensitivity 95% CI | Specificity 95% Cl | +LR 95% Cl | -LR 95% ClI

>0.191259321 89.47 | 66.9 -98.7 86.25|76.7-929|651|3.7-11.5|0.12 | 0.03-0.5

Figure 6. ROC analysis—the combination of 3 basic clinical characteristics (maternal age and BMI
values at early stages of gestation and an infertility treatment by assisted reproductive technology) and
3 dysregulated microRNA biomarkers (miR-20a-5p, miR-20b-5p, and miR-195-5p). At a 10.0% FPR,
78.95% pregnancies destinated to develop GDM requiring a combination of diet and administration
of appropriate therapy were identified during the first trimester of gestation. This represents 16 out
of 20 pregnancies correctly predicted to develop GDM and 8 out of 80 normal pregnancies predicted
false positively to develop GDM.
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The screening based on the combination of seven clinical characteristics (maternal
age and BMI at early stages of gestation, an infertility treatment by assisted reproductive
technology, history of miscarriage, the presence of trombophilic gene mutations, positive
first-trimester screening for preeclampsia and/or FGR by FMF algorithm, family history of
diabetes mellitus in first-degree relatives) and three dysregulated microRNA biomarkers
(miR-20a-5p, miR-20b-5p, and miR-195-5p) showed the highest possible accuracy for the
early identification of pregnancies destinated to develop GDM requiring a combination of
diet and administration of appropriate therapy (AUC 0.957, p < 0.001, 89.47% sensitivity,
90.0% specificity, cutoff >0.2116). This screen identified 89.47% of cases in the early stages
of gestation at a 10.0% FPR (Figure 7).
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Figure 7. ROC analysis—the combination of 7 clinical characteristics (maternal age and BMI at
early stages of gestation, an infertility treatment by assisted reproductive technology, history of
miscarriage, the presence of trombophilic gene mutations, positive first-trimester screening for PE
and/or FGR by FMF algorithm, and a family history of diabetes mellitus in first-degree relatives) and
3 dysregulated microRNA biomarkers (miR-20a-5p, miR-20b-5p, and miR-195-5p). At a 10.0% FPR,
89.47% pregnancies destinated to develop GDM requiring a combination of diet and administration
of appropriate therapy were identified during the first trimester of gestation. This represents 18 out
of 20 pregnancies correctly predicted to develop GDM and 8 out of 80 normal pregnancies predicted
false positively to develop GDM.

2.8. First-Trimester Combined MicroRNA Screening Is Able to Differentiate between Pregnancies
Destinated to Develop GDM Managed by Diet Only and Normal Term Pregnancies

The combined screening of eight microRNA biomarkers (miR-1-3p, miR-20a-5p, miR-
20b-5p, miR-100-5p, miR-125b-5p, miR-195-5p, miR-499a-5p, and miR-574-3p) was able to
detect, in the early stages of gestation, an aberrant microRNA expression profile in 34.65%
of pregnancies destinated to develop GDM managed by diet only at a 10.0% FPR (AUC
0.691, p < 0.001, 72.28% sensitivity, 60.0% specificity, cut off >0.4980) (Figure 8).
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Figure 8. ROC analysis—the combination of microRNA biomarkers (miR-1-3p, miR-20a-5p, miR-
20b-5p, miR-100-5p, miR-125b-5p, miR-195-5p, miR-499a-5p, and miR-574-3p). A total of 34.65%
pregnancies destinated to develop GDM on diet only had an aberrant microRNA expression profile
in the whole peripheral venous blood during the first trimester of gestation at a 10.0% FPR. This
represents 35 out of 101 pregnancies correctly predicted to develop GDM and 8 out of 80 normal
pregnancies predicted false positively to develop GDM.

2.9. The Very Good Accuracy of First-Trimester Combined Screening (MicroRNA Biomarkers and
Selected Clinical Characteristics) to Differentiate between Pregnancies Destinated to Develop GDM
Managed by Diet Only and Term Pregnancies with Normal Course of Gestation

The effective screening based on the combination of a minimal number of basic clinical
characteristics (maternal age and BMI at early stages of gestation and an infertility treatment
by assisted reproductive technology) and eight dysregulated microRNA biomarkers (miR-
1-3p, miR-20a-5p, miR-20b-5p, miR-100-5p, miR-125b-5p miR-195-5p, miR-499a-5p, and
miR-574-3p) showed relatively good accuracy for the early identification of pregnancies
destinated to develop GDM managed by diet only (AUC 0.784, p < 0.001, 61.39 sensitivity,
87.50% specificity, cut off >0.6425). This screening identified 50.50% of cases during the
early stages of gestation at a 10.0% FPR (Figure 9).

The screening based on the combination of seven clinical characteristics (maternal
age and BMI at early stages of gestation, an infertility treatment by assisted reproductive
technology, history of miscarriage, the presence of trombophilic gene mutations, positive
first-trimester screening for preeclampsia and/or FGR by FMF algorithm, and family history
of diabetes mellitus in first-degree relatives) and eight dysregulated microRNA biomarkers
(miR-1-3p, miR-20a-5p, miR-20b-5p, miR-100-5p, miR-125b-5p, miR-195-5p, miR-499a-
5p, and miR-574-3p) showed the highest possible accuracy for the early identification of
pregnancies destinated to develop GDM managed by diet only (AUC 0.835, p < 0.001,
77.23% sensitivity, 78.75% specificity, cut off >0.5137. This combined screening identified, in
the early stages of gestation, 56.44% of pregnancies destinated to develop GDM managed
by diet only at a 10.0% FPR (Figure 10).
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Figure 9. ROC analysis—the combination of 3 basic clinical characteristics (maternal age and BMI
values at early stages of gestation and an infertility treatment by assisted reproductive technology)
and 8 dysregulated microRNA biomarkers (miR-1-3p, miR-20a-5p, miR-20b-5p, miR-100-5p, miR-
125b-5p, miR-195-5p, miR-499a-5p, and miR-574-3p). At a 10.0% FPR, 50.50% pregnancies destinated
to develop GDM managed by diet only were identified during the first trimester of gestation. This
represents 51 out of 101 pregnancies correctly predicted to develop GDM and 8 out of 80 normal
pregnancies predicted false positively to develop GDM.

2.10. Information on MicroRNA-Gene-Biological Pathways Interactions

The KEGG pathway enrichment analysis of 11 microRNAs dysregulated in early stages
of gestation in pregnancies destinated to develop GDM revealed a total of 62 pathways,
where at least 18 (29.03%) pathways were cancer related. The cancer-related pathways
with the highest —In(p-values) were proteoglycans in cancer (hsa05205; 34.738), viral
carcinogenesis (hsa05203; 18.144), renal cell carcinoma (hsa05211; 12.364), glioma (hsa05214;
11.400), and pathways in cancer (hsa05200; 11.269).

Other cancer-related pathways showed slightly lower —In(p-values): transcriptional
misregulation in cancer (hsa05202; 9.818), chronic myeloid leukaemia (hsa05220; 9.818),
non-small cell lung cancer (hsa05223; 9.492), central carbon metabolism in cancer (hsa05230;
9.047), endometrial cancer (hsa05213; 8.698), colorectal cancer (hsa05210; 8.296), thyroid
cancer (hsa05216; 7.630), bladder cancer (hsa05219; 7.099), pancreatic cancer (hsa05212;
6.996), acute myeloid leukaemia (hsa05221; 6.648), small cell lung cancer (hsa05222; 5.661),
melanoma (hsa05218; 5.424), and choline metabolism in cancer (hsa05231; 4.536) (Figure 11).

The other pathways with the highest —In(p-values) have been shown to play a role in
physiological processes and besides the pathogenesis of cancer. These are Hippo signalling
pathway (hsa04390; 16.800), adherens junction (hsa04520; 14.198), signalling pathways
regulating pluripotency of stem cells (hsa04550; 12.276), p53 signalling pathway (hsa04115;
12.276), and protein processing in endoplasmatic reticulum (hsa04141; 10.769) (Figure 12).
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Figure 10. ROC analysis—the combination of 7 clinical characteristics (maternal age and BMI at early
stages of gestation, an infertility treatment by assisted reproductive technology, history of miscarriage,
the presence of trombophilic gene mutations, positive first-trimester screening for PE and/or FGR by
FMEF algorithm, and family history of diabetes mellitus in first-degree relatives) and 8 dysregulated
microRNA biomarkers (miR-1-3p, miR-20a-5p, miR-20b-5p, miR-100-5p, miR-125b-5p, miR-195-5p,
miR-499a-5p, and miR-574-3p). At a 10.0% FPR, 56.44% of pregnancies destinated to develop GDM
managed by diet only were identified during the first trimester of gestation. This represents 57 out of
101 pregnancies correctly predicted to develop GDM and 8 out of 80 normal pregnancies predicted
false positively to develop GDM.
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Figure 11. The KEGG pathway enrichment analysis of 11 microRNAs dysregulated in early preg-
nancies destinated to develop GDM. The analysis revealed a total of 62 pathways, where at least
18 (29.03%) pathways were cancer related. The results were expressed as —In of the p-value

(—In(p-value)).

155



Int. J. Mol. Sci. 2022, 23, 10635

KEGG pathways

naling pathway (hsad

mMRNA surveillance pathway (hsa

Glycosaminoglycan biosynthesis- keratan

Epstein-Barr virus infection (hs205169) || NEGTGNGNGNGGE
wnt signaling pathway (hsa043 10) | KGN
cell cycte (ns204110) |

Endocyt

Hepatikis B

Faty acid biosy nthesis [ hsal
mTOR signaling pathway (h=204150) | NG
Bacter &l invasion of epith

Adherens junction

Hippo sgnaling pathway (hsal

10 15 20
-In(p value)

Figure 12. The KEGG pathway enrichment analysis of 11 microRNAs dysregulated in early preg-
nancies destinated to develop GDM. The analysis revealed a total of 62 various pathways, where a
majority of pathways have been shown to play a role in physiological processes and besides to the
pathogenesis of cancer. The results were expressed as —In of the p-value (—In(p-value)).

The microRNA /KEGG pathway heatmap and hierarchical clustering demonstrated
the level of involvement of particular microRNAs in various biological pathways (Figure 13).
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Figure 13. The microRNA /KEGG pathway heatmap and hierarchical clustering in early pregnancies
destinated to develop GDM. The heatmap represents the level of involvement of particular microR-
NAs in various biological pathways. The results were expressed as log of the p-value (log(p-value)).

3. Discussion

Gene expression of 29 preselected cardiovascular disease-associated microRNAs was
compared between pregnancies destinated to develop GDM and normal term pregnancies
in the whole peripheral venous blood during the first trimester of gestation. The study
was held within the framework of routine screening to assess the risk for a wide array of
major fetal chromosomal and non-chromosomal defects as well as other pregnancy-related
complications such as PE and/or FGR.

Upregulation of 11 cardiovascular disease-associated microRNAs (miR-1-3p, miR-20a-
5p, miR-20b-5p, miR-23a-3p, miR-100-5p, miR-125b-5p, miR-126-3p, miR-181a-5p, miR-195-
5p, miR-499a-5p, and miR-574-3p) was detected during the early stages of gestation in the
entire group of pregnancies destinated to develop GDM.

To our knowledge, several studies have reported promising data on the early diagnosis
of GDM during the first trimester of gestation via screening of circulating microRNAs in
maternal plasma/serum or peripheral blood samples. Our study produced similar findings
to Yoffe et al. [226], Lamadrid-Romero et al. [130], and Legare et al. [227].

Yoffe et al. validated two upregulated microRNAs (miR-23a and miR-223) as potential
plasma biomarkers for early prediction of GDM (after the ninth gestational week and before
completion of the 12th week of gestation) in women diagnosed with GDM via a 75 g OGTT
performed at 22-24 weeks of gestation [226].

The study of Lamadrid-Romero et al. [130] reported higher miR-125b-5p expression
levels in first-trimester serum samples in GDM pregnancies when compared with the

157



Int. J. Mol. Sci. 2022, 23, 10635

control group. On the other hand, the study of Zhang et al. [229] reported downregulation
of miR-125b in circulating plasma exosomes in patients with confirmed diagnosis of GDM
within 2640 weeks of pregnancy. Nevertheless, microRNA expression profile may differ
between free circulating microRNAs and circulating exosomes; therefore, these findings
are not necessarily contradictory results.

Our data may also support the data presented by Tagoma et al. [190], who observed
upregulation of miR-100-5p and miR-195-5p in maternal plasma samples collected during
the late second and early third pregnancy trimesters in patients who had a positive glucose
tolerance test between 23 and 31 weeks of gestation, in which case miR-195-5p showed the
highest fold upregulation, similar to our first-trimester study. Our data and the data of
Tagoma et al. [190] are also consistent with the data of Wang et al. [230], who also observed
increased expression levels of miR-195-5p in serum samples of GDM patients at 25 weeks
of gestation.

Concerning miR-20a-5p, our first-trimester data may support the data of Zhu et al. [51]
and Cao et al. [52]. Zhu et al. [51] observed upregulation of miR-20a-5p in peripheral blood
samples of women at 16-19 weeks of pregnancy, whereas GDM was diagnosed viaa 50 g
glucose challenge test at 24-28 weeks of pregnancy. Cao et al. [52] observed upregulation
of miR-20a-5p in plasma samples derived from patients at the time of diagnosis of GDM
determined at 24-28 gestational weeks via performance of 50 g glucose challenge test and
75 g OGTT test.

Nevertheless, our data are inconsistent with the results of other researchers concern-
ing miR-16-5p and miR-17-5p [51,52,228,231]. While in our study, first-trimester whole
peripheral blood levels did not differ between pregnancies destinated to develop GDM and
control groups, the expression levels of miR-16-5p and miR-17-5p have been reported to be
significantly increased in patients with a diagnosis of GDM confirmed at 24-28 gestational
weeks [52]. Similarly, Zhu et al. [51], Sorensen et al. [231], and Juchnicka et al. [228] pre-
sented similar findings to Cao et al. [52]. Zhu et al. [5] was able to observe upregulation of
miR-16-5p and miR-17-5p in peripheral blood samples of women with subsequent onset
of GDM at 16-19 weeks of pregnancy. Similarly, Sorensen et al. [231] observed elevated
serum levels of miR-16-5p even in the earlier stages of gestation (mean 15th gestational
week) in women destinated to develop GDM. Juchnicka et al. [228] showed upregulation
of miR-16-5p in first-trimester serum samples of normoglycemic women that developed
GDM within the 24-26 gestational weeks.

In addition, Zhao et al. [232] and Sorensen et al. [231] identified miR-29a and miR-29a-
3p as other potentially predictive circulating GDM biomarkers. Unfortunately, they did not
show any dysregulation when first-trimester expression levels were compared between
pregnancies destinated to develop GDM and the control group in our study.

Parallelly, our data concerning miR-155-5p are inconsistent with the study of
Wander et al. [112], who observed a positive association between early-mid-pregnancy
plasma miR-155-5p levels and occurrence of GDM.

With regard to miR-1-3p, our study produced supportive findings to the study of
Kennedy et al. [233], in which they reported increased levels of miR-1-3p in serum extracellu-
lar vesicles in patients with confirmed GDM diagnoses within 26-28 gestational weeks that
subsequently delivered large-for-gestational-age new-borns (LGA) when compared with
appropriately grown-for-gestational-age new-borns (AGA). Nevertheless, our data concern-
ing miR-133a-3p and miR-145-5p are inconsistent with the study of Kennedy et al. [233].
While they observed reduced levels of miR-145-5p and increased levels of miR-133a-3p
in GDM pregnancies delivering LGA new-borns, we did not detect any changes in the
gene expression of miR-133a-3p and miR-145-5p during the early stages of gestation in
pregnancies destinated to develop GDM.

Similarly, our data concerning miR-143-3p and miR-221-3p did not confirm the data
of Legare et al. [227], that implemented these first-trimester dysregulated plasmatic mi-
croRNAs into the Lasso regression model for prediction of insulin sensitivity estimated
by the Matsuda index at the end of the second trimester of pregnancy. However, our data
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concerning miR-100-5p concurred with Legare et al. [227], who also observed increased
levels of miR-100-5p in plasma samples in the early stages of gestation in pregnancies that
subsequently developed GDM.

In addition, other studies have introduced a whole range of other circulating microR-
NAs which were not subject of interest in our study as biomarkers with predictive or
diagnostic potential for GDM. These are the following: let-7b-3p [227], miR-10b-5p [227],
miR-16-1-3p [227] miR-19a and miR-19b [234], miR-21-3p [53,112], miR-33a-5p [235],
miR-130a-3p [227], miR-132 [232], miR-134-5p [231], miR-141-3p [227], miR-142-3p [228],
miR-144 [229], miR-144-3p [228], miR-200a-3p [227], miR-205-5p [227], miR-215-5p [227],
miR-218-5p [227], miR-222 [232], miR-330-3p [236], miR-338-3p [227], miR-340 [237], miR-
375 [227], miR-429 [227], miR-483-5p [227], miR-499a-3p [233], miR-503 [238], miR-512-
3p [227], miR-515-5p [227], miR-516a-5p [227], miR-516b-5p [227], miR-517a-3p [227],
miR-517b-3p [227], miR-518e-3p [227], miR-518e-5p [227], miR-519a-5p [227], miR-519b-
5p [227], miR-519¢-5p [227], miR-519d-5p [227], miR-520a-3p [227], miR-520d-3p [227],
miR-522-5p [227], miR-523-5p [227], miR-524-3p [227], miR-582-5p [227], miR-873-5p [227],
miR-877-5p [227], miR-1283 [227], miR-1323 [239], miR-2116-3p [227], miR-3183 [227], and
miR-4772-5p [227].

The current study revealed that aberrant gene expression of miR-1-3p, miR-20a-5p,
miR-20b-5p, miR-23a-3p, miR-100-5p, miR-125b-5p, miR-126-3p, miR-181a-5p, miR-195-5p,
miR-499a-5p, and miR-574-3p expression is present during the early stages of gestation in
pregnancies destinated to develop GDM.

During the first trimester of gestation, we have also recently observed an aberrant
expression profile of these cardiovascular disease-associated microRNAs in pregnancies
with chronic hypertension (miR-1-3p, miR-20a-5p, and miR-126-3p) and in normotensive
pregnancies with subsequent onset of PE (miR-20a-5p, miR-126-3p, miR-181a-5p, and
miR-574-3p), FGR (miR-20a-5p, miR-100-5p, miR-181a-5p, miR-195-5p, and miR-574-3p),
SGA (miR-1-3p, miR-20a-5p, miR-20b-5p, miR-126-3p, miR-181a-5p, and miR-499a-5p),
and/or preterm delivery (miR-20b-5p) [240-242].

Parallelly, not long ago we observed the upregulation of 11 microRNAs (miR-1-3p,
miR-20a-5p, miR-20b-5p, miR-23a-3p, miR-100-5p, miR-125b-5p, miR-126-3p, miR-181a-
5p, miR-195-5p, miR-499a-5p, and miR-574-3p) in the whole peripheral blood samples
of mothers with a history of GDM [243]. At the same time, the upregulation of multiple
other cardiovascular disease-associated microRNAs (miR-16-5p, miR-17-5p, miR-21-5p,
miR-24-3p, miR-26a-5p, miR-29a-3p, miR-103a-3p, miR-130b-3p, miR-133a-3p, miR-143-
3p, miR-145-5p, miR-146a-5p, miR-199a-5p, miR-221-3p, and miR-342-3p) was identified
postpartum in mothers with a history of GDM [243], which had not yet been present in the
early stages of gestation, and probably appeared later with the onset of GDM.

Existing data suggest that dysregulated microRNAs in early pregnancies destinated to
develop GDM play a role, not only in the pathogenesis of cardiovascular and cerebrovascu-
lar diseases, but also in the pathogenesis of cancer. Since women with a history of GDM
were reported to have a higher risk of developing both cardiovascular diseases [244—248]
and cancer [249-256], cardiovascular risk assessment [243] together with cancer screen-
ing [249] should be implemented into the routine preventive programmes of women with
a previous occurrence of GDM.

4. Materials and Methods
4.1. Patients Cohort

Within the framework of the retrospective case-control study held at the Institute for
the Care of Mother and Child, Prague, Czech Republic, within the period 11,/2012-5/2018,
the whole peripheral venous blood samples were collected at 10-13 gestational weeks
from a total of 4187 singleton pregnancies of Caucasian descent. Finally, 3028 out of 4187
pregnancies had complete medical records from the first trimester of gestation until the
time of delivery. Out of these 3028 pregnancies, 121 women were consecutively confirmed
to only have GDM, where 101 GDM pregnancies were managed by diet only and 20 GDM
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pregnancies were managed by the combination of diet and therapy (15 patients required
insulin administration and metformin was prescribed for 5 patients). GDM was rarely
diagnosed during the first trimester of gestation—only in four patients. Otherwise, the onset
of GDM was confirmed in majority of patients (n = 117) within 24-28 gestational weeks.

Gestational diabetes mellitus was defined as any degree of glucose intolerance with
the first onset during gestation [2,3,257]. The International Association of Diabetes and
Pregnancy Study Groups’ (IADPSG) recommendations on the diagnosis and classification
of hyperglycaemia in pregnancy were followed, and universal early testing was performed
in all pregnancies [2]. The first screening phase, during the first trimester of gestation,
detected patients with overt diabetes (fasting plasma glucose level > 7.0 mmol/L) and
patients with GDM (fasting plasma glucose level > 5.1 mmol/L-<7.0 mmol/L). The second
screening phase, 2 h 75 g OGTT at 24-28 weeks of gestation, was performed for all patients
not previously found to have overt diabetes or GDM and identified GDM if fasting plasma
glucose level was >5.1 mmol/L, 1 h plasma glucose was >10.0 mmol/L, or 2 h plasma
glucose was >8.5 mmol/L [2].

Patients newly diagnosed with diabetes mellitus, patients with the occurrence of
chronic hypertension, and those carrying growth-restricted or small-for-gestational-age fe-
tuses, or fetuses with anomalies or chromosomal abnormalities were intentionally excluded
from the study. Likewise, patients concurrently demonstrating other pregnancy-related
complications such as gestational hypertension, preeclampsia, HELLP syndrome, in utero
infections, spontaneous preterm birth, preterm prelabour rupture of membranes, fetal
demise in utero, or stillbirth were also excluded from the study.

The control group was selected with regard to the uniformity of gestational age at
sampling and storage times of biological samples, and included 80 women with normal
courses of gestation that delivered healthy infants after the completion of 37 weeks of
gestation with a weight above 2500 g.

No woman had a history of any cardiovascular disease (a positive anamnesis of
cardiac remodelling, cardiac hypertrophy, heart failure, or acute myocardial infarction). All
pregnant women had normal clinical findings (electrocardiography and echocardiography).

4.2. Processing of Samples

Homogenized leukocyte lysates were prepared from 200 uL maternal whole peripheral
venous blood samples immediately after collection using a QlAamp RNA Blood Mini Kit
(Qiagen, Hilden, Germany), according to the manufacturer’s instructions. Firstly, lysis of
erythrocytes was performed using EL buffer. Then, the pelleted leukocytes were stored in a
mixture of RLT buffer and 3-mercaptoethanol (3-ME) at —80 °C for several months until
further processing.

Subsequently, a mirVana microRNA Isolation kit (Ambion, Austin, TX, USA) was used
to isolate the RNA fraction highly enriched for small RNAs from whole peripheral blood
leukocyte lysates.

Concentration and quality of RNA was assessed using a NanoDrop ND-1000 spec-
trophotometer (NanoDrop Technologies, Wilmington, DE, USA). The A(260/280) ab-
sorbance ratio of isolated RNA samples was 1.8-2.1, demonstrating that the RNA samples
were pure and could be used for further analysis. The concentration of the isolated RNA
ranged within 2.0-10.0 ng/pL.

Real-time RT-PCR analyses were performed regularly every six months to process the
collection of frozen samples derived from GDM and normal term pregnancies. The gene
expression levels of 29 cardiovascular disease-associated microRNAs (miR-1-3p, miR-16-5p,
miR-17-5p, miR-20a-5p, miR-20b-5p, miR-21-5p, miR-23a-3p, miR-24-3p, miR-26a-5p, miR-
29a-3p, miR-92a-3p, miR-100-5p, miR-103a-3p, miR-125b-5p, miR-126-3p, miR-130b-3p,
miR-133a-3p, miR-143-3p, miR-145-5p, miR-146-5p, miR-155-5p, miR-181a-5p, miR-195-5p,
miR-199a-5p, miR-210-3p, miR-221-3p, miR-342-3p, miR-499a-5p, and miR-574-3p) (Table 5)
was determined.
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Table 5. Characteristics of microRNAs involved in the study.

Assay Name ID NCBI Location Chromosome Sequence

hsa-miR-1 hsa-miR-1-3p Chr.20: 62554306-62554376 [+] 5-UGGAAUGUAAAGAAGUAUGUAU-3/
hsa-miR-16 hsa-miR-16-5p Chr.13: 50048973-50049061 [—] 5'-UAGCAGCACGUAAAUAUUGGCG- 3
hsa-miR-17 hsa-miR-17-5p Chr.13: 91350605-91350688 [+] 5'-CAAAGUGCUUACAGUGCAGGUAG-3
hsa-miR-20a hsa-miR-20a-5p Chr.13: 91351065-91351135 [+] 5-UAAAGUGCUUAUAGUGCAGGUAG-3
hsa-miR-20b hsa-miR-20b-5p Chr.X: 134169809-134169877 [—] 5'-CAAAGUGCUCAUAGUGCAGGUAG-3'
hsa-miR-21 hsa-miR-21-5p Chr.17: 59841266-59841337 [+] 5-UAGCUUAUCAGACUGAUGUUGA-3'
hsa-miR-23a hsa-miR-23a-3p Chr.19: 13836587-13836659 [—] 5'-AUCACAUUGCCAGGGAUUUCC-3
hsa-miR-24 hsa-miR-24-3p Chr.9: 95086021-95086088 [+] 5'-UGGCUCAGUUCAGCAGGAACAG-3/
hsa-miR-26a hsa-miR-26a-5p Chr.3: 37969404-37969480 [+] 5'-UUCAAGUAAUCCAGGAUAGGCU-3
hsa-miR-29a hsa-miR-29a-3p Chr.7: 130876747-130876810 [—] 5-UAGCACCAUCUGAAAUCGGUUA-3
hsa-miR-92a hsa-miR-92a-3p Chr.13: 91351314-91351391 [+] 5'-UAUUGCACUUGUCCCGGCCUGU-3’
hsa-miR-100 hsa-miR-100-5p Chr.11: 122152229-122152308 [-]  5-AACCCGUAGAUCCGAACUUGUG-3’
hsa-miR-103 hsa-miR-103a-3p  Chr.5: 168560896-168560973 [—] 5'-AGCAGCAUUGUACAGGGCUAUGA-3’
hsa-miR-125b hsa-miR-125b-5p  Chr.11: 122099757-122099844 [-]  5-UCCCUGAGACCCUAACUUGUGA-3’
hsa-miR-126 hsa-miR-126-3p Chr.9: 136670602-136670686 [+] 5'-UCGUACCGUGAGUAAUAAUGCG-3

5-CAGUGCAAUGAUGAAAGGGCAU-3
5'-UUUGGUCCCCUUCAACCAGCUG-3

hsa-miR-130b
hsa-miR-133a

hsa-miR-130b-3p
hsa-miR-133a-3p

Chr.22: 21653304-21653385 [+]
Chr.18: 21825698-21825785 [—]

hsa-miR-143 hsa-miR-143-3p Chr.5: 149428918-149429023 [+] 5-UGAGAUGAAGCACUGUAGCUC-3
hsa-miR-145 hsa-miR-145-5p Chr.5: 149430646-149430733 [+] 5'-GUCCAGUUUUCCCAGGAAUCCCU-3
hsa-miR-146a hsa-miR-146a-5p  Chr.5: 160485352-160485450 [+] 5-UGAGAACUGAAUUCCAUGGGUU-3
hsa-miR-155 hsa-miR-155-5p Chr.21: 25573980-25574044 [+] 5-UUAAUGCUAAUCGUGAUAGGGGU-3'
hsa-miR-181a hsa-miR-181a-5p  Chr.1: 198859044-198859153 [—] 5-AACAUUCAACGCUGUCGGUGAGU-3’
hsa-miR-195 hsa-miR-195-5p Chr.17: 7017615-7017701 [—] 5-UAGCAGCACAGAAAUAUUGGC-3'
hsa-miR-199a hsa-miR-199a-5p  Chr.19: 10817426-10817496 [—] 5'-CCCAGUGUUCAGACUACCUGUUC-3
hsa-miR-210 hsa-miR-210-3p Chr.11: 568089-568198 [—] 5'-CUGUGCGUGUGACAGCGGCUGA-3'
hsa-miR-221 hsa-miR-221-3p Chr.X: 45746157-45746266 [—] 5'-AGCUACAUUGUCUGCUGGGUUUC-3’

hsa-miR-342-3p

hsa-miR-342-3p

Chr.14: 100109655-100109753 [+]

5'-UCUCACACAGAAAUCGCACCCGU-3

mmu-miR-499

hsa-miR-499a-5p

Chr.20: 34990376-34990497 [+]

5-UUAAGACUUGCAGUGAUGUUU-3

hsa-miR-574-3p

hsa-miR-574-3p

Chr.4: 38868032-38868127 [+]

5'-CACGCUCAUGCACACACCCACA-3

RNU58A

664243

Chr.18: 49491283-49491347 [—]

5 -CTGCAGTGATGACTTTCTTGGGACACCTTTGGA

TTTACCGTGAAAATTAATAAATTCTGAGCAGC-3/

5-CCAGTTCTGCTACTGACAGTAAGTGAAGATAA
AGTGTGTCTGAGGAGA-3'

RNU38B 568914 Chr.1: 44778390-44778458 [+]

mRNAs of the appropriate microRNAs were reverse transcribed into cDNA using a
TagMan MicroRNA assays containing miRNA-specific stem loop primers and a TagMan
MicroRNA Reverse Transcription Kit (Applied Biosystems, Branchburg, NJ, USA). The total
reaction volumes were 10 uL. Furthermore, 3 uL of cDNA was mixed with the components
of TagMan MicroRNA assays (specific primers and the TagMan MGB probes) and the
components of the TagMan Universal PCR Master Mix (Applied Biosystems, Branchburg,
NJ, USA). The total reaction volumes were 15 pL. Reverse transcription and real-time
qPCR were performed on a 7500 Real-Time PCR System using the TagMan PCR conditions
described in the TagMan guidelines. The reverse transcription thermal cycling parameters
were the following: 30 min at 16 °C, 30 min at 42 °C, 5 min at 85 °C, and then held at 4 °C.
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The real-time qPCR thermal cycling parameters were the following: 2 min at 50 °C, 10 min
at 95 °C, then 50 cycles at 95 °C for 15 s, and 60 °C for 1 min.

Assessment of microRNA gene expression was performed using the comparative
Ct method [258]. The geometric mean of the Ct values of selected endogenous controls
(RNUS58A and RNU38B) was used as a normalization factor [259] to normalize microRNA
gene expression. Selection and validation of endogenous controls for microRNA expression
studies in whole peripheral blood samples affected by pregnancy-related complications
has already been described in one of our previous studies [260]. In brief, the expression
of 20 candidate endogenous controls (HY3, RNU6B, RNU19, RNU24, RNU38B, RNU43,
RNU44, RNU48, RNU49, RNU58A, RNU58B, RNU66, RPL21, U6 snRNA, U18, U47, U54,
U75, 7230, and cel-miR-39) was investigated using NormFinder (NormFinder v.5, Aarhus
University Hospital, Aarhus, Denmark) [261]. RNU58A and RNU38B were identified as the
most stable small nucleolar RNAs (ncRNA) and equally expressed in patients with normal
and abnormal courses of gestation. Therefore, these ncRNA were selected as the most
suitable endogenous controls for the normalization of microRNA qPCR expression studies
performed on whole peripheral blood samples affected by pregnancy-related complications.

4.3. Statistical Analysis

Initially, power analysis was used to determine the sample size required to detect an
effect of a given size with a given degree of confidence (G * Power Version 3.1.9.6, Franz
Faul, University of Kiel, Kiel, Germany). A total of 51 cases and 51 controls were required
to achieve a power of 0.805 and a total of 70 cases and 70 controls were required to achieve
a power of 0.902.

With respect to non-normal data distribution, unpaired nonparametric tests were used
for subsequent statistical analyses. Initially, microRNA gene expression was compared
between GDM and normal term pregnancies using the Mann-Whitney test. Subsequently,
microRNA gene expression was compared between particular groups with respect to the
treatment strategies using the Kruskal-Wallis one-way analysis of variance. Afterwards, a
post-hoc test for comparison between groups and the Benjamini-Hochberg correction were
applied [262] (Tables 6 and 7).

Table 6. Benjamini—-Hochberg correction: comparison of microRNA gene expression between GDM
and normal term pregnancies.

K i Alpha = 0.05 Alpha =0.01 Alpha =0.001
2 0.05 0.01 0.001
1 0.025 0.005 0.001

Table 7. Benjamini-Hochberg correction for multiple comparisons: comparison of microRNA gene
expression between GDM and normal term pregnancies with respect to the treatment strategies
(GDM pregnancies managed by diet only vs. GDM pregnancies managed by diet and therapy vs.
normal term pregnancies).

K i Alpha = 0.05 Alpha =0.01 Alpha =0.001
3 0.05 0.01 0.001

1 0.017 0.003 0.000

2 0.033 0.007 0.001

3 0.050 0.010 0.001

Boxplots display the median, the 75th and 25th percentiles (the upper and lower limits
of the boxes), the maximum and minimum values that are no more than 1.5 times the span
of the interquartile range (the upper and lower whiskers), outliers (circles), and extremes
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(asterisks). Statistica software (version 9.0; StatSoft, Inc., Tulsa, OK, USA) was used to
produce the boxplots.

Receivers operating characteristic (ROC) curve analyses state the areas under the
curves (AUC), p-values, the best cutoff point-related sensitivities, specificities, positive
and negative likelihood ratios (LR+, LR—) together with the 95% CI (confidence interval).
Furthermore, estimated specificities at fixed sensitivities and estimated sensitivities at
fixed specificities are stated (MedCalc Software bvba, Ostend, Belgium). Sensitivities at
a 90.0% specificity corresponding to a 10.0% false positive rate (FPR) were selected for
data presentation. To select the optimal microRNA combinations, logistic regression with
subsequent ROC curve analyses were applied (MedCalc Software bvba, Ostend, Belgium).

4.4. Information on MicroRNA-Gene-Biological Pathways Interactions

The DIANA miRPath v.3 database (DIANA TOOLS-mirPath v.3 (uth.gr)) and genes
union mode were used as an a priori analysis method to perform KEGG pathway enrich-
ment analysis to investigate the regulatory mechanisms of the microRNAs dysregulated
in the early stages of gestation in the whole peripheral blood of mothers destinated to
develop GDM. The results of this enrichment analysis were expressed as —In of the p-value
(—In(p-value)). Preferentially, the database of experimentally verified microRNA targets
(Tarbase v7.0) was used. In case that Tarbase v7.0 database did not provide a sufficient list
of experimentally verified microRNA targets, the target prediction algorithm (microT-CDS
v5.0) was used as an alternative.

In addition, the pathways/categories union mode, an a posteriori analysis method,
was applied with the aim to identify merged p-values for each pathway significantly
enriched with the gene targets of microRNAs dysregulated in early pregnancies destinated
to develop GDM. Furthermore, the targeted pathway clusters/heatmap mode was applied
to obtain the microRNA /KEGG pathway heatmap with hierarchical clustering.

5. Conclusions

Overall, we observed aberrant expression profiles of 11 microRNAs in the whole
peripheral venous blood during the first trimester of gestation in pregnancies destinated
to develop GDM. We confirmed the observations of other researchers that miR-23a-3p,
miR-100-5p, and miR-125b-5p may serve as microRNA biomarkers with early predictive
potential for GDM. In addition, novel microRNA biomarkers (miR-1-3p, miR-20a-5p,
miR-20b-5p, miR-126-3p, miR-181a-5p, miR-195-5p, miR-499a-5p, and miR-574-3p) were
identified, with the potential to predict GDM during the early stages of gestation.

Combined screening of all 11 dysregulated microRNA biomarkers (miR-1-3p, miR-
20a-5p, miR-20b-5p, miR-23a-3p, miR-100-5p, miR-125b-5p, miR-126-3p, miR-181a-5p,
miR-195-5p, miR-499a-5p, and miR-574-3p) showed the highest accuracy for the early
identification of pregnancies destinated to develop GDM irrespective of the severity of the
disease. This screening identified, in the early stages of gestation, 47.93% of pregnancies
destinated to develop GDM at a 10.0% FPR.

The predictive model for GDM based on microRNA aberrant expression profile was
further improved via the implementation of a minimal number of basic clinical character-
istics (maternal age and BMI at early stages of gestation and an infertility treatment by
assisted reproductive technology). Following this, 69.17% of pregnancies destinated to
develop GDM were identified during the early stages of gestation at a 10.0% FPR.

The simplified prediction model for severe GDM (requiring management of diet
and administration of appropriate therapy) using the combination of three basic clinical
characteristics and three dysregulated microRNA biomarkers (miR-20a-5p, miR-20b-5p,
and miR-195-5p) was able to identify 78.95% of cases at a 10.0% FPR during the early stages
of gestation.

Parallelly, the simplified prediction model for GDM with a milder course (managed
well by diet only) was more complex and required the involvement of three basic clinical
characteristics and eight dysregulated microRNA biomarkers (miR-1-3p, miR-20a-5p, miR-
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20b-5p, miR-100-5p, miR-125b-5p, miR-195-5p, miR-499a-5p, and miR-574-3p). Following
this, the model was able to identify 50.50% of cases at a 10.0% FPR during the early stages
of gestation.

The implementation of additional clinical variables into the final GDM predictive
model is feasible; however, it depends on the availability of the clinical data, which differs
between various health care providers.

The screening based on the combination of seven clinical characteristics (maternal
age and BMI at early stages of gestation, an infertility treatment by assisted reproductive
technology, history of miscarriage, the presence of trombophilic gene mutations, positive
first-trimester screening for preeclampsia and/or FGR by FMF algorithm, and family
history of diabetes mellitus in first-degree relatives) and microRNA biomarkers showed the
highest possible accuracy for the early identification of pregnancies destinated to develop
GDM either regardless or with regard to the severity of the disease. The screening was able
to identify, in the early stages of gestation, 72.50% of GDM cases in total—89.47% of GDM
cases requiring management by diet and administration of appropriate therapy and 56.44%
GDM cases managed well by diet only—at a 10.0% FPR. Nevertheless, we prefer to leave
the first-trimester GDM screening simplified as much as possible.

The implementation of a novel first-trimester GDM predictive model based on the
combination of basic maternal clinical characteristics and aberrant microRNA expression
profile into routine screening programmes may significantly improve the care of preg-
nancies at risk of the development of GDM. In pregnancies identified to be destinated to
develop GDM, effective dietary counselling may be already provided during the early
stages of gestation, and a healthy-eating plan naturally rich in nutrients and low in fat and
calories may be developed to control blood glucose, manage weight, and control heart
disease risk factors, such as a high blood pressure and high blood fats. This preventive
measure may contribute to lowering the incidence of GDM overall and may also contribute
to a reduction in the number of severe GDM cases that require the administration of an
appropriate therapy. This may also contribute to a decrease in the occurrence of other
pregnancy-related complications such as gestational hypertension, preeclampsia, and fetal
growth restriction.

Since women with a history of GDM have an increased risk of developing diabetes
(predominantly type 2 diabetes) and cardiovascular diseases later in life, the implemen-
tation of effective early screening programme for GDM alongside subsequent preventive
measures into early prenatal care may contribute to a subsequent decrease in the occurrence
of diabetes and cardiovascular diseases in young and middle-aged mothers. This would
also have a large impact on the offspring descending from GDM-affected pregnancies. Ac-
cumulating data suggest that exposure to hyperglycemia in utero, as occurs in gestational
diabetes mellitus, may expose the offspring to short-term and long-term adverse effects.

The cost of the implementation of the novel first-trimester GDM predictive model
based on the combination of basic maternal clinical characteristics and aberrant microRNA
expression profile into routine screening programmes is minimal when compared to the
costs related to prenatal, peripartal, postpartal, neonatal, postnatal, and lifelong healthcare.
In this manner, a significant reduction in healthcare cost can be achieved.

Large-scale follow-up studies need to be performed to verify diagnostic potential
of cardiovascular disease-associated microRNA biomarkers to predict the subsequent
occurrence of GDM.

Any changes to the epigenome, including the dysregulation of cardiovascular mi-
croRNAs induced during the early stages of gestation in pregnancies complicated by
GDM, may predispose mothers to later development of diabetes mellitus and cardiovas-
cular/cerebrovascular diseases. This hypothesis may also be supported by our previous
finding that epigenetic changes (upregulation of serious cardiovascular microRNAs) ap-
peared in a proportion of women with a history of GDM throughout postpartal life [243].
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6. Patents
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Abstract: Several studies have shown that children from pregnancies with estimated first-trimester
risk based on fetal nuchal translucency thickness and abnormal maternal serum pregnancy protein
and hormone levels maintain a higher likelihood of adverse outcomes, even if initial testing for
known genetic conditions is negative. We used the Finnish InTraUterine cohort (ITU), which is a
comprehensively characterized perinatal cohort consisting of 943 mothers and their babies followed
throughout pregnancy and 18 months postnatally, including mothers shortlisted for prenatal genetic
testing but cleared for major aneuploidies (cases: n = 544, 57.7%) and control pregnancies (n = 399,
42.3%). Using genome-wide genotyping and RNA sequencing of first-trimester and term placental
tissue, combined with medical information from registry data and maternal self-report data, we
investigated potential negative medical outcomes and genetic susceptibility to disease and their
correlates in placenta gene expression. Case mothers did not present with higher levels of depression,
perceived stress, or anxiety during pregnancy. Case children were significantly diagnosed more
often with congenital malformations of the circulatory system (4.12 (95% CI [1.22-13.93]) higher
hazard) and presented with significantly more copy number duplications as compared to controls
(burden analysis, based on all copy number variants (CNVs) with at most 10% frequency, 823 called
duplications in 297 cases versus 626 called duplications in 277 controls, p = 0.01). Fifteen genes
showed differential gene expression (FDR < 0.1) in association with congenital malformations in
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first-trimester but not term placenta. These were significantly enriched for genes associated with
placental dysfunction. In spite of normal routine follow-up prenatal testing results in early pregnancy,
case children presented with an increased likelihood of negative outcomes, which should prompt
vigilance in follow-up during pregnancy and after birth.

Keywords: chorionic villus sampling; congenital malformations; placenta; prenatal testing transcriptome
sequencing

1. Introduction

Prenatal screening in early pregnancy is instrumental in monitoring maternal health
and proper child development. Usually, women at risk for carrying babies with major
aneuploidies are identified using an assessment of risk by a combined first-trimester
screening battery that includes: fetal nuchal translucency (NT) thickness, maternal levels
of serum pregnancy-associated plasma protein A (PAPP-A) and free 3-human chorionic
gonadotropin (3-hCG) [1] in addition to maternal age, maternal weight and gestational
week. Although this screening test has proven to successfully identify risk for the major
chromosomal aneuploidies, several studies have shown that fetuses with elevated risk
at screening but cleared for the major aneuploidies in prenatal genetic testing remain
at higher risk for negative outcomes diagnosed before or after birth [2—4]. Bardi et al.
reported that 34% of congenital malformation cases would be missed if prenatal testing
only relied on the standard screening for major aneuploidies [2]. Zhang et al. [4] showed
that significantly more clinically relevant pathogenic copy number variants (CNVs) are
present in fetuses with NT between 2.5 mm and 3.5 mm, which is below the commonly
used threshold of 3.55 mm. Furthermore, low PAPP-A serum levels in the first trimester of
pregnancy have been associated with short stature in offspring and de-novo development
of maternal diabetes mellitus later in life [3]. This suggests that using these values on a
continuum rather than as a threshold in the context of other indicators of risk might provide
added value to the current clinical practices and detect individuals with underlying disease
susceptibility otherwise not identified in the prenatal period.

Chorionic villus sampling (CVS), amniocentesis, or noninvasive prenatal testing (NIPT)
of fetal DNA in combination with 11-to-13-week ultrasound examination, can detect major
negative developmental outcomes with 70-100% detection accuracy [5,6]. Invasive ap-
proaches have been available since the 1970s [7], while noninvasive approaches have only
become routine practice in developed countries in the last 10 years [6]. The latter have
rapidly developed into the method of choice, given the much lower risk for mother and fetus
compared to invasive techniques, and are being administered in more than half of pregnan-
cies in developed countries [5]. However, NIPT is a screening test, and invasive techniques
are still considered state-of-the-art in validating suspicious noninvasive results [6].

We set out to understand if children from pregnancies flagged for potential chromo-
somal aberrations but ultimately cleared for the major aneuploidies following CVS or
amniocentesis differed from children of inconspicuous pregnancies and how detection
of prevailing pathologies could be improved. To explore this question, we used a thor-
oughly characterized perinatal cohort, the Finnish InTraUterine cohort (ITU), consisting of
943 mothers and babies followed throughout pregnancy and postnatally until 18 months.
We used genome-wide high-throughput analyses at the level of RNA and DNA methylation
in cord blood, term placentas, and, to the best of our knowledge, in the largest sample
to date of CVS biopsies in the subset of pregnancies in which chromosomal testing was
performed. Our findings point to an enduring potential for concern for case children, with
increased risk for congenital malformations.

178



Int. J. Mol. Sci. 2022, 23, 11448

2. Results
2.1. Case Mothers Do Not Differ from Controls in Psychological State across Pregnancy following
Trisomy Screening Clearance

As shown by Kvist et al. [8], mothers shortlisted for prenatal screening (cases, n = 544)
significantly differed from control mothers (n = 399): they were older, presented with higher
body mass index (BMI), had had more pregnancies and smoked more often. By design,
cases also significantly differed from controls with regards to NT, PAPP-A, and -hCG
levels as well as risk for Down syndrome or trisomy 18. The main characteristics of the
cohort and of the screening variables are presented in Table 1.

Table 1. Demographic information of the ITU cohort.

Maternal Characteristics Cases (n = 544) Controls (n = 399) p-Value 5

Age at delivery, years, mean (SD), CI 35.54 (5.5) [35.52-35.56] 33.71 (4.2) [33.69-33.73] 7.16 x 10~°
Antenatal corticosteroid treatment, n (%) 23 (4.2%) 9 (2.3%) 1.41 x 1071
Cesarean section, n (%) 120 (22.1%) 79 (19.8%) 448 x 1071

Diabetes Disorders in pregnancy, n (%) 120 (22.06%) 77 (19.3%) 3.43 x 107!
Early pregnancy BMI, median (IQR), CI 23.43 (5.23) [23.05-23.74] 22.65 (4.24) [22.27-23.03] 1.42 x 1073
Hypertensive Disorders in pregnancy, n (%) 46 (8.5%) 20 (5.0%) 5.50 x 1072
Primiparous, n (%) 221 (40.6%) 243 (60.9%) 1.15 x 10~°

Smoking during pregnancy 1 n (%) 36 (6.6%) 4 (1.0%) 1.83 X 1075
Thyroid disorders 2, n (%) 9 (1.7%) 8 (2.0%) 8.79 x 1071

Child characteristics

Birth weight, g, median (IQR), CI 3533 (675) [3470-3585] 3562 (610) [3508-3620] 3.83 x 107!
Gestational age at birth, weeks, median (IQR), CI 40.00 (2.0) [40.00—40.14] 40.14 (1.7) [40.00-40.29] 5.17 x 1071
Preterm birth 3 (<37 weeks), n (%) 33 (6.1%) 13 (3.3%) 6.80 x 1072

Sex, girl, (%) 256 (47.1%) 204 (51.1%) 242 x 107!

Screening variables

B-hCG level (MoM, ug/L), median (IQR), CI 1.31 (1.17) [1.30-1.73] 0.98 (0.74) [0.93-1.08] 1.20 x 10~ 11
NT, MoM mm, median (IQR), CI 1.80 (1.15) [1.58-1.88] 0.84 (0.32) [0.83-0.88] 1.58 x 10736
PAPP-A level, MoM, mU/L, median (IQR), CI 0.75 (0.80) [0.75-1.08] 1.12 (0.73) [1.09-1.20] 3.45 x 10718
Risk for Down syndrome 4 median (IQR), CI 0.65 (1.01) [0.63-0.89] 0.01 (0.2) [0.008-0.11] 3.06 x 10101
Risk for trisomy 18 4, median (IQR), CI 0.003 (0.01) [0.003-0.014] 0.001 (0.00) [0.001-0.001] 1.15 x 10~ %

BMI: body mass index, calculated as weight in kg divided by height in meters squared. CI: confidence interval,
CI for median was calculated as suggested in [9]. IQR: interquartile range. MoM: multiple of median. NT:
nuchal translucency. SD: standard deviation. ! Women who quit smoking in the first trimester were counted
as non-smokers. 2 Thyroid disorders are based on ICD-10 codes E00-E07. ° Preterm birth was defined as birth
at gestational weeks < 37. 4 Risk for Down syndrome and for trisomy 18 were calculated as risk ratios based
on PAPP-A and (3-hCG levels, NT as well as maternal age, BMI and gestational weeks (see also Kvist et al. [8]).
5 Nominal p-value of testing phenotype in cases versus phenotype in controls, based on t-tests/Wilcoxon- tests
for quantitative traits and on chi-square tests for categorical traits, nominally significant p-values < 0.05 are
depicted in bold. Quantitative variables were checked for normality. If the Kolmogorov-Smirnow-test provided
no indication for deviation from normality, mean and SD are reported and p-values are based on t-tests. If the
variable was not normally distributed, median and IQR are reported and p-values are based on Wilcoxon tests.

Furthermore, we assessed whether maternal psychological state differed in relation
to case status, i.e., if mothers who had undergone prenatal testing possibly presented
with higher levels of depression, anxiety or perceived stress due to the testing or its
possible implications for the health of their child. Questionnaires on well-being throughout
pregnancy were completed by 613 women, at three time points roughly representative of
the three trimesters. We found no significant differences between cases and controls in any
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of the assessments during pregnancy (see Table 2) indicating that mothers did not differ in
their psychological state across pregnancy.

Table 2. Self-reported maternal psychological health in cases and controls.

Phenotype Cases (n = 260) Controls (n = 353) p-Value !

CESD 19 gestational weeks, median (IQR), CI 9 (9) [9-14] 9 (8) [9-11] 0.32
CESD 26 gestational weeks, median (IQR), CI 8 (10) [9-12] 9 (8) [9-11] 0.35
CESD 38 gestational weeks, median (IQR), CI 8 (9) [8-11] 9 (9) [9-10] 0.43
Cohen’s percelvernil1 :’;rizs; (slc(;g)/lg igestatlonal weeks, 5 (4.06) [6-8] 6 (4) [6-7] 0.48
Cohen’s 26 gestational weeks, median (IQR), CI 5(5) [5-7] 5.5 (3) [6-6] 0.30
Cohen’s percelve;dn Z‘g;e;rsl ?Iccagll%i’)éé %estatlonal weeks, 5 (4) [5-6] 5 (4) [4.5-6] 0.87
STAI 19 gestational weeks, median (IQR). CI 37 (11) [39-42] 38 (9) [38.95-41] 0.74
STAI 26 gestational weeks, median (IQR), CI 36 (9) [37-40] 37 (10) [37-39] 0.38
STAI 38 gestational weeks, median (IQR), CI 36 (10.42) [36-39] 37 (10) [36-38] 0.70

CESD: Center for Epidemiological Studies Depression. CI: confidence interval, CI for median were calculated
as suggested in [9]. IQR: interquartile range. STAI: The State-Trait Anxiety Inventory. ! p-value: Due to the
non-normal distribution of the questionnaires, median and interquartile range (IQR) are presented, p-values are
based on Wilcoxon tests.

2.2. Children from Pregnancies Recommended for Follow-Up Prenatal Genetic Testing Carry
Higher Likelihood of Negative Developmental and Disease-Related Outcomes

2.2.1. Congenital Malformations

We examined whether cases and controls differed with regards to negative medical
outcomes and genetic susceptibility, starting with congenital malformations, as the first
indication of underlying disease risk. Of 943 children, 98 (68 cases, 12.5% and 30 controls,
7.5%) presented with any congenital malformations diagnosed up until 2017. We ran Cox
regression models to account for different diagnostic follow-up duration in the Finnish
nationwide Care Register for Healthcare (HILMO) for children born in different years.
Cox regression models showed no difference between groups in all malformation types
(p = 0.14, hazard ratio = 1.39, 95% CI [0.47-1.11]). However, in circulatory system congenital
malformations comprising 25 diagnoses (22 cases, 4.0%, and 3 controls, 0.8%), we found a
4.12 (95% CI [1.22-13.93]) higher hazard in the cases (p = 0.02, see Figure 1). The majority
of affected children (n = 17, 65.4%) presented with ventricular septal defects. Beyond
malformations of the circulatory system, there were some isolated cases of malformations
of the respiratory, musculoskeletal, genital, digestive, or nervous systems that were too
infrequent to permit statistical analysis.

In a next step, we investigated if congenital malformations of the circulatory system
were specifically associated with any of the screening variables. While there were no signifi-
cant associations with higher NT, higher 3-hCG levels or higher risk for trisomy 18, children
with congenital malformations of the circulatory system presented with significantly higher
estimated ratio for Down syndrome and lower, albeit not significantly different, PAPP-A
levels. These findings remained stable, even after correcting for case-control status, which
was itself defined using the screening variables (risk for Down syndrome: p = 0.021, PAPP-A
level: p = 0.058).
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Figure 1. Survival curve for congenital malformations of the circulatory system compared between
cases and controls. ‘Number at risk” indicates the number of cases and controls available for analysis
at 0-2.5 years of age. As cases presented with significantly longer follow-up time compared to
controls, we limited the follow-up time of cases to the age of the eldest child in the control group (see
also Methods).

2.2.2. Copy Number Variants

Given the importance of CNVs in disease susceptibility, including in association with
congenital malformations [10], and the association of sub-threshold screening results with
a higher number of CNVs [4], we next evaluated CNVs in our sample. We first called
CNVs across all participants. The large majority of CNVs, over 92%, was classified as not
pathogenic (see Methods). We found no significant differences between individuals with or
without congenital malformations (any or circulatory system specific), neither on single
CNV level nor based on burden analysis. This is possibly due to a reduced detection power
given the low number of congenital malformations. Since significantly more clinically
relevant pathogenic CNVs have been associated with risk-level prenatal screening variables
such as maternal age and NT abnormalities [4,11], we also tested this association at the
level of the entire cohort. In our cohort, cases presented with overall more duplications,
but not more deletions, as compared to controls (burden analysis, based on all CNVs with
at most 10% frequency, 823 called duplications in 297 cases versus 626 called duplications
in 277 controls, p = 0.01, based on 10,000 permutations, see Figure 2). This range of CNV
counts is in line with previous studies using similar technology and sample sizes [12,13].

181



Int. J. Mol. Sci. 2022, 23, 11448

w _|
(a]
o _
®» (]
-
ke
®
S v _
a3 —
=
o
2 o _ \
q) ~—
e
: /
c [ emmal
0 |
|
-
|
o - 1
] |
controls cases

Figure 2. Differences in CNVs between cases and controls. Violin plot for numbers of called
duplications between controls and cases. The difference remains significant after exclusion of two
cases with more than 20 duplications (p = 0.03 based on 10,000 permutations).

2.3. The Placental Transcriptome in Early Pregnancy Carries Signatures of
Case-Control-Associated Negative Developmental Outcomes

Given the observed differences in congenital malformations within the circulatory
system and in CNVs, we next assessed if these were also associated with RNA expression
in early and late placental tissue. Gene expression derived from CVS tissue was available
for 266 case mothers who had undergone invasive prenatal testing via placental biopsies
in the first trimester. We found no differentially expressed genes to associate with CNVs
(number of duplications). However, 15 genes were significantly differentially upregulated
in individuals with circulatory system congenital malformations (10 individuals with and
256 without diagnosed congenital malformations; see Figure 3 and Table 3).
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Figure 3. Volcano plot of differential gene expression in CVS with congenital malformations of the
circulatory system. Genes differentially expressed at FDR of 0.10 are depicted in blue.

182



Int. J. Mol. Sci. 2022, 23, 11448

Table 3. Differentially expressed genes in CVS with congenital malformations within the
circulatory system.

Gene! Position (hg19) 2 Log2 (FC) 3 p-Value * ?_‘3;?::? CVSC:;aeE’::;ta 6
LEP chr7: 127,881,331-127,897,682 1.99 1.16 x 107° 5.28 x 1073 r=0.27p=0.01
CRH chr8: 67,088,612-67,090,846 1.69 1.99 x 10~8 1.81 x 1074 r=0.14;p =0.17

FSTL3 chr19: 676,389-683,392 1.42 1.11 x 1075 1.68 x 1072 r=0.26; p = 0.01

PAPPA2 chrl: 176,432,307-176,811,970 1.26 1.79 x 10> 2.32 x 1072 r=0.30; p < 0.01

INHBA chr7: 41,733,514-41,818,976 1.18 1.18 x 1074 7.36 x 102 r=0.23;p=003

HTRA1 chr10: 124,221,041-124,274,424 1.16 238 x 107° 722 x 1073 r=0.30; p < 0.01

DHRS? chr14: 24,105,573-24,114,848 1.11 416 x 1072 4.20 x 1072 r<0.01;p =097

HS3ST3B1 chr17: 14,204,506-14,249,492 0.98 427 x 107° 9.71 x 1073 r=0.13;p =023

ANXA4 chr2: 69,969,127-70,053,596 0.78 7.15 x 107° 6.47 x 1072 r<0.01;p =097

MANIC1 chrl: 25,943,959-26,111,258 0.78 115 x 1074 7.36 x 102 r=0.05; p = 0.60
MROH1 chr8:145,202,919-145,316,843 0.70 9.64 x 107° 7.30 x 1072 r=-014;p =017
SEMA7A chr15: 74,701,630-74,726,299 0.68 121 x 1074 7.36 x 102 r=0.07;p=053
FLT1 chr13: 28,874,483-29,069,265 0.56 8.27 x 10~° 1.50 x 1072 r=0.32;p<0.01
RPS6KA5 chr14: 91,337,167-91,526,993 0.56 4.06 x 1075 420 x 1072 r=0.30; p < 0.01
HEXIM1 chr17: 43,224,684-43,229,468 0.45 7.83 x 107> 6.47 x 102 r<0.01;p =097

1 Gene: name of differentially expressed gene. 2 Position: gene position in hg19 coordinates. 3 Log2(FC): log2
(fold change) between cases and controls. * p-value: p-value for differential gene expression for congenital
malformations within the circulatory system, adjusted for surrogate variable (SV), maternal age, maternal BMI in
early pregnancy, smoking, parity, child’s sex, and gestational age at sampling. 5 Adjusted p-value: p-value after
Benjamini-Hochberg correction for multiple testing (FDR). ® Correlation: Pearson’s correlation coefficient and
nominal p-value for correlation of gene expression between CVS and placental tissue (based on 93 individuals
with gene expression available in both tissues and 7357 genes available in both tissues).

Correlation of gene expression for these 15 genes between CVS and term placenta
(based on 93 individuals who had both tissues available) revealed significant, albeit weak to
moderate, positive correlations for 7 of these transcripts (r = 0.23 to r = 0.30, see Table 3). Of
these 15 genes, 11 had previously been shown to be dysregulated in pre-eclampsia [14-16].
This is significantly more than expected by chance (p = 9.91 x 107!, see Methods). Impor-
tantly, it should be noted that only one case presenting with congenital malformations of
the circulatory system also had a pre-eclampsia diagnosis. Removal of this case did not
change the effect direction of the 15 genes.

In term placenta, we found no significantly differentialy expressed genes with cir-
culatory system congenital malformations. However, it should be noted that only six
individuals with this phenotype and term placenta gene expression were available hence
this null result may be due to power issues.

Number of CNV duplications was associated with differential placental gene expres-
sion of RFLNB (based on 433 samples with information on CNVs and placental gene
expression, log2(FC) = 0.07, adjusted p-value = 3.72 x 1072, correlation with CVS gene
expression r = 0.16, p-value = 0.13). This result stayed significant after accounting for
case-control status with regard to prenatal screening.

3. Discussion

Advances in medical prenatal screening and care during early pregnancy have led to
life-saving effects, with infant mortality decreasing steadily over the past two decades, by
as much as three-fold in high-income countries and by half globally [17]. However, there
are still improvements to be made regarding access to state-of-the-art prenatal screening,
as well as improved interpretation of available diagnostic tools. While sampling of CVS
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tissue or amniotic fluid to test the fetal DNA for major chromosomal rearrangements has
been the gold standard for many decades, there is a significant risk for miscarriage linked
with these invasive techniques [6]. In addition, they could lead to false positive or false
negative outcomes in addition to sampling inaccuracy. Noninvasive prenatal screening
techniques based on whole-genome DNA sequencing have become increasingly common
and accurate and represent a suitable companion or replacement technique since they
can detect cell-free fetal DNA in the mother’s blood that is released from fetal placenta
apoptotic trophoblasts [6]. However, a major limitation of this approach is sensitivity,
given that circulating fetal DNA constitutes only a small fraction of the mother’s blood [6].
Nonetheless, genetic screening, in addition to combined first-trimester testing for fetal
NT and maternal PAPP-A and BhCG, has been very powerful in detecting individuals
susceptible to congenital disease. With this work, we show that beyond indicating risk for
major aneuploidies, common prenatal screening measurements can indicate the presence
of additional risk for disease.

An interesting resource for improving prenatal or early-life diagnostics is the incor-
poration of perinatal tissues such as the placenta and cord blood into the interpretation of
congenital and genetic risk of disease. In this manuscript, we investigated a case-control
cohort of 943 mother-baby dyads whereby the case mothers (n = 544) were initially screened
as having an increased risk for chromosomal abnormalities, but ultimately the children
were deemed normal in regard to major aneuploidies following invasive genetic testing
or NIPT. We compared these to a group of controls without any risk indicator at screen-
ing (n =399). We found significant differences at the level of perinatal child outcomes
regarding congenital malformations of the circulatory system, as well as CNV load. In
addition, we found an association between child outcomes and first-trimester but not term
placenta gene expression signatures. Interestingly, there was no difference in self-reported
maternal stress or anxiety during pregnancy, in spite of the case mothers being exposed to
the stressful experience of invasive prenatal testing and anticipation of results. However,
it bares noting that there was a disproportionately lower adherence in the case mothers
regarding the psychological self-assessment during pregnancy, which might influence the
outcome of these analyses. Future studies should assess the impact of a similar exposure in
additional cohorts.

We found an increased likelihood of a diagnosis of circulatory system congenital
malformation for case children, which supports previous research linking abnormal NT
results at screening with increased rates of congenital malformations and heart disease [2].
However, this study is the first to show that the congenital malformations phenotype
is associated with gene expression in the first-trimester placenta from CVS sampling.
A total of 15 genes showed differential expression association with circulatory system
congenital malformations in first-trimester placenta obtained from CVS. Correlations with
gene expression in placentas sampled at birth were weak to moderate, so we cannot directly
translate our findings to late pregnancy. Of these 15 genes, 11 had previously been shown
to be dysregulated in pre-eclampsia [14-16], significantly more than expected by chance.

A number of the genes differentially expressed in association with congenital mal-
formations in the CVS tissue have previously been shown to be important mediators
of placenta biology and associated with pregnancy diseases. The top-ranking gene by
fold change, Leptin (LEP), is a circulating hormone involved in metabolism and energy
homeostasis [18] and secreted primarily from adipose tissue but also from placenta cells
such as cytotrophoblasts, syncytiotrophoblasts, and villous vascular endothelial cells. This
hormone is upregulated in the placentas of mothers with pregnancy complications such
as pre-eclampsia [19], which is the same direction of effect we found for early placentas
from children with underlying congenital malformations. Secondly, corticotropin-releasing
hormone (CRH) is a major mediator of hypothalamic—pituitary—adrenal axis (HPA axis)
responses to stress and a key regulator of brain development. In addition to the paraven-
tricular nucleus (PVN) of the hypothalamus, CRH is also synthesized by the placenta
(pCRH) as early as post-conceptional week 7 and is found in both the maternal and the
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fetal compartments [20]. Down-regulation of this gene at the RNA level has been linked to
placenta inflammation, while up-regulation, as in the case of our analyses, has been linked
to motor dysfunctions [21] in children and pre-eclampsia in pregnancy [22]. Thirdly, ele-
vated levels of the follistatin-like 3 protein (FSTL3) gene, which encodes a protein secreted
by syncytiotrophoblast cells, have been linked to pre-eclampsia by several studies. In fact,
placentally-derived FSTL3 detected in the maternal serum has been proposed as a third-
trimester diagnostic biomarker of pre-eclampsia [23]. The next differentially expressed
genes by fold change were pregnancy-associated plasma protein A2 (PAPPA2) [24], inhibin
beta A subunit (INHBA) [25], and HtrA serine peptidase 1 (HTRAI) [26]. All these genes,
in addition to several others identified through our analyses, were previously shown to be
elevated at the mRNA and protein level in pre-eclampsia with severe features, early-onset
pre-eclampsia, or fetal growth restriction. These findings may suggest that first-trimester
placental tissue of fetuses with congenital anomalies presents with signatures of placental
dysfunction with a possible additional impact on fetal health. Interestingly this signature
disappeared with the maturation of the placenta, and there was no increase in rates of
pre-eclampsia diagnoses.

Given the indication of existing susceptibility to disease in the early fetal placental
tissue, we used child DNA extracted from cord blood to further investigate complex
genetics that would not have been detected by prenatal genetic screening. We focused
on CNVs, given their association with both congenital malformations [10] and general
pregnancy risk factors such as advanced maternal age [11]. In addition to the previously
suggested associations of increased numbers of pathogenic CNVs with positive prenatal
screening [4], we demonstrated a novel connection whereby the cases presented with more
duplications overall. Together these findings suggest an overall increase in potentially
harmful genetic loading in the case children. Importantly, this detail of genetic variation
could not be detected with currently available prenatal genetic screening methods due to
limited fetal DNA amounts available at early stages.

The analyses described in this manuscript identified significant connections between
first-trimester placenta gene expression (CVS) and child outcomes, specifically regarding
congenital malformations. Conversely, associations to the number of CNV duplications
were only identified in the term placenta RNA, related to the gene RFLNB, which is en-
riched in Hofbauer cells and previously associated with early signs of pre-eclampsia in the
placental transcriptome [27]. This apparent discrepancy between first-trimester placentas
from CVS and term placentas could be due to different reasons. Primarily, samples with
CVS and term placenta tissue only partly overlap, and hence we cannot make robust
conclusions on the individual developmental trajectories. In fact, only one individual with
a circulatory system congenital malformation diagnosis also had both tissues available.
However, having access to early pregnancy tissues, as in the ITU cohort, is extremely valu-
able in establishing the connections between placenta biology and underlying child disease
risk. As mentioned above, our data may point to additional early placental dysfunction
in children with congenital malformations of the circulatory system. Functional studies
of early placental physiology could shed more light on the possible clinical relevance of
this finding.

Some of the limitations of this study highlight the need for even larger, well-characterized
longitudinal cohorts, where these findings can be independently replicated and extended
with measures of placental function. Importantly, extended follow-up of the children will
undoubtedly clarify and complete the picture of potential negative outcomes in this at-risk
population. The ITU cohort, with the ongoing characterization of participants in addition
to Finnish health registry data, will constitute a rich resource moving forward.

The findings identified in this study join other reports suggesting that children with
elevated risk but not meeting formal diagnostic thresholds during prenatal screening
maintain a higher likelihood of negative outcomes. Increased awareness is key at the
level of medical professionals as well as the general public with regard to potential early
indicators of underlying disease susceptibility and the prevention or intervention measures

185



Int. J. Mol. Sci. 2022, 23, 11448

that can be taken to improve the outcome and quality of life of affected individuals. In our
cohort, cases were significantly older as compared to control women, which is in line with
what also Hayeems et al. reported [28]. Women of higher age are more likely to undergo
prenatal testing, and higher maternal age has been associated with a higher risk for fetal
aneuploidies [29]. Given that maternal age at first birth is shifting to older ages [30], this
will likely be an issue of increasing importance. Our findings point to a need for redefining
the risk classifications in relation to prenatal screening and more vigilance during prenatal
and postnatal follow-up of at-risk children.

4. Materials and Methods
4.1. Sampling and Phenotypes
4.1.1. Study Samples

The InTraUterine sampling in early pregnancy (ITU) cohort consists of 943 Finnish women
and their children born between 2012 and 2017. The cohort, described by Kvist et al. [8], is a
prospective, longitudinal pregnancy cohort study comprising a total of 943 women. Preg-
nant women were recruited at maternity clinics and through the Helsinki and Uusimaa Hos-
pital District Fetomaternal Medical Center in Finland. Eligibility criteria included singleton
pregnancy, no prenatal diagnosis of chromosomal abnormality, maternal age > 18 years,
and sufficient Finnish language ability to ensure informed consent. The ITU study com-
prises two study arms. Women in the chromosomal testing arm (cases, n = 544) had
been referred to the Helsinki and Uusimaa Hospital District Fetomaternal Medical Center
(FMC) because they had an increased risk of fetal chromosomal abnormalities based on
routine serum and ultrasound screening, age, and patient characteristics. The screening
is described in detail in Kvist et al. [8]. In brief, the screening program was a combina-
tion of serum screening and ultrasound examinations, including a nuchal translucency
scan. Women who had a positive screening result (i.e., an estimated risk of fetal chro-
mosomal abnormality >1:250, based on serum and ultrasound screening, age, maternal
height and weight, and prior history) were then offered fetal chromosomal testing (CVS or
amniocentesis followed by trisomy PCR, or noninvasive prenatal testing) at FMC. If the
chromosomal test indicated no fetal chromosomal abnormalities, those who had expressed
interest in participating were contacted for final recruitment. Those whose chromosomal
test results suggested a fetal chromosomal abnormality were not recruited. Women in the
no-chromosomal testing arm (controls, n = 399) were informed about ITU when attending
the same routine serum and ultrasound screening at maternity clinics as the women in
the chromosomal testing arm. Women who expressed interest in participating were con-
tacted for final recruitment into this study arm if they had not been referred to FMC for
fetal chromosomal testing. After careful inspection, one woman was excluded from the
analyses post hoc as she did not meet the clear-cut case-control definition. One woman
who had originally been accidentally coded as control was recoded as case. This resulted in
399 controls and 544 case women in the final analysis. Demographic information on the
ITU cohort, as well as on the screening variables, is presented in Table 1.

4.1.2. Phenotypes
Maternal Characteristics

Maternal characteristics are described in detail by Kvist et al. [8] and were extracted
from the Finnish Medical Birth Register (FMBR) as well as through self-report question-
naires on their depressive, anxiety, and perceived stress symptoms up to three times during
pregnancy. With regards to psychometric assessments, the mothers completed question-
naires on their depressive, anxiety, and perceived stress symptoms up to three times during
pregnancy, on average (median) at 19.3 [Standard Deviation (SD) = 3.7], 26.1 (SD = 3.1), and
38.1 (SD = 8.5) weeks of gestation, respectively. Depressive symptoms were assessed with
the Center for Epidemiologic Studies Depression Scale [31], perceived stress symptoms with
a 5-item version of the Cohen’s Perceived Stress Scale [32], and anxiety symptoms with the
Spielberger State Anxiety Inventory (STAI) [33]. All three are validated questionnaires [33],
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and the CESD and the STAI have also been validated among pregnant women [34]. In our
sample, the Cronbach’s alphas indicating the internal consistencies of the scales ranged
from 0.87 to 0.89 for CESD, from 0.94 to 0.95 for STAI, and from 0.69 to 0.71 for Cohen’s
Perceived Stress Scale.

Child Characteristics

Data on the child’s sex (girl/boy), gestation length (weeks), and birth weight (grams)
were extracted from the FMBR. We extracted data on diagnoses of congenital malforma-
tions and, more specifically, on malformations of the circulatory system from the Finnish
nationwide Care Register for Healthcare (HILMO). The HILMO healthcare register includes
primary and subsidiary diagnoses of all hospitalizations in Finland since 1969 and of all vis-
its in specialized outpatient care since 1998. Diagnoses have been entered into the HILMO
according to the International Statistical Classification of Diseases and Related Health
Problems, Eighth Revision (ICD-8) until 1986, according to ICD-9 from 1987 to 1995, and
according to ICD-10 since 1996. The HILMO is a validated tool for research [35]. We had
lifetime data from HILMO available until 31 December 2017. Diagnosis of any congenital
malformation, deformation, or chromosomal abnormalities was identified with ICD-10
diagnostic codes Q00-Q99. We also identified congenital malformations, specifically of
the circulatory system, with diagnostic codes Q20-Q28. These diagnoses were identified
from childbirth until 31 December 2017, when the children were between 2 days and
5.7 years old.

4.2. Biosampling, DNA/RNA Extractions

Placenta samples from the fetal side of the placenta, relatively close to the umbilical
cord, were collected after birth by midwives who took nine-site biopsies within 120 min
of delivery. The biopsies were stored in RNA storage solution (RNAprotect, Qiagen)
until frozen by research staff at —80 °C (within 24 h of delivery) for long-term storage.
Chorionic villus (CVS) biopsies were collected by experienced obstetricians in early preg-
nancy (weeks 8-12). After chromosomal analysis, surplus tissue was immediately stored
at —80 °C. DNA and RNA were extracted from CVS and delivery placenta, and DNA
was extracted from cord blood leukocytes using a bead-based method optimized by tissue
type (Chemagic 360 Perkin Elmer). Total CVS biospecimens were homogenized and split
40-60% for RNA-DNA extraction. Delivery placenta samples preserved in RNAprotect
reagent were thawed, and equal-sized aliquots were dissected, homogenized, and split
40-60% for RNA-DNA extraction. Quantification and quality assessments were performed
using a TapeStation Automated Electrophoresis system (Agilent) and an Epoch Microplate
Spectrophotometer (BioTek, Agilent). All extractions were performed at the BioPrep core
unit, Max Planck Institute for Psychiatry.

4.3. Genotyping, Imputation, and MDS Components

Genotyping was performed on Illumina GSA-24v2-0_Al arrays, according to the
manufacturer’s guidelines (Illumina Inc., San Diego, CA, USA). Quality control is described
in detail in Dieckmann et al. [36]. After quality control, genotypes from 592 individuals and
338,132 SNPs were subjected to imputation. Imputation was performed using shapeit2 [37]
and impute2 [38] based on the 1000 Genomes Phase III reference sample. After imputation,
SNPs with an info score below 0.6, a minor allele frequency below 0.01, or deviating from
Hardy-Weinberg equilibrium (p-value < 1 x 10~°) were excluded from further analysis
resulting in 9,826,011 SNPs. Multi-dimensional scaling (MDS) was performed in PLINK on
the genotyped dataset after linkage disequilibrium pruning.

4.4. CNV Calling

Quality control on individuals” SNP genotyping was performed as described in Dieck-
mann et al. [36]. Briefly, individuals presenting with callrates < 98% or being outliers in
the multi-dimensional scaling analysis were removed from the analysis. For calling of
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CNVs, raw .idat files of these 592 IDs were converted into vcf files and tabular input files
using gtc2ucf (https://github.com/freeseek/gtc2vcf, accessed on 9 July 2021), VCF-simplify
(https:/ / github.com/everestial / VCF-simplify, accessed on 9 July 2021), and R [39]. SNPs
were excluded if any of these conditions were met: callrate < 98%, cluster separation < 0.3,
AB R Mean <= 0.2, AB R Mean <= 0.2, BB R Mean <=0.2, ABT Mean <= 0.1 or ABT
Mean > 0.9, Het Excess < —0.9 or Het Excess > 0.9, minor allele frequency > 0 and AB
Freq =0, AA Freq = 1 and AA T Mean > 0.3, AA Freq = 1 and AA T Dev > 0.06, BB
Freq =1 and BB T Mean < 0.7, BB Freq = 1 and BB T Dev = 0.06. These values were cho-
sen with regard to Illumina’s recommendation (https://www.illumina.com/Documents/
products/technotes/technote_infinium_genotyping_data_analysis.pdf, accessed on 9 July
2021). Afterward, CNVs were called using PennCNV [40], correcting for GC content as
described in Diskin et al. [41]. Adjacent calls were merged and individuals with poor
quality parameters were removed, according to the default settings (fraction < 0.2, LRR
SD > 0.3, BAF drift > 0.01, WF > 0.05). Furthermore, CNV calls spanning less than 10 SNPs,
individuals with more than 100 CNVs, and spurious CNVs, which are likely in centromeric
and telomeric regions, were removed according to the recommendations of Lin et al. [42]
and Li et al. [43] This resulted in a final sample size of 574 IDs (277 controls and 297 cases)
and 9334 detected CNV calls including 3445 CNVs (2290 deletions and 1155 duplications).
We used ClassifyCNV (https:/ /github.com/Genotek/ClassifyCNV, accessed on 13 July
2021), to classify detected CNVs according to guidelines [44] of the American College
of Medical Genetics and Genomics into the categories: benign, likely benign, uncertain
significance, likely pathogenic, or pathogenic. Of the called CNVs, 3382 could be defined
with ClassifyCNV, 239 CNVs were identified as likely pathogenic or pathogenic, 1177 as
benign and 1966 with uncertain significance. A detailed list of classified CNVs is given in
Supplementary Table S1.

4.5. RNA Sequencing

The QuantSeq 3’ mRNA-Seq Library Prep Kit (Lexogen) was used to generate messen-
ger RNA (mRNA) sequencing libraries from both term placenta and CVS RNA samples. All
libraries were multiplexed and sequenced on an Illumina HighSeq4000 system at a depth
of 10 million reads per mRNA library. Adapter sequences were trimmed using cutadapt
(https:/ /cutadapt.readthedocs.io/en/stable/), and sequenced reads were aligned to the
human genome reference using the STAR aligner [45]. We performed featureCounts [46]
and filtered the datasets to genes presenting with a raw count of at least 10 in at least 90% of
the individuals, resulting in a final dataset including 8245 transcripts and 493 individuals
for the term placentas. For the CVS dataset, the same filtering led to 9089 transcripts
quantified in 266 individuals.

4.6. Statistical Analysis

All statistical analyses were performed in R version 4.0.4 and SPSS 28.0. p-value
thresholds are given separately for each sub-analysis.

4.6.1. Differences in Congenital Malformations Using Cox Regression

We checked if cases and controls nominal significantly differed with regards to the
hazard of congenital malformations using Cox regression models as implemented in the
R-package survival 3.2.13. The follow-up time of cases was significantly longer as compared
to controls (p = 5.52 x 10786, Wilcoxon-test); hence, we limited the follow-up time of cases
to the age of the eldest child in the control group and individuals who had been diagnosed
with congenital malformations after that time, were set to not diagnosed.

First, we tested which covariates that were different between cases and controls were
also significantly nominally associated with congenital malformations using Cox regression
models. These covariates (none for any congenital malformation, maternal BMI in early
pregnancy for congenital malformations within the circulatory system: p = 0.004, hazard
ratio = 1.10 [1.03-1.18]) were then included in the final Cox regression model on case-
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control differences. Survival curves were plotted using the R-package survminer 0.4.9. All
p-values < 0.05 were considered significant.

4.6.2. Association of Congenital Malformations with Screening Variables

Association was tested using linear regression models, with the screening variables as
dependent, congenital malformations as independent variable, and case-control status as
covariate. Due to high skewness, screening variables were first log-transformed and then
Z-standardized, while risk percentages were transformed into normally distributed data
using inverse rank transformation. All p-values < 0.05 were considered significant.

4.6.3. CNV Associations

Associations with CNVs were computed in PLINK [47]. We calculated burden tests,
testing if the total number of detected CNVs differed between cases and controls or be-
tween carriers of congenital malformations and non-carriers. Due to the high number of
tests, empirical p-values, which are then already corrected for multiple testing, based on
10,000 permutations, were computed. Empirical p-values < 0.05 were considered significant.
Enrichment of CNV positions for GO terms and GWAS hits were tested using FUMA [48].
Positions of identified CNVs were not enriched for any GO terms or reported hits for
neurodevelopmental disorders (at a false discovery rate (FDR) of 0.05).

4.6.4. Differential Gene Expression

Analysis of differential gene expression was conducted in R [39]. Raw gene counts
were voom transformed [49], and afterward, differential gene expression was calculated
using the R-package eBayes function in the R-package limma [50]. Surrogate variable (SV)
analysis was used to correct for possible batch effects as well as cell type heterogeneity [51].
For both CVS and term placental tissue, the first SV was detected as significant (according
to the permutation procedure implemented in the package) and used as a covariate in the
subsequent analyses. Furthermore, those variables that were significantly different between
cases and controls, i.e., maternal age, maternal BMI in early pregnancy, as well as smoking,
and parity (uniparous vs. multiparous), were used as covariates. We also included the
child’s sex and gestational age (in weeks at sampling), as both have been associated with
placental gene expression [52]. Differential gene expression was calculated for congenital
malformations within the circulatory system and CNVs in both tissues. Within each
analysis, multiple testing correction was applied based on the Benjamini-Hochberg [53]
approach, and all p-values were considered significant at FDR of <0.1.

4.6.5. p-Values

All reported p-values are two-sided. For the association of congenital malformations
with screening variables, we hypothesized that individuals with congenital malformations
were comparable to cases with regard to their outcome in screening variables. Hence,
one-sided p-values are presented.

4.6.6. Enrichment for Pre-Eclampsia Genes

Of the 15 genes that were differentially expressed in CVS tissue with congenital
malformations within the circulatory, 11 genes had been associated with pre-eclampsia
before. To assess if this overlap was nominal significantly higher than expected by chance,
we assumed that 9% of all investigated genes are associated with pre-eclampsia, based on
the results for Saei et al. [14]. Using a binomial distribution, the chance to get at least 11 hits
out of 15 genes is 9.91 x 10711

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/ijms231911448 /s1.
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Abstract: Endometriosis (EMS) is a common gynecological disease. Prostaglandin E2 (PGE2), which
induces chronic pelvic inflammation and cell pyroptosis, a form of programmed cell death based
on inflammasome activation, are involved in EMS, but the extent of their involvement and roles
remain unclear. The present study aimed to evaluate PGE2-induced pyroptosis in EMS and the
influence of PGE2 in EMS progression. Using western blotting, it was found that the expressions
of PGE2 and pyroptosis-related proteins (NLRP3, cleaved caspase-1, interleukin (IL)-1f3 and IL-18)
were higher in EMS tissues than in normal endometrial tissues. The levels of PGE2, IL-1$3, and IL-18
in the serum of patients with EMS and cell culture fluids were also detected. Using the transwell
assay, we verified that PGE2 promoted hEM15A migration via the NLRP3/caspase-1 pyroptotic
pathway, and PGE2-induced pyroptosis upregulated the expressions of high mobility group box 1
(HMGB1), E-cadherin, and vimentin. Immunohistochemistry analysis confirmed that PGE2-induced
pyroptosis contributed to EMS invasion. These results suggest that PGE2-induced pyroptosis affects
the progression of EMS by changing the migration ability of pyroptotic cells and upregulating the
expression of HMGBI, E-cadherin, and vimentin. Our findings provide crucial evidence for new
treatment pathways and use of anti-inflammatory drugs in EMS.
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1. Introduction

Endometriosis (EMS) is a common gynecological disease that occurs in women of
childbearing age, with an incidence of 10-15%. In patients with infertility, the incidence is
approximately 40-50% [1,2]. The main clinical manifestations are dysmenorrhea, chronic
pelvic pain, sexual pain, pelvic mass, and infertility. EMS presents malignant tumor char-
acteristics, such as implantation, invasion, distant metastasis, and recurrence, and, hence,
seriously affects the physical and mental health of women. Ectopic lesions themselves can
lead to the occurrence of pelvic inflammation, which promotes further growth of ectopic
endometrial lesions. These repeated inflammatory reactions induce an abnormal increase in
inflammatory cytokines mediating the adhesion, proliferation, differentiation, and invasion
of EMS lesions [3,4]. In addition, the malignant transformation of endometriosis is closely
related to ovarian clear cell carcinoma and ovarian endometrioid carcinoma, and is even
considered as the precancerous lesion of the latter [5-7]. Previous clinical studies have
shown that patients with endometriosis associated ovarian carcinoma (EAOC) have some
special clinicopathological features and a relatively good prognosis [8]. Basic research has
found that specific genes are associated with abnormal expression [9]. However, studies on
the role of endometriosis in the pathogenesis of ovarian cancer are still lacking.

Prostaglandin E2 (PGE2) is a common inflammatory factor that significantly increases
in the serum of patients with EMS; therefore, it has been thoroughly studied in the patho-
genesis of EMS [10]. In patients with EMS, PGE2 not only inhibits apoptosis of endometrial
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fragments, but also promotes cell proliferation in these fragments to form EMS lesions. In
addition, elevated levels of PGE2 allow pain-causing substances and inflammatory media-
tors to leak out of blood vessels into local areas, causing dysmenorrhea [11]. Despite its
recognized involvement in the progress of EMS, the inability of PGE2 inhibition as well as
other targeted drugs in the treatment of EMS remains elusive. Moreover, previous studies
have suggested that PGE2 may also be involved in other mechanisms for EMS progression.

Pyroptosis is a form of programmed cell death, based on activated inflammasome. In
the cytoplasm, multiprotein complexes are formed to activate inflammatory NLR family
pyrin domain-containing 3 (NLRP3), caspase-1, and caspase-4/5/11, which further lyse the
perforated cell membrane of gasdermin D protein to promote pyroptosis [12-14]. Pyroptotic
cells secrete a large number of inflammatory factors, such as interleukin (IL)-1f and IL-18.
These inflammatory factors recruit inflammatory cells, induce the synthesis and release of
IL-1e, IL-6, tumor necrosis factor (TNF)-«, and other substances, inducing an inflammatory
response leading to various pathological processes, such as inflammatory exclusion, tissue
destruction, and edema formation. It has been found that the pyroptosis-related protein
NLRP3 is highly expressed at the early stage of breast cancer, increasing immune protection
and inhibiting tumor progression [15]. However, when the tumor metastasizes, NLRP3
expression is significantly reduced and promotes tumor development. NLRP3 is also
involved in innate immune response during cervical cancer. Reactive oxygen species
activate the NLRP3 inflammasome to induce pyroptosis in cervical cancer cells, and then
participate in tumor progression. Tripartite motif-containing 24 (TRIM24) may promote
NLRP3/caspase-1/IL-13-mediated pyroptosis during EMS through NLRP3 ubiquitination,
revealing an important molecular mechanism [16]. Despite the crucial role of pyroptosis
in EMS, no study has focused on the relationship between pyroptosis and inflammatory
factors during EMS, or on whether the release of such factors triggers a series of secondary
inflammatory reactions that participate in EMS progression.

The aim of the present study was to evaluate whether PGE2-induced pyroptosis
is involved in EMS progression. Specifically, we examined the expression of PGE2 and
pyroptosis-related proteins (NLRP3, cleaved caspase-1, IL-1f3, and IL-18) in ovarian en-
dometriotic cyst tissues. We further determined if PGE2-induced pyroptosis regulated the
expression of HMGB1 and changed hEM15A migration both in vitro and in vivo. Cell mi-
gration signature proteins, E-cadherin and vimentin, were also detected. We hypothesized
that PGE2 release due to pyroptosis was involved in the progression of EMS lesions by
changing cell migration. The results of the present study advocate exploring new insights
into the pathogenesis of EMS via inflammation and provide new treatment routes of EMS
in clinical practice.

2. Results
2.1. PGE2 and Pyroptosis-Related Proteins Highly Expressed in Ectopic Ovarian Endometrium

Inflammatory cytokine PGE2 production and pyroptosis are common phenomena in
inflammatory diseases, but there is no study on their co-expression during EMS. Therefore,
the expression of PGE2 and pyroptosis-related proteins (NLRP3, cleaved caspase-1, IL-1f3,
and IL-18) in ectopic ovarian endometriotic cyst tissues (n = 28) and normal endometrial
tissues (n = 15) were investigated. Pyroptosis-related protein levels (NLRP3, cleaved
caspase-1, IL-1§3, and IL-18) were increased in ectopic ovarian endometriotic cyst tissues,
compared to those in normal endometrial tissues (Figure 1a). Furthermore, PGE2, IL-13,
and IL-18 levels were elevated in the serum of patients with EMS, compared to those in
normal controls (Figure 1b). These data suggested PGE2 may be related to pyroptosis
during the occurrence and development of ovarian endometriotic cysts.
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Figure 1. The expression of PGE2 and pyroptosis related proteins (NLRP3, cleaved caspase-1, IL-13
and IL-18) were increased in ectopic ovarian endometriosis cyst patients. (a) The expression of PEG2,
IL-1p and IL-18 in serum of ectopic ovarian endometriosis cyst (EMS) and in the normal endometrium
(NE) were detected by ELISA; (b) Pyroptosis related proteins (NLRP3, cleaved caspase-1, IL-13 and
IL-18) protein expression were measured by Western blot analysis in NE and EMS. The data are
expressed as means + SEM. ** p < 0.05 by two-tailed Student’s ¢ test.

2.2. PGE2 Induces hEM15A Pyroptosis

To determine whether PGE2-induced NLRP3/caspase-1/IL-13-mediated pyroptosis
is involved in EMS, hEM15A and hESCs were treated with 75 ng/mL PGE2. After 24 h,
the expression of NLRP3 and cleaved caspase-1 was upregulated in hEM15A compared to
that in hESCs (Figure 2b). The levels of IL-1§3 and IL-18 in the cell culture medium were
significantly increased in hEM15A compared to those in hESCs (Figure 2c). These results
indicated that PGE2 induced pyroptosis in hEM15A cells but not in hESCs.

2.3. PEG2 Promotes hREM15A Migration

It has been shown that EMS has similar properties to malignant tumors with enhanced
cell migration and invasion. Therefore, we further evaluated the effect of PGE2 on hESCs
and hEM15A migration using the transwell assay. After 24 h, the 75 ng/mL PGE2-treated
hEM15A cells showed significantly higher cell migration than that by hESCs, suggesting
that PGE2 is involved in hREM15A migration (Figure 3).
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Figure 2. PGE2 induced hEM15A pyroptosis. (a) After added 75 ng/mL PGE2 for 24 h in hEM15A
and hESC, the protein expression of NLRP3, cleaved caspase-1, IL-13 and IL-18 were detected by
Western blot analysis. (b) The level of IL-13 and IL-18 in cell culture medium were detected by ELISA
in hEM15A and hESC. The data are expressed as means &+ SEM. ** p < 0.05 by one-way ANOVA.
(c) ELISA was used to detect the expression of IL-1f and IL-18 in hESC and hEM15A without and
after PGE2 treatment.

PGE2 hESC hEM15A

Figure 3. Cont.
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Figure 3. After added 75 ng/mL PGE2 for 24 h in hEM15A and hESC, Transwell migration assay
was to evaluate the effect of PGE2 on the migration of hESC and hEM15A.The data are expressed as
means + SEM. ** p < 0.05 by one-way ANOVA.

2.4. PEG2 Promotes hREM15A Migration through NLRP3/Caspase-1 Pyroptotic Pathways

The relationship between cell migration and pyroptosis were then evaluated in
hEM15A cells co-cultured in PGE2 and CY09 (the inhibitor of NLRP3). Pyroptosis-related
proteins (NLRP3 and cleaved caspase-1) and the levels of IL-1 and IL-18 in the cell cul-
ture medium were decreased compared to that in PGE2-treated cells alone (Figure 4a,b).
In addition, the migration ability of hEM15A cells under the effect of PGE2 and CY09
was significantly lower than that of PGE2-treated cells alone (Figure 4c). Similarly, in
co-cultured PGE2 and VX-765 (the inhibitor of caspase-1) cells, cleaved caspase-1 and
the levels of IL-1§3 and IL-18 in cell culture medium were decreased compared to that of
PGE2-treated cells alone (Figure 4a,b). The migration ability of hEM15A cells under the
effect of PGE2 and VX-765 was also significantly lower than that of PGE2-treated cells
alone (Figure 4c). When both CY09 and VX-765 were added, PGE2 did not activate the
expression of pyroptosis-related proteins (NLRP3, cleaved caspase-1, IL-13, and IL-18),
and the migration ability of hREM15A cells was only slightly activated. Thus, CY09 or/and
VX-765 reduced the migration ability of hREM15A cells after PGE2 induction, and pyroptosis
was involved in the process, in that PGE2 activated EMS invasion.
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Figure 4. PEG2 promoted hEM15A migration through NLRP3/caspase-1 pyroptosis pathways. (a) In
hEM15A, PGE2, co-cultured PGE2 + CY-09 (the inhibitor of NLRP3), co-cultured PGE2 + VX-765 (the
inhibitor of caspase-1) and co-cultured PGE2 + CY-09 + VX-765, pyroptosis related proteins (NLRP3
and cleaved caspase-1) were detected by Western blot analysis. (b) In hREM15A, PGE2, co-cultured
PGE2 + CY-09 (the inhibitor of NLRP3), co-cultured PGE2 + VX-765 (the inhibitor of caspase-1) and
co-cultured PGE2 + CY-09+VX-765, the level of IL-1f and IL-18 in cell culture medium were detected
by ELISA. (c) In hEM15A, PGE2, co-cultured PGE2 + CY-09 (the inhibitor of NLRP3), co-cultured
PGE2 + VX-765 (the inhibitor of caspase-1) and co-cultured PGE2 + CY-09 + VX-765 were evaluated
by Transwell migration assay in different groups.** p < 0.05, *** p < 0.001 by one-way ANOVA.

2.5. PGE2-Induced Pyroptosis Regulates the Expression of High Mobility Group Box 1 (HMGB1),
E-Cadherin, and Vimentin

In hEM15A cells co-cultured in PGE2 and CY09, HMGBI1 and E-cadherin proteins had
low expresssion while vimentin was highly expressed when compared to that in PGE2-
treated cells alone. Similarly, co-cultured PGE2 and VX-765 cells showed low expressions
of HMGB1 and E-cadherin proteins and high expression of vimentin when compared to
PGE2-treated cells alone. When both CY09 and VX-765 were added, PGE2 did not influence
the expressions of HMGB], E-cadherin, and vimentin in hEM15A cells (Figure 5b).

2.6. PGE2-Induced Pyroptotic Pathways and Invasion of EMS Lesions In Vivo

To further verify the induced pyroptosis effects of PGE2 on EMS in vivo, an EMS
mouse model was built. As expected, PGE2 significantly induced the pyroptosis of EMS
lesions. The weight and diameter (size) of EMS lesions in the PGE2 group were larger than
that in the control group (Figure 6a). Additionally, pyroptosis-related proteins (NLRP3,
cleaved caspase-1, IL-1$3, and IL-18), HMGB1, E-cadherin, and vimentin were tested by
immunohistochemistry analysis. The expression of NLRP3, cleaved caspase-1, IL-18, IL-1f3,
HMGB], and vimentin was increased with increasing concentrations of PGE2 (Figure 6b).
Moreover, the expression of HMGB1, E-cadherin, and vimentin was positively correlated
with the expression of pyroptosis-related proteins, which was consistent with the results
obtained in the in vitro experiments.
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Figure 5. PEG2-induced pyroptosis regulates the expression of HMGB1 and promotes hEM15A
migration ability. (a) In hREM15A, PGE2, co-cultured PGE2 + CY-09 (the inhibitor of NLRP3), co-
cultured PGE2 + VX-765 (the inhibitor of caspase-1) and co-cultured PGE2 + CY-09 + VX-765, the
protein of NLRP3, cleaved caspased1, HMGBI, E-cadherin and Vimentin were detected by Western
blot analysis. (b) In hEM15A, PGE2, co-cultured PGE2 + CY-09 (the inhibitor of NLRP3), co-cultured
PGE2 + VX-765 (the inhibitor of caspase-1) and co-cultured PGE2 + CY-09 + VX-765, the level of
IL-1f and IL-18 in cell culture medium were detected by ELISA in hEM15A and hESC. The data are
expressed as means + SEM. ** p < 0.05, *** p < 0.001 by one-way ANOVA.
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Figure 6. PEG2-induced pyroptosis pathways and invasion of EMS lesion in vivo. (a) After inter-
vention with PGE2 in endometriosis mouse model, ectopic lesions were enlarged. Ectopic lesions
obtained from endometriosis mice after continuous treatment with PGE2. The volume of ectopic le-
sions was statistically analyzed (** p < 0.05); (b) immunohistochemistry showed that NLRP3, cleaved
caspase-1, I1-1§3, 11-18, HMGB1 and Vimentin were highly expressed in the endometrial tissues of
mice treated with PGE2.E-cadherin was down-regulated in the endometrial tissues of mice treated
with PGE2 (** p < 0.05).

3. Discussion

EMS is a progressive inflammatory disease that affects women’s health and has be-
come a major threat to fertility and individual quality of life. Two important factors of EMS
to human health are ectopic lesion-induced inflammation and lesion invasion/metastasis,
which are not only a key factor in disease progression, but also a root cause of recurrence
after surgical and medication treatments of EMS. Previous research has shown that persis-
tent inflammation promotes local tissue fibrosis and disease progression [17]. Therefore,
exploring the relationship between inflammation and disease aggressiveness is critical to
understand the underlying molecular pathogenesis of EMS and to find novel therapeutic
targets. The present study described the mechanism by which PEG2-induced pyroptosis
regulates the migration of EMS cells (Figure 6). A notable increase in PGE2 and pyroptosis-
related proteins (NLRP3, pro-caspase-1, caspase-1, IL-1$3, and IL-18) was found in EMS
tissue compared with that in normal tissue, and we demonstrated that PGE2 can induce
pyroptosis in EMS cells, while PGE2-induced pyroptosis can affect cell migration and
upregulate the expression of HMGB1 and vimentin. These results indicated that PEG2
could significantly promote EMS invasion, activated by PEG2, which was accomplished
via pyroptosis induction.

PGE2 can activate multiple anti-apoptotic factors, such as Bcl-2, and prolong cell life
and accelerate ectopic lesions growth. PGE2 stimulates protein kinase A and promotes
the phosphorylation of Ras-like estrogen-regulated growth to induce the proliferation
of ectopic lesions. In addition, PGE2 leads to the formation of large neovascularization
in ectopic lesions and provides rich blood and nutrients for ectopic lesions, which is
conducive to endometrial implantation and lesion growth. The present study is, to the best

200



Int. J. Mol. Sci. 2022, 23, 11707

of our knowledge, the first to clarify the inducing effect of PGE2 on pyroptosis, promoting
cell migration and the progress of EMS. It is, therefore, of great significance for further
understanding PGE2 pathogenesis in EMS.

Inflammatory PGE2 induces the expression of large amounts of IL-13 and IL-18 inflam-
matory factors through the pyroptotic pathway, which is a positive cycle of inflammatory
response in the EMS, leading to subsequent inflammation. Inflammation is a complex
and huge network. In tumors, inflammatory cells widely receive proliferative signals by
releasing inflammatory factors, leading to rapid cell proliferation and differentiation and
increasing the risk of cell cancerization [18-20]. Additionally, inflammatory cells release
chemokines and cytokines, which affect the cancerous organ and regulate the growth,
migration, and differentiation of cells in the tumor microenvironment [21-23]. In the
tumorigenesis process, tumor cells promote tumor spread and metastasis through inflam-
mation by releasing TNF-a, IL-6, IL-1, and interferon factors, which in turn stimulate tumor
cell growth, motility, and invasion [24,25].

In EMS, periodic bleeding occurs in the ectopic endometrium along with the men-
strual cycle, which forms a wound with repeated injury and continuous healing. In the
repair process, multiple systems, such as the inflammatory system, coagulation system, and
immune system are often involved. The inflammatory response leads to the production of
pro-inflammatory factors, and this inflammatory microenvironment promotes the prolif-
eration, migration, metastasis, and angiogenesis of lesions through a series of pathways.
It has been hypothesized that in PGE2-induced pyroptosis cells secrete a large number
of IL-1f and IL-18 inflammatory factors. On the one hand, these inflammatory factors
recruit more inflammatory cells, induce the synthesis and release of other factors such as
IL-1x, IL-6, and TNF-o expanding the inflammatory response, and are widely involved in
various pathological injury processes such as inflammatory exclusion, tissue destruction,
and edema formation. In pneumonia, for instance, IL-1p3 and IL-18 can activate inflamma-
tory cells, such as macrophages to release inflammatory mediators, causing inflammatory
responses characterized by infiltration of macrophages and granulocytes in the lung [26].
On the other hand, inflammatory factors promote the proliferation and migration of cells.
For example, IL-13 promotes the proliferation, migration, angiogenesis, and release of
HMGB1 in smooth muscle cells, while IL-18 promotes the migration of breast cancer cells
by down-regulating claudin-12 and inducing the P38 /MAPK pathway [27]. In the present
study, cleaved caspase 1, IL-1f3, and IL-18 were activated after PGE2 stimulation. After
PGE2-induced pyroptosis, hEM15A cell migration was increased, HMGB1 and vimentin
expressions were upregulated, and E-cadherin expression was downregulated. Thus, in
EMS, PGE2-induced pyroptosis seems to promote the expression of inflammatory factors
that alter cell migration accompanied by abnormal expression of E-cadherin and vimentin
(the markers of cell migration). To the best of our knowledge, this phenomenon was ob-
served in EMS in this study for the first time. Although its specific regulatory mechanism
needs to be further studied, the present findings contribute to revealing the underlying
molecular pathogenesis of EMS and to the search for new therapeutic targets.

In general, inflammation is a double-edged sword. While protecting the body against
disease, it also contributes to the progress of the disease. In the present study, the effect of
PGE2-induced pyroptosis on the progression of EMS was mainly reflected in the changed
migration ability of pyroptosis cells and upregulated expressions of HMGB1 and vimentin,
as verified in in vivo experiments. The potential relationship found between cell pyroptosis
and migration provides crucial evidence for new routes in the clinical development and
use of anti-inflammatory drugs.

4. Materials and Methods
4.1. Patients and Tissues

This study was approved by the Ethics Committee of the First Hospital of Lanzhou
University (Lanzhou, China), and informed consent was obtained from each patient. Ec-
topic ovarian endometriotic cyst tissues were obtained from patients with EMS, who
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underwent laparoscopic treatment in Lanzhou University First Hospital from January
2020 to January 2021 (n = 28). Normal endometrial tissue was collected from women of
childbearing age observed in clinical practice (n = 15). Collected tissues were rapidly placed
in liquid nitrogen and then stored at —80 °C until analyses. The following were inclu-
sion criteria: (1) patients diagnosed as EMs by laparoscopic surgery; (2) normal hormone
level and regular menstrual cycle’ (3) no history of hereditary or familial diseases, normal
chromosomes, and infectious disease tests were negative. The following were exclusion
criteria (1) receipt of hormone or immunosuppressive therapy in the last 3 months; (2) other
endocrine diseases; (3) recurrent EMS; (4) other gynecological diseases, abnormal uterus,
polycystic ovary syndrome and low ovarian response or malignant tumors. Control group:
Fifteen patients with malformed mediastinal uterus who underwent hysteroscopic surgery
during the same period were selected, and their normal endometrium was taken as the
control group.

4.2. Cell Culture

The hEM15A cell line was purchased from China Center for Typical Cultures Preser-
vation (Wuhan, China) and was cultured at 5% CO; and 37 °C in RPMI/1640 (HyClone,
Logan, UT, USA) containing 15% fetal bovine serum (FBS) (Gibco, Thermo Fisher Scientific,
Waltham, MA, USA). Primary human endometrial stromal cells (hESCs) were isolated and
cultured as follows: the endometrial tissue was washed with phosphate-buffered saline
(PBS) three times within 30 min to remove blood stains. Then, the tissue was cut into
pieces using a sterile ophthalmic scissor, and 3-5 mL of 0.1% type I collagenase digestion
solution (Solarbio, Beijing, China) was added to the tissue fragments. After incubation in a
water bath at 37 °C for 60 min, Dulbecco’s modified Eagle’s medium /nutrient mixture F-12
(DMEM/F12) medium (HyClone) containing 10% FBS and 1% penicillomycin (Solarbio)
was added. The tissue suspension was then filtered through a 40-mesh screen to discard
the residue of tissue retained on the mesh. After centrifugation for 10 min at 1500 rpm, the
obtained cell precipitates were suspended in the complete culture medium, inoculated in
Petri dishes, and incubated at 37 °C and 5% CO,. Cell adherence was observed after 12 h.
The original medium was replaced with a fresh medium.

4.3. Transwell Assay

Different cell suspensions were added into the upper chamber. RPMI/1640 or DMEM/F12
containing 20% FBS was added to the lower chamber. Then, cells were cultured at 37 °C
and 5% CO, for 24 h. The submembrane cells were fixed with 4% paraformaldehyde,
stained with 0.1% crystal violet, and the inserts were cleaned with PBS. After drying, cells
were selected and counted under a light microscope.

4.4. Immunocytochemistry

Cell suspensions (1 x 10° cells/mL) were inoculated in a six-well plate, covered
with sterile cover glass, and incubated for 24 h. When cell confluence reached 80%, cells
were fixed in 4.0% paraformaldehyde and permeated using 0.1-0.2% polyethylene gly-
coloctylphenylether. After incubation for 15 min, 5.0% normal goat abandoned blood
serum was added. Anti-CK19 (1:50; Abcam, Cambridge, UK) and anti-vimentin (1:50;
Abcam) were added and a negative control (PBS instead of primary antibody) was set up
simultaneously; all samples were placed in wet box at 4 °C overnight. After rewarming
on the next day, diluted secondary antibody was added, incubated at 37 °C for 15 min,
and dyed using the SP method (i.e., adding horseradish-labeled chain enzyme lactalbu-
min working solution). The neutral gum was then sealed and observed under a light
microscope Immunohistochemistry analysis showed that CK19 was negative and vimentin
was positive in hESCs and hEM15A. CY09 and VX-765 were purchased from Selleck
(Shanghai, China).
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4.5. Enzyme-Linked Immunosorbent Assay (ELISA)

The concentrations of PGE2, IL-13, and IL-18 in the serum of patients and cell culture
medium were detected using ELISA kits (Solarbio), according to the manufacturer’s proto-
col. The optical density (OD) at 450 nm was used to calculate the concentrations of PGE2,
IL-1p3, and IL-18.

4.6. Western Blot

Cells were collected and lysed. Total protein was extracted and quantified using the
BCA Protein Assay Kit (Solarbio), following the manufacturer’s instructions. Primary
antibodies (all Abcam) used included anti-NLRP3 (1:1000), anti-cleaved caspase-1 (1:1000),
anti-IL-14 (1:1000), anti-E-cadherin (1:1000), anti-vimentin (1:1000), and anti--actin (1:5000)
and were incubated at 4 °C overnight. After washing with tris-buffered saline with Tween
(TBS-T) three times, the secondary antibody (Solarbio) was added for 1 h at room tempera-
ture. The ECL substrate (Solarbio) was used to detect the expression of target proteins in
the FUSION FX5 imaging system (Bio-Rad, Hercules, CA, USA).

4.7. Immunohistochemistry

Paraffin-embedded tissues were sectioned, placed for 20 min in a 60 °C constant
temperature box after dewaxing hydration, and subjected to high-pressure repair for
2.5 min. After washing three times with PBS (5 min each), endogenous peroxidase blocking
agent was added at room temperature for 10 min. The PBS washing step (5 min each)
was performed for 1 h and conducted three times. Primary antibodies (anti-NLRP3, 1:100;
anti-cleaved caspase-1, 1:100; anti-IL-1f3, 1:100; anti-IL-1§3, 1:100; anti-E-cadherin, 1:200;
anti-vimentin, 1:200; and anti-3-actin, 1:500; all Abcam) were incubated overnight. After
PBS washing for 5 min three times, secondary antibodies (Solarbio) were incubated before
3,3/-diaminobenzidine (DAB) was added as the chromogen. Tissue sections were then
observed and photographed under the microscope.

4.8. Animals

Specific pathogen free female BALB/C mice (4-5 weeks old) were purchased from the
Experimental Animal Center of Lanzhou University Medical College (Lanzhou, China).
Animals were raised in the laboratory animal center for 1 week before the onset of the exper-
iments. Recipient and donor mice were subcutaneously injected with estradiol (100 pg/kg
body weight) once a week for modeling until the end of the experiment. On the day of
mouse modeling, both uterine horns of donor mice were extracted and placed in a glass
dish containing PBS to remove fat, blood, and other tissues. The ratio of donor mice to re-
cipient mice was 1:2. The uteri of donor mice were cut into 1-2 mm pieces and then divided
into several parts of equal weight, which were injected into the abdominal cavity of recipi-
ent mice. EMS recipient mice were randomly divided into two groups (n = 5 per group),
(I) control group (0.9% sodium 0.01 mL/g/day) and (II) PGE2 group (0.01 mL/g/day),
which were intraperitonially injected with the respective treatment. The mice weight was
measured every 3 days until day 21. After the experiment, the mice were sacrificed. The
weight and size of lesions were determined.

4.9. Statistical Analyses

All graphics were generated using GraphPad Prism 8.0. Data are expressed as
mean =+ standard error of the mean (SEM) and were analyzed in SPSS 22.0 software.
Two-tailed unpaired t-test was used to analyze the differences between the two groups,
and one-way analysis of variance (ANOVA) was used for statistical comparisons. p < 0.05
was considered statistically significant.
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Abstract: In the ruminant placenta, glucose uptake and transfer are mediated by facilitative glu-
cose transporters SLC2A1 (GLUT1) and SLC2A3 (GLUT3). SLC2A1 is located on the basolateral
trophoblast membrane, whereas SLC2A3 is located solely on the maternal-facing, apical trophoblast
membrane. While SLC2A3 is less abundant than SLC2A1, SLC2AS3 has a five-fold greater affinity
and transport capacity. Based on its location, SLC2A3 likely plays a significant role in the uptake of
glucose into the trophoblast. Fetal hypoglycemia is a hallmark of fetal growth restriction (FGR), and
as such, any deficiency in SLC2A3 could impact trophoblast glucose uptake and transfer to the fetus,
thus potentially setting the stage for FGR. By utilizing in vivo placenta-specific lentiviral-mediated
RNA interference (RNAIi) in sheep, we were able to significantly diminish (p < 0.05) placental SLC2A3
concentration, and determine the impact at mid-gestation (75 dGA). In response to SLC2A3 RNAi
(n = 6), the fetuses were hypoglycemic (p < 0.05), exhibited reduced fetal growth, including reduced
fetal pancreas weight (p < 0.05), which was associated with reduced umbilical artery insulin and
glucagon concentrations, when compared to the non-targeting sequence (NTS) RNAi controls (1 = 6).
By contrast, fetal liver weights were not impacted, nor were umbilical artery concentrations of IGF1,
possibly resulting from a 70% increase (p < 0.05) in umbilical vein chorionic somatomammotropin
(CSH) concentrations. Thus, during the first half of gestation, a deficiency in SLC2A3 results in fetal
hypoglycemia, reduced fetal development, and altered metabolic hormone concentrations. These re-
sults suggest that SLC2A3 may be the rate-limiting placental glucose transporter during the first-half
of gestation in sheep.

Keywords: placenta; glucose uptake; SLC2A3; SLC2A1; insulin; glucagon

1. Introduction

Glucose is the primary energy substrate for fetal oxidative processes and growth [1].
Due to a lack of endogenous fetal glucose production, until near term, the maternal cir-
culation is the only source of glucose for the placenta and fetus [2,3]. Placental glucose
uptake and transfer to the fetus requires a positive maternal-to-fetal glucose concentra-
tion gradient that is mediated by facilitative glucose transporter (GLUT) proteins on both
the maternal-facing apical microvillus and fetal-facing basal trophoblast membranes. In
sheep, SLC2A3 (GLUTS3) is localized to the apical microvillus trophoblast membrane, while
SLC2A1 (GLUT1) is localized to the basolateral trophoblast membrane, and as such, both
transporters must be utilized sequentially for glucose uptake and transfer from maternal to
fetal circulation [4]. While both SLC2A1 and SLC2A3 are present throughout gestation [5],
SLC2A1 has been regarded as the primary placental glucose transporter as it is the most
abundant glucose transporter in the mammalian placenta and increases in abundance as
gestation progresses [6]. Conversely, SLC2A3 is less abundant than SLC2A1, but SLC2A3
has a five-fold greater affinity and transport capacity for glucose [7].

Functional placental insufficiency is a major cause of fetal growth restriction (FGR),
however, the specific causes of placental insufficiency are not well characterized. A common
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hallmark of FGR is reduced placental transfer of glucose, resulting in the fetuses becoming
hypoglycemic [8,9]. When assessed in pre-term or term FGR placentas, there is a lack of
down-regulation of either SLC2A1 or SLC2A3 [10,11], indicating that the fetal hypoglycemia
does not stem from a deficit in glucose transport mechanisms. However, these observations
may not reflect the glucose transport capacity of the FGR placenta throughout gestation.
Any deficit in placental glucose transport during the first-half of pregnancy could impact
placental development and function, thus potentially resulting in functional placental
insufficiency and setting the stage for fetal hypoglycemia and FGR. For obvious ethical
reasons, the relative importance of SLC2A1 and SLC2A3 in placental glucose transport
at different stages of gestation, and how a deficit in either glucose transporter may alter
glucose transport, cannot be addressed in humans. As SLC2A1 is localized solely to
the basolateral trophoblast membrane and SLC2A3 is localized solely to the maternal-
facing apical microvillous membrane [4], the sheep placenta provides the opportunity to
differentiate the relative importance of each placental glucose transporter as well as apical
versus basolateral transport.

The development of in vivo lentiviral-mediated RNA interference (RNAi) [12-17],
that specifically targets trophoblast cells, provides the opportunity to directly assess the
relative importance of placental SLC2A3. While the abundance of SLC2A3 is less than
SLC2A1 [5], SLC2AS3 appears to play an important role in trophoblast uptake of glucose
due to its location on the maternal-facing apical trophoblast membrane [4] and its five-fold
greater affinity and transport capacity for glucose [7]. Thus, any deficit in SLC2A3 may
have a major impact on placental uptake of glucose, placental development and function,
and fetal development. Accordingly, we hypothesized that SLC2A3 deficiency would
result in impaired placental development and significant FGR by mid-gestation (75 dGA).
Therefore, it was our objective to use lentiviral-mediated RNAI to attenuate the expression
of placental SLC2A3 to assess its relative importance in placental glucose transport, as
assessed at mid-gestation.

2. Results
2.1. RNA Interference of SLC2A3 in iOTR Cells

To assess the effectiveness of the SLC2A3 RN A construct, iOTR cells were infected at a
MOI of 500 with either the NTS RNAi or SLC2A3 RNA:i lentivirus, approximately the MOI
used for blastocyst infection, and SLC2A3 concentrations were determined. SLC2A3 RNAi
resulted in a 91% reduction in SLC2A3 concentration (p < 0.05; Figure 1) as compared to
NTS RNAi-infected iOTR cells.

2.2. Fetal and Placental Measurements at Mid-Gestation

At 70 dGA, as assessed by ultrasonography, fetal binocular distance tended to be
reduced (p < 0.10), and both femur length and tibia length were significantly shorter
(p < 0.05), whereas there appeared to be no impact of SLC2A3 RNAI on fetal crown-
rump length or abdominal circumference (Table 1). Doppler assessment of umbilical artery
velocimetry revealed no differences in umbilical artery pulsatility indices, resistance indices,
systolic/diastolic ratios, fetal heart rates, umbilical artery cross-sectional areas, or cross-
sectional diameters between NTS RNAi and SLC2A3 RNAI fetuses (p > 0.10; Table 1).
When assessed at the 75 dGA terminal surgery, head circumference, femur length, and tibia
length were all significantly reduced in the SLC2A3 RNAi pregnancies (p < 0.05; Table 2),
and fetal weight tended (p < 0.10) to be less (Table 2), whereas crown-rump length and
abdominal circumference were not impacted by SLC2A3 RNAi. While fetal liver weight
was not impacted (Table 2), fetal pancreas weight was significantly reduced (p < 0.05).
Placental weight (total placentome weight) was less, but did not reach statistical significance
(p > 0.10), and placentome number was not impacted by SLC2A3 RNAi (Table 2).
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Figure 1. Efficiency of SLC2A3 RNAI in iOTR cells: (a) iOTR SLC2A3 detected by Western blot
analysis following infection with either the NTS RNAi or SLC2A3 RNAI lentivirus; (b) concentration
of SLC2A3, relative to total protein transferred, following infection with NTS RNAi or SLC2A3 RNAi
lentivirus. Data are shown as means = SEM. NTS, non-targeting sequence; RNAi, RNA interference.

Table 1. Fetal and Doppler velocimetry measurements assessed at 70 dGA.

NTS RNAi  SLC2A3RNAi  p-Value % Change
Binocular Distance, cm 3.53 +0.10 3.29 £ 0.06 0.06 6.68
Crown-rump length, cm 14.88 £ 1.13 14.31 £ 0.40 0.58 3.83
Abdominal circumference, cm 13.09 £+ 0.55 12.20 £ 0.46 0.24 6.82
Femur Length, cm 297 +£0.12 2.34 +0.18 0.01 21.19
Tibia Length, cm 2.70 + 0.20 1.99 +£0.18 0.03 26.38
Pulsatility Index 2.80 £ 0.27 297 £ 0.15 0.59 6.15
Resistance Index 0.86 + 0.05 0.85 4+ 0.04 0.92 0.79
Systolic: Diastolic 16.18 & 6.60 11.04 4 3.96 0.52 31.76
Fetal heart rate, bpm 204.72 £1.91 200.03 =+ 8.69 0.61 2.29
Umbsilical artery cross-sectional 9 4 007 0,104 + 0.01 0.4 1152

area, cm:

Umbilical artery cross-sectional 034 + 0.01 0.35 + 0.02 0.74 237

diameter, cm

Data are shown as means £ SEM for all ewes in each treatment group. NTS, non-targeting sequence; RNAIi,
RNA interference.

SLC2A3 RNAI resulted in a 37% reduction in placental SLC2A3 (p < 0.05; Figure 2),
as well as a 38% increase in SLC2A1 concentration (p < 0.10; Figure 2) in the SLC2A3
RNAI pregnancies. Additionally, there was no effect of SLC2A3 RNAi on placental SLC2A8
(p > 0.10; Figure 2).
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Table 2. Placental and fetal measurements obtained at 75 dGA.

NTS RNAi SLC2A3 RNAi  p-Value % Change

Fetal weight, g 208.61 £9.93 179.89 4+ 10.84 0.08 13.77

Head circumference, cm 13.90 £ 0.19 12.88 +£0.43 0.05 7.37
Crown-rump length, cm 19.33 £ 04 19.17 £ 0.36 0.76 0.86
Abdominal circumference, cm 13.62 + 0.51 12.92 + 0.35 0.28 5.14
Femur length, cm 4.33 +£0.20 3.67 £0.17 0.03 15.22

Tibia length, cm 3.42 +0.20 2.78 £ 0.19 0.05 18.54

Liver weight, g 13.21 4+ 0.95 12.65 4+ 1.06 0.71 4.20
Pancreas weight, mg 470.00 +34.35  363.33 £+ 15.85 0.02 22.70
Placentome weight, g 536.10 £ 54.05  423.39 + 34.81 0.13 21.02
Placentome number 81.83 £ 5.51 7333 £7.17 0.37 10.39

Data are shown as mean values + SEM for all ewes in each treatment group. NTS, non-targeting sequence; RNAi,
RNA interference.

£ £ = 89
T 0.10- 38% & 0.08- @ 0.05- °
[=] [=] (=] —
& o p=009 2 £ p=063
-.—‘5 - =1 E 0.06 - E 0.04 -
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ﬁ 0.06- ﬂ ﬁ 0.03+
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c c c
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Figure 2. Impact of SLC2A3 RNAIi on placental concentrations of (a) SLC2A1, (b) SLC2A3 and
(c) SLC2A8 at mid-gestation in sheep. Data are shown as means £ SEM. NTS, non-targeting sequence;
RNAI, RNA interference.

2.3. Maternal and Fetal Plasma Measurements at Mid-Gestation

At 75 dGA, uterine artery and vein concentrations of glucose (Figure 3) and lactate
(Figure 3) were not significantly impacted by SLC2A3 RNAi (p > 0.10), although SLC2A3
RNAIi maternal glucose concentrations were 20-25% lower. In contrast, umbilical vein and
artery glucose concentrations were significantly reduced by 42% and 46%, respectively, in
the SLC2A3 RNAI pregnancies (p < 0.05; Figure 4). There were no statistical differences
observed in lactate concentrations in either the umbilical vein or artery (p > 0.10; Figure 4).
Individual amino acid concentrations in the uterine and umbilical vasculature are presented
in Tables 3 and 4. There were few SLC2A3 RNAi-induced changes in maternal plasma
amino acid concentrations, with the exceptions being greater (p < 0.05) concentrations of
asparagine and lysine in the uterine artery, and tendencies (p < 0.10) for increased valine
and ornithine in the uterine artery and citrulline in the uterine vein. Similarly, there were
few changes in fetal plasma amino acids, other than significant reductions (p < 0.05) in the
umbilical vein and artery concentrations of arginine, and increased (p < 0.05) asparagine in
the umbilical artery.
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Figure 3. Impact of SLC2A3 RNAI on both uterine artery and vein concentrations of (a) glucose
and (b) lactate in plasma samples harvested at 75 dGA. Data are shown as means + SEM. NTS,
non-targeting sequence; RNAi, RNA interference.
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Figure 4. Impact of SLC2A3 RNAi on both umbilical vein and artery concentrations of (a) glucose
and (b) lactate in plasma samples harvested at 75 dGA. Data are shown as means = SEM. NTS,
non-targeting sequence; RNAi, RNA interference.

As evidenced in Figure 5, SLC2A3 RNAi did not impact uterine artery insulin or
uterine vein CSH concentrations, but did result in a significant reduction (p < 0.05) in
the uterine artery concentrations of both glucagon and IGF1. In contrast, both umbilical
artery insulin and glucagon (Figure 6) were reduced (p < 0.10) 44% and 53%, respectively,
whereas umbilical artery IGF1 was not impacted by SLC2A3 RNAI, nor was fetal liver
INSR concentration (data not presented). However, umbilical vein concentrations of CSH
were increased 70% (p < 0.05; Figure 6) in SLC2A3 RNAi pregnancies.
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Table 3. Maternal plasma amino acid concentrations (75 dGA).

NTS RNAi SLC2A3 RNAi o NTS RNAi SLC2A3 RNAIi o
Uterine Artery  Uterine Artery P -Value % Change Uterine Vein Uterine Vein  P-Value % Change
TAU 43.50 £ 8.70 49.55 £ 8.83 0.64 13.91 78.85 £ 17.57 74.16 £17.13 0.98 0.92
ASP 18.53 + 2.66 17.65 £ 2.58 0.82 4.78 27.42 £+ 3.50 34.10 £ 10.13 0.55 24.38
THR  108.92 £+ 15.67 147.58 £ 17.81 0.13 35.50 153.15 + 45.77 151.47 £19.38 0.97 1.10
SER 63.61 £ 6.28 75.04 £7.41 0.27 17.97 109.98 £ 50.80 71.67 £ 8.15 0.47 34.84
ASN 26.70 £3.15 42.09 £3.93 0.01 57.67 3227 £542 4223 £5.13 0.21 30.85
GLU 105.34 +11.72 106.04 £ 6.40 0.96 0.66 158.64 + 12.88 172.02 £ 34.99 0.73 8.43
GLN  309.41 +17.70 317.86 £+ 25.19 0.79 2.73 308.16 £ 30.39 328.82 £ 28.26 0.63 6.70
PRO 7825 £9.15 81.99 £ 5.96 0.74 4.78 84.70 £ 6.03 89.16 £+ 6.52 0.63 527
GLY  628.54 + 53.55 578.48 £ 32. 09 0.44 7.96 630.56 £ 63.84 687.23 £+ 66.76 0.55 8.99
ALA  198.69 + 14.19 219.90 £ 104 0.26 10.68 219.66 £ 19.76 245.43 £+ 13.65 0.31 11.73
CIT  188.30 £ 23.08 256.7 £ 34. 01 0.13 36.32 171.15 £19.28 253.27 + 35.50 0.07 47.98
VAL 197.76 +13.18 231.82 £ 1341 0.10 17.22 201.25 £24.21 219.92 £ 12.70 0.51 9.28
CYS 21.92 +2.88 17.99 £ 3.70 0.42 17.93 11.94 £ 4.15 21.28 +4.84 0.17 78.20
MET 2215 £1.96 27.58 £2.98 0.16 24.51 33.38 £10.20 28.49 £ 3.39 0.66 14.65
ILE 102.26 £ 3.79 115.23 £ 6.93 0.13 12.69 94.24 +4.77 104.06 £ 3.18 0.12 10.42
LEU 120.45 + 4.05 134.11 £ 9.62 0.22 11.33 114.62 £+ 9.81 125.2 + 6.66 0.39 9.23
TYR 39.20 +£3.28 49.47 £ 5.61 0.14 26.22 52.23 £ 12.11 54.75 £ 7.68 0.86 4.82
PHE 34.06 + 1.89 38.38 £ 3.34 0.29 12.66 44.80 £+ 10.34 42.56 £ 4.15 0.84 4.99
TRP 3427 £1.78 36.78 £ 2.54 0.44 7.30 35.72 + 4.65 39.95 £1.99 0.96 0.65
ORN 94.49 £ 6.14 115.83 £ 8.20 0.06 22.58 97.07 £ 17.58 105.10 £ 8.02 0.69 8.27
LYS 103.41 £ 6.97 144.09 £17.23 0.05 39.33 117.46 £15.91 148.69 £ 19.41 0.24 26.59
HIS 59.89 £1.70 61.65 £ 3.16 0.63 2.94 57.60 £ 2.77 62.99 + 3.74 0.27 9.38
ARG 210.83+9.11 233.19 £+ 20.86 0.35 10.61 219.04 + 11.37 231.31 +23.04 0.64 5.60

Data are shown as mean values + SEM for all ewes in each treatment group. TAU, taurine; ASP, aspartic acid;
THR, threonine; SER, serine; ASN, asparagine; GLU, glutamic acid; GLN, glutamine; PRO, proline; GLY, glycine;
ALA, alanine; CIT, citrulline; VAL, valine; CYS, cysteine; MET, methionine; ILE, isoleucine; LEU, leucine; TYR,

tyrosine; PHE, phenylalanine; TRP, tryptophan; ORN, ornithine; LYS, lysine, HIS, histidine; ARG, arginine.
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Figure 5. Impact of SLC2A3 RNAIi on uterine artery concentrations of (a) insulin, (b) glucagon

and (c) IGF1, and (d) uterine vein concentrations of CSH. Data are shown as means £+ SEM. NTS,

non-targeting sequence; RNAi, RNA interference.
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Table 4. Fetal plasma amino acid concentrations (75 dGA).

NTS RNAi SLC2A3 RNAi o NTS RNAi SLC2A3 RNAi o
Umbilical Art.  Umbilical Art. P -Value %o Change Umbilical Vein Umbilical Vein P -Value %o Change
TAU 132.41 + 16.08 141.54 + 19.40 0.73 6.89 132.14 + 13.98 144.70 + 23.33 0.64 9.50
ASP 43.10 4+ 4.27 41.54 + 3.05 0.80 3.63 40.87 + 3.80 32.67 + 2.58 0.12 20.06
THR  453.57 + 32.87 561.20 £ 66.67 0.15 23.73 497.44 + 2457 531.22 £+ 57.58 0.58 6.79
SER 375.99 + 25.84 420.26 + 48.66 0.40 11.77 328.51 £+ 15.49 338.54 + 38.41 0.80 3.05
ASN 52.01 £+ 2.62 66.88 £+ 5.40 0.02 28.60 76.66 £+ 2.62 86.04 £+ 6.95 0.21 12.24
GLU 182.77 £+ 23.49 181.57 + 15.68 0.97 0.65 49.03 + 3.88 40.59 + 8.67 0.37 17.22
GLN  453.66 £ 36.48 495.05 + 38.65 0.47 9.12 591.28 + 28.78 589.07 & 32.74 0.96 0.37
PRO 114.12 4+ 14.32 136.71 +9.92 0.28 19.80 143.05 + 12.36 163.25 £ 9.12 0.24 14.12
GLY 465.10 £ 46.10 458.02 + 48.14 0.92 1.52 550.47 + 30.18 477.85 £ 26.96 0.11 13.19
ALA  319.75 £ 28.75 349.43 + 50.04 0.59 9.28 417.10 £+ 18.71 384.69 £+ 17.40 0.24 7.77
CIT 151.75 4+ 16.05 184.56 + 19.39 0.23 21.62 152.28 4+ 16.16 168.38 + 19.32 0.54 10.57
VAL 263.06 £ 19.26 313.77 £ 42.27 0.25 19.28 318.44 £+ 2691 332.76 £+ 36.17 0.75 4.50
CYS 16.52 +1.99 19.53 + 2.05 0.34 18.25 12.72 £ 2.86 12.39 £+ 1.50 0.93 2.59
MET 79.89 + 6.43 89.07 £ 11.02 0.46 11.48 98.43 £+ 6.07 103.53 +4.21 0.53 5.18
ILE 75.66 + 4.25 91.57 +11.79 0.18 21.03 106.30 &+ 5.92 107.65 + 10.54 0.91 1.27
LEU 130.62 + 7.42 150.52 + 17.26 0.26 15.24 188.21 + 9.92 181.61 + 14.04 0.70 3.51
TYR 104.88 4+ 3.21 116.85 + 14.31 0.35 11.42 134.05 4+ 9.35 136.81 + 14.15 0.87 2.05
PHE 92.42 4+ 2.39 108.34 + 11.15 0.13 17.22 123.35 + 5.79 127.38 £ 7.21 0.67 3.27
TRP 50.73 + 1.83 4551 +4.21 0.23 10.28 59.73 +2.75 55.44 +2.72 0.30 7.18
ORN 160.01 £+ 15.14 196.74 + 43.89 0.38 22.95 165.92 + 11.63 186.65 + 39.12 0.59 12.49
LYS 202.84 + 16.16 210.34 4 19.88 0.78 3.70 260.43 £+ 15.82 270.66 £ 30.56 0.76 3.93
HIS 50.08 + 3.82 52.69 4+ 4.12 0.66 5.20 68.09 £ 1.68 66.35 +7.37 0.81 2.55
ARG 25154 +15.84 193.81 +9.20 0.03 22.95 313.01 £+ 19.29 246.22 + 15.08 0.03 21.34

Data are shown as mean values + SEM for all ewes in each treatment group. TAU, taurine; ASP, aspartic acid;
THR, threonine; SER, serine; ASN, asparagine; GLU, glutamic acid; GLN, glutamine; PRO, proline; GLY, glycine;
ALA, alanine; CIT, citrulline; VAL, valine; CYS, cysteine; MET, methionine; ILE, isoleucine; LEU, leucine; TYR,
tyrosine; PHE, phenylalanine; TRP, tryptophan; ORN, ornithine; LYS, lysine, HIS, histidine; ARG, arginine.
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Figure 6. Impact of SLC2A3 RNAi on umbilical artery concentrations of (a) insulin, (b) glucagon,
and (c) IGF1, and (d) umbilical vein concentrations of CSH. Data are shown as means + SEM. NTS,

non-targeting sequence; RNAi, RNA interference.
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2.4. Placental mRNA Concentration of the Insulin-like Growth Factor Axis

Placental tissues harvested at 75 dGA were assessed for IGF, IGFBP, and IGFR (IGF receptor)
mRNA concentrations. While there were no differences in placental IGF1 mRNA concentration
(p > 0.10; Table 5), placental IGF2 mRNA concentration was increased by 71% (p < 0.05; Figure 7)
in SLC2A3 RNAi pregnancies. Additionally, in SLC2A3 RNAi pregnancies, placental IGF1R and
IGF2R mRNA concentrations were increased by 40% and 69% (p < 0.05; Figure 7), respectively.
There were no differences in placental IGFBP1, IGFBP2, or IGFBP3 mRNA concentrations
between treatments (p > 0.10; Table 5).

Table 5. Placental insulin-like growth factor mRINA concentrations (75 dGA).

mRNA NTS RNAi SLC2A3 RNAi p-Value % Change
IGF1, pg/pg 0.0011 = 0.0002 0.0011 £ 0.00013 0.88 3.18
IGFBP1, pg/pg  0.00018 = 0.000076 0.00013 =+ 0.000066 0.64 26.81
IGFBP2, pg/pg 0.00051 =+ 0.000082 0.00057 + 0.000057 0.57 11.58
IGFBP3, pg/pg 0.025 £ 0.0056 0.028 £ 0.0049 0.69 12.19

Data are shown as mean values &= SEM for the starting quantity of the mRNA of interest (pg) divided by the
starting quantity (pg) of the housekeeping mRNA (RPS15).
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Figure 7. Impact of SLC2A3 RNAi on placental concentrations of (a) IGF2, (b) IGF1R, and (c) IGF2R
mRNA. Data are shown as means £+ SEM. NTS, non-targeting sequence; RNAi, RNA interference.

3. Discussion

As glucose is the primary energy substrate supporting fetal development [1], the
fetus is reliant upon placental glucose uptake and transfer, mediated by facilitative glucose
transporters. The importance of placental glucose transfer is exemplified in FGR preg-
nancies, with the magnitude of fetal hypoglycemia being correlated with the severity of
FGR [8,9]. SLC2A1 (GLUT1) and SLC2A3 (GLUTS3) are the primary transporters in human
and ruminant placenta [4,18] believed responsible for uptake and transfer, yet the relative
importance of each is debatable. In humans, SLC2A1 is found in both the microvillous
(apical) and basal membranes of the syncytiotrophoblast [6,19], whereas SLC2A3 is local-
ized to just the microvillous membrane [20]. By contrast, in sheep, SLC2A1 is localized
to the basolateral trophoblast membrane and SLC2A3 is localized to the microvillous tro-
phoblast membrane [4]. Beyond the individual transporters, the more important question
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is whether microvillous glucose transport is more or less important than basal membrane
transport. In vivo maternal and fetal glucose clamp studies led to the conclusion that
placental glucose transport capacity is greater on the fetal surface than the maternal sur-
face [21]. However, the placenta is a highly metabolic organ in itself, and placental glucose
utilization accounted for 80 and 72% of uterine glucose uptake at mid- and late-gestation, re-
spectively [22,23], directly impacting the maternal-fetal glucose gradient, thereby requiring
sufficient microvillous glucose uptake to maintain placental function.

As SLC2AS3 is localized on the apical microvillous membrane in both sheep and hu-
mans [4,20], SLC2A3 likely plays an important role in trophoblast uptake of glucose in both
species. Accordingly, we used our lentiviral-mediated in vivo RNAi methods [12-17] to
diminish SLC2A3 in the sheep placenta to evaluate the relative importance of microvillous
trophoblast glucose uptake during the first half of gestation. SLC2A3 RNAi resulted in a 37%
reduction (Figure 2) in placental SLC2A3 concentration at 75 dGA. This reduction in SLC2A3
was sufficient to induce significant fetal hypoglycemia (Figure 4) and reduce fetal growth
(Table 4), as assessed at mid-gestation. In contrast, SLC2A1 was increased (Figure 2), which
we hypothesize is in an attempt to offset the deficit in SLC2A3 in terms of glucose uptake
and transport. In mice, the homozygous Slc2a3~/~ genotype results in embryonic lethality,
whereas the heterozygous Slc2a3*/~ genotype resulted in late-gestation FGR [24], further sup-
porting the requirement of SLC2A3. In humans, placental SLC2A3 is more abundant in early
gestation [20], and it has been suggested that its greater affinity and glucose transport capacity
may be important during the early stages of gestation when glucose delivery to the developing
placenta is low [20]. Interestingly, during late-gestation in FGR pregnancies, an upregulation
of SLC2A3 is thought to be an adaptive response to increase placental glucose uptake and
transfer [11,25,26]. Our results further support the important role of placental SLC2A3, and
that a deficiency in microvillous trophoblast glucose uptake is crucial in supplying the fetus
adequate glucose during the first half of gestation.

As noted above, SLC2A3 RNAI resulted in significant fetal hypoglycemia. Due to
these pregnancies being studied at mid-gestation, they did not undergo maternal and fetal
catheterization that would have allowed steady-state assessment of uterine and umbilical
blood flows, as well as uterine and umbilical uptakes and uteroplacental utilization of
nutrients [27]. A common hallmark of FGR pregnancies is fetal hypoxia and increased fetal
lactate concentrations [28,29]. While we were unable to quantify oxygen content in the
collected blood samples, there was a 48% increase in umbilical artery lactate concentrations
in SLC2A3 pregnancies, although this was not statistically different (p = 0.14). As the
majority of fetal lactate is produced by the fetus [30,31], as evidenced by greater lactate
concentrations in the umbilical artery as compared to the umbilical vein (Figure 4), these
data indicate that the increase in umbilical artery lactate is the result of fetal hypoxia.
However, as uterine and umbilical blood flows are the major determinants of fetal oxygen
delivery [32], the lack of differences observed in the 70 dGA Doppler velocimetry assess-
ment would suggest that umbilical blood flow in the SLC2A3 RNAIi pregnancies, is not
restricting fetal oxygen delivery. We did assess amino acid concentrations in the uterine
and umbilical blood samples collected and there did not appear to be an overall impact
of SLC2A3 RNAIi on amino acid concentrations. This would indicate that there was not
an increase in amino acid oxidation in response to fetal hypoglycemia, to maintain fetal
oxidative metabolism [33,34]. Using maternal hyperinsulinemia clamps to induce fetal
hypoglycemia, DiGiacomo and Hay [35], demonstrated that fetal oxygen consumption
was reduced proportionally to fetal hypoglycemia and the rate of fetal growth reduction,
diminishing the likelihood of increased amino acid oxidation. This was further demon-
strated, following 8 weeks of fetal hypoglycemia, in which it was determined that fetal
plasma leucine disposal, leucine flux into protein synthesis, and leucine oxidation were not
impacted by fetal hypoglycemia [36].

There were impacts of SLC2A3 RNAI on fetal growth, which may have resulted solely
from the hypoglycemia. Notably, fetal pancreas weight was reduced 23% (p < 0.05). As
expected, umbilical artery insulin was reduced 44% (p < 0.10), essentially equivalent to
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the reduction in umbilical glucose concentrations. Surprisingly, umbilical artery glucagon
concentrations were also reduced (p < 0.10) in the SLC2A3 RNAi pregnancies. The fact
that both insulin and glucagon concentrations were reduced suggests that the fetal hypo-
glycemia induced by SLC2A3 RNAi during the first half of gestation had an overall effect on
pancreas development and growth, rather than a 3 cell-specific effect. Glucose-stimulated
insulin secretion at mid-gestation is 20% of the rate near term [37], indicating that during the
first half of gestation the pancreas may not be responding to glucose concentrations in the
specific fashion that occurs during the second half of gestation. Notably, arginine-induced
insulin secretion increases with gestational age in a similar fashion to glucose-stimulated
insulin secretion [37], and of all of the amino acids assessed, only arginine was significantly
reduced (p < 0.05) in both the umbilical vein and artery.

In various experimental models that produce functional placental insufficiency that
results in FGR, fetal hypoglycemia, fetal hypoinsulinemia, and decreased fetal liver growth
are common characteristics [13,15,28,38,39]. Additionally, when fetal liver growth is de-
creased in FGR pregnancies, a decrease in IGF1 concentrations is often observed [13,15,40],
as well as an upregulation of the fetal liver INSR in response to fetal hypoinsulinemia [41].
However, in response to SLC2A3 RNA|, fetal liver weight, INSR concentration, and umbili-
cal artery IGF1 concentrations were unaffected. The lack of impact on the fetal liver may be
due in part to the 70% increase in umbilical vein CSH (Figure 6) observed in the SLC2A3
RNAI pregnancies. A similar increase in umbilical CSH, in response to fetal hypoglycemia
and hypoinsulinemia, was reported in fasted late-gestation pregnant ewes that was then
subsequently reversed upon refeeding of the ewes [42]. The increase in circulating CSH con-
centrations may have preserved fetal liver weight and function, as CSH deficiency results in
reduced fetal liver weights during early [17] and late-gestation sheep pregnancies [13,14], as
well as significant reductions in umbilical artery IGF1 concentrations [13,14]. Collectively,
these data may suggest that by enhancing umbilical concentrations of CSH, the placenta
indirectly salvages fetal liver growth and function in the face of fetal hypoglycemia, at least
during the first half of gestation.

With the SLC2A3 pregnancies, placental weight was reduced 21%, which did not
reach statistical significance (p = 0.13). Within the placenta, IGF2, IGFIR and IGF2R mRNA
concentrations were the only members of the insulin-like growth factor axis impacted,
and all three mRNA were significantly (p < 0.05) elevated in SLC2A3 RNAI placenta
(Figure 7). The upregulation of these mRNA may be a compensatory mechanism to stimu-
late placental growth, thus increasing the total nutrient exchange surface area to combat
fetal hypoglycemia. Targeted mutagenesis studies have demonstrated that placental IGF2
plays a role in modulating placental growth as overexpression of Igf2 results in placental
overgrowth [43] and total ablation of Igf2 results in placental growth restriction [44]. Pla-
cental IGF2 mediates its effects through IGF1R, as IGF2R has been demonstrated to be a
clearance receptor for IGF2 [45,46] that prevents IGF2 from overstimulating IGFIR and
producing placental overgrowth [46,47]. A similar increase in placental IGF2 expression
has been shown to be an adaptive response to decreased placental growth in other sheep
FGR models [48,49].

Placenta-specific SLC2A3 RNAi did not have a statistically significant impact on uter-
ine artery or vein glucose and lactate concentrations (Figure 3), but numerically there
was a 20-25% reduction in uterine blood glucose concentrations in SLC2A3 RNAI preg-
nancies. In contrast to the significant changes observed in umbilical circulation, uterine
artery insulin and uterine vein CSH concentrations were not impacted by SLC2A3 RNAi
(Figure 5). However, to our surprise, the uterine artery concentrations of both IGF1 and
glucagon were significantly (p < 0.05) reduced in SLC2A3 RNAi pregnancies. We did
not hypothesize that there would be an impact on maternal hormone concentrations as
the use of replication-deficient lentivirus to infect hatched blastocysts results in the RNAi
being limited to the trophectoderm lineage of the placenta [12,50,51], such that the RNAi
is placenta-specific. The non-significant reductions in maternal glucose may be tied to
the reduction in maternal glucagon, but what is driving the reduction in maternal IGF1
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and glucagon is not apparent. We can only speculate that this resulted from reductions in
trophoblast uptake of glucose, altering placental secretory products that impact maternal
IGF1 and glucagon.

Since SLC2A3 is limited to the microvillous membrane of the placental trophoblast in
sheep [4], using lentiviral-mediated RNAi, we were able to assess the impact of SLC2A3
deficiency during the first half of gestation. Our results confirm that microvillous glucose
uptake can be rate-limiting to fetal growth and development during early gestation, while
not fully resolving whether microvillous or basal glucose transport is more important.
Some of our results could be viewed as being predictable, in response to limiting glucose
transfer to the fetus, while others were not. The “global” impact of fetal hypoglycemia
on pancreas growth and function, with both insulin and glucagon concentrations being
diminished, were not expected, especially since fetal liver growth and IGF1 secretion
were not affected. The most surprising result was the diminished uterine artery IGF1
and glucagon concentrations. While considerable effort has been expended on examining
maternal glucose, insulin and IGF1 in normal and compromised pregnancies, the role of
maternal glucagon for the most part has been overlooked, although Qiao et al. [52] recently
reported that pregnancy in mice induces an expansion of maternal «-cell mass, and an
increase in maternal glucagon concentrations during early pregnancy. Furthermore, the
demonstration [53] that fetal hyperglucagonemia during late-gestation results in significant
reductions in uterine artery blood flow and placental CSH production and secretion into
maternal circulation, without impacting umbilical blood flow or CSH concentrations,
highlights not only the importance of glucagon during pregnancy, but also that the three
compartments (maternal, placental and fetal) are intimately integrated and need to be
investigated together [54]. This research, therefore, also exemplifies the utility of integrating
in vivo RNAi in an animal model that can allow steady-state assessment of altered maternal-
placental-fetal physiology [27].

4. Materials and Methods

All procedures conducted with animals were approved by the Colorado State Univer-
sity Institutional Animal Care and Use Committee (Protocol 1483), as well as the Institu-
tional Biosafety Committee (17-039B).

4.1. Lentiviral Generation

Lentiviral infection was used to stably integrate and express shRNA targeting SLC2A3 mRNA
in the host cell. The shRNA sequences for hLL3.7 472 (SLC2A3 RNAi) and hLL3.7 NTS (non-
targeting sequence; control RNAi) constructs are presented in Table 6. All subsequent virus
generation and titering followed the procedures extensively described previously [13].

Table 6. Non-targeting sequence (NTS) RNAi and SLC2A3 RNAi shRNA sequences.

Oligonucleotide Sequence (5'-3')
GAGTTAAAGGTTCGGCACGAATTCAAGAGATTCGTGCCG
NTS shRNA sense strand AACCTTTAACTC
GCGCAACTCAATGCTTATTGTTTCAAGAGAACAATAAGCA

SLC2A3 shRNA sense strand TTGAGTTGCGC

4.2. Generation of SLC2A3 RNAi Pregnancies

All ewes (Dorper breed composition) were group housed in pens at the Colorado
State University Animal Reproduction and Biotechnology Laboratory, and were provided
access to hay, trace minerals, and water to meet or slightly exceed their National Research
Council [55] requirements. Animal management, estrus synchronization, and embryo
transfers were done as previously described [13-15]. In summary, after synchroniza-
tion and subsequent breeding, at 9 days post-conception, donor ewes were euthanized
(88 mg/kg Euthasol; VetOne, Conshohocken, PA) and the uteri were harvested and flushed
to collect hatched and fully expanded blastocysts. Each blastocyst was infected with
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150,000 transducing units of either NTS RNAi or SLC2A3 RNAI virus as previously de-
scribed [13-15]. Following 5 h of incubation with the virus, each blastocyst was washed
and a single blastocyst was surgically transferred into the uterine horn ipsilateral to the
corpus luteum of a synchronized recipient ewe. All recipient ewes (NTS RNAi n = 10;
SLC2A3 RNAi n = 13) were then monitored daily for return to standing estrus and con-
firmed pregnant at 50 days of gestational age (dGA) by ultrasonography (Mindray Medical
Equipment, Mahway, NJ, USA). At 70 dGA, all successful pregnancies (6 NTS RNAi and
6 SLC2A3 RNAIi) underwent Doppler velocimetry assessment as described previously [14].

4.3. Tissue Collection

At 75 dGA, six NTS RNAi (5 males and 1 female) and six SLC2A3 RNAI (3 males
and 3 females) pregnancies underwent a terminal surgery as previously described [13].
In summary, pregnant recipient ewes were food restricted for 18 h before surgery. The
fetus and umbilical cord were exposed and fetal blood was collected from the umbilical
artery and vein, while maternal blood was collected from the uterine artery and vein
ipsilateral to the fetus, with the resulting serum stored in —80 °C until further analysis.
The fetus was then euthanized (88 mg/kg, Euthasol; VetOne), excised, and fetal weight,
head circumference, crown-rump length, abdominal circumference, femur and tibia length
were recorded. The fetal liver and pancreas were harvested, weighed, and snap frozen in
liquid nitrogen. The ewe was euthanized (88 mg/kg, Euthasol; VetOne) and a complete
hysterectomy was performed and all placentomes were excised and recorded for total
placentome number and weight. Thirty placentomes were randomly selected and snap
frozen in liquid nitrogen. The resulting tissue was pulverized using a mortar and pestle
and stored at —80 °C for later use.

4.4. Biochemical Analysis of Blood Samples

Plasma glucose and lactate were measured by Yellow Spring Instrument 2900 (YSI
Incorporated, Yellow Springs, OH), and plasma amino acids were measured by HPLC as
described previously [14,15]. Maternal and fetal plasma concentrations of insulin and IGF1
were assessed by enzyme-linked immunosorbent assay (ALPCO Immunoassays, Salem,
NH; 80-IN-SOV-E01 and 22-IGFHU-E01, respectively) as described previously [14,15]. The
concentration of plasma CSH was assessed by radioimmunoassay (RIA) as described
previously [13]. Maternal and fetal plasma glucagon concentrations were assessed by
enzyme-linked immunosorbent assay (ALPCO; 48-GLUHU-EO01), which was validated for
use with sheep plasma and exhibited an intra-assay coefficient of variation ranging from
0.2 to 11.6%, for the highest to lowest plasma concentrations, respectively.

4.5. Cell Lines

Immortalized ovine trophoblast (iOTR) cells [16] were used to test the degree of RNAi
of the SLC2A3 shRNA construct. To infect the cells, a frozen aliquot of SLC2A3 RNAi or NTS
RNAI lentivirus was resuspended in 500 pL. of DMEM-F12 medium [16] (supplemented
with: 10% FBS, 1x penicillin-streptomycin-amphotericin B solution, 10 pg/mL insulin,
0.1 mM non-essential amino acids, 2 mM glutamine, and 1 mM sodium pyruvate) with
8 pug/mL polybrene (Sigma-Aldrich, St. Louis, MO, USA). The iOTR cells were incubated
with lentiviral particles at a multiplicity of infection (MOI) of 500 for 8 h at 37 °C and 5%
COy,, after which the transfection media was replaced with fresh complete media. The
subsequent cells were passaged up to a 150-mm tissue culture plate, pelleted and stored in
—80 °C until further analysis.

4.6. Western Blot Analysis

Cellular protein from 75 dGA placentomes was assessed using Western immunoblot
analysis. Protein isolation and analysis were done in accordance with the methods de-
scribed previously [14,15]. Pulverized placentome tissue (75 mg) was lysed in 500 pL of
lysis buffer and sonicated on ice. For placental SLC2A3 analysis, 25 pg of protein from
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each sample were electrophoresed through NuPAGE 4-12% Bis Tris gels (Life Technologies,
Carlsbad, CA, USA), and transferred to a 0.45 pm pore nitrocellulose membrane. For iOTR
cell SLC2A3 analysis, 10 ug of protein from each sample were electrophoresed through
NuPAGE 4-12% Bis-Tris gels (Life Technologies), and transferred to a 0.45 pm pore ni-
trocellulose membrane. The resulting blots were stained with Ponceau S (Sigma Aldrich,
St. Louis, MO, USA) to assess total protein per lane using the ChemiDoc XRS+ (BioRad,
Hercules, CA, USA). To visualize SLC2A3, the blots were incubated in a 1:1000 dilution
of CSU-a-SCL2A3-22 [15] for 24 h at 4 °C. After washing, the blots were incubated in a
1:5000 dilution of goat «-rabbit IgG conjugated to horse radish peroxidase (ab97051; Ab-
cam, Cambridge, MA, USA). Membranes were developed using an ECL Western Blotting
Detection Reagent chemiluminescent kit (Amersham, Pittsburgh, PA, USA) and imaged
using the ChemiDoc XRS5+ (BioRad). Densitometry of SLC2A3 was normalized on the total
protein per lane. To account for technical error between immunoblots, a common sample
was included in each immunoblot and densitometry measurements were adjusted based
on the average densitometry measurements of the common sample.

For analysis of placental SLC2A1, 5 pg of protein from each sample were elec-
trophoresed through a 4-15% Tris-Glycine stain-free gel (BioRad) and transferred to a
0.45 um pore nitrocellulose membrane. After transfer, the nitrocellulose membrane was
imaged using the ChemiDoc XRS+ chemiluminescence system (BioRad) to assess the total
protein per lane to use for normalization. To visualize SLC2A1, the blots were incubated
in a 1:40,000 dilution of rabbit x-SLC2A1 (07-1401; EMD Millipore, Burlington, MA, USA)
for 24 h at 4 °C. After washing, the blots were incubated in a 1:80,000 dilution of goat
oa-rabbit IgG conjugated to horse radish peroxidase (ab205718; Abcam). As described above,
densitometry analysis of SLC2A1 was performed using Image Lab software (version 6.1;
BioRad) and normalized on total protein/lane.

For analysis of placental SLC2AS8, 20 ug of each sample were electrophoresed through
4-15% Tris-Glycine stain-free gels (BioRad) and transferred and analyzed as described for
SLC2A1. SLC2A8 was visualized using a 1:2000 dilution of rabbit «-SLC2A8 (LS-C757596;
LifeSpan BioSciences, Seattle, WA) and a 1:10,000 dilution of goat x-rabbit IgG conjugated
to horse radish peroxidase (ab97051; Abcam). INSR was visualized using a 1:1000 dilution
of mouse &-INSR-f (ab69058; Abcam) and a 1:5000 dilution of goat alpha-mouse IgG
conjugated to horse radish peroxidase (ab6789; Abcam).

4.7. RNA Isolation

Total cellular RNA was isolated from 75 dGA pulverized placentome samples using
the RNeasy Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s protocol.
RNA concentration was quantified using the BioTek Synergy 2 Microplate Reader (BioTek,
Winooski, VT, USA), and RNA quality was measured by the 260/280 nm absorbance ratio.
Samples were stored at —80 °C until use.

4.8. cDNA Synthesis and Quantitative Real-Time PCR

cDNA was generated from 2 pg of total cellular RNA using iScript Reverse Transcrip-
tion Supermix (BioRad) according to the manufacturer’s protocol. To control for variance
in the efficiency of the reverse transcription reaction, cONA was quantified using the
Quant-iT OliGreen ssDNA Assay Kit (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s protocol, and quality was measured by the 260/280 absorbance ratio. An
equal mass of cDNA (10 ng/uL) was used for each sample in the quantitative real-time
PCR (qRT-PCR) reaction. qRT-PCR was performed using the CFX384 Real-Time System
(BioRad). Forward and reverse primers for qRT-PCR were designed using Oligo software
(Molecular Biology Insights, Cascade, CO, USA) to amplify an intron-spanning product.
Primer sequences and amplicon size are summarized in Table 7. Standard curves were
generated as described previously [17]. Briefly, a PCR product for each gene was generated
using cDNA from 135 dGA fetal placenta as a template and cloned into the StrataClone
vector (Agilent Technologies), and each PCR product was sequenced to verify amplification
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of the correct cDNA. Using the PCR products amplified from the sequenced plasmids,
standard curves were generated for each mRNA from 1 x 102 to 1 x 107> pg, and were
used to measure amplification efficiency. The starting quantity (pg) was normalized by
dividing the starting quantity of mRNA of interest by the starting mRNA quantity (pg) of
ribosomal protein 515 (RPS15) [17].

Table 7. Primers and product sizes for cDNA used in qRT-PCR.

cDNA Forward Primer (5'-3’) Reverse Primer (5'-3') Pr(i)c})uct,
RPS15 ATCATTCTGCCCGAGATGGTG TGCTTGACGGGCTTGTAGGTG 134
IGF1 TCGCATCTCTTCTATCTGGCCCT ACAGTACATCTCCAGCCTCCTCA 240
IGF2 GACCGCGGCTTCTACTTCAG AAGAACTTGCCCACGGGGTAT 203
IGFBP1 TGATGACCGACTCCAGTGAG GTCCAGCGAAGTCTCACAC 248
IGFBP2 CAATGGCGAGGAGCACTCTG TGGGGATGTGTAGGGAATAG 330
IGFBP3 CTCAGACGACAGACACCCA GGCATATTTGAGCTCCAC 336
IGFIR AACTGTCATCTCCAACCTC CAAGCCTCCCACTATCAAC 493
IGF2R GACTTGTGTCCAGACCAGATTC GCCGTCGTCCTCACTCTCATC 674

4.9. Statistical Analysis

Data were analyzed by two-way analysis of variance using GraphPad Prism (version 9)
to analyze the main effects of treatment and fetal sex, as well as the treatment x sex
interaction. The pregnancy success rate limited the final number, such that the study was
not sufficiently powered to examine the effect of fetal sex. As there were no treatment by
fetal sex interactions, the data are presented as the main effect of treatment only. Statistical
significance was set at p < 0.05 and a statistical tendency at p < 0.10. Data are reported as
the mean + standard error of the mean (SEM).

5. Conclusions

Using lentiviral-mediated in vivo RNAi, we determined that a deficiency of SLC2A3,
which is localized specifically to the microvillous apical membrane of placental trophoblasts
in sheep, reduced the placental transfer of glucose to the fetus during the first-half of
gestation resulting in impaired fetal growth and development. Furthermore, by impacting
placental glucose uptake, placental function was altered in a fashion, which either directly
or indirectly impacted maternal metabolic hormone secretion, highlighting the integration
of the maternal, placental and fetal compartments of pregnancy.
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Abstract: This study evaluated the damage to the endothelial tight junctions (T]Js) in pregnancies
complicated by fetal growth restriction (FGR) and investigated whether FGR is related to blood-brain
barrier disintegration and, subsequently, to the appearance of proteins indicative of neuronal injury
in maternal blood. The studied group included 90 pregnant women diagnosed with FGR. The control
group consisted of 70 women with an uncomplicated pregnancy. The biochemical measurements
included serum neuronal proteins (subunit of the N-methyl-D-aspartate receptor—NR1, nucleoside
diphosphate kinase A—NMEI, and 5100 calcium-binding protein B—S100B), serum T] proteins
(occludin—OCLN, claudin-5—CLNS5, zonula occludens—zo-1, and OCLN/zo-1 and CLN5/zo-1
ratios), and placental expression of TJ proteins (OCLN, claudin-4 CLN4, CLN5, zo-1). The significantly
higher serum S100B and CLNS5 levels and serum CLN5/zo-1 ratio were observed in FGR compared to
healthy pregnancies. Moreover, FGR was characterized by increased placental CLN5 expression. Both
serum NME]1 levels and placental CLN4 expression in FGR pregnancies were significantly related
to the incidence of neurological disorders in newborns. Mothers of FGR neonates who developed
neurological complications and intraventricular hemorrhage (IVH) had statistically higher NME1
concentrations during pregnancy and significantly lower placental CLN4 expression than mothers
of FGR neonates without neurological abnormalities. The serum NMEI1 levels and placental CLN4
expression were predictive markers of IVH in the FGR group. The blood-brain barrier is destabilized
in pregnancies complicated by FGR. Neurological disorders, including IVH, are associated with
higher serum concentrations of NME1 and the decreased placental expression of CLN4. The serum
NMET1 levels and placental CLN4 expression may serve as biomarkers, helpful in predicting IVH
in FGR. It may allow for more precise monitoring and influence decision-making on the optimal
delivery time to avoid developing neurological complications.

Keywords: blood-brain barrier; endothelium; fetal growth restriction; fetal hypoxia; neuronal
damage; tight junctions; tight junction proteins

1. Introduction

Fetal growth restriction (FGR) is a pregnancy complication characterized by an inability
of the fetus to reach its genetically predicted growth potential [1-3]. According to the criteria
offered by Figueras and Gratacos, FGR is diagnosed when the estimated fetus weight (EFW)
is lower than the 3rd percentile or, if the EFW is less than the 10th percentile, and a Doppler
blood flow test indicates abnormalities associated with a poorer perinatal outcome [4]. FGR
affects approximately 5 to 10% of pregnancies and is the second most common cause of
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perinatal mortality [5]. It has a multifactorial etiology, which is still not fully understood [6].
Its leading cause is a uteroplacental unit failure resulting in dysregulated blood flow across
the placenta [7]. It is likely to result from an impaired trophoblast invasion of the uterine
vasculature in the early stage of pregnancy, leading to abnormal conversion of the spiral
arteries into low-resistance vessels that are limited in their delivery of nutrients and oxygen
to the fetus [8-10]. A low birth weight is related to long-term consequences, evident from
the in utero nervous system programming (Barker’s theory) [11-14]. FGR is associated not
only with a higher risk of intrauterine fetal death, but also with poorer perinatal outcomes
compared to those appropriate for gestational-age fetuses (AGA) [15-17].

The failure of invasive trophoblasts to sufficiently remodel the uterine arteries can lead
to reduced blood flow, persistent placental hypoxia, and oxidative stress with consequences
for fetal growth [18,19]. Initially, the fetus adapts to conditions of inadequate oxygen delivery,
increasing cerebral, myocardial, and upper body blood flow while decreasing renal, gastroin-
testinal, and lower extremity perfusion. Circulatory centralization allows blood redistribution
and preferential delivery of nutrients and oxygen to vital organs [20-23]. Eventually, as adap-
tive mechanisms are exhausted, the brain-sparing phenomenon does not provide sufficient
protection against hypoxia for the developing fetal brain. It may lead to neurodevelopmental
disorders on a heterogeneous spectrum [24-26].

Children with FGR show deficits in both brain function and structure [27]. FGR is
associated with a reduction in total brain volume and gray matter, indicating its particular
sensitivity to hypoxia and which is reflected in neurobehavioral impairments in children,
including the ability to focus their attention [28-30]. In addition, postmortem studies of
neonates with growth disorders have found a reduction in the total number of brain nerve
cells [27,31]. Live-born FGR neonates show morphological differences in neurostructure,
including abnormal corrugations of the cortex, and at 12 months of age, less structural
complexity of the gray and white matter [27,32]. Additionally, prematurely born FGR
neonates have lower global and local neural networks and reduced cortico-basal ganglia
connectivity mainly in the prefrontal cortex and limbic system, compared to prematurely
born neonates with AGA [27,33,34].

There are limited possibilities to study processes occurring in the developing fetal
brain during pregnancy. Currently, the monitoring of a pregnancy complicated by FGR is
based on repeated Doppler ultrasound and evaluation of cardiotocography records. There
is a lack of sensitive and specific biomarkers of hypoxia in maternal blood that could be
used in clinical practice for more precise monitoring of an FGR pregnancy to determine
optimal delivery time and predict neonatal complications. Despite in vivo experimental
studies and postmortem observations of fetuses with FGR, understanding the outcomes of
placental insufficiency and in utero hypoxia on fetal neurodevelopmental processes is a
challenge for modern perinatology. The sequence of events that occur in the brain during
hypoxia is well understood, and these processes were observed in patients diagnosed with
ischemic stroke [35,36].

The blood-brain barrier is a component of the neurovascular unit (NVU) that pro-
tects the nervous system from harmful agents and ensure the selective transport of sub-
stances from the blood to neurons. Under normal conditions, it is formed by tightly
adherent endothelial cells, astrocytes, pericytes, the extracellular matrix, and the basal
membrane [37-39]. The endothelial tight junctions (T]s) determine the paracellular perme-
ability of molecules across the blood-brain barrier [40]. They consist of integral transmem-
brane proteins, i.e., occludin (OCLN), claudin (CLN), and junctional adhesion molecules
(JAMs) [41], which are linked to the actin cytoskeleton by the zonula occludens proteins,
z0-1, zo-2, and zo-3 [42]. Hypoxia-induced changes in blood-brain barrier permeability in
pregnancies with FGR may result in the appearance of specific proteins in the blood that
co-form the vascular or nonvascular (e.g., astroglial) part of the blood-brain barrier under
normal conditions, the identification of which would allow monitoring of the pregnancy
and a prognosis of neonatal complications. These markers could become a diagnostic tool
to properly identify growth-restricted fetuses, among others, especially in those with mild
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abnormalities without severe placental insufficiency, which are more difficult both in terms
of diagnosis and monitoring [43,44]. Given the hypothesis that abnormalities of TJs in
FGR pregnancies are also reflected in processes occurring in the placenta, the searching for
hypoxia indices in that maternal-fetal unit also seems justified.

The present study aimed to evaluate the usefulness of molecular indicators in identify-
ing the damage to the endothelial TJs in pregnancies complicated by FGR and to investigate
to what extend FGR is related to the release of blood—brain barrier proteins and molecules
indicative of neuronal injury in maternal blood. The objectives were realized based on the
evaluation of serum neuronal protein concentrations (subunit of the N-methyl-D-aspartate
receptor—NR1, nucleoside diphosphate kinase A—NME1, and 5100 calcium-binding pro-
tein B—S100B), serum levels (OCLN, claudin-5—CLN5, zonula occludens—zo-1, and
OCLN/zo-1 and CLN5/zo-1 ratios), and the assessment of the placental expression of TJ
proteins (OCLN, claudin-4—CLN4, CLN5, and zo-1). Moreover, the relationship between
these biochemical parameters and neurological disorders in newborns was investigated.
Furthermore, the usefulness of serum and placental proteins in predicting newborn neuro-
logical complications was evaluated.

2. Results
2.1. Group Characteristics

The basic characteristics of the studied and control groups, which did not differ in
age, BMI at the first prenatal visit, and gestational age, are summarized in Table 1. The
first, second, third, and fourth stage of FGR was diagnosed in 50.0, 12.2, 2.2, and 35.6% of
patients, respectively. FGR newborns had significantly lower birth weights as compared
to healthy neonates. They also revealed statistically lower values of all anthropometric
measurements and lower body weight on the day of hospital discharge. FGR newborns had
lower Apgar scores in the 1st and 5th minute and were hospitalized longer than healthy
infants (Table 2).

Table 1. The characteristics of the group with fetal growth restriction (FGR) and physiological pregnancy.

- FGR Physiological Pregnancy
Characteristics (1 = 90) (1 = 70) p-Value
Age (years, mean + SD) 29 +£5 31+5 0.0662
. o . 2
BMI at the first prenatal visit (kg/m?) 22.2 (15.2-42.0) 21.9 (17.4-30.5) 0.8443
median, min—-max)
Gestational age ;.1t stud.y eligibility 35 (24-41) 36 (29-41) 0.0677
(weeks, median, min—-max)
Estimated fetal weight (g, 1932 (439-2920) 3255 (756-4259) <0.0001
median, min—-max)
Percentile of ?stlma.ted fetal weight 1.0 (0.1-9.0) 41.0 (4.0-98.0) <0.0001
(median, min—-max)
Mode of delivery (%)
Spontaneous 20.5 41.8 0.0039
Cesarean section 75.0 41.8 <0.0001
Vacuum extractor 4.5 16.4 0.0132
Forceps 0.0 0.0 1.0000

bold values means statistical significance at the p < 0.05 level.
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Table 2. The perinatal outcomes of newborns in pregnancies complicated by fetal growth restriction
(FGR) and physiological pregnancy. The statistically significant differences between groups are

highlighted in bold.
FGR Physiological Pregnancy
Parameters (1 = 90) (1 = 70) p-Value
Delivery week (median, min-max) 37 (2641) 39 (37-42) <0.0001
Premature delivery (%) 422 0.0 <0.0001
Fetal distress (%) 50.0 20.0 0.0001
Birth weight (g) (median, min-max) 2260 (420-3080) 3450 (2500—4600)
<2500 overall (%) 70.5 0.0
1500-2500 (%) 46.6 0.0 <0.0001
1000-1500 (%) 8.0 0.0
<1000 (%) 15.9 0.0
Anthropometric measurements (cm)
(median, min—max)
Head circumference 31.5 (22.0-35.0) 34.0 (31.0-38.0) <0.0001
Thoracic circumference 29.0 (17.5-33.0) 34.0 (27.0-37.5) <0.0001
Body length 49.0 (29.5-55.0) 55.0 (45.0-61.0) <0.0001
Apgar score (points) (median, min-max)
1st minute 10 (0-10) 10 (4-10) 0.0017
3rd minute 8 (2-10) 9(6-9) 0.6209
5th minute 10 (4-10) 10 (9-10) 0.0001
pH (me‘;l;:r?(’)fs‘m_max) 7.33 (7.01-7.46) 7.33 (7.15-7.48) 05835
Arterial 7.27 (6.95-7.45) 7.27 (7.06-7.40) 0.9758
Base excess (mEC{;eI;l)Oﬁedlan, min-max) —26(~113-32) 27 (~103-2.7) 02271
Arterial —2.3(—13.4-34) —2.6 (—11.8-3.4) 0.1345
Metabolic acidosis (%)
Arterial pH < 7,30 overall 56.7 42.9 0.1108
7.20-7.29 422 30.0 0.1376
7.10-7.19 12.2 10.0 0.8023
7.00-7.09 0.0 29 0.1899
<7.00 22 0.0 0.5047
Length of hosplta.hzatlon (days) (median, 6 (3-84) 4(2-22) <0.0001
min-max)
>5 days (%) 50.6 14.5 <0.0001
Neurological disorders overall (%) 8.9 0.0 0.0098
Intraventricular hemorrhage (%) 7.8 0.0 0.0186
First degree 5.6 0.0 0.0683
Second degree 11 0.0 1.0000
Third degree 1.1 0.0 1.0000
Fourth degree 0.0 0.0 -
Periventricular leucomalacia (%) 22 0.0 0.5044

bold values means statistical significance at the p < 0.05 level.

2.2. Serum and Placental Markers

The significantly higher serum S100B and CLN5 levels and serum CLN5/zo-1 ratio
were observed in FGR compared to the control pregnancy. Serum NR1, NME1, OCLN,
and zo-1 levels and the serum OCLN/zo-1 index did not differ between groups (Table 3).
The FGR group revealed significantly higher placental CLN5 expression. The placental
expressions of OCLN, CLN4, and zo-1 were comparable in both groups (Table 4). A
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significant positive correlation between placental CLN5 expression and serum CLNS5 levels
was observed in the FGR group (Rs = 0.38, p = 0.0252).

Table 3. Serum concentrations of biochemical parameters in pregnancies complicated by fetal growth
restriction (FGR) and physiological pregnancy. The statistically significant differences between groups
are highlighted in bold.

Serum FGR Physiological Pregnancy g
Concentrations (n =90) (n=70) p-Value
NR1 (pg/mL) 1295.2 £ 2852.6 657.2 +1531.2 0.0799
mean + SD (min—-max) (0.0-16,442.1) (0.0-9030.8) ’
NME1 (pg/mL) 112.4 £+ 650.7 77.1 £317.3 0.9246
mean £ SD (min—-max) (0.0-6085.6) (0.0-2557.8) '
S100B (pg/mL) 29.6 +40.7 149 £+ 25.1 0.0290
mean + SD (min-max) (0.0-165.9) (0.0-72.8) )
OCLN (pg/mL) 32.8 +116.3 8.4+419 0.0835
mean + SD (min—-max) (0.0-676.0) (0.0-284.0) ’
CLNS5 (pg/mL) 742 £167.6 30.7 £ 150.6 0.0039
mean + SD (min-max) (0.0-828.0) (0.0-1115.0) )
zo-1 (RU/mL) 2.6 +4.6 1.8+42 03122
mean £ SD (min-max) (0.0-24.9) (0.0-29.3) ’
OCLN/zo-1 (pg/RU) 11.4 £ 50.5 1.7 +89 0.0612
mean + SD (min—-max) (0.0-320.9) (0.048.1) ’
CLN5/zo-1 (pg/RU) 122.8 4+ 6378.0 47 +£12.2 0.0181
mean + SD (min-max) (0.04127.0) (0.0-40.8) ’

bold values means statistical significance at the p < 0.05 level.

Table 4. Placental expression of tight junction proteins in pregnancies complicated by fetal growth
restriction (FGR) and physiological pregnancy.

FGR Physiological Pregnancy

Placental Expression (1 = 90) (1 = 70) p-Value
OCLN (ng/mg total protein) 0.18 £ 0.16 0.12+0.13 0.0791
mean £ SD (min—-max) (0.00-0.53) (0.00-0.43) ’
CLNS5 (ng/mg total protein) 0.02 + 0.02 0.01 £ 0.02 0.0119
mean + SD (min—-max) (0.00-0.11) (0.00-0.09) ’
CLN4 (ng/mg total protein) 0.16 £0.10 0.13 £0.10 0.1806
mean £ SD (min-max) (0.00-0.42) (0.02-0.43) )
z0-1 (RU/mL) 0.24 +0.16 0.20 £ 0.16 02615
mean £ SD (min—-max) (0.02-0.66) (0.02-0.54) ’

bold values means statistical significance at the p < 0.05 level.

2.3. Association of Serum and Placental Markers and Neurological Outcomes

In FGR pregnancies, a significant relationship between serum NME1 levels and peri-
natal fetal distress was observed. Women from the FGR group, whose fetuses experienced
life-threatening symptoms, had significantly higher serum NME1 concentrations compared
to women with FGR without perilabour fetal distress (Figure 1A). Neurological disorders
were observed in 8.9% of FGR newborns. They were not observed in children born from
uncomplicated pregnancies. IVH and periventricular leukomalacia (PVL) were diagnosed
in 7.8 and 2.2% of FGR neonates, respectively, with no cases in the control group. Mothers
of FGR neonates who developed neurological complications had statistically higher NME1
concentrations during pregnancy (Figure 1B) and significantly lower placental CLN4 ex-
pression than mothers of FGR neonates without neurological abnormalities (Figure 2A).
Moreover, mothers of FGR neonates diagnosed with IVH also showed significantly higher
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serum NMEI levels (Figure 1C) and lower placental CLN4 expression (Figure 2B) during
pregnancy compared to mothers of FGR neonates without IVH.

A 1250+ p = 0.039 B 1250+ p = 0.047 C 1250+ p = 0.011
— 1000 —, 1000 —, 1000
- - -
£ £ £
S 750 S 7504 S 750
& & &
w 500 W 500- W 500
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J I o o
Yes No Yes No Yes No
Fetal disstress in FGR Neurological disorders in FGR IVH in FGR
Figure 1. (A) Comparison of serum NME1 concentrations with reference to perinatal fetal distress in
fetal growth restriction (FGR), (B) neurological disorders in FGR, and (C) intraventricular hemorrhage
(IVH) in FGR newborns.
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Figure 2. (A) Comparison of placental CLN4 expression with reference to neurological disorders in
fetal growth restriction (FGR) and (B) intraventricular hemorrhage (IVH) in FGR newborns.

The serum NMEI levels showed a prognostic value for IVH in the FGR group (cut-off
value for NMEL1: 40.45 pg/mL; sensitivity: 0.71; specificity: 0.76; PPV: 0.21; NPV: 0.97; LR+:
2.93; LR-: 0.38; ACC: 0.753; AUC: 0.745; p = 0.0315). The placental CLN4 expression was
useful in the prediction of newborn IVH (cut-off value for CLN4: 20.82 ng/myg total protein;
sensitivity: 1.00; specificity: 0.83; AUC: 0.879; p < 0.0001).

3. Discussion

The present study is the first to provide data on serum concentrations of NR1, NME1,
OCLN, CLNS5, and zo-1 in human FGR pregnancies. Previously, only one study, which
included a small group of patients, reported placental expressions of OCLN and zo-1 in
pre-eclampsia with coexisting FGR [45]. Developing programs of neonatal neurocritical
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care (NNCP), which include disorders related not only to neonatal, but also peripartum
and parturition periods, focus on diagnostic and monitoring procedures. The identification
of fetal or neonatal neurological disorders requires neuroimaging, neurophysiological,
and laboratory tools. “The First Thousand Days” approach was used by Michael Scher
to define the Fetal/Neonatal Neurology Program. This program focuses on trimester-
specific mechanisms that influence the maternal/placental/fetal (MPF) triad. Disturbing
the MPF triad triggers maternal immune responses, which modify pre-neuronal and pre-
glial cell populations and their interactions. As a result, embryonic/fetal central nervous
system structures are lesioned, leading to a spectrum of neurological complications, e.g.,
encephalopathy of prematurity, cortical dysplasia, seizures, etc. [46]. The understanding of
the mechanisms involved in the development of placental vasculature is required to iden-
tify manifestations of trimester-specific MPF associated with great obstetrical syndromes
(GOSs): pre-eclampsia, FGR, prematurity, fetal demise, placental abruption, and morbidly
adherent placenta. Moreover, the development of the neurovascular unit relies on the
interaction between neurogenesis and angiogenesis. The proper course of pathways that
leads to the final destinations requires interactions between vascular and neural compo-
nents. A motor for an attractive or repulsive force forms as a result of intersensing between
endothelial tip cell caps, which represent the vascular component, and the axon growth
cone, which represents the neural component. Thus, already at the developmental stage of
the blood-brain barrier, the involvement of angiogenesis in this process also indicates the
significant role played later in blood-brain barrier function and integrity, where T] proteins
(i.e., OCLN, CLN, e-cadherin, zo, JAMs, catenins, cingulin, and actin) are crucial [47].

Our study adds to the general understanding of the potential association between
indicators of neuronal lesions (NR1, NME1, and S100B), TJ/blood-brain barrier stability
(OCLN, CLN5, and zo-1) and FGR, and its neurological outcomes in neonates with potential
implications for clinical practice, early diagnosis, and management.

Animal studies do not provide a clear answer on the changes in TJ proteins under
hypoxic conditions. Warrington et al. observed no altered expression of zo-1 and OCLN
in either the anterior or posterior cerebrum in placental ischemic rats [48]. Kuvacheva
et al. reported an increased number of cells with CLN5 expression and a decreased number
of zo-1-positive cells after perinatal hypoxia in postpartum rats [49]. Ma et al. showed a
downregulated expression of zo-1 and CLN5 in mouse-brain microvascular endothelial
cells under hypoxia/aglycemia conditions [50]. Zehender et al. observed the destruction
of zo-1 and CLNS5 in hypoxia with subsequent reoxygenation [51], whereas Mark and
Davis found changes in OCLN, zo-1, and zo-2 localization and an increased expression
of these proteins during reoxygenation [52]. Similar to Mark and Davis, Yamagata et al.
reported increased OCLN expression at the mRNA level [53]. Animal studies indicate the
unquestionable effect of hypoxia on TJ protein distribution and point out that early life
stress causes an imbalance between T] protein expression, but the observed changes may
be opposite in direction. This may require further studies on larger and more homogeneous
groups to determine how reduced oxygen delivery affects endothelial T] breakdown.

A similar increase in maternal serum and umbilical artery S100B levels in the FGR was
independently observed in two previous studies and is in line with our observations [54,55].
Additionally, Gazzolo et al. determined the usefulness of S100B concentration in FGR
pregnancy, with a cut-off value of 720 pg/mL, a sensitivity of 100%, and a specificity of
99.3% as a single marker to predict IVH in newborns. Moreover, S100B was suggested to be
a potential marker for the early detection of IVH in infants with perinatal asphyxia before
clinical examination and transtemporal ultrasound display pathological changes [56].

The incidence of neonatal IVH in our study was three-fold lower (7.8%) than reported
by Gazzolo et al. [54]. Moreover, most newborns in our study presented with the first
degree of IVH (5.6%), with an equal frequency of the second and third degrees (1.1%), and
no occurrence of the fourth stage. These differences may be caused by the update of the
guidelines for the management and recommended delivery time in FGR pregnancies. One
should note that S100B levels in neonates with perinatal hypoxia reported by Gazzolo et al.
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are significantly higher than those observed in pregnancies with FGR. This suggests that
the fetal blood-brain barrier breakdown, which results in the release of the S100B protein
into the maternal bloodstream, is a dynamic process that progresses over time. Only
its early detection, followed by decision-making about the optimal delivery time, may
protect against neurological deficits in newborns. Contrary to this, Mazarico et al. and
Boutsikou et al. did not report increased maternal S100B concentrations in FGR compared to
physiological pregnancy [57,58]. This may have been because the researchers collected the
maternal venous blood at the time of delivery. Moreover, they used the chemiluminescent
immunoassay for the in vitro determination of serum S100B with an analytical range
between 0.02 and 30 ug/1, whereas the limit of detection in our study was 5 pg/mL.
Despite these discrepancies, S100B appears to be associated with FGR as its increased
urine and serum levels were reported for FGR neonates, including those with neurological
abnormalities detected one week after delivery [59,60]. All in all, SI00B may be useful in
the prediction of brain damage in neonates.

In addition, one study considered the possibility of a partial placental release of S100B
in hypoxemic conditions because of its localization in intermediate villi and trophoblast
cells. However, its expression does not change in pregnancies complicated by FGR and in
physiological gestation [61]. Therefore, it is reasonable to assume that a significant increase
in S100B in the fetus and/or in the placenta would lead to higher maternal blood levels,
despite the increased total blood volume in pregnant women. It should be considered that
5100B could be derived from maternal tissues [62], but all pregnant women included in the
study were healthy and had no detectable neurological symptoms; thus, that possibility
seems unlikely. We observed no relationship between the analyzed serum or placental
proteins and perinatal outcomes in pregnant women. Thus, we can speculate that the
changes in the placental expression of T] proteins and their associations with neurological
complications in the newborn reflect processes associated with fetal blood-brain barrier
destabilization in pregnancies complicated by FGR.

The present study provides novel information on serum NME1 as a valuable marker
in IVH prediction among FGR newborns. Furthermore, significantly higher NME1 con-
centrations were observed in FGR pregnancies when perinatal fetal distress occurred,
indirectly suggesting the association of this protein with neuronal damage. Although
serum NR1 concentrations showed no difference between FGR and physiological preg-
nancies, it oscillated close to the significance limit, with a predominance of higher values
in pregnancies complicated by FGR. NR1 is one of the subunits of N-methyl-D-aspartate
receptors (NMDAR), which is reported to decrease in response to prenatal hypoxia (to
which the fetal brain is particularly vulnerable). That results from the high expression and
activity of these receptors in fetuses, which are specific roles of NMDAR neurotransmission
in the maturation and plasticity of developing neurons, and which change the NMDAR
configuration or their affinity to neurotransmitters in response to noxious stimuli [63,64].
Therefore, we hypothesized that a decrease in the expression of these receptors in response
to intrauterine hypoxia could occur with the persistence of adverse conditions during fetal
development in utero. At the time of blood collection from pregnant women, the disorder
may have been moderately severe, as indicated by the predominance of the first stage of
FGR diagnoses. Therefore, the disintegration of the blood-brain barrier could already be
identified (as evidenced by significantly higher serum CLN5 and S100B concentrations and
the serum CLN5/zo-1 index) with a relative increase in NR1 in maternal blood. However,
over time, as the Doppler blood flow worsens, a significant change in levels of NR1, as
well as NR2 and NR3, could occur due to the degradation of NMDAR. These hypotheses
were put forward by Schober et al. and Phillips et al., who observed the reduction in
the NR1 subunit and NR2A to NR2B ratio, dendrite shortening, and the reduction in the
density of immunostaining of NR1 due to hypoxia in rats with induced growth restriction
because of placental insufficiency [65,66]. Understanding the role of the NMDAR and
the balance between their different subunits in FGR pregnancy requires further research,
perhaps including the role of their agonists and antagonists.
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Our study did not observe any difference in OCLN expression, which is in line
with some previous research on pre-eclampsia and laboratory-induced hypoxia [67,68].
Contrary to this, Lim et al. and Wang et al. reported a decrease in OCLN expression
at the protein level, although there were no changes in mRNA expression in patients
diagnosed with pre-eclampsia compared to physiological pregnancy [45,69]. Moreover,
pre-eclampsia coexisted with a disorganized pattern of T] proteins [69]. Similar to our
study, Lim et al. and Liévano et al. did not observe changes in zo-1 expression [45,67],
whereas Zhang et al. noticed a decrease in zo-1 and CLN4 expression, as well as an increase
in CLN8 expression [68]. Contrary to the increase in CLN5 expression observed in the
present study, Liévano et al. found a decrease in CLN5, CLN1, and CLN3 expression [67].
This may suggest the existence of further pathways which control the placental claudin
expression and distinct mechanisms of “up-” and “down-" regulation of TJ proteins in
response to the conditions in utero. Zhang et al. concluded that placental T] dysfunction
induced by reduced oxygen concentrations might be important in the pathogenesis of
pre-eclampsia [68].

Similarly, in our study, along with increased placental CLN5 expression, significantly
higher serum CLNS5 levels were observed in the FGR group. This suggests that the disorga-
nization of placental T] proteins, contributing to reduced endothelial cell tightness, may
influence further blood flow deterioration, leading to placental insufficiency and affecting
fetal blood-brain barrier stability with the subsequent release of CLN5 into the maternal
blood circulation. It remains significant that CLNS5 is localized in the blood—brain barrier
on the outer part of the endothelial cell membrane with the internal organization of OCLN
and zo-1. Thus, the observed relationship may be derived from partial destabilization
of T] proteins in the developing fetal brain, resulting in a higher release of CLN5 into
the maternal blood compared to other TJ proteins or indicating the involvement of addi-
tional molecules supporting these connections. The lower placental expression of CLN4
was found in FGR pregnancies with neurological disorders of newborns, including IVH.
Since the multinucleated syncytiotrophoblast layer shows the presence of CLN4 in the
basolateral part of the cell membrane [67], it can be speculated that the disorganization of
the placental TJ proteins, leading to lower CLN4 expression, may be related to newborn
neurological complications, including IVH. Moreover, it should be pointed out that the
finding of significantly higher serum NME1 concentrations in pregnant women with FGR
was also associated with neurological abnormalities and IVH. Because Lo6v et al. reported
the appearance of NMEL1 only in cultures of damaged neurons and, therefore, suggested
the neuroprotective or regenerative function of extracellular NME1 as well as the lack of its
secretion in normal conditions [70], the link between the change in NME1 levels in pregnant
patients with FGR and the secondarily found reduced placental CLN4 expression seems
reasonable. A limitation of the study was the lack of sequential analysis in the newborns’
urine, which could show the changes in the studied parameters occurring during the
delivery period and postnatal life. Perhaps the studied parameters could be used in the
prognosis of the later abnormalities found through transcranial ultrasound. Moreover, the
studied groups, although homogeneous, were relatively small. In addition, the long-term
neurological consequences were not evaluated. The final limitation of our study is the
inability to exclude the subtle lesions in the placenta, such as those from the maternal or
fetal inflammatory response to an ascending intrauterine infection, the diagnosis of which
may not be available through conventional histopathological detection [71].

4. Materials and Methods
4.1. The Studied and Control Groups

The study was conducted in collaboration between the Department of Perinatology
and Gynecology and the Department of Neurochemistry and Neuropathology of the
Poznan University of Medical Sciences between 2015 and 2019.

The studied group included 90 pregnant women between 24 and 41 weeks of gestation
and who were diagnosed with FGR according to the Figueras and Gratacos criteria [4].
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The control group comprised 70 women with an uncomplicated pregnancy between 29
and 41 gestational weeks. Before inclusion in the study, a detailed medical interview
was conducted regarding obstetric history, course of current pregnancy, chronic diseases,
and medications. Then, each pregnant woman underwent an obstetric examination and
Doppler ultrasound velocimetry (Voluson E10 BT18, GE Healthcare, Chicago, IL, USA).
All newborns underwent a routine neonatal examination after delivery, but in the cases
of severe asphyxia, it was performed after the stabilization of the vital functions. The
neurological examination included an evaluation of a neonate’s level of alertness, cranial
nerve function, sensory and motor system function, and the presence of primitive reflexes.
In the case of an infant born with less than 32 weeks of gestation, the first transcranial
ultrasound examination was not performed until the 3rd day of life, and the second exami-
nation between the 5th and 7th days after delivery. If IVH was diagnosed using Papile’s
classification [72,73], the frequency of subsequent examinations depended on identifying
primary changes and the baby’s clinical condition. If the ultrasound image was unclear, a
magnetic resonance (MR) was performed. MR was performed at the postconceptional age
between 38 and 42 weeks if no changes were observed. In the case of a newborn between
32 and 35 weeks of gestation, an ultrasound was performed at the same time intervals as
mentioned above, and if an abnormal or unclear image was found, MR was performed.
If the neonate, born after 35 weeks of gestation with an Apgar score between 0 and 3
or an umbilical cord blood pH below 7.0, received therapeutic hypothermia, a Doppler
ultrasound followed by MR was performed between the 7th and 10th day after delivery. If
therapeutic hypothermia was not applied, ultrasound examinations were repeated until
the 3rd day of life and between the 5th and 7th day after delivery. MR was performed
when neurological abnormalities were observed. PVL was diagnosed using MR [74,75].
In newborns from physiological pregnancies born at term, because of the absence of risk
factors for central nervous system damage and no neurological abnormalities at birth,
diagnostic imaging was not necessary.

The exclusion criteria were as follows: maternal malnutrition, nicotinism, alcohol con-
sumption, drug abuse, taking medications such as warfarin, antiepileptic drugs, anticancer
drugs, folic acid antagonists (trimethoprim-sulfamethoxazole, phenobarbital), cyanotic con-
genital heart defects, heart failure NYHA III/IV, uncontrolled asthma, chronic obstructive
pulmonary disease, cystic fibrosis, pregestational and gestational diabetes mellitus, chronic
renal failure, nephrotic syndrome, renal transplantation, continuous hemodialysis, sys-
temic lupus erythematosus, antiphospholipid syndrome, Crohn’s disease, ulcerative colitis,
severe anemia, sickle cell anemia, beta-thalassemia, hemoglobin H disease, and uterine mal-
formations. Fetal exclusion factors were chromosomal aberrations, autosome abnormalities,
uniparental disomies, microdeletion syndromes, congenital malformations, and confirmed
infection with cytomegalovirus, rubella virus, herpes simplex virus, varicella-zoster virus,
human immunodeficiency virus, Toxoplasma gondii, Treponema pallidum, Chlamydia sp.,
Mycoplasma sp., Listeria monocytogenes, or Mycobacterium tuberculosis. The women with pla-
centa previa, placenta accreta, placental infarcts, placental villous thrombosis, circumvallate
placenta, hemangiomas, or other placental tumors were also excluded from the study.

4.2. Collection of Blood and Placental Samples

Three tubes per clot, each with 7.5 mL of whole blood, were collected from each patient
and centrifuged for 10 min at 2750 g. The serum was transferred into Eppendorf tubes
and frozen at —80 °C. The external section of the placental plate, 25 cm? in size, was taken
from the opposite side of the umbilical cord. If the umbilical cord was centrally located, the
external sample of the placental plate was cut, regardless of the location. Fresh tissue was
frozen at —80 °C.

4.3. Laboratory Serum Assays

The commercial ELISA assays were applied to measure the levels of NR1 (Human Glu-
tamate [NMDA] receptor subunit zeta-1, GRIN1 ELISA Kit, MyBioSource, San Diego, CA,
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USA), NME1 (Human Nucleoside diphosphate kinase A, NME1 ELISA Kit, MyBioSource,
San Diego, CA, USA) and S100B (S100B human ELISA kit, DRG MedTek, Warsaw, Poland).
Because of the lack of commercial diagnostic tests for OCLN, zo-1, and CLNS5, these con-
centrations were assessed using an in-house ELISA method. The Nunc MaxiSorpTM
plates (Thermo Fisher, Waltham, MA, USA) were used for all measurements. The rab-
bit anti-human and mouse anti-human antibodies were used as capture and detection
antibodies for the determination of serum OCLN levels (Occludin Polyclonal Antibody,
Zymed, South San Francisco, CA, USA, RRID AB_2533977; Occludin Monoclonal An-
tibody (OC-3F10), Invitrogen, Waltham, MA, USA, RRID AB_2533101) and zo-1 levels
(ZO-1 Polyclonal Antibody, Zymed, South San Francisco, CA, USA, RRID AB_2533938;
Z0O-1 Monoclonal Antibody (ZO1-1A12), Invitrogen, Waltham, MA, USA, AB_2533147),
respectively. For CLN5, mouse anti-human antibodies (Claudin 5 Monoclonal Antibody
(4C3C2), Zymed, South San Francisco, CA, USA, RRID AB_2533200) were used as capture
antibodies, whereas rabbit anti-human antibodies (Claudin 5 Polyclonal Antibody, Abcam,
Cambridge, UK, RRID AB_2533157) were used for detection. Goat anti-mouse IgG (Goat
anti-Mouse IgG (H+L) Cross-Adsorbed Secondary Antibody, HRP, Invitrogen, Waltham,
MA, USA, RRID AB_2536527) served as the secondary antibodies for OCLN and zo-1,
whereas goat anti-rabbit IgG (H+L, HRP, Invitrogen, Waltham, MA, USA) was used for
CLNS. The Substrate Reagent Pack (Substrate Reagent Pack, R&D Systems™, Minneapolis,
MN, USA) was used in that reaction. Recombinant human OCLN (Recombinant Human
Occludin GST (N-Term) Protein, Novus Biologicals, Littleton, CO, USA) and recombinant
human CLN5 (Recombinant Human Claudin-5 GST (N-Term) Protein, Novus Biologicals,
Littleton, CO, USA) served as standards. The concentrations of all tested factors, except
z0-1, were expressed in pg/mL. Due to the lack of an acceptable standard for zo-1, relative
units (RUs) were calculated from the optical density (OD), measured at 450 nm (OD450) as
the quotient: OD of 10 samples per OD of the cut-off. The OD was statistically determined
from zo-1 serum measurements of 48 healthy patients, whereas the 95th percentile was
defined as the cut-off value. The serum zo-1 concentration was expressed in RU/mL. All
ELISA steps were conducted using an automated RT-3100 microplate washer (Rayto Life
and Analytical Sciences Co., Ltd., Shenzhen, China), and the final reading was performed
using an EL X800 microplate reader (BioTek, Winooski, VT, USA). Since blood-brain barrier
disintegration is associated with the release of T] proteins, externally expressed CLN5
and internally expressed OCLN and zo-1, the ratios of OCLN/zo-1 and CLN5/zo-1 were
calculated to estimate the degree of blood—-brain barrier breakdown.

4.4. Laboratory Placental Tests

Placental tissues were homogenized in a buffer (1 L) consisting of 150 mM NaCl,
5 mM ethylenediaminetetraacetic acid (EDTA), and 50 mM Tris buffer solution (all Sigma-
Aldrich, Saint Louis, MO, USA). The mixture of protease inhibitors and Triton X-100
(both Sigma-Aldrich, Saint Louis, MO, USA) was added to the buffer, giving a solu-
tion with a final concentration of 1%. The protease inhibitors included: fluorinated
4-(2-aminoethyl)benzenesulfonyl hydrochloride (AEBSF), aprotinin, bestatin hydrochlo-
ride, trans-epoxysuccinyl-L-leucylamido(4-guanidino)butane (E-64), EDTA, and leupeptin
hemisulfate. The tissue homogenates were centrifuged for 15 min in Eppendorf tubes at
10,000 rpm. The obtained filtrate was used for T] protein expression analyses. All ELISA
steps were performed using an automated microplate washer (RT-3100 Microplate Washer,
Rayto Life and Analytical Sciences Co., Ltd., Shenzhen, China), and the records were read
out using an EL X800 microplate reader (BioTek, Winooski, VT, USA). The placental expres-
sion of TJ proteins was estimated by using the Lowry method and described as ng/mg of
total protein [76]. The dependence of the absorbance of the comparison solutions on protein
concentration was plotted, and linear regression was used to prepare a standard curve. The
protein concentration was determined from the standard curve and the absorbance of the
test solution [77]. The placental expression of OCLN, zo-1, and CLN5 was analyzed using
an in-house ELISA (described in Section 2.3. Laboratory Serum Assays). The CLN4 expres-
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sion was evaluated by using a commercial ELISA kit (ELISA Kit for Claudin 4 (CLDN4),
USCN Life Science, Wuhan, China).

4.5. Statistical Analysis

The statistical analysis was performed with Statistica StatSoft 13.1 (StatSoft, Krakov
Poland) and PQStat 1.8.0 (PQStat, Warsaw, Poland). The normality of the data distribu-
tion was checked using Kolmogorov—Smirnov, Lilliefors, and Shapiro-Wilk tests. If the
assumption of the Gaussian distribution was met, Student’s ¢-test was used for calculations;
otherwise, the nonparametric U-Mann-Whitney test was performed. The chi-square test
and Fisher’s exact test were used to analyze the data expressed on a nominal scale. The
correlations were assessed with Spearman’s rank correlation coefficient (Rs). The usefulness
of serum and placental measurements in the prognosis of neurological disorders was eval-
uated with a receiver operating curve (ROC). The prediction analysis included area under
the curve (AUC), sensitivity, specificity, positive predictive value (PPV), negative predictive
value (NPV), reliability quotient of the positive result (LR+), reliability quotient of the
negative result (LR-), and accuracy (ACC), calculated using the DeLong’s nonparametric
method and the Clopper-Pearson method for a single proportion and cut-off value. A
p-value < 0.05 was considered statistically significant.

5. Conclusions

The present study indicates that the blood-brain barrier is destabilized in pregnancies
complicated by FGR and marked by increased serum levels of CLN5 and S100B and the
CLN5/zo-1 ratio in maternal blood. The neurological complications in FGR, including IVH,
are associated with the increased release of NMEI1 into the maternal blood and decreased
placental CLN4 expression. The serum NME1 and placental CLN4 expression may be pre-
dictive markers of IVH in FGR. They may allow for more precise monitoring and facilitate
decision-making about the optimal delivery date to avoid fetuses developing neurological
complications. Further research is needed to consider the time of FGR diagnosis with
groups divided into early- and late-onset FGR or regarding fetal circulatory centralization
(brain sparing). Moreover, the follow-up of FGR newborns could provide valuable data on
long-term neurological deficits.
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Abstract: Spontaneous Preterm Delivery (sPTD) is one of the leading causes of perinatal mortality
and morbidity worldwide. The present case—control study aims to detect miRNAs differentially
expressed in the first trimester maternal plasma with the view to identify predictive biomarkers
for sPTD, between 32%/7 and 36%/7 weeks, that will allow for timely interventions for this serious
pregnancy complication. Small RNA sequencing (small RNA-seq) of five samples from women with
a subsequent sPTD and their matched controls revealed significant down-regulation of miR-23b-
5p and miR-125a-3p in sPTD cases compared to controls, whereas miR-4732-5p was significantly
overexpressed. Results were confirmed by qRT-PCR in an independent cohort of 29 sPTD cases
and 29 controls. Statistical analysis demonstrated that miR-125a is a promising early predictor for
sPTL (AUC: 0.895; 95% CI: 0.814-0.972; p < 0.001), independent of the confounding factors tested,
providing a useful basis for the development of a novel non-invasive predictive test to assist clinicians
in estimating patient-specific risk.

Keywords: microRNAs; miRNAs; small RNA sequencing; small RNA-seq; sPTD; miR-23b-5p;
miR-125a-5p; miR-4732-5p

1. Introduction

Spontaneous Preterm Delivery (sPTD), defined as delivery that occurs before the
completion of 37 weeks of gestation, is a complex pregnancy-related complication with
multiple etiologies affecting 5-18% of all pregnancies worldwide [1].

sPTD is a leading cause of perinatal mortality and morbidity accounting for approxi-
mately 16% of all deaths and 35% of deaths among newborns. [2]. Premature infants that
survive are at higher risk of developmental and neurological dysfunction later in life [3]. It
is therefore widely accepted that the foresight in women at risk for sPTD early in pregnancy
may enable, through earlier intervention, prolonged pregnancy and improved neonatal
outcome [4].

Despite extensive efforts, screening strategies to accurately predict sPTD are still
unsatisfactory. Currently, the most effective predictive tool combines well-known risk
factors including maternal age, maternal BMI, racial origin, maternal behavior, spontaneous
or assisted conception and prior history of sPTD, resulting in the identification of ~18%
of nulliparous and 38% of parous sPTD cases, with a 10% false positive rate [5]. The
prediction rate has been shown to increase by 54.8% by combining a priori risk factors with
the measurement of cervical length [6].
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MicroRNAs (miRNAs) are a class of non-coding RNAs of 19-25nt long responsible for
regulating gene expression at the posttranscriptional level, without altering the genetic code.
Concerning mode of action, miRNAs target the 3’ untranslated region (UTR) of mRNAs,
resulting in translational inhibition and finally in mRNA degradation [7]. miRNAs have
been documented to modulate most biological processes, such as cell proliferation, survival,
differentiation and apoptosis. Interestingly, miRNAs can be detected within the cells, but
they are also released in a stable form, due to their small size, into body fluids, such as
plasma and serum [8].

Often, altered expression levels of circulating miRNAs have been involved with
the initiation and progression of various diseases, including pregnancy complications,
suggesting their role as potential biomarkers.

Regarding sPTD, several studies have investigated circulating miRNAs as potential
biomarkers for its prediction. However, most studies were restricted to miRNAs associated
to cardiovascular disease, clusters from chromosome 14 (C14MC), chromosome 19 (C19MC)
and miR-371-3 cluster or were performed using samples collected later during pregnancy,
in the second or even the third trimester [9-15]. However, an ideal biomarker would
be detectable during the first trimester of pregnancy, when routine screening for fetal
aneuploidies is also offered, to reduce anxiety throughout pregnancy in low-risk women
and allow for the close monitoring and timely interventions in the high-risk group [16].

The aim of the present study is to identify differentially expressed miRNAs in first
trimester maternal plasma and to evaluate their clinical value as novel biomarkers for
the early prediction of sPTD. Analysis was performed using small RNA next-generation
sequencing (small RNA-seq) followed by quantitative real-time polymerase chain reaction
(qRT-PCR) to confirm the results. The sPTD group consisted of women who experienced
premature delivery between 32°/7 and 36°/7 weeks of gestation (moderate/late sSPTD),
which represent more than 8% of all premature deliveries [17]. Born at this gestational
age, premature neonates, are at a relatively lower risk of mortality and morbidity than
early preterm births. Still, the impact on healthcare worldwide is significant due to their
increased risks compared to full-term births [18].

2. Results
2.1. Demographic and Clinical Characteristics
Table 1 describes the comparison between the demographic and the clinical character-

istics of the cases and controls. Beside pre-pregnancy BMI, no significant differences were
noted between the two groups.

Table 1. Maternal and neonatal characteristics of moderate/late sSPTD cases and controls included in
the study.

- Controls sPTD Cases

Characteristic (n = 34) (n = 34) p-Value
Maternal age (y) 31.00 30.65 0.898
Median (min—-max) (24.80-38.80) (24.80-38.20) ’
Pre-pregnancy BMI (kg/m?) 25.95 24.65 0.028
Median (min-max) (22.00-31.20) (20.90-31.90) ’
Cigarette smoker
e  Yes 12 8 0.40
e No 22 26
Mode of conception
e  Spontaneous 28 (82.4%) 26 (76.4%) 0.750
e  In vitro fertilization 6 (17.6%) 8 (23.6%)
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Table 1. Cont.

Characteristic ((:::Iltgil)s sP;lI"lD_nges p-Value
Parity
e  Nulliparous 17 (50%) 14 (41.2%) 0.616
e  Parous 17 (50%) 20 (58.8%)
Previous PTD
e No 32 (94.1%) 27 (79.4%) 0.104
e Yes 2 (5.88%) 7 (20.58%)
Mode of Delivery
e  Vaginal 29 (85.2%) 22 (64.7%) 0.075
° Caesarean section 5 (14.7%) 12 (35.2%)
Neonatal Gender
e Male 18 (52.95%) 16 (47.05%) 0.95
e  Female 16 (47.05%) 18 (52.95%)

2.2. Small RNA-seq Analysis

Differentially expressed miRNAs were screened using small RNA-seq in five pairs
of plasma samples. A total of 1682 unique circulating miRNAs were identified across all
first trimester maternal plasma samples analyzed. Among these, 387 miRNAs were up-
regulated and 95 miRNAs were down-regulated in sPTD cases compared to controls. Three
circulating miRNAs showed significant changes (p-Value < 0.05, FC >1.5) in the sPTD group
as compared to the control group. Specifically, significantly decreased levels of miR-23b-5p
(p <0.047, FC = 0.60) and miR-125a-3p (p = 0.014, FC = 0.59) were detected during the first
trimester of gestation in women who subsequently experienced sPTD between 32/7 and
36%/7 weeks of gestation whereas miR-4732-5p was significantly overexpressed (p = 0.048,
FC =1.70) (Supplement S1).

A scatter plot is used to display differentially expressed circulating RNAs (Figure 1).
Significantly dysregulated circulating miRNAs are presented in a volcano plot (Figure 2).

2.3. GO Analysis

The downstream targets of the significantly dysregulated miRNAs were identified
commonly between Targetscan and miRDB databases and used for GO analysis. The
significant biological processes associated with these miRNA target genes are presented in
Table 2. KEGG pathway analysis revealed that the significantly underexpressed miRNAs
target signaling pathways associated with the T cell receptor signaling pathway, Homolo-
gous recombination and Osteoclast differentiation (Table 3). No significant pathways were
identified for the target genes of the up-regulated miRNAs.
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Figure 1. Scatter plot of circulating miRNA levels in the first trimester maternal plasma from women

who subsequently experienced sPTD when compared to term ones. Red points show up-regulated

miRNAs and green points show down-regulated miRNAs. Data from the sPTD group are plotted on
the vertical axis (y-axis). Data from the term deliveries (controls) are plotted on the horizontal axis

(x-axis).

Table 2. GO annotations of miRNA'’s target genes.

Down-Regulated miRNAs

GO.ID Term p-Value Genes
RGS4//1IL10/ /NDFIP1//
) Negative regulation of GPRC5A//STAP1//MTMR4//
GO:0048585 response to stimulus 0.000 TMEM127//BRCA1//GREM2//
HGS//STK38//FAP//TPT1
GO:0014854 Response to inactivity 0.001 MTMR4/ /IL10
GO:1900119 Positive regulation of 0.001 FAP//BOK
execution phase of apoptosis
RGS4//GPRC5A//1L10//
) Negative regulation of MTMR4//TMEM127//BRCA1//
GO:0009968 signal transduction 0.001 GREM2/ /HGS//STK38/ /
STAP1//TPT1
GO:0043032 Positive regulation of 0.001 STAP1//IL10
macrophage activation
GO:0010324 Membrane invagination 0.001 ABCA1//STAP1//HGS
GO:1900120 Regulation of 0.002 GREM2//IL10

receptor binding
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Table 2. Cont.

Down-Regulated miRNAs

GO.ID Term p-Value Genes
RGS4//GPRC5A/ /1L10/ /
) Negative regulation of cell MTMR4//TMEM127//BRCA1//
GO:0010648 communication 0.002 GREM2//HGS//STK38//
STAP1//TPT1
RGS4//GPRC5A/ /IL10/ /
) Negative regulation MTMR4//TMEM127//BRCA1//
G0:0023057 of signaling 0.002 GREM2/ /HGS/ /STK38//
STAP1//TPT1
Positive regulation of
GO:0070230 lymphocyte apoptotic 0.002 IL10//PDCD1
process
Up-Regulated miRNAs
GO.ID Term p-Value GENES
GO:0006397 mRNA processing 0.008 RAVER2//LUC7L3//ALKBH5
GO:0045625 Regulation of T-helper 1 cell 0.009 S0CS5
differentiation
GO:0071071 Regulation of phospholipid 0.009 HTR2A
biosynthetic process
GO:0002829 Negative regulation of type 0.010 S0CS5
2 immune response
GO:0006054 N-acetylneuraminate 0.010 CMAS
metabolic process
Negative regulation of
GO:0007175 epidermal growth 0.010 S0CS5
factor-activated
receptor activity
GO:0035970 Peptidyl-threonine 0.010 PPMIE
dephosphorylation
GO:0042118 Endothelial cell activation 0.010 SOCS5
i Negative regulation of
GO:0045623 T-helper cell differentiation 0.010 SOCS5
Negative regulation of
GO:0043371 CD4-positive, alpha-beta T 0.011 SOCS5

cell differentiation

Table 3. Pathway enrichment analysis of the target genes of down-regulated miRNAs.

Pathway ID Definition p-Value FDR Enricment Gel.le Genes
Score Ratio

hsa04660 T cell receptor 0.0021 0658  2.671681 0.16 IL10//PDCD1/ /TEC
signaling

hsa03440 Homologous 0.0046 0713 2.335566 0.11 BRCA1//FAM175A
recombination

hsa04380 Osteoclast 0.0425 1 1.37106 0.11 SIRPA//TEC
differentiation
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Figure 2. Volcano plot illustrates significantly differentially abundant circulating miRNAs. The -log10
(Benjamini-Hochberg corrected p-Value) is plotted against the log2 (fold change: sPTD cases/controls).
The non-axial vertical lines denote +1.5-fold change while the non-axial horizontal line denotes
p-Value = 0.05, which is our significance threshold (prior to logarithmic transformation).

2.4. gRT-PCR Assays

The expression levels miR-23b-5p and miR-125a-3p were further determined in an inde-
pendent cohort of 58 first trimester maternal plasma samples (29 sPTD cases and 29 controls)
by qRT-PCR in order to confirm the reliability of the small RNA-seq analysis. The selection
of miRNAs for verification by qRT-PCR was based on p-Values (Supplement S1). When
compared with the control group, miR-125a-3p was significantly down-regulated in sPTD
cases (p < 0.001; Figure 3A); where for miR-23b-5p, no statistically significant changes were
observed (p = 0.750; Figure 3B). The qRT-PCR data were further used to assess the ability of
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miRNAs to discriminate between women at risk for sPTD and controls using ROC analysis.
As expected, miR-125a-3p was highlighted to differentiate sSPTD cases from uncomplicated
pregnancies (AUC: 0.895; 95% CI: 0.814-0.972; p < 0.001; Figure 3C). Binomial logistic
regression analysis demonstrated that miR-125a-3p represents a significant predictor of
pregnancy outcome independent of the confounding factors tested (Table 4).
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Figure 3. Statistical analysis of the data obtained using qRT-PCR. (A,B): Box-plots of the expression
levels of miR-23b and miR-125a in the first trimester maternal plasma in women with sPTD versus
uncomplicated pregnancies based on data derived from qRT-qPCR. p-Values calculated by Mann-—
Whitney U test. (C): ROC curve analysis for the prediction of sPTD based on miRNAs levels. The
diagram is a plot of the % sensitivity (true-positive rate) vs. 100% specificity (false-positive rate).

Table 4. Logistic regression analysis for the prediction of sSPTD patients according to maternal. plasma
miRNAs expression levels.

Univariate Analysis

Covariant OR? 95% CI P p-Value ©
miR-23b-5p 1.057 0.943-1.184 0.343
miR-125a-3p 0.654 0.490-0.872 0.004
Previous PTD 7.154 0.809-63.30 0.077
Smoking 0.535 0.176-1.624 0.269
Maternal
pre-pregnancy 0.808 0.650-1.003 0.053
BMI
Mode of conception
Natural 1.00
IVF 1.512 0.425-5.384 0.523
Fetal gender
Male 1.00
Female 1.319 0.470-3.703 0.600
Maternal age 1.016 0.885-1.167 0.819
Multivariate analysis 4
Covariant OR? 95% CIP p-Value €
miR125a-3p 0.491 0.295-0.817 0.006

2 Odds Ratio. ? 95% Confidence Interval of the estimated OR. © calculated by test for trend. 4 Multivariate models
adjusted for tested miRNAs, previous PTD, smoking, BMI, mode of conception, fetal gender and age.
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3. Discussion

In the current study, we performed small RNA-seq in first trimester maternal plasma
samples to investigate whether a differential miRNA expression profile is associated with
subsequent sPTD and to provide a useful basis for the development of a novel non-invasive
predictive test to assist clinicians in estimating patient-specific risks.

Compared to women who delivered at term, maternal plasma miRNA profiling of
women who subsequently developed sPTD revealed significant alterations in the expres-
sion level of miR-23b-5p, mIR-125a-5p and mIR-4732-5p. It is noteworthy that none has
previously been related to sSPTD. Downstream targets, however, have been associated with
biological processes with an important role in the pathogenesis of sPTD, e.g., immune
response, inflammation and apoptosis.

More precisely, miR-4732-5p showed a significant over expression in the first trimester
maternal plasma of women destined to deliver sPTD compared to those with uncomplicated
pregnancies. miR4732-5p has a proven role in tumorigenesis [19,20]. However, our GO
analysis revealed that its downstream targets include members of suppressors of the
cytokine signaling (SOCS) family, namely SOCS1-SOCS7. The SOCS protein family is
implicated in the negative regulation of cytokine signaling and therefore in the regulation
of pregnancy and labor [21,22]. Blumenstein et al. reported overexpression of SOCSI,
SOCS2 and SOCS3 proteins in human placenta in an attempt to either prevent the entrance
of pathogens into the maternal circulation or suppress trophoblast cytokine production
and inhibit their damaging effects on the fetus [23]. In the control group, i.e., women
who delivered at term, a decrease in SOCS1 and SOCS3 was observed possibly reflecting
the involvement of inflammatory cytokines in mechanisms leading to delivery. However,
no alteration in SOCS protein levels was demonstrated in the sPTD group. Still, further
investigation is required to uncover the relationship between circulating miR-4732-5p and
SOCS proteins as the lack of change in SOCS levels in the sPTD group could be attributed
to immaturity.

Moreover, 23b-5p, a pleiotropic miRNA demonstrating diverse effects on various
biological processes, was significantly down-regulated in the first trimester maternal plasma
in women who later delivered prematurely as compared to uncomplicated pregnancies.
miR-23b is a member of the miR-23-27-24 family which consists of two paralogs with the
miR-23a cluster (miR-23a-27a-24-2) found on chromosome 19 and the intragenic miR-23b
cluster (miR-23b27b-24-1) located on chromosome 9 within the C9orf3 gene [24]. Previous
research suggested that miR-23b plays vital roles in cancer development where it exerts
either oncogenic or tumor suppressor activity [25,26]. It is also implicated in the regulation
of angiogenesis and endothelial cells homeostasis and may serve as biomarkers for the
early diagnosis of acute myocardial infarction [27,28]. Moreover, research findings suggest
that miR-23b overexpression enhanced the expression of IL-10 which is vital for normal
pregnancy, and low IL-10 levels are associated with pregnancy complications [29]. Hence,
down-regulation of miR-23b has been reported in first trimester maternal plasma in women
who later developed late onset pre-eclampsia as compared to uncomplicated pregnancies,
indicating a possible involvement in the pathogenesis of the condition [24].

Finally, miR-125a-5p is involved in development and cell differentiation and therefore
it is implicated in several malignancies including gastric, cervical, lung and ovarian cancers,
retinoblastoma and neuroblastoma [30-32]. Recently, it was demonstrated that miR-125a
suppresses cell proliferation and migration and inhibits angiogenesis by regulating its
downstream target vascular endothelial growth factor A (VEGFA), indicating a potential
role to the pathophysiology of pre-eclampsia [33].

Down-regulation of miR-125a was detected in the discovery cohort using small RNA-
seq and was further confirmed by the verification cohort. Following statistical analysis, the
AUC for miR-125a-5p was 89%, demonstrating promising diagnostic potential as a first
trimester screening test for the prediction of subsequent sPTD at 33-36 weeks of gestation.
Furthermore, logistic regression analysis revealed that miR-125a-5p is an early predictor
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of sPTD independently of well-known risk factors (previous sPTD, maternal smoking,
maternal pre-pregnancy BMI, maternal age, fetal gender and mode of conception).

Hence, once validated in a large cohort, miR-125a-5p might be used to identify women
at high risk for sPTD, allowing for close monitoring and/or clinical interventions such
as cervical cerclage. They can also assist the development of novel therapeutics. To date,
although the role of miRNA therapeutics has not yet been translated into clinical practice,
miRNA mimics and miRNA suppressors have shown significant efficiency in various
cancers [34].

To the best of our knowledge, this is the first study that aimed to identify novel
biomarkers for the early prediction of women at risk for sPTD using a sensitive high-
throughput method for miRNA plasma profiling followed by verification of the results
obtained using RT-qPCR. We acknowledge, however, that the small sample size poses a
significant limitation for our study.

Still, this pilot study aims to offer improved candidate biomarkers predictive of a
subsequent sPTD to be validated in a larger series of pregnant women.

4. Materials and Methods
4.1. Study Population

Maternal samples for this retrospective study for sPTD were collected from pregnant
women during first trimester prenatal screening for fetal aneuploidies between March 2018
and December 2020 as previously described [35]. At the same time, maternal demographic
characteristics and medical history were obtained and recorded in an electronic database.
Gestational age was determined based on the last menstrual period and confirmed by
ultrasound measurement of the fetal crown rump length (CRL). Pregnancy outcomes were
made known after the completion of pregnancies from the maternity hospital files and
were also recorded in the database.

The selection of samples for analysis was carried out using a case—control design.
Cases were pregnant women with a subsequent sPTD, between 32%/7 and 36%/7 weeks
of gestation. The control group consisted of participants with termly delivered neonates.
Cases and controls were matched with respect to maternal age and duration of storage at
—80°. Only European women with singleton pregnancies who delivered a phenotypically
normal live born neonate were included in the study. Women with missing information or
insufficient plasma for analysis, those with chronic diseases or pregnancy complications
other than sPTD (e.g., pre-eclampsia, gestational diabetes, fetal growth restriction) as well
as women with PPROM or signs of intra-uterine infection/inflammation at the time of
admission were excluded from the study.

Over the study period, a total of 1809 plasma samples were collected and stored at
—80 °C. Through the database search, 63 women were identified to be diagnosed with sPTD.
Of those, 28 were excluded from the study because of fetal chromosomal abnormality /major
fetal malformations (n = 4), presence of a multiple pregnancy (n = 6), miscarriage or fetal
death before 24 weeks or termination (n = 5), lost to follow-up (n = 4) or due to inadequate
plasma sample (n = 9). Plasma sample of a pregnant woman who subsequently delivered
preterm before the 32nd week of gestation (early sPTD) was excluded to ensure increased
homogeneity among cohort. Different aliquots from the same cohort have been used
previously in a proteomic study [35].

Finally, 34 plasma samples from women who subsequently delivered prematurely,
between 32°/7 and 36°/7 weeks, fulfilled the inclusion criteria and were retrieved for
analyses along with their matched controls. Selected samples were analyzed in two phases:
samples from five women with a subsequent sPTD between 32%/7 and 36°/7 weeks of
gestation and with their matched controls were analyzed using small RNA-seq (discovery
cohort) to identify miRNAs with significantly aberrant expression levels between the
compared groups. Based on discovery cohort data, the remaining 58 samples (29 sPTL
cases and 29 controls) were used in the second phase of the study to confirm the differential
expression of selected miRNAs. None of the samples were previously thawed and refrozen.
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Written informed consent to collect and use the biological samples and clinical infor-
mation for research purposes was obtained from all participants prior to inclusion in the
study. The study was approved by Alexandra’s Hospital ethics committee (P.N. 9/5-1-2018)
and conducted according to the standards of the 1975 Declaration of Helsinki, as revised
in 2008.

4.2. Clinical Definitions

sPTD is defined by the presence of regular uterine contractions (at least two uterine
contractions every 10 min for 30 min, as confirmed by external tocometry) in combination
with cervical changes occurring prior to 36°/7 weeks that required hospitalization [36]. A
term pregnancy is defined as a delivery from 37 completed weeks to less than 42 and was
used to describe the optimal timing for a good outcome for the mother and baby [37].

4.3. Methods
4.3.1. Total RNA and miRN Isolation

Total RNA enriched in miRNAs was extracted from EDTA-preserved maternal plasma
using the mirVana miRNA Isolation kit (Thermo Fisher, Waltham, MA, USA) according to
the manufacturer’s instructions. The RNA integrity was determined with polyacrylamide
gel electrophoresis. The concentration and purity of RNA were checked by NanoDrop
ND-1000 spectrophotometer (Thermo Fisher, Wilmington, DE, USA) and 2100 Bioanalyzer
Instruments (Agilent, Santa Clara, CA, USA).

4.3.2. Small RNA-seq

Profiling of circulating miRNA was performed by small RNA-seq in [llumina NextSeq
500 platform as previously described [24]. Briefly, small RNA libraries were generated
using the TruSeq® miRNA Sample Prep kit v2 (Illumina, San Diego, CA, USA). RNA
template of each sample was sequentially ligated to 3’ and 5 adapters, reverse transcribed,
PCR amplified and selected on agarose gels by size of ~130-150 bp (correspond to ~15-35nt
small RNAs). Then, PCR amplified fragments were eluted from gel pieces, purified and
quantified by Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA). The completed
libraries were diluted to a final concentration of 8 pM and processed for cluster generation
on the Illumina ¢cBOT using TruSeq Rapid SR cluster kit (Illumina, San Diego, CA, USA).
Sequencing was performed on Illumina NextSeq 500 platform using TruSeq Rapid SRB kits
(Ilumina, San Diego, CA, USA).

4.3.3. Sequencing Data Analysis

The complete raw sequences from Illumina NextSeq 500 were generated as clean
reads by real-time base calling and quality filtering. The clean reads were recorded in
FASTQ format, containing the read information, sequences and quality encoding. The
3’ prime adapter sequences were trimmed and reads with lengths <15 nucleotides were
removed. Those with length >15nt were aligned to all human miRNAs (miRBase v21) using
NovoAlign software (NovoCraft, Selangor, Malaysia) allowing maximum one mismatch
per sequence [38]. The miRNA read counts were used to estimate the expression level of
each miRNA. All counts were normalized by reads per million [39]. Differential expression
and statistical analysis of sequencing data were performed by the DESeq?2 package in R.

Circulating miRNAs having p-Value < 0.05 and FC > 1.5 were considered significant.
p-Values were adjusted for multiple hypotheses testing (<0.01 compared to control) using
the method of Benjamini-Hochberg to establish a false discovery rate (FDR).

4.3.4. miRNAs Target Gene Prediction and Gene Ontology Analysis

Potential targets of the significantly dysregulated miRNAs were obtained using Tar-
getscan? (http:/ /www.targetscan.org/vert_71/) and MirdbV5 (http:/ /mirdb.org/miRDB/)
algorithms accessed 21 January 2020. Only overlapping results between these databases
were accepted as potential targets.
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Targets gene were submitted to the WebGestalt web-tool http:/ /bioinfo.vanderbilt.
edu/webgestalt/ accessed on 21 January 2020 for Gene Ontology (GO) annotation and Ky-
oto Encyclopedia of Genes and Genomes (KEGG) signaling enrichment analyses [40,41]. GO
terms and KEGG pathways having an adjusted p-Value < 0.05 were considered significant.

4.3.5. Quantitative Real-Time Polymerase Chain Reaction Verification

The expression levels of representative miRNAs, differentially expressed in the first
trimester maternal plasma of women who later experienced sPTD as compared to the
control group were verified in an independent cohort consisting of 58 plasma samples
(n =29 sPTL and n = 29 controls) using qRT-PCR. cDNA synthesis and qRT-PCR were
performed using a TagMan miRNA Reverse Transcription kit (Applied Biosystems, Inc.,
Foster City, CA 94404, USA) and individual TagMan MiRNA assays (Applied Biosystems,
Inc., USA), following the manufacturer’s recommendations. All reactions were run in
triplicate in a LC480 LightCycler system (Roche GmbH, Rotkreuz, Switzerland). The
miRNA gene expression was determined using the 2-22Ct method [42]. RNU44 (Applied
Biosystems, Inc., Foster City, CA 94404, USA) was used for normalization purposes.

4.3.6. Statistical Analysis

Statistical analyses were conducted in IBM SPSS Statistics 20 software (IBM Corp.,
Armonk, NY, USA). Comparisons of maternal demographic and clinical characteristics
between the two groups were compared using Pearson chi-square test for the evaluation of
categorical variables or the Mann-Whitney U test for continuous variables. A two-tailed
Fisher’s exact test was applied to test GO and pathway enrichment of the target genes
of the significant differentially expressed miRNAs. Receiver Operating Characteristic
curves (ROC) were applied to evaluate the diagnostic value of each miRNA using the
qRT-qPCR data. Binomial logistic regression analyses were performed using the occurrence
of sPTD as the dependent variable and miRNA expression levels, previous sPTD, maternal
smoking, maternal pre-pregnancy BMI, maternal age, fetal gender and mode of conception
as independent variables. p-Values < 0.05 were considered significant.

5. Conclusions

The present study demonstrated that small RNA profiling allows for the identifica-
tion of novel biomarkers in the first trimester maternal plasma that can potentially be
used in clinical practice for early, minimally invasive, prediction of sPTD. Analysis re-
vealed for the first time that the expression levels of circulating, miR-125a-5p, miR-23b
and miR-4732-5p are significantly different in plasma samples collected from women who
subsequently experience sPTD, as compared to uncomplicated pregnancies, implying their
critical roles in the pathology of sPTD. Further studies should be performed for a more
complete understanding of the topic. More importantly, the results obtained in our cohort
demonstrated that miR-125a-5p may be used as reliable independent biomarkers to predict
poor pregnancy outcomes.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms232314972/s1. Supplement S1. MiRNAs with significant
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compared to term deliveries.
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Abstract: Single nucleotide polymorphisms (SNPs) localised to the promoter region of the FCN2
gene are known to influence the concentration of ficolin-2 in human serum and therefore potentially
have clinical associations. We investigated the relationships between SNPs at positions —986 (A > G),
—602 (G > A), —64 (A >C) and —4 (A > G) and clinical complications in 501 preterms. Major alleles at
positions —986 and —64 and A /A homozygosity for both polymorphisms were less frequent among
babies with very low birthweight (VLBW, <1500 g) compared with the reference group (OR = 0.24,
p =0.0029; and OR = 0.49, p = 0.024, respectively for A/A genotypes). A lower frequency of G/G
homozygosity at position —4 was associated with gestational age <33 weeks and VLBW (OR = 0.38,
p =0.047; and OR = 0.07, p = 0.0034, respectively). The AGAG haplotype was protective for VLBW
(OR = 0.6, p = 0.0369), whilst the GGCA haplotype had the opposite effect (OR = 2.95, p = 0.0249).
The latter association was independent of gestational age. The AGAG/GGAA diplotype favoured
both shorter gestational age and VLBW (OR = 1.82, p = 0.0234 and OR = 1.95, p = 0.0434, respectively).
In contrast, AGAG homozygosity was protective for lower body mass (OR = 0.09, p = 0.0155). Our
data demonstrate that some FCN2 variants associated with relatively low ficolin-2 increase the risk of
VLBW and suggest that ficolin-2 is an important factor for fetal development/intrauterine growth.

Keywords: ficolin-2; FCN2; newborn; neonate; prematurity; single nucleotide polymorphism; very
low birthweight

1. Introduction

The single nucleotide polymorphisms (SNPs) localised to the promoter region of the
FCN2 gene are known to influence the concentration of ficolin-2 (or L-ficolin) in human
serum and therefore are considered to have clinical associations. Possession of variant
alleles at positions —986 (rs3124952, A > G) and —64 (rs7865453, A > C) is related to lower
ficolin-2 levels, while minor alleles at positions —602 (rs3124953, G > A) and —4 (rs17514136,
A > G) have the opposite effect [1-3]. The above-mentioned SNPs were shown to form
2 haplotype blocks: one created by rs3124952 and rs3124953, and another, by rs7865453 and
1517514136 [4].
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Like other ficolins (ficolin-1, ficolin-3) and some collectins [mannose-binding lectin
(MBL), collectin-10 (CL-10), collectin-11 (CL-11)], ficolin-2 recognises pathogen-associated
molecular patterns (PAMP) exposed on a variety of microorganisms or viruses that enable
opsonisation and, by forming complexes with MBL-associated serine proteases (MASP),
activation of the complement cascade via the lectin pathway (reviewed in [5-7]).

In 2021, in Poland, 24,523 (7.4%) babies were born prematurely, including 1369 de-
livered before completing 28 weeks of gestation, 2376 at gestational age 28-31 weeks and
20,778 aged 32-36 weeks [8]. Preterm newborns, especially those born at gestational age
< 33 weeks and with very low birthweight (<1500 g), are prone to severe adverse effects,
including respiratory distress syndrome (RDS) and perinatal infections, due to immaturity
of organs, immune system and other congenital defects. Disorders related to short gestation
and low birthweight are the most common causes of neonatal death [9]. Furthermore, very
low birthweight (<1500 g) is considered to continue to influence health during childhood,
adolescence and adulthood. It was reported to be associated, for example, with higher risk
of coronary heart disease, chronic kidney disease, type 2 diabetes, stroke and hypertension
(reviewed in [10]); gout development [11]; brain abnormalities [12]; stunting in preschool
children [13] and low bone mineral density [14].

Our previous data suggested that low ficolin-2 concentration (determined in cord
serum) is associated with prematurity, low birthweight and perinatal infections [15]. Re-
cently, we reported for the first time a relationship between SNPs of the FCN2 gene 3'-
untranslated region (3'UTR) and very low (<1500 g) birthweight as well as early onset of
infection and pneumonia in preterm newborns [4]. Furthermore, two of the 3'UTR poly-
morphisms (rs4521835 and rs73664188) influenced ficolin-2 concentration in cord sera [4].
Here, we report associations of the aforementioned promoter region polymorphism with
short gestational age and very low birthweight in the same cohort.

2. Results

The frequencies of genotypes corresponding to SNPs at positions —986 (rs3124952),
—602 (rs3124953), —64 (rs7865453) and —4 (rs17514136) of the FCN2 gene as well as minor
allele frequencies (MAF) in preterm neonates are listed in Table 1. Each SNP adhered to
Hardy-Weinberg expectations (p > 0.01, details are given in Supplementary Table S1). As
mentioned, they created two haplotype blocks (rs3124952 and rs3124953; rs7865453 and
rs17514136) (Supplementary Figure S1). None appeared associated with incidence of RDS,
early- or late-onset perinatal infections, sepsis or pneumonia (Supplementary Table S2).
However, major (A) alleles at positions —986 and —64 as well as A/A homozygosity for
both polymorphisms were significantly less frequent among babies born with very low
birthweight (VLBW) (<1500 g) when compared with the corresponding reference group.
Those relationships remained significant after multiple logistic regression analysis (Table 2).
Moreover, lower frequency of G/G (minor allele) homozygosity at position —4 was found
to be associated not only with low body mass but also with shorter gestation (Table 2).
Those associations were however not confirmed by multiple logistic regression (p > 0.05).
It should be stressed that minor variants at both —986 and —64 positions are associated
with lower ficolin-2 concentration in serum compared to A alleles while the G variant at
—4 is associated with a higher FCN2 gene expression level. VLBW was not significantly
related to the sex of newborns, although a trend towards its higher incidence in girls was
observed (13.5% vs. 8.7%, p = 0.087). The numbers of females and males born at gestational
age <33 weeks did not differ significantly (23.3% vs. 18.9%, p = 0.22).
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Table 1. Distribution of genotypes associated with FCN2 gene promoter polymorphisms in preterm
newborns (n = 501).

Polymorphism Genotype N % MAF
A/A 165 329

r3222§952G A/G 265 529 0.386
— > G/G 61 12.2
G/G 314 62.7

r2322é953A G/A 170 33.9 0.204
— > A/A 17 3.4
A/A 390 77.8

rs67§6A5452: A/C 107 214 0.115
— > c/C 4 0.8
A/A 204 407

rsl475Al41é’7;6 A/G 243 485 0.347
— > G/G 51 10.2

Table 2. Distribution of genotypes associated with FCN2 gene promoter polymorphisms in preterm
newborns, depending on gestational age and birthweight.

Gestational Age (Weeks) Birthweight (g)
Polymorphism Genotype <33 >33 <1500 >1500
N (%) N (%) N (%) N (%)
2

153124950 A/A 32 (30.5) 143 (36.1) 7(12.7) 168 (37.9)
986 A > G A/G 61 (58.1) 204 (51.5) 39 (70.9) 223 (50.3)
G/G 12 (11.4) 49 (12.4) 9 (16.4) 52 (11.7)
153124953 G/G 69 (65.7) 245 (61.9) 35 (63.6) 276 (62.3)
602G > A G/A 32 (30.5) 138 (34.8) 20 (36.4) 150 (33.9)
N > A/A 4(5.8) 13 (3.3) 0(0) 17 (3.8)
A/A 83 (79) 307 (77.5) 36 (65.5) 3 352 (79.5)
rfgiiif?& A/C 22 (21) 85 (21.5) 18 (32.7) 88 (19.9)
c/Cc 0(0) 4(1) 1(1.8) 3(0.7)
A/A 38 (36.2) 166 (41.9) 26 (47.3) 177 (40)
?17:141(?6 A/G 62 (59) 184 (46.5) 29 (52.7) 215 (48.5)
> G/G 5(4.8)1 46 (11.6) 0(0)4 51 (11.5)

1L_OR =0.38, 95% CI (0.15—0.98), p = 0.0447. 2_OR =0.24. 95% CI (0.11—0.54), p = 0.0029; OR = 0.25, 95% CI
(0.11-0.61), p = 0.002, after multiple logistic regression; A allele frequency: 0.482 vs. 0.631; OR = 0.54. 95% CI
(0.37—0.81), p = 0.0035. 3_—OR = 0.49. 95% CI (0.27—0.89), p = 0.0244; OR = 0.33, 95% CI (0.15-0.71), p = 0.005,
after multiple logistic regression; A allele frequency: 0.818 vs. 0.894; OR = 0.53, 95% CI (0.31—0.91), p = 0.0254.
4_QOR= 0.07,95% CI (0.004—1.13), p = 0.0034.

Eleven promoter haplotypes were identified with the help of Haploview software,
including three with MAF > 0.1 and two with a marginally lower value (Table 3). Their
frequencies, depending on gestational age and body mass at birth, are shown in Table 4. The
most common haplotype (AGAG) may be considered protective from very low birthweight,
whilst the fifth most frequent (GGCA) seemed to have the opposite effect, confirmed by
multiple logistic regression analysis as well (Table 4). That effect appeared independent of
gestational age: the frequency of the GGCA variant was significantly higher among babies
with very low birthweight compared with the corresponding reference group, born at <33
[0.146 vs. 0.048, OR = 3.43, 95% CI (1.23-9.54), p = 0.021] as well as >33 weeks [0.214 vs.
0.096, OR = 2.57, 95% CI (1.01-6.53), p = 0.04], respectively. Again, no association of any
haplotype with RDS, infections, sepsis, pneumonia (Supplementary Table S3) or shorter
gestational age was noted (Table 4).
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Table 3. Frequencies of haplotypes identified in preterm newborns (n = 501).

Haplotype N Frequency
AGAG 307 0.306
GGAA 244 0.244
AAAA 192 0.192
AGAA 99 0.099
GGCA 98 0.098
GGAG 41 0.041
AGCA 6 0.006
AACA 5 0.005
GACA 4 0.004
GAAA 4 0.004
AGCG 2 0.002

Table 4. Frequencies of the most common haplotypes in preterm newborns, depending on gestational

age and birthweight.
Gestational Age (Weeks) Birthweight (g)
Haplotype <33 >33 <1500 >1500
N Frequency ! N Frequency ! N Frequency ! N Frequency !
AGAG 65 0.31 242 0.306 242 0.218 281 0.317
GGAA 57 0.271 187 0.236 35 0.318 207 0.234
AAAA 38 0.181 154 0.194 18 0.164 174 0.196
AGAA 20 0.095 79 0.1 7 0.064 91 0.103
GGCA 19 0.09 79 0.1 183 0.164 79 0.089

1 —haplotype frequency among newborns born at GA <33/ >33 weeks; with birthweight <1500/>1500 g, respec-
tively. 2—OR = 0.6, 95% CI (0.37—0.97), p =0.0369; OR = 0.5, 95% CI (0.25-0.99), p = 0.047, after multiple logistic
regression. 3_—OR =2.95, 95% CI (1.15—3.48), p = 0.0249; OR = 3.53, 95% CI (1.57-7.97), p = 0.002, after multiple
logistic regression.

Further analysis using PHASE software revealed thirty diplotypes, although the
frequency of half of them was less than 1% (Table 5). Interestingly, the most common
one, AGAG/GGAA, was associated with adverse events (shorter gestational age and
very low birthweight) (Table 6). However, after multiple logistic regression analysis, that
relationship lost statistical significance (p > 0.05). Furthermore, diplotypes possessing the
GGCA haplotype (5, 6, 11, 14, 20, 24, 30, see Table 5) were significantly more frequent among
neonates with birthweight <1500 g [17/55 (30.9%)] compared with the corresponding
reference group [76/443 (17.2%)] [OR = 2.16, p = 0.0175, 95% CI (1.16—4.03)]. In contrast,
AGAG homozygosity was found to be protective from lower body mass (Table 6), although
that association lost significance in multiple logistic regression analysis (p > 0.05). There
was also a trend for more babies with AGAG homozygosity to be born after 33 weeks of
gestation (Table 6). None of the ten most common diplotypes was associated with RDS,
infections, sepsis or pneumonia (Supplemetary Table 54).

We investigated the relationship of the ten most common diplotypes with ficolin-2
concentration in cord serum. The Kruskal-Wallis ANOVA revealed significant differences
among genotypes (Supplementary Figure 52). Diplotype 2 (AGAG/AAAA, 2748 ng/mL)
had a higher median than the others, although the difference between it and diplotype 3
did not quite reach statistical significance (p = 0.067). Diplotype 5 (AGAG/GGCA) had
the lowest median at 1415 ng/mL (Supplementary Figure S2). However, we found no
clinical associations with either diplotype 2 or 5 (at least when analysed individually)
(Table 6). It is worth noting that, in general, diplotypes including the GGCA haplotype
were associated with relatively low serum ficolin-2. Nevertheless, wide ranges were found
for most diplotypes (Table 5; Supplementary Figure S2).

256



Int. J. Mol. Sci. 2022, 23, 15336

Table 5. Frequencies of diplotypes identified in preterm newborns (n = 501).

Ficolin-2 Concentration (ng/mL)

Diplotype N " Median Range (n)

1 AGAG/GGAA 94 18.8 1761 237-5068 (80)
2 AGAG/AAAA 60 12 2748 481-5235 (56)
3 AAAA/GGAA 46 9.2 2327 803-5166 (39)
4 AGAG/AGAG 41 8.2 1950 632-5299 (38)
5 AGAG/GGCA 33 6.6 1415 4304081 (30)
6 AAAA/GGCA 29 5.8 1900 504-5644 (27)
7 GGAA/GGAA 28 5.6 1743 1534772 (27)
8 AGAA/GGAA 27 54 2192 372-5408 (25)
9 AGAA/AGAG 24 4.8 1785 479-4426 (22)
10 AAAA/GGAG 21 42 2159 407-4199 (19)
11 GGAA/GGCA 17 34 1098 242-2157 (16)
12 AGAA/AGAA 16 3.2 2165 853-5481 (16)
13 AAAA/AAAA 15 3 2323 690-4038 (15)
14 AGAA/GGCA 8 1.6 1479 480-3063 (8)
15 GGAG/GGAG 6 12 2134 706-4165 (5)
16 AGAA/AAAA 4 0.8 3240 1455-4954 (4)
17 AGAA/AGCA 4 0.8 2562 1737-2733 (3)
18 AGAG/AACA 4 0.8 2495 1698-2919 (4)
19 AGAG/GACA 4 0.8 1105 652-1563 (4)
20 GGCA/GGCA 4 0.8 681 331-947 (3)
21 AGAG/GGAG 3 0.6 2120 13874756 (3)
22 GGAA/GGAG 3 0.6 1745 312-2195 (3)
23 AGAG/AGCG 2 0.4 2002 520-3483 (2)
24 GGAG/GGCA 2 0.4 907 387-1426 (2)
25 AAAA/AACA 1 0.2 2210 2210 (1)
26 AGAG/AGCA 1 0.2 2221 2221 (1)

27 AGCA/AAAA 1 0.2 239 239 (1)

28 GAAA/GAAA 1 0.2 3531 3531 (1)

29 GGAA/GAAA 1 0.2 2194 2194 (1)

30 GGCA/GAAA 1 0.2 937 937 (1)

Table 6. Frequencies of the most common diplotypes in preterm newborns, depending on gestational

age and birthweight.
Gestational Age (Weeks) Birthweight (g)
Diplotype <33 >33 <1500 >1500

N %1 N % 1 N %1 N % 1
1 AGAG/GGAA 282 267 66 16.7 163 29.1 77 17.4
2 AGAG/AAAA 11 10.5 49 12.4 3 55 57 12.9
3 AAAA/GGAA 9 8.6 37 9.3 7 12.7 39 8.8
4 AGAG/AGAG 5 48 36 9.1 0 04 41 9.3
5 AGAG/GGCA 6 5.7 27 6.8 3 55 30 6.8
6 AAAA/GGCA 5 48 24 6.1 5 9.1 24 5.4
7 AGAA/GGAA 7 6.7 20 5.1 2 3.6 25 5.6
8 GGAA/GGAA 4 3.8 24 6.1 3 55 25 5.6
9 AGAA/AGAG 9 8.6 15 3.8 1 1.8 22 5
10 AAAA/GGAG 4 3.8 17 43 2 3.6 19 43

! _percentages of diplotype 1-10 carriers among newborns born at GA <33/>33 weeks; with birthweight
<1500/>1500 g, respectively. 2_OR = 1.82, 95% CI (1.1—3.02), p = 0.0243. 3_OR = 1.95, 95% CI (1.04—3.67),
p =0.0434. *—OR = 0.087, 95% CI (0.005—1.44), p = 0.0155.

3. Discussion

Genome-wide association studies (GWAS) have enabled identification of a vari-
ety of loci/SNPs associated with gestational age and birthweight. The majority of re-
ports concerns maternal genome analysis while data from newborns are relatively scarce.
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Tiensuu et al. [16] found an association of rs116461311 polymorphism (SLIT2 gene, en-
coding slit guidance ligand 2) with spontaneous preterm birth. Furthermore, they ob-
served higher expression of the SLIT2 protein and its receptor ROBO1 in placentas from
preterm deliveries compared with those from term births. The SLIT2-ROBO1 signaling
pathway is involved, among others, in regulation of expression of genes associated with
inflammation [16]. Rappoport et al. [17], based on the analysis of >2 million SNPs in five
populations, reported only two loci to be significantly related to prematurity: rs17591250
and rs1979081 in African and American populations, respectively. Later, Huusko et al. [18],
based on GWAS and other methods, identified genes encoding heat shock proteins and nu-
clear receptors (SEC63, HSPA1L, SACS, RORA, and AR) to be associated with spontaneous
preterm birth. Using another approach, whole exome sequencing (WES), Modi et al. [19]
proposed candidate genes in which mutations were found to be risk factors for preterm
premature rupture of membranes (pPROM), one of the major causes of prematurity. Those
genes (CARD6, CARDS, DEFB1, FUT2, MBL2, NLP10, NLRP12 and NOD?2) are involved
in host defence. Interestingly, data concerning association of the MBL2 gene [encoding
mannose-binding lectin (MBL), structurally and functionally related to ficolins] polymor-
phisms with preterm birth are contradictory. Several reports suggested MBL deficiency to be
arisk factor [20-22]. In contrast, Swierzko et al. [15] found high MBL concentration/activity-
conferring genotypes to be associated with prematurity.

A GWAS analysis concerning birthweight performed by Luo et al. [23] identified a
variety of loci in both maternal and fetal genomes potentially affecting this parameter
in four populations (Afro-Caribbean, European, Hispanic and Thai). Extensive meta-
analyses [24,25], identified a variety of loci where fetal genotype was associated with
birthweight and found their associations with height, body-mass index and some metabolic
diseases in adulthood.

The role of ficolin-2 in neonatal health and disease has not been studied extensively.
Kilpatrick et al. [26] first reported lower concentrations in cord sera compared with sera
from adult donors. Furthermore, ficolin-2 levels correlated positively with both gestational
age and birthweight. Later, Swierzko et al. [15] confirmed those findings with a large
(>1800) cohort of newborns. An association of low ficolin-2 with prematurity was further
reported by Schlapbach et al. [27], Sallenbach et al. [28] and Kilpatrick et al. [3]. However,
Briana et al. [29] observed no impact of ficolin-2 concentration on intrauterine growth
restriction in full-term newborns.

Ficolin-2 is known to recognise a variety of pathogens, including group B streptococci,
pneumococci and enteroaggregative E. coli, that can cause severe infections in newborns
and/or infants [30-33]. Cord serum concentrations of this protein <1 pug/mL were found
significantly more often among preterm babies with perinatal infections, compared with
gestational-age-matched controls [15]. Later, we reported markedly lower ficolin-2 levels
in neonates suffering from perinatal sepsis versus those without infections before hospital
discharge [34]. On the other hand, Schlapbach et al. [27] did not find such an association.

Much less data concerning the role of FCN2 gene polymorphisms, including those
affecting ficolin-2 concentration, in neonates has been published to date. Our previous
report [3] demonstrated that the genotype A/G-G/G-A/A-A/A-A/G-C/T-G/G (corre-
sponding to SNPs at positions —986, —602, —557, —64, —4, +6369 and +6424) was the
most common among Polish newborns. That genotype corresponds to the commonest
AGAG/GGAA diplotype described in this paper on the basis of analysis with PHASE
software (version 2.2.1.) (Table 5). Our current data from a large cohort of preterm babies
found it to be associated with a relatively high risk of short (<33 weeks) gestational age
and very low (<1500 g) body mass at birth.

It should be stressed that AGAG/AGAG homozygosity seems protective from very
low birthweight (Table 6). It differs from the AGAG/GGAA in one haplotype only, by pos-
sessing a major allele (A) at rs3124952 (—986) and a minor one (G) at rs17514136 (—4), both
related to higher ficolin-2 concentration. The possible causal relationship between ficolin-2
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concentration and outcome is strengthened by the association of the GGCA haplotype
(generally associated with low serum ficolin-2) with very low birthweight (Table 4).
Furthermore, when each polymorphic site was analysed separately, homozygosity for
major alleles at —986 (rs3124952) and —64 (rs7865453) and minor allele at —4 (rs17514136),
associated with higher ficolin-2 levels, appears protective from very short gestational age
or very low birthweight (Table 2). Although no impact of the SNPs, haplo- or diplotypes
investigated here on such adverse effects of prematurity as perinatal infections, sepsis,
pneumonia or RDS was found (Supplementary Tables S2-54), it does not exclude a possible
influence of low ficolin-2 on such complications. The FCN2 gene is highly polymorphic and
the concentration of its product depends on the interplay between SNPs localised to the
promoter, exon 8 and 3'UTR regions and, possibly, epigenetic mechanisms. Furthermore,
the ficolin-2 protein has several active sites and genetic changes can influence both concen-
tration and activity, making for a very complex situation. Individuals may possess genetic
variants that influence the ficolin-2 level in opposite directions [35]. Together with results
published previously by ourselves and others, the data presented here are consistent with
the view that ficolin-2 is an important factor for fetal development and neonatal immunity.
The most important message from the data presented here is that an association of the FCN2
gene promoter polymorphisms with very low birthweight may have potentially severe clin-
ical consequences not only in the neonatal period but also during later life. Supplementary
Figure S3 shows an interplay between four investigated SNPs, corresponding haplo- and
diplotypes, ficolin-2 concentrations and the aforementioned adverse effects of prematurity.

4. Materials and Methods
4.1. Cohort

The study group comprised 501 Polish preterm newborns born in the Department of
Newborns’ Infectious Diseases (University of Medical Sciences, Poznan, Poland), Depart-
ment of Neonatology (Medical University of Gdansk, Gdansk, Poland) and Department
of Perinatology (Medical University of L.6dz, L6dz, Poland) [4]. Among them, 105 were
born at gestational age < 33 weeks (mean: 30.3 &+ 1.9; range: 24-32) and 396 were born
between the 33rd and 37th week of gestation (mean: 35 £ 1.1). Fifty-five had very low
birthweight (<1500 g, according to WHO International Classification of Diseases). A total
of 323 newborns came from singleton pregnancies, 172 from 97 twin pregnancies (in 22,
material from only one sibling was collected) and 6 from 2 triple pregnancies. Data con-
cerning the FCN2 gene 3'UTR polymorphisms, concentrations of ficolin-2 in cord sera and
their clinical associations were published recently [4]. However, 3 subjects were excluded
from current analyses due to incomplete results of promoter SNP analysis. As mentioned,
promoter SNPs analysed here were previously reported to form 2 haplotype blocks: one
created by rs3124952 and rs3124953, and another, by rs7865453 and rs17514136 [4]. The
study was approved by the corresponding local ethics committees: Bioethics Committee of
The Karol Marcinkowski Poznari University of Medical Sciences, Independent Bioethics
Committee for Scientific Research at The Medical University of Gdarsk, Bioethics Commit-
tee of The Medical University of £6dZ. Written informed parental consent was obtained.
This work conforms to the provisions of the Declaration of Helsinki.

4.2. Blood Samples and DNA Isolation

Cord blood samples for genomic DNA isolation were taken consecutively into tubes
with sodium citrate and stored at —80 °C. DNA was isolated using GeneMATRIX Quick
Blood Purification Kit (EURx Ltd. Gdansk, Poland), according to the manufacturer’s
protocol. Blood for serum isolation was placed in tubes containing clot activator. Samples
were kept at —80 °C.

4.3. Determination of the FCN2 Gene Polymorphisms

Promoter polymorphisms at positions —986 (rs3124952, A > G) and —602 (rs3124953,
G > A) were investigated by PCR-RFLP analysis, according to the procedures published by
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Metzger et al. [36]. SNPs at positions —64 (rs7865453, A > C) and —4 (rs17514136, A > G)
were determined using allele-specific PCR or PCR-RFLP, respectively, as described by
Szala et al. [37], with minor modifications.

4.4. Determination of Ficolin-2 Concentration in Cord Sera

Ficolin-2 concentrations in cord serum samples were determined in TRIFMA as de-
scribed by Swierzko et al. [38], using specific mAb (ABS 005-16, BioPorto Diagnostics, Den-
mark) for coating and another biotinylated mAb (GN4, Hycult Biotech, Uden, The Nether-
lands) and Eu®*-labelled streptavidin (Perkin Elmer, Waltham, MA, USA) for detection.

4.5. Statistical Analysis

Linkage disequilibrium (LD) and haplotype block analysis were performed by Haploview
4.2 software (http:/ /www.broad.mit.edu/mpg/haploview/, accessed on 30 June 2022).
LD analysis was performed for each pair of polymorphisms using D’ and r?, indicating the
amount of LD between two genetic loci. Haplotype block identification was performed
based on the Four Gamete Rule. The PHASE software (http:/ /stephenslab.uchicago.edu/
phase/download.html, accessed on 30 June 2022; version 2.1.1.) was used for diplotype
reconstruction from genotype data. The frequencies of genotypes were compared by Fis-
cher’s exact (two-tailed) test. Ficolin-2 concentrations were compared with Kruskal-Wallis
ANOVA and Mann-Whitney U tests. The Statistica (version 13.3, TIBCO Software) and
SigmaPlot (version 12, Systat Software) software packages were used for data management
and statistical calculations. Odds ratio was calculated using online MedCalc software
(https:/ /www.medcalc.org, accessed on 30 June 2022). p values < 0.05 were considered
statistically significant.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/ijms232315336/5s1. Table S1. Hardy—Weinberg expectation statis-
tics for investigated FCN2 gene promoter polymorphisms. SNPs were considered to adhere to
Hardy—Weinberg expectations when p > 0.01. Table S2. Distribution of genotypes associated with
FCN2 gene promoter polymorphisms in preterm newborns, depending on incidence of respiratory
distress syndrome, early-onset infection, pneumonia and sepsis. None of the associations analysed
was significant (p > 0.05). Table S3. Frequencies of the most common haplotypes in preterm new-
borns, depending on incidence of respiratory distress syndrome, early-onset infection, pneumonia
and sepsis. None of the associations analysed was significant (p > 0.05). Table S4. Frequencies of
the most common diplotypes in preterm newborns, depending on incidence of respiratory distress
syndrome, early-onset infection, pneumonia and sepsis. None of the associations analysed was sig-
nificant (p > 0.05). Supplementary Figure S1: Linkage disequilibrium analysis of promoter rs3124952
(—986 A > G), rs3124953 (—602 G > A), rs7865453 (—64 A > C) and rs17514136 (—4 A > G) FCN2
single nucleotide polymorphisms. The numbers in the grid refer to D’ (A) and 12 (B) parameters
of the given pairs of SNPs. Bolded triangles show haplotype blocks identified using the four ga-
mete rule test. Supplementary Figure S2: Individual concentrations of ficolin-2 in cord sera from
preterm newborns, corresponding to the ten most common FCN2 gene promoter diplotypes. Blue
bars represent median values (given below the graph in bold). Medians related to diplotypes 2 (the
highest) and 5 (the lowest one) were compared with the remaining values using a Mann-Whitney U
test. Corresponding p-values are given below the graph in red and blue, respectively. Diplotypes:
1—AGAG/GGAA; 2—AGAG/AAAA; 3—AAAA/GGAA; 4—AGAG/AGAG; 5—AGAG/GGCA;
6—AAAA/GGCA; 7—GGAA/GGAA; 8—AGAA/GGAA; 9—AGAA/AGAG; 10—AAAA /GGAG.
Supplementary Figure S3: A: Scheme of the FCN2 gene with investigated promoter polymorphic
sites. Alleles associated with higher gene expression are marked in green and those with lower, in
red. Exons 1-8 are shown as blue rectangles. B: Genotypes corresponding to polymorphic sites, most
common haplotypes, diplotypes and median ficolin-2 concentrations in cord sera (ng/mL), related to
demonstrated promoter diplotypes. Alleles corresponding to particular sites associated with higher
gene expression are marked in green and those with lower, in red. Median ficolin-2 levels higher than
the median for the whole cohort are marked in green and those lower, in red. Genotypes: A/A (—986),
A/A (—64), G/G (—4), all corresponding to relatively high FCN2 gene expression; the related AGAG
haplotype and AGAG/AGAG diplotype were associated with lower risk of very low birthweight
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(green boxes). Furthermore, the G/G variant at —4 corresponds to a lower risk of birth at gestational
age <33 weeks (blue box). The GGCA haplotype (all alleles related to lower gene expression) was
associated with a higher risk of VLBW (red box) while the AGAG/GGAA diplotype was associated
with a higher risk of both VLBW and GA < 33 weeks (red and orange boxes).
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Abstract: The placenta is a temporary organ with a unique structure and function to ensure healthy
fetal development. Placental dysfunction is involved in pre-eclampsia (PE), fetal growth restriction,
preterm birth, and gestational diabetes mellitus (GDM). A diabetic state affects maternal and fetal
health and may lead to functional alterations of placental metabolism, inflammation, hypoxia, and
weight, amplifying the fetal stress. The placental molecular adaptations to the diabetic environment
and the adaptive spatio—temporal consequences to elevated glucose or insulin are largely unknown
(2). We aimed to identify gene expression signatures related to the diabetic placental pathology of
placentas from women with diabetes mellitus. Human placenta samples (1 = 77) consisting of healthy
controls, women with either gestational diabetes mellitus (GDM), type 1 or type 2 diabetes, and
women with GDM, type 1 or type 2 diabetes and superimposed PE were collected. Interestingly, gene
expression differences quantified by total RNA sequencing were mainly driven by fetal sex rather
than clinical diagnosis. Association of the principal components with a full set of clinical patient data
identified fetal sex as the single main explanatory variable. Accordingly, placentas complicated by
type 1 and type 2 diabetes showed only few differentially expressed genes, while possible effects of
GDM and diabetic pregnancy complicated by PE were not identifiable in this cohort. We conclude
that fetal sex has a prominent effect on the placental transcriptome, dominating and confounding
gene expression signatures resulting from diabetes mellitus in settings of well-controlled diabetic
disease. Our results support the notion of placenta as a sexual dimorphic organ.

Keywords: diabetes mellitus; human; placenta; pregnancy; RNA sequencing

1. Introduction

The placenta is a temporary mammalian organ with the vital function of fetal nutrient
supply and waste removal. Its unique structure, with tissue emerging from both embryonic
and maternal origin, is necessary for healthy fetal development [1]. The rapid placental
growth includes proliferation, differentiation and invasion of trophoblasts, implantation,
remodeling, and angiogenesis, all of which are decisive factors for healthy pregnancies and
outcomes [2]. Placental maldevelopment and dysfunction are involved in the major, often
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co-occurring obstetric syndromes, including preeclampsia (PE), fetal growth restriction,
preterm birth and gestational diabetes mellitus (GDM) [3-5].

In a diabetic environment, a variety of structural and functional changes take place
in the placenta. Besides heavier placentas, inflammation and DNA methylation, altered
expression of genes regulating for growth, glucose metabolism, cytoskeletal structure,
oxidative stress and apoptosis have been described [6,7]. The extent of structural and
functional changes depends on multiple variables, including the type of diabetes mellitus
(DM) and glycemic control [6].

DM can be present before, and throughout, gestation as in DM type 1 (DM1) or type 2
(DM2). In both cases, placentation takes places under the complex diabetic milieu, although
the pathophysiology of DM1 and DM2 differs. During the first trimester, the placental
growth rate is highest and the placenta is therefore extremely sensitive to environmental
influences [6]. Secondly, DM can occur during gestation (gestational diabetes mellitus;
GDM) and resolve postpartum in most cases [8]. In women with GDM, impaired glucose
tolerance develops and leads to more short-term molecular alterations [2].

Both pregestational and gestational diabetes imply a well-described and significantly
increased risk of adverse maternal and offspring pregnancy outcomes, as well as long-term
diseases such as obesity and cardiovascular disease [5,9]. Central to short-term associa-
tion is the placental pathology, most likely due to maternal metabolic and inflammatory
changes in a diabetic milieu. The long-term consequences are likely explained by in utero
programming impacting on health or disease later in life, independent of the DNA se-
quences that are inherited in a person’s genetic code (i.e., developmental origins of health
and disease) [10].

One potential complication to pregestational and gestational diabetes during preg-
nancy is PE [11], which is also closely linked to a dysfunctional placenta [6]. PE super-
imposed on a diabetic condition is a major risk factor for preterm delivery, maternal and
offspring morbidity and future health [3,12].

The precise mechanisms by which pregestational or gestational diabetes contribute
to placental dysfunction are unknown [1,6]. Besides the effects of glucose and insulin on
the placenta, reactive oxygen species production in first trimester trophoblasts, insulin
resistance of trophoblasts, and altered oxygen tension in the intervillous space have been
addressed [13]. It is likely that pregestational and gestational diabetes may have different
adaptation mechanisms, including differential effects on placentation, as GDM is usually
not present during the most important placentation period [14].

The aim of this study is to unravel novel pathways related to the contribution of
diabetes to pregnancy pathologies, including diabetic pregnancies complicated by PE, by
transcriptome analysis of placenta tissues. Various studies suggest that placental inflam-
matory pathways, stress response and gene expression patterns are related to maternal
pregnancy complications. Understanding the contribution of the placental transcriptome
profile to placental differences responsible for fetal and maternal health—such as fetal
growth, preterm birth and survival—is essential. By gene expression analysis, we aimed to
identify differentially expressed genes (DEGs) and associated signaling pathways among
GDM, pregestational DM, or diabetic pregnancies complicated with PE. Here we present,
to our knowledge, the first RNA sequencing dataset of the placental transcriptome from
women with GDM, DM1, or DM2, and in DM pregnancies with superimposed PE, to gain
a profound understanding of transcriptional placental profiles during the various forms of
a diabetic pregnancy.

2. Results
2.1. Clinical Characteristics of the Study Cohort

The study cohort consisted of healthy and diabetic women, while other diabetic
patients developed superimposed PE during pregnancy. Clinical characteristics of these
healthy and diabetic pregnant women (subgroups) are shown in Table 1. Characteristics
of diabetic women with a pregnancy complicated with PE are shown in Table 2. Further,
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the characteristics of all women with the different types of DM or DM superimposed with
PE are shown in Table 3. The BMI of women with GDM and DM2 was higher at the
beginning of pregnancy and at delivery (GDM: 33.2 & 6.77; DM2: 38.57 & 2.89; Table 1)
compared to healthy CTL (CTL: 28.79 +£ 3.98), even when complicated with PE (Table 2).
The diabetic pregnant women superimposed with PE not only developed hypertension
(Table 2), but also proteinuria (Table 3) during pregnancy. Early-onset PE appeared in
37.5% of pregnant women. HbAlc was higher during pregnancy in pregestational diabetic
women compared to women who developed GDM, independent of PE. All subgroups
of women with DM without superimposed PE in pregnancy had, as expected, heavier
babies and higher birthweight percentiles compared to CTL (Table 1). Pregnancies with DM
superimposed with PE had, as expected, an earlier delivery than CTL (Table 3). Women with
GDM + PE had consequently lower birth weight and smaller newborn weight percentiles
than CTL, a proxy of placental dysfunction. While DM1 + PE had higher birthweight
percentiles but similar birthweights as CTL, the birthweight and newborn weight percentile
were not different in pregnancies of DM2 + PE compared to CTL (Table 2).

2.2. Placentas of Patients with Diabetes Reveal Differentially Expressed Genes

The gene expression between diabetic and healthy CTL placentas using DESeq2 [15]
with fetal sex as covariate did not show any DEGs at adj. p-value < 0.05 (see MA-plot
in Figure 1).

DIAB vs CTL

o

log fold change

1x10 1x10° 1% 10°
mean expression

Figure 1. The effect of diabetes on the placental transcriptome in comparison to healthy controls.
MA-plot showing the log2-fold change over mean expression for all genes for the diabetes group
(DIAB) without PE (n = 32) versus CTL (n = 29). DIAB = patients with DM1, DM2 and GDM;
CTL = healthy controls.

Subsequently we analyzed the diabetic subgroups and found relatively few signif-
icant gene expression differences between placentas from DM1 (n = 17), DM2 (n = 3),
GDM (n =12) and CTL (n = 29) patients (Figure 2). Most DEGs (75 up-regulated and
18 down-regulated at adj. p-value < 0.05) were observed when comparing DM2 to CTL
(Figure 2a), summarized in Supplementary Table S1. Figure 2b shows the comparison
between DM2 and GDM, where we identified four up- and 23 down-regulated genes
(Supplementary Table S1). Pathway analysis showed that several DEGs in the comparison
of DM2 with either CTL or GDM were associated with metabolism (such as SELENBP1 [16],
CNNM [17], and SOXS3 [18]) and placental metabolism (such as ACSL6 [19] and ARID5A [20]).
DM1 versus DM2 (Figure 2c) showed 4 up-regulated genes (Supplementary Table S1), and
GDM versus DM1 showed only two up-regulated genes (SMCO3 and NQO1), both linked
to DM [21,22] (Figure 2d). In contrast, DM1 versus CTL (Figure 2e) and GDM versus
CTL (Figure 2f) did not show significant DEGs. Our results show that gene expression
differences in DM1 and DM2 showed similar patterns to each other (Pearson’s R = 0.47
between log2-fold changes), whereas GDM was more similar to CTL.
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Figure 2. Diabetes subgroups show an altered placental transcriptome in comparison to healthy
controls. (a—f) MA-plots showing log2-fold change as a function of mean expression for the diabetes
subgroups DM1 (n = 17), DM2 (n = 3), GDM (n = 12) versus CTL (1 = 29). DEGs (adj. p-value < 0.05)
are marked in red. (g) Gene-set enrichment analysis with tmod for up- and down-regulated genes
in these contrasts. The adjusted p-value is color-coded and the AUC statistic is displayed as the dot
size. GDM = gestational diabetes mellitus; DM1 = type I diabetes mellitus; DM2 = type II diabetes
mellitus; CTL = healthy controls.

Since only few informative DEGs were observed in the analysis of 77 placental tran-
scriptomes, we next conducted gene-set enrichment analysis using HALLMARK transcrip-
tional gene sets on the estimated log2-fold changes for all genes in the comparisons of
different diabetic conditions in pregnancy (Figure 2g). Several gene sets were altered but
no uniform dysregulated pathway between the different subtypes of diabetic pregnancy
and CTL was observed. Genes involved in the epithelial-mesenchymal transition, hypoxia,
angiogenesis or inflammation were consistently altered when comparing the placental tran-
scriptome of DM2 versus GDM or CTL. DM1 versus GDM or CTL showed similar patterns,
including in pathways involved in unfolded protein response, oxidative phosphorylation,
and proliferation, but the differences were less pronounced.

When investigating the data of placentas from diabetic pregnancies complicated by
PE (n = 16) in comparison to CTL (n = 29), we observed a similar pattern. The comparison
of PE against CTL gave only one DEG (Figure 3a, Supplementary Table S1) and gene-
set enrichment analysis mainly showed alterations of genes involved in the epithelial-
mesenchymal transition and inflammatory response (Figure 3b).
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Figure 3. The effect of diabetes superimposed with preeclampsia on the placental transcriptome in
comparison to healthy controls. (a) MA-plot shows log2-fold change over mean expression for all
diabetic placenta samples superimposed with PE (n = 16) versus CTL (n = 29). DEGs are highlighted
inred. (b) The gene-set enrichment analysis displays significantly altered gene sets in this comparison.
PE = includes patients with DM1 + PE, DM2 + PE and GDM + PE; CTL = healthy controls.

2.3. Placental RNA Sequencing Samples Group Mainly According to Fetal Sex

We next performed principal component analysis (PCA) to identify what factors could
confound the differences between the clinical subgroups. In the first principal component
with almost 11% explained variance, the data set clustered into two groups according to
the fetal sex (Figure 4a), driven by sex-specific genes such as XIST, UTY, USP9Y, DDX3Y
and KDM5D. The other PCA components were not clearly related to clinical parameters or
driven by systematic gene groups. The second PC (7.76% explained variance, driven by
TAC3, AADACL3, DIO2, NOTUM and HTRA4) showed an even distribution of samples
without obvious clustering according to the clinical diagnosis (Figure 4a). Similarly, other
components contributed little to the explained variance (Figure 4b) and did not induce a
clustering of samples.
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Figure 4. Placental samples group mainly due to fetal sex. (a) Principal component analysis (PCA)
displays the highest amount of explained variance (10.39%) between samples in PC1 and the second
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highest (7.76%) in PC2. Placental samples cluster according to the fetal sex. (b) PC4 and PC3 do not
cluster subjects into groups in the PCA. Black border: CTL (n = 29, circle); GDM (n = 12, square); DM1
(n =17, triangle pointed top); DM2 (n = 3, triangle pointed bottom). Green border: GDM + PE (n = 4,
square); DM1 + PE (n = 8, triangle pointed top); DM2 + PE (1 = 4, triangle pointed bottom). Fetal sex
is indicated in blue = male and red = female. (c) Percentage of explained variance by each PC from
PC1 to PC10. Diabetes types are indicated with symbols. CTL = healthy control; GDM = gestational
diabetes mellitus; DM1 = Diabetes mellitus type 1, DM2 = diabetes mellitus type 2.

2.4. Of All Gene Sets and Clinical Data, the Fetal Sex and Diagnosis Contribute Most to
Principal Components

We next analyzed which gene sets contributed most to the PCA and used gene-
set enrichment analysis of the gene loadings. PC 1 and, to a lesser extent, PC 2 were
strongly associated with Y-chromosomal genes. Higher components showed much weaker
association with chromosomal locations or functions such as epithelial-mesenchymal
transition, mitochondria, cell cycle or heme-metabolism (Figure 5a).
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Figure 5. Association of principal components to Y-chromosome linked genes and fetal sex.
(a) Gene-set enrichment analysis shows how principal components (PC) are associated with par-
ticular gene sets. PC1 and PC2 are strongly influenced by Y-chromosome genes. The effect size
(AUC) is shown as dot size and the color indicates significance (adjusted p-value). (b) The heat map
shows the contribution of clinical (meta data) and quality control parameters to the PCs. The impact
(“importance”) is color-coded with low contribution in grey and high contribution in red. Fetal sex
clearly contributes to PC1. The figure is based on all CTL (1 = 29) and diabetic placenta samples
without PE (n = 32).

As none of the gene sets convincingly explained the variation in PC2 and below, we
next investigated whether PCs were associated with clinical data (meta data) or technical
quality-control parameters. We used random forest regression to determine the contribution
of each clinical parameter to a particular PC. Again, fetal sex contributed overwhelmingly
to the first PC, while the diagnosis prior to delivery and other parameters, such as BMI,
Hbalc, blood pressure during pregnancy as well as RNA quality (RIN value), contributed
much less to the PCs (Figure 5b).

2.5. Comparison between Placentas of Male or Female Fetus Display Several DEGs

We next performed differential expression analysis between placentas from female
fetus (n = 41) and male fetus (n = 36) pregnancies with clinical diagnoses (diabetes subtypes
and PE) as covariates. The comparison revealed 78 up-regulated and 76 down-regulated
genes (Supplementary Table S2) that are highlighted in the MA-plot (Figure 6). Genes
with increased expression in placentas with male fetuses (e.g., DDX3Y, ZFY, KDM5D and
UTY) were mainly located on the Y-chromosome, but other DEGs such as CTFR, SPP1 and
ZNF711 were located on the X-chromosome or autosomal chromosomes.
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Figure 6. Fetal sex effect on gene expression in placenta. The MA-plot displays the effect of fetal
sex on gene expression in placentas with male (1 = 36) or female fetuses (1 = 41). Differential genes
(adj. p-value < 0.05) are marked in red. Positive log2-fold change indicates male-specific expression;
negative log2-fold changes indicate female-specific expression.

The 76 genes with higher expression in placentas with female fetuses were mostly
located on the X-chromosome; among them XIST, FTX, ZFX, SMC1A, STS and FMRI.
Some DEGs were not located on the X-chromosome but were associated with placentation.
For example, PLAU has been associated with trophoblast invasion [23] and SWAP70 has
been associated with placentation [24]. We performed analyses of up-regulated and down-
regulated genes from the comparison of male and female placenta samples. There were no
KEGG terms associated with the gene sets. In addition, no relevant gene ontology terms
were present.

Finally, we compared our results to a study by Gonzales et al. on sex differences in the
late first trimester in the human placenta transcriptome (GSE109120) [25] and found a good
overlap: 33 male and 15 female genes were significantly different in both studies; six male
and two female genes were discovered only in our data; and 13 male and 11 female genes
were d