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We are pleased to present this Special Issue of the International Journal of Molecular
Sciences, entitled “Physiology and Pathophysiology of Placenta”.

Placentation is an important and tightly regulated process that ensures the develop-
ment of placenta, allowing for the normal progression of the fetus. The placenta is an
essential organ which plays different and fundamental functions during pregnancy, and
its development is regulated by several growth factors, hormones, their receptors and
many other types of molecules involved in the regulation of placental cell proliferation,
differentiation, migration and invasion [1,2].

The correct function of these processes is tightly regulated by the activation or inhibi-
tion of several signalling pathways that regulate the expression of specific genes necessary
for a successful pregnancy. The importance of normal placental development becomes evi-
dent in the case of impaired placental development, which can lead to significant pregnancy
complications such as preeclampsia (PE) [3], fetal growth restriction (FGR) [4], gestational
trophoblastic diseases (GTD) [5], preterm delivery [6,7] and gestational diabetes mellitus
(GDM) [8]. Pregnancy can also be impaired by exposure to exogenous agents such as
bacteria [7], viruses [9], chemicals and natural compounds [9,10] that can alter the normal
placental functions, compromising pregnancy outcome. Many of the disorders/pathologies
previously mentioned are associated with an increase in maternal and fetal mortality and
morbidity, and can lead to life-long health complications for both mother and child.

Important signalling pathways such as Wnt/-catenin, TGF/SMAD, PI3K/AKT/mTOR
and JAK/STAT pathways have been reported to be impaired in several pregnancy complica-
tions such as PE, GDM and FGR [10-13], which share an inflammatory and oxidative stress
condition [6,8]. In addition to the previously mentioned pathologies, viral and bacterial
infections during pregnancy can also lead to an increase in inflammatory cytokines that
alter the normal function of the placenta and amniotic membranes, causing preterm deliv-
ery or significant neonatal complications [7,9,14]. All the pathologies already mentioned
cause systemic inflammation (acute or chronic) that turns into endothelial dysfunction.
Endothelial dysfunction impairs the normal functionality of the endothelium, and thus can
alter the normal function of reproductive organs [15-18].

For these reasons, new and specific biomarkers are necessary in clinical practice to
allow an early diagnosis of many of the above-mentioned pregnancy complications, in
order to carry out early treatment of the pathology, improving the outcome of the pregnancy
or resolving the pathology [8,19,20].

Several natural and synthetic compounds have shown important beneficial effects in
treating several diseases. These compounds have also demonstrated important effects in
pregnancy complications, suggesting a possible use of these compounds, alone or in combi-
nation with classical drugs, to treat these diseases, improving pregnancy outcomes [21,22].

Understanding the mechanisms involved in the regulation of human placenta devel-
opment in normal and pathological conditions can help to open new perspectives in the
treatment of these pregnancy complications.

Thus, the aim of this Special Issue is to provide an overview of the physiology and
pathophysiology of the placenta, in order to better understand its development in normal
and pathological conditions.
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Abstract: Successful implantation requires coordinated migration and invasion of trophoblast cells
into a receptive endometrium. Reduced forkhead box M1 (FOXM1) expression limits trophoblast
migration and angiogenesis in choriocarcinoma cell lines, and in a rat model, placental FOXM1 protein
expression was significantly upregulated in the early stages of pregnancy compared to term pregnancy.
However, the precise role of FOXM1 in implantation events remains unknown. By analyzing mice
blastocysts at embryonic day (E3.5), we have demonstrated that FOXM1 is expressed as early as the
blastocyst stage, and it is expressed in the trophectoderm of the blastocyst. Since controlled oxygen
tension is determinant for achieving normal implantation and placentation and a chronic hypoxic
environment leads to shallow trophoblast invasion, we evaluated if FOXM1 expression changes in
response to different oxygen tensions in the HTR-8/SVneo first trimester human trophoblast cell line
and observed that FOXM1 expression was significantly higher when trophoblast cells were cultured
at 3% O, which coincides with oxygen concentrations in the uteroplacental interface at the time
of implantation. Conversely, FOXM1 expression diminished in response to 1% O, that resembles
a hypoxic environment in utero. Migration and angiogenesis were assessed following FOXM1
knockdown and overexpression at 3% O, and 1% O, respectively, in HTR-8/SVneo cells. FOXM1
overexpression increased transmigration ability and tubule formation. Using a 3D trophoblast
invasion model with trophospheres from HTR-8/SVneo cells cultured on a layer of MATRIGEL
and of mesenchymal stem cells isolated from menstrual fluid, we observed that trophospheres
obtained from 3D trophoblast invasion displayed higher FOXM1 expression compared with pre-
invasion trophospheres. Moreover, we have also observed that FOXM1-overexpressing trophospheres
increased trophoblast invasion compared with controls. HTR-8/SVneo-FOXM1-depleted cells led
to a downregulation of PLK4, VEGF, and MMP2 mRNA expression. Our current findings suggest
that FOXM1 participates in embryo implantation by contributing to trophoblast migration and early
trophoblast invasion, by inducing transcription activation of genes involved in these processes.
Maternal-fetal communication is crucial for trophoblast invasion, and maternal stromal cells may
induce higher levels of FOXM1 in trophoblast cells.

Keywords: FOXM1; blastocyst implantation; trophoblast invasion and migration
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1. Introduction

Embryo implantation is a tightly regulated process by which a competent blastocyst
reaches the maternal endometrium at its most receptive phase (window of implantation).
This process begins when the outer layer of the blastocyst, the trophectoderm cells, come
into contact and attach to the endometrial epithelium (apposition-attachment) [1-3]. Shortly
thereafter, the trophectoderm undergoes differentiation, giving rise to two different regions:
(i) syncytiotrophoblast, a multinucleated outer cell layer that penetrates the endometrial
epithelial membrane, allowing the embryo’s implantation into the endometrium; and
(ii) mononuclear cytotrophoblast cells that proliferate to form cell columns that further
penetrate the endometrial stroma [1,3,4]. Emerging from the tips of these anchoring villi
structures are extravillous cytotrophoblast cells (EVT), known for their highly migratory,
proliferative, and invasive characteristics [5-7].

Trophoblast invasion of the uterus involves attachment of EVT to the extracellular
matrix and degradation of the matrix as well as the uterine vasculature (endovascular inva-
sion) to ultimately establish the uteroplacental circulation [3,5]. When this physiological
equilibrium is disrupted, implantation failure and subsequent spontaneous abortion may
occur [3]. Moreover, shallow trophoblast invasion and impaired uterine vasculature remod-
eling during the early stages of gestation can also perpetuate during pregnancy and lead
to pregnancy complications such as preeclampsia, intrauterine growth restriction (IUGR),
and premature birth [7-9]. Despite significant progress in reproductive research, efforts are
still needed towards a better understanding of the physiological processes initiated during
implantation, such as trophoblast invasion and migration, as well as the proteins that might
orchestrate them. These two processes are closely related since both require changes in
the cell microenvironment and concomitant activation of extracellular proteases [10]. The
proteolytic activity of extracellular matrix-degrading metalloproteinases (MMPs) has been
largely implicated in the efficiency of trophoblast invasion, specifically in the disruption of
the extracellular matrix at the fetal-maternal interface during embryo implantation [11].

We have previously demonstrated, in a model of extravillous trophoblast of chorio-
carcinoma cell lines, that the forkhead box M1 (FOXM1) transcription factor is an impor-
tant mediator of angiogenesis and migration, which are key processes involved in early
placentation [12]. Additionally, we have also showed in a rat model that placental FOXM1
protein expression decreased as gestational age progresses, further indicating a role for
FOXM1 in the early stages of pregnancy [12]. Although our previous results are com-
pelling, the precise role of FOXM1 in implantation and whether FOXM1 is expressed in
the pre-implantation blastocyst stage remain unknown. FOXM1 plays a crucial role in a
plethora of biological processes, by directly regulating the transcription of downstream
target genes involved in cell proliferation, cell cycle progression, angiogenesis, migration,
invasion, cell differentiation, and DNA damage repair [13,14]. FOXM1 activity is also
required in embryonic and fetal development [15,16]. Indeed, during mice embryogenesis,
FOXM1 expression is found in the mesenchymal and epithelial cells of the liver, lung,
intestine, renal cortex, and urinary tract; yet, its adult expression pattern is restricted to
actively proliferating epithelial cells of the intestine, the spermatocytes and spermatids of
the testis, the thymus, and colon [17]. Moreover, Foxm1 knockout mice are characterized
by an embryonic lethal phenotype due to severe abnormalities in the development of the
heart and liver [18]. In this study, we tested the hypothesis that FOXM1 is expressed in the
trophectoderm of the blastocyst and participates in embryo implantation by contributing to
trophoblast migration and early trophoblast invasion, by inducing transcription activation
of genes involved in these processes.

2. Results
2.1. Foxm1 Is Expressed in the Inner Cell Mass and in the Trophectoderm of Mice Blastocysts
We have previously demonstrated that, in rat placentae, FoxM1 expression decreased

as pregnancy progressed from E14.5 to E20.5, suggesting that FOXM1 is important in early
placentation events [12]. To further elucidate the role of FOXM1 in the earlier stages of
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-ve control

pregnancy, we first sought to indagate whether it is expressed as early as the stage of the
pre-implantation blastocyst. Indeed, as seen in Figure 1A, mice embryos in stage E3.5 (early
blastocysts) express Foxm1 mRNA. Mice ovarian tissue was used as the positive control, and
a band of Foxm1 can be appreciated. Gapdh was included as the blastocyst housekeeping
gene control. Regarding the localization of Foxm1 within the blastocyst, we observed
that Foxm1 is expressed not only in the inner cell mass but also in the outer layer of the
blastocyst cells (Figure 1B), namely the trophectoderm, an epithelial monolayer of cells,
that differentiates into trophoblast cells and directly attaches to and invades the receptive
endometrium to establish the placenta. These results strongly suggest that FOXM1 is
involved in implantation and early placentation.

Trophectoderm

Blastocele

Inner
Cell Mass

DAPI Foxm1 Merge

Figure 1. Characterization of Foxml in blastocyst. Blastocysts and ovaries were collected from
C57BL/6 female mice at embryonic day 3.5 (E3.5). n = 4 mice. (A) Representative image of
14 blastocysts and 2 ovaries that were used to isolate RNA and amplified by qRT-PCR to evalu-
ate the expression of Foxm1. PCR product was run on 1% agarose gel and visualized using a UV
transilluminator. Bands correspond to the 101 bp Foxm1 mRNA template and to the 83 bp Gapdh
mRNA template that was incorporated as housekeeping gene control. (B) Blastocysts were pipetted
into drops onto a glass slide and stained for FOXM1 with Alexa Fluor 488 anti-mouse sera (green)
and counterstained with DAPI (blue) to visualize the nuclei. Single plane images were acquired
with Leica TCS SP8 with a 20x air (N.A. = 0.5) objective. —ve control, negative control: no primary
antibody was added. N.A., numerical aperture.

2.2. FOXM1 Expression Peaks at Time of Implantation in a Human First Trimester Trophoblast
Cell Line

To explore whether FOXM1 plays a role in implantation, we analyzed its expression
in a cell model of human first trimester trophoblasts, the HTR-8/SVneo cell line. It has
been postulated that, in human pregnancy, the oxygen concentration within the uterine
surface typically ranges from 2.5 to 5% O; (<20 mmHg) until the eighth week [19]. After
the placenta establishes connections with maternal vasculature, that is around 12 weeks,
the oxygen concentrations rise until around 8.5% (~60 mmHg). This remains steady until
birth [8,19-21]. Having that controlled oxygen tension is determinant to achieve normal
implantation and placentation, and since a chronic hypoxic environment leads to shallow
trophoblast invasion, it is relevant to evaluate if FOXM1 expression changes in response
to different oxygen tensions in first trimester human trophoblast cells. Thus, following
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exposure of HTR-8/SVneo cells to 21%, 8%, 3%, and 1% O,, we observed that both FOXM1
protein (Figure 2A) and mRNA expression (Figure 2B) were significantly (p = 0.0002) higher
when trophoblast cells were cultured at 3% O,, which coincides with oxygen concentrations
in the uteroplacental interface at the time of implantation. Conversely, we observed FOXM1
expression diminishing in response to 1% O, that resembles a hypoxic environment in
utero. VEGF was included as a putative control target of FOXM1 [12,22]. However, we did
not observe the same expression trend as with FOXM1.
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Figure 2. Expression of FOXM1 in the presence of different oxygen percentages. HTR-8/SVneo cells
were exposed to 21%, 8%, 3%, and 1% O, for 24 h. (A) Cells were then collected and analyzed by
western blot to determine the protein expression levels of FOXM1, VEGF, and -Tubulin (loading
control) (representative image of 3 independent experiments is shown). (B) FOXM1 band density
was quantified and normalized to B-Tubulin. (C) qRT-PCR was performed to determine FOXM1
mRNA transcript levels normalized to 18S mRNA expression. Results are the mean + SEM of three
independent experiments in duplicate. Statistical analysis was performed using Student’s ¢-tests.
*p <0.05,* p <0.01, ** p < 0.001, significant. SEM, standard error of the mean.

2.3. Overexpression of FOXM1 in HTR-8/SVneo Cell Line Induces Transmigration and
Tubule Formation

To investigate if FOXM1 is important for peri-implantation events, we performed
gain and loss of function assays in the first trimester human trophoblast cells and assessed
whether changes in FOXM1 expression influence migration, angiogenesis, and the invasion
ability of trophoblast cells. Since FOXM1 expression increased at 3% O, and diminished at
1% Oy, we knocked down FOXM1 at 3% O, and overexpressed FOXM1 at 1% O,. As seen
in Figure 3A,B, FOXM1 protein was efficiently silenced and overexpressed, respectively.
Following FOXM1 silencing, a significantly lower (p = 0.0001) number of migrating cells was
observed compared with the non-specific control cells (Figure 3C). However, HTR-8/SVneo
cells depleted for FOXM1 only demonstrated a modest but non-significant difference in
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the tubule network formation compared to those cells transfected with the NS-siRNA
control (Figure 3E). Concomitantly, FOXM1 overexpression significantly increased the
transmigration ability (Figure 3D, p = 0.0001) and tubule formation (Figure 3F; nodes,
p = 0.0015; junctions, p = 0.0008; meshes, p = 0.0014) of HTR-8/SVneo cells compared to
empty-vector transfection. Nonetheless, we did not observe significant changes in the
ability of HTR-8/SVneo cells to invade following overexpression or silencing of FOXM1, as
determined by a transwell invasion assay (Supplementary Figure S1). Altogether, these
results suggest that FOXM1 is involved in early placentation events, such as transmigration
and angiogenesis.
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Figure 3. Effects of FOXM1 knockdown and overexpression in the migration and angiogenesis
of HTR-8/SVneo cells. (A) HTR-8/SVneo cells maintained at 3% O, were transfected with mock
(transfection reagent only), non-specific (NS) siRNA or FOXM1 siRNA for 24 h. (B) HTR-8/SVneo
cells maintained at 1% O, were transfected with mock (transfection reagent only), pcDNA3-empty
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vector (EV) (control) or pcDNA3-FOXM]1 for 24 h. Cells were trypsinized and analyzed for western
blotting to confirm: A. FOXM1 silencing and B. FOXM1 overexpression. Fifty thousand remain-
ing cells from A and B were re-seeded in a millicell insert (pore 8 um) with media with reduced
serum (0.5% FBS) and placed on a well of a 48-well plate containing media supplemented with
10% FBS. Transmigration capacity was evaluated after 12 h of incubation, following (C) FOXM1
knockdown and following (D) FOXM1 overexpression. The represented data are averages of three
independent experiments £ SEM. The percentage of migrated cells was calculated: number of cells
after /before scraping x 100 (average of the 5 fields). Representative images are shown in the lower
panel. Remaining cells from (A) and (B) were re-seeded onto 96-well plates pre-coated with MA-
TRIGEL to evaluate tubule formation after 6 h of incubation, following (E) FOXM1 knockdown and
following (F) FOXM1 overexpression. Number of nodes, junctions, and meshes were analyzed using
Image]-Angiogenesis Analyzer-HUVEC Phase Contrast software v1.0.c. Nodes are the intersection of
3 segments, junctions are the combinations of several nodes, and meshes are networks in which
nodes are linked together. Data are presented as mean values of three independent experiments
+ SEM. Representative images show tube formation networks after 6 h (lower panel). Statistical
analysis was conducted using Student’s t-tests. * p < 0.05; ** p < 0.01; *** p < 0.001, significant. All
images were captured with the Primo Vert microscope (Zeiss, Jena, Germany) with a 4x (N.A. = 0.10,
W.D. = 12 mm) objective using the AxioCam ERc5s camera (Zeiss, Jena, Germany). SEM, standard
error of the mean. N.A., numerical aperture.

2.4. FOXM1 Is Involved in Early Invasion of the Trophoblast

During implantation, trophoblast invasion of the uterine lining depends on the com-
munication between the trophectoderm and the maternal decidua and involves the migra-
tion and invasion of the trophoblast cells from out of the blastocyst and through various
layers of the endometrium, accompanied by the degradation of the extracellular matrix
and stroma [5,10]. In order to understand whether FOXM1 is involved in trophoblast
invasion during implantation, we used an in vitro 3D trophoblast invasion model [23,24]
that mimics the processes of migration and early invasion of the trophoblast and assessed
the expression of FOXM1 in trophoblast cells. This assay consists of generating, in vitro,
blastocyst like-structures (trophospheres) and co-culturing them onto a layer of MATRIGEL
and mesenchymal stem cells isolated from menstrual fluid (MenSCs), mimicking the ex-
tracellular matrix and the endometrial stromal cells, respectively (Figure 4A). To resemble
the physiological hormones and O, conditions within the endometrium during the mid-
secretory phase of the menstrual cycle, MenSCs were subjected to E2 for 24 h followed
by E2 and P4 for an additional 24 h at 5% O, (endometrial mimic), prior to the co-culture
with trophospheres. Following 72 h of the co-culture, we observed the formation of pro-
jections that penetrated the MATRIGEL in a radial orientation (Figure 4B, top image),
which are trophoblast cells that have migrated from the compact blastocyst-like spheroid
and invaded the MATRIGEL. In contrast, we hardly observed trophoblast invasion when
the trophospheres were cultured only with MATRIGEL, demonstrating that MATRIGEL
without MenSCs does not provide the necessary signals to promote trophoblast migration
and invasion. Interestingly, we found that FOXM1 transcript levels of the trophospheres
that were co-cultured with MenSCs and MATRIGEL were significantly higher compared
to trophospheres before 3D invasion assay (Figure 4C, p = 0.02), indicating that FOXM1
may be required during early trophoblast invasion of the maternal decidua. Additionally,
trophospheres that were generated with pcDNA3-FOXM1 cells exhibited a significant
increase (p = 0.03) in the area invaded by the trophosphere, compared to those cells trans-
fected with pcDNA3-empty vector control (Figure 5). These results further suggest that
FOXM1 plays a role in early invasion of the trophoblast and that this process depends on
communication mechanisms between maternal decidual cells and the trophoblast cells of
the blastocyst.
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Figure 4. FOXM1 expression is upregulated when trophoblast cells are invading into the matrix.
(A) Schematic representation of the components of the 3D trophoblast invasion model: MenSCs
on the bottom of the plate as a monolayer of endometrial stromal cells, MATRIGEL mimicking
the extracellular matrix, and on top is the HTR-8/SVneo trophosphere that is used to mimic the
trophectoderm of the blastocyst (image created with BioRender.com). (B) HTR-8/SVneo tropho-
spheres were transferred to 8 individual wells of a 96-well plate that contained MATRIGEL alone
or a monolayer of MenSCs (n = 4) (previously subjected to endometrial mimic) seeded below the
MATRIGEL matrix for 72 h. Representative images of trophoblast migration from the trophospheres
and invading into the MATRIGEL were captured at day 3 with an Olympus CKX41 microscope and
an Axiocam 208 color camera (10 x objective lens, N.A. = 0.25, W.D. = 10.5 mm). (C) Bars represent:
in black: trophospheres immediately after formation, in dark grey: trophospheres in MATRIGEL,
and in light grey: trophospheres in MATRIGEL with MenSCs after 3D invasion assay. Trophospheres
were collected and recovered from MATRIGEL, and FOXM1 mRNA was analyzed using qRT-PCR
and normalized to GAPDH and 18S housekeeping genes. Results are expressed as mean + SEM of
eight trophospheres and n = 4 MenSCs. Statistical analysis was conducted using Student’s t-tests.
*p <0.05; ** p < 0.001, significant. MenSCs, mesenchymal stem cells isolated from menstrual fluid;
SEM, standard error of the mean. N.A., numerical aperture.
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Figure 5. Trophoblast invasion increases in FOXM1-overexpressed trophospheres. HTR-8/SVneo
cells were transfected either with pcDNA3-empty vector (EV) (control) or pcDNA3-FOXM1 for 24 h
prior to trophosphere generation. Trophospheres were then transferred onto MATRIGEL + MenSCs
and trophoblast invasion was evaluated after 48 h. Phase contrast images were captured by the
Olympus CKX41 and Axiocam 208 camera (10x objective lens, N.A. = 0.25, W.D. = 10.5). Trophoblast
invasion was quantified as area (mm?) of trophosphere + invasive trophoblasts (projections that
emerge from the trophosphere) by using the Image] software v1.54h. Columns are the mean of
2 independent experiments with 6 trophospheres per condition; bars == SEM. Statistical analysis was
conducted using Student’s t-tests. * p < 0.05, significant. SEM, standard error of the mean. N.A.,
numerical aperture.

2.5. FOXM1 Modulates PKL4, VEGF, and MMP?2 Transcript Expression in HTR8/SVneo Cells

Fox proteins have been reported to bind to the core consensus sequence AAA(C/T)A [25]
of their targets” promoters in order to promote transcription. This consensus sequence is
frequently referred to as forkhead responsive element (FHRE). Since FOXM1 may be mod-
ulating migration and invasion of trophoblast cells, we seek to identify potential FOXM1
targets whereby it could be mediating these processes. Thus, we analyzed chromatin immuno-
precipitation followed by sequencing (ChIP-seq) to investigate the genome-wide chromatin
binding mechanisms used by FOXM1. Data for FOXM1 ChIP-seq experiments were obtained
from the NCBI GEO database using the accession number GSE32465 [26]. We downloaded
three FOXM1 ChIP-seq experiments conducted on ECC1 (human endometrium adenocar-
cinoma cell line), MCF-7 (human breast adenocarcinoma cell line), and SK-N-SH (human
neuroblastoma cell line) cell lines and visualized them using the Interactive Genomic Viewer
(IGV). As shown in Figure 6A, FOXM1 binds largely to the proximal promoter regions of
PLK4 and VEGF of the different cancer cell lines analyzed (ECC1, MCF-7, and SK-N-SH). To
validate these findings in HTR-8/Svneo cells, we evaluated the transcription expression of
VEGF and PLK4 following knockdown and overexpression of FOXM1 in HTR-8/Svneo cells
(Figure 7A,B). In concordance with the in silico analysis, the depletion of FOXM1 led to a
downregulation of VEGF (p = 0.03) and PLK4 (p = 0.01) mRNA expression, and a significant
increase in the transcription levels of these genes was detected following ectopic expression
of FOXM1 (VEGF, p = 0.005; PLK4, p = 0.009). Since MMP2 has been identified to be secreted
by the cytotrophoblast cells that are responsible in digesting the major constituents of the
endometrial matrix [27] and has been demonstrated to be a direct target of FOXM1 in
retinoblastoma cells [28], we also evaluated the mRNA expression of MMP2 following gain
(p = 0.03) and loss (p = 0.03) of FOXM1 expression. Interestingly, we observed that MMP2
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also followed the same pattern of FOXM1 (Figure 7A,B). Altogether, these results provide
evidence that FOXM1 binds to the promotors and directly regulates the transcription of
VEGF, MMP2, and PLK4 genes, which have important roles in angiogenesis, invasion, and
trophoblast differentiation, respectively.
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Figure 7. FOXM1 modulates VEGF, PLK4, and MMP?2 transcript levels in HTR-8/Svneo cells.
(A) HTR-8/Svneo cells cultured at 3% O, were either transfected with NS siRNA or with FOXM1
siRNA specific pool. (B) HTR-8/Svneo cells cultured at 1% O, were transfected with pcDNA3-empty
vector (EV) (control) or pcDNA3-FOXM1. Twenty-four hours post-transfection, qRT-PCR analysis
was conducted to examine FOXM1, MMP2, VEGF, and PLK mRNA expression. All qRT-PCR results
were normalized to 185 mRNA expression. Columns are the mean of 3 independent experiments
in duplicate; bars + SEM. Statistical significance was performed using Student’s t-tests. * p < 0.05;
**p <0.01; ** p <0.001; **** p < 0.0001; significant. SEM, standard error of the mean.

3. Discussion

Implantation and early development of the placenta are highly regulated processes
that are pivotal for a successful pregnancy. Indeed, there is large body of evidence showing
that the impairment of these processes contributes to the etiopathology of pregnancy
complications such as preeclampsia, intrauterine growth restriction, and preterm labor. An
improved understanding of the molecular mechanisms involved in normal implantation
and early trophoblast development will improve the ability of clinicians to understand
and treat these pregnancy disorders. Using a model of choriocarcinoma cell lines that
exhibits an extravillous trophoblast phenotype, we showed that FOXM1 is an important
mediator of key processes involved in early placentation including angiogenesis and
migration [12]. Here, we further demonstrate that, in a model of first trimester trophoblast
cells, FOXM1 expression significantly increases in response to 3% O, which coincides
with the oxygen concentration within the uterine surface at implantation, and 1% oxygen,
resembling a hypoxic environment, diminished FOXM1 expression [19]. Moreover, we
have observed, for the first time, that FOXM1 is expressed as early as the blastocyst stage
in mice embryos and that it is not only is expressed in the inner cell mass but also in
the trophectoderm, highlighting the potential role of this protein in the early phases of
trophoblast differentiation and blastocyst implantation. This process begins when the
trophectoderm cells of the blastocyst attach to the endometrial epithelium, start to migrate
out of the blastocyst, and invade the endometrium [1-3]. The detection of FOXM1 in
the inner cell mass was not surprising since FOXM1 has been shown to be required for
embryonic and fetal development [15,16]. Indeed, during embryogenesis, FOXM1 is
expressed to ensure correct development of both epithelial and mesenchymal tissues [17].

13



Int. J. Mol. Sci. 2024, 25, 1678

Additionally, FOXM1 has been demonstrated to be essential for embryonic development of
mice pulmonary vasculature [18].

In the cancer scenario, it has been demonstrated that FOXM1 induces tumor proliferation,
migration, invasion, and angiogenesis [14], which are processes shared by trophoblast cells
during the peri-implantation phase. Accordingly, we have also demonstrated that FOXM1
is necessary for the migration and angiogenesis of the human HTR8/Svneo first trimester
trophoblast cell line while not influencing its proliferative ability (Supplementary Figure S2).
Moreover, neither silencing nor overexpression of FOXM1 led to statistically significant effects
on the ability of HTR8/Svneo cells to invade MATRIGEL, as assessed by transwell invasion
assays (Supplementary Figure S1).

Successful implantation requires effective maternal-embryonic communication [2—4,27].
Using an in vitro 3D trophoblast invasion model, we have confirmed that trophoblast cells
were only able to migrate from the trophosphere and invade through the MATRIGEL in the
presence of MenSCs of endometrial origin, which was pre-treated with the endometrial mimic,
suggesting that MenSCs secrete important factors that trigger the motility and invasion of
the trophoblast cells, as described previously [10,23,24]. More importantly, FOXM1 mRNA
expression was significantly higher in those trophoblast cells that invaded greater into the
MATRIGEL, i.e., the trophospheres that were co-cultured with MATRIGEL and MenSCs
compared to pre-invasion trophospheres. Together, these results suggest that trophoblast
invasion strongly relies on maternal-fetal communication and that maternal decidual cells
may induce trophoblast cells to express higher levels of FOXM1 that subsequently activate
genes involved in trophoblast migration and invasion. Mitochondria or extracellular vesicle
transfer could be studied as potential communication mechanisms. To further validate
that FOXML1 is indeed required for trophoblast invasion, we demonstrated that FOXM1-
overexpressed trophospheres exhibited a significant increase in the area invaded by the
trophosphere, compared to those cells transfected with the pcDNA3-empty vector control. It
is worth mentioning that spheroid formation from HTR-8/Svneo morphologically resembles
a blastocyst and expresses higher stemness markers, NANOG and SOX2, and lower CDH1
epithelial marker, in comparison with its adherent counterpart [23].

As a transcription factor, it is plausible that FOXM1 exerts its effects by directly binding
the promoters and inducing the transcription of genes involved in trophoblast differen-
tiation, migration, invasion, and angiogenesis. Thus, we propose that PLK4, VEGF, and
MMP2 are FOXM1 downstream targets involved in these processes. Invasion and migration
are closely related mechanisms that involve the ability of the cells to move in response to
a stimulus and to advance through the extracellular matrix within a tissue by activating
extracellular proteases [29]. The proteolytic activity of extracellular matrix-degrading metal-
loproteinases (MMPs) has been largely implicated in the efficiency of trophoblast invasion,
specifically in disrupting the extracellular matrix at the fetal-maternal interface during em-
bryo implantation [11]. Specifically, MMP2 has been identified to be secreted by the cytotro-
phoblast cells that are responsible in digesting the major constituents of the endometrial
matrix [27]. Indeed, MMP2 can be directly regulated by FOXM1 in human retinoblastoma
Y-79 cells [28]. Consistently, a large-scale microarray study of the transcriptome of the rat
placenta throughout mid-late gestation also reveals the concomitant expression of FOXM1
and angiogenic genes, including VEGFA, MMP14, Caveolin-1, and Angiopoietin-4 [30].
Moreover, VEGF has also been demonstrated to be a direct target of FOXM1 in breast
cancer cells [22]. Polo-like kinase four (PLK4) is a member of the serine/threonine kinase
family that plays an important role in cell cycle regulation, by participating in centriole
duplication and maintaining mitotic accuracy in normal cells. Its deregulation, henceforth, has
been associated with a prominent role in cancer and metastasis [31,32]. PLK4 has also been
demonstrated to be involved in the differentiation of trophoblast stem cells into trophoblast
giant cells during placental development [31,33]. This evidence, together with the ChIP-Seq
data, indicates that VEFG, PLK4, and MMP?2 are potential downstream targets of FOXM]1,
through which it promotes trophoblast differentiation, migration, invasion, and angiogenesis
during early placentation. To support this conjecture, we have also shown that the mRNA
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expression of these genes is significantly downregulated following silencing of FOXM1 and
significantly upregulated following FOXM1 overexpression in HTR-8/Svneo cells. Further
studies using ChIP are required to validate that VEFG, PLK4, and MMP2 are downstream
targets of FOXM1 in HTR-8/Svneo cells.

Our results demonstrate, for the first time, that FOXM1 is present in the trophectoderm
of mice blastocysts. By using a 3D in vitro model of implantation, we have confirmed that
maternal-fetal communication is crucial for trophoblast invasion and that maternal stromal
cells may induce trophoblast cells to express higher levels of FOXM1, which subsequently
activates the transcription of its downstream targets genes that are important for successful
implantation: PLK4, VEGF, and MMP?2.

4. Materials and Methods
4.1. Cell Culture

The human HTR8/Svneo first trimester trophoblast cell line was purchased from the
American Type Culture Collection (CRL-3271; Lot #70016636, ATCC, Manassas, VA, USA)
and cultured in RPMI-1640 medium (GE Healthcare, Piscataway, NJ, USA), supplemented
with 10% heat-inactivated fetal bovine serum (FBS), 1 mmol/L sodium pyruvate, and 1%
penicillin/streptomycin (P/S) (all Gibco, ThermoFisher, Waltham, MA, USA). Cells were
maintained at 37 °C in a humidified incubator with 5% CO,. For hypoxia experiments,
cells were seeded in the appropriate cell culture plastic wells and maintained at 21%, 8%,
3%, or 1% O, for 24 h to 72 h prior to experiments. Hypoxic chamber C-474 equipped with
Pro-Ox 110 oxygen controlling regulator (BioSpherix, Parish, NY, USA) was used.

4.2. Embryo Collection

C57BL/6 mice were purchased from Universidad de Chile. Animals were maintained
in the animal facility of Universidad de los Andes at 25 °C and 12 h light:dark cycling and
fed standard chow and water ad libitum. Protocols were conducted in agreement with the
National Research Council (NRC) publication Guide for the Care and Use of Laboratory
Animals (eighth edition, The National Academies Press, Washington, DC, USA). The animal
study was reviewed and approved by the Ethical Scientific Committees of Universidad
de los Andes, Santiago, Chile. For blastocyst collection, female mice were superovulated
by intraperitoneal injections with 5 IU of pregnant mares” serum gonadotropin (PMSG)
(Novormon, Buenos Aires, Argentina) and 5 IU of human chorionic gonadotropin (HCG)
(Sigma-Aldrich, St Louis, MO, USA) 48 h later. Immediately after HCG injection, female
mice were mated 1:2 to male mice of the same strain. Mating was evaluated by inspection
of the vaginal plug on the following day. The presence of sperm plug was considered
as embryonic day 0.5 (E0.5) of pregnancy. Pregnant females were euthanized at E3.5
and subsequently, blastocysts were obtained. The procedure involved initial anesthesia
with ketamine:xylazine, followed by euthanasia by cervical dislocation. Embryos were
collected by flushing the uterus with M2 medium (Sigma-Aldrich, St Louis, MO, USA).
Then, freshly harvested embryos were washed once in M2, followed by three washes with
M2 medium containing polyvinyl pyrrolidone (PVP; 6 mg/mL, H6PVP Sigma-Aldrich,
USA) and three washes with 1X phosphate-buffered saline (PBS) (Cytiva, Logan, UT,
USA). Embryos and oocytes with signs of disintegration were classified as degenerated
embryos or oocytes. At least 14 embryos at the blastocyst stage were used for qRT-PCR. The
blastocysts were transferred to a tube with a minimal volume (1-2 uL) of PBS, snap-frozen
in liquid nitrogen, and stored at —80 °C. For blastocyst differential labelling of cell lineages
by immunofluorescence, embryos were washed and used immediately.

4.3. Immunofluorescent Staining

Immunofluorescence staining of the blastocyst was carried out as described previously [34].
After embryo collection, blastocysts (E3.5) were washed three times in M2 medium, and the
zona pellucida was removed using acidified Tyrodes solution (Sigma-Aldrich, USA), at pH 2.3
at 37 °C for 3060 s, followed by extensive washing in M2. Blastocysts were fixed with 4%
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PFA (ThermokFisher, Rockford, IL, USA) in PBS for 15 min at room temperature. The fixative
was removed, and the embryos were washed three times with 1X PBS and then permeabilized
with 0.2% Triton X-100 (Sigma-Aldrich, USA) in 1X PBS for 10 min at room temperature.
Embryos were washed again three times with PBS containing 0.1% (v/v) Tween 20 (Winkler,
Santiago, Chile) (PBST), followed by blocking with 1% BSA (Rockland, Philadelphia, PA,
USA) and 5% goat serum G9023 (Sigma-Aldrich, St. Louis, MO, USA) in PBST for 1 h at
room temperature. FOXM1 G-5 (Santa Cruz Biotechnology, Santa Cruz, CA, USA) primary
antibody in PBST, 1% BSA, 1% goat serum, and glycine at 0.05 M (Winkler, Chile) were added
overnight at 4 °C. The next day, the embryos were washed three times with PBST with 1%
BSA, followed by secondary antibody Alexa Fluor 488 anti-mouse (ThermoFisher, Eugene,
OR, USA) incubation for 1 h at room temperature in a dark environment. Final PBST with BSA
washes were performed. A drop of Fluoromount-G (Invitrogen, Carlsbad CA, USA) mounting
medium with 4’,6-diamidino-2-phenylindole (DAPI) (Vector Laboratories, Burlingame, CA,
USA) was added to each drop of blastocysts before addition of a coverslip and sealing with
clear nail varnish. After drying, slides were stored at 4 °C. Images were collected with a Leica
TCS SP8 confocal microscope (Leica Microsystems, Mannhein, Germany) with 20x objective
(N.A. 0.5) using LAS-X software v3.0 (Leica Microsystems, Mannhein, Germany).

4.4. Western Blot Analysis

Cells were harvested by trypsinization and whole cell lysates prepared as described
previously [35]. Primary antibodies, FOXM1 D12D5 (Cell Signaling, Danvers, MA, USA), 3-
Tubulin H-235 (Santa Cruz Biotechnology, USA), and VEFG-A ab46154 (Abcam, Cambridge,
MA, USA), were detected using horseradish peroxidase-linked anti-rabbit or anti-mouse
conjugates as appropriate (KPL, Gaithersburg, MD, USA), and proteins were visualized
using enhanced chemiluminescence (ECL) Pierce ECL Western Blotting Substrate detection
system (ThermoFisher, USA) with X-ray films. The obtained images were analyzed using
Image] software v1.54h (National Institutes of Health, Bethesda, MD, USA). All samples
were normalized for protein loading using 3-tubulin.

4.5. RNA Isolation and Quantitative Real-Time PCR

Total RNA was extracted from HTR8/SVneo cells with the TRIzol Reagent (Ambion,
Carlsbad CA, USA) according to the manufacturer’s protocols. RNA from the pooled
blastocyst (n = 14) was isolated using PureLink RNA Micro Kit (Invitrogen, Carlsbad
CA, USA) according to the manufacturer’s protocols. RNA concentration and qual-
ity were evaluated using the NanoDrop One spectrophotometer (ThermoFisher, Madi-
son WI, USA). Before cDNA synthesis, total RNA was treated with DNase I (Invitro-
gen, Carlsbad CA, USA). Complementary DNA generated by SuperScript II Reverse
Transcription System (Invitrogen, Carlsbad CA, USA), according to the manufacturer’s
instructions, was analyzed using quantitative real-time PCR (qRT-PCR) in the Strata-
gene Mx3000P system (Agilent Technologies, Santa Clara, CA, USA), using Brilliant
III SYBR Green qPCR Master Mix (Agilent Technologies, USA). The qRT-PCR was set
to 95 °C for 10 min for enzyme activation, followed by 35 cycles of denaturation and
primer annealing/extension consisting of 95 °C for 15 s, 60 °C for 15 s, and 72 °C for
15 s, respectively. After the PCR runs, a dissociation curve was generated to confirm
the absence of nonspecific amplification. Transcription levels were quantified using the
27AACT method. 18S ribosomal RNA or GAPDH housekeeping genes were used to nor-
malize input complementary DNA. The following gene-specific primers were used for
mouse: Foxm1l-sense: 5'-GGACATCTACACTTGGATTGAGG-3' and Foxm1l-antisense:
5'-TGTCATGGAGAGAAAGGTTGTG-3'; Gapdh-sense: 5-AGTGGCAAAGTGGAGATT-3'
and Gapdh-antisense 5'-GTGGAGTCATACTGGAACA-3'; and for human HTR8/SVneo
cells: FOXM1-sense: 5-TGCAGCTAGGGATGTGAATCTTC-3’ and FOXM1-antisense: 5'-
GGAGCCCAGTCCATCAGAACT-3'; VEGF-sense: 5-TATGCGGATCAAACCTCACC-3
and VEGF-antisense: 5-CTTGTCTTGCTCTATCTTTCTTTGG-3'; MMP2-sense: 5 -TGTG-
ACGCCACGTGACAAG-3" and MMP2-antisense: 5'-CCAGTATTCATTCCCTGCAAAGA-
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3’: PLK-4-sense: 5'-GATAGACCACCCTCACCTACT-3' and PLK-4-antisense: 5'-CTGTACA
-AACCTGGAAGCATATTG-3’; 18S-sense: 5'-GCCGCTAGAGGTGAAATTCTTGGA-3' and
18S-antisense: 5'-ATCGCCAGTCGGCATCGTTTAT-3'; GAPDH-sense: GTCAGGGTCTCT-
CTCTTCCT and GAPDH-antisense: GCTCTCCTCTGACTTGAACA.

4.6. Transient Gene Silencing and Overexpression

For gene silencing, HTR8/SVneo cells were transiently transfected with ON-TARGETplus
SMARTpool siRNA (Dharmacon ThermoFisher, Lafayette, CO, USA), using Oligofectamine
(Invitrogen, Carlsbad, CA, USA) and Opti-MEM (Gibco, ThermoFisher, Waltham, MA, USA)
according to the manufacturer’s instructions. siRNA FOXM1 (L-009762-00-0005) and the
non-specific (NS) control siRNA (D-001810-10-05) SMARTpools were used. RNA interference
experiments were carried out at 3% O,. For gene overexpression, HTR8/SVneo cells were
transfected with either the pcDNA3-empty vector or pcDNA3-FOXM1 [36] using FuGENE
6 Transfection Reagent (Promega, Madison, WI, USA) in a 3:1 ratio (1L of FuGENE: ug of
DNA) according to the manufacturer’s recommendations. The overexpression experiments
were performed at 1% O,.

4.7. Transmigration Assay

HTR8/SVneo cells transiently transfected with either FOXM1 siRNA or control NS
siRNA, or pcDNA3-FOXM1 or empty vector EV-pcDNA3, under different oxygen tensions
were used to examine cell migration in vitro. Following 24 h of transfection, 50,000 HTR-
8/5Vneo cells were seeded in a millicell insert (pore 8 um, 12 mm, Millipore, Billerica,
MA, USA) with 400 pL. RPMI with reduced serum (0.5% FBS). Inserts were placed on
500 uL of RPMI supplemented with 10% FBS in 48-well plates. Transmigration capacity
was evaluated following 12 h incubation either at 3 or 1% O;. 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). Cells inside the inserts were scraped with cotton swabs
moistened with 1X PBS to ensure that only migrated cells were analyzed. Five fields were
captured for each insert at 4 x objective magnification (N.A. = 0.10, W.D. = 10.5 mm) before
and after scraping under an inverted microscope (Primo Vert, Zeiss, Jena, Germany), using
the AxioCam ERcbs camera (Zeiss, Jena, Germany). Images were analyzed with AxioVision
Rel analysis software v4.8 (Zeiss, Jena, Germany). The percentage of migrated cells was
calculated as follows: number of cells after /before scraping x 100 (average of the 5 fields).
The experiments were performed in duplicate.

4.8. MATRIGEL-Based Tube Forming Assay

HTR8/SVneo cells transiently transfected with either FOXM1 siRNA or control NS
siRNA, or pcDNA3-FOXM1 or empty vector EV-pcDNA3, under different oxygen tensions
were resuspended in the RPMI medium with 2% FBS or in the endothelial growth media-2
(EGM-2, Bullet Kit, Lonza, Verviers, Belgium) (positive control) and seeded in triplicate in
96-well plates pre-coated with 70 uL growth factor reduced phenol-red free MATRIGEL
matrix (Corning Life Sciences, Union City, CA, USA). Cells were incubated at 37 °C and
under 3 or 1% O, (accordingly) for 6 h and tube-like structures were examined with a
phase-contrast microscope Primo Vert (Zeiss, Jena, Germany). One image per well was
captured using an AxioCam ERc5s camera (Zeiss, Jena, Germany). Number of nodes,
junctions, and meshes were analyzed using ImageJ]-Angiogenesis Analyzer-HUVEC Phase
Contrast software v1.0.c.

4.9. Trophosphere Formation

Trophoblast spheres (Trophospheres) are blastocyst like-structures formed in vitro us-
ing adherent HTR8/SVneo cells, as described previously [23]. In brief, 20,000 HTR8/SVneo
cells were suspended in 200 pL of supplemented RPMI media and placed into each well
of an ultra-low attachment 96-well plate (Costar, Kennebunk, ME, USA). Following cen-
trifugation at 300x g for 5 min, cells were incubated for 72 h at 37 °C in a humidified
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atmosphere hypoxia chamber with 5% O, and 5% CO,. The trophospheres were washed
with 1X PBS and used for 3D invasion assays. The differential cellular characteristics of
trophoblast cells as a 3D model or monolayer were previously described in detail [23].

4.10. 3D Trophoblast Invasion Assay

To mimic the structure of the endometrium, mesenchymal stem cells isolated from
menstrual fluid of healthy donors, who had not used hormonal contraceptives for at least
three months, were isolated and cultured as described in [23,24]. All experiments were
performed using MenSCs at early passages (P) P3 to P7 (n = 4). Menstrual fluid was
self-collected by consenting donors following their written informed consent to participate
in this study according to a protocol reviewed and approved by the Ethical Scientific
Committee of the Universidad de los Andes, Santiago, Chile. To achieve the 3D invasion
assay [23], growth factor reduced phenol-red free MATRIGEL (Corning Life Sciences, Union
City, CA, USA) was mixed with Dulbecco’s Modified Eagle Medium (DMEM) without
phenol red (Mediatech Inc., Manassas, VA, USA) containing 10% charcoal-stripped FBS
and 1% P/Sin a 1:1 ratio and added onto 3000 MenSCs that had been previously seeded
in a 96-well plate and subjected to 213 pg/mL 17p-estradiol (E2) for 24 h, followed by
146 pg/mL E2 and 11 ng/mL progesterone (P4) for an additional 24 h at 5% O, (endometrial
mimic), in order to resemble the physiological hormonal and O, conditions within the
endometrium, throughout the menstrual cycle [23]. The plate was incubated for 30 min
at 37 °C to allow the MATRIGEL to solidify. A single trophosphere was placed on each
well containing MenSCs and MATRIGEL, and 150 pL of endometrial mimic media were
added to embed the sphere. Plates were incubated at 37 °C in a humidified atmosphere
hypoxia chamber with 5% O, and 5% CO;. Trophosphere invasion was evaluated after
72 h. Phase contrast images were captured by the contrast microscope Olympus CKX41
and Axiocam 208 camara (10 x objective lens, N.A. = 0.25, W.D. = 10.5 mm) and AxioVision
Rel software v4.8 (Zeiss, Jena, Germany). The invasion level (area) was quantified by using
Image] software v1.51j8, and the trophospheres were collected for qRT-PCR assay. For
mRNA analysis of the trophospheres following 3D invasion assay, the trophospheres were
recovered from MATRIGEL and incubated with 300 pL of Cell Recovery Solution (Corning
Life Sciences, Bedford, MA, USA) for 15 min on ice, followed by centrifugation at 400x g
for 5 min at 4 °C. The supernatant was removed and the trophospheres were washed with
PBS, followed with centrifugation at 350 x g for 2 min at 4 °C. PBS was removed and the
trophospheres were lysed with TRIzol for RNA extraction.

4.11. Statistical Analyses

Statistical comparisons between two means were performed using Student’s t-tests.
Results were deemed statistically significant when p < 0.05. Data normality was tested
using the D’Agostino-Pearson test. For analysis of 2 groups, unpaired f-test was used.
Graphing and statistical analyses were performed using GraphPad Prism 9.0.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms25031678 /s1.
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Abstract: In this review, we comprehensively present the literature on circulating microRNAs
(miRNAs) associated with preeclampsia, a pregnancy-specific disease considered the primary reason
for maternal and fetal mortality and morbidity. miRNAs are single-stranded non-coding RNAs,
20-24 nt long, which control mRNA expression. Changes in miRNA expression can induce a variation
in the relative mRNA level and influence cellular homeostasis, and the strong presence of miRNAs in
all body fluids has made them useful biomarkers of several diseases. Preeclampsia is a multifactorial
disease, but the etiopathogenesis remains unclear. The functions of trophoblasts, including differentia-
tion, proliferation, migration, invasion and apoptosis, are essential for a successful pregnancy. During
the early stages of placental development, trophoblasts are strictly regulated by several molecular
pathways; however, an imbalance in these molecular pathways can lead to severe placental lesions
and pregnancy complications. We then discuss the role of miRNAs in trophoblast invasion and in
the pathogenesis, diagnosis and prediction of preeclampsia. We also discuss the potential role of
miRNAs from an epigenetic perspective with possible future therapeutic implications.

Keywords: miRNA; preeclampsia; trophoblast; placenta; epigenetic

1. Introduction

The placenta is a transitory organ, necessary for development in utero in humans and
mammals [1-3]. The important role of this organ is highlighted when normal placental
development is compromised, leading to important pregnancy complications, such as
preeclampsia (PE) [4,5], fetal growth restriction (FGR) [6-8], gestational diabetes mellitus
(GDM) [9], preterm birth (PTB) [9,10] and gestational trophoblastic disease (GTD) [11,12].

Preeclampsia is a hypertensive disorder associated with pregnancy that affects 5-7%
of pregnancies and is responsible for over 70,000 maternal deaths each year [13]. Parenteral
or oral drug therapies are available and administered to preeclamptic women to stabilize
the mother and fetus and reduce the risk of failure of several maternal organs, such as the
liver, kidney and brain [14]. Nevertheless, to date, delivery at an optimal time is the only
reliable treatment for preeclampsia [15].

Reduced arterial compliance and peripheral vasoconstriction characterize the preeclamp-
tic condition from the early stages [16]; however, the exact pathophysiology of preeclampsia
is still unknown. Probably, the initial defect in placentation and vascularization in the
placenta bed due to poor trophoblast invasion of the spiral arteries [17-19] leads to an inap-
propriate activation of the immune system [20], as it occurs in recurrent miscarriage [21].
It is known that oxidative stress and inflammation are involved in endothelial dysfunc-
tion [22-27], a key process underlying several diseases including preeclampsia [28-32].
Hypoxia due to inadequate spiral artery remodeling compromises the placental endothelial

21



Int. J. Mol. Sci. 2024, 25, 1418

function [33], which results in an oxidative stress condition [34,35], made worse by an
increased production of nitric oxide [36,37]. Continued oxidative stress leads to chronic
inflammation, which induces a premature senescence of preeclamptic placental tissue, as
suggested by the short length of telomeric DNA [38].

The inability of preeclamptic placental tissue to regain a condition of equilibrium leads
to an inevitable dysregulation of several metabolic pathways [39,40]. The understanding of
this pathology is still elusive, although different studies tried to identify candidate genes
involved in preeclampsia onset, measuring their expression in placental tissue [41,42].

Since preeclampsia can cause maternal and neonatal morbidity and mortality [43],
several studies have been focused on finding efficient markers able to predict preeclampsia
onset to improve the treatment of these pregnancies [5,44—49].

The presence of circulating RNAs released from many body tissues, the placenta
included, offers a potential tool to indirectly observe any pathologies in real time, starting
from the onset and during development. In this way, it possible to associate the physiologi-
cal changes in the circulating RNA variation level in preeclamptic subjects with respect to
healthy ones [50]. Circulating RNAs contain fragments that are transcribed but not trans-
lated called non-coding RNAs (ncRNAs). Bioinformatic analysis estimates that a quote
of the human genome equal to 75-80% is transcribed into RNA molecules. Nevertheless,
just 2% of transcribed RNA molecules are converted into proteins [51]. Usually, ncRNAs
are divided into four different classes: PIWI-interacting RNAs (piRNAs), circular RNAs
(circRNAs), long ncRNAs (IncRNAs) with a length over 200 nucleotides and small ncRNAs
(known also as miRNAs) with a length under 200 nucleotides.

The name piRNAs was derived from their ability to bind to PIWI family proteins.
They are between 24 and 30 nucleotides in length, and they are known to participate in
the regulation of cell proliferation, apoptosis and the cell cycle [52]. LncRNAs and cir-
cRNAs are more than 200 nucleotides in length but have different shapes. As suggested
by their name, IncRNAs are linear unlike circRNAs, which are ringlike. Both IncRNAs
and circRNAs are transcribed from regions located at exons, introns, intergenic regions or
5'/3'-untranslational regions and interact with DNA, RNA and proteins by folding them-
selves into complicated second structures [53]. LncRNAs and circRNAs can modulate gene
expression through several strategies. They can prevent mRNA degradation, avoiding the
miRNA, by bind to the targeted mRNA. They can regulate gene expression by modulating
transcription factors to tie to promoters [54]. In addition, they can exert a regulative action
on several signaling pathways, acting as a scaffold to regulate the interactions between
proteins [55]. miRNAs are small ncRNAs, which control mRNA expression. Changes in
miRNA expression can induce a variation in the relative mRNA level and influence cellular
homeostasis [56,57]. Many miRNAs remain in the cell where they were assembled, whereas
others can be released outside (known as circulating miRNAs) under normal and patholog-
ical conditions [58]. The strong presence of circulating miRNAs in all body fluids makes
them useful biomarkers of several diseases, cancer included [44,59,60]. Circulating miRNAs
are present in gastric juices, saliva and urine [61-63], but plasma and serum represent the
source most frequently used to collect them in healthy and non-healthy subjects [64].

This review summarized the miRNAs recovered from the peripheral maternal blood
circulation that resulted in a dysregulated preeclamptic pregnancy from its onset through
to its development. The authors also focused on the epigenetic regulations of miRNA
expression as a possible tool to reduce the risk of cardiovascular diseases in women who
experienced preeclamptic pregnancy.

2. Materials and Methods
During preparation of this scoping review (September to December 2023), we searched

PubMed using terms containing “miRNA”, “pregnancy”, “preeclampsia”, “hypertension”,
and “Placenta”. Only studies on circulating miRNAs were included. We also identified

relevant studies via ‘snowballing’/citation chasing that were relevant for background in-
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formation. All studies were assessed based on their quality of reporting, bias in participant
selection, result presentation or author conflicts of interest.

3. miRNA Biogenesis, Mechanisms of Export and Annotation Criteria

miRNAs are single-stranded non-coding RNAs, 20-24 nt long, which originate from
the primary miRNA transcript (pri-miRNA) [65]. In the nucleus, an RNase III endonuclease
(named Drosha) combined to DGCRS (DiGeorge critical region 8) protein (named Pasha)
begins the maturation of the pri-miRNA, liberating a ~60-70-nt stem loop intermediate (pre-
miRNA). The complex Exportin-5-Ran-GTP moves the pre-miRNA precursor hairpin from
the nucleus to the cytoplasm. The RNase Dicer associated with the transactivation response
element RNA-binding protein (TRBP) digests the pre-miRNA to find its mature length.
Finally, the passenger strand of the mature miRNA is digested, while the functional strand
is loaded with Argonaute (Ago2) proteins into the RNA-induced silencing complex (RISC).
RISC silences the mRNA target through mRNA deadenylation, translational repression
or cleavage driven by the functional strand of the mature miRNA, which recognizes
3’-untranslated region (3’-UTR) [66,67]. Although the 3'UTR sequence is the most prevalent
site for the recognition of mRNA target, miRNAs can also interact with 5’-untranslated
region (5'-UTR) [68] (Figure 1).
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Figure 1. Schematic overview of miRNA biosynthesis. The miRNA pathway produces pri-miRNA
transcripts from miRNA genes encoded in exonic, intronic or intergenic regions. In the nucleus,
Drosha and DGCRS digest the pri-miRNA into pre-miRNA. The pre-miRNA is driven into the
cytoplasm by the complex Exportin-5-Ran-GTP. Once the mature length is obtained, the functional
strand is loaded with Ago2 protein into RISC complex which silences the mRNA's target through
mRNA deadenylation, translational repression or degradation.
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In recent years, circulating miRNAs have gained the attention of activity research
because they function in the same manner as classical signaling, made of growth factors,
hormones and cytokines [69]. Circulating miRNAs are surprisingly stable and able to
carry out their suppressive function against mRNA target into the recipient cells. Mitchell
et al. [70] and Chen et al. [71] demonstrated that miRNAs isolated from human serum and
plasma were resistant to activity of RNase. Contrarily, exogenous miRNAs synthetized to
be added to plasma and serum resulted in rapid degradation, suggesting that the integrity
of endogenous miRNA in human biological fluids depends on something different than
their structure or short length [70].

Experimental data demonstrated that miRNAs can be released outside the cell un-
der four different forms: (a) miRNAs combined to Argonaute2 protein (Ago2) [72,73],
(b) miRNAs tied to RNA-binding protein nucleophosmin (NPM1) [74], (c) miRNAs tied to
high-density lipoprotein (HDL) [75], and (d) miRNAs closed within extracellular vesicles
(EVs) such as exosomes and microvesicles. Notably, the presence of one form of miRNA
does not exclude the presence of another extracellular form of miRNAs, as suggested by
results in all cell lines or human biological samples tested [76].

The circulating miRNAs detected in plasma, and not included in EV, are mostly bound
to proteins. The Ago2 protein not only takes part in miRNA maturation via RISC complex
but also exercises a shielding effect on extracellular miRNAs against RNases. Particularly,
Arroyo et al. suggested that the entire Ago2-miRNA complex may be able to modulate
gene expression in recipient cells [73].

Like Ago2, NPM1 also has a protective role for circulating miRNAs. Wang et al.
hypothesized that NPM1 is involved not only in the packaging and release of miRNAs
outside the cell but that it remains bound to them in the peripheral circulation [74]. Nev-
ertheless, the biological function of circulating miRNAs associated with both Ago2 and
NPM1 proteins in pregnancy and pregnancy-related diseases is still unknown.

HDL is one of the five different types of lipoproteins, including chylomicrons, very-
low-density lipoprotein (VLDL), intermediate-density lipoprotein (IDL) and low-density
lipoprotein (LDL). HDLs have a micellular constitution and organization, like most polar
lipids, and a mass composed of 50-60% proteins, mostly represented by apolipoproteins
A-I (APOA1) [74]. It is widely known that HDLs also vehicle miRNAs, not only lipids
and proteins [75]. The load of miRNAs in HDFs is different in composition and concen-
tration between normal and pathological subjects and equally attributable to a specific
disease [77-79]. It has been demonstrated that the miRNAs-HDL complex is internalized
only if the recipient cell expresses the scavenger receptor BI (SR-BI) [75]. Unfortunately,
currently, no evidence is available in the literature about the biological importance of this
mechanism in pregnancy and especially in the onset of pathological pregnancies.

EVs are small lipid particles released from most human cell types, both malignant and
healthy [80]. Interestingly, EVs have also been suggested as a promising class of therapeutic
agents [81]. EVs mediate intercellular communication by moving heterogeneous molecules
(i.e., DNA, RNAs, miRNAs, proteins and lipids). The recognition of miRNAs sorted for
cargo into EVs relies on heterogeneous nuclear ribonucleoprotein A2B1 (hnRNPA2B1)
or synaptotagmin-binding cytoplasmic RNA interaction protein (SYNCRIP). A paper
published by Villarroya-Beltri et al. demonstrated that the selective choice of miRNAs to be
released outside by EVs depends on the recognition of special sequences named EXOmotifs
(e.g., GGAG or AGG) in miRNAs by hnRNPA2B1 or SYNCRIP [82]. The membranous
protein caveolin-1 has been identified as necessary to drive the miRNAs-hnRNPA2B1/
SYNCRIP complex into EVs [83]. Once formed, EVs and their cargo can be liberated,
either directly from the plasma membrane or grouped into multivesicular bodies and then
released [81].

A passive release of miRNAs can occur in a state of chronic inflammation, apoptosis
or necrosis, leading to cell lysis. In this case, the miRNAs are released into biological fluids
associated with Ago proteins [72]. A quantitative analysis of the passive release of miRNAs
has not yet been carried out.
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miRNAs are identified by a code made of the “miR” prefix and a unique identifying
number. miRNAs belonging to certain species are indicated with an additional three-letter
prefix; for example, hsa-miR-124 is a miRNA belonging to the human species (the prefix
hsa means Homo Sapiens). The identifying numbers are given sequentially, meaning that
miR-124 was discovered and named before miR-456. miRNAs with nearly identical se-
quences, except for one or two nucleotides, can be given with an additional lowercase
letter [84]. Let-7 is a fundamental miRNA tumor suppressor. In humans, the let-7 family
includes 12 different members (let-7a-1, 7a-2, 7a-3, 7b, 7c, 7d, 7e, 7f-1, 7-2, 7g, 7i and
miR-98) [85]. The chromosome 19 miRNA cluster (C19MC) includes approximately 8%
of all known human miRNA genes. C19MC is only expressed in the placenta and in
undifferentiated cells [86].

4. miRNAs, Implantation and Preeclampsia

The possibility that miRNAs may play a crucial role in the pathogenesis of preeclamp-
sia stems from the consideration that these molecules actively participate in the implan-
tation processes of pregnancy and, on the other hand, that preeclampsia finds its patho-
physiological basis in the very early stages of pregnancy. Nucleic acids have been detected
in uterine fluid and, more specifically, in EVs containing miRNAs, suggesting a role of
miRNAs in embryo—endometrial communication [87]. Using biopsy material and modern
transcriptomics, it has also been shown that miRNAs are dysregulated in the endometrium
of women with recurrent implantation failure [88]. Trophoblast migration and invasion,
and cellular adaptations in the physiological changes underlying gestation, involve EVs as
key modulators. Endometrial luminal epithelial cells [89] and proper communication be-
tween these cells determine the success or failure of pregnancy [90]. Exosome nanovesicles
can transfer information (e.g., hsa-miR-30b, hsa-miR-200c, hsamiR-17 and hsa-miR-106a,
miRNAs involved in endometrial receptivity and implantation) from the endometrium to
the blastocyst, thereby promoting implantation [91,92]. In addition, extracellular vesicles
secreted by the endometrium are internalized by the embryo to enhance adhesion and inva-
sion [93], mediating embryo—endometrial communication [94]. During the early invasion
phase (8 to 10 days after conception), the cytotrophoblast differentiates into an extravillous
interstitial trophoblast and invades the decidua. At this point, feto-maternal commu-
nication occurs between the extravillous trophoblast and the decidualized endometrial
stroma [95]. One of the most probable hypotheses to describe the etiology of preeclampsia
is based on a failure of extravillous trophoblasts to invade the uterine spiral arteries in
the placental bed. Insufficient placental vascular remodeling induces placental hypop-
erfusion, which is critical for the pathogenesis of preeclampsia. Whitley et al. showed
that first-trimester extravillous trophoblasts from pregnancies with high uterine artery
resistance were inherently more sensitive to apoptotic stimuli, which may be associated
with reduced remodeling of the maternal spiral arteries [96]. Placental insufficiency has also
been associated with abnormal levels of extracellular fetal DNA, mRNA transcripts and
circulating C19MC microRNAs (miR-516b-5p, miR-517-5p, miR-520a-5p, miR-525-5p and
miR-526a) [97]. Exosomes secreted by cytotrophoblasts, which express placenta-specific
miRNAs, including syncytin-2, have been implicated in embryo implantation through the
promotion of Treg differentiation and suppression of the nuclear factor B signaling pathway
and, thus, the immune and inflammatory response [98]. The specific loading of miRNAs
in maternal plasma exosomes obtained in the first trimester of pregnancy in women who
developed preeclampsia [99] suggests a potential role of miRNAs in the pathogenesis of
preeclampsia as early as the first trimester. For example, miR-1269 mediates the downregu-
lation of the tumor suppressor gene forkhead box O1 (FOXO1) [100]. Because FOXO1 is a
protein involved in the stromal decidualization of the endometrium and the implantation
process [101], alterations in its expression can have deleterious consequences in pregnancy,
such as preeclampsia. The expression level of miR-33b-3p in patients with preeclampsia
is significantly different from that of healthy pregnant women. It has been reported that
transforming growth factor beta-1 (TGFB1), a target of miR-33b-3p, may play a role in the
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pathogenesis of preeclampsia by preventing the differentiation of trophoblasts toward an
invasive phenotype [102]. In other experimental studies, it was seen that the migratory
and invasive abilities of trophoblastic cells were significantly inhibited by miR-486-5p. Rho
GTPase-activating protein 5 (ARHGAP5) is the most abundant GTPase-activating protein
(GAP) of the small Rho GTPase family. This protein plays a role in the regulation of actin
cytoskeleton-based mechanisms, thereby influencing cell migration and invasion [103].
The possible pathogenesis of preeclampsia could depend on increased miR-486-5p, which
modulates the expression of ARHGAPS in trophoblast cells [104]. The X-linked inhibitor of
apoptosis protein (XIAP) is an inhibitory protein of apoptosis (IAP) [105]; the expression of
XIAP in trophoblasts is decreased in preeclampsia, which may be associated with increased
apoptosis in the placenta [106]. Serum miR-515-5p was significantly increased in patients
with preeclampsia compared with normal pregnant women. Functionally, the overexpres-
sion of miR-515-5p suppressed the proliferation and invasion of trophoblastic cells, as
observed in HTR-8/SVneo trophoblastic cells. Using luciferase reporter assays, XIAP was
identified as a direct target gene of miR-515-5p, and the overexpression of miR-515-5p was
found to decrease the level of XIAP in HTR-8/SVneo cells [107]. Of particular interest
is the relationship between miRNAs and oxygenation. Early in gestation (<12 weeks),
the placenta develops in a low-oxygen environment (<20 mmHg), which is necessary for
successful placentation [108]. The insufficient syncytization of cytotrophoblastic villus cells
results in suboptimal placental perfusion and, thus, chronic hypoxia, which is a hallmark
of preeclampsia. Placental renin—-angiotensin system (RAS) activity depends, in part, on
the prevailing oxygen tension, and the latter controls the levels of placental miRNAs that
regulate placental RAS expression. The suppression of miRNAs targeting placental RAS
early in gestation is partly responsible for the increase in RAS expression during this period
to promote placental development [109]. In other studies in this area, it has been reported
that miR455-3P acts as a rheostat that restrains the hypoxia response that might otherwise
prevent the differentiation of the cytotrophoblast into syncytiotrophoblast: reduced miR455
expression is causally linked to the development of preeclampsia [110].

5. miRNAs and Clinical Preeclampsia

This section reports results from different studies about the possibility of using miRNAs
as a tool for the prediction of preeclampsia onset and severity. Significantly dysregulated
miRNAs are reported in Table 1.

Table 1. miRNAs significantly dysregulated in clinical diagnosis of preeclampsia.

Diagnosed Early Late Mild  Severe Prediction

miRNAs PE OnsetPE  Onset PE PE PE of PE Ref.
3 [111]

miR-15a-5p
* [112]
miR-15b s 2 [113]
. \ 4 [114]
miR-16 3 18]
miR-16-5p s 2 [116]
miR-17-5p s 2 [117]
\ 4 [118]
miR-18a s 2 [113]
2 [115]
4 [118]
miR-19b1 r >
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Table 1. Cont.

Diagnosed

Early

Late

Mild

Severe

Prediction

miRNAs PE OnsetPE  OnsetPE  PE PE of PE Ref.
* [119]
miR-21
1 [113]
miR-21-5p : 3 [120]
miR-22-5p 4 [111]
miR-24-3p *
miR-23b-5p L 4 [121]
miR-24 4+ [122]
miR-26a 4+ [122]
1t [123]
* [124]
miR-29a
* [113]
+ [125]
miR-29a-3p 4+ [117]
miR-31 3 [119]
miR-31-5p 3 [126]
miR-92a-1 2 [118]
miR-92-a-1-3p 3 [118]
miR-93-5p 2 [111]
miR-99-5p L 4 [121]
miR-103 3 [122]
miR-106a 3 [111]
miR-106b 4+ [127]
1 [111]
miR-125b 4+ [44]
1t [125]
miR-125a-5p : 3 [125]
miR-126 s 2 [128]
miR-126-3p 4 [111]
miR-130a-3p * [111]
miR-130b 3 [122]
miR-132 3 [129]
miR-132-3p 4+ [117]
miR-133b 4+ [129]
* [130]
miR-136
1t [125]
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Table 1. Cont.

. Diagnosed Early Late Mild  Severe Prediction

miRNAs PE OnsetPE  Onset PE PE PE of PE Ref.
¥ [131]

miR-141
1t [123]
4 4 [123]

miR-144
¥ [113]
miR-146a 4+ [129]
miR-149 s 2 [115]
miR-151a-3p 2 ) [132]
miR-152 s 2 [133]
* [113]
miR-155 2+ [134]
1t [135]
* [126]

miR-155-5p
* [120]
+ [122]
miR-181a 4+ [122]
1t [136]
miR-185 s 2 [125]
miR-186 3 [136]
1t [111]
miR-191-5p

¥ [117]
miR-195-5p 4+ [137]
miR-196b s 2 [138]
miR197-3p 1 [117]
miR-200c 4+ [114]
miR-204-3p L 4 [111]
* [139]

miR-206
* [140]
* [133]
* [117]
4+ [118]
1t 1t [141]

miR-210
* [113]
+ [142]
¥ [116]
* [129]
miR-214-3p : 3 [126]
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Table 1. Cont.

Diagnosed

Early

Late

Mild

Severe

Prediction

miRNAs PE OnsetPE  OnsetPE  PE PE of PE Ref.
miR-215 1t [113]
miR-218-5p 4+ [117]
miR-221 s 2 [131]
miR-218-5p 4+ [117]
miR-223 s 2 [125]
miR-302b-3p L 4 [117]
miR-320c 4 [125]
miR-326 : 3 [127]
miR-328 : 3 [117]
miR-342-3p 4+ [122]
miR-363 s 2 [115]
miR-365a-3p 4 [111]
miR-374a-5p 1t [111]
miR-375 : 3 [117]
miR-424 s 2 [115]
miR-494 : 3 [130]
miR-495 4+ [130]
miR-510 s 2 [143]
miR-512-3p 1t [144]
miR-515-5p * -
* [107]

miR-516-5p : 3 [146]
miR-516a-5p : 3 [146]
miR-516b 4+ [145]
2+ [146]

miR-517 ' [47]
4+ [148]

miR-517-5p & [149]
mirR-517b 1 [125]
miR-517c 3 [125]
1 [113]

miR-518b + s
miR-518e 4+ [125]
miR-518£3p 1t [144]
miR-519a : 3 [125]
miR-519d 4+ [125]
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Table 1. Cont.

mitvas PRl ommre e ot Maim et
miR-520-5p 4+ [145]
miR-520a 4+ [146]
miR-520a-5p L 4 [149]
miR-520c-3p 3 [144]
miR-520d-3p 1t [144]
miR-520g : 3 [125]
1t [145]

miR-520h
* [125]
miR-521 3 [125]
miR-525 4+ [146]
1t [145]

miR-525-5p
\ 4 [149]
* [145]

miR-526
1 [147]
miR-559-5p 4 [111]
miR-526a : 3 [146]
miR-542-3p 4+ [125]
miR-573 3 [132]
* [122]

miR-574-5p
2 ) [111]
miR-628-3p : 3 [132]
miR-650 : 3 [113]
miR-885-5p 4+ [150]
miR-942 2 [151]
miR-1229p 1t [129]
miR-1233 4+ [152]
miR-1244 4+ [129]
miR-1260 ¥ [125]
miR-1272 s 2 [125]
miR-1283 s 2 [115]
miR-1290-3p ¥ [126]
miR-1323 * [145]
miR-4264-5p L 4 [111]
Let-7a-5p 3 [111]
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Table 1. Cont.

Diagnosed Early Late Mild  Severe Prediction

miRNAs PE OnsetPE  OnsetPE  PE PE of PE Ref.
Let-7a 4+ [125]
Let-7d s 2 [125]
Let-7f L [125]
Let-7f-1 3 [125]

Abbreviations: PE: preeclampsia. * Up-regulated; L 4 Down-regulated.

5.1. miRNAs and Diagnosed Preeclampsia

One of the first demonstrations of the possibility of using circulating miRNAs as a
marker for preeclamptic pregnancy was by Gunel et al. They measured the expression
level of miR-210 and miR-152 from the maternal plasma of both healthy and preeclamptic
pregnant women. The results demonstrated an upregulation for miR-210 and a downregu-
lation for miR-152 in women with preeclamptic pregnancy [133]. In the study of Campos
et al., a lower expression of circulating miR-196b in maternal plasma was correlated to
a preeclamptic condition in pregnant women [138]. Both miR-195-5p [137] and miR-885-
5p [150] overexpression was correlated to a preeclamptic condition in women. Investigating
the plasma of women with diagnosed pregnancy complicated by preeclampsia, Sheng et al.
observed an upregulation for miR-206 [140]. The study realized by Akgor et al. analyzed
the circulating level of miRNAs in women with diagnosed pregnancy complicated by
preeclampsia. The authors observed a panel of miRNAs, many of which are already known
as potential biomarkers for the non-invasive diagnosis of preeclampsia. However, they
observed, for the first time, an upregulation of two novel miRNAs (miR-191-5p and miR-
197) associated with the preeclamptic condition [117]. Ayoub et al. found an upregulation
for both miR-186 and miR-181a in the serum of women with pregnancy complicated by
preeclampsia [136]. The dysregulated expression of circulating miRNAs depends on an
epigenetic mechanism, as observed by Sekar et al. They found an increased level of miR-510
in the plasma of women with preeclamptic pregnancy correlated to a decreased methy-
lation status of its promoter [143]. Also, C19MC has a correlation with the preeclamptic
condition. Using next-generation sequencing technology, Yang et al. observed the presence
of 22 different circulating dysregulated miRNAs (15 miRNAs were up-expressed and 7
miRNAs were down-expressed) in the serum of women with diagnosed preeclampsia.
Among upregulated miRNAs, Yang et al. also observed three miRNAs belonging to C1I9MC
that means miR-517, miR-518 and miR-519 [125]. The C19MC miRINAs also have been
associated with the severity of the preeclamptic condition: the upregulation of miR-516-5p,
miR-517, miR-520a, miR-525 and miR-526a was correlated to clinical signs of preeclampsia,
requirements for the delivery and Doppler ultrasound parameters [146]. Activity research
focused not only on the identification of deregulated miRNAs involved in preeclamptic
pregnancy but also on the metabolic pathways that they take part in. Wu et al. not only
observed dysregulated miRNAs (miR-24, miR-26a, miR-103, miR-130b, miR-181a, miR-342-
3p and miR-574-5p) in the plasma of women affected by preeclampsia but revealed that
they were also associated with specific signaling pathways such as the regulation of tran-
scription and the cell cycle [122]. Khaliq's study demonstrated that the expression level of
miR-29a and miR-181a was increased in the serum of women with pregnancy complicated
by preeclampsia and correlated to AKT/PI3K in the insulin signaling pathway [124]. A
significant upregulation of both miR-106b and miR-326 was associated with an imbalance in
T-helper type 17 (Th17)/regulatory T (Treg) cells in women affected by preeclampsia [127].
Circulating miRNAs in pregnancy can modulate several pathways, VEGF included. A
study realized by Witvrouwen et al. investigated the expression level of circulating VEGF-
related miRNAs in the blood samples recovered from women with diagnosed preeclampsia.
The authors demonstrated that the downregulation of miR-16 in patients with preeclampsia
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can impair the endothelial function. Moreover, the overexpression of circulating miR-200c
was increased in preeclamptic subjects and correlated with higher arterial stiffness [114].
A recent study by Nunode et al. observed a significant upregulation in the maternal
serum from preeclamptic patients for miR-515-5p. In addition, bioinformatics prediction
suggested a potential role of miR-515-5p in placental development: miR-515-5p could
suppress trophoblast cell invasion, inhibiting the X-linked inhibitor of apoptosis protein
(XIAP) which promotes cell migration by enhancing epithelial-mesenchymal transition
(EMT) [107]. Kim et al. carried out an interesting study, which led to the identification of
several dysregulated miRNAs associated with some clinical hallmarks of preeclampsia.
In the serum of women with diagnosed preeclampsia, the expression level of miR-31-5p,
miR-155-5p and miR-214-3p was significantly increased, whereas miR-1290-3p was signifi-
cantly downregulated. The authors suggested that a dysregulation in the expression level
of the above-mentioned miRNAs was associated with the clinical features of preeclampsia
(such as hypoxia, inflammation and decreased estrogen levels) [126]. The results obtained
by Kim et al. were confirmed in a study carried out by Wang et al. The authors sug-
gested that an increased expression of miR-155 is associated with clinical manifestations of
preeclampsia [135]. Also, miRNAs delivered by circulating exosomes resulted as promising
biomarkers in the detection of the preeclamptic condition. Motawi et al. observed an upreg-
ulation for miRNA-136, miRNA-494 and miRNA-495 isolated from exosomes in the blood
samples of women with a diagnosed preeclamptic condition [130]. Wang et al. studied the
role of pregnancy-associated exosomes and their miRNA cargo miR-15a-5p in preeclamp-
tic pathology. They isolated exosomes from the peripheral whole blood of women with
pregnancy affected by preeclampsia and verified an upregulation for miR-15a-5p with
respect to women with uncomplicated pregnancy [112]. Ntsethe et al. characterized the
presence of exosomes in the serum of women with pregnancy complicated by preeclampsia.
Exosome levels were higher in pathological pregnancies than uncomplicated ones. Both
miR-155 and miR-222 moved by exosomes in the peripheral circulation were dysregulated.
In fact, miR-155 was upregulated and miR-222 downregulated in the serum of women
with complicated pregnancy with respect to controls [134]. Also, Aharon et al. investigated
miRNAs present in exosomes. Particularly, they analyzed the blood samples of women
with diagnosed preeclamptic pregnancy, isolating before exosomes and then characterizing
the miRNA content. The results demonstrated a significant downregulation for miR-16-5p
and miR-210 in subjects with pregnancy affected by preeclampsia with respect to healthy
pregnant controls [116]. Also, the Ago-bound miR-210 was increased in the peripheral
circulation of women with pregnancy complicated by preeclampsia [142].

Conversely, Luque et al. investigated miRNA circulating in maternal plasma. Evidence
demonstrated that the investigated miRNAs (miR-192, miR-125b, miR-143, miR-126, miR-
221, miR-942 and miR-127) were not a useful tool to predict preeclampsia, considering that
their serum levels demonstrated no significant differences between the preeclampsia and
control groups [153]. In the same way, Let7a-5p is not associated with preeclampsia because
its expression in maternal plasma is not significantly different between uncomplicated and
preeclamptic pregnancy [154]. Gunel et al. observed that the circulating level of miR-195
is not significantly different between preeclamptic and normotensive plasma samples,
although miR-195 was downregulated in preeclamptic placenta samples [155].

5.2. miRNAs and Onset of Preeclampsia

miRNAs have been investigated to distinguish between the early (before 34 weeks of
pregnancy) and late (after 34 weeks of pregnancy) onset of preeclampsia.

Miura et al. studied the expression level of all ten miRNAs belonging to C19MC,
isolated from maternal blood samples at 27-34 weeks of gestation. The authors demon-
strated that, except for miR-518b and miR-519d, the remaining miRNAs were upregulated
in women with an early onset of preeclampsia compared with women with a late onset of
preeclampsia [145]. Dong et al. confirmed the usefulness of miRNAs as a biomarker in the
detection of preeclampsia onset. Particularly, they measured the expression level of both
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miR-21 and miR-31 in the maternal plasma of preeclamptic women. The results demon-
strated that an increase in circulating miR-31 was associated with early onset preeclampsia;
meanwhile, an increase in circulating miR-21 was related to late-onset preeclampsia [119].
Decreased levels of circulating miR-126 were associated with early onset preeclampsia
compared to gestation-matched controls [128]. Kolkova et al. verified the expression
of miRNAs isolated from the venous blood of women with pregnancy complicated by
preeclampsia. Subjects affected by preeclampsia were divided into subgroups considering
the preeclampsia onset (early or late). A significant difference in circulating miRNA was
observed for miR-21-5p and miR-155-5p in preeclamptic pregnancies, compared to women
with uncomplicated pregnancy. The overexpression of these two miRNAs was observed in
subjects with a late onset of preeclampsia compared to healthy pregnancies [120]. Whigham
et al. performed a case—control study using blood samples from pregnant women. They
measured the miRNA expression levels at 28 and 36 weeks of gestation from subjects who
developed preeclampsia after 36 weeks’ gestation, comparing the results with levels in
gestation-matched blood samples from a cohort of randomly selected controls. Notably,
the expression level of miR-18a, miR-363, miR-1283, miR-149, miR-16 and miR-424 was
significantly reduced in subjects who developed preeclampsia at 36 weeks’ gestation [115].
Akehurst et al. measured the miR-206 in the maternal plasma of women at 28 weeks of
gestation and observed that miR-206 was upregulated in the maternal plasma of women
who later developed preeclampsia [139]. Also, the miR-518b belonging to C19MC is a good
biomarker for predicting pregnancy complicated by preeclampsia. Jelena et al. demon-
strated that women at 24-38 weeks of gestation with an upregulation of miR-518b in plasma
later developed preeclamptic pregnancy [115].

Research activity has led to the identification of miRNAs being added to the list of
potential predictors for the severity of preeclampsia. Pan et al. analyzed the expression level
of miRNAs in the plasma of women with normal pregnancy and pregnancy complicated by
mild preeclampsia. Plasma was collected before and after parturition. They demonstrated
that the parturition influenced the expression of miRNAs in the plasma of the same women
and that the expression level of miR-141 and miR-221 was different between normal and
preeclamptic plasma, both before and after parturition [131]. Li et al. demonstrated that the
differential expression of circulating miRNAs investigated was related to the severity of the
preeclamptic condition. In fact, both miR-141 and miR-29a are significantly overexpressed
in the plasma of women affected by mild preeclampsia. On the contrary, miR-144 was
significantly downregulated in the plasma of women affected by mild preeclampsia and
severe preeclampsia with respect to uncomplicated pregnancy [123]. Biro et al. highlighted
an upregulation for miR-210 in women with pregnancy complicated by severe and mild
preeclampsia upon the measured level of expression in maternal plasma. However, the
miR-210 expression level was not significantly different between the mild and severe
preeclampsia groups [141]. Jairajpuri et al. suggested that miR-215, miR-155, miR-650,
miR-210, miR-21, miR-518b and miR-29a were upregulated, and miR-18a, miR-19b1, miR-
144 and miR-15b were downregulated in pregnancy complicated by severe preeclampsia
versus mild preeclampsia [113].

5.3. miRNAs and Prediction of Preeclampsia

The ability to predict preeclampsia is a major challenge in contemporary obstetrics,
and resources are now focused on the first trimester of pregnancy, where prophylactic
strategies can help reduce the incidence of this disorder [156] (Figure 2).

Combined tests, such as the measurement of mean arterial pressure (MAP), the ratio
of soluble Fms-like tyrosine kinase-1 to placental growth factor (sFlt-1/PIGF) and the
uterine artery pulsatility index (UTPI), are already widely validated [157]. The strategy
of combining biochemical and biophysical data stems from the consideration that it is
unlikely that preeclampsia can be detected early by a single predictive parameter with
sufficient accuracy to be clinically useful. The association between miRNAs and biophysical
parameters was evaluated by demonstrating a negative correlation between miR-942 levels
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and maternal blood pressure and between miR-143 levels and the uterine artery Doppler
pulsatility index [153].

Protein complex
(Ago2, NPM1)

. HDL

Exosomes

A

= miRNAs

Figure 2. Trafficking routes of circulating miRNAs during pregnancy. Circulating miRNAs may be
delivered to maternal circulation and affect various cell events in maternal targeting organs (e.g.,
kidney, brain and liver).

A study by Luque et al. [153] indicated that the assessment of maternal serum microR-
NAs at the end of the first trimester of pregnancy does not appear to have any predictive
value for early preeclampsia. Other studies, however, have strongly supported the need for
more detailed exploration of microRNAs in the maternal circulation since they represent po-
tential biomarkers for pregnancy-related complications [146,152,158,159]. There is a need to
consider that increased placental dysfunction may stimulate the gradual release of placental
mediators, including miRNAs, into the maternal circulation, leading to further diffuse
maternal vascular damage and increased differential profiles of circulating miRNAs only at
later stages of gestation. Studies by Winger et al. have shown that, in the first trimester of
pregnancy, miRNA profiling in maternal peripheral blood mononuclear cells can success-
fully predict adverse outcomes, such as preeclampsia and miscarriage [129]. Circulating
levels of miR-942 were lower at mid-pregnancy (12-20 weeks’ gestation) in women with
preeclampsia than in the control group [151]. miR-942 might play a role in preeclampsia
through ENG, an endothelial growth factor with anti-angiogenic properties [160].

Ura et al. suggested that the overexpression of miR-1233 measured at the early stages
of gestation (12-14 weeks) might be a potential marker to distinguish women who later
developed severe preeclampsia in the third trimester of pregnancy [152]. A subsequent
study investigated the expression level of global microRNAs in first-trimester (12-14 weeks)
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plasma obtained from women who subsequently developed preeclampsia (at or after
34 weeks of gestation) compared to uncomplicated pregnancies. The results demonstrated
that both miR-23b-5p and miR-99b-5p were downregulated in subjects with pregnancy
complicated by later preeclampsia compared to the controls [121]. The panel of miRNAs
that are useful in the diagnosis of preeclampsia is enriched by a study that was carried
out in 2020. Li et al. investigated biological samples from women at the 12-13th week
of gestation and subsequently tested the results in vitro. Analysis of the plasma samples
recovered from women who later developed preeclampsia revealed a downregulation for
16 miRNAs with respect to women with uncomplicated pregnancy in the same period
of gestation. Notably, the miR-125b was associated in vitro with a strong inhibition of
trophoblast invasion and with the compromised activity of endothelial cells [111]. Xu et al.
measured the expression level of several miRNAs in the maternal plasma of women at two
different gestational weeks (15-18 weeks and 35-38 weeks). The expression level of miR-
18a, miR-19b1 and miR-92al was reduced, while miR-210 was upregulated in the plasma of
patients affected by preeclampsia compared to those in normal controls at both gestational
stages [118]. In a retrospective nested cohort case—control study, 34 subjects (16 women
who later developed preeclampsia and 18 women with uncomplicated pregnancy) were
enrolled. Patients were invited to donate serum samples at 12, 16 and 20 weeks of gestation
and at the time of preeclampsia diagnosis. The authors demonstrated that miR-628-3p was
the earliest miRNA to be deregulated both at 12 and at 20 weeks of gestation and so it
can be considered as a strong biomarker in preeclampsia diagnosis. Also, miR-151a-3p,
miR-573 and miR-628-3p were upregulated at 16 and 20 weeks of gestation and, in the
authors’ judgement, should be added to the panel of potential biomarkers for predicting
pregnancy complicated by preeclampsia [132]. miR-125b was found to be significantly
upregulated in the plasma of women who later developed PE, when the logical value of
plasma miR-125b expression levels at the beginning of pregnancy combined with maternal
age and BMI in predicting preeclampsia was 0.85 [44].

Also, miRNAs belonging to C19MC have been investigated to verify their potential
role as predictors for the preeclampsia onset. A nested case—control study of a longitudinal
cohort enrolled women at 10 to 13 gestational weeks. The analysis of maternal plasma
demonstrated a higher level of expression for miR-517-5p in women who later developed
preeclamptic pregnancy [148]. Different results emerged using microRNAs from exosomes
in the plasma of women at 10-13 weeks of gestation. In fact, measurements of the expression
level for miRNAs belonging to C19MC demonstrated that the downregulation of miR-517-
5p, miR-520a-5p and miR-525-5p was associated with the occurrence of preeclampsia [149].
Kondracka et al. examined blood samples from women in the first trimester of gestation
for the expression level of miRNAs belonging to C1I9MC. They reported an upregulation
for miR-517 but also for miR-526 in pregnant women who later developed preeclampsia
but made no significant suggestions about the possible use of miR-517-5p as a predictor
of preeclampsia [147]. Analyzing the maternal serum at 12, 16 and 20 weeks of gestation,
Martinez-Fierro et al. observed that increased circulating levels of 512-3p, 518{3p, 520c-
3p and 520d-3p were associated with a later occurrence of preeclampsia [144]. A meta-
analysis of a total of 20 studies from 8 articles including 273 patients with preeclampsia and
343 healthy pregnancies showed that circulating miRNAs could be a useful screening tool to
diagnose and predict preeclampsia, with a sensitivity of 0.88 (95% CI: 0.80-0.93), a specificity
of 0.87 (95% CI: 0.78-0.92) and a diagnostic odds ratio of 50.24 (95% CI: 21.28-118.62) [161].
Another meta-analysis of 14 articles, which included cyclic RNAs and miRNAs, reported
a pooled AUC value of 0.86 (pooled sensitivity = 71%; pooled specificity = 84%) and a
diagnostic odds ratio of 13 (95% CI: 11-19) [162].

6. miRNAs, Preeclampsia and Epigenetics

Preeclampsia, in addition to being one of the most frequent causes of maternal and
fetal morbidity and mortality in pregnancy, has long-term negative implications for both
mother and offspring [163]. Epidemiological studies indicate that women who experience
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preeclampsia during pregnancy have an increased vascular and metabolic risk later, as do
the children of preeclamptic mothers [164]. These epidemiological considerations under-
lie epigenetic studies of preeclamptic disease. Although preeclampsia is a very complex
disease, a great deal of evidence confirms that endothelial dysfunction is a central feature
of pathogenesis and a factor that epigenetically may lead to an increased cardiovascular
risk in later life. Epigenetics, or how the environment influences gene expression without
altering the DNA sequence, is one of the mechanisms by which gestational hypoxia enables
adaptive responses to change in the placental environment in preeclampsia. Epigenetic
modifications are one of the potential mechanisms, including aberrant miRNA expression,
through which the exposure to an altered environment in utero results in the development
of chronic disease. The actions of miRNAs, DNA methylation and histone modification are
the three most studied epigenetic processes [165]. In vitro studies have shown that miRNA
expression is modulated by hypoxia, cell signaling pathways and epigenetic modifications
through promoter methylation [166]. The downregulation of miRNAs also results from
the hypermethylation of promoter regions [167,168]. Hypomethylation of the miR-141-3p
promoter has been reported to increase the expression of miR-141-3p, which, in turn, in-
duces inflammasome formation, a decreased expression of MMP2/9 and the inhibition of
trophoblast proliferation and invasion [169]. From this point of view, the degree of miRNA
methylation might have an epigenetic effect. From the perspective of endothelial dysfunc-
tion with possible epigenetic spillover, maternal and cord-derived endothelial progenitor
cells (EPCs) from preeclamptic pregnancies show an aberrant miRNAs profile compared
with healthy pregnancies [170]. EPCs are essential for maintaining a healthy endothelium
throughout an individual’s lifetime. Decreased cell numbers and colony-forming units of
maternal EPCs are described as a sign of impaired endothelial repair capacity in preeclamp-
sia [171]. The importance of studying miRNA changes in the epigenetic domain stems from
the possible therapeutic developments in preeclampsia and women’s future cardiovascular
risk. The relevance of miRNAs in vascular neovascularization has been demonstrated by
several knockdown approaches of enzymes involved in miRNA biogenesis [172]. Because
miRNAs are known to be critical in the fine regulation and maintenance of the physiological
balance of the vascular endothelium, they are targets of miRNA-based therapies through
reprogramming endothelial cells.

7. Conclusions

Several non-coding RNAs and, thus, miRNAs are differentially expressed in the
pathophysiology of women'’s health in general [173] and in pregnancy and the placenta in
particular. In recent years, the number of identified miRNAs has significantly increased;
however, the exact mechanisms remain to be elucidated, mainly because of the cell-specific
functions exhibited by many miRNAs. A deeper understanding of miRNAs and their
relationships with gene modifications will help in determining the mechanism by which
these molecules contribute to placental development. The identification of miRNAs that
may act as potential non-invasive biomarkers for the prediction of pregnancy outcomes in
the first trimester, especially among high-risk women, may have implications for research,
identifying signaling pathways for further investigation and clinical implications, facilitat-
ing early diagnosis and timely interventions. This challenge is not easy to address since
preeclampsia is probably not a single disease but may present in several different forms,
and there are many difficulties in finding, measuring and reproducing miRNA results.
From this review, we see the possibility that, in the near future, molecular biology may,
through the application of gene therapy on miRNAs, intervene in the pathological basis of
preeclampsia from the very early stages of placental implantation and development.
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Abstract: Placenta accreta spectrum (PAS) is a severe complication of pregnancy associated with
excessive invasion of cytotrophoblast cells at the sites of the endometrial-myometrial interface
and the myometrium itself in cases of adherent (creta) and invasive (increta and percreta) forms,
respectively. This leads to a high risk of massive blood loss, maternal hysterectomy, and preterm
birth. Despite advancements in ultrasound protocols and found associations of alpha-fetoprotein,
PAPP-A, hCG, PLGE, sFlt-1, IL-8, and IL-33 peripheral blood levels with PAS, there is a high need for
an additional non-invasive test to improve the diagnostic accuracy and to select the real PAS from the
suspected ones in the first-trimester screening. miRNA signatures of placental tissue, myometrium,
and blood plasma from women with PAS in the third trimester of pregnancy, as well as miRNA
profiles in exosomes from the blood serum of women in the first trimester with physiologically
progressing pregnancy, complicated by PAS or pre-eclampsia, were obtained using deep sequencing.
Two logistic regression models were constructed, both featuring statistically significant parameters
related to the levels of miR-26a-5p, miR-17-5p, and miR-101-3p, quantified by real-time PCR in
native blood serum. These models demonstrated 100% sensitivity in detecting PAS during the first
pregnancy screening. These miRNAs were identified as specific markers for PAS, showing significant
differences in their blood serum levels during the first trimester in the PAS group compared to those
in physiological pregnancies, early- or late-onset pre-eclampsia groups. Furthermore, these miRNAs
exhibited differential expression in the PAS placenta and/or myometrium in the third trimester
and, according to data from the literature, control angiogenesis. Significant correlations were found
between extracellular hsa-miR-101-3p and nuchal translucency thickness, hsa-miR-17-5p and uterine
artery pulsatility index, and hsa-miR-26a-5p and hsa-miR-17-5p with PLGF. The developed test
system for early non-invasive PAS diagnosis based on the blood serum level of extracellular miR-
26a-5p, miR-17-5p, and miR-101-3p can serve as an auxiliary method for first-trimester screening of
pregnant women, subject to validation with independent test samples.

Keywords: miRNA; NGS; real-time PCR; peripheral blood; placenta; myometrium; placenta accreta
spectrum; first-trimester screening

1. Introduction

Placenta accreta spectrum (PAS) is a serious obstetric complication characterized by
excessive invasive growth of chorionic villi into adjacent tissue structures. This term encom-
passes both abnormal adherence (placenta creta, where villi adhere to the myometrium)
and abnormal invasion (placenta increta, where villi invade the myometrium; placenta
percreta, where villi invade the full thickness of the myometrium) [1]. According to D.A.
Carusi, the prevalence of PAS is reported as 1 in 1000 deliveries [2], with an increasing
incidence observed over time. For instance, in a tertiary south Italian center, the incidence
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of PAS tripled from 0.12% to 0.31% between 1970 and 2000 [3]. Other authors report a
100-fold increase in PAS frequency since the 1950s [4,5], which is attributed to the rising
rate of cesarean section procedures [6,7]. In turn, the risk of placenta previa significantly
increases with the frequency of cesarean sections, representing an additional risk factor for
PAS, constituting 50% [8]. This is associated with the increased tropism of trophoblast cells
of the blastocyst to the altered scar tissue area, leading to myofiber disarray, inflammatory
processes, and dystrophy of elastic and collagen fibers.

Among the etiological factors of PAS, besides changes in scar tissue, curettage, my-
omectomy, uterine anomalies, endometriosis, and endometritis are noted, all of which may
lead to endometrial fibrosis and poor decidualization [8]. Several theories have been pro-
posed to explain the origin of PAS One theory, which involves disorders in the coordinated
regulation of extravillous trophoblast differentiation from progenitor cytotrophoblasts, re-
sulting in excessive invasion into the myometrium to remodel the uterine vascular system,
causing hypervascularity and vascular dysfunction [9-11]. This trophoblast behavior resem-
bles cancer-like progression [11]. Single-cell transcriptome analysis of PAS and normally
detached placenta tissues has revealed close communication between excessive numbers
of two cytotrophoblast cell types (LAMB4+ and KRT6A+) and maternal stromal cell sub-
types (ADIRF+ and DES+), supporting trophoblast cell migration and invasion, as well
as interactions with vascular endothelial cells through FLT1-VEGFA and JAG1-NOTCH2
cell-cell interactions inducing abnormal blood vessels in the myometrium [12]. Another
hypothesis suggests that abnormal vascularization with local hypoxia in the uterine scar
area impacts decidualization, causing a defect in the regulatory properties of the decidua.
This defect allows trophoblast cells to be more aggressive and penetrative at the sites
of the endometrial-myometrial interface and the myometrium itself [13,14]. The main
complications of PAS include massive blood loss, disseminated intravascular coagulation,
hysterectomy, and preterm birth, leading to increased maternal and fetal morbidity and
mortality [15]. Despite improvements in ultrasound protocols [1,16,17], the frequency of
undiagnosed PAS before delivery is variable [18,19], partly due to the different ultrasound
equipment used by ultrasound examinators, the subjective quality of the ultrasound sings
of PAS, and the lack of clear evaluation criteria for each of the three grades of PAS. There-
fore, the timely and accurate antenatal diagnosis of PAS is essential to formulate the correct
patient management algorithm and plan delivery by a multidisciplinary team to reduce
the frequency of postpartum complications as also claimed by Pavon-Gomez N. et al. [19].
Therefore, there is a high need for an additional non-invasive test to differentiate real PAS
from ultrasound suspected ones antenatally, preferably in the first trimester of pregnancy.

Circulating biomolecules in maternal blood were examined for their potentials use in
diagnosing PAS [20-22]. The sensitivity and specificity of maternal serum alpha-fetoprotein
in the diagnosis of placenta previa complicated by PAS were only 71% and 46%, respec-
tively [23]. According to a meta-analysis, pregnant women with PAS have a high serum
PAPP-A level in the first trimester [24,25], suggesting that this biomarker can be recom-
mended for identifying the risk group for developing PAS. Several studies have shown that,
compared to a normal pregnancy, the level of 3-hCG in maternal blood serum increases
in the first and second trimesters of pregnancy during PAS [23,26]; however, blood serum
hCG levels are also associated with miscarriage, ectopic pregnancy, and fetal abnormal-
ities [21]. PIGF levels are significantly higher in subgroups with pathological placental
invasion compared to the group with normal placental implantation, while sFlt-1 levels
and the sFlt-1/PIGF ratio are lower [27-29]. IL-8 promotes migration and invasion of
extravillous trophoblast cells during pregnancy, and its elevation in blood serum may serve
as a biomarker for PAS [30]. The level of IL-33 is significantly higher in patients with PAS
than in healthy pregnant women [31]. Despite the identified correlations between PAS and
the levels of these circulating biomolecules in maternal blood, it is necessary to prove their
specificity for PAS and their ability to distinguish it from other pregnancy complications.

Due to the epigenetic regulation of trophoblast differentiation, migration, and in-
vasion [32,33], miRNAs, acting as master regulators of the human genome at the tran-
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scriptional and post-transcriptional levels, were analyzed in various biological samples to
associate their levels with PAS [21,34-36]. However, miRNA markers for PAS have been
identified in the third trimester of pregnancy in studies conducted to date. To individualize
the management tactics of pregnant women, preparing for qualified surgical assistance
at the time of delivery with the possibility of blood transfusion, it is optimal to conduct
screening of women in the first trimester of pregnancy for the content of miRNA markers of
PAS in blood serum. Therefore, the aim of this study was to identify extracellular miRNAs
circulating in the peripheral blood of women in the first trimester of pregnancy, specific
to placental and/or myometrial tissue, and to differentiate PAS from other pregnancy
complications, such as pre-eclampsia.

2. Results

To identify circulating cell-free microRNA (miRNA) markers indicative of placental
invasion during the first trimester of pregnancy, the study was conducted in four stages:

() Generation of miRNA expression patterns using deep sequencing in both placen-
tal and myometrial tissues within the region of pathological trophoblast invasion
and beyond at the time of delivery in women with placenta accreta spectrum (PAS)
conditions, including creta, increta, and percreta.

(I) Identification of placenta- and myometrium-specific miRNAs in the blood plasma of
pregnant women using deep sequencing and quantitative real-time polymerase chain
reaction (QRT-PCR) on the day of delivery, enabling the diagnosis of PAS.

(III) Qualitative and quantitative analysis of exosomal miRNA composition in the serum
of women at 11-14 weeks of pregnancy, facilitating the diagnosis of PAS through deep
sequencing with subsequent validation of the obtained data using qRT-PCR.

(IV) Quantitative analysis of exosomal miRNA markers for PAS in the native serum of
women at 11-14 weeks of pregnancy with either a normal course or complications such
as the onset of pre-eclampsia symptoms after 20 weeks of gestation or complications
involving placental invasion. The goal is to construct a logistic regression model for
the accurate diagnosis of PAS.

2.1. Analysis of miRNA Expression Patterns Using Deep Sequencing in Placental and Myometrial
Tissues from Patients with Placental Invasion at the Time of Delivery

In the initial stage of the study, deep sequencing of small non-coding RNAs was
employed to obtain and compare the expression profiles of microRNAs (miRNAs) in
various regions of the placenta and myometrium. Tissues were collected during cesarean
section procedures from women in the first cohort (Table 1) with diagnoses of placenta
creta (seven patients), placenta increta (six patients), and placenta percreta (four patients).

Placental samples were collected from areas of pathological trophoblast invasion and
from regions outside this area. Myometrial samples were obtained from areas adjacent to
the placental invasion site. The schematic localization of placental and myometrial sample
collection and the designation of corresponding groups are illustrated in Figure 1A.

During the analysis of miRNA expression profiles in placental tissue, two types
of comparisons were performed: (1) comparison of placental areas with pathological
trophoblast invasion in women with creta (seven samples), increta (six samples), and
percreta (four samples): Ppp vs. Ppc, Ppi vs. Ppc; (2) comparison of placental areas outside
pathological trophoblast invasion sites in women with creta (three samples), increta (four
samples), and percreta (three samples): Pnp vs. Pnc, Pni vs. Pnc.

In the first type of comparison, expression profiles of miRNAs were obtained, signifi-
cantly differentiating samples of Ppi from Ppc in terms of expression levels for 85 miRNAs
(Table S1, Sheet 1), and Ppp from Ppc for 269 miRNAs (Table S2, Sheet 1). Among them,
altered expression levels in both types of invasions (increta and percreta) were identified for
78 miRNAs (Figure 1B), constituting 92% of all differentially expressed miRNAs in the case
of increta and 29% in the case of percreta. These data indicate similarities in molecular and
biological changes in the placenta within the invasion area and the myometrial tissue in
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cases of increta and percreta, with an exacerbation of these changes in the case of percreta,
involving an additional 191 miRNAs.

Table 1. Clinical Characteristics of the First Cohort of Patients.

Blood Placenta Sample Placenta Sample = Myometrium Sample

Noo age DU A Plasma N ophoblast  with Pathologic
pie Invasion * Invasion * Trophoblast Invasion *

1 33 344 Absent ©

2 29 36.5 Absent ©

3 29 383 Absent ©

4 37 38.2 Absent ©

5 30 39 Absent ©

6 30 34.1 Creta ©

7 @ 354 Creta © ©

8 35 36.4 Creta © ©

9 35 36 Creta © ©

10 38 36 Creta © ©

11 40 342 Creta © © © ©

12 42 352 Creta © © © ©

13 28 35 Creta © © © ©

14 39 37 Increta © ©

15 34 35.3 Increta © ©

16 34 346 Increta © © © ©

17 33 35 Increta © © © ©

18 35 342 Increta @) Q) © ©

19 32 36.1 Increta © © © ©

20 37 35.2 Percreta ©

21 37 36 Percreta © ©

2 37 33 Percreta © © © ©

23 32 35.1 Percreta © © © ©

24 37 35.4 Percreta © © © ©

* @ Checkmark indicates the analysis of miRNA levels in the sample using deep sequencing.
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Pp - placenta region with pathologic trophoblast invasion
Pn - placenta region with normal trophoblast invasion
M - myometrium adjacent to the placenta with pathological invasion

: Serosa
Myometrium
Decidua

Increta Percreta

B C D

Ppi vs Ppe Ppp vs Ppc Pni vs Pnc Pnp vs Pnc Mivs Mc Mp vs Mc

By =9

IL1-, IL2-, IL3-, IL5-mediated signaling events
Glypican pathway IFN-gamma pathway

ErbB receptor signaling network CXCR4-mediated signaling events

VEGF and VEGFR signaling network — - —
EGF receptor (ErbB1) signaling pathway Integrin-linked kinase signaling

IGF1 pathway Nectin adhesion pathway
GMCSF-mediated signaling events E-cadherin signaling events
PDGF receptor signaling network N-cadherin signaling events
TGF-beta receptor signaling Posttranslational regulation of adherens
BMP receptor signaling junction stability and dissassembly
uPAR-mediated signaling
EGFR-dependent Endothelin signaling events TRAIL signaling pathway

Thrombin/protease-activated receptor (PAR) pathway | | TNF receptor signaling pathway

Figure 1. Analysis of placental and myometrial tissues on the day of delivery in women with
placenta creta, increta, and percreta using deep sequencing of miRNA. Schematic representation of
sample collection locations for placenta and myometrium (A); Venn-Euler diagrams of differentially
expressed miRNAs in the placenta within the pathological trophoblast invasion site for percreta
and increta relative to creta (B), in the placenta outside areas of pathological trophoblast invasion
for percreta and increta relative to creta (C), in myometrial tissues adjacent to areas of pathological
trophoblast invasion for percreta and increta relative to creta (D), common signaling pathways
regulated by differentially expressed miRNAs in the pathological trophoblast invasion site for
percreta (Ppp vs. Ppc) and in adjacent myometrial tissue (Mp vs. Mc), according to MirTarbase and
Funrich (E).

In the second type of comparison, expression profiles of miRNAs significantly differ-
entiating samples of Pni from Pnc in terms of expression levels for 76 miRNAs (Table S3,
Sheet 1), and Pnp from Pnc for 67 miRNAs (Table S4, Sheet 1) were obtained. Among them,
altered expression levels in both types of invasions (increta and percreta) were identified
for 58 miRNAs (Figure 1C), constituting 76% of all differentially expressed miRNAs in
the case of increta and 87% in the case of percreta. These data suggest commonalities in
molecular and biological changes throughout the entire placenta in women with increta and
percreta, possibly formed during the embryo implantation stage due to the interaction of
trophoblasts with a pathologically altered deciduous layer of the endometrium. Cells of the
cytotrophoblast in certain areas of such a placenta acquire a phenotype with excessive inva-
sive activity under predisposing conditions, such as structural changes in the myometrium.
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Therefore, deep-sequencing analysis was performed on miRNA expression levels in my-
ometrial tissue adjacent to the site of pathological trophoblast invasion for percreta (three
samples) and increta (four samples) compared to creta (three samples). Expression profiles
of miRNAs significantly differentiating samples Mi from Mc (Table S5, Sheet 1) and Mp
from Mc (Table S6, Sheet 1) were obtained. Among them, altered expression levels in
myometrial tissue for both types of PAS (increta and percreta) were identified for only
19 miRNAs (Figure 1D), constituting 29% of all differentially expressed miRNAs in the case
of increta and 10% in the case of percreta. It is noteworthy that more pronounced changes
in the qualitative and quantitative composition of miRNAs in myometrial tissue adjacent
to placenta percreta were observed compared to that adjacent to placenta increta, possibly
contributing to a greater depth of trophoblast cell invasion in the case of placenta percreta.

For each miRNA profile in a specific type of comparison (see above), the use of the
MirWalk program (http:/ /mirwalk.umm.uni-heidelberg.de/search_mirnas/, last accessed
on 15 October 2023) allowed the identification of experimentally proven target genes ac-
cording to the MiRTarBase algorithm (Sheet 2 in Tables 51, S2, S5, and S6). Additionally,
using the FunRich program (http://www.funrich.org/, last accessed on 15 October 2023),
signaling pathways regulated by differentially expressed miRNAs in placental and myome-
trial tissues in different types of PAS (Sheet 3 in Tables 51, S2, S5, and S6) were revealed.
Since the most significant molecular and biological changes were identified in the placenta
within the pathological trophoblast invasion site for percreta and in adjacent myometrial
tissue compared to other types of PAS; for clarity, in Figure 1E we have presented common
signaling pathways regulated by differentially expressed miRNAs in the comparison of Ppp
vs. Ppc and Mp vs. Mc. Imbalances in the activity of these signaling pathways may account
for local inflammatory processes, structural rearrangements in the extracellular matrix,
neovascularization, apoptosis, and changes in the proliferative and invasive properties of
cells, such as cytotrophoblast cells.

2.2. Identification of Placenta- and Myometrium-Specific miRNAs Circulating in the Blood Plasma of
Pregnant Women on the Day of Delivery Using Deep Sequencing and Real-Time Quantitative PCR

With the aim of developing a non-invasive diagnostic test for PAS in the third trimester
of pregnancy, expression profiles of miRNAs were obtained in the peripheral blood plasma
of 24 women from the first cohort (Table 1) with various types of PAS using deep sequencing.
Lists of differentially expressed (DE) miRNAs were generated for creta (Table S7, Sheet 1),
increta (Table S7, Sheet 2), and percreta (Table S7, Sheet 3) relative to the group with a
normal pregnancy. These lists of DE miRNAs were compared by constructing a Venn—Euler
diagram (Figure 2A), indicating that most miRNAs differentially expressed in the blood
plasma of women with creta and increta had significant altered expression levels in the
blood plasma of women with percreta. As expression profiles of miRNAs in placental,
myometrial, and blood plasma samples were analyzed in the same cohort of patients
using deep sequencing, the tissue specificity of circulating blood miRNA markers for PAS
was evaluated.

The common DE list of 165 miRNAs in the blood plasma (BPi/p, Figure 2A) for increta
and percreta was compared with the lists of DE miRNAs in Ppi (Table 51, Sheet 1), Ppp
(Table S2, Sheet 1), Mi (Table S5, Sheet 1), and Mp (Table S6, Sheet 1). Intersections were
found between BPi/p and Ppi for 38 miRNAs, BPi/p and Ppp for 128 miRNAs, BPi/p and
Mi for 33 miRNAs, BPi/p and Mp for 90 miRNAs (Figure 2B). For further validation of
the obtained data using real-time quantitative PCR, 40 miRNAs were selected that were
differentially expressed in the blood plasma of women with invasive types of PAS (increta
and percreta), as well as in placenta and /or myometrium in both invasive PAS types. The
list of the selected 40 miRNAs is presented in Figure 2C.

The peripheral blood plasma samples from the second cohort of patients (n = 46,
Table 2) were used to validate the sequencing data.
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A

Ppi
Ppp 78 (28.3%)
BP Mi 48 (16.7%)
percreta vs norma Mp aaaw (SRR oo
BPi/p oo QO oo ST
Ppi Ppp Mi Mp BPi/p
C common 33DE miRNAs,
88

BPi/p vs Mi

hsa-miR-320b

hsa-miR-199a-3p
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Figure 2. Comparison of miRNA Expression Profiles in placental tissue, adjacent myometrium, and
peripheral blood plasma of Patients in Cohort 1. (A) Venn—Euler diagram for comparative analysis of
lists of differentially expressed (DE) miRNAs in the blood plasma of women with creta, increta, and
percreta relative to the group with a normal pregnancy using FunRich v. 3.1.3 (http:/ /www.funrich.
org/, last accessed on 15 October 2023) and Venny 2.1.0 (https:/ /bioinfogp.cnb.csic.es/tools/venny/,
last accessed on 15 October 2023). (B) Venn-Euler diagram for comparative analysis of the 165 DE
miRNAs list in the blood plasma common for placenta increta and percreta cases (BPi/p, from (A))
with the DE miRNAs lists in placenta and myometrium for increta (Ppi and Mi, respectively) and
percreta (Ppp and Mp, respectively) cases using FunRich v. 3.1.3 (http://www.funrich.org/, last
accessed on 15 October 2023). (C) Venn-Euler diagram for comparative analysis of the DE miRNA
list common to BPi/p and Ppi, BPi/p and Ppp, BPi/p and Mi, BPi/p and Mp (all obtained from
(B)), constructed using Venny 2.1.0 (https:/ /bioinfogp.cnb.csic.es/tools/venny/, last accessed on 15
October 2023).

Table 2. Clinical Characteristics of the Second Cohort of Patients.

. Scar on the Placenta Delivery Time
Group Name Group Size Uterus Previa (Weeks) *
Norma (pregnancy .
without complications) 14 yes no 37.5(34.3;39.2)
Creta 9 yes yes 36.4 (35; 37.4)
Increta 16 yes yes 34.6 (33.1; 36.3)
Percreta 7 yes yes 33 (32; 33)

* Data are presented as the median (Me) and quartiles Q1 and Q3 in the format: Me (Q1; Q3).

The —ACt values were calculated based on the difference between the Ct values of the
analyzed 40 miRNAs and the Ct value of the exogenous RNA UniSp6 (see Section 4) in each
sample. Using the partial least squares regression (PLS-A) method, the greatest contribution
to the clustering of blood plasma samples from women with different types of PAS was
made by hsa-miR-92a-3p, hsa-miR-25-3p, hsa-miR-629-5p, hsa-miR-320b, hsa-let-7d-5p,
hsa-miR-17-5p, hsa-miR-16-5p, hsa-miR-106b-5p (Figure 3).

From Figure 3, it is evident that all samples of peripheral blood plasma from women
with PAS differ from control samples in the expression profile of eight miRNAs, forming a
distinct cluster. For this reason, it was decided to combine the creta, increta, and percreta
groups to develop logistic regression models for creating a non-invasive diagnostic test
for PAS based on the quantitative assessment of miRNAs in blood plasma in the third
trimester of pregnancy. Using RStudio, optimal combinations of miRNAs associated
with the presence of PAS in pregnant women were found step by step, considering their
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contribution to building logistic regression models. In these models, the dependent variable
(response variable) was the presence or absence of PAS in pregnant women (0—absence of
PAS; 1—presence of PAS). The selected models, presented in Figure 4, included statistically
significant independent variables. The parameters of the models in Figure 4 are listed in
Table 3. Formulas 1, 2, and 3, describing the models 1, 2, and 5 in Figure 4, respectively, are
provided below.

0.656964

0.388769
+ Norma

= Creta

* Increta

4 Percreta

t[2]

-6 -5 -4 -3 —2 =1 0 1 2 3 4 5 6
]

Figure 3. PLS-A analysis of quantitative RT-PCR data on the expression level of miRNAs in the
peripheral blood plasma of pregnant women with physiological pregnancy and PAS.

10

——f—TI—-—-1

T

== Model 1: miR-320b, miR-92a-3p AUC = 0.96
== Model 2: miR-320b, let-7d-5p AUC = 0.95

04

Model 3: miR-17-5p, miR-25-3p AUC = 0.91
== Model 4: miR-320b AUC = 0.91

Model 5: miR-629-5p, miR-17-5p AUC = 0.81
== Model 6: miR-92a-3p AUC = 0.9

Model 7: miR-17-5p AUC = 0.87

T T T T T T
00 02 04 06 08 10

1-Sp
Figure 4. Receiver operating characteristic (ROC) curves of the logistic regression models based on
real-time quantitative PCR data when comparing the combined groups “creta, increta, percreta” with

the “norma” group for the content of miRNAs in the blood plasma of pregnant women in the third
trimester. Se—sensitivity, Sp—specificity.

52



Int. J. Mol. Sci. 2024, 25, 871

Table 3. Parameters of the logistic regression models in Figure 4.

Model Estimate (95% CI) Wald p-Value OR (95% CI) Se Sp
. 251,251.6477 (344.8485;
(Intercept) 12.4342 (5.8431; 25.1735) 2.6862 0.0072 85 646,274 941.2615)
1 miR-320b  —2.6129 (—5.2514; —0.9477)  —2.504 0.0123 0.0733 (0.0052; 0.3876) 097 093
miR-92a-3p  —2.1527 (—4.8586; —0.5747)  —2.0715  0.0383 0.1162 (0.0078; 0.5629)
_ 16,518.5771 (122.3664;
(Intercept) 9.7122 (4.807; 18.8667) 2.8577 0.0043 156,204.305.610%)
2 miR-320b —4.0078 (—7.9435; —1.83)  —2.6992 0.007 0.0182 (0.0004; 0.1604) 0.78 1
let-7d-5p  —0.6938 (—1.4087; —0.1879)  —2.3393  0.0193 0.4996 (0.2445; 0.8287)
. 158,149.4506 (314.6611;
(Intercept) 11.9713 (5.7515; 21.3935) 3.0688 0.0021 1. 954,609,961.5401)
3 miR-17-5p  —0.7119 (—1.3684; —0.2466) 25573  0.0105 0.4907 (0.2545; 0.7815) 0.88 093
miR-25-3p  —0.5773 (—1.0826; —0.2314)  —2.7482 0.006 0.5614 (0.3387; 0.7934)
(Intercept) 5.4891 (2.9334; 9.5854) 3.3713 <0.001 242.042 (18.7919; 14,550.8746)
4 088  0.86
miR-320b  —2.8885 (—5.1368; —1.4507)  —3.1781  0.0015 0.0557 (0.0059; 0.2344)
. 14,206.4468 (99.5329;
(Intercept) 9.5615 (4.6005; 16.6831) 3.1352 0.0017 T7599,16.9241)
5  miR-629-5p  —0.4622 (—0.8576; —0.1463)  —2.61 0.0091 0.6299 (0.4242; 0.8639) 0.78 1
miR-17-5p  —0.5663 (—1.1491; —0.1557)  —2.2973  0.0216 0.5676 (0.3169; 0.8558)
(Intercept) 8.6533 (4.3535; 15.0105) 3.2633 0.0011 5’5239639543;7175;5712;
6 ,303,537.1587) 091 086
miR-92a-3p  —2.2867 (—3.9974; —1.1017)  —3.1624  0.0016 0.1016 (0.0184; 0.3323)
(Intercept) 5.891 (2.3393; 11.7884) 2.5906 0.009  361.7674 (10.3736; 131,711.3987)
7 094 071
miR-17-5p  —0.5333 (—1.0924; —0.1761)  —2.4108  0.0159 0.5866 (0.3354; 0.8385)
(1) Model 1 formula:
1
1+ ¢ 1243+26x;+2.150 @
wherre x;—«—ACt» value for hsa-miR-320b, x,—«—ACt» value for hsa-miR-92a-3p;
(2) Model 2 formula:
1
1+ e 97+4x+0.69x )
e—9 1+0.69x
where x;—«—ACt» value for hsa-miR-320b, x,—«—ACt» value for hsa-let-7d-5p;
(3) Model 5 formula:
1
1+ ¢ 95610463, 10.57x; ®)

where x;—«—ACt» value for hsa-miR-629-5p, x,—«—ACt» value for hsa-miR-17-5p.

Model 1 demonstrates the highest sensitivity (96.9%) compared to Models 2 (Se = 78.1%)
and 5 (Se = 78.1%), indicating a superior diagnostic value in identifying PAS in the third
trimester of pregnancy. On the other hand, Models 2 and 5 exhibit 100% specificity, unlike
Model 1 (Sp = 93%), ensuring 100% accuracy in detecting pregnancies without PAS. Simulta-
neous utilization of all three models on an extended training and testing dataset is essential
for understanding their diagnostic value and selecting one for further consideration.

2.3. Analysis of Qualitative and Quantitative Composition of Exosome microRNA (miRNA) in the
Blood Serum of Women at 11-14 Weeks of Pregnancy

One of the means of intercellular communication is the directed delivery of molecules,
including miRNA, contained within exosomes. We hypothesized that morphofunctionally
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altered tissues of the placenta and myometrium in the area of pathological trophoblast invasion
secrete exosomes with a modified miRNA profile into the blood. This profile could potentially
diagnose the presence of PAS in early pregnancy stages, such as the 11-14 weeks of gestation.

A retrospective study of exosomes from 48 women'’s peripheral blood serum at
11-14 weeks of pregnancy was performed, and four main groups were formed accord-
ing to the diagnose at delivery (Table 4): normal pregnancy (N, 10 women); high risk of
developing pre-eclampsia according to the Astraia program without clinical manifestations
after 20 weeks of pregnancy (Nhr, 7 women); development of clinical symptoms of early-
or late-onset pre-eclampsia after 20 weeks of pregnancy (PE, 21 women); placenta creta,
increta, or percreta in pregnant women (PAS, 10 women). miRNA expression profiles were
obtained using deep sequencing as described in Section 4.

Table 4. Clinical characteristics of the third cohort of patients.

Biochemical Data

Ultrasound Data

Uterine
Diagnose Triri\setster Crown g::ls:lﬂ- Uterine P?llizeagl-
Sa;r]g)le Del?‘t,ery’ IS’cr.eening, PAPP-A PAPP-A b-hCG b-hCG PLGF Ii]:gt% cency Pﬁ:tfl ity Index,
Coy’ Tt G7er Giv Geso  Gamo mama RN Mk e OV
Name Samplin (43.0- (1.,6— UA (PI), (5th and
ping 84.0 mm) MoM
GW 1.7 mm) 95th Per-
centiles)
1 12.1 1.72 0.65 51.1 0.94 2338 57.4 13 0.75 127
6 “ 122 1 05 53.6 1.64 15.8 58 17 0.94 16
7 ; 12.1 43 17 279 057 15.79 60.5 1.9 121 2.06
11 é* 125 1.92 0.64 405 0.81 209 632 191 14 2.35
12 'TQ 12 427 121 28.1 0.46 8.6 58.7 15 0.73 1.28
14 % 125 3.13 0.65 2738 0.45 24.01 633 14 133 232
16 g 125 2.96 1.03 35.6 0.79 15.6 64 2 0.4 0.65
o
17 g 12.1 0.61 04 283 0.76 15.8 58.6 15 1.45 228
18 = 11.6 1.63 0.55 429 0.69 9.34 55.1 15 1.04 1.86
19 124 5.01 2.65 28.1 0.51 265 57.6 13 0.81 141
21 12.1 1.86 0.9 54 1.09 57 1.6 2.07 35
22 12.1 0.8 0.46 36 0.6 50.6 1.76 1.18 2.09
23 E 122 3.36 117 459 0.92 11.7 60.2 29 122 2.04
24 é 112 1.96 1.04 943 1.66 50 1.07 12 2.12
25 Es 11.6 6.2 2.96 438 0.76 10 56 145 1.03 1.83
26 : 12.1 2.06 0.79 488 1.05 92 60.3 17 1.56 26
27 by 12.3 0.86 0.45 15.6 0.36 59 1.9 12 2
28 é 11.6 247 227 343 0.98 12.84 57 13 1.01 1.59
29 é‘ 124 29 1 56.8 1.1 18 62 13 0.79 1.31
30 ° 124 171 0.64 313 0.7 63 62 15 0.98 1.68
31 12 2.09 0.83 16.9 0.33 16 57.7 17 0.33 1.686
33 12.5 228 0.86 89.7 2.17 19.7 63.9 22 07 112
34 - 12.1 2 0.71 89.8 225 16.39 66 1.6 1.09 17
35 B 134 257 0.83 622 1.81 327 747 1.8 1.19 1.77
39 go 12 3.02 152 66 1.32 16.11 54 11 1.028 1.75
4 g 13 3.1 0.88 61 1.26 26.68 67.5 1.6 0.28 0.44
43 g 122 1.62 052 86.7 1.77 14.7 58 12 1.14 1.95
44 %D 13 3.42 13 56.6 1.44 15.97 66 121 1.02 16
46 % 12 3.011 1.23 64.2 1.15 15.49 545 12 1.002 1.77
47 = 12,6 29 0.61 523 1.06 32.52 65 1.17 13 2.15
49 12 6.9 3.15 58.8 1.105 262 55 13 0.88 1.49
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Table 4. Cont.

Biochemical Data Ultrasound Data
Uterine
Diagnose . Ist Crown Nuchal Uterine Artery
at Trimester Rum Translu- Arte Pulsatil-
Sample . Screening, PAPP-A PAPP-A b-hCG b-hCG PLGF P cency Yy ity Index,
Delivery, . Length, . Pulsatil- .
ID Gr Peripheral (0.7-6.0 (0.5-2.0 (50.0-55.0 (0.5-2.0 (21.9-71.2 CRL Thick- ity Index UA (Pi),
oup Blood IU/L) MoM) IU/mL) MoM) /o) ness, NT y mneex, 0.9-2.6
Name . (43.0- UA (PD),
Sampling, 84.0 mm) 1.6— MoM (5th and
GW : 1.7 mm) 95th Per-
centiles)
51 '% 11.2 1.05 0.41 255 0.36 50 1 1.33 248
Qg.S
52 g K &E 13 3.38 0.68 39.8 0.74 68 2 1.15 1.92
53 ?8 2 g i 11.6 1.55 1.32 23.7 0.717 12.7 59.7 1.9 14 217
b9
58 Ewmi? 121 21 107 89.8 25 56 11 102 168
S .5 ag
55 ~ '}g 8 < 12.2 2.25 0.97 23.2 0.48 19.99 57.6 1.6 1.19 2.02
56 ;-:O ER= ° 116 227 123 1147 23 53 1.29 1.05 1.8
58 < 12.1 4.18 1.8 51.7 1.02 57 1.9 0.81 1.36
Placenta
110 percreta, 122 13.7 4.6 101.21 2.047 37.7 61.9 1.7 1.069 1.75
PAS
Placenta
111 increta, 125 5.117 1.983 47 0.872 25.6 61 1.3 0.49 0.855
PAS
112 Placenta 12 4.46 2.145 38.14 0.69 2238 53 12 0.981 1715
creta, PAS
Placenta
113 increta, 12.3 1.891 0.995 35 0.86 59.6 1.8 0.845 1.365
PAS
Placenta
114 percreta, 12.6 3.257 1.043 65.17 1.428 23.3 65 1.9 0.552 0.89
PAS
Placenta
115 percreta, 13.1 2.5 1.151 28.06 0.9 56.2 70 2 0.999 1.475
PAS
Placenta
116 increta, 12.0 5.84 2.021 223.6 3.97 57.9 1.2 1.164 1.995
PAS
Placenta
117 increta, 13.0 8.6 2.8 53 1.309 34.8 68 1.5 0.485 0.755
PAS
Placenta
118 increta, 121 3.838 1.562 45.84 0.865 56.8 1.6 1.312 221
PAS
Placenta
119 percreta, 124 2.252 0.989 86.85 2.06 61.7 1.9 0.753 1.22
PAS

The comparison of read numbers in the “PAS” group with those in the combined
“N + PE” group is presented in Table S8. The partial least squares regression (PLS) method
was used to assess the contribution of each identified miRNA to the separation of samples
from the analyzed groups (Figure 5).

The distribution of samples in Figure 5 shows that blood serum samples from women
with PAS are distant from all other samples and form a separate cluster. The molecules
hsa-miR-92a-3p, hsa-miR-320a, hsa-miR-101-3p, hsa-miR-26a-5p, hsa-miR-148a-3p, hsa-
miR-1307-3p, hsa-miR-16-5p, and hsa-miR-17-5p contributed most to this distribution.
The levels of these molecules were evaluated by quantitative PCR in samples from the N
and PAS groups (Figure 6). The “—ACt” values were calculated based on the difference
between the Ct value of the analyzed miRNA and the Ct value of the endogenous hsa-let-
7a-5p, given its stable expression in all analyzed samples by deep sequencing (coefficient
of variation was equal to 0.165, see Table S8). The statistical significance of differences
between the compared groups is presented in Table 5.
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Figure 5. PLS analysis of deep-sequencing data of miRNAs in women'’s peripheral blood serum at
11-14 weeks of pregnancy with physiological course, early- or late-onset pre-eclampsia, and PAS.
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Figure 6. Box plot of miRNA content in exosomes of blood serum from women at 11-14 weeks of
pregnancy with a physiological course and PAS. The position of the median inside the box in the
form of a horizontal line and outliers in the form of points are indicated.

From Figure 6 and Table 5, it can be inferred that the PAS group statistically signif-
icantly differed from the N group only in the elevated levels of hsa-miR-320a, hsa-miR-
92a-3p, and hsa-miR-1307-3p among all the analyzed miRNAs. As miRNAs are secreted
by cells not only as part of exosomes but also as part of lipoproteins [37], we analyzed the
levels of hsa-miR-92a-3p, hsa-miR-320a, hsa-miR-101-3p, hsa-miR-26a-5p, hsa-miR-148a-3p,
hsa-miR-1307-3p, hsa-miR-16-5p, and hsa-miR-17-5p in the native blood serum sample
of the third patient cohort (Table 4). Two types of normalization were used to calculate
the “—ACt” values: normalization to the exogenous RNA UniSp6 (Figure 7A, Table 6) and
endogenous hsa-let-7a-5p (Figure 7B, Table 6).
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Table 5. Comparison of groups “N” and “PAS” by the miRNA “—ACt” value plotted as a box diagram

in Figure 6.
miRNA Group Me 01 Qs p-Value
miR-101-3p PAS e Ry m 025
miR-16-5p PES 8:2? 8:;2 (1):22 009
miR-17-5p PIZS :8:23 i8j§§ :8:§§ 0.08
miR-26a-5p PIXS 8:3? 8:%2 8:24; 053
miR-320a PES igﬁf‘é :8:2132 _o(.)zés 0.006
miR-92a-3p PIXS 2;3? 2:;155; 3232 <0.001
miR-1307-3p PIXS :Zgi i?jﬁ :i:;g 004
miR-148a-3p Pis :g:?i i§j§3 iiﬁgi 044

Table 6. Pairwise comparison of third patient cohort groups listed in Table 4 by miRNA “—ACt”
value, presented as a box diagram in Figure 7.

Normalization to UniSp6

p-Value
miRNA Group Me Q1 Q3 N Nhe PE PAS
N ~16.39 ~16.72 ~15.75 - 0.53 0.54 <0.001
' Nhr -17 ~19.25 ~15.75 0.53 - 043 <0.001
miR-101-3p PE ~16.08 ~17.07 ~15.53 0.54 0.43 - <0.001
PAS ~14.81 ~15.26 —13.48 <0.001 <0.001 <0.001 -
N ~11.26 ~11.85 ~11.04 - 0.06 0.98 0.02
_ Nhr 1174 ~12.29 —11.64 0.06 - 0.08 <0.001
miR-16-5p PE ~11.27 ~11.85 ~10.96 0.98 0.08 - 0.01
PAS -1087  —11.03 —9.71 0.02 <0.001 0.01 -
N ~14.63 —15.24 ~14.23 - 0.07 0.85 <0.001
. Nhr ~15.35 ~16.6 —15.03 0.07 - 0.17 <0.001
miR-17-5p PE —14.93 ~16.05 ~13.95 0.85 0.17 - <0.001
PAS —13.44 ~135 —12.75 <0.001 <0.001 <0.001 -
N ~14.82 -15 —1451 - 0.02 0.88 0.002
' Nhr ~15.6 ~16.98 ~15.38 0.02 - 0.08 <0.001
miR-26a-3p PE 1493 —16.02 ~13.98 0.88 0.08 - <0.001
PAS ~12.92 ~14.01 —12.46 0.002 <0.001 <0.001 -
N ~12.79 ~13.11 ~12.31 - 0.88 0.39 0.02
Nhr ~12.78 —13.57 —12.58 0.88 - 0.09 0.01
miR-320a-3p PE ~12.39 ~13.01 ~12.01 0.39 0.09 - 0.07
PAS ~11.86 ~12.56 ~11.2 0.02 0.01 0.07 -
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Table 6. Cont.

Normalization to UniSp6

p-Value
miRNA Group Me o1 Q3 N Nhx PE PAS
N —9.46 ~10.13 ~9.03 - 0.13 0.12 0.05
. Nhr ~10.23 —10.46 —9.98 0.13 - 0.001 0.009
miR-92a-3p PE —8.84 —9.59 —8.46 0.12 0.001 - 0.24
PAS —8.56 ~9.23 —7.72 0.05 0.009 0.24 -
N ~21.19 —21.25 ~21.05 - 0.31 0.34 031
' Nhr —18.41 —21.15 —18.06 031 - 0.14 0.60
miR-1307-3p PE —21.24 ~21.35 ~21.13 0.34 0.14 - 0.09
PAS ~18.92 —21.2 ~16.2 0.31 0.60 0.09 -
N —14.55 —15.44 —13.87 - 0.07 0.63 0.73
. Nhr ~15.88 ~164 ~15.48 0.07 - 0.10 0.003
miR-1482-3p PE 1452 1593 ~13.99 0.63 0.10 - 0.30
PAS —14.42 ~14.86 ~13.81 0.73 0.003 0.30 -
Normalization to Hsa-Let-7a-5p
p-Value
miRNA Group Me o1 Q3 N Nhx PE PAS
N ~3.68 —424 —3.46 - 0.36 0.12 <0.001
. Nhr ~2.59 —4.93 —2.14 0.36 - 0.95 0.05
miR-101-3p PE —3.09 —378 —2.39 0.12 0.95 - 0.01
PAS -19 —2.09 —1.22 <0.001 0.05 0.01 -
N 113 0.96 1.98 - 0.16 0.28 0.02
_ Nhr 1.91 1.74 2.09 0.16 - 0.83 041
miR-16-5p PE 1.96 1.03 2.38 0.28 0.83 - 0.17
PAS 2.12 1.62 334 0.02 041 0.17 -
N —2.46 —2.84 —1.72 - 0.41 0.21 <0.001
. Nhr ~1.58 —2.51 —0.95 0.41 - 0.53 0.009
miR-17-5p PE ~1.85 —2.62 —1.37 0.21 0.53 - <0.001
PAS —0.51 —0.89 —0.31 <0.001 0.009 <0.001 -
N ~2.33 ~2.56 ~1.55 - 0.73 0.23 <0.001
. Nhr ~1.35 —2.83 ~1.15 0.73 - 0.91 <0.001
miR-26a-5p PE ~1.67 —24 —1.24 0.23 0.91 - <0.001
PAS —0.71 ~0.92 —0.35 <0.001 <0.001 <0.001 -
N —0.04 —0.78 04 - 0.05 0.11 0.05
_ Nhr 1.35 0.24 1.52 0.05 - 0.29 0.60
miR-320a-3p PE 0.9 —0.1 13 0.11 0.29 - 0.88
PAS 0.65 043 1.05 0.05 0.60 0.88 -
N 2.9 237 3.64 - 0.10 0.03 0.03
. Nhr 3.6 3.44 3.99 0.10 - 0.46 0.53
miR-92a-3p PE 425 3.55 493 0.03 0.46 - 1
PAS 3.97 3.43 472 0.03 0.53 1 -

58



Int. J. Mol. Sci. 2024, 25, 871

Table 6. Cont.

Normalization to Hsa-Let-7a-5p

G 0 0 p-Value
iRNA rou M 1 3
mt P € N Nhr PE PAS
N —7.78 —-9.1 —7.14 - 0.04 0.41 0.19
Nhr -5.17 —6.71 —3.98 0.04 - 0.03 0.60
miR-1307-3p
PE —7.74 —8.34 —6.15 0.41 0.03 - 0.30
PAS —5.91 —8.02 —3.87 0.19 0.60 0.30 -
N —1.9 —2.42 —1.47 - 0.96 0.95 0.48
Nhr —2.07 —2.17 —1.86 0.96 - 1 0.36
miR-148a-3p
PE —2.08 —2.76 —1.33 0.95 1 - 0.41
PAS —1.54 —2.44 —1.14 0.48 0.36 0.41 -

In comparison with the results of quantitative assessment of miRNA in the exosomal
fraction of blood serum from women at 11-14 weeks of pregnancy, we observed a statisti-
cally significant increase in the levels of hsa-miR-101-3p, hsa-miR-26a-5p, hsa-miR-16-5p,
and hsa-miR-17-5p in the native blood serum of women in the PAS group relative to the N
group (Table 6). We conclude that such increase in the levels of these miRNAs occurs in
the non-exosomal fraction of blood serum. Notably, only hsa-miR-101-3p, hsa-miR-26a-5p,
and hsa-miR-17-5p showed statistical significance in distinguishing the PAS group from
all other groups (N, Nhr, PE) using two types of normalization: on UniSp6 or hsa-let-7a-
5p. Hence, these miRNAs can be considered specific markers for PAS. The other three
miRNAs—hsa-miR-92a-3p, hsa-miR-320a, and hsa-miR-16-5p—did not show statistically
significant differences between the PAS group and the PE and/or Nhr groups (Table 6),
indicating that they cannot be considered specific markers for PAS.

The quantitative analysis of hsa-miR-92a-3p, hsa-miR-320a, hsa-miR-101-3p, hsa-miR-
26a-5p, hsa-miR-148a-3p, hsa-miR-1307-3p, hsa-miR-16-5p, and hsa-miR-17-5p in the native
blood serum of women at 11-14 weeks of pregnancy, using endogenous hsa-let-7a-5p as
a normalizing RNA, was employed to develop logistic regression models for creating a
non-invasive diagnostic system for PAS. In RStudio, optimal combinations of miRNAs
associated with the presence of PAS in pregnant women were identified via stepwise
inclusion and exclusion of each molecule in logistic regression models, where the dependent
variable (response variable) was the presence or absence of PAS in pregnant women
(0—combined groups N, Nhr, PE; 1—PAS group). The models presented in Figure 8 were
selected, where all independent variables were statistically significant. The parameters of
the models in Figure 8 are indicated in Table 7. Formulas 4 and 5, describing Models 2 and 3
in Figure 8, respectively, are provided below.

From Table 7, it can be inferred that logistic regression models 1, 2, and 3 have 100%
sensitivity in detecting PAS in women during the first-trimester screening based on the
quantitative analysis of the corresponding miRNAs in native blood serum. Since model 1
includes miR-92a-3p, the expression level of which was statistically significantly changed
in both PE and PAS compared to normal pregnancy (Table 6), it cannot be considered as a
specific marker for PAS, and therefore Model 1 was excluded from consideration.
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Figure 7. Box plot of miRNA content in native blood serum of women at 11-14 weeks of pregnancy in
groups “N,” “Nhr,” “PE,” and “PAS.” “—ACt” Values were calculated using exogenous RNA UniSp6 (A).
“—ACt” values were calculated relative to the content of endogenous miRNA hsa-let-7a-5p (B). The
position of the median inside the box in the form of a horizontal line and outliers in the form of points are

indicated.
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Figure 8. ROC curves of logistic regression models based on real-time PCR data comparing the PAS
group and combined groups “N + Nhr + PE” for the content of miRNA in native blood serum of
women at 11-14 weeks of pregnancy. Se—sensitivity, Sp—specificity.

Table 7. Parameters of logistic regression models in Figure 8.

Models Estimate (95% CI) Wald p-Value OR(95% CI) Se Sp
(Intercept) 12.264 (3.532; 27.813) 2.149 0.032 211,919.348 (34.208; 1.2 x 10'2) Model 1
miR-92a-3p —4.955 (—10.911; —1.566) —2.246 0.025 0.007 (0.00001; 0.209)
miR-26a-5p 5.093 (2.068; 10.91) 2.355 0.019 162.828 (7.905; 54,728.702) 1 0.84
miR-16-5p 5.584 (1.896; 12.356) 2.267 0.023 266.031 (6.658; 232,425.187)
(Intercept) 5.661 (1.863; 12.559) 2.157 0.031 287.563 (6.445; 284,717.908) Model 2
miR-26a-5p 4.189 (1.259; 9.276) 2.157 0.031 65.939 (3.523; 10,674.696)
miR-17-5p 2.921 (0.646; 6.887) 1.916 0.055 18.564 (1.908; 979.604) ! 082
(Intercept) 8.049 (2.747; 17.86) 2.193 0.028 3129.605 (15.589; 5.7 x 107) Model 3
miR-26a-5p 5.538 (2.059; 12.068) 2.274 0.023 254.057 (7.835; 174,165.021)
miR-101-3p 1.989 (0.502; 4.585) 2.012 0.044 7.308 (1.652; 98.023) ! 084
(Intercept) 9.303 (2.248; 19.251) 221 0.027 10,967.88 (9.473; 2.3 x 10%) Model 4
miR-92a-3p —1.451 (—3.193; —0.173) —-1.941 0.052 0.234 (0.041; 0.841)
miR-17-5p 4.333 (1.956; 8.034) 2.872 0.004 76.151 (7.071; 3084.714) 09 09211
(Intercept) 4152 (1.217; 8.272) 2.386 0.017 63.567 (3.378; 3911.935) Model 5
miR-320a-3p —1.477 (—3.168; —0.148) —1.973 0.048 0.228 (0.042; 0.862)
miR-17-5p 4.108 (1.878; 7.607) 2.899 0.004 60.854 (6.539; 2013.226) 08 09737
(Intercept) 2.256 (0.321; 4.915) 1.974 0.048 9.544 (1.378; 136.287) Model 6
miR-26a-5p 3.389 (1.483; 6.373) 2.773 0.006 29.638 (4.405; 585.998) 1 0.8421
(Intercept) 1.628 (—0.009; 3.742) 1.742 0.082 5.093 (0.991; 42.181) Model 7
miR-17-5p 2.533 (1.127; 4.672) 2.877 0.004 12.592 (3.087; 106.945) 1 0.7105
(Intercept) 1.136 (—0.568; 3.188) 1.218 0.223 3.115 (0.566; 24.245) Model 8
miR-101-3p 0.985 (0.33; 1.887) 2.533 0.011 2.679 (1.391; 6.598) 0.8 0.7895
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(4) Formula for Model 2:

1
11 ¢ 566 4.19x, 292x; (4)

where x;j—«—ACt» value for hsa-miR-26a-5p, x,—«—ACt» value for hsa-miR-17-5p;
(5) Formula for Model 3:

1
1+ ¢ 805 554x, 1.99x; ®)

where x;—«—ACt» value for hsa-miR-26a-5p, x,—«—ACt» value for hsa-miR-101-3p.

Considering all 48 blood serum samples (Table 4), a reliable correlation of miRNA
level with biochemical and instrumental analysis data at 11-14 GW were found using the
non-parametric Spearman rank correlation method: hsa-miR-101-3p with NT (r = 0.34,
p = 0.0188), hsa-miR-17-5p with UA(P)MoM (r = —0.3, p = 0.038), hsa-miR-26a-5p with
PLGEF (r = 0.49, p = 0.025), hsa-miR-17-5p with PLGF (r = 0.36, p = 0.0327). At the same time,
statistically significant correlations were found for UA(PI)MoM with PAPP-A (r = —0.33,
p = 0.0242) and with PAPP-A(MoM) (r = —0.29, p = 0.043), for PLGF with PAPP-A (r = 0.37,
p = 0.0264).

3. Discussion

In this study, the miRNA signature in placental tissues was analyzed both within
the invasive region and outside this area, in the adjacent myometrial tissues, and in the
blood plasma from women using deep sequencing. The obtained data were validated
through quantitative real-time PCR to construct logistic regression models as a non-invasive
diagnostic approach for differentiating various types of placenta accreta spectrum (PAS)
in the third trimester of pregnancy. It was observed that the quantitative assessment of
hsa-miR-320b, hsa-let-7d-5p, hsa-miR-629-5p, and hsa-miR-17-5p in the blood plasma of
women allows for the statistically significant identification of PAS cases with high specificity
(93-100%) and sensitivity (78-97%). These molecules were found to be differentially
expressed in both placental and myometrial tissues of women with different types of PAS.
The constructed logistic regression models can be considered as an additional diagnostic
method alongside commonly used instrumental diagnostic approaches such as ultrasound
(US) and magnetic resonance imaging (MRI).

To formulate an individual management strategy for patients with PAS, involving the
referral to a specialized hospital with a multidisciplinary team of surgeons, intensivists,
neonatologists, and preparedness for blood transfusion in case of hemorrhage, it is impera-
tive to diagnose this pregnancy complication in the first trimester. Due to the absence of
precise biochemical and instrumental tests for detecting PAS during this gestational period,
we conducted a retrospective study using deep sequencing and quantitative real-time
PCR of cell-free miRNAs in the blood serum of women who underwent first-trimester
screening and continued examination until the parturition with a clear diagnosis (physi-
ological pregnancy or pre-eclampsia or PAS) at the Kulakov National Medical Research
Center of Obstetrics, Gynecology, and Perinatology. The search for miRNA markers of
placental invasion specifically in the exosomal fraction of blood serum was motivated by
our previous findings [38] indicating a decrease in the concentration of identified miRNA
markers for pre-eclampsia upon repeated cycles of freezing/thawing of the analyzed blood
serum sample. The question of the miRNA stability in the body’s biological fluids has
been thoroughly investigated by other researchers such as Coenen-Stass et al. [39]. Exo-
somes, being membrane-containing structures, protect the encapsulated miRNAs from
degradation by extracellular RNases and facilitate the targeted delivery of miRNAs to
specific cells and tissues [40]. We discovered that the most significant contributors to
the differentiation of exosome fractions in the blood serum of women at 11-14 weeks of
pregnancy with various types of PAS from combined groups of women with physiological
pregnancy and pre-eclampsia, using principal component analysis, were miR-92a-3p, miR-
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320a, miR-101-3p, miR-26a-5p, miR-148a-3p, miR-1307-3p, miR-16-5p, and miR-17-5p based
on deep-sequencing data. Among these, statistically significant differences between the
PAS group and all other comparable groups were identified only for miR-320a, miR-92a-3p,
and miR-1307-3p based on quantitative real-time PCR data.

However, the isolation of exosomes for identifying cases of placenta accreta spectrum
(PAS) using marker mRINA is an additional time-consuming and costly method, which
may not be feasible given the high patient volume during screening studies. Therefore, we
decided to analyze exosome mRNA markers for PAS in the native blood serum of pregnant
women at 11-14 weeks of gestation using quantitative real-time PCR. In comparison with
the analysis of the exosome fraction of blood serum, we observed a significant increase in
the levels of miR-101-3p, miR-26a-5p, miR-16-5p, and miR-17-5p, in addition to changes
in miR-92a-3p and miR-320a, in the native blood serum of women from the PAS group
compared to the group of women with physiological pregnancies. This increase in the levels
of these mRNA markers occurs in the non-exosome fraction, possibly as part of very-low-
density lipoproteins (VLDL), low-density lipoproteins (LDL), or high-density lipoproteins
(HDL). For example, other researchers demonstrated the presence of some of the analyzed
here miRNAs in blood lipoproteins, namely miR-16-5p in VLDL and HDL, miR-17-5p and
miR-26a-5p in HDL [37], dependent on miRNA sequence motifs. Mechanistically, it was
found that HDL-miRNAs have roles in metabolic homeostasis and angiogenesis, whereas
targets for LDL-miRNAs were enriched in pathways related to inflammation, immune
system function, and different cardiomyopathies.

When calculating “—ACt” values for each analyzed miRNA, any of the RNA species
was used as a reference: either UniSp6, introduced into the sample during the reverse
transcription stage according to the Qiagen’s recommendation, or the endogenous let-7a-5p,
exhibiting a stable high expression level in the exosomal fraction of blood serum and native
blood serum of women at 11-14 weeks of pregnancy according to our deep-sequencing
data. The use of UniSp6 allows for accounting for variations in reverse transcription and
PCR efficiency but does not account for possible mRNA degradation due to extracellular
RNases during repeated sample freezing/thawing cycles, unlike the use of endogenous
let-7a-5p. The presence of let-7a-5p in exosomes, as identified in the current study, and in
VLDL, as reported by Guido Rossi-Herring [37], when used as an endogenous reference
RNA, would consider detrimental processes affecting the concentration of analyzed miRNA
in exosomes and the non-exosomal fraction of blood serum ex vivo.

It is important to note that miR-101-3p, miR-26a-5p, and miR-17-5p were found
to be the most specific markers for PAS, as statistically significant differences in their
expression levels were identified in the PAS group compared to all other comparison groups
(physiological pregnancy, high risk of developing pre-eclampsia according to Astraia
during the first pregnancy screening without clinical manifestations of pre-eclampsia after
20 weeks of pregnancy, development of early and late pre-eclampsia) using two types of
normalization: on UniSp6 or let-7a-5p. Meanwhile, other miRNA associated with PAS
(miR-92a-3p, miR-320a, miR-16-5p) did not significantly differentiate the PAS group from
the pre-eclampsia and/or high-risk group for developing pre-eclampsia without clinical
manifestations after 20 weeks of pregnancy. Therefore, the latter cannot be considered
specific markers for PAS.

The potential role of miR-92a-3p, miR-320a, and miR-16-5p in the pathogenesis of
pre-eclampsia (PE) has been studied in several works, revealing that (i) intravascular
inflammation occurs in PE as a sequence of Th1 polarization [41,42] through the targeting
of GATAS3 by upregulated miR-92a-3p, contained in vesicles of activated NK cells [43];
(ii) miR-320a overexpression observed in PE inhibits trophoblast cell invasion and causes
anomalous placentation by targeting estrogen-related receptor-gamma [44], IL-4 [45], and
IGF-1R [46]; (iii) in a PE rat model, the upregulation of miR-16-5p directly downregulates
IGF-2 and provides inhibition of trophoblast cell viability and migration [47]. Thus, the
involvement of the same miRNA molecules in different diseases necessitates the search for
a unique combination of marker miRNAs that can differentiate one pregnancy complication
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from another. Therefore, when selecting logistic regression models for diagnosing PAS at
11-14 weeks of gestation, we relied on the following criteria: the combination of molecules
should include any or all the miRNAs miR-101-3p, miR-26a-5p, and miR-17-5p; all model
parameters must be significant, and the model should have high specificity and sensitivity.
These criteria are met by two models we developed: the combination of miR-26a-5p and
miR-17-5p, and the combination of miR-26a-5p and miR-101-3p, both of which exhibit 100%
sensitivity in detecting PAS in women during the first pregnancy screening through their
quantitative analysis in native blood serum using real-time PCR.

It is important to note that the circulating miRNA markers for PAS identified in this
study during the first trimester of pregnancy are differentially expressed in the placenta
within the area of invasion and in the adjacent myometrium, specifically in the case of
invasive forms (increta and percreta) relative to the adherent form (creta) in the third
trimester of pregnancy at the time of delivery, as per deep-sequencing data. Comparing
areas of the placenta outside the invasive region led us to hypothesize that for placental
invasion into the myometrium, molecular and biological changes in the myometrial tissue
are necessary. This assumption is based on the observation that the intersection of differen-
tially expressed miRNA lists in areas of the placenta outside the invasion site, in the case
of increta and percreta relative to creta, is found for 70-80% of all miRNAs. And more
pronounced quantitative and qualitative changes in the miRNA signature are observed in
the area of trophoblast invasion in both placental tissue and adjacent myometrium from
women with placenta percreta. In other words, for the invasive type of PAS, there are
fundamental changes in the miRNA signature in the placenta, similar between increta
and percreta but distinct from PAS adherent form (creta); the invasion of such altered
placenta into the myometrial tissue occurs only if there are changes in the myometrium
itself, most pronounced in the case of percreta. These findings are consistent with those of
other researchers who adhere to the concept of a primary deciduomyometrium defect in
PAS that impacts the formation of the migratory and invasive phenotype of interstitial and
endovascular extravillous trophoblast cells [13,14].

When analyzing experimentally validated target genes of identified here miRNAs
differentially expressed in the placenta and myometrium within the PAS site, signaling path-
ways involving growth factors, glypicans, cell adhesion proteins, integrins, interleukins,
and chemokines were identified. These pathways are responsible for processes such as
cell adhesion, proliferation, migration, angiogenesis, inflammation, and apoptosis. These
data align with discussions in published articles on pathways that stimulate trophoblast
invasion [12,48].

A distinctive feature of invasive PAS, as observed through instrumental research
methods and macroscopic examination of the uterine surface, is uteroplacental vascu-
lar changes in the accreta area resulting from both neovascularization and/or increased
infiltration of deep uterine vessels (radial and even the arcuate arteries) by extravillous
trophoblasts (EVT) [1]. The role in angiogenesis of the identified here miRNAs as the
markers of PAS in the first trimester of pregnancy has been demonstrated by numerous
scientific teams. Hypoxia-responsive hsa-miR-101-3p, known as angiomiR, regulate angio-
genesis by targeting cullin 3 thereby promoting Nrf2 nuclear accumulation and causing
heme oxygenase-1 induction, VEGF expression, and nitric oxide production [49], or by
targeting c-Met [50]—a receptor for hepatocyte growth factor (HGF), which is one of the key
molecules that stimulate endothelial cells to proliferate and migrate via the upregulation of
VEGEF and its receptor KDR [51] as well as metalloproteinases [52] to degrade extracellular
matrix for vascular growth. In addition, the inverse correlation between the expression
of the miR-320a and the HGF gene was found [50]. Different studies demonstrated the
suppressor function of miR-320a in cell invasion and angiogenesis in ovary cancer [53],
hepatocellular carcinoma [54,55], and endometrial cancer [56]. The anti-inflammatory effect
and promotion of the angiogenesis in the skeletal muscle injury model were found for
miR-320a and miR-26a via reduction of the protein expression of their target genes—PTEN
and TLR3, respectively [57]. Enriched by miR-17-5p exosomes from endothelial progenitor
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cell decrease cell apoptosis, increase microvessel density and capillary angiogenesis as
well as promote muscle structural integrity in a diabetic hind-limb ischemia mode through
increasing the levels of PI3K and phosphorylated Akt [58]. The participation of miR-92a-3p
in exosome-mediated angiogenesis was found in retinoblastoma by targeting transcription
factor KLF2 [59] which is able to modulate tumor proliferation and metastasis [60]. The
significant correlations of hsa-miR-17-5p expression level with uterine artery pulsatility
index, and hsa-miR-26a-5p and hsa-miR-17-5p with PLGF revealed in the present study
prove the important role of these PAS miRNA markers in angiogenesis.

4. Materials and Methods
4.1. Patients

All patients (Tables 1, 2 and 4) enrolled to investigation were admitted to the National
Medical Research Center for Obstetrics, Gynecology, and Perinatology, named after the
Academician V.I. Kulakov of Ministry of Healthcare of the Russian Federation for manage-
ment of pregnancy and delivery, and signed informed consent to participate in the study;
the study was approved by the Ethics Committee of the Center. Clinical and biochemical
blood tests, ultrasound examination of the pelvic and fetal organs, fetoplacental blood
flow dopplerometry, cardiotocography, blood pressure measurement, the determination of
protein levels in urine, and concentrations of PLGF, sFlt-1, PAPP-A, and 3-HCG in blood
serum using diagnostic test systems were carried out for each patient. The criteria for non-
inclusion in the study were the onset of pregnancy via assisted reproductive technologies,
multiple pregnancy, and fetal aneuploidy.

4.2. RNA Isolation from Blood Plasma or Serum

A total of 200 pL of blood plasma or serum, purified from cells and cell debris via
stepwise centrifugations at 300x g for 20 min and at 16,000x g for 10 min, were used for
RNA isolation using an miRNeasy Serum /Plasma kit (Qiagen, Hilden, Germany) according
to the manufacturer’s protocol.

4.3. RNA Isolation from Placenta or Myometrium Tissue

Placenta or myometrium tissue samples were taken for research no later than 10 min
after delivery as shown in Figure 1A, and immediately frozen in liquid nitrogen for sub-
sequent storage at —80 °C. Total RNA was extracted from 20 to 40 mg of tissue using
the miRNeasy Micro Kit (Qiagen, Hilden, Germany) followed by the RNeasy MinElute
Cleanup Kit (Qiagen, Hilden, Germany) according to the manufacturer’s protocol. The
RNA concentration was measured using a Qubit fluorimeter 3.0 (Life Technologies, Petaling
Jaya, Malaysia). The sample quality of the total RNA was examined using the Agilent
Bioanalyzer 2100 (Agilent, Waldbronn, Germany) and the RNA 6000 Nano Kit (Agilent
Technologies, Santa Clara, CA, USA). Total RNA samples with a 285/18S ribosomal RNA
ratio equal to 1.5-1.8 were used for further studies.

4.4. RNA Isolation from Blood Serum Exosomes

A total of 200 uL of blood serum, purified from cells and cell debris via stepwise
centrifugations at 300x g for 20 min and at 16,000x g for 10 min, were used for RNA
isolation using an exoRNeasy Midi Kit (Qiagen, Hilden, Germany) according to the manu-
facturer’s protocol.

4.5. miRNA Deep Sequencing

cDNA libraries were synthesized using 6 pL of total RNA column eluate (miRNeasy
Serum/Plasma Kit) extracted from 200 pL of blood plasma, 6 pL of total RNA column eluate
(exoRNeasy Midi Kit) extracted from 200 pL of blood serum, and 500 ng of total RNA from
placenta or myometrium tissue, using the NEBNext® Multiplex Small RNA Library Prep
Set for Illumina® (Set11 and Set2, New England Biolab®, Frankfurt am Main, Germany, cat.
nos. E7300S and E7580S), amplified for 19 cycles in case of blood plasma samples, 21 PCR
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cycles in case of blood serum exosomes, and 14 PCR cycles for placenta or myometrium
samples, purified by QIAQuick PCR Purification Kit (Qiagen, Hilden, Germany), and 6%
polyacrylamide gel electrophoresis for isolation of 136-150 bp bands corresponding to
the adapter-ligated miRNAs, and sequenced using the NextSeq 500 platform (Illumina,
San Diego, CA, USA, cat. no. SY-415-1001). The adapters were removed using Cutadapt.
All trimmed reads shorter than 16 bp and longer than 55 bp were filtered, and only reads
with a mean quality higher than 15 were retained. The remaining reads were mapped to
the GRCh38.p15 human genome and miRBase v21 using the bowtie aligner [61]. Aligned
reads were counted using the featureCount tool from the Subread package [62] and the
fracOverlap 0.9 option; thus, the whole read was forced to have a 90% intersection with
sncRNA features. Differential expression analysis of the sncRNA count data was performed
using the DESeq2 package [63].

4.6. Reverse Transcription and Quantitative Real-Time PCR

Two microliters of total RNA column eluate (miRNeasy Serum/Plasma Kit, Qiagen,
Hilden, Germany) or total RNA column eluate (exoRNeasy Midi Kit) was converted into
c¢DNA in accordance with the miRCURY LNA RT Kit (Qiagen, Hilden, Germany) protocol;
then, the sample volume was diluted 1:60, and cDNA was amplified in accordance with
the miRCURY LNA miRNA SYBR Green PCR (Qiagen, Hilden, Germany) protocol using
the miRCURY LNA miRNA PCR Assay (cat. no. 339306) in a StepOnePlus™ thermocycler
(Applied Biosystems, Waltham, MA, USA). The relative expression of miRNA in the sample
was determined by the ACt method, using UniSp6 or hsa-let-7a-5p as the reference RNA.

4.7. Statistical Analysis of the Obtained Data

For statistical processing, scripts written in R language [62] and RStudio [64] were
used. The correspondence of the analyzed parameters to the normal distribution law was
assessed via the Shapiro-Wilk test. When the distribution of data was different from normal,
the Mann-Whitney test for paired comparison was used. Since both quantitative and
qualitative characteristics were analyzed, a rank-order correlation analysis was performed
using Spearman’s non-parametric correlation test. The 95% confidence interval for the
correlation coefficient was determined using Fisher transformation. The value of the
threshold significance level (p) was taken as being equal to 0.05.

5. Conclusions

Two logistic regression models have been developed for diagnosing PAS in women at
11-14 weeks of pregnancy by quantifying cell-free miRNAs hsa-miR-101-3p, hsa-miR-26a-
5p, and hsa-miR-17-5p circulating in the peripheral blood, which are crucial for improving
maternal and perinatal outcomes. These models demonstrated 100% sensitivity in de-
tecting PAS during the first pregnancy screening. Hsa-miR-101-3p, hsa-miR-26a-5p, and
hsa-miR-17-5p were identified as specific markers for PAS but not for other pregnancy
complications such as early- and late-onset pre-eclampsia, and significantly correlated with
nuchal translucency thickness (in the case of hsa-miR-101-3p), uterine artery pulsatility
index (in the case of hsa-miR-17-5p), and PLGF (in the case of hsa-miR-26a-5p and hsa-miR-
17-5p). A limitation of the developed diagnostic method is the small number of training
samples due to the lack of a complete examination of the majority of pregnant women
within one clinical center, namely the National Medical Research Center for Obstetrics,
Gynecology, and Perinatology of Ministry of Healthcare of the Russian Federation, and the
admission of pregnant women with PAS to this center only for delivery without the ability
to analyze biological material (peripheral blood serum) donated at another clinical center
during the first-trimester screening and vice versa. In connection with the emerging new
screening method in the context of this study, pregnant women with an identified high risk
of PAS by this method in the National Medical Research Center for Obstetrics, Gynecology,
and Perinatology of Ministry of Healthcare of the Russian Federation will be offered to
undergo further management of pregnancy and delivery in the same Center, which will

66



Int. J. Mol. Sci. 2024, 25, 871

expand the training set followed by validation of method efficiency on an independent test
set with the integration of clinical and biochemical PAS markers to improve the accuracy of
timely PAS diagnosis.
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Abstract: Embryo implantation is one of the most remarkable phenomena in human reproduction
and is not yet fully understood. Proper endometrial function as well as a dynamic interaction between
the endometrium itself and the blastocyst—the so-called embryo-maternal dialog—are necessary for
successful implantation. Several physiological and molecular processes are involved in the success
of implantation. This review describes estrogen, progesterone and their receptors, as well as the
role of the cytokines interleukin (IL)-6, IL-8, leukemia inhibitory factor (LIF), IL-11, IL-1, and the
glycoprotein glycodelin in successful implantation, in cases of recurrent implantation failure (RIF)
and in cases of recurrent pregnancy loss (RPL). Are there differences at the molecular level underlying
RIF or RPL? Since implantation has already taken place in the case of RPL, it is conceivable that
different molecular biological baseline situations underlie the respective problems.

Keywords: implantation; uterine receptivity; cytokines; recurrent implantation failure; recurrent
pregnancy loss

1. Introduction

Embryo implantation is one of the most remarkable phenomena in human reproduction
and is not yet fully understood. Proper endometrial function as well as a dynamic interaction
between the endometrium and the blastocyst—the so-called embryo-maternal dialog—is
necessary for successful implantation. Several physiological and molecular processes are
responsible for this success. The time frame is the so-called window of implantation (WOI),
which is the specific time slot during which the endometrium is of an appropriate structure
and receptive for implantation. This period is usually between the 20th and the 24th days of
the menstrual cycle, during the secretory phase [1]. The adhesion of the blastocyst occurs
during the implantation phase. The adhesion molecules are the generic term for a whole
family of molecules that fulfill functions in various areas of the reproductive system [2].
Cadherins, integrins, trophinin, and selectin are just a few examples of adhesion molecules,
which are responsible for the adhesion and the required physical interaction between the
endometrium and the blastocyst [2,3]. There might be cell-cell and cell-extracellular matrix
interactions leading to a successful implantation [3]. The adhesion is followed by the
invasion of trophoblast cells surrounded by an immune-modulated environment, tolerating
the embryo even though half of the genes are foreign to the maternal organism because they
are of paternal origin [4,5]. Only a downregulation of the maternal immune system, which
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affects different cell populations such as the natural killer cells or T helper cells, makes
successful implantation possible [5]. Pinopodes are small microvilli on the apical surface of
the epithelial cells that appear on the 20th and 21st days of the cycle (may vary by 5 days)
and characterize endometrial receptivity [1]. However, this receptivity is complex; it is a
result of several physiological and molecular mechanisms [6].

In the following, implantation and its molecular processes, and especially the involved
cytokines, will be described in detail in three different situations: successful implantation,
recurrent implantation failure (RIF), and recurrent pregnancy loss (RPL). RIF is defined as
the failure to achieve a pregnancy after three or more consecutive in vitro attempts, with
the transfer of at least four high-quality embryos in three fresh or frozen cycles [4,7]. RPL is
defined as three consecutive pregnancy losses prior to 20 weeks of gestation. The American
Society for Reproductive Medicine defines RPL as the failure to achieve pregnancy even
after two or more pregnancy losses with clinical (ultrasonography or histopathology)
evidence of pregnancy [4,8]. There are a number of causes that are discussed to be associated
with RIF or RPL, such as anatomical factors, chromosomal causes, or thrombophilia. Table 1
provides an overview of these possible factors.

Table 1. Possible causes for the occurrence of RIF or RPL [9-11].

Chromosomal aberrations
Genetic factors De novo chromosomal abnormalities of the
embryo or certain gene polymorphisms

Uterine malformation
Adhesions

Polyp
Submucosal fibroid

Anatomical factors

Microbiological factors Bacterial vaginosis

Factor V Leiden mutation
Antithrombin deficiency
Chronic endometritis Prothrombin mutation
Protein C deficiency
Protein S deficiency

Thrombophilia Antiphospholipid syndrome

Hyperthyroidism

Hypothyroidism

Diabetes mellitus
Endocrine disorders Hyperandrogenemia

Hyperprolactinemia

PCOS

Luteal phase defects

Cytokine levels

Natural killer cells (uterine and peripheral)
Immunological causes T-helper cell type 1/type 2 quotient

KIR receptors

HLA antibodies

Overweight
Underweight
Lifestyle Increased stress
Alcohol consumption
Nicotine consumption

Idiopathic

Concerning the implantation process, there are several cytokines involved, such
as: IL-6, IL-8, leukemia inhibitory factor, IL-11, IL-1, and the glycoprotein glycodelin.
Accordingly, an imbalance could occur in the event of RIF or RPL. Are there differences
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at the molecular level underlying RIF or RPL? Since implantation has already taken place
in the case of RPL, it is conceivable that different baseline states of molecular biology
underlie the respective problems. In the following, we will first describe the molecular
factors of successful implantation and early pregnancy development, and then explain
the respective molecular situation in RIF and RPL. By accurately analyzing the particular
pathomechanism at the molecular level, it may be possible to develop strategies that will
help, in the clinical setting, to devise a suitable therapeutic approach for the individual
patient with RIF or RPL and achieve a successful pregnancy. Furthermore, this review will
focus on estrogen, progesterone, and their receptors but will not take the ovarian function,
including FSH, LH, and AMH and their relation to pregnancy, into account.

2. Estrogen, Progesterone, and Their Receptors

Estrogen and progesterone and their respective receptors are among the first factors
that influence the uterus and prepare the uterine environment for implantation. During the
menstrual cycle, the estrogen level rises with the growing follicle, reaches its peak during
ovulation, and then decreases. Alongside the falling estrogen level, progesterone rises and
is the leading hormone during the luteal phase, inducing decidualization and opening
the window of implantation (WOI) [12]. If pregnancy occurs, the progesterone level
remains elevated. The WIO is characterized by balanced estrogen and progesterone levels,
leading to a proper proliferated and transformed endometrium for blastocyst invasion. Any
disruptions of this well-balanced system results in a failed implantation of the blastocyst.

However, not only estrogen and progesterone levels are important for implantation;
their receptors also appear to play an important role in this process. Estrogen receptors exist
in two forms: ERa and ER(3. Both are expressed in the endometrium but have different
functions. Studies on knockout mice have addressed these respective functions. ERx
knockout mice show endometrial hypoplasia and are infertile. Thus, ERx appears to be
essential for implantation [13]. In contrast, ER3 knockout mice have a normal endometrium
and are fertile, suggesting that ER3 is involved in other aspects of endometrial function [14].
During the proliferative phase, estrogen (through ERx) causes the progesterone receptor
(PR) in endometrial cells to induce progesterone responsiveness during the luteal phase. As
a negative feedback, progesterone inhibits ERx expression for correct endometrial function.
The effects of progesterone in endometrial cells are mediated by the progesterone receptor,
which exists in two isoform: PR-A and PR-B. Progesterone effects mediated by PR-A appear
to be responsible for correct implantation, pregnancy, and parturition. This has been shown
in PR-B knockout mice. The effect of progesterone is mediated by PR-B in PR-A knockout
mice, and, here, scientists have found endometrial hyperplasia, inflammation, and the
absence of decidualization of the endometrium [15]. Knockout mice for both PR-A and PR-
B are infertile, showing severely reduced or no further ovulation, uterine hyperplasia, the
absence of decidualization, severely limited mammary gland development, and impaired
sexual behavior [16]. These study data can be extrapolated to humans, demonstrating the
importance of progesterone receptors and their different functions in fertility.

2.1. Estrogen and RPL

Rising estrogen levels during follicle growth are responsible for endometrial prolif-
eration, myometrium thickness, and increased blood supply: all of these are factors for
successful implantation. Estradiol levels during early pregnancy can reflect the quality of
the dominant follicle and the function of the corpus luteum as well as help in maintaining
the corpus luteum [17]. Furthermore, estradiol appears to be an important factor in preserv-
ing early pregnancy [18]. In the 4 to 8 weeks of pregnancy, a positive correlation was found
between serum estradiol level and gestational age. Serum estradiol levels were significantly
lower in pregnant women with abortion than in those with normal pregnancy [17]. Deng
et al. analyzed serum levels of estradiol, progesterone, and human chorionic gonadotropin
(hCG) in 165 women during 9 weeks of gestation. A total of 71 women had a miscarriage,
whereas 94 women had a normal pregnancy. Low levels of estradiol, progesterone, and
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hCG were associated with a miscarriage in the first trimester. The authors concluded that
estradiol and progesterone or estradiol alone at 7-9 weeks and hCG or progesterone in
combination with estradiol at 5-6 weeks of gestation can be used to predict miscarriage [19].

2.2. Progesterone and RPL

A deficiency of progesterone itself and an aberrant PR-mediated signaling may play
a role in RPL. As mentioned above, progesterone induces decidualization, opens the
WO, and maintains pregnancy. A progesterone deficiency and a shortened luteal phase
may result in suboptimal endometrial development, which has been associated with
RPL [20]. On the other hand, it has been stated that a progesterone deficiency is rather
an expression of a previously insufficient follicular phase, which should be optimized
in advance. While the effect of progesterone through PRs plays an important role in
implantation and the maintenance of pregnancy, progesterone supplementation in patients
with sporadic miscarriage does not appear to improve the outcome of pregnancy [20]. In
a randomized controlled trial in the UK, the authors analyzed 4153 women with vaginal
bleeding during early pregnancy, who were receiving either progesterone or placebo. The
progesterone therapy did not result in a significantly higher rate of live births among
women with threatened miscarriage overall, but women with early-pregnancy bleeding
and previous miscarriages in the past had a higher number of live births [21]. The authors of
a meta-analysis conducted in 2021 reached similar conclusions: again, vaginal micronized
progesterone resulted in a higher live birth rate in female patients with a history of vaginal
bleeding and miscarriage(s) in the past [22].

2.3. Estrogen, Progesterone, and RIF

Estrogen plays a crucial role in endometrial receptivity due to the initiation of paracrine
or autocrine signaling [23]. Higher or lower estrogen levels in the periconceptional period
lead to lower pregnancy rates, as well as in natural cycles and also in assisted reproductive
technology (ART) cycles. In naturally conceived pregnancies, low estrogen concentrations
are associated with non-conception cycles [23]. On the other hand, excessive supraphysio-
logic estrogen levels at the time of the luteinizing hormone (LH) peak correlate with lower
live birth rates and a higher risk of pregnancy complications [23]. In very early pregnancy,
estrogen plays an important role in placentation by modulating the angiogenic factor ex-
pression and causing an immune-tolerant environment by influencing the concentration of
a uterine natural killer and T helper cells, which are important for implantation [23].

In women with RIF undergoing ART treatment, hormonal stimulation leads to supra-
physiological estrogen levels and possibly to a premature increase in progesterone. The
endometrium is exposed to the premature impact of progesterone, which causes asyn-
chronicity between the embryo and the endometrium, and leads to suboptimal implanta-
tion conditions [1]. A premature rise in progesterone before ovulation can be detected by a
laboratory analysis. Consequently, no embryo transfer but a freezing of all fertilized eggs
should take place.

Furthermore, a decrease in ER and a polymorphism in estrogen receptor 1 was noticed
in patients with a recurrent implantation failure [24,25].

3. Molecular and Cellular Events Involved in Successful Embryo Implantation

Interleukins, interferons, chemokines, and numerous other mediators can be summa-
rized as cytokines which are produced by different effector cells and play an important
role in the human innate and adaptive immune systems [26]. Based on their properties,
cytokines may be pro- or anti-inflammatory, as shown in Table 2. The fragile balance and
complicated relationship of cytokines are caused by their overlapping biological activities;
any alteration of one cytokine is likely to affect the others.
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Table 2. Pro- and anti-inflammatory cytokines.

IFN-y
IL-2
TNF-a
IL-1B
IL-6
IL-8
1L-17
IL-12

IL-4
IL-5
IL-9

IL-10
IL-11
IL-13

TGF-p1

LIF

Abbreviations: INF-y: interferon-y, TNF-«: tumor necrosis factor-o, TGF-31: transforming growth factor-31.

Pro-inflammatory cytokines

Anti-inflammatory cytokines

The interleukin (IL)-6 family is a class of cytokines consisting of IL-6, IL-11, cil-
iary neurotrophic factor, leukemia inhibitor factor (LIF), oncostatin M, cardiotrophin 1,
cardiotrophin-like cytokine, and IL-27. They belong to one family because the receptor
complex of each cytokine contains two (IL-6 and IL-11) or one molecule (all other cytokines)
of the signaling receptor subunit gp130 [27]. In this review, we will focus on IL-6, LIF, and
IL-11 because they play key roles in the implantation of the embryo [1]. Furthermore, we
will analyze IL-8, IL-1, glycodelin, and their roles in successful implantation, as well as RPL
and RIF.

Figure 1 summarizes the above-mentioned molecular determinants and their functions
in regular implantation and pregnancy. These components will be described in the following.

IL-6 is a pleiotropic cytokine and is responsible for many physiological processes. Its
role in the immune response, inflammation, and metabolic regulation is known. However,
it is also indispensable for the development of early pregnancy [28]. IL-6 is synthesized by
macrophages, fibroblasts, epithelial cells, and placental trophoblasts, and it is found in high
concentrations in the luteal phase, especially in the receptive window. It is responsible for
the development of the placenta and pregnancy itself by regulation of trophoblast invasion
and spiral artery remodeling [29]. IL-6 interacts by binding to its receptors and subsequently
activating the Janus kinase/signal transducer and activator of the transcription (JAK/STAT)
pathway [28]. The classical signal transduction of IL-6 is induced by the binding of IL-6
to its specific membrane IL-6c-receptor (IL-6R). This pathway is confined to a few tissues
because of the restricted expression of IL-6R [30].

In the first trimester of pregnancy, different cell populations of the uteroplacental
tissues (decidual stromal cells and different populations of immune cells of the decidua
and syncytiotrophoblast, extravillous trophoblast, and cytotrophoblast cells of the placenta)
express IL-6 [1]. IL-6 expression increases with gestational age [1].

IL-8 is a proinflammatory chemokine produced by immune cells and other cells under
inflammatory conditions, and it is responsible for the attraction of neutrophils in cases of
inflammation, monocyte-macrophage growth and their differentiation, endothelial cell sur-
vival, proliferation, and angiogenesis [31-33]. Furthermore, IL-8 contributes to endometrial
receptivity and maintains the dialog between the embryo and the human endometrium
during implantation [34]. The upregulation of endometrial IL-8 mRNA occurs in the recep-
tive phase of the menstrual cycle and also in the presence of an embryo [35]. IL-8 appears
to stimulate progesterone secretion in order to maintain pregnancy [36].
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Figure 1. Function of hormones and molecular determinants in implantation and early pregnancy.
Progesterone, LIF, IL-6, IL-11, IL-1§3, and IL-1Ra are involved in regulating decidualization. LIF is
increased under the influence of estrogen and hCG. LIF, IL-6, IL-8, glycodelin-A, IL-1§3, and IL-1Ra are
responsible for trophoblast invasion. As regards shifts in the immune system, IL-11 reduces TNF-«,
glycodelin-A lowers the levels of NK cells, while glycodelin-A, IL-13, and IL-1Ra are responsible for
the shift within Th cells. LIF, IL-6, IL-8, IL-13, and IL-1Ra are associated with embryo implantation.
Furthermore, LIF, IL-6, IL-11, IL-1$, and IL-1Ra participate in placentation. Abbreviations: LIF
(leukemia inhibitory factor), TNF-o (tumor necrosis factor-«), NK cells (natural killer cells), Th1/2
(type 1 T helper cells and type 2 T helper cells), IL-1Ra (IL-1 receptor antagonist), | (dlown-regulated),
1 (up-regulated).

3.1. IL-6, IL-8, and RPL

Several studies have shown a higher risk of pregnancy loss in cases of inadequate
expression of IL-6 and IL-8 in the feto—maternal interface [37-39]. Interestingly, IL-6/IL-8
levels can be too low or too high, which could be responsible for sporadic abortion or
recurrent pregnancy loss, respectively. In cases of sporadic abortion, decidual macrophages
and decidual natural killer cells produce less IL-6 and IL-8 compared to the corresponding
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cells in normal pregnancy, which leads to suboptimal IL-6 and IL-8 levels and results in
inadequate trophoblast invasion and spiral artery remodeling, and, thus, a higher risk of
early pregnancy loss [37].

On the other hand, increased levels of IL-6 and IL-8 appear to be related to RPL [39].
Increased IL-6 and IL-8 levels in decidual tissues indicate a pro-inflammatory state at
the feto-maternal interface, which could be disturbing to the implanted embryo and
lead to an abortion. Previous findings have indicated that both insufficient and exces-
sive levels of IL-6/IL-8 disturb the inflammatory network at the feto-maternal interface,
which may compromise the pregnancy. Furthermore, differences in the expression pro-
file of IL-6 and IL-8 in reproductive tissues between spontaneous pregnancy loss and
RPL support the hypothesis that these complications may have a completely different
pathogenetic background [28,40].

3.2. IL-6 and RIF

A small number of studies with limited case numbers have been focused on the
relationship between cytokines and RIF [41-43].

Liang et al. analyzed the balance state of pro- and anti-inflammatory cytokines in
the plasma of patients with RIF [41]. A total of 34 patients with RIF and 25 women with
successful pregnancies were included. The interferon (IFN)-y, IL-1f3, IL-6, and IL-4 concen-
trations were higher, whereas the transforming growth factor (TGF)-f31 concentration was
lower in the RIF group than in the control group [41].

Ozgu-Erdinc et al. reported different data regarding IL-6 and pregnancy outcome.
In 129 patients, the authors correlated high-sensitivity C-reactive protein and IL-6 with
pregnancy outcomes after in vitro fertilization (IVF)/intracytoplasmic sperm injection
(ICSI). Serum levels were measured at the beginning of the IVF/ICSI cycle. No differences
in C-reactive protein or IL-6 concentrations were seen on comparing implantation/no
implantation, clinical pregnancy, miscarriage, and live birth [43].

3.3. IL-6, IL-8, and RIF

A study group in Beijing analyzed inflammatory cytokine levels in serum samples of
women undergoing IVF [42]. A total of 84 women were included, of whom 46 conceived
and 38 did not. Serum samples were taken on the second day of the menstrual cycle
before the treatment cycle, and the inflammatory cytokines (interleukin-1p, interleukin-6,
interleukin-8, and monocyte chemotactic protein-1) were measured. Women who did
not become pregnant had significantly higher serum IL-8 levels than those who achieved
a pregnancy [42]. Furthermore, a dose-response correlation between serum IL-8 levels
and the risk of IVF-ET failure was noted, especially when the IL-8 concentration was
>11.2 pg/mL [42].

Leukemia inhibitory factor (LIF) also belongs to the IL-6 family and is a pleiotropic
cytokine. IL-6 in the uterus activates the Janus kinase (JAK)-signal transducer and activator
of the transcription protein (STAT) pathway, and, therefore, phosphorylates STAT3, whose
activation is necessary for implantation [15,44,45]. LIF is produced by the endometrial
glands in order to make the endometrium receptive for blastocyst attachment [46]. The
highest concentrations are registered during blastocyst formation immediately before
implantation [47]. The rising estrogen levels during the menstrual cycle may be a stimulator
of LIF expression [48]. LIF secretion is influenced by human chorionic gonadotropin as well
as by the male seminal fluid [49,50]. Additionally, LIF is responsible for the decidualization
of the stroma for implantation and, finally, for placenta development. During embryo
implantation, LIF maintains the development of pinopodes and is, thus, responsible for
embryo attachment, which is followed by invasion [51]. Furthermore, LIF is important for
the formation of maternal decidua and trophoblast giant cells, as well as for the interaction
of feto—maternal blood vessels [46].

76



Int. J. Mol. Sci. 2023, 24, 17616

3.4. LIF and RPL

Again, a small number of studies with limited case numbers have addressed the
relationship between LIF and RPL. A case—control study comprised 30 fertile women
and 30 suffering from RPL. Endometrium samples were taken in order to investigate the
expression of LIE. The authors found a statistically higher mRNA expression of LIF in
women with RPL [52].

Xu et al. came to a different conclusion [53]: the authors analyzed endometrial biopsy
samples from women with RPL and compared the expression of LIF, integrin-£s3, and mucin-
1, as well as the pinopode morphology, with those of normal fertile women. No differences
were seen between the two groups with regard to any of the studied parameters [53].

A further recent study from Iran analyzed the role of LIF and inflammatory cytokines
in women with RPL compared to a control group of fertile women [54]. Gene expression
levels of LIF, tumor necrosis factor-alpha (TNF-«), and interleukin-17 were measured in
peripheral blood. The mRNA levels of LIF were significantly lower in women with RPL
compared to the fertile control group (p = 0.003) [54]. Regarding the other cytokines, no
significant difference was seen between the two groups (p > 0.05) [54].

LIF is regarded as a characteristic biomarker of endometrial receptivity. High expression
of LIF appears to be an indicator of a receptive endometrium in fertile women. Nevertheless,
the three studies mentioned above obtained different results concerning LIF concentrations
in women with RPL. Higher, lower, and no differences in LIF expression were reported.
Further studies with larger case numbers will be needed to make conclusive statements.

3.5. LIF and RIF

One of the first studies analyzing the correlation between LIF and RIF was performed
in 1998 by Hambartsoumian [55]. Women with unexplained infertility and RIF were
compared with fertile women as a control group. Endometrial samples were taken in the
proliferative and secretory phases. Fertile women showed an elevation of LIF secretion in
the secretory phase compared to the proliferative phase (2.2 times higher) [55]. In contrast,
infertile women had no elevation of cytokine production. Furthermore, in infertile women
with RIF, the LIF level fell in the secretory phase [55]. When the quantity of cytokine
secretion was compared on the same day of the cycle between the two groups of women,
LIF production in fertile women on days 18-21 of the menstrual cycle was 3.5 times higher
than that in infertile women with RIF and 2.2 times higher than LIF production in women
without RIF (p < 0.01 and p < 0.05, respectively) [55]. On days 8-11 of the cycle, the levels
of LIF in these groups did not differ significantly. However, the distribution of cytokines
varied in infertile women: the highest amplitude of variations was seen in patients with
RIF. The author concluded that the majority of infertile women (especially those with RIF)
have a dysregulation of LIF production in the endometrium during both the proliferative
and the secretory phases of the cycle [55].

Wu et al. confirmed the above-mentioned data by analyzing the expression of LIF
in endometrial samples of fertile women and women with RIF [56]. Fertile women had
a moderate expression of LIF in the proliferative phase and a high expression of LIF in
the secretory phase. In addition to the previous knowledge that LIF is decreased in the
secretory phase, women with RIF had lower LIF levels in the proliferative phase compared
to fertile women [56]. The data suggest that low LIF in the proliferation phase may also be
partly responsible for repeated implantation failure.

Another interesting approach concerning the molecular causes of LIF downregulation
in patients with RIF was described by a Chinese study group [57]. Women with a history of
RIF showed abnormally increased levels of Kriippel-like factor 12 (KLF12), which in turn
leads to reduced LIF expression with negative effects on endometrial receptivity, embryo
adhesion, and implantation [57]. After analyzing the LIF gene sequence, the authors con-
cluded that KL12 can directly suppress LIF expression, as it can bind to two KLF12 binding
sites in the promoter of the LIF gene [57]. Interestingly, the authors also showed that KLF12
expression could be significantly reduced in vitro when Ishikawa cells overexpressing
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KLF12 are treated with medroxyprogesterone acetate (MPA). Consequently, progesterone
may be a novel therapeutic approach for patients with RIF, as it acts upstream of both LIF
and KLF12, inhibiting KLF12 expression and, thus, promoting LIF secretion [57,58].

Interleukin-11 (IL-11) is a pleiotropic cytokine with anti-inflammatory functions [59].
It is produced by stromal and epithelial cells and maintains adequate decidualization [60].
The function of IL-11 is mediated by the IL-11 receptor (IL-11R«x), which is expressed by
the luminal and glandular epithelia [60]. Unlike IL-11, which is at its highest concentra-
tion during decidualization, the receptor is not subject to cyclic variation. The different
concentrations of IL-11 depend on its production, influenced by steroid hormones, and
local factors such as relaxin and PGE, [60,61]. Interestingly, there are differences between
the stromal and epithelia cells: both express IL-11 but stromal cells produce the highest
concentrations during decidualization. In contrast, epithelial cells express IL-11 primarily
during the early secretory phase of the cycle. This suggests that epithelial and stromal IL-11
may play different roles in endometrial function [60,62].

In vitro studies have shown that IL-11 leads to a dose-dependent decrease in the
production of the proinflammatory cytokine TNF-o.. TNF-o¢ production is highest in the
secretory phase but then diminishes in early pregnancy. This reduction may be caused
by a higher concentration of IL-11 [60]. In contrast, LIF and IL-6 were not found to affect
TNEF-o production [60].

IL-11R« knockout mice are infertile, probably as a result of inadequate or absent
decidualization and possibly over-invasiveness of the trophoblast [61]. This phenomenon
can be explained by the downregulation of a metalloproteinase inhibitor [63].

The embryo itself produces IL-11 during trophoblast invasion, probably in order to
influence the endometrium [59]. Interestingly, no receptors for IL-11 have been found so
far in the human embryo [61].

3.6. IL-11 and RPL

A study group from the UK analyzed the endometrial peri-implantation biopsies of
fertile women and women with RPL [64]. Both groups showed increased expression of
IL-11 and IL-11R in epithelial cells compared to stromal cells [64]. Furthermore, there
was a significant reduction in epithelial cell IL-11, but not stromal cell IL-11, expression in
the endometrium of RPL women compared to fertile women. The expression of IL-11Rx
protein did not differ between the two groups [64].

3.7. IL-11 and RIF

Karpovich et al. analyzed endometrial stroma cells and their IL-11 expression in
women with primary infertility and compared them with a fertile control group [65]. The
authors showed that the decidualization of endometrial stromal cells derived from women
with primary infertility is defective, and that the production of IL-11 is compromised in
these cells [65]. No differences were seen between the two groups in the expression of IL-
11R« in decidualized stromal cells, maintaining the hypothesis that the modulation of IL-11
expression, and not its receptor, is important in controlling the process of decidualization [65].
Thus, defects in endometrial IL-11 signaling may be associated with RIF.

Different results were reported by Sabry et al. The authors obtained endometrial tissue
samples of women undergoing IVF and correlated IL-11 expression with pregnancy rates.
No differences in gene expression levels of IL-11 and IL-11Rx were seen in women with
implantation vs. non-implantation after IVF [66].

The interleukin-1 (IL-1) system consists of different components, including IL-1«,
IL-1B, IL-1 receptor type 1 (IL-1R1), IL-1 receptor type 2 (decoy receptor, IL-1R2), IL-1
receptor accessory protein, and IL-1 receptor antagonist (IL-1Ra) [67]. IL-1x and IL-13
have proinflammatory properties and appear to play the most important roles in the
development of pregnancy [59]. Unlike IL-1x, which is constitutively expressed, IL-13 is
inducible [67]. The activity of IL-1f is regulated by IL-1Ra [59]. IL-1§ is also an immune
system modulator and is produced by dendritic cells, blood monocytes, T cells, and tissue

78



Int. J. Mol. Sci. 2023, 24, 17616

macrophages [67]. With high affinity, IL-1Ra binds to IL-1R1 and, thus, inhibits IL-1cx or IL-
1B activity [68]. The extent of inflammation is influenced by the levels of circulating IL-1f3,
IL-1Ra, and IL-1R2 [69]. The expression of the components of the IL-1 system differs during
the menstrual cycle, implantation, and early pregnancy [67]. Several studies have shown
that the IL-1 system—especially IL-13 and IL-1—are responsible for the embryo-maternal
dialog and the immunological shift that is necessary for the successful implantation of the
blastocyst. The tissue of the fallopian tubes and myometrial smooth muscle synthesize IL-
13 during pregnancy [70]. IL-1Ra has been found in the maternal, fetal, and amniotic fluid
compartments, especially the decidua, and increases with rising gestational age in fetal and
maternal plasma [71]. IL-1$ plays an important role in the decidualization of stromal cells
and in successful blastocyst implantation. IL-1f3 is produced by cytotrophoblast cells from
the placenta of the first trimester, while lower expressions are seen in cultures from second-
and third-trimester placenta [67].

In addition to its function in pregnancy, IL-1 influences the coagulation system by
increasing the expression of several proteins that in turn increase platelet stability and raise
the risk of thrombosis. This pro-thrombotic state with a higher risk of microthrombi during
early pregnancy may be the reason for miscarriages [72].

3.8. IL-1 and RPL

The immune system plays an important role in implantation and early pregnancy [4].
The T helper (Th) cell populations and their corresponding cytokines have different, even
contradictory, functions: whereas type 1 T helper cells (Th1) (including interferon-y, IL-2,
TNF-«) seem to disrupt pregnancy, type 2 T helper cells (Th2) (including IL-4, IL-5, IL-6,
IL-10, IL-13) support and maintain the development of early pregnancy [4]. Women with
RPL had increased levels of Th1 and low concentrations of Th2 [73]. IL-1$ can induce Th2
responses in humans [67,74]. Furthermore, low levels of IL-1p3 and IL-6 mRNA have been
found in the endometrium of women with RPL [67,75].

Lob et al. analyzed IL-13 levels in the decidua and obtained different results. Patients
with spontaneous and recurrent miscarriages had a significantly higher expression of IL-13
than the control group with healthy pregnancies [76].

In addition, the IL-1 system appears to influence the outcome of pregnancy in women
with the antiphospholipid syndrome. The latter is an autoimmune disease with, inter alia,
a hypercoagulable state leading to thrombosis. The patients suffer from RPL and have
elevated antiphospholipid antibodies [77]. The activation of inflammasome as well as
secretion of IL-13 seem to increase inflammation, which has been proposed as one of the
causes of RPL in the antiphospholipid syndrome [78].

3.9. IL-1 and RIF

Several studies have analyzed the relationship between IL-1 concentrations and preg-
nancy outcomes after IVF in order to describe RIF.

A retrospective investigation performed by Kreines et al. addressed IL-1 and IL-
1Ra in maternal serum after IVF [79]. In healthy pregnancies, increasing IL-1 levels
were registered over the duration of pregnancy. In cases of a negative pregnancy test or
subsequent pregnancy loss, no increase was detected. Interestingly, women who initially
had a positive pregnancy test and an abortion a few weeks later had undetectable IL-13
levels. In contrast, no significant data were registered in the serum IL1-Ra analysis [79].

A group from The Netherlands studied endometrial-embryonic interactions by taking
endometrial secretions aspirated prior to embryo transfer from 210 women undergoing
IVF [80]. Seventeen soluble cytokines, including IL-1f3, were correlated with pregnancy
outcomes using a multivariate logistic regression analysis. A significant negative associa-
tion was registered between IL-1{3 levels and pregnancy outcome: clinical pregnancy was
associated with lower levels of IL-1(3. The predictive value of IL-13 (and TNF-alpha) for
pregnancy was equivalent to, and in addition to, that of embryo quality [80].
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These data are consistent with a previous report comparing women with RIF after
IVF and controls, which demonstrated significantly higher IL-1 levels in endometrial
flushings from women with implantation failure [81].

As mentioned earlier, women with recurrent miscarriage had significantly lower
levels of IL-13 mRNA in the endometrium [75]. It is postulated that women with habitual
abortion may have an ‘over-receptive’” endometrium that allows for the implantation
of aneuploid embryos instead of leading to implantation failure, resulting in recurrent
miscarriages of these embryos [82]. IL-1(3 levels appear to be related to achieving a clinical
pregnancy rather than embryo implantation. This suggests that this cytokine may have
a more important role in later stages of implantation rather than initial apposition and
adhesion of the embryo [80].

3.10. Glycodelin

Glycodelin is a secretory protein responsible for different processes such as immuno-
suppression, fertilization, and implantation. Analogous to its functions, it has a temporospa-
tial pattern of expression, primarily in the reproductive tract, where glycodelin is expressed
in the mid-secretory phase. The peak occurs 10 days after ovulation and is regulated by
progesterone. In addition to the secretory and decidualized endometrium, glycodelin
is found in mammary glands as well as in bone marrow, ovaries, fallopian tubes, and
seminal vesicles [83].

Depending on the respective attached glycosylation form, glycodelin may be divided
into four glycoforms (glycodelin-A, -S, -F, and -C). The respective capital letter describes
where each glycoform occurs. In the male reproductive tract, glycodelin-S is secreted by
seminal vesicles to the seminal fluid. In the female genital tract, glycodelin-A is mainly
expressed in endometrial epithelial cells and secreted into the uterine fluid and amniotic
fluid. Granulosa cells secrete glycodelin-F into the follicular fluid and glycodelin-C is found
in cumulus cells [83].

Glycodelin-A appears to play an important role in changing the immune system
during early pregnancy by suppressing the cytotoxicity of natural killer cells, as well as
shifting the concentration of Th-1 and Th-2 cells towards a Th-2-dominated area which
is necessary for a successful implantation [84]. Glycodelin-A inhibits T cell proliferation,
stimulates T cell apoptosis, and controls the immune response from B cells. Furthermore,
glycodelin-A stimulates endometrial proliferation and maintains the attachment of the
trophoblast as well as its hCG production [1].

3.11. Glycodelin and RPL

Toth et al. analyzed the expression of glycodelin protein and mRNA in the en-
dometrium and compared patients with a normal pregnancy to those who had an abortion
and those who had a molar pregnancy [85]. Patients with an abortion had a significantly
lower glycodelin expression than those with a healthy pregnancy. In contrast, women with
a molar pregnancy showed an upregulation of glycodelin. Reduced glycodelin concentra-
tions may lead to an overactive immune system that rejects the developing embryo and
causes abortion. Furthermore, hCG appears to influence glycodelin expression because
there are equal proportions between hCG and glycodelin in cases of molar pregnancy and
in cases of abortion [85].

A German study group achieved similar results [86]. Glycodelin and the pregnancy
zone protein in the decidua of patients with spontaneous and recurrent miscarriages were
compared to the expression of these entities in the placental tissue of term infants. The
spontaneous and the recurrent miscarriages groups had significantly lower glycodelin
levels than controls [86].

3.12. Glycodelin and RIF

In order to investigate the correlation between glycodelin and RIF, endometrial cells
and blood samples were taken during the window of implantation in women with RIF
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and from a control group of fertile women [87]. A significantly lower expression of gly-
codelin was measured in the blood and endometrial tissue of women with RIF compared
with controls [87].

These data were confirmed by a Polish study group. The authors analyzed glycodelin
expression in uterine fluid, as well as in serum and endometrium samples of women
with RPL or RIF, and compared these with fertile controls [88]. In general, glycodelin
levels in the serum were three times lower than those in the uterine fluid, and there were
no differences between the three study groups [88]. Concerning the uterine fluid, the
lowest glycodelin expression was noted in women with idiopathic infertility and infertile
women with endometriosis. Compared with the fertile control group, these results were
statistically significant (p < 0.0001) [88]. Women suffering from RPL had lower glycodelin
concentrations than controls, but the difference did not achieve statistical significance [88].

In summary, glycodelin is an endometrial receptivity marker. The expression of
glycodelin in the endometrium is mirrored in the uterine fluid and serum.

4. Conclusions

Successful pregnancy needs the correct interaction between (a) the individual hor-
mones and their respective receptors. Furthermore, (b) adhesion molecules are responsible
for the required physical interaction between the endometrium and the blastocyst, and,
finally, (c) immune cells and cytokine signaling pathways act as mediators for the so-called
embryo-maternal-dialogue. A dysregulation or inappropriate expression in one of these
three sections may lead to an implantation failure or a pregnancy loss [3,89]. In the present
review, we focused on the hormones estrogen and progesterone; the cytokines IL-6, IL-8,
LIF, IL-11, and IL-1; and the glycoprotein glycodelin. We analyzed their respective func-
tions during implantation and early pregnancy, and we compared the situations of normal
pregnancy vs. recurrent pregnancy loss vs. recurrent implantation failure. The intention
was to determine differences at the molecular level as to how cytokines behave at the time
of implantation or in early pregnancy in order to draw conclusions about RIF and RPL. It
would be conceivable that a cytokine is upregulated in the case of RIF and downregulated
in the case of RPL.

As shown in Table 3, studies on this topic are very inhomogeneous. Even the investi-
gation of RIF or RPL alone reveals diverse results regarding cytokine levels. Accordingly,
no clear statement can be made as to how the individual cytokines behave in RIF or RPL.

Table 3. Molecular determinants, their function in normal pregnancy, and changes in RPL and RIF.

Hormone/Cytokine/Glycoprotein Normal Pregnancy RPL RIF
Proliferation of endometrium, ERo: Estrogen | [23,24]
Estrogen essential for implantation, ERf: no Estrogen | [17,19] Estrogen 1 — premature
restriction of fertility progesterone influence [23]

Inducing decidualization, opening
the WOI
PR-A (PR-B knock-out):
implantation, pregnancy,
Progesterone parturation Progesterone | [19]
PR-B (PR-A knock-out):
endometrial hyperplasia,
inflammation, absence of
decidualization

Estrogen 1 — premature

progesterone influence,

asynchronicity between
endometrium and embryo [23]

Luteal Phase: high concer}tratlgn, Sporadic abortion: IL-6 | [37] IL-6 1 [41]
IL-6 regulation of trophoblast invasion RPL: IL-6 1 [39] IL-6 = [43]
and spiral artery remodeling ’ IL-6 = [42]
Luteal phase and during embryo . T
IL-8 presentation: high concentration; Sporadic abortion: IL-8 | [37] 1L-8 1 [42]

stimulates progesterone secretion RPL:IL-8 1 [39]
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Table 3. Cont.

Hormone/Cytokine/Glycoprotein Normal Pregnancy RPL RIF
Receptivity of endometrium, LIF | (secretory phase),
decidualization, maintaining LIF 1 (endometrial samples) [52] high amplitude

LIF pinopodes, embryo attachment, LIF = (endometrial samples) [53] (proliferative phase) [55]
implantation, placenta LIF | (serum) [54] LIF | (proliferative phase) [56]
development KLF12 1 — LIF | [57]
Produced by stromal and epithelial
cells, during early secretory phase
-1 (epitheglial colls), durizgp IL-11 (epithelial cells) | [64] IL-11 (Sltioﬁal ngs) 1 165]
decidualization (stromal cells), -1 =[66]
TNF-« |
IL-1B and IL-1Ra are responsible
for the embryo-maternal dialog
and the immunological shift. The IL-1B | [67,75] IL-1B= no increase in contrast to
L1 tissue of the fallopian tubes and the IL-1B 1 [76] healthy pregnancies,
myometrial smooth muscle IL-1B 1 and antiphospholipid IL1-Ra = [79],
synthesize IL-1f3 during pregnancy, syndrome [78] IL-1 3 1 [41,80,81]
IL-1B3 1 during pregnancy,
responsible for prothrombotic state
Glycodelin-A: shifting the immune
Glycodelin system, endometrial proliferation, Glycodelin-A | [85,86] Glycodelin-A | [87,88]

fertilization and implantation

Abbreviations: ER: estrogen receptor, PR: progesterone receptor, WOI: window of implantation, IL-1Ra: IL-1
receptor antagonist, KLF12: Kriippel-like factor 12, 1: higher expression compared to regular implantation, =: no
changes concerning the expression, |: lower expression compared to regular implantation, —: leading to.

This can be explained by the different populations and, in part, small sample sizes,
the different timings of sample collection, and whether the cytokines were measured in
the plasma, a whole tissue, or a specific cell population. The complicated relationship
between cytokines and their overlapping biological activities means that the alteration of
one cytokine is likely to affect others; this hinders the study of their roles in implantation,
RIF, and RPL. Furthermore, large-scale investigations should address the role of cytokines
during implantation and in different types of reproduction failure.

It is difficult to derive a direct clinical consequence or recommendation for action
from the above-mentioned cytokine changes. In theory, it would be conceivable to use
glucocorticoids or i.v.-immunoglobulins to reduce cytokines in general. However, this
would be an undirected therapy and would affect all cytokines, including those that are
already low or not elevated at all.

Targeted approaches to lower, for example, IL-6 levels, e.g., using tocilizumab, an IL-6
antagonist, are contraindicated in pregnancy and should be discontinued at least 3 months
before conception [90].

Immunomodulatory therapy approaches to the treatment of RIF or RPL have already
been analyzed in detail and are not included in the guideline due to their inhomogeneous
data situation and their sometimes-severe side effects [91].
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Abbreviations

IL interleukin

LIF leukemia inhibitory factor

RIF recurrent implantation failure
RPL recurrent pregnancy loss

WOI window of implantation

ER estrogen receptor

PR progesterone receptor

hCG human chorionic gonadotropin
ART assisted reproductive technology
LH luteinizing hormone

JAK Janus kinase

STAT signal transducer and activator of transcription

IL-6R IL-6-receptor
INF-y interferon-y

TGF transforming growth factor

IVF in vitro fertilization

1CsI intracytoplasmic sperm injection
TNF tumor necrosis factor

KLF12 Kriippel-like factor 12

IL-11Rx  IL-11 receptor

PGE2 prostaglandin E2

IL-1R1 IL-1 receptor type 1

IL-1R2 IL-1 receptor type 2

IL-1Ra IL-1 receptor antagonist

Th1/2 Type 1 T helper cells and type 2 T helper cells
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Abstract: Pregnancy loss is the most frequent complication of a pregnancy which is devastating for
affected families and poses a significant challenge for the health care system. Genetic factors are
known to play an important role in the etiology of pregnancy loss; however, despite advances in
diagnostics, the causes remain unexplained in more than 30% of cases. In this review, we aggregated
the results of the decade-long studies into the genetic risk factors of pregnancy loss (including
miscarriage, termination for fetal abnormality, and recurrent pregnancy loss) in euploid pregnancies,
focusing on the spectrum of point mutations associated with these conditions. We reviewed the
evolution of molecular genetics methods used for the genetic research into causes of pregnancy
loss, and collected information about 270 individual genetic variants in 196 unique genes reported
as genetic cause of pregnancy loss. Among these, variants in 18 genes have been reported by
multiple studies, and two or more variants were reported as causing pregnancy loss for 57 genes.
Further analysis of the properties of all known pregnancy loss genes showed that they correspond to
broadly expressed, highly evolutionary conserved genes involved in crucial cell differentiation and
developmental processes and related signaling pathways. Given the features of known genes, we
made an effort to construct a list of candidate genes, variants in which may be expected to contribute
to pregnancy loss. We believe that our results may be useful for prediction of pregnancy loss risk in
couples, as well as for further investigation and revealing genetic etiology of pregnancy loss.

Keywords: miscarriage; pregnancy loss; spontaneous abortion; RPL; genetic variant; mutation

1. Introduction: Miscarriage and Genetics

Human infertility is a frequently occurring problem, affecting more than 50 to
80 million couples worldwide. Despite advances in diagnosis and treatment, the disease
etiology remains unexplained in more than 30% of cases, strongly suggesting the involve-
ment of genetic, epigenetic, and environmental factors. Besides inability to conceive,
many couples face reproductive problems during pregnancy and childbirth, including
pregnancy loss.

According to the European Society of Human Reproduction and Embryology (ESHRE),
pregnancy loss (PL) is the spontaneous demise of a pregnancy before the fetus reaches
viability [1]. Many genetic studies, however, jointly study cases of unintentional preg-
nancy loss and pregnancy termination for fetal abnormality (hence, we will use the term
‘pregnancy loss’ to refer to both of these cases). Unintentional pregnancy loss includes
spontaneous abortion (SA or miscarriage) defined as fetal death prior to 20 weeks of gesta-
tion (though the exact threshold may vary in different sources and countries), and stillbirth
defined as fetal death at a later period of gestation [2]. Besides spontaneous pregnancy loss,
recurrent pregnancy loss (RPL) is an important reproductive health problem and affects
2-5% of couples. The incidence of RPL may vary between reports because of the differences
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in the definitions and criteria used, as well as the populations’ characteristics [3]. Back in
1976, the World Health Organization (WHO) defined the RPL as three and more consecutive
miscarriages before the 22nd week of gestation, or the loss of a fetus weighing <500 g [4].
Later, in 2011, in line with the WHO definition, the Royal College of Obstetricians and
Gynecologists (RCOG) guideline defined recurrent miscarriage as the loss of three or more
consecutive pregnancies before 24 weeks of gestation, without imposing any limits on the
fetal weight [5].

Miscarriages are common among both parous and nulliparous women, with about
43-49% of women reporting having experienced one or more spontaneous miscarriages.
One in every seventeen parous women have three or more miscarriages [6,7]. Multiple
factors are involved in miscarriage, such as genetic variation, structural abnormalities and
infection of the reproductive tract, endocrine factors, immunological factors, drug, poison,
maternal systemic diseases, and so on [8,9]. In addition to sporadic miscarriages, termi-
nation of pregnancy for fetal anomaly happens at a rate of 4.6 per 1000 births (according
to European statistics). In the UK, over 70% of congenital anomalies are detected during
pregnancy, and of those around 37% result in termination [10].

Similar to spontaneous miscarriage, multiple factors contribute to RPL, including
maternal age (9-75% of RPL cases), endocrine diseases (17-20%), uterine morphological
pathologies (10-15%), chromosomal abnormalities (2-8%), thrombophilia, infectious agents
(0.5-5%), and autoimmune disorders (20%). Nevertheless, in approximately 50-75% of
RPL cases, the exact cause is not clearly identified and therefore remains unexplained
(idiopathic) [5].

Determination of the underlying genetic factors involved in spontaneous or recurrent
pregnancy loss currently includes cell culture and karyotype analysis, as well as chromo-
some microarray analysis (CMA) of chorionic villus tissues. In clinical practice, SNP array
analysis is sometimes applied for detecting causal copy number variation (CNV) [11,12].
Previous studies showed that 70-80% of sporadic spontaneous abortions were caused by
an abnormal embryonic karyotype, with embryonic aneuploidies being one of the most
frequent causes of miscarriage before 10 weeks of gestation [13]. Nevertheless, the under-
lying cause of the condition is not determined by current standard-of-care practices for a
substantial number of cases. In RPL, genetic factors such as DNA methylation, sperm DNA
fragmentation, chromosome heteromorphisms, and single nucleotide genetic variation,
have been shown to play a role in pathogenesis of the condition. However, none was
proven to be a stand-alone risk factor for RPL [5].

In this work, we tried to systematically review recent progress in the investigation
of the genetic factors of pregnancy loss, including miscarriage, stillbirth or termination
of pregnancy for morphological anomalies. In particular, we analyzed the results of
studies that have reported point mutations contributing to loss of euploid pregnancies to
understand the common properties of human genes involved in these conditions, as well
as to compile a list of candidate genes for future research in this field. Taken together, the
knowledge of specific genes that contribute to pregnancy loss could be of importance in
designing a diagnostic sequencing panel for affected couples, as well as in understanding
the biological pathways that can cause any type of reproductive loss.

2. Genetic Research into Pregnancy Loss: The Evolution of Methods

A correlation between chromosomal abnormalities and spontaneous abortion has
been observed since the 1960s [14]. In the 1970s, Boue et al. published one of the earli-
est large cytogenetic studies where almost 1500 samples of fetal tissue were karyotyped,
and a chromosomal abnormality rate of over 60% was found [15,16]. Currently, cytoge-
netic evaluation of the products of conception (POCs) remains one of the most important
approaches to determine the genetic cause of pregnancy loss. Cytogenetic studies have
revealed that fetal chromosome abnormalities account for at least half of the cases of SA
before 12 weeks and nearly a third in the second trimester miscarriages. Most of these
abnormalities comprise numerical chromosomal aberrations (86%), whereas a minority of
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the cases show structural chromosomal abnormalities (6%) and chromosome mosaicism
(8%) [17]. The cytogenetic method is helpful to estimate the recurrence risk and give advice
for subsequent pregnancies. However, this approach still had many challenges to overcome.
Cytogenetic studies of SA or intrauterine fetal deaths rely on conventional tissue culture
and karyotyping. This technique has known limitations such as culture failure and selective
growth of contaminating maternal cells [18,19].

The technologies for miscarriage analysis have become more and more accurate in the
last few decades. Later emerging techniques such as Chromosomal Comparative Genomic
Hybridization (CGH), array-Comparative Genomic Hybridization (array-CGH), Fluores-
cence in situ hybridization (FISH), Multiplex Ligation-dependent Probe Amplification
(MLPA), and Quantitative Fluorescent Polymerase Chain reaction (QF-PCR) have overcame
some of the disadvantages inherited from conventional cytogenetic techniques, including
poor chromosome preparations, culture failure, or maternal cell contamination. These
molecular biological techniques offer multiple advantages, including short turnaround
time and high resolutions.

CGH uses different fluorescent tags to label control (reference) DNA and test DNA
which are then competitively hybridized to metaphase chromosomes. This approach
could be used for screening imbalances in the whole genome in a single experiment,
and its accuracy and usefulness have been demonstrated in cancer cytogenetics [20,21].
However, CGH is unable to differentiate between diploid, triploid and tetraploid states.
Thus, analysis of the ploidy status is sometimes performed by the complementary use
of flow cytometry [22] or FISH [23-25]. Submicroscopic chromosomal anomalies also
may be diagnosed using FISH, but this is highly limited in being a ‘targeted” approach,
requiring knowledge that a specific karyotypic rearrangement is associated with a particular
embryonic phenotype [26].

aCGH is a modification of CGH which, instead of using metaphase chromosomes,
uses slides arrayed with small segments of DNA as the targets for analysis. This method
is used both in PL studies and prenatal diagnosis [27]. A recent systematic review
reported an increase in prenatal detection rate of 10% (95% confidence interval (CI),
8-13%) from using aCGH compared to conventional karyotyping in fetuses with struc-
tural malformations [28]. In the genetic research of pregnancy loss, microarray-based
chromosome analysis has been applied to numerous cases. For example, one group
of researchers have provided summary of findings from over 3000 miscarriages that
underwent chromosome microarray analysis [29-31]. Clinically relevant CNVs were
identified in only 1.6% of cases [32], while rare variants of uncertain clinical significance
(VUS) were seen in up to 40% of cases [33]. However, despite its common use, aCGH is
limited to the detection of CNVs of >10-100 kb in specifically targeted regions [26].

Despite the benefits of the aforementioned genetic testing methods, the etiology of 10 to
60% of spontaneous abortions remains unexplained despite extensive investigation [34,35].
It can be hypothesized that the majority of these cases are caused not by larger chromosomal
aberrations or copy-number variants, but by other, smaller-scale genetic events undetectable
by these methods. For a long time, there has not been enough evidence supporting the role
of such factors as single-gene abnormalities, uniparental disomy, or genomic imprinting in
the pathogenesis of miscarriages. Today, however, clinicians are paying more and more
attention to the causal single nucleotide substitutions, as well as short insertions and
deletions (indels) that may cause pregnancy loss [36]. This change is facilitated by the
emergence and rapid spread of Next Generation Sequencing (NGS) technologies that allow
for reading the entire sequence of the patient’s genome (or its most relevant parts).

NGS has markedly enhanced reproductive medicine, improving prenatal diagnostic
yield by identifying pathogenic genetic variants that are below the resolution of aCGH
and other methods in clinical use, as well as by localizing breakpoints of cytogenetically
balanced chromosomal rearrangements to individual genes [37]. More recently, NGS has
become a necessary instrument for studying the genetic basis of spontaneous abortions
and RPL [33], discovering new variants which are potentially related to pathogenesis of
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these conditions [38]. However, incomplete understanding of the molecular pathology of
PL may hinders the identification of the genetic causes of PL by NGS.

In practice, NGS can be combined with previously used chromosome microarray
analysis (CMA or aCGH), which opens new possibilities for a comprehensive screening
of the genetic causes of pregnancy loss. Sanger sequencing is also commonly applied for
validation of potential causal genetic variants, identified by NGS methods [38—40].

3. Next Generation Sequencing in the Analysis of Pregnancy Loss Genetics

Several NGS-based strategies are routinely used in medical genetics, differing in their
costs and diagnostic yield. Whole-genome sequencing (WGS) is the most comprehensive
of such strategies. In the field of pediatric genomics, a diagnostic yield of 42% has been
reported for trio-based WGS [41]. However, WGS is expensive and demanding in terms
of resources needed for data analysis, storage, and interpretation. Hence, alternative
targeted strategies are commonly used, such as whole-exome sequencing (WES) and
clinical exome sequencing.

Exome sequencing methods are focused on the coding part of the genome called
‘exome’, which makes up ~1% of the human genome, and is estimated to contain more
than 80% of the genetic mutations associated with disease [42]. WES was first introduced
in 2009 and adopted quickly as a highly effective approach for postnatal and prenatal
genetic diagnosis of Mendelian disorders. WES has been shown to provide a valuable
diagnostic option in postnatal genetic evaluation because it is not disease- or gene-specific
and does not require prior knowledge regarding the potential causal gene(s) for an observed
phenotype [43]. Exome sequencing has therefore started to be incorporated into clinical
care for pediatric and adult populations. Generally, WES is the preferred method of
sequencing because it is cheaper than WGS and has a smaller, more manageable data set
while still comprehensively covering the coding regions of DNA [36]. In terms of prenatal
diagnosis, if karyotype testing and CMA cannot determine the underlying cause of fetal
malformations and structural abnormalities, WES can provide relevant information to
aid in current pregnancy management. Currently, WES on the products of miscarriage is
helpful to identify lethal genetic variants in key genes, and it expands our knowledge of
prenatal phenotypes of many Mendelian disorders [44]. However, multiple studies have
been conducted over the years to demonstrate the utility of NGS methods for this purpose.

In 2013, it was hypothesized that exome sequencing was able to detect underlying
genetic factors of pregnancy loss, uncovering the association between miscarriage and
single or multigenic changes. Shamseldin et al. published the first report of WES on a
family with recurrent pregnancy loss due to nonimmune hydrops fetalis, through which
they identified a homozygous rare variant in a highly conserved region of the CHRNA1
gene as a Mendelian cause [45]. After this proof-of-concept report for a single case, WES-
based studies that included several (or even dozens of) fetuses from different families
began to appear. In 2014, Carss et al. performed exome sequencing on 30 non-aneuploid
fetuses and neonates with diverse structural abnormalities detected by prenatal ultrasound.
They identified candidate pathogenic variants for some of the cases, concluding that
exome sequencing may substantially increase the detection rate of underlying etiologies
of prenatal abnormalities. In 3 out of 30 fetuses, they found highly likely causal variants
in FGFR3 and COL2A1 genes, as well as a de novo 16.8 kb deletion that included most of
OFD1 [26]. In a further proof-of-principle study, a strategy was developed to diagnose
rare autosomal recessive lethal disorders by exome sequencing in non-consanguineous
couples with a history of multiple affected fetuses. The aim of the study was to obtain
a molecular genetic diagnosis and enable prenatal testing in current/future pregnancies.
In this work, heterozygous DYNC2H1 variants were successfully identified as causing
short-rib polydactyly (leading to pregnancy termination). Another two families presenting
with a current at-risk pregnancy were then studied prospectively, and a molecular genetic
diagnosis was obtained in both families through the identification of GLEI and RYR1
variants causing a severe form of fetal akinesia syndrome with arthrogryposis [46].
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Further application of WES detected relevant alterations in four out of seven cases of
fetal demises in a cohort of American patients [47] and compound heterozygous mutations
in DYNC2H1 and ALOX15 in two out of four miscarriages among families with recurrent
pregnancy loss [33].

In the latest studies, many genetic variants related to pregnancy loss have been found
by WES, further proving the contribution of point mutations to the etiology of pregnancy
loss. A 2017 WES-based study detected definitely and likely causal variants in 20% and 45%
of the 84 fetal death cases with ultrasound anomalies, respectively. The most frequently
reported ultrasound anomalies were central nervous system abnormalities (mutations in
PIK3CA, FLNA, AMER1, PIK3R2, and L1CAM genes) and hydrops/edema (affected genes:
PIEZO1, HRAS, RIPK4, FOXP3, MRPS22, CYP11A1, RIT1). Abnormalities in the cardio-
vascular system were also observed frequently, though pathogenic or likely pathogenic
variants were detected only in a single case in the FANCB gene [48]. In 2018, Mengu Fu et al.
performed exome sequencing on 19 products of miscarriage of unrelated couples and re-
ported 36 rare variants in 32 genes associated with miscarriage. Gene Ontology analysis
of these genes revealed the enrichment of biological processes involved in early embry-
onic development, including ‘chordate embryonic development’, ‘cell proliferation” and
‘forebrain development’ [49].

In another large-scale study, targeted sequencing on a panel of 70 genes associated
with cardiac channelophies and cardiomyopathies detected pathogenic variants in 12% of
290 cases of stillbirth in Stockholm County [50]. A greater diagnostic yield was reported
by Najafi et al. in an exome sequencing study of Iranian RPL cases (25-40%) in whom
oligoarray CGH was normal and the maternal causes of miscarriage were ruled out. In
most cases, there were no phenotypes other than lethality, and a possible variant was
found in 65% of cases. In 45% of cases, the variant was classified as pathogenic/likely
pathogenic according to the American College of Medical Genetics and Genomics (ACMG)
guidelines [51]. Despite the differences in case selection criteria and inconsistency in
variant classification from these studies, accumulated research data indicated that exome
sequencing is instrumental in identifying monogenic causes of a significant portion of
pregnancy loss cases and should be integrated into the diagnostic practice [52].

The largest NGS-based study conducted to date was published in 2023 by Byrne et al. [34].
In this work, the ‘genomic autopsy’ using exome and genome sequencing was performed as an
adjunct to standard autopsy for miscarriages in 200 families. For 105 of these families who had
experienced fetal or newborn death, a definitive or candidate genetic diagnosis was provided,
and novel phenotypes and disease genes were described. More importantly, the study showed
evidence of severe atypical in utero presentations of known genetic disorders. Pathogenic
(P) and likely pathogenic (LP) variants in disease-associated genes were identified in 42 of
200 families (21%). For an additional 10 of 200 families, ACMG-classified VUS were detected,
for which proof of pathogenicity was obtained using experimental methods. The majority
(57.7%, 30 of 52) of variants leading to definitive diagnoses occurred de novo in the proband.
In addition to the 52 families, candidate variants with no additional support of pathogenicity
were discovered for further 53 families: (1) novel variants (17 of 53) or phenotypes (10 of 53) not
previously described in well-established OMIM disease genes, and (2) predicted deleterious
variants (26 of 53) in genes with none to limited evidence of gene—disease relationships.

4. A Systematic Review of Pregnancy Loss Genes

As demonstrated in the previous section, the focus of genetic research in pregnancy
loss has shifted over the last decade from single cases to large-scale NGS-based studies.
Since then, much information about causal genes and genetic variants in these genes has
accumulated, but has not yet been systematically aggregated. To address this issue, we
analyzed the results obtained in 31 different studies that were found in PubMed using a set
of keywords presented in Figure 1. The analysis was restricted to studies which employed
NGS methods for causal variant identification.
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First, we compiled a list combining all 270 genetic variants found in these works,
with these variants scattered across 196 unique genes (the complete list is presented as
Supplementary Table S1). The dataset included genetic variants observed in euploid fetuses
at all gestation ages (the exact gestation age is reported in 57% of cases, with approximately
one third of these (36%) corresponding to first-trimester miscarriages). This set of variants
included variants of three classes defined according to the ACMG criteria [53]—pathogenic
(P), likely pathogenic (LP), and VUS. Different strategies for exome sequencing were used
to identify these variants, including fetus-only, trio-, and quad-based analysis.

Pubmed search
Keywords: whole exome sequencing,
miscarriage, (recurrent) pregnancy
loss, spontaneous abortion
31 papers

l

( Mutations/Genes W

270/196
Recurrent Miscarriage
— pregnancy & <
Yes loss (120/90) Stillbirth (184/147) Yes
— Spontaneous?><—
No Non-recurrent Termination No
pregnancy (63/47) .

loss (150/117)

Figure 1. A schematic representation of the workflow used to review known pregnancy loss genes.

We next divided the genes and variants into categories according to spontaneity and
recurrence of pregnancy loss reported in each case. Most of the variants were associated
with miscarriage and stillbirth (147 unique genes/184 variants), and ~25% of cases cor-
responded to willful termination of pregnancies due to developmental defects observed
on ultrasound (47 genes/63 variants). For 23 variants, ‘fetal demise or termination” was
stated as a cause of pregnancy loss, but the exact reason was not stated for each case.
Among all cases, 120 distinct variants in 90 genes were reported in recurrent pregnancy
loss, while the remaining 150 mutations in 117 genes were causal for a single pregnancy
loss, or information about recurrence was not provided in the original study (Figure 1).

During the analysis of these variants, we discovered 57 genes in which mutations
were identified two or more times; among them, 18 genes were mentioned in independent
studies as causal for pregnancy loss. The genetic variants identified in these genes in various
studies are summarized in Table 1. Further analysis of the functions of these genes, as well
as the clinical features of the associated pregnancy loss cases, suggested that these genes
could be broadly divided into several categories: (i) early embryonic development genes
with mutations leading to early lethality; (ii) genes involved in structural development
of the embryo, mutations in which cause serious abnormalities that could be detected
by ultrasound and can lead to both spontaneous abortion and termination; (iii) genes
with important tissue-specific functions, mutations in which could occasionally lead to
pregnancy loss and (iv) genes that regulate the structure and function of the uterus or
placenta. Below, we briefly summarize the functions of these genes and their role in
pregnancy loss.
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In total, 2 of the 18 genes exemplify the first group, PADI6 and STIL. PADI6 variants
have no reported postnatal phenotype; nevertheless, homozygous nonsense mutations
(e.g., c.1141C>T (p.GIn381*)) were shown to be responsible for early embryonic arrest.
Compound heterozygous variants in PADI6 were also identified in embryos that displayed
developmental arrest after an in vitro fertilization [54]. Notably, all cases of pregnancy
loss in individuals with PADI6 variants corresponded to first-trimester miscarriage rather
than willful pregnancy termination [49,55]. This observation is consistent with the early
embryonic arrest seen in the aforementioned studies and in mouse models [56,57]. PADI6
is a part of the subcortical maternal complex (SCMC) that has an important role in genomic
imprinting (reviewed in [58]), and PADI6 mutations cause imprinted disorders [59]. Studies
suggest that PADI6 variants act as either recessive or dominant-negative maternal-effect
mutations [60]. Notably, PADI6 variants cause the same spectrum of pregnancy outcomes
as variants in other SCMC component-encoding genes, including chromosomal aberrations
and disturbed imprinting [61].

STIL1 is a centrosomal protein involved in the maintenance of centrosome integrity,
mitotic spindle organization, and positioning—essential for centriole duplication during
the cell cycle [62]. It was shown that STIL1 is ubiquitously expressed in proliferating cells
and during mouse embryonic development [63,64]. This information is consistent with
data in [65], where compound heterozygous variants in STILI resulted in five spontaneous
miscarriages occurring between the 7th and 11th gestational week. Similarly to the case
of PADI6, all of the reported cases of pregnancy loss due to STILI mutations involved
spontaneous abortion rather than termination, in good concordance with the role of the
gene in early embryogenesis.

The second subgroup includes 9 genes (DYNC2H1, FGFR2, FGFR3, FRAS1, GREBIL,
LZTR1, PIEZO1, PIK3R2, PTPN11) associated with severe developmental abnormalities that
result in miscarriage or termination based on fetal disorders revealed by ultrasound. For
example, the DYNC2H1 gene encodes a protein involved in ciliary intraflagellar transport,
an evolutionarily conserved process that is essential for ciliogenesis and plays a role in cell
signaling events. Homozygous and compound heterozygous mutations in the DYNC2H1
gene have been identified in patients with Jeune asphyxiating thoracic dystrophy and
with short rib-polydactyly [66,67]. In the reviewed set of studies, variants in this gene
were reported in cases with termination of pregnancy owing to pathologies observed on
ultrasound [46] as well as mutations which were prenatally lethal [33].

Another gene in this group, the FRASI gene, encodes an extracellular matrix protein
which regulates epidermal-basement membrane adhesion and organogenesis during de-
velopment [68]. Compound heterozygous missense mutations in this gene may lead to
multiple abnormalities including a multicystic dysplastic kidney, distorted ribs and spine,
brain defects and bilateral talipes equinovarus in fetus [26]. Knockouts and homozygous
mutations in FRAS1 have been shown to affect kidney and skeletal development in mice
and zebrafish [69,70].

PIK3R? in humans encodes phosphatidylinositol 3-kinase regulatory subunit beta. A
notable feature of this gene is the presence of a recurrent mutation, c.1117G>A (p.Gly373Arg),
which was shown to cause a spectrum of related megalencephaly syndromes in a clinical
analysis of 42 children [71]. The same recurrent mutation was reported as the cause of a
fetal demise in one of the recent studies [52], and the c.1690A>G (p.Lys564Glu) variant has
also been implicated in miscarriage [48].
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Table 1. Pregnancy loss-associated genetic variants in 18 genes reported in several studies.

Gene

Associated

Variant

Pregnancy

(Locus) Diseases Variant Origin t Outcome Reference
PADI6 ) NM_207421.4:¢.1793A>G (p.Asn598Ser) . . .
chrip3s1s  OMIM:617234 NM_207421.4:c.2045G>A (p.Arg682Gln) Inherited  Miscarriage (551
NM_207421:¢.122C>T (p.Ala41Val) n.a. Miscarriage [49]
STIL OMIM:612703 NM_001048166.1:¢.1231C>G (p.His411Asp) tain Mi . [65]
chr1p33 NM_001048166.1:¢.3370A>G (p.Met1124Val) uneerta iscartiage
NM_001048166:c. 1012C>T (p.His338Tyr) Inherited Miscarriage [51]
DYNC2H1 OMIM:613091 NM_001080463.1:¢.2819-14A4G Inherited Termination [46]
chr11q22.3 NM_001080463.1:¢.7577T4G (p. 1le2526Ser) Inherited Termination [46]
NM_001377.3:¢.6047A>G (p.Tyr2016Cys) . . .
NM_001377.3:c.6551A>T (p.Asp2184Val) Inherited  Miscarriage (331
FGFR2 14 conditions NM_000141:¢c.940-1G>A n.a. Fetal demise [48]
chr10q26.13 NM_022970.3:¢.764G>A (p.Arg255GIn) Inherited Neonatal death [34]
NM_022970.3:¢.758C>G (p.Pro253Arg) de novo Termination [34]
FGFR3 14 conditions NM_000142:¢.1537G>T (p.Asp513Tyr) n.a. Miscarriage [52]
chrdp16.3 NM_000142:c.742C>T (p.Arg248Cys) n.a. Miscarriage [52]
NM_000142:c.1118A>G (p.Tyr373Cys) n.a. Termination [26]
FRASI OMIM:219000 NM_025074:¢.8537C>A (p.Ala2846Asp) Inherited Miscarriage [51]
chr4q21.21 NM_025074.7:¢.1918C>T (p.Arg640Cys) N
NM_025074.7:¢.5205C>A (p.His1735GIn) n.a. Termination [26]
GREBIL OMIM:619274  NM_001142966.2:c.5614dupA (p.Thr1872Asnfs*) de novo Termination [34]
chr18ql11.1-q11.2 OMIM:617805 NM_001142966:c.1305dupA (p.Asp436Argfs*32) n.a. Miscarriage [52]
LZTR1 OMIM:616564 ENST00000215739.8:¢.902G>T (p.Gly301Val) de novo Termination [34]
chr22q11.21 OMIM:605275 NM_006767:c.2317G>A (p.Val773Met) n.a. Miscarriage [72]
PIEZO1 OMIM:194380 NM_001142864:c.1264C>T (p.GIn422Ter) uncertain Miscarriage [72]
chr16q24.3 OMIM:616843 NM_001142864:c.2035G>T (p.Glu679X) uncertain Termination [48]
NM_001142864.3:¢.3206G>A (p.Trp1069Ter) . .
NM_001142864.3:c.6208A>C (p.Lys2070Gln) ~ \nherited  Termination [73]
NM_001142864:c.30_31delAC (p.Leul0fs) uncertain Miscarriage [51]
PIK3R2 OMIM:603387 NM_005027:¢.1117G>A (p.Gly373Arg) n.a. Fetal demise [52]
chr19p13.11 NM_005027:c.1690A>G (p.Lys564Glu) n.a. Miscarriage [48]
PTPN11 4 conditions NM_002834:c.174C>A (p.Asn58Lys) n.a. Fetal demise [48]
chr12q24.13 NM_002834.4:¢.218C>T (p.Thr73Ile) denovo  Neonatal death [34]
COL2A1 15 conditions =~ NM_001844.5:c.3864_3865delCT (p.Cys1289Pfs*)  Inherited Termination [34]
chr12q13.11 NM_001844.5:c.3490G>T (p.Gly1164Cys) de novo Miscarriage [26]
FOXP3 OMIM:304790 NM_014009.3:¢.1009C>T (p.Arg337Ter) Inherited RPL [74]
chrXp11.23 NM_014009.3:c.906delT (p.Asp303fs*87) Inherited Fetal death [75]
NM_014009.3:¢.1009C>T (p.Arg337X) Inherited Miscarriage [76]
NM_014009.3:c.1033C>T (p.Leu345Phe) Inherited Miscarriage [77]
NM_014009.3:c.1189CNT (p.Arg397Trp) Inherited Miscarriage [78]
NM_014009.3:¢.319_320delTC Inherited Miscarriage [78]
NEB OMIM:619334 NM_001164507:c.20974del A (p.Val6993Serfs*8) uncertain Miscarriage [72]
chr2q23.3 OMIM:256030 NM_001271208:¢.24094C>T (p.Arg8032Ter) uncertain Miscarriage [52]
NM_001271208:¢.20098C>A (p.Leu67001Ile) 8
RYR1 4 conditions NM_000540.2:¢.14130-2A>G Inherited Termination [46]
chr19q13.2 NM_000540.2:¢.9221C>T (p.Ser3074Phe) erte ¢ ©
NM_000540.2:¢.6721C>T (p.Arg2241Ter) Inherited Miscarriage [79]
NM_000540.2:¢.2097_2123del (p.Glu699_Gly707del) Inherited Termination [79]
NM_000540.2:c.7043delGA (p.Glu2347del) Inherited Termination [79]

95



Int. ]. Mol. Sci. 2023, 24, 17572

Table 1. Cont.

Gene

Associated

Variant Pregnancy

(Locus) Diseases Variant Origin t Outcome Reference
RYR2 OMIM:115000 NM_001035.2:c.409C>T (p.Argl37Trp) .
chr1q43 OMIM:115000 NM_001035.2:c.4652A>G (p.Asn1551Ser) Inherited RPL [39]
NM_001035.2:c.12526G>A (p.Val4176Met) Inherited Stillbirth [34]
SCN5A 9 conditions NM_001160161:¢.3749C>T (p.Thr1250Met) Inherited Miscarriage [51]
chr3p22.2 NM_198056:¢.5393G>A (p.Trp1798Ter) n.a. Fetal demise [52]
NM_198056.3:¢.1663G>T (p.Glu555Ter) na. Stillbirth [50]
NM_198056.3:¢.1858C>T (p.Arg620Cys) n.a. Stillbirth [50]
NM_198056.3:¢.5350G>A (p.Glu1784Lys) n.a. Stillbirth [50]
GBE1 OMIM: 232500 NM_000158:c.467G>A (p.Argl56His) uncertain Miscarriage [51]
chr3p12.2 OMIM:263570 NM_000158:c.-35_-54del &
NM_000158:c.1064G>A (p.Arg355His) Inherited Fetal demise [47]
NM_000158:c.1543C>T (p.Arg515Cys) Inherited Fetal demise [47]

t—the following notations are used: uncertain—parental genotypes were not evaluated, but the variant was
homozygous or compound in the fetus; n.a.—variant origin unknown.

Variants in GREB1L, a gene which plays a major role in early metanephros and genital
development, were associated with perinatal lethality and bilateral renal agenesis [80]. In
the reviewed set of studies, fetuses with GREB1L mutations were aborted or stillborn due
to the severity of malformations [34,52,81].

The PIEZO1 gene encodes a large mechanosensitive ion channel that acts as a nonselec-
tive cation channel [82]. PIEZO1 is involved in a number of crucial processes in the lungs,
bladder, colon, and kidney, as well as in sensing of blood flow in the vasculature system [82].
In good concordance with its broad set of functions, PIEZ0O1 mutations have been observed
in cases with fetal malformations leading to early miscarriage or termination.

Mutations in the leucine zipper-like transcriptional regulator (LZTR1) gene were
associated with Noonan syndrome (NS)—one of several RASopathies [83]. NS is a genetic
disorder characterized by developmental delays, typical facial gestalt and cardiovascular
defects. Mutations in multiple genes have been proven to be involved in the disturbance
of the transduction signal through the RAS-MAP Kinase pathway and the manifestation
of various subtypes of Noonan syndrome. It was shown that SOS1, RAF1, KRAS, BRAF,
NRAS, MAP2K1, and RIT1, and recently described SOS2, LZTR1, and A2ML1 are involved
in the molecular etiology of this disorder. The first gene described as a causal for NS was
PTPNT11 that encodes protein-tyrosine phosphatase, nonreceptor-type 11, which is involved
in several developmental processes such as limb development, semilunar valvulogenesis,
hemopoietic cell differentiation and mesodermal patterning [84]. Notably, PTPN11 was
also among the pregnancy loss genes reported by multiple studies.

Among genes that serve tissue-specific functions not directly linked to development,
one example is NEB which encodes giant actin filament-associated protein. Mutations in
NEB were associated with autosomal recessive nemaline myopathy, a disease character-
ized by generalized skeletal muscle weakness and the presence of electron dense protein
accumulations on patient muscle biopsy examination [85]. Previously, it was shown that
severe homozygous truncating NEB mutations may result in embryonic lethality [86]. This
explains multiple observations of pathogenic NEB variants in pregnancy loss.

In the same group of genes, several of them lead to pregnancy loss solely in male
fetuses. One of these genes, FOXP3, is a transcription factor which controls the activity of
genes that are involved in regulating the immune system [87]. Mutations in FOXP3 cause
immune dysregulation, polyendocrinopathy, enteropathy, and X-linked (IPEX) syndrome
which is a rare X-linked recessive disorder usually diagnosed in males during infancy and
often fatal within the first year of life. At the same time, heterozygous female carriers of
FOXP3 mutations are unaffected and otherwise healthy. Clinical manifestations may be highly
heterogeneous in patients with the same mutation, different even within the same family.
IPEX syndrome may lead to type 1 diabetes mellitus, hypothyroidism, autoimmune hemolytic
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anemia, thrombocytopenia, lymphadenopathy, hepatitis, and nephritis [75,88]. Among the
reviewed studies, there were cases in which mutations in FOXP3 led to both miscarriage and
intrauterine death or pregnancy termination based on ultrasound results (Table 1). Notably, all
of the six cases of pregnancy loss with FOXP3 mutations corresponded to male fetuses, making
FOXP3 a unique male-specific risk factor of miscarriage. A similar male-specific genetic cause
of miscarriage was reported in a Chinese couple suffering from recurrent spontaneous abortion
in male fetuses. In this case, WES revealed a novel ¢.790-6C>T mutation in the NSDHL gene.
This syndrome is an X-linked dominant condition which leads to the lethality of the male
fetuses. Females with the NSDHL mutation show phenotypic heterogeneity ranging from a
normal to a typical CHILD syndrome phenotype. Studies have indicated that the absence of
clinical symptoms may be related to X-chromosome inactivation [89,90].

SCN5A, COL2A1, RYR1, and RYR?2 genes are associated with more than two conditions
that affect different body systems, such as cardiovascular, skeletal, muscle and connec-
tive tissue. Most likely, the multifunctionality of these genes explains that mutations in
them lead to pregnancy loss. It is worth noting that for COL2A1, experimental studies
showed isoform-specific epigenetic modifications consistent with imprinting [91]. RYR1
was also reported to be imprinted in some patients with multi-minicore disease which
affects muscles used for movement [92]. RYR2 encodes another ryanodine receptor isoform,
a major calcium handling channel located within cardiomyocytes [93]. Mutations in the
RYR2 gene cause the inherited arrhythmia and catecholaminergic polymorphic ventricular
tachycardia [93], and, similarly to SCN5A, may result in stillbirth.

Mutations in GBE1, which encodes the glycogen branching enzyme 1, cause glycogen
storage disease type IV. This is a rare metabolic disorder with an autosomal recessive inheri-
tance that involves the liver, neuromuscular, and cardiac systems [94]. It was demonstrated
that compound heterozygous mutation in GBE1 can lead to trophoblastic damage and early
fetal loss [95]. Thus, GBE1 appears to be one of the few cases in which pathogenic variants
may have a direct negative impact on the maternal-fetal interface.

It is important to note that the vast majority of the 18 genes described above (with the
exception of early embryonic development ones) are associated with inherited diseases that
manifest in the postnatal period. This observation indicates that mutations in many of the
known PL genes have a heterogeneous phenotypic manifestation, and miscarriage is only
one of the possible consequences of these variants in the fetal genotype. On the one hand,
this observation is expected given that the identification of causal variants in pregnancy
loss is almost inevitably based on known gene-disease relationships. On the other hand,
detection of deleterious variants in the same gene both in miscarriage and in patients with
monogenic disorders suggests that additional factors determine the actual phenotypic
manifestation of these mutations. It may be hypothesized that epistatic genetic interactions
or, more likely, the interplay between the maternal and fetal genotypes determines the
outcome of pregnancy in these cases.

5. Common Properties of Known Pregnancy Loss Genes

The next goal of our review was the analysis of the complete list of 196 known preg-
nancy loss genes. We tried to systematically characterize the properties of these genes and
define the main groups of genes involved in the pathology of pregnancy loss. First, we
analyzed the biological processes they regulate via a gene set enrichment analysis method.
Gene Ontology (GO) terms as well as Molecular Signatures Database (MSigDB) [96] canon-
ical pathways were used as reference gene sets for this analysis. The analysis performed
using the GO biological process terms showed enrichment for genes involved in epithelial
tube morphogenesis (27 genes), control of appendage development (17 genes), as well as
the urogenital /renal system and heart development (27 and 21 genes) (Figure 2A). In total,
only slightly more than a half of PL genes (105) were annotated with development-related
GO terms (all GO terms containing the words “development”, “morphogenesis”, and
“formation” were considered to be related to developmental processes); at the same time,
as many as 91 genes from our list did not correspond to any development-related pathway.
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This observation confirms our earlier assumption that several distinct mechanisms may
lead to pregnancy loss.

In addition to biological process terms, we also investigated the involvement of specific
cellular components and proteins with particular molecular functions. Analysis of cellular
component enrichment revealed four genes (ARID1A, ARID1B, SMARCB1, SMARCC2)
among PL genes which are the main components of ATP-dependent chromatin remodeling
complexes SWI/SNF (Figure 2B). SWI/SNF (BAF in mammals) are a group of proteins that
interact to change DNA packaging and in transcription regulatory complexes. Extensive
evidence suggests that SWI/SNF-mediated chromatin remodeling is critical for mammalian
embryo development. Down-regulation of SMARCC2 and SMARCBI results in cell cycle
arrest and disturbances in gene expression [97]. The expressions of ARIDIA, ARID1B,
and SMARCA2 are up-regulated in rhesus monkey blastocyst-stage embryos, implying
that these subunits function during cell lineage commitment [98,99]. In good concordance
with these findings, enrichment analysis for molecular functions also revealed an over-
representation of genes involved in transcription (12 out of 188 genes), as well as growth
factor (FGF) binding and function (COL1A1, COL1A2, COL2A1, FGFR2, FGFR3, LIFR, FLT1,
NLRP7, SCN5A) (Figure 2C). The enrichment for FGF-related proteins is expected given
the known role of FGF signaling pathways in development; during embryogenesis, FGF
signaling plays an important role in the induction/maintenance of the mesoderm and the
neuroectoderm, the control of morphogenetic movements, anteroposterior (AP) patterning,
somitogenesis and the development of various organs [100-102].

Analysis of our gene set against MSigDB curated gene sets (C2) also revealed multiple
enriched gene sets (Figure 2D), with one of the the most significant enrichments correspond-
ing to the Ras signaling pathway (14 out of 190 genes). The Ras pathway is one of the best
characterized signal transduction pathways in cell biology. The function of this pathway is
to transduce signals from the extracellular milieu to the cell nucleus where specific genes
are activated for cell growth, division and differentiation. The Ras/Raf/MAPK pathway is
also involved in cell cycle regulation, wound healing and tissue repair, and cell migration.
Finally, the Ras/Raf/MAPK pathway is able to stimulate angiogenesis through changes in
expression of genes directly involved in the formation of new blood vessels [103]. All of
the roles played by the Ras/Raf/MAPK pathway in development make its involvement in
PL pathogenesis perfectly reasonable. It is worth noting that in Luo et al. studied where
screening for novel biomarkers in the endometrium associated with RPL was conducted;
differentially expressed genes of RPL patients, compared to control, were also enriched by
genes involved in the Ras signaling pathway [104].

Having performed the functional analysis of pregnancy loss genes, we next turned
our attention to other properties of the genes that might be used to identify most likely
candidate genes for future research. Prior to this analysis, however, we split the whole set
of 196 genes into subcategories dependending on the specific features of the cases in which
respective causal genetic variants were described (Figure 1). For all the aforementioned
gene groups, we assessed several important gene-level metrics that characterize the gene
in terms of its functional significance and role in the cell. These included the degree of
evolutionary conservation of genes in these groups, as well as the properties of the gene
expression pattern (its breadth across tissues and absolute expression levels).
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Figure 2. Analysis of the common properties of pregnancy loss genes. (A-D). Barplots showing gene
set enrichment analysis results for the whole set of PL genes using the Gene Ontology terms and
MSigDB pathways. (A) GO biological processes, (B) GO cellular components, (C) GO molecular
functions, and (D) curated gene sets and canonical pathways from MSigDB. The color gradient
represents the adjusted significance level. (E,F) Evolutionary constraint analysis of different subsets
of PL genes. In (E), genes were grouped into three classes based on pLI value (tolerant, pLI < 0.1;
intermediate, 0.1 < pLI < 0.9, and intolerant, pLI > 0.9). In (F), boxplots show the gene-level LOEUF
values obtained from gnomAD. (G,H) Boxplots showing the results of gene expression level analysis
for different subgroups of PL genes. In (G), the number of tissues with expression at the level
of at least 10 transcripts per million (TPM) is shown. In (H), median expression across tissues is
shown. In (E-H), All genes—all genes in the genome, PL genes—the full set of 196 genes linked to
pregnancy loss.

The degree of evolutionary constraint for human genes is commonly assessed using
the population frequencies of a specific class of variants that may cause functional knock-
outs or knock-downs of a gene (putative loss-of-function (pLoF) variants). Such variants
may substantially impact disease risk in their carriers [105]; hence, individuals carrying
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a pLoF allele likely have lower ability to survive and reproduce in their environment,
leaving fewer descendants. Consequently, the frequency of a LoF allele is expected to be
lower in the population. Therefore, observing a reduced quantity of pLoF variants in a
gene compared to putatively neutral variants is indicative of their deleteriousness [106].
Measures of ‘mutation intolerance’ effectively rank genes by the deficit of pLoF variants
in large samples [107], and several widely used measures are based on this principle,
including pLI [108] and LOEUF [109]. The first metric, pLI, estimates the probability that
a pLoF allele present in one copy of the gene causes a haploinsufficient phenotype, and
estimates the likelihood that a gene falls into the category of LoF-haploinsufficient genes.
pLI separates genes into those intolerant (pLI > 0.9) or tolerant (pLI < 0.1) to LoF [110]. The
second metric, ‘the loss-of-function observed/expected upper bound fraction” (LOEUEF),
represents a conservative estimate of the ratio of observed to expected pLoF variants. Both
pLI and LOEUF were initially proposed by the Genome Aggregation Database (gnomAD),
and the reference values for human genes are taken from this source.

We performed the evolutionary constraint analysis of the genes involved in PL using
the aforementioned pLI and LOEUF metrics. A comparison with all human genes showed
that, on average, the genes involved in the pathogenesis of pregnancy loss are more
conserved: for these genes, the median LOEUF value was 0.52 (Figure 2F). Curiously,
we observed substantial differences for a group of genes found only in cases of non-
recurrent miscarriages (non-RPL) compared to other (RPL) genes. For RPL, the proportion
of tolerant and intolerant genes was 0.73/0.18, while this ratio was markedly different for
non-RPL—0.42/0.46, (Figure 2E). At the same time, the median LOEUF (Figure 2F) value
for RPL-associated genes was 0.795, and it was much lower for non-RPL genes (0.376). The
value for non-RLP genes was close to the margin of haploinsufficiency, indicating that the
genes involved in a single miscarriage tend to be much more evolutionary constrained.
A similar trend is seen for genes found in studies where pregnancy resulted in forced
termination, with these genes being more conserved than those connected to spontaneous
abortion. Comparisons of conservation metrics for SA across trimesters were performed;
however, the results are not representative due to the lack of data on gestational age
across studies.

To evaluate the gene expression pattern of subsets of genes involved in pregnancy
loss, we used the median by-tissue expression data from the Genotype-Tissue Expres-
sion (GTEx) consortium (https://www.gtexportal.org/home/, accessed on 1 September
2023) [111], the largest available source of information on gene expression levels in vari-
ous human tissues. We discovered that pregnancy loss genes are broadly expressed across
tissues, with a median value of 29 tissue per gene (Figure 2G). This observation is consis-
tent with a greater degree of evolutionary conservation of these genes. Genes associated
with RPL, however, tend to be expressed in fewer tissues (24), though the number is still
much higher than for an average gene (which is not expressed in any tissue at the level
of 10 TPM). This observation is in perfect consistency with the results of evolutionary
constraint analysis, which also showed a lower level of functional significance of these
genes. It is also worth noting that causal miscarriage genes are less broadly expressed
in tissues (Figure 2G) than pregnancy termination-associated genes, and their median
expression level is almost two times lower (Figure 2G,H). For all investigated groups,
median expression levels (Figure 2H) across all tissues were from 9 to 16 times higher
than for all human genes, highlighting the ubiquitous expression of these genes.

Taken together, our analysis revealed that genes which are involved in the pathogenesis
of PL are broadly expressed, highly evolutionarily conserved and involved in crucial cell
differentiation and developmental processes and related signaling pathways. At the same
time, relatively higher degree of evolutionary conservation and broader expression profile
of genes involved in non-recurrent PL may indicate that non-genetic factors play a relatively
greater role in RPL. At the same time, comparison between different groups of PL genes
may be confounded by biases of individual studies.
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6. Construction of a List of Candidate Pregnancy Loss Genes

Given the common properties of genes implicated in miscarriage and recurrent preg-
nancy loss, we next set off to use the acquired knowledge to identify a set of possible
candidate genes with a similar set of properties that may be used to search for genetic
causes of pregnancy loss in future studies. To achieved this, we used a multi-step strategy
which is summarized in Figure 3.

At the first stage, among all human genes, we selected the ones with a degree of
evolutionary constraint similar to that of the known pregnancy loss genes (the LOEUF
value was below the median value for the studied list of genes). After this, broadly
expressed genes were selected among the remaining 5140 ones. For this, we filtered out
genes with a median expression across all tissues below the median level of known PL
genes (11.2 TPM). This step narrowed the set of candidate genes down to 2777 genes. Next,
we analyzed the number of the remaining genes that physically interact with known PL
genes. Filtering using known protein—protein interaction data from BioGRID [112] removed
firther 475 genes, leaving a broad set of 2302 genes.

All human
genes (19074)

LOEUF median

— >
(0.524)
Conserved genes
(5140)
Median gene
3 expression >
(11.2)
Causal Highly
pregnancy expressed
loss genes (196) genes (2777)
Proteins
_— interacting with  |————
PL proteins
Genes encoding
interacting proteins
(2302)
List of enriched
pathways —

(top 10/all)

Final list of candidate
genes (207/1886)

Figure 3. A schematic representation of the workflow used for prediction of candidate genes which
may be involved in pregnancy loss. Numbers in barckets represent gene counts.

To further narrow down this gene list, we went on to select genes involved in path-
ways we identify during the gene set enrichment analysis (either all pathways or 10 most
significant pathways were used in this step). This step resulted in a final set of 207 (for
top 10 enriched pathways) or 1886 genes.In the narrow set of 207 genes, 21 overlapped
with the known ones, and the remaining 186 could be viewed as confident candidates
for investigation in future studies related to pregnancy loss (Supplementary Table S2).
Out of this set of candidate genes, 103 have previously been reported as causal genes for
Mendelian diseases. As many as 83 genes, however, have not yet been reported as causal
for any disorder, making them the most important targets for future research.
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7. Conclusions

A whole range of studies have evaluated the genetic variants which can cause preg-
nancy loss, including miscarriage, fetal death, stillbirth, or termination of pregnancy for
severe fetal malformations. Identification of genetic variants leading to these conditions is
extremely important both to deepen the understanding of their pathogenesis and to enable
accurate prediction of the risk for each individual couple. Furthermore, accumulation of
data supporting the causal role of short genetic variants in pregnancy loss emphasizes the
need to change standard practices of genetic testing in pregnancy loss, both spontaneous
and especially recurrent. While karyotyping and/or analysis of chromosomal abnormali-
ties are commonly performed, NGS on POCs is still mostly used in research rather than
in a clinical setting. Introduction of NGS methods into clinical practice for couples who
suffered a loss of pregnancy may greatly enhance family planning, inform the usage of
assisted reproductive technologies and consequently decrease the risk of further pregnancy
losses for such couples. This is especially important given the deep psychological effects of
pregnancy loss on women (demonstrated in multiple studies, e.g. [113]).

Our systematic analysis of NGS-based studies in pregnancy loss revealed a total of
196 genes with point mutations associated with PL, and 18 of these genes were reported as
causal in several studies, while others were discovered only once. In-depth evaluation of
this gene set suggested that the genes could be classified into several groups depending on
the gestational age at pregnancy loss, as well as the molecular functions of the gene product.
Further enrichment analysis of the complete list of 196 genes confirmed that these genes
are involved in a broad range of pathways. While developmental genes are the dominant
group, almost a half of our gene set did not correspond to any developmental biological
process. This finding highlights the fact that, while disturbance of essential embryological
processes may explain the majority of early miscarriages, there seems to be a plethora of
other biological events that may prevent a successful pregnancy outcome. Nevertheless,
further research efforts are indeed required both for the analysis of the genetic causes of
early pregnancy loss and for creation of an exhaustive list of point mutations leading to all
types of pregnancy losses.

In light of the latter goal, in this study, we made an effort to expand the list of candidate
genes for further investigation in sequencing-based studies of pregnancy loss, with a total
of 83 predicted candidate genes found to have no known disease associations. We believe
that such efforts would increase the effectiveness of early detection of risk alleles and
prevention of pregnancy loss.
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Abbreviations

The following abbreviations are used in this manuscript:

gnomAD  genome aggregation database

pLI probability of loss-of-function intolerance
pLoF putative loss-of-function variants
ACMG American College of Medical Genetics and Genomics
GO gene ontology
GTEx genotype tissue expression
LOEUF loss-of-function observed-to-expected upper fraction
MSigDB  molecular signatures database
PL pregnancy loss
POC product of conception
RPL recurrent pregnancy loss
SA spontaneous abortion
TPM transcripts per million
Vus variant of uncertain significance
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Abstract: Antihypertensive therapy is an essential part of management of patients with preeclamp-
sia (PE). Methyldopa (Dopegyt®) and nifedipine (Cordaflex®) are basic medications of therapy
since they stabilize blood pressure without affecting the fetus. Their effect on the endothelium of
placental vessels has not yet been studied. In this study, we analyzed the effect of antihypertensive
therapy on the expression of fucosylated glycans in fetal capillaries of placental terminal villi
in patients with early-onset PE (EOPE) and late-onset PE (LOPE), and determined correlation
between their expression and mother’s hemodynamic parameters, fetoplacental system, factors
reflecting inflammatory response, and destructive processes in the endothelial glycocalyx (eGC).
A total of 76 women were enrolled in the study: the comparison group consisted of 15 women
with healthy pregnancy, and the main group comprised 61 women with early-onset and late-onset
PE, who received one-component or two-component antihypertensive therapy. Hemodynamic
status was assessed by daily blood pressure monitoring, dopplerometry of maternal placental and
fetoplacental blood flows, and the levels of IL-18, IL-6, TNF«, galectin-3, endocan-1, syndecan-1,
and hyaluronan in the blood of the mother. Expression of fucosylated glycans was assessed
by staining placental sections with AAL, UEA-I, LTL lectins, and anti-LeY MAbs. It was found
that (i) expression patterns of fucosylated glycans in eGC capillaries of placental terminal villi
in EOPE and LOPE are characterized by predominant expression of structures with a type 2
core and have a similar pattern of quantitative changes, which seems to be due to the impact
of one-component and two-component antihypertensive therapy on their expression; (ii) corre-
lation patterns indicate interrelated changes in the molecular composition of eGC fucoglycans
and indicators reflecting changes in maternal hemodynamics, fetoplacental hemodynamics, and
humoral factors associated with eGC damage. The presented study is the first to demonstrate the
features of placental eGC in women with PE treated with antihypertensive therapy. This study
also considers placental fucoglycans as a functional part of the eGC, which affects hemodynamics
in the mother—placenta—fetus system.
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1. Introduction

Preeclampsia (PE) belongs to a group of severe complications of pregnancy, with the
placenta playing a central role in its pathogenesis. Two main clinical phenotypes of PE
have been described. Impaired trophoblast invasion causes early-onset PE (EOPE) with
manifestation before 34 weeks; the leading pathogenetic factor is placental. The maternal
factor, i.e., inherent maternal cardiovascular dysfunction, causes the development of late-
onset PE (LOPE), with manifestation starting from 34 weeks [1]. LOPE comprises around
80% to 95% of all PE cases, while EOPE, although less common, is associated with a higher
maternal morbidity and fetal growth restriction (FGR) or neonatal mortality rates [2]. Both
clinical phenotypes are characterized by ischemic-hypoxic placental lesions of varying
severity. Recent studies of PE pathogenesis demonstrated that EOPE is associated with a
proinflammatory placental state, while LOPE is associated with systemic inflammation in
the mother. Both subtypes are associated with maternal endothelial dysfunction [3-5]. En-
dothelial dysfunction together with systemic inflammatory response cause maladaptation
of maternal and placental hemodynamics, which clinically show as changes in the blood
flow in the fetoplacental system and impaired regulation of systemic blood pressure (BP),
and affect obstetric and perinatal outcomes, as well as long-term outcomes for mother and
child [2].

The range of antihypertensive medications used for treatment of arterial hypertension
(AH) in pregnant women is limited because, along with the decrease in the BP in the
mother, the drugs must not cause any negative impact on the fetus. One-component
antihypertensive therapy with the use of Dopegyt® (methyldopa), and two-component
therapy—a combination of Dopegyt® and, most often, Cordaflex® (nifedipine)—are the
common regimens of antihypertensive therapy currently used in clinical practice in Russia,
since they meet both requirements mentioned above [6,7].

The mechanisms of effects of Dopegyt® (central-acting agent) and Cordaflex® (a long-
acting calcium channel blocker) are well known [8-10]. However, their effects on the
endothelial glycocalyx (eGC), the key structure that determines vascular “health” and
regulates vascular tone by stimulating production of the endogenous vasodilator, nitric
oxide (NO), have not yet been studied. Pro-inflammatory stimuli are among the main
factors affecting the eGC, causing its shedding, which affects the mechanosensitivity of
endothelial cells, changing their biochemical response, including the synthesis of NO [11].
Shedding causes exfoliation of the upper layer of the eGC, exposing hidden glycan struc-
tures [12]. Therefore, the production of pro-inflammatory cytokines and the expression of
fucoglycans, either implicit or present as terminal groups, are interconnected, since both
of these reflect the severity of the inflammatory response and resulting destruction of the
eGC. Our previous studies showed that signs of endothelial dysfunction persist in EOPE
and LOPE under both antihypertensive therapy regimens. However, a positive effect of
therapy on eGC stabilization and reduction of its “desquamation”, confirmed by a decrease
in the content of structural components of the eGC in the mother’s blood, was found
only in the late PE [13]. We have also demonstrated high production of proinflammatory
cytokines in the background of both antihypertensive regimens, especially in LOPE [14].
In this study, we evaluated the effect of antihypertensive therapy on the expression of
fucosylated glycans of the eGC in the fetal capillaries of placental terminal villi in patients
with EOPE and LOPE. Fucosylated glycans were chosen as target glycans because of their
important role in the placenta [15-17], in particular, their involvement in angiogenesis and
intercellular communication [18]. The study was focused on fucoglycans detected by UEA-I,
LTL, and AAL lectins. According to previous publications, these lectins bind specifically
to terminal clustered fucose residues linked to «1,6 and «1,3 to N-acetylglucosamine, or
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to fucose-containing glycans with core type 1 or core type 2 [15]. The study determined
correlation patterns for each PE phenotype and antihypertensive therapy regimen; this
made it possible to determine a correlation between the expression of fucosylated glycans,
hemodynamic parameters of the mother and the fetoplacental system, and factors reflecting
the inflammatory response and destructive processes in the eGC.

2. Results
2.1. Clinical Characteristics of the Patients Included in the Study

The patients of the study groups, according to the rank analysis of variances using
the Kruskal-Wallis H test (Table 1) for “age” and “BMI” parameters, were comparable and
did not significantly differ in the parameters known as the cofounders of the study. Mean
values of MAP (mean arterial pressure) and DAP (diastolic arterial pressure), along with
the characteristics of newborns, showed a pattern of significantly higher blood pressure and
lower neonatal body weight and Apgar score in patients with pregnancy complicated by
PE, regardless of gestational age and type of antihypertensive therapy, compared to control.
Pairwise comparison with the Mann-Whitney U test of the groups of PE patients under
two antihypertensive therapy regimens showed that patients with early- and late-onset PE
who received one- and two-component therapy did not differ significantly in gestational
age at delivery. This made it possible to compare clinical and laboratory data of the groups
of PE patients receiving different therapy regimens at similar gestational ages.

Table 1. Clinical characteristics of the patients included in the study.

Group 0 (NP) Group 1 Group 2 Group 3 Group 4 g
Parameter (n =15) (n =13) (n =16) (n =16) (n =16) p-Level
34.0 32.0 34.0 315 30.5 -
Age, years (28-43) (23-44) (23-41) (26-42) (23-42) p =0.6330
119 145 143 141 137 1
SAD med, mm Heg (108-126) (131-154) (136-157) (131-154) (132-148) P <0000
75 94 100 101 91 X
DADmed, mm Hg (70-82) (84-105) (92-109) (91-105) (o1-102) P <0000
27.0 24.0 25.0 27.0 27.0
2 1_
BMI, kg/m (23.0-31.0) (19.0-34.3) (20.0-51.0) (20.0-42.0) (170-51.0) P 03184
1 <0.0001
. 37.0 30.1 30.35 37.55 37.0 P, <
Gestational age, weeks (34.0-39.0) (26.1-33.3) (25.3-33.4) (36.0-39.3) (34.0-40.3) § . gigiﬁ
Mean dose of - 1500 2000 + 120 1000 2000 + 80 -
medication used, mg
Newborn weight, 3310 1220 1335 2981 2726 1 - 0.0001
gramms (2485-3948) (670~1840) (440-2300) (2130-3777) 1770-39200 P <%
8 7 7 8 8 1
Apgar 1, score (7-8) (4-7) (2-8) (8-8) (6-8) p - <0.0001
9 8 8 9 8 .
Apgar 5, score (8-9) (6-8) (5-9) (8-9) (7-9) p - =0.0001

p —significance level calculated by the Kruskal-Wallis H test. p —significance level calculated by the
Mann-Whitney U test when comparing patients receiving antihypertensive therapy for EOPE. p *—significance
level calculated by the Mann-Whitney U test when comparing patients receiving antihypertensive therapy for
LOPE. Data are presented as median (minimum, maximum value).

2.2. Description of the Specificity Profile of Lectins Used for Placental Tissue Staining

The carbohydrate structures that bind to AAL and LTL lectins were characterized
in detail using a glycochip and are presented in Figure 1. The characterization of UEA-I
lectin specificity was carried out previously on a chip of similar format [19]. A more
detailed review of the carbohydrate specificity of these three lectins was reported by
Shilova et al., 2023 [20]. The results of lectin binding to microarray glycans showed LTL
interaction with fucosylated oligosaccharides that have an N-acetyllactosamine GalB1-
4GIcNAc core (type 2 carbohydrate structures), including LeY as well as H type 6 (Fig-
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ure 1A). The specificity of LTL appeared to be similar to that of UEA-I described earlier [16].
UEA-I is also known to bind to type 2 carbohydrate structures, but the spectrum of struc-
tures is broader and includes, in addition to LeY and H type 6 glycans, the H type 2
disaccharide and other oligosaccharides. Despite sharing common structures in their speci-
ficity profiles, these two lectins have individual differences in the glycans that bind to
them. Lectin AAL interacts with a broader spectrum of fucosylated oligosaccharides than
LTL and UEA-I: both N-acetyllactosamine core and isolactosamine core (Gal[31-3GlcNAc,
type 1 structures), as well as terminal fragments of blood group H, A, and B antigens
(Figure 1B). Characterization of the specificity of commercial anti-Le¥ MAbs had been
carried out by Ziganshina et al., 2021 [21]. Notably, anti-Le¥ MAbs was found to bind only
to the difucosylated LeY oligosaccharide (Fuca1-2Galp1-4(Fuca1-3)GlcNAcf-R) [21].

2.3. Expression of Fucosylated Glycans in the Endothelium of Placental Terminal Villi

In patients with early-onset PE, significant differences in the expression of the endothe-
lial glycocalyx of the capillaries of placental villi of all studied fucosylated glycans were
revealed, depending on the applied antihypertensive therapy. A low level of expression
of AAL-stained fucoglycans was detected in the endothelium of capillaries of placental
villi of the patients with early-onset PE (Figure 2A). However, a comparison of groups 1
and 2 revealed significantly higher levels of fucoglycans in patients with two-component
therapy. High expression of fucoglycans stained with UEA-I was found in the capillary
endothelium of patients receiving single-component antihypertensive therapy. In contrast,
the fucoglycan expression was low in two-component therapy (Figure 2B). Le¥ glycan,
which is present in the specificity profiles of the UEA-I and LTL lectins, was more expressed
in the endothelial glycocalyx of patients with two-component therapy (Figure 2C). Fucogly-
cans stained by the LTL (Figure 2D) showed the same pattern. Therefore, a significantly
higher level of expression of Le¥ and LTL- and AAL-stained fucoglycans, but a lower level
of fucoglycans stained with UEA-I, were found in the eGC of placental terminal villi of
patients with early-onset PE treated with two-component therapy, than in patients taking
Dopegyt alone.

The expression levels of fucoglycans in the eGC of the placental capillary villi at
later terms were compared between the groups with normal and complicated pregnancy.
The expression of fucoglycans stained with LTL was found to be comparable to a normal
level in placenta tissue of patients with single-component therapy (Figure 2D); the findings
were similar for fucoglycans stained with anti-LeY antibodies in the placenta tissue of
patients with PE under both regimens of antihypertensive therapy (Figure 2C). Fucoglycans
stained with UEA-I showed significantly increased concentrations in the eGC of placental
villi in patients with one-component therapy, and decreased levels in patients with two-
component therapy (Figure 2B). Relatively high expression of AAL- and LTL-anchored
glycans was detected in the endothelium of patients with two-component therapy, with min-
imal detection of AAL-anchored fucoglycans in single-component therapy (Figure 2A,D).
Thus, the expression patterns of fucoglycans in the eGC of placental terminal villi in
patients with late-onset PE taking different antihypertensive therapy regimens showed
multidirectional changes compared to the normal pattern. In single-component therapy, the
pattern was characterized by low expression of AAL-stained fucoglycans and high expres-
sion of UEA-I-stained fucoglycans. In two-component therapy, high expression of AAL-
and LTL-anchored fucoglycans was combined with low expression of UEA-I-anchored
fucoglycans.

Photomicrographs demonstrating glycoconjugate staining in eGC of fetal capillaries
of placental terminal villi are presented in Appendix A (Figures A1-A4).
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Figure 1. Carbohydrate specificity of plant lectins LTL (A) and AAL (B) determined on a glycochip.
Core type 1 is underlined, core type 2 is in bold. X-axis indicates median of relative fluorescence units
(RFUs) of six replicates of glycan. The median deviation was measured as an interquartile range.
A signal with fluorescence intensity. RFU scale range is 0-65,535 RFU.
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Figure 2. Contents of fucoglycans stained with AAL (A), UEA-I (B), LTL (C), and anti-LeY antibodies
(D) in the endothelium of placental terminal villi in patients with normal pregnancy (green boxplots,
n = 15), in patients with early-onset PE receiving single- (pink boxplots, n = 13) or dual-component
(orange boxplots, n = 16) therapy; and in patients with late-onset PE receiving single- (blue boxplots,
n = 16) or dual-component (light blue boxplots, n = 16) therapy. * Comparison with the level of
fucoglycans in the placental samples from patients with normal pregnancy, p < 0.0010; ** comparison
with the level of fucoglycans in the placental samples from patients with normal pregnancy, p = 0.0200;
# comparison with the level of fucoglycans in the placental samples from patients with pregnancy
complicated by early-onset PE and receiving single-component therapy, p < 0.0500; ## comparison
with the level of fucoglycans in the placental samples from patients with pregnancy complicated by
early-onset PE and receiving single-component therapy, p < 0.0010; @ comparison with the level of
fucoglycans in the placental samples from patients with pregnancy complicated by late-onset PE and
receiving single-component therapy, p < 0.0001.

2.4. Hemodynamic Status of Early- and Late-Onset PE Patients Receiving Single- or
Dual-Component Therapy

The analysis of the patients’ hemodynamics showed significant changes in the daily
trends of blood pressure, i.e., an increase in the maximum and average values of SAD
and DAD in patients with PE with both antihypertensive therapy regimens. The main
indicators of arterial stiffness—PWVao and RWTT—as well as the Alx augmentation index,
did not show significant changes between the groups (Table 2). At the same time, there was
a significant difference in the following indicators between the groups: (dP/dt)max, which
indirectly reflects myocardial contractility, total stiffness of the main arteries, and dynamic
loading; and ED, which reflects the duration of the left ventricular ejection (Table 2).
Both indices were elevated compared to Group 0 and also differed in patients at similar
gestational term receiving different antihypertensive therapy regimens.
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Table 2. Hemodynamic parameters of the study patients.

e
AASI (0.2?35—%5810) (0.31034—%)?651) (o.1$§ﬁ§729) (0.1315.5—%?712) (0.1;)65—?836) 0.7172
Al % o) Ty 1) ey (om0
(dP/dt)max, mm 352 486 561 590 469 00017
Hg/s (173-598) (352-681) (173-861) (352-973) (246-811)
ED, ms (2352:;04) (292209) (132%81) (2732298) (1552—2:%22) 0.0008
PPA, % (10(1)289) ( 1;2589) (10;3?51) (a 141246) (301-31244) 0.5558
PWVao, m/s (5.87—"19.8) (5.66i88.1) (5.;(;.8) (5.o7i29.4) (5.;32;.2) 0.7586
RWTT, m/s (10;365) (1031136) (1031)55) (10;3?89) (991—31480) 0.9402
SERV, % (311_02194) (311(121.956) (511-23910) (103?52) (981-11644) 0.1516
DAD max, mm Hg (748—189) (861—01820) (133220) (871—01541) (912(120152) <0-0001
SAD max, mm Hg (12411%?39) (1315?79) (14??94) (142279) (1??—%28) <0.0001
DAD min, mm Hg (596-973) (577—480) (497—689) (467—683) (4?33:855) 01091
SAD min, mm Hg (9;—01510) (871—11224) (8191—?259) (901—11027) (8}8(15159) 0099

p—significance level calculated by the Kruskal-Wallis H test. AASI, arterial stiffness index; Alx, augmentation
index; (dP/dt)max, maximal blood pressure increase velocity; ED, ejection duration; max DAD, maximal aortal
diastolic blood pressure; min DAD, minimal aortal diastolic blood pressure; min SAD, minimal aortal systolic
blood pressure; med SAD, mean aortal systolic blood pressure; med DAD, mean aortal diastolic blood pressure;
max SAD, maximal aortal systolic blood pressure; PPA, pulse pressure amplification; RWTT, reflected wave transit
time; PWVao, aortic pulse wave velocity; SEVR, subendocardial viability ratio.

2.5. Evaluation of Hemodynamics in the Mother-Placenta-Fetus System

Doppler velocimetry findings (Table 3) showed a significant increase in the mean PI
values for uterine arteries, umbilical arteries (but not for fetal cerebral artery), and CPR in
all study groups. However, a pairwise comparison revealed that there were no significant
differences in CPR and PI of umbilical arteries in patients with either early- or late-onset
PE receiving one- and two-component therapy. There were also no differences found in
pairwise comparisons for uterine artery PI in women receiving single- or two-component
therapy in late-onset PE, or for CPR in early-onset PE (Table 3).

2.6. Determination of Cytokines, Soluble Structural Components of Endothelial Glycocalyx, and
Associated Proteins in Maternal Blood

Study of the factors reflecting inflammatory reaction in the peripheral blood of the
patients (Table 4) demonstrated that the IL-6 level was significantly higher in patients with
PE. In addition, the highest cytokine levels were detected in women with PE using two-
component therapy. TNF« levels were also elevated in patients with PE, with maximum
levels found in patients with late-onset PE.
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Table 3. Mean velocity indices of blood flow in uterine, umbilical cord, and fetal cerebral arteries.

Group 0 (NP) Group 1 Group 2 Group 3 Group 4
Parameter (n = 15) (n =13) (n = 16) (1 = 16) (n = 16) p-Level
1_
VAL 1.40 118 1.00 1.12 Pz g'ggzg
(0.55-0.91) (1.01-1.9) (0.48-1.98) (0.50-2.55) (0.04-2.13) P 3 0.6945
p°=0.
1
UmADl 131 115 098 086 ) oo
(0.63-1.19) (0.81-2.00) (0.91-3.10) (0.71-1.09) (0.60-1.36) z3 " 0:2216
1_
MCAPI 1.58 1.67 1.67 1.40 P= 8'(2)22(5)
(1.20-1.96) (0.93-2.30) (1.13-2.63) (1.31-2.18) (1.25-1.55) P 3 _ 0.0064
p>=0.
1_
CPR 0.90 1.63 167 158 P o
(1.71-2.55) (0.59-1.95) (0.39-2.74) (1.10-2.41) (0.96-2.38) P 3 0'4491
p°=0.
UtA-Pl—uterine artery mean pulsatility index; UmA-Pl—umbilical artery pulsatility index; MCA-PI—fetal
middle cerebral artery pulsatility index; CPR—cerebro—placental ratio. p '—significance level calculated by the
Kruskal-Wallis H test; p 2—significance level calculated by the Mann-Whitney U test when comparing patients
receiving antihypertensive therapy for EOPE; p 3—significance level calculated by the Mann-Whitney U test
when comparing patients receiving antihypertensive therapy for LOPE. Data are presented as median (minimum,
maximum value).
Table 4. Concentration of cytokines, glycans, and associated proteins in maternal peripheral blood.
Group 0 (NP) Group 1 Group 2 Group 3 Group 4
Parameter (n = 15) (n =13) (n = 16) (n =16) (n = 16) p-Level
. 15.17 13.76 12.97 13.09 14.82
Galectin3, ng/mL (7 g3 2677 (6.51-40.73) (8.37-26.03) (9.27-24.43) (0.39-8324) P =084
46.26 80.82 77.64 75.49 81.86
IL-18, pg/mL (1452-24210)  (2241-161.60)  (1250-195.05)  (1540-17612)  (24.39-207.05) P =0-1930
0.09 2.58 3.17 2.81 3.95
IL-6, pg/mL (0.05-3.20) (0.09-58.55) (0.09-207.30) (0.09-45.74) (0.10-569.37) P =0:0021
0.33 0.34 0.34 0.36 0.37
TNFe, pg/mL (0.27-0.37) (0.33-0.41) (0.31-0.39) (0.29-2.80) (0.33-2.40) p =001
0.05 0.06 0.07 0.05 0.07
ESM-1, ng/mL (0.04-0.15) (0.04-1.01) (90.04-0.13) (0.04-0.14) (0.04-0.13) p =0.0662
175.89 124.69 99.10 185.23 115.23
HA, ng/mL (57.62-381.60) (51.67-389.97) (6.74-376.68) (41.03-513.07) (4.03-343.38) p=06241
1.29 3.29 1.72 5.72 2.57
SDC-1, pg/mL (0.70-20.16) (1.03-26.68) (0.79-11.80) (1.25-15.22) (0.96-8.36) p =025

p—significance level calculated by the Kruskal-Wallis H test. Data are presented as median (minimum,
maximum value).

2.7. Correlation Analysis between the Levels of Fucosylated Glycans in the Endothelium of Placental
Terminal Villi and Indicators of the Maternal Hemodynamic Profile, Fetoplacental System, and
Humoral Factors of Maternal Peripheral Blood

To identify pathogenetic regularities and trends reflecting the effect of antihyperten-
sive therapy on the expression of fucoglycans in the placenta and the relationship of these
expression changes with the disorders of uteroplacental blood flow, maternal hemody-
namics, and signs of sterile inflammation in blood, we conducted a study of correlations
between the relative levels of glycoconjugates stained with lectins and antibodies, and a
complex of indicators reflecting (1) hemodynamic status of the mother (Figure 3A); (2) func-
tioning of the fetoplacental system (Figure 3B); and (3) the signs of sterile inflammation in
maternal blood (Figure 3C). The results of correlation analysis were compared between the
patients with early-onset PE treated with single-component (Group 1) and two-component
(Group 2) antihypertensive regimens; and between patients at later gestational age, with
physiological pregnancy (Group 0), with late-onset PE receiving single- (Group 3) and
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two-component (Group 4) antihypertensive therapy. The results of correlation analysis are
presented in Figure 3.

Group 0 Group 1 Group 2 Group 3 Group 4
A I7MS| I—Rwrr PWV. M — PPA
....... " a0
AAL
antibodies antibodies H
l_AASI I—min DAD I—max DAD
- an“- Lev
LTL UEA-|
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ﬁnwrr ,—med DAD
LTL anti- Le"
antibodies
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r=-0.545
UEA-L T p=0.036
B ﬁ CPR l—cm'i" MCA-PI UmA-PI
ann LeY - anti- Le¥ | AAL re=0.585
antibodies antibodies L p=0.022
I—MCA-PI |_ ,—felal weight
a"ti- Ley -
LTL LTL
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UEA -1
C: Gal-3 IL-18 ) IL-18
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p=0.008 antibodies

Figure 3. Correlations between the relative levels of fucoglycans stained with lectins and anti-LeY
antibodies in the endothelium of placental terminal villi: and maternal hemodynamic parameters (A);
fetal Dopplerometry (B); and the contents of factors reflecting the inflammatory reaction in peripheral
blood (C). Group 0—patients with normal pregnancy (n = 15); Group 1—patients with early-onset
PE receiving single-component therapy (n = 13); Group 2—patients with early-onset PE receiving
dual-component therapy (1 = 16); Group 3—patients with late-onset PE receiving single-component
therapy (n = 16); Group 4—patients with late-onset PE receiving dual-component therapy (n = 16).

Different patterns of correlations were observed in patients with early-onset PE re-
ceiving single-component (Group 1) and two-component (Group 2) therapy (Figure 3).
In Group 1, the associations of medium intensity (both direct and reciprocal) between the
expression levels of fucoglycans stained with UEA-I, LTL, and anti-Le¥ antibodies, and
various parameters from the three groups of factors presented in Figure 3, were noted.
This suggests related changes in the molecular composition of the eGC of fetal placen-
tal vessels and changes in (1) maternal hemodynamics; (2) factors that are the signs of
destruction of the eGC, and factors that cause this destruction; and (3) indicators of fetopla-
cental blood flow (Figure 3A—C). In patients with early-onset PE receiving dual-component
therapy, only the associations between the level of glycoconjugates stained with AAL
and anti-LeY antibodies and maternal hemodynamic parameters were found (Figure 3A).
Correlation patterns in patients with early-onset PE included strong connection of changes
in the expression of fucoglycans, especially fucoglycans with N-acetyllactosamine core
(Galp1-4GlcNAc, type 2 carbohydrate structures), with the changes in blood pressure,
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arterial stiffness, and destruction of maternal vascular glycocalyx, and with changes in
uteroplacental and fetal-placental blood flow in patients with single-component therapy
(Figure 3A-C). With two-component therapy, the pattern of correlations includes interre-
lated changes in the expression of fucoglycans having both core types—isolactosamine
GalB1-3GIcNAc (type 1 structures) and N-acetyllactosamine Galp31-4GIcNAc (type 2 carbo-
hydrate structures)—with maternal hemodynamic changes, including blood pressure and
arterial stiffness parameters (Figure 3A).

The correlations in later terms of pregnancy (Groups 0, 3, and 4) had different patterns
(Figure 3A—C). Patients with one-component therapy predominantly showed reciprocal
connections, while patients with two-component therapy, on the contrary, showed direct
connections. The patterns of correlations in Group 3 mostly involved the fucoglycans
stained with LTL. In particular, reciprocal relationships were found with the pulsation
index in the fetal middle cerebral artery and with the hemodynamic index (dP/dt)max,
which collectively characterizes myocardial function, dynamic load, and arterial stiffness,
and is significant for intergroup comparisons. In a normal physiological state, the relation-
ship between the mentioned indicators was also noted, but its character was opposite. Both
connections were strong and, apparently, may be pathigenetically significant. Reciprocal
relationships of medium strength were found between UEA-I-anchored fucoglycans and
hyaluronic acid content in blood, and between AAL-anchored fucoglycans and Alx augmen-
tation index. The only direct relationship in this pattern was found between LTL-anchored
glycans and IL-18.

In contrast, in patients with two-component therapy, the pattern of correlation predom-
inantly showed direct connections. Moreover, fucoglycans stained with anti-LeY antibodies
exhibited both reciprocal connections with the maximum value of DAP, as well as with
the IL-6 blood level (strong connection), and direct connections with the IL-18 level and
the neonate’s birthweight. AAL-anchored fucoglycans positively correlated with pulse
pressure amplification (PPA) and the pulsatile index in the umbilical artery.

3. Discussion

Fucosylated glycans are key molecules in intercellular interactions, and are involved
in signal transduction in the cell since they are a part of the cell’s receptor apparatus [15,22].
The carbohydrate part of the endothelial cell receptor is a component of the eGC, a structure
which determines the main functions of endothelial cells: regulation of vascular tone and
vascular permeability, and adhesive interactions with cells and blood proteins. Damage,
shedding, and disruption of the eGC structure critically affect the properties of endothe-
lial cells, which change their biochemical response under the shear stress; the outcomes
are hemodynamic disorders, capillary leak syndrome, and risk of the formation of blood
clots. A number of studies have shown a correlation between eGC destruction and clinical
symptoms of PE [23-26]. In previous studies, we have found association between eGC
damage and impaired maternal hemodynamics, and characterized the molecular-functional
patterns of vessels in EOPE and LOPE, which confirmed the correlation of circulating com-
ponents of eGC with indicators of central hemodynamics, arterial stiffness, and myocardial
changes [27]. However, eGC has been studied only in part: the majority of eGC glycans
are glycosaminoglycans and carbohydrate chains of proteoglycans, but the input of other
carbohydrate structures has not been investigated.

Fucosylated glycans, as a functional component of the eGC, have not been studied so
far, despite the fact that their expression has been found in endothelial cells, particularly
in the endothelium of the fetoplacental system [28-33]. Our previous studies suggest that
the expression of fucoglycans is different in the endothelium of stem and terminal villi of
normal and pathologic placentas [19,34]; this is evidence that their expression is dependent
on pathophysiologic factors complicating pregnancy. Hypoxia may be one of these factors,
since it (i) results from placental pathology, which is caused by morphologic or occlusive-
stenotic malformations of the vessels of fetoplacental complex, and is a characteristic sign of
early-onset and late-onset PE; (ii) is both a factor that stimulates the development of sterile
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systemic inflammation and endothelial dysfunction in response to placental damage [35,36],
and a factor destabilizing the eGC [37-39], thus leading to hemodynamic disorders; (iii) is
one of the key stimulating factors of angiogenesis [40,41], which is impaired in patients with
placenta-associated complications of pregnancy, in particular, PE and FGR [42,43]; and (iv)
is a regulator of glycan expression in human placental structures [44] (in particular, hypoxia
stimulates the expression of fucosylated glycans on the surface of endothelial cells) [45,46].
It should also be noted that, in addition to hypoxia, changes in the expression of glycans,
including fucoglycans, activate pro-inflammatory factors [47,48]. Based on the above facts,
we suggested that the expression of fucosylated glycans in the eGC of fetal capillaries of
the placental terminal villi is connected with maternal and fetoplacental hemodynamic
parameters, as well as with the factors reflecting the degree of development of systemic
inflammatory response and endothelial dysfunction. Since antihypertensive therapy is a
necessary part of the management of patients with PE, we divided the patients according
to the applied therapy, which additionally made it possible to assess the differences in the
fucoglycan expression under different therapy regimens.

Histochemical and immunohistochemical studies of the placental tissue revealed
similar patterns of changes in the expression of fucosylated glycans in EOPE and LOPE
during one-component and two-component antihypertensive therapy; this assumes a
similar impact of treatment on the expression of fucoglycans in the eGC of fetal capillaries of
placental terminal villi. In particular, at both earlier and later pregnancy terms, the median
expression of glycoconjugates stained with AAL, LTL lectins, and anti-Le¥ antibodies in
patients treated with one-component therapy was lower than that in patients treated with
two-component therapy; the opposite effect was observed in UEA-I-stained glycans. In the
patients receiving two-component therapy, which was prescribed for more severe and
persistent forms of hypertension, the fucoglycan expression in the endothelium of the
terminal villi differed slightly only from that in the normal placenta. These results are of
significant interest since the evaluation of glycan expression of the fetoplacental system
in the eGC during antihypertensive therapy including Dopegyt® and Cordaflex® has not
been performed before.

The specificity of lectins defined with PGA allowed us to determine that the fucogly-
cans with N-acetyllactosamine core Galf31-4GlcNAc were predominantly expressed in the
glycocalyx of the endothelium of placental terminal villi. The expression (in relative units of
optical density) of LeY stained with anti-LeY antibodies (specific only to LeY glycan) was the
highest in all groups, while in patients with LOPE it did not differ from normal under both
treatment regimens. Despite binding to a similar type of glycan (based on type 2 structures),
and the presence of common glycans in the specificity profiles, the binding activity patterns
of LTL and UEA-I lectins were different. While UEA-I has a high binding activity, mainly
to glycans H type 2, Le¥, and a number of sulfated and sialylated N-acetyllactosamine
derivatives, LTL has a top specificity to glycans that differ from those detected in the
UEA-I profile. Moreover, LTL weakly binds to LeY and H disaccharide (Fuca1-4GlcNAcB-).
Despite the presence of LeY in the UEA-I profile, the expression patterns of UEA-I-stained
glycoconjugates differ from those detected by staining with anti-Le antibodies. Notably,
while the expression of UEA-I- stained glycans in the endothelium of fetal capillaries of
terminal villi was higher with one-component therapy than with two-component therapy,
for the LTL-stained glycans the correlation was opposite. This contrast may be due to the
revealed differences in the specificity profiles of the mentioned lectins, and indicates that
the variety of glycans with an N-acetyllactosamine-based carbohydrate core, expressed in
fetal capillary eGC, is vast and not limited only to H type 2 glycans and the difucosylated
oligosaccharide LeY, which expression in PE has been described previously [30,33]. Also of
note is a weak staining of placenta tissue with AAL, despite the broad profile of glycans
to which it binds on PGA, and the large number of top glycans (i.e., showing high bind-
ing activity) in its profile. Moreover, both structures with N-acetyllactosamine core and
isolactosamine core (Galp31-3GIcNAc, type 1 structures) are present in the AAL specificity
profile. However, despite the fact that H type 2 and LeY glycans are present in the AAL
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binding profile and show high binding activity to this lectin on PGA, the lectin’s target in
the tissues of the pathological placenta seems to have a specific composition and structure,
which makes the detection of the glycans difficult. Weak binding of AAL may also be
due to the lack of expression of fucoglycans with isolactosamine-based core in the eGC of
capillaries of placental terminal villi. We found a similar picture in the placental tissues
from women whose pregnancies were complicated by FGR: there was no staining of the
fetal capillary endothelium with the bacterial lectin BL2LC-Nt, which specifically binds to
fucoglycans with type 1 core [19].

To interpret the functional significance of the revealed peculiarities of fucoglycan ex-
pression, the study of correlations with certain indicators of patient’s hemodynamics, hemo-
dynamics in the fetoplacental system, and the severity of pro-inflammatory response was
carried out. Intergroup analysis revealed the signs of activation of systemic inflammatory
response (high level of IL-6 and TNF«) in patients with PE treated with antihypertensive
drugs. Moreover, in previous studies, we found that pro-inflammatory response was more
expressed in patients with LOPE [14]. This is consistent with the studies that suggest a
more pronounced activation of the systemic inflammatory response, detected by maternal
inflammatory markers, in LOPE than in EOPE [3].

The correlation analysis in each group revealed unique patterns of correlation between
the studied factors. In particular, in patients with healthy pregnancy (Group 0), the pattern
of correlations suggests that the expression of LeY and LTL-stained placental fucoglycans
regulates maternal and fetoplacental hemodynamics. This regulation may be processed
through the maintenance of the optimal expression of fucoglycans, as confirmed by the
detected direct correlations with certain maternal hemodynamic parameters, in particu-
lar, arterial stiffness (AASI, RWTT) and fetal arterial hemodynamics (MCA-PI). Since an
increase in blood flow, assessed by an elevation in MCA-PI, is a compensatory adaptive
mechanism in hypoxia [49], and an increase in AASI and RWTT indirectly reflects an aug-
mentation of arterial stiffness, a direct correlation between the fucoglycan expression and
these parameters indicates the existence of a mechanism limiting their expression beyond a
certain level. This suggestion is indirectly supported by the published data on the increased
expression of LeY (a factor with angiogenic activity in certain pathologic conditions) [50,51],
which can be explained as a compensatory effect or a mechanism of placental adaptation to
hypoxia [42,52,53].

The study also revealed the reciprocal relationships in Group 0 between UEA-I-stained
glycans and (i) the pulse pressure amplification (PPA), which reflects changes in central
aortic pressure, and (ii) the blood levels of galectin-3, a carbohydrate-binding protein,
which binds to lactosamine and its derivatives (our unpublished data), is associated with
glycocalyx [54,55], and is a marker of cardiac remodeling and heart failure [56,57]. These
relationships also confirm an important role of maintaining a certain level of fucoglycan
expression in the eGC of placental terminal villi.

Correlation analysis for Groups 1 and 2 demonstrated certain differences in the cor-
relation patterns. No correlation patterns were found for healthy pregnancy, but there
were many correlations between the fucoglycan expression and maternal hemodynamic
parameters, hemodynamics of the fetoplacental system, and the factors associated with
the development of inflammatory response in Group 1, while in Group 3 the fucoglycan
expression correlated only with maternal hemodynamic parameters. These data, together
with a significantly different level of fucoglycan expression in placental tissues of patients
in Groups 1 and 2, which was found in intergroup comparisons, indicate various types
of regulatory interactions between the studied factors, possibly determined by the type
of therapy.

The correlation analysis in Group 3 and Group 4 showed correlation patterns that were
different from those in Group 0. Interestingly, in Group 3 a reciprocal strong correlation
between the expression level of LTL-stained fucoglycans and MCA-PI was found. Moreover,
a similar direct strong correlation was found in Group 0 (discussed above). Taking into
account that the expression of LTL-stained fucoglycans in Group 3 was comparable to
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normal; the reciprocal correlation between the fucoglycan expression and the parameters
that depend on arterial stiffness, (dP/dt)max; and the strong direct correlation between
the fucoglycan expression and the level of IL-18, the pathogenetic significance of these
relationships was suggested. It should be noted that in LOPE, correlation patterns in both
therapies included markers of inflammation and destabilization of the eGC; these findings
confirm a substantial pro-inflammatory response in patients with LOPE, which does not
change with antihypertensive therapy.

4. Materials and Methods
4.1. Selection of Patients for the Study

The interventional longitudinal pilot study included 76 patients. The study was
conducted at the National Medical Research Center for Obstetrics, Gynecology, and Peri-
natology named after academician V.I. Kulakov of the Ministry of Health of the Russian
Federation (hereinafter referred to as the Center) in accordance with the principles of the
World Medical Association Declaration of Helsinki. The study design was approved by
the local ethical committee of the Center (protocol No. 5 of 27 May 2021). All patients
signed an informed consent for participation in the study. The main group included
61 patients who were divided by gestational age and type of antihypertensive therapy.
A total of 29 patients with early-onset PE (up to 34 weeks) were included: 13 patients
receiving one-component treatment with Dopegyt® (Group 1) and 16 patients receiving
two-component antihypertensive therapy with Dopegyt® + Cordaflex® (Group 2). A total
of 32 patients with late-onset PE (after 34 weeks) were enrolled: 16 patients receiving one-
component (Group 3); and 16 patients receiving two-component antihypertensive therapy
with Dopegyt® + Cordaflex® (Group 4). The comparison group included 15 pregnant
women with physiological pregnancy at 36-39 weeks of gestation (Group 0).

According to clinical recommendations of the Ministry of Health of the Russian Federa-
tion and international protocols, PE is defined as elevation of blood pressure > 140 mmHg
systolic and /or 90 mmHg diastolic arterial pressure, emerging at or after 20 weeks of gesta-
tion, usually accompanied by proteinuria > 0.3 g/L and/or maternal acute kidney failure,
liver dysfunction, neurological signs, hemolysis or thrombocytopenia, and/or fetal growth
restriction. Inclusion criterion for the main group was PE, and for the comparison group
was healthy pregnancy. Exclusion criteria were pregnancy resulting from ART, severe
somatic pathology, history of organ transplantation, immunotherapy during pregnancy.
Withdrawal criteria were HELLP syndrome, and acute and chronic infectious and viral
diseases during pregnancy. Patients were included in the study using the pair matching
method based on age, BMI, and gestational age.

4.2. Description of the Antihypertensive Therapy Regimens

Antihypertensive therapy included central-acting medication Dopegyt® (average
initial daily dose 750 mg, at later terms 2000 mg). Additional use of prolonged calcium
channel blocker medication Cordaflex® (average initial daily dose 40 mg, at later terms
up to 120 mg) was prescribed if hypertension persisted despite Dopegyt® at maximal
dose intakes. The average duration of therapy in both groups was no less than 16 days.
For adjustment of antihypertensive therapy, 24 h ambulatory blood pressure monitoring
(ABPM) was performed using a BPLab® device (Petr Telegin LLC, Nizhny Novgorod,
Russia), which is recommended for pregnant women [58].

4.3. Microarray Chip Analysis

Specificity analysis of Aleuria aurantia lectin (AAL, 2BScientific, cat. no. B-1395-1), Ulex
europaeus agglutinin-I (UEA-I, Vector Laboratories, cat. no. B-1065-2), Lotus tetragonolobus
lectin (LTL, Vector Laboratories, cat. no. B-1325-2), and primary mouse monoclonal Anti-
Blood Group Lewis Y antibody (LWY /1463, cat. no. ab219336, ABCAM) (anti-LeY MAbs
are monoclonal antibodies that recognize difucosylated blood group related antigen Lewis-
Y (Le¥) [Fucal-2Galp1-4(Fucx1-3)GlcNAcB-R]) was performed on a polymer-coated glass
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slide with an N-hydroxysuccinimide-derivatized surface, produced by Schott-Nexterion
(Jena, Germany), with 651 spacered glycans in 50 uM solutions in 6 replicates, as described
in [21]. The main steps of microarray chip analysis included (i) microarray staining with
biotinylated lectins; (ii) microarray staining with fluorescent-labeled streptavidin; (iii) ob-
taining microarray images using a fluorescence reader (intensity of fluorescence reflects
interaction between glycan and lectin); and (iv) processing of images using software to
obtain quantitative data. Microarray analysis methodology is described in detail by Knirel
et al., 2014 [59].

4.4. Lectin Histochemistry and Immunohistochemistry of Placental Tissues

Placenta examination was performed on paraffin sections of samples of the paracentral
area. Placentas obtained after cesarean section were subjected to macroscopic and micro-
scopic evaluation according to the recommendations of the Amsterdam Consensus [60].
The samples stained with hematoxylin and eosin were microscopically assessed to exclude
from the study tissue fragments with hemorrhages, calcificates, and massive fibrinoid
deposits.

Lectin histochemistry was performed according to the manufacturer’s protocol “Detec-
tion of Glycoproteins Using Lectins in Histochemistry”, Vector Laboratories [61].
Biotinylated lectins were used at concentrations of AAL—5 pg/mL, UEA-I—10 pg/mL,
and LTL—20 pg/mL in PBS. The tissues of mature placenta after healthy pregnancy served
as positive controls; negative control reactions were performed without adding lectins to
the incubation medium.

Immunohistochemical reactions were carried out on paraffin tissue sections using
an automated immunohistochemical stainer (Ventana BenchMark XT, Ventana Medical
Systems S.A., Kaysersberg, France), according to the manufacturer’s protocol. Detection
was performed using the Ventana ultraVIEW DAB Detection kit (Ventana Medical Systems,
Inc.). The 2.5 um tissue sections were deparaffinized using the EZ Prep solution (Ventana
Medical Systems, Inc.; cat. no. 05279771001). Heat-induced antigen retrieval was performed
using the Cell Conditioning 1 solution (Ventana Medical Systems, Inc.; cat. no. 05424569001)
at 95 °C for 30 min. Endogenous peroxidase activity was blocked by treatment with the
ultraVIEW inhibitor (Ventana Medical Systems, Inc.; cat no. 05269806001) in 3% HyO,
for 4 min.

The slides were incubated with the anti-Le¥ MAbs (2.5 nug/mL) for 64 min. The
ultraVIEW Universal DAB Detection kit incorporates multimer technology, whereby the
ultraVIEW streptavidin horseradish peroxidase (HRP) enzyme is directly conjugated to the
secondary antibody.

Slides were incubated with a secondary antibody of ultraVIEW HRP Multimer (Ven-
tana Medical Systems, Inc.; cat. no. 05269806001) at 37 °C for 8 min and a diaminobenzidine
+ HyO; substrate for 8§ min, which was followed by counterstaining with hematoxylin II
(Ventana Medical Systems, Tucson, AZ, USA, cat. no. 05277965001) and bluing reagent
(Ventana Medical Systems, Tucson, AZ, USA, cat. no. 05266769001) for 2 and 3 min, respec-
tively. Slides were washed with Tris buffer (pH 7.6) and mounted using a xylene-based
mounting media.

Stained lung carcinoma slices were considered as a positive control, while reactions
without anti-Le¥ MADb antibody were considered as a negative control.

Quantitative evaluation of the results of lectin histochemistry and immunohisto-
chemistry was performed by measuring the optical density of the stained products in the
endothelial membrane of the capillaries of the placental terminal villi. To obtain representa-
tive data, measurements were performed in 10 randomly selected equally distant fields of
view. A Nikon eclipse 80i light microscope, Nikon DS-Fil digital camera (Nicon Corpo-
ration, Tokyo, Japan) and NIS Elements Advanced Research 4.1 image analysis software
were used for image analysis.
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4.5. Evaluation of Hemodynamics

The oscillometric method of BP measurement was applied. Twenty-four-hour BP
monitoring was performed using the BPLab® monitor (Petr Telegin LLC, Nizhny Novgorod,
Russia), which meets international standards of accuracy for oscillometric BP recorders and
is recommended for pregnant women [58]. Oscillograms were analyzed using Vasotens
software, BPLab® V.06.02.00 (Nizhny Novgorod, Russia). Mean central systolic and diastolic
BP were measured during the day and night time, within 24 h. Regular intervals between
measurements were 30 min at daytime and 60 min at night. The parameters characterizing
changes in blood pressure (BP) were determined: max DAD; max SAD; min DAD; max SAD;
med DAD; med SAD. Parameters determined by Vasotens software, BPLab® V.06.02.00
were similar to those used in the study by [27] and included the following;:

1.  Reflected wave transit time (RWTT): the return time of the wave reflected from aorta;
2. Aortic pulse wave velocity (PWVao): the velocity at which blood pressure pulse
propagates into the aorta;

Augmentation index (Alx): a noninvasive measure of pulse wave reflection;

Arterial stiffness index (AASI);

Ambulatory rigidity index (AASI =1 — (inclination BPdiastolic — BPsystolic));

Maximal BP increase velocity ((dP/dt)max): indirectly represents myocardial contrac-

tility, total vascular resistance, and dynamic load of pulse wave on vascular walls;

7.  Pulse pressure amplification (PPA): the increase in pulse pressure (PP) amplitude
when pressure waves propagate distally in the systemic network, accompanied by
morphological alterations of pressure waveforms;

8. Ejection duration (ED): an interval of blood flow from the start of pulsation till the
closure of the aortic valve;

9.  Subendocardial viability ratio (SEVR), defined as diastolic to systolic pressure-time
integral ratio.

SR

4.6. Arterial Doppler

Dopplerometry of maternal-placental and fetoplacental blood flows was performed
using transabdominal transducer of the expert ultrasound machines (The Voluson E8 ul-
trasound system, GE Healthcare Austria GmbH&Co OG, (Tiefenbac, Austria)). Uterine
arteries (UtA), umbilical artery (UA), middle cerebral artery (MCA), and ductus venosus
pulsatility index (PI), as well as cerebroplacental ratio, were measured. When evaluating
umbilical artery PI, positive or absent diastolic flow was assessed. Ductus venosus was ana-
lyzed through the cross-section and sagittal plane of the fetal abdomen using Doppler color
flow mapping. The curve was defined as normal if the A-wave was positive, or abnormal
in case of absent or negative A-wave.

4.7. Determination of Soluble Factors in Maternal Blood

Blood sampling was performed after fasting. Serum samples were collected into vac-
uum blood-collecting tubes, S-Monovette® Serum, 4.9 mL, cap white, (Lx@): 90 x 13 mm.
Serum preparation for the study was performed according to the standard operating pro-
cedure of the Center’s Biobank, where the samples were stored at —80 °C. The study of
humoral factors was carried out via the ELISA method using commercial test systems for
the determination of cytokines: IL-18 (BMS267-2, Bender MedSystem GmbH, Wien, Aus-
tria), IL-6 (A-8768, Vector Best, Novosibirsk, Russia), TNFa (BMS223-4, Bender MedSystem
GmbH, Wien, Austria), and galectin-3 (BMS279-4, Bender MedSystem GmbH, Wien, Aus-
tria). Determination of desquamated structural components of eGC was performed on test
systems manufactured by Cloud-Clone Corp., Katy, TX, USA: SEC463Hu (determination
of endocan-1); SEB966Hu (determination of syndecan-1); CEA182Ge (determination of
hyaluronic acid).
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4.8. Statistical Analysis

The software used for statistical analysis was “Statistica 10.0” (StatSoft, Inc., Tulsa, OH,
USA) and “MedCalc version 16.4” (MedCalc Software Ltd, Ostend, Belgium). Microarray
data are presented using descriptive statistics. The data were processed using ScanArray
Express 4.0 (PerkinElmer Life & Analytical Sciences, Shelton, CT, USA) with measurement
of median of relative fluorescent units (RFU) of 6 replicates of each glycan on the microarray.
The median deviation was measured as an interquartile range. A signal with fluorescence
intensity 5 times exceeding the background value was considered significant as described
in [62].

The evaluation of clinical, (immuno)histochemical, and biochemical data was con-
ducted using non-parametric methods, since the assessments of skewness and kurtosis in
the analyzed distributions significantly deviated from zero. The Kolmogorov-Smirnov test
denied the normality of the majority of the distributions. The data are presented as median
(minimum, maximum value); the differences in comparisons of three or more groups by a
quantitative indicator, whose distribution differed from normal, were calculated using the
Kruskal-Wallis analysis of variance with Bonferroni correction (p < 0.025). This method
was used to compare three groups in later terms of pregnancy. A posteriori comparisons
were performed using the Mann-Whitney U test. For pairwise comparisons of data in
earlier terms of pregnancy, only the Mann—-Whitney U test was used. Differences between
parameters were considered significant at p < 0.05.

5. Conclusions

The patterns of expression of fucosylated glycans in the eGC of the capillaries of
placental terminal villi of patients with EOPE and LOPE have a specific fucoglycan compo-
sition, with the predominant expression of fucoglycans with type 2 core, which are detected
by lectins with different carbohydrate specificity profiles. Regardless of the fucoglycan
composition, their expression patterns in the eGC show similar quantitative changes at
earlier and later terms of pregnancy with PE, which, apparently, is due to the similar effects
of one-component and two-component antihypertensive therapy. The correlation patterns
indicate interrelated changes in the molecular composition of eGC fucoglycans in fetal
capillaries of the terminal villi and indicators of the maternal hemodynamics, fetoplacental
hemodynamics, and humoral factors associated with eGC damage. The present study is the
first to demonstrate the features of placental eGC in women with PE treated with antihyper-
tensive therapy; the study also considers placental fucoglycans as a functional part of the eGC,
which has an influence on the hemodynamics in the mother—placenta—fetus system.
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Appendix A. Figures A1-A4
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Figure A1l. Expression of fucosylated glycans stained with AAL lectin in the endothelial glycocalyx
of the capillaries of placental terminal villi. Magnification: x400.
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Figure A2. Expression of fucosylated glycans stained with UEA-I lectin in the endothelial glycocalyx

of the capillaries of placental terminal villi. Magnification: x400.
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Figure A3. Expression of fucosylated glycans stained with LTL lectin in the endothelial glycocalyx of
the capillaries of placental terminal villi. Magnification: x400.
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Figure A4. Expression of fucosylated glycans stained with anti-Le¥ MAbs in the endothelial glycoca-
lyx of the capillaries of placental terminal villi. Magnification: x400.

References

1.

Rolink, D.L.; de Carvalho, M.H.B.; Lobo, G.A.R.; Verlohren, S.; Poon, L.; Baschat, A.; Hyett, J.; Thilaganathan, B.; Bujold,
E.; da Silva Costa, F. Preeclampsia: Universal Screening or Universal Prevention for Low and Middle-Income Settings?
Rev. Bras. Ginecol. Obstet. 2021, 43, 334-338. [CrossRef] [PubMed]

Masini, G.; Foo, L.E; Tay, J.; Wilkinson, I.B.; Valensise, H.; Gyselaers, W.; Lees, C.C. Preeclampsia has two phenotypes which
require different treatment strategies. Am. J. Obstet. Gynecol. 2022, 226, 1006-1018. [CrossRef] [PubMed]

Valencia-Ortega, J.; Zarate, A.; Saucedo, R.; Hernandez-Valencia, M.; Cruz, ].G.; Puello, E. Placental Proinflammatory State and
Maternal Endothelial Dysfunction in Preeclampsia. Gynecol. Obstet. Investig. 2019, 84, 12-19. [CrossRef]

127



Int. J. Mol. Sci. 2023, 24, 15611

i

10.

11.

12.

13.

14.

15.
16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Viloti¢, A.; Nacka-Aleksi¢, M.; Pirkovi¢, A.; Boji¢-Trbojevié, 7.; Dekanski, D.; Krivokuéa, M.]J. IL-6 and IL-8: An Overview of Their
Roles in Healthy and Pathological Pregnancies. Int. J. Mol. Sci. 2022, 23, 14574. [CrossRef] [PubMed]

Aneman, I; Pienaar, D.; Suvakov, S.; Simic, T.P,; Garovic, V.D.; McClements, L. Mechanisms of Key Innate Immune Cells in Early-
and Late-Onset Preeclampsia. Front. Immunol. 2020, 18, 1864. [CrossRef]

Awaludin, A.; Rahayu, C.; Daud, N.A.A ; Zakiyah, N. Antihypertensive Medications for Severe Hypertension in Pregnancy: A
Systematic Review and Meta-Analysis. Healthcare 2022, 10, 325. [CrossRef]

Cifkova, R. Hypertension in Pregnancy: A Diagnostic and Therapeutic Overview, High Blood Press. Cardiovasc. Prev. 2023,
30, 289-303. [CrossRef]

Gupta, M.; Al Khalili, Y. Methyldopa. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2023.

Easterling, T.; Mundle, S.; Bracken, H.; Parvekar, S.; Mool, S.; Magee, L.A.; von Dadelszen, P.; Shochet, T.; Winikoff, B. Oral
antihypertensive regimens (nifedipine retard, labetalol, and methyldopa) for management of severe hypertension in pregnancy:
An open-label, randomised controlled trial. Lancet 2019, 394, 1011-1021. [CrossRef]

Odigboegwu, O.; Pan, L.J.; Chatterjee, P. Use of Antihypertensive Drugs During Preeclampsia. Front. Cardiovasc. Med. 2018,
29, 50. [CrossRef]

Pillinger, N.L.; Kam, P. Endothelial glycocalyx: Basic science and clinical implications. Anaesth. Intensive Care 2017, 45, 295-307.
[CrossRef]

Willhauck-Fleckenstein, M.; Moehler, TM.; Merling, A.; Pusunc, S.; Goldschmidt, H.; Schwartz-Albiez, R. Transcriptional
regulation of the vascular endothelial glycome byangiogenic and inflammatory signaling. Angiogenesis 2010, 13, 25-42. [CrossRef]
Muminova, K.T.; Ziganshina, M.M.; Khodzhaeva, Z.S. Evaluation of the effect of different strategies of antihypertensive treatment
on endothelial glycocalyx in patients with preeclampsia. Exp. Clin. Pharmacol. 2022, 85, 4-10. [CrossRef]

Muminova, K.T.; Khodzhaeva, Z.S.; Yarotskaya, E.L.; Ziganshina, M.M. Analysis of factors associated with sterile inflammation
in women with pe receiving different antihypertensive treatment strategies. Med. Immunol. 2023, 25, 1183-1190. [CrossRef]
Aplin, ].D.; Jones, C.J. Fucose, placental evolution and the glycocode. Glycobiology 2012, 22, 470-478. [CrossRef]

Miyoshi, E.; Moriwaki, K.; Nakagawa, T. Biological function of fucosylation in cancer biology. |. Biochem. 2008, 143, 725-729.
[CrossRef]

Silva-Filho, A.E; Sena, W.L.B.; Lima, L.R.A.; Carvalho, L.V.N.; Pereira, M.C.; Santos, L.G.S.; Santos, R.V.C.; Tavares, L.B.;
Pitta, M.G.R; Régo, M.].B.M. Glycobiology Modifications in Intratumoral Hypoxia: The Breathless Side of Glycans Interaction.
Cell. Physiol. Biochem. 2017, 41, 1801-1829. [CrossRef]

Croci, D.O,; Cerliani, J.P.; Pinto, N.A.; Morosi, L.G.; Rabinovich, G.A. Regulatory role of glycans in the control of hypoxia-driven
angiogenesis and sensitivity to anti-angiogenic treatment. Glycobiology 2014, 24, 1283-1290. [CrossRef] [PubMed]

Ziganshina, M.M.; Kulikova, G.V.; Fayzullina, N.M.; Yarotskaya, E.L.; Shchegolev, A.L; Le Pendu, J.; Breiman, A.; Shilova, N.V,;
Khasbiullina, N.R.; Bovin, N.V; et al. Expression of fucosylated glycans in endothelial glycocalyces of placental villi at early and
late fetal growth restriction. Placenta 2020, 90, 98-102. [CrossRef] [PubMed]

Shilova, N.; Galanina, O.; Polyakova, S.; Nokel, A.; Pazynina, G.; Golovchenko, V.; Patova, O.; Mikshina, P.; Gorshkova, T.; Bovin,
M.N. Specificity of widely used lectins as probed with oligosaccharide and plant polysasccharide arrays. J. Histochem. Cytochem.
2023; submitted.

Ziganshina, M.M.; Dolgushina, N.V.; Kulikova, G.V.; Fayzullina, N.M.; Yarotskaya, E.L.; Khasbiullina, N.R.; Abdurakhmanova,
N.E; Asaturova, A.V.; Shchegolev, A.I; Dovgan, A.A; et al. Epithelial apical glycosylation changes associated with thin
endometrium in women with infertility—A pilot observational study. Reprod. Biol. Endocrinol. 2021, 19, 73. [CrossRef]

Becker, D.J.; Lowe, ].B. Fucose: Biosynthesis and biological function in mammals. Glycobiology 2003, 13, 41-53. [CrossRef]
[PubMed]

Kornacki, ].; Wirstlein, P.; Wender-Ozegowska, E. Serum levels of soluble FMS-like tyrosine kinase 1 and endothelial glycocalyx
components in early- and late-onset preeclampsia. J. Matern. Fetal. Neonatal Med. 2022, 35, 7466-7470. [CrossRef] [PubMed]
Carlberg, N.; Cluver, C.; Hesse, C.; Thorn, S.E.; Gandley, R.; Damén, T.; Bergman, L. Circulating concentrations of glycocalyx
degradation products in preeclampsia. Front. Physiol. 2022, 13, 1022770. [CrossRef] [PubMed]

Weissgerber, T.L.; Garcia-Valencia, O.; Milic, N.M.; Codsi, E.; Cubro, H.; Nath, M.C.; White, WM.; Nath, K.A.; Garovic, V.D. Early
Onset Preeclampsia Is Associated with Glycocalyx Degradation and Reduced Microvascular Perfusion. J. Am. Heart. Assoc. 2019,
8, €010647. [CrossRef]

Magee, L.A.; Rey, E.; Asztalos, E.; Hutton, E.; Singer, J.; Helewa, M.; Lee, T.; Logan, A.G.; Ganzevoort, W.; Welch, R.; et al.
Management of non-severe pregnancy hypertension—A summary of the CHIPS Trial (Control of Hypertension in Pregnancy
Study) research publications. Pregnancy Hypertens. 2019, 18, 156-162. [CrossRef]

Ziganshina, M.M.; Muminova, K.T.; Khasbiullina, N.R.; Khodzhaeva, Z.S.; Yarotskaya, E.L.; Sukhikh, G.T. Characterization of
Vascular Patterns Associated with Endothelial Glycocalyx Damage in Early- and Late-Onset Preeclampsia. Biomedicines 2022,
10, 2790. [CrossRef]

Tatsuzuki, A.; Ezaki, T.; Makino, Y.; Matsuda, Y.; Ohta, H. Characterization of the sugar chain expression of normal term human
placental villi using lectin histochemistry combined with immunohistochemistry. Arch. Histol. Cytol. 2009, 72, 35-49. [CrossRef]
Ma, Z.; Yang, H.; Peng, L.; Kuhn, C.; Chelariu-Raicu, A.; Mahner, S.; Jeschke, U.; von Schonfeldt, V. Expression of the Carbohydrate
Lewis Antigen, Sialyl Lewis A, Sialyl Lewis X, Lewis X, and Lewis Y in the Placental Villi of Patients with Unexplained
Miscarriages. Front. Immunol. 2021, 12, 679424. [CrossRef]

128



Int. J. Mol. Sci. 2023, 24, 15611

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Marini, M.; Bonaccini, L.; Thyrion, G.D.; Vichi, D.; Parretti, E.; Sgambati, E. Distribution of sugar residues in human placentas
from pregnancies complicated by hypertensive disorders. Acta Histochem. 2011, 113, 815-825. [CrossRef]

Sgambati, E.; Biagiotti, R.; Marini, M.; Brizzi, E. Lectin histochemistry in the human placenta of pregnancies complicated by
intrauterine growth retardation based on absent or reversed diastolic flow. Placenta 2002, 23, 503-515. [CrossRef]

Seidmann, L.; Suhan, T.; Kamyshanskiy, Y.; Nevmerzhitskaya, A.; Gerein, V.; Kirkpatrick, C.J. CD15—A new marker of
pathological villous immaturity of the term placenta. Placenta 2014, 35, 925-931. [CrossRef] [PubMed]

Sukhikh, G.T.; Ziganshina, M.M.; Nizyaeva, N.V,; Kulikova, G.V.; Volkova, ].S.; Yarotskaya, E.L.; Kan, N.E.; Shchyogolev, A.L;
Tyutyunnik, V.L. Differences of glycocalyx composition in the structural elements of placenta in preeclampsia. Placenta 2016,
43, 69-76. [CrossRef]

Kulikova, G.V,; Ziganshina, M.M.; Shchegolev, A.I; Sukhikh, G.T. Comparative Characteristics of the Expression of Fucosylated
Glycans and Morphometric Parameters of Terminal Placental Villi Depending on the Severity of Preeclampsia. Bull. Exp. Biol.
Med. 2021, 172, 90-95. [CrossRef]

Baker, B.C.; Heazell, A.E.P; Sibley, C.; Wright, R.; Bischof, H.; Beards, F; Guevara, T.; Girard, S.R.L. Jones Hypoxia and oxidative
stress induce sterile placental inflammation in vitro. Sci Rep. 2021, 11, 7281. [CrossRef]

Zhao, M.; Wang, S.; Zuo, A.; Zhang, J.; Wen, W,; Jiang, W.; Chen, H.; Liang, D.; Sun, J.; Wang, M. HIF-1a/JMJD1A signaling regu-
lates inflammation and oxidative stress following hyperglycemia and hypoxia-induced vascular cell injury. Cell. Mol. Biol. Lett.
2021, 26, 40. [CrossRef] [PubMed]

Jackson-Weaver, O.; Friedman, J.K.; Rodriguez, L.A.; Hoof, M.A,; Drury, R.H.; Packer, J.T.; Smith, A.; Guidry, C.; Duchesne, J.C.
Hypoxia/reoxygenation decreases endothelial glycocalyx via reactive oxygen species and calcium signaling in a cellular model
for shock. J. Trauma Acute Care Surg. 2019, 87, 1070-1076. [CrossRef]

Johansson, PI; Bergstrom, A.; Aachmann-Andersen, N.J.; Meyer, M.A.; Ostrowski, S.R.; Nordsborg, N.B.; Olsen, N.V. Effect of
acute hypobaric hypoxia on the endothelial glycocalyx and digital reactive hyperemia in humans. Front. Physiol. 2014, 24, 459.
[CrossRef]

Becker, B.E,; Fischer, J.; Hartmann, H.; Chen, C.C.; Sommerhoff, C.P.; Tschoep, ]J.; Conzen, P.C.; Annecke, T. Inosine; not
adenosine, initiates endothelial glycocalyx degradation in cardiac ischemia and hypoxia. Nucleosides Nucleotides Nucleic Acids
2011, 30, 1161-1167. [CrossRef] [PubMed]

Moeller, B.J.; Cao, Y.; Vujaskovic, Z.; Li, C.Y,; Haroon, Z.A.; Dewhirst, M.W. The relationship between hypoxia and angiogenesis,
Semin. Radiat. Oncol. 2004, 14, 215-221. [CrossRef]

Krock, B.L.; Skuli, N.; Simon, M.C. Hypoxia-induced angiogenesis: Good and evil. Genes Cancer 2011, 2, 1117-1133. [CrossRef]
Barut, E; Barut, A.; Gun, B.D.; Kandemir, N.O.; Harma, M.I; Harma, M.; Aktunc, E.; Ozdamar, S.O. Intrauterine growth restriction
and placental angiogenesis. Diagn. Pathol. 2010, 5, 24. [CrossRef] [PubMed]

Junaid, T.O.; Brownbill, P.; Chalmers, N.; Johnstone, E.D.; Aplin, J.D. Fetoplacental vascular alterations associated with fetal
growth restriction. Placenta 2014, 35, 808-815. [CrossRef] [PubMed]

Ermini, L.; Bhattacharjee, J.; Spagnoletti, A.; Bechi, N.; Aldi, S.; Ferretti, C.; Bianchi, L.; Bini, L.; Rosati, F.; Paulesu, L.; et al.
Oxygen governs GalB1-3GalNAc epitope in human placenta. Am. J. Physiol. Cell Physiol. 2013, 305, 931-940. [CrossRef] [PubMed]
Maller, S.M.; Cagnoni, A.J.; Bannoud, N.; Sigaut, L.; Sdez, ] M.P,; Pietrasanta, L.I; Yang, R.Y,; Liu, ET.; Croci, D.O.; Di Lella, S.;
et al. An adipose tissue galectin controls endothelial cell function via preferential recognition of 3-fucosylated glycans. FASEB J.
2020, 34, 735-753. [CrossRef]

Thijssen, V.L. Galectins in Endothelial Cell Biology and Angiogenesis: The Basics. Biomolecules 2021, 11, 1386. [CrossRef]
Bueno-Sanchez, ].C.; Gémez-Gutiérrez, A.M.; Maldonado-Estrada, J.G.; Quintana-Castillo, J.C. Expression of placental glycans
and its role in regulating peripheral blood NK cells during preeclampsia: A perspective. Front. Endocrinol. 2023, 14, 1087845.
[CrossRef]

Scott, D.W.; Patel, R.P. Endothelial heterogeneity and adhesion molecules N-glycosylation: Implications in leukocyte trafficking
in inflammation. Glycobiology 2013, 23, 622-633. [CrossRef]

Figueroa-Diesel, H.; Hernandez-Andrade, E.; Acosta-Rojas, R.; Cabero, L.; Gratacos, E. Doppler changes in the main fetal brain
arteries at different stages of hemodynamic adaptation in severe intrauterine growth restriction. Ultrasound Obstet. Gynecol. 2007,
30, 297-302. [CrossRef]

Sauer, S.; Meissner, T.; Moehler, T.A. Furan-Based Lewis-Y-(CD174)-Saccharide Mimetic Inhibits Endothelial Functions and In
Vitro Angiogenesis. Adv. Clin. Exp. Med. 2015, 24, 759-768. [CrossRef]

Moehler, T.M.; Sauer, S.; Witzel, M.; Andrulis, M.; Garcia-Vallejo, J.J.; Grobholz, R.; Willhauck-Fleckenstein, M.; Greiner, A.;
Goldschmidt, H.; Schwartz-Albiez, R. Involvement of alpha 1-2-fucosyltransferase I (FUT1) and surface-expressed Lewis(y)
(CD174) in first endothelial cell-cell contacts during angiogenesis. J. Cell Physiol. 2008, 215, 27-36. [CrossRef]

Gourvas, V.; Dalpa, E.; Konstantinidou, A.; Vrachnis, N.; Spandidos, D.A.; Sifakis, S. Angiogenic factors in placentas from
pregnancies complicated by fetal growth restriction (review). Mol. Med. Rep. 2012, 6, 23-27. [CrossRef]

Schoots, M.H.; Gordijn, S.J.; Scherjon, S.A.; van Goor, H.; Hillebrands, J.L. Oxidative stress in placental pathology. Placenta 2018,
69, 153-161. [CrossRef] [PubMed]

Rapoport, EIM.; Matveeva, V.K.; Vokhmyanina, O.A.; Belyanchikov, I.M.; Gabius, H.J.; Bovin, N.V. Localization of Galectins
within Glycocalyx. Biochemistry 2018, 83, 727-737. [CrossRef] [PubMed]

129



Int. J. Mol. Sci. 2023, 24, 15611

55.

56.

57.

58.

59.

60.

61.

62.

Pankiewicz, K.; Szczerba, E.; Fijalkowska, A.; Szamotulska, K.; Szewczyk, G.; Issat, T.; Maciejewski, T.M. The association between
serum galectin-3 level and its placental production in patients with preeclampsia. J. Physiol. Pharmacol. 2020, 71, 845-856.
[CrossRef]

de Boer, R.A.; Yu, L.; van Veldhuisen, D.J. Galectin-3 in cardiac remodeling and heart failure. Curr. Heart Fail. Rep. 2010, 7, 1-8.
[CrossRef]

Blanda, V.; Bracale, U.M.; Di Taranto, M.D. Fortunato, Galectin-3 in Cardiovascular Diseases. Int. J. Mol. Sci. 2020, 21, 9232.
[CrossRef]

Dorogova, I.V.; Panina, E.S. Comparison of the BPLab® sphygmomanometer for ambulatory blood pressure monitoring with
mercury sphygmomanometry in pregnant women: Validation study according to the British Hypertension Society protocol.
Vasc. Health Risk Manag. 2015, 13, 245-249. [CrossRef]

Knirel, Y.A.; Gabius, H.-J.; Blixt, O.; Rapoport, E.M.; Khasbiullina, N.R; Shilova, N.V.; Bovin, N.V. Human tandem-repeat-type
galectins bind bacterial non-fGal polysaccharides. Glycoconj. J. 2014, 31, 7-12. [CrossRef]

Khong, T.Y.; Mooney, E.E.; Ariel, I.; Balmus, N.C.; Boyd, T.K.; Brundler, M.A.; Derricott, H.; Evans, M.].; Faye-Petersen, O.M.;
Gillan, J.E; et al. Sampling and Definitions of Placental Lesions: Amsterdam Placental Workshop Group Consensus Statement.
Arch. Pathol. Lab. Med. 2016, 140, 698-713. [CrossRef]

Detection of Glycoproteins Using Lectins in Histochemistry, ELISA, and Western Blot Applications, Supplemental Protocol. 2022.
Available online: https:/ /vectorlabs.com/wp-content/uploads/2023/01/VL_LIT3055_Detect.Glycoproteins_SuppProtocol. LBLO
2552.pdf (accessed on 10 September 2023).

Vuskovic, M.I,; Xu, H.; Bovin, N.V,; Pass, H.I.; Huflejt, M.E. Processing and analysis of serum antibody binding signals from
Printed Glycan Arrays for diagnostic and prognostic applications. Int. ]. Bioinform. Res Appl. 2011, 7, 402-426. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

130



BN 5 20221 50rmal of
S

)

DPI|

Molecular Sciences | >

Review

Events Leading

to the Establishment of Pregnancy and Placental

Formation: The Need to Fine-Tune the Nomenclature on
Pregnancy and Gestation

Giuseppe Benagiano 12

check for
updates

Citation: Benagiano, G.; Mancuso, S.;
Guo, S.-W.; Di Renzo, G.C. Events
Leading to the Establishment of
Pregnancy and Placental Formation:
The Need to Fine-Tune the
Nomenclature on Pregnancy and
Gestation. Int. . Mol. Sci. 2023, 24,
15420. https://doi.org/10.3390/
jms242015420

Academic Editor: Giovanni Tossetta

Received: 30 August 2023
Revised: 10 October 2023
Accepted: 18 October 2023
Published: 21 October 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Salvatore Mancuso 3, Sun-Wei Guo *

and Gian Carlo Di Renzo 3/6/7*

Faculty of Medicine and Surgery, Sapienza University of Rome, 00185 Rome, Italy; pinoingeneva@bluewin.ch
Geneva Foundation for Medical Education and Research, 1206 Geneva, Switzerland

Faculty of Medicine and Surgery, Catholic University of the Sacred Heart, 00168 Rome, Italy;
salmancuso71@gmail.com

Research Institute, Shanghai Obstetrics & Gynecology Hospital, Fudan University, Shanghai 200011, China;
hoxal0@outlook.com

Center for Perinatal and Reproductive Medicine, University of Perugia, 06156 Perugia, Italy

Department of Obstetrics, Gynecology and Perinatology, I.M. Sechenov First Moscow State Medical
University, 119146 Moscow, Russia

7 Department of Obstetrics & Gynecology, Wayne State University School of Medicine, Detroit, MI 48201, USA
*  Correspondence: giancarlo.direnzo@unipg.it

Abstract: Today, there is strong and diversified evidence that in humans at least 50% of early embryos
do not proceed beyond the pre-implantation period. This evidence comes from clinical investigations,
demography, epidemiology, embryology, immunology, and molecular biology. The purpose of this
article is to highlight the steps leading to the establishment of pregnancy and placenta formation.
These early events document the existence of a clear distinction between embryonic losses during the
first two weeks after conception and those occurring during the subsequent months. This review
attempts to highlight the nature of the maternal-embryonic dialogue and the major mechanisms
active during the pre-implantation period aimed at “selecting” embryos with the ability to proceed to
the formation of the placenta and therefore to the completion of pregnancy. This intense molecular
cross-talk between the early embryo and the endometrium starts even before the blastocyst reaches
the uterine cavity, substantially initiating and conditioning the process of implantation and the
formation of the placenta. Today, several factors involved in this dialogue have been identified,
although the best-known and overall, the most important, still remains Chorionic Gonadotrophin,
indispensable during the first 8 to 10 weeks after fertilization. In addition, there are other substances
acting during the first days following fertilization, the Early Pregnancy Factor, believed to be involved
in the suppression of the maternal response, thereby allowing the continued viability of the early
embryo. The Pre-Implantation Factor, secreted between 2 and 4 days after fertilization. This linear
peptide molecule exhibits a self-protective and antitoxic action, is present in maternal blood as early
as 7 days after conception, and is absent in the presence of non-viable embryos. The Embryo-Derived
Platelet-activating Factor, produced and released by embryos of all mammalian species studied seems
to have a role in the ligand-mediated trophic support of the early embryo. The implantation process is
also guided by signals from cells in the decidualized endometrium. Various types of cells are involved,
among them epithelial, stromal, and trophoblastic, producing a number of cellular molecules, such
as cytokines, chemokines, growth factors, and adhesion molecules. Immune cells are also involved,
mainly uterine natural killer cells, macrophages, and T cells. In conclusion, events taking place
during the first two weeks after fertilization determine whether pregnancy can proceed and therefore
whether placenta’s formation can proceed. These events represent the scientific basis for a clear
distinction between the first two weeks following fertilization and the rest of gestation. For this
reason, we propose that a new nomenclature be adopted specifically separating the two periods. In
other words, the period from fertilization and birth should be named “gestation”, whereas that from
the completion of the process of implantation leading to the formation of the placenta, and birth
should be named “pregnancy”.
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1. Introduction

A just-published “Perspective” article in the American Journal of Obstetrics and Gy-
necology [1] proposes to make a distinction between “Gestation” (the period going from
fertilization of the oocyte and birth), and “Pregnancy” (the period between the completion
of the implantation process and birth). Biologically, such a distinction is justified by the
fact that, in humans, there is strong and diversified evidence that at least 50% of early
embryos do not proceed beyond the pre-implantation period. To consider these as “preg-
nancies” would imply that an attempt should be made to salvage these early embryos [2].
Such an attempt would be not only impossible, but also totally counterproductive, since
today we know that the loss of preimplantation embryos is biologically a welcome and
desirable process, given the high proportion of abnormalities in them and the need for a
quality-control checkpoint before proceeding to a highly energy-consuming and somewhat
precarious process.

The subject has been amply debated and reported, but—given the proposed new
terminology—revisiting and summarizing what we know about the events occurring
during the first two post-fertilization weeks, seems useful and timely.

In 2002 a review entitled “Conception to Ongoing Pregnancy: The ‘Black Box’ of Early
Pregnancy Loss” [3] pointed out that preclinical loss of embryo, rather than failure of concep-
tion, accounted for much of human low fertility. Several years later, another review tried
to evaluate the proportion of zygotes and early human embryos that under physiological
conditions proceed to term [4]. Since then, not only new information coming from a num-
ber of different sources has been gathered, but also vital evidence has been produced on
mechanisms leading to early embryonic losses.

A well-documented review of different new aspects of the processes leading to the loss
of early embryos has been recently published, focusing on the growing understanding of the
dialog established between the embryo and the endometrium [5]. It provided new evidence
that an active selection aimed at impeding implantation of unhealthy embryos actually
occurs at the endometrial interface, replacing the classic concept of mere ‘receptivity” with
one implying ‘selectivity” by the host organism.

Worth mentioning is the finding that pregnancy wastage may be a function of the
time-lapse between ovulation and implantation, with a decreasing probability of successful
nidation with increasing peri-implantation time [4]. In addition, it has been shown that cy-
cles in which intercourse occurred during the implantation window were significantly less
likely to result in a positive pregnancy test after adjusting for major variables [Fecundability
Ratio = 0.62, 95% Confidence Interval (CI) = 0.42-0.91] [6].

These views ran contrary to the prevailing common wisdom which, until the middle
of the 20th century, dictated that the vast majority of human zygotes are normal and
proceed to term, since congenital anomalies at birth are fortunately rare, with an estimated
incidence of 6% (with a caveat that in a number of cases, statistics are not adjusted for
pregnancy terminations) [7]. Indeed, once pregnancy has been confirmed, the overall rate
of spontaneous abortion does not exceed 15%, as documented by a large Danish survey of
634,272 women with 1221,546 pregnancy outcomes, yielding an estimated overall fetal loss
of 13.5% [8]. Of relevance is the observation that after age 40 the proportion of spontaneous
abortions rises precipitously, exceeding 50%: the risk of spontaneous abortion has been
estimated at 8.9% in women aged 20-24 years, in stark contrast to a whopping 74.7% in
those aged 45 years or more [8]. Increasing paternal age seems also associated with a
small increase in spontaneous abortion, with a pooled risk for age category >45 years of
1.74 (95% CI = 1.26-2.41) compared to the age group 30-35 [9].
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The existence of a ‘black box” was first documented in the mid and late 1950s when
precious information on early embryonic losses became available with the publication by
Hertig and his group [10-12] of the results of a careful investigation of 34 human embryos
aged between 1 and 17 days (8 were considered to be in the preimplantation stage), collected
over a period of 17 years. They found that 4 of the 8 preimplantation embryos presented
with such severe anomalies that gestation could not have proceeded to term. In addition,
6 (23%) of the embryos in the second or third week also had anomalies such as to be
incompatible with normal development. In 1973, Hertig and Rock [12] clearly identified
the period during which a major loss of early embryos occurs as the first 2 weeks after
fertilization (i.e., prior to the first missed period) and described a phenomenon they coined
‘disintegration of an ovum once fertilized’. This implies that data on spontaneous abortion
provide only a very partial view of the fate of fertilized human oocytes, with substantive
additional information coming from a variety of disciplines.

The main scope of this review is to highlight the clear distinction in pregnancy wastage
between the first 2 weeks after conception and the subsequent 9 months of gestation; we
then argue that, in light of this distinction, a new nomenclature specifically separating the
two periods should be adopted.

2. Methodology

The availability of several reviews of the subject provided the basic set of references for
the present work. In addition, a PubMed search using the words “early pregnancy wastage”
yielded 241 references. More were added using references listed under “similar articles’
after each relevant entry. A series of specific searches were also carried out with a variety of
expressions: “early pregnancy factor” (215 entries); “pre-implantation factor” (931 entries,
increasing to 2136 if using the acronym “PIF” and to 4714 when using “preimplantation
factor); “embryo-derived Platelet-activating Factor” (48 entries); and “immunological
factors in early pregnancy wastage” (33 entries).

The wording “endometrial factors in implantation” yielded 3193 titles; these decreased
to 2436 when adding the word “human”. Therefore, the search was undertaken manually,
with the ensuing, albeit remote, possibility of omission.

(All entries as accessed on 1 August 2023).

7

3. Evidence of Early Embryonic Loss

In 1975, Roberts and Lowe were the first to attempt a statistical estimation of pregnancy
wastage, placing emphasis on early losses. Their conclusions were somewhat shocking:
they estimated that at least 75% of all conceptions do not become a viable fetus and proceed
to term [13]. A few years later, Shepard and Fantel quoted an early embryonic/fetal loss of
approximately one out of two pregnancies and attributed it to ‘karyotype deviation’ [14].

The availability of the so-called ‘Rosette Inhibition test’ to evidence the presence
of a pregnancy-specific protein named Early Pregnancy Factor (EPF) [15], enabled Rolfe
to monitor fertilization and early gestation in a group of 13 nulliparous women during
28 cycles. In 18 subjects the presence of EPF was detected in maternal serum within 48 h of
the presumed fertilization, but EPF production continued for more than 14 days in only
4 cases and successful pregnancy was maintained in only 2. In the remaining 14 cases,
EPF disappeared from the serum before the presumed time of onset of menstruation [16].
A similar investigation was conducted on 18 healthy women during 21 menstrual cycles.
EPF was present in 14 cycles, with 6 showing only a transient activity over a 5-10-day
period following ovulation [17]. Once again, these investigations showed a surprisingly
high proportion of early embryonic loss.

In 1988, Wilcox et al. [18] utilized a highly specific immunoradiometric assay with
a sensitivity to detect urinary human chorionic gonadotrophin (hCG) of 0.01 ng/mL, to
evaluate the risk of early pregnancy loss in 221 healthy women attempting to conceive over
a total of 707 menstrual cycles. They identified 198 pregnancies with an increase in the hCG
level near the expected time of implantation and observed that 22% of them ended before
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pregnancy could be detected clinically. Of relevance, most of the women with unrecognized
early pregnancy losses had normal fertility, and, indeed, 95% of them became clinically
pregnant within two years.

Demographic and epidemiological evidence also calls for the presence of a major early
wastage. Indeed, human fecundity, i.e., the capacity to bear live children, defined as ‘the
probability to produce a vital term newborn per menstrual cycle during which there was normal
sexual activity’ [19], rarely exceeds 35—40% [4]. In fact, Woods estimated that apparent
fecundability varies from 0.14 to 0.31 (0.17-0.38 when adjusted for fetal loss) [20].

A recent investigation of Japanese couples trying to conceive their first child utilized
the “time to conception” (TTP) as either “natural” or “total”. Using TTP-total and TTP-
natural, the sterile proportion of the whole sample was, respectively, 2% and 14%, and
the interquartile range of fecundability (IQRF) was, respectively, 0.10 (CI: 0.04, 0.19) and
0.11 (CI: 0.05, 0.19). The IQRF was 0.18 (CI: 0.10, 0.29) for women aged 24 years or younger
and 0.05 (CI: 0.02, 0.13) for 35-39 years old when TTP-all was used; the TTP-natural
was 0.18 (CI: 0.10, 0.29) for women aged 24 years or younger and 0.06 (CI: 0.00, 0.15) for
35-39 years old. This investigation concluded that fecundability is overall lower at higher
ages, while interquartile ranges are overlapping [21].

A summary of information on fecundability in the human available up to 2010 is
presented in Table 1.

Table 1. Human fecundity over the last four centuries.

Population Studied Publication Fecundity Index
Canada (Québec), 18th century Henrypin (1954) [22] 0.31
China 20th century Wang et al (2003) [23] 0.40
France, 17th and 18th centuries Charbonneaux (1970) [24] 0.21
Great Britain, 20th century Vessey et al. (1976) [25] 0.21
Mexico, 20th century Balakrishnan (1979) [26] 0.21
Peru, 20th century Balakrishnan (1979) [26] 0.17
The Netherlands, 20th century * van Noord Zaadstra et al. (1991) [27] 0.54
USA (Hutterite sect) 20th century Sheps (1965) [28] 0.28
USA, 20th century Zinamen et al. (1996) [29] 0.30

* After 2 months at age 31. Modified and reprinted with permission from Benagiano et al., 2010 [4].

Reasons for the reported wide variations in evaluating human fecundity have been
critically examined by Smarr et al. [30] who pointed out that there is no ‘population
(bio)marker” that can be used and, as such, fecundity can only be assessed indirectly
utilizing a variety of individual- or couple-based endpoints, defaulting both evaluation
and monitoring to rely on rates of births (fertility) or adverse outcomes.

In terms of possible causes for the relatively low human fecundity, there is once again
increasing evidence that it is due to pre-clinical pregnancy loss, suggestive of spontaneous
failure of implantation. Therefore, the mechanisms underlying this phenomenon need to
be critically analyzed.

In a 1996 clinical study, Zinaman et al. found a maximal fertility rate of approximately
30% per cycle in the first two cycles, with a pregnancy wastage of 31%. Importantly,
40% of these losses occurred so early after fertilization that the presence of gestation
could be identified only through the measurement of urinary hCG [29]. Another clinical
investigation followed a cohort of 217 women attempting to become pregnant, observing
early loss rates ranging from a low estimate of 11.0% to a high one of 26.9% [31]. More
recently, Leridon provided an average figure of 20-25% (at ages 20-30) and pointed out that,
although human fetal mortality is high, amounting to 12-15% of confirmed pregnancies,
“an even higher proportion of ‘products of conception’ do not develop normally and are evacuated
within a few weeks, before the woman becomes aware of her pregnancy”. He cites a figure of
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around 50% of all conceptions and states that in their great majority these failures are due
to severe genetic abnormalities, concluding that “human reproduction has a high error rate, but
most of these errors are corrected by eliminating the products of conception” [32].

A number of investigations have attempted an evaluation of pre-clinical embryonic
losses in in vitro fertilization (IVF) cycles.

At the turn of the millennium, Simon et al. [33] recruited 145 subjects undergoing IVF
and 92 undergoing oocyte donations. In subjects undergoing IVF, positive implantation
was documented in 60.7% of embryo transfer (ET) cycles, but only 20.7% resulted in viable
pregnancies, whereas the remaining miscarried; this occurred at an early pre-clinical stage
in 72.4% of the failed ET cycles. In ovum donation cycles, positive implantation was
recorded in 69.6% of ET cycles. Of these, 37.0% miscarried; among them, pre-clinical losses
accounted for 70.6% of the total.

Boomsma et al. [34] utilized rates of rising urinary hCG (indicating initiation of
implantation) that did not lead to a subsequent positive pregnancy test. They found that
in over 50% of women undergoing ET, a rise in hCG could be documented, indicating an
implanting embryo. However, in approximately one-third of these implanting embryos, a
pre-clinical pregnancy loss occurred.

Calculations of early embryonic losses have been scrutinized by Jarvis [35], who
expressed the opinion that: (i) the hypothesis by Roberts and Lowe [13] has no practical
quantitative value; (ii) life-table analyses cannot evaluate losses at very early stages of
development; (iii) measurement of hCG can only reveal losses occurring from the second
week of gestation; and (iv) calculations by Hertig and his group [10-12] are highly imprecise
and cast doubt on the validity of their analysis.

In support of his views, Jarvis quotes the large variations of losses published in a
number of reputable scientific publications, before and during implantation (30-70% [36],
>50% [37], and 75% [38]). He then mentions his re-analysis of the results of hCG in-
vestigations and concludes that approximately 40-60% of embryos may be lost between
fertilization and birth. His critique of the work of Hertig’s group is based on the fact that all
estimates of early embryo mortality are subject to commensurate inaccuracy in the absence
of reliable fertilization probabilities which, as stressed by Short [39] are “surprisingly difficult
to estimate” .

Jarvis’ critical reanalysis has merit, but—according to his own revision of published
data—early pregnancy wastage would still reach at least 50%.

Finally, in 2020, Wilcox et al. [40], after combining data from epidemiologic, de-
mographic, laboratory, and in vitro fertilization investigations, constructed an empirical
framework aimed at producing plausible estimates of fecundability, sterility, transient
anovulation, patterns of intercourse, and the proportion of ova fertilized in the presence
of sperm. After combining all this information, they generated an estimation of preim-
plantation loss, to be considered an average for fertile couples, concluding that “under a
plausible range of assumptions. . . 40 to 50% of fertilized ova fail to implant” even in normally
fertile couples.

4. Mechanisms Involved in Early Embryo Selection

The first week of development is characterized by daily changes that can be summa-
rized as follows:

Day 1: Fertilization takes place with the fusion of the sperm and egg to form the zygote.

Day 2: The division of the zygote begins, and two cells are formed.

Day 3: A solid spheric ‘ball’ of cells, the morula, is generated by the further division of
the zygote.

Day 4: The morula continues to divide, while in its center a small cavity begins to
form as the morula transforms into the blastocyst.

Day 5: The blastocyst begins to implant in the uterus.

Day 6: The implantation process continues, and the blastocyst begins to differentiate
with the formation of an outer layer: the trophoblast.
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Day 7: Implantation is complete, with the blastocyst fully embedded in the decidua; at
this stage, the process of placental formation begins and is characterized by the formation
of the two layers: cytotrophoblast and syncytiotrophoblast.

In 2017, Makrigiannakis et al. [41] summarized the steps involved in the process of
implantation as follows:

1. The blastocyst moves towards the uterine cavity and contemporarily the decidualized
endometrium evolves to a receptive phenotype, resulting in a biochemical cross-talk
with the embryo.

2. The pre-implantation embryo begins to secrete factors capable of modulating the
implantation site while, in turn, the decidua secretes cytokines and growth factors
modulating embryonic differentiation and development.

3.  In the presence of a proper biochemical environment, the embryo and the decidua
jointly promote trophoblast invasion. This process can be altered in a number of ways
resulting in early embryonic loss.

A schematic view of the major phases of the implantation process is presented
in Figure 1.
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Figure 1. Schematic representation of the main phases of human implantation: apposition, ad-
hesion/attachment, invasion/penetration, and decidualization. (A) (Apposition): the blastocyst
expresses L-selectin that reacts with its ligands. The presence of Mucin-1 repels the blastocyst and
prevents it from attaching outside of the window of receptivity. (B) (Adhesion): the blastocyst
promotes cleavage of Mucin-1 at the implantation site to ensure successful attachment. (C) (Invasion):
blastocyst trophoblast cells penetrate the endometrial epithelium and reach the stroma. As soon as
implantation is initiated and the embryo reaches the stromal cells surrounding the embryo, these
transform into decidualized cells. (D) (Decidualization): during the decidualization process, immune
cells, such as macrophages and uterine natural killer (uNK) cells, play an important role promoting an
environment conducive to successful implantation. Reprinted with permission from: Ochoa-Bernal
and Fazleabas (2020) [42].

Over the last decades, information has been obtained concerning the mechanisms
leading to this very early embryonic demise. These have been clearly summarized by
Macklon and Brosens [43], who proposed that maternal systems are in place to prevent
the implantation of poorly viable embryos. To achieve this, the decidualization of the en-
dometrium acts as a biosensor through which signals from the early embryos are converted
into a ‘go’ or ‘no-go’ endometrial response and therefore successful implantation.
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Brosens et al. [44] have further elaborated the path that led to new insights into the
processes that govern maternal selection of human embryos in early gestation, pointing
out the major challenge for the maternal organism (and specifically for the decidualized
endometrium) to eliminate defective embryos without at the same time preventing im-
plantation of normal blastocysts. Two distinct mechanisms seem to be at work: the first
implies that a proportion of embryos simply fail to implant; the second is that they are
rejected soon after the beginning of the process of implantation in the endometrial luminal
epithelium [45].

4.1. Factors Secreted by the Pre-Implantation Embryo

Fundamental new knowledge has been gained thanks to assisted reproduction tech-
niques. An early investigation by Shutt and Lopata [46] of embryos cultured in vitro over
a period of 3—4 days, found that the corona cells surrounding the fertilized ovum could
secrete daily a mean amount of 50 ng of progesterone and approximately 100 pg each of
estradiol, prostaglandin-E; (PGE2), and PGF2«, respectively. This experiment provided
the first evidence of how the early embryo is supplied with vital substances for its survival
before the maternal organism intervenes.

After the blastocyst reaches the uterine cavity, several substances of embryonic origin
become involved in the intense cross-talk between the early embryo and endometrium, ini-
tiating before and conditioning the process of implantation and of the placenta’s formation.

4.1.1. The Early Pregnancy Factor

In the 1970s, Morton et al. [47], starting from the observation that human lymphocytes
showed a depression in their activity when incubated in serum from pregnant women,
identified the above-mentioned EPF. Biochemically, EPF is a homolog of chaperonin 10 and
belongs to the heat shock family of proteins with immunosuppressive and growth factor
properties [48] and seems involved in the suppression of the maternal response, thereby
allowing the continued viability of the early embryo. Nahhas and Barnea [49] believe that
EPF represents a link between fertilization and immunomodulation and that during the
pre-implantation period, EPF is of maternal origin, whereas after nidation it becomes of
embryonic origin.

4.1.2. The Pre-Implantation Factor

A second early-secreted substance, coined Pre-Implantation Factor (PIF), was identified
by Barnea et al. [50] in 1994. Starting from the observation that in men and non-pregnant
women, the proportion of lymphocytes bound by platelets is significantly different from
that of pregnant women (p < 0.0001), they developed an assay to measure the presence of
PIF. This was detected in subjects who had successfully undergone IVE-ET, followed by
a normal pregnancy by 4 days after transfer. PIF is a linear peptide molecule consisting
of 15 amino acids, which exhibits a self-protective and antitoxic action and is present in
maternal blood as early as 7 days after conception and absent in the presence of non-viable
embryos [51].

Yang et al. [52] identified 21 proteins capable of interacting with PIF. Of particular
interest is myosin heavy chain 10 (MYH10), since silencing its expression in human endome-
trial adenocarcinoma (HEC-1-B) cell culture, significantly attenuates cell migration and
invasion capacities. It seems therefore that MYH10-mediated cell migration and invasion
act in conjunction with PIF in promoting trophoblast invasion. PIF has different biological
functions in mammalian species and plays a major role in the embryo’s neural system
development and neuroprotection; updated information obtained from evidence-based
studies as of 2020 is available [53].

Finally, it has been recently suggested that PIF accentuates the decidualization process
and the production of endometrial factors that limit trophoblast invasion. Therefore, by
controlling both trophoblast and endometrial cells, PIF seems to play a major role in the
process of human embryo implantation [54].
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4.1.3. The Embryo-Derived Platelet-Activating Factor

A third early factor, the embryo-derived platelet-activating factor (PAF) (1-o-alkyl-2-acetyl-
sn-glycero-3-phosphocholine) was identified by O’Neill et al. [55]. Subsequently, Roude-
bush et al. [56] proved a correlation between PAF levels in human embryo culture media
and pregnancy outcome: as PAF levels increase, so does the corresponding pregnancy rate.

The activity of PAF is regulated at the level of its synthesis and degradation as well as
by the expression of a specific cell surface receptor (PAFr); PAF is eventually degraded by
the enzyme PAF-acetyl-hydrolase (PAF-AH). It has been suggested that PAF may constitute
the embryonic signal controlling embryo transport to the uterus. Velasquez et al. [57] have
documented the co-localization of both PAFr and PAF-AH in the epithelium and stromal
cells of the fallopian tubes, granting credibility to this theory.

In 2005, O’Neill summarized knowledge of the factor [58], noting that PAF is produced
and released by the embryos of all mammalian species studied to date and is considered
the best-described embryotrophin, with a role in the ligand-mediated trophic support of
the early embryo.

Sato et al. [59] histologically investigated the aggregates of trophoblasts invading
spiral arteries and observed deposition of maternal platelets in them. Furthermore, there is
evidence that these platelets are activated and, in an in vitro system, they are capable of
increasing the ability of trophoblast to invade spiral arteries.

Recently, PAF has been identified as a fetus-derived mediator repressing placental
progesterone receptor A (PR-A) in the human placenta leading to the activation of pro-
labor signaling. It seems therefore that PAF represents a novel fetal-derived candidate for
initiation of labor [60].

4.1.4. The Human Chorionic Gonadotrophin

In spite of the progress made in the biology of these pre-implantation factors, the
best known and the most important among them still remains hCG, indispensable for
maintaining the corpus luteum. Fishel et al. [61] were the first to detect its presence in the
medium surrounding two embryos cultured for more than 7 days after IVFE. This places
hCG among the pre-implantation factors. In fact, its mRNA is transcribed as early as the
8-cell stage [62].

4.2. Factors Produced by the Endometrium

Successful implantation requires the exquisitely coordinated migration and invasion
of trophoblast cells from the outer capsule of the blastocyst into the endometrium [42].
Over and above the described substances produced by the early embryo, the process is
also guided by additional signals from cells in the decidualized endometrium. There
are numerous recent descriptions of the mechanisms involved in successful implantation,
e.g. [3,32,34,36,39,42,43,56,57,63]. For this reason, a detailed analysis of the implantation
process is beyond the scope of this review.

Briefly, however, for the implantation process to be successfully achieved, a well-
orchestrated interplay of various cell types is necessary. These consist of epithelial, stromal,
and immune cells, and trophoblasts, producing a number of cellular molecules, such as
cytokines, chemokines, growth factors, and adhesion molecules [42,63]. In addition, en-
dometrial stroma cells have been shown to promote trophoblast invasion through the
generation of an inflammatory environment modulated by TNF-« (tumor necrosis fac-
tor «) [64]. Furthermore, through the production of IL-17 (interleukine-17), stromal cells
promote trophoblast migration [65]. Finally, adequate glycolysis also appears to be nec-
essary to provide all the energy and macromolecules needed for implantation and early
pregnancy [66].

4.3. The Role of the Immune System in Early Pregnancy Wastage

Some twenty years ago, Clark, starting from the fact that embryos bear paternal and
embryonic antigens foreign to the maternal immune system, asked the question: could
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some otherwise normal embryos be ‘rejected’? [67]. In a subsequent review [68], he searched
and critically analyzed the evidence in animals and humans, finding that various treatments
may improve the live birth rate. Unfortunately, not enough evidence exists to indicate
when in gestation such mechanisms may be active.

Early investigations by Haddad et al. [69,70] provided some experimental evidence in
a murine model of the presence of activated macrophages at implantation sites before overt
embryo damage occurs. In terms of mechanism, they showed that increased nitric oxide
production by decidual macrophages is involved in early murine embryo loss.

Vento-Tormo et al. [71] have determined the cellular composition of human decidua,
documenting the existence of subsets of perivascular and stromal cells located in distinct
decidual layers. These include immune cells, principally uNK cells (~70%), macrophages
(~20%), and T cells (~10%). In a mouse model, the influx and expansion of these immune
cells are controlled by decidual cells, since effector T cells cannot accumulate within the
decidua, thanks to the epigenetic silencing of key T cell-attracting inflammatory chemokine
genes in decidual stromal cells [72]. According to Brosens et al. [44], cooperation between
different innate immune cell populations is essential for optimal decidualization. Therefore,
an adverse impact of impaired decidualization on local immune populations and vice versa,
hampering the distinction between cause and effect.

A recent review of endometrial immune dysfunction in recurrent pregnancy loss [73]
found experimental and clinical evidence suggesting that derangement of the endometrial
immune environment can be involved in recurrent implantation failure. Indeed, both
changes and modulation of the activity of the immune cells at the level of the endometrium
occur early in gestation and the maternal immune system involvement is extended to
the endometrial tissue breakdown, vascular remodeling, and placentation. What is not
clear is whether the involvement of the immune system occurs at the very early pre-
implantation stage, although there are data in support of the hypothesis that the process of
nidation evokes an initial, early, inflammatory reaction which is promptly followed by the
establishment of an anti-inflammatory decidual environment, allowing the survival of the
conceptus and the progression of the pregnancy.

In addition, regulatory T cells (Tregs) also seem to play a vital role in implantation
and sustaining pregnancy [74]. The fact that a healthy woman can successfully carry
her genetically disparate fetus to term without immune rejection strongly indicates that
immune cells are actively involved in pregnancy. Tregs are thymus-derived and can be
recruited to non-lymphoid tissues to curtail inflammation and maintain immunological
self-tolerance and homeostasis [75]. Tregs may also differentiate and proliferate from CD4+
naive T cells when stimulated with immunosuppressive cytokines such as TGF-f3 and
IL-10 [76]. The potent immunosuppressive activity of Tregs comes from their ability to
influence the polarization, expansion, and effector function of T effector cells [77]. Tregs can
inhibit effector immunity, restrict inflammation, and support maternal vascular adaptations,
and, as such, facilitate trophoblast invasion and placental access to the maternal blood
supply. Ample data have shown that insufficient Treg numbers or inadequate functional
competence are involved in idiopathic infertility and recurrent miscarriage, as well as later-
onset pregnancy complications, ranging from preeclampsia and fetal growth restriction [78].

5. Factors Predictive of Embryonic Loss
The Embryo—Maternal Dialogue

In reviewing the situation with PIF and other early factors, Barnea [79] pointed out
that the embryo-maternal dialogue starts shortly after fertilization and is exerted through
both local and systemic signaling. First comes the PIF, secreted in humans already at
the 2—4-cell stage, that initiates the modulation of cellular immunity. Then comes a class
of novel proteins/peptides coined developmental proteins (DPs), present in the embryo
before a mature immune system has developed. They promote normal proliferation while
controlling any abnormal one and seemingly acting through specific receptors. When the
development of an embryo becomes incompatible with life, DPs may lead to growth arrest,
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a decline of pre-implantation factors, reactivationof the immune system, and, ultimately,
pregnancy rejection. Drawing attention to the fact that, despite the use of adjuvant therapies,
the cumulative rates of live births following IVF-ET remains at ~40%, Yang et al. [52]
stressed that the low pregnancy rates, even in the presence of high fertility rates, are due
to implantation failure. As reported above, they tried to construct a profile of the DPs
reacting with PIF in an attempt to clarify the molecular mechanisms by which PIF promotes
trophoblast invasion (see Section 4.1.2).

Brosens et al. [44] have identified multiple decidual checkpoints conditioning the
implantation of the blastocyst. The first is appropriate timing since a delayed rise in
hCG levels beyond the putative implantation window is strongly associated with the
interruption of gestation in the first two weeks of pregnancy. The second is the action of
migratory decidual cells encapsulating the implanting embryo, serving as biosensors, and
acting in both negative and positive selection. In the presence of low-quality embryos,
these cells engage in a stress response inhibiting the secretion of implantation factors and
hindering embryo encapsulation, while normal embryos secrete factors enhancing the
expression of maternal implantation and metabolic genes, thus actively promoting the
completion of the implantation process. The third is represented by a sufficient secretion of
hCG to rescue ovarian progesterone production until around 8 to 10 gestation weeks when
the placenta takes over progesterone production [80].

Brosens et al. [44] concluded that at the time of implantation, both positive and
negative selection mechanisms are active in a process that is intrinsically dynamic and
adaptable (Figure 2).

Information is also available on the mechanisms through which the early embryo
identifies its own defects, such as, first and foremost, apoptosis which begins to appear
at the blastocyst level [81,82]. The starting point has been the observation that many
embryos grown in vitro contain unequal-sized blastomeres and multiple cellular fragments
and, when fragmentation becomes excessive, their developmental potential both in vitro
and in vivo is severely limited [82]. Hardy [83] reported that embryos cultured in vitro,
when evaluated after their developmental arrest, often show features characteristic of
apoptosis, whereas embryos that seem to be developing normally show no such features
before compaction.

A recent review indicates that the most studied mechanisms of embryo fragmentation
are apoptotic cell death, membrane compartmentalization of altered DNA, cytoskeletal
disorders, and vesicle formation. These phenomena may result in the extrusion of en-
tire blastomeres, the release of apoptotic bodies and other vesicles, and the formation
of micronuclei [82]. Indeed, back in 1996, Jurisicova et al. [81] evaluated arrested, frag-
mented human embryos and were able to detect extensive condensation and degradation
of chromatin, which is suggestive of apoptosis. Of importance, no such abnormalities were
observed in embryos with regular-sized blastomeres and absence of fragmentation; these
findings provided evidence for the existence of the mechanism coined programmed cell death.
In human embryos, such a mechanism seems to be triggered at a stage prior to blastocyst
formation, leading to preimplantation embryo death.

According to Leidenfrost et al. [84], in the bovine model, errors and even failure of the
first few cleavage divisions frequently cause immediate embryo death, which constitutes
the main source of developmental heterogeneity. This seems to be due to a systemically
and developmentally controlled elimination of cells, while the nature and mechanisms of
the inner cell mass cell death are unclear.
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Figure 2. Positive and negative mechanisms contribute actively to the selection of human embryos at
implantation. (A) Developmentally competent human embryos secrete serine proteases that activate
epithelial Nal channel (ENaC) that induce genes involved in implantation and post-implantation
embryo development. (B) Developmentally compromised embryos By contrast, induce excessive
protease activity, leading to accumulation of misfolded proteins and ER stress, compromising decidual
cell functions and triggering early maternal rejection. From: Brosens J] et al. (2014) [44].

An early investigation by Liu et al. [85] failed to find a significant difference in the
expression frequency of all studied genes between viable and nonviable or arrested em-
bryos, but with one exception: BCL-2 was only detected in viable embryos. Shortly after,
Jurisicova et al. [86] reported that human oocytes and preimplantation embryos possess
abundant levels of transcripts encoding cell death suppressors and apoptosis inducer genes,
Bax and Caspase-2. They also conducted an analysis of gene expression in single human
embryos exhibiting various degrees of fragmentation at the 2-, 4-, and 8-cell stages and
reported that at the 4-cell stage, embryos displaying 30 £ 50% fragmentation showed a
significant increase in the Harakiri gene and Caspase-3, suggesting that cellular fragmen-
tation could be regulated by certain components of a genetic program of cell death. They
stressed that cell fate (i.e., survival/differentiation or death) is determined by the outcome
of specific intracellular interactions between pro- and anti-apoptotic proteins, many of
which are expressed during oocyte and preimplantation embryo development [87].

The same group [88] also examined changes in mitochondrial membrane potential
over the preimplantation stages of mouse and human embryos. They found that mouse
zygotes and early embryos contain highly-polarized mitochondria and observed a transient
increase in the ratio of high to low A¥m (delta psi m, a measure of the mitochondrial

141



Int. J. Mol. Sci. 2023, 24, 15420

membrane potential) with increasing cleavage. In human 8-cell embryos, there was an
increased ratio of high- to low-polarized mitochondria, as well as increasing degrees of
embryo fragmentation, leading to the conclusion that an aberrant shift in A¥m is either as-
sociated with or can contribute to a decreased developmental potential. Komatsu et al. [89]
measured the AYm of the in vivo-fertilized 1- and 2-cell stage, and of IVF embryos and
found that the AYm of in vivo-fertilized embryos was highly upregulated, whereas in a
number of IVF embryos remained unchanged. In addition, the development of low-A¥Ym
2-cell stage IVF embryos tended to be arrested after the 2-cell stage. Zhao et al. [90] tried
to profile the role of the mitofusin2 gene Mfn2 (a key player in many mitochondrial ac-
tivities, such as fusion, trafficking, turnover, and contacts with other organelles [91]) in
mouse embryos and determine the underlying mechanism of Mfn2 function in embryo
development. They concluded that low in vitro expression of Mfn2 causes mitochondrial
dysfunction and attenuates blastocyst formation rate. These findings indicate that Mfn2
could affect preimplantation embryo development through mitochondrial function and
cellular apoptosis [90].

Recently, a study by Haouzi et al. [92] of genes involved in the regulation of the
apoptotic and survival pathways of mouse and human embryos found that components of
the major apoptotic and survival signaling pathways were expressed during early human
and mouse embryonic development in a species-specific manner.

According to Brosens et al. [44], genome-wide screening of blastomeres in IVF cycles
seems to harbor cells with complex large-scale structural chromosomal imbalances, mostly
by mitotic non-disjunction. In addition, a vast array of chromosomal errors has been
detected in human embryos throughout all stages of pre-implantation development [44].

In an attempt to identify visual markers of early pregnancy loss in women undergoing
IVF, Amitai et al. assembled an expansive set of 314 morphological, morphokinetic, and dy-
namic features derived from measurable static and dynamic properties of preimplantation
embryo development [93]. They identified a subset of six non-redundant morphody-
namical features possessing high predictive capacity. Among them, of particular interest
were features that account for the distribution of the nucleolus precursor bodies within
the small pronucleus and pronuclei dynamics. Using these features, they developed a

“decision-support tool” for prioritizing embryos for transfer based on their predicted

implantation potential.
The challenge now is to find a way to apply the identification of these markers to
natural pregnancies.

6. The Need for New Terminology

As summarized here, human preimplantation embryos exhibit in vitro high levels
of apoptotic and high rates of developmental arrest during the first week [82]. In fact,
in vitro and in vivo, errors and failures of the first and the next three cleavage divisions
frequently cause immediate embryo death or lead to aberrant subsequent development.
At the same time, the ability of human embryos to eliminate/expel abnormal blastomeres
as cell debris/fragments and carry out—whenever possible—self-correction or quality
control has been also documented [94]. Finally, Monsivais et al. [95] have shown that for the
correct regulation of uterine receptivity, a convergence is necessary of bone morphogenetic
proteins (BMPs, members of the TGF-f family that regulate the post-implantation and
mid-gestation stages of pregnancy) and steroid hormone signaling pathways.

For a number of years, in assisted reproduction, the establishment of a viable preg-
nancy has been defined by a rise in circulating hCG. The use of this marker shows that in
IVEF the successful implantation of an embryo represents the major milestone in determin-
ing the success of gestation since it has been shown that only 50% of transferred embryos
implant and that half of these embryos are subsequently lost [34].

The documented occurrence of massive early/preimplantation embryo loss provides
the scientific basis to necessitate a clear distinction between the first 1 or 2 weeks and
the subsequent 9 months of gestation. In the first phase, a physiological loss of fertilized
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oocytes/early embryos, calculated at around 50%, occurs, whereas during the second phase,
the pathologic wastage of embryos/fetuses has been estimated to be around 15%, although
increasing with maternal age. Given this stark contrast, it seems appropriate to distinguish
these two periods also using a different nomenclature.

This is why we fully concur with the idea of, on the one hand, employing the word
gestation to identify the period from fertilization (whether in vitro or in utero) to birth, and,
on the other, to utilize the word pregnancy when referring to the period after implantation
is completed [1]. The idea is certainly not new in view of the above-mentioned definition of
pregnancy in the IVF clinic as the rise of hCG upon embryo implantation [96]. Extending
this concept to all pregnancies would create a simple, clear nomenclature.

This seems the position taken by several organizations, which—in practice—affirm that
there is no pregnancy before implantation: among them is the World Health Organization [97],
which, referring to “Medicines for Reproductive Health and Perinatal Care” (Item 22),
under ‘Oral Hormonal Contraceptives’ (22.1.1), lists hormonal emergency contraceptives
levonorgestrel and ulipristal; and the other is the American College of Obstetricians and
Gynecologists [98].

7. Conclusions

The continuing progress in our understanding of the complexity of interactions be-
tween the maternal organism and the early embryo is changing our overall outlook on the
initial steps in establishing a pregnancy through placental formation. The first two weeks
after fertilization must today be viewed as the critical period during which a major em-
bryo selection process takes place in which a proportion that may surpass 50% of them is
physiologically eliminated because they are unfit to progress toward birth.

The new knowledge, along with a refined nomenclature to distinguish gestation
and pregnancy, should help us in improving the effectiveness of the various assisted
reproduction technologies, as well as providing the scientific basis for a clear distinction
between the first two weeks following fertilization and the rest of gestation.
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Abstract: Hypoxia is considered to be a stressful physiological condition, which may occur during
labor and the later stages of pregnancy as a result of, among other reasons, an aged placenta.
Therefore, when gestation or labor is prolonged, low oxygen supply to the tissues may last for
minutes, and newborns may present breathing problems and may require resuscitation maneuvers.
As a result, poor oxygen supply to tissues and to circulating cells may last for longer periods of
time, leading to life-threatening conditions. In contrast to the well-known platelet activation that
occurs after reperfusion of the tissues due to an ischemia/reperfusion episode, platelet alterations
in response to reduced oxygen exposition following labor have been less frequently investigated.
Newborns overcome temporal hypoxic conditions by changing their organ functions or by adaptation
of the intracellular molecular pathways. In the present review, we aim to analyze the main platelet
modifications that appear at the protein level during hypoxia in order to highlight new platelet
markers linked to complications arising from temporal hypoxic conditions during labor. Thus, we
demonstrate that hypoxia modifies the expression and activity of hypoxic-response proteins (HRPs),
including hypoxia-induced factor (HIF-1), endoplasmic reticulum oxidase 1 (Erol), and carbonic
anhydrase (CIX). Finally, we provide updates on research related to the regulation of platelet function
due to HRP activation, as well as the role of HRPs in intracellular Ca?* homeostasis.

Keywords: Hypoxia; HIF-1; calcium; platelets; neonates

1. Placental Alteration Leading to Fetal Hypoxemia

The specialization of throphoblast cells allows for the generation of a complex func-
tional tissue that has two main roles during the development of the fetus: (1) oxygen
supply; and (2) the generation of a physical barrier that controls the interchange of particles
and cells between the mother and the fetus. Throphoblastic cells interact with two vascular
beds, avoiding direct contact between maternal and neonatal blood: the uterus vascular
bed and extraembryonic mesenchyme of the allantois [1]. Uterine-linked trophoblast cells
are responsible for supplying maternal blood to placenta, while trophoblast cells from
the allantoic vasculature efficiently extract nutrients that end in the fetal vasculature [1].
Low oxygen supply to the embryo has been demonstrated before the implantation phase,
and this stressful situation drastically changes upon placenta formation. Interestingly, at
up to 12 weeks of gestation, a difference in the partial pressure of oxygen between the
placenta (17.9 mm Hg) and endometrium (39.6 mm Hg) can be seen, providing evidence of
hypoxemia during this stage of embryo development [2].

Placental alterations due to hypertension or preeclampsia are present in 3-7% of
pregnant women worldwide. Often, defective trophoblastic invasion and an impaired
development of the uterine spiral arteries lead to abnormal placentation, the main cause of
hypoxia/reoxygenation phenomena; further, it may result in fluctuations of the gradient
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of oxygen, altered antioxidant capacity, placenta oxidative stress; and a reduction in nitric
oxide (NO) [3]. On the other hand, low oxygen supply to the fetus may occur due to early
senescence of the placenta. Senescence of the placenta is characterized by the increased
expression of p53, p21, and p16 transcriptional factors, as well as premature senescence of
the extravillous trophoblasts. The latter is associated with abnormal placental development,
that in turn leads to blood hypoperfusion and, subsequently, develops into fetal growth
restriction, preterm birth, and stillbirth [4].

2. Hypoxia during Labor

Oxygen saturation (SpO;) blood tests determine the percentage of hemoglobin bound
to oxygen. It is an indirect indicator of tissue oxygenation. The average arterial SpO, value
usually found in healthy adults is around 98%, and this indirectly indicates an adequate
oxygen supply to the whole organism. The threshold considered as “below normal”
oxygen saturation (hypoxemia) is when SpO, values are below 90% [5]. Hypoxemia is
not a dangerous condition as long as tissues are adequately prefunded and oxygenated.
Conversely, severe hypoxemia can lead to defective tissue oxygenation or to hypoxia
that comprises tissue damage and leads to subsequent deleterious effects in physiology
and metabolism [6].

2.1. Risk of Perinatal Hypoxemia and Hypoxia during Gestation

The fetus must face hypoxemia during labor, since oxygen saturation in arterial
blood drops considerably, lasting several minutes after parturition [7]. The fetus grows in a
hypoxemic environment in utero that, surprisingly, seems to be optimal for its development.
For instance, SpO, values of around 70% are frequently found in the umbilical vein as
compared with that of 98% found in mothers [8]. Thus, the fetus should have a particular
metabolism that is adapted to mild hypoxemic conditions; for instance, fetuses express
increased levels of fetal hemoglobin, which is much more efficient at capturing oxygen
than adult hemoglobin [9]. Immediately before parturition, fetal oxygen saturation drops
drastically after each uterine contraction [10]. Next, the fetus must face an additional
downward trend in oxygen saturation and a marked transient hypoxemia during delivery,
so that the mean preductal SpO, decreases to 50-73% around 10 min before parturition,
re-marking the hypoxic temporal conditions. However, SpO, values quickly increase up
to 90% after 5 min upon the start of breathing, thereafter achieving the normal values
(95%) found in adults after 12 min, or up to 97.6% during the first week after birth [7,11].
Each labor varies in time and in the level of fetal stress. These can be prolonged under
certain situations or complications, further increasing the length and degree of neonatal
hypoxemia. For instance, SpO, values in arterial blood decrease by 3% during cesarean
delivery as compared to vaginal parturition [12]. This transient hypoxemia during normal
labor does not pose a threat, but newborns must adapt themselves quickly and increase
oxygen saturation in the blood by oxygen intake from a new, rich oxygen atmosphere. If the
transition fails, neonates suffer prolonged hypoxemia that can develop into life-threating
asphyxia and hypoxia, a prevailing complication in labor as compared to other stages of
life [13]. The appearance of neonatal hypoxia as a consequence of prolonged hypoxemia
indicates the existence of a transient adaptative mechanism against neonatal damage, since
newborns are not indefinitely “protected” from prolonged hypoxemia. Complications that
can lead to fetal and neonatal hypoxia include maternal heart, lung and kidney diseases,
but also decreased maternal breathing from anesthesia, anemia, maternal diabetes, or
low maternal blood pressure. Additionally, pathologic intrauterine hypoxia also arises
as a consequence of maternal hypertension and preeclampsia; fetal intrauterine growth
restriction; asphyxia due to compression of the umbilical cord; premature birth; traumatic
delivery; intravascular volume contraction after birth; immature mucosal and skin barriers;
the failure of lung expansion; leftover fluid in the lungs; and meconium aspiration [13,14].
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2.2. Risk of Hypoxia after Birth

Two out of every thousand newborns suffer from asphyxia after birth in developed
countries, a number that rises tenfold in the absence of healthcare in non-developed coun-
tries [15]. A common disorder that triggers neonatal hypoxia is hyaline membrane disease,
or neonatal respiratory distress syndrome (NRDS). NRDS is a failure in pulmonary surfac-
tant maturation that impedes adequate lung and alveoli expansion within 24 h after birth,
hindering correct pulmonary contraction and normal breathing. The prevalence of NRDS
is higher in preterm newborns because their lungs are not ready to produce enough surfac-
tants. Inflammation, due to meconium aspiration or previous obstructive processes, also
leads to NRDS, worsening hypoxemia conditions during labor [16]. Uncontrolled subse-
quent hypoxia as a consequence of asphyxia, together with increased inflammation derived
from NRDS, often leads to additional complications, such as pulmonary hypertension in
newborns (PHN), which increases hypoxia and further damages tissue mostly localized
in the pulmonary vascular tree. Uncontrolled severe respiratory distress syndrome can
impede complete lung development and it can progress to permanent damage over time,
frequently evolving towards bronchopulmonary dysplasia (BPD), among other chronic
breathing problems [17]. Common complications of neonatal hypoxic disease include sep-
sis, asthma, defective vision, or a delay in learning body movements. Serious complications
include bleeding or thrombotic ischemia in the brain, with further consequences such as
delayed cognitive development leading to learning or behavioral disabilities, and even
cerebral palsy, multiorgan failure, and neonatal death. Among others, disorders in neonatal
blood coagulation, usually referred to as thrombotic and hemostatic disorders, are the most
common complications associated with neonatal hypoxic pathologies. Hypoxia/asphyxia
causes altered coagulation in the immature neonatal hemostatic system, greatly compli-
cating the course of the disease, and increasing the risk of perinatal death. Thrombotic
disorders may appear localized, for instance, in the pulmonary vasculature, or scattered all
over the vascular tree. Further, respiratory distress syndrome leads to endothelial activa-
tion and decreased numbers of circulating platelets (thrombocytopenia) due to increased
platelet adhesion [16]. Untreated hypoxia often leads to intraventricular hemorrhage, a
common cause of death in preterm infants. The complete mechanism underlying this
pathology is not clear, but an immature neonatal hemostatic system contributes to the
appearance of the disease [18].

2.3. Hypoxic-Evoked Thrombotic Alterations during Labor

Platelets are the main cellular components of the hemostatic system. Platelets rise
from megakaryocytic fragmentation within the bone marrow in response to thrombopoi-
etin [19]. Thrombopoietin, combined with interleukins and others, induces megakaryocyte
transformation into giant multinuclear cells, leading to cell cytoplasmic fragmentation and,
finally, evoking the generation of pro-platelets that subsequently mature into platelets due
to fragmentation into pulmonary vasculature [19]. Platelets participate in the coagulation
cascade that comprises a wide range of proteins generated in the liver and released to
the blood stream, which act as agonists (pro-thrombotic) or inhibitors (anti-thrombotic) of
blood coagulation. Platelets work together with the coagulation cascade to stop excessive
blood loss during traumatic hemorrhage (hemostasis). Bleeding arrest is achieved by
plugging broken vessels with a clot of aggregated platelets and blood cells (thrombus).
Pathological uncontrolled thrombi formation may lead to obstructive complications (throm-
bosis), leading to vessel occlusion. Severe vessel occlusion may compromise blood supply
and organ function. Platelets also participate in inflammation and immunity [20].

Increasing evidence indicates the maturation of fetal hemostatic system in child-
hood [21]. Thus, studies in murine models suggest the existence of megakaryocytic and
hematopoietic transcriptional networks controlling developmental changes in platelets [22].
This implies significant differences between newborns and adults. For instance, neonatal
megakaryocytes are smaller but hyperproliferative compared to those of adults [23]. Neona-
tal platelets are less reactive or hyporeactive in response to principle physiologic agonists
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such as ADP, thrombin or collagen [24-26]. Key surface proteins involved in platelet activa-
tion are also decreased [27]. These differences are much more evident in preterm newborns,
who present longer bleeding times [28]. Mechanisms underlying neonatal hyporeactivity
are not completely understood, but the proposed hypotheses are decreased receptor ex-
pression, changes in signaling pathways. or decreased intracellular Ca>* mobilization [29].
However, decreased neonatal platelet activity is counterbalanced by a more robust response
by the coagulation cascade [30], increasing, for instance, the expression and activity of the
pro-thrombotic von Willebrand factor (vWF) [31].

Conversely, evidence suggests that the concentrations of some pro-thrombotic factors
of the coagulation cascade are decreased, although this requires further investigation [32].
Interestingly, anti-thrombotic factors of the coagulation cascade, such as protein C, protein
S, antithrombin III, heparin cofactor II and plasminogen, are also decreased, showing
less inhibitory and fibrinolytic activity, thereby compensating the minor presence of pro-
thrombotic factors [33]. This decrease in anti-thrombotic factors reinforces pro-thrombotic
activity, indicating that neonatal hemostasis mostly relies on the coagulation cascade, as
compared to adults. The consequence of the reinforced role of the coagulation cascade
in newborns is an increased prevalence of thromboembolic complications when the co-
agulation cascade is pathologically altered. Additionally, increasing evidence suggest
that therapies developed for adults but given to newborns should be adjusted. In this
sense, platelet transfusion often solves the problem of neonatal thrombocytopenia, but
this procedure is not without risks and it is under evaluation [34]. Transfusion of adult
platelet plasma to thrombocytopenic newborns shortens aggregation rates and increases
the risk of thrombosis due to the reinforced neonatal coagulation cascade [35]. Additionally,
thrombocytopenic neonates must face other adverse effects associated with transfusion [36].

The incidence of thromboembolic complications during labor is higher than in other
stages of life because of the traumatic nature of this event. One fourth of neonates, for
instance, suffer from thrombocytopenia. Severe thrombocytopenia often leads to prolonged
bleeding times, increasing the incidence of hemorrhage [37]. Neonatal thrombocytopenia
may result from complications during fetal development, during labor or immediately after
parturition, hence representing a serious risk factor for mortality in newborns. As we have
noted, the fetus grows normally in a hypoxemic environment. However, severe intrauterine
hypoxia as a consequence of maternal pathologies may lead to neonatal thrombocytopenia.
In this case, the cause of thrombocytopenia arises from impaired platelet production
by defective megakaryocytic function [37]. Megakaryopoiesis significantly increases in
asphyxiated infants, but decreases as platelet counts reach normal numbers, indicating a
possible compensation mechanism for low platelet production [38].

3. Altered Hemostasis during Exposition to Perinatal Hypoxia
3.1. Changes in the Coagulation System

Asphyxiated newborns, as a consequence of complications after birth, develop mild
or severe thrombosis among other disorders, followed by secondary thrombocytopenia,
which drastically increases the risk of morbidity [37]. The molecular mechanism is under
investigation, but the relevant role of the coagulation cascade in their immature hemostatic
systems seems to sensitize them to these coagulation disorders. Together with an associated
inflammation, hypoxia damages and activates the endothelial cells of the vascular wall.
These cells react to the injury, increasing the production of the vasoconstrictor endothelin-1
(ET-1), pro-thrombotic reactive oxygen species (ROS), thromboxane A, (TxAjy) and tissue
factor, but conversely decreasing the production of anti-thrombotic and vasodilators such
as nitric oxide (NO) and prostacyclin (PGL,). Antithrombotic factors of the coagulation
cascade, such as antithrombin III, protein C, and protein S, also decrease dramatically
during asphyxia, reducing the fibrinolytic activity necessary for the prevention of thrombus
formation and clearance (thrombolysis) [39]. Activated endothelial cells, together with
increased pro-thrombotic ROS and TxA;, activate circulating platelets in turn [40], pro-
moting their adhesion to the vessel wall and generating thrombocytopenia due to this
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excessive platelet consumption. Decreased anti-thrombotic factors cannot counter-balance
this process.

3.2. Changes in Platelet Reactivity

In the absence of neonatal evidence, studies in adults suggest that hypoxic stress
increases the reactivity of platelets by changing their protein expression profile [41]. For
instance, stressed platelets express hypoxia-inducible factor (HIF)-2, which increases the
expression and release of pro-thrombotic factors such as plasminogen-activator inhibitor-1
(PAI-1). This increase in activation and granule secretion is mainly achieved by calcium
(Ca?*) entry through tstore-operated calcium entry (SOCE) into the platelets [42-44]. Ro-
dent models also point to an increase in cyclooxygenase-2 (COX-2) in platelets, as well as
its main product TxA,, which greatly amplifies their activation and aggregation [43,45]. As
a consequence, severe hypoxia often leads to excessive platelet activation and scattered
adhesion to the endothelium of the vascular tree, referred to as disseminated intravascular
coagulation (DIC). The prevalence of DIC is particularly high in neonates, which may
result in life-threatening conditions. Commonly targeted organs during the development
of DIC are the lungs; liver; and kidneys, frequently as a result of renal venous thrombo-
sis [46]; as well as the brain, due to cerebral sinovenous thrombosis, which increases the
risk of neonatal encephalopathy [47]. The result is that 50% of neonates who develop DIC
finally die [48].

3.3. Complications in Newborns as a Consequence of Hypoxia

Moreover, excessive consumption of platelets during DIC results in thrombocytopenia,
increasing the risk of excessive bleeding and hemorrhage [49]. In summary, 7.1% of
neonates suffering from respiratory distress syndrome, a common cause of asphyxia,
develop DIC, 50% develop moderate to severe thrombocytopenia, and 14.3% develop
hemorrhagic episodes [50].

On the other hand, released factors by the activated endothelium as a consequence
of asphyxia also act as vasodilators and vasoconstrictors, and their imbalance promotes
the appearance of pulmonary hypertension of the newborn (PHN) as a result of increased
vasoconstriction in the pulmonary vessels. Vasoconstriction leads to restricted blood
flow, triggering hypoxia or worsening an initial hypoxic condition. PHN occurs in 2 per
1000 newborns, normally as a complication of a previous existing disease. For instance, 10%
of newborns with failed cardiopulmonary transition develop PHN. Other causes favoring
PHN are maternal drug intake, asphyxia, meconium aspiration syndrome, respiratory
distress syndrome, or pneumonia. PHN is resolved in most cases, but 5% of newborns
develop severe persistent PHN (PPHN), an important risk factor for mortality. Twenty-five
percent of survivors develop neurological defects. PHN is also associated with thrombocy-
topenia, among other complications [51,52]. While platelet activation has been reported
in adults with pulmonary hypertension, it has not been explored in neonates. Studies in
animal models also suggest that PPHN itself increases platelet activation [53]. Therefore,
the increased TxA, generated by endothelial cells and adhered platelets [40], together with
ET-1, stimulates contraction of the smooth muscle cells (SMCs), which are located in the
vessel wall. Animal models suggest that another secreted factor, such as serotonin, released
by the activated platelets might contribute to vasoconstriction and PHN [53].

The release of these platelet agonists are mediated by intracellular Ca** mobilization
and Ca?* entry through SOCE [42]. The decrease in NO and PGI, cannot counter-balance
vasoconstriction and, therefore, vasoconstrictors, such as thromboxane and endothelin-1,
activate receptors coupled to G-proteins (Gq/11R) linked with, among others, an increased
inositol triphosphate (IP3) and inhibition of the production of cyclic guanosine monophos-
phate (cGMP) in neonatal SMCs, and, subsequently, evoking enhanced SOCE activation. As
result, hypoxia promotes contraction of SMCs and the maintenance of PHN [54,55]. Thus,
PHN contributes to the maintenance of hypoxia among other cardiovascular alterations,
aggravating the condition and increasing the risk of mortality. Increased fibrin/fibrinogen
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deposition in the pulmonary vasculature under hypoxia, and the absence of fibrinolytic ac-
tivity, amplifies this positive feedback loop, and triggers further thrombosis in the lungs [56].
PPHN and hypoxia also induce pulmonary vascular remodeling through increased SOCE,
by proliferation in SMCs, and by the expression of hypoxia-sensitive genes triggered by the
master hypoxia regulator, HIF-1, thereby leading to pulmonary arterial wall-thickening
and further prolonging the pulmonary hypoxia [55]. Neonatal hypoxemia and asphyxia are
often treated with extracorporeal oxygenation or by hypothermia to prevent severe brain
damage. Unfortunately, a common complication of these treatments is an increased risk of
thrombosis, which is solved by anticoagulant administration [57]. For instance, a swine
model of asphyxia revealed that therapeutic re-oxygenation triggers unwanted transient
platelet activation, eliciting deranged coagulation [58]. The decreased temperature during
therapeutic hypothermia slows the hemostatic system down even further, increasing the
risk of uncontrolled bleeding and hemorrhage [59].

4. Cell Markers of Hypoxia
4.1. HIF-1 Is the Keyhole during Hypoxia

Among other proteins, we aim to explore here the most relevant cellular markers of
hypoxia, being HIF-1 identified in most tissues investigated under hypoxic conditions.
Hypoxia inducible factor 1 is a large protein (HIF-1; 92 kDa) formed by the association of
two subunits, alpha and beta. Codified by a gene located at the chromosome 14 (14q23.2)
and, despite that it also responds to endoplasmic reticulum stress, both the expression
and function of HIF-1 drastically increases in response to hypoxic conditions; therefore,
it has been highlighted as the main signaling-regulator during hypoxia. Although the
HIF-1$ subunit is very stable, independently of the hypoxic conditions, HIF-1a« mRNA is
constantly expressed by several mammalian cells [60]. However, under normal oxygenation
(normoxia), HIF-1e is highly unstable at the protein level. Conversely, under hypoxic
conditions, this subunit becomes very stable [60]. As a transcription factor, the former
HIF-1 complex associates to DNA sequence 5'-TACGTG-3' of its targeted genes, which
requires a previous interaction with the HIF-1 partner Arnt (DNA-binding factor) that in
turn stabilizes the HIF-1« subunit [61].

Other members of the HIF family are HIF-2« and HIF-3x [62] and, despite all of them
sharing similarities, it has been shown that they do not present redundant functions. All of
them regulate gene transcription in different cell types in response to hypoxia [63]. In fact,
under certain circumstances, HIF-1« differently controls to HIF-2«. For instance, in clear
cell renal carcinoma, HIF-2«x promotes cell survival, while HIF-1c activation leads to cell
death [63]. In line with this observation, the hematopoietic growth factor, erythropoietin
(EPO), was demonstrated to be upregulated by HIF-2« under hypoxic conditions in an
in vitro model of hypoxia—ischemia [64]. Conversely, EPO was shown to downregulate
HIF-1« through promoting the activity of the prolyl hydroxylase domain 2 (PHD-2) and
MMP-9 [64]. On the other hand, the role of HIF-3«x has not yet been well described, but it
is known that transcription of the HIF-3« locus results in at least five splice variants [65].
In samples collected from patients suffering hepatic carcinoma, HIF-3& was shown to be
upregulated in 46% of the samples; nonetheless, it was also observed to be downregulated
in another 42% of cases [66]. On the other hand, the expression of HIF-3« directly correlated
with HIF-2oc in these samples, but not with HIF-1c. Therefore, considering that HIF-3 only
presents a transactivation domain (TADs) that is sensitive to hypoxia, in contraposition
with HIF-1 and HIF-2¢ that contain 2 TADs [67], it has been concluded that HIF-3 may
be a hypoxic gene that can be targeted by HIF-1« or HIF-2c. Interestingly, in hepatocellular
carcinoma, the overexpression of HIF-2« promoted HIF-3x expression, while HIF-1x
remained unmodified [66]. In contrast, HIF-3x was largely found to co-localize with HIF-
la in human renal carcinoma cells, but the regulation of HIF-3c remains elusive. It has
been clearly demonstrated in the literature that HIF-3« function, once it becomes active,
downregulates the function of HIF-1a and HIF-2c [68]. A recent study indicates that
HIF-3 can be regulated by methylation in two gene regions, and that methylation in the
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second region could be linked with pre-eclampsia, as demonstrated by analyzing HIF-3x in
mononuclear cells isolated from umbilical cord blood [69]; however, this study was largely
descriptive and the authors did not delve into the molecular mechanism behind the altered
methylation of the HIF-3x gene.

4.2. Regulation of HIF-1 Function

Regarding the regulation of HIF-1«, several proteins have been proposed, such as
MUC-1, Pinl, and the tumor suppressor gene von Hippel-Lindau protein (VHL), among
others, as presented in Figure 1 [70]. In normoxia, the presence of oxygen favors HIF-1a
inactivation due to hydroxylation at the two proline residues (Pro402 and Pro564) that
belong to the alpha subunit; as a result, HIF-1« interacts with VHL and the E3 ubiquitin
ligase complex to favor the degradation of HIF-1« [70]. Furthermore, hydroxylation at
the asparagine residue within the carboxy-terminal domain blocks interaction with the
coactivator of HIF-1«, the p300 [71]. The proposed mechanism works as follows: prolyl
hydroxylase (PHD) detects the O, concentration at cellular level and then evokes the
hydroxylation at the ODD domain of HIF-1« [72]. In hypoxia, since the hydroxylation
enzymes, PHD1-3, require O, and «-ketoglutarate as substrates, the privation of O, should
be able to reduce hydroxylation at the prolyl residues and, therefore, impair the ubiq-
uitination and degradation of HIF-1x. The accumulation of HIF-1x subunits and their
binding to HIF-1f3 resembles the active HIF-1« factor that associates with the Arnt cofactor
and facilitates the recognition and association with the hypoxia-response elements (HER)
3’-flanking regions of the targeted genes, favoring its translation [70,73].
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Figure 1. Proteins involved in HIF-1a stabilization and degradation. Adapted from Semanza GL,
201855. HD: HIF-1 disruptors; HS: HIF-1 stabilizers. Hypoxia activates hypoxia stabilizers (HS) while
blocking hypoxia disrupters (HD), which increases HIF-1 conforming to the HIF-1/2 complex that in-
duces translation of the targeted genes, and promotes the arresting of HIF1 in the generated platelets.

HIF-1x could be degraded by SUMOylation, proteasomal degradation machinery
and/or chaperone mediated autophagy [70]. Therefore, regulation of HIF-1c relies on a del-
icate balance between the activity of those proteins that favors its degradation and those that
avoid it. Among others, proteins like HEXIM1, MCM?7, OS9, PLD1, RHOBTB3, RUNXS3,
SIRT2, SPRY2, SSAT2 and WWOX promote the normoxia-dependent and PHD/VHL-
dependent degradation of HIF-1. Conversely, ATP6VOC, NQO1, OTUD7B, RSUME, RUNX2,
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SENP1, UCHL1, USP8 and ISP30 interact with HIF-1« to avoid its Op-dependent degra-
dation [71]. In addition, O;-independent degradation of HIF-1x was reported to oc-
cur upon its interaction with the following proteins: BHLHE41, CDK2, CHIP /HSP70,
CHIP/HSC70/LAMP2A, HAF, P53, PIASY, RACK1 SIRT1 SIRT7, SSAT1, and TAp73.
Meanwhile, HIF-1« interaction with BCL2, CDK1, HSP90, MUC1 SEPT9 and TRAF6 seems
to avoid O;-independent degradation [71,72]. In addition, in silico analysis revealed that
many other proteins may interact with HIF-1¢, but the relevance of these interactions in
cell physiology are not defined yet [73].

The HIF-1 targeted genes list includes: TIMP-1 (matrix and barriers reorganizing
function) [74], CD18 (inflammation) [75]; EPO (erythropoietin) [76]; TF and TFRC (iron
metabolism) [77]; the VEGF signaling pathway that regulates angiogenesis (including
VEGF, EGF, Hit-1, PAI-1, ANGPT, Tie-2 and TIMP-1) [78]; EDN1, iNOs, eNOS, HMOX1 and
ANP that are involved in vascular tone [79]; Glutl, which promotes anaerobic metabolism
by increasing glycolysis; PDK-1, an inhibitor of tricarboxylic acid cycle metabolism; hex-
okinase, PFKL, GAPDH, ALDOA, ENO1, PGK1, PFK3 and LDHA that are involved in
the promotion of the anaerobic metabolism [80]; and Bcl-2 and p21/p27, as regulators of
proliferation and apoptosis [81]. Finally, a novel actor has been described downstream
of HIF-1, stanniocalcin-2, whose role remains largely unknown but its expression in can-
cer cells was upregulated and it seems to protect cells from apoptosis [82]. In addition,
stanniocalcin-2 was demonstrated to participate in the regulation of Ca?* homeostasis in
human platelets by acting as an antagonist of extracellular non-capacitative calcium entry
driven by Orai3 [83]. In line with this observation, intermittent hypoxia favors ROS produc-
tion that activates PLCy, generating IP5 that mobilizes Ca?* and evokes the activation of
calmodulin kinase, CamK [84]. CamK activation phosphorylates and recruits p300/CBP to
the HIF-1a/ 3 complex, favoring the activation of the complex and, subsequently, favoring
the translation of the downstream genes [84,85]. The expression of the STC2 gene may
require the recruitment of p300 and HDAC?7, according to the researchers’ observations [84].
Similarly, the STC2 paralogue, STC1, was reported to also be upregulated by hypoxia in an
HIF-1 dependent mechanism in rat alveolar type II cells [86]. Finally, the activity of HIF-1x
was reported to be blocked by drugs like PX-478 2HCI, which was used in in vitro studies
to induce apoptosis in tumoral cells, and is in phase 1 of a clinical trial with the reference
number, NCT00522652; physicians are now testing its efficacy in treating advanced solid
tumors and lymphoma.

4.3. Alternative Hypoxic-Sensitive Signaling Pathways to HIF-1

The activation of alternative signaling pathways, independent to HIF-1, have been
described in cells under hypoxic conditions (see Table 1, which represents those actually
expressed in human platelets). In the following section, we describe relevant alternative
markers and second messengers involved in cell survival under hypoxic conditions, in-
cluding the Carbonic anhydrase IX (CAIX), EROla, KDM4B, KDM3A, PDK1, GLUT],
osteopontin, and BNIP-3.

Table 1. Hypoxic-response proteins (HRPs) with a possible role in platelet physiology.

Hypoxia Marker Platelets * Expression in Other Cells References
KDM4B & KDM3A Yes U208, MCF7, HeLa, IMR32 . (3o chot RV et al. [87]
and HL60 cell lines

GLUT1 Yes Universally expressed Filder TP et al. [88]

Osteopontin Yes Widely expressed Chanzu et al. [89]
BNIP-3 No Megakaryocytes, other stem Malherbe JA]J et al. [90]

cells, breast cancer cells, etc.

HSP-70 Yes Caco-2 & HT29 cell lines Jackson et al. [91]

* Corroborated at protein level in platelets.
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Carbonic anhydrase family (CA) groups contain fifteen members, the most relevant of
which are the CAIX and CAXII members. As zinc metalloenzymes, they regulate pH within
the cells and in their surrounding medium by transforming the CO, to bicarbonate [92].
Tumor cells maintain an acidic pH in the surrounding microenvironment due to CAIX
activity, thus avoiding the activation of a hypoxia-related cascade [92]. However, in most of
the tumor samples investigated, CAIX seems to be upregulated by HIF-1; CAIX(—)/HIF-1x
(+) and CAIX (+)/HIF-1e (=) can sometimes be detected in cervix cancer samples [93].
Interestingly, CAIX overexpression was also observed in cells grown in high densities,
where its activation seems to relay in PI3K activity instead of on HIF-1 activation [93].

Endoplasmic reticulum oxidase 1 (ERO1) is a glycosylated flavonase mainly located at
the mitochondria-associated membrane (MAMs), where it regulates the ER redox and Ca?*
homeostasis [94,95]. ERO1x and {3 isoforms have been described, and their distribution
among tissue could be different [96]. Interestingly, unlike ERO13, ERO1x was shown to
be stimulated in an in vivo hypoxic rat model and, further, in mouse and human culture
cells [96]. Conversely, the ER stressor inductor, tunicamycin, was shown to evoke an
unfolded protein response (UPR) that upregulated ERO-1f3, but not ERO-1c [96], thereby
demonstrating two different regulatory mechanisms for each ERO1 subtype in response to
different ER stressors. Regarding the physiological relevance of ERO], it has been shown
that VEGF activation, and the subsequent angiogenesis, seems to be regulated by ERO1-«
downstream of HIF-1«, in response to hypoxia [97].

Histone lysine demethylases (KDMs) have been shown to be upregulated by HIF-1«
due to hypoxia, like KDM3A, KDM4B, KDM4C and KDM6B [98]. The physiological rele-
vance of this signaling pathway is based on the fact that DNA and histone methylation are
the main epigenetic mechanisms for regulating gene expression. Thus, histone methylation
is regulated by the balance between histone methyltransferases and histone demethy-
lases; therefore, the activation of these proteins promotes gene expression by removing
the methylation-induced break to gene translation. Interestingly, KDM3A and KDM4B
genes contain three putative hypoxia response elements, which confer to this protein a
unique regulatory mechanism that is driven by hypoxia as compared to other KDM family
members who lack these domains [99]. In fact, the expression of KDM3A and KDM4B, but
not other KDMs, was reported in U20S, MCF7, HeLa, IMR32 and HL60 cells cultured at
0.5% Oy pressure [87,100].

PDK-1 and Glut-1 cancer cells exposed to hypoxic conditions often reprogram their
metabolism to a pure glycolytic metabolism, which may work even in anoxic conditions.
As result of this adaptation, PDK-1 and Glut-1 activities are exacerbated in order to impair
pyruvate processing in the mitochondria, enhancing the glucose transport and subsequently
triggering an exacerbated glycolysis. It has been shown that these metabolic changes may
be supported by the mTORC1-HIF-1 axes in CD8+ T cells [101]. An early observation
concluded that HIF-1 activation favored selective GLUT regulation [88,102]; thus, while
low-affinity /high capacity GLUT2 activity resulted in repression, other high-affinity /low
capacity isoforms, like GLUT1 and GLUT3, were upregulated during hypoxia [102]. Simi-
larly, other glycolytic enzymes may also be overexpressed in hypoxic conditions, as with
PFK-1, aldolase A, PKM, triose-phosphate isomerase and LDH-A. However, increased
glycolysis would not be sufficient under conditions where cells still consume O; in the tricar-
boxylic acid cycle within the mitochondria as a result of pyruvate degradation. Therefore,
cells subjected to hypoxia often block the mitochondrial tricarboxylic cycle by enhancing
phosphorylation of the pyruvate dehydrogenase due to the activation of PDK-1 [103]. Both
metabolic regulatory mechanisms were observed in several cancer cells.

Osteopontin (OPN) was initially described as a regulator of osteoclast function during
bone remodeling, since it was secreted and found complexed in hydroxyapatite deposits
within the mineralized bone matrix. The vitronectin receptor on the surfaces of osteo-
clasts recognize OPN and directs these cells to the bone locations that must be remod-
eled [104]. Additionally, the cytokine-related role of OPN was also shown to promote
interferon-gamma and interleukin-12 generation. Overexpression and upregulation of
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OPN by hypoxia and radiotherapy were reported in certain tumors [105]. Interestingly, in
breast cancer biopsies, a positive feedback loop between hypoxia and OPN was demon-
strated. The authors claim that OPN favors HIF-1 induction during hypoxia, but not HIF-2,
and that subsequently, VEGF activation leads to angiogenesis. This signaling pathway
would require the activation of integrin-linked kinase (ILK)/AKT-mediated nuclear factor
(NF)-kB p65 [106]. The latest studies consider OPN as a good cancer molecular marker of
poor prognosis and a potential plasma marker in patients suffering from different types
of cancers [107-109].

BNIP-3. HIF-1« stabilization is critical for cell survival under hypoxia. However,
a close look at the two transactivation domains, (N-TAD and C-TAD) of HIF-1, reveals
a dual function of HIF-1, which was revealed as a result of the use of the C-TAD in-
hibitor [110]. Under these experimental conditions, the N-TAD-targeted genes included
the Bcl-2/adenovirus E1B 19-kDa interacting protein 3 (bnip3) among others, the maxi-
mum expression of which resulted in severe hypoxia in areas close to the necrotic parts
of the solid tumors [110]. BNIP-3 belongs to the BH3-only subfamily of the Bcl-2 protein
family that, upon dimerization, antagonized the pro-survival activity of proteins such as
Bcl-2 and Bcl-Xy, [111]. It has been demonstrated that the activation of BNIP-3 evokes cell
death [112]; however, exogenous overexpression of this protein in several cultured cell
types, such as MEFs, MCf7, PC3 and L5174 cells, failed to reproduce previous results found
in cardiomyocytes [110]. Interestingly, BNIP3 was reported to be involved in mitochondrial
autophagy (mitophagy), a mechanism that may play a protective role against hypoxia-
induced cell death due to the disruption of those altered mitochondria that release elevated
amounts of ROS [113]. Later on, it was shown that in nucleus pulposus cells locatedwithin
avascularized areas within the intervertebral discs that are constantly supporting hypoxic
conditions, HIF-1 should be activated and that, subsequently, autophagy must be con-
stantly modulated [114]. Interestingly, these cells respond to hypoxia by increasing the LC3
content, an autophagy cell marker that is involved in the generation of autophagosomes
that were HIF-1/BNIP3 independent [114]. In addition, some cancer cell types overcome
the hypoxia-evoked cell death by inducing aberrant methylation and the silencing of BNIP3,
as was observed in colorectal and gastric cancers [115].

All these HRE elements are now being subjected to intense investigations in order to
ascertain the hypoxia-related effect in cell physiology and in pathologic conditions; thus,
the knowledge regarding these HRE will increase in the following years. Interestingly, most
of these molecular markers of hypoxia have been described in platelets, with the exception
of BNIP-3 [63-66]. Nonetheless, GLUT1 and HSP70 are currently being investigated in
platelet. HSP70 is particularly relevant in diabetic patients [116], who have also been also
described as suffering ROS overproduction and altered glucose metabolism; hence, both
mechanisms seem to be highly intricate in platelets.

5. Platelet Function Alteration in Response to Hypoxia: HIF-1 in Platelet Function

Wide bodies of evidence regarding the hypoxia effects on platelet function have arisen
from studies conducted on subjects exposed to high altitudes Thrombotic events derived
from hypoxemic conditions at high altitudes rely on the generation of a pro-thrombotic-like
status, which, according to the literature, is similar to that found in patients suffering from
venous thromboembolism [117]. Two recent publications detailed the molecular alterations
that take place in platelets exposed to high altitudes and hypoxia. The authors concluded
that, in addition to an enhanced HIF-1x expression, platelets also presented alterations
in many other molecular pathways and proteins, such as elevated vWF, CD40, P-seletin
and PF4, which facilitate the appearance of the coagulation and thrombophilia profiles
characteristic of these patients [117].

These results were later corroborated by other studies using hypobaric and hypoxic
conditions which demonstrated alterations in several platelet proteins, including the mem-
brane glycoproteins, GP4, GP6 and GP9; integrin subunits (ITGA2B); and chemokines
located in alpha-granules (SELP, PF4V1) [118]. In line with this, a previous publication
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demonstrated alterations in HIF-1x expression in subjects living at high altitude in compari-
son to subjects living at sea-level; another 137 genes were also differentially expressed under
these conditions. It is worth mentioning that among these, the authors clearly differentiated
between proteins belonging to the oxidative stress-related protein, focal adhesion, and
those proteins involved in the complement and coagulation cascades, respectively [119].
Considering the latter, the authors reported an altered expression of F11, HRG, SERPINF2,
SERPIND], the expression of which was reduced at high altitudes. Meanwhile, PF4 and
vWEF were overexpressed. These molecular alterations resulted in a significant increase in
prothrombin time and elevated partial thromboplastin time [119].

Platelet exposition to hypoxia activates HRPs; therefore, it is likely that HIF-1 regulates
platelet function. Surprisingly, not many papers can be found in the literature regarding
the role of HIF-1 on hypoxia-dependent alterations in coagulation; few studies directly
analyze the role of HIF-1 in platelet function. This contradiction is due to cancer cells and
endothelial cells, particularly those located in the lung vasculature, activates HIF-1 under
hypoxic conditions, which in turn activates the secretion of PAI-1, therefore recruiting
platelets to the tumor location. This aberrant platelet function avoids the detection of
cancer cells by the immune system [120]. Therefore, those studies focus the interested of
researches that analyze the molecules and alteration derived or affecting to endothelial
cells, meanwhile those affecting directly to platelets remains elusive.

A deep search in the literature about HIF-1 role in platelets leads us to conclude that
this protein participates in platelet generation and function, as it is following described.
Regarding the role of hypoxia in platelet generation, it has been reported that both HIF-1
and HIF-2 were detected in megakaryocytes. In line with this observation, those patients
diagnosed of immune thrombocytopenia (ITP) that are suffering from a high rate of platelet
destruction, presented low HIF-1x expression in the bone marrow [121]. Additionally,
administration of HIF-1x activator, IOX-2, restored both megakaryocyte maturation and
platelet counts in a murine model of ITP [121]. Other authors have reported that iron
deficiency leads to pathologic excessive number of platelets known as thrombocytosis,
which occurred independently of the megakaryopoietic growth factors trombopoietin,
IL-5 or IL-11 [122]. Interestingly, iron deficiency in cord blood cell cultures evoked the
expression of megakaryopoietic markers that lead to pro-platelet formation and subsequent
molecular analysis revealed enhanced HIF-2cc and VEGFA. These data indicate that HIF-2
role is relevant to platelet production in response to iron deficiency [122].

Further evidence can be found in patients suffering the Chuvash polycythemia disease.
These patients are homozygous for C598T mutation in the von Hippel-Lindau protein (VHL)
that as mentioned above is the protein responsible for HIF-1« ubiquitination [123]. Chuvash
polycythemia patients often die of thrombotic events. Authors claimed that these patients
have elevated amounts of reduced glutathione (GSH), a natural cell antioxidant found in
these patients that resulted in elevated glutamate cysteine ligase (GCL). In line with this
experiments done using a murine model expressing VHL mutants, resulted in a decreased
HIF-1 expression that positively correlates with GCL levels, then HIF-1& may impair the
cellular balance of reactive oxygen species by altering the GSH generation [123]. GHS
has been described to contribute to the appearance of vascular diseases due to increasing
platelet function [124], in fact, GHS intracellular production in response to platelet agonists
like Thr or arachidonic acid, is involved in thromboxane B, and, subsequently, contributes
with platelets aggregation [125].

Finally, later evidence regarding the role of hypoxia in platelet function turn up of the
increased number of patients suffering sleep apnea and chronic obstructive pulmonary
diseases [43]. In normoxic conditions circulating platelets express HIF-2« that is exacer-
bated in hypoxic conditions associated with chronic obstructive pulmonary disease, while
mRNA of HIF-1a and HIF-2« was found in circulating platelets [43]. Thrombin and other
platelet agonists also evoke increasing HIF-2oc expression which leads to PAI-1 expres-
sion and secretion that in turn activates platelets, closing the hypoxia platelet activation
cycle [43]. Recently, it has been published a list of microRNA associated to hypoxia and
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coagulation after an in silico extensive study [126]. Authors claimed that hsa-mir-4433a-3p,
hsa-mir-4667-5p, hsa-mir-6735-5p, hsa-mir-6777-3p and hsa-mir-6815-3p regulates simulta-
neously hypoxia related genes (among them HIF-1«, HIF-2oc and HIF-3x, Arnt and Arnt2)
and genes involved in coagulation, which may be the start point for interesting future
investigations, but without the appropriate experimental confirmation these data lack of
physiological relevance. Finally, HIF prolyl-hydrolases inhibition using I0X-2, a dual PHD
and HIF antagonist, was evidenced to impair platelet aggregation in response to CRP and
thrombin [19]. Authors claimed that HIF-1c expression was enhanced in platelets due to
the antagonist treatment that is also linked with a reduction in ROS production [19].

Finally, as shown in Figure 2, HIF-1x plays a crucial role in chronic hypoxia by
inducing the TRPC-SOCE signaling axis. Numerous studies from different groups have
reported on the overexpression of, for example, TRPC6 and TRPC1 in pulmonary arterial
smooth muscle cell (PASMC) [127]; RPC3, TRPC6 and TRPC1 in cultured neonatal rat
cardiac myocytes [128]; and TRPC6 with enhanced HIF-10c/ZEB2 axis in a middle cerebral
artery occlusion (MCAQO) model [129]. Nonetheless, there is not a unique association
between HIF-1e and SOCE members. HIF-1« directly controls STIM1 transcription and
is required for STIM1-mediated SOCE via the activation of Ca?*/calmodulin-dependent
protein kinase II and p300 in hepatocarcinoma cells [130]. In ovary carcinoma cells exposed
to placental growth factor (PIGF), Orail/STIM1 expression is enhanced, contributing to the
upregulation of HIF-1« [131]. Conversely, Wang et al., 2017 reported HIF-1x-dependent
upregulation of Orai2, but not Orail, in pulmonary arterial smooth muscle cells (PASMCs)
and mice models [132]. Orai3 is induced by hypoxic environments in some cancer cells, for
example, the induction of Orai3 under hypoxia is mediated by HIF-1x in the TNBC MDA-
MB-468 cell line, increasing the TRPC1 ion channel induced by HIF-1« [133]. Curiously, in
spite of the fact that TRPC1 silencing suppresses HIF-1a induction by hypoxia, Orai3 does
not show the same results [134].

Hypoxia

MEGAKARYOCYTES

Na*/H*
exchanger

Altered
platelet generation

% P4 H|F-2/1...._____, DAL
SGs PAI-1

Non-SOCE Altered
coagulation

Figure 2. Schematic representation of hypoxia effects on the signaling pathways in neonatal
platelets. The HIF-1/2 regulatory effect on several proteins that control intracellular Ca?* home-
ostasis is represented. DTS: dense tubular system; MTs: mitochondria; SGs: secretory gran-
ules; PAI-1: plasminogen activator inhibitor 1; SOCE: store-operated calcium entry; MAMs:

mitochondria-associated membranes.
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6. Conclusions

Platelet function is modified during perinatal hypoxia. The main HRPs, HIF-1 and
HIF-2, were reported to regulate platelet production and function, as further confirmed by
the deregulated platelet function shown in patients suffering from Chuvash polycythemia
disease. Hypoxia modifies, among others, HIF-1 function, which might in turn modify Ca%*
homeostasis in platelets, leading to altered platelets function during labor. Therefore, fur-
ther research is required to demonstrate the presence of the hypoxia-regulated mechanism
discussed in this review.
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Abstract: The embryo and fetus grow in a hypoxic environment. Intrauterine oxygen levels fluctuate
throughout the pregnancy, allowing the oxygen to modulate apparently contradictory functions,
such as the expansion of stemness but also differentiation. We have recently demonstrated that in
the last weeks of pregnancy, oxygenation progressively increases, but the trend of oxygen levels
during the previous weeks remains to be clarified. In the present retrospective study, umbilical
venous and arterial oxygen levels, fetal oxygen extraction, oxygen content, CO;, and lactate were
evaluated in a cohort of healthy newborns with gestational age < 37 weeks. A progressive decrease
in pO; levels associated with a concomitant increase in pCO; and reduction in pH has been observed
starting from the 23rd week until approximately the 33-34th week of gestation. Over this period,
despite the increased hypoxemia, oxygen content remains stable thanks to increasing hemoglobin
concentration, which allows the fetus to become more hypoxemic but not more hypoxic. Starting
from the 33-34th week, fetal oxygenation increases and ideally continues following the trend recently
described in term fetuses. The present study confirms that oxygenation during intrauterine life
continues to vary even after placenta development, showing a clear biphasic trend. Fetuses, in fact,
from mid-gestation to near-term, become progressively more hypoxemic. However, starting from the
33-34th week, oxygenation progressively increases until birth. In this regard, our data suggest that
the placenta is the hub that ensures this variable oxygen availability to the fetus, and we speculate
that this biphasic trend is functional for the promotion, in specific tissues and at specific times, of
stemness and intrauterine differentiation.

Keywords: newborn; intrauterine hypoxia; fetal hypoxia; differentiation

1. Introduction

The embryo and the fetus live in a physiologically hypoxic environment (the so-called
Everest in utero) [1], although the intrauterine environment is characterized by a variable
level of hypoxia throughout pregnancy.

During the first stages of pregnancy, the concentrations of oxygen are very low, similar
to those measurable within the non-pregnant uterus [2,3]. Over the first weeks of pregnancy,
placental development favors the increase in oxygen availability to the fetoplacental unit,
and, at the beginning of the second trimester of gestation, placental oxygenation triples the
oxygen availability, reaching a maximum around the 16th week of gestation [3]. From this
week onwards, a slow, gradual reduction in placental oxygen levels is observed, and this
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trend appears to be consistent with a progressive reduction in fetal oxygenation status [3].
In fact, a series of studies carried out by analyzing human umbilical cord venous and
arterial blood samples obtained via cordocentesis demonstrated decreasing fetal partial
pressure of oxygen (pO,) and saturation of oxygen (SaO;), which start from the 16-18th
week of gestation and progress with advancing gestation [4-7].

However, some considerations led us to imagine a reversion of the trend of oxygena-
tion during the final stages of pregnancy. This hypothesis was inspired by the observation
that in many animals, the vasculature is still immature at birth and that its maturation
occurs after birth. This is particularly evident in the brain of rodents, whose appropriate
glial-vascular interaction is instituted after birth [8,9] and in the retina of mice, which is
avascular at birth but begins to vascularize during the first week after birth [10] or even
later [11], demonstrating, at least chronologically, a strict relationship between vessel mat-
uration and an increase in oxygen exposure. If vascular maturity requires an increase in
oxygen levels, it is legitimate to imagine that in humans, whose vascularization is com-
pleted during the last weeks of intrauterine life [12], there is a progressive increase in
oxygen tension in the more advanced stages of pregnancy.

To verify if oxygenation increased in the last weeks of pregnancy, we recently per-
formed an observational study that assessed the umbilical gas analysis collected from
a cohort of healthy newborns with gestational ages > 37 weeks. Results demonstrated
a progressive increase in fetal oxygenation from the 37th to the 41st weeks of gestation
(approximately an increase of about 1 mmHg per week) [13]. These findings are in accor-
dance with a previous study that reported a slight increase in cord venous pO, between
near-term and term newborns [14]. The pooled analysis of studies evaluating fetal oxygen
levels suggests that oxygenation during intrauterine life continues to vary after placenta
development, taking on a biphasic trend. Fetuses, in fact, from mid-gestation to near-term
grow in an environment progressively more hypoxic, while, approaching the term of preg-
nancy, oxygenation reverses its trend. Knowledge of this dynamic assumes a particular
importance because it helps us understand the physiological mechanisms that guarantee
the maturation of vascularization, whether it takes place after birth, as in rodents, or in
utero, as in humans.

The main objective of this study is to reconstruct, with the same methodology used
to analyze the blood gas variations in term infants, the fetal oxygenation status from the
23rd to the 36th weeks of gestation. Our objectives are to verify that healthy fetuses become
more hypoxemic over the weeks, to confirm that this trend at a certain point is reverted,
and to identify the time when this reversal occurs.

2. Results

Out of 12,544 newborns born between 2016 and 2022, 11,375 newborns with GA
> 37 weeks were excluded from the analysis, and 1169 preterm newborns were eligible for
this study. Umbilical cord gas analyses of 560 newborns were not performed, incomplete,
or unreliable. Out of 609 samples, 5 with acidosis at birth were excluded (Figure 1).

Of the 604 newborns enrolled, males were prevalent (310/604, 51.2%). Neonates
born by vaginal delivery were a minority (148/604, 24.5%). Table 1 shows the cumulative
demographic and gas analytical parameters of all newborns.

According to what was recently observed in term newborns [13] and also in preterm
neonates, the modality of delivery influences the blood gas analysis. Neonates born by
vaginal delivery showed higher values of pO; and lactate both in venous and arterial cord
samples. Lower levels of pH, partial pressure of carbon dioxide (pCO,), and bicarbonate
were evident only in venous cord samples. Neonates born by cesarean section displayed
an oxygen extraction significantly higher than neonates born by spontaneous delivery, in
line with what was demonstrated in term neonates [13]. To verify whether the incidence
of vaginal or caesarean delivery substantially changed as gestation progressed, data from
blood gas analysis were arbitrarily grouped into six newborn groups: a group of preterm
newborns from 23 to 26*® weeks of gestation, 27-28*, 29-30*¢, 31-33%°, 34-35*¢, and
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36-36*° (Figure 1). The percentage of vaginal or cesarean delivery was not statistically dif-
ferent among the groups, allowing us to evaluate the blood samples as a whole, regardless
of the type of delivery, without further stratification.

| 12,544 preterm newborns born between 2016-2022 at Pisa University hospital |

Exclusion:

* 11,375 newborns born at gestational age = 37 weeks

+ 560 newborns with analyses not performed, incomplete, or not
reliable

+ 5 newborns with pH < 7.00 and/or base excess < -12 mmol/L

Gestational Newborns Vaginal delivery | Cesarean section
Age (weeks) n=604 n=148 (24.5) n=456 (75.5)
23-26°%, n (%) 61 21 (34.4) 40 (65.6)
27-28°%, n (%) 39 12 (30.8) 27 (69.2)
604 umbilical cord samples analyzed 29-30°%, n (%) 61 12 (19.7) 49 (80.3)
31-33°%, n (%) 18 26 (22.0) 92 (78.0)
34-35°%, n (%) 191 42 (22.0) 149 (78.0)
36-36'%, n (%) 134 35 (26.1) 99 (73.9)

Figure 1. Flow chart illustrating patient enrollment of this retrospective observational cohort study.

Table 1. Umbilical cord blood gas analysis in all enrolled preterm newborns and separately analyzed

by the type of delivery.
All Preterm Vaginal Delivery Cesarean Section
Newborns p Value
n =148 n =456
n = 604

GA, days, mean (SD) 230 (24) 228 (28) 231 (23) 0.127

Birth weight, g, mean (SD) 1855 (687) 1926 (728) 1832 (672) 0.155

Male, n (%) 310 (51.2) 80 (54.0) 230 (50.4) 0.474

Apgar Score at 5 min, mean (SD) 7.6 (1.2) 7.6 (14) 7.7 (1.1) 0.781

Umbilical venous cord sampling

pH, mean (SD) 7.315 (0.08) 7.334 (0.08) 7.309 (0.08) <0.001

pCO,, mmHg, mean (SD) 432 (94) 39.9 (9.5) 443 (9.2) <0.001
pO,, mmHg, mean (SD) 22.8(7.9) 25.3 (8.3) 22.0 (7.6) <0.001
Bicarbonate, mmol /L, mean (SD) 21.7 (3.1) 20.9 (2.7) 22.0(3.1) <0.001

BE(B), mmol/L, mean (SD) —4.3 (3.6) —4.6 (3.5) —4.3(3.6) 0.250
Lactate, mmol/L, mean (SD) 2.8 (1.4) 3.3(14) 2.7 (1.3) <0.001

Hemoglobin, g/dL, mean (SD) 14.96 (2.3) 15.5 (1.9) 14.8 (2.4) 0.001

Sa0;, %, mean (SD) 529 (22.1) 57.4 (21.4) 51.3 (22.2) 0.011

Umbilical arterial cord sampling

pH, mean (SD) 7.267 (0.08) 7.274 (0.09) 7.278 (0.08) 0.327

pCO,, mmHg, mean (SD) 50.7 (11.4) 49.7 (11.8) 51.0 (11.3) 0.243
pO,, mmHg, mean (SD) 15.2 (6.9) 17.6 (6.7) 14.4 (6.8) <0.001
Bicarbonate, mmol /L, mean (SD) 22.7 (3.8) 22.3 (3.2) 22.8 (3.9) 0.227
BE(B), mmol/L, mean (SD) —4.6 (4.1) —4.8 (3.7) —4.5(4.3) 0.414
Lactate, mmol/L, mean (SD) 3.1(1.5) 3.7 (1.6) 29(1.5) <0.001
Hemoglobin, g/dL, mean (SD) 14.96 (2.3) 15.3 (2.1) 14.4 (2.5) <0.001
Sa0;, %, mean (SD) 33.0(19.2) 40.4 (20.0) 30.0 (18.2) <0.001
Veno-arterial O, difference, mmHg, mean (SD) 7.7 (6.4) 7.5(7.1) 7.8 (6.2) 0.665
Fetal oxygen extraction, %, mean (SD) 35.7 (35.8) 27.3 (32.0) 38.6 (36.8) 0.007

GA = gestational age; pO, = partial pressure of oxygen; pCO, = partial pressure of carbon dioxide; BE = base excess.

To evaluate whether oxygen tension varied during pregnancy, data from venous and
arterial pO,, as well as oxygen extraction, were assessed in relation to the progression of
pregnancy (Figure 2). Values from umbilical venous samples revealed a biphasic trend
of oxygen level, as suggested by the significance of the quadratic regression: pO; levels

168



Int. J. Mol. Sci. 2023, 24, 12487

progressively decrease until approximately 230-240 days of gestation (approximately the
33rd-34th week of gestation), when pO, appears to reach its lowest point; then, starting
from the 34th week of pregnancy, pO; increases (Figure 2A), to then continue, ideally, with
the positive progression observed from the 37th to the 41st weeks of gestation [13]. This
tendency is better highlighted in Supplementary Figure S1, where the data were stratified
according to groups of weeks of pregnancy. The arterial pO; level also appears to be linearly
reduced with the progression of gestation (Figure 2B), with a minimal increase in the weeks
near term (Supplementary Figure S1). Overall, oxygen extraction did not show significant
change throughout the period considered (Figure 2C), even though a modest increase was
evident comparing the groups of 27-28"¢ and 29-30*® towards the more advanced stages
of pregnancy (Supplementary Figure S1).

’ Umbilical venous PaO, |

60 Quadratic model: p<0.001
y =103.7 - 0.698x + 0.001x?

venous PaO, (mmHg) IE,

150 170 190 210 230 250 270
Gestational Age (days)

Umbilical arterial PaO,

50 Linear model: p<0.001
y = 26.34-0.049x

arterial PaO, (mmHg) u

150 170 190 210 230 250 270
Gestational Age (days)

‘ Fetal oxygen extraction ‘

100 Linear model= 0=0.935; Quadratic model: p=0.256

(9]
oxygen extraction (%) .

150 170 190 210 230 250 270
Gestational Age (days)

Figure 2. Scatter plots with regression lines representing umbilical cord oxygenation status [venous
pOs, panel (A) (n = 532); arterial pOy, panel (B) (n = 500); fetal oxygen extraction, panel (C) (n = 399)]
of the whole study population. The equation of the statistically significant model (linear or quadratic)
is indicated at the top of each figure.
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The levels of venous and arterial hemoglobin (Hb) progressively increased from the
23rd week onwards, reaching a plateau approximately at 230-240 days of gestation (around
weeks 33-34 of gestation) (Figure 3A,B). The Hb rise appears to follow a trend opposite
to that followed by pO,, with an increase of around 1 g/dL per group of gestational age,
as shown in Supplementary Figure S2. This increase explains why, despite the reduced
intake of oxygen from the placenta to the fetus, the venous content of oxygen remained
stable throughout the period examined (Figure 3C), excluding a minimal increase during
the weeks near term (Supplementary Figure S2).

| Umbilical venous Hb |
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Figure 3. Scatter plots with regression lines representing umbilical cord Hb and oxygen content
[venous Hb, panel (A) (n = 566); arterial Hb, panel (B) (n = 534); fetal venous oxygen content, panel
(C) (n = 427)] of the whole study population. The equation of the statistically significant model (linear
or quadratic) is indicated at the top of each figure.
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Simultaneously with the decrease in pO,, a linear reduction in venous and arterial
pH was observed as pregnancy proceeded (Figure 4A,B), coupled with a mild reduction
in venous base excess (Figure 4C), but not in arterial base excess (Figure 4D), and a mild
increase in arterial bicarbonate (Figure 4F), but not in venous (Figure 4E). This tendency

is emphasized in Supplementary Figure S3, where the data were stratified according to
groups of weeks of pregnancy.
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Figure 4. Scatter plots with regression lines representing umbilical cord pH, base excess, and
bicarbonate [venous pH, panel (A) (1 = 584); arterial pH, panel (B) (1 = 552); venous base excess, panel
(C) (n = 582); arterial base excess, panel (D) (n = 554); venous bicarbonate, panel (E) (n = 573); arterial
bicarbonate, panel (F) (n = 541)] of the whole study population. The equation of the statistically
significant model (linear or quadratic) is indicated at the top of each figure.

In analogy to what was observed in term fetuses, also in preterm fetuses, blood gas
analysis displayed for the umbilical cord content of CO, an opposing trend if compared
with the trend of oxygen, with a progressive surge both in venous (Figure 5A) and arterial
samples (Figure 5B). This increase is progressive at least until the group with gestational age
31-33"® weeks (Supplementary Figure S4). Starting from the 34th week of pregnancy, pCO,
decreases and then continues, ideally, with the negative progression recently described in
term fetuses [13]. Overall, CO, production did not seem to change significantly (Figure 5C),
even though, during the more advanced weeks of gestation, we observe an apparent
increase in CO, production (Supplementary Figure 54) that then continues, ideally, with
the progression recently described from the 37th to the 41st week of gestation [13].

Between the 23rd and 36th weeks of gestation, no significant change in lactate levels
was observed either in venous samples (Figure 6A) or in arterial samples (Figure 6B). A
mild increase in fetal lactate production seemed evident (Figure 6C) as a consequence

of a mild increase detected in newborns belonging to more advanced gestational ages
(Supplementary Figure S5).
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Figure 5. Scatter plots with regression lines representing umbilical cord carbon dioxide levels [venous
pCO», panel (A) (n = 580); arterial pCO,, panel (B) (1 = 548); fetal CO, production, panel (C) (n = 527)].
The equation of the statistically significant model (linear or quadratic) is indicated at the top of each figure.
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Figure 6. Scatter plots with regression lines representing umbilical cord lactate levels [venous lactate,
panel (A) (n = 513); arterial lactate, panel (B) (1 = 481); fetal lactate production, panel (C) (n = 465)].
The equation of the statistically significant model (linear or quadratic) is indicated at the top of
each figure.

3. Discussion

Conception, embryogenesis, and fetal growth occur in the female reproductive tract,
where the oxygen concentration is very low. A physiological hypoxia has been indicated
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as the key regulator of the harmonious processes of placental and embryonal develop-
ment [15,16]. The importance of this peculiar environmental oxygenation is witnessed by
the improved live birth rate of preimplantation embryos cultured under hypoxic conditions
compared with normoxic cultures [17]. However, the embryo and the following fetoplacen-
tal unit grow and differentiate in a milieu where the levels of hypoxia undergo evident and
recurring variations throughout the pregnancy.

Placental and embryonic cells react to a hypoxic environment with a series of adaptive
adjustments to gene expression. The upregulation of hypoxia-inducible factors (HIFs)
represents the hub through which hypoxia promotes placental development [18]. Under
hypoxia, HIF-1« translocates into the nucleus and dimerizes with HIF-1f3, leading to
the transcription of several hundred specific target genes [19], favoring cell survival in
a hypoxic environment (induction of specific enzymes involved in energy metabolism,
erythropoiesis, and angiogenesis). [20]. Therefore, HIF modulation guarantees at the same
time the proliferation and metabolic adaptation of embryonal cells, placental development,
and trophoblast differentiation [21,22].

HIF regulation during pregnancy is complex. Although HIF is regulated also through
oxygen-independent mechanisms such as hormones (angiotensin II), cytokines (interleukin-
1f, tumor necrosis factor «, and NF-kf), or growth factors (transforming growth factor-f1
and insulin-like growth factor), all of which are significantly upregulated during preg-
nancy [23], oxygen levels (and their fluctuations) represent the main regulator of placental
HIF levels, placenta development, and normal mammalian embryo morphogenesis [24].
The pivotal role of HIF for embryonic/fetal wellness is indirectly confirmed by the high
embryonic lethality, dysmorphogenesis, or severe placental defects observed in HIF-1«x-/-
mouse embryos [18].

Although hypoxia and HIF are indispensable for the harmonious development of
the fetoplacental unit, from the first moments of pregnancy, it is evident that the levels of
oxygen and HIF change following a precise dynamic.

Conception occurs when a sperm cell successfully fertilizes an egg cell in the fal-
lopian tube, at an oxygen concentration of approximately 5-7% [25]. By this time, the
morula reaches the uterine cavity, where the oxygen concentration is significantly reduced
to 2% [26,27]. The transition to this more hypoxic environment is essential in the first
2-3 weeks of life to allow the proliferation, implantation, anchoring, and invasion of the
blastocyst into the maternal uterus [28]. In fact, on one side, hypoxia (and the up-regulation
of HIFs) is crucial to maintaining the pluripotent status of embryonic stem cells [29], as well
as of cytotrophoblast cells, which are usually considered to be trophoblast stem cells [3],
and to promoting their proliferation [30]. On the other side, exposure to a decreasing
oxygen gradient during the travel from the oviduct to the uterus promotes a metabolic shift
of cytotrophoblast cells from oxidative phosphorylation towards a glycolytic metabolism
(Warburg effect) [31-33]. This metabolic adaptation confers a proliferative advantage since
it promotes the production of many intermediates of the pentose phosphate pathway, such
as ribose sugars necessary for nucleic acid synthesis, and induces the production of elevated
lactic acid levels that are useful to promote nesting in surrounding tissues [34]. In fact, the
increased production and extrusion of lactate facilitate the disaggregation of uterine tissues
and promote trophoblast invasion [35].

Increasing hypoxia and high levels of HIF during the first weeks of life are also
necessary to assure cytotrophoblast transmigration across the uterine epithelium and their
differentiation into extravillous trophoblasts [18,36], which in turn migrate along the lumen
of the spiral arterioles. These cells progressively remodel the spiral arteries, replacing
the smooth muscle and the elastic lamina of the vessel. In this way, the low-flow, high-
resistance original spiral arteries become high-flow, low-resistance vessels and assure, in
the following weeks of pregnancy, a gradual increase in oxygen delivery [28].

In summary, the intrauterine low-oxygen tension promotes embryonic cytotrophoblast
cell proliferation, their intrauterine invasion, and interconnections with the uterine spiral
arterioles [37], thus laying the foundations for a subsequent increase in oxygen levels.
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In the meantime, HIF upregulation promotes the concomitant activation of a series of
angiogenic factors, including vascular endothelial growth factor (VEGF), basic fibroblast
growth factor, platelet-derived growth factor, angiopoietin-1, angiopoietin-2, Tie2, and
monocyte chemoattractant protein-1 [38]. These proangiogenic factors in turn raise the
foundation for embryonal vascular and placental development and a further increase in
oxygen availability [3]. In turn, such an increase in microenvironmental oxygen promotes
the differentiation of cytotrophoblasts into multinucleated syncytiotrophoblasts, which are
necessary to secrete several hormones for pregnancy maintenance [39].

Essentially, what happens to the embryo in the first weeks of life represents a plastic
demonstration that hypoxia is indispensable; however, within this hypoxic environment,
we observe a fine regulation of oxygen levels, of HIF, and consequently of the expression
of its target genes aimed at modulating apparently contradictory functions, such as the
expansion of stemness and differentiation.

Placentation explains why placental oxygen tension, which is less than 20 mmHg
(more or less 2% O;) during the first weeks of human gestation (approximately until the
10th week) [2,3], increases to around 60 mmHg (roughly 8% O,) at the beginning of the
second trimester of gestation [2]. The increased oxygen availability from the first weeks to
the early weeks of the second trimester justifies why the fetal habitat can be considered a
dynamic environment where hypoxia initially attenuates.

While recent studies performed on healthy fetal animals reported no significant vari-
ations in blood gas and acid-base status during gestation [40—47], the available data for
human fetuses obtained via cordocentesis, although limited, indicate a progressive reduc-
tion in fetal oxygen levels starting from the 16-18th weeks of gestation toward its end [4-7].
The reduced oxygen supply to the fetuses is explained by the increased placental oxygen
extraction with advancing gestation, as demonstrated by samples of maternal blood drawn
from the subchorial lake under the chorionic plate [4]. However, these studies were per-
formed on pregnancies complicated by fetal anomalies, a variety of prenatal pathologies, or
maternal infections [4-7]; thus, such results would need to be confirmed in a healthy popu-
lation. The fluctuations of oxygen levels are further confirmed by the analysis of a large
amount of umbilical cord blood gas analysis, in which a clear trend reversal of oxygenation
in the last weeks of gestation was demonstrated [13,14]. Although the investigation of the
mechanisms underlying the increased oxygenation was beyond the scope of these studies,
this phenomenon has been attributed to increased oxygen diffusion from the placenta to
the fetus, probably correlated with the physiological aging of the placenta. In fact, the
thinning of the placental barrier surface area due to a reduction in the distance between fetal
vessels and the trophoblastic membrane over time favors an increase in placental oxygen
transport [48]. In conclusion, the literature shows data apparently contradictory; while,
from mid-gestation to near term, several historical studies report a progressive reduction in
fetal oxygenation [4-7], other more recent studies describe increased oxygenation during
the last weeks of gestation [13,14]. This contradiction can only be explained by imagining
a biphasic trend of fetal oxygenation, with a first phase characterized by a progressive
reduction in fetal oxygenation, followed by a phase of increased oxygenation.

The results of the present study confirm that fetuses grow in a dynamic low-oxygen
environment and demonstrate for the first time that the concentration of oxygen follows
a biphasic trend. In fact, at least from the 23rd week onward, we observed a progressive
and linear reduction in venous pO, that slows and then reverses at around 33-34 weeks of
gestation. A similar trend is also observed regarding the arterial samples, and therefore the
oxygen extraction values do not change substantially during this time. These data suggest
that the fetus is subject to a slow and progressive reduction in oxygen supply from the
placenta, at least from the 23rd until the 33-34th week, which represents the inflection point
between the two phases. This observation is in line with what has been observed from the
second to the third trimester of pregnancy in the intervillous space of the human placentas,
where mean oxygen tension measured gradually declines [3,4,49].
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If we consider that the pO, level in mothers remains stable throughout pregnancy [50]
in concomitance with the uterine blood flow [51], the gradual reduction in venous umbilical
pO; suggests that placental growth and its increasing metabolic activity progressively make
less oxygen available to the fetus. It is well known that placental oxygen consumption
accounts for a large percentage of the collective fetal and placental oxygen consumption
and that this percentage increases over time [15,51]. Therefore, our data suggest that the
increasing consumption of oxygen by the placenta causes a progressive accentuation of
fetal hypoxemia until the 33-34th week of pregnancy. In the face of a continuous reduction
in the placental oxygen supply, the venous pCO, progressively increases until the 33-34th
week of gestation, confirming the hypothesis that these changes in the supplies to the fetus
are consequent to an increased metabolic activity of the placenta. The combination of the
reduction in oxygenation with the increase in pCO; explains why the venous pH gradually
decreases, at least up to the 33-34th week of pregnancy.

Increasing fetal hypoxemia is confirmed by the progressive increase in Hb concen-
tration, the synthesis of which is known to be induced by low levels of oxygen through
the activation of the HIF/erythropoietin axis [52]. The present study confirms that the
Hb level gradually and progressively increases as pregnancy progresses, starting from the
23rd week of gestation, showing a trend opposite to that of pO,, as already reported by
several authors [53]. Despite the progressive decrease in pO,, the increased Hb explains
why the umbilical venous blood oxygen content remains unchanged. This strategy allows
the fetus, at least from the 23rd to the 33-34th weeks of pregnancy, to simultaneously
obtain two results: On the one hand, it guarantees a constant oxygen content and therefore
does not deprive the peripheral tissues of the necessary oxygen, but at the same time, the
concentration of oxygen dissolved in the blood is reduced. This explains why the fetus
becomes progressively more hypoxemic despite the constant oxygen content that maintains
the fetus’s stable hypoxia status. The maintenance, from the 23rd to the 33-34th week of
gestation, of this efficient balance is evidenced by the absolute stability of lactate values.

However, from the 33-34th week forward, this balance gets broken and oxygenation
starts to increase, as recently described in full-term newborns [13]: This gestational age
represents the watershed beyond which umbilical venous oxygenation increases, probably
due to a physiologic aging of the placenta that favors an increased diffusion of oxygen [48],
and consequently, the increase in fetal Hb levels stops. The oxygen availability to fetuses
during the last weeks of gestation is probably even more significant because, in late
gestation, the percentage of fetal Hb decreases as adult Hb (which has a lower affinity
for oxygen) begins to increase [54]. A comparable reversal is observed for venous pCO,,
which increases until the 34th week; after that, pCO; stops increasing, ideally continuing to
decrease until the end of pregnancy [13]. The arterial pCO, instead seems to continue to
increase even after the 34th week, suggesting a possible increase in fetal pCO, production
and therefore a possible metabolic shift toward mitochondrial activation, which will be
more evident after 37 weeks [13].

Therefore, the biological role of oxygen fluctuations observed in the more advanced
stages of pregnancy and also after placenta development, although difficult to interpret,
may serve for tissue-specific stem cell recruitment [55] and cell differentiation [56]. In
some anatomic districts, for instance, hypoxemia is essential in preserving naive stem-
ness potential [57,58], or modulating cell differentiation [56]. This is particularly evident
in the nervous central system, where hypoxia stimulates several processes, including
cell survival, proliferation, catecholaminergic differentiation of isolated neural crest stem
cells [59], mesencephalic precursor cells into neurons [60], or undifferentiated astrocytes to
differentiate [61,62]. In other regions, instead, it is the increased oxygenation that drives
cell differentiation, as in neural retinal tissue [63], pancreatic cells [64], keratinocytes [65],
hepatocyte cell lines [66], or endothelial cells [67]. Therefore, it is realistic to speculate
that the intrauterine environment, which physiologically becomes more hypoxic from
mid-gestation to near-term and then less hypoxic until term, guarantees tissue-specific
cellular differentiation depending on oxygen tension.
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As shown here, the 34th week of gestation would represent the watershed between a
hypoxic first phase, characterized by increased stem cell proliferation and the differentiation
of specific cell populations, and a subsequent phase in which increasing oxygenation
promotes the reduction in the stem cell pool and cell differentiation. This relationship
between stemness and gestational age is well evident for endothelial precursor cells (EPCs),
which are significantly more expressed in the umbilical cord blood of preterm newborns
if compared with term neonates [68,69]. Interestingly, the cord blood of preterm infants
contains a number of EPCs that grow as gestational age progresses: very low at 24-28 weeks,
and then much more expressed at 28-35 weeks [70] or until 34 weeks [71]. Considering
that the differentiation of endothelial cells is favored by the increase in oxygen levels [67],
we hypothesize that the expansion of EPCs is synchronous with increasing hypoxemia and
stops around 33-34th when oxygen increases, promoting the completion of the vasculature.

The topic of vasculogenesis is particularly intriguing, considering that in rodents, at
variance with humans, the vascularization of many organs is immature at birth. This is
particularly evident in the brain, where vascularization completes after birth [8,9], and
even more so in the retina, which is avascular during intrauterine life but vascularizes after
birth [10,11].

Although vasculature development depends on hypoxia-driven HIF and VEGEF in-
creases [38], in the retina, vessel appearance becomes evident a few days after birth, when
oxygenation increases in concomitance with lowered levels of HIF and VEGF [72]. This
observation suggests that vascularization occurs in two phases. In the first intrauterine
phase, hypoxia induces astrocyte maturation and the production of VEGF [73], favoring,
in turn, the recruitment of EPCs. Then, over the second phase, characterized by increased
oxygenation and reductions in HIF and VEGE, EPCs can differentiate into endothelial
cells. A similar immaturity is present in very preterm neonates, whose retina at birth is
only partially vascularized and whose brain is incompletely vascularized, especially in
the germinal matrix [74]. This immaturity is believed to predispose preterm infants to an
elevated risk of developing intraventricular hemorrhage. However, this risk decreases for
neonates born after 33-34 weeks of pregnancy or, in highly preterm newborns, after the
first days of life, suggesting that a higher oxygenated environment induces endothelial cell
maturation [74].

Considering that oxygen plays an important role in the modulation of the stem popu-
lation and the processes of differentiation, knowledge of its fluctuations and the consequent
biological effects opens new perspectives for the studies that, in the future, will try to
artificially reproduce the benefits of intrauterine life. In this regard, studies aimed at the
development of artificial placenta technology [75] cannot ignore the physiological levels of
oxygenation, which must be respected. But even attempts to mimic the biological effects of
intrauterine hypoxemia through the stimulation of 3-adrenoceptor agonists [76] will have
to take into consideration that fetal hypoxemia increases only up to the 33-34th week.

Limitations
This study has two main limitations:

1.  Umbilical cord samples represent a safe, non-invasive method to obtain valuable
information regarding intrauterine conditions [77]. However, the type of delivery
may affect the gas analytic values: fetal oxygenation of neonates born by vaginal
delivery may, in fact, be altered by the engagement of the fetus through the birth
canal or by the reduction in blood flow during uterine contractions [78], as well as by
cesarean section, which can affect fetal well-being due to the cardiovascular effects of
anesthesia, maternal position, and maternal ventilation [79,80]. Although the impact
of delivery type on the gas test result is well known [13], in this study we did not find
a different incidence of vaginal or cesarean delivery at different gestational ages, and
therefore the blood samples were analyzed as a whole without further stratification.

2. In this study, only umbilical cord blood samples from preterm infants were analyzed.
The merging of data obtained from preterm and term newborns would have provided
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a better interpretation of the fluctuations in fetal oxygenation. However, the pooling
of such data would not have been methodologically suitable, as umbilical cord blood
samples in preterm neonates were collected within 60 sec after birth (“early cord
clamping”), while samples in term neonates were collected approximately 60 sec after
birth (“delayed cord clamping”) [13].

4. Materials and Methods

This retrospective study was performed at the University Hospital of Pisa, Italy,
with around 1700 births per year. All the newborns born between January 1st 2016 and
December 31st 2022 were eligible. Their umbilical cord blood samples were collected
immediately after birth (early cord clamping). Samples collected from term newborns
(> 37 weeks) or gestations with fetal or maternal intrapartum complications (i.e., fetuses
with an operative vaginal delivery involving application of forceps or a vacuum extractor,
abnormal intrapartum cardiotocography requiring emergency cesarean section, meconium-
stained amniotic fluid, placental abruption, cord prolapse, chorioamnionitis, maternal
sepsis, convulsions, hemorrhages, uterus rupture, snapped cord) were excluded from the
study. Umbilical cord blood samples for which pH, base excess (BE), or both were not
available and with acidosis at birth (pH < 7.00 and/or BE < —12 mmol/L) [81,82] were
excluded from the analysis.

Values of umbilical (venous and arterial) parameters < or >3 SD from their respective
means were individually evaluated and (i) rectified if probably mid-entered, (ii) maintained
unchanged if considered plausible, and (iii) excluded if considered not plausible [14].
Results of cord blood gas that did not fulfill the following criteria: (i) arterial pH < the
venous pH (by at least a difference of 0.022) and (ii) arterial pCO; > the venous pCO,
(by at least a difference of 5.3 mmHg) were considered unreliable and excluded from the
analysis [83].

Cord blood was collected, as recently published [13]. The samples, after their la-
beling and identification as venous or arterial, were analyzed as soon as possible, using
an automatic blood gas analyzer (GEM® Premier 4000, Instrumentation Laboratory, Lex-
ington, MA, USA). The pH, pCO,, pO,, SaO5, lactate, and Hb were measured, whereas
bicarbonate and base excess were calculated, respectively, from measured pH and pCO,
using the Henderson—-Hasselbalch equation pH = 6.1 + log([HCO3~]/pCO, x 0.03) [84]
and the formula described by Siggaard-Anderson: (1 — 0.014 x Hb) x [HCO;~ — 24.8
+(1.43 x Hb +7.7) x (pH — 7.4)] [85]. Oxygen content (mL/dL) was calculated using the
formula [(1.36 x Hb (g/dL) x SaO, (%)/100) + (0.0031 x pO; (mmHg)], where 1.36 is the
volume of O, (mL) bound by a gram of Hb and 0.0031 is the solubility coefficient of O, in
the blood that represents the volume of O, (mL) dissolved in 100 mL of plasma for each
mmHg of O, partial pressure. Fetal oxygen extraction was determined as the difference
between umbilical venous and arterial blood oxygen contents divided by umbilical venous
oxygen content. Fetal CO, and lactate productions were calculated, respectively, as the
difference between arterial blood CO; or lactate and venous contents, divided by the
respective venous content.

Statistical Analysis

Categorical data were described with the absolute and relative (%) frequency, and
continuous data were summarized with the mean and standard deviation. Gestational
age was compared with different parameters of interest (umbilical venous and arterial
oxygen levels, fetal oxygen extraction, Hb, oxygen content, pH, bicarbonate, base excess,
CO,, and lactate) using regression models to identify the best model between the linear
and the quadratic ones. Furthermore, the curves and the equations of the best models
were calculated, and the equation of the statistically significant model (linear or quadratic)
was indicated at the top of each figure. When the most representative test (with a lower p)
was a linear regression, the test revealed that the parameter had a linear trend (decreasing
or increasing) with time. Conversely, when the most representative test (with a lower p)
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was a quadratic regression, the test revealed that the parameter had a biphasic trend with
time: If the quadratic model was increasing, the trend reached a maximum value and was
subsequently decreasing, or if the quadratic model was decreasing, the trend reached a
minimum value and was subsequently increasing. Therefore, this test suggested when,
approximately, the curve reversed.

Once the data were stratified according to weeks of pregnancy (23-26%6, 27-28+,
29-30%6, 31-33%%, 34-35*¢, and 36-36™° weeks of gestation), a nonparametric test without
Bonferroni correction was employed to evaluate the differences between the groups (Sup-
plementary Figures). Significance was set at 0.05, and all analyses were performed by SPSS
v.28 technology (IBM Corp. Released 2021. IBM SPSS Statistics for Windows, Version 28.0.
IBM Corp: Armonk, NY, USA).

5. Conclusions

The present study confirms that oxygenation during fetal life undergoes important
fluctuations and integrates the recently published study on oxygenation status during the
last weeks of pregnancy [13]. The combination of these studies suggests that from the
23rd week onwards, the fetus becomes progressively more hypoxemic, but this condition
reverses around the 33-34th week when oxygen levels progressively increase until the end
of the pregnancy.
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Abstract: Placental protein 13 (PP13) is a regulatory protein involved in remodeling the vascular
system of the pregnancy and extending the immune tolerance of the mother to the growing fetus.
PP13 is localized on the surface of the syncytiotrophoblast. An ex vivo placental model shows that
the PP13 is released via placental-associated extracellular vesicles (PEVs) to the maternal uterine
vein. This exploratory study aimed to determine PEV-associated PP13 in the maternal circulation as
compared to the known soluble fraction since each has a specific communication pathway. Patients
admitted to Bnai Zion Medical Center for delivery were recruited, and included 19 preeclampsia (PE)
patients (7 preterm PE gestational age < 37 weeks’ gestation), 16 preterm delivery (PTD, delivery
at GA < 37 weeks’ gestation), and 15 matched term delivery controls. Treatment by corticosteroids
(Celestone), which is often given to patients with suspected preterm PE and PTD, was recorded. The
PEV proteome was purified from the patients” plasma by size exclusion chromatography (SEC) to
separate the soluble and PEV-associated PP13. The total level of PP13 (soluble and PEV-associated)
was determined using mild detergent that depleted the PEV proteome. PP13 fractions were de-
termined by ELISA with PP13 specific antibodies. ELISA with alkaline phosphatase (PLAP)- and
cluster differentiation 63 (CD63)-specific antibodies served to verify the placental origin of the PEVs.
SPSS was used for statistical analysis. The patients” medical, pregnancy, and delivery records in all
groups were similar except, as expected, that a larger number of PE and PTD patients had smaller
babies who were delivered earlier, and the PE patients had hypertension and proteinuria. The SEC
analysis detected the presence of PP13 in the cargo of the PEVs and on their surface, in addition to
the known soluble fraction. The median soluble PP13 was not significantly different across the PE,
PTD, and term delivery control groups. However, after depleting the PEV of their proteome, the total
PP13 (soluble and PEV-associated) was augmented in the cases of preterm PE, reaching 2153 pg/mL
[IOR 1866-2838] but not in cases of PTD reaching 1576 pg/mL [1011-2014] or term delivery groups
reaching 964 pg/mL [875-1636]), p < 0.01. On the surface of the circulating PEV from PTD patients,
there was a decrease in PP13. Corticosteroid treatment was accompanied by a massive depletion
of PP13 from the PEV, especially in preterm PE patients. This exploratory study is, thus, the first
to determine PEV-associated PP13 in maternal circulation, providing a quantitative determination
of the soluble and the PEV-associated fractions, and it shows that the latter is the larger. We found
an increase in the amount of PP13 carried via the PEV-associated pathway in PE and PTD patients
compared to term delivery cases, which was further augmented when the patients were treated with
corticosteroids, especially in preterm PE. The signal conveyed by this novel communication pathway
warrants further research to investigate these two differential pathways for the liberation of PP13.
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1. Introduction

The interphase between the placenta and the maternal circulation has been extensively
investigated in normal pregnancy and in pregnancy complications to obtain greater in-
sights into the processes of placentation, fetal growth, maternal body adaptation to the
pregnancy, and signal transmission between the pregnancy and the maternal organs [1,2].
Placental-specific galectins [1,3] and galectin 13, or placental protein 13 (PP13) in particular,
are major regulatory proteins released by the placenta that communicate signals to the
maternal organs about the well-being of the pregnancy. PP13 is specifically expressed by
the syncytiotrophoblast and is first detected at GA 5-6 in the soluble maternal circulation. It
is then gradually increased during gestation along with the increase in placental size (3-5).
Studies have suggested that in preeclampsia (PE), and mainly in preterm PE requiring
delivery before gestational week 37 (GA < 37 weeks’ gestation), there is a lower level of
maternal blood PP13. Accordingly, the determination of PP13 in the first trimester was
used as a marker for predicting the subsequent development of PE later in pregnancy. Near
delivery with PE, there is a shedding of PP13 from the syncytiotrophoblast and the maternal
blood circulation shows an increase in the level of PP13, at least in some studies [3-5].

Animal studies have found that PP13 expands the uterine and vascular arteries and
veins, thus, priming the pregnancy for the required increase in the supply of oxygen
and nutrients to the pregnancy [4,5]. PP13 has also been shown to be responsible for the
mother’s immune system tolerance to the growing fetus [3,4]. Hence, PP13 is likely to
play an important role in the fetal-maternal interactions during the course of normal and
complicated pregnancies [3,5-7].

In the last ten years, studies have shown that extracellular vesicles (EVs) constitute
the main communication vehicles between activated cell types, hormonal glands, tumors,
fetal and placental cells, and between the immune system and remote organs [8,9]. These
nanometer-sized membrane vesicles (exosomes and microvesicles) are released by the
surface of certain cells and organs to convey signals (including possible complications at
their site of origin) to remote organs. Their small size enables them to pass through small
capillaries to enter the circulation, thus, transporting their cargo (RNA, proteins) and surface
markers from their place of origin to remote organs. The study of EVs has, thus, contributed
to major advances in the clinical management of diseases such as cancer, Alzheimer’s,
COVID-19 vaccines, and central nervous system diseases. Advanced purification and
subsequent size and surface characterization of EVs have led to the development of the
current nomenclature of their size and surface shape [7-9].

This exploratory study focused on the evaluation of the communication pathway of
the release of placental EVs (PEVs) that carry regulatory proteins, such as PP13, into the
maternal circulation. Unlike our previous study, where we determined PP13 levels on the
surface and in the internal cargo of PEVs collected after the ex vivo perfusion of the isolated
placenta [6], here we focused on PEVs in the maternal circulation [7-9]. We compared the
PP13 of the PEV in PE and preterm delivery (PTD) to term delivery.

PE is a major hypertensive disorder of pregnancy (affecting 2-8% of all pregnan-
cies) [10,11]. Advances in the past decade have enabled better prediction of PE, especially
preterm PE (PE requiring delivery before 37 week gestation) by first-trimester biomarkers
and its prevention by low-dose aspirin [12,13]. Recent studies described the use of pro-
and anti-angiogenic factors in identifying women at risk for developing PE in the third
trimester [14]. Currently, most biomarkers of these complications are mainly determined
using serum, whereas a plasma evaluation is less often conducted.

The current study focused on exploring the PEV-associated PP13, and determining
changes in its maternal circulation level in PE, thus, providing an innovative diagnostic
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approach to the prediction of PE. In addition, we also evaluated the PEV-associated PP13
in cases of preterm delivery (PTD) [15,16], as a control for the preterm PE cases.

When we collected the data, we entered information on treatment with corticos-
teroids routinely used in the clinical management of PTD and preterm PE. The impact of
corticosteroids was previously shown to affect the level of various regulatory proteins. Cor-
ticosteroids are mainly used to facilitate the maturation of the fetal respiratory system when
preterm birth is suspected. There are reports that indicate various side effects following the
use of corticosteroids [17-22]. We have previously reported that following corticosteroids’
treatment, there is a transient surge of maternal blood PP13 at different GAs, but the topic
was not systematically followed [23,24].

Overall, this study had three goals: (1) identify the relative fractions of soluble and
PEV-associated PP13 in the maternal circulation; (2) analyze the differential changes of the
above in PE and PTD compared to term delivery controls; and (3) estimate the impact of
corticosteroids on the levels of PP13 in each fraction.

2. Results
2.1. Cohort Characterization

We enrolled pregnant women attending the delivery clinic at Bnai Zion Medical
Center (BZMC) with suspected PE and PTD compared to term delivery controls. The cohort
included 19 PE cases (7 cases of preterm PE (delivery at GA < 37 weeks’ gestation), of whom
3 were delivered at GA 34 and below), and 16 cases of preterm delivery (all delivered at
GA < 37 weeks’ gestation) of whom 3 were delivered before 34 weeks’ gestation compared
to 15 cases of term delivery controls (Figure 1).

All pregnant women (n=50)
(age>18, GA>24, not in labor, no major genetic or
structural anomalies, PP13 tested in all compartments

Normal term delivery PE<37 WKS | jommmq  ALLPE All P:Bflzj; wks
(n=15) (n=7) (n=19 n=
T i I 1
Corticosteroids Corticosteroids Corticosteroids Corticosteroids
! | ] ]
No Yes No Yes No Yes No Yes
(n=12) (n=3) (n=0) (n=7) (n=9) (n=10) (n=3) (n=13)

Figure 1. Study flow chart. We enrolled 50 patients—19 cases of PE, of whom 7 delivered at
GA < 37 weeks’ gestation due to PE severity (PE < 37 wks), 16 PTD delivered at GA < 37 weeks’
gestation (PTD < 37 wks) unrelated to PE or other iatrogenic causes, and 15 term delivery controls.
The number of women treated and untreated with corticosteroids (+/—) is shown.

As shown in Table 1, the patients in the PE and PTD groups have a higher frequency of
conception by in vitro fertilization (IVF), they deliver earlier, their babies are smaller, and a
larger proportion of these newborns remain in the newborn intensive care unit (NICU) for
at least one week. As expected, patients in the PE group have hypertension and proteinuria,
but there are no other significant differences between the groups.
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Table 1. Characterization of the study population—pregnancy and delivery features.

Term Control All PE Preterm PE PTD
Parameter Delivery at GA> 37 wks (0 =19) Delivery < 37 wks Delivery < 37 wks r
(n=15) - m=7 (n'=16)
Enrolment
Maternal age (years) 30.0 [27.0-33.0] 32.0 [30.0-36.0] 32.0 [30.0-36.0] 30.5 [28.0-35.0] 0.244
BMI (kg/h?) 25.0 [22.2-32.3] 32.0 [26.0-36.0] 27.0 [22.0-34.0] 27.0 [26.0-29.0] 0.449
BMI > 30 n (%) 4(33.3) 11 (57.9) 2(28.6) 2(13.3) 0.189
Smoker n (%) 4(26.7) 10 (52.6) 3 (42.9) 9 (56.3) 0.592
Previous PE n (%) 0(0) 5 (26.3) 4(57.1) 5(31.3) 0.151
Null parity n (%) 2(13.3) 0(0) 0(0) 0(0) 0.247
Conception, IVF n (%) 0(0) 1(5.3) 0(0) 0(0) 0.798
Previous GDM n (%) 2(13.3) 2(10.5) 0(0) 2(12.5) 0.765
Chronic hypertension 0, (%) 0(0) 3(15.8) 1(14.3) 0(0) 0.301
Diabetes mellitus 0 (%) 2(13.3) 1(5.3) 0(0) 0(0) 0.503
Systolic BP (mm Hg) 109 b [105-119] 162 2 [150-180] 180 2 [133-195] 123 b [115-128] <0.001
Diastolic BP (mm Hg) 71" [69-75] 100 2 [90-107] 107 2 [82-110] 77 [73-80] <0.001
MAP (mm Hg) 84 [81-90] 118 @ [108-133] 1332 [99-136] 91" [88-96] <0.001
Creatinine (mg/dL) 0.50® [0.4-0.6] 0.70 2 [0.6-0.8] 0.8 2 [0.6-0.8] 0.5 [0.5-0.6] 0.004
Aspirin n (%) 0(0) 3(17.6) 2(33.3) 1(6.3) 0.020
Progesterone * n (%) 3(20.0) 0(0) 0(0) 1(6.3) 0.115
Delivery
. 39.12 37.1° 343¢ 36.2°
GA at delivery (wks) [38.7-39.9] [35.0-37.4] [32.9-35.6] [34.7-36.6] <0.001
o . 32902 2730 2100 ¢ 2498 b
Infant’s birthweight (gr) [2840-3620] [2180-3125] [1830-2240] [2235-3068] <0.001
Infant gender (male) n (%) 10 (66.7) 10 (55.6) 5(71.4) 16 (100) 0.036
39.12 37.1° 34.3¢ 36.2°
NICU days [38.7-39.9] [35.0-37.4] [32.9-35.6] [34.7-36.6] <0.001

Continuous variables are shown as medians and the interquartile range [IQR], and categorical variables are shown
as frequencies—n, and percentages (%). # Progesterone was given for a short cervix. The letter letters “2” to
“¢” represent significant differences between the groups’ medians using the Kruskal-Wallis non-parametric test.
The letter “2” is significantly higher, “P” is significantly lower than “2”, and “” is lower than all. PE—preeclampsia,
PTD—preterm delivery. BMI—body mass index, MAP—mean arterial blood pressure. IVF—in vitro fertilization,
NICU—newborn intensive care unit, GA—gestational week, BP—blood pressure, GDM- gestational diabetes
mellitous, NICU—newborn intensive care unit.

uarn ucr

2.2. Quantitative ELISA Analysis of PP13 in Different Maternal Blood Fractions

In this exploratory study, we used size exclusion chromatography (SEC) to separate
the soluble and PEV-associated PP13. The placental origin of the PEV was verified using the
specific placental marker placental-associated alkaline phosphatase (PLAP). The identity of
the EVs was further verified by cluster differentiation 63 (CD63). Mild detergent was used
to deplete the PEVs from their PP13 cargo that was released to the plasma, thus, creating
the total PP13 (PEVs associated and soluble combined). The PP13 on the surface of the
PEVs was determined using small columns and SEC without detergent, a procedure that
kept the PEVs intact to determine the surface PP13. We used ELISA to quantify the level of
PP13 in each fraction (Supplementary Figure S1).

As shown in Figure 2 and Table 2, the main finding is the significant increase in the
total PP13 level compared to the soluble level. In the term delivery controls, the level of
total PP13 is 964 pg/mL [IQR 875-1636], which is 2.5 times higher than the level of soluble
PP13 fraction. In the group of All PE, the level of total PP13 is 1598 pg/mL [1070-1981], and
it further augments to 2153 pg/mL [1866-2938, p < 0.01] in the preterm PE cases. The latter
is higher than the total PP13 level in the PTD group, which is 1576 pg/mL [1011-2014].

Since the soluble levels of preterm PE cases compared to the PTD and term deliver
control cases are not significantly different, the increase in the level of total PP13 in the
preterm PE group is attributed to the increase in the level of PP13 in the PEV-associated
PP13 fraction, which is what the PP13-associated fraction level shows (Table 3).

In the three cases of early PE (cases requiring delivery at GA < 34 weeks’ gestation, not
shown), the level increases from 455 pg/mL [421-861] in the soluble fraction to 1981 pg/mL
[1866-2838] in the total PP13 fraction. The increase in the total PP13 in the early PTD (cases
delivered at GA < 34 weeks’ gestation) is only twice the soluble level. However, neither is
significant (Table 2).
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Figure 2. Violin plot of PP13 levels as a function of the different fractions. The four panels on the right
side are the violin plots of the level of PP13 in the total fraction (top), the solubilized fraction (below),
the PEV-associated fraction (below), while the very bottom plot is the PP13 of the surface of PEV. The
four panels on the left side are the violin plots of the same PP13 fractions for the groups of patients
treated with (pink) and without (blue) corticosteroids. In each violin plot, the horizontal dashed
line represents the lower quartile, the median, and the third quartile. Dots along the violin show
different patients’ values within the violin. The longitudinal lines on both violin apexes represent the
minimum and the maximum values. PE—preeclampsia, PTD—preterm delivery, PE < 37—preterm
PE, PEV—placental-associated extracellular vesicles.

The results show that the cargo of PP13 in the PEV-associated PP13 is 699 pg/mL
[IOR 511-891] in the term delivery controls compared to 830 pg/mL [355-1485] in all
cases of PE, and 877 pg/mL [564-1519] in the PTD group (Table 2). In preterm PE, the
PRV-associated cargo is the highest compared to the term delivery and the PTD groups.
Accordingly, the PEV-associated pathway appears to be a major route for PP13 liberation to
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the maternal circulation in PE (Table 2). The PP13 level on the PEV surface is higher in PE,
especially in preterm PE, whereas in the PTD group, the level decreases (Table 2, Figure 2).

Table 2. Placenta protein 13 (PP13) levels according to groups and fractions.

Groups Term Control All Preeclampsia Preterm PE PTD
P (Delivery > 37wks) P (Delivery < 37 wks)  (Delivery < 37 wks)
Fractions (n=15) (n=19) n=7) (n =16)
PP13 soluble 349 [276-522] 591 [437-875] 668 [437-861] 602 [431-701]
Total PP13 964 [875-1636] 1598 [1070-1981] 2153 * [1886-2838] 1576 [1011-2014]
PP13-associated PEV 699 [511-891] 830 [355-1485] 1560 * [1004-2277] 877 [564-1519]
Surface PEVs PP13 11.1 [8.8-14.6] 17.2 [9.0-20.5] 18.2 * [15.9-25.0] 7.0 *[3.9-14.1]
Results are shown as medians and the interquartile range [IQR]. * Significantly different from the control group
using a Mann-Whitney non-parametric test (p < 0.01). PE: preeclampsia, PTD: preterm delivery, PEV: placental-
associated extracellular vesicles. PP13-associated PEV was obtained by subtracting the soluble PP13 from the total
PP13. Surface PEV PP13 was determined on aliquots of mini-SEC columns.
Table 3. Placenta protein 13 (PP13) levels as a function of treatment with corticosteroids.
Group Term Delivery PE Preterm PE PTD p p
(n=15) (n=19) n=7) (n =16)
Treatment Celestone Celestone Celestone Celestone Celestone
+ - + - + - + - + -
Fraction (n=3) (n=12) (n =10) (n=9) n=7) (n=0) (n=13) (n=3)
Total PP13 911 967 1923 1372 2153 1442 2037
[875-1636] [866-1475] [1293-2316] [1070-1640] [1866-2838] [655-1973] [1068-2102]  0.129  0.150
PP13 soluble 471 345° 608 5912 668 604 471
[276-522] [274-513] [437-861] [514-966] [437-861] [435-720] [427-636] 0.425  0.041
PP13-associated 599 711 1245 676 1560 763 1401
PEV [390-1164] [511-884] [372-1879] [233-975] [1004-2277] [531-1387] [597-1676] 0.365 0318
Surface PEVs 10.1 2 1127 1822 1472 1822 7.3 43°
PP13 [5.3-27.3] [8.8-14.6] [15.9-25.0] [8.5-20.5] [15.9-25.0] [3.9-14.1] [3.9-4.7] 0.017  0.075

Results are shown as medians and the interquartile range [IQR] using the Kruskal-Wallis non-parametric test.
The letter “?” stands for significantly higher, “ab” i3 also significantly higher but lower than the values marked
“ar #br ig significantly lower than any. PE: preeclampsia, PTD: preterm delivery. Enzyme-linked immunosorbent
assay (ELISA) was used for the quantification of PP13 in each fraction. Total PP13 was obtained after treatment
with mild detergent. Soluble PP13 was determined directly. The PEV-associated PP13 is the total PP13 minus the
soluble PP13. The surface PEVs PP13 was determined on aliquots of mini-SEC columns.

2.3. The Impact of Corticosteroids

A decade ago, we found a temporary increase in the level of PP13 in patients treated
with various corticosteroids [23,24]. Since cases of preterm PE and PTD were often treated
with corticosteroids, we compared the relative fraction of PP13 levels between patients
treated or untreated with corticosteroids (Table 3).

The results show a larger PP13 in PE patients treated with corticosteroids as compared
to non-treated patients, which is true for all fractions (Table 3 and the right side of Figure 2).
No comparison was available for preterm PE since they were all treated. In PTD, the
surface of the PEV has higher PP13 and the soluble fraction appears higher but there is no
significant difference in the total PP13 or the PEV-associated PP13 (Table 3, Figure 2, right
side for each compartment).

3. Discussion

This exploratory study is the first to quantify the levels of PEV-associated PP13 in the
maternal circulation in term delivery controls, in PE, and in PTD. This pathway is generated
by the syncytiotrophoblast that sheds PEVs into the maternal circulation in addition to
the previously reported pathway of soluble PP13 [3,25]. Previous studies have focused on
the soluble PP13, and although the majority of these studies reported consistent results,
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the use of different analyzers and antibodies, and different methods of blood processing
resulted in inconsistencies as to the usefulness of PP13 as a PE marker [3,25]. Here, it is
found that the fraction of PEV-associated PP13 is the major pathway that carries the largest
amount of PP13 from the placental origin into the maternal circulation. The amount carried
by this pathway is higher in PE, especially in preterm PE cases, compared to the term or
the preterm delivery cases.

While SEC is an analytical methodology that is not widely used in clinical labs, the
same results were obtained by blood treatment with a mild detergent to generate the total
PP13. The latter can easily be used in clinical labs. Hence, this study brings the PP13 marker
back into the arena of predicting PE, with a verified overview of its actual presence in the
maternal circulation, and a justified way to analyze it properly. This is important since PP13
is shown to be important for rendering the mother immune-suppressive to the growing
fetus [25,26]. It is also important given there are studies that show how PP13 primes the
uterine arteries and veins to increase the delivery of oxygen and nutrients to the placenta
and CO, and metabolite removal [27,28].

In a previous study, we used isolated placentae tested ex vivo and determined the
level of PP13 in exosomes and microvesicles that were purified from the uterine vein after
perfusing [6]. In that model, the levels of PP13 were normalized to the protein level and
the data indicated that for a given amount of protein, the level of PP13 was lower on the
surface and in the cargo of both the exosomes and microvesicles. Here, we show that near
delivery, there is an increase in PEV-associated PP13 in PE cases, and primarily in preterm
PE, compared to term delivery controls. This discrepancy can be resolved by the previously
reported higher number of PEVs conveyed to the maternal circulation in PE versus term
delivery controls [29,30]. Thus, it appears that while each individual PEV may carry less
PP13, there is an overall increase due to the larger number of PEVs that are delivered into
the maternal circulation.

At the research level, we are now developing a method for mounting the PEVs from
the maternal circulation onto a glass surface of 96 well microplates and developing multi-
plex PEV arrays to fluorescently determine their amount and distribution by visualizing
immune-labeled complexes and optical nanoscopy. The aim is to generate a novel analyzer
of the risk of developing PE, which will be based on the PEV pathway between the placenta
and the maternal circulation.

In the last ten years, EVs were shown to communicate signals carried internally or
on their surface between remote organs in many differentiation and pathological condi-
tions [29-33]. Here, we provide additional evidence that a specific type of EV, the PEVs,
which are delivered from the placenta into the maternal circulation, should be further
analyzed not only for PP13 but also for their RNA content [29] and other proteins such as
placental growth factors (PIGF) and soluble FMS-like protein kinase-1 (sFlt-1), which are
widely used in the prediction of PE near delivery according to their negative predictive
values [14,34].

Corticosteroids are given to women attending a delivery admission clinic with sus-
pected PTD or preterm PE. They are used to facilitate fetal lung maturation [17-23]. Here,
we find that in PE, they augment the maternal blood levels of PP13. This may be linked to
the cytokine storm or to the changes in the levels of TNF-alpha in PE [34-36], which are
linked to the loss of immune tolerance in PE.

Limitations—This is an exploratory study, and we had no prior estimates of the
anticipated level of PEV-associated PP13. We aimed for approximately the same number
of patients in each group, which resulted in the fact that the study was underpowered.
Although significant statistical differences were found, the small size of the groups may
reflect an over-impact of certain individual patients. Thus, larger cohorts are needed to
validate our findings in prospective studies.

Another limitation stems from the use of the mini-column for PEV purification, which
is considered to be more analytical and not fully quantitative, since only a small amount of
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plasma could be loaded onto the mini-SEC columns. Subsequent studies are, thus, required
to fully explore this more hidden reservoir of the PP13 on the surface of PEVs.

4. Materials and Methods
4.1. Sample and Patients

This study is exploratory. We had no previous information on the amount of PP13 in
the PEV fraction, and, thus, aimed to have approximately the same number of patients in
each group. Pregnant women attending the delivery clinic of Bnai Zion Medical Center
(BZMC) in Haifa were invited to take part between August 2020 and May 2022. The term
delivery controls were enrolled on the same or the next day as the study groups (to avoid
bias). The enrollment criteria were GA of 24 weeks and above, and not being in labor when
enrolled in the study. Other inclusion criteria were a maternal age of 18 years and above,
viable singleton pregnancies without major fetal structural and genetic abnormalities, and
the patients’ agreement to undergo all test procedures and deliver at the medical center.
The exclusion criteria were multiple pregnancies, fetal abnormalities, preexisting renal,
hematological, autoimmune, or severe cardiovascular conditions, or the inability to sign the
informed consent due to mental disabilities. GA was determined from the last menstrual
period and was verified by evaluating the records of the routine first-trimester ultrasound
of the fetal crown-rump length [37].

The study was approved by the Ethics Committee of BZMC (approval # BZMC-0107-19),
and informed written consent was obtained from all participants. Demographics, medical,
and pregnancy history, and delivery records were extracted from the hospital’s electronic
medical records. These included the drugs taken during pregnancy such as low-dose aspirin,
vaginal progesterone, tocolysis, and corticosteroids.

Blood pressure was measured at the time of enrollment with a Welch Allyn Nonin
SPo2 device. These devices are calibrated regularly as per protocol. Measurements were
made according to the guidelines of the Fetal Medicine Foundation (FMF), which advises
measuring the diastolic and systolic blood pressure twice, 20 min apart, and calculating the
diastolic, systolic, and mean arterial blood pressure [38].

The pregnancy complications are outlined below.

Preeclampsia (PE)—data on pregnancy outcomes were obtained from hospital records.
PE was diagnosed according to the guidelines of the International Society for the Study of
Hypertension in Pregnancy (ISSHP). According to this definition, the diagnosis of PE requires
the presence of new-onset hypertension (systolic blood pressure > 140 mmHg or diastolic
blood pressure > 90 mmHg) at GA > 20 weeks’ gestation, or chronic hypertension and either
proteinuria (>300 mg/24 h or protein-to-creatinine ratio > 30 mg/mmol or >2+ on dipstick
testing), or evidence of renal dysfunction (serum creatinine > 97 umol/L), hepatic dysfunction
(transaminases > 65 IU/L), or hematological dysfunction (platelet count < 100,000/ nL). Out-
come measures were all PE, preterm, and early PE, with delivery at any gestation, or at <37,
and <34 weeks’ gestation [11-13].

Preterm delivery (PTD) was defined as delivery before 37 weeks” gestation [14,16]
that was not related to fetal growth restriction or PE, chorioamnionitis, placenta abruption,
placenta previa, or placenta accreta.

4.2. Blood Drawing and Processing

At the time of enrollment, 10 mL of whole blood was drawn into K;EDTA tubes (BD,
Heidelberg, Germany), turned upside down several times to assure a good mixture of the
blood with the solution, then centrifuged at 1500 g for 10 min at RT. The clear plasma was
aspired and stored in 0.5 mL cryovials at —80 °C until use, with labels listing the patient’s
code and the date of sample collection.

4.3. The Different Fractions of PP13

We developed a step-wise method to determine PP13 in the different fractions of
maternal blood (Figure 3). Soluble PP13 was measured directly. PEV-associated PP13 was
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obtained by SEC. Treatment with mild detergent yielded a total PP13. PP13 of the surface
PEVs was determined on mini-SEC columns (Figure 3).

1500gx10 min
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Figure 3. Sub-fractionation of maternal plasma. Starting from whole blood, the plasma was collected
by EDTA-containing tubes. A-C: PP13 level was determined by ELISA in the soluble compartment
(A). The total PP13 was determined by ELISA after treating the plasma with mild detergent to deplete
PP13 from the PEV (B). Exo Spin mini-size exclusion chromatography (SEC) columns were used to
exclusively isolate the PEV and determine PP13 on their surface (C). Note that in C, the level was
limited by column capacity. To the right side, we describe the entire process of SEC while the actual
SEC profile is shown in the Supplementary Figure S1. The schematic profile at the lower right side
below the SEC large column tube indicates the zone of fractions 68 of the SEC includes the PEVs
while the zone of fractions 12-24 include the soluble proteins (further details are demonstrated in
Supplementary Figure S1).

4.4. Size Exclusion Chromatography

The extracellular vesicles (EVs) from maternal plasma were isolated by size exclusion
chromatography (SEC) according to the manufacturer’s instructions (Izon Science, Lyon,
France). Plasma samples were thawed on ice and centrifuged at 2000x g for 10 min to
remove aggregates generated during the freeze/thaw cycle. The supernatant was filtered
using a 0.22 um constant well filtration system after centrifugation. Then, 0.5 mL of plasma
was loaded on the top of the pre-equilibrated EV column (Izon Science). The column was
washed with 3 mL PBS to collect 0.5 mL fractions of the void volume. Filtered PBS was
added into the column and 24 fractions of 0.5 mL each were collected as eluents. The
protein content was monitored in each fraction by measuring the optical density OD at
280 nm. Protein concentration was determined by BCA assay (Thermo-Fisher, Waltham,
MA, USA). All fractions were stored at —80 °C for downstream analyses.

4.5. Isolation and Characterization of EVs

The isolation of EVs from maternal blood was performed by Exo-spin™ 96 according
to the manufacturer’s instructions (Cell Guidance Systems, Cambridge, UK). Briefly, the
plasma was centrifuged at 16,000x g for 30 min to remove any remaining cell debris
and large aggregates. Aliquots of 100 puL of the centrifuged plasma were loaded on each
pre-equilibrated column and allowed to enter the column. The flow-through was then
collected into the waste plate and discarded. PBS (180 uL) was applied to each column and
the exosomes were eluted into the collection plate. The protein content in the eluate was
monitored by measurement of the OD at 280 nm. Samples were stored at —70 °C until use.

191



Int. J. Mol. Sci. 2023, 24, 12051

4.6. Solubilization of PEVs

To quantify the total PP13 in the plasma (soluble and PEV-associated PP13), the plasma
was treated with 0.1% sodium dodecyl sulphate-SDS/PBS as a detergent for 30 min on
ice to solubilize the EVs and release the PP13 content in the EV compartments (inside and
outside) [39]. Total PP13 was determined in the solubilized proteins by ELISA as described
in Section 4.6 below. The profile of the SEC before and after detergent treatment is shown
in Supplementary Figure S1.

4.7. Quantification of PP13 by ELISA

Determination of the total PP13, soluble PP13, and EV-associated PP13 concentrations
was performed by a competitive enzyme-associated immunosorbent assay (ELISA) accord-
ing to the manufacturer’s instructions (Cusabio, Wuhan, China; cat. #: CSB-E12733h). All
the samples were analyzed in duplicate. Briefly, the wells of the ELISA plates precoated
by the manufacturer with anti-PP13 antibodies were incubated for 2 h, with the diluted
samples together with PP13 conjugated to HRP to allow for the competition between PP13
in the plasma samples labeled PP13 to reach equilibrium. Access reagents were washed
and 3,3 5,5 tetramethylbenzidine (TMB) chromogenic substrate was added. The reaction
was stopped by 2 N HCL and the optical density of the colored developer was determined
at 450 nm using an ELISA plate reader. PP13 concentration was calculated based on the
standard curve generated in the same experiment.

Indirect ELISA was used to determine the PP13, PLAP, and CD63 of the SEC-eluted
fractions [1-24]. For this assay, the SEC fractions were diluted 1:50 in a 50 mM carbonate
buffer at pH 9.6 and were coated in duplicate on the wells of flat-bottom ELISA plates
(Falcon, BD Heidelberg, Germany). The SEC diluted fractions were left for overnight incu-
bation at 4 °C followed by blocking of the nonspecific binding sites with 2% bovine serum
albumin (BSA) in phosphate-buffered saline (PBS). The three pairs of SEC fractions were
incubated with either anti-PP13 antibodies at 0.1 microgram /mL of monoclonal anti-PP13
(clones 534 and 215-28-3) [26,29-38,40—46], or anti-PLAP antibody (NDOGE2, a generous
gift from Dr. Manu Vatish, Oxford University [6,9]) or the commercially available anti-
CD63 (Thermos Fischer Scientific, Waltham, MA, USA) for 2 h at room temperature (RT).
After washing off excess reagents, the plates were incubated for 1 h with goat anti-mouse
IgG conjugated with horseradish peroxidase, HRP (Dianova, Konigswinter, Germany) for
1 h at RT. Extensive washing with PBS containing 0.05% Tween was performed between
steps. The reaction product was developed with TMB substrate (Thermo Fisher Scientific,
Waltham, MA, USA), stopped with 2 N HCl, and the optical density was measured using
a microplate spectrophotometer reader (BioTeck instruments Inc., Santa Clara, CA, USA)
at 450 nm.

4.8. Statistics

The data were analyzed using the SPSS version 28 (IBM, Chicago, IL, USA). For de-
scriptive statistics, the categorical variables are presented as frequencies (n) and percentages,
whereas the continuous variables are presented as the median or medians and interquartile
range [IQR]. For the inferential statistics, differences between groups for the continuous
variables were examined using a Kruskal-Wallis or a Mann—-Whitney non-parametric test.
Relationships between groups and the categorical variables, and were calculated using
chi-square tests or the Fisher exact test, depending on sample size.

A violin plot was used to describe the medians, quartiles, and the upper and lower
range. The advantage of the violin plot over the box plot is that it not only shows the
medians, quartiles, and ranges but also depicts the cases included in each quartile, which is
more informative than box plots where the box size is fixed.

5. Conclusions

This exploratory study was designed to quantify the pathway of PEVs carrying PP13
on their surface and in their inside cargo into the maternal circulation (Figure 4). PP13
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carried via this pathway in PE and PTD patients is higher than in the term delivery controls,
especially among preterm PE cases. When the patients were treated with corticosteroids, a
further increase in PP13 liberation was found. These results illustrate that the PEVs create
an important communication pathway between the placenta and maternal circulation, and
this finding warrants further research.

Maternal blood

I ’ Placenta ‘
Mega-sphere

leaking PP13

Syncytiotrophoblast

Effect on RBC

Exosomes

Figure 4. PP13 pathways to the maternal circulation. The placenta syncytiotrophoblast (green to the
right) releases PP13 through the uterine vein into the maternal circulation (the blue blood vessel to
the left). The PEVs serve as the communication pathway. The microvesicles (pink) and the exosomes
(turquoise) carry PP13 (purple) on their surface and inside. There is also a leakage of soluble PP13
(purple) either into the intracellular space or through necrotic vesicles (orange) that are too big to
pass through the capillaries, thus, leaking their content into the soluble fraction of the maternal
circulation. PP13 is, thus, liberated either as a soluble protein or in association with the PEVs. Clinical
pathologies affect PP13 mainly via the PEV pathway. When reaching the maternal circulation, PP13
binds to the ABO antigen on the red blood cells (RBC, [47]), the white blood cells (WBC [3,26]), or the
endothelial layer [27,28,48], Sammar et al. Elements of this figure were modified from our former
review Sammar et al. [7] Int. J. Mol. Sci. 2019, 20, 3192. https:/ /doi.org/10.3390/1jms20133192.
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Abbreviations

ACOG  American College of Obstetricians and Gynecologists

BMI Body mass index

BP Blood pressure

BZMC  Bnai Zion Medical Center

CD63 Cluster Differentiation 63

EVs Extracellular Vesicles

ELISA  Enzyme-linked Immuno Sorbent Assay

FGR Fetal Growth Restriction

GA Gestational Age

GDM Gestational Diabetes Mellitous

ISSHP  International Society for the Study of Hypertension Disorders in Pregnancy
ISUOG International Society for Ultrasound in Obstetrics and Gynecology
IVF In Vitro Fertilization

MAP Mean arterial blood pressure

NICU Newborn Intensive Care Unit

NPV Negative Predictive value

PE Preeclampsia

PEVs Placental-associated Extracellular Vesicles

PIGF Placental Growth Factor

PLAP  Placental-derived Alkaline Phosphatase.

PP13 Placental Protein 13

PTD Preterm Delivery

sFlt-1 Soluble FMS (oncogene for Feline McDonough Sarcoma)-like tyrosine kinase 1
SEC Size Exclusion Chromatography
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Abstract: The functions of annexin Al (ANXA1), which is expressed on membranes and in cyto-
plasmic granules, have been fully described. Nonetheless, the role of this protein in protecting
against DNA damage in the nucleus is still emerging and requires further investigation. Here, we
investigated the involvement of ANXAT in the DNA damage response in placental cells. Placenta
was collected from ANXAT1 knockout mice (AnxA1~/~) and pregnant women with gestational dia-
betes mellitus (GDM). The placental morphology and ANXA1 expression, which are related to the
modulation of cellular response markers in the presence of DNA damage, were analyzed. The total
area of AnxA1~/~ placenta was smaller due to a reduced labyrinth zone, enhanced DNA damage,
and impaired base excision repair (BER) enzymes, which resulted in the induction of apoptosis in the
labyrinthine and junctional layers. The placentas of pregnant women with GDM showed reduced
expression of AnxA1 in the villous compartment, increased DNA damage, apoptosis, and a reduction
of enzymes involved in the BER pathway. Our translational data provide valuable insights into the
possible involvement of ANXAT1 in the response of placental cells to oxidative DNA damage and

represent an advancement in investigations into the mechanisms involved in placental biology.

Keywords: apoptosis; oxidative stress; base excision repair; annexin A1 knockout mice; high-risk pregnancy

1. Introduction

Annexin Al (ANXA1) is a member of the annexin superfamily of calcium- and
phospholipid-binding proteins [1]. The protein core comprises 346 amino acids (37 kDa)
with C- and N-terminal domains, the latter of which confers specificity and physiological
activity to each annexin [2]. Besides being characterized as a glucocorticoid-regulated
anti-inflammatory protein [3], ANXAL1 has also been reported to be involved in critical
pathophysiological processes, including cell proliferation, differentiation, and apoptosis
of epithelial and cancer cells, which implicates this protein in tissue repair and cancer
metastasis [4-6].

ANXAL is found in three distinct subcellular locations: the cytoplasm, nucleus,
and plasma membrane. Although none of the annexins contain nuclear-targeting se-
quences, nuclear localization of ANXA1 has been reported under certain conditions [7].
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The translocation of ANXA1 from the cytoplasm to the nucleus is believed to start with mi-
togenic/proliferative signals or after a DNA-damaging stimulus, such as oxidative stress [7].
In breast cancer cells, nuclear localization of ANXA1 was associated with protection against
heat-induced DNA damage [8].

ANXAL1 contains a DNA- and/or RNA-binding sequence [9] and has been proposed
to perform helicase activity in the nucleus [10,11]. Because helicase activity is required in
DNA replication and repair, nuclear ANXA1 may participate in tumorigenesis [6]. DNA
lesions, such as double-strand breaks and oxidation of DNA bases, especially guanine,
are also induced by hyperglycemia-mediated oxidative stress [12-15]. We previously
demonstrated that maternal hyperglycemia levels are directly proportional to DNA damage
and inversely proportional to the expression of base excision repair (BER) enzymes in
peripheral blood cells [15]. However, this relationship was not observed in the same cell
types in newborns because of the regulation of expression of BER enzymes [15]. BER
is the most efficient mechanism for repairing endogenous DNA damage, in which DNA
glycosylase (8-oxo guanine DNA glycosylase [OGG1]) removes the damaged base, resulting
in an apurinic/apyrimidinic (AP) site. The AP endonuclease (AP endonuclease 1 [APE1])
cleaves the AP site, allowing DNA polymerase to synthesize the repair patch. The latter is
re-ligated using the DNA ligase III activity [16].

As a determinant condition of hyperglycemia, GDM, defined as any degree of glucose
intolerance with onset or first recognition during pregnancy, is among the most common
complications associated with pregnancy [17]. Maternal metabolic changes can, directly
and indirectly, be reflected in the placenta, interposed between the maternal and fetal
circulation [18], and can lead to impaired embryonic and fetal development [19-21]. Cell
death [22], inflammation [23,24], and oxidative stress [25] are important hallmarks of
placental cell damage in mothers with GDM.

Because nuclear ANXAL1 is apparently involved in DNA replication and repair, we
tested the hypothesis that nuclear ANXAL is associated with the placental cellular response
induced by oxidative DNA damage. To this end, we used placental samples from AnxAl
knockout animals (AnxA1~/~) and from mothers with GDM, a classical condition of
oxidative stress and inflammation during pregnancy.

2. Results
2.1. Deficiency of AnxA1 Gene Modifies the Placental Morphology

The labyrinthine and junctional zones of mouse placenta were identified and measured
using histological sections (Figure 1). The mice placentas comprised the following distinct
layers: the labyrinth, junctional zone, and maternal decidua (Figure 1A,B). The junctional
zone contained spongiotrophoblasts, glycogen, and giant trophoblasts (Figure 1C,D). The
labyrinth (Figure 1E,F)—the site of gas and nutrient exchange—was formed by a layer of
giant trophoblasts in contact with the maternal blood and syncytiotrophoblast layers facing
the fetal capillaries.

The placentas of AnxA1~/~ mice showed a smaller total area (Figure 1G), no differ-
ence in junctional zone (Figure 1H) and reduction of labyrinthine zone (Figure 1I) when
compared with WT placentas.
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Figure 1. Representative images of placental sections from wild-type (WT) (A) and AnxA1 knockout
animals (AnxA1~/~, (B)). The histologic sections show the junctional (Jz) (C,D) and labyrinth
(Lb) (E,F) placental zones. Scale bars = 20 pm. Jz: junctional zone; Lb: labyrinth; Cp: chorionic
plate; Ge: glycogen cells; Sp: spongiotrophoblast; Tge: junctional zone giant trophoblast cells;
arrows: labyrinthine giant trophoblast cells. The sections were stained with hematoxylin and eosin
Morphometric analyses of total area (G), junctional zone (H) and labyrinth (I) of placentas from WT
and AnxA1~/~ animals. Values are shown as mean + SD. * p < 0.05, n = 6/group.

2.2. Oxidative DNA Damage Is Augmented, and the Expression of Repair Enzymes Is Impaired in
Placenta from AnxA1~/~ Mice

In placenta from AnxA1~/~ mice, the oxidative DNA damage, evaluated based on pos-
itive nuclear staining for 8-oxoguanine, was increased in the junctional zone (Figure 2A,B,F)
and in the labyrinth (Figure 2C,D,G). The expression of the OGG1 DNA repair enzyme was
less in AnxA1~/~ in the placental nuclei of both junctional (Figure 2H,I,M) and labyrinthine
(Figure 2J,K,N) zones than in the placenta from WT mice. Similarly, the expression of the
other component in the DNA repair pathway, namely APE-1, was also reduced in the
placenta of AnxA1~/~ mice (Figure 20-U).
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Figure 2. Inmunolocalization of 8-Oxoguanine (oxidative DNA damage, (A-G)) and OGG1 (H-N)
and APE-1 (DNA repair enzymes, (O-U)) in placenta sections from WT and AnxA1~/~ animals.
Placental cells reactive to 8-Oxoguanine (arrowheads; (A-D)), OGG-1 (arrows; (H-K)), and APE-1
(red arrows; (O-R)) are found in both junctional and labyrinthine placental zones with a similar
pattern of immunoreactivity. (E,L,S) Buffer was used instead of the primary antibody as a negative
control, in panels. Bars = 50 pm. (A-E,H-L,0-S) Inmunoperoxidase and hematoxylin counterstain-
ing. (F,G,M,N,T,U) Quantification of 8 hydroxyguanosine- (F,G), OGG-1- (M,N), and APE-1- (T,U)
positive nuclei per 10,000 pmz of placental area. Values are shown as mean =+ SD; * p < 0.05; ** p < 0.01,

***p <0.001, n = 6/group.

2.3. DNA Double-Strand Breaks and Apoptosis Are Enhanced in Placenta from AnxA1~/~ Mice

The placental cells in the AnxA1~/~ group showed increased expression of gamma
H2AX in the junctional zone (Figure 3A,B,F) and labyrinth (Figure 3C,D,G) layers. The
number of cells showing the expression of cleaved caspase 3 was increased only in the

labyrinth (Figure 3J,K,N).

2.4. GDM Alters Maternal Clinical Parameters

Pregnant women with GDM presented with higher levels of HbAlc and their new-
borns were heavier than those of ND women. Other clinical parameters, such as age, BMI,
pregnancy weight gain, and placental weight, showed no differences between the GDM
and ND pregnant women (Table 1).

Table 1. Clinical data.

ND (n =10) GDM (n =10)
Maternal age (years) 30.85 + 6.11 29.43 £ 5.36
BMI (Kg/m?) 34.88 + 8.44 38.05 + 4.37
Pregnancy weight gain (Kg) 12.83 +7.50 12.34 £ 6.94
HbA1lc (%) 5.36 + 0.63 6.32+0.82*
Placental weight (g) 623.10 £ 78.38 632.50 + 179.80
Newborn weight (g) 3062.00 +£ 276.60 3540.00 £ 574.50 *

Data presented as means + standard deviation. BMI: body mass index evaluated in the third trimester of
pregnancy; HbAlc: Glycated hemoglobin evaluated in the third trimester of pregnancy; * (p < 0.05).
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Figure 3. Inmunolocalization of y-H2AX (DNA double-strand breaks, (A-G)) and cleaved caspase-3
(apoptosis, (H-N)) in placenta sections from WT and AnxA1~/~ animals. (A-E,H-L) Placental
cells reactive to y-H2AX (arrowheads; (A-E)) and caspase-3 (arrows; (H-L)) are found in both junc-
tional and labyrinthine placental zones. (E,L) Negative control for immunohistochemical analysis.
(A-E H-L) Immunoperoxidase and hematoxylin counterstaining. Bars = 50 um. (F,G,M,N) Quantifi-
cation of y-H2AX-stained nuclei (F,G) and caspase-3-positive cells (M,N) per 10,000 pm? of placental
area. Values are shown as mean + SD; * p < 0.05; ** p < 0.01, n = 6/group.

2.5. GDM Changes the Villous Morphology, Leads to Oxidative DNA Damage, and Impairs the
Expression of Nuclear DNA Repair Enzymes

As observed in the placentas from ND women (Figure 4A,C,E), the intermediate villus
components were preserved in the placentas from women with GDM (Figure 4B,D,F). Syn-
cytiotrophoblast lined the villi, in contact with the intervillous space (filled with maternal
blood), which contained vessels and mesenchyme cells. Nuclear aggregates in syncytiotro-
phoblast (syncytial knots) and fibrin deposits were observed, especially in the GDM group
(Figure 4B; Table S1).
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Figure 4. Representative images of villous compartment of term placentas stained with hematoxylin
and eosin (A-D) and immunolabeling of cytokeratin 7 for identification of the syncytiotrophoblast
layer (SC) around the mesenchyme (m) from pregnant women with no diabetes (ND; (A,C,E)) or
gestational diabetes mellitus (GDM,; (B,D,F)). (A-C) Note the aggregations of syncytiotrophoblast
nuclei (arrowhead) and increased intramural fibrinoid (asterisk) mainly in GDM villi (B). V: chorionic
villous; black arrows: fetal vessels; IVS: intervillous space. Bars = 50 pm.

Oxidative DNA damage was evaluated using nuclear 8-Oxoguanine detection. Cells
positive for nuclear staining of 8-Oxoguanine were observed in the syncytiotrophoblast
layer, and mesenchymal and endothelial cells in both groups (Figure 5A,B). Quantita-
tive analysis revealed increased DNA damage in placenta samples, particularly in the
syncytiotrophoblast from the GDM group (Figure 5B,C).

202



Int. J. Mol. Sci. 2023, 24, 10155

k%%

8-Oxoguanine
positive nuclei

OGG1 positive nuclei

ND GDM

APE-1 positive nuclei

ND

Figure 5. Inmunolocalization of oxidative DNA damage (A—C) and DNA repair enzymes (D-I) in
placentas from pregnant women with no diabetes (ND; (A,D,G)) or gestational diabetes mellitus
(GDM; (B,E H)). Nuclei of the syncytiotrophoblast (arrowheads) and mesenchyme cells (m) were
reactive for 8-Oxoguanine (A,B), OGG-1 (D,E) and APE-1 (G,H) in ND and GDM placentas. (J) Buffer
was used instead of the primary antibody as a negative control. Inmunoperoxidase and hematoxylin
counterstaining. Bars = 50 um. (C,F,I) Quantification of 8-Oxoguanine (C), OGG-1 (F), and APE-1 (I)
reactive nuclei per 10,000 um? of placental area. Values are shown as mean + SD; *** p < 0.001,

n=10/group.

OGG1 (Figure 5D,E) and APE-1 (Figure 5G,H), the enzymes in the BER pathway, were
expressed in syncytiotrophoblast, mesenchymal cells, and endothelial cells in the ND group.
Compared with the ND group, lower expression of nuclear BER enzymes (Figure 5FI) was
found in placentas from the GDM group, mainly because of reduced expression in the
syncytiotrophoblast (Figure 5E,H).
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2.6. Placenta from Women with GDM Presents Augmented DNA Double-Strand Breaks
and Apoptosis

Double-stranded DNA breaks were evaluated by detecting H2AX phosphorylation at
serine 139. Placenta cells exposed to hyperglycemia showed increased DNA double-strand
breaks (Figure 6A—C) and apoptotic cells (Figure 6D-F) compared with those in the ND
group, as evaluated using activated caspase 3.
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Figure 6. Inmunolocalization of y-H2AX (DNA double-strand breaks, (A-C)) and cleaved caspase-3
(apoptosis, (D-F)) in placenta from pregnant women with no diabetes (ND; (A,D)) or gestational dia-
betes mellitus (GDM,; (B,E)). (A,B,D,E) Nuclei of the syncytiotrophoblast (arrows) and mesenchymal
cells (m) are reactive to y-H2AX (arrowheads). Caspase-3 reactive cells follow a similar pattern of
v-H2AX immunoreactivity (arrows). (G) Negative control used in immunohistochemical analysis.
Immunoperoxidase and hematoxylin counterstaining. Bars = 50 um. (C,F) Quantification of y-H2AX-
positive nuclei (C) and caspase-3-reactive cells (F) per 10,000 pum? of placental area. Values are shown
as mean £ SD; *** p < 0.001, n = 10/group.

2.7. ANXA1 Expression Is Impaired in the Placenta from Women with GDM

In both the groups, ANXA1-positive cells were observed to be present in different
cellular components of the placental sections (Figure 7). In chorionic villi, ANXA1 was
strongly immunoreactive in the cytoplasm and nuclei of syncytiotrophoblast, and weakly
stained in mesenchymal cells (Figure 7A-D). In both syncytiotrophoblast and mesenchymal
cells, quantitative analysis of the staining in cytoplasm and nuclei indicated reduced
ANXALI1 expression in the placentas of GDM women (Figure 7E,F).
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Figure 7. ANXA1 expression in placenta from pregnant women with no diabetes (ND; (A,C,G)) or
gestational diabetes mellitus (GDM; (B,D,G)) evaluated by immunohistochemistry (A-F) and western
blot (G). Placental reactive components (arrowheads) are mainly nuclei and cytoplasm of syncy-
tiotrophoblast (Sc) and some cells found in mesenchyme (m). The sample were counter-stained with
hematoxylin. Bars = 50 um. 40x (A,B); 100 x (C,D) Quantification of positive nuclei in 10,000 u? (E)
and cytoplasm densitometry (F). The relative band intensities from western blot experiments were
normalized to (-actin and analyzed with Image] software (G). Values as mean + SD; * p < 0.05;
**p <0.01, n = 10/group.

Immunoreactive bands (~37 kDa) were detected using the ANXA1 antibody in the
extracts of villous placental tissue of pregnant women in both the ND and GDM groups.
Densitometric analyses of these bands confirmed a reduction in the expression of ANXA1
in placentas from the GDM group (Figure 7G).

3. Discussion

ANXALI is synthesized by immune, epithelial, and cancer cells via the action of differ-
ent chemical mediators, such as glucocorticoids and cytokines [26,27]. ANXA1, stored in
cytoplasmic granules and released into the extracellular compartment, binds to membrane
formyl peptides for downstream intracellular signaling of anti-inflammatory, proliferative,
apoptosis, and migration processes [26,28,29]. Moreover, ANXAL is also found in the
nucleus, where a protective action against DNA damage has recently been proposed [30].
This study also highlights the nuclear localization of ANXA1. Here, the translational
data showed that the reduced expression of ANXA1 in the placenta was associated with
increased apoptosis, which may reflect a failure to protect DNA from oxidative damage. In
this context, modulation of BER enzymes is a possible underlying mechanism.

Placentas deficient in AnxAl showed increased oxidative DNA damage, reduced
expression of nuclear BER enzymes with DNA double-strand breaks, and apoptosis in-
duction. This study found gH2Ax was detected both in the labyrinth and junctional zone.
However, increased apoptosis and structural reduction were only detected in the labyrinth.
Although we have not studied the possible bases of this difference, a study using giant
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trophoblastic cells obtained from trophoblastic stem cells showed that these cells can resist
apoptosis induced by DNA damage [31]. This resistance is associated mainly with the
selective upregulation of p21. The presence of p21 in the cytoplasm of giant cells prevented
apoptosis induced by DNA damage, similar to that found in cancer cells able to escape
apoptosis. Giant cells constitute a significant component of the junctional zone, which may
be an explanation for why lesser apoptosis and maintenance of the junctional layer were
found in our KO animals.

Analysis of placentas exposed to an adverse environment, such as hyperglycemia,
showed similar outcomes associated with ANXAI1 deficiency in the nucleus and cytoplasm
of GDM samples.

It is important to emphasize that pregnant women in the GDM group, although treated
with a combination of insulin and diet, showed increased HbAlc levels and weight of
newborn compared with those in the ND group. The exaggerated supply of glucose from
the mother to the fetus explains the weight of the newborns observed in this study [32]. The
degree of maternal glucose tolerance is not reflected in clinical aspects. Changes in placental
morphology and physiology have been observed in different degrees of hyperglycemic
disorders, including GDM [33]. Previous studies have demonstrated that GDM placentas
show a higher expression of inflammasome pathway components [24], with an exacerbation
in the production of inflammatory cytokines, oxidative stress, DNA damage response, and
apoptotic cells [15,22,24,25]. As these effects were detected in the placenta samples from
AnxA1~/~ mice, our data strongly suggest a protective role for ANXA1 in placental
physiology, which can be mitigated in certain adverse conditions, such as hyperglycemia.

An imbalance in the expression of ANXA1 in the placenta of high-risk pregnancies
has been previously described. ANXA1 showed protective activity against Toxoplasma
gondii infection, based on the observation that the third-trimester placentas expressing
lesser ANXA1 were more permissive to this infection than the first-trimester placentas
expressing more ANXA1. In the third-trimester placental villous explant culture, parasite
reduction was observed after treatment with an ANXA1 peptide mimetic (Ac2-26) [34].
Reduced expression of placental AnxA1l was observed in mothers post ZIKA infection.
The placentas of these mothers showed an increased inflammatory response and impaired
tissue repair [35]. These data may be related to a deficiency in ANXA1, which consolidates
the importance of ANXAL1 in the placental response to aggression.

As discussed in a review by Boudhraa [6], ANXAI can translocate to the nucleus
in response to mitogenic/proliferative and DNA-damaging stimuli, such as hydrogen
peroxide. In the nuclear compartment, ANXAI1 binds to DNA, where helicase activity has
been proposed, allowing it to include ANXA1 in DNA synthesis and repair mechanisms [10].
In MCF-7 breast cancer cells, the loss of ANXAT upon stress led to an increased susceptibility
to DNA damage and mutation [8]. However, experiments performed in nasopharyngeal
carcinoma cells, suggest that knockdown of ANXAT inhibits DNA damage by decreasing
the generation of intracellular reactive oxygen species and the formation of y-H2AX and
promotes DNA repair by increasing DNA-dependent protein kinase activity [36]. Moreover,
prevention of nuclear translocation of ANXA1 using the small peptide Tat-NTS inhibited
cellular proliferation (G2/M phase arrest), migration, and invasion of glioblastoma cells [37].
Thus, the DNA damage response related to ANXAL1 is tissue-dependent and the helicase
activity proposed to ANXA1 may explain the involvement of this protein with DNA
repair mechanisms.

Our data indicate crucial functions of ANXA1 in placental cells, especially in the
nuclear compartment. Under hyperglycemic conditions (a classical oxidative stress con-
dition), we observed a reduction in nuclear expression of ANXA1 in GDM placentas. As
observed in MCF7 breast adenocarcinoma cells, our data indicate that the absence or re-
duction of ANXA1 in placental cells might underlie the cell death response and impair
placental function.

Overall, our translational data indicate that differential expression of ANXALI in the
placenta alters the cellular response to oxidative DNA damage, leading to apoptosis. We
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focused on the reduction in BER enzymes in the nuclear compartment to explain apoptotic
signaling. These findings demonstrate the relevance of ANXALI in placental cell responses
and shed light on the mechanisms that regulate the functions of this critical protein in
placental biology.

4. Materials and Methods
4.1. Ethical Statement

This cross-sectional study included placental samples from AnxA1 knockout (AnxAl1~/7)
mice and mothers with GDM. All animal procedures were performed according to the
Brazilian Society for the Science of Laboratory Animals (SBCAL) and were approved
by the Institutional Animal Care and Use Committee of the Faculty of Pharmaceutical
Sciences at the University of Sao Paulo (Protocol 521). Placental samples from pregnant
women were obtained from the Diabetes and Pregnancy Service of Botucatu Medical
School/UNESP, Brazil, with the approval of the Research Ethics Committee (protocol
# 48609715.0.0000.5505). Written informed consent was obtained from all participants
according to the principles of the Declaration of Helsinki.

4.2. AnxA1 Knockout (AnxA1~/~) Placental Samples

Male and female wild type (WT) and AnxA1~/~ BALB/c mice, aged 5-6 weeks, were
maintained and reproduced at the animal house of the Faculty of Pharmaceutical Sciences,
University of Sao Paulo (Brazil). The deficiency of AnxAl knockout in placentas was
demonstrated by immunohistochemical analysis and showed in Supplemental Figure S1.
Animals were provided chow (Nuvilab) and water ad libitum. All animals were housed in
a temperature-controlled room (22-25 °C and 70% relative humidity) with a 12 h light-dark
cycle. Female mice were caged overnight with males (3:1) and successful mating was
verified the following morning by the presence of a vaginal plug (day 0.5 of pregnancy). On
day 18.5 of pregnancy, mice were euthanized by cervical dislocation or were anesthetized
with xylazine and ketamine (i.p., 7 and 77 mg/kg, respectively; Vetbrands, Jacarei, SP,
Brazil) [38] for collection of placenta samples (six from each group: WT and AnxAl1~/7).
The placenta samples (n = 6/group) were processed for morphological (hematoxylin-eosin
staining) and immunohistochemical analyses.

4.3. Population Characterization and Collection of Human Placenta Samples

GDM was diagnosed using a 75 g glucose tolerance test (75 g-GTT), as recommended
by the American Diabetes Association [17], between the 24th and 28th gestational weeks.
Twenty placenta samples were used in this study, ten each from the nondiabetic (ND;
normal 75 g-GTT) and GDM (abnormal 75 g-GTT) groups.

Population characteristics included age, body mass index (BMI) in the third trimester
of pregnancy, weight gain during pregnancy, gestational age at delivery, glycemic mean
(GM), and glycated hemoglobin (HbAlc) levels. GM was calculated from the arithmetic
mean of plasma glucose levels measured in all glucose profiles obtained during treatment
(diet or diet + insulin). Plasma glucose levels were measured using the oxidase method
(Glucose Analyzer Il Beckman, Fullerton, CA, USA) and HbAlc levels were measured using
high-performance liquid chromatography (D10™ Hemoglobin Testing System, Bio-Rad
Laboratories, Hercules, CA, USA). Placental and fetal weights were also included.

The inclusion criteria were as follows: (i) hyperglycemia defined at a minimum
gestational age of 28-30 weeks; (ii) prenatal and delivery care at the service; (iii) absence
of clinically diagnosed infections and negative serology for HIV and syphilis, absence of
multiple pregnancies, overt diabetes, fetal malformations, fetal death, alcohol consumption,
or illicit drug habits; and (iv) deliveries before the 36th week of gestation.

Placentas were collected immediately after delivery (cesarean section) and cut into
smaller fragments from different cotyledons. Decidual and villous areas were dissected
and rinsed in phosphate-buffered saline. A part of the placental villous area was subjected
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to routine morphological and immunohistochemical procedures, and the remaining part
was frozen and stored at —80 °C for western blotting.

4.4. Preparation of Placenta Samples for Histological Assessment

Placenta samples from pregnant women with GDM and from AnxA1~/~ mice were
fixed in 4% buffered paraformaldehyde for 24 h, dehydrated in a graded ethanol series,
and embedded in paraffin (Merck, Darmstadt, Germany). Three-micrometer thick sections
were obtained for hematoxylin-eosin staining and immunohistochemistry.

4.5. Morphological and Morphometric Analyses of Placenta Samples from AnxA1~/~ Mice

Morphometric analysis was performed on formalin-fixed placental samples stained
with hematoxylin and eosin and scanned using the Image-Pro Plus version 4.5 for Windows
software—Zeiss-Jenaval (Zeiss-Jenaval, Jena, Germany). Placental slides from six dams
in each group were analyzed using the Image] software (National Institutes of Health,
Bethesda, MD, USA). The thickest point of the labyrinth or junctional zone was first
identified to measure the thickness of the placental layer. The thickness of each layer was
measured and the ratio of the thickness of each layer to the total thickness of the placenta
was calculated.

4.6. Immunohistochemical Detection of Oxidative DNA Damage, DNA-Double Strand Breaks,
DNA Repair Enzymes, and Apoptosis in GDM and AnxA1~/~ Placenta Samples

The immunohistochemical detection of 8-Oxoguanine (oxidative DNA damage marker),
gamma H2AX (DNA-double strand breaks), APE-1 and OGG1 (DNA repair enzymes), and
cleaved caspase-3 (apoptosis) in placental sections from GDM and AnxA1~/~ mice was
performed. Endogenous peroxide activity was blocked using 3% hydrogen peroxide for
30 min. The tissue sections were then incubated with the following primary antibodies
overnight at 4 °C: 8-Oxoguanine (Abcam, Cambridge, UK), gamma H2AX (Novus Biologi-
cals, Littleton, CO, USA), OGG1 (Novus Biologicals), APE-1 (Novus Biologicals), polyclonal
rabbit anti-caspase-3 (Abcam). For negative control, sections were incubated with 10% TBS-
BSA (Sigma—Aldrich, St. Louis, MO, USA) instead of the primary antibody. After washing
with TBS, the sections were incubated with horseradish peroxidase-conjugated secondary
antibodies (Abcam). Staining was visualized using a 3,3’-diaminobenzidine substrate (In-
vitrogen, Waltham, MA, USA). Finally, the sections were counterstained with hematoxylin
(Inlab Confianga, Sao Paulo, Brazil) and mounted using Entellan (Merck, Germany).

4.7. Nuclear OGG1, APE-1, and Caspase-3 Analysis in Placenta from AnxA1~/~ Mice

Cells with positive nuclear staining for OGG1 and APE-1 in the immunohistochemical
analysis were counted in ten fields (x40) in each placental zone (labyrinthine or junctional)
for all placenta samples. The Image] software (NIH) was used to quantify the area and
number of positive nuclei to calculate the ratio of positive nuclei per placental zone.

Data are presented as the number of positive cells per 10* um? area. Cleaved caspase-3
analysis was performed similarly, considering the number of positive cells. Images were
obtained using an Axioskop2-Mot Plus Microscope (Carl Zeiss, Jena, Germany) with the
AxioVision software (SE64 Rel. 4.9.1).

4.8. Morphological Analysis of Placenta from Pregnant Women with GDM

Morphological analysis was performed on formalin-fixed placenta samples stained
with hematoxylin-eosin and cytokeratin 7. The expression of cytokeratin 7 (a specific
marker for trophoblast cells) was detected immunohistochemically using polyclonal rabbit
IgG anti-cytokeratin 7 (Abcam; 1:50). Images were obtained using an Axioskop 2-Mot Plus
Microscope (Carl Zeiss) with the AxioVision software.
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4.9. Analysis of Nuclear OGG1, APE-1, and Caspase-3 in Placenta from Pregnant Women
with GDM

Cells with positive nuclear staining for OGG1 and APE-1 in the villous area were
counted in ten fields (x40) of each placenta. As described for mouse placentas, the Image]
software (NIH) was used to quantify the villous area, and the ratio between the number
of positive nuclei and villous area was calculated. Data are presented as the number of
positive cells per 10* pm? area. Cleaved caspase-3 analysis was performed considering
positive cells.

4.10. Detection and Analysis of Cytoplasmic and Nuclear ANXA1 in GDM Placentas

The expression of ANXA1 was determined by immunohistochemical staining as
described above, using the following primary antibody: polyclonal rabbit anti-AnxAl
(Zymed Laboratories, Cambridge, UK) at 1:5000 for 1 h.

The intensity of cytoplasmic ANXA1 staining in villous cells was measured densito-
metrically using 10° random points from ten fields (x40) from each placenta on an arbitrary
scale from 0 to 255.

Cells with positive nuclear staining for ANXAT1 in the villous area were counted in ten
fields (x40) of each placenta. The Image]J software (NIH) was used to quantify the villous
area and the ratio of positive nuclei to the villous area was calculated. Data are presented
as the number of positive cells per 10* um? area. Images were obtained using an Axioskop
2-Mot Plus Microscope (Carl Zeiss, Jena, Germany) with the AxioVision software (SE64
Rel. 4.9.1).

4.11. Western Blot Analysis of ANXA1 Using Placental Extracts from Patients with GDM

Villous fragments of frozen human placental tissues were transferred to propylene
tubes containing the lysis buffer (Merck, Darmstadt, Germany) and a cocktail of protease
inhibitors (Complete Mini, EDTA-free protease inhibitor cocktail tablets, Roche, Switzer-
land). Samples were homogenized on ice using an electric homogenizer. The homogenates
were centrifuged at 12,000 rpm for 15 min at 4 °C. The protein concentration in the super-
natant was measured using a BCA protein assay (Pierce™ BCA Protein Assay Kit, Thermo
Scientific, Waltham, MA, USA) and then stored at —80 °C for western blot analysis.

Equal amounts of total protein from each group were separated electrophoretically on
a 15% SDS-polyacrylamide gel and then transferred to a 0.45 pm nitrocellulose membrane
(Millipore, Burlington, MA, USA). The transfer of proteins was confirmed by staining
the membranes with 10% Ponceau S solution (Sigma Aldrich, St. Louis, MO, USA). The
blotted membranes were blocked with 3% TBS-T-milk for 1 h, washed three times with TBS
buffer, and then incubated overnight at 4 °C with anti-3-actin (1:2000; Novus Biologicals,
Centennial, ON, USA) and anti-ANXA1 (1:5000; Invitrogen, Carlsbad, CA, USA) antibodies
in 3% TBS-T-milk and washed three times with TBS buffer. The membranes were exposed
to a horseradish peroxidase-conjugated secondary antibody (1:1000; Abcam) in 3% TBS-T-
milk for 1 h and washed three times with TBS buffer. Immunoreactive bands (indicative
of peroxidase activity) were detected using the enhanced chemiluminescence method.
Quantitative analysis of ANXA1 was performed by densitometry using the Image] software
(NIH, Bethesda, MD, USA). 3-Actin was used as a loading control.

4.12. Statistical Analysis

Data are presented as mean + standard deviation (SD). Statistical analyses were
performed using the GraphPad software version 6.00. First, we performed the Kolmogorov—
Smirnov normality test to determine whether the data distribution was parametric or
nonparametric. Student’s ¢-test or the Mann-Whitney U test was used for group compar-
isons. Statistical significance was set at p < 0.05.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/ijms241210155/5s1. Reference [39] is cited in the supplementary materials Table S1.
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The placenta is a transient but essential organ for normal in utero development,
playing several essential functions in normal pregnancy [1-5]. The important role of the
placenta during pregnancy is highlighted when placental development is impaired, leading
to the development of pregnancy complications such as gestational trophoblastic diseases
(GTD), gestational diabetes mellitus (GDM), preeclampsia (PE), preterm birth (PTB) and
intrauterine growth restriction (IUGR) [6-9].

In this Special Issue, articles (6) and reviews (5) addressing the major problems in the
physiology and pathophysiology of the placenta have been selected for publication.

The study by Pefiailillo and colleagues evaluated the role of forkhead box M1 (FOXM1),
a transcription factor involved in angiogenesis and cell migration [10-12] in trophoblast
invasion, identifying that FOXM1 expression is significantly higher in trophoblast cells
exposed to hypoxia (3% O,), while its expression significantly decreases under more tight
hypoxic conditions (1% O;). FOXM1 overexpression in HTR-8/5Vneo cells increases their
migration and tubule formation ability. Moreover, trophospheres obtained from a 3D
culture show higher FOXM1 expression compared to pre-invasion trophospheres. Further-
more, FOXM1-depletion in HTR-8/SVneo cells leads to the downregulation of Polo-Like
Kinase 4 (PLK4), Vascular Endothelial Growth Factor (VEGF), and Matrix Metallopepti-
dase 2 (MMP-2) mRNA expression demonstrating how FOXM1 participates in embryo
implantation by favoring early trophoblast invasion.

Placenta accreta spectrum (PAS) is an important pregnancy complication caused by an
excessive invasion of cytotrophoblast cells in the endometrial-myometrial interface [13,14].
Timofeeva and colleagues reported how the evaluation of the serum levels of miR-26a-5p, miR-
17-5p, and miR-101-3p in the first trimester demonstrated 100% sensitivity in detecting PAS.
Thus, the detection of these miRNAs can serve as an auxiliary method for the first-trimester
screening of pregnant women. The importance of evaluating miRNAs during pregnancy has
also been highlighted in the review article published by Giannubilo and colleagues.

PE occurs in 5-7% of pregnancies and is generally diagnosed in the second half of
pregnancy when its clinical manifestations (proteinuria and hypertension) occur [15-17].
Shallow trophoblast invasion in the endometrium/myometrium characterizing PE is also
the cause of the occurrence of a hypoxic environment, which leads to increased oxidative
stress [18,19]. Oxidative stress is involved in several complications and diseases, including
cancer, neurodegenerative diseases and endothelial dysfunction [20-26].

Antihypertensive therapy is essential for the management of patients with PE, and
methyldopa (Dopegyt®) and nifedipine (Cordaflex®) are the common drugs used to stabi-
lize blood pressure [27,28]. The study by Ziganshina and colleagues analyzed the effect of
antihypertensive therapy on the expression of fucosylated glycans in the fetal capillaries of
placental terminal villi in patients with early-onset PE (EOPE; onset < 34 weeks of gestation)
and late-onset PE (LOPE; onset > 34 weeks of gestation). The authors found that the
expression patterns of fucosylated glycans in endothelial glycocalyx (eGC) in the terminal
villi of EOPE and LOPE are characterized by the predominant expression of structures
with a type-2 core due to one or both being antihypertensive drugs. These changes in
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eGC fucoglycans were in accordance with maternal hemodynamics, fetoplacental hemody-
namics, and humoral factors associated with eGC damage, demonstrating the effects of
antihypertensive therapy on placental eGC in women with PE.

The study by Filippi and colleagues evaluated umbilical venous and arterial oxygen
levels, fetal oxygen extraction, oxygen content, CO,, and lactate in healthy newborns with
gestational age < 37 weeks and found a progressive decrease in oxygen levels associated
with a concomitant increase in CO; levels and reduction in pH starting from the 23rd week
to the 33rd-34th week of gestation. From the 33rd-34th week onwards, fetal oxygenation
increased, demonstrating that oxygenation during intrauterine life continues to vary even
after placenta development.

Placental protein 13 (PP13) is a key protein involved in vascular remodeling and
immune tolerance [29-31]. Kazatsker and colleagues evaluated soluble and placental-
associated extracellular vesicles (PEV-associated PP13) in the maternal uterine vein in
normal, PE and preterm conditions. The authors found that soluble PP13 was not signifi-
cantly altered across PE, preterm and term delivery, but after depleting the PEV of their
proteome, the total PP13 (soluble and PEV-associated PP13) was increased in preterm PE
(but not in cases of preterm or term delivery). Corticosteroid treatment caused a depletion
of PP13 from the PEV, especially in preterm PE patients.

The functions of annexin A1 (ANXA1) have a key role in protecting cells against DNA
damage [32,33]. The study by Moreli and colleagues found that, in ANXA1 knockout mice
(AnxAl—/—), the labyrinth zone of the placenta was reduced, and there was increased
DNA damage, causing apoptosis in the labyrinthine and junctional layers. In pregnant
women with gestational diabetes mellitus (GDM), placenta AnxA1l expression was reduced,
and there was increased DNA damage and apoptosis, suggesting the possible involvement
of ANXA1 in oxidative DNA damage response under hyperglycemia.

In addition to these insightful research articles, two reviews in this Special Issue
highlight the role of uterine receptivity and point mutations in recurrent miscarriage
(reviewed by Giinther and colleagues) and pregnancy loss (reviewed by Maksiutenko
and colleagues), respectively. Furthermore, Berna-Erro and colleagues review the main
platelet modifications during hypoxia in order to highlight new platelet markers of hypoxic
conditions during labor.

Finally, the review by Benagiano and colleagues highlights the nature of maternal—-
embryonic communication and the major mechanisms active during the pre-implantation
period in order to better understand how the placenta forms during pregnancy.

The eleven articles published in this Special Issue prove the growing interest in finding
new molecular targets and mechanisms involved in the regulation of placental development
and new markers to predict pregnancy complications. We hope to provide our readers with
anew representative and useful snapshots of the current problems in placental development
in order to inspire new studies in this field. I personally acknowledge all the contributors
of this Special Issue, the Editorial Board, and the assistant editors of the International Journal
of Molecular Sciences for their support.
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