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1. INTRODUCTION
1.1 Healthy pregnancy establishment
1.1.1 Human placental development

Placenta, a transient organ formed during pregnancy, serves as the fetal-maternal
interface for nutrient transportation and oxygen exchange (Jansson, 2016). Besides,
this endocrine organ secretes specific molecules and hormones enabling a proper
intrauterine environment for fetal growth and pregnancy maintenance (Handwerger &
Freemark, 2000; Napso et al., 2018).

The origin of human placental development can be traced back to the blastocyst stage.
This dynamic process involves two principal cell lineages including (1) the
trophectoderm enclosing the blastocyst and subsequently differentiating into all types
of trophoblast cell subpopulations and (2) the inner cell mass-originated
extraembryonic mesoderm which is responsible for the fetoplacental vasculature
(Woods et al., 2018). During early gestation, the maternal endometrium undergoes a
specialized transformation called decidualization and develops into the maternal
compartment of the placenta which is crucial for embryo implantation (Ramathal et al.,
2010).

Structurally, the mature placenta was enclosed by the fetal-facing chorionic plate and
the basal plate anchoring the maternal endometrium (Burton & Fowden, 2015). The
intervillous space between the plates consists of several widely branched fetal villous
trees of which the lobule, an independent unit for maternal-fetal exchange, is perfused
with maternal blood arising from the remodelled spiral arteries (Reynolds & Redmer,
2001). The terminal capillaries expand extensively (termed sinusoids) to form the
vasculosyncytial membranes which reduce the exchange distance between fetal and
maternal circulation (Burton & Fowden, 2015). The cytotrophoblast (CTB) monolayer
of the villous tree subsequently differentiates into either multinucleated, uninterrupted
syncytiotrophoblast (STB) or into extravillous trophoblast (EVT) invading the maternal
decidua (Papuchova & Latos, 2022). Functionally, STB forms a barrier through which
nutrient and gas exchange occurs and is responsible for the secretion of hormones
required for pregnancy maintenance. While the invasive EVT migrates from anchoring
villus and reshapes the spiral arteries in the decidua to provide adequate blood supply

to the growing fetus (Chang et al., 2018).



Since normal placental development is essential for efficient placental function and
subsequent fetal growth, a comprehensive understanding of the physiological process
of placentation is highly warranted. However, study of early placental development in
humans is constrained by ethical and practical considerations, mouse model with
analogous type of hemochorial discoid placenta are therefore routinely used to study
the specification and function of trophoblast lineages (Rossant & Cross, 2001). Despite
species-specific differences between murine and human placentae do exist, such as
gestational duration, litter number, and the major structural components of the placenta
(Soncin et al., 2015), the mouse model is indeed an indispensable tool for evaluating
the contribution of specific genes or pathways when studying early placental

development (Soncin et al., 2018).

1.1.2 Murine placentation

Generally, the murine placenta is a composite organ consisting of two different cell
lineages that present at the blastocyst stage: 1) the trophectoderm-derived cells give
rise to all types of placental trophoblast cells; 2) the extra-embryonic ectodermal (ExXE)
cells form the fetoplacental vasculature (Woods et al., 2018).

The dynamic processes of murine placentation are as follows (Fig. 1): on embryonic
day (E) 4.5, the mural trophectoderm differentiates into primary trophoblast giant cells
(TGCs) facilitating the embryo implantation into the decidualized endometrium.
Meanwhile, the polar trophectodermal cells form the ExE as well as the ectoplacental
cone (EPC), whereas the inner cell mass (ICM) differentiates into epiblast (EPI) and
primitive endoderm, giving rise to the future embryo. The chorion, amnion and allantois
are subsequently formed during gastrulation. Later, the outer cells of the EPC region
differentiate into secondary TGCs which can invade the decidua and contribute to
maternal vascular remodelling by eroding the smooth muscle lining and replacing the
endothelium. After chorio-allantoic fusion on E8.5, the allantoic vessels invaginate into
the chorion and form the interhaemal barrier termed labyrinth (Lab) layer where the
maternal blood flows through trophoblast-lined blood channels and transport the
nutrients and oxygen to the developing fetus. Trophoblast cells overlying the labyrinth
layer differentiate into future spongiotrophoblast (SpT) and glycogen cells (GCs). The
latter containing significant amounts of glycogen is the main energy source for fetal



growth. During the mid-gestation (around E10.5), the mature murine placenta is
gradually formed with three main layers: Lab, the junctional zone (JZ) consists of TGCs,
SpT and GCs, and decidua basalis (DB).

E13.5

E4.5

Polar trophectoderm

s

Mural trophectoderm

Fig. 1 Schematic of murine placentation on embryonic day (E) 4.5, 7.5 and 13.5. During early
embryogenesis, the blastocyst is formed with the inner cell mass (ICM) which develops into the
future fetus, and with the outer layer trophectoderm which develops into the supporting placenta
(left panel). With gastrulation, the chorion, allantois and amnion are formed. The outer cells of the
trophectoderm-derived ectoplacental cone (EPC) differentiate into invasive trophoblast giant cells
(TGCs) which contribute to maternal vascular remodelling (middle panel). After chorio-allantoic
fusion, the placental labyrinth (Lab) was formed with extensive villous branching of feto-maternal
circulation. On E13.5, the mature murine placenta is established consisting of three main layers:
Lab, junctional zone (JZ) made up of TGCs, spongiotrophoblasts (SpT) and glycogen cells (GCs),
and decidua basalis (DB) (right panel).

1.1.3 Maternal cardiovascular adaptation

Pregnancy is a major challenge requiring progressive adaptation in several systems
until delivery. As pregnancy progresses, significant physiological changes occur to
meet the increased demands of the growing fetus. In particular, normal pregnancy is
associated with maternal adaptation to hemodynamic changes, including increases in
heart rate, cardiac output and circulating blood volume, and decreased peripheral
vascular resistance and systemic blood pressure (BP) (Duvekot & Peeters, 1994).



Classically, vasodilatory agents such as nitric oxide (NO) and prostaglandins are
released, substantially decreasing systemic vascular resistance and BP in the first
trimester, reaching a nadir in the second trimester (termed physiologic hypotension),
and then stabilizing or increasing slightly in the third trimester (Sanghavi & Rutherford,
2014). Cardiac output, defined as the product of stroke volume and heart rate, is
elevated throughout the pregnancy and increasingly directed to the uterus ensuring
optimal conditions for fetal growth (Osol & Moore, 2014). It is worth noting that during
delivery, uterine contractions in turn cause "auto-transfusion", which means around
500 ml of blood is returned to the maternal circulation (Kepley et al., 2024). In addition,
compared to pre-pregnancy state, left ventricular wall thickness and mass increased
by 28% and 52%, respectively (Robson et al., 1987).

Adequate blood flow of the uteroplacental unit throughout pregnancy highly depends
on vasodilation. Thus, the progressively increased production of endothelial cell
vasodilators plays a key role in healthy pregnancy maintenance and hypertension
prevention. One of the major vasodilators is NO which regulates the vascular tone by
promoting the relaxation of the smooth muscle (Boeldt & Bird, 2017). Since NO is
produced from its precursor L-arginine (L-Arg) under the catalyzation of endothelial
nitric oxide synthase (eNOS), the NO-Arg metabolic pathway involved in regulating NO
synthesis and bioavailability is of great importance for endothelial function as well as
cardiovascular homeostasis during normal pregnancy (Krause et al., 2011).

1.1.4 Feto-maternal molecular dialogue

It is well known that although the fetus and placenta are “semi-allografts” expressing
both maternal and paternal antigens, they can evade recognition by the maternal
immune system and sucessefully develop until term (Paulesu et al., 2005). This
immunological paradox is attributed to the active tolerance mechanisms at the feto-
maternal interface, a complex milieu generated by maternal-derived decidual and
immune cells as well as fetal-derived trophoblast cells. Crosstalk among different types
of cells occurs in this microenvironment where numerous soluble molecules (e.g.,
hormones, growth factors, cytokines and chemokines) acting as specific membrane
receptors are produced and secreted through endocrine/paracrine effects (Petraglia et
al., 1996). Therefore, the interaction between the developing fetus and maternal



compartment depends on the mutual exchange of communication molecular signals,

a fine-tuned and highly regulated process termed "feto-maternal molecular dialogue”.

During the early stage of pregnancy, the endometrium undergoes morphological and
functional transformation (termed decidualization) driven by estrogen, progesterone,
and downstream effectors to create a receptive and optimal environment for embryo
implantation (Godbole et al., 2011). Meanwhile, molecular signals such as human
chorionic gonadotropin (hCG) secreted by the trophoblast also act on the maternal
compartment to maintain a healthy pregnancy (Cameo et al., 2004). Apart from the
crucial effect of circulating steroid hormone, other paracrine factors including cytokines
and chemokines change dynamically as pregnancy progresses. For instance, the
transformation of activity between T helper 1 (Th1) and Th2 regulated by transcription
factors is responsible for fetal innate immunity activation and maternal immune
tolerance (Zhao et al., 2019). Besides, several matrix metalloproteinases (MMPs)
together with their substrates are involved in the remodeling of endometrial
extracellular matrix (ECM) which is necessary for implantation and placentation (Latifi
et al., 2018). Recent studies have revealed that extracellular vesicles (EVs) play a key
role in feto-maternal crosstalk by transferring information to different recipient cells
(Machtinger et al., 2016; Simon et al., 2018). As the homogenous population of the
smallest size (50-150 nm), exosomes can fuse with the cell membrane and release a
variety of cargo including proteins, lipids, DNA, miRNA and other substances into the
extracellular space (Antonyak & Cerione, 2015). These nanovesicles originated from
different types of tissues and cells (e.g., endometrium, oviduct, pre-implantation
embryo, embryonic stem cells, and placenta) facilitate the cellular dialogue at the feto-
maternal interface (ldelevich & Vilella, 2020).

Upon receiving specific molecular signals, genetic and epigenetic changes in the
uterus and placenta occur in response. Both uterine epithelium and placental
trophoblasts are enriched in functional glycocalyx on the cell surface (Jones & Aplin,
2009). The receptive endometrial epithelium expresses various glycoproteins like
mucin 1 (MUC1), glycodelin A (GdA), osteopontin, and integrins facilitating embryo
adhesion and implantation (ldelevich & Vilella, 2020). Likewise, the presence of
specific carbohydrate residues like sialic acid and fucose in the placenta is necessary
for maternal immune adaptation towards fetal antigens and subsequent placental
development (Passaponti et al., 2021).
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Overall, an optimal and continuous feto-maternal molecular dialogue is fundamental
for both maternal and infant health outcomes. However, the exact communication
routes are not completely deciphered. Further investigation is still needed to elucidate

the physiological mechanism.

1.2 Preeclampsia (PE)
1.2.1 Overview and classification

Preeclampsia (PE), a dangerous multisystem pregnancy complication without
available treatments except for delivery, serves as a leading cause of both maternal
and perinatal mortality and morbidity worldwide (Duley, 2009). Even after delivery,
mother and children who experienced a PE pregnancy will suffer from an increased

risk of cardiovascular disease in their later life (Odegard et al., 2000).

PE has been conventionally defined as a new onset of hypertension with or without
proteinuria at or after 20 weeks of gestation (Chappell et al., 2021). PE is a progressive
disorder involving multiple organ systems, such as the brain, liver, kidney, and
haematological system. Therefore, recent international clinical diagnostic guidelines
for PE emphasize the mandatory condition of gestational hypertension, accompanied
by at least one of the following maternal organ dysfunction summarized in Table 1.

Table 1. Clinical diagnosis and descriptive characteristics of PE.

Clinical signs Characteristics

. . Systolic blood pressure (SBP) = 140 mm Hg, or
Gestational hypertension _ .
diastolic blood pressure (DBP) = 90 mm Hg, or both

Proteinuria A spot protein to creatinine ratio of = 30 mg/mol, or

albumin to creatinine ratio of 2 8 mg/mol

Neurological complications eclampsia, stroke, severe headaches, visual
disturbances, or altered mental status

Hepatic abnormalities Abdominal pain, elevated aminotransferase and
aspartate aminotransferase
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Acute kidney injury Creatinine = 90 pymol/L

Haematologic disorders Thrombocytopenia, haemolysis, or coagulopathy

This heterogenous disease has been divided into two subtypes in clinical practice:
early-onset PE (EO-PE) and late-onset PE (LO-PE) with 34 weeks of gestation as the
cut-off value (Raymond & Peterson, 2011). Several studies have found that the two
entities possess distinct clinical features, pregnancy outcomes, biochemical markers,
risk factors, and prognosis. Due to placental dysfunction, EO-PE with more severe
features often increases the rate of complications including intrauterine growth
restriction (IUGR), preterm birth, low birth weight, as well as maternal and neonatal
morbidity and mortality (Fondjo et al., 2019). Whereas LO-PE is more common and
related to maternal genetic predisposition or constitutional disorder resulting in
relatively favorable pregnancy outcomes (Burton et al., 2019). It is generally accepted
that these two forms of PE with different severity have distinct etiologies (Valensise et
al., 2008), which needs to be considered when investigating the pathogenesis of this
disease.

1.2.2 Aetiology and pathogenesis

Despite the exact cause of PE remains obscure, the prevailing view is that PE is a
placental-derived disorder characterized by defective trophoblast invasion leading to
endothelial dysfunction and excessive systemic inflammation (Redman, 1991).

PE has been typically described as a "two-stage" event: stage 1 is the preclinical phase
represented by impaired placentation, whereas stage 2 accounts for the development
of maternal clinical manifestations (Roberts & Hubel, 2009).

During the early stage of normal pregnancy, EVT invades the decidua basalis and
transforms the maternal spiral arteries into "high-flow and low-resistance" vasculature
to ensure adequate uteroplacental perfusion (Carty et al., 2008). In stage 1 of PE,
impaired remodeling of spiral arteries driven by shallow trophoblastic invasion leads to
placental malperfusion and hypoxia (Burton et al., 2009). As pregnancy progresses to
the second trimester, stage 2 of PE occurs with the consequent oxidative stress injury
affects the development of placental villi which further leads to abnormal secretion of
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placental anti-angiogenic molecules contributing to maternal endothelial dysfunction
and hypertension syndrome (Powe et al., 2011). Among the placenta-derived factors
contributing to maternal endothelial dysfunction, the imbalance of pro-angiogenic
placental growth factor (PIGF) and anti-angiogenic soluble fms-like tyrosine kinase-1
(sFlt-1) have gained the most research attention (Levine et al., 2004). As one of the
members of the vascular endothelial growth factor (VEGF) family, PIGF is primarily
expressed by trophoblast cells and is proposed to promote angiogenesis under
pathologic conditions like ischemia, trauma as well as inflammation (Wang et al., 2009).
Through adhering to the functional receptor binding domains of VEGF and PIGF, sFlt-
1 antagonizes the pro-angiogenic effect of those factors. Therefore, the elevated ratio
of sFlt-1/PIGF is recommended to predict or diagnose PE (Maynard et al., 2003).

The "two-stage" etiology theory contributes to a better understanding of PE as a
placenta-derived disorder. However, the contribution of maternal niche to the
pathogenesis of PE is less investigated. A bioinformatic study identified differentially
expressed genes associated with abnormal decidualization in the chorionic villus of
pregnant women who later developed into PE (Rabaglino et al., 2015). Besides,
culturing endometrial stromal cells of severe PE patients in vitro results in failed
decidualization and down-regulated CTB invasion, highlighting the maternal
contribution to PE etiology (Garrido-Gomez et al., 2017). Nevertheless, the relevant
upstream events and underlying mechanisms triggering placental dysfunction during
the course of PE require further elucidation.

1.3 Galectins
1.3.1 General information of galectins

Galectins are an ancient family of -galactoside-binding proteins characterized by
evolutionally conserved carbohydrate recognition domain (CRD) which has a
preference to bind the N-acetyl-lactosamine (LacNAc; GalB1,4GlcNAc)-containing
glycans on the cell surface or extracellular matrix (Laaf et al., 2019). These glycan-
binding proteins are ubiquitously found in various mammalian cell types including
epithelial cells, endothelial cells, fibroblasts and immune cells (Cooper, 2002),

suggesting their involvement in multiple biological processes.
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To date, 21 galectins have been identified, of which 15 were found in humans (Than
et al., 2012). Based on the number and structure of CRDs, galectins can be divided
into three subgroups (see Fig. 2): 1) “proto-type” with single CRD which can form non-
covalently linked homodimers; 2) "tandem-repeat-type" containing 2 distinct CRDs with
different carbohydrate-binding affinities connected by a short linker peptide; 3)
"chimera-type" composed of a C-terminal CRD and a proline- and glycine-rich N-
terminal tail through which it can further polymerize and cross-link (Modenutti et al.,
2019).

(1) Proto type: one CRD  (gal-1,-2,-5,-7,-10,-11,-13,-14,-15,-16,-17,-19, -20)

d — XN

Monomer Homodimer

(2) Tandem-repeat type: two distinct CRDs  (gal-4,-6,-8,-9,-12)

"
Monomer (with link)

Dimer (with link)

(3) Chimera type: one CRD and N-terminal domain  (gal-3)

>~ 3¢

Monomer Oligomer
(with N-terminal domain) (with N-termina domains)

Fig. 2 Schematic diagram of galectin family numbers. Galectins (gals) are classified according
to the structure and number of carbohydrate recognition domain (CRD): (1) the proto-type (gal-1, -
2, -5, -7, -10, -11, -13, -14, -15, -16, -17, -19 and -20) with one CRD and often exist as dimers
(upper panel). (2) Tandem-repeat type (gal-4, -6, -8, -9 and -12) containing two distinct CRDs
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connected by a linker (middle panel). (3) Chimera-type (gal-3) consisting of short proline- and

glycine-rich chains fused to the CRD (lower panel).

Galectins, typically synthesized on free ribosomes, are located in the cytoplasm,
nucleus or extracellular compartment through non-canonical secretion routes (Popa et
al., 2018). When localized in the cellular compartment, they participate in multiple
biological processes such as cell growth, proliferation and survival (Liu et al., 2002) or
translocate to the nucleus where they regulate transcription and mRNA splicing
(Patterson et al., 2015; Patterson et al., 2002). When secreted into the extracellular
space, galectins can mediate cell adhesion, invasion, migration, apoptosis, and lattice
formation via binding to the cell surface or ECM glycans such as mucins, laminin and
fibronectin (He & Baum, 2006). These glycan-dependent (ligand-receptor binding) or
glycan-independent (intracellular protein-protein interactions) manners enable
galectins to decipher the encoded information and exert a variety of biological activities
such as cell-cycle progression, autophagy, angiogenesis, and early development
(Arthur et al., 2015). Of note, the differential expression profile of galectins in healthy
and pathological pregnancies highlights the critical role of specific galectins in the
regulation of fetal-maternal interactions (Blois & Barrientos, 2014).

1.3.2 Overview of galectin-1 (gal-1)

As one of the most ancient galectin family members, prototypical galectin-1 (gal-1)
encoded by LGALS1 is widely expressed in a variety of tissues and functions at both
intracellular and extracellular levels (Barondes et al., 1994). Studies in infection,
transplantation and tumor biology have demonstrated that gal-1 plays a key role in
host-pathogen interaction, immune tolerance, tumor progression and angiogenesis
(Jiang et al., 2018; St-Pierre et al., 2010; Thijssen et al., 20006).

Compared to other galectin family members, gal-1 is well-studied in the reproductive
field probably due to its abundant expression at the feto-maternal interface (von Wolff
et al., 2005). Histological profile as well as single cell RNA-sequencing (scRNA-seq)
data from healthy pregnancy demonstrated the strongest expression of gal-1 in the
endometrium and decidua (Rytkonen et al., 2022; Thijssen et al., 2008). During
menstruation, elevated gal-1 levels are found in the late secretory phase and
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consistently increase after decidualization, which is in line with the period of
implantation window (von Wolff et al., 2005). Indeed, the expression of gal-1 can be
observed as early as the blastocyst stage which might contribute to the embryo
attachment (Tirado-Gonzalez et al., 2013). Apart from the maternal compartment, gal-
1 is also expressed in the villous CTB as well as the EVT but to a lower extent,
suggesting the predominant maternal contribution to gal-1 expression at the feto-
maternal interface. Given the fact that circulating gal-1 levels are relatively lower and
cannot act over long distances (Johannes et al., 2018), the presence of this lectin in
maternal circulation might be due to tissue leakage as other proteins and can be used
to diagnose specific diseases (Landegren et al., 2018). Compared with non-pregnant
individuals, gal-1 concentrations in the maternal circulation were significantly increased
throughout pregnancy, especially during the first trimester (Tirado-Gonzalez et al.,
2013), suggesting its potential as a diagnostic marker for several pregnancy

complications.

Within the placental compartment, gal-1 can modulate the migration and invasion of
EVT via binding the membrane ligands, such as 31 integrin, MUC1 and neuropilin-1
(Bojic-Trbojevic et al., 2014; Bojic-Trbojevic et al., 2018; Hsieh et al., 2008). The
recombinant human galectin-1 (rhgal-1) can also stimulate the invasion of CTB isolated
from the first trimester and HTR-8/SVneo cell line (Kolundzic et al., 2011). Besides,
gal-1 can also interact with the placental ECM components like laminin, fibronectin and
osteopontin to exert multiple extracellular functions (Elola et al., 2007).

Synthesized and secreted by a wide range of maternal immune cells including
macrophages, dendritic cells (DCs) as well as uterine natural killer (uNK) cells, gal-1
has been extensively investigated for its involvement in maternal immune tolerance to
fetal alloantigens during pregnancy (Blois et al., 2007). Previous study of our group
suggested that gal-1 plays an essential role in maternal immune regulation by affecting
the expression of human leukocyte antigen G (HLA-G) on human EVT-derived cell line
(Tirado-Gonzalez et al., 2013).

Furthermore, the expression of gal-1 has been detected in endothelial cells cultured
from various human tissues (Thijssen et al., 2008). It has been shown that gal-1
regulates tumor angiogenesis by binding its ligand neuropilin-1 (NRP-1) and mediating
the activation of vascular endothelial growth factor receptor 2 (VEGFR2) signaling
pathway (Hsieh et al., 2008). In another related study, Croci et al. also demonstrated
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that gal-1 recognizes and binds complex branched N-glycans on VEGFR2 and
activates VEGF-like signaling in tumor angiogenesis. Apart from the N-glycosylation,
02,6- rather than a2,3-linked sialic acid inhibits gal-1 binding, which can bind VEGFR2
and activate alternative pro-angiogenic signaling (Croci et al., 2014). In the context of
reproductive physiology, gal-1 is able to rescue pregnancy in the transient DCs ablation
mouse model by directly favoring angiogenic processes via VEGFR2 signaling or

reducing sFlt-1 to enhance VEGF bioavailability (Freitag et al., 2013).

Overall, an increasing number of evidence revealed that gal-1 is a key regulator of
multiple physiological processes including placental function, maternal immune
tolerance and angiogenesis during pregnancy.

1.3.3 Dysregulation of gal-1 and PE

Precisely due to the abundant expression of gal-1 at the feto-maternal interface as well
as its pivotal functional role in healthy pregnancy, dysregulation of this lectin is
associated with severe obstetric complications including miscarriage, preterm birth,
gestational diabetes mellitus (GDM), PE and IUGR, which has been recently reviewed

elsewhere (Jovanovic Krivokuca et al., 2021).

As previously mentioned, PE is a heterogeneous disease with complex etiology, of
which the pathological features are impaired placentation due to shallow trophoblast
invasion, placental malperfusion caused by incomplete spiral arteries remodelling, and
excessive maternal response to pro-inflammatory factors released by STB (Burton et
al., 2019). Among these, early-onset PE is mainly due to placenta insufficiency and
typically results in fetal growth restriction, low birth weight and severe maternal and
neonatal outcomes. Whereas late-onset PE is often considered a maternal
constitutional disorder associated with heredity or vascular susceptibility to the
inflammatory state (Raymond & Peterson, 2011). Given that the pathogenesis of two
subtypes differs, the involvement of gal-1 in the development of PE should be
interpreted independently in this context.

Indeed, our previous study using a microarray approach has demonstrated that gal-1
is the only galectin family member that downregulated in early-onset PE placentas at
the mRNA level (Freitag et al., 2013). Besides, the gal-1-deficient pregnant mice
spontaneously developed PE-like symptoms (hypertension and proteinuria) and further
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suffered from increased fetal abortion and growth restriction due to placenta
insufficiency (Freitag et al., 2013). More importantly, circulating levels of gal-1 were
significantly decreased in the second trimester of healthy pregnant women who
subsequently developed PE, suggesting its potential value in predicting this disease
(Freitag et al., 2013; Hirashima et al., 2018).

However, the overexpression of gal-1 was observed in late-onset PE placenta samples
which might be associated with exaggerated maternal inflammatory response and anti-
angiogenic status (Jeschke et al., 2007; Than, Erez, et al., 2008). As a pattern-
recognition receptor, gal-1 is upregulated during acute and chronic inflammation to
regulate the extent of maternal immune response (Rabinovich & Gruppi, 2005). Since
the aberrant placental cytokine milieu and the abnormal activation of innate immune
response were found to be key contributing factors to severe PE, the elevated gal-1
expression level at the feto-maternal interface might reflect an exaggerated cellular

stress response.

1.4 Objectives and hypotheses

The current project is designed to further investigate the involvement of gal-1 in PE
pathogenesis with a special focus on the altered placental glycocode signaling
networks which dynamically reflect the cell function within this compartment (Jones &
Aplin, 2009). It is also necessary to consider the source of gal-1 given this lectin is
expressed in both the maternal and placental compartments during pregnancy and
might have different contributions to PE development. Therefore, the current working
hypotheses are stated below:

1) Deficiency of fetoplacental- or maternal-derived gal-1 influences placenta well-
being and drives moderate or severe PE subtypes.

2) Gal-1-triggered placental glycocode modifications are causative factors, which
precede PE development.

3) Distinct galectin signature will contribute to placenta insufficiency and PE
pathogenesis.
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2. MATERIALS AND METHODS

2.1 Animal models and tissue collection

The Lgals1** and Lgals1~~ mice (129/P3J background) were purchased from Jackson
Laboratories and maintained in the animal facility of Charité - Universitatsmedizin
Berlin and University Medical Center Hamburg-Eppendorf. All experimental
procedures were performed in agreement with the institutional guidelines as well as
the German Animal Welfare Act, of which the in vitro fertilization and embryo transfer
(IVF-ET) was conducted at the Charité as previously described (Borowski et al., 2022).
Specifically, the IVF-ET technology applied for this study contains the following steps:

1) Superovulation: the embryo donor females (8-12 weeks old) were intraperitoneally
(i.p.) injected with Pregnant Mare's Serum Gonadotropin (PMSG, Pregmagon,
Covetrus DE GmbH, diluted to 5 1.U. in 100 yL PBS) and 48 hours later with hCG
(Ovogest, Intervet Deutschland GmbH, diluted to 2.5 I.U. in 100 yuL PBS) injection.

2) Oocyte collection: 15 hours after hCG injection, the ovarian tissues were cut after
adequate exposure and transferred to the petri dish with the oil-covered CARD
MEDIUM (Cosmo Bio Co. LTD.). The ampulla of the oviduct was opened to obtain the
cumulus-oocyte-complexes (COCs) which were later released into the drop of CARD
MEDIUM.

3) Spermatozoa collection: the male mice (3-6 months old) were sacrificed with the
cauda epididymis removed and incubated overnight at 37°C and 5% CO2 condition in
the petri dish with CARD FERTIUP Preincubation Medium (Cosmo Bio Co. LTD.). The
clots of spermatozoa were released after cutting the cauda epididymis and incubated
in the Preincubation Medium for 40-60 min at 37°C and 5% CO2 condition.

4) In vitro fertilization: 2-5 L of the previously obtained sperm suspension were added
into the CARD MEDIUM drop containing the COCs. After 4-6 hours incubation (37°C,
5% CO2), the zygotes were washed two times under the microscope in separate drops
of CARD MEDIUM and incubated overnight (37°C, 5% COZ2). The two-cell stage

embryos were counted the next morning.

5) Embryo transfer: the embryo recipient females (8-12 weeks old) were mated with
vasectomized males to induce pseudo-pregnancy. At gestational day 3, those mice
were weighed and i.p. injected with 100 pL of anesthetic (22 mg/kg Ketamine and 10
mg/kg Xylazine) per 10 g of body weight followed by 100 uL of analgesia (Rimadyl: 10

19



mg/kg) per 10 g of body weight. After disinfection with 70% ethanol, a 5-8 mm incision
was cut in the skin above the spinal column just below the rib cage. The opening was
relocated 5 mm to the left to look for the ovary and fat pad, to which a serrefine clamp
was then attached. After the distal part of the uterus, oviduct and ovary were relocated
to the back of the mouse, the bursa over the infundibulum was opened with micro-
spring scissors. Air and medium were aspirated alternately at 2-3 mm intervals into the
glass capillary followed by six embryos of the specific group (see Fig. 3 for details).
The tip of the capillary was inserted into the infundibulum, and then 6 embryos and 2-
3 air bubbles were gently transferred to the ampulla of each oviduct. The capillary was
removed after the completed transfer, followed by the release of the fat pad as well as
the relocation of the uterus, oviduct and ovary. The muscle and fur were closed with
single-knot suture and wound clips, respectively. The recipient female mice were
allowed to recover from the anesthesia on a hot plate.
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Fig. 3 Overview of the in vitro fertilization and embryo transfer (IVF-ET) procedures for
producing the niche-specific gal-1 deficiency mouse model. (A) Schematic description of the
IVF-ET procedures including superovulation of the embryo donor female mice, oocyte and

spermatozoa collection, in vitro fertilization, embryo culture, infertile copulation and
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pseudopregnancy of the embryo recipient female mice, and embryo transfer. (B) Schematic
diagram of experimental groupings including the wild-type (WT, Lgals1*"* embryos to Lgals1*"*
dams), feto-placental knockout (fpIKO, Lgals1” embryos to Lgals1** dams), and maternal

knockout (mKO, Lgals1** embryos to Lgals1”- dams).

Evaluation of pregnant mice was conducted at E7, E13 and E17 (n = 6-8 per group).
Offspring’s derived from different experimental groups were weighed and gender-
determinate on postnatal day (PN) 28. Whole implantation sites extracted from timed-
pregnant mice on E7 and E13 were frozen or formalin-fixed for further histological
sectioning. On E13, decidual and placental tissues were separated and frozen for total
RNA or protein isolation according to our previously published protocols (Blois et al.,
2007). On E17, fetuses derived from WT, fpIKO and mKO dams were weighed and
then fixed in Bouin’s solution for developmental stage analysis using the Theiler Stage
(TS) criteria (Theiler, 2013).

2.2 Enzyme-linked Immunosorbent Assay (ELISA) of gal-1

Tissues of decidua and placenta collected on E13 were homogenized in phosphate-
buffered saline (PBS) with metal lysis beads with shaking at 20 Hz for 10 min
(TissueLyser I, Qiagen) and then centrifuged at 13,000 x g at 4°C for 10 min to collect
the supernatant of tissue lysates. Protein concentrations were quantified by Bradford
assay (Bradford, 1976).

The concentration of gal-1 in the decidual and placental lysates was assessed using
the murine gal-1 DuoSet ELISA (R&D Systems; DY1245) according to the
manufacturer’s instructions. Briefly, 96-well high-binding half-area plates (Corning,
CLS3690) were coated with the provided capture antibodies overnight. After 3 times
washing with the buffer (0.05% Tween-20 in PBS), wells were blocked by reagent
diluent (1% bovine serum albumin (BSA) in PBS) for 1 h at room temperature (RT).
Plates were washed 3 times after blocking, and the pre-prepared serial standard (8000
to 125 pg/mL) as well as the tissue lysates were applied to the plate for 2 h incubation
at RT. After washing another 3 times, plates were incubated for 2 h with the detection
antibodies followed by streptavidin-horseradish peroxidase (HRP) for 20 min at RT.
After sufficient washing, the colorimetric reaction was conducted with the 3,3,5,5'-
teramethylbenzidine (TMB) substrate solution for 5 min incubation in the dark at RT
and stopped with 4N H>SOs4. The absorbance at 450 nm was determined with a

21



microplate reader (Multiskan Sky, Thermo Scientific). The expression levels of gal-1
were extrapolated from the standard curves using a four-parameter logistic curve fit

and normalized to equal protein concentration.

2.3 Murine cardiovascular adaptation analysis

2.3.1 Blood pressure (BP) measurement

BP was measured in pregnant mice from E8 to E17 (n = 6-8 per group). Before
evaluation, mice were placed on the plastic holders with infrared heating to maintain
the body temperature between 34°C and 36°C. The computerized, non-invasive tail-
cuff acquisition system (CODA System; Kent Scientific) was applied to detect the
changes in the volume pressure of the tail artery as previously described (Feng &
DiPetrillo, 2009). The mean arterial pressure measured in millimeters of mercury
(mmHg) corresponds to systolic blood pressure (SBP).

2.3.2 Albumin to creatinine ratio (ACR) determination

Metabolic cages were used to collect 24-hour urine samples on E17, and the albumin
and creatinine levels were quantified after being cleared by centrifugation. The ACR

(micrograms of albumin per milligram of creatinine) was calculated for every sample.

For albumin measurement (Exocell; 1011), a two-fold dilution series of the standards
(from 10 to 0.156 pg/mL) as well as the urine samples were added to the microtiter
plates, to which the anti-albumin antibody was then applied for 30 min incubation at
RT. After sufficient washing, the HRP-conjugated antibody was applied for another 30
min incubation at RT. The plate was washed and incubated with the color developer
solution for 10 min followed by the determination of optical density (OD) at 450 nm.

The concentration of albumin was calculated based on the standard curve.

For creatinine determination (Exocell; 1012), the ready-to-use standards and the urine
samples (diluted 1:5) were added to the 96-well high-binding half-area plates (Corning,
CLS3690). The plates were incubated with the picrate working solution for 10 min
followed by the OD determination at 500 nm (ODypicrate). The acid regent was

subsequently added to the plates and incubated for 5 min. The OD value was
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measured again at 500 nm (ODpicrate+acid). The differences between ODpicrate and
ODpicrate+acia Was calculated for each sample, and the creatinine levels were

extrapolated from the standard curve.

2.3.3 L-arginine (L-Arg) metabolites measurement

The circulating concentration of L-Arg and its methylated derivatives asymmetric
dimethylarginine (ADMA) and symmetric dimethylarginine (SDMA) were determined
by the liquid chromatographic-tandem mass spectrometric (LC-MS/MS) assay as
previously described (Schwedhelm et al., 2007). Briefly, 25 pyL of serum was diluted
with stable isotope-labelled standards dissolved in 100 uL of methanol. Next, proteins
were eliminated by methanol precipitation, followed by evaporation of the supernatants
under nitrogen gas and incubation with acidified butanol to produce butyl ester
derivatives of the amino acids, which were then analyzed by ultra-performance liquid
chromatography-electrospray ionization (UPLC-ESI) mass spectrometric technique.
The L-Arg metabolites concentration was calculated using the peak area ratios of

metabolites over the corresponding internal standards.

2.4 Histological analysis

2.4.1 Section preparation

A fraction of placental specimens collected on E13 were fixed in 4% paraformaldehyde
and then dehydrated in ascending alcohol concentrations, cleared in xylene and
embedded in paraffin wax. Serial sections were prepared using a rotary microtome
(Leica, Frankfurt, Germany) with a thickness of 4 um used for the haematoxylin and
eosin (H&E), Periodic acid-Schiff (PAS), Dolichos biflorus agglutinin (DBA) / PAS
staining as well as the immunohistochemistry (IHC) staining of isolectin B4 (IB4)
according to our standard protocols.

Another fraction of E13 placentas and the whole implantations on E7 were embedded
in OCT compound (Tissue-Tek; Sakura Finetek U.S.A. Inc; 4583) and snap-frozen in
cold isopentane. Cryosections (8 um) were prepared at —20°C by cryostat microtome
(Leica, Frankfurt, Germany) for the immunofluorescence (IF) staining as previously
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described (Freitag et al., 2013). Incubations and washes stated below were all carried
out at RT unless otherwise specified.

2.4.2 PAS staining

PAS staining was applied to detect the glycogen accumulation in E13 placentas. Serial
sections were dewaxed, rehydrated routinely and then oxidized with 1% periodic acid
(Sigma-Aldrich, Munich, Germany) for 10 min. After adequate washing with distilled
water, slides were exposed to Schiff's reagent for 15 min and then to 0.5% sodium
bisulfite solution for 5 min. Finally, sections were counterstained with Mayer's hemalum
solution for 10 s followed by sufficient rinsing in distilled water, and then dehydrated,
cleared and mounted according to the standard protocols.

2.4.3 DBA / PAS staining

The DBA lectin is a common biomarker of murine uNK cells which contain PAS-
reactive cytoplasmic granules. It has been reported that the presence of mature uNK
cells (PAS*DBA*) homed to the decidua (tissue-associated, ta) is of significant
importance during healthy pregnancy (Zhang et al., 2009).

After deparaffinization and rehydration procedures, serial sections were incubated with
1% alpha-amylase for 20 min and followed with 3% hydrogen peroxide (H202) in 0.1
M PBS for 30 min. Blocking was performed with 1% BSA for 30 min, and then the
slides were incubated in 1 mg/ml biotinylated DBA lectin (Sigma-Aldrich, Munich,
Germany; L6533) at 4°C overnight. After washing the following day, slides were
incubated with Extravidin-peroxidase (diluted 1:200; Sigma-Aldrich, Munich, Germany;
E2886) for 30 min and then equilibrated with Tris-buffed saline (TBS). The 3,3'-
diaminobenzidine (DAB; Sigma-Aldrich, Munich, Germany; D8001) was applied to all
sections for 2 min and then rinsed in tap water. These slides were subsequently stained
using the PAS protocol described above, followed by standard dehydration,

clarification, and mounting procedures.
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2.4.4 IHC staining of Isolectin B4 (1B4)

IB4 staining was used to identify vasculature networks in the labyrinth layer of E13
placentas following the below procedures: placental sections were dewaxed,
rehydrated routinely, and then incubated with Citrate Buffer (pH = 6) for 10 min at
100 °C for antigen retrieval. After washing with TBS, the endogenous peroxidase was
blocked by incubating with 3% H20: in methanol for 30 min. Slides were washed again
and incubated with 2% goat normal serum (GNS) for 20 min. The primary biotin-
conjugated IB4 from Griffonia simplicifolia (diluted 1:200; Sigma-Aldrich, Munich,
Germany; L2140) was then applied overnight at 4 °C. After washing the next day, slides
were incubated with the secondary HRP-conjugated antibody (diluted 1:200; Jackson
ImmunoResearch, West Grove, USA; 111-035-047) for 1 h. The signal was then
detected by DAB (Sigma-Aldrich, Munich, Germany; D8001). After sufficient washing,
nuclei were counterstained with 0.1% Mayer's hematoxylin solution followed by the
dehydration, clarification, and mounting procedures according to the standard
protocols.

2.4.5 IHC staining of beta-1,4-N-acetyl-galactosaminyltransferase 2 (B4GALNT2)

Paraffin-embedded sections of E13 placenta tissues were routinely dewaxed,
rehydrated, and heated with Citrate Buffer (pH = 6) for antigen retrieval as described
above. After washing in TBS, slides were incubated for 30 min with 3% H20> in
methanol to block the endogenous peroxidase. Afterward, slides were washed and
blocked with 2% GNS followed by overnight incubation with anti-B4GALNT2 (working
concentration: 10 pyg/mL; USBiological Life Sciences, MA, USA; 362247) at 4°C. The
next day, slides were washed and incubated for 1 h with the secondary HRP-
conjugated antibody (diluted 1:200; Jackson ImmunoResearch, West Grove, USA,;
111-035-047). The signal was detected by incubation with DAB substrate solution
(Sigma-Aldrich, Munich, Germany; D8001). Nuclei were counterstained with 0.1%
Mayer's hematoxylin solution after sufficient washing. Slides were dehydrated, clarified
and mounted following the standard procedures.
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2.4.6 CD31 / cytokeratin double IF staining

To evaluate the vascular-associated (va) trophoblasts within the spiral arteries during
the post-placentation (post-PL) period, the CD31 (vascular marker) / cytokeratin
(trophoblast marker) double IF staining were applied to the E13 placental cryosections.
Briefly, thawed cryosections were washed in TBS and blocked with 2% GNS followed
by incubation with the primary biotinylated CD31 (diluted 1:200; BioRad, Munich,
Germany; MCA2388BT) plus anti-cytokeratin antibody (diluted 1:500; Dako, Hamburg,
Germany; Z0622) or with antibody diluent (as negative control) overnight at 4 °C in a
humid chamber. After washing the following day, sections were incubated with the
secondary streptavidin-Tetramethylrhodamine (TRITC) (diluted 1:500; Invitrogen,
Carlsbad, CA; S-870) plus AlexaFluor488 goat anti-rabbit antibody (diluted 1:200;
Jackson ImmunoResearch, West Grove, USA; 111-545-003) for 1 h in a humid
chamber. After washing, nuclei were counterstained with 4'.6'-diamidino-2-
phenylindole (DAPI) solution for 5 min and mounted in Prolong Gold (Invitrogen,
Carlsbad, CA; P36930). Stained slides were air-dried and then stored at - 20°C for
further scanning.

2.4.7 IF staining of alpha-smooth muscle actin (a-SMA)

Since spiral artery remodelling is generally associated with the loss of pericytes, the
E13 placentas were stained with a-SMA (pericytes marker) to further assess the
vascular remodelling in the decidua basalis. Cryosections were washed in TBS and
blocked with 2% GNS followed by incubation overnight at 4°C with the primary anti-a-
SMA antibody (diluted 1:200; Cell Signaling Technologies, MA, USA; 19245) or with
antibody diluent (as negative control) in a humid chamber. Next day, after washing in
TBS, sections were incubated with the secondary AlexaFluor488 goat anti-rabbit
antibody (diluted 1:200; Jackson ImmunoResearch, West Grove, USA; 111-545-003)
for 1 h in a humid chamber. After washing, nuclei were counterstained with DAPI for 5
min, followed by washing again and mounted in Prolong Gold (Invitrogen, Carlsbad,
CA; P36930). Slides were left to dry overnight and stored at - 20°C for further scanning.
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2.4 .8 IF staining of Endoglin

The endothelial marker endoglin was applied to visualize the vasculature networks in
the decidual vascular zone of E7 implantations according to the below procedures:
cryosections from the E7 implantations were washed in TBS and blocked with 2% GNS
followed by incubation with the primary anti-endoglin (diluted 1:200; Santa Cruz
Biotechnology, CA, USA; sc-18893) or with antibody diluent (as negative control)
overnight at 4 °C in a humid chamber. The next day, slides were washed in TBS and
then incubated with TRITC-conjugated secondary antibodies (diluted 1:200; Jackson
ImmunoResearch, West Grove, USA; 112-025-167) for 1 h in a humid chamber. Slides
were washed and counterstained with DAPI for 5 min. After washing, stained slides
were mounted in Prolong Gold (Invitrogen, Carlsbad, CA; P36930) followed by air-
dried overnight and stored at - 20°C for further scanning.

2.4.9 DBA / perforin double IF staining

To further evaluate the activation status of uNK cells during the pre-placentation (pre-
PL) period, E13 placental cryosections were stained with DBA (uNK cell marker) as
well as perforin (cytotoxic granules released from the uNK cells). After washing in TBS,
slides were blocked with protein block agent (Dako, Hamburg, Germany; X0909) and
then incubated overnight at 4 °C with the primary biotinylated DBA lectin (diluted
1:2000; Sigma-Aldrich, Munich, Germany; L6533) plus anti-perforin antibody (diluted
1:50; Santa Cruz Biotechnology, CA, USA; sc-9105) or with antibody diluent (as
negative control) in a humid chamber. After washing the following day, slides were
incubated with DAPI solution for 5 min to counterstain the nuclei. Stained slides were
washed again and mounted in Prolong Gold (Invitrogen, Carlsbad, CA; P36930). After
being air-dried overnight, slides were stored at - 20°C for further scanning.

2.4.10 Scanning and analysis

Stained slides were digitally scanned by a high-resolution bright field / fluorescence
slide scanner (Pannoramic MIDI BF/FL, 3DHISTECH Ltd.). The analysis of the scans
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was conducted using the CaseViewer 2.4 software (3DHistech Ltd., Budapest,
Hungary) or ImagedJ (Fiji) (Schindelin et al., 2012).

To quantify the wall thickness of spiral arteries, the ratio of the total vessel to the luminal
area was calculated on H&E stained slides as described elsewhere (Kieckbusch et al.,
2015). The fractional area of PAS* glycogen cells in the labyrinth was calculated using
the color deconvolution plugin installed in Imaged (PAS* areas extracted by threshold
adjustment / the whole labyrinth area). In addition, for quantifying % a-SMA* vessels
in the decidua, vessels with more than 40% a-SMA staining were considered positive.
Quantitative analysis of vasculature networks on |B4- or endoglin-stained slides was
performed using the computerized program AngioTool (Zudaire et al., 2011) following
the standard procedures. The percentage of degranulated uNK cells was calculated
by dividing the number of perforin-released uNK cells by the total number of uNK cells.
The degranulated (perforin-released) uNK cells were defined as the DBA* uNK cells

surrounded by perforin staining that did not overlap with the DBA staining.

The B4GALNT2 expression was analyzed using the semiquantitative approach H-
score (histochemistry score) as previously described (Budwit-Novotny et al., 1986).
Specifically, the staining intensity was scored by a subjective scale (0, negative; 1+,
weak; 2+, moderate; 3+, strong) on virtual scans. The percentage of stained cells at
each staining intensity level was recorded, and the H-score was calculated using the
following formula: 1 x (% cells 0) + 2 x (% cells 1+) + 3 x (% cells 2+) + 4 x (% cells
3+).

2.5 Luminex analysis of cytokines profile

To assess the placental inflammatory state, the Th and regulatory T (Treg) cytokines
profiles were characterized in the E13 placental lysates (55 pl of each sample) using
the 17-Plex ProcartaPlex immunoassays (Invitrogen, Carlsbad, CA, USA; EPX170-
26087-901) based on the Luminex xXMAP (multianalyte profiling) technology following
the manufacturer’s instructions. Similar to the traditional sandwich ELISA, the bound
target proteins were identified by the biotinylated detector antibodies and streptavidin-
R-phycoerythrin labeled beads, which were examined with the Luminex 200 System
(Luminex Corporation, Austin, TX, USA). For undetectable (below the minimum

detection limit) cytokines, a value of 0.1 pg/mL was assigned for analysis.
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2.6 Galectin signature analysis

To profile the galectin fingerprint at the feto-maternal interface, the multiplex
immunopathology (iPATH Multiplex) was applied to visualize the 3 most abundant
galectins (gal-1, gal-3, gal-9) following the below procedures: paraffin sections of E13
decidua basalis were dewaxed, rehydrated, and incubated with Citrate Buffer (pH = 6)
for 10 min at 100 °C for antigen retrieval. After washing in TBS, the endogenous
peroxidase was blocked by H2O>. Slides were incubated with anti-CD31 antibody (Cell
Signaling, MA, USA; D8V9E) followed by HRP-labelled polymer (EnVision+ System;
Dako / Agilent, Glostrup, Denmark; K4003) incubation. The OPAL system was used
for visualization according to the manufacturer's protocols (Akoya Biosciences). After
inactivation of the proteins, sections were incubated with anti-gal-1 polyclonal antibody
(GeneTex, Irvine, CA, USA; GTX101566) followed by incubation with HRP-labelled
polymer (EnVision+ System; Dako / Agilent, Glostrup, Denmark; K4003) and
visualization with the OPAL system (Akoya Biosciences). The cycle of protein
inactivation, antibody incubation and visualization was repeated with anti-gal-3
antibody (GeneTex, Irvine, CA, USA; GTX125897) and anti-gal-9 antibody (Abcam,
MA, USA; ab69630). Slides were incubated with DAPI for nuclear staining and then
coverslipped in Fluoromount-G (Southern Biotech, Birmingham, AL, USA). Stained
slides were scanned using the Vectra 3 imaging system (Akoya Biosciences).
Pseudocolours setting in the multispectral images were as below: CD31 in cyan, gal-1
in green, gal-3 in red, gal-9 in blue, and nuclei in white.

2.7 Mass spectrometric analysis of N-glycan profile

The N-glycan profile of bulk placental tissues obtained on E13 was analyzed using the
matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) mass
spectrometry (MS) as previously reported (North et al., 2010). Briefly, placental tissues
were homogenized and lysed by sonication. Digestion was first conducted with trypsin
to cleave the glycoprotein into glycopeptides and non-glycosylated peptides. The
Peptide N-Glycosidase F (PNGase F) digestion was then performed to release the N-
glycans from glycopeptides. After purification, the lyophilized permethylated samples
were redissolved in methanol and loaded onto the metal plates for analysis via a 4800
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MALDI-TOF/TOF mass spectrometer (AB Sciex, Warrington, U.K.) using 3,4-
diaminobenzophenone (DABP) as a matrix. Data were visualized and further
processed using Data Explorer 4.9 Software (AB Sciex, Warrington, U.K.). Glycan
structures were interpreted and manually generated in GlycoWorkBench (Ceroni et al.,
2008) based on the monosaccharide compositions (the m/z values of molecular ions),
the known N-glycan biosynthetic pathways, and MS/MS-derived fragments.

2.8 scRNA-seq datasets analysis

The scRNA-seq data of the first-trimester placenta and decidua were downloaded from
the ArrayExpress database (www.ebi.ac.uk/arrayexpress) under accession code E-
MTAB-6701. The annotations of cell types were obtained from the original study
(Vento-Tormo et al., 2018). The following analyses were performed using the Seurat
package (v3.1.1) in the R environment (v3.6.0):

1) Filtering: only cells with a minimum of 1,000 and a maximum of 5,000 genes

expressed (=1 count) were kept. Besides, cells with more than 5% mitochondrial

genes were filtered out. Finally, there were 64,782 cells left after filtering.

2) Normalization: the unique molecular identifiers (UMI) counts per gene of each cell
were divided by the total number of UMI in that cell, multiplied by 10,000, and natural
log-transformed.

3) Cell-type identification: cell types were identified according to the annotations
provided in the original publication. The top 2000 variable genes were identified using
the "FindVariableFeatures" function of the Seurat package. Clustering was then
performed using the “FindClusters” function with the resolution set to 0.1, and the
shared-nearest neighbor (SNN) graph was constructed based on the first 20 principal
components. For data visualization, two-dimensional embeddings were generated with

Uniform Manifold Approximation and Projection (UMAP).

The above analysis approach was applied to both healthy pregnancy and PE scRNA-
seq data. Specific marker genes were used as the bait to identify different trophoblast
cell types for each cluster ("PAGE4" and"PEG10" genes for CTB; "HLA-G" and"FN1"
genes for EVT; "CYP19A71" and "CGA" genes for STB). The Monocle2 package
(https://github.com/cole-trapnell-lab/monocle-release) was used for pseudo-temporal
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ordering and single-cell trajectory analysis based on the top 500 differentially
expressed genes among CTB, STB and EVT cell types. The transcriptome of every
single cell stood for the pseudotime point along the artificial time vector representing
the differentiation of CTB to STB and EVT. The pseudotime, trajectory as well as
LGALS1 expression were plotted using the R codes, which are available at
https://github.com/Manu-1512/Galectin-in-placenta-development-and-preeclampsia.

2.9 In vitro experiments
2.9.1 Cell culture and small interfering RNA (siRNA) transfection

The mouse trophoblast cell line SM9-1 was cultured in Dulbeccos modified Eagles
medium (DMEM)/F-12 (Gibco; Thermo Fisher Scientific, MA, USA; 11320074)
supplemented with 10% fetal bovine serum (FBS) (Gibco; Thermo Fisher Scientific,
MA, USA; 10082147). The immortalized human EVT cell line HTR-8/SVneo was
cultured in Roswell Park Memorial Institute (RPMI)-1640 medium (Gibco; Thermo
Fisher Scientific, MA, USA; 21875034) supplemented with 5% FBS. Cultures were
maintained in a humidified incubator at 37°C with 5% CO..

Gal-1 treatment was performed after 6 h FBS starvation. The SM9-1 cells were
incubated with 0, 10 or 100 ng/ml recombinant gal-1 (Peprotech; Thermo Fisher
Scientific, MA, USA; 450-39) for 24 h. Afterward, the supernatant was collected, and
the cells were harvested to obtain total protein for B4AGALNTZ2 Western blot or heparin-
binding epidermal growth factor-like growth factor (HB-EGF) ELISA (R&D Systems,
MN, USA; DY8239) according to the manufacturer's instructions.

To inhibit B4AGALNT2 expression in murine SM9-1 and human HTR-8/SVneo cell lines,
cells were transfected with 10 nM of B4GALNT2-specific siRNA (OriGene
Technologies, MD, USA; SR416377 and SR314851, respectively) or non-silencing
scrambled (Scr) control using SiTran 2.0 reagent (OriGene Technologies, MD, USA,;
TT320001) following the manufacturer's instructions. Cells were harvested 36 h after
transfection to examine the mRNA or protein expression of BAGALNT2 or to evaluate

the invasion capacity.
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2.9.2 Transwell invasion assay

The transwell invasion assay was applied to evaluate the invasion capacity of murine
SM9-1 and human HTR-8/SVneo trophoblast cell lines. Briefly, the cell culture inserts
with 8 ym pores (Sarstedt, NUmbrecht, Germany; 83.3932.800) was coated with
Geltrex matrix (Gibco; Thermo Fisher Scientific, MA, USA; A1413202) diluted 1/10 with
cell culture media. Cells (1x10°) resuspended with serum-free media were seeded per
well into the inserts, and media containing 20% FBS was added to the lower chamber.
Plates were incubated at 37°C overnight for SM9-1 or 4 h for HTR-8/SVneo cell lines.
Non-invaded cells on the upper surface were scrubbed with cotton swabs, and the cells
attached to the under surface were fixed by 2% formaldehyde and stained with DAPI.
Slides were digitally scanned, and cells were manually counted at 10x magnification.
The invasion assay was conducted with technical duplicates and repeated three times.

2.9.3 Trophoblast isolation and cytospin preparation

Fresh placental tissues obtained from E13 pregnant mice were washed in PBS and
enzymatically digestion with 0.1% collagenase VIII (Sigma-Aldrich, MO, USA; C2139)
and 0.0025 % DNase | (Sigma-Aldrich, MO, USA; D4263) at 37°C for 20 min. Following
incubation, the enzyme reaction was stopped by adding 10% FBS, and the cells were
resuspended in the RPMI-1640 medium. Cell suspension was filtered through a 50 pm
nylon mesh, purified with a Percoll (Sigma-Aldrich, MO, USA; P4937) gradient (70% to
5% diluted with HBSS), and then centrifuged at 1,200 x g for 25 min. The floating cells
between the 30% and 45% Percoll layers (containing the trophoblast cells) were
collected and washed followed by culture in the RPMI-1640 medium with 10% FBS for
24 h.

After 6 h serum starvation, primary trophoblast cells were treated with 0, 0.1, 1, or 10
nM of recombinant heparin-binding epidermal growth factor-like growth factor (HB-
EGF) (R&D Systems, MN, USA; 259-HE) for 24h and then harvested for preparing the
cytospins following the procedures described below: cells were resuspended in PBS
at 5x10° cells/mL, and 50 L of cell suspension were transferred into the disposable
single cytofunnel chambers (Thermo Fisher Scientific, MA, USA; 5991040) and then
centrifuged at 800 rpm for 5 min using the Shandon Cytospin 2 cytocentrifuge (Thermo
Fisher Scientific, MA, USA). Slides were air-dried for 30 min and then fixed with cold
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acetone for 10 min. The cytospins were stained with BAGALNT2 according to the
protocols described in 2.4.5 and semi-quantitatively analyzed using the H-score
approach described in 2.4.10.

2.10 Protein isolation and Western blot

Protein extracts from SM9-1 or HTR-8/SVneo cell lines were obtained by
homogenization in RadiolmmunoPrecipitation Assay (RIPA) buffer containing protease
inhibitors. Protein concentrations were quantified by Bradford assay (Bradford, 1976).
Twenty micrograms of denatured protein were electrophoretically separated on 4-12%
Bis-Tris gel (NUPAGE; Invitrogen, CA, USA; NP0321) and then transferred to Hybond-
P PVDF membranes (Amersham Biosciences, Buckinghamshire, UK). After blocking
with 5% non-fat milk, the blots were incubated with anti-B4GALNT2 antibody (diluted
1:500; Bio-Techne, MN, USA; NBP1-91229) overnight at 4°C, followed by incubation
with HRP-conjugated antibody (diluted 1:200; Jackson ImmunoResearch, West Grove,
USA; 111-035-047) or HRP-conjugated anti-R-actin (diluted 1:75000; Sigma-Aldrich,
MO, USA; A3854) on the next day. Signals were visualized using a SuperSignal West
Femto chemiluminescence kit (Thermo Fisher Scientific, MA, USA; 34094) on an
Amersham Imager 600 (GE Healthcare). The Imaged (Fiji) (Schindelin et al., 2012)
software was applied to quantify the pixels of each band and normalized against the
housekeeping control (3-actin) arbitrarily set to 1.

2.11 RNA isolation and quantitative real-time PCR (qPCR)

Total RNA was isolated from E7 and E13 implantation sites, SM9-1 or HTR-8/SVneo
trophoblast cell lines using the RNeasy Plus Universal Mini Kit (Qiagen, Hilden,
Germany; 73404). cDNAs were synthesized by random primers from 1 uyg RNA in 25
ML Superscript || Reverse Transcriptase (Invitrogen, Carlsbad, CA, USA; 18064022).
gPCR was performed using the QuantStudio5 system (Applied Biosystems, Foster City,
CA, USA) in a total reaction volume of 10 pL containing 2 yL cDNA, 5 yL Power SYBR
Green PCR master mix (Applied Biosystems, Waltham, MA, USA; 4367659), 3 pL
Diethylpyrocarbonate (DEPC) water and 500 nM of forward and reverse primers (see
Table 2 for mouse primers and Table 3 for human primers).

33



Table 2. Mouse primer sequence for gPCR.

Gene Forward sequence (5'-3') Reverse sequence (5'-3')

Pri8a2 AGCCAGAAATCACTGCCACT TGATCCATGCACCCATAAAA
Pri3c1 GCCACACGATATGACCGGAA GGTTTGGCACATCTTGGTGTT
Alpl CATATAACACCAACGCTCAG TGGATGTGACCTCATTGC

Whnt5a ACGAGGAGCCATGTTCAGAA ACGCAGGAGGATAACAACCA
Wnt6 TCCACCTGTTACCAAGGCAT GGGACCACAAGTTCTCGAGA
-11 CTGACGGAGATCACAGTCTGGA GGACATCAAGTCTACTCGAAGCC
II-15 GTAGGTCTCCCTAAAACAGAGGC TCCAGGAGAAAGCAGTTCATTGC
Hand 1 ATCATCACCACTCACACCCG CTCTGGAAGTAAGGCCGCTC
Pri2c2 AGCCAGGCTCACACACTATT ACTAGATCGTCCAGAGGGCT
Pri3d1 GGCCGCAGATGTGTATAGGG AGTTTCGTGGACTTCCTCTCG
Ascl2 GTGAAGGTGCAAACGTCCAC CCCTGCTACGAGTTCTGGTG
Tpbpa GCCAGTTGTTGATGACCCTGA GCTGTCCATGTTACTGTGGCT
Junb AGGCAGCTACTTTTCGGGTC TTGCTGTTGGGGACGATCAA
Gab1 ATTTCCACCGTGGATTTGAAC GATCTATCGCTCGGAAAGGTC
Gem1 AAGCTTATTCCCTGCCGAGG AAAGATGAAGCGTCCGTCGT
B4gaint2 GCCAGATGCTCCAGTCTATGAG TCAGGACCTTCCGATGTCTGGT
Gadph TGACGTGCCGCCTGGAGAAA AGTGTAGCCCAAGATGCCCTTCAG

Table 3. Human primer sequence for gPCR.

Gene

Forward sequence (5'-3')

Reverse sequence (5'-3')

B4GALNT2 GAGTATTACCCAGACTTGACCG GTTCCTACCAGCAAACCAAC
GAAGGTGAAGGTCGGAGTCAA  GGAAGATGGTGATGGGATTTC

GAPDH

The PCR cycling conditions were set as follows: 2 min at 50°C, 10 min at 95°C, 40

cycles of 15 s at 95°C, and 1 min at 60°C. After the last cycle, melting curve analysis

was performed to verify amplification specificity using the condition: 15 s at 95°C, 1

min at 60°C, and 15 sec at 95°C. The relative gene expression was calculated using

the following equation: Fold difference = 224¢t in which AACt = Ct gene of interest - Ct

housekeeping gene- FOr genes involved in decidualization and trophoblast differentiation, the

heatmap was used to visualize the differences after Z-score normalization.
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2.12 Progesterone detection

The progesterone levels were detected using the progesterone ELISA kit (DRG
Instruments, Marburg, Germany) as previously described (Blois et al., 2007). Briefly,
steroids were first extracted from the plasma using diethyl ether and then reconstituted
in the appropriate kit buffer. Samples were added to the microtiter wells coated with
progesterone-specific serum and then incubated with HRP-conjugated progesterone
for 1 h at RT. After sufficient washing, TMB substrate solution was added and
incubated for 15 min in the dark followed by the addition of stop solution (0.5 M H2SO4).
The progesterone levels were extrapolated from the standard curves. The sensitivity
of the assay was 0.05 ng/mL, and the intra- and inter-assay coefficient of variation was
5.2-8.3% and 6.5-9.9%, respectively.

2.13 Statistics

Statistical analysis was performed using the GraphPad Prism 9.0 software (GraphPad
Software, Inc., San Diego, CA, USA). Numerical data are presented as mean *
standard error of mean (SEM), checked for normality using the D’Agostino—Pearson
test, and then analyzed with one-way ANOVA followed by Tukey's test or Kruskal—
Wallis analysis followed by Dunn's test. Categorical variables are presented as
frequency and analyzed by Chi-square test with post hoc Bonferroni adjustment. P <
0.05 was considered as statistically significant.

3. RESULTS

3.1 Maternal gal-1 deficiency induces PE-like syndrome and cardiovascular

maladaptation in mice

The expression of gal-1 was first analyzed in different niches on E13 (Fig. 4A). The
absence of gal-1 was found either in the decidua (mKO) or in the placental
compartment (fplKO), indicating the successful establishment of maternal- or
fetoplacental-derived gal-1 deficiency mouse model. Besides, in WT dams, gal-1 levels
were significantly higher in the decidua compared with the placental compartment.
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We previously found that fetuses carried by gal-1 mKO dams displayed fetal growth
restriction (FGR) on E13 when compared with WT and fpIKO groups (Borowski et al.,
2022). In the current study, we also analyzed the placental development and fetal
maturity during late gestation (E17). As shown in Fig. 4B, placental weight was
significantly lower in fpIKO and mKO dams when compared to the WT dams. We also
observed a clearly delayed fetal development (lower TS distribution) in these two gal-
1 deficiency groups on E17 (Fig. 4C). Additionally, the postnatal body weight was
analyzed to further evaluate the long-term effects of gal-1 deficiency on offspring
growth (Fig. 4D). Both male and female offspring delivered by gal-1 mKO dams
displayed significantly reduced body weight when compared to the fpIKO group on
PN28.

Apart from the restricted fetal growth during pregnancy, the maternal systolic blood
pressure (SBP) of gal-1 mKO dams was increased from E13 and significantly higher
on E17 compared with WT and fpIKO dams (Fig. 4E). An increased urine albumin to
creatinine ratio (ACR) was also observed in mKO dams on E17 although the difference
was not statistically significant (Fig. 4F). Considering that hypertension is mainly
caused by endothelial dysfunction (Chappell et al., 2021), we next examined the
maternal cardiovascular adaptation before the onset of PE-like syndrome. As shown
in Fig. 4G, the L-Arg levels were significantly decreased in mKO dams, while the
concentration of SDMA, a competitive inhibitor of L-Arg transport, was significantly
increased in mKO group compared to WT and fpIKO dams. Moreover, the ratio of L-
Arg to ADMA (another methylated derivative of L-Arg) and L-Arg to SDMA were both
decreased in mKO dams, suggesting the compromised NO production and impaired
endothelial function.

Taken together, these findings emphasize the crucial role of maternal-derived gal-1 on
cardiovascular adaptation during pregnancy, while its deficiency can induce the

development of PE-like syndrome and fetal immaturity.
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Fig. 4 Maternal-derived gal-1 deficiency induces maternal cardiovascular maladaptation and
PE-like syndrome. (A) The expression levels of gal-1 examined by ELISA in the decidua and
placenta of wild-type (WT), fetoplacental knockout (flpKO) and maternal knockout (mKO) of gal-1
dams on embryonic day (E)13 (n = 4-6). (B) Placental weight (mg) was recorded on E17 (n = 18-
24). (C) Theiler stage (TS) analysis was conducted to assess the fetal development on E17 (n =
18-24). The maijority of gal-1 mKO and fpIKO fetuses only reached TS25, suggesting delayed fetal
development compared to WT group. (D) Body weight (g) of male and female offspring was
collected on post-natal day (PN)28. (E) Systolic blood pressure (SBP) was measured using the
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noninvasive CODA System from E8 to E17 (n = 5). (F) Urine albumin to creatinine ratio (ACR) was
calculated on E17 (n = 6). (G) The concentration of L-Arg, SDMA, as well as the ratio of L-Arg /
ADMA and L-Arg SDMA were measured in the maternal circulation on E13 (n = 5). All data were
presented as the mean + SEM. For figure E), *P < 0.05 using two-way ANOVA followed by Tukey's
test. For other figures, *P < 0.05, **P < 0.01 and ***P < 0.001 using one-way ANOVA followed by
Tukey's multiple comparisons test or Kruskal-Wallis test followed by Dunn's multiple comparisons

test.

3.2 Lack of maternal gal-1 adversely affects murine placentation

3.2.1 Effect of maternal gal-1 deficiency during the post-placentation period

Since PE is linked to impaired placentation, we next examined the post-placentation
period (E13) before disease onset. As shown in Fig. 5A, the depth of decidua basalis
(DB) layer was significantly reduced in mKO dams together with decreased tissue-
associated (ta) uterine NK cells (DBA*PAS*) compared to fpIKO dams (Fig. 5B).
Notably, both fpIKO and mKO dams displayed distinct inflammation and necrotic areas
in DB (Fig. 5C). It has been reported that impaired transformation of maternal spiral
arteries in DB driven by invasive trophoblasts and uNK cells induces placental
malperfusion and PE development (Burton et al., 2019). Consistent with this, we
observed a significantly increased ratio of vessel/lumen in fpIKO and mKO dams (Fig.
5D), suggesting insufficient vasculature remodelling and thus inadequate
uteroplacental perfusion. Moreover, the number of vascular-associated (va) uNK cells
as well as invasive trophoblast cells (Cytokeratin®) were significantly reduced in both
gal-1 deficiency groups (Fig. 5E and 5F). The spiral arteries remodelling is also
reported to be associated with the loss of pericytes (a-SMA*) (Burton et al., 2019).
Indeed, we observed a significantly increased proportion of pericytes located on mKO
decidual vessels compared with WT and fplKO groups (Fig. 5G).

These findings suggest that the both maternal- and fetoplacental-derived gal-1 affect
the maternal vasculature transformation but with more severe effects if gal-1 is absent

in the maternal compartment.
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Fig. 5 Absence of maternal gal-1 leads to defective decidual vascular remodelling. (A) The
depth of decidua basalis (DB) layer was calculated in wild-type (WT), fetoplacental knockout (flpKO)
and maternal knockout (mKO) of gal-1 dams on embryonic day (E)13 (n = 7). Representative
pictures of haematoxylin and eosin (H&E) staining indicating the DB and placenta (PL) layers (scale
bar = 500 um). (B) Number of tissue-associated (ta) uNK cells (DBA" PAS™) were counted in 5-6
DB regions on E13 and normalized to the region area (n=7). (C) Representative H&E images of
DB on E13 with highlighted (dashed lines) inflammation and necrosis areas (scale bar = 200 um).
(D) The spiral arteries remodelling (wall thickness) was evaluated on E13 DB by calculating the

ratio of vessel/lumen. Representative H&E staining pictures indicating the vessels (asterisks) and
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the wall thickness (dashed lines) (scale bar = 50 um). (E) Number of vascular-associated (va) uNK
cells (DBA* PAS*) were counted in 5-6 DB regions on E13 and normalized to the region area (n = 7).
Representative images of spiral arteries (dotted lines), va-uNK cells (arrows) and ta-uNK cells
(asterisks) (scale bar = 50 ym). (F) The mean fluorescent intensity (MFI) of va-trophoblast cells
within the spiral arteries were analyzed in 5 DB regions on E13 (n = 5). Representative pictures of
immunofluorescent CD31 (vascular marker, red) and cytokeratin (trophoblast cells, green) staining
showing the spiral arteries (asterisks) and the va-trophoblast cells (arrows) (scale bar = 50 um). (G)
Quantitative analysis of the percentage of a-SMA* vessels on E13 DB. Representative pictures of
immunofluorescent staining indicating the spiral arteries (asterisks) and the a-SMA* pericytes
(arrows) (scale bar = 100 uym). All data were presented as the mean + SEM. In all figures, *P <
0.05, **P < 0.01 and ***P < 0.001 using one-way ANOVA followed by Tukey's multiple comparisons

test or Kruskal-Wallis test followed by Dunn's multiple comparisons test.

Next, we characterized the expression profile of genes involved in trophoblast
differentiation on E13 placentas. As shown in Fig. 6A, Hand-1, a transcription factor
required for the differentiation of TGC, and placental lactogen | (Pri3d71) expressed by
terminally differentiated TGC were significantly reduced in the gal-1 mKO placentas
compared to the WT and fplKO counterparts, indicating the delayed trophoblast
differentiation in the junctional zone (Jz). However, a similar expression pattern of

genes responsible for Lab development was observed among groups.

Based on this finding, we further investigated the glycogen storage within the Jz as
well as the Lab vascularization, respectively. The PAS staining revealed a significantly
increased number of GCs within the Jz of fpIKO placentas (Fig. 6B). Moreover, the
mislocalized GCs in the Lab of both fpIKO and mKO placentas suggested insufficient
energy supply in the absence of gal-1 (Fig. 6C). When analyzing the fetal vasculature
(IB4*) within the Lab, we observed a significant increase in the total vessel area and

vascular branching but a reduced lacunarity in mKO dams, while the fpIKO dams only
showed slightly reduced vascular complexity (Fig. 6D). These results suggest gal-1

deficiency leads to fewer blood spaces and less efficiency in the exchange of nutrients
and oxygen within Lab layer. Notably, gal-1 deficiency (especially in the maternal niche)
induced an augmented placental inflammatory state (Fig. 6E). Overall, maternal-
derived gal-1 plays a decisive role in the process of murine placentation.
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Fig. 6 Absence of maternal gal-1 induces placental insufficiency and inflammatory state. (A)
The relative mRNA expression levels of genes involved in trophoblast differentiation on embryonic
day (E)13 placentas of wild-type (WT), fetoplacental knockout (flpKO) and maternal knockout (mKO)
of gal-1 dams were visualized as a heatmap (n = 7). (B) Number of glycogen cells (GCs) were
counted in 15 regions of junctional zone (Jz) on E13 and normalized to the region area (n=6).
Representative pictures of periodic acid Schiff (PAS) staining indicating the positve GCs (dashed
lines) in the Jz (scale bar = 100 ym). (C) Fractional area of PAS* GCs within the labyrinth (Lab)
were calculated on E13. Representative images of PAS staining indicating the GCs (dashed lines)
within the Lab layer (scale bar = 50 uym). (D) Isolectin B4 (IB4) staining was performed to visualize
the vascular network in the Lab layer of E13 placenta (left panel, scale bar = 100 pym). Inverted
representative images were created by AngioTool software with the skeletonized vessels in red
and branching points (junctions) in blue (middle panel). Quantitative results of AngioTool analysis
regarding the vessel area, branching index and lacunarity (n = 6). (E) Cytokine profile of E13
placental tissue homogenates was analyzed using Luminex technology and normalized by Z-score
(n = 5). All data were presented as the mean + SEM. In Fig A), #P < 0.05, mKO vs WT and fplKO;
*P < 0.05, mKO vs WT using one-way ANOVA followed by Tukey's multiple comparisons test. In
Fig B-D), *P <0.05, **P<0.01 and ***P < 0.001 using one-way ANOVA followed by Tukey's multiple
comparisons test. In Fig E), *P < 0.05 and **P < 0.01 mKO vs WT; °P < 0.05 and *P < 0.01 fplKO
vs WT; TP < 0.05 fplKO vs mKO using one-way ANOVA followed by Tukey’s test.

Given that multiple galectins are expressed at the feto-maternal interface, we
hypothesized that functional compensation by other galectin members may occur in
the absence of gal-1. Therefore, multiplex imaging (iPATH) was applied to visualize
the galectin fingerprint (gal-1, gal-3 and gal-9) in the decidua of E13 placentas. As
depicted in Fig. 7, the levels of gal-3 expressed in uNK cells and stromal cells (sc)
were markedly higher in both fpIKO and mKO decidua when compared to WT dams,
while the nuclear localization and expression of gal-9 were similar among different
groups. For invasive trophoblast cells, we also observed a notable increase in gal-3
expression in both gal-1 deficiency dams colocalized with moderate nuclear gal-9

expression.

To summarize, despite the deficiency of gal-1 in either maternal or fetoplacental niche
can be compensated with gal-3 and gal-9 in the decidua, the distinct phenotypes
between fpIKO and mKO dams reflect the unique functional role of gal-1 derived from

the maternal compartment.
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Fig. 7 Galectin signature within the decidua basalis. The expression pattern of gal-1, gal-3 and
gal-9 in the decidua basalis of wild-type (WT), fetoplacental knockout (flpKO) and maternal
knockout (mKO) of gal-1 dams on embryonic day (E)13 using iPATH Multiplex (scale bar = 50 ym).
High magnification (right panel) indicates uterine natural killer cells (#), stromal cells (sc), invasive

trophoblast cells (asterisk) and endothelial cells (arrow).

3.2.2 Maternal gal-1 deficiency affects decidualization during the pre-placentation

period

Decidualization is a key process that occurs during early pregnancy to establish an
receptable environment for embryo implantation. The decidualized endometrium can
regulate trophoblast invasion through local immune response and contribute to
maternal vasculature development via angiogenesis (Garrido-Gomez et al., 2022).
Therefore, defective decidualization is associated with the development of PE. Based
on this, we further evaluated the vascular expansion of the whole implantation site (Fig.
8A) during pre-placentation period (E7).

As depicted in Fig. 8B, quantitative analysis of the vascular zone (endoglin*) showed
a significantly reduced vessel area and vessel length in mKO dams compared with the
WT counterparts, indicating an impaired vascular expansion in the absence of
maternal-derived gal-1. Additionally, the implantation sites of mMKO dams displayed a

significantly increased fraction of degranulated NK cells (perforin® outside) compared
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with WT and fplKO dams (Fig. 8C). Finally, we assessed the expression of
decidualization translational genes and found a significant decrease of Pri8a2 and
Wntb5a in mKO dams (Fig. 8D).

This part of the results demonstrates that maternal-derived gal-1 deficiency during the
pre-placentation period leads to inadequate maternal vascular expansion, aberrant NK
cell activation, and reduced expression of decidualization markers, which might affect

later trophoblast invasion and maternal vascular transformation.
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Fig. 8 Maternal-derived gal-1 deficiency affects decidualization during the pre-placentation
period. (A) Schematic of whole implantation site on embryonic day (E)7. Abbreviations: MD,
mesometrial decidua; VZ, vascular zone; AMD, anti-mesometrial decidua. (B) Representative
pictures of whole implantation sites in wild-type (WT), fetoplacental knockout (flpKO) and maternal
knockout (mKO) of gal-1 dams showing the endoglin® VZ (dashed lines) (scale bar = 500 um).
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Quantitative analysis of vessel area, average vessel length, and total vessel length were conducted
using AngioTool (n = 6). (C) Representative immunofluorescent staining scans of natural killer (NK)
cells (DBA*) and the released perforin granules (arrows) (scale bar = 50 um). Proportion of
degranulated NK cells was calculated on E7 (n = 5). (D) The relative mRNA expression levels of
genes involved in decidualization on E7 were analyzed by gPCR and visualized as a heatmap (n =
5). All data were presented as the mean + SEM. In all figures, *P < 0.05, **P < 0.01 and ***P <
0.001 using one-way ANOVA followed by Tukey's multiple comparisons test or Kruskal-Wallis test

followed by Dunn's multiple comparisons test.

3.3 Lack of placental Sda-capped glycans is associated with gal-1 deficiency and

PE development

It is known that glycans modify proteins involved in trophoblast function, and altered
glycosylation is linked to placental insufficiency (Blois et al., 2021; Sukhikh et al., 2016).
To determine whether the placental glycophenotype changes, a MALD-MS/MS
glycomic analysis was conducted to characterize the N-glycan profiles of E13
placentas from WT, fully knockout (fullKO), fpIKO and mKO of gal-1 dams.

As shown in Fig. 9A, the N-glycan profiles of all samples were similar in the mass
range of 1500-3500 m/z with a high proportion of mannose and biantennary-type N-
glycans. However, there was a clear difference in N-glycan profiles in the high mass
range (3500-6000 m/z) among different groups. Specifically, differential molecular ion
series were found at 3947, 4600, 5002, 5411 and 5812 m/z. Further investigation
showed that these components were complex, fucosylated N-glycans with up to four
antennae capped by GalNAcB1-4(NeuAca2-3)GalB1-4GIcNAc (termed the Sda
epitope) (Fig. 9B). Despite the overall spectra is very similar among WT, fpIKO and
mKO group, placentas from mKO dams showed reduced Sda-containing glycans
compared with WT and fplKO. Besides, the Sda-capped N-glycans were almost absent
or extremely low in fullKO placentas, suggesting the critical contribution of gal-1 in Sda
regulation. These findings provide further evidence that gal-1 derived from the
maternal niche contributes to differential placental glycosylation prior to PE

development.
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Fig. 9 Loss of placental Sda-capped N-glycans is lined to gal-1 deficiency and preeclampsia

(PE) development. (A) Representative matrix-assisted laser desorption ionization-time of flight

(MALDI-TOF) mass spectrometry (MS) spectra of N-glycan profiles extracted from bulk placentas

of wild-type (WT), fetoplacental knockout (flpKO), maternal knockout (mKO) and fully knockout
(fullKO) of gal-1 dams on embryonic day (E)13. (B) MALDI-TOF MS fragmentation analysis of
[M+Na] peak in the in the mass range of 5812 m/z, indicating the loss of Sda epitope. (C)

Representative pictures of B4GALNT2 staining on E13 decidua (upper panel, scale bar = 20 ym)

with uterine natural killer cells (#), invasive trophoblast cells (asterisk) and endothelial cells (arrow).

The giant cell layer (dashed lines) located between the decidua (Dec) and junctional zone (JZ)
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displayed differential B4AGALNT2 staining between WT and fullKO placentas (middle panel, scale
bar = 20 ym). The expression of BAGALNT2 on decidual invasive trophoblast (lower left) and
parietal trophoblast giant cells (pTGC, lower right) were quantified using H-score, ***P < 0.001
using two-tailed Student's t test. (D) Pseudo-time trajectories of human trophoblast lineages in a
two-dimensional statespace indicating cytotrophoblast (CTB), syncytiotrophoblast (STB) and
extravillous trophoblast (EVT) (left panel). The abundance of LGALS1 transcript expression was
illustrated along the previous trajectory of trophoblast differentiation (right panel). (E) Comparison
of LGALS1 transcript expression in CTB, EVT and STB of healthy control and PE patients, ***P <

0.001 using Wilcoxon rank-sum test.

B4GALNT2 is reported to catalyze the last step of Sda-capped glycan biosynthesis,
and inhibiting this enzyme results in impaired embryo implantation (Li et al., 2011).
With this consideration, we examined the BAGALNT2 expressions in WT and gal-1
fullKO placentas on E13. As depicted in Fig. 9C, the BAGALNT2 expression was down-
regulated in the invasive trophoblast cells within the decidua and TGCs of gal-1 fullKO
dams. In combination with previous findings showing that endogenous gal-1 is involved
in trophoblast invasion (Tirado-Gonzalez et al., 2013), we further investigated the
expression pattern of LGALST transcript along the trajectory of trophoblast
differentiation based on a previously published RNA-seq dataset of human placenta
biopsies (Vento-Tormo et al., 2018). As shown in Fig. 9D, STB and EVT were
branched from CTB along pseudo-time, which is in line with the normal differentiation
trajectory of human trophoblast lineages. Additionally, the expression of LGALS1
transcript was abundant along the invasive EVT trajectory. Next, we examined the
LGALST1 in different trophoblast lineages of women with healthy pregnancy and PE.
Consistent with the results of RNA-seq analysis, only the EVT lineage of PE patients
indicated a significant decrease in LGALS1 expression when compared to healthy
counterparts.

3.4 Exogenous gal-1 contributes to trophoblast invasion through Sda-capped
glycans and sHB-EGF

To further probe the underlying mechanism of Sda-capped glycans during normal
pregnancy, we inhibited the expression of its synthase B4GALNT2 using siRNA in both
murine (SM9-1) and human (HTR-8/SVneo) trophoblast cell lines. As shown in Fig.
10A, the downregulation of BAGALNT2 was confirmed at both mRNA and protein
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levels. Afterward, we assessed the invasion capacity of these trophoblast cell lines
using the classic transwell invasion assay (Fig. 10B), and found that blocking
B4GALNT2 in SM9-1 and HTR-8/SVneo significantly affected their invasion ability.
Besides, treatment of recombinant gal-1 in SM9-1 cell lines increased the B4AGALNT2
expression in a dose-dependent manner (Fig. 10C), indicating that gal-1 may act as
an upstream regulator of B4AGALNT2. Meanwhile, the expression of circulating
progesterone, a confirmed inducer of B4AGALNT2 (Li et al., 2011), was found to be
significantly decreased in mKO dams on E13 (Fig. 10D).

During early pregnancy, HB-EGF, another inducer of BAGALNTZ2 (Cramer et al., 2019),
is highly expressed and responsible for trophoblast cell survival and invasion (Leach
et al., 2004). We next examined the soluble HB-EGF levels after stimulation with
recombinant gal-1 in SM9-1 cell lines. As depicted in Fig. 10E, exogenous gal-1
activates HB-EGF maturation dose-dependently. In line with the finding that HB-EGF
is downregulated in placentas from women with PE (Armant et al., 2015), unstimulated
trophoblast cells isolated from fullKO placentas displayed a significantly reduced HB-
EGF levels compared with WT group (Fig. 10F). Finally, stimulating the primary
trophoblast cells with different concentration of HB-EGF resulted in similar dose-
dependently increased BAGALNT2 expression between WT and fullKO group (Fig.
10G).

Hence, we conclude that exogenous gal-1 is required for HB-EGF maturation at the
feto-maternal interface and can induce the downstream B4GALNTZ2 expression.
Nevertheless, HB-EGF can also independently regulate the expression of BAGALNT2

regardless of endogenous gal-1 expression.
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Fig. 10 Exogenous gal-1 promotes trophoblast invasion through Sda-terminal glycans. (A)
Schematic of inhibiting B4GALNT2 expression in murine SM9-1 and human HTR-8/SVneo
trophoblast cell lines using siRNA (left panel). Comparison of B4AGALNT2 expression between
scramble sequence (Scr) and siRNA treatment at mRNA and protein levels (middle and right panel).
(B) Percentage of invaded trophoblast cells between Scr and siRNA treatment in murine SM9-1
cell lines (left panel) and in human HTR-8/SVneo cell lines (right panel). Representative pictures of
invaded trophoblast cells between Scr and siRNA treatment. (C) Schematic of stimulating murine
SM9-1 trophoblast cells with recombinant gal-1 (rGal-1). After 24 h treatment with 0, 10, or 100
ng/mL of rgal-1, the BAGALNT2 expression was measured in the culture supernatant by western
blot normalized against R-ACTIN expression. (D) Circulating progesterone levels were measured
in wild-type (WT), fetoplacental knockout (flpKO), maternal knockout (mKO) of gal-1 dams on
embryonic day (E)13 by ELISA (n = 7). (E) Determination of soluble heparin-binding epidermal
growth factor-like growth factor (sHB-EGF) in the supernatant of murine SM9-1 trophoblast cells
treated with 0, 10, or 100 ng/mL of rgal-1 (n = 6). (F) Evaluation of sHB-EGF expression in the
primary trophoblast cells isolated from wild-type (WT) and fully knockout (fullKO) placentas on E13.
(G) Schematic of isolating primary trophoblast cells from Lgals1** (WT) and Lgals1™~ (fullKO)
placentas on E13 using Percoll gradient (left panel). After 24 h treatment with 0, 0.1, 1, or 10 nM
recombinant HB-EGF, B4AGALNT2 expression was evaluated on IHC staining scans using semi-
quantitative H-score method. All data were presented as the mean + SEM. In Fig A-B and E), *P <
0.05, **P < 0.01 using two-tailed Student's t test. In Fig C-D and G) *P < 0.05, ** P<0.01, *** P <
0.001, and **** P < 0.0001 using Kruskal-Wallis followed by Dunn's test.

4. DISCUSSION

4.1 Maternal-derived gal-1 deficiency induces PE-like syndromes in mice

PE is a serious pregnancy disorder symptomized by new-onset hypertension and
proteinuria after 20 weeks of gestation increasing the rate of maternal and neonatal
morbidity and mortality (Duley, 2009; Robillard et al., 2003). To date, the only available
and most effective treatment for PE is the delivery of the placenta as well as the infant
(Al-dJameil et al., 2014). Despite the resolution of clinical symptoms after delivery, PE
is a substantial burden on the health of mother and children due to long-term
cardiovascular sequelae (Yang et al., 2023). Consequently, deciphering the
pathogenesis of PE and identifying molecular biomarkers for early diagnosis remain
major challenges in the field of obstetrics. Over the last decades, numerous studies
have underlined the central role of insufficient placenta in PE development (Fisher,
2015; Rana et al., 2019). The mainstream view is that PE is a placenta-derived disorder

50



mainly consisting of "two-stage" events: 1) Stage 1: placental dysfunction resulting
from syncytiotrophoblastic stress; 2) Stage 2: activated maternal endothelium by STB
stress signals of the previous stage induces excessive vascular inflammation and
typical maternal clinical syndrome (Redman, 1991; Redman et al., 2014). Besides, an
updated view complements the effects of preplacentation factors on Stage 1 PE,
including extrinsic pathway (typical poor placentation manifested by unremodelled
spiral arteries), intrinsic pathway (exceeded placental capacity), and other pathways
like senescent placentas. Meanwhile, it emphasizes that several maternal factors may
affect cardiovascular receptivity to STB stress of Stage 1 through pre-activating
maternal endothelium (Staff, 2019). In this context, investigation of the contribution of
maternal factors to the relevant upstream events related to placental dysfunction
before PE onset is of great importance.

Gal-1 is one of the most well-investigated galectin family members likely due to its
abundant expression at the fetal-maternal interface (von Wolff et al., 2005). This lectin
has been implicated in several key functional aspects during pregnancy, including
maternal immune adaptation, angiogenesis, and trophoblast invasion (Blois et al.,
2007; Freitag et al., 2013; Tirado-Gonzalez et al., 2013). Our previous cohort study
has demonstrated the downregulation of circulating gal-1 prior to PE signs and the
reduction of placental gal-1 levels in early-onset PE (Freitag et al., 2013). Additionally,
inhibition of gal-1-induced angiogenic effects or knockout of Lgals1 in mice results in
the development of PE-like symptoms (Freitag et al., 2013), indicating the key role of
gal-1 during normal pregnancy and the contribution of gal-1 dysregulation to the
etiology of PE. Based on these findings, the maternal- or fetoplacental-derived gal-1-
deficient mouse models were introduced in the current study to further investigate the
niche-specific contribution of gal-1 to PE development.

Here, the first important result of this study is that once pregnant, the expression levels
of gal-1 are more abundant in the maternal decidua than in the placental compartment.
Indeed, gal-1 is strongly expressed in the endometrium during the late secretory phase
and continues to increase as decidualization occurs (von Wolff et al., 2005). A recent
scRNA-seq study also demonstrated a significantly increased LGALS71 expression
pattern across the trajectory of decidual stromal cells (Rytkonen et al., 2022).
Subcellularly, the expression of gal-1 is selectively regulated by uNK cells, the major
regulator of maternal immune tolerance and vascular transformation, suggesting the

potentially critical role of gal-1 in normal placentation (Kopcow et al., 2008). However,
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although gal-1 is found in multiple human trophoblast lineages as well as in fetal
membranes, the extent of expression is significantly lower compared to the decidual
compartment (Than, Romero, et al., 2008), which is consistent with our finding in mice
emphasizing the predominant contribution of the maternal compartment to gal-1
expression at the feto-maternal interface.

Further assessment of fetoplacental development and maternal pregnancy outcomes
in our mouse model confirmed the hypothesis that gal-1 derived from either maternal
or fetoplacental compartments differentially contributes to placenta well-being. The
lack of maternal rather than fetoplacental gal-1 resulted in a reduction in both placental
and fetal weight accompanied by a delayed fetal maturity trajectory. More importantly,
pregnancy with maternal-derived gal-1 deficiency induced PE-like syndromes
manifested by significantly elevated blood pressure and proteinuria. In agreement with
our previous findings (Borowski et al., 2022), the absence of fetoplacental-derived
(endogenous) gal-1 in mice is insufficient to cause pregnancy-threatening
consequences as the fplKO dams displayed no PE-like signs and moderate impacts
on placental development and fetal growth. Thus, we preliminarily proved that the
maternal-derived gal-1 is necessary for the normal function of a Lgals7-deficient
placenta, and deficiency of endogenous gal-1 can provoke PE-like disease.

4.2 Lack of maternal gal-1 sensitizes cardiovascular adaptation to pregnancy

It is well-known that maternal cardiovascular adaptation to hemodynamic changes
during pregnancy is necessary to meet the demands of the growing fetus. During early
pregnancy, despite increases in circulating blood volume and cardiac output, the blood
pressure is physiologically decreased mainly due to the reduced peripheral vascular
resistance (Ramlakhan et al., 2020). In fact, sufficient blood flow of the uteroplacental
unit largely depends on vasodilation driven by increased endothelial cell vasodilators,
and impaired vasodilatory caused by endothelial dysfunction is associated with early-
onset PE (Boeldt & Bird, 2017). NO is one of the most important regulators of vascular
tone and endothelial function throughout gestation, and its impairment contributes to
the severity and progression of PE (Khalil et al., 2015; Sutton et al., 2020). As the
primary substrate for NO synthesis, L-Arg is reported to be significantly downregulated
in PE compared to normotensive pregnant women (Noris et al., 2004). One possible
explanation for this decrease is the elevated activity of arginase which is responsible

52



for converting L-Arg into L-ornithine and urea (Sankaralingam et al., 2010). Another
potential mechanism of low L-Arg concentration in PE women is the competitive
inhibition of nitric oxide synthase (NOS) impairing the production and biological
functions of NO (Rutherford et al., 1995).

Interestingly, it has been previously suggested that gal-1 exerts its anti-inflammatory
role in peritoneal rat macrophages by inhibiting the activity of NOS and promoting the
activation of arginase, which eventually inhibits the inflammation via decreasing NO
production (Correa et al., 2003). Similarly, we currently found a significant decrease in
L-Arg levels together with an increase in SDMA, a competitive inhibitor of L-Arg
transport (Braekke et al., 2009), in mKO dams. Also, the ratio of L-Arg to ADMA and
L-Arg to SDMA were significantly decreased in the absence of maternal-derived gal-1,
indicating the impaired production of NO and thus endothelial dysfunction which is a
hallmark of PE (Zhang et al., 2011). Our results are consistent with the clinical
observation that the L-Arg concentration and the ratio of L-Arg/ADMA were decreased
in PE patients compared to the healthy controls (Kim et al., 2006; Speer et al., 2008).

Notably, gal-1 is reported to participate in various endothelial cell functions including
migration, proliferation, sprouting, and tube formation (Barrientos et al., 2014), thus
contributing to vascular remodeling and angiogenesis (Cheng et al., 2022; Thijssen,
2021). In addition, inhibition of gal-1-induced angiogenesis during early pregnancy
subsequently develops into PE-like symptoms (Freitag et al., 2013). Taken together,
our results suggest the potential involvement of gal-1 in endothelium-dependent
cardiovascular adaptation during normal pregnancy.

4.3 Absence of maternal gal-1 leads to placental dysfunction before PE onset

Over the last few decades, the pivotal role of gal-1 in normal placentation has been
investigated (Barrientos et al., 2014; Blois et al., 2019). In particular, this galectin has
been shown to play a key role in the migratory and invasive capabilities of human EVT
(Tirado-Gonzalez et al.,, 2013). Since PE is attributed to placental insufficiency
characterized by compromised maternal vascular transformation due to defective
trophoblast invasion (Roberts & Hubel, 2009), it is therefore unsurprising that immature
remodelling of maternal spiral arteries was observed in the decidual compartment of
gal-1 mKO dams before PE onset. The impaired uteroplacental blood supply and
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abnormal placentation further affect fetal growth, and approximately 12% of fetal
growth restriction (FGR) cases are due to PE (Duley, 2009). Given that optimal
trophoblast differentiation enables the formation of a functional placenta (Lawless et
al., 2023), we analyzed several genes involved in this key process and found that
Hand-1 and Pri3d1 expression levels were down-regulated in mKO dams. It is worth
noting that Hand-1 is required for TGC differentiation and deficiency of this gene
resulted in less invasive trophoblast cells and early embryonic demise (Hemberger et
al., 2004; Scott et al., 2000). Since the remodelling of spiral arteries is mediated by
trophoblast invasion, the mKO placentas displayed a delayed trophoblast maturity
which might be associated with PE development (Dokras et al., 2006). The TGC-
expressed Pri3d1 gene is reported to regulate maternal glucose homeostasis and
maintain the constant energy supply for fetal growth (Rawn et al., 2015). In line with
this, the decreased glycogen content was observed in the Jz layer of mKO placentas.
Similar to the defective vascular transformation phenotype in the decidua of mKO dams,
the Lab layer of this group displayed an increased branching complexity with reduced
lacunarity, indicating fewer blood spaces and lower efficiency of oxygen exchange.
Notably, this dramatic change in the Lab layer is consistent with the lower placental
partial pressure of oxygen (POz) observed in Lgals1’-mice (Boehm-Sturm et al., 2021).
In addition to morphological changes, the severe inflammatory phenotype in the mKO
placenta further validated poor placental oxygenation. Here, we observed a decreased
expression of several anti-inflammatory cytokines together with increased pro-
inflammatory cytokines levels in mKO placentas. Among these, IL-4 and IL-10 are
critical anti-inflammatory cytokines produced by Th2 cells for successful pregnancy
progression (Chatterjee et al., 2014). Dysregulation of these cytokines has been
proved to be associated with PE occurrence due to systemic inflammation, abnormal
placentation and vascular dysfunction (Chatterjee et al., 2013; Nath et al., 2020).

Compared with the placenta, the uterus and decidua have received less attention and
investigation by researchers. However, recent studies have provided evidence of
defective decidualization with reduced CTB invasion during and after severe PE,
revealing the maternal contribution to PE etiology (Garrido-Gomez et al., 2022;
Garrido-Gomez et al.,, 2017). Here, we observed a decreased expression of
decidualization markers Pri8a2 and Whtba in the mKO groups. Specifically, the
prolactin family cytokine Prl8a2 mediates endometrial adaptations to physiological
stressors during pregnancy (Alam et al., 2007), while its absence leads to a significant
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upregulation of transcripts associated with endoplasmic reticulum (ER) stress
response (Alam et al., 2015). It has been previously shown that impaired Wnt5a
signaling compromised the capabilities of EVT invasion and tube formation leading to
poor placentation and subsequent PE (Ujita et al., 2018). Accordingly, we observed
inadequate vascular expansion and aberrant NK cell activation in the absence of
maternal gal-1 during the pre-placentation period, which could adversely affect
trophoblast invasion and maternal vascular remodelling in later gestation (Fisher,
2015).

Accumulating evidence has been presented that dysregulation of other galectins, in
addition to gal-1, at the feto-maternal interface is associated with PE development (Hao
et al., 2015; Jeschke et al., 2007; Kandel et al., 2022). Even though our results showed
increased gal-3 levels colocalized with moderate gal-9 expression in different cell types
of both fpIKO and mKO decidua, the distinct placental phenotype and pregnancy
outcomes between the two gal-1 deficient groups emphasized the unique contribution
of maternal-derived gal-1 in the maintenance of placental well-being, and absence of
this lectin in the maternal compartment induces abnormal placentation and subsequent
PE.

4.4 Maternal gal-1 is a key regulator of the HB-EGF / BAGALNT2 loop responsible
for the synthesis of Sda-capped glycans on invasive trophoblasts

The invasive capacity of trophoblast cells is tightly controlled via various intrinsic and
extrinsic factors (Lunghi et al., 2007; Sharma et al., 2016), contributing to maternal
vascular reconstruction to ensure proper placental perfusion (Knofler et al., 2019).
Therefore, impairment of this cellular function is associated with the development of
PE (Amaral et al., 2017). Glycosylation, a major posttranslational modification, is
responsible for regulating various biological functions and dynamically reflecting the
physiological and pathological status of specific tissues or cells (Jones & Aplin, 2009).
During pregnancy, glycans modify proteins at the feto-maternal interface involved in
the regulation of trophoblast function, while altered glycosylation is linked to placental
dysfunction and pregnancy complications including FGR, PE and gestational
hypertensive disorders (Marini et al., 2011; Sgambati et al., 2002; Tannetta et al., 2017).
We previously found a marked placental glycocode alteration manifested by decreased
trophoblastic expression of core 1 O-glycans and increased decidual sialylation levels
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in a stroke-prone spontaneously hypertensive rat (SHRSP) superimposed PE model
(Blois et al., 2021). Additionally, glycomic analysis of distinct human trophoblast
subtypes revealed a differential glycosylation pattern, including a reduction in bisecting
type N-glycans but an enrichment of polylactosamine sequences on invasive EVT
compared with other non-invasive trophoblast cells (Chen et al., 2016). Notably, the
galectin family serves as glycan-binding proteins, interpreting the biological information
stored in these complex sugars at the feto-maternal interface, and therefore the
galectin-glycan circuits are of great importance during pregnancy (Blois et al., 2019).
In the current study, we observed differentially reduced Sda-capped N-glycan in gal-1
mKO placentas. The glycosyltransferase BAGALNT2 is involved in the biosynthesis of
Sda epitope (Dall'Olio et al., 2014), and its expression was also down-regulated in the
invasive trophoblast cells of gal-1 fullKO dams. It should be noted that B4GALNT2 is
up-regulated in the mouse uterus by progesterone and reaches a peak on E10, which
is consistent with the trophoblast invasion process (Li et al., 2011; Li et al., 2012).
Furthermore, a synergistic pregnancy-protecting effect does exist between gal-1 and
progesterone, as recombinant gal-1 treatment reversed the decreased progesterone
levels in a stress-induced abortion mouse model (Blois et al., 2007). Accordingly, in
the current study, the circulating progesterone levels were down-regulated in gal-1
mKO dams, emphasizing the importance of gal-1-progesterone synergy in regulating
placental glycosylation during pregnancy. More importantly, we further demonstrated
that the differential placental Sda-terminal N-glycosylation related to maternal gal-1
deficiency compromised the invasion capacity of murine SM9-1 and human HTR-

8/SVneo trophoblast cell lines.

Additional functions of the Sda epitope have been illustrated as inducing murine
sperm-egg binding during its expression on the zona pellucida 3 glycoprotein (Dell et
al., 2003) and serving as the predominant component of bovine pregnancy-associated
glycoproteins secreted by trophoblast cells (Klisch et al., 2008). Therefore, the Sda-
glycoepitope synthesis seems to be regulated by hormones in a tissue-specific manner.
In this context, HB-EGF, a ligand of epidermal growth factor receptor (EGFR), is shown
to induce BAGALNT2 expression in mouse muscle (Cramer et al., 2019). HB-EGF is
abundantly expressed during implantation (Das et al., 1994; Xie et al., 2007) and
related to trophoblast cell survival and invasion (Leach et al., 2004). Whilst, reduced
placental HB-EGF expression was found in PE pregnancies (Armant et al., 2015;
Leach et al., 2002). In the present study, exogenous HB-EGF was proved to induce
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B4GALNT2 expression in primary trophoblast cells isolated from Lgals7** and Lgals1-
- dams, suggesting its regulatory role in activating the Sda-glycoepitope synthesis.
Notably, gal-1 induces the expression of HB-EGF to enhance its bioavailability in the
microenvironment of lung cancer (Kuo et al.,, 2012). Similarly, treatment with
recombinant gal-1 in a murine trophoblast cell line induced HB-EGF maturation as well
as B4AGALNT2 expression. Taken together, maternal-derived gal-1 is responsible for
trophoblast invasion through HB-EGF maturation and B4GALNT2-catalyzed Sda-
terminal N-glycosylation. This regulatory loop complements the pregnancy-protective
role of gal-1 and its dysregulation in PE progression as shown in the scRNA-seq results
suggesting the down-regulation of decidual gal-1 in PE pregnancies.

4.5 Strength, limitation and outlook

For decades, the maternal contribution to the pathogenesis of PE has consistently
received insufficient attention. The present work uncovered the pivotal role of maternal-
derived gal-1 in mammalian reproduction. Technically, the niche-specific gal-1
deficiency mouse model was innovatively adopted to explore the differential
contribution of endogenous and exogenous gal-1. Based on established MALD-
MS/MS glycomic analysis, we demonstrated that maternal gal-1 is a predominant
regulator of trophoblast invasive capacity through mediating placental Sda-terminal N-
glycosylation and HB-EGF bioavailability, providing new insights for better
understanding the involvement of maternal molecular dialogue in placental glycocode
signalling networks during pregnancy. The clinical implication of the current study is to
improve pregnancy outcomes and reduce the increased risk of cardiovascular disease
after PE via designing potential therapeutic strategies to increase maternal gal-1 levels.

Meanwhile, there are some limitations in the present study. For instance, the N-glycan
profile was analyzed using bulk placental tissues. Considering different placental
layers and trophoblast subtypes might have distinct molecular functions and proteomic
profiles, the newly established tissue ablation technology combined with LC-MS/MS is
recommended to further decipher the spatial glycopatterns and proteomic profiling in
future investigation. Furthermore, the bioactivity of key enzymes (e.g., arginase and
NOS) involved in L-Arg metabolism and NO production should be considered to further
explore the underlying mechanism of gal-1-mediated maternal cardiovascular
adaptation to pregnancy.
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5. SUMMARY (ONE PAGE)

5.1 Summary (English Version)

The proper development of the placenta, a temporary organ formed during pregnancy,
is of great importance for fetal survival and pregnancy progress. The complex
interaction between maternal cells and highly-glycosylated fetal trophoblasts
contributes to the function of this important organ. Disruption of this maternal-fetal
molecular dialogue leads to placental abnormalities and subsequent preeclampsia
(PE), a life-threatening pregnancy disorder with long-term adverse effects on the health
of both mother and offspring. Galectin-1 (gal-1), a glycan-binding protein abundantly
expressed at the feto-maternal interface, serves as a predominant decipherer of
glycocode involved in multiple key reproductive processes, while its down-regulation
or deficiency is associated with PE development. However, the impact of maternal-
and fetoplacental-derived gal-1 on the pathogenesis of PE is not well understood. The
present study demonstrated that deficiency of gal-1 in the maternal niche during
pregnancy induced PE-like syndrome and cardiovascular maladaptation in mice, which
is accompanied by aberrant placental development and function during pre- and post-
placentation periods. Mechanistically, maternal-derived gal-1 dominates the invasive
capacity of trophoblast cells through differential placental Sda-terminal N glycosylation.
Thus, the current findings highlight the unique contribution of maternal-derived gal-1 to
placental development and the involvement of compromised gal-1 signaling pathway
within the maternal compartment in the pathogenesis of PE.
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5.2 Zusammenfassung (Deutsche Version)

Die ordnungsgemale Entwicklung der Plazenta, eines temporaren Organs, das
wahrend der Schwangerschaft gebildet wird, ist von groRer Bedeutung fur das
Uberleben des Fétus und den Verlauf der Schwangerschaft. Die komplexe Interaktion
zwischen mutterlichen Zellen und hoch glykosylierten fotalen Trophoblasten tragt zur
Funktion dieses wichtigen Organs bei. Eine Storung des mutterlich-fetalen
molekularen Dialogs fuhrt zu Anomalien der Plazenta und in der Folge zu
Praeklampsie (PE), einer lebensbedrohlichen Schwangerschaftsstorung mit
langfristigen negativen Auswirkungen auf die Gesundheit von Mutter und Kind.
Galectin-1 (gal-1), ein Glykan-bindendes Protein, welches vermehrt an der feto-
maternalen Schnittstelle vorkommt, dient als vorherrschender Entzifferer des
Glykocodes. Gal-1 ist an einer Vielzahl von wichtigen Reproduktionsprozessen
beteiligt und eine Herunterregulierung oder ein Mangel an gal-1 werden mit der
Entwicklung von PE in Verbindung gebracht. Die Auswirkungen von maternalem und
feto-plazentarem gal-1 auf die Pathogenese von PE sind jedoch nicht gut verstanden.
In der vorliegenden Studie konnte gezeigt werden, dass ein Mangel an gal-1 in der
matterlichen Nische wahrend der Schwangerschaft ein PE-ahnliches Syndrom und
eine kardiovaskulare Fehlanpassung bei Mausen auslost, die mit einer abweichenden
Plazentaentwicklung und -funktion wahrend der pra- und post-Plazentaion Phase
einhergeht. Das von der Mutter stammende gal-1 dominiert die invasive Fahigkeit der
Trophoblastenzellen durch die unterschiedliche Sda-terminale N-Glykosylierung der
Plazenta. Somit unterstreichen die aktuellen Ergebnisse den einzigartigen Beitrag des
matterlichen gal-1 zur Plazentaentwicklung und die Beteiligung eines beeintrachtigten
gal-1-Signalwegs innerhalb des mutterlichen Kompartiments an der Pathogenese der
PE.
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6. ABBREVIATIONS

ACR
ADMA
a-SMA
BP
BSA
B4GALNT2
COCs
CRD
CTB
DAB
DABP
DAPI
DB
DBA
DBP
DCs
DEPC
DMEM
ECM
eNOS
E
EGFR
ELISA
EO-PE
EPC
EPI
ER
ESI
EVs
EVT
ExE
FBS
FGR

Albumin to creatinine ratio
Asymmetric dimethylarginine
Alpha-smooth muscle actin
Blood pressure

Bovine serum albumin
beta-1,4-N-acetyl-galactosaminyltransferase 2
Cumulus-oocyte-complexes
Carbohydrate recognition domain
Cytotrophoblast
3,3'-diaminobenzidine
3,4-diaminobenzophenone
4',6'-diamidino-2-phenylindole
Decidua basalis

Dolichos biflorus agglutinin
Diastolic blood pressure
Dendritic cells
Diethylpyrocarbonate

Dulbeccos modified Eagles medium
Extracellular matrix

Endothelial nitric oxide synthase
Embryonic day

Epidermal growth factor receptor
Enzyme-linked Immunosorbent Assay
Early-onset preeclampsia
Ectoplacental cone

Epiblast

Endoplasmic reticulum
Electrospray ionization
Extracellular vesicles

Extravillous trophoblast
extra-embryonic ectodermal

Fetal bovine serum

Fetal growth restriction
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fpIKO
fullKO
Gal-1
Gal-3
Gal-9
GCs
GdA
GDM
GNS
hCG
H&E
HLA-G
HRP
H20:2
IB4
ICM

IF

IHC
IUGR
IVF-ET
Jz
L-Arg
Lab
LC-MS/MS
LO-PE
MALDI-TOF

mKO
MMPs
MS
MUCA1
NO
NOS
NRP-1

Fetoplacental knockout

Fully knockout

Galectin-1

Galectin-3

Galectin-9

Glycogen cells

Glycodelin A

Gestational diabetes mellitus
Goat normal serum

Human chorionic gonadotropin
Haematoxylin and Eosin
Human leukocyte antigen G
Horseradish peroxidase
Hydrogen peroxide

Isolectin B4

Inner cell mass
Immunofluorescence
Immunohistochemistry
Intrauterine growth restriction
In vitro fertilization and embryo transfer
Junctional zone

L-arginine

Labyrinth

Liquid chromatographic-tandem mass spectrometry
Late-onset preeclampsia
Matrix-assisted laser desorption ionization-time of
flight

Maternal knockout

Matrix metalloproteinases
Mass spectrometry

Mucin 1

Nitric oxide

Nitric oxide synthase
Neuropilin-1
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oD
PAS
PBS

PE
PIGF
PMSG
PN
PNGase F
PO2
post-PL
pre-PL
Pri3d1
gPCR
rhgal-1
RIPA
RPMI
RT
SBP

SC

Scr
scRNA-seq
SDMA
SEM
sFlt-1
SHRSP
siRNA
SNN
SpT
STB

ta

TBS
TGC
Th
TMB

Optical density

Periodic acid-Schiff
Phosphate-buffered saline
Preeclampsia

Placental growth factor

Pregnant Mare's Serum Gonadotropin
Postnatal day

Peptide N-Glycosidase F
Pressure of oxygen
Post-placentation
Pre-placentation

Placental lactogen |

Quantitative real-time PCR
Recombinant human galectin-1
RadiolmmunoPrecipitation Assay
Roswell Park Memorial Institute
Room temperature

Systolic blood pressure

Stromal cells

Scrambled

Single cell RNA-sequencing
Symmetric dimethylarginine
Standard error of mean

Soluble fms-like tyrosine kinase-1

Stroke-prone spontaneously hypertensive rat

Small interfering RNA
Shared-nearest neighbor
Spongiotrophoblast
Syncytiotrophoblast
tissue-associated
Tris-buffed saline
Trophoblast giant cells

T helper
Teramethylbenzidine



Treg
TRITC
TS
UMAP
UMI
uNK
UPLC
va
VEGF
VEGFR2
WT

regulatory T

Tetramethylrhodamine

Theiler Stage

Uniform Manifold Approximation and Projection
Unique molecular identifiers

Uterine natural killer

Ultra-performance liquid chromatography
vascular-associated

Vascular endothelial growth factor

Vascular endothelial growth factor receptor 2
Wild-type
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