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Zusammenfassung

Zusammenfassung

Hofbauer Zellen (HBCs) sind fetoplazentare Makrophagen im villdsen Stroma des
Plazentagewebes. Durch ihre hohe Plastizitit und ihre Fahigkeit auf lokale,
mikroumgebungsabhdngige  Signale zu  reagieren, unterstiitzen @ HBCs  die
Gewebehomoostase, einschlielich der Beseitigung von Zelldebris und des Gewebeumbaus.
Praeklampsie (PE) bezeichnet man als das Auftreten einer Hypertonie in der
Schwangerschaft verbunden mit mindestens einer weiteren Organmanifestation in der
Mutter. PE geht mit einer schlechten Durchblutung der Plazentazotten, einem
Ungleichgewicht in der Bildung und dem Umbau von Blutgefdf3en, sowie einer Aktivierung
von Entziindungssignalen einher, welche auch die Plazentafunktion beeintridchtigen.
Basierend auf dem Gestationsalter zum Zeitpunkt der Diagnose wird PE iiblicherweise in
frith auftretende (engl. early onset, EO) und spit auftretende (engl. late onset, LO) PE
unterteilt. Da sich diese Subtypen in Bezug auf die Plazentapathologie, den klinischen
Verlauf und dem Einfluss auf den wachsenden Fetus unterscheiden, analysieren wir sie in
der vorliegenden Studie getrennt. Die Hypothese lautet, dass sich die Polarisation und die
Effektorfunktionen der HBCs zwischen EO- und LO-PE unterscheiden. Die Ursache dieser
Verinderungen da konnten mit einer verdnderten TGF-f3 abhidngigen Signaliibertragung an

HBCs in Zusammenhang stehen.

Zundchst wurde ein optimierter Arbeitsablauf fiir die Isolierung und Qualititskontrolle von
HBC:s aus termingerecht geborenen Plazenten entwickelt, um eine zuverldssige -Profilierung
zu ermoglichen. Das vorliegende Protokoll umfasst eine prédzise Dissektion der Villi, die
Entfernung der Dezidua, eine kontrollierte enzymatische Dissoziation, eine Percoll-basierte
Anreicherung sowie eine Durchflusszytometrie nach der Isolierung. Die Qualitdtskontrolle
ist als Kernkomponente des Arbeitsablaufs integriert und umfasst die Uberpriifung der
Reinheit, Identitit und Eigenschaften der Zellen, sowie den Ausschluss wichtiger

Kontaminanten.

Der hier beschriebene Arbeitsablauf demonstriert, dass PE die Polarisierung und Funktion
von HBCs beeinflusst. Die Ergebnisse zeigen, dass es nicht einen einzigen, einheitlichen

Phéanotyp gibt, sondern, dass EO- und LO-PE sich unterschiedlich auswirken. EO-PE HBCs
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Zusammenfassung

zeigten ein gewebeumgestaltendes M2-Profil mit einer verstirkten Expression von
entzlindlichen Komponenten. Diese Beobachtung wurde durch hohere Werte von CD86,
TLR-4, HLA-DR, IRF5 und NOS2 gestiitzt, wobei regulatorische Merkmale wie ARG und
eine erhohte TGF-B1-Sekretion beibehalten wurden. LO-PE zeigte ein echer
phagozytotisches, CD209-armes M2-Profil mit einer weniger ausgeprigten
Entziindungsaktivierung, einer stirkeren IRF4- und ARG I-Expression, einer erhohten TGF-
B1-Sekretion und einer verstirkten Phagozytose. Bei beiden Subtypen blieben die
Kernfunktionen der Phagozytose und der Matrixumgestaltung aktiv, was fiir die

aufrechterhaltene Plastizitét mit krankheitsassoziierter Modifikation spricht.

Im weiteren Verlauf wurde wurde die Signaliibertragung der TGF-B-Superfamilie in
gesunden Plazenten sowie in Plazenten mit PE untersucht und dabei Trophoblasten,
Endothelzellen und Immunzellen analysiert. Im Anschluss daran erfolgte eine Interpretation
der Ergebnisse in Bezug auf diese Muster. Im Rahmen einer physiologischen
Schwangerschaft unterstiitzt die TGF-B-Signaliibertragung verschiedene Prozesse, darunter
die Differenzierung und Invasion von Trophoblasten, das angiogene Gleichgewicht sowie
die Endothelfunktion. Daiiber hinaus fordert sie die Immuntoleranz, indem sie die
Auswirkungen auf regulatorische T-Zellen (Tregs), deziduale natiirliche Killerzellen (dNK-
Zellen) und die Makrophagenpolarisation koordiniert. Im Rahmen dieser Studie wurde
durch Verfligbarkeit von Liganden und der Rezeptorzusammensetzung eine Stérung der
TGF-B-Signaliibertragung bei PE beobachtet. Diese Beobachtungen stehen im
Zusammenhang mit einer beeintrichtigten Immunregulation und vaskulidren Dysfunktion
bei PE und verbindet die verdnderte Signaliibertragung der TGF-B-Superfamilie mit den in

dieser Studie beobachteten HBC-Phénotypen der humanen Plazenta.

Zusammenfassend wurde ein zuverldssiges Protokoll zur Isolierung und Qualitétskontrolle
von HBCs entwickelt und angewendet, um unterschiedliche, vom Zeitpunkt der klinischen
Manifestation abhédngige phanotypische und funktionelle HBC-Profile bei PE zu
identifizieren, die mit einer erhohten TGF-B1-Sekretion verbunden sind. Die vorliegende
Arbeit zeigt eine signifikante Liicke in der Signaliibertragung, die durch die Integration der
Ergebnisse mit der berichteten Stérung der TGF-B-Superfamilien-Signaliibertragung bei PE
entsteht. Die Rolle der TGF-B-Superfamilien-Signaliibertragung in HBCs bedarf weiterer

Kldrung. Es sind weitere Untersuchungen erforderlich, um die Bioverfiigbarkeit von
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Liganden und das Rezeptorgleichgewicht in Bezug auf Makrophagen-Effektorfunktionen

bei nach ihrem Auftreten stratifizierter PE zu untersuchen.
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Abstract

Abstract

Hofbauer cells (HBCs), are resident macrophages in the villous stroma, that support tissue
homeostasis, including debris clearance and tissue remodeling, through high plasticity and
responsiveness to the microenvironmental cues. Preeclampsia (PE) is a heterogeneous placental
disorder that is characterized by new onset of hypertension during pregnancy, accompanied by
at least one additional maternal organ manifestation. It is associated with villous malperfusion,
angiogenic imbalance, and inflammatory activation, all of which impair placental function.
Based on gestational age at diagnosis, PE is commonly subdivided into early-onset (EO-) and
late-onset (LO-) PE. These two subtypes differ in terms of placental pathology, clinical course,
and fetal outcome. We hypothesized that the HBCs polarization and effector functions differ
between EO- and LO-PE and that these onset-dependent patterns are linked, at least in part, to

altered TGF- superfamily signaling within the villous niche.

First, we developed an optimized HBCs isolation and quality control workflow for term
placentas to enable reliable profiling. This protocol incorporated strict villous dissection,
decidua removal, controlled enzymatic dissociation, Percoll-based enrichment, and flow
cytometry following isolation. Quality control was embedded as a core component of the
workflow and included viability assessment, purity and identity verification, and exclusion of
major contaminants. We demonstrate that PE is associated with onset-dependent changes in
HBC polarization and function rather than the development of a single, uniform phenotype.
EO-PE exhibited a tissue-remodeling M2 program with a stronger inflammatory component, as
evidenced by higher levels of CD86, TLR-4, HLA-DR, IRF5, and NOS2, while maintaining
regulatory features, such as ARGI, and increased TGF-B1 secretion. LO-PE exhibited a more
phagocytic, CD209-low M2 profile, demonstrating less pronounced inflammatory activation,
stronger IRF4 and ARG expression, together with increased TGF-B1 secretion and enhanced
phagocytosis. Across both subtypes, the core functions of phagocytosis and matrix remodeling

remained active which supports maintained plasticity with disease-associated skewing.

Next, we reviewed TGF-B superfamily signaling in healthy and PE placentas, examining the

trophoblast, endothelial, and immune compartments. Then, we interpreted our findings in
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Abstract

relation to these TGF-f patterns. In a healthy pregnancy, TGF-f signaling supports trophoblast
differentiation and invasion, angiogenic balance, and the endothelial phenotype. It also
promotes immune tolerance by coordinating the effects on Tregs, decidual NK cells, and
macrophage polarization. In PE, disruption of TGF-B superfamily signaling is reported at the
levels of ligand availability and receptor composition. This is consistent with impaired immune
regulation and vascular dysfunction in PE, linking altered TGF-f superfamily signaling to the

HBCs phenotypes observed in our study.

In conclusion, we developed a reliable HBCs isolation and quality control protocol and applied
it to identify distinct, onset-dependent phenotypic and functional HBCs profiles in PE,
accompanied by increased TGF-B1 secretion. Integrating these results with the reported
disruption of TGF-B superfamily signaling in PE reveals a significant signaling gap. The role
of TGF-B superfamily signaling in HBCs remains unclear and further research is needed to
investigate ligand bioavailability and receptor balance in relation to macrophage effector

programs in onset-stratified PE.
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Introduction

Introduction

The villous placenta - an immune-vascular organ

The placenta is a unique and essential organ that connects the mother and the developing fetus
(8). It supports fetal development by enabling the exchange of gases and nutrients, the removal
of waste products, and endocrine signaling (9). Development of the human placenta begins
shortly after implantation from the trophectoderm, and involves the fusion of trophoblasts to
establish the maternal-fetal interface (10). During early gestation, trophoblast differentiation,
villous development, and maternal uterine adaptation occur simultaneously in order to form an
organ that facilitates highly efficient exchange (9,11). Before full placental perfusion is
established, extraembryonic tissues such as the yolk sac contribute to early embryonic support

and hematopoiesis (12).

Trophoblasts differentiate into specialized subtypes with distinct roles (10). Some
cytotrophoblasts (CTs) proliferate and fuse to form the multinucleated syncytiotrophoblast
(STs), which cover the villous surface and form the primary exchange barrier (10). STs secrete
pregnancy hormones such as human chorionic gonadotropin beta (hCGp) and placental
lactogen (hPL) (13,14). In anchoring villi, CTs form columns of trophoblasts that generate
extravillous trophoblasts (EVTs) (10). The differentiation of EVTs includes an epithelial-to-
mesenchymal transition (EMT)-like program that supports their migration into the decidua and
contributes to spiral artery remodeling (15). Coordinated trophoblast invasion and vascular

remodeling are central to normal placentation (16).

In parallel, the chorionic villi branch and mature, thereby increasing the surface area available
for exchange (17). Fetal vessels develop within the villous core, extending into the terminal
villi (18). In this area, the process of dense capillarization brings fetal blood close to the surface
of trophoblasts (17). The villous stroma contains fetal immune cells, including Hofbauer cells
(HBCs), a type of placental macrophages (19). HBCs have been observed to be present
throughout gestation and located in close proximity to the trophoblast and fetal vessels (20).
This positioning enables HBCs to contribute to stromal homeostasis, debris clearance, and

immune regulation within the villous core (21).
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Pregnancy requires tightly regulated immune adaptation given the semi-allogeneic nature of
fetal tissue (22). Maternal immune cells in the decidua, including NK cells, decidual
macrophages, and T cell subsets, interact with EVTs and contribute to tolerance, tissue
remodeling, and host defense (23-25). In parallel, fetal HBCs have been demonstrated to
facilitate villous homeostasis within the chorionic villi (26). The development of the placenta
is depending on the coordinated regulation of the immune system across the decidua and the
villous stroma. The functional integration between these compartments is mediated by direct
cell-to-cell interactions and the secretion of soluble factors, including cytokines and growth

factors (22,24).

By term, the placenta has a well-defined villous structure. The side of the tissue towards the
fetus consists of the chorionic plate, which is covered by the amnion and connected to the fetus
by the umbilical cord. The side attached to the maternal uterus is formed by the basal plate (18).
The intervening compartment, known as the intervillous space, is the primary site of exchange
between the mother and the developing fetus. It contains branching villous trees arranged into
distinct cotyledons that are connected to the fetal circulation through chorionic vessels (17).
Together, this organization enables efficient maternal-fetal exchange, defining the villous
placenta as a highly vascularized organ (9,27). Importantly, placental exchange occurs across
two anatomically distinct circulations: the maternal uteroplacental circulation and the fetal
fetoplacental circulation (28). Although maternal and fetal blood come into close proximity at
the villous surface, they remain strictly separated. Maternal blood perfuses the intervillous
space, while fetal blood remains within the placental vasculature. Consequently, exchange
occurs across the placental barrier (29,30). To support this function, uteroplacental vascular
remodeling establishes a low-resistance, high-capacitance perfusion system, and the
fetoplacental circulation adapts to meet the growing demands of the fetus. Deoxygenated blood
reaches the placenta through the umbilical arteries and oxygenated blood returns to the fetus
through the umbilical vein (28,31). Throughout gestation, these structural and hemodynamic
adaptations are accompanied by local immune and microenvironmental signals that

continuously shape cellular phenotype and function (9,32).
Polarization of macrophages as a local milieu-dependent process

Macrophages play a key role in regulating inflammation, host defense, tissue repair, and

homeostasis. A major feature of macrophages is their plasticity, evident in their capacity to alter

10
Monika HORVAT MERCNIK, Dissertation



Introduction

their polarization and functionality in response to local stimuli (33). Although the activation of
macrophages is often described along the M1 to M2 polarization axis, tissue macrophages in
vivo rarely fit into fixed condition (34). Instead, they exhibit overlapping and intermediate
phenotypes, which are influenced by factors such as cytokines, metabolites, oxygen availability,

extracellular matrix signals, and tissue injury (35).

MIl-associated polarization is typically induced by inflammatory stimuli, such as
lipopolysaccharide (LPS) and interferon-gamma (IFN-y), and is associated with inflammatory
cytokine production, antigen presentation, and antimicrobial activity (36,37). In contrast, M2-
associated polarization is promoted by factors such as interleukin-4 (IL-4), IL-13, IL-10,
transforming growth factor-f (TGF-B), and glucocorticoids (35,38-40). It is associated with
immune regulation, tissue remodeling, angiogenesis, and repair. In tissues, including the
placenta, macrophage phenotypes are more accurately defined by the combination of
polarization and functional readouts than by single markers alone (41,42). These readouts
include secretome of cytokines and chemokines, phagocytosis and efferocytosis, metabolic

programs, and sustained transcriptional regulation (Figure 1).

A key biochemical axis linked to macrophage polarization involves arginine metabolism
through inducible nitric oxide synthase (iNOS) and arginase-1 (ARG1). iNOS is associated
with M1-like polarization, where it converts arginine into nitric oxide and citrulline and thereby
supports inflammatory and antimicrobial responses (43—45). In contrast, ARGI is typically
associated with M2-like polarization, where it converts arginine into ornithine and urea, thereby
supporting tissue remodeling and repair (46,47). In vivo, macrophages engage in both
polarization pathways to varying degrees, and changes in their relative activity are accompanied

by changes in inflammatory versus homeostatic function (42).

Macrophage functionality and polarization states are further regulated by complex signaling
pathways and transcriptional networks. Key pathways include Toll-like receptor (TLR-), Janus
kinase (JAK), and signal transducer and activator of transcription (STAT), TGF-$ and SMAD,
peroxisome proliferator-activated receptor gamma (PPARY)-linked lipid sensing; Notch, and
non-coding RNA networks (48—51). Transcription factors such as interferon regulatory factor
5 (IRF5) and IRF4 have been associated with inflammatory and regulatory macrophage
programs, respectively (42,51-54). Metabolic and redox regulation further shape macrophage

behavior, including the production of reactive oxygen species (ROS) and the regulation of
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Introduction

antioxidant defenses by enzymes such as superoxide dismutase and catalase (55-58).
Epigenetic mechanisms provide an additional layer of control over polarization associated gene
expression through DNA methylation and histone modifications (59,60). Collectively, these
regulatory mechanisms support macrophage polarization as a dynamic and reversible spectrum
of phenotypes, that adapts to change in cytokine signals, metabolic stress, oxygen availability,

and tissue injury, thereby maintaining host defense, tissue repair, and homeostasis (58).

M1 polarization M2 polarization
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CD40 Ak NQS2 high ARG high
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Figure 1: Overview of the general M1 and M2 macrophage polarization concept. Marker profiles are shown next
to the macrophages on the left, and representative expressed genes are shown on the right. The bottom section
summarizes the main functions and secreted molecules associated with each polarization state. Figure was created

with BioRender.

Hofbauer cells — tissue resident macrophages of the villous stroma

Hofbauer cells (HBCs), are fetoplacental macrophages of the villous stroma that appear early
in gestation, around day 18 after conception (61). Current evidence suggests that HBCs origin
from early primitive hematopoiesis. The characteristics of HBCs resembles yolk sac-derived
macrophages rather than macrophages derived from circulating monocytes (62—64).
Morphologically, HBCs are large cells, typically ranging from 10 to 30 um in diameter (26,65).

They have abundant vacuoles and granular cytoplasm and can appear round, pleomorphic, or
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stellate (66,67). This pleomorphism is consistent with the concept of macrophage plasticity and

reflects local microenvironmental cues within the villous niche (63,68).

HBCs have been observed in proximity to trophoblasts and fetal villous vessels (67). In first
trimester villi, ultrastructural studies have shown that they are located within channel-like
stromal spaces (17,69). This finding is consistent with their motility within the stroma during
villous expansion and reorganization (65). This localization supports their roles in clearing
debris, limiting danger signal amplification, and supporting stromal and vascular development
(21,26,67). This is also consistent with their reported association with early vasculogenic and

angiogenic structures (21).

Phenotypically, HBCs are widely described as M2-like macrophages with dominant anti-
inflammatory and tissue-remodeling properties and limited M1 specifics (68,70). In addition,
HBCs have been found to express macrophage markers, including CD68 and Fc gamma
receptors (Fcy), with CD64 being a notable example (60,71). They also express scavenger and
lectin-associated receptors, which are involved in clearance and tissue support (72). The
following receptors have been identified: CD163, CD206/MRC1, and frequently, CD209/DC-
SIGN (68,70,72,73). In the early stages of gestation, HBCs are frequently characterized by
high-affinity binding sites for folate receptor f (FOLR2) and low or absent expression of the
human leucocyte antigen-DR (HLA-DR) (71). This distinction facilitates the identification of
fetal HBCs and maternal macrophages in placental digests. As gestation progresses, HBCs
become increasingly heterogeneous, with the emergence of subsets exhibiting elevated HLA-
DR expression. This is consistent with their augmented range of immune functions

(64,66,68,71).

In healthy placentas, HBCs exhibit an ARG1-linked polarization pattern and produce mediators
such as IL-10 and TGF-B (59,66,68,72). Furthermore, HBCs have been demonstrated to
produce factors associated with villous vascular development and remodeling. These factors
under discussion include vascular endothelial growth factor-A (VEGF-A), osteopontin,
metalloproteinase-9 (MMP9Y), and Sprouty family proteins (21,71,74). This phenotype supports
efficient phagocytosis and efferocytosis, accompanied by a recurrent reduction in inflammatory
output, a process that is critical for maintaining villous homeostasis. In this context, continuous
clearance and repair of trophoblast renewal, cell death-associated debris, and extracellular

matrix remodeling are imperative (58,71,75,76).
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During pregnancy, HBCs have been demonstrated to support villous homeostasis, vascular
maintenance, and immune defense (58,68,77,78). These cells maintain a predominantly
regulatory phenotype, whilst concurrently expressing functional TLR-receptors, including
TLR-2, TLR-3, TLR-4, TLR-7, and TLR-8. This capacity enables the cells to elicit
antimicrobial responses and to sense viruses (71,79). This combination of regulatory and host-

defense functions is a key feature of HBCs biology across gestation (78).

HBCs represent a significant immune cell population within the placenta. Several maternal
immune myeloid populations are also present in placental tissue, which must be distinguished
from fetal HBCs (71). Maternal immune cells, including decidual macrophages, populate the
decidua and interact with EVTs (64,71). These macrophages have been shown to contribute to
tissue remodeling, vascular adaptation, and immune tolerance. Additionally, placenta-
associated maternal macrophages (PAMMs) have been observed to adhere to the STs on the
villous surface. PAMM populations include monocyte-like cells and a macrophage-like subset,
PAMMI1a, which exhibits a repair-oriented program (71). These cells have been shown to
localize to sites of syncytial damage and fibrin deposition, suggesting a role in preserving the
syncytial surface (64,71,80,81). Since these maternal populations contribute substantially to
CD14-positive cells in placental digests, rigorous fetal-maternal separation is crucial to prevent
the misattribution of maternal macrophages to HBCs, particularly during the early stages of

gestation (71,80).
Hofbauer cell isolation and its quality control

The biological composition of HBCs has been predominantly studied by the utilization of
histological techniques and related in sifu approaches. These methodologies are essential for
localization and morphological assessment, yet they provide only limited insight into functional
behavior and signaling outputs (65). Consequently, the utilization of ex vivo isolation
methodologies have emerged for the purpose of conducting phenotypic profiling and
subsequent downstream assays. A central challenge is that isolation itself can alter the
phenotype of macrophages (81). Therefore, a robust isolation methodology is employed in
order to ensure the preservation of viability, the achievement of adequate cell yield, and
rigorously control of contamination by other placental cell populations and maternal

macrophages.

14
Monika HORVAT MERCNIK, Dissertation



Introduction

The majority of isolation workflows include the following steps: careful villous dissection,
removal of decidual tissue, dissociation of the tissue to generate a single-cell suspension,
density-based mononuclear enrichment, and flow cytometry-based phenotyping or purification
(70,80,82—-84). The disparities observed in the protocols employed for first-trimester and term
placentas are primarily attributed to the influence gestational age on tissue mass and
composition, in addition to variations in validation of fetal origin (71). Additional variation
arises from dissociation conditions, density gradient media, magnetic bead selection strategy

(positive or negative) and the stringency used to exclude maternal cells (70,80,82,84).

It is important to acknowledge that the processing of tissue samples during the isolation
procedure has the potential to induce substantial alterations in the HBC activation and
phenotype. Consequently, the implementation of rigorous quality control measures constitutes
a pivotal component within the study design (80). Key elements include viability assessment,
reporting of activation-associated markers, fetal origin validation using HLA allotypes or sex
chromosome genotyping, and exclusion of major non-myeloid contaminants (80,84). Common
orthogonal quality control procedures include the use of markers for the exclusion of
trophoblasts, stromal, and vascular contaminants, together with immunocytochemistry for
confirmatory purposes (68,80). These steps are followed in order to guarantee that the
downstream phenotype and functional readouts accurately reflect the biology of HBCs, as

opposed to bias that may be induced by isolation.

Preeclampsia - a heterogeneous placental disorder with immune and

microenvironmental imbalance

Preeclampsia (PE) is a heterogeneous disorder that develops after 20 weeks of gestation and is
defined by new-onset hypertension (systolic blood pressure >140 mmHg and/or diastolic blood
pressure >90 mmHg) (85). The clinical manifestations include proteinuria, thrombocytopenia,
renal impairment, liver dysfunction, pulmonary edema, and neurological complications (86).
PE has been observed to affect approximately 5 - 10 % of pregnancies worldwide (87). It has
been identified as a leading cause of preterm delivery, fetal growth restriction, and is associated
with an increased long-term cardiovascular risk for both the mother and her offspring (88-90).
The only definitive treatment is delivery, while all other management efforts aim to prevent

maternal and fetal complications and optimize the timing of delivery (85,86).
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It is widely accepted that placental dysfunction and the maternal response to placental stress
are considered key factors in the pathogenesis of PE (91). In PE, shallow EVT invasion and
incomplete spiral artery remodeling occurring in the first trimester lead to reduced
uteroplacental perfusion. This, in turn, has been shown to promote a villous microenvironment
characterized by intermittent hypoxia, oxidative stress, and endoplasmic reticulum stress
(91,92). These cues have been demonstrated to activate inflammatory signaling and alter cell-
to-cell communication across the trophoblast, stromal, and fetoplacental vascular compartments
(93,94). A significant systemic consequence of this condition is angiogenic dysfunction, which
is driven by the placental release of anti-angiogenic mediators, such as soluble sFlt-1 and
soluble endoglin (sSENG) (95,96). These mediators have been shown to reduce VEGF and PIGF
activity, contributing to endothelial dysfunction (95,97).

Immune dysregulation constitutes a central element the pathophysiology in PE (98). The
maintenance of a healthy pregnancy is contingent upon the regulation of innate and adaptive
immune responses, thereby facilitating tolerance, controlled remodeling, and host defense (22—
25). However, in the context of PE, this equilibrium is shifted towards an inflammatory
response, as evidenced by the altered regulation of macrophages and lymphocytes, reduced
tolerogenic control, and increased inflammatory mediators (99,100). These factors contribute
to the exacerbation of trophoblast stress and vascular injury (101-103). In line, molecular
profiling indicates that PE is mechanistically heterogeneous, with variable contributions from
malperfusion-related stress, angiogenic dysfunction, immune activation, and maternal

susceptibility (92,104-107).

Clinically, the condition is commonly subdivided into two distinct categories: early-onset PE
(EO-PE, diagnosed before 34 weeks) and late-onset PE (LO-PE, diagnosed from 34 weeks
onwards) (108). The evidence suggests that EO-PE is more consistently associated with primary
placental pathology, including, but not limited to, impaired placentation, uteroplacental
malperfusion, fetal growth restriction, and preterm delivery (109,110). The majority of cases
are attributable to LO-PE, which is more frequently associated with maternal susceptibility and
manifests later in gestation (109). Despite the varying initiating mechanisms differ, both
subtypes ultimately results in endothelial dysfunction and inflammation, accompanied by
subtype-specific differences in immune programming (111,112). It has been demonstrated that

in cases of EO-PE, there is a greater risk for the manifestation of a more extensive placental
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immune activation, which has been linked to conditions of hypoxia and oxidative stress.
Conversely, in instances of LO-PE, the inflammatory profile that is exhibited is more selective
in nature, characterized by a distinct equilibrium of maternal and placental signals (113). In
both subtypes, anti-angiogenic mediators, including sFlt-1 and sENG, together with a shift in
cytokines toward TNFa, IL-6, IL-1p, IFN-y, and IL-17 and away from IL-10, shape a villous
environment likely sensed by HBCs (72,95,114,115). It has been hypothesized that these local
cues may promote HBCs polarization shifts, which in turn may further reinforce inflammation

and vascular dysfunction.
Hofbauer cells in preeclampsia

During pregnancy in PE, HBCs are exposed to stress signals and inflammatory mediators in the
placenta, including those associated with hypoxia, oxidative stress and cytokine imbalance
(116,117). Several in situ and ex vivo studies reported altered abundance and phenotype of
HBCs compared with those in normotensive placentas (73,118). However, the results vary
depending on the sampling region, gestational age at delivery, and marker strategy used.
Commonly used markers include CD68, CD163, and CD14 (39,68,70,73,118). Studies using
additional scavenger and lectin-associated markers have described shifts in specific regulatory

feature subsets (72,73).

Reduced CD209/DC-SIGN- and CD163-associated readouts as well as lower IL-10 levels, are
consistent findings across studies of PE (72). A smaller number of studies also report altered
cytokine secretion and tissue remodeling programs (114,115,119). IL-10 and TGF-f have been
identified as integral components of a homeostatic HBC phenotype, which appears to be
attenuated in PE (72,120). In conjunction with the altered expression of immune-inhibitory

regulators, this supports a shift towards inflammation-associated phenotypes (72,73).

The stratification of PE into the categories of EO-PE or LO-PE available datasets has been
shown to suggest the presence of immune and metabolic differences, which are dependent on
the specific subtype. In addition, further subtype variation observed is contingent on fetal sex,
as evidenced by existing datasets (60,121). EO-PE has been found to be more frequently
associated with broader changes in HBC immune programs, including stronger interferon and
inflammatory cytokine signaling, increased antigen presentation and phagocytic activity, and

altered extracellular matrix and tissue remodeling pathways (113,114). Conversely, LO-PE
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HBCs exhibit a retention of anti-inflammatory characteristics, accompanied by selective

alterations in cytokine and chemokine secretion (114).

TGF-p superfamily signaling in placental biology in health and

preeclampsia

The TGF-B superfamily has been described to play a central role in intercellular signaling in
the placenta, linking trophoblast biology, endothelial phenotype, and immune regulation (122).
Canonical signaling is mediated through Smad pathways. TGF-p, activins, and nodal typically
signal through Smad2/3, while BMP ligands predominantly signal through Smad1/5/8
depending on receptor composition (123). Non-canonical signaling through MAPK, PI3K-
AKT, and Rho GTPase pathways further modulates cellular responses, particularly under
inflammatory or stressful conditions (124). The final cellular output depends on the availability
of ligands, the composition of receptors and co-receptors, and the balance between Smad-

dependent and Smad-independent signaling (125).

During early placentation, the TGF-f signaling pathway regulates trophoblast differentiation
and the acquisition of the invasive EVT phenotype (126). This contributes to spiral artery
remodeling by affecting motility, matrix interactions, and protease-linked remodeling (127—
129). Concurrently, TGF-p, activins, and BMPs promote immune adaptation at the maternal-
placental interface (122). This process is facilitated by the promotion of regulatory T cell
differentiation, the modulation of the phenotype of uterine NK cells, and the regulation of the
functions of decidual macrophages involved in clearance, matrix remodeling, and inflammatory
control (22-24). The immune and trophoblast processes are tightly linked, as excessive
inflammation has been shown to impair trophoblast invasion and vascular remodeling

(101,130,131).

As gestation progresses, the TGF- superfamily continues to coordinate the biology of
trophoblasts, endothelial cells, stromal cells, and HBCs (122). In the context of placental
endothelial cells, the signaling of TGF- and BMP plays a regulatory role in angiogenic
remodeling, the properties of the barrier, and the maintenance of the endothelial phenotype
(132). Within the villous microenvironment, trophoblasts, stromal cells, endothelial cells, and
HBCs interact through paracrine signaling to limit excessive inflammation and support tissue

repair and remodeling (67,133,134). HBCs are central to this immune-vascular unit, given that,

18
Monika HORVAT MERCNIK, Dissertation



Introduction

as resident fetal macrophages, they are located in close proximity to villous vessels and stromal

structures (67), thereby directly contributing to local ligand availability (119).

HBCs have been found to express components of the TGF-§ pathway and secrete active TGF-
B1, TGF-B2, and TGF-B3 (119). Furthermore, these cells have also been reported to express
BMP2, suggesting that they provide local BMP cues involved in stromal remodeling and
vascular development (134). TGF-J is a significant regulator of the macrophage phenotype in
both decidual macrophages and HBCs, thereby supporting anti-inflammatory and homeostatic
functions (20). Notably, term HBCs have been observed to secrete TGF-f1 during
inflammatory activation, thereby indicating that inflammatory polarization does not results in

the elimination of TGF-B-mediated immunoregulatory activity (66,68).

In the field of PE, the signaling of the TGF-f3 superfamily is observed to be compromised across
the various placental compartments at multiple levels, including the bioavailability of ligands,
the composition of receptors and co-receptors, and the downstream signaling output (122).
Altered TGF-f and activin signaling in trophoblasts has been linked to the impaired acquisition
of an invasive extravillous trophoblast phenotype and defective spiral artery remodeling (135—
139). In endothelial cells, dysregulated TGF-f3 superfamily signaling contributes to impaired
vascular homeostasis (95). ENG, a member of the TGF-f superfamily, is expressed by
endothelial cells and trophoblasts and has been identified is a key modifier (95,140,141).
Increased ENG shedding in PE has been shown to generate sEng, which antagonizes TGF-f3

family signaling and contribute to endothelial dysfunction (95).

Within the immune compartment, altered TGF-B signaling has been linked to impaired
tolerance, a reduced frequency or suppressive capacity of regulatory T cells, and an increased
Th17-to-Treg ratio (142). The phenotype of decidual NK cells is also shaped by local TGF-3
signaling (143). Altered levels of TGF-B in PE are consistent with disrupted tuning of NK cell
activity (120,143). Macrophage phenotypes are similarly affected. Decidual macrophages are
dependent on TGF-B-dependent signals to restrain inflammation and remodel tissue within the
spiral artery niche (23,144). Together, these findings suggest that TGF-f3 superfamily signaling
could represent a biologically plausible axis linking placental stress, immune dysregulation,

and endothelial pathology in PE.

However, significant knowledge gaps regarding HBCs remain. This observation underscores a

broader limitation in placental cell biology as cell- and subtype-resolved analyses of TGF-3
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superfamily signaling within villous compartments are still insufficient (Figure 2). In particular,
evidence on TGF-f superfamily signaling activity in HBCs, and its relationship to polarization
and functional outputs in EO-PE and LO-PE, is limited. Addressing this gap is important for
our understanding of the underlying mechanisms through which villous immune dysregulation

and fetoplacental vascular dysfunction contribute to the development of preeclampsia.
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Figure 2: An overview of TGF-f superfamily signaling across placental villous cell types in PE. The illustration
shows a cross-sectional view of a healthy and a PE placenta. Trophoblast, endothelial, and immune cell populations
are depicted alongside their established functions. Question marks indicate areas where TGF-B-related signaling
is not well understood in PE. The highlighted gaps include trophoblast biology, endothelial remodeling and
angiogenesis, and immune cell phenotype shifts. FB: fibroblasts; HBC M1: M1-polarized Hofbauer cells; M2:
M2-polarized Hofbauer cells; ERY: erythrocytes. Adapted from Horvat Mercnik et al.(2), with permission of

Human Reproduction Update, under Creative Commons Attributions Licence.
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Hypothesis and objectives:

We hypothesized that the polarization patterns of HBCs differ between early- and late-onset

preeclampsia, reflecting distinct phenotypes within the placenta. Furthermore, we hypothesized

that these differences, which dependent on disease onset are linked, at least in part, to disrupted

TGF-B superfamily signaling in the local placental microenvironment.

To address this hypothesis, we pursued the following objectives:

1.

Optimize and validate the isolation workflow of HBCs by improving the preparation of
the tissue, enzymatic digestion, and enrichment steps in order to increase the yield,
viability, and purity of the cells while preserving their suitability for downstream
functional analyses.

Establish and validate a quality control protocol for HBCs isolation that enables the
assessment of cell purity and the identification of contaminating cell populations.
Define Hofbauer cell polarization patterns in preeclampsia and determine how they
differ between early- and late-onset cases

Assess differences in HBC phenotype features between early- and late-onset
preeclampsia.

Integrating HBCs phenotype findings within TGF-f superfamily signaling across

placental cell types in health and preeclampsia
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Results

This section offers a synopsis of the findings presented in the following publications.

1) Mercnik MH, Schliefsteiner C, Fluhr H, Wadsack C. Placental macrophages present
distinct polarization pattern and effector functions depending on clinical onset of
preeclampsia. Front Immunol. 2023 Jan 12;13:1095879.
doi:10.3389/fimmu.2022.1095879

2) Mercnik MH, Schliefsteiner C, Sanchez-Duffthues G, Wadsack C. TGFp signalling:
a nexus between inflammation, placental health and preeclampsia throughout
pregnancy. Hum Reprod Update. 2024 Jul 1;30(4):442-71.
doi:10.1093/humupd/dmae007

3) Mercnik MH, Wadsack C, Schliefsteiner C. Unlocking the secrets of Hofbauer cells
in placental (patho-) physiology: Isolation and quality assessment in human term

placenta. Placenta. 2025 Jun 13;166:41-53. doi:10.1016/j.placenta.2024.07.004

Hofbauer cells have been demonstrated to play a pivotal role in the regulation of immune
homeostasis, tissue remodeling, and vascular development in the placental villous stroma
(26). Despite their importance, their functional biology remains incompletely defined
because they have primarily been studied using immunohistochemistry and other in situ
approaches (39,73). While these methodologies are imperative for cell localization and
marker-based characterization, they do not permit the direct evaluation of HBC function or
signaling. To enable downstream phenotypic and functional analyses, we developed and
optimized an isolation protocol for HBCs (3). The protocol has been developed in
accordance with the method established by Tang et al. (70), incorporating targeted
improvements in tissue processing and quality assessment. The procedure combines villous
tissue dissection with decidua removal, enzymatic digestion, Percoll-based density
enrichment and immune selection, followed by flow cytometry-based quality control after
isolation (3). The refinement of tissue preparation, digestion, and enrichment techniques has
been demonstrated to enhance cell yield, viability, and purity, thereby facilitating reliable
phenotypic profiling. It is important to note that the isolation workflow itself did not induce
detectable activation or polarization shifts (3,68). The implementation of flow cytometry-
based quality control procedures was essential, as it facilitated the evaluation of purity and

the exclusion of non-target placental cells, such as smooth muscle cells and fibroblasts. The
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effects of cryopreservation were also determined; however, it was found that freezing and
thawing introduced clear limitations, with the result that freshly isolated cells were used

wherever possible (3).

Subsequently, we implemented an optimized isolation protocol to evaluate HBC polarization
in PE, with a separate analysis of EO-PE and LO-PE. The onset-stratified analysis revealed
that PE is not associated with a single HBC phenotype but rather with distinct phenotype
patterns in EO-PE and LO-PE. In this study, the presence of an M2 phenotype in EO-PE
HBCs was observed, accompanied by a notable shift towards M1-associated features, as
indicated by elevated levels of CD86, TLR-4, HLA-DR, IRFS5, and NOS2. However, in the
same time these HBCS maintained their M2 phenotype with higher TGF-f1 secretion and
ARG expression. In contrast, LO-PE HBCs exhibited a more phagocytic, CD209"" M2
phenotype with a less pronounced pro-inflammatory pattern. The enhanced phagocytosis
and MMP?9 secretion, in conjunction with anti-inflammatory cytokine secretion, supported
persistent HBC plasticity in both groups. These findings suggest that HBC polarization in
PE is better described as an onset- and local milieu-dependent phenotype spectrum than by

a binary M1/M2 classification (1).

In the following paper, a study of TGF-f superfamily signaling in healthy and PE placentas
was conducted, with the trophoblast, endothelial, and immune compartments being the focus
of this analysis. In healthy placenta, the TGF-B superfamily coordinates signaling in
trophoblasts, where it is associated with differentiation, invasion, and remodeling; in
endothelial cells, where it promotes angiogenic balance and the endothelial phenotype; and
in immune cells, where it contributes to controlled inflammation and immune regulation. In
field of PE, we have identified recurring disturbance in this signaling axis across various
compartments. This disruption encompasses alterations in ligand availability, receptor and
co-receptor composition, and downstream signaling output (2). These changes are linked to
impaired trophoblast function, endothelial dysfunction, and inflammatory skewing (2,122).
Endoglin, particularly the soluble form, has been identified as a key modifier of this

imbalance, with the strongest evidence supporting this finding in endothelial cells (2,95).

The review emphasized that HBCs remain understudied within this signaling axis despite
their localization near trophoblasts and fetal vessels and their potential involvement in

villous immune-vascular signaling (2). This is directly relevant to our experimental findings,
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as we demonstrated HBC polarization patterns dependent on the onset of PE and identified
HBC-associated endpoints, including MMP9 and TGF-f1 (1). However, direct, cell-
resolved analyses of TGF-B superfamily signaling in HBCs remain largely unexplored,

especially in studies that stratify EO-PE and LO-PE (2,113).

In summary, we established an optimized and validated protocol for isolation of HBCs, a
defined onset-dependent HBC polarization pattern in PE has been established. The review
article aimed to identify major mechanistic gaps for future work: e.g., direct analysis of

signaling pathways in stratified PE cohorts.
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Discussion

In my thesis, the inflammatory environment of PE was examined in relation to the
polarization and functional properties of HBCs. First, the protocol for isolating HBCs was
optimized and validated with rapid contamination control and streamlined polarization
readout (3). Subsequently, the protocol was applied to placentas from patients with EO- and
LO- PE, with the objective of isolating the cells. In order to define subtype-specific
polarization patterns, an analysis of the cells was conducted at the mRNA, protein, secretory,
and functional levels, with a focus on tissue remodeling and phagocytosis (1). In
consideration of the pivotal role of TGF- signaling in PE, a comprehensive review was put
together across placental cell populations. The findings of this publication were incorporated

into the broader pathobiology of PE (2).

Hofbauer cell isolation in term placenta: methodological

challenges and limitations

HBCs represent the predominant immune cell population in placental villi, contributing to
tissue homeostasis, host defense, and inflammation resolution (19). Despite their importance
in the context of placental development in the early stages of pregnancy, advancement has
been constrained by the absence of a cohesive isolation protocol (3,19,70,80). Although
immunohistochemistry and other in situ approaches are essential for defining HBC
localization and marker expression (73,79,145); they provide limited insight into functional

behavior and signaling activity.

In vitro studies are essential; however, current protocols differ at every key step, including
tissue dissection, enzymatic digestion, enrichment by density centrifugation, purification,
and phenotyping (19). In the case of term placentas, the majority of isolation protocols start
with rigorous trimming of the decidual membrane, with the objective of minimizing maternal
macrophage contamination (3,70,84). Subsequent to this, villous dissection and dissociation
are undertaken, employing trypsin, collagenase V, and DNase I (70). Next, density
enrichment is performed using Percoll or Ficoll-type media (70,80,84). These
methodological differences directly affect viability, marker detectability, and downstream

functional readouts.
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In the present study, the villous tissue was subjected to three sequential trypsin and DNase I
digestions with intermediate washing, followed by a final collagenase V and DNase I
digestion (3). This step is particularly important in term placentas, where the villi are more
compact and releasing the stromal cells is more difficult than in first trimester tissue (80,81).
The protocol was optimized by shortening the early enzymatic incubations while
maintaining adequate dissociation. Furthermore, the inclusion of DNase I throughout all
digestion steps was found to reduce clumping, lower viscosity, and improve filtration (3,80).
Additionally, the potential of cryopreservation as component of the optimization process
was assessed. However, reduced post-thaw viability and adherence limited its suitability for
reproducible downstream functional assays. Consequently, we advocate the use of fresh

isolates whenever feasible (3).

The process of digestion in isolation has been identified as a significant factor in the recovery
of HBCs and the induction of phenotype shifts during isolation. Trypsin has been observed
to reduce trophoblast-rich fractions, while collagenase has been shown to release stromal-
embedded HBCs, particularly at term (80,83). However, prolonged enzymatic exposure has
been associated with reduced viability and altered marker detectability (146). In some cases,
older protocols include dispase to loosen the matrix; however, this can introduce variability
in epitope preservation (83,146). Of note, the application of warm enzymatic digestion
increased TNFa, IL1B, IL10, and HSP70 while reducing CD163 in placental macrophage
preparations compared with cold mechanical dissociation (82). These shifts should be
interpreted with caution as they may reflect digestion-induced effects and early culture
adaptation (70,82). However, the present study found that HBC polarization remained stable

and aligned with in sifu marker expression in placental tissue (66,68).

Density enrichment is another key source of variability. Percoll has been demonstrated to be
particularly effective in the complex term placental digest where layered gradients enable
effective separation of debris, trophoblast-rich fractions, stromal cells, and immune cells
(70). Ficoll-type media, including Histopaque and Pancoll, enrich the mononuclear fraction
by density; however, this separation is less selective in term villous digests and typically
require stricter downstream purification (82—84). Following density enrichment, purification
can be achieved through either magnetic immunopurification or FACS sorting. It has been
demonstrated that magnetic bead-based approaches, including CD14 enrichment or

EGFR/CD10 negative depletion, are more straightforward to scale up large term digests and
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generally provide enhanced absolute macrophage recovery (70,147). In the context of
functional studies, negative depletion was selected as the preferred approach, given the
potential of positive magnetic selection to alter the activation-sensitive profile of
macrophages through receptor ligation (147,148). In contrast, omission of immune selection
may lead to a higher number of undesired placental cells, (e.g., fibroblasts) (84).
Alternatively, cell sorting by FACS offers stronger phenotypic resolution, stricter
contaminant exclusion, and potential maternal-fetal discrimination (80). However, final
recovery rate for the cells of interest is lower due to pre-enrichment losses, strict gating,
viability and doublet exclusion, and longer processing times in large, debris-rich term digests

(71,80).

Another significant source of protocol inconsistency is the selection of markers for either
FACS sorting or immunopurification. While CD68 has been considered as a useful in
immunohistochemistry and immunocytochemistry, it has been demonstrated to be
insufficient for flow cytometric purity claims in placental digests when used alone, since it
can be detected in CT and placental fibroblasts, too (58,70,84). In term HBC, CD163 is
widely recognized as the most informative marker (84). However, interpretation of the
staining requires caution since surface staining measures only membrane bound CD163,
whereas intracellular staining reflects total CD163. Of note, the enzymatic digestion process
during HBC isolation may temporarily reduce CD163 surface detectability without
necessarily reducing overall expression (70). Studies often use CD45 and CD14; although,
these markers are only effective for the enrichment of leukocytes and myeloid cells (80,147).
Importantly to note that neither marker is HBC-specific, which limits the use of CD14-based
term protocols when the fetal origin cannot be verified independently (71,81). This is
particularly pronounced in first trimester placental digests, where maternal macrophages can
constitute a substantial proportion of CD14-positive cells (80). Consequently, studies
conducted during the first trimester frequently employ a combination of FACS sorting of
CDA45"CD14'FOLR2" cells with fetal origin detection based on HLA class I allotypes and
the HLA-DR phenotype of HBCs (64,71,80). In the event of a maternal-fetal HLA mismatch,
the HLA allotypes facilitates the direct separation of the fetal and maternal cells (80). In the
absence of an informative mismatch, the presence of HLA-DR negativity has been
demonstrated to support the identification of HBCs (64). However, at term, this approach is
less reliable because some HBC subsets express HLA-DR (64,149). Importantly, it is only
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possible to undertake a HLA-based separation if the mother and fetus exhibit different HLA
allotypes (80). Term protocols therefore primarily rely on rigorous trimming and removal of
the decidual membrane before digestion to minimize contamination from decidual
macrophages (3,70). Independent confirmation of fetal origin is preferable for term HBCs,

for example, through sex chromosome assays or genotype-based approaches (58,63,70,150).

A further critical step in the isolation protocol is the identification and exclusion of other not
desired placental cell populations. CK7 has been shown to facilitate the exclusion of
trophoblasts, while aSMA and CD90 have been demonstrated to enhance the detection of
stromal, perivascular, and fibroblast-like contaminants, a process that is particularly
significant in term villous digests (3,58,70,84). In the present study, we implemented a rapid
flow cytometry quality-control panel including vimentin, CD163, aSMA, and CD90 was
implemented to assess contamination by mesenchymal cells, smooth muscle cells, and
fibroblasts (3). CK7 was not included in the initial panel, which is a limitation; however,
trophoblast exclusion was assessed by immunocytochemistry as shown in our earlier work
(67). Orthogonal immunocytochemistry remains a valuable method since it independently

confirms cell composition.

In addition to isolation and contamination control, we introduced a rapid polarization readout
as an early screening step. Although full polarization assessment requires integrated mRNA,
protein, secretory, and functional analyses, intracellular regulatory markers such as IRF4 and
IRF5 may provide a useful early indication of polarization status (35). This is particularly
relevant for HBCs, which often display mixed polarization phenotypes with concurrent pro-
inflammatory and anti-inflammatory characteristics (68). For example, IRF5 has been linked
to an inflammatory macrophage programming, whereas IRF4 is associated with alternative
polarization (52,54,151,152). Intracellular flow cytometry is recommended to apply in
cultured HBCs, as surface-marker interpretation is influenced by enzyme exposure and
short-term adaptation (70). In this protocol, the authors identified CD163-positive HBCs,
subsequently assessing IRF4 and IRFS5 alongside pro-inflammatory markers (CD80 and
CD40) and alternative polarization markers (CD206 and CD209) (3). This approach
enhances the resolution of the dominant polarization program within each sample in a timely

manner.
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Differential Hofbauer cell polarization in early- and late-onset

preeclampsia

There is already good evidence that HBCs contribute to the maintenance of placental
physiology by ensuring homeostasis, sustaining a tolerogenic immune environment, and
promoting the resolution of inflammation (26). The functional diversity of these cells relies
on their high plasticity, which enables them to rapidly adopt to a variety of polarization
patterns in response to microenvironmental cues (33,40). In PE, the villous niche is exposed
to a complex series of alterations, including immune activation, trophoblast stress and
shedding, endothelial dysfunction, and stromal remodeling associated with hypoxia and
oxidative stress (116,153—155). PE cases were stratified into two categories namely, early-
(EO-) and late-onset (LO-) PE, due to the evidence that dominant placental cues vary across
subtypes, (156,157). The prevailing hypothesis suggests that EO-PE is more closely
associated with impaired placentation, malperfusion, hypoxia-linked stress, oxidative injury,
and placenta-centered inflammatory signaling (157). In contrast, LO-PE is more strongly
influenced by maternal cardiovascular and metabolic susceptibility, as well as systemic
endothelial dysfunction (156). Onset stratification was mechanistically necessary, since
subtype-specific alterations in the local villous milieu may redirect HBC polarization and
thereby contribute to placental dysfunction (157,158). Consistent with this, it has been
shown that EO-PE placentas more frequently exhibit reduced placental size, impaired villous
vascular development, and reduced perfusion. These characteristics may bias isolation-based

in vitro readouts (158,159).

Accordingly, the first part of this thesis focused on establishing a robust HBC isolation
protocol for PE placental tissue that facilitates regulated phenotypic and functional profiling
(3). This study confirmed that the workflow yielded PE HBC preparations with sufficient
purity and recovery as well (1,3). This approach ensures that any downstream differences
can be interpreted as being of biological origin, rather than being driven factors such as

recovery bias, contamination, or variability in tissue quality.

Due to the altered inflammatory environment of the villous stroma in PE, the initial
assessment focused on determining whether the abundance of HBCs in villous tissue was
altered. The accuracy of quantification depends on the selection of appropriate markers, as

inflammation and tissue disruption may alter cellular composition and reduce the reliability

29
Monika HORVAT MERCNIK, Dissertation



Discussion

of some markers (35). CD68, CD14, and CD163 are commonly used to identify HBCs;
however, CD68 and CD14 lack of specificity for HBCs (160). Inconsistent reports are likely
to reflect differences in marker panels, which capture distinct macrophage populations and
therefore yield divergent readouts. CD163 has been stated as a reliable and informative
marker of HBCs under inflammatory placental pathology (1,3,68), consistent with the
findings of our isolation data, which showed a predominant CD163-positive HBC fraction
(3). Accordingly, HBC abundance was quantified using CD163 immunohistochemistry and
directly correlated with isolation yield (1). The results indicate a decline in both measures
within the EO-PE and LO-PE groups, suggesting a reduction in HBC abundance rather than
an isolation effect (3). In line, Tang et al. reported reduced CD163-positive HBC numbers
in PE (70,73), while Broekhuizen et al., using combined CD68 and CD163 staining,
observed reduced abundance in EO-PE but no change in LO-PE (118). Notably,
transcriptomic-based approaches including methylation-based deconvolution and single-cell
or spatial datasets also support the observation that reduced HBC abundance and
compositional shifts in PE are observed (113,161-165). A reduction in HBC abundance has
been described to have functional consequences like the promotion of inflammation, the
limitation of efferocytosis and debris clearance, as well as the reduction of macrophage-
derived regulation of cytokine expression and matrix remodeling (160). Since HBCs are
involved in the role of established paracrine signaling with trophoblasts and fetoplacental
endothelial cells, a decrease in HBC content could potentially disrupt these intercellular

cues, thereby influencing trophoblast behavior and endothelial phenotype (67,133).

Transcriptomic profiling has shown that HBC polarization is heterogeneous and cannot be
adequately described by a single marker or an oversimplified M1/M2 dichotomy (58,162).
Therefore, rather than employing a single marker, an array of readouts was utilized to assess
polarization, integrating polarization markers and cytokine secretion with measures of
arginine metabolism, inflammatory versus regulatory transcriptional programs, antioxidant

capacity, and redox control (1,35).

EO-PE HBCs exhibited concurrent inflammatory activation while maintaining anti-
inflammatory and tissue remodeling programs. Surface profiling revealed increased pro-
inflammatory activation, evidenced by higher levels of CD86, TLR-4, and HLA-DR. This
finding was supported by trends indicating increased levels of CD11b, CD11¢, CD40, CDS8O0,

and TLR-1. However, the activation profile was not uniform across the TLR- axis. Despite
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increased expression of TLR-4 and TLR-1, TLR-2 levels were decreased, indicating
modulation of TLR activation rather than a global increase in TLR expression (1). IRF5
increased with reduced IRF4, consistent with pro-inflammatory transcriptional
programming (1,166,167). Furthermore, the increased expression of NFKBI and TNFA,
together with NOS2 induction, supports a shift toward an M1-like inflammatory program
(1,35). This finding is consistent with the activation of a TLR-4—-NF-«kB axis (168).

Nevertheless, a complete transition to an M1-like state was not achieved by EO-PE HBCs.
The levels of ARGI and TGFBI increased, accompanied by elevated TGF- secretion, and
upward trends in IL-4 and IL-10. These results are consistent with the persistence of
regulatory and repair-associated programs (1). The equilibrium between M 1-like activation
and M2-like regulation in EO-PE HBCs is further influenced by two molecular switches.
The first is the IRF5-IRF4 axis, which has been demonstrated to affect transcriptional
programming and in EO-PE HBCs has shown to favour inflammatory IRF5 (1,166,167). The
second is the INOS—ARG] axis, which reflects competing arginine metabolic pathways that
support inflammatory activity versus metabolism associated with repair (46,47). In classical
alternative activation, IRF4 and ARG1 have been shown to dominate and suppress TLR-4-
driven inflammation (46,169). In this particular situation, however, inflammatory and
regulatory modules coexist, suggesting partial counter-regulation rather than polarization to
one extreme (1). The co-induction of NOS2 and ARG points to the presence of competition
within the L-arginine axis (43). Meanwhile, reduced CAT and SOD levels signify diminished
antioxidant activity, which may sustain ROS-mediated signaling and limit effective

resolution of inflammation (170).

This EO-PE pattern is consistent with reports linking severe or early disease to reduced HBC
abundance or attenuation of M2-associated features, in conjunction with stronger pro-
inflammatory polarization, including reduced CD163, FR-f, CD209/DC-SIGN, and IL-10,
as observed in multiple studies (72,73,171). However, a significant number of these analyses
fail to stratify EO-PE and LO-PE, and they also do not include gestational age-matched
controls. This is likely to be a contribution factor to the inconsistent findings across studies
(72). Single-cell and spatial transcriptomic studies have also reported a shift in EO-PE HBC
composition. This is characterized by a decrease of in the number of HBC populations,
which are enriched for oxygen-stress response genes and programs linked to stromal and

vascular interaction (113).
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Overall, EO-PE HBCs have been shown to activate an inflammatory program associated
with TLR-4-NF-kB, yet they also retain regulatory and repair-associated outputs that prevent
a complete M1-like shift (1). Furthermore, transcriptomics supports the hypothesis of a
compositional shift with reduced representation of HBC populations linked to oxygen-stress
responses and stromal or vascular interaction programs. This finding is consistent with the
concept of impaired adaptation under conditions of hypoxia and oxidative stress, as well as

a bias towards inflammatory activation over resolution (1,99,113,172,173).

The present study demonstrated that LO-PE HBC polarization differed from both controls
and EO-PE, and that it was most accurately described as M2-like with a defined pro-
inflammatory activation. This result was corroborated by elevated levels IRF4 and ARG, as
along with lower levels of NOS2 and IRF5 (1). Together with increased secretion of TGF-f,
IL-4, and IL-13, these results argue against an M1 switch (1,35). The increased TNF-q,
reduced CD209/DC-SIGN, and reduced CAT and SOD were evident, consistent with
oxidative stress that can sustain inflammatory signaling within an immunoregulatory
program (1). This pattern is consistent with observations in term HBCs, in which TNF-a can
increase alongside IL-10-associated regulation. This supports a balanced pro-inflammatory
activation state rather than a M1 switch (20,60). In accordance with this, spatial
transcriptomics has reported the enrichment of TNF-o and NF-xB-linked pathways in LO-
PE-associated macrophages, which is consistent with the increased TNF-a detected in our
secretome (113,162). Integrated spatial and transcriptomic analyses further differentiate LO-
PE from EO-PE by associating LO-PE signatures with interferon-related signaling and
mitochondrial stress, whereas EO-PE signatures are more strongly linked to hypoxia-
associated programs and broader phenotype shifts (113). Together, these data suggest that
LO-PE and EO-PE drive distinct HBC activation patterns rather than a single, shared PE
macrophage phenotype.

Decoding the link between Hofbauer cell polarization and TGF-§

superfamily signaling

Macrophage plasticity facilitates the coordinated transition from inflammatory control to
resolution (37,174,175). This transition includes the downregulation of inflammatory
signaling, the clearance of apoptotic and necrotic material, and subsequent tissue repair

through regulated extracellular matrix turnover and pro-angiogenic support (175,176).
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Within the placental villous stroma, phagocytosis is a fundamental HBC function, where
both term and first-trimester HBCs demonstrate substantial clearance capacity in vitro
(1,3,70,71,177). In cases of PE, impaired placental perfusion has been demonstrated to
induce oxidative injury and cell death within the villi (178-181). This may lead to an
increased local burden of apoptotic material and inflammatory debris, thereby elevating the
demand for clearance by macrophages. This in turn, places HBC function at the center of
stromal homeostasis (76,182—185). The expression of Fcy receptors (CD64, CD32, and
CD16) by HBC enables Fc-mediated uptake of Ig-opsonized targets and immune complexes,
as well as phagocytosis of debris (71,81). In the field of PE, the presence of elevated
circulating immune complexes, higher complement activation, and increased placental
complement deposition has been reported. These findings provide evidence to support the
hypothesis of an increased burden of opsonized material that can enter stromal clearance
pathways, (186—189). CD74, a required component in the process of for MHC II antigen
processing, has been reported to be reduced in PE HBCs. This reduction has been linked to
a more pro-inflammatory phenotype, suggesting that CD74 uptake may favor clearance-
associated activation over efficient antigen processing (189). In accordance with an
increased clearance demand, it was observed that phagocytic activity increased in both EO-
and LO-PE, reaching statistical significance in the latter (1). The most relevant substrates
for HBC clearance in situ are apoptotic cells and trophoblast-derived debris; thus, enhanced
phagocytic capacity is expected to support efferocytosis-associated resolution programs
(183). Similarly, the presence of stable IL-10, together with elevated TGF-B has been
observed to facilitate immunoregulatory and repair processes, in addition to active clearance
(1). The observation that CD209/DC-SIGN levels are reduced indicates that this particular
tolerogenic module is attenuated. Increased TGF-f, as well as TNF-o or NF-kB-linked
signatures, indicate that inflammatory activation persists within an otherwise
immunoregulatory program rather than reflecting a full conversion to an M1-like state

(1,113).

In the presented review article, the TGF- superfamily is summarized in relation to
regulation of placental development and function from the first trimester to term, with
particular reference to its effects on the trophoblast, feto-placental endothelium, and immune
compartments (2). Dysregulation of this pathway has been linked to PE (2,122). TGF-p has

been identified as a marker of an immunoregulatory program, and furthermore, it functions
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as a regulator that modifies the balance between IRF5- and NOS2-driven inflammatory
activation and IRF4- and ARG [-associated regulatory and repair pathways (54,190,191). In
various models of macrophages, TGF- has been observed to induce an M2-like polarization
shift through the actions of SNAIL, a process, which has been linked to depend on SMAD2/3
and PI3K/AKT signaling (190,192,193). Conversely, the inhibition of the TGFB—SNAIL
axis has been found to restore pro-inflammatory cytokine production (193). Concurrently,
TGFp-1 limits inflammatory activation by suppressing STAT1 signaling and reducing iNOS
protein stability (190). SMAD3 has been demonstrated to contribute to this inhibitory effect
and has been associated with reduced expression of M1-related genes, including iNOS and
MMP12, in LPS-stimulated macrophages (192). In LO-PE, higher IRF4 and ARG, together
with lower IRF5 and NOS2, are compatible with stronger TGFp-driven immune regulation;
NOS?2 remains low despite ongoing inflammatory activation (1). In the context of EO-PE,
an upregulation of 7TGFB1 and TGF- secretion has been observed corroborated with the
induction of IRF5 and NOS2 induction. These findings indicate that inflammatory signaling
persists despite elevated TGF- availability (1,2). This phenomenon may be attributed to the
predominance of inflammatory pathways or a reduction in downstream TGF-f signaling
output. However, the study's design did not permit the quantification of the output of the
canonical TGF-B pathway in HBCs at the protein and mRNA level. Thus, the relationship
between increased TGF- availability and the regulation of iNOS and polarization programs

cannot be assessed directly.

The process of matrix remodeling driven by HBCs is a function that is tightly linked to their
polarization phenotype. Pro-inflammatory cytokines, such as TNF-a, IL1f, and IL6, have
been shown to induce gelatinase expression and activity (194-196), while programs
associated with repair have been observed to converge on TGF-f signaling to coordinate
extracellular matrix (ECM) turnover and stromal organization (127,197-199). In this
process, a key determinant of proteolytic activity is the inhibition of matrix
metalloproteinases (MMPs) by tissue inhibitors of metalloproteinases (TIMPs), particularly
TIMP1 and TIMP2 (198,200). By constraining MMP activity, including MMP9-driven
gelatinolysis, TIMPs limit the magnitude and distribution of matrix degradation, thereby
supporting regulated ECM turnover (198,199,201). Consistent with the findings of our
study, numerous reports have been characterized PE as a protease-leaning environment, most

commonly reported as increased MMP9 together with reduced TIMP1 and/or TIMP2
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(1,202-204). Consequently, an imbalance in the MMP9-to-TIMP ratio has been shown to
increase gelatinolytic activity, thereby leading to the destabilization of basement membranes
and stromal scaffolds, and consequently affecting villous microarchitecture (194,205,206).
In parallel, enhanced proteolysis can increase the release and activation of ECM-sequestered
mediators, including latent TGF-§ and VEGF family ligands (207-210). Increased MMP9
levels was identified in both PE subtypes, accompanied by elevated gelatinolytic activity
that was significant in EO-PE and trending in LO-PE. These results support the active
contribution of HBCs to stromal remodeling (1,2,205). This finding is consistent with
increased TGF-f in both subtypes, thereby, linking immune programs to matrix remodeling
and ECM production (195,196). Mechanistically, MMP9 has been shown to activate latent
TGF-B complexes, and TGF-f has been demonstrated to reinforce MMP9 expression in turn,
thus supporting a remodeling feedback circuit (195,209,211-213). MMP9 has been found to
be associated with programs of macrophage remodeling that extend beyond matrix
degradation (42,214,215). By altering the stromal niche and promoting the protease-
mediated activation of latent TGF3, MMP9 increases the local bioactivity of TGFp, which
acts on neighboring trophoblast and endothelial cells (2,130,205,216). This process
establishes a correlation between the remodeling activity of macrophages and the
organization of stromal tissue, in addition to vascular homeostasis (2). In the context of EO-
PE, this finding is consistent with the observation of heightened inflammatory activation and
elevated gelatinolysis within a more inflammatory milieu. In LO-PE, this pattern is

associated with a more regulatory profile and comparatively less pronounced proteolysis (1).

HBCs have been found to reside in close proximity to trophoblasts and fetoplacental
endothelial cells (67). In a healthy placenta, it has been demonstrated that they support
villous vascular development by secreting pro-angiogenic mediators, while influencing
trophoblast and endothelial function (67,133). During the early stages of gestation, the
mechanisms of EVT invasion and spiral artery remodeling are subject to regulation by TGF-
B superfamily signaling and matrix remodeling systems. These systems control extracellular
matrix turnover and local ligand availability (2). First-trimester HBCs have been shown to
contribute to this developmental environment by secreting pro-remodeling mediators, such
as MMP9 and osteopontin, as well as immunoregulatory ligands, including TGF-f (64,71).
Impaired early placentation and inadequate EVT invasion are the hallmarks of PE, which

consequently results in incomplete spiral artery remodeling, thereby reducing uteroplacental
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perfusion (91,217,218). Altered TGF-f3 superfamily signaling has been linked to these
processes (2,137,219). Interestingly, HBCs have been identified as a significant source of
BMP2 in PE, and there has been observed increase in BMP2 abundance and epigenetic
signatures consistent with increased BMP2 expression (134,220,221). In terms of
functionality, HBC-derived BMP2 has been shown to enhance trophoblast invasion and
promote endovascular-like behavior via BMPRIA and downstream SMAD2/3—-SMAD4
signaling (134). This finding identifies the BMP2 axis as a potential compensatory response
that may reinforce invasion when trophoblast-driven vascular remodeling remains
superficial (134,220). At term, HBC-trophoblast paracrine communication shifts towards
regulating trophoblast endocrine and vasoactive outputs rather than invasion (26,133). It has
been demonstrated that HBC-conditioned medium modulates trophoblast secretion of hCGf
and hPL, and influences the release of vasoactive mediators, including endothelin-1,

angiotensin II, and prostanoids (133).

In the field of PE, impaired villous perfusion and endothelial stress have been described to
alter local oxygen availability and redox balance, reshape chemokine and growth factor
signaling, and increase cellular debris (155,185,222). These cues have been shown to
modulate HBC polarization, thereby modifying clearance activity and paracrine endothelial
support (1,2,67). Under physiological conditions, the maintenance of the endothelial
phenotype is found to be strongly influenced by TGF-f superfamily signaling (140,223) The
equilibrium between ALK1- and ALKS-driven programs is pivotal in coordinating the
processes of angiogenic activation and vessel maturation, with the interpretation of these
cues being modulated by endoglin (223,224). In PE cases, an increase of TGF-J3 availability
has been observed to coincide with an increase in maternal endoglin, including elevated
soluble endoglin (95,225,226). It has been demonstrated that this has the capacity to modify
the interpretation of TGF-J3 cues, by endothelial cells, thus contributing to the promotion of
endothelial dysfunction (95,140). Within the villous core, increased HBC-derived TGF-
contributes to the activated TGF-B—endoglin axis (2,227). Together with HBC-derived TNF-
a and IL-8, it has the capacity to influence endothelial activation and junctional stability
(1,154,228-230). TNF-a and IL-8 have been shown to amplify endothelial inflammatory
signaling and chemokine circuits, while concomitantly weakening junctional organization
(230,231). Conversely, increased TGF-f has been observed to promote remodeling-
associated shifts in endothelial phenotype, including altered ECM signaling and reduced
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homeostatic features (140,232). These alterations in cytokines indicate a potential
contribution of PE HBCs to endothelial dysfunction, despite the absence of changes in
conditioned-medium readouts, such as proliferation or NAD(P)H-linked metabolic activity,
remain unchanged (1,2,233). It is hypothesized that the paracrine effects of HBCs are more
likely to involve endothelial activation, barrier integrity, stress responses, and inflammatory
signaling than growth (1,233). Concurrently, the reduction of IL-17 in EO-PE and LO-PE,
along with decreased VEGFA and KDR, is consistent with the attenuation of an IL-17-
associated angiogenic and matrix-interacting program, as well as reduced pro-angiogenic
support (1,234,235). Together, these findings suggest that, in PE, the HBC-ECA paracrine
axis undergoes a shift towards inflammatory activation and remodeling rather than
endothelial homeostasis (1). Increased HBC-derived TGF-p, together with TNF-a and IL-8,
has been demonstrated to induce destabilization of junctional organization, thereby
amplifying endothelial activation programs, and skewing ECAs towards a dysfunction-

associated endothelial-to-mesenchymal transition (EndoMT)-like state (1,2).
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Conclusion

In this thesis, a combined concept integrating a robust HBC isolation workflow, onset-
resolved polarization profiling, and TGF-f superfamily signaling was followed. Together,
these components mechanistically link the villous placental microenvironment to HBC
functional states. In particular, a new validated methodological approach for isolating and
characterizing term HBCs with strong contaminant control and practical early polarization
readouts has been introduced. A key limitation is that a proportion of the phenotyping was
performed after short-term culture, which can affect marker detectability and cellular
phenotype during post-isolation recovery (3). Notably, the in vitro polarization profile was
concordant with the in situ marker expression (3,66,68), supporting the biological relevance
of the readouts. Nevertheless, future studies should include marker assessments immediately
after isolation and again ffollowing short-term culture to more precisely delineate isolation-
induced changes. In addition, routine verification of fetal origin—ideally via informative
HLA allotyping and, when needed, complementary methods—should be implemented to

strengthen conclusions specific to term HBCs.

Using this optimized and validated workflow, we demonstrated that EO-PE and LO-PE have
distinct HBC polarization and functional profiles. Despite a shared clinical syndrome, these
profiles are consistent with different underlying pathophysiological disease origins. EO-PE
exhibited a pronounced TLR-4-NF-«kB-associated pro-inflammatory program, while
immunoregulatory M2-associated features and MMP9-mediated tissue remodeling remained
active. In contrast, LO-PE exhibited a profile associated with ARG1 and IRF4, showing
selective inflammatory activation and enhanced phagocytosis. Both subtypes exhibited
phagocytosis and matrix remodeling associated with MMP9, while cytokine shifts, including
increased TGF-f, higher TNFa, and reduced IL-17, were consistent with altered TGF-3
pathway signaling and reduced VEGF-axis support (1). This combination may have reduced
the paracrine support provided to neighboring trophoblasts and fetoplacental endothelial
cells, resulting in local signaling that favors endothelial activation and remodeling rather
than homeostasis (67,133). A key strength of the present work is the stratification of PE by
clinical onset. Many studies still do not distinguish between EO-PE and LO-PE, which likely
contributes to divergent and sometimes conflicting macrophage readouts. This underscores

the need to consistently analyze EO-PE and LO-PE separately and to validate onset-
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dependent signatures in HBCs (39,73,79). Interpreting HBC polarization is challenging
since omics studies demonstrate that the HBC population is heterogeneous and comprises
multiple transcriptional subtypes (58,60,113,236,237). The relative representation of these
subtypes varies with gestational age and is influenced by fetal sex, maternal BMI, delivery
and labor methods, medication exposure, and comorbidities (58). These findings highlight
the need for prospective recruitment with tighter matching for these covariates, as well as
subtype-aware analyses using single-cell or spatial datasets, to distinguish subtype
redistribution from true phenotypic change (58,236). Since stratifying by EO-PE and LO-
PE reduces group size, sample size must be planned carefully to avoid loss of statistical
power. Fetal sex is an important modifier of HBC immunometabolism and efferocytosis
(60,238). Female HBCs show increased fatty acid uptake and lipid droplet accumulation,
while male HBCs show higher glucose uptake, ROS, and a more glycolysis-linked
inflammatory response (60,177,238). Therefore, fetal sex should be predefined as a stratifier
in future onset-resolved studies. Finally, future work should combine metabolic phenotyping
with functional assays that test how PE reshapes HBCs paracrine signaling within the
placental niche. This can be achieved using coculture systems with TNF-a and TGF-f
perturbations and endothelial readouts that report on direct dysfunction, including barrier

integrity, inflammatory activation, migration, and tube formation.

Nevertheless, significant knowledge gaps remain regarding HBC biology in PE. This reflects
a broader limitation across placental cell types, as analyses of TGF-B superfamily signaling
in the villous compartment has not been fully resolved at the cellular and subtype levels (2).
Specifically, the activity of TGF-f superfamily signaling in HBCs and its relationship to
polarization and functional outputs in EO-PE versus LO-PE remain poorly defined. Taken
together, these findings suggest that perturbed TGF-f3 superfamily signaling links placental
stress to trophoblast dysfunction, immune dysregulation, and endothelial pathology in PE.
Future studies that integrate subtype-resolved profiling with functional validation are
necessary to determine the role of HBC-specific TGF-P superfamily signaling in the onset
and progression of PE, as well as its contribution to placental adaptation across different

disease subtypes.
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Hofbauer cells (HBCs) are resident macrophages of the human placenta,
regulating immune tolerance and tissue homeostasis. HBCs of a normal placenta
(CTR) exhibit mainly an anti-inflammatory M2 phenotype. Under exaggerated
chronic inflammation during pregnancy, as in preeclampsia (PE), a phenotypic
switch towards M1 polarization has been proposed. PE, defined as maternally
derived syndrome can be distinguished into two different entities: early-onset (EO)
preeclampsia and late-onset (LO) preeclampsia. Although the clinical presenting
characteristics overlap, both can be identified by biochemical markers, heritability,
and different maternal and fetal outcomes. To date, no study has specifically
investigated polarization and phenotype of EO- and LO-PE HBCs and looked at
possible changes in HBC functionality. Primary HBCs were isolated from CTR and
PE placentae. First, in vitro morphological differences were observed between CTR
and PE HBCs, with both PE groups exhibiting features of M1 macrophages
alongside M2 forms. Interestingly, a different polarization pattern was observed
between EO- and LO-PE HBCs. EO-PE HBCs develop a tissue remodeling M2
phenotype that is strongly shifted toward M1 polarization and showed a significant
upregulation of CD86, TLR4, and HLA-DR. Furthermore, this pro-inflammatory
signature is corroborated by higher expression of IRF5 and of NOS2 (p < 0.05).
However, their M2 characteristics is reflected by significant TGF-p secretion and
ARG1 expression. In contrast, LO-PE HBCs developed a phagocytic CD209-low
M2 phenotype in which the M1 pattern was not as pronounced as they
downregulated the NOS2 gene, but expressed increased levels of pro-
inflammatory CD80 and TLR1 (p < 0.05). The enhanced phagocytosis and MMP-
9 secretion alongside the increased secretion of anti-inflammatory IL -4, IL -13 and
TGF-B in both EO- and LO-PE HBCs suggests their adaptive role and plasticity in
resolving inflammation and tissue homeostasis.

KEYWORDS

hofbauer cell, preeclampsia, polarization, early onset preeeclampsia, late onset
preeclampsia, inflammation, macrophage, human placenta
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1 Introduction

Preeclampsia is a maternally derived inflammatory syndrome,
affecting 4-5% of pregnancies worldwide. It is a leading cause of
preterm delivery and intrauterine growth restriction, mainly due to
the insufficient nutrient supply across the placenta and chronic
hypoxia exposure of the fetus (1, 2). PE is clinically defined as de
novo onset of hypertension (=140/90 mmHg) accompanied by one or
more of the following new-onset conditions: proteinuria,
thrombocytopenia, renal failure, impaired liver function, pulmonary
edema, neurological complications, or uteroplacental dysfunction,
occurring after 20 weeks of gestation (1-3). Depending on the time
of diagnosis, this syndrome can be divided into two subgroups,
namely before (early-onset, EO) or after (late-onset, LO) 34 weeks
of gestation (4-6). PE is a complex and heterogeneous disorder whose
pathophysiological mechanisms are still not fully understood (7). Of
note, different aetiology of EO- and LO-PE has been suggested.
Briefly, EO-PE is associated with placental dysfunction and is more
likely to affect the fetus (8, 9), whereas LO-PE is mediated by maternal
factors, therefore more favourable for successful fetal outcome (10).
The placenta in PE is characterized by profound morphological and
functional alterations (11), due to poor placentation and placental
ischemia (12, 13). In addition, placental dysfunction has been
associated with an imbalanced immune function, excessive
inflammation accompanied with increased production of pro-
inflammatory factors, and simultaneously a decrease in the number
of regulatory immune cells and anti-inflammatory cytokines, all
together contributing to the development and progress of PE (14-16).

Both the maternal and feto-placental immune system play a
crucial role in the development of pregnancy (16). Hence, in
contrast to normal pregnancy, where the immune systems
contribute to the maintenance of feto-maternal tolerance and
placental development, a pro-inflammatory environment leads to
excessive activation of innate immune cells and consequently to
placental dysfunction and/or poor maternal vascular adaptation
(16-19). Macrophages represent a diverse group of innate immune
cells, vital for the regulation of inflammation, tissue homeostasis, and
defence (20). Due to their remarkable plasticity that allows them fast
and direct response to the stimuli and to the adaptive capability of
their micro-environmental milieu (21), they are important key players
in the progression of pregnancy and could be involved in the
development and progression of PE (16, 19). Macrophages are keen
to develop a broad spectrum of phenotypes along the M1 and M2 axis,
which allows to divide the cells into defined classical M1 and M2
polarized groups (22, 23) The balance between the different
polarization states often plays an important role in the resolution or
progression of inflammation (24, 25). Their phenotypic heterogeneity
is also reflected in their effector functions. In general, Ml
macrophages are thought to be pro-inflammatory, while M2
macrophages limit inflammation and promote tissue repair,
angiogenesis and homeostasis (26, 27).

Hofbauer cells (HBCs) are placental macrophages residing from
day 18 after conception (28) in the chorionic villi of the human
placenta (29). In a normal pregnancy HBCs are M2 polarized (26, 30—
33) long spindled cells with large vacuoles (34). Due to their
phenotypic heterogeneity, HBCs fulfil a variety of functions (35). As
placental immune cells, they exhibit micro-biocidal activity (36, 37)
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and promote maternal tolerance towards the fetus (38). They are
known to engage in tight and specific interactions with surrounding
placental cells, therefore promoting trophoblast function (39, 40),
tissue remodeling (36) and angiogenesis (26, 36, 41, 42).
Perturbations in the homeostatic functions of HBCs are often
associated with inflammation (43-46) and infection (47). Despite
their crucial role in placental tissue, knowledge about the role of
HBCs in PE is still lacking. A deeper understanding of HBC function
offers the potential for therapeutical immune manipulation during
compromised pregnancies in relation to gestational age, which
determines both maternal and perinatal outcomes.

This study aimed to investigate polarization and phenotypic
differences of primary human HBCs isolated from normal and PE
placentae. In addition, we tested whether changes of the HBC
phenotype might be linked to altered functionality, specifically to
phagocytosis, tissue remodeling and the ability of macrophages to
activate feto-placental endothelial cells (fpEC). Further, as gestational
age has been identified as the most important clinical variable, we
hypothesized that stratification of PE (EO-PE vs LO-PE) may account
for the observed functional changes of HBCs within each group.
These findings, while somewhat preliminary (due to case numbers),
demonstrate that the inflammatory placental environment of EO-PE
alters the immunoregulatory phenotype of HBCs with an increased
pro-inflammatory M1 signature. Interestingly, LO-PE HBCs
remained M2 polarized cells, but with a different polarization
pattern as controls.

2 Materials and methods
2.1 Study population

In this study preeclampsia was defined according to the guidelines
of the American College of Obstetricians and Gynaecologists as
already mentioned above (1, 2). The institutional ethics committee
of the Medical University of Graz (29-319 ex 16/17) approved the
study. Subjects included in the study signed an informed consent
form before participation, the characteristics of which are shown in
the Table 1. Included placentae from singleton pregnancies were used
within 30 minutes of caesarean section or vaginal delivery. PE was
defined as a sustained blood pressure of 140/90 mm Hg or greater (on
two occasions at least 4 hours apart) occurring after 20 weeks of
gestation in a woman with previously normal blood pressure,
accompanied by one or more of the following new onset
conditions: proteinuria, thrombocytopenia, renal insufficiency,
impaired liver function, pulmonary edema, neurological
complications or uteroplacental dysfunction. Onset of PE was
defined as early (EO, delivered and detected before 34 weeks of
gestation) or late (LO, delivered and detected after 34 weeks of
gestation) (1). Placentae from normal pregnancies served as controls.

2.2 Isolation of HBCs

Primary HBCs were isolated according to a modified protocol as
described by Tang et al. (48). To avoid contamination with decidual
macrophages, the decidual membrane was removed before isolating
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TABLE 1 Subject characteristics of women and their offspring included in the study.

Age 294 +35 344 +3.6* 344 +40 t
BMI before pregnancy (kg/m2) 225+29 21.0 + 2.1 234+32
Week of gestation 387+ 15 342 £ 1.1 ¥ 377+ 1.1
Mode of the delivery SP 10/CS 12 CS8 SP 3/CS 3
Fetal sex 89 1438 49, 438 29,48
Umbilical cord blood

Arterial, pH 7.30 = 0.06 7.31 £0.03 7.25 +£0.09
Umbilical cord blood

Venous, pH 7.37 £ 0.06 7.36 £ 0.02 7.34 £0.05
Placental weight (g) 616.7 + 123.0 425.7 + 63.7 506.7 + 82.8
Birth weight (g) 3345 + 398 1996 + 404.7 ¥ 2955 + 288.9
Birth weight percentile 492 +212 24.0 + 18.7 ** 343 +11.3
Systolic blood pressure (mmHg) 115.1 + 6.9 162 + 12.104%¢ 153.2 + 20.9 t+11
Diastolic blood pressure (mmHg) 72.9 +10.2 94.3 + g0+ 103 + 13.3 +f1t
sFlt-1 [pg/mL] / 14472 + 5083 % 8257 + 2881
PIGF [pg/mL] / 66.2 + 24.3 81.6 + 13.02
sFlt-1/PIGF [pg/mL] / 248.7 + 118.1 105.5 £ 51.9
Platelets [109/L] 218.3 £ 63.1 221.9 +106.3 191.8 + 60.8
Uric acid [mg/dL] / 63+ 14 59+0.7
AST [U/L] / 21.0 + 63 212+ 42
ALT [U/L] / 174+ 5.6 12.7 + 4.8

BMI, body-mass index; SP, spontaneous delivery; CS, caesarean section; All data are shown as mean + SD. Statistical significance was assessed by one-way ANOVA with Tukey’s post-hoc test. If
normality testing failed, Kruskal-Wallis test with Dunn’s post-hoc test was used. When comparing two groups’ Students t-test was used. **p < 0.01, ***p < 0.001 and ****p < 0.0001; whereas *CTR
vs EO-PE. fp <0.05and t  f ¥p < 0.0001; whereas 1CTR vs LO-PE. # represents comparison between EO-PE vs LO-PE; whereas # p < 0.05.

HBCs. The villous tissue was dissected, washed in 0.4% saline solution
(Fresenius, Cat #C924228), and finely minced. Between 60 and 100 g
of the minced tissue was stored overnight at 4°C in 1 x phosphate
buffered saline (PBS, Medicado, Cat #09-9400-100). On the next day,
the tissue was digested with trypsin (0.25%, Sigma Aldrich,
Cat #T4549) and DNase I (0.08 mg/ml; Roche, Cat #10104159001),
followed by digestion with collagenase A (1 mg/ml; Roche,
Cat #10103586001) and DNase I (0.08 mg/ml, Roche,
Cat #10104159001). The cell suspension containing the HBCs was
applied to a Percoll gradient (20-40%, Sigma Aldrich, Cat #P4937)
and centrifuged unrestrained at 1000 g for 30 min. At this point, the
HBCs appearing as bands between 30 and 35% gradient layers were
aspirated and purified by negative selection using Dynabeads
(Invitrogen, Cat #11033) coated with antibodies against epithelial
growth factor receptor (EGFR, Santa Cruz, Cat #sc-120) and CD10
(Sigma Aldrich, Cat #SAB4700440). After immunopurification, cells
were seeded in macrophage medium (MaM, ScienCell, Cat #SC1921)
containing 5% FBS (ScienCell, Cat #SC1921), PenStrep (ScienCell,
Cat #SC1921) and macrophage growth supplements (ScienCell,
Cat #SC1921) at a cell density of 1x10° cells/ml. Cells were cultured
at 21% oxygen and 37°C. Quality control of the isolated HBCs was
performed on the fixed cells after 6 days by immunocytochemistry for
CD163 (Thermo Fischer Scientific, Cat #MA1-82342), CD90
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(Dianova, Cat # DIA100), CD80 (Abcam, Cat #ab86473), CD68
(Dako, Cat #GA613), CD86 (Abcam, Cat #ab270719), CD206
(Novus, Cat #H00004360), CD209 (R&D Systems, Cat #MAB1621),
and isotype control (Dako, Cat #X0931) as previously described by
Schliefsteiner et al. (31). Cell culture images were obtained using
brightfield microscope with a SC50 Olympus camera and
CellSens software.

2.3 Immunohistochemistry

Tissue sections were taken from four different areas of placenta
(reaching from chorionic plate to the decidual side and a central
region of the placental disk) and fixed overnight in 4% neutral
buffered paraformaldehyde solution. After paraffin embedding,
tissue sections with a thickness of 5um were mounted on glass
slides. The paraffin was then removed with xylene and rehydrated
in an ethanol dilution series. Antigen retrieval was performed using a
citrate buffer (Gatt, Cat #403139070) adjusted to pH 6.0. UltraVision
LP detection system (Thermo Fischer Scientific, Cat #TL125HL) was
used for histochemical immunostaining. Tissue was incubated with
Hydrogen Peroxide Block (Thermo Fischer Scientific, Cat #TL125HL)
for 15 minutes and washed in TBE buffer (Gatt, Cat #403211370),

frontiersin.org



Mercnik et al.

followed by a 5-minute incubation with Ultra V protein block
(Thermo Fischer Scientific, Cat #TL125HL). The primary antibody
isotype control (1:200, Dako, Cat #X0931) and CD163 (1:200,
Thermo Fischer Scientific, Cat #MA1-82342) were diluted in
antibody diluent (Agilent, Dako, Cat #S0809) and incubated
overnight at 4°C in a humidified chamber. After washing step,
primary antibody enhancer (Thermo Fischer Scientific,
Cat #TL125HL) was applied for 20 minutes. After another washing
step samples were incubated with Large HRP Polymer (Thermo
Fischer Scientific, Cat #TL125HL) solution for 30 minutes, followed
by intensive washing and incubation with AEC Chromogen Solution
(Abcam, Cat #64252) for 10 minutes. The tissue was counterstained
with Haematoxylin (Gatt-Koller Cat #401296170) for 1 minute and
mounted with embedding medium. Images were acquired using
CellSens Standard software and an Olympus BX53 light microscope
with an Olympus UC90 camera. Per slide, images of 5-10 different
areas were taken and quantified with Qupath software (49).

2.4 Fluorescence assisted cell sorting (FACS)

FACS was performed to quantify the cell populations expressing
M1 and M2 polarization markers of HBCs. On the fifth day after
isolation, cells were harvested using accutase (Thermo Fischer
Scientific, Cat #00-4555-56) and gentle scraping. Viability and
number of cells after scraping was determined using a CASY cell
counter model TT (Innovatis, Bielefeld). At least 1x10° viable cells per
tube were used for the experiment. Cells were resuspended in 3% FCS
- HBSS solution for 10 min at room temperature to block Fc-receptors
and reduce non-specific binding. For surface staining, cells were
incubated with a fluorochrome-conjugated antibody in the amount
indicated in the Supplementary Table 1 for 20 minutes at 4°C in the
dark. Cells were washed with staining buffer [PBS containing 0.1%
BSA (Sigma Aldrich, Cat #A2153) and 2mM EDTA (Thermo Fischer
Scientific, Cat #15575020)], centrifuged at 300 g for 5 minutes and
resuspended in 200 pL staining buffer. For detection of surface
molecules, a minimum of 10000 live events per sample were
counted. In order to identify expression of surface markers, cells
were separated by size using forward and size scatter (FSC and SSC,
respectively), followed by doublet discrimination. In the next step,
cells were discriminated into live and dead cells using the 7-AAD dye
(BD Biosciences, Cat #559925) by plotting it against the SSC area. In
the fourth step cells were plotted for the respective marker against the
SSC area. For staining of intracellular molecules, cells were fixed and
permeabilized with BD Cytofix/Cytoperm kit (BD Biosciences,
Cat #554714). Staining was performed according to the
manufacturer’s instructions. A minimum of 10000 events per
sample were counted. To investigate the expression of intracellular
polarization markers cells were separated by size using forward and
size scatter (FSC and SSC, respectively), followed by doublet
discrimination and gating against SSC-area and respective marker.
The same gating strategy was employed on CTR and PE
macrophages. Surface molecules were compensated by individual
staining on OneComp eBeadsTM Compensation Beads (Thermo
Fischer Scientific, Cat #01-1111-42). Isotype controls corresponding
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to each fluorochrome in the experiment were used to detect non-
specific positive signals. Antibodies used for FACS analysis and their
corresponding dilutions are listed in the Supplementary Table 1. Cell
sorting was performed using a CytoFLEX flow cytometer (Beckman
Coulter, Brea, CA, USA) and analysed with FlowJoTM v10.8 software
for gate setting and data analysis.

2.5 Multiplex ELISA-on-bead Assay

Inflammation 20-Plex Human ProcartaPlex  Panel (Invitrogen,
Thermo Fischer Scientific, Cat #EPX200-12185-901) was used to
quantify the secretion of pro- and anti-inflammatory molecules.
Human TIMP Magnetic Luminex Performance Assay 4- Plex Kit
(R&D Systems, Cat #LKTMO003) was used to analyse TIMP secretion.
HBCs were cultured in MaM for 5-6 days before supernatants were
collected and centrifuged at 4000 rpm, 4°C for 15 minutes. MaM
medium processed under the same conditions as the samples served
as a blank. Multiplex assays were performed according to the
manufacturer’s instructions. Cytokines reaching the detection limits
were normalized to total protein content in the supernatant using the
Pierce BCA kit (Thermo Fischer Scientific, Cat #23225).

2.6 Enzyme- linked immunosorbent
assay (ELISA)

TGF-beta 1 Quantikine ELISA kit for human/mouse/rat/porcine/
rabbit (R&D Systems, Cat #DB100B) was used for the detection of
TGF-B1. Next, to quantify secretion of IL-8, human IL -8/CXCL8
Quantikine ELISA kit (R&D Systems, Cat #D8000C) was used. Both
ELISA kits were performed according to the manufacturers’
instructions. To quantify the amount of secreted TGF-$1 and IL-8,
cells were cultured in MaM for 5-6 days before collection of the
supernatants. MaM medium processed under the same conditions as
the samples, but without cells served as a blank. Cytokine levels were
normalized to the total protein content in the supernatant measured
with the Pierce BCA kit (Thermo Fischer Scientific, Cat #23225), in

order to account for deviating volume concentrations.

2.7 Quantitative Real-Time PCR (RT-qPCR)

HBCs were washed twice with ice cold Hanks’ salt balanced solution
(HBSS, Thermo Fischer Scientific, Cat #14175-053) and harvested in 700
uL QIazol Lysis Reagent (Quiagen, Cat #79306). Total RNA content was
isolated using miRNeasy Mini Kit (Quiagen, Cat #217004). Reverse
transcription was performed using 1 ug of RNA and Luna Script RT
SuperMix Kit (New England BioLabs, Cat #M3010). For gPCR analysis,
SYBR Green Luna Universal gPCR Master Mix (New England BioLabs,
Cat #M3003) and CFX-384 Touch Real time PCR detection system (Bio-
Rad) were used. Expression of target genes was normalized to the
following housekeeping genes (18S, RPL30 and HPRT) using 2/ (“4<")
method. Primer sequences used for qPCR analysis are listed in the
Supplementary Table 2.
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2.8 Phagocytosis assay measured with FACS

Phagocytosis Assay Kit (Abcam, Cat #ab234053) was used
according to the manufacturer’s instructions. For detection of
phagocytic activity 1 x 10° cells/ml were used. On the fifth day post
isolation HBCs were treated with zymosan slurry and incubated for 3
hours at 21% oxygen and 37°C. After washing steps, cells were
detached using accutase (Thermo Fischer Scientific, Cat #00-4555-
56) and careful scraping, followed by a washing step with staining
buffer containing PBS with 0.1% BSA (Sigma Aldrich, Cat #A2153)
and 2mM EDTA (Thermo Fischer Scientific, Cat #15575020).
Afterwards measurements were performed in the FITC channel.
Untreated cells served as controls. Cells were separated by size
using FSC-A and SSC-A, followed by doublet discrimination gating
the area and height of FSC. Lastly, the FITC fluorescent signal was
determined using histograms. Cell sorting was performed on a
CytoFLEX flow cytometer (Beckman Coulter, Brea, CA, USA) using
FlowJoTM v10.8software for gate setting and data analysis.

2.9 Phagocytosis assay with high-content
confocal screening microscope

Phagocytosis Assay Kit (Abcam, Cat #ab234053) was used
according to the manufacturer’s instructions. HBCs were seeded at
the density of 0.5 x 10° cells/ml in 24-well black/clear bottom plates. 5
uL of zymosan slurry was added to the cells and incubated at 21%
oxygen and 37°C for 3 hours, followed by a washing step. Next, cells
were fixed in a plate containing 4% neutral buffered
paraformaldehyde solution, followed by an intensive wash step with
TBE buffer containing 1x TBE and 0.1% Tween (Thermo Fischer
Scientific, Cat #003005). HBCs were incubated with Protein Block
(Thermo Fischer Scientific, Cat #TL125HL) for 20 minutes. Cells were
then counterstained with CD163 (1:100, Thermo Fischer Scientific,
Cat #MA1-82342), diluted to working concentration in Antibody
diluent (Agilent, Dako, Cat #S0809) and incubated overnight at 4°C.
After serial washing steps, the plate was incubated with the secondary
antibody Dylight633 (goat versus mouse 1:200, Thermo Fischer
Scientific, Cat #35512) for 2 h at room temperature. To stain the
nuclei, the plate was counterstained with DAPI (1:1000, Sigma
Aldrich, Cat #D9542) diluted in antibody diluent for 10 min. After
intensive washing, 300 pL of PBS was added to each well and stored at
4°C. Image acquisition was performed using a Nikon microscope with
the Zyla sSCMON camera. All statistical analysis was carried out on 25
different locations per well using 20x magnification. For better
visualization of phagocytosis shown images in the Figures 4C-E
were taken with 40x magnification. The number of FITC labelled
beads was counted within the cells positive for CD163 and DAPI
staining using Nis Elements viewer version 5.20.01 software. Cell
surface area was measured using the measuring tool provided within
the software.

2.10 Gelatin zymography

HBCs supernatants were collected on the fifth day post isolation.
The supernatants were centrifuged at 4000 rpm for 15 minutes at 4°C.
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Total protein concentration was determined using Pierce BCA kit
(Thermo Fischer Scientific, Cat #23225) according to the
manufacturer’s guidelines. A total of 15 pg of protein sample was
diluted with Tris-Glycine SDS sample buffer (Thermo Fisher
Scientific, Cat # LC2676) and loaded onto 10% Tris-Glycine
gels containing 0.1% gelatin (Thermo Fisher Scientific,
Cat #2Y00105BOX) and separated for 135 min at 125 V, 35 mA.
After electrophoresis, the gels were incubated in 1x Zymogram
Renaturating buffer (Thermo Fisher Scientific, Cat #LC2670) at
room temperature with gentle agitation. Followed by 30 minutes
incubation with 1x Zymogram developing buffer (Thermo Fisher
Scientific, Cat #LC2671). Fresh developing buffer was added and the
gels were stored overnight at 37°C. Next day, gels were stained with
Coomassie Brilliant Blue (Sigma Aldrich, Cat #1.15444) for 50
minutes and decolorized in 50% distilled water (Fresenius,
Cat #C920928): 40% methanol (Sigma Aldrich, Cat #322415): 10%
acetic acid (Roth, Cat #3738.5) solution for 10 minutes. Protease
activity appearing as a clear band on the dark background was
visualized with the ChemiDoc " Touch Imaging System (Bio-Rad).
Band densitometry was determined using Image Lab Software
Version 6.1 (Bio-Rad).

2.11 Statistical analysis

SPSS (IBM SPSS Statistics version 26) was used for statistical
calculations. Next, graphs were generated using Graph Pad Prism
9.3.1 software (GraphPad Software Inc.). To test normal distribution
Shapiro-Wilk test was used. Skewed data were transformed using
natural logarithm (In) before applied to statistical analysis and re-
transformed for the graphical presentation. To assess statistical
significance of the patient characteristics (Table 1) one-way
ANOVA with Tukey’s post-hoc test was used. If normality testing
failed, Kruskal-Wallis test with Dunn’s post-hoc test was performed.
Next, to compare differences between three groups (CTR; EO-PE and
LO-PE) ANCOVA with adjustment for gestational age and Sidak’s
post-hoc test was used. Equal variances of variables were verified by
Levene’s test. When comparing the effect of HBCs conditioned
medium on fpECs without adjustment for gestational age
(Supplementary Figure 5) two-way ANOVA with Sidak’s post-hoc
test was used. All values are given as mean + S.E.M. p-values < 0.05
were considered statistically significant.

3 Results

3.1 The number and morphology
of HBCs is affected by PE

The characteristics of the study population are shown in Table 1.
Women who developed early (EO, n=8) and late onset (LO, n=6) PE
were included in this pilot study. Advanced maternal age, high pre-
pregnancy BMI, nulliparity, gestational diabetes, chronic
hypertension are some of the risk factors for the development of PE
(1). Women in PE groups were significantly older as those in CTR
group and their pre-pregnancy BMI ranged from 19.6 to 25.4 kg/m2.
As expected, systolic and diastolic blood pressure levels differed
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significantly between the CTR and PE groups. Gestational age of EO-
PE group was significantly lower than of CTR and LO-PE group.
Consequently, early gestational age of the EO-PE group is directly
related to placental- and fetal weight, both of which were significantly
lower than in CTRs. Since development of the placenta depends on
gestational age (50), we adjusted the (normally distributed) data for
that respective factor. We found a significant difference in the levels of
sFlt between EO- and LO-PE group, while there were no significant
differences between other clinical parameters (PIGF, platelets, uric
acid, AST and ALT).

To study polarization, we first examined the distribution and
number of HBCs in placental tissue using immunohistochemistry
approach. Since HBCs have been shown to be strongly positive for
CD163, we stained 5 pm serial sections of CTR (n=5), EO-PE (n=6)
and LO-PE (n=6) placental tissue, mouse IgG served as a negative
control. CD163 is used as a marker used for placenta resident
macrophages, and if combined with other markers (e.g. Folate
receptor-f3, CD206, CD209) is often associated with M2
polarization (26, 30, 31, 51). HBCs positive for CD163 were found
in the villous stroma, moreover in stem, intermediate and terminal
villi of CTR, EO- and LO- PE placentae (Figure 1A). Furthermore,
quantification of CD163-positive cells revealed a significantly
decreased number of stained (Figure 1B) cells per mm?” in both PE
groups, indicating reduced number of HBCs in respective groups.
Next, we adjusted the number of isolated HBCs to the wet weight
(grams) of placental tissue used for isolation. Consistent with
immunohistochemical analysis, we found significantly reduced
number of primary LO-PE HBCs. Reduction of HBCs was also
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FIGURE 1

Immunohistochemical assessment of CD163 in placental tissue. (A) Representative images of serial sections of CTR (n=5), EO- (n=6) and LO-PE (n=6)
are shown. Insert in the top right corner of CTR image depicts negative control stainings (blue). Images were taken at 20x magnification, scale bar
represents 50pm. (B) Quantification of cells positive for CD163 in CTR, EO- and LO-PE group. Cells were quantified by using Quapath software.

(C) Average yield of HBCs, adjusted to the wet weight (in grams) of minced tissue for each respective isolation, CTR (n=22), EO-PE (n=8), LO-PE (n=6).
Data on (B) in (C) graphs are presented as mean + S.E.M, ANCOVA with adjustment for gestational age, followed by Sidak’s post-hoc test to examine

statistical significance, *p < 0.05.
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observed in the EO-PE group, however, did not reach significance
compared to the CTRs (Figure 1C).

In vitro, cell morphology of HBCs isolated from CTR, EO- and
LO-PE placentae showed substantial differences (Supplementary
Figure S1). Normally, directly after isolation, HBCs are round
shaped cells with many vacuoles in the cytosol. Within 48-72 hours
after isolation, cells differentiate and develop different shapes. Usually,
M2 characterized macrophages exhibit an elongated, spindle-shaped
morphology, whereas M1 polarized cells form a round, dendritic cell-
like morphology with large filopodia (52, 53). CTR HBCs developed
typical M2 features (Supplementary Figure 1A), whereas within
isolations of EO- and LO-PE HBCs more of round shaped cells
with larger filopodia next to M2 morphologies were found
(Supplementary Figures 1B, C).

3.2 EO- and LO-PE HBCs are
characterized by different
expression of polarization markers

Basal expression of surface and intracellular M1 and M2 markers
was determined by FACS (Tables 2 and 3) on primary isolated CTR
(n=12), EO-PE (n=6) and LO-PE (n=5) HBCs. The gating strategy is
shown in Supplementary Figure 2. FACS analysis revealed distinct
expression of M1 and M2 markers in EO- and LO- PE HBCs
(Table 2). EO-PE HBCs tend to express higher levels of pro-
inflammatory CD11b, CD11c, CD40 (p=0.09) and TLR4 (p < 0.05),
whereas expression of listed markers was similarly distributed

4

x10%/ g of tissue
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TABLE 2 Percentage of live cells positive for respective surface polarization markers within the CTR (n=12), EO- (n=6) and LO-PE (n=5) groups.

Surface CTR EO-PE LO-PE
polarization marker (% of live cells) (% of live cells) (% of live cells)
CDI11B 222 %96 38.7 £ 16.5 28.8 +17.0
CD11C 45.1 % 14.3 69.9 +17.8 519 +11.8
CD40 17.1 £59 389 £12.6 22,6 £10.9
CD80 29+18 6.5+35 105+ 89
CD86 25.0 £10.3 * 41.7 £3.6 % 21.6 £ 6.8
CD163 89.4 £39 82.0 £ 4.5 81.8 £6.8
CD206 47.6 £ 9.8 335+6.5 382+ 133
CD209 533+ 69 t11 437+ 12.1 $% 22.1+52
TLR1 5.9+627 9.5+6.2 18.8 £13.6
TLR2 6.1 +39* 1215 54 £45
TLR4 373+ 123*% 79.7 £ 19.9 542 +18.8
HLA-DR 33.8 £ 14.1 *** 779 +12.6 +F 443 +18.7
FR-B 79.2 £10.0 77.6 £ 20.7 68.4 + 15.3
Data are presented as mean + SD. Statistical significance is represented with *p < 0.05, ***p < 0.001; whereas *CTR vs EO-PE; fp < 0.05, ¥11p < 0.001; whereas 1CTR vs LO-PE; ¥ p < 0.05, #p <
0.01; whereas $EO-PE vs LO-PE, by ANCOVA with Sidak’s post-hoc test and adjustment for gestational age.

between LO-PE and CTR HBCs, except for CD209 (p < 0.001).
Furthermore, we found significant increase of the major
histocompatibility class (MHC) II molecule HLA-DR within the
EO-PE group compared to the CTR group (p< 0.001). Interestingly,
the HLA-DR expression was significantly different between EO- and
LO-PE HBCs (p< 0.01) as well. Among the M1 markers only
expression of CD80 (p=0.05) and TLR1 (p < 0.05) were elevated in
LO-PE group. Notably, expression of CD80 and TLR1 was elevated in
EO-PE group as well, but only by trend. Interestingly, surface
expression of TLR2 was reduced in both EO- (p < 0.05) and LO-PE
group. Next, we investigated the expression levels of CD86. Since
CD86 can serve as M1 or M2b marker (54, 55), the secretion profile
and expression of other markers should be taken into account when
interpreting its expression. We found significant induction of the
expression of the respective marker in EO-PE HBCs (p < 0.05)
compared to the CTR (p < 0.05) or LO-PE (p < 0.05) group. In
LO-PE HBCs the expression of CD86 did not differ from the control.
In contrast to the increase of pro-inflammatory markers in EO-PE
HBCs, a slight decrease in the anti-inflammatory markers CD206 and
folate receptor B (FR-B) was observed. Expression pattern of CD206
and FR-P was similar in LO-PE HBCs as well. Expression of CD163
on primary isolated HBCs was evenly distributed between all
investigated groups, confirming that CD163 can be used rather as a

reliable tissue resident marker (Figures 1A, B) than a direct indicator
of M2 phenotype. Next, M2 marker CD209 was suppressed in the LO-
PE group (p < 0.001). Its expression was only minimally decreased by
10% in EO-PE HBCs group. Interestingly, we found a significant
difference in the expression of CD209 between EO- and LO-PE HBCs
(p 0.01).

In addition to the investigation of surface polarization markers,
we studied intracellular markers (Table 3). Next to the pan-
macrophage marker CD68, two important regulators of TLR-
Myd88 signaling (56, 57), IRF4 and IRF5 were investigated.
Noteworthy, IRF4/IRF5 axis is involved in the initiation control of
a specific M1/M2 polarization program. IRF5 as a positive regulator
of Myd88 induces the expression of pro-inflammatory genes and
establishment of M1 phenotype (58). Whereas IRF4, as a negative
regulator of Myd88, leads to the activation of anti-inflammatory genes
and initiation of M2 polarization (56, 59).We found the highest
expression of IRF5 in EO-PE group and the lowest in CTRs.
Expression of IRF4 the regulator of M2 polarization was evenly
distributed between CTR and LO-PE group. Importantly,
expression of IRF4 in EO-PE HBCs was reduced. Moreover,
balance in favour of IRF5 together with higher expression of other
surface M1 markers (Table 2) indicates possible phenotypic switch
towards M1 polarization of EO-PE HBCs.

TABLE 3 Percentage of positive CTR (n=12), EO-PE (n=5) and LO-PE (n=4) HBCs for respective intracellular polarization markers.

Intracellular polarization marker i 2O Lo
(% of positive cells) (% of positive cells) (% of positive cells)
CD68 84.0+9.8 704 + 9.1 87.5 + 5.4
IRF4 91.6 + 8.0 ‘ 857+ 11.8 ‘ 962 +2.0
IRF5 73.1+ 128 91.5 + 10.8 ‘ 852 % 12.0

Data are presented as mean + SD. Statistical significance was tested by ANCOVA with Sidak’s post-hoc test and adjustment for gestational age.
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3.3 HBC secretion profile of cytokines and
adhesion molecules differs in PE

Polarized macrophages are known to secrete specific patterns of
cytokines, chemokines, and growth factors, allowing us to
characterize polarization states (60). Using multiplex ELISA-on-
bead technology, we determined the secretion profile of cytokines
and chemokines secreted by CTR (n=8), EO-PE (n=6) and LO-PE
(n=4) HBCs (Figure 2, Supplementary Figure 3). Moreover, secretion

10.3389/fimmu.2022.1095879

of IL-8 was determined using ELISA, since its secretion excided the
detection limit of the multiplex ELISA (CTR n=10, EO-PE n=5, LO-
PE n= 5; Figure 2]). Notably, TGF-B1 was measured with ELISA
(CTR n=12, EO-PE n=6, LO-PE n=6, Figure 2K) since the sample
preparation requires acidification of the samples for binding of TGF-
B epitopes.

Secretion profile of EO- and LO-PE HBCs differs from the CTR
group. First, among pro-inflammatory cytokines, we discovered a
trend of an increased secretion of IL-6, IL-12p70 and P-Selectin by
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FIGURE 2

Secretion of cytokines and adhesion molecules by CTR (n=8), EO- (n=6) and LO-PE (n=4) HBCs. Multiplex-ELISA-on-beads assay for followed pro-
inflammatory and anti-inflammatory cytokines (A) IL-6, (B) IL-12p-70, (C) TNF-o., (D) ICAM, (E) IL-17a, (F) E-selectin, (G) IL-4, (H) IL-10 and (1) IL-13,
respectively. Multiplex was performed in duplicates. (J) ELISA against IL-8 performed in duplicates (CTR n=10, EO-PE n=5 and LO-PE n=5). (K) ELISA
assay against TGF-B1 performed in duplicates (CTR n=12, EO-PE n=6 and LO-PE n=6). Secretion of respective cytokines was normalized to the total
protein content measured in the cell culture supernatants. Statistical significance was tested using ANCOVA with adjustment for gestational age followed

by Sidak's post-hoc test. *p < 0.05, **p <0.01.
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EO-PE HBC:s (Figures 2A, B; Supplementary Figure 3A). Contrary, to
the EO-PE HBCs where secretion of TNF-o. was unchanged, LO-PE
released higher amounts of TNF-o as CTRs or EO-PE HBCs (p <
0.05) (Figure 2C). LO-PE HBCs secreted higher amounts of ICAM,
but only by trend (Figure 2D). Moreover, both PE groups secreted less
IL-17a compared to CTRs (Figure 2E). Although, release of E-Selectin
was higher in both PE groups, we did not find any differences in the
production of other pro-inflammatory cytokines, such as: IL-1c, IL-1
B, CCL-3, CCL-4, IFN- 0, and IFN-y between investigated groups
(Figure 2F, Supplementary Figures 3B-H). A decrease of IL-8,
measured by ELISA was detected in LO-PE HBC group, whereas
unchanged between CTR HBCs and EO-PE group. Interestingly, we
found a significant difference in the release of IL-8 between EO- and
LO-PE HBCs (p < 0.05) (Figure 2J).

Next, we examined the secretion of anti-inflammatory cytokines
namely, IL-4, IL-10, IL-13, and TGF-B1, which serve as important
drivers of M2 polarization (53, 61). We did not find any differences in
the secretion of IL-13; however, secretion of IL-4 and IL-10 was
increased, but only by trend in EO-PE HBCs. LO-PE HBCs secreted
significantly higher levels of IL-4 (p < 0.05) and IL-13 (p < 0.05)
compared to CTR HBCs (Figures 2G-I). Interestingly, both PE
groups released significantly higher amounts of anti-inflammatory
TGF-P1, which was even more pronounced in the LO-PE group (p <
0.01) (Figure 2K).

Noteworthy, some of the secreted pro-inflammatory cytokines are
not reliable identifiers of a specific phenotype, since they are
expressed by both M1 and M2 macrophages. E.g. IL-6 is a pro-
inflammatory cytokine produced by both M1- and M2a-polarized
macrophages (62). In addition, secretion of ICAM is mediated by NF-
KB, but can serve as both an M1 and M2 cytokine due to its pro-
angiogenic nature (63). The observed changes in the secretion profile
indicate a switch in the phenotype and possible protective
mechanisms of PE HBCs in an attempt to reduce the extent of
inflammation by increasing the production of anti-
inflammatory cytokines.

3.4 Preeclampsia triggers transcriptional
changes of HBC-genes involved
in inflammation

Macrophages are capable of responding to the local stimuli and
acquiring different phenotypes and functions to meet changing
physiological needs (64). Next, we examined transcriptional
changes in HBCs that may be triggered by PE. Basal gene
expression of CTR (n=12), EO- (n=5) and LO-PE (n=5) HBCs was
determined on the fifth day after isolation. We analysed selected genes
associated with phenotype and functionality of macrophages
undergoing inflammation (Figure 3). Dynamic changes in gene
expression were observed between the PE subgroups EO and LO.
First, we found -as expected - an upregulation of NFKBI in both EO-
and LO-PE groups (p < 0.05) (Figure 3A). Among the inflammatory
pathways involved in M1 polarization, NF-«B plays an important role
and regulates the expression of pro-inflammatory genes such as
cytokines, adhesion molecules and growth factors (65). Next, the
expression of HIFI, another M1-associated gene was upregulated in
the LO-PE group (p < 0.05), whereas its expression was surprisingly
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decreased in EO-PE group (p < 0.05) (Supplementary Figure 4). In
line with the increased secretion of ICAM (Figure 2H), mRNA of the
respective gene was upregulated in the both PE groups
(Supplementary Figure 4). In contrast to the expression of ICAM,
VCAM was downregulated in EO-PE, whereas in LO-PE group
remained on the level of CTRs (Supplementary Figure 4).
Consistent with secretion of IL-8 (Figure 2]), higher fold change of
IL8 was detected in CTR group (Supplementary Figure 4). The
expression of TGFBI, which acts as important M2 inducer (66),
was significantly elevated in both, EO- and LO-PE HBCs (p < 0.05)
(Figure 3B). Although, the differences in the secretion of CCL-4
(Supplementary Figure 3H) were not noticeable, higher expression
was detected in the CTR group by RT-qPCR. In contrast to the
secretion profile of IL -6 and IL -10, which was higher in the PE group
(Figures 2A, H), qPCR analysis revealed downregulation of respective
cytokines in the EO- and LO-PE groups (Supplementary Figure 4),
possibly due to the tight post-transcriptional gene regulation of these
cytokines in particular (67). As polarized macrophages metabolise L-
arginine differently, M2 via arginase-1 and M1 macrophages via nitric
oxide synthase (iNOS) (68), we looked at expression of ARGI gene,
encoding arginase-1, and NOS2, encoding iNOS (68). Interestingly,
ARG] expression was increased in both PE groups (Figure 3C).
However, expression of NOS2 was strongly upregulated in EO-PE
(p < 0.05); whereas expression of the respective gene in LO-PE HBCs
was even lower as in CTR HBCs (Figure 3D). In addition to the
metabolism of L-arginine, regulation of reactive oxygen species
(ROS), represents an important link between M1 and M2
polarization (69). M1 macrophages produce higher amounts of
ROS and consequently downregulate antioxidant enzymes such as
CAT encoding catalase, or SOD encoding superoxide dismutase (70),
whereas, M2 macrophages are thought to produce lower levels of ROS
and express higher levels of CAT or SOD (71). The expression of the
genes CAT and SOD, was significantly attenuated in both, EO- and
LO-PE groups (Figure 3E, F). Next in respect to observed TGF-B1
differences, we looked at the expression of genes involved in tissue
remodeling and adhesion. Importantly, we found upregulation of
MMP9 in both PE groups (Figure 3G). The expression of other genes
involved in tissue remodeling (MMP2, MMP12, TIMPI1, TIMP2), did
not differ between groups (Supplementary Figure 4). Adhesion
molecules, such as CDH2 has been downregulated in both EO-PE
(p < 0.05) and LO-PE HBCs (Figure 3H). Similarly, as CDH2 we
identified reduced expression of CDH5 in both, EO- and LO- PE
HBCs (Figure 3I).

In the healthy placenta, HBCs are often found in close proximity
to feto-placental endothelial cells (fpEC), and M2 macrophages have
the ability to regulate placental angiogenesis by secretion of pro-
angiogenic factors (26). To gain insight into their role in angiogenesis,
HBCs were examined for the expression of FLT, VEGFA, KDR, and
EGFR; which were all downregulated in EO- and LO-PE group
(Supplementary Figure 4).

Furthermore, EO-PE and CTR fpECs were treated with
conditioned medium (CM) collected from CTR and EO-PE HBCs.
In order to further investigate the influence of HBCs on the fpEC,
metabolic activity of fpECs using the MTS assay (Supplementary
Figure 5A) and the proliferation of the fpEC by incorporation of
BrDU (Supplementary Figure 5B) were measured. CM of CTR HBCs
increased the NAD(P)H dehydrogenase activity of CTR fpEC,
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Preeclampsia alters inflammatory related gene expression in HBCs. (A) Total RNA of cultivated HBCs was harvested on the fifth day post isolation and analysed by
RT-gPCR. (A) NFKB1, (B) TGFB1, (C) ARG1, (D) NOS2, (E) CAT, (F) SOD, (G) MMP9, (H) CDH2, (I) CDH5. In total 12 CTR, 5 EO-PE and 5 LO-PE HBCs isolations in

three technical replicates were used. Expression of target genes was normalized to the following housekeeping genes (18S, RPL30 and HPRTI) using

ZAA(t

method. Statistical significance was tested using ANCOVA with adjustment for gestational age followed by Sidak's post-hoc test. *p < 0.05 and **p < 0.01.

whereas PE CM had no effect on the activity of PE fpEC
(Supplementary Figure 5A). A similar effect was observed when the
proliferation of CTR fpEC was measured (Supplementary Figure 5B).

3.5 Phagocytosis of HBCs is altered in PE

Macrophages, as professional phagocytes eliminate pathogens
and apoptotic cells. The elimination of apoptotic cells plays an
important regulatory role regarding the reduction of the
inflammatory burden (72). Phagocytosis was measured and
visualised using two different approaches. First, it was assessed by
FACS (CTR n=10, EO-PE n=5, LO-PE n=5), where median
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fluorescence intensity (MFI) was used to quantify the phagocytic
activity. PE HBC showed significantly higher phagocytic activity (p
<0.01) than CTRs (Figures 4A, B). Second, we analysed phagocytic
activity using HCS (Figures 4C-E). For better visualisation cells
were stained with HBCs tissue resident marker CD163. Analysis of
CTR (n=7) and PE (n=5, EO n=3, LO n=2) confirmed higher
(though not significant) phagocytosis of PE HBCs (Figure 4F).
Furthermore, visualisation of phagocytosis allowed us to analyse
morphology of the cells, calculating cell size - surface area (UM?),
which was lower in EO- and LO-PE groups, when compared to the
surface area (UM?) of CTRs (Supplementary Figure 6) confirming in
vitro observations of smaller round cell morphologies of PE HBC
(Supplementary Figures 1A-C).
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3.6 PE attenuates MMP-9 activity of HBCs

In a normal placenta M2-polarized HBCs contribute to tissue
remodeling and repair (73). To confirm strong upregulation of MMP9
(Figure 3G), we additionally performed gelatin zymography to assess
the activity of MMP-2 and MMP-9 (Figure 5A). As shown with
MMP2 mRNA expression (Supplementary Figure 4), detectable
MMP-2 activity (Figure 5A) did not differ between studied groups
(Figure 5B). In line with upregulation of MMP9, EO-PE HBCs
displayed significantly (p < 0.05) higher MMP-9 activity as CTR.
LO-PE HBCs MMP-9 activity was increased, but only by
trend (Figure 5C).
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Expression and production of MMPs are usually tightly regulated
within the complex network of their four different tissue inhibitors of
metalloproteinases 1-4 (TIMP). HBCs secretion of TIMP- (1, 2, 74,
75) was assessed using a multiplex ELISA-on-bead assay (Figure 5D).
Production of TIMP-1, TIMP-2, TIMP-3 was unchanged in EO-PE
group, we noticed a decreased production of TIMP-4 in the respective
group. Furthermore, LO-PE HBCs secretion of TIMP-1 was
significantly decreased, followed by trend in the reduced production
of TIMP-2. Interestingly, release of TIMP-3 in LO-PE group was
similar as in CTR. LO-PE HBCs production of TIMP-4 was elevated,
but only by trend. To further explore the gelatinolytic activity of
HBCs, the ratio between mRNA expression of MMP2/TIMPI,
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Gelatin zymography demonstrating gelatinolytic activity of HBCs. (A) A representative zymogram gel showing MMP-9 and MMP-2 activity of CTR (n=5),
EO- (n=4) and LO-PE (n=5) HBCs. Activity was examined in the supernatants collected from CTR and PE HBCs on the 5th day post isolation. In total
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(C) was performed as densitometric analysis of respective bands. (D) TIMP-1, TIMP-2, TIMP-3 and TIMP-4 levels measured in the cell culture
supernatants using multiplex assay. In total CTR (n=10), EO- (n=4) and LO-PE (n=3) HBCs were used in technical duplicates. Secretion of respective
TIMPs was normalized to the total protein content measured in the cell culture supernatants. (E) mRNA ratio between MMP2 and TIMP1 and TIMP2. (F)
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genes (18S, RPL30 and HRPTI). The results are showed as a mean + S.E.M of technical triplicates. Statistical significance was assessed using ANCOVA
with adjustment for gestational age followed by Sidak's post-hoc test. *p < 0.05. **p < 0.01.

MMP2/TIMP2, MMPY/TIMP1, and MMP9/TIMP2 was calculated.
Normally, TIMPs regulate inhibition of MMPs by binding in 1:1
reversible complex with the MMPs (76, 77). The shift in MMP/TIMP
balance in favor of MMPs reflects as increased extracellular matrix
(ECM) proteolysis, or if in favor of TIMP as decreased proteolysis and
protection of the ECM (78-80). In CTR, EO- and LO- PE HBCs the
ratio between MMP2 and TIMPI or TIMP2 (Figure 5E) stayed
unchanged. Similar MMPY/TIMP]I ratio of investigated groups, was
favoring the gelatinolytic activity, indicating that MMP-9 is the main
gelatinase produced by HBCs. However, significant differences were
demonstrated in MMP-9/TIMP-2 of EO- and LO-PE HBCs,
confirming higher gelatinolytic activity shown with gelatin
zymography (Figures 5A, C, F).

4 Discussion

Hofbauer cells, play a pivotal but also a diverse role in placental
physiology by maintaining tissue homeostasis and the tolerogenic
environment (26, 36, 41, 81). HBCs plasticity is well characterized by
an unique phenotype expressing both, M2 and M1 polarization
markers (26, 30, 31). Preeclampsia is an inflammatory condition,
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accompanied by activation of both the innate and adaptive immune
system. These alterations may directly influence the phenotype of
HBCs and contribute to placental dysfunction (82). Due to the
presumed distinct pathophysiological origins of EO- and LO-PE
and the resulting different inflammatory burden within the PE
placenta (5, 8, 9, 83), we aimed to determine the phenotypic and
functional alterations between different HBCs. One of the more
significant findings to emerge from this study is that both, EO- and
LO-PE HBCs maintain a profound anti-inflammatory phenotype in
the human placenta. In addition to HBCs general adaptive response to
inflammatory stimuli, EO-PE HBCs cope differently with signals from
their microenvironment.

The EO-PE placenta has been linked to placental malperfusion
(84), leading to oxygen deficiency, increased inflammation and
oxidative stress which all together deteriorate the mechanisms of
placentation early in pregnancy. In contrast, LO-PE placenta has been
linked to changes of systemic blood pressure in the mother leading to
maternal endothelial dysfunction and oxidative stress, resulting in
placental dysfunction (85, 86). Consequently, both subtypes of PE are
characterized by excessive inflammation caused by oxidative stress
and a hypoxic microenvironment, which affects the appearance and
phenotypic composition of immune cells, particularly macrophages
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(87). To investigate whether the number of HBCs differs between
CTR and PE placenta, we first quantified the cells in situ using specific
markers for tissue-resident macrophages. In agreement, with the
findings of Tang et al, where they investigated CD163 positive
HBCs in PE placentae (51), we found a decreased number of
CD163 - positive macrophages in both EO- and LO-PE placentae.
Similarly, Yang et al. observed a significantly reduced number of
CD14-positive HBCs in PE (87). In addition, Broekhuizen et al., used
combined staining for CD68 and CD163 and observed a significant
decrease in double-positive HBCs in EO-PE, whereas the number of
double-positive HBCs in LO-PE remained unchanged (18). We
verified our immunohistochemical findings by analyzing the yield
of primary isolated HBCs in vitro. Similar to in situ, we obtained a
decreased number of primary HBCs isolated from EO- and LO-PE
placental tissues. As PE placenta is characterized by an increased
number of apoptotic trophoblasts (88, 89), it is likely that HBCs may
undergo a similar apoptosis cascade, leading to a decreased number of
vital HBCs in culture. According to our results, PE may exacerbate the
participation of initial stages of apoptosis in placental tissue which in
turn leads to a reduced anti-inflammatory and immunoregulatory
capability of remaining HBCs.

Macrophage polarization is a complex process controlled by
several factors and mechanisms (90). It is noteworthy that a
subpopulation identified with the same markers may have different
functions in different tissues and pathologies, adding to the
complexity of defining phenotypes (27). At baseline, HBCs express
M1 and M2 polarization markers (30, 31). Moreover, HBCs retain
alternative M2 polarization in inflammatory complications such as in
gestational diabetes mellitus (31), chorioamnionitis (91), or upon in
vitro stimulation (30). Contrary to expectations, we observed
differences in the expression pattern of polarization markers
between EO- and LO-PE HBCs. In EO- HBC markers involved in
MI polarization such as TLR4, HLA-DR, CD40, CD80 and CD86
were upregulated, suggesting M1 phenotype. In contrast, in LO-PE
HBC:s the expression of before mentioned markers was either reduced
or similar to CTRs. The anti-inflammatory phenotype of LO-PE
HBCs is strongly underpinned by high expression of IRF4, which
exerts important function in controlling local cytokine milieu thereby
polarization (92). TLR signaling has been proposed as an important
link between activation of innate immune system and PE, known to
modulate the inflammatory responses (18, 93). Interestingly, Young
et al. demonstrated the maintenance of the M2 phenotype of HBCs
despite pro-inflammatory treatment and upregulation of TLR4 and
increased secretion of pro-inflammatory cytokines (IL-6, IL-8) (37).
We demonstrated an upregulation of TLR4 and its downstream
mediators NFKBI and TNF-o in EO-PE, implying they give up M2
polarization and a shift towards M1. A change of phenotype toward
M1 polarization is also suggested by increased expression of IRF5
and NOS2. IRF4 and IRF5, both regulators of the Myd88 pathway
are crucial for the expression of M1/M2 genes (94). In particular,
IRF5 regulates the expression of pro-inflammatory factors such as:
TNF-0, IL-6, IL-12p70, CD86 (58). IRF4, on the other hand, is
known to compete with IRF5 for interaction with Myd88 to activate
the M2 program (56, 92). Its expression has been shown to be
induced by anti-inflammatory IL-4 (92, 95). Interestingly, EO-PE
HBCs, although favoring IRF5 activation, express IRF4 and
consequently secrete both pro- and anti-inflammatory cytokines.
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A dysbalance of intracellular IRF4 and IRF5 regulating factors may
control different phenotypes and the associated contributions to
tissue inflammation.

It has been reported that in PE placentae CD163 and FR-J,
expression is decreased (51). Although a reduction of CD163 on tissue
levels could be confirmed, no differences of CD163 and FR-B
expression on the primary isolated HBCs were detected. This
inconsistency can be explained because CD163 is used as a tissue-
resident marker for placental macrophages rather than only as an M2
marker. Among anti-inflammatory M2 markers, CD209 serves as one
of the major M2 markers, moreover, CD209-positive HBCs have been
shown to produce IL -10 an immunosuppressive cytokine one of the
drivers of immunoregulatory M2 polarization (96). Our results
suggest differential expression patterns of CD209 between EO- and
LO-PE HBCs. Interestingly, the expression of CD209 was unchanged
in CTRs and in the EO-PE group, whereas it was significantly reduced
in the LO-PE group. In line, LO-PE HBCs tend to secrete lower levels
of IL-10 supporting the notion that this polarization pattern favors
regulatory properties of these cells. Yang et al. also reported lower
numbers of CD209-positive HBCs in PE placental tissues, but they
did not distinguish between onsets of PE (96)

Cytokines are important coordinators that likely promote
phenotypic and functional changes of immune cells in
inflammation (90, 97). We have shown that both, EO- and LO-PE
HBCs produce different regulators of M2 polarization: IL-4, IL-10, IL-
13 and TGF-B. Interestingly, whereas in EO-PE an increased
production of TGF-B and IL-10 was observed, LO-PE HBCs
secreted higher amounts of IL-4, IL-13, and TGF-f. IL-10 and IL-4,
have been recognized as inducers of ARGI, which represents a
hallmark of M2 polarization (97-100) IL-10 is a cytokine produced
mainly by M2 macrophages (58) and its anti-inflammatory effect has
been demonstrated by reduced production of pro-inflammatory
cytokines such as TNF-o, IL-6, and IL-12 (101, 102). Moreover,
although pro-inflammatory M1 marker - IRF5 has been shown to
inhibit transcription of IL-10 and TGF-B (58, 103), this regulation
may be impaired in EO-PE, where basal secretion of IL-10 and TGF-f3
levels were increased. Enhanced expression of M1 polarization
markers, upregulation of both M1 NOS2 and M2 ARGI,
accompanied by secretion of anti-inflammatory cytokines, indicate
a development of a specific M1 and M2 phenotype of EO-PE HBCs.
On the other hand, LO-PE HBCs downregulate NOS2 and express
ARGI at the same level as CTRs HBCs, suggesting their anti-
inflammatory phenotype.

Phenotypic plasticity enables macrophages to perform a variety of
functions required for maintenance of homeostasis and rapid
termination of inflammation in their microenvironment (66). The
resolution of acute inflammation is a well-orchestrated synergistic
process and can be divided into three phases on the way back to cell
homeostasis. First, inflammation is downregulated by the temporal
switching of secreted lipid mediators, then the clearance of debris and
apoptotic cells by phagocytically active macrophages, and finally, tissue
repair and angiogenesis are stimulated by the pro-resolving phenotype of
macrophages (20, 24, 54, 104). We demonstrated a higher phagocytic
capacity of EO- and LO-PE compared to normal HBCs, with
concomitantly significantly higher levels of TGF-3 produced by both
groups. Interestingly, TGF-B in monocytes and macrophages is known
for its role in maintaining the resolution of inflammation by increasing
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phagocytosis and restoring tissue integrity (105-107). The increased
phagocytosis and production of anti-inflammatory cytokines (90) may
indicate one of the regulatory mechanisms that determine M2 phenotype
of EO- and LO-PE HBCs by preventing a direct switch to
M1 polarization.

Following clearance of cell-debris, M2 macrophages initiate events
that are critical for tissue repair. These include the production of
extracellular matrix (ECM), MMPs and the promotion of angiogenesis
(108). Furthermore, MMPs make an important contribution to ECM
repair (108), and macrophages require active MMP-9 for migration
during an inflammatory response (109). TGF-f acts as a regulator of
ECM production, reflecting its role in the tissue remodeling (110). We
have shown compared to normal HBCs that both EO- and LO-PE HBCs
secrete higher levels of MMP-9 and TGF-f. Interestingly, one of the
many functions of MMP-9 is also to activate the inactive form of TGF-3
(111), suggesting a possible mechanism driving polarization toward M2.
MMP-9 is regulated by the expression of TIMPs, which has been shown
to have pro-angiogenic features and is unique to M2 macrophages (112).
Although the MMPY/TIMP2 ratio of EO- and LO-PE HBCs favors M2
polarization, we have shown that EO-PE HBCs were unable to stimulate
proliferation of endothelial cells. Ability to enhance endothelial
proliferation and consequently angiogenesis is one of the traits of M2
macrophages in the process of resolution of inflammation (104). The
unsuccessful activation of proliferation of endothelial cells reveals another
aspect of the pro-inflammatory M1 signature of EO-PE HBCs. It is more
likely that they contribute to endothelial dysfunction instead of positive
pro-angiogenic endothelial activation, but further investigation is needed.

CTR HBC

o

EO-PE HBC

10.3389/fimmu.2022.1095879

Knowledge about the function of macrophages in PE is still
insufficient. Our study focused on the in vitro polarization and
functionality of EO- and LO-PE HBCs. Our results suggest that
EO-PE HBCs develop a strong M1 signature, but despite the M1
features and PE inflammatory microenvironment, they still attempt to
resolve inflammation by upregulating M2 anti-inflammatory factors
and functions. Based on the fact that the expression of CD209 in EO-
PE HBC:s is at basal levels as in CTR HBCs, and expression of CD86
and secretion of TGF-P are increased, they might develop an
immunoregulatory M2b and a tissue remodeling M2a phenotype
with features of M1 polarization based on the increased expression of
TLR4, HLA-DR, and IRF5. In contrast, LO-PE HBCs tend to develop
a phagocytic M2 phenotype with increased production of IL-4, IL-13,
and TGEF-P. However, the higher expression of TLR1, TLR4, and
CD80 and increased production of TNF-o indicate a specific pro-
inflammatory pattern distinct from typical M2 polarization
(Figure 6). Given the strength of our study, namely the use of a
large number of clinically well-characterized samples from EO- and
LO-PE placenta, there are some apparent limitations. First,
macrophage polarization is a dynamic process, and therefore the
choice of polarization markers included may vary among
investigators. Because characterization of macrophage phenotype
using polarization markers and cytokine release is rather
descriptive, we chose to use functional assays to determine the
relevant physiological functions of macrophages in addition to their
phenotype. Second, primary HBCs might develop a different
polarization pattern than in vivo because of the sensitivity of
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FIGURE 6

Different polarization patterns of CTR, EO - and LO-PE HBCs. HBCs isolated from CTR placenta develop a specific placental phenotype and express both
M1 and M2 polarization markers. In CTR placenta, their M2 nature is reflected by increased expression of ARG1, CAT, and SOD, where HBCs promote
tissue repair, angiogenesis, and homeostasis. Our results suggest that EO-PE HBCs develop an M2 phenotype that is strongly shifted toward M1
polarization. Their M2 phenotype is reflected in the upregulation of ARG1, secretion of TGF-f3, and tissue remodeling function, whereas features of M1
polarization are seen in the increased expression of TLR4, HLA-DR, IRF5, and NOS2. In contrast, LO-PE HBCs tend to develop a phagocytic CD209'°"
M2 phenotype with increased production of IL-4, IL-13, and TGF-B. However, the higher expression of TLR1 and increased production of TNF-o indicate
a specific pro-inflammatory pattern that differs from the typical M2 polarization. The figure was generated using BioRender. Differences that were

significant different between the groups studied are printed in bold.
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primary HBCs to the in vitro environment. However, we and others
have shown that Hofbauer cells have a very stable phenotype in vitro
that is difficult to alter and correlates with the phenotype in tissue in
vivo (30, 37).

In conclusion, to the best of our knowledge, this is the first study to
show a pivotal difference of the polarization pattern between EO - and
LO-PE HBCs in vitro. We demonstrated that the inflammatory
environment of PE causes the phenotypic changes observed between
early and late PE HBCs. The changes in polarization patterns indicate
different etiologies of PE, as EO-PE is associated with inflammation on
the placental side, whereas LO-PE results from a maternal inflammatory
response. Furthermore, since placental immune cells responds
differently to the source of inflammation, PE could be identified as
different entities with a common phenotype rather than a single disorder.
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Isolation of human arterial endothelial cells (fpEC)

Primary fpECs were isolated from chorionic arterial blood vessels (CTR n=5, EO-PE n=3) as
described by Lang et al (51). Isolated fpECs were cultured at 12% oxygen and 37 °C on 1% gelatin-
coated flasks (Sigma Aldrich) using Endothelial Cell Growth Medium MV (Promocell)
supplemented with 5% FCS (Promocell), hydrocortisone (Promocell), ECGS (Promocell), and 1%
gentamicin (Thermo Fischer Scientific).

Proliferation assay

BrDU

To measure the proliferation of EO-PE and CTR fpEC, BrDU colorimetric cell proliferation ELISA
kit (Roche) was used according to the manufacturer’s recommendation. fpEC were seeded overnight
at a cell density of 2x10° cells/mL in Endothelial Cell Growth Medium MV (Promocell). The
medium was then replaced with a pool of conditioned medium (CM) obtained from 10 different CTR
and 5 EO-PE HBC isolations. CM was diluted 1:1 with full f{pEC medium. Incubated macrophage
medium without cells diluted with endothelial medium served as a control. After 24 hours of
treatment with CM, 10 pL of BrDU reagent was added and incubated for 3 hours. After fixation,
denaturation and incubation with the anti-BRdU- POD working solution, cells were intensively
washed and in final step incubated with the substrate solution for 25 minutes. Afterwards, absorbance
was measured at 492 nm using the SPECTROstar Nano plate reader (BMG Lab Technologies).

MTS

This assay (Cell titer 96 Aquaeous one solution cell, Promega) was applied according to the
manufacturer's instructions. EO-PE and CTR fpEC were seeded in a gelatin-coated 96-well plate at a
cell density of 1x10° cells/mL in Endothelial Cell Growth Medium MV containing supplements
(Promocell) and cultured overnight. The medium was then replaced with a pool of CM obtained from
10 different CTR and 5 EO-PE HBC isolations. The CM was diluted 1:1 with the complete fpEC
medium. Incubated macrophage medium without HBCs, diluted with f{pEC medium served as a
control. After 24 hours of treatment, 20 uL of MTS reagent was added to the cells and incubated for
4 hours. Absorbance was measured at 492 nm using the SPECTROstar Nano plate reader (BMG
Labtech).

Supplementary Tables

Table S1: List of antibodies and their concentrations used for the FACS analysis
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Antibody Distributor / Catalog Concentration
number

APC anti-human CD163 Antibody BioLegend / 333609 15 ul/ 100 pl

PE Mouse Anti-Human CD68 BD Pharmingen™ / 10 ul/ 100 pl
556078

V450 Mouse Anti-Human CD11b BD Pharmingen™ / 5ul/100 pul
560481

PE Mouse Anti-Human CD11¢ BD Pharmingen™ / 5ul/ 100 pl
560999

FITC Mouse Anti-Human CD206 BD Pharmingen™ / 5ul/ 100 pl
551135

PerCP-Cy™S5.5 Mouse Anti-Human BD Pharmingen™ / 10 ul/ 100 pl

CD209 558263

V450 Mouse Anti-Human CD80 BD Pharmingen™ / 10 ul /100 pl
560442

V450 Mouse Anti-Human CD86 BD Pharmingen™ / Sul/ 100 ul
560357

FITC Anti-TIL/TLR1 antibody Abcam / ab59702 Sul/ 100 ul

Human TLR4 PE-conjugated R&D / FAB6248P 5ul/ 100 pl

Antibody

Pacific Blue™ anti-human HLA-DR BioLegend / 307633 Sul/ 100 ul

Antibody

APC anti-human Folate Receptor 3 BioLegend / 391705 2 ul/ 100 pl

(FR-B) Antibody

FITC Anti-TLR2 antibody abcam / ab59711 3 ul/ 100 ul

PE Mouse Anti- IRF4 BD Pharmingen™ / 5ul/ 100 pl

566646




IRF5 Monoclonal Antibody Invitrogen / 50-9698-41 | 5 ul/ 100 pl
(ALYSCLN), eFluor 660
FITC Mouse Anti-Human CD40 BD Pharmingen™ / S5ul/ 100 ul
556624
7-AAD BD Pharmingen™ / 5ul/ 100 pl
559925
FITC Mouse IgG1 K Isotype Control | BD Pharmingen™/ 5ul/100 pul
555748
PerCP-Cy™S5.5 Mouse IgG1 « Isotype | BD Pharmingen™/ 10 pul /100 pl
Control 550795
Pacific Blue™ Mouse IgG1, « Isotype | BioLegend /400151 5ul/ 100 pul
Ctrl Antibody
V450 Mouse IgG1/ « Isotype Control | BD Pharmingen™ / 5ul/100 pul
560373
APC Mouse IgG1 K Isotype Control BD Pharmingen™/ 10 ul /100 pl
555751
PE Mouse IgG1 K Isotype Control BD Pharmingen™/ 5ul/100 pul
555749
Table S2: List of primer assays used for the RT-qPCR analysis
Target | Assay Supplier
Hs RPL30 1 SG QuantiTect Primer Assay .
RPL30 (QT00056651) Quiagen
Hs HPRT1 1 SG QuantiTect Primer Assay .
HPRTI (QT00059066) Quiagen
Hs MMP9 1 SG QuantiTect Primer Assay .
MMP9 (QT00040040) Quiagen
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Hs MMPI12 1 SG QuantiTect Primer Assay .
MMPI2 (QT01004472) Quiagen
Hs TIMP1 1 SG QuantiTect Primer Assay .
TIMPI (QT00084168) Quiagen
Hs TIMP2 1 SG QuantiTect Primer Assay .
TIMP2 (QT00017759) Quiagen
Hs CCL4 1 SG QuantiTect Primer Assay .
CCL4 (QT01008070) Quiagen
Hs IL6 1 SG QuantiTect Primer Assay .
L6 | (QT00083720) Quiagen
Hs CXCL8 1 SG QuantiTect Primer Assay .
CXCLS (QT00000322) Quiagen
Hs ICAM1 1 SG QuantiTect Primer Assay .
ICAM 1 (3T00074900) Quiagen
Hs VCAMI1 1 SG QuantiTect Primer Assay .
VEAM | (3T00018347) Quiagen
Hs TGFBI1 1 SG QuantiTect Primer Assay .
TGFBI (QT00000728) Quiagen
Hs IL10 1 SG QuantiTect Primer Assay .
IL10 (QT00041685) Quiagen
Forward (5°-3’) CTACCACATCCAAGGAAGCA
18S Sigma- Aldrich
Reverse (5°-3’) TTTTTCGTCACTACCTCCCCG
NFKBI1 | KiCqStart™ Primer: H NFKBI1 1 Sigma- Aldrich
LEP KiCqStart™ Primer: H LEP 1 Sigma- Aldrich
HIF14 | KiCqStart™ Primer: H HIF1A 1 Sigma- Aldrich
SOD KiCqStart™ Primer: H_ SOD1 1 Sigma- Aldrich




CAT KiCqStart™ Primer: H CAT 1 Sigma- Aldrich
ARGI KiCqStart™ Primer: H ARG1 1 Sigma- Aldrich
IL1A KiCqStart™ Primer: H IL1A 1 Sigma- Aldrich
IL1B KiCqStart™ Primer: H IL1B 1 Sigma- Aldrich
INF KiCqStart™ Primer: H TNF 1 Sigma- Aldrich
FLTI KiCqStart™ Primer: H FLT1 1 Sigma- Aldrich
VEGFA | KiCqStart™ Primer: H VEGFA 1 Sigma- Aldrich
KDR KiCqStart™ Primer: H KDR 1 Sigma- Aldrich
CDH2 | KiCqStart™ Primer: H CDH2 1 Sigma- Aldrich
CDHS5 | KiCqStart™ Primer: H CDHS5 1 Sigma- Aldrich
NOS2 | KiCqStart™ Primer: H NOS2 1 Sigma- Aldrich
Supplementary Figures

CTR HBC EO-PE HBC LO-PE HBC

Figure S1: Cell morphology and characterization of CTR (A), early onset (EO-) (B) and late onset
(LO-) PE (C) HBCs isolated from term placentae. Representative images of HBCs taken on the 5th
day post isolation are shown. Scale bar represents 50um, cell size was measured using CellSens
measuring tool.
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Figure S2: Representative gating strategy to identify the expression of specific surface (1) and
intracellular (2) polarization markers. (1A) CD163, (1B) CDS80, (1C) CD40, (1D) TLR4, (1E) TLR2,
(1F) CD206, (1G) CD209, (1H) CDS86, (11) TLR1, (1J) HLA-DR, (1K) folate receptor-f (FRb), (1L)
CDI11b, (1M) CDl Ic, respectively. (2) Staining against intracellular markers: (2A) IRF4, IRF5 (2B),
and (2C) CD68, respectively. Blue histogram peaks represent unstained samples, grey represents
CTR HBCs, red represents EO-PE HBCs and green represents LO-PE HBCs. Histograms of one
representative experiment are shown, in total a number of isolations of CTR (n=14), EO (n=6) and
LO (n=5) were used.
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Figure S3: Secretion of pro- and anti-inflammatory cytokines CTR (n=8), EO- (n=6) and LO-PE
(n=4) HBCs. Multiplex-ELISA-on-beads assay for followed pro-inflammatory and anti-inflammatory
cytokines (A) P-selectin, (B) IFN-a, (C) IFN- vy, (D) IL-1B, (E) IL-17a, (F) CXCL-10, (G) CCL-3 and
(H) CCL-4, respectively. Multiplex was performed in duplicates. Secretion of respective cytokines



was normalized to the total protein content measured in the cell culture supernatants. Statistical
significance was assessed using ANCOVA with adjustment for gestational age followed by Sidak s
post-hoc test. *p < 0.05.
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Figure S4: Preeclampsia alters inflammatory related gene expression in HBCs. Total RNA of
cultivated HBCs was harvested on the fifth day post isolation and analysed by RT-qPCR. Genes
associated with PE, inflammation and regulation of polarization are shown on the heat map. In total
12 CTR, 5 EO-PE and 5 LO-PE HBCs isolations in three technical replicates were used. Expression
of target genes was normalized to the following housekeeping genes (/8S, RPL30 and HPRT1) using
288Ct method. Statistical significance was tested using ANCOVA with adjustment for gestational age
followed by Sidak’s post-hoc test. *p < 0.05.
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Figure S5: Effect of CTR and EO-PE conditioned medium (CM) of HBCs on the proliferation of
CTR and PE fpECA. CM from 5 different HBC isolations was used for proliferation assays with
CTR (n=4) and PE (n=3) fpECA. As a CTR medium cultivated Macrophage medium without cells
was used. Healthy fpEC were treated with CM collected from healthy HBCs and PE fpEC with CM
collected from EO-PE HBCs, respectively. CM of CTR HBCs tend to have an effect on proliferation
of fpEC measured with MTS assay (A) and BrDU assay (B). Data are presented as the mean of the
technical triplicates of the number of individual biological replicates of fpECA. To test statistical
significance Two-way ANOVA with Sidak’s post-hoc test was used. Data are shown as mean +
S.E.M. p-value < 0.05 was considered statistically significant.
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Figure S6: Measurement of morphology (size-object area, uM?) using high content screening (HCS).
Measurement of the size of the HBCs was performed using NisViewer software. All data in are
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presented as mean = S.E.M, ANCOVA with adjustment for gestational age with Sidak’s post-hoc test
was used for to test statistical significance. *p < 0.05.
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TGFp signalling governs essential processes in placental development, coordinating trophoblast invasion, vascularization, immune tolerance, and
tissue remodelling across cell types, to ensure a healthy pregnancy outcome.
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The placenta is a unique and pivotal organ in reproduction, controlling crucial growth and cell differentiation pro-
cesses that ensure a successful pregnancy. Placental development is a tightly regulated and dynamic process, in which the trans-
forming growth factor beta (TGFp) superfamily plays a central role. This family of pleiotropic growth factors is heavily involved in
regulating various aspects of reproductive biology, particularly in trophoblast differentiation during the first trimester of pregnancy.
TGFp signalling precisely regulates trophoblast invasion and the cell transition from cytotrophoblasts to extravillous trophoblasts,
which is an epithelial-to-mesenchymal transition-like process. Later in pregnancy, TGFp signalling ensures proper vascularization
and angiogenesis in placental endothelial cells. Beyond its role in trophoblasts and endothelial cells, TGFp signalling contributes to
the polarization and function of placental and decidual macrophages by promoting maternal tolerance of the semi-allogeneic foetus.
Disturbances in early placental development have been associated with several pregnancy complications, including preeclampsia
(PE) which is one of the severe complications. Emerging evidence suggests that TGFf is involved in the pathogenesis of PE, thereby of-
fering a potential target for intervention in the human placenta.

This comprehensive review aims to explore and elucidate the roles of the major members of the TGFp
superfamily, including TGFps, bone morphogenetic proteins (BMPs), activins, inhibins, nodals, and growth differentiation factors
(GDFs), in the context of placental development and function. The review focusses on their interactions within the major cell types
of the placenta, namely trophoblasts, endothelial cells, and immune cells, in both normal pregnancies and pregnancies complicated
by PE throughout pregnancy.

A literature search was carried out using PubMed and Google Scholar, searching terms: ‘TGF signalling pre-
eclampsia’, ‘pregnancy TGF signalling’, ‘preeclampsia tgff’, ‘preeclampsia bmp’, ‘preeclampsia gdf’, ‘preeclampsia activin’, ‘endoglin
preeclampsia’, ‘endoglin pregnancy’, ‘tgff signalling pregnancy’, ‘bmp signalling pregnancy’, ‘gdf signalling pregnancy’, ‘activin sig-
nalling pregnancy’, ‘Hofbauer cell tgff signalling’, ‘placental macrophages tgfp’, ‘endothelial cells tgfp’, ‘endothelium tgfp signalling’,
‘trophoblast invasion tgfp signalling’, ‘trophoblast invasion Smad’, ‘trophoblast invasion bmp’, ‘trophoblast invasion tgfp’, ‘tgfp pre-
eclampsia’, ‘tgfp placental development’, ‘TGFp placental function’, ‘endothelial dysfunction preeclampsia tgfp signalling’, ‘vascular
remodelling placenta TGFp’, ‘inflammation pregnancy tgfp’, immune response pregnancy tgfp’, immune tolerance pregnancy tgfp’,
‘TGFp pregnancy NK cells’, ‘bmp pregnancy NK cells’, ‘bmp pregnancy tregs’, ‘tgfp pregnancy tregs’, ‘TGFp placenta NK cells’, ‘TGFp
placenta tregs’, ‘NK cells preeclampsia’, ‘Tregs preeclampsia’. Only articles published in English until 2023 were used.

A comprehensive understanding of TGFp signalling and its role in regulating interconnected cell functions of the main
placental cell types provides valuable insights into the processes essential for successful placental development and growth of the
foetus during pregnancy. By orchestrating trophoblast invasion, vascularization, immune tolerance, and tissue remodelling, TGFf
ligands contribute to the proper functioning of a healthy maternal-foetal interface. However, dysregulation of TGFp signalling has
been implicated in the pathogenesis of PE, where the shallow trophoblast invasion, defective vascular remodelling, decreased utero-
placental perfusion, and endothelial cell and immune dysfunction observed in PE, are all affected by an altered TGFp signalling.

The dysregulation of TGFp signalling in PE has important implications for research and clinical practice.
Further investigation is required to understand the underlying mechanisms, including the role of different ligands and their regula-
tion under pathophysiological conditions, in order to discover new therapeutic targets. Distinguishing between clinically manifested
subtypes of PE and studying TGFf signalling in different placental cell types holistically is an important first step. To put this knowl-
edge into practice, pre-clinical animal models combined with new technologies are needed. This may also lead to improved human
research models and identify potential therapeutic targets, ultimately improving outcomes for affected pregnancies and reducing
the burden of PE.
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cells / macrophages / human placenta / immune cells

in the pathogenesis of preeclampsia (PE) (Venkatesha et al., 2006;
Haider et al., 2017; Zhao et al., 2020b; Deng et al., 2023), and might
be potential therapeutic targets for intervention. As the preg-
nancy progresses, TGFfs take up the role as immune suppres-
sors, promoting maternal tolerance of the semi-allogenic
allograft during gestation (Ingman and Robertson, 2009).
Additionally, TGFB family members are involved in regulating
the function of placental endothelial cells (ECs) (Zhou et al., 2019)
and immune cells (Keskin et al., 2007; Mercnik et al., 2022; Vondra
et al., 2023). This comprehensive review highlights the TGFp su-
perfamily signalling and its key ligands, such as transforming
growth factor B (TGF), bone morphogenetic proteins (BMPs),
activins, inhibins, nodals, and growth differentiation factors
(GDFs), in the context of placental function in normal and PE-
compromised pregnancies. In consequence, all major cell types
of the early and late placenta namely, trophoblasts, ECs, and im-
mune cells, are the subject of these summaries. By highlighting
the indispensable role of TGFB family members, this review

During pregnancy, the human placenta plays a unique role as
the first organ to develop from cells originating from the blasto-
cyst. The beginning of a healthy pregnancy relies on the intricate
regulation between trophoblast cell invasion and foeto-maternal
tolerance (Knofler et al., 2019). As the pregnancy advances, the
successful maintenance of the pregnancy relies on the precise
coordination, action, and interplay of various cell types in a
highly orchestrated manner, to support the developing foetus
and ensure a healthy pregnancy outcome (Huppertz, 2008a;
Cindrova-Davies and Sferruzzi-Perri, 2022). TGF signalling plays
a major part in embryonic and placental development and
thereby effecting pregnancy outcome (Fig. 1) (Haider et al., 2017,
2022; Lietal., 2021; Yang et al., 2021; Fang et al., 2022). In the first
trimester of pregnancy, TGFp signalling is primarily involved in
the regulation of trophoblast invasion, remodelling of the spiral
arteries, and development of the placental vasculature (Dietrich
et al., 2022; Li et al., 2023a). Disturbances in TGFp levels in mater-

nal plasma have been associated with miscarriages (Ogasawara
et al., 2000; Dirisipam et al., 2023), but TGF levels in the placental
bed do not seem to be altered under these circumstances (Ball
et al., 2007). Emerging evidence suggest that various components
of the TGFB pathways have been frequently reported as altered

emphasizes the inherent biological diversity of placental cells
and related cell models, which are, in addition, influenced by
non-placental cell types that produce vital TGFf ligands. While
placental cells are the primary source of TGFf ligands (Jones
et al., 2006b; Chuva de Sousa Lopes et al., 2020), it is also crucial to
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Figure 1. TGFp signalling in the placenta. (A) TGF signalling in the first and third trimester placenta. TGFp signalling is crucial for placental
development and the functional regulation of placental cells. In trophoblasts, particularly during the first trimester, TGF signalling is involved in
regulating cell invasion and the transition of CTs to EVTs through an EMT-like process. Additionally, some ligands of the TGFB family stimulate the
reverse process called MET. To ensure blood supply and placental function, TGFp signalling contributes to vascularization by stimulating angiogenesis
through placental ECs. During pregnancy, TGF signalling contributes to the establishment of the maternal tolerance to the semi-allogeneic foetus by
limiting the immunogenic response. TGFp also plays a central role in Tregs differentiation, regulation of NK cells functions, and the balance between
M1 and M2 macrophages. (B) TGFB family signalling activation pathways in the human placenta. TGFp ligands interact with type I and type II receptors
and induce downstream signalling through canonical and non-canonical pathways. Upon ligand-receptor binding, the receptor complex becomes
phosphorylated and recruits the canonical intracellular mediators Smad2/3 or Smad1/5/8. Depending on the type I receptor activated, in the canonical
signalling route, either Smad2/3 or Smad1/5/8 are trans-phosphorylated. TGFp and Activins via ALK4/5/7 primarily activate Smad2/3, whereas Smad1/
5/8 activation is induced by the BMP receptors ALK1/2/3/6. Of note, on certain occasions, TGFp s, activins, and GDFs can activate both Smad1/5/8 and
Smad?2/3 signalling. Phosphorylated Smads form complexes with Smad4 and translocate to the nucleus to regulate gene expression. Inhibitory Smads,
such as Smadé6 and Smad7, act as negative feedback regulators to balance receptor activity. In addition to the canonical pathways, TGFp ligand binding
can activate non-canonical, Smad-independent signalling pathways. These pathways involve downstream effectors such as JNK, Rho-like GTPases,
PI3K-AKT, p38 MAPK, and ERK. Non-canonical signalling regulates TGFp responsive genes and mediates additional cellular responses.

note the involvement of other non-placental factors. For exam-
ple, the release of TGFp ligands from foetal or maternal tissues,
that is the liver (Bidart et al., 2012) or the endometrium (Jones
et al., 2006b), thereby, contributing to the complex network of
TGEFB signalling in the human placenta (Table 1). In detail, this
substantial contribution of TGFp family ligands from maternal
and foetal cell types beyond the placenta, influencing the mater-
nal-placental interface, is essential for successful pregnancy ini-
tiation, and involves cellular interactions and networks, thereby
intricately shaping placental function and development.
Accounting for ligand bioavailability broadens the signalling
window through the TGFp receptor family, adding complexity
to the understanding of the TGFp cellular network and highlight-
ing the critical importance of TGFp signalling in the context
of pregnancy.

Transforming growth factor beta signalling

Transforming growth factor beta (TGF) signalling is vital in tis-
sue and cell homeostasis, regulating inflammatory and cellular

processes such as proliferation, growth, differentiation, apopto-
sis, migration, or matrix formation (Moustakas et al., 2002;
Tzavlaki and Moustakas, 2020). Since the discovery of the first li-
gand namely TGFBl (Assoian et al, 1983), more than thirty
ligands have been described (Derynck and Budi, 2019). The char-
acterization of TGFf ligands has been based on structure and
phylogeny (Heldin and Moustakas, 2016), sub-stratifying them
into six major subfamilies: the TGFp isoforms, BMPs, nodals,
anti-Mullerian hormone (AMH), activins/inhibins, and GDFs
(Derynck and Budi, 2019). This review focuses on the TGFB subfa-
milies and their roles in healthy and preeclamptic placentas
(Fig. 1). While AMH is vital for the ovarian reserve and for detect-
ing polycystic ovary syndrome (Rudnicka et al., 2021), its role in
placental development remains unclear. Although AMH and its
receptor are present in placental tissue (Novembri et al., 2015),
their direct significance and function in this context are yet to be
understood, and therefore, this review will not delve into it.

All members of the TGFB family act as homo- or heterodimers,
in most cases formed through a disulfide bond (Heldin and
Moustakas, 2016). Activation of the TGFB superfamily begins
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Table 1. Tissue sources of TGFp family ligands.

TGFp superfamily Ligand Compartment Tissue/cell type Reference
TGFEB TGFB1 Placenta CT Lash et al., 2005; Jones
et al., 2006b; Forbes
etal., 2010
EVT Jones et al., 2006b; Ma
et al., 2020b; Arutyunyan
et al., 2023; Vondra
etal., 2023
ST Jones et al., 2006b
dNK Lash et al., 2006; Fraser
etal., 2012
dMm Ning et al., 2016; Wang
etal., 2022
HBC Schliefsteiner et al.,
2017, 2020; Pavlov et al.,
2020; Azari et al., 2021;
Mercnik et al., 2022
Maternal tissue Decidua, Jones et al., 2006b;
Endometrium, Uterus Zhangetal., 2019; Yang
etal., 2021
TGFB2 Placenta CT Jones et al., 2006b; Lash
et al., 2005
EVT Lyall et al., 2001
dM Vondra et al., 2023
HBC Pavlov et al., 2020
Maternal tissue Decidua, Simpson et al., 2002
Endometrium, Uterus
TGFB3 Placenta EVT Caniggia et al., 1999
HBC Pavlov et al., 2020
Maternal tissue Decidua, Jones et al., 2006b;
Endometrium, Uterus Simpson et al., 2002
BMP BMP2 Placenta EVT Yietal, 2021
HBC Deng et al., 2023
Maternal tissue Decidua Yietal, 2021
BMP4 Foetal tissue Extraembryonic Roberts et al., 2022
ectoderm
BMP9 Maternal tissue Liver Bidart et al., 2012
NODAL NODAL Maternal tissue Uterus Park etal., 2012
ACTIVIN/INHIBIN ACTIVIN A Placenta CT Debieve et al., 2000;
Bearfield et al., 2005;
Mylonas et al., 2006;
Barber et al., 2023
Maternal tissue Decidua Keelan et al., 1998
Foetal tissue Foetal membranes Petraglia et al., 1993;
Keelan et al., 1998;
Barber et al., 2023
ACTIVIN B Placenta CT Jones et al., 2006a,b;
Adu-Gyamf et al., 2020
INHIBIN A Placenta CT Debieve et al., 2000;
Bearfield et al., 2005
Maternal tissue Decidua Riley et al., 2000
Foetal tissue Foetal membranes Petraglia et al., 1993;
Riley et al., 2000
INHIBIN B Placenta CT Mylonas et al., 2006
ST Mylonas et al., 2006
Maternal tissue Decidua Riley et al., 2000

Foetal tissue

Foetal membranes

Riley et al., 2000

(continued)
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Table 1. Continued

TGFp superfamily Ligand Compartment Tissue/cell type Reference
GDF GDF8 Placenta CT Peiris & Mitchell, 2012
ST Peiris & Mitchell, 2012
EVT Peiris et al., 2014; Xie
et al., 2020
Maternal tissue Uterus, Endometrium Peiris & Mitchell, 2012
GDF11 Placenta CT Sugulle et al., 2009
ST Sugulle et al., 2009
GDF15 Placenta CT Sugulle et al., 2009
ST Marjono et al., 2003;

Jones et al., 2006b;
Sugulle et al., 2009; Zeng
etal., 2023

EVT Segerer et al., 2012; Zeng
et al., 2023

Maternal tissues

Decidua Marjono et al., 2003;

Segerer et al., 2012

CT, cytotrophoblast; EVT, extravillous trophoblasts; ST, syncytiotrophoblast; dNK, decidual natural killer cells; dM, decidual macrophages; HBC, Hofbauer cells.

with ligand dimer binding to transmembrane serine-threonine
kinase receptors, which are divided into type I and type II classes.
There are seven type [ receptors, known as activin receptor-like
kinases (ALK1-ALK7) and five type II receptors: activin type II re-
ceptor A and B (ActRIIA, ActRIIB), BMP receptor II (BMPRII), trans-
forming growth factor f receptor II (TGFBRII), and anti-Millerian
hormone receptor II (AMHRII) (Sierra-Filardi et al., 2011; Heldin
and Moustakas, 2016; Derynck and Budi, 2019; Tzavlaki and
Moustakas, 2020). Co-receptors such as endoglin (Eng), BMP and
activin  membrane-bound inhibitor (BAMBI), betaglycan
(TGFBRILI), cripto, CD109, repulsive guidance molecule b (RGMDb),
and neuropilin-1 further affect the signalling (Vogt et al., 2011;
Tzavlaki and Moustakas, 2020).

Canonical Smad pathway

TGFB family members exhibit the conventional activation of ca-
nonical Smad (derived from the fusion of the Caenorhabditis ele-
gans Sma genes and the Drosophila Mad—Mothers against
decapentaplegic—genes) mediated pathways (Moustakas and
Heldin, 2009; Derynck and Budi, 2019; Tzavlaki and Moustakas,
2020). The Smad family consist of eight Smad proteins, which are
divided into three distinct subgroups: receptor-activated Smads
(R-Smads: Smad1, Smad?2, Smad3, Smad5, and Smadag), the com-
mon Smad (C-Smad4), and inhibitory Smads (I-Smads: Smadé
and Smad?7) (Heldin et al., 1997; Wrighton et al., 2009).

To initiate the signalling cascade, a dimeric TGFp ligand inter-
acts with the specific type I and type II receptors to form a heter-
otetrameric complex. Upon a complex formation, type II
receptors activate the type I receptor by trans-phosphorylation
(Heldin and Moustakas, 2016). This phosphorylation occurs in
the juxtamembrane domain of the type I receptor and activates
its kinase function (Moustakas and Heldin, 2009; Heldin and
Moustakas, 2016; Yan et al.,, 2018). Followed by a successful re-
ceptor activation, the R-Smads are recruited and activated by the
type I receptor to form cytosolic heteromeric trimers together
with Smad4 (Tzavlaki and Moustakas, 2020). Smad4 functions as
a cofactor that enhances ligand-induced transcription by stabi-
lizing the interaction of R-Smads with DNA (Hill, 2016; Kamato
et al., 2020). Although Smad4 is not essential for nuclear trans-
port, it is often translocated together with R-Smads. In the nu-
cleus, Smads form transcriptional complexes with specific
cofactors and regulatory proteins, thereby influencing the

expression of target genes (Miyazono et al., 2005). TGFB ligands
can activate both the Smad2/3 and Smad1/5/8 pathways in a
context-dependent manner. In particular, Smadl, Smad5, and
Smad8 are primarily R-Smads activated by BMP type I receptors,
whereas Smad2 and Smad3 are known to be activated by activin,
GDF, and TGFp type [ receptors (Rochette et al., 2020). However, it
is important to emphasize that activation of the Smad?2/3 or the
Smad1/5/8 pathway is context dependent and varies according
to ligand binding, receptor activation, and conditions (Heldin
and Moustakas, 2016; Rochette et al., 2020; Tzavlaki and
Moustakas, 2020).

Post-translational modifications of Smads fine-tune the
responses to TGFP ligands. Phosphorylation, ubiquitination,
sumoylation, and other modifications occur to control Smad sta-
bility and function. In the nucleus, R-Smads are constantly
dephosphorylated, leading to dissociation of Smad complexes
and the export of inactive Smads to the cytoplasm (Derynck and
Zhang, 2003; Vogt et al., 2011). Moreover, Smad signalling is regu-
lated by positive and negative regulators, including I-Smads, the
co-repressors Ski and SnoN and the Smurf family of E3 ubiquitin
ligases (Luo, 2017). The I-Smads are strongly induced by TGFR re-
ceptor activation, and their induction provides an auto-inhibitory
feedback mechanism for ligand-induced signalling (Yan et al,
2016). Smad6 and Smad7 compete with R-Smads for receptor in-
teraction. They can also induce receptor degradation or interfere
with Smad DNA binding (Yan et al, 2009, 2016). In addition,
Smads are involved in crosstalk with other signalling pathways,
such as the Wingless-related integration site (Wnt), Hippo,
Notch, Hedgehog, and Nuclear Factor kB (NF-«B) pathways, often
in a cell type-specific manner, which plays an important role in
the regulation of various biological responses (Luo, 2017).

Non-canonical pathway

In addition to canonical Smad signalling, TGFp-related ligands
can also regulate other signalling pathways, that may influence
both Smad-mediated and Smad-independent responses (Vogt
et al., 2011). Smad-independent signalling or non-canonical TGFf
signalling involves the activation of several downstream path-
ways, including: c-JUN N-terminal kinase (JNK), Rho-like
GTPases, phosphatidylinositol 3-kinase (PI3K)—protein kinase B
(Akt), p38 mitogen-activated kinase (MAPK), and extracellular
signal-regulated kinase (ERK) MAPK (Luo, 2017; van Caam et al.,



2017). The MAPK and Smad pathways often directly or recipro-
cally regulate each other’s activities and output. For example,
ERK and GSK3b kinases can phosphorylate the R-Smads in the
linker region, to either enhance or diminish Smad mediated tran-
scriptional activation (Fuentealba et al., 2007; Hough et al., 2012).
Moreover, activation of non-canonical signalling leads to the dif-
ferential recruitment of cofactors to transcriptional complexes
containing the Smads, thereby influencing the selectivity, po-
tency, and longevity of Smads-induced gene expression
(Abdollah et al., 1997; Derynck and Budi, 2019). TGFBRI mediated
phosphorylation of TAK1 (TGFp activated kinase 1), which is an
important mediator of p38 MAPK pathway, has been implicated
in the regulation of apoptosis, cell migration, and cell differentia-
tion (Wendt et al., 2009; Derada Troletti et al., 2019). TGFp family
ligands induce a rapid activation of Rho-like GTPases resulting in
control of cytoskeletal dynamics and cell motility (Derynck and
Zhang, 2003; Derynck and Budi, 2019). Moreover, TGFB can indi-
rectly activate PI3K-Akt signalling through miRNAs (Zhang,
2017). In turn, inhibition of PI3K-Akt signalling has been shown
to prevent TGFp-induced Smad3 activation and the association
with Smad4 (Runyan et al, 2004). PI3K-Akt signalling has
been shown to antagonize TGFB/Smad signalling to promote
cell survival through an Akt kinase-dependent mechanism
(Zhang, 2017).

TGFp superfamily ligands

TGFp subfamily

TGFB exists in three known isoforms: TGFR1, TGFB2, and TGFp3,
all of which are secreted into the extracellular space in an inac-
tive, latent form (Jenkins, 2008). The TGFB isoforms contain
highly conserved regions but differ in several amino acid sequen-
ces (Kubiczkova et al.,, 2012; Poniatowski et al., 2015). Despite se-
quence similarities, the isoforms bind differently to the
receptors. TGFB2 binds to the TGFBRII through different residues
than TGFB1 and TGFB3, and presentation of TGFpB2 to the recep-
tor requires the presence of a co-receptor, either betaglycan or
Eng (Heldin and Moustakas, 2016), whereas TGFp1l and TGFB3
can bind directly to TGFBRII (Laverty et al., 2009; Huang et al.,
2014). Although the isoforms signal via similar signalling path-
ways, the cellular effect and outcome may differ. TGFB1 is the
most abundant and ubiquitously expressed isoform, and is pre-
dominantly expressed in the cells of the immune system, where
it acts as a potent immunoregulator (Yoshimura et al.,, 2010;
Kubiczkova et al., 2012). Activation of latent TGF@ is an important
checkpoint of TGFp bioavailability (Jenkins, 2008). To prevent ac-
cess to TGFp receptors, ligands are synthesized as precursors (18)
consisting of a pro-domain, called latency associated polypeptide
(LAP) and the active TGFB. The precursors can be cleaved into
mature dimeric proteins, often linked by disulfide bonds during
processing through the secretory pathway. Proteases play a role
in the process of indirect or direct activation of extracellular
TGFB. Some matrix metalloproteinases (MMPs), such as MMP2
and MMP9 can directly cleave and activate latent TGFf, whereas
membrane-type matrix metalloproteinase (MT-MMP) interacts
with integrin-mediated TGFp activation pathways (Jenkins, 2008).
Active TGFB is involved in the synthesis of many of its own acti-
vators, such as thrombospodin-1 (TSP-1), furins, and metallopro-
teinases (De Caestecker et al., 1998), creating autocrine feedback
loops in TGEF bioavailability and signalling.

Upon activation of the ligands, they bind to their respective
receptors. TGFBRII is primarily involved in the basic signal trans-
duction of the TGFpB subfamily as a type II receptor (Moustakas
and Heldin, 2009; Heldin and Moustakas, 2016). In most cell

types, TGFp signals via ALK5 or TGFBRI as a type I receptor,
whereas in ECs signal transduction can occur via both ALK5 and
ALK1 (Goumans et al., 2002, 2003). Signalling via ALKS5 activates
Smad?2/3 signalling (Tzavlaki and Moustakas, 2020), which is con-
sidered the most canonical TGFp signalling, while stimulation of
ALK1 leads to activation of Smad1/5/8 (Goumans et al., 2003). The
coreceptor Eng is required for TGFp signalling via ALK1. Other
coreceptors, like betaglycan or TGFBRIII, may also regulate sig-
nalling by either facilitating or inhibiting ligand-receptor interac-
tion, adding another layer of regulation and specificity to
the signalling cascade (Heldin et al, 1997; Moustakas and
Heldin, 2009; Heldin and Moustakas, 2016; Tzavlaki and
Moustakas, 2020).

BMP subfamily

Since their discovery as ectopic bone inducers, BMPs have been
shown to affect a wide variety of cell types and processes beyond
bone physiology (Wang et al., 2014). They are important morpho-
gens in embryogenesis and development and have also been
shown to regulate adult tissue homeostasis (Wang et al., 2014).
Many processes in early development depend on BMP signalling
gradients for cell growth, apoptosis, and differentiation (Zou and
Niswander, 1996; Kobayashi et al., 2005; Jones et al., 2006b;
Stewart et al., 2010; Wang et al., 2014). Based on the sequence sim-
ilarity and their function, BMPs are divided into several sub-
groups: (i) BMP2/4, (ii) BMP5/6/7/8a/8b, (iii) BMP9/10, and (iv)
BMP12/13/14 (Bragdon et al., 2011). Normally, BMPs are synthe-
sized as pro-peptides, and after secretion and cleavage, BMPs
bind to either the extracellular matrix, soluble antagonists, co-
receptors, or transmembrane serine/threonine kinase receptors
(Sieber et al., 2009). Similar to TGFB, BMPs bind to heteromeric re-
ceptor complexes composed of type [ and type II (BMPRII, ActRII,
ActRIIB) transmembrane serine/threonine kinase receptors and
activate the corresponding signalling pathway (Von Bubnoff and
Cho, 2001; Miyazono et al., 2005; Xiao et al., 2007; Sieber et al,,
2009). In general, BMPs are thought to bind to the type I receptors
ALK1/2/3/6 and activate the Smad1/5/8 pathway (Tzavlaki and
Moustakas, 2020).

Nodal subfamily

Nodal is a multifunctional cytokine that plays a central role in
the embryonic stages of mammals and is important in regulating
placental development. It does this by suppressing trophoblast
proliferation and inhibiting both extravillous trophoblast (EVT)
formation and invasion of the decidua (Sarkar et al., 2015). Nodal
binds to the type I receptors ALK4/ALK7 and the type II receptors
ActRIIA and ActRIIB to induce Smad2/3 activation (Reissmann
et al., 2001; Nadeem et al., 2011). The signalling process is modu-
lated by cripto (TDGF1), which acts as a co-receptor for nodal.
The regulation of nodal activity by cripto is complex, as cripto
can act both as a membrane-bound and a soluble co-receptor,
with opposing effects on nodal-induced signal transduction
(Reissmann et al.,, 2001; Yeo and Whitman, 2001; Pauklin and
Vallier, 2015).

Activin/inhibin subfamily

Activins and inhibins, which belong to the TGFB subfamily, are
versatile proteins with a wide range of physiological functions,
including gonadal function, hormonal homeostasis, develop-
ment, reproduction, and tissue homeostasis (Jones et al., 2006b;
Tsuchida et al., 2009; Namwanje and Brown, 2016). Both activins
and inhibins are composed of B-subunits, with activins forming
dimers of two B-subunits and inhibins forming heterodimers of
a- and B-subunits (Pryor-Koishi et al, 2007). Heteromeric



complexes of type II receptors (ActRIIA and ActRIIB) and type I
receptors (mainly ALK4, but also ALK2 and ALK7) are involved in
activin signal transduction (Schneider-Kolsky et al., 2002). Upon
binding of activin to the respective type II receptor, the type I
receptors are activated and initiate the phosphorylation of intra-
cellular Smad?2/3. These newly formed complexes, together with
Smad4, are translocated to the nucleus and modulate the expres-
sion of specific target genes (Moustakas and Heldin, 2009).
Inhibins counteract activin signalling by binding one of the type
II receptors to the type III receptor, betaglycan. This interaction
binds the II receptors in an inactive complex, inhibiting further
signal transduction (Namwanje and Brown, 2016).

GDF subfamily

Within the GDF subfamily of TGFp signalling, a limited number
of factors, in particular GDF8 and GDF11 play critical roles in
early placental development and function. GDF8 and GDF11, due
to their structural similarities (Wu et al., 2022), primarily use the
ActRIIA and ActRIIB type II receptors, which are coupled to the
ALK4 and ALKS5 type [ receptors and activate the Smad2/3 signal-
ling pathways. In addition, their signalling is modulated by extra-
cellular antagonists, in particular follistatin-related protein-3
(FSTL3) (Walker et al., 2017). On the other hand, GDF15, also
known as macrophage inhibitory cytokine 1 (MIC-1), is a distant
member of the family and its mechanism of action seems not to
involve TGFP receptors activation (Mullican et al., 2017; Olsen
et al., 2017). The main effects of GDF15 have been related to met-
abolic regulation through the regulation of PI3K/Akt/ERK kinases
(Rochette et al., 2020).

PE is an inflammatory syndrome, and its incidence is on the rise
globally. According to the World Health Organization (WHO), the
incidence of PE ranges between 2% and 10% of pregnancies world-
wide (Gestational Hypertension and Preeclampsia: ACOG Practice
Bulletin, Number 222, 2020). It is a major cause of preterm birth
and intrauterine growth restriction (Phipps et al.,, 2019; Raguema
et al., 2020). PE is a complex and heterogeneous condition and the
underlying pathophysiology is not yet fully understood (Huppertz,
2008b; Than et al., 2018). The syndrome is classified according to
the time of diagnosis, before or after 34-week gestation, and subdi-
vided into early-onset (EO) and late-onset (LO) PE (von Dadelszen
et al., 2009; Tranquilli et al., 2013; Wéjtowicz et al., 2019). While
EOPE and LOPE share a number of common, mainly clinical, char-
acteristics, they have different maternal and foetal outcomes, sug-
gesting different underlying etiologies (Tranquilli et al., 2013; Rana
et al., 2019; Parada-Nino et al., 2022a). EOPE is often considered as a
more severe form, associated with inadequate early placentation,
placental dysfunction, reduced placental volume, intrauterine
growth restriction and immune maladaptation, and carries a
higher risk of future disease for the mother and offspring
(Valensise et al., 2008; Li et al.,, 2014b, 2022). LOPE, on the other
hand, is primarily considered a maternal disorder with milder
complications, associated with maternal endothelial dysfunction
and is generally associated with a more favourable foetal outcome
(Valensise et al.,, 2008). Despite these differences, the placental-
derived molecular mechanisms of EO and LOPE remain unknown,
and consequently there is a lack of sufficient molecular criteria to
distinguish between the PE subtypes (Valensise et al., 2008; Wu
et al., 2019; Stepan et al., 2020). One of the key features associated
with PE is impaired trophoblast invasion and endothelial dysfunc-
tion, both of which contribute to abnormal placental development
(Huppertz, 2008b; Than et al, 2018). Studies have shown that

villous trophoblasts of PE placentas develop an immature pheno-
type, both ultrastructurally and biochemically, compared to nor-
mal placentas. In particular, EVT cells in the decidua of PE women
have a less invasive and more proliferative phenotype than those
from uncomplicated pregnancies (Redline and Patterson, 1995).

Placentation, the process of formation and development of
the placenta, is crucial for a successful pregnancy. Early in a
healthy pregnancy, EVTs invade deep into the endometrial lining
of the uterus and remodel the uterine spiral arteries into highly
conductive vessels (Pijnenborg et al., 1991; Vanwijk et al., 2000;
Brosens et al., 2011). This remodelling ensures an optimal and
high flow of oxygenated blood to the uteroplacental bed, which is
critical for placental and foetal development (Pijnenborg et al.,
1991; Meekins et al., 1994; Brosens et al., 2011; Lyall et al., 2013). In
normal placental development, the spiral arteries undergo signif-
icant changes during remodelling, including an increase in termi-
nal luminal diameter and loss of elastic and muscular
components. These changes extend into the inner third of the
myometrium and result in a loss of vascular smooth muscle con-
densation near the myometrial decidual junction (Vanwijk et al.,
2000; Brosens et al., 2011). However, this process is incomplete in
PE. Abnormal placentation in PE is characterized by impaired tro-
phoblast invasion, particularly EVT dysfunction, resulting in
shallow invasion and a failure to remodel the spiral arteries
(Pijnenborg et al., 1991; Lyall et al., 2013; Lin et al., 2020). Terminal
dilatation of the spiral arteries is less extensive and smooth mus-
cle removal is inadequate and does not extend beyond the de-
cidua (Brosens et al.,, 2011). This failed remodelling of the spiral
arteries contributes to placental hypoxia, oxidative stress, and
endoplasmic reticulum stress, disrupting normal blood flow pat-
terns and reducing nutrient and oxygen delivery to the placenta
(Burton et al., 2009b). The resulting ischaemia and hypoxia of the
placenta are important factors in the development of PE. The im-
paired blood flow and inadequate nutrient supply trigger a cas-
cade of events leading to the induction of the possible
pathophysiological features that may later develop into the clini-
cal symptoms of PE (Burton et al,, 2009a; Brosens et al., 2011).
Inadequate placentation, shallow trophoblast invasion, and im-
paired immune (Mercnik et al., 2022) and endothelial function
(Zhou et al., 2019) in PE emphasize its complexity and the need to
understand the underlying mechanisms driving its development.

TGFB signalling has been implicated in the pathophysiology of
PE, but its exact role is still not understood. Several TGFp ligands
and cofactors have been suggested as potential biomarkers in the
development of PE. Endoglin (Eng) has received much attention,
as elevated levels of soluble Eng (sEng) are found in both the se-
rum and placenta of PE patients. These elevated levels correlate
with the severity of the syndrome, and can be detected before
the onset of clinical manifestations (Venkatesha et al., 2006;
Perucci et al., 2014; Leavey et al., 2016). Different mechanisms
have been proposed to the increase in soluble Eng expression in
PE. For example, the PE placenta is associated with a deficiency
of antioxidants such as heme-oxygenase, superoxide dismutase,
and catalase. This deficiency leads to in increased oxidative
stress, which in turn increases the production of Eng and secre-
tion of its soluble form in the PE placenta (Gregory et al., 2014).
Additionally, oxysterols, agonists of liver X receptors have been
shown to induce Eng expression in the placenta affected by PE
(Henry-Berger et al., 2008; Margioula-Siarkou et al., 2021). While
Eng is best known for its interaction with TGFB1 and TGFp3 iso-
forms, it has the ability to interact with other ligands of the TGFB
superfamily, such as BMPs (Barbara et al., 1999).



The literature on the cellular origin, expression, and function
of TGFpB family ligands in PE remains controversial and incom-
plete (Table 2). Contradictory published data on TGFp isoform
levels in combination with a not always well-defined classifica-
tion of the PE samples used do not allow a selective role of TGFB
in this pathophysiology. Interestingly in placental tissue, Xu et al.
(2016) observed a significant upregulation of the Smad2/3 path-
way induced by TGFB in the placenta of EOPE, suggesting a poten-
tial role of TGFp ligands in the pathology of this condition. TGFf1
is elevated in the plasma and serum of PE patients (Djurovic
et al., 1997; Benian et al., 2002; Hennessy et al., 2002; Shaarawy
et al., 2016), and has been associated with an increase in diastolic
blood pressure (Benian et al., 2002). Consistent with this, higher
levels of active TGFB1 have been observed in both, EO- and LO-PE
subtypes of PE, when compared to normotensive controls
(Djurovic et al., 1997). However, Hennessy et al. (2002) found lower
serum TGFB1 levels in women with PE, possibly due to the differ-
ences in sampling methods. Similar to TGFB1, TGFB2 is elevated
in the serum of patients with PE (Shaarawy et al., 2016). The ex-
pression of GDF8 and its antagonist FSTL3 was significantly in-
creased in the maternal serum of PE subjects compared to
controls (Pryor-Koishi et al., 2007). The upregulation of FSTL3 and
GDF8 was also confirmed in the PE placenta, suggesting that the
tissue itself may be a source of circulating GDF8 and FSTL3 in PE
(Guo et al., 2012). Of note, inhibin A and activin A, but not inhibin
B, are elevated in women with PE (Yair et al., 2001; Mylonas et al.,
2006). As activin A levels are also elevated in PE placentas, it is
reasonable to speculate that secreted placental activin A contrib-
utes, at least in part, to these differences observed in the mater-
nal circulation (Manuelpillai et al., 2001). Using an optimized
method for co-expression network analysis, Tejera et al., identi-
fied a number of TGFp superfamily genes that are upregulated in
PE placenta. In addition to ENG, an increased expression of
INHBA (encoding inhibin A) and ACVR1 (encoding the BMP recep-
tor ALK2) was quantified (Tejera et al., 2013). ACVR1, as well as
ACVR2A (encoding ActRIIA), was already found to be upregulated
in PE placenta and maternal circulation (Inkeri Lokki et al., 2017;
Lietal, 2022). In particular, ACVR1 mRNA levels in decidua corre-
late with the severity of PE (Yong et al., 2014). Furthermore, in a
study conducted in a Brazilian cohort, ACVR2A was associated
with the development of EOPE (Ferreira et al, 2015). Further
analysis using single-nucleotide polymorphisms identified a
common maternal PE susceptibility locus on chromosome 2q22-
23, that affects ACVR2A expression and contributes to the devel-
opment of PE (Roten et al., 2008). Despite recent developments, it
is still crucial to further elucidate the role of TGFp signalling and
dissect the interactions within the different branches of the TGFf
pathway to gain a deeper understanding of their contribution to
the pathogenesis of PE, and to unravel their potential as targets
or biomarkers for this critical condition. Given the proposed dif-
ferent subtypes of PE, it is highly recommended to study the
TGEFp signalling pathways in early- and late-onset PE cohorts sep-
arately in future (Valensise et al., 2008; Wu et al., 2019). This fo-
cused approach may deepen our understanding of the disease,
elucidate specific mechanisms, and reveal potential therapeutic
targets specific to each subgroup.

Trophoblast cells

Considering the complex role of the placenta in foetal-maternal
communication, it may not be surprising that its diverse

functions at different stages of normal and abnormal pregnan-
cies involve the coordinated actions of several cell types. Within
the first weeks of pregnancy, the human placenta generates epi-
thelial trophoblasts with diverse biological roles including in the
attachment of the conceptus to the uterine wall, the establish-
ment of early histotrophic response, and the adaption of the ma-
ternal uterine vasculature. Different types of trophoblasts,
including stem cells, progenitors, and differentiated subtypes
with multiple functions develop (Knofler et al, 2019).
Cytotrophoblasts (CTs), progenitor cells located in the first tri-
mester placental villi, fuse to form the multinucleated syncy-
tium, which plays a key role in nutrient transport and hormone
production (Gauster et al., 2022). Thereafter CTs undergo a differ-
entiation process leading to the formation of EVTs through a pro-
cess similar to that which is well documented in cancer biology,
known as the epithelial-to-mesenchymal transition (EMT)
(Gonzalez and Medici, 2014; Davies et al., 2016). During the EMT-
like differentiation, EVTs partially lose their well-organized epi-
thelial phenotype and transition to a migratory and invasive
mesenchymal phenotype. Key features of this differentiation in-
clude changes in cell polarity and adhesion (Kokkinos et al,
2010). Essentially, trophoblasts acquire mesenchymal character-
istics by exhibiting migratory and invasive capabilities, upregula-
tion of EMT transcription factors such as Snail, increased Wnt
signalling, and downregulation of epithelial polarity genes such
as Occludin and ZO1 (Knofler and Pollheimer, 2013). It is impor-
tant to emphasize that trophoblasts simultaneously maintain
certain epithelial features, characterized by the expression of
cytokeratin 7 and the absence of mesenchymal vimentin induc-
tion (Davies et al., 2016; Haider et al., 2017). These changes are
critical for successful embryo implantation in the early weeks of
pregnancy (Davies et al., 2016; Haider et al., 2017). These pro-
cesses involve the migration of EVT cells into the maternal de-
cidua and the remodelling of the maternal spiral arteries to
ensure an adequate blood supply to the developing placenta
(Haider et al., 2022). Dysregulation of trophoblast proliferation
and EVT invasion may contribute to conditions like PE, placenta
accreta, and recurrent miscarriage (Incebiyik et al., 2014). Among
the signalling molecules involved in regulating trophoblast func-
tion, members of the TGFp superfamily play significant and dis-
tinct roles during the first trimester of pregnancy (Fig. 2).
Research on the TGFp superfamily and trophoblast function at
pregnancy term is relatively limited, and further investigation is
necessary to gain a comprehensive understanding of the preg-
nancy progression and its potential implications for maternal
and foetal health.

TGF§ signalling in trophoblasts

The balance between factors that promote or inhibit cell invasion
is essential for a normal placentation. The TGFp ligands TGFp1,
TGB2, and TGFp3, exert several biological effects in trophoblasts
and in the regulation of placental invasion (Jones et al., 2006b). As
mentioned above, TGFs bind to the type I receptor ALKS and ac-
tivate the Smad2/3 signalling cascade (Budi et al., 2017). The ex-
pression of some TGFP signalling components, Smad2/3/4,
TGFBRI, TGFBRII, TGFB1, and TGFB2, is highest in trophoblasts
during the first trimester and decreases during pregnancy (Xuan
et al., 2007). All three forms of TGFp contribute, at least in part,
through different mechanisms to the inhibition of trophoblast in-
vasion and migration (Irving and Lala, 1995; Caniggia et al., 1999;
Karmakar and Das, 2002; Tse et al., 2002; Jones et al., 2006b).
Consistently, TGFB3 expression decreases around the ninth week
of gestation, correlating with a switch from trophoblast invasion
and migration to a proliferative state, characterized by increased
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Table 2. Systemic and tissue levels of TGFB superfamily ligands in PE.

TGFp superfam- Subtype of PE Type of control Sample Changes of ligand Reference
ily ligand levels in PE
TGFB1 Mild/Severe Normotensive pregnancy Plasma Elevated in all Perucci et al., 2014
EO/LOPE (Unmatched for GA) PE subtypes
PE Normotensive pregnancy Plasma Elevated Benian et al., 2002;
(Matched for GA) Peracoli et al., 2008
Mild/Severe/ Normotensive pregnancy Plasma Active TGFp elevated Djurovic et al., 1997
PE+ FGR (Unmatched for GA) in all PE subtypes
PE Normotensive pregnancy Serum No difference in total Huber et al., 2002
(Matched for GA) or active TGFB1
PE Normotensive pregnancy Serum No difference in total Hennessy
(Unmatched for GA) or active TGFB1 etal., 2002
Mild/Severe PE Normotensive pregnancy Serum Decreased levels in Xuetal, 2017
(Matched for GA) mild PE, elevated in se-
vere PE
PE Normotensive pregnancy Placenta Elevated Benian et al., 2002
(Matched for GA)
PE Normotensive pregnancy Placenta Elevated Zhangetal., 2019
(Unmatched for GA)
PE Preterm normoten- Placenta Elevated Yietal, 2021
sive pregnancy
PE Normotensive pregnancy Placenta No difference Hennessy
(Unmatched for GA) etal., 2002
TGFp2 Mild/Severe Normotensive pregnancy Serum Elevated in Severe PE Shaarawy
PE/Eclampsia (Matched for GA) and Eclampsia etal., 2016
TGEFp3 PE Normotensive pregnancy Placenta Elevated Caniggia et al., 1999
(Matched for GA)
EOPE Preterm normoten- Placenta Reduced Yietal., 2021
sive pregnancy
BMP2 EOPE Preterm normoten- Placenta Reduced Yietal, 2021
sive pregnancy
BMP4 PE Normotensive pregnancy Serum No difference Gallardo-Vara
(Unmatched for GA) etal., 2020
EOPE Preterm normoten- Placenta Reduced Yietal, 2021
sive pregnancy
BMP5S EOPE Preterm normoten- Placenta Reduced Yietal., 2021
sive pregnancy
Nodal PE Preterm normoten- Placenta Elevated Nadeem et al., 2011
sive pregnancy
(Matched for GA)
Activin A Mild/Severe PE/ Normotensive pregnancy Serum Elevated in severe PE Xuetal, 2017
Gestational (Matched for GA) > mild PE and gesta-
hypertension tional hypertension
PE Normotensive pregnancy Serum Elevated Yair et al., 2001
(Matched for GA)
PE Normotensive pregnancy Serum Elevated Manuelpillai
(Unmatched for GA) etal., 2001
PE Normotensive pregnancy Placenta Elevated Manuelpillai
(Unmatched for GA) etal., 2001
Inhibin A Mild/Severe PE/ Normotensive pregnancy Serum Elevated in severe PE Xuetal, 2017
Gestational (Matched for GA) > mild PE and gesta-
hypertension tional hypertension
PE Normotensive pregnancy Serum Elevated Yair et al., 2001
(Matched for GA)
EOPE Preterm normoten- Placenta Elevated Yietal, 2021
sive pregnancy
Inhibin B PE Normotensive pregnancy Serum No difference Yair et al., 2001
(Matched for GA)
EOPE Preterm normoten- Placenta Elevated Yietal, 2021
sive pregnancy

(continued)
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Table 2. Continued
TGFp superfam- Subtype of PE Type of control Sample Changes of ligand Reference
ily ligand levels in PE
Myostatin (GDF8) Mild/Severe PE Normotensive pregnancy Serum Elevated Guo et al.,, 2012
(Matched for GA)
Mild/Severe PE Normotensive pregnancy Placenta Elevated Guo et al., 2012
(Matched for GA)
Endoglin Mild/Severe PE Normotensive pregnancy Plasma Increasing with the se- Perucciet al., 2014
(Unmatched for GA) verity of PE
Mild/Severe PE Normotensive pregnancy Serum Increasing with the se- Venkatesha et al.,
(Matched for GA) verity of PE 2006; Xu etal., 2017;
Zhangetal., 2020
Mild/Severe PE Normotensive pregnancy Serum Increasing with the se- Leanos-Miranda
(Unmatched for GA) verity of PE etal., 2019;
Gallardo-Vara
et al., 2020
Mild/Severe PE Normotensive pregnancy Placenta Increasing with the se- Venkatesha
(Matched for GA) verity of PE et al., 2006
Follistatin related PE Normotensive pregnancy Serum Elevated Pryor-Koishi
gene protein (Matched for GA) et al., 2007
PE Normotensive pregnancy Placenta Elevated Pryor-Koishi
(Matched for GA) et al., 2007
FSTL3 Mild/Severe PE Normotensive pregnancy Serum Elevated Guo et al., 2012
(Matched for GA)
Mild/Severe PE Normotensive pregnancy Placenta Elevated Guo et al., 2012
(Matched for GA)

EOPE, early onset PE; LOPE, late onset PE; FGR, fetal growth restriction; GA, gestational age.

fibronectin synthesis (Caniggia et al., 1999). For successful inva-
sion, trophoblasts secrete proteases such as matrix metallopro-
teases (MMPs), urokinase-type plasminogen activators (uPA), and
cysteine proteases such as cathepsins (Lash et al., 2005; Li et al,,
2021). The activity of trophoblast proteases is tightly regulated by
natural inhibitors (Librach et al., 1994; Karmakar and Das, 2002),
such as plasminogen activator inhibitor 1 (PAI-1) and tissue
inhibitors of metalloproteinases (TIMPs). TGFB1, TGFB2, and
TGFB3 induce the activation of PAI-1 and TIMPs (Lash et al., 2005),
thereby increasing cell adhesion to the extracellular matrix
(ECM) (Irving and Lala, 1995). Local inflammatory mediators,
such as IL1p and TGFp1, are balanced to further regulate the ac-
tivity of these enzymes. In this sense, IL-1p promotes the expres-
sion of uPA and MMP9, thereby promoting invasion, whereas
TGFB1 upregulates TIMP-1, TIMP-2, and PAI-1, which in contrast
inhibit the action of uPA and MMP9 (Laiho et al.,, 1987; Graham,
1997). Additionally, IL1B induces the expression of MT-MMP1 or
MMP14, a collagenase involved in ECM degradation, but exposure
to TGFB1 abolishes the expression of MT-MMP in JEG-3 cells
(Librach et al., 1994; Karmakar and Das, 2002).

Another important milestone towards a successful pregnancy
is the proper invasion of the EVT. Using RNAseq analysis, Haider
et al. (2022) identified that TGFB/Smad2/3 signalling governs the
differentiation of placental EVTs, as demonstrated in primary
EVTs and trophoblast organoids. The same group characterized
different Smad2/3 phosphorylated residues in trophoblast sub-
types. Thus, while C-terminal Smad2/3 phosphorylation was pro-
posed to regulate EVT function and differentiation, Smads2
linker phosphorylation was mainly associated with proliferative
primary CTs (Haider et al., 2017). In immortalized HTR8/SVneo
cells, cell invasion required the expression of the cell membrane
junction protein VE-cadherin. Notably, incubation with TGF-B1
induced the activation of the Smad2/3 signalling and the expres-
sion of the Snail and Slug transcription factors, and genetic inhi-
bition of Snail was sufficient to prevent invasion of primary

trophoblasts and the HTR8/SVneo cell line (Cheng et al., 2013).
Conversely, a recent study showed how TGFB1 can activate the
non-canonical ALK5-ERK1/2 pathway and inhibit invasion in pri-
mary EVTs and HTR8/SVneo cells, by inducing downstream kiss-
peptins (Fang et al, 2022). Interestingly, elevated levels of
kisspeptin-1 have been observed in PE placenta, suggesting their
potential contribution to disrupted PE pathology (Kapustin et al.,
2020). In addition, miR142-3p, which is highly upregulated in PE
placenta, has been shown to induce trophoblast invasion by acti-
vating the TGFp1/Smad3 signalling pathway in the HTR8/SVneo
cell line (Liu et al., 2019). As mentioned above, in some cell types
the TGFp co-receptor Eng is able to balance Smad signalling be-
tween ALK1-Smad1l/5/8 and ALK5-Smad2/3. In response to
TGFB1 and/or TGFB3, Eng was shown to be essential to prevent
EVT invasion, and Eng inhibition triggered EVT outgrowth, migra-
tion, and fibronectin production in villous explants (Caniggia
et al., 1997b). Indeed, TGFpB3 triggers the premature invasive phe-
notype of the trophoblast, and its downregulation rescues the ab-
normal invasive phenotype observed in PE placentas (Caniggia
et al., 1999; Cowden Dahl et al., 2005). Furthermore, a critical link
between TGFp3 and hypoxia is emerging in normal placental de-
velopment, where elevated oxygen levels at 10-12 weeks of gesta-
tion downregulate HIF-la0 and TGFB3 thereby regulating
trophoblast invasiveness (Tal, 2012). However, as demonstrated
in JAR, JEG-3, and villous explants in PE, unsuccessful suppres-
sion of HIF-1a increases placental TGFB3 expression, leading to
the aberrant trophoblast invasion and persistent placental hyp-
oxia, causing a detrimental loop where chronic/continuous hyp-
oxia further stimulates HIF-1a and TGFB3 expression (Caniggia
et al., 1999; Schéffer et al., 2003; Nishi et al., 2004; Xu et al., 2019).
ECM remodelling is a critical aspect of a successful pregnancy,
intricately regulating trophoblast invasion and placental devel-
opment (Huppertz, 2008b). Furthermore, the composition of ECM
determines its effect on trophoblast invasion (Huppertz, 2008a).
A study by Xu et al. (2019) investigated lysyl oxidase (LOX) and
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Figure 2. Summary of the TGFp family induced signalling in EVT. During placentation, the coordinated migration and invasion of EVTs is critical for
the maintenance of a successful pregnancy. During the first trimester, CTs undergo an EMT-like process and differentiate into EVTs. These EVTs
migrate and invade the decidua and maternal spiral arteries in the myometrium. Highly regulated interactions between EVTs and surrounding cells,
including NK cells, macrophages (M0), and stromal cells, play an important role in the immunological acceptance and depth of trophoblast invasion. In
a normal pregnancy (A), TGFp signalling regulates the process of trophoblast invasion. Different ligands, such as BMPs, activins, and GDFs, are involved
in promoting EVT invasion and migration. For example, BMP2 can directly or indirectly activate different receptors (ALK2, ALK3, or ALK4),
subsequently inducing Smad1/5/8 or Smad2/3 activation, depending on the context of signalling and receptor binding. Activin A binds to ALK4 and
activates Smad2/3, leading to the activation of metalloproteinase 2 (MMP2). GDF8 and GDF11 also activate Smad2/3 and downstream MMP2. To
maintain a balance in trophoblast invasion, the secretion of inhibitors or molecules that attenuate their activity regulates the activity of trophoblast
proteases. TGFf and Nodal subfamilies are involved in the induction of TIMPs, with TGFBs signalling through ALK5 and Nodals signalling through
ALK7. In PE (B), trophoblasts fail to invade the spiral arteries adequately, resulting in reduced blood flow and impaired utero-placental perfusion. The
impaired invasion appears to be the first change on cellular level that contributes to the pathogenesis of PE. TGFf1 inhibits cell invasion through ALKS
and Smad?2/3 induction, and contributes to the upregulation of miR142-3p and Snail expression in PE. Non-canonical ERK1/2 signalling may also be
involved in inhibiting invasion by inducing Kiss-1 expression. Interestingly, elevated levels of Activin A in PE trigger apoptosis via the Nodal/ALK7
pathway rather than by inducing MMP expression. Elevated levels of Nodal, on the other hand, do not inhibit EVT migration but rather induce
apoptosis via the ALK7 pathway. MO, macrophages.



LOX-like protein 2 (LOX2L) signalling components involved in
ECM remodelling and HTR8/SVneo trophoblast invasion in PE
placentas. The TGFB1/Smad3 pathway has been shown to inhibit
LOX and LOXL2-dependent induction of collagen production,
thereby suppressing the migration and invasion of trophoblasts.
Downregulation of LOX and LOXL2 has also been observed in PE
placenta (Xu et al.,, 2019). Additionally, connective tissue growth
factor (CTGF), also known as CNN2, is an important downstream
target of TGFB-Smad2/3 signalling and plays a role in extracellu-
lar matrix deposition. Elevated levels of CTGF have been detected
in the placenta and serum of patients with severe PE and foetal
growth restriction, suggesting its potential involvement in regu-
lating of trophoblast invasion in PE. Importantly, genetic knock-
down of CTGF partially prevented TGFB1l-induced inhibition of
invasion of primary trophoblasts and the HTR8/SVneo cell line
(Ohetal.,, 2009; Chen et al., 2012; Cheng et al., 2017).

In summary, studies have implicated various components of
the TGFB signalling pathway, including Smad2/3, TGFp receptors,
and downstream effectors such as VE-cadherin and kisspeptins,
in trophoblast differentiation and invasion. Dysregulation of
TGFB signalling, as seen in PE, may contribute to impaired tro-
phoblast invasion and placental dysfunction.

BMP signalling in trophoblasts

The BMP subfamily is one of the most important signalling path-
ways in developmental processes, as it is involved in trophoblast
differentiation and invasion, cell growth, and apoptosis (Jones
et al., 2006b). BMP2 and BMP4 play important roles in placental
development and particularly in trophoblast invasion. BMP2 is lo-
calized to all trophoblast subtypes and to the decidua during the
first trimester of pregnancy, with its levels increasing during this
period (Yi et al., 2021). In vitro models such as the use of primary
trophoblasts and the cell line HTR8/SVneo have demonstrated
the action of BMP2 in regulating human trophoblast invasion and
spiral artery remodelling (Zhao et al., 2018b, 2020a,b). During nor-
mal pregnancy, there are increased serum levels of BMP2, some
of which is secreted by trophoblasts (You et al., 2021). Of note, a
recent study identified Hofbauer cells (HBCs) as an additional
source of BMP2. Crosstalk between HBCs and trophoblast leads to
upregulation of BMP6 via ALK3-Smad2/3-Smad4 signalling in pri-
mary trophoblasts, promoting their invasion and vascular mim-
icry (Deng et al., 2023). In trophoblasts, BMP2 has been shown to
regulate EMT-like process, cell adhesion, and invasion (Luo,
2017). To promote trophoblast differentiation, BMP2 regulates
the expression of adhesion molecules and genes involved in ECM
remodelling in primary trophoblast and HTR8/SVneo (Yi et al.,
2021). BMP2 upregulates the expression of ECM-associated genes,
including COL6A1, COL7A1, ITGA2, ITGA6, ADAM12, and MMP11
(Yi et al., 2021). The expression of the EMT transcription factor
Snail (Luo, 2017) is induced by BMP2 through the induction of
IncRNA NR026833.1, which binds to miR502-5p and upregulates
Snail expression in primary trophoblasts (You et al., 2021). Snalil,
in turn, induces MMP2, a key molecule involved in trophoblast in-
vasion at 6-8weeks of gestation (You et al., 2021). In primary
trophoblasts and in the HTR8/SVneo cell line, BMP2 also pro-
motes invasion and endothelial-like tube formation through an
ID1-IGFBP3-Slug axis (Zhao et al., 2020b).

The mechanisms by which BMP2 regulates trophoblast inva-
sion are complex. BMP2 binding activates non-canonical Smad2/
3 signalling leading to the induction of N-cadherin in primary
EVTs and HTR8/SVneo cells (Zhao et al., 2018b). Pharmacological
inhibition of ALK2/3, but not ALK4/5/7, effectively diminished the
induction of Smad2/3 phosphorylation in response to BMP2
(Zhao et al., 2018a,b). Interestingly, ALK3 is required for BMP2 to

induce inhibin A and activin A production in primary EVTs,
which may act in an autocrine manner (Zhao et al., 2018a). Other
factors, such as the adhesion molecule AMIGO2 and the
membrane-bound BMP and activin inhibitor (BAMBI), are in-
volved in BMP2-induced trophoblast invasion and WNT/p-cate-
nin signalling crosstalk in primary trophoblast and HTR8/SVneo
(Zhao et al., 2020a; Yi et al., 2021). In EOPE placenta, particularly
in trophoblasts, BMP2 levels are decreased, as are the ligands
BMP4 and BMP5. In contrast, the expression of the BMP type II re-
ceptor BMPR? is increased (Yi et al., 2021), perhaps as a compen-
satory mechanism. Consistent with the downregulation of BMP2
mRNA levels in EOPE trophoblasts (Yi et al., 2021), the expression
of IncRNA NR026833.1 is downregulated in EOPE (You et al.,
2021). The downregulation of BMP2 mRNA and IncRNA
NR026833.1 expression in EOPE suggests potential mechanisms
contributing to trophoblast dysfunction in PE.

BMP4 is used to stimulate the differentiation of various hu-
man pluripotent stem cells (hPSCs) origins, including embryonic
stem cells (ESCs) and induced pluripotent stem cells (iPSCs), into
different trophoblast cell models (Kojima et al., 2017; Jang et al.,
2022; Soncin et al., 2022). To introduce BMP4 to hPSCs induces the
formation of self-renewing trophoblast stem cells (TSCs), which
possess the capability to undergo further differentiation into
EVTs and ST (Jang et al., 2022; Soncin et al., 2022). Notably, Kojima
et al. (2017) have demonstrated that the concentration-
dependent stimulation of BMP4 in human-induced pluripotent
stem cells (hiPSCs) leads to the direct differentiation of cells into
EVTs and STs without the self-renewing TSC stage. Due to the
challenges of obtaining human first trimester tissue samples and
the potential biological differences between species, differenti-
ated hPSCs have been used as an alternative model to study tro-
phoblast biology. Successful differentiation of hPSCs into
trophoblast-like stem cells requires the inhibition of activin/
nodal signalling by BMP4 stimulation (Xu et al, 2002).
Furthermore, inhibition of activin/nodal signalling via BMP4 acti-
vates FGR signalling, leading to hPSC differentiation into the
B-human chorionic gonadotropin (BhCG) hormone-secreting
multinucleated ST (Sudheer et al., 2012). In particular, BMP4 acti-
vates amniotic and/or mesodermal markers under certain condi-
tions. Therefore, its utilization as a differentiation agent remains
controversial, and different models and protocols have been pro-
posed (Roberts et al., 2018; Knofler et al., 2019; Io et al., 2021).

In summary, the BMP subfamily, particularly BMP2 and BMP4,
plays a critical role in placental development, trophoblast inva-
sion and differentiation. The understanding of BMP signalling in
PE trophoblasts remains poor, and further studies are needed to
clarify the role of BMPs in trophoblast function.

Nodal signalling in trophoblasts

Nodal is a multifunctional cytokine, of key importance during
mammalian embryonic development, and involved in the regula-
tion of placental development by inhibiting trophoblast prolifera-
tion, EVT formation, and EVT invasion of the decidua (Sarkar
et al, 2015). During early pregnancy, nodal and ALK7 are
expressed in villous and EVT cells, and their levels are strongly
upregulated in PE placentas (Nadeem et al.,, 2011). In a healthy
pregnancy, high levels of nodal/ALK7 inhibit trophoblast prolifer-
ation and invasion, and may contribute to syncytialization.
Subsequently, reduced levels of nodal/ALK7 allow trophoblast
proliferation and invasion. Mechanistically, in HTR8/SVneo and
villous explants, Nodal/ALK7 activates the Smad?2/3 signalling
cascade and upregulates TIMP-1, which subsequently inhibits
MMP2 and MMP9 (Nadeem et al., 2011).



Nodal levels are regulated by molecules involved in tropho-
blast proliferation, such as Lefty (Li et al., 2018), miR-378a-5p
(Parada-Nino et al., 2022), miR-376 (Fu et al., 2013), and miR-454
(Adu-Gyamlfi et al., 2020). miR-376c inhibits both ALK5 and ALK7
and consequently impairs TGFp/nodal signalling, leading to in-
creased cell proliferation and invasion. Interestingly, miR376c
levels are reduced in placentas and plasma of women with PE (Fu
etal., 2013). In PE, where nodal/ALK?7 is overexpressed, the activa-
tion of Smad2/3 signalling leads to impaired trophoblast invasion
and increased apoptosis as shown in HTR8/SVneo and villous
explants (Nadeem et al.,, 2011). The inhibition of JEG-3, JAR, and
Bewo proliferation by Nodal is partly mediated by the p27-cyclin
E/Cdk2 pathway, resulting in Gl-cell cycle arrest (Munir et al.,
2004). TGFB1 can inhibit activin/nodal-induced EVT formation
shown in TSC model (Sarkar et al., 2015), while activin A enhan-
ces nodal signalling (Yu et al., 2012). Maternal Nodal can induce
foeto-placental nodal signalling and modulate the PE susceptibil-
ity gene STOX1 through activin A secretion at the maternal inter-
face (Thulluru et al., 2013). As both activin A and nodal have been
shown to be elevated in PE, it has been suggested that their inter-
action promotes trophoblast apoptosis through activation of the
nodal/ALK7 signalling in primary trophoblasts and HTR8/SVneo
cell line (Yuet al., 2012).

To sum up, nodal plays a critical role in placental develop-
ment by regulating trophoblast proliferation, invasion,
and apoptosis.

Activin and inhibin signalling pathways in trophoblasts

Activins and inhibins are members of the TGFf subfamily and
have a similar structure (Pryor-Koishi et al., 2007). Activin A is the
predominant form of activins in pregnancy and is expressed in
the syncytiotrophoblast (ST) and underlying CT layers through-
out pregnancy. Activin A and inhibin A are secreted by the pla-
centa, decidua, and foetal membranes and are found in the
maternal circulation, amniotic fluid, and umbilical cord blood
(Florio et al., 2004). Its type I receptors, ALK4 and ALK7, are
expressed in the ST during the first and second trimesters and
predominantly in the ECs of the villi during the third trimester
(Schneider-Kolsky et al., 2002).

Activin A is highly involved in the placentation, acting in an
autocrine or paracrine manner, being expressed in the newly
formed ST and/or playing a role in the aggregation and syncytial-
ization of CT cells. In the first trimester, activin A stimulates pri-
mary trophoblast differentiation towards an invasive phenotype
(Bearfield et al., 2005). Villous explant studies have demonstrated
that activin A promotes CT outgrowth and fusion, EVT formation,
and EVT invasion into the decidua (Caniggia et al., 1997a). To fa-
cilitate the foeto-maternal interface, CT differentiate towards the
invasive and migratory EVT phenotype in a complex and regu-
lated EMT-like process (Kokkinos et al.,, 2010). Molecules of the
TGFp superfamily, including activin A, are recognized as potent
inducers of the EMT-like process (Li et al., 2014c; Tzavlaki and
Moustakas, 2020). Indeed, BMP2 can induce the production, of
activin A, leading to the upregulation of N-cadherin, an impor-
tant marker of EMT (Zhao et al., 2018a,b). Activin A mediated in-
vasion of primary EVTs and HTR8/SVneo is linked to the ALK4-
Smad2/3 signalling pathway, leading to the activation of either
Snail or Slug and their downstream molecules MMP2, MMP9, and
MMP26 (Li et al., 2015a; Adu-Gyamfi et al., 2020; Zhu et al., 2021).
Interestingly, excessive levels of activin A can induce apoptosis
via the nodal-ALK7 pathway rather than promoting MMP expres-
sion (Adu-Gyamfi et al., 2020).

Notably, as shown in primary EVTs and HTR8/SVneo during
trophoblast invasion, both TGFB1 and activin A are capable of

signalling through ALKS and ALK4 receptors, respectively,
thereby inducing the Snail transcription factor. Of note, TGFp has
been shown to activate Smad-independent signalling pathways,
including MAPK (ERK, p38, and JNK), PI3K, and Rho-like GTPases,
whereas activin A preferentially signals via Smad dependent
pathways (Matsuzaki, 2011; Li et al., 2015a; Zhu et al., 2021).

Inhibin A, produced by the CT, acts as a feedback mechanism
in EVT invasion by antagonizing the production of activin A-acti-
vated metalloproteinases (MMP2, MMP7, and MMP9) (Jones et al.,
2006a; Adu-Gyamfi et al., 2020). Follistatin, produced by the de-
veloping placenta, is an activin A soluble antagonist that regu-
lates EVT outgrowth in villous explants (Caniggia et al., 1997a;
Petraglia et al., 1994). Another regulator of activin A is follistatin-
related protein (FLRG), which is primarily expressed by the de-
cidua and placental ECs (Ciarmela et al., 2003). FLRG levels are in-
creased in the ST of PE placentas and are associated with low
birth weight (Pryor-Koishi et al., 2007). Although follistatin and
FLRG give similar signals, their expression differs during preg-
nancy. While follistatin expression decreases throughout the
pregnancy, FLRG expression continues to increase until delivery
(Wang et al., 2003; Pryor-Koishi et al., 2007). In PE, placental levels
of both activin A and inhibin A are elevated (Yi et al., 2021).
Interestingly, hypoxia can enhance the activity of both Inhibin A
and Activin A, but their expression is not influenced under low
oxygen levels in placental cells (Manuelpillai et al., 2003), suggest-
ing that triggers other than hypoxic conditions may modulate
the expression of activin and inhibin ligands during PE.

Both TGFB1 and activin A are involved in the regulation of
BhCG production by primary trophoblasts, although their effects
may vary depending on the signalling pathways that they induce
and the stage of pregnancy. TGFB1 has an inhibitory effect,
whereas activin A stimulates the expression and secretion of
BhCG (Song et al., 1996). The effects of activin A are tightly con-
trolled by the antagonistic effects of inhibin A (Petraglia
etal., 1989).

GDF signalling cascade

Among the GDF subfamily of the TGF signalling, only a few fac-
tors have been identified to play a role in the development and
function of the early placenta, including GDF8, GDF11, and
GDF15. GDFS8, also known as myostatin, and its receptor ACVR2B
are localized in EVTs in the first and third trimester placenta and
contribute to the regulation of normal placentation, by inducing
proliferation and migration of primary EVTs and HTR8/SVneo
(Peiris et al., 2014). Interestingly, GDF8 can induce the expression
of FSTL3, an antagonist of GDF8 signalling, to further enhance in-
vasion in primary EVTs and the HTR8/SVneo cell line via the
ALK5-Smad2/3 pathway (Xie et al., 2020). Additionally, the acti-
vated ALK5-Smad2/3 pathway induces the expression of MMP2 in
HTR8/SVneo cell line (Fang et al., 2021), thereby stimulating EVTs
invasion, providing insight into early placental development, as
MMP? is primarily active between 6-8 weeks of gestation.

GDF11, which is structurally similar to GDF8, induces cell in-
vasion by using the ALK4 and ALKS5 type I receptors and subse-
quently activates Smad2/3 and the expression of MMP2 in
primary EVTs and in HTR8/SVneo cells (Wu et al., 2022). In addi-
tion, GDF11 regulates the transcriptional regulator ID2, which is
required for MMP2 expression and invasion of EVTs (Wu
etal., 2022).

Another member of the GDF subfamily, GDF15, also known as
MIC-1, is abundantly expressed in the placenta, and has been lo-
calized to the CT and ST in particular (Sugulle et al., 2009). Using
the HTR-8/Neo cell line and villous explants, fragile X-related
protein 1 (FXR1) was been shown to regulate GDF15 expression



(Hong et al., 2022). The maturation and processing of GDF15 are
mediated by the activity of MMP26, which is co-localized on vil-
lous and EVT cells. GDF15 has been shown to promote EVT apo-
ptosis and inhibit proliferation in the HTR8/SVneo cell line (Li
et al., 2014a). However, the mechanisms by which GDF15 modu-
lates TGFp signalling responses in the placenta remain unclear.

In summary, GDFs are mainly involved in the regulation of
EVT invasion. Indeed, the exact mechanisms and the significance
in healthy and pathological pregnancies are still unknown and
require further investigation.

Trophoblast models to study TGFp signalling

To comprehensively study TGFp superfamily signalling in troph-
oblasts, several placental in vitro and ex vivo models are used,
each with unique strengths and limitations (Table 3). These mod-
els, including primary trophoblasts, cell lines, placental explants,
TSCs, organoids, placenta-on-chip, and animal models, provide
valuable insights into trophoblast biology (reviewed in Horii et al.,
2020; Sheridan et al., 2020; Haider and Beristain, 2023; Li et al.,
2023b; Liu et al., 2023). The choice of the appropriate cell model is
crucial, depending on the experimental design and specific re-
search questions related to trophoblast development, differentia-
tion, and function (Table 4). Despite the challenges in achieving
universally reproducible models, understanding these models is
essential for interpreting TGFp-induced placental disorders. Each
model has strengths and limitations that must be carefully con-
sidered when interpreting the TGF signalling dynamics. Given
the ethical constraints of studying first trimester placental tis-
sue, continued progress in placental research is essential. In ad-
dition, the development of new 2D and 3D models is needed to
better mimic the multicellular environment as in vivo and im-
prove our understanding of TGFp signalling in trophoblasts.

Primary trophoblasts isolated from the first or third trimester
placenta are life-like cells for studying TGFp signalling in placen-
tal development, as they retain their original genetic properties
(Li et al., 2023b). However, their limited proliferation and lack of
self-renewal make genetic manipulation difficult (Tannetta et al.,
2008). To overcome this, researchers often combine them with
cell lines such as JEG-3, Bewo, JAR, and HTR8/SVneo. Although
originated from choriocarcinoma (JEG-3, Bewo, JAR) or trans-
fected with simian virus 40 large T antigen (HTR8/SVneo), these
cell lines are often used to study trophoblast differentiation and
invasion, because of their ease of maintenance, stability, and re-
producibility by genetic manipulation (Li et al., 2023b; Liu et al.,
2023). However, it is important to note that immortalized cell
lines may have genetic alterations and phenotypic differences
compared to primary trophoblasts (Abou-Kheir et al, 2017;
Pastuschek et al., 2021). Their in vitro properties may not fully re-
flect in vivo signalling, although they are genetically manipulated
and reproducible (Msheik et al., 2019; Pastuschek et al., 2021). On
the other hand, placental explants, retain the in vivo structure for
studying cell-to-cell interactions in healthy and pathological
pregnancies, such as PE (Li et al., 2023b). When exposed to flow,
placental explants retain tissue integrity, further expanding their
potential uses (Kupper et al., 2021). However, explants have limi-
tations in terms of difficulties in gene manipulation, lack of self-
renewal, and shorter incubation times in static culture (Li et al.,
2023b). In addition, explant cultures maintain cells in their tissue
context. This offers the advantage to mimic more closely the
in vivo situation, but may require additional work to attribute ob-
served differences and changes to a specific cell type within
the tissue.

TSCs are emerging as a valuable 2D in vitro model for studying
trophoblast biology. TSCs can be derived from two primary

sources: first trimester chorionic villi (CT) and blastocysts (Okae
et al., 2018). TSCs are cultured in a specific medium containing
activin/nodal/TGFB pathway inhibitors (e.g. A83-01), Rho-associ-
ated protein inhibitors (e.g. Y27632), histone deacetylase inhibi-
tors (e.g. valproic acid), Wnt pathway inducers (e.g. CHIR99021),
and epidermal growth factor (EGF) (Okae et al., 2018). This facili-
tates the long-term expansion of CT-TSCs, which show transcrip-
tional similarities to primary trophoblasts. Forskolin induces TSC
fusion into syncytia, and upon removal of Wnt activator, TSCs
differentiate into invasive matrix-degrading HLA-G+ EVTs (Okae
et al.,, 2018). Alternatively, TSCs can be derived from hPSCs, in-
cluding ESCs, iPSCs, or expanded potential stem cells (ePSCs) (Li
et al., 2023b). As outlined in the earlier section on BMP signalling
in trophoblasts, differentiation induced by BMP4 and activin
inhibitors yields TSCs with characteristics similar to primary
trophoblasts, although HLA expression patterns may differ from
primary trophoblast (Xu et al., 2002; Amita et al., 2013; Koel et al.,
2017; Roberts et al., 2018; Horii et al., 2019; Sheridan et al., 2021).
Of note, TSCs exhibit normal karyotypes, unlimited proliferation,
and versatile differentiation potential, making them adaptable
for straightforward genetic manipulation, despite their potential
genetic heterogeneity (Li et al., 2023b; Liu et al., 2023).

Development of trophoblast organoids provide an efficient
in vitro model to study human placental development (Haider
et al., 2018; Turco et al., 2018). Trophoblast organoids derived
from primary CT cells in early pregnancy show differentiation
into EVTs and STs as well as self-renewal capacity (Haider et al.,
2018). These organoids secrete placenta-specific peptides such as
hCG and GDF15 and closely resemble first trimester trophoblasts
(Turco et al., 2018; Sheridan et al., 2021). Cultured on matrigel
with TGFB and BMP signalling inhibitors (A83-01 and Noggin, re-
spectively), EGF, and enhanced Wnt signalling, the organoids
show prolonged expansion potential (Haider et al., 2018). Similar
to TSCs, removal of the Wnt inducer leads to re-differentiation of
ST organoids into HLA-G+ EVTs (Haider et al., 2018). Inhibition of
TGFB supports early invasive EVT development, whereas promo-
tion of TGFp signalling is critical for mature decidual EVT expres-
sion, highlighting the central role of decidual cell-derived TGFB
in controlling the EVT environment (Haider et al, 2022).
Trophoblast organoids present notable advantages, including
continuous proliferative capacity and the capability to be cryo-
preserved and thawed (Sheridan et al., 2020). Despite these bene-
fits, a notable limitation involves the inverted architecture of CT
and ST within organoids compared to placental villi (Haider et al.,
2018). However, this issue can be addressed by cultivating orga-
noids in suspension culture with gentle agitation (Yang et al.,
2023). Furthermore, organoids mirror the expression profile of
first-trimester placental tissue, potentially limiting their suitabil-
ity as a model for third-trimester placenta. However, the complex
culturing system they require provides an opportunity to study
placental pathologies (Chuva de Sousa Lopes et al., 2020; Karvas
etal., 2022).

In addition to 3D organoid models, placenta-on-chip models
offer precise control of the microenvironment for real-time tro-
phoblast differentiation and placental barrier studies (Lee et al.,
2016). While maintaining a placenta-on-a-chip system can in-
crease the costs, the fluid shear stress environment within the
system closely mimics in vivo conditions and provides an alterna-
tive to static cultures. This system allows the study of
co-cultures with different cell types to investigate cell-to-cell
communication and the placental barrier (Park et al., 2022; Li
et al., 2023b; Liu et al., 2023). Unlike the aforementioned organo-
ids, in these on-chip models, first trimester and term placental
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Table 4. Comparison of known models to study TGFp biology in the placenta trophoblast biology.

Model

Origin

Strengths

Limitations

References

Primary trophoblasts

First and third trimes-
ter placenta

* Preserve original ge-
netic characteristics
¢ Closely resemble the
in vivo status
Accessible samples
obtained from term
healthy and patho-
physiological
pregnancies
Well established iso-
lation, characteriza-
tion, and
cryopreservation
protocols.

¢ Limited prolifera-
tion ability

Limited self-renewal
Mixed cell popula-
tions (CTs, STs...)

¢ Reduced invasiveness
and motility of EVTs
at term

Difficult to acquire
second trimester pla-
cental samples

Lack of physiological
microenvironment
and other cell types

Tannetta et al., 2008; Li
et al., 2023b; Liu
et al., 2023

Placental explants

First and third trimes-
ter placenta

Retain the in vivo tis-
sue structure

and integrity

Study cell-to-cell
interactions

and responses
Investigate cellular
metabolism under
healthy and patho-
physiological
conditions
Flow-cultured
explants preserve the
tissue intactness

Shorter cultivation
time in the

static settings
Limited self-renewal
Genetic manipulation

Kupper et al., 2021; Li
et al., 2023b; Liu
etal., 2023

man embryonic stem

cells (ESCs)/human-
induced pluripotent

stem cells (iPSCs) and

human ePSCs stimu-
lated with inducing
factors as BMP4

Similar gene expres-
sion as primary
trophoblasts

Studies on patho-
physiological cells as
in PE

Easy genetic
manipulation

Cell fusion/differenti-
ation is inducible

ing process
* Higher costs

Cell lines Derived from: ¢ Display (some) prop- ¢ Immortalized cells Abou-Kheir et al., 2017;
a) Choriocarcinoma: erties of EVTs * Genetic alterations Msheik et al., 2019;
* JAR ¢ Easy to maintain and phenotypical dif- Pastuschek et al., 2021;
* JEG-3 * Genetic manipulation ferences as primary Lietal.,, 2023b; Liu
* Bewo ¢ Stable and trophoblasts etal., 2023
b) Primary first trimes- reproducible * Mimic specific pheno-
ter extravillous * Time-dependent ex- types of EVTs or STs
trophoblasts trans- perimental settings ¢ Limited functional
fected with simian vi- allow dynamic stud- differentiation
rus 40 large T- ies of placental * Celllines observed
antigen (SV40T): development signalling do not
o HTRS/SVneo ® Used to study inva- completely manifest
sion, proliferation the pathway signal-
and regulation ling in primary
trophoblasts
Trophoblast stem Derived from: * Normal karyotype ® Genetic heterogeneity  |Xuetal., 2002; Koel et al.,
cells (TSC) a) Human placental tro- ¢ Unlimited ¢ Widespread im- 2017; Okae et al., 2018;
phoblast tissue proliferation print erasure Dong et al., 2020;
b) Human pluripotent ¢ Multi-directional dif- * High demanding Sheridan et al., 2021; Liu
stem cells (PSCs)/hu- ferentiation complex cultur- etal., 2023

Trophoblast organoids

First trimester primary

trophoblasts/JEG-3/third

trimester tropho-
blasts/TSC

Structural and tran-
scriptional similarity
to placental villi,
allowing biological
dynamics to mimic
developmental
processes

Capable of prolifera-
tion and self-renewal,
fusion and secretion
of placen-

tal hormones

Organoids represent
expression profile of
first trimester placen-
tal tissue, therefore
might not be suitable
as a model for third
trimester placenta
Combination of pri-
mary cells and im-
mortalized cell lines
¢ Complex cultur-

ing system

Haider et al., 2018; Turco
et al., 2018; Chuva de
Sousa Lopes et al., 2020;
Sheridan et al., 2020;
Dietrich et al., 2021;
Karvas et al., 2022

(continued)
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Table 4. Continued

Co-culture with endo-
thelial cells, fibroblasts

Model Origin Strengths Limitations References
* Long-term culturing ¢ Costly
and cryopreservation
Placenta-on-chip Primary trophoblast/ * Microfluidics system * Combination of pri- Lee et al., 2016; Park
JEG-3, ® Control of culture mi- mary cells and im- etal., 2022; Lietal.,

croenvironment mortalized cell lines 2023b; Liu et al., 2023
* Real-time trophoblast * Costly

differentiation
¢ Study of placental

barrier, metabolism,
transport, and cell-to-
cell interactions

Animal models

Rodents, non-hu-
man primates

¢ Study TGFp signalling * Anatomical and phys- | Makris et al., 2016;
in the context of tis- iological differences Marshall et al., 2018;
sue micro- between species Carter, 2020; Li
environment ® The structural and etal., 2023b

Investigate in vivo
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cells can be used alike, making them a versatile tool for different
stages of pregnancy. Animal models, including rodents and non-
human primates, allow the study of in vivo responses and provide
critical insight into the systemic effects of signalling pathways
within the tissue environment (Li et al., 2023b). Despite their
widespread use, it is important to recognize potential limitations.
These can arise from species differences in anatomy and physiol-
ogy, resulting in structural and functional differences in placen-
tal architecture (Carter, 2020). In addition, the challenges of
genetic modification, higher costs, and ethical concerns should
be considered when using animal models (Makris et al., 2016;
Marshall et al., 2018).

Endothelial cells

The human placenta is a unique source of ECs that are specifi-
cally adapted to support vascular needs of the developing foetus.
Indeed, several distinct subtypes of first trimester placental EC
have been identified, highlighting their functional and metabolic
heterogeneity (Zhou et al.,, 2019). Upregulation of specific TGFp
signalling components (i.e. Smadl, Smad4, BMPR2) has demon-
strated the importance of TGFp in determining EC subtypes and
an angiogenic functions (Li et al., 2023a). In general, the TGFB
family maintains the endothelium in a quiescent state and regu-
lates vascular development and barrier function (Possomato-
Vieira and Khalil, 2016). Dysregulated TGFp signalling, together
with other factors, leads to the endothelial dysfunction, in-
creased vascular tone, and altered vascular permeability ob-
served in PE (Venkatesha et al., 2006). Among the TGFf family
members, TGFB1 is one of the most studied factors in endothelial
biology, being involved in angiogenesis, cell migration, and blood
vessel formation and repair, by inducing tube formation and
sprouting (Lebrin et al., 2004; Li et al., 2023a). Indeed, neutraliza-
tion of TGFp1 leads to impaired endothelium-mediated vasodila-
tion and increased expression of surface adhesion molecules,
resulting in increased leukocyte adhesion (Walshe et al., 2009).
Under healthy conditions, TGFp induces the activation of Smad?2/
3 signalling via ALK5 and TGFBRII (Goumans et al., 2003). In

temic effects

Mimic pathophysio-
logical conditions
as PE

Costly

* Ethics

addition, the membrane-anchored co-receptor Eng is able to fine
tune this complex, by enhancing the affinity for ALK1 and pro-
moting a mixed receptor complex containing ALK1/ALKS
(Goumans et al., 2003; Lebrin et al., 2004). This complex leads to
the activation of downstream Smad1/5/8 signalling, thereby pro-
moting angiogenesis (Goumans et al.,, 2002; Lebrin et al., 2004,
2005). By stimulating different Smad pathways, ALK1 and ALK5
have opposite effects on the behaviour of ECs (Goumans et al.,
2002). While ALKS induces PAI-1, a negative regulator of prolifer-
ation and migration, and consequently mediates the production
of fibronectin and collagen (Lebrin et al., 2005), ALK1 induces the
expression of ID-1, which promotes EC migration and prolifera-
tion (Goumans et al., 2002; Lebrin et al., 2005). The interplay be-
tween ALKS5 and ALK1 allows fine regulation of endothelial
function in physiological and pathological processes.

The dysregulation of certain members of the TGFf family in
placental EC biology has attracted considerable attention, partic-
ularly with the regard to Eng, a highly upregulated TGFp acces-
sory receptor that may be associated with endothelial
dysfunction (Venkatesha et al., 2006; Leanos-Miranda et al., 2019).
Although Eng is essential for vascular homeostasis, its elevated
levels in certain inflammatory pathological conditions, such as in
PE, contribute to impaired angiogenesis and aberrant vascular
development (Venkatesha et al., 2006). During inflammation,
MMP12 and/or MMP14 cleave the extracellular domain of Eng,
which triggers the excessive release of soluble Eng (sEng) in ECs
(Tzavlaki and Moustakas, 2020). By interfering with the binding
of TGFp1 to its receptors TGFBRI and TGFBRII, sEng interrupts
with downstream signalling events including inhibiting eNOS
activation and vasodilation (Venkatesha et al., 2006). Further,
pro-angiogenic factors, such as angiopoietin 1 (Ang-1), vascular
endothelial growth factor A (VEGF-A), and fibroblast growth
factor receptor 2 (FGR-2) prevent the release of sEng through Akt
signalling, a key upstream pathway of VEGF-A (Cudmore et al.,
2012). However, in PE, there is an increase in sEng levels, accom-
panied by increased sFlt-1 (a soluble form of the VEGFRI,
encoded by the FLT1 gene) and decreased Akt phosphorylation,



further exacerbating the condition by antagonizing VEGF-A activ-
ity and compromising EC (Venkatesha et al.,, 2006; Cudmore
etal., 2012).

The balance between the endothelial BMP and TGFp signalling
pathways is essential in many cardiovascular diseases (Goumans
and ten Dijke, 2018). In addition to regulating TGFp activity, sEng
can promote the interaction of BMP9 and BMP10 with ALK1 in EC
(Lawera et al., 2019). Interestingly, BMP9 upregulates ENG mRNA
expression and protein expression in EC, where Eng modulates
TGFp1 function, highlighting the role of Eng as a mediator be-
tween BMP and TGFB signalling in EC (Venkatesha et al., 2006).
Although sEng was initially thought to be a ligand trap for BMP9
signalling, preventing BMP9 signalling (Castonguay et al.,, 2011),
Lawera et al. (2019) have shown that sEng does not inhibit BMP9
signalling but rather binds BMP9 in a complex and increases the
affinity for ALK1, thereby enhancing Smad1/5/8 signalling in ECs.
Of note, the sEng/BMP9 complex is highly expressed in PE sub-
jects compared with to normotensive controls. Notably, a nega-
tive feedback mechanism has been described whereby sEng
stimulates BMP4 expression, which is inhibited by the natural
BMP antagonist Noggin. Given that BMP4 contributes to endothe-
lial dysfunction, sEng-BMP4 may be an interesting target for hy-
pertension therapeutics (Gallardo-Vara et al., 2020).

Inflammatory conditions, such as those observed in PE, can
trigger signalling pathways and molecular changes that induce
endothelial-to-mesenchymal transition (EndoMT) (Derada
Troletti et al., 2019). EndoMT is characterized by profound mor-
phological, functional, and molecular changes in the endothelial
phenotype (Sdnchez-Duffhues et al, 2019). The morphological
changes are driven by changes in cell polarity and cytoskeletal
rearrangement as ECs differentiate into mesenchymal cells (Ma
et al., 2021). During the process of EndoMT, the expression of en-
dothelial markers such as CD31, TIE-1, TIE-2, and VE-cadherin is
downregulated, whereas the expression of mesenchymal
Vimentin, N-Cadherin, and fibronectin is upregulated (Cho et al.,
2018). The phenotypic shift is accompanied by functional
changes, such as increased cell migration, and decreased barrier
function. It should be noted that EndoMT is a gradual, reversible,
and dynamic process, often triggered by paracrine molecules (Ma
et al., 2020a). TGFp signalling is one of the most potent inducers
of EndoMT (Ma et al., 2021). Specifically, in human umbilical cord
vein ECs (HUVEC), TGFB1 initiates EndoMT through the phos-
phorylation of Smad3, leading to the development of the mesen-
chymal phenotype (Evrard et al., 2016). For example, co-culture of
trophoblasts derived from PE placentas and HUVEC of healthy
placentas had an effect on the disrupted barrier integrity of the
ECs. In addition to observed changes in cell polarity and mor-
phology, the disruption was manifested by the loss of VE-
cadherin and occludin, key adhesion molecules (Li et al., 2015b;
Wang et al., 2004). Understanding the molecular pathways under-
lying EndoMT in the context of PE will provide new insights into
this pathology that may be exploited for therapeutic gain.

The role of foetal sex linked to effects on the placental endo-
thelium and the development of PE is a subject of increasing re-
search interest. Interestingly, a study conducted by Zhou et al.
has demonstrated that female HUVECs are more susceptible to
the effects of PE, than male HUVECs. This sexual dimorphism of
PE affects the endothelium, with PE dysregulating EC migration,
impairing vascularization, and disrupting angiogenesis in female
foetal ECs. Conversely, in male foetal ECs, PE upregulates genes
associated with cell growth failure, blood pressure, and chronic
heart failure (Zhou et al,, 2019). Remarkably, a manuscript by
Zhou showed that TGFB1 stimulation resulted in increased cell

proliferation only in female PE ECs, whereas normotensive con-
trols showed a decreased response. On the other hand, stimula-
tion with TGFBl led to a reduction in cell permeability in
normotensive female foetal ECs, and not in PE female ECs (Zhou
et al., 2019). The identification of sex-specific PE dysregulated
gene networks in the foetus has significant implications for early
foetal programming and may be associated with the develop-
ment of cardiovascular disease in children born from PE pregnan-
cies. As endothelial dysfunction is a hallmark of several
cardiovascular diseases, an early identification of molecular net-
works may have a therapeutic potential to prevent long-term
cardiovascular risk in individuals exposed to PE dur-
ing pregnancy.

Immune cells at the foeto-maternal interface and
within the foeto-placental unit

Successful pregnancy requires tolerance between the immune
system and the allogeneic foetus (Svensson-Arvelund et al,
2015). Key immune populations at the foeto-maternal interface
include regulatory T cells (Tregs), natural killer (NK) cells, and
decidual macrophages (dM), while placental macrophages (HBCs)
are located in the foetoplacental unit. Despite their location, im-
mune cells coordinate their actions by secreting cytokines to es-
tablish immunological tolerance to the foetus, and contribute to
vascular remodelling, yet maintain tissue homeostasis (Yagel,
2009; Alijotas-Reig et al., 2014; Reyes et al., 2017; Vondra et al,
2023). TGFB serves as an important immune regulator during
pregnancy (Svensson-Arvelund et al., 2015; Yang et al., 2021). In
the first trimester, TGF signalling is central to promoting differ-
entiation of Tregs, regulating NK cell function and maintaining
the balance between M1 and M2 macrophages at the foeto-
maternal interface (Yang et al., 2021). Furthermore, during the
third trimester of pregnancy, TGFp is essential for maintaining
tissue homeostasis by regulating an anti-inflammatory pheno-
type of HBCs (Schliefsteiner et al., 2017, 2020; Mercnik et al., 2022).
Perturbances in these regulatory mechanisms are associated
with pregnancy complications such as PE or miscarriage (Reyes
and Golos, 2018; Yang et al., 2021). Understanding these immune
cell interactions and functions is critical to understanding the
immune dynamics during pregnancy and their impact on a suc-
cessful and healthy outcome.

Regulatory T-cells

Tregs are pivotal to a successful pregnancy outcome, as they or-
chestrate maternal tolerance by ‘education’ of other immune
cells (Alijotas-Reig et al., 2014). They exist as thymus-derived and
peripherally induced Tregs. In pregnancy, specific recruitment of
peripheral maternal Tregs to the decidua seems to take place
(Tilburgs et al., 2009); after an initial influx of Tregs to the decidua
in the first trimester, where Tregs make up about 10% of the leu-
kocyte population, the Treg density plateaus and even decreases
again towards term (Williams et al., 2009).

Specifically for the induction of peripheral Tregs, TGFB is
needed (Wilczynski et al., 2008; Yang et al., 2021). FOXP3 expres-
sion is hallmark of Tregs, although FOXP3— subsets exist (Krop
et al., 2020). TGFBlinduces the production of CD4+/FOXP3+
Tregs, and these Tregs can in turn secrete TGFfland participate
in immune regulation by acting on other cells and themselves, in
para- and autocrine manners (Huang et al., 2020). Of note, several
foeto-placental cell types appear to be able to induce Tregs via
TGFB. Ma et al. (2020b) found that endovascular EVT released
TGFB which was able to induce maternal Treg formation. Oettel
et al. (2016) demonstrated that even umbilical ECs release TGFR
which turned maternal T-cells into Tregs, and observed



interesting sex-specific differences, with female HUVECs show-
ing a stronger capacity to do so.

Furthermore, TGFf balances the ratio of Tregs to other T-cell
populations; specifically, a tight ratio between Th17 cells and
Tregs at the foeto-maternal interface must be maintained for
successful pregnancy, as observed from shifts in the Th17/Tregs
ratio in patients with recurrent spontaneous miscarriages, and
TGF is an important factor in its regulation (Wu et al., 2014). A
similar shift in TH17/Treg subsets has been observed in PE too,
but was not linked to TGFB in this study (Eghbal-Fard et al., 2019).

In women suffering from PE, changes in Treg frequency and
distribution between decidual tissue and periphery have been
found (Sasaki et al., 2007). Similar to NK cells, most research on
Tregs focusses on Tregs accumulating in the decidua. Quinn et al.
(2011) specifically investigated decidua from early-onset as op-
posed to late-onset PE and controls, and found that Tregs were
lowest in EOPE. Little data are available as to the presence Tregs
within villous tissue. In a recent histopathological study of differ-
ent placental pathologies, it was found that FOXP3- reactivity
within villous tissue was reduced in PE and IUGR compared to
controls, while being increased in gestational diabetes (Emirdar
etal., 2021).

In summary, Tregs are pivotal for establishing maternal toler-
ance during pregnancy, orchestrating the immune balance
through recruitment and modulation via TGFf signalling.
Imbalances in Treg populations observed in PE, possibly linked
with TGF signalling, emphasize the crucial role of Treg regula-
tion in maintaining a successful pregnancy.

NK cells

NK cells are an integral part of the endometrial innate immune
milieu and play an important role in maintaining pregnancy
(Yagel, 2009). During pregnancy, the majority of leukocytes are
decidual natural killer (ANK) cells. These cells are recruited from
the periphery in a CXCR4/CXCL12 dependent manner by EVT
cells (Hanna et al,, 2003) and then are converted to CD56°7€bY/
CD16- cells by TGFB, which is secreted, for example, by decidual
stromal cells (Keskin et al., 2007). dNK cells exhibit low cytotoxic-
ity compared to other NK cell subsets and rather contribute to
vascular remodelling at the foeto-maternal interface by auto-
crine release of TGFB, along with VEGF, angiopoietin, and MMP2
and MMP9 (Lash et al., 2006; Fraser et al., 2012). PE is associated
with abnormal TGFp levels in the decidua (Yang et al., 2021);
these elevated levels serve as influential factors modulating dNK
cell phenotype and function. Abnormal TGFp levels, particularly
TGFB1 of Tregs, can disrupt dNK cell function and potentially in-
fluence the pathophysiology of PE (Zhang et al.,, 2019). Further
comprehensive insights on dNK cells, particularly their involve-
ment in PE, can be found in recent reviews (Liu et al., 2021; Wei
and Yang, 2023). Here we have focused on understanding the role
of TGFp signalling in the context of dNK cells.

However, the plethora of research on NK cells in pregnancy
has not focussed on NK cells in the decidua or placenta, but on
peripheral NK cells in maternal (and less frequently, foetal cord)
blood. For the maternal circulation, there are conflicting data on
whether the number of peripheral NK cells is increased, de-
creased, or maintained at PE, and whether these NK cells are
more, less, or as cytotoxic as their counterparts from healthy
pregnancies (reviewed in Wei and Yang, 2023). Concerning the
foetal circulation, two independent studies supported that in
cord blood from PE neonates, activated NK cells appear to be ex-
panded compared to regulatory NK cells, thus initiating an in-
flammatory response (Sohlberg et al,, 2014; Loewendorf et al.,
2015). However, neither of these studies looked specifically at

TGFB or BMP signalling and are only mentioned here for
completeness.

Macrophages

In pregnancy, placental macrophages are a heterogeneous popu-
lation of immune cells, involved in the maternal-foetal immune
regulation, placental cell invasion, angiogenesis, and tissue
remodelling (Houser et al,, 2011; Reyes and Golos, 2018). Two
main types of macrophages are present at all stages of preg-
nancy. The first type is the decidual macrophages (dM), located
in either in the decidua basalis (dBAM) or in the decidua parienta-
lis (dPAM), and the second type are the foeto-placental macro-
phages, called HBCs (Houser et al., 2011). Regardless of their
specific location, their main function is to act as gatekeepers of
placental homeostasis (Aneman et al., 2020). Macrophages are
keen to polarize into different polarization states in response to
microenvironmental stimuli, namely pro-inflammatory M1 and
anti-inflammatory M2 (Murray and Wynn, 2011; Murray et al,
2014). The polarization state determines functionality of HBCs,
and both dM and HBCs shifts during pregnancy as a function of
placental requirements. As the pregnancy progresses, both dM
and HBCs develop specific M1/M2 phenotypes, with macrophages
in the first trimester tending to exhibit a more pro-inflammatory
polarization (Mezouar et al., 2021), but there is a shift towards M2
as pregnancy progresses towards term (Yao et al, 2019).
Inappropriate macrophage activation and polarization has been
associated with pregnancy disorders such as PE, recurrent preg-
nancy loss, or chorioamnionitis (Reyes and Golos, 2018). During
the first trimester, activated dM secrete a variety of molecules,
including tumour necrosis factor (TNF)a and TGFB1, which may
affect regulatory functions of surrounding trophoblasts. In PE, an
accumulation of activated dM is observed in proximity of the spi-
ral arteries (Ning et al., 2016). This suggests a potential role for
dM in inhibiting trophoblast invasion. M2 polarized dM, secrete
high levels of TGFB1. As discussed above, TGFB1 is a potent inhib-
itor of trophoblast invasion and affects the production of MMPs,
which are enzymes involved in tissue remodelling (Ning et al.,
2016). Conversely, the secretome of EVTs has been shown to reg-
ulate the function of dM. In a study by Vondra et al. (2023), the
secretome of EVTs containing TGFB induced the proliferation of
dBAM, but not dPAM, through the upregulation of macrophage
colony stimulating factor (M-CSF). Additionally, factors secreted
by EVT such as TGFpB, M-CSF, and IL10 have been implicated in
the regulation of M2 polarization of dM (Aldo et al., 2014;
Svensson-Arvelund et al., 2015). Trophoblast-derived IL6 has also
been shown to induce a specific M2 polarization of dM by activat-
ing the STATS3 signalling, resulting in high expression of CD206,
CCL18, 1L10, and TGFp (Ding et al., 2021). Furthermore, abnormal
levels of decorin, a molecule produced by first trimester dM, have
been associated with the development of pregnancy related dis-
orders such as PE, recurrent pregnancy loss, and foetal growth
restriction (Nandi et al., 2016). Decorin regulates the toll like re-
ceptor 2 (TLR2)/TLR4-MyD88-NF-kB signalling pathway (Wang
et al., 2022), which alters mitochondrial metabolism, and pro-
motes a pro-inflammatory M1 phenotype switch of dM, and re-
duced TGFp secretion (Wang et al., 2022).

In summary, studies performed during the first trimester
highlight the dynamic interaction between EVTs and dM, where
both cell types produce high levels of TGFB and mutually influ-
ence each other’s function. Investigating the interplay between
EVTs and dM and their modulation of the TGFp signalling may
provide insights into the early pathogenesis of PE, where TGFp
signalling is impaired.



462 | Mercniketal.

During the third trimester of pregnancy, TGFB acts as vital
immunoregulator, preserving the homeostatic phenotype of
macrophages (Svensson-Arvelund et al., 2015). TGFps, as major
drivers of M2 polarization, are regulators of the function of dM
and HBCs (Murray et al., 2014). Both, dM and HBCs constitutively
express TGFpP1 (Schliefsteiner et al., 2017, 2020; Pavlov et al., 2020;
Mercnik et al.,, 2022). While dMs only produce the pro-form of
TGFp1, HBCs also secrete the active form of TGFB1 (Schliefsteiner
et al., 2017; Pavlov et al.,, 2020; Mercnik et al., 2022). In addition,
dPAM and dBAM also secrete TGFB2 (Vondra et al.,, 2023). HBCs
secrete TGFB2 and TGFp3, although TGFp1 is the major ligand se-
creted by HBCs (Pavlov et al., 2020). The contribution of TGFp to
the tolerogenic and homeostatic functions of HBCs has been
demonstrated particularly in the context of infections and in-
flammatory pathologies that occur during the pregnancy (Azari
et al., 2021). For example, during infection with Lysteria monocyto-
geneses, HBCs undergo pro-inflammatory reprograming. At the
same time however, HBCs increase the secretion of anti-
inflammatory TGFB1, which serves to prevent maternal anti-
foetal adaptive immunity and further promotes the anti-
inflammatory environment (Azari et al., 2021). Additionally, the
immunoregulatory actions of TGFp1 by HBCs have been found to
limit HIV-1 replication in HBCs when exposed to exogenous TGFp
(Johnson and Chakraborty, 2012). Furthermore, the increased se-
cretion of TGFB1 in EO—and LOPE HBCs is associated with the

maintenance of anti-inflammatory phenotype of both inflamma-
tory conditions, as TGFp is widely recognized for its role in resolv-
ing inflammation (Mercnik et al., 2022).

These findings highlight the important role of TGFp signalling
in modulating the immune responses and maintaining the im-
mune homeostasis in HBCs during the pregnancy and in provid-
ing protection against excessive inflammation such as in PE.

Conclusion and future perspectives

We have summarized how TGFf signalling plays an essential
spatio-temporal role in regulating the function of all placental
cells, including trophoblasts, foeto-placental EC, and immune
cells. TGFB ligands contribute to processes such as trophoblast
invasion, vascularization, immune tolerance, and tissue remod-
elling, to ensure successful placental development during preg-
nancy (Dietrich et al., 2022; Li et al., 2023a). Dysregulation of TGFp
signalling has been linked to the pathogenesis of PE, a complex
disorder characterized by shallow trophoblast invasion, defective
vascular remodelling, decreased uteroplacental perfusion
(Haider et al., 2017), and impaired EC (Zhou et al., 2019) and mac-
rophages (Mercnik et al., 2022). Despite significant progress, there
are still many unknowns and challenges in understanding TGFB
signalling in the context of PE (Fig. 3). In trophoblasts, the specific
mechanisms by which TGFp ligands regulate invasion and EMT-
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Figure 3. The unequal importance of TGFp signalling in PE-compromised placental cells. The figure provides a cross-sectional representation of the
placental villous structure, illustrating a comparison between a healthy (CTR) placenta and a preeclamptic (PE) placenta. The main placental cell types,
including trophoblasts, ECs, and immune cells, are depicted within the structure, highlighting their specific known roles in the respective placenta. Question
marks (?) indicate the unknown and challenging aspects of TGFp signalling in these specific cell types. These questions relate to the precise mechanisms and
effects of TGFp signalling in trophoblast function, the impaired vascular remodelling and angiogenesis of ECs, and the phenotypic changes observed in
immune cells during PE. FB, fibroblasts; HBC M1, M1 polarized Hofbauer cells; HBC M2, M2 polarized Hofbauer cells; ERY, erythrocytes.



like process remain poorly understood. In EC, the precise role of
TGFp signalling in impaired vascular remodelling, angiogenesis,
and possible endothelial-to-mesenchymal transition (EndoMT)
requires further investigation. TGFB serves as an important im-
mune regulator during pregnancy and plays a central role in Treg
differentiation and regulation of NK cell function, which is poorly
understood. In macrophages, the influence of TGFp signalling on
polarization, cytokine production, and tissue remodelling during
PE remains to be elucidated. Further research is needed to un-
ravel the dysregulation of TGFp ligands, the regulation of recep-
tor activation, the crosstalk with other signalling pathways, and
the epigenetic regulation in PE. Of note, distinguishing between
the different clinically manifest subtypes of PE is critical to ad-
vancing our understanding of TGFp signalling in this syndrome.
Understanding the interactions and dysregulation of TGFp sig-
nalling in these cell types is essential to uncover the underlying
mechanisms that contribute to the development of PE. This
knowledge may facilitate the development of improved in vitro
and in vivo models to study PE and identify potential therapeutic
targets within the TGFp signalling pathway.
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Introduction: Hofbauer cells (HBCs) are macrophages of fetal origin that reside in the villous tissue. They are the
only immune cells within healthy villi. While HBCs perform innate immune functions such as phagocytosis and
antigen presentation, they are increasingly recognized for their diverse roles in placental physiology e.g. vascular
functionality, tissue homeostasis, tolerance. Consequently, HBCs are of utmost interest in a variety of non-
physiological placental conditions.

Isolation: Villous tissue is collected freshly after delivery and finely minced. The resulting tissue is digested in a
two-step process, using Trypsin/DNase to separate cytotrophoblasts and collagenase/DNase to penetrate deeper
into the villous stroma, containing HBCs, and obtain a single cell suspension. After a density gradient centri-
fugation, the corresponding cell layer is collected and subjected to negative immune selection of HBCs, yielding
unaffected cells that have not been activated during the isolation process.

Quality control: In addition to a classical immunocytochemistry (ICC) approach including macrophage markers,
and markers for potentially contaminating cell types (e.g. fibroblasts, muscle, mesenchymal cells), we have
developed a multi-color flow cytometry (FC) panel. This panel assesses Hofbauer cell purity and polarization
states more accurately and comprehensively than qualitative ICC, using percentage analysis of parent cells to
estimate the expression levels of specific markers.

Discussion: The presented protocol allows us to isolate HBCs in significant numbers and high purity, even from
placentae compromised by preeclampsia (PE) with limited placental volume. We have successfully developed
and implemented this protocol to study healthy, diabetic and PE macrophages, aiding a better understanding of
the underlying placental pathophysiology at the cellular level.

1. Introduction numbers in different pregnancy pathologies have been investigated

(reviewed in: [13]). Differences in macrophage polarization along the

Hofbauer cells (HBCs) are macrophages of the feto-placental unit,
residing in placental stroma. They were first described in 1095 by
Austrian-American gynecologist Hofbauer, hence their name. It took
until the 1980s, however, until these cells were studied intensively.
Thanks to sex-chromosome specific genotyping, it is now widely
accepted that HBCs are of fetal origin [1]. They perform pleiotropic
functions such as microbicidal and phagocytic activities (reviewed in
Ref. [2]), scavenging of b-hCG [3] and iron [4], paracrine signaling to
the trophoblast [5,6], as well as homeostatic properties in tissue
remodeling and angiogenesis [7,8], and likely facilitate tolerance to-
wards the fetus [9,10]. However, they also have a role in the vertical
transmission of infection from mother to child [11,12]. Changes of HBC

M1/M2 spectrum in different placental pathologies have also been
studied [8,14-19].

However, many of the studies to date have worked on histological
sections of placental tissue [20,21] rather than with isolated macro-
phages, therefore making these studies more descriptive in nature. Here,
we present a protocol for macrophage isolation from term placentas,
which we apply to both healthy and pathological placentas, yielding
high numbers of isolated cells. These primary cells can be used for in
vitro cell culture and downstream analysis to investigate RNA or protein
levels, as well as secreted factors and functional analyses (phagocytosis,
etc.). While the protocol is modified from a previously published one by
Tang et al. [22], we additionally present a recently established FC
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strategy for quality control and rapid assessment of macrophage polar-
ization. The isolation itself is tedious and challenging, and we share our
experience and recommendations here, which we hope will be of in-
terest to other research groups.

2. Methods and results

All women who donated their placenta gave written informed con-
sent and the study protocol was approved of by the local ethics board of
the Medical University of Graz (29-319 ex 16/17). Placentae from
singleton pregnancies, and both spontaneous vaginal births and cesar-
ean sections were used. To obtain HBCs from gestational diabetes mel-
litus (GDM) pregnancies, only placentae from women with the mildest
form of GDM (Classification White A), receiving dietary counseling but
no medication were used (also see Ref. [19]). To obtain HBCs from

Tissue dissection and preparation
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pre-eclamptic (PE) pregnancies, women with both early and late-onset
PE were included, but treated them as separate groups (also see
Ref. [17]). We excluded PE placentae if newborns presented with
growth restriction (birth weight <3rd percentile).

2.1. Protocol of HBC isolation
2.1.1. Tissue Preparation for HBC isolation from term placenta

e The placenta should be obtained within 30min after delivery, ideally.
If necessary, it can be stored short term (<2h) on 4 °C before you
start.

e Place the placenta on a tray, fetal side up. Using sterile tweezer,
sterile scissors and gentle pulling with your fingers, remove the
placental amnion and cut off the umbilical cord.

Store o/n at 4°
or
proceed
immediately

Fig. 1. Tissue Preparation for HBC isolation from term placenta. Tissue is turned maternal side up and wiped down with disinfectant (A1), which turns the surface
grey (A2). Decidual remnants are removed with tweezers and scissors (B) and the tissue is cut into 4 x 4cm junks (C). The junks are washed extensively in saline, the
tissue is strained and the washing solution is replaced until no excess blood remains (D-F). Prepare a flask of PBS, a dish, gauze and a scalpel in the sterile bench (G).
The junks are dip-dryed on gauze, and the villous tissue is scraped off the vessels (H and J). The tissue is placed in PBS, weighed and either stored overnight at 4 °C or

used immediately (M).
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Turn the placenta so that the maternal side is up. Remove any blood
clots with sterile gauze swabs (Lohmann&Rausch, Gazin, 16 plies, 17
threads strength, Cat.No. 18515) and povidone-iodine (11 %
bioavailable iodine). The upper layer will appear slightly greyish
(Fig. 1 Al and A2). Use the tweezers and scissors to remove this
upper layer of maternal decidua basalis (Fig. 1 B).

Once all decidual remnants have been removed, wipe again with
gauze swabs soaked in physiological saline solution (0.9 % NaCl).
Cut the placental tissue into smaller pieces (approx. 4 x 4cm; Fig. 1C)
Place the pieces in a beaker, wash in physiologic saline solution to
remove excess blood (Fig. 1 D). Repeat this several times, using a
strainer to conveniently change the saline solution (Fig. 1 E). Once
the saline solution is mostly clear (Fig. 1 F), move to the sterile
workbench (Fig. 1G). From this step on, handle tissue only within the
sterile bench and use sterile supplies and reagents.

Place approximately 100-150 ml of sterile PBS solution in a sterile
cup and weigh.

Dip-dry a piece of tissue on gauze, using tweezers to hold and a
scalpel to finely mince the chunks by scraping the villous tissue off of
the vascular trees (Fig. 1H and J).

Transfer the minced tissue to the sterile cup containing the PBS
(Fig. 1 K). Repeat this procedure for all tissue chunks, then reweigh

Trypsin Digests

Wash between
digestion steps

Filter through
cloth

Placenta 166 (2025) 41-53

the tissue in PBS (Fig. 1 L) and calculate back the tissue weight.
Typically, around 100-150g should be obtained.

e At this point the tissue can be stored overnight at 4 °C. Alternatively,

one can proceed directly with the isolation protocol (Fig. 1 M) — also
see Supplementary Materials.

2.1.2. Trypsin digestion of placental tissue

e Prepare the Trypsin/DNase digestion solution (see Supplementary

Materials: 1. Buffer recipes and required initial preparations).

e Cover a beaker with sterile surgical dressing cloth (Loh-

mann&Rausch, Toptex Lite RK, 40 x 40cm, 6 plies, Cat.No. 165003)
and secure with a rubber band. Gently form a hollow to accommo-
date the tissue (Fig. 2 A) by pressing the cloth into the beaker using a
sterile spoon or spatula. Pour the tissue and PBS onto it, tissue will be
retained by the cloth (Fig. 2 B). Try to remove as much PBS as
possible so that the digestion solution remains largely undiluted in
the following step.

e Transfer tissue to a bioreactor bottle (Fig. 2C; Techne F7690, 350 ml,

made of glass) by using a spoon and add 150 ml of Trypsin/DNasel
digest solution (Fig. 2 D).

I:Digest at 37°

Under stirring

Fig. 2. Trypsin digestion of placental tissue; to remove excess PBS, a beaker covered with a cotton cloth is prepared to strain the tissue from the liquid (A and B). The
tissue is transferred to a bioreactor bottle which allows magnetic stirring in a water bath and Trypsin solution is added (C-E). Three subsequent digestions of 15 min
each are carried out, twice for 15 min and once for 30 min (F). Between digestion steps, the tissue is strained through a cloth and washed on the cloth with PBS by
adding it and stirring (G1-G2).
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e Place in a 37 °C water bath for 15 min (Fig. 2 E), stirring at 50 rpm. use an autoclaved magnet and submerge a waterproof stirring plate
NOTE: the meniscus of the liquid inside the bioreactor should be in the water bath. Another alternative is to use a water bath with an
below the water bath, to ensure optimal temperature. The tissue orbital shaking plate.
should be stirred during digestion; either use a bioreactor with a e After 15 min, filter the tissue again through a layer of tissue cloth
stirring magnet and a matching built-in stirrer in your water bath, or (Fig. 2 G1-G2). Wash again with PBS by adding some to the hollow

L1

Digest for 1h Prepare sieve
37°C, stirring and gauze
(A-D)

60:0000

Collagenase Digest

Centrifuge at
300g for 10min

Proceed
onto Gradients

T

—)

Fig. 3. Collagenase digestion of placental tissue; after the last Trypsin digestion, prepare a fresh beaker with a 70 pm mesh sieve. Depending on the size of the beaker
and the sieve, it may be necessary to add a metal ring to limit the surface area (A). Cover the ring or the edge of the sieve with 4 layers of gauze as folded from a single
sheet in (B-D). Filter the trypsinised tissue (E), which is now viscous (F). Put as much tissue as possible back into the bioreactor bottle and also cut the gauze with
adhering tissue into small pieces and add them (G) to the collagenase digestion solution in the bioreactor (H-K). Digest for 1h, prepare the same setup as before, strain
the cell solution through gauze and sieve (L-N). Add RPMI with 10 % FCS to stop enzymatic activity, transfer to centrifuge tubes and spin down cells (O-Q). Remove
the supernatant, resuspend the pellets and continue with the Percoll gradients.
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formed in the cloth and gently stir with a spoon to drain off the liquid
(Fig. 2 G1-G2).
e Return the tissue to the bioreactor bottle and add a further 150 ml of
Trypsin/DNasel digest solution, digest for 30 min, stirring at 50 rpm.
e Filter through cloth and wash with PBS as before, return to the
bioreactor bottle and add the remaining 200 ml of Trypsin/DNasel
digest solution. Digest for further 30 min at 37 °C, stirring at 50 rpm.

NOTE: Alternatively, wash the tissue by sedimentation (— Supple-
mentary Material)

2.1.3. Collagenase digestion of placental tissue
e Prepare a fresh sterile beaker, place a 70 pm nylon mesh sieve

(Retsch analytical sieves, Cat. No. 9226661) on top and cover with
four layers of gauze swabs (Fig. 3A-D).

[0
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c

2

o

o

o

3| F2

&S| | Centrifuge at 2000g,

30min,
NO BRAKE
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o Filter the Trypsin-digested tissue (Fig. 3 E) and SAVE IT. If desired,
collect the flow-through of this last trypsin digestion step (and if
desired also the second digest), as it can be used for cytotrophoblast
isolation [22].

e Proceed with the undigested tissue: wash briefly with PBS, then
transfer as much of it as possible back into the bioreactor bottle; as it
has become typically viscous (Fig. 3 F), it is not easy to scrape it off
the gauze. Using sharp scissors, cut the gauze swabs containing the
remaining viscous tissue slurry into small pieces (2 x 2 cm) and add
these to the bioreactor bottle (Fig. 3 G).

e Add 100 ml of the prepared Collagenase/DNasel digestion solution
(see Supplementary Information 1. Buffer Recipes and Required
Preparations; Fig. 3H-K), digest for 1 h at 37 °C with gentle stirring/
agitation (50 rpm).

e Again, prepare a fresh sterile beaker, place the 70 ym mesh sieve on
top and add four86 layers of gauze swabs (repeat as in Fig. 3A-D).

J K

Wash cells 2x in RPMI,
at 300g for 7min at 4°C

Proceed to
Negative Immune
Selection

—)

Fig. 4. Percoll gradient density centrifugation; prepare Percoll gradients by diluting Percoll in RPMI with 10 % FCS from 90 % to 40, 35, 30 and 20 %, respectively (A
and B). Layer the solutions on top of sterile centrifuge tubes, starting with the highest percentage and ending with the lowest; pipette gently, allowing each solution
run slowly down the tube wall onto the previous layer (C and D). Add the cell suspension obtained from the digestion steps to the 20 % Percoll layer (E and F) and
centrifuge the gradients with the brake turned off. Macrophages are found where the 30 and 35 % Percoll layers were before centrifugation (G). Gently aspirate this
fraction with a Pasteur pipette (H). Wash the cells twice (J), count (K) and continue with the immune selection (L).
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o Filter the now liquid cell suspension (Fig. 3 L1-L2), squeeze the gauze Distribute the cell suspension into 50 ml Falcon tubes and centrifuge
swabs with a spoon or spatula (basically like a teabag) to get most of at 300 g, 10 min (Fig. 3 P1-P2). NOTE: The liquid on top of the pellet
the liquid from the top into the flow through (Fig. 3 M and N). will not become completely clear, even with longer centrifugation (Fig. 3

e Continue with the flow-through: add RPMI 1640 with 10 % FBS to Q1-Q2).

inactivate the enzymes to a total volume of approx. 240 ml (Fig. 3 O).

Preparation of beads

Resuspend,
store at 4°C

Wash off
excess

Incubate:
1h at RT, rotating

Incubate 15min,
on ice, agitating

c=> L M Count
- Cells
O

Q Wash cells:

[<}) 300rpm 7min

72 4°C

o

(<}

Z

Plating

50um @ %
— =

before MC MC after 30 72h in culture
minutes

Fig. 5. Immune selection and plating; antibodies against EGFR and CD10 are conjugated to magnetic IgG Dynabeads, excess antibody is removed and beads are
stored at 4 °C until use (A-G). 100 x 1076 cells are added to 100ul of anti-EGFR beads and incubated for 15min on ice under gentle agitation (H and J). Tubes are
placed in the magnetic rack, Dynabeads with cells carrying EGFR are pulled to the tube wall and the cell suspension is collected (K), cells are washed in RPMI with
10%FCS (L). Cells are added to the second set of beads and the process is repeated. Finally, the cells are counted (M). Plate 1 x 10°6/ml of MaM medium into
appropriate culture dishes (N), which will appear full and heterogeneous in cell population (O). After 30min perform a media change, remove the contaminating cells
and adhere the HBCs, which appear round and rich in vacuoles, firmly to the plastic (P). After 48-72h in culture, HBCs begin to elongate and lose their round
appearance (Q).
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2.1.4. Percoll gradient density centrifugation

e Aspirate the supernatant, resuspend the pellets in cold RPMI medium
to wash them, centrifuge again at 300 g for 10 min. Resuspend the
pellets in 24 ml of cold RPMI and load evenly onto previously pre-
pared Percoll gradients (see Supplementary Materials 1.Buffer rec-
ipes and required preparations; Fig. 4A-F).
Centrifuge at 1000xg for 30min, 4 °C, turn the BRAKE OFF (Fig. 4
F2).
o After centrifugation, the erythrocytes will have settled to the bottom
of the tubes. The leukocytes should appear as a white condensed
band in the area of the 30-35 % Percoll layer (Fig. 4 G, and Sup-
plementary Fig. 2). Using a plastic Pasteur pipette, gently push
through the top layer (20 %) and collect the band corresponding to
the cell fraction of interest (ca. 7ml/tube; Fig. 4 G and H, Supple-
mentary Fig. 2). Do not disturb the upper layer.
Transfer the collected cell fraction to tubes containing cold RPMI
medium (see Supplementary Materials 1. Buffer recipes and required
preparations), wash cells once with RPMI medium by centrifugation
at 300xg for 10min, 4 °C. Keep the cells on ice from this step on, as
they will quickly adhere to plastic ware at warmer temperatures
(Fig. 4 J).
e Use a hemocytometer of your choice (automated or manual) to assess
the number of viable cells recovered from the gradients (Fig. 4K-L).

2.1.5. Immune selection and plating

For negative immune selection, add 100 pl of Dynabeads (Invitrogen,
Cat #11033) coated with antibody against EGFR (see Supplementary
Material 1. Buffer recipes and required preparations; Fig. 5A-G) per
100 x 1076 cells and incubate for 15 min on ice with shaking (Fig. SH
and J).

Collect the cell suspension by transferring the solution containing the
anti-EGFR Dynabeads to a magnetic separator. Discard the anti-
EGFR Dynabeads. Transfer the cell suspension to anti-CD10 conju-
gated Dynabeads (see Supplementary Materials 1. Buffer recipes and
required preparations) and incubate for 15 min on ice with shaking
as before (Fig. 5H and L).

Collect the cell suspension by transferring the solution containing
anti-CD10 Dynabeads to a magnetic separator. Discard the anti-CD10
Dynabeads (Fig. 5H, J) and proceed to count the viable cells again
using a hemocytometer of your choice (Fig. 5 M).

Resuspend in Macrophage Medium (MaM, ScienCell, Cat #SC1921)
to give 1 x 1076 cells/ml (Fig. 5 N) and plate in appropriate culture
dishes according to your experimental requirements.

Incubate for 30min at 37 °C, 21 % Oo; thereafter change to fresh
MaM medium. HBCs typically adhere to plastic culture dishes within
30min. Therefore, this is a final purification step to eliminate
possible contaminating cells (compare Fig. 5 O — Q) which have not
attached yet.

Under the microscope, HBCs should now appear as rounded cells,
densely packed with granular vacuoles (Fig. 5 P). Within 48-72h,
cells will begin to elongate and take on a more edged, spindle-like
shape (Fig. 5 Q).

NOTE: Supplementary Table 1 provides a list of possible pitfalls in the
isolation process as well as suggestions how to troubleshoot in each case.

Our HBC isolation protocol is modified from a previously published
method [22]. We use straining of the tissue for washing the tissue be-
tween digestion steps, thereby removing more excess PBS which would
dilute the digestion solutions and at the same time the washing steps can
be performed faster. Also we reduced some washing steps after the
gradient centrifugation, and perform the last selection step, a final me-
dium change, after 30min vs. 60min. In total about 1.5-2h hands-on
time can be saved by these slight modifications; nevertheless, the yield
and viability improve/remain comparable, respectively (see
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Supplementary Fig. 3). We have successfully applied it to healthy pla-
centas and those affected by gestational diabetes mellitus (GDM) [19]
and pre-eclampsia (PE) [17]. Isolation of HBCs is a rigorous process
involving multiple enzymatic digestions and subsequent immunopur-
ification steps. The initial enzymatic digestion prior to immunopur-
ification yields a mixed cell fraction containing HBCs and various
placental cell subtypes such as trophoblasts and fibroblasts (Fig. 6A).
After immunopurification, there is a significant decrease in isolated
HBCs under all conditions (CTR, GDM, and PE), yet viability and func-
tion remain intact even after culturing. Notably, viability after immu-
nopurification increases significantly in CTR (+3.8 %) and GDM (+7.7
%) isolations, but decreases in PE by 7.3 % (Fig. 6B), likely due to the
pathology.

2.1.6. Cryopreservation of Hofbauer cells

Despite achieving high levels of viability and purity in isolated pri-
mary HBCs, the challenge of working with freshly isolated HBCs within a
tight seven to ten day timeframe remains. Despite extensive experi-
mentation with various freezing media and culture dish coatings to
improve cryopreservation success, the recovery of viable HBCs after
thawing remains elusive. Our efforts to explore ways to cryopreserve
HBCs have included the use of various commonly suggested cryopro-
tective agents (CPAs) such as 1) MaM culture medium with an increased
amount of FBS to 20 % and 10 % DMSO, 2) 90 % FBS and 10 % DMSO
[23], or sugars as osmoprotectants in combination with 10%DMSO such
as 50 mM trehalose [24], 60 mM sucrose [25] and 1 % methylcellulose
[26]. A commercially available freezing medium specifically designed
for the cryopreservation of macrophages and microglia (Cell Applica-
tions Cat. No. 043-50) was also tested. For cryopreservation, cells were
harvested at a minimum density of 3 x 10°6/ml, resuspended in the
respective freezing media and cooled down in Biocision CoolCell LX
devices placed at —80 °C. After 24-48h, the cells were stored in liquid
nitrogen. To thaw the cells, cryotubes were rapidly thawed using the
Biocision ThawStar device. The cell suspension was diluted in four
volumes of warm MaM, centrifuged at 300g for 7min, the supernatant
containing CPA was removed and the pellet was resuspended in an
equivalent volume of warm MaM. Cells were cultured in 6-well plates at
a minimum density of 3 x 1076 cells/well. A media change was per-
formed after 24h. The results of these efforts are detailed in Supple-
mentary Fig. 1, and demonstrates that, regardless of the freezing
medium used, frozen HBCs undergo cellular changes, including size
reduction and reduced adherence to culture surfaces, hindering their
ability to differentiate into their characteristic morphology. To over-
come the reduced adherence to culture dishes, different coatings with
extracellular matrix proteins were tested: 1) 1 % gelatine coating, 2)
fibronectin coating at 3 pg/cm?, and 3) collagen I at 3 pg/cm?. However,
none of these coatings improved the adherence of HBCs to culture ware
after thawing (Supplementary Fig. 2). The lack of successful cryopres-
ervation of HBCs is a limitation that significantly impedes the versatility
of these cells in experimental design and execution.

2.2. Quality control (QC) of isolated HBCs

After successful isolation of high-yield, high-viability HBCs, assess-
ing their quality is crucial for studying their function. We use various
methods such as flow cytometry (FC) and immunocytochemistry (ICC)
to detect contaminants and confirm HBC identity. Our quality control
panel includes CD163 as a specific HBC marker with an average posi-
tivity of 91 %. In addition, markers for fibroblasts (VIM, CD90) and
muscle cells (SMA) show low positivity (<10 %), indicating the purity of
our HBC isolation protocol (Fig. 7A-B). In parallel, ICC staining confirms
CD163 positivity, while VIM, CD90 and SMA were stained negative
(Fig. 7C). In addition, macrophage activity can be assessed using a
phagocytosis assay [8,17] which reflects the successful isolation of
functional phagocytes. This assay, using zymosan-labelled beads,
revealed visible engulfed beads within HBC vacuoles after 3 h, as
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observed by brightfield and fluorescence microscopy (Fig. 7D).

2.2.1. Flow cytometry (FC)

In the intracellular FC approach, we use two different types of gating
strategies. First, we check the quality of HBCs and possible contamina-
tion for fibroblasts and muscle cells, while the second gating setup al-
lows us to efficiently detect macrophage activation and polarization.
Intracellular FC staining offers advantages such as optimized cell utili-
zation, comprehensive marker detection, and flexible measurement
timing.

2.2.2. Intracellular FC staining

It is recommended to perform FC measurements on day 4 or 5 after
isolation, as HBCs will have recovered well from the isolation process
and will be most metabolically active [17-19].

Treat all HBCs isolated from either CTR or pathological placenta in
the same way for FC measurement.

After isolating the HBCs, seed the cells at a density of 5 x 1076 cells
into a T25 cm? flask without coating. Cultivate the cells in complete
macrophage medium (MaM, ScienCell, Cat #SC1921).

Harvest the cells using TrypLE solution (Thermo Fischer Scientific,
Cat # 12604013) and gentle scraping.

Determine the viability and number of cells after scraping using a
CASY cell counter model TT (Innovatis, Bielefeld) or a comparable
method.

e Use a minimum of 2.5 x 10"5 viable cells per FC tube.

e Wash the cells with FC Staining and Wash Buffer (see Supplementary
Materials 1. Buffer Recipes and Required Preparations) and centri-
fuge at 300 g for 5 min. After the washing and centrifugation steps,
carefully remove the supernatant by hand or using a suction pump.
Resuspend the cells in 1 mL/tube of 3 % FCS-HBSS solution for 10
min at room temperature to block Fc receptors and reduce non-
specific binding.

Repeat the centrifugation step and remove the supernatant.

e Fix the cells for 20 min in the fridge at 4°C using 1 mL/tube of BD
Cytofix (BD Biosciences, Cat #554714).
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o After fixation, repeat the centrifugation step, remove the superna-
tant, and wash the cells in 1 mL CytoPerm solution (BD Biosciences,
Cat #554714). Repeat the centrifugation step and remove the
supernatant.

e Add the appropriate volume of antibody and stain for 30 min in the
dark at 4°C.

e Wash the cells twice in 2 mL FC Staining and Wash Buffer and add
200 pL of the buffer to each tube after the final centrifugation step.

e Measure on the flow cytometer.

Cell measurement was performed using a CytoFLEX flow cytometer
(Beckman Coulter) and analysed using FlowJoTM v10.10 software for
gate setting and data analysis. Graph Pad Prism 10.2.1 software
(GraphPad Software Inc.) was used for statistical calculations and graph
generation. The Shapiro-Wilk test was used to test for normal distribu-
tion. Skewed data were transformed to natural logarithm (In) before
statistical analysis and re-transformed for graphical presentation. One-
way ANOVA with Sidak’s post hoc test was used to assess statistical
differences between more than two groups. When normality was not
achieved, the Kruskal-Wallis test with Dunn’s multiple comparison test
was used instead. Two-way ANOVA with Sidak’s post hoc test was used
to compare the effect of immunopurification on HBCs from CTR, GDM
and PE placenta. All values are expressed as mean + S.E.M. p-values
<0.05 were considered statistically significant.

2.2.3. Staining and gating for QC of isolated HBCs

e Prepare the samples as described above.

e Next to the tubes stained for respective fluorochrome conjugated
antibodies (CD163, Vimentin (Vim), CD90 and Smooth muscle actin
(SMA)), prepare unstained tubes and tubes containing the isotype
controls. Antibodies used for FC analysis and their corresponding
dilutions are listed in the Supplementary Table 2.

e Count a minimum of total 1 x 10"4 events per sample with flow
cytometer.

e To investigate the expression of intracellular markers, cells were
separated by size using forward and size scatter (FSC and SSC,
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respectively), followed by doublet discrimination and gating against
the SSC area and the respective marker. Cells for each marker were
then gated against the SSC area (Fig. 7A).

e Isotype controls corresponding to each fluorochrome used in the
experiment were used to detect non-specific positive signals
(Fig. 7B).

2.2.4. Immunocytochemical staining (ICC)

e Seed HBCs at a density of 1 x 10°5 cells/well onto 4 well glass
chamber slides.

e Wash cells twice in cold 1x HBSS, dry slides and fix in ice-cold

acetone for 3 min.

Rehydrate cells by washing in TBE +0.1 % Tween.

Apply primary antibodies (CD163, Vim, CD90, SMA, negative con-

trol) diluted in Dako Antibody Diluent (Agilent, Dako, Cat #S0809)

and incubate for 30 min at room temperature. Antibodies used for

ICC and their corresponding dilutions are listed in Supplementary

Table 2

e After an intensive wash step, apply Primary Antibody Enhancer

(Thermo Fischer Scientific, Cat #TL125HL) for 15 min.

Repeat wash step and apply Large HRP Polymer solution (Thermo

Fisher Scientific, Cat #TL125HL) for 20 min.

e After washing, incubate the slides in AEC Chromogen Solution
(Abcam, Cat #64252) for 10 min.

e Wash slides in distilled water and counterstain with haematoxylin

(Gatt-Koller Cat #401296170) for 5 min.

Mount the slides using mounting medium.

2.2.5. Functional assay — phagocytosis

e Use the Phagocytosis Assay Kit (Abcam, Cat #ab234053) according
to the manufacturer’s instructions.

e Seed HBCs at a density of 0.5 x 106 cells/ml into 24-well black/clear
bottom plates.

e Add 5 pL of zymosan slurry to the cells and incubate for 3 h at 21 %
oxygen and 37 °C, followed by a wash step.

e Fix the cells in a plate containing 4 % neutral buffered para-
formaldehyde solution, followed by an intensive wash step with TBE
buffer containing 1x TBE and 0.1 % Tween. Add 300 pL of PBS to
each well and store the plates at 4 °C.

2.2.6. FC staining and gate setting to determine HBC polarization

Prepare samples as described in the intracellular FC staining section.
For a multicolor FC staining compensate the fluorochrome conju-
gated antibodies by individual staining (Thermo Fischer Scientific,
Cat #01-1111-42). Include fluorescence-minus-one (FMO) controls
to set appropriate gates.

Count a minimum of total 4 x 10°4 events per sample by flow
cytometer.

To determine polarization of isolated HBCs, the following polariza-
tion markers are recommended: IRF4, IRF5, CD40, CD80, CD86,
CD163, CD206 and CD209. Antibodies used for FC analysis and their
corresponding dilutions are listed in Supplementary Table 2.

To investigate the expression of intracellular markers, cells were
separated by size using forward and size scatter (FSC and SSC,
respectively), followed by doublet discrimination and gating against
the SSC area and CD163, marker for tissue-resident HBC (Fig. 8A).
Next, IRF4 and IRF5 antibodies were used to discriminate between
CD163 + IRF4+ positive M2 HBCs (population a on Fig. 8B) and
CD163 + IRF4+ IRF5+ M1 HBCs (population b on Fig. 8B).

To define the sub-polarization of each respective polarization, we
recommend using a panel of CD40, CD86, CD206 and CD209 to
determine M2 polarization and a combination of CD40, CD80 and
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CD86 for M1 polarization. The gating strategy is shown in Fig. 8C
and D.

To assess HBC polarization patterns, we developed a FC panel using
common polarization markers. We aimed to determine the ratio of M1
and M2 polarized HBCs by gating CD163+ cells for IRF4 and IRF5. We
found that 86.5 % of isolated HBCs are IRF4+ (M2 polarized, anti-
inflammatory), with only 0.36 % identified as pure M1 cells and
13.12 % showing a shift towards M1 polarization (Fig. 8B). For M2
polarization, CD163+IRF4-+ gated HBCs showed high co-expression of
CD40 and CD86. The use of CD206 and CD209 helped us to differentiate
between M2a and M2c subtypes, with 41 % of HBCs showing M2c
CD206+ polarization and 35 % showing M2a CD206+CD209+ pheno-
type (Fig. 8C). To identify M1 polarized HBCs (CD163+IRF4+IRF5+
positive HBCs), we use CD40, CD80 and CD86 markers. Our data reveal
that a small fraction of cells express only CD80, indicating that the
majority of HBCs are not M1 polarized under control (CTR) conditions
(Fig. 8D). It is important to note that the suggested panel of markers
provides a current snapshot of HBCs polarization and activation along
the IRF5-IRF4 regulatory axis. Polarization occurs along a balanced
spectrum and there is no distinct separation between M1 and M2 HBCs
seen in normal placentas, but rather various intermediate polarized
cells. Despite the isolation process taking up to 48 h, this simple quality
control assessment confirms that the isolated primary cells remain bio-
logically active and retain their M2 phenotype.

3. Discussion

Hofbauer cells (HBCs) are fetal macrophages that residue within the
connective tissue of the placental villous tree (Benirschke 2012, Cas-
tellucci 1980, 1984). Despite the growing interest in the field, the lack of
one accepted isolation protocol has hindered a comprehensive under-
standing of HBCs physiology. Various protocols have been used to
isolate HBCs from first and term placentas, including enzymatic diges-
tion, density gradients, immunopurification and fluorescence activated
cell sorting (FACS). However, challenges remain in achieving best
possible yield and purity, highlighting the need for an optimized pro-
tocol and rigorous quality control measures to advance our under-
standing of HBC functions. This discussion will detail our ongoing efforts
to refine the HBCs isolation protocol, guided by lessons learned from the
work of Tang et al. [22]. Subsequently, the protocol presented here
highlights the additive need and importance of established FC quality
control panel to increase the efficiency of HBC isolation. Together, these
additional information contribute to a more nuanced understanding of
HBC-cell biology in normal and pathophysiological conditions.

The here presented HBC isolation protocol is very similar to a pre-
viously published method by Tang et al. [22], but with notable im-
provements. We have achieved higher yields, without a reduction in
viability or purity, mainly by altering/reducing the washing steps and
also shortening some incubation times. In an effort to optimize the
isolation process, researchers have explored different digestion tech-
niques, including the use of different types of enzymes such as trypsin or
collagenase [27-29], as well as shortening digestion times [30]. The use
of advanced technology has facilitated FACS sorting, allowing isolation
of characteristic cell populations. In particular, sorting techniques based
on specific human leukocyte antigen typing of maternal cells in first and
third trimester placentas provide a more refined approach compared to
sex chromatin determination [30,31]. Notably, FACS sorting applied to
first trimester placental cells allowed the differentiation of three distinct
macrophage populations; HBCs, maternal villous macrophages
(PAMM1) and maternal decidual macrophages (PAMM2) [31]. We are
aware of protocols that use either positive immune selection via
antibody-conjugated magnetic beads [32], as well as those that omit
immune selection altogether [33]. We do not consider the use of positive
selection to be feasible, as it could induce immunological activation of
the obtained macrophages. The authors who avoided immunoselection
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altogether, stated themselves that their intention was to perform rapid
flow cytometric analyses rather than to cultivate the obtained HBCs
[33]. However, this limits the experimenter to descriptive studies of
isolated HBCs and does not allow the study of HBCs over time, in
response to different stimuli, or to combine HBCs in co-cultures or use
them in in vitro assays. As we are interested in studying different func-
tional readouts of HBC cultures, we consider the bead selection neces-
sary to eliminate contaminating cell types to be rigorous and we believe
that negative immune selection is preferable.

Hofbauer cells (HBCs) exhibit remarkable plasticity, and rapidly
respond to microenvironmental stimuli by switching between polarizing
patterns. The range of pro-inflammatory M1 and anti-inflammatory M2
polarizing spectrum highlights HBCs functional versatility [13,34,35].
Despite different isolation protocols, the implementation of reliable
quality control measures and the assessment of polarization patterns are
crucial. Here, we present a streamlined flow cytometry (FC) panel
tailored for rapid differentiation of M1 and M2 polarized states of HBCs.
While some rely solely on CD68 for HBC identification and cytokeratin 7
(CK?7) for trophoblast contamination, the limitations of CD68 prompt
the exploration of more refined approaches [22,27,32,33]. Our FC
protocol not only serves as a quality control but also as a quantitative
assessment of HBC polarization towards the M1 or M2 phenotype. Based
on the high expression of CD163, a tissue resident macrophage marker,
we incorporated this marker into our protocol. In addition, we intro-
duced IRF4 and IRF5, regulators of the Myd88 pathway, which controls
the expression of M1/M2 genes in immune cells and inflammatory dis-
eases [36,37]. IRF4 is associated with anti-inflammatory M2 program-
ming, while IRF5 controls pro-inflammatory M1 factors [37,38]. Despite
the use of different markers to determine the M1/M2 phenotype, it is
important to recognize that due to the complexity of polarization, a
combination of approaches including the study of the secretome, gene
expression and functionality is required for accurate determination of
HBC phenotype [34,36]. Our FC protocol serves as an initial guide to aid
experimental design. As characterization of macrophage phenotype
using polarization markers and cytokine release remains descriptive, we
recommend incorporating functional assays alongside phenotypic
analysis to provide a comprehensive understanding of HBC physiology.

While our modified and optimized isolation protocol for HBCs
together with the FC based quality control provides a convenient and
reliable overall method, we need to address some limitations. First,
HBCs show strong adherence to culture dishes, which requires careful
experimental design. If yields are lower than expected, experiments may
need to be postponed or adapted. HBCs are typically plated directly into
the dish intended for the experiment. Attempts to use CellUp dishes,
which are surface treated and should release cells by temperature
change rather than enzymatically [39], have been unsuccessfully tested.
Instead, treatment with TrypLE Select or Accutase for 2-5 min, followed
by gentle scraping is the preferred method to detach HBCs, despite some
cell death and debris. This approach is preferable to higher concentra-
tions of trypsin-EDTA or longer exposure times as it minimizes shedding
of surface molecules [22]. It has also been suggested to use
Teflon-coated bags to plate monocytes/macrophages so that they do not
adhere during differentiation [40]. We have not yet tried this. Secondly,
HBCs cannot be thawed viably after freezing, which limits their use to
within ten days of isolation. We recommend completing experiments
within seven days to avoid significant changes in morphology and po-
tential changes in metabolism or polarizations. Despite efforts to
investigate different freezing media and culture dish coatings [24,25,
41-43], viable cells were not obtained in significant numbers after
thawing. Cell counts showed that while viability remained at around 90
% after thawing, HBCs size decreased, indicating possible cell shrinkage
upon freezing. In addition, the cells show reduced adherence to culture
dishes after thawing, which further complicates their use. This limita-
tion requires immediate use of the isolated cells, which is an inconve-
nience in experimental design. Eventually, different cooling rates could
be tested in the future, as shrinkage suggests that cells were frozen too
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slowly [44]. Furthermore, protocols encapsulating cells into hydrogels
before freezing are emerging as solution to cryopreservation challenges,
also specifically of macrophages [43].

Despite the limitations noted, our refined protocol allows isolation of
HBCs not only from healthy placentas but also from those affected by
gestational diabetes mellitus (GDM) [19] and preeclampsia (PE) [17].
An obvious progression of this study is to analyze HBCs homeostasis in
pregnancy associated disorders that induce placental inflammation. In
addition, further studies should analyze HBCs along with feto-placental
endothelial cells and their expression of angiogenic markers and che-
mokines in the context of their proximity. Nevertheless, this protocol to
isolate HBCs at high purity increases the feasibility of performing
functional and metabolic assays as outlined, thereby contributing to a
more comprehensive understanding of HBC biology in both healthy and
pathophysiological placentas.
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Supplementary Material
1. Buffer recipes and required initial preparations

Trypsin DNase | Digestion Solution

Reagent Volume (ml)
HBSS (10x) 50
HEPES (1M) 12.5
CaCl2 (1M) 1
Mg2504 (0.4M) 1
NaOH (2N) 2.5
DNasel (20mg/ml; Roche, Cat #10104159001) 2
Trypsin (2.5%, 10x; Sigma Aldrich, Cat #T4549) | 50
Distilled H20 Ad 500
Total: 500

Mix reagents together (NOTE: addition of 2N NaOH might cause precipitate formation, precipitate will
dissolve again once water is added) and filter through a sterile filtration unit.

Complete RPMI

Reagent Volume (ml)
RPMI 1640 without phenol red 500ml

Fetal Bovine Serum 50ml

HEPES, 1M 12.5ml
Penicillin/Streptomycin Mix (10.0001U/ml) 5ml

Simply add FBS, HEPES and Pen/Strep to the RPMI. Prepare at least 2 bottles per isolation. We
recommend always keeping one bottle on 4°C and exchange bottles every other working step, to
always have cold medium in use. HBCs stick to plastic easily and maintaining them in cold medium and
on ice after taking them off the Percoll gradient improves the yields.

Using RPMI 1640 that does not contain phenol red is crucial, as the pH indicator might affect the
gradient centrifugation and make recovery of the desired cell layer harder.

Collagenase A/DNasel Digestions Solution

Reagent Amount
Collagenase A (Roche, Cat #10103586001) 100mg
DNasel (20mg/ml; Roche, Cat #10104159001) 2ml
RPMI 1640 2x 50ml
Total: 100ml
Dissolve 100mg of Collagenase A in 2-5ml of complete RPMI medium. It is hard to solve, you will need
to flick the tube intensely to get all the powder into solution. Fill the volume up to 50ml. Add 2ml of
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DNasel (20mg/ml) to another 50ml of RPMI medium. Filter both solutions through 50ml Stericup units.
Pool together when adding it to the tissue in the bioreactor bottle will provide the complete digestion
buffer.

Washing by sedimentation

First, allow the tissue to settle in the bioreactor bottle and remove most of the supernatant using a
sterile pipette. Pour the tissue into a fresh beaker, add PBS, stir, and allow the tissue to sediment
down again (Supplementary Figure 2). Remove the PBS on top of the sedimented tissue by careful
pouring or pipetting and repeat. This option takes a more time and might increase the volume of PBS
remaining with the tissue, therefore diluting the digestion solution further. We recommend straining
the tissue through a cloth, as it shortens hands-on time and yields more cells.

Percoll gradient solutions

To yield a 90% Percoll solution from the stock, mix 63ml of Percoll with 7ml of 10xHBSS solution.
Starting from this 90% solution, prepare the following diluted solutions and manually pipette the
gradient layers starting with the highest concentration and going to the lowest concentration. Prepare
6-8 centrifugal tubes (depending on how much tissue you initially started with) and distribute Percoll
solutions evenly (e.g. 5ml per layer for eight tubes, 7ml per layer for six tubes). If desired, draw a line
on the outside of the tube after each layer is added, to have a better estimate where the desired cells
will accumulate.

Fin. Conc. v/v | 90% Percoll Solution | RPMI
40% Percoll 20ml 25ml
35% Percoll 17.5ml 27.5ml
30% Percoll 15ml 30ml
20% Percoll 10ml 35ml

Alternatively, if you have access to an ultracentrifuge and sterile ultracentrifuge tubes, gradients can
be prepared in one step. Mix 80ml Percoll with 100ml RPMI and 20ml 10x HBSS solution. Distribute
the volume evenly onto 8 centrifuge tubes (25ml/tube) and centrifuge at 15000xg for 50min at 4°C,
brake OFF. Then put cell suspension gently on top and proceed as described in the general protocol.

Preparation of magnetic beads for Inmunopurification

For negative immune selection, magnetic beads are coated with antibodies targeting EGFR and CD10.
EGFR is readily present on potentially contaminating cytotrophoblast cells. CD10 (now more
commonly referred to as neprilysin) is also expressed on CT but also on fibroblasts, as well as smooth
muscle cells. Therefore, negative selection against these cellular markers should yield mostly pure and
untouched, i.e. immunologically non-activated, HBCs.

The ratio of cells to beads should be 100ul of beads suspension per 100mio cells. Given the typically
obtained yields at the first viable cell count after cells are recovered from the percoll gradient, we
recommend to prepare 200ul of anti-EGFR labeled and anti-CD10 labeled beads each. Proceed as
follows:

e To make sure to get a defined amount of beads and not mostly storage buffer, gently flick the
bead stock solution to mix well.

e Add 200ul of beads (Dynabeads goat anti-mouse IgG, Invitrogen) to a 14ml Falcon tube fitting
into the magnetic tube rack. Add 2-4ml of Bead Buffer to remove sodium-azide contained
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within the storage solution. Place into magnetic rack, wait for beads to attach to the tube
walls and aspirate.
e Wash once more as before.
e Add 200ul of Bead Buffer to each tube and flick to mix with washed beads.
e For anti-EGFR conjugated beads add 40ul (1:5 dilution) of anti-EGFR antibody (Santa Cruz, Cat
# sc-120). For anti-CD10 conjugated beads, add 8ul (1:25 dilution) of anti-CD10 antibody
(Sigma/Merck #SAB4700440, Clone MEM78).
e Leave to conjugate for 1h at RT under gentle rotation.
e Wash as described before using bead buffer to remove excess antibodies.
e Then add 200ul of Bead Buffer and store at 4°C until further use.

Bead Buffer/FACS staining and washing buffer

Reagent Amount
PBS (1x) 500ml
EDTA (2mM) 0.34g
BSA (1% w/v) 0.5g
Total: 500ml

FcR-receptor Block Solution

Reagent

Volume (mL)

1x HBSS

500 ml

Fetal bovine serum

15 ml

Supplementary Table 1: Troubleshooting — possible troubles and explanations during isolation

process

Troubleshooting

Explanation and problem solving

Long isolation process, time constraints

Store minced placental tissue at 4oC
overnight and continue isolation the
following day.

dissolves completely)

Inadequate tissue digestion (tissue too sticky or °

Use the appropriate concentration of
collagenase | (100 mg / 100 g tissue).
Adjust the volume/concentration of
digestion enzymes to the wet weight of
the minced tissue (max. 150g tissue at
given concentrations).

Use the bioreactor with stirring function
for the digestion steps.

Ensure that the entire sample s
submerged in the water bath and that
the water temperature is 37°C.

If the tissue is too sticky/junky and
cannot be filtered through the cloth,
wash the tissue by sedimentation.

Insufficient Percoll — cell separation

Centrifuge without brake.

Volume of Percoll layers is too low (Use
at least 5 mL of the appropriate Percoll
solution per layer.
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Number of Percoll tubes is too small
(use 6-8 Percoll tubes per 100-150 g
tissue/isolation).

Insufficient removal of Percoll from the cell

suspension

Increase the volume of RPMI medium
per tube, repeat centrifugation step for
10 min.

Erythrocyte contamination

Increase the number of wash steps
during the digestion process.

If contamination occurs after HBC
seeding, wash away the erythrocytes by
changing the medium.

Trophoblast/fibroblast/muscle cell
contamination

Change the cloth when filtering the
tissue digest to avoid contamination.
Adjust the concentration of CD10 and
EGFR antibodies for immune
purification.

After collecting the HBC fraction, check
the beads on the side of the tube walls.
If they are covered with non-HBCs, they

will appear swollen with cellular
material, resembling a 'slurry’'.
Low yield of HBCs e Obtain and mince placental tissue

within 30-60 minutes of delivery. Once
minced, the tissue can be stored in PBS
overnight in the refrigerator.

Check that the placental tissue is finely
minced.

Adjust the volume/concentration of the
digestive enzymes to the wet weight of
the minced tissue (max. 150g at given
enzyme concentrations).

The more experience with the protocol
and handling, the higher the yields. Be
patient and practice the isolation
process.

Low viability of HBCs

Check that the placental tissue is finely
minced.

Adjust the volume/concentration of the
digestive enzymes to the wet weight of
the minced tissue (see above).

HBCs are sticky cells. To avoid sticking to
the plastic, place the cells on ice during
immune purification/when counting
etc.

Detachment and dead HBCs after seeding

It is essential to change the medium 30-
60 minutes after seeding to prevent the
HBCs from becoming detached.

The number of HBCs seeded was too
low.
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HBC differentiation problems

low,

e HBCs lack cell-cell contact and therefore
do not differentiate
morphology.

e The number of HBCs seeded was too

increase the concentration of

seeded cells.

into elongated

Problems releasing HBCs for subsequent assays

(5 min).

e Increase the time of Accutase treatment

e Use trypsin or trypsin EDTA - surface
molecules may be detached.

e Gently scrape cells on ice after Accutase
incubation.

Undetectable HBCs on FACS

o Use

aspiration
supernatant washout.

e Increase the number of cells for FACS
experiments

to control

pump

Non-specific binding on FACS

e Increase wash steps during staining

e Include appropriate isotype/FMO
controls.
Supplementary Table 2: Used antibodies for Isolation, FACS and ICC analysis.
Antibody Distributor / Catalog | Volume (ul) /
number dillution
IRF5 Monoclonal Antibody (ALYSCLN), eFluor .
- -42 2 1 [
660, eBioscience™ Invitrogen / 50-9698 ,5/100 u
PE Mouse Anti- IRF4 Clone Q9-343 BD Pharmingen™ / 566646 2,5/100 ul
FITC anti-human CD68 Antibody BioLegend / 333806 2 /100l
Brilliant Violet 421™ anti-human CD209 (DC- .
BiolL 11 2 /100 pl
SIGN) Antibody lolegend /330118 /1001
Brilliant Violet 510™ anti-human CD206
i 211 2/1 I
(MMR) Antibody BioLegend /321138 /100 p
Brilliant Violet 650™ anti-human CD80
ioL 227 2/1 |
Antibody BioLegend / 305 /100 p
PE/Dazzle™ 594 anti-human CD86 Antibody BioLegend / 374218 2 /100 ul
APC/Cyanine7 anti-human CD40 Antibody BioLegend / 334324 2 /100l
FITC anti-human CD163 Antibody BioLegend / 333618 2 /100l
APC anti-human CD163 Antibody BioLegend / 333609 10/ 100 pl
PE anti-Vimentin Antibody Abcam / ab49918 5/100 ul
Alpha-Smooth Muscle Actin Monoclonal .
I -9760-82 1 |
Antibody (1A4), eFluor™ 660, eBioscience nvitrogen / 50-9760-8 5/1001
PE anti-human CD90 (Thy1) Antibody Biolegend / 328109 5/100 ul
PE Mouse IgG1, k Isotype Ctrl Antibody BioLegend / 400112 2,5/100 ul
APC Mouse IgG1 k Isotype Ctrl Antibody BD Pharmingen™ / 555751 2,5/100 ul
FITC Mouse IgG1, k Isotype Ctrl Antibody BioLegend / 400138 2 /100 pl
Brilliant Violet 510™ Mouse IgG1, Kk Isotype .
Ctrl Antibody BioLegend / 400171 2 /100 pl
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Brilliant Violet 421 Mouse IgG1, k isotype Ctr .

Antibody BioLegend / 400158 2 /100l
APC/Cyanine7 Mouse IgG1, k Isotype Ctrl .

Antibody BioLegend / 400128 2 /100 pl
Mouse IgG1 Isotype Control [Alexa Fluor® . .

594] Antibody Novus Biologicals / 1C002T 2 /100 pl
Brilliant Violet 650™ Mouse IgG1, k Isotype .

Ctrl Antibody BioLegend / 400163 2 /100 pl
FITC Mouse 1gG2b, k Isotype Ctrl Antibody BioLegend / 402208 2 /100 pl
CD163 Polyclonal Antibody Thermo / PA5-83817 1:200
Anti-Vimentin Antibody Dako / MO725 1:100
Smooth Muscle Actin Antibody, Clone 1A4 Dako / M085129-2 1:100
Anti-Fibroblasts (CD90, Thy-1) (Hu) from . ]

Mouse (AS02) Dianova / DIA100 1:100
Negative Control Mouse 1gG1. Monoclonal, )

clone DAK-GO1 Dako / X093101-2 1:100
anti-EGFR Antibody Santa Cruz / sc-120 40 pl
anti-CD10 Antibody, Clone MEM78 Sigma / SAB4700440 8 ul

Supplementary Figure 1: Washing of tissue between digestion steps by sedimentation.

Supplementary Figure 2: Schematic drawing of Percoll gradients before (A) and after (B)
centrifugation for better illustrations of HBC containing fraction.

Supplementary Figure 3: Comparison of yield (A) and viability (B) in a subset of HBCs isolated by the
protocol according to Ref. 22 or with our modifications.

Supplementary Figure 4: Freezing Media tested for Cryopreservation of HBCs. Cells were frozen in
MaM with cryoprotective agents namely: (A) 20% FBS + 10% DMSO, (B) 90% FBS + 10% DMSO, (C)
50mM Trehalose + 10% DMSO, (D) 60mM Sucrose + 10% DMSO, (E) 1% Methylcellulose + 10% DMSO.
In addition, a commercially available freezing medium for macrophages and microglia by Cell
Applications (F) was tested. Upon thawing, cells were plated on 6-well dishes with ,No ECM*, i.e.
uncoated culture ware (Nunclone Delta Surface) or Fibronectin (3ug/cm?). Cells were checked under
the microscope after 2h, 6h, 24h at which time also a media change was performed, and 48h.
Representative images of 2h and 48h timepoints are shown. Images were acquired using CellSens
standard software and an Olympus BX53 light microscope with an Olympus UC90 camera. Scale bar =
100um.

Supplementary Figure 5: ECM coatings for attachment of HBCs after cryopreservation. HBCs frozen in
70% MaM / 20% FBS / 10% DMSO were rapidly thawed and plated at a density of 2x10°6/ml on
uncoated culture ware (No ECM), or culture ware coated with Fibronectin (3pg/cm2), rat tail Collagen
| (3ug/cm?2) or 1% porcine skin gelatine. Cells were checked under the microscope for attachment
after 2h, 6h, 24h at which time also a media change was performed, and 48h. Representative images
of 2h and 48h timepoints are shown. Images were acquired using CellSens standard software and an
Olympus BX53 light microscope with an Olympus UC90 camera. Scale bar = 100um.
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figs1. Supplementary Figure 1: Washing of tissue between digestion steps by
sedimentation.

A before centrifugation B after centrifugation
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figs2. Supplementary Figure 2: Schematic drawing of Percoll gradients before (A) and after
(B) centrifugation for better illustrations of HBC containing fraction.
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figs3. Supplementary Figure 3: Comparison of yield (A) and viability (B) in a subset of
HBCs isolated by the protocol according to Ref. 22 or with our modifications.
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Fibronectin-2h Fibronectin-48h

90% FBS, 10% DMSO

Nﬂ ECM-2h No ECM-48h
Fibronectin-2h Fibronectin-48h
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Fibronectin-2h Fibronectin-48h

D 60mM Sucrose, 10% DMSO
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Fibronectin-2h Fibronectin-48h

E 1% Methylcellulose, 10% DMSO
No ECM-2h No ECM-48h

Fibronectin-2h Fibronectin-48h

Cell lications
Nu ECM-2h No ECM-48h
Fibronectin-2h Fibronectin-48h

figs4. Supplementary Figure 4: Freezing Media tested for Cryopreservation of HBCs.
Cells were frozen in MaM with cryoprotective agents namely: (A) 20% FBS + 10% DMSO, (B)
90% FBS + 10% DMSO, (C) somM Trehalose + 10% DMSO, (D) 6omM Sucrose + 10%
DMSO, (E) 1% Methylcellulose + 10% DMSO. In addition, a commercially available freezing




medium for macrophages and microglia by Cell Applications (F) was tested. Upon thawing,
cells were plated on 6-well dishes with ,No ECM*, i.e. uncoated culture ware (Nunclone Delta
Surface) or Fibronectin (3ug/cmz). Cells were checked under the microscope after 2h, 6h, 24h
at which time also a media change was performed, and 48h. Representative images of 2h and
48h timepoints are shown. Images were acquired using CellSens standard software and an
Olympus BX53 light microscope with an Olympus UC90 camera. Scale bar = 10oum.
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figs5. Supplementary Figure 5: ECM coatings for attachment of HBCs after
cryopreservation. HBCs frozen in 70% MaM / 20% FBS / 10% DMSO were rapidly thawed
and plated at a density of 2x10”6/ml on uncoated culture ware (No ECM), or culture ware
coated with Fibronectin (3ug/cm2), rat tail Collagen I (3ug/cm2) or 1% porcine skin gelatine.
Cells were checked under the microscope for attachment after 2h, 6h, 24h at which time also
a media change was performed, and 48h. Representative images of 2h and 48h timepoints
are shown. Images were acquired using CellSens standard software and an Olympus BX53
light microscope with an Olympus UC90 camera. Scale bar = 10oum.
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