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ORIGINAL ARTICLE

Senescent Syncytiotrophoblast Secretion During 
Early Onset Preeclampsia
Olivia Nonn ,* Olivia Debnath,* Daniela S. Valdes ,* Katja Sallinger, Ali Kerim Secener , Cornelius Fischer ,  
Sebastian Tiesmeyer , Jose Nimo , Thomas Kuenzer , Juliane Ulrich, Theresa Maxian , Martin Knöfler, Philipp Karau ,  
Hendrik Bartolomaeus , Thomas Kroneis , Alina Frolova , Lena Neuper, Nadine Haase, Alexander Malt,  
Niklas Müller-Bötticher , Kristin Kräker , Sarah Kedziora , Désirée Forstner , Roland Eils, Ruth Schmidt-Ullrich ,  
Sandra Haider , Stefan Verlohren , Christina Stern , Meryam Sugulle , Stuart Jones , Basky Thilaganathan ,  
Tu’uhevaha J. Kaitu’u-Lino , Stephen Tong, Berthold Huppertz , Amin El-Heliebi , Anne Cathrine Staff , Fabian Coscia ,  
Dominik N. Müller, Ralf Dechend , Martin Gauster , Naveed Ishaque ,† Florian Herse †

BACKGROUND: Preeclampsia is a severe hypertensive disorder in pregnancy that causes preterm delivery, maternal and fetal 
morbidity, mortality, and life-long sequelae. Understanding the pathogenesis of preeclampsia is a critical first step toward 
protecting mother and child from this syndrome and increased risk of cardiovascular disease later in life. However, effective 
early predictive tests and therapies for preeclampsia are scarce.

METHODS: To identify novel markers and signaling pathways for early onset preeclampsia, we profiled human maternal-fetal 
interface units (fetal villi and maternal decidua) from early onset preeclampsia and healthy controls using single-nucleus 
RNA sequencing combined with spatial transcriptomics. The placental syncytiotrophoblast is in direct contact with maternal 
blood and forms the barrier between fetal and maternal circulation.

RESULTS: We identified different transcriptomic states of the endocrine syncytiotrophoblast nuclei with patterns of 
dysregulation associated with a senescence-associated secretory phenotype and a spatial dysregulation of senescence 
in the placental trophoblast layer. Elevated senescence markers were validated in placental tissues of clinical multicenter 
cohorts. Importantly, several secreted senescence-associated secretory phenotype factors were elevated in maternal 
blood already in the first trimester. We verified the secreted senescence markers, PAI-1 (plasminogen activator inhibitor 
1) and activin A, as identified in our single-nucleus RNA sequencing model as predictive markers before clinical 
preeclampsia diagnosis.

CONCLUSIONS: This indicates that increased syncytiotrophoblast senescence appears weeks before clinical manifestation of 
early onset preeclampsia, suggesting that the dysregulated preeclamptic placenta starts with higher cell maturation resulting 
in premature and increased senescence-associated secretory phenotype release. These senescence-associated secretory 
phenotype markers may serve as an additional early diagnostic tool for this syndrome. (Hypertension. 2025;82:00–00. 
DOI: 10.1161/HYPERTENSIONAHA.124.23362.) • Supplement Material.
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Hypertensive disorders in pregnancy, such as pre-
eclampsia, account for a significant proportion of 
maternal deaths.1 Current diagnosis relies only on 

clinical signs,2 such as the presence of hypertension, 
accompanied by proteinuria or other maternal organ 
dysfunctions and fetal growth restriction (FGR). Symp-
toms appear late in pregnancy, after 20 weeks of ges-
tation, when the underlying pathology that will cause 
maternal and fetal morbidity is already advanced.3 Early 

onset preeclampsia (eoPE) is a severe subvariant of 
preeclampsia and necessitates delivery before the 34th 
week of gestation. It also poses great risks to the child 
due to preterm birth.4 Moreover, there are long-term con-
sequences of preeclampsia5 because it is associated 
with a reduced lifespan for both mother and child due to 
cardiovascular complications later in life.5,6

Importantly, no effective therapies are known once 
preeclampsia has been established2 and delivery is the 
only option to terminate the syndrome,2 suggesting a 
central role of the placenta.7

Placental cells are of fetal origin and primarily consist 
of different types and differentiation stages of tropho-
blast cells. Factors shed from the preeclamptic placenta 
seem to cause maternal endothelial or vascular dysfunc-
tion, which then leads to hypertension and multiorgan 
injury in the mother (maternal syndrome).8 Most impor-
tantly, the syncytiotrophoblast that is in direct contact 
with maternal blood and forms the trophoblast barrier 
between the fetal and maternal circulation is suspected 
to play a crucial role in transferring placental dysregula-
tion to the maternal syndrome.

Recent single-cell sequencing studies examining 
reproductive tissues from healthy women (from both 
pregnancy and nonpregnancy samples) have shed 
new insights into the maternal-fetal interface,9–12 tro-
phoblast subtypes,13,14 and the endometrium15 before 
uncomplicated pregnancies. The maternal-fetal inter-
face mediates in utero conditions, such as oxygen, 

NOVELTY AND RELEVANCE

What Is New?
We present a model that longitudinally reconstructs 
molecular events at the human maternal-fetal inter-
face by single-nucleus RNA sequencing and spatial 
transcriptomics.
This model identifies a senescent phenotype early 
in pregnancy in early onset preeclampsia originating 
from the villous syncytiotrophoblast; the fetal barrier is 
in direct contact with maternal blood.

What Is Relevant?
These senescence-associated secretory phenotype 
factors are secreted into the maternal circulation and 
can interact with maternal vessels.
We provide evidence that maternal serum levels of 
senescence markers, activin A, PAI-1 (PAI-1 (plasmin-
ogen activator inhibitor 1), and GDF15, contribute to a 
senescence-associated pathophysiology early in preg-
nancy, associated with early onset preeclampsia devel-
opment later in gestation, thus representing markers 
for prediction and diagnosis.

What Are the Clinical/ Pathophysiological 
Implications?
Our study provides the basis for a novel understanding 
of the pathophysiology of early onset preeclampsia, 
which is centered around premature syncytiotropho-
blast senescence. The causal link leading to this state 
should be further studied.
Symptomatic blood pressure treatment in preeclamp-
sia and iatrogenic preterm delivery do not treat pre-
eclampsia in its initial stages. Our model suggests 
that future preeclampsia therapy should focus on 
the senescence-associated pathophysiology early in 
pregnancy to prevent the development of a syndrome 
that poses a long-term individual and public health 
concern.

Nonstandard Abbreviations and Acronyms

DEG			  differentially expressed gene
eoPE			  early onset preeclampsia
EVT			  extravillous trophoblast
FGR			  fetal growth restriction
HSPG2			  heparan sulfate proteoglycan 2
LEP			  leptin
PAI-1			  plasminogen activator inhibitor 1
SASP			�  senescence-associated secretory 

phenotype
scRNA-seq			 single-cell RNA sequencing
snRNA-seq	 single-nucleus RNA sequencing
TGM2			  transglutaminase 2
UtA-PI			  uterine artery pulsatility index
vSTB			  villous endocrine syncytiotrophoblast
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nutrients, and waste exchange, which facilitate a suc-
cessful pregnancy and shape the life-long health of 
mother and child. While the single-cell landscape of 
healthy placentas has been well described, no com-
prehensive data exist from the uteroplacental tissue of 
patients with eoPE.

Our objective was to investigate the placental patho-
physiology of eoPE by investigating both maternal 
decidua and fetal placental villi, with a particular focus 
on the syncytiotrophoblast. For novel insights, we vali-
dated our findings by analyzing maternal serum obtained 
before the clinical onset of the syndrome.

METHODS
Detailed protocols are provided in the Supplemental Methods, 
including information on sample procurement, wet-laboratory 
and computational steps for single-nucleus RNA sequenc-
ing (snRNA-seq), and in situ sequencing preprocessing and 
downstream analyses. Details are also given for RNA isolation 
and RT-qPCR measurement, immunofluorescence and immu-
nohistochemistry staining, ELISA measurements, and disease 
prediction models. Scripts for reproducing analyses and visu-
alizations are available via https://github.com/HiDiHlabs/
preeclamspsia_Nonn_etal/. Anonymized data and materials 
have been made publicly available, as described in detail in the 
Supplemental Methods.

Additional data are provided in figures and tables in the 
Supplemental Material.

Clinical and Multiomics Study Design
Our study design included comprehensive sampling of placen-
tal tissue taken across pregnancy (from different cases), data 
analyses, and multilevel validation (Figure 1). To reduce the 
heterogeneity of the study cohort (Table S1), we narrowed our 
inclusion criteria to eoPE with coexisting FGR. Furthermore, 
we restricted our preeclampsia cohort to those with proteinuric 
preeclampsia.

Given that FGR can occur without preeclampsia,2 we aimed 
to exclude the possibility that FGR may result in confounding 
effects on the transcriptomic profile of preeclampsia. Indeed, 
gene expression data16 from eoPE with FGR (n=18) compared 
with eoPE without FGR (n=19) did not identify differentially 
expressed targets in the placental transcriptomes, suggesting 
that there is no confounding by the presence of FGR in our 
eoPE cohort (Table S2).

To study the temporal disease progression of preeclamp-
sia, we obtained uteroplacental tissue samples for snRNA-seq 
from early (n=13, at 5–11 weeks of gestation; early control) 
and healthy full-term pregnancies (n=10, ≥38 weeks of gesta-
tion; healthy term pregnancy) and pregnancies complicated by 
eoPE (n=11, 27–33 weeks of gestation; Figure 1; Table S1). 
To adjust for the possible confounding of a preterm signature 
with the eoPE-specific snRNA-seq signature, we integrated 
a single-cell RNA sequencing (scRNA-seq) data set11 that 

Figure 1. Multiomics study design using multiple validation levels with patient cohorts.
Schematic illustration of the experimental design across different stages of gestation, early pregnancy (e.ctrl), late healthy term pregnancy (trm.
ctrl), and early onset preeclampsia (eoPE). Placental tissue was surgically sampled, and villi and decidua were collected separately for snRNA-
seq. Tissues from e.ctrl correspond to 5 to 10 weeks of gestation, eoPE tissue was sampled at <34 weeks of gestation (range, 27–33 weeks 
of gestation), and trm.ctrl samples at >38 weeks (range, 38–40 weeks of gestation). The gestational age difference between healthy term 
controls (trm.ctrl) and diseased eoPE was corrected by using additional single-cell RNA sequencing (scRNA-seq)20 data from preterm (ptrm)-
delivered nonhypertensive obstetric pathologies. All key findings were validated in patient cohorts using the methods outlined in the lower 
figures. FGR indicates fetal growth restriction; ISS, in situ sequencing; PE, preeclampsia; and snRNA-seq, single-nucleus RNA sequencing.
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compared preterm with term births (n=16; Table S1). Potential 
confounding related to labor was eliminated by only includ-
ing specimens from birth by cesarean section before labor. 
Furthermore, we used a bulk gene expression data set16 of pla-
cental villous tissue to compare signatures of placentas from 
nonpreeclamptic preterm and term deliveries. Thus, we were 
able to investigate the specific profile of eoPE in relation to 
non–hypertension-related preterm pathologies.

For validation, RT-qPCR was performed using placental 
specimens from cohorts obtained from 4 centers (preterm 
matched controls: n=29; eoPE: n=84; and eoPE+FGR: 
n=17; Table S1). Finally, secreted preeclampsia–related fac-
tors of interest were analyzed in maternal blood samples from 
2 longitudinal cohorts in which blood was sampled before a 
preeclampsia diagnosis in early (controls: n=47; eoPE: n=27) 
and in late gestation (control: n=201; preeclampsia: n=21; 
Table S1).

Two-group baseline characteristic and experimental com-
parisons (healthy term pregnancy versus eoPE; preterm ver-
sus eoPE; and FGR versus noFGR) were statistically analyzed 
and visualized using the GraphPad Prism software (v9.4.1). 
Values were evaluated for normality using the Shapiro-
Wilk, Kolmogorov-Smirnov, and Anderson-Darling tests. 
Homoscedasticity plots were visually inspected per group to 
assess variance. Significance was tested between groups 
using either a 2-tailed unpaired t test with Welch correction or 
a 2-tailed Mann-Whitney U test, which does not assume equal 
variances.

RESULTS
snRNA-Seq Analysis
We profiled 34 placental samples at various stages of 
pregnancy (Figure 1). These samples were taken from 
the chorionic villi (villi as tissue of origin), which are the 
fetal part of the placenta, and the decidua basalis, the 
maternal part of the placenta.

Using the 10× Genomics Chromium platform, we 
sequenced and harmonized 95 253 nuclei of early con-
trol, 50 515 of term control (healthy term pregnancy), 
and 64 850 of eoPE samples (total, 210 618 nuclei), 
after low-quality nuclei were removed by extensive pre-
processing measures, such as batch effect assessment 
and doublet nuclei inference (Figure 2A and 2C; Figures 
S1 and S2, Tables S3 through S7).

Cell Types in Placenta and Decidua
We identified 24 decidual and 15 villous cell types and 
cell states of the immune, vascular endothelial, matri-
some, and trophoblast compartments (Figure 2A and 2E; 
Figures S4 and S5; Table S8). Variations in cell composi-
tion within the immune, vascular endothelial, matrisome, 
and trophoblast compartments in placental samples col-
lected at the different gestation time points were evident 
(Figure 2D and 2E; Figure S4; Table S3) and confirmed 
placental plasticity and functional adaptations at differ-
ent stages of pregnancy.

As expected, the most abundant cell population in 
the villi were the various trophoblast types that exist 
in different cell/nucleus types and states, all of which 
originate from the proliferating mononucleated cyto-
trophoblast (Figure 2D and 2E; Figure S4). The cyto-
trophoblast is a bipotent progenitor, giving rise to the 
2 major trophoblast differentiation lineages: the syn-
cytiotrophoblast and the extravillous trophoblast (EVT) 
lineage (located in the decidua). EVT emerges from 
cell column trophoblasts that derive directly from cyto-
trophoblast. We identified 3 cell column trophoblast 
states, including proximal, distal, and transition state 
(Figure S8). The syncytiotrophoblast is generated by 
cytotrophoblast fusion and forms an endocrine syncy-
tium, a multinuclear layer without lateral cell borders. 
Of note, we identified 3 different nuclei states, syn-
cytiotrophoblast immature (vSTBim), villous endocrine 
syncytiotrophoblast (vSTB) 1, and vSTB2, within the vil-
lous (villi as tissue of origin) syncytiotrophoblast14 and 
found that the corresponding gene expression profiles 
represent progressing differentiation states along a 
pseudotime axis, namely, from vSTBim via vSTB1 and, 
finally, vSTB2 (Figure S6; Table S8).

Of note, we found a significant decrease in the overall 
proportion of nuclei derived from the fetal villous immune 
compartment when comparing term controls with eoPE 
samples (Figure 2F).

Prerequisites and Corrections for snRNA-Seq 
Analysis
Using our snRNA-seq data, we proceeded to compare 
the specific gene expression profile of eoPE to term con-
trol placenta samples of healthy women (Table S9). All 
samples were derived from uteroplacental tissue either 
at 27 to 33 weeks of gestation for the eoPE cohort or 
at 38 to 40 weeks for healthy term controls (Figure 1; 
Table S1). Note that it is evidently not possible to col-
lect placentas from healthy controls at the same ges-
tational time point as the eoPE cohort because eoPE 
pregnancies are terminated prematurely, and there is 
no reason for premature delivery in the case of healthy 
pregnancies.17 Thus, to adjust for the possible confound-
ing of a preterm gene signature that would interfere with 
the eoPE-specific snRNA-seq signature (Figure 1), we 
integrated a published scRNA-seq data set20 that com-
pared preterm births for medical indications other than 
preeclampsia (ie, all remained normotensive throughout 
their pregnancies) with term births (n=16; Figure S3; 
Table S1).

Transcriptomic Dysregulation of the Decidua in 
eoPE
When comparing eoPE with late-term controls, we iden-
tified 1791 and 1670 differentially expressed genes 
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(DEGs) in decidual and villous samples, respectively 
(Table S10).

Comparing term control with eoPE, the differential 
gene expression analysis of the decidua identified 899 
genes in the immune compartment. These comprised 
genes identifying lymphoid lineages, such as natural 
killer (decidual natural killer 1 and decidual natural 

killer 2), dT cells, and myeloid lineages, including mac-
rophages (decidual M1-like macrophage and decidual 
M2-like macrophage) and monocytes (dMono1), as well 
as 472 genes of the matrisome compartment, includ-
ing fibroblasts (dFB1/2), decidual stromal cell 1, and 
decidual smooth muscle cells, and 679 genes of the 
endothelial compartment, including decidual vascular 

Figure 2. Single-nucleus–resolved transcriptomic landscape of the healthy and early onset preeclamptic maternal-fetal 
interface.
A and B, Uniform manifold approximation and projection (UMAP) visualizing (A) maternal (decidual, d) and (B) fetal (villous, v) cell types and 
states obtained from the single-nucleus RNA sequencing (snRNA-seq) data, with integrated samples from early pregnancy (e.ctrl), late healthy 
pregnancy (trm.ctrl), and early onset preeclampsia (eoPE). Each dot represents a nucleus; color indicates cell type or state. C, Abbreviations for 
cell types and states presented in this study. D and E, Distribution of cell type composition at different gestational time points for (D) decidua 
and (E) villi (% of total tissue nuclei). Numbers under the bars indicate the total high-quality nuclei and their corresponding biological replicate 
sample size. F, Cell composition comparison by trophoblast, matrisome, and immune compartments between term.ctrl. and eoPE. Two-tailed 
Welch t test.
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endothelial cells, decidual lymphatic endothelial cells, 
and decidual proliferating lymphatic endothelial cell 
(Figure 3A; Figure S7; Tables S3 and S9).

We also observed nuclei of fetal origin with syncytiotro-
phoblast profiles in the decidual samples (Figure 2A and 
2D). As part of the epithelial turnover in the placenta, syn-
cytiotrophoblast nuclei eventually undergo cellular aging 
and are shed and deported into the maternal blood.18,19 
This suggests that transcriptomic syncytiotrophoblast 
profiles identified in decidua samples may correspond 
to syncytiotrophoblast nuclei shed from the placental 
villi into the maternal circulation and transported toward 
the decidua deported syncytiotrophoblast. We confirmed 
this finding by immunohistochemical analysis on decidual 
sections, which revealed multinucleated syncytial frag-
ments expressing villous syncytiotrophoblast markers, 

GDF15 and β-hCG, within the maternal vascular com-
partment, in the absence of EVT marker, HLA-G (Fig-
ure 3B). Of note, syncytiotrophoblast-secreted ligands 
have high-affinity receptors in vascular endothelial and 
smooth muscle cells of the decidua; 36% of these 
ligands are associated with the senescence-associated 
secretory phenotype (SASP; Figure 3C). We also investi-
gated the classical decidua-invading EVT, which interacts 
via HLA-G, FN1, and SERPINE2 with receptors of vari-
ous maternal decidual cell types (Figure S8).

Transcriptomic Dysregulation of the Placenta in 
eoPE
We next investigated the impact of eoPE in villi com-
pared with term controls (Figure 4A; Table S5). The 

Figure 3. Early onset preeclampsia dysregulates the decidua and its interaction with fetal cells.
A, Significantly dysregulated gene expression profiles between term control (trm.ctrl) and early onset preeclampsia (eoPE) decidual cell types 
(log2-fold change [log2FC] >±0.25; adjusted P<0.05). Log2FC between conditions for each dysregulated gene (dot) visualized. The decidual 
epithelial cells, monocytes, proliferating natural killer cells, plasma cells, granulocytes, progenitor lymphatic endothelial cells, extravillous 
trophoblast, and departed syncytiotrophoblast were excluded due to large composition changes between trm.ctrl and eoPE. B, GDF15 protein 
in decidual deported syncytiotrophoblast (dDSTB) localized by immunohistochemistry in decidual tissue. dDSTB is identified among maternal 
erythrocytes in maternal vessels as an HLA-Gneg β-hCGpos GDF15pos fragment (shown in serial sections’ staining as indicated). Arrows indicate 
the maternal vessel border (n=3, representative area shown). Scale bars, 100 µm (overview) and 20 µm (detailed). C, Interaction between 
pathologically altered dDSTB-secreted ligands with decidual vascular endothelial cell (dVEC) and smooth muscle cell (dSMC) receptors at 
the maternal-fetal interface. Only altered receptor-ligand interaction pairs during eoPE are shown; arrows point toward receptors (Wilcoxon 
rank-sum test, P<0.05, identified by multiple tools and databases). Dot colors encode cell types/states, and squares illustrate the average 
expression of receptors and ligands of interest. Senescence-associated secretory phenotypes (SASPs) are marked. D, Overlap of differentially 
expressed genes between decidual immune and matrisome cell-type groups. E, Pathway enrichment analysis of commonly dysregulated genes 
in decidual immune and matrisome compartments (n=83) calculated using the Metascape tool. In A, C, and D, n=11 villi (6 late controls and 5 
eoPEs) and n=9 decidua (4 late controls and 5 eoPEs).
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dysregulated profile of eoPE showed that gene expres-
sion in trophoblast cell types was the most dysregulated.

In line with this, eoPE caused a global dysregu-
lation of gene expression, which is confirmed by 
overlapping profiles of trophoblasts with immune and meso- 
endothelial groups (Figure 4B). Nine genes were 
deregulated in all villous cell types and states com-
pared with controls: ADAM12, NEAT1, RABGEF1, 
PAPPA2, PDE4D, CSH1, PTPRK, CUX1, and KISS1. 
Cell-type–specific dysregulation was observed in the 
villous trophoblast cell category (vSTB1, vSTB2, vST-
Bim, and vCTB) with 1307 genes, the matrisome com-
partment (vVEC, vFB, and vMC) with 224 genes, and in 
the immune cell compartment with 113 genes (vHBC 
and vTcells; Table S10). The top 5 DEGs per cell type 
are shown in Figure S7.

Investigating the various nucleus states of vSTB 
showed unique and shared dysregulated gene expres-
sion profiles when comparing eoPE and controls 

(Figure 4C). We identified 59 (syncytiotrophoblast 
immature), 289 (syncytiotrophoblast 1), and 412 (syn-
cytiotrophoblast 2) DEGs that were unique for each 
nucleus state (Figure 4C). The DEG uniquely dysregu-
lated in vSTB2 showed enrichment for lipid biosynthetic 
processes (GO:0008610), regulation of RNA splic-
ing (GO:0043484), and ubiquitin-mediated proteolysis 
(hsa04120; Table S12).

Apart from the dysregulated gene profiles unique for 
each of the 3 vSTB nucleus states, we also found that 
29.9% (320 of 1080) of all DEGs in vSTB were shared 
among states. Moreover, these shared DEGs were con-
gruently upregulated or downregulated across all vSTB 
nucleus states (96.3%, 308 of 320 genes; Figure 4C). 
This points to an underlying core dysregulation in the 
vSTB compartment in eoPE. Dysregulated genes in a 
concordant direction across vSTB subtypes include tar-
gets associated with placental health and dysfunction 
(Figure 4D).

Figure 4. Syncytiotrophoblast populations are the most affected placental cell population in early onset preeclampsia.
A, Significantly dysregulated gene expression profiles between term control (trm.ctrl) and early onset preeclampsia (eoPE) villous cell 
types (log2-fold change [log2FC] >±0.25; adjusted P<0.05). Log2FC between conditions for each dysregulated gene (dot) visualized. B, 
Overlap of differentially expressed genes (DEGs) between villous cell-type groups. C, Convergence of DEGs in the nucleus states from the 
syncytiotrophoblast (STB) where each dot represents a single gene (shared upregulated: red; shared downregulated: blue; and differential 
gene expression: yellow).38 D, Heatmap of the mean log2FC values of overlapping genes of concordant dysregulation directionality (n=28) 
between nuclear STB (vSTB) states as visualized in C. E, Overlap of senescence-associated secretory phenotype (SASP) genes derived from 
the human SASP atlas (Buch Institute) with all and shared genes dysregulated in vSTB nuclear states (min. log2FC 0.4, genes expressed in 
≥30% of nuclei and adjusted P<0.05). F, Network of statistically significant hub genes of vSTB DEGs. Node color represents log2FC from the 
DEG between trm.ctrl and eoPE. Overall, n=12 placentas (6 term controls and 6 eoPEs).

D
ow

nloaded from
 http://ahajournals.org by on O

ctober 25, 2024



Nonn et al Single-Nucleus Transcriptomics in Preeclampsia

Original





 A
rticle




8    January 2025� Hypertension. 2025;82:00–00. DOI: 10.1161/HYPERTENSIONAHA.124.23362

Importantly, 12.2% of all shared DEG in ≥2 vSTB 
nucleus states were attributed to SASP20 genes 
(39/320 genes; 1.94×-fold enrichment; hypergeo-
metric P=6.02×10−5; Figure 4E; Table S13). We next 
calculated the community network of statistically sig-
nificant hub genes to find central genes, such as FOS 
(Figure 4F).

Dysregulation of Trophoblast-Derived SASP 
Factors in eoPE
Previous studies have shown that 2 SASP factors, 
activin A21 and GDF15,22 are differentially expressed in 
maternal blood at 36 weeks preceding a diagnosis of 
preeclampsia. Both factors are secreted proteins of the 

TGFβ superfamily, and GDF15 is a marker for vSTB 
that is secreted into the maternal circulation. Activin A 
(encoded by INHBA) is a known SASP component and 
also an activin-pathway ligand. We found that in the 
eoPE cohort, senescence signatures were particularly 
increased in vSTB1 and vSTB2, which comprise the 
2 final nuclear differentiation states within the vSTB 
(Figure 5A). We confirmed the upregulation of SASP 
factors, INHBA, GDF15, and SERPINE1, by RT-qPCR 
in villous tissue from 4 clinical cohorts. The expres-
sion was significantly increased in eoPE samples com-
pared with gestational age-matched preterm placental 
samples (Figure 5B; Figure S9). GDF15 protein was 
localized to the syncytiotrophoblast cell layer in sec-
tions of villi tissue by immunofluorescence staining 

Figure 5. Senescence profile and spatial dysregulation of the maternal-fetal interface in early onset preeclampsia.
A, Heatmap illustrating log2-fold changes (log2FC) of senescence-associated secretory phenotype (SASP)–related genes dysregulated in 
≥2 nuclear villous syncytiotrophoblast (vSTB) states in early onset preeclampsia (eoPE; min. log2FC 0.4, expressed in ≥30% of nuclei and 
adjusted P<0.05 per gene). B, Upregulated mRNA expression (RT-qPCR) of SASP markers GDF15, INHBA, and SERPINE1 in villous tissue 
of eoPE in a clinical cohort compared with healthy matched preterm controls (ptrm: n=18; eoPE: n=61; sig.level **<0.01, ***<0.001, and 
****<0.0001; and unpaired 2-tailed Welch t test). C, Representative immunofluorescence staining of GDF15 in term controls (trm.ctrl) and 
eoPE (n=3 per group; scale bar, 50 µm). D, Representative immunohistochemical staining of PAI-1 (plasminogen activator inhibitor 1; encoded 
by the SERPINE1 gene) in trm.ctrl vs eoPE placentas suggests overall increased expression in the vSTB layer (n=4 per group; scale bar, 40 µm).  
E, Left, Targeted high-resolution spatial transcriptomic data acquired through spatially resolved in situ sequencing (ISS), with spatial context 
of mRNA molecules implicating highly structured tissue in an unsupervised 2-dimensional embedding (n=2 total, representative area shown; 
scale bar, 60 µm). Right, Senescence-associated INHBA expression is spatially variable in ISS data and is closer to vascular transcripts (black 
arrows) in eoPE compared with controls. F, mRNA expression (RT-qPCR) of SASP markers, GDF15, INHBA, and SERPINE1, is not related to 
fetal growth restriction (FGR) in eoPE (eoPE without FGR: n=16; eoPE with FGR: n=61; sig.level **<0.01, ***<0.001, and ****<0.0001; and 
unpaired 2-tailed Welch t test).
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with no differences between eoPE and healthy term 
control (Figure 5C). PAI-1 (plasminogen activator 
inhibitor 1) protein (encoded by SERPINE1) similarly 
confirmed syncytiotrophoblast localization in immu-
nohistochemical analyses (Figure 5D). In addition, we 
used a high-resolution spatial transcriptomics method 
(in situ sequencing) to compare the spatial orientation 
of senescence within the vSTB layer between healthy 
and eoPE placentas. Our in situ sequencing panel, 
which detected 174 genes, characterized all villous 
cell types at high resolution by gene markers identified 
in our snRNA-seq analyses (Figure 5E; Figure S10). 
We identified all transcripts associated with the vil-
lous surface layer and were able to precisely allocate 
senescence-associated INHBA transcripts to the vSTB 
(Figure 5E).

To evaluate the interaction between fetal vessels and 
the trophoblast barrier, we specifically examined fetal 
vessel markers (CDH5, IDO2, KDR, TEK, and ZEB1) that 
were localized within a 5-µm radius of the villous wall, 
made up of vCTB and vSTB (Figure S10). Fetal ves-
sels play a direct role in the exchange of nutrients and 
oxygen between maternal and fetal circulation. In eoPE,  
senescence-associated INHBA expression in the vil-
lous trophoblast layer was significantly closer to the fetal 

vessels compared with term controls (Figure 5E). This 
indicates spatial disorganization of the villous wall with 
increased senescence in areas of transplacental trans-
port. This cannot be explained with a less developed 
terminal villus compartment in eoPE cases but points 
to a major change in the morphological and functional 
organization of such villi. Aberrant senescence in this 
vital maternal-fetal interphase might interfere with the 
exchange of nutrients and metabolites, potentially result-
ing in FGR that is often associated with eoPE. However, 
we found no differences in the expression of SASP tar-
gets, INHBA, GDF15, and SERPINE1, between pregnan-
cies with or without FGR (Figure 5F). This indicates that 
the observed SASP phenotype is indeed eoPE-specific.

Syncytiotrophoblast Senescence and SASP 
Factor Secretion in eoPE
We next investigated whether eoPE senescence local-
ized in the vSTB layer may result in the secretion of 
SASP factors into the maternal circulation (Figure 6). In 
search of receptor-ligand interactions that may represent 
fetal to maternal signaling via secreted SASP proteins, 
we examined our snRNA-seq data from the decidua, 
which included the signature of maternal vessels. We 

Figure 6. Senescence factors derived from the maternal-fetal interface are detectable in maternal blood and serve as good 
predictors for preeclampsia (PE).
A, Dysregulated and secreted ligands from the villous syncytiotrophoblast (vSTB) in early onset PE (eoPE) act on highly expressed receptors 
in decidual vascular endothelial cells (vVECs) and smooth muscle cells (dSMCs). This highlights ligand pressure, that is, increased ligand 
expression with unaltered receptor expression at the maternal-fetal interface. Arrows point toward receptors (Wilcoxon rank-sum test, 
P<0.05, identified by multiple tools and databases). Dot colors encode cell types/states, ligand squares represent upregulated secreted 
log2-fold change (log2FC) expression per nuclear state, and receptor squares encode average expression. Senescence-associated secretory 
phenotypes (SASPs) are marked. B, Schematic illustrating the maternal blood sampling strategy at 36 weeks of pregnancy before diagnosis of 
PE. Samples are part of the large-scale Australian BUMPS cohort (n=222). C, Circulating GDF15 and PAI-1 (plasminogen activator inhibitor 
1; encoded by SERPINE1) are characteristic for the preeclamptic syndrome and are used as predictive markers for PE (n=21; healthy term 
controls: n=201). D, Schematic illustrating published maternal first-trimester serum sampling strategy of prospectively recruited women healthy 
term, and eoPE pregnancies were diagnosed in later gestation (n=972). E, Circulating activin A, synthesized by inhibin βα dimers (encoded by 
INHBA), predicts eoPE in a conditional logistic regression model and shows that the currently used Fetal Maternal Foundation (FMF) algorithm 
underestimates eoPE risk in women with high first-trimester activin A (eoPE: n=27; healthy term controls: n=47, matched for body mass index, 
gestational age, and maternal age; subset of cohort is shown in D). AUC indicates area under the curve.
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analyzed factors that are secreted by vSTBim, vSTB1, 
and vSTB2 and were differentially expressed in eoPE 
compared with healthy term controls (Figure 6A; Table 
S11). Indeed, we found that secreted factors, such as 
LEP (leptin) or TGM2 (transglutaminase 2) and HSPG2 
(heparan sulfate proteoglycan 2), which were upregu-
lated in eoPE, interacted with receptors expressed on 
vascular cells (decidual vascular endothelial cells and 
decidual smooth muscle cells) of the decidua (log2FC 
>0.25, cutoff: genes detected in a minimum of 10% 
of diseased cells, Benjamini-Hochberg FDR-corrected 
P<0.01; Figure 6A). Of note, the interactions between 
vSTB-decidual vascular endothelial cells and vSTB-
decidual smooth muscle cells predominantly involved 
SASP genes (67%, 6 of 9), including INHBA and 
GDF15.

To validate the increased syncytiotrophoblast senes-
cence and evaluate the predictive potential and patho-
genic relevance of our SASP markers, we analyzed 
maternal blood from 2 cohorts (Figures 6B and 6D; see 
detailed statistics in the Supplemental Methods), includ-
ing eoPE or late-onset preeclampsia. The first cohort 
comprised the BUMPS study (Figure 6B and 6C).23 We 
performed a nested case-cohort study where from a pool 
of 1000 samples, 23 samples (n=23) were selected, 
which subsequently developed preeclampsia and were 
compared with 199 randomly selected control samples 
(n=199; Figure 6B; Table S1). Univariate logistic regres-
sion models showed that elevated blood levels of PAI-1 
(mean control 40 767 pg/mL versus preeclampsia 
48 624 pg/mL) and GDF15 (mean control 84 281 pg/
mL versus preeclampsia 118 694 pg/mL) at 36 weeks 
gestation were able to predict the later development of 
preeclampsia (area under the curve, 0.64; P=0.023; area 
under the curve, 0.70; P=0.002, respectively; Figure 6C). 
Furthermore, multivariate logistic regression models 
showed that these effects persisted after adjustment for 
body mass index and nulliparity (PAI-1; adjusted odds 
ratio, 1.43 per 10 ng/mL [95% CI, 1.06–1.95]; P=0.021; 
GDF15: adjusted odds ratio, 1.17 per 10 ng/mL [95% 
CI, 1.06–1.31]; P=0.003). These data suggest that the 
observed increase in syncytiotrophoblast senescence 
may be a common feature of preeclampsia independent 
of gestational age and underlying clinical risk factors.

We next measured circulating levels of the SASP fac-
tor activin A in a second cohort in which blood samples 
were obtained during the first trimester of pregnancy 
(11–13 weeks; Figure 6D). We selected a case-control 
matched 1:2 (27 cases of eoPE and 47 controls after 
the technical exclusion of 5 samples; Figure 6D; Table 
S1). Women with comorbidities, such as chronic hyper-
tension or diabetes, were excluded, and conditional logis-
tic regression modeling was used. Activin A (encoded by 
the gene INHBA) contributes to eoPE prediction already 
in early pregnancy. Elevated resistance in the uterine 
artery in the first trimester (measured via the uterine 

artery pulsatility index [UtA-PI] measurements) is associ-
ated with an increased risk of eoPE. Receiver operating 
characteristic curve analysis of UtA-PI in combination 
with activin A had a higher area under the curve com-
pared with UtA-PI alone in the case-control samples 
(Figure 6E). Our conditional logistic regression model 
adjusted for the Fetal Medicine Foundation risk assess-
ment showed high circulating levels of activin A and was 
significantly associated with the development of eoPE 
(adjusted odds ratio, 2.17 per µg/mL [95% CI, 1.03–
4.58]; P=0.042).

DISCUSSION
The pathogenesis of preeclampsia is still not fully under-
stood, but there is compelling evidence to suggest that 
it is initiated in early pregnancy. This study combines, for 
the first time, a variety of cohorts, techniques, and model-
ing algorithms, resulting in a novel view of eoPE patho-
physiology. It complements recent studies that have 
characterized primarily the healthy human maternal-fetal 
interphase at the single-cell level.9–15 However, in con-
trast to scRNA-seq mainly applied in these studies, the 
use of snRNA-seq allowed us to characterize, for the first 
time, the rich nuclear diversity of the abundant syncy-
tiotrophoblast syncytium in direct contact with maternal 
blood. Here, transcriptomic profiling by snRNA-seq pre-
serves a true cytotrophoblast/syncytiotrophoblast tro-
phoblast ratio of 1:9, whereby, in scRNA-seq, the ratio is 
nearly inverted.10,11 The main results of our study indicate 
that eoPE is largely based on dysregulation of the mul-
tinucleated syncytiotrophoblast due to increased senes-
cence. Within the multinucleated syncytiotrophoblast, 
the 3 nuclei states, syncytiotrophoblast immature, syn-
cytiotrophoblast 1, and syncytiotrophoblast 2, are already 
dysregulated in the first trimester, resulting in enhanced 
expression and secretion of SASP factors, such as 
activin A and GDF15. Of note, we show that levels of 
these factors released into the maternal circulation can 
predict pregnancies destined to develop preeclampsia. 
Indeed, in situ sequencing results demonstrate increased 
proximity of INHBA (coding for activin A) to fetal vessels 
in eoPE tissue compared with controls. Thus, early and 
continuous syncytiotrophoblast secretion of SASP fac-
tors into the maternal circulation may largely contribute 
to the placental defect and maternal syndromes, which 
are characteristics of eoPE.

As fetal EVT invasion into the maternal decidua is 
essential, it was previously hypothesized that faulty spi-
ral artery remodeling by EVT causes preeclampsia.3,24 
Due to the naturally low abundance of CTT/EVT, enrich-
ment of HLA-Gpos cells to obtain a higher yield is com-
monly used to study invasion.10 A limitation of this study 
is the lack of comparative analyses in these groups 
due to too few cell column trophoblast/EVTs recovered 
from the decidua samples by vacuum suctioning, given 
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our lack of cell population enrichment. The associa-
tion between EVT invasion and an enhanced UtA-PI of 
the uterine artery preceding decidual spiral arteries is 
debated.25,26 However, in eoPE, the UtA-PI has a mod-
erate predictive sensitivity of 12% to 61.5%27 and low 
predictive potential for term preeclampsia27 yet a high 
sensitivity for FGR.27,28 This indicates that preeclampsia 
development is most likely linked not only to faulty uter-
ine artery remodeling and flow but also, as previously 
described, to multifactorial causes,29,30 including altered 
syncytiotrophoblast maturation and functioning,31 as 
well as increased syncytiotrophoblast senescence. 
Altered senescence profiles may indeed be a major 
aspect of all preeclampsia subvariants, regardless of 
their multifactorial origin.29,30

The problem of classifying preeclampsia correctly and 
acknowledging that there is not just 1 causative factor 
poses a core problem for understanding eoPE pathogen-
esis.29 In addition, little is known about eoPE pathogen-
esis in the first trimester of pregnancy and before the 
onset of clinical symptoms. Our gene expression data 
suggest that aberrant syncytiotrophoblast senescence 
may indeed be a key factor involved in eoPE develop-
ment. However, the molecular pathways that would result 
in increased SASP formation within the syncytiotropho-
blast layer remain unknown and need to be tackled in 
the future.

Potential causes for syncytiotrophoblast-associated 
alterations that lead to SASP secretion into maternal 
blood may be premature trophoblast differentiation and 
mitochondrial stress, as recently shown in mice using 
designer receptors exclusively activated by designer 
drug techniques.32 Thus, their inclusion in panels of 
known anthropometric and biochemical predictors of pre-
eclampsia in early pregnancy, such as co-peptin,33 could 
improve clinical diagnostic accuracy in the first trimes-
ter. Importantly, it would be of future interest to assess 
how SASP factors, such as activin A, PAI-1, and GDF15, 
induce syncytiotrophoblast damage and whether these 
mechanisms of action can be therapeutically targeted to 
improve clinical management.

Overall, various early triggers29,30 and known clinical 
preeclampsia risk factors may converge in an acceler-
ated turnover of the villous trophoblast that ultimately 
culminates in maternal-fetal barrier dysfunction. This 
accelerated turnover may, in turn, induce premature 
syncytiotrophoblast senescence, as observed in the 
maternal circulation of early onset and late-onset pre-
eclampsia cohorts.32 Therefore, SASP factor upregu-
lation in the syncytiotrophoblast of eoPE compared 
with preterm controls validates that this mechanism is 
eoPE-specific. These findings align with observations 
of cardiovascular disease beyond pregnancy in which 
SASP factors are known to play a role.37–39 Neverthe-
less, the choice of healthy term control samples poses 
a limitation of this study, as we chose to profile healthy 

term controls as a physiological baseline for the end of 
pregnancy and integrated scRNA-seq and microarray 
data to computationally correct for a potential preterm 
effect. It is not ethical to perform serial placental biop-
sies across pregnancy without a clinical implication. It 
is, thus, impossible to determine whether early preg-
nancy placenta samples are from pregnancies destined 
to develop preeclampsia.2 Yet, characterization of the 
pathophysiology of preeclampsia at early gestational 
stages would be necessary to allow novel biological 
insights, which could improve clinical management.1,2 
Our results strongly suggest that SASP factors appear 
to be such key mediators of placental tissue dysregula-
tion seen in eoPE.

We envision that our comprehensive multiomics study 
will lead to the discovery of further important pathophysi-
ological mechanisms, resulting in the generation of eoPE. 
It may eventually lead to novel treatments including those 
that target SASP factors. Ultimately, the generation of 
new pharmacological treatments to prevent preeclamp-
sia that would already be initiated in early pregnancy may 
also help to decrease the development of cardiovascular 
disease in post-preeclampsia mothers and their children 
in the long term.

PERSPECTIVES
There is a prevailing unmet need to develop novel thera-
peutics to treat the life-threatening and prevalent obstet-
ric disease preeclampsia to protect mother and child 
in pregnancy and their increased risk of cardiovascular 
disease later in life. This depends largely on our under-
standing of early molecular mechanisms that drive pre-
eclampsia pathophysiology, which has remained largely 
unknown. Here, we profiled the different transcriptomic 
states of the maternal-fetal interface at the single-cell 
level in early and late gestation. In eoPE, vSTB nuclei 
are associated with an increased SASP profile, including 
important markers activin A (encoded by INHBA gene) 
and PAI-1 (encoded by SERPINE1). We found that cir-
culating levels of these factors act as predictive markers 
for eoPE and preeclampsia before clinical symptoms or 
diagnosis. The premature vSTB senescence and predic-
tive power before symptom onset suggest that SASP 
is one of the mediators of placental dysregulation seen 
in eoPE pathogenesis. Targeting the SASP pathway in 
early pregnancy may prevent preeclampsia development 
and its associated life-long cardiovascular complications. 
Thus, integrating these findings into clinical practice 
is expected to revolutionize prenatal care by enabling 
personalized monitoring and intervention strategies for 
at-risk women. Furthermore, more advanced studies of 
maternal-fetal interactions in preeclampsia will lead to a 
more comprehensive understanding of pregnancy health 
and disease, ultimately improving outcomes for mother 
and child in both short and long terms.
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