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Abstract

Background: The development of the human placenta is tightly coordinated by a multitude of placental cell types,
including human chorionic villi mesenchymal stromal cells (hCV-MSCs). Defective hCV-MSCs have been reported in
preeclampsia (PE), a gestational hypertensive disease characterized by maternal endothelial dysfunction and
systemic inflammation. Our goal was to determine whether hCV-MSCs are ciliated and whether altered ciliation is
responsible for defective hCV-MSCs in preeclamptic placentas, as the primary cilium is a hub for signal transduction,
which is important for various cellular activities.

Methods: In the present work, we collected placental tissues from different gestational stages and we isolated hCV-
MSCs from 1st trimester, term control, and preeclamptic placentas. We studied their ciliation, functionality, and
impact on trophoblastic cell lines and organoids formed from human trophoblast stem cells (hTSCs) and from
the trophoblastic cell line JEG-3 with various cellular and molecular methods, including immunofluorescence
staining, gene analysis, spheroid/organoid formation, motility, and cellular network formation assay. The statistical
evaluation was performed using a Student’s t test (two-tailed and paired or homoscedastic) or an unpaired Mann–
Whitney U test (two-tailed).

Results: The results show that primary cilia appeared abundantly in normal hCV-MSCs, especially in the early
development of the placenta. Compared to control hCV-MSCs, the primary cilia were truncated, and there were
fewer ciliated hCV-MSCs derived from preeclamptic placentas with impaired hedgehog signaling. Primary cilia are
necessary for hCV-MSCs’ proper signal transduction, motility, homing, and differentiation, which are impaired in
preeclamptic hCV-MSCs. Moreover, hCV-MSCs derived from preeclamptic placentas are significantly less capable of
promoting growth and differentiation of placental organoids, as well as cellular network formation.

Conclusions: These data suggest that the primary cilium is required for the functionality of hCV-MSCs and primary
cilia are impaired in hCV-MSCs from preeclamptic placentas.

Keywords: Primary cilium, Human chorionic villi mesenchymal stromal cells, Preeclampsia, Placental organoids,
Motility, Cellular network formation
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Background
What is new?
This work shows that villous stromal cells including
hCV-MSCs are ciliated ex vivo as well as in vitro. The
primary cilium on these cells is dynamically regulated
during gestation. PE placentas are associated with short-
ened ciliated hCV-MSCs. These hCV-MSCs are dysfunc-
tional in their own functionalites as well as their
interaction with trophoblastic cells. These data suggest
that primary cilia are pivotal for functional hCV-MSCs
possibly related to the placental development. hCV-
MSCs with defective cilia might be connected with the
progression of PE.

What is relevant?
The placenta plays an essential role in supporting the
development of the fetus. It represents an important res-
ervoir of stem cells and transient progenitors including
hCV-MSCs. Emerging evidence demonstrates that hCV-
MSCs have multiple key roles in generating a functional
microenvironment critical to a successful pregnancy. We
show here that hCV-MSCs are ciliated and PE associated
factors compromise primary cilia on hCV-MSCs and
render them dysfuntional.

Summary
Our data underscore the significant role of the primary
cilium in the functional regulation of hCV-MSCs, which
could be important for the development of the human
placenta and might be associated with the pathogenesis
of preeclampsia.

Background
The human placenta is a complex transient organ and
its development is strictly orchestrated by multiple sig-
naling pathways and a variety of different placental cell
types [1, 2]. Human placental villous cytotrophoblasts
(hVCTBs) are able to differentiate into the human syn-
cytiotrophoblast (hSTB) or extravillous trophoblasts
(hEVTs) [2, 3]. Other cell types, such as Hofbauer cells,
fibroblasts, vascular endothelial cells, and human chori-
onic villi mesenchymal stem/stromal cells (hCV-MSCs)
are required for vascular engineering, angiogenesis,
immunomodulation, and tissue homeostasis [4, 5].
MSCs are well known for their supportive functions in

numerous biological processes by modulating the in-
flammatory and immune response, angiogenesis, and
recruiting tissue-specific progenitor cells to sites of in-
juries [6]. Human placental MSCs have been isolated
from different regions of the placenta, such as human
basal decidua mesenchymal stromal cells (hBD-MSCs)
[7], human chorionic mesenchymal stromal cells
(hCMSCs) [8], human chorionic villi mesenchymal stro-
mal cells (hCV-MSCs) [9], chorionic cotyledons,

intervillous space mesenchymal stromal cells (CIV-
MSCs) [10], and human chorionic plate mesenchymal
stromal cells (hCP-MSCs) [11]. Accumulating evidence
indicates that hCV-MSCs are of key importance in gen-
erating a functional microenvironment, particularly
within diverse villus types of the human placenta. They
are also critical for successful pregnancies and defective
in placenta-related diseases like preeclampsia (PE) [12].
However, it is not well understood how these cells are
regulated during placental development and why they
are defective in preeclamptic placentas.
The primary cilium is a microtubule-based structure

protruding from the cell surface. It acts as a signaling
hub for a variety of molecular pathways between the cell
and the extracellular environment through multiple re-
ceptors on its surface [13]. A pathway exclusively medi-
ated by the primary cilium is the sonic hedgehog (Hh)
pathway [14], which is of fundamental importance in the
early embryogenesis, and its deregulation leads to a var-
iety of severe genetic diseases, conserved across multiple
organisms like humans, mice, and zebrafish [15, 16]. Re-
cently, we reported that PE has a significant impact on
the functionality of the primary cilium in trophoblasts
[17].
PE is a pregnancy-related hypertensive disease with an

estimated incidence rate of 2–8% of all pregnancies
worldwide [18]. It is characterized by impaired placenta-
tion [19], and deregulated innate and adaptive immune
system [20], and associated with increased vascular re-
sistance and vasoconstriction leading to maternal hyper-
tension [21]. These pathological cellular processes
include reduced hVCTB proliferation, decreased hSTB
fusion [22], impaired EVT invasion, an unbalanced im-
mune response, and a disturbed differentiation capacity
of trophoblastic cells [23, 24]. Despite decades of re-
search, its molecular mechanisms are still not completely
defined.
In the present work, the results indicate that human

placenta MSCs, in particular hCV-MSCs, are ciliated
throughout various stages of pregnancy. Moreover,
hCV-MSCs with functional cilia are able to differentiate
into multiple lineages and promote cellular network for-
mation, as well as the motility and migration of tropho-
blastic cells, and the growth and function of human
placental organoids. Importantly, hCV-MSCs derived
from PE placentas displayed truncated primary cilia. De-
fective cilia compromised the function of hCV-MSCs,
which might be connected to the pathogenesis of PE.

Methods
Human placental tissue samples
Following human placental tissue samples were used in
this work: (1) formalin-fixed and paraffin-embedded 1st
trimester placental tissue sections (n = 6) for examining
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primary cilia were kindly provided by Dr. Qi Chen, Univer-
sity of Auckland, New Zealand, and Fudan University,
Shanghai, China. The collection of these samples was ap-
proved by the Ethics Committee of the Hospital of Obstet-
rics and Gynecology of Fudan University, China (reference
number: 2018-62). The patients’ age was 20 to 33 years and
gestational age was 6 to 9 weeks. (2) Second trimester (n =
4), early third trimester (n = 6) and late third trimester (n =
5) formalin-fixed and paraffin-embedded placental tissues
were used for examining primary cilia. The donor clinical
conditions leading to the delivery in the second and early
third trimester are described in the supplement information
(point 1.10). Further clinical information of these 15 donors
is listed in Additional file 5 (Tab. S1). (3) Comparison of
the cilium length and the percentage between matched
controls and PE groups were performed with early third tri-
mester placental tissues (n = 8) from women undergoing
premature birth due to other medical reasons than gesta-
tional diseases (further described in the supplement infor-
mation point 1.10), early-onset PE placental tissues
(gestational age 24–33 weeks, n = 12), late third trimester
controls (n = 6), and term PE placental tissues (gestational
age 37–40weeks, n = 6). The clinical information of these
27 patients is listed in Additional file 6 (Tab. S2) and Add-
itional file 7 (Tab. S3), respectively. (4) hCV-MSCs for func-
tional assays were isolated from 1st trimester (n = 5), term
control (n = 4) and term PE placentas (n = 3). The clinical
information of these 7 term control or term PE patients is
summarized in Additional file 8 (Tab. S3). The samples of
(2) and (3) as well as of (4) with exception of 1st trimester
placentas were from the Department of Gynecology and
Obstetrics, University Hospital Frankfurt. The collection of
these samples was approved by the Ethics Committee of
the Johann Wolfgang Goethe-University Hospital Frankfurt
(reference number: 375/11). The 1st trimester placenta
samples were provided by the Medical Practice for
Gynecology and Obstetrics led by Dr. Nowak and the sam-
ple collection was approved by the Ethics Committee of the
Johann Wolfgang Goethe-University Hospital Frankfurt
(reference number: 19-455). Donor age was 28–41 (± 6.7)
years, gestational age was 6–11 (± 2.1) weeks, and BMI was
23–31 (± 3.9). Informed written consent was obtained from
all donors.
PE was diagnosed as an occurrence of hypertension

after 20 weeks of gestation with a blood pressure ≥ 140/
90 mmHg and proteinuria with ≥ 300 mg in 24 h. Pa-
tients with a concomitant HELLP syndrome were ex-
cluded from this study.

Cell lines, organoid formation, spheroid formation,
surface marker, cell viability, and cell cycle
Human villous cytotrophoblast stem cells (hTSCsCT)
and human extravillous trophoblastic cell lines HTR-8/
SVneo (referred to as HTR) and HIPEC-65 (referred to

as HIPEC) were kindly provided by Dr. Okae and Prof.
Arima [25], Prof. Graham [26], and Prof. Fournier [27],
respectively. These cells were cultured as instructed
[25–28].
Organoid formation, spheroid formation, surface

marker characterization, cell viability, and cell cycle are
detailed in supplementary information (Additional file 9)
and as reported [17, 29–31].

Isolation of hCV-MSCs
The isolation of hCV-MSCs was performed as reported
[32] with modifications, described in supplementary in-
formation (Additional file 9).

Isolation of human umbilical vein endothelial cells
(HUVECs)
The isolation of HUVECs was performed as reported
[33] with modifications, described in supplementary in-
formation (Additional file 9). The umbilical vein sample
collection was approved by the Ethics Committee of the
Johann Wolfgang Goethe-University Hospital Frankfurt
(reference number: 19-201).

Osteogenic, chondrogenic, and adipogenic differentiation
of hCV-MSCs
hCV-MSC differentiation was performed with modifica-
tions, as reported [34, 35] and detailed in supplementary
information (Additional file 9).

Immunofluorescence staining of placental tissues and
hCV-MSCs
For immunofluorescence staining, formalin-fixed, paraffin-
embedded placental tissue sections were deparaffinized and
stained as detailed in supplementary information (Additional
file 9).

Indirect immunofluorescence staining, imaging, and
signal intensity measurement
The fluorescence staining and quantification were per-
formed as reported [34, 36] and are explained in supple-
mentary information (Additional file 9).

Activation of the Hh pathway, zymography, and ELISA
The activation of the Hh pathway, zymography and
ELISA were carried out as reported [34, 37, 38] and de-
scribed in supplementary information (Additional file 9).

RNA extraction and real-time PCR
Total RNAs were extracted from hCV-MSCs and EVT
cell lines as described [39] and detailed in supplementary
information (Additional file 9).
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Cellular network formation, cell motility, migration, and
cell attraction
Cellular network formation, cell motility, migration, and cell
attraction assays were performed as reported [17, 40, 41] and
described in supplementary information (Additional file 9).

Statistical analysis
Before statistical analysis, an outlier test was performed
with all data sets. Student’s t test (two tailed and paired
or homoscedastic) was used to evaluate the significance
of difference between diverse groups for gene analysis,
cell viability assay, cell cycle distribution, and ciliated cell
population. The statistical evaluation of the single cell
tracking assay, line-scan analysis, cellular network for-
mation assay, and the measurement of the cilium length
was performed by using an unpaired Mann-Whitney U
test (two tailed). Difference is considered as statistically
significant when p < 0.05.

Results
Placenta chorionic villous stroma cells are ciliated, the
population of ciliated cells and their cilium lengths
decrease during gestation
As we studied primary cilia in placental trophoblasts, we
observed that stromal cells within the villi showed posi-
tive staining for primary cilium markers Arl13b and
acetylated tubulin [17]. We wondered if villous stroma
cells are ciliated among various villus types and whether
ciliation occurs throughout the entire gestation period.
To examine these issues, placental tissue sections at 22–
30 gestational weeks, in which various villus types are
easily found, were stained for Arl13b and cytokeratin 7,
markers of trophoblastic cells, and evaluated microscop-
ically. As depicted in Fig. 1A, most stromal cells within
stem villi, mesenchymal villi, immature intermediate
villi, mature intermediate villi, and terminal villi are cili-
ated, indicating the involvement of the primary cilium in
the villus development. To address if primary cilia on
those cells were dynamically regulated in terms of the
length and percentage during pregnancy, placental tissue
sections with various gestational ages were stained for
Arl13b and cytokeratin 7 for analysis. Primary cilia were
considerably present on the villous stromal cells
throughout gestation (Fig. 1D). Further analysis revealed
that the number of ciliated stromal cells within the villi
declined significantly from the first-trimester to term
placentas (31.6% vs. 4.2%) (Fig. 1C, D). In line with this
observation, the length of the primary cilium decreased
gradually as well (Fig. 1B, D). The mean length of the
primary cilium on villous stromal cells was 3.26 μm in
first-trimester placentas, which was progressively re-
duced to 2.05 μm in term placentas (Fig. 1B). Of these
ciliated stromal cells, most were positively stained for
vimentin (Fig. 1E, left two panels), a mesenchymal

stromal cell marker, and some for cluster of differenti-
ation 90 (CD90) (Fig. 1E, right two panels), a classical
marker of MSCs. We observed a high number of ciliated
villous cells clustered around vessels in construction
(Fig. 1F, 1st and 2nd panels) and near the formed vessels
(Fig. 1F, 3rd and 4th panels). Given that hCV-MSCs res-
ide in perivascular niches in the placenta [42], it could
be that some of them are hCV-MSCs. These findings in-
dicate that most of the placental villous stromal cells are
ciliated, which decline in number and length during ges-
tation, implying its potential roles in placental develop-
ment, especially in the early stages.

Early-onset and term PE affects the primary cilium of
hCV-MSCs
We were also curious about what happened to villous
ciliated cells in preeclamptic placentas since the primary
cilium length is directly connected to its functionality, as
shown especially in MSCs and other cell types [36, 43,
44]. In total, 32 placental tissue sections, comprising 12
early-onset PE placentas (< 34 GW), 8 early non-PE-
associated placentas, 6 term PE placentas (≥ 37 GW),
and 6 term control placentas (clinical information is
listed in Tables S2 and S3), were stained for the cilium
markers Arl13b and acetylated α-tubulin. Interestingly,
the microscopic analysis of the cilium length on villous
ciliated cells revealed significant reductions of 21.5% (2.9
vs. 2.3 μm) in early-onset PE placentas and 35.2% (2.7 vs.
1.8 μm) in term PE placentas compared to their matched
control counterparts (Fig. 2A, left graph and B). Interest-
ingly, the percentage of ciliated cells within the villi was
significantly decreased by 18.1% in the early-onset PE
samples compared to their control placentas, whereas
there was hardly any difference observed between term
PE placentas and their controls (4.7% vs. 4.2%, Fig. 2A,
right graph). These results strongly suggest alterations to
primary cilia on villous stromal cells in preeclamptic
placentas.
To define the ciliated villous cells, primary hCV-MSCs

were isolated from 1st trimester, term control, and term
PE placentas. To characterize these cells, various cell
surface markers were analyzed, showing a classical MSC
expression profile with high expressions of CD90, CD73,
and CD105 (Additional file 1, part B). Isolated hCV-
MSCs were stained for cilium markers acetylated α-
tubulin and Arl13b and microscopically analyzed. Inter-
estingly, isolated primary hCV-MSCs showed a highly
increased number of ciliated cells compared to cells in
placental villi, which is in line with our previous observa-
tion for isolated primary hVCTBs [17]. hCV-MSCs de-
rived from 1st trimester placentas showed a primary
cilium on 41.6% of the cells, suggesting the significance
of primary cilia in early placental development (Fig. 2C,
left graph). Moreover, the ciliated hCV-MSC population
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Fig. 1 (See legend on next page.)
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was clearly reduced in term PE placentas, with 28.7%,
compared to 37.6% in term control placentas (Fig. 2C,
left graph). Additionally, hCV-MSCs from term PE pla-
centas showed shorter cilia, with a mean value of 2.3 μm
compared to 2.6 μm in control hCV-MSCs, in contrast
to 3.0 μm in hCV-MSCs derived from 1st trimester pla-
centas (Fig. 2C, right graph).
The assembly and disassembly of the primary cilium

are coupled to the cell cycle [45]. To exclude the pos-
sibility that these cilium alterations are a result of
changed cell cycle distribution and proliferation,
FACS and cell titer assays were performed. The hCV-
MSCs from term control placentas and those from
term PE placentas showed no differences (Additional
file 1, part A). Moreover, the primary cilium is dy-
namically assembled in the G0-phase [45]. To look
precisely at the ciliary dynamics, hCV-MSCs were
starved for 24 h for further analysis. Starvation in-
creased the ciliated cell population of all three sub-
groups (by 65.1%, 66.8%, and 53.8% for the 1st
trimester, term control, and term PE placentas, re-
spectively), whereas PE hCV-MSCs significantly de-
creased in number (Fig. 2C, left graph and E). A
similar observation was also made in terms of the cilium
length. 1st trimester hCV-MSCs increased their primary
cilium length from 3.0 μm to 3.6 μm (20.0%), term hCV-
MSCs from 2.6 μm to 3.3 μm (26.9%), and PE hCV-MSCs
from 2.3 μm to 2.7 μm (17.4%) (Fig. 2C, right graph). To
mimic the physiological cellular environment in vivo,
three-dimensional (3D) hCV-MSCs spheroids were
formed for further investigations. Upon starvation, the
mean cilium lengths increased to 3.8 μm, 3.6 μm, and
3.3 μm in hCV-MSCs from 1st trimester, term control,
and term PE spheroids, respectively (Fig. 2D, F). These re-
sults indicate that the cilium assembly is impaired in PE
hCV-MSCs. Starvation and spheroid culture could only
partially restore the length of the primary cilium on PE
hCV-MSCs but not to the extent of 1st trimester or term
hCV-MSCs.

Deficient Hedgehog (Hh) signaling in term PE hCV-MSCs
The Hh cascade requires the primary cilium for its func-
tion, as the regulators and receptors responsible for this
signal transduction, such as Smoothened (Smo) and
glioma-associated oncogene homolog 1 (Gli1), are solely
located on the cilium membrane [46]. Because the Hh
pathway modulates stem/progenitor cell differentiation
[16, 47], we were interested in whether this pathway is
still functional in hCV-MSCs from term PE placentas.
To induce Hh activation, hCV-MSCs were stimulated
for 24 h with Smoothened agonist (SAG), a Smo agonist
that recruits Smo to the primary cilium [48]. After
stimulation, cells were stained for Smo, pericentrin, and
Arl13b for microscopic line-scanning analysis. Even
without SAG stimulation, a weak Smo signal was already
detectable on the proximal region of the cilium on hCV-
MSCs from first-trimester placentas (Fig. 3A, C, 1st
panel), whereas it was not found in the cilium of hCV-
MSCs derived from term control placentas (Fig. 3B, C,
3rd panel). The stimulation with SAG induced an accu-
mulation of Smo in the proximal and distal parts of the
primary cilium (Fig. 3A–C). An in-depth line-scan ana-
lysis of the fluorescent signal revealed that hCV-MSCs
from 1st trimester placentas demonstrated a highly in-
creased Smo signal from the proximal region to the dis-
tal tip of the primary cilium, compared to hCV-MSCs
from term control placentas (Fig. 3A vs. B, and C, 2nd
vs. 4th panel), strengthening the importance of the Hh
pathway in the early development of the placenta. Re-
markably, primary cilia in term PE hCV-MSCs displayed
significantly decreased Hh signaling activation compared
to hCV-MSCs derived from the control placentas (Fig.
3B, C, 4th vs. 6th panel). Total RNAs were also isolated
from untreated or SAG-treated hCV-MSCs and the ex-
pression of important Hh signaling genes was assessed
via real-time quantitative PCR (qt-PCR). In line with the
data from the fluorescent Smo signal quantification, the
gene levels of SMO and its downstream targets, patched
homolog 1 (PTCH1) and GLI1, were lower in hCV-

(See figure on previous page.)
Fig. 1 Villous stromal cells are ciliated and the ciliated population declines during gestation. A Placental tissues from 22 to 30 gestational weeks
were stained for the primary cilium marker Arl13b (red), trophoblast marker cytokeratin 7 (green), and DNA (DAPI, blue). Representative ciliated
stromal cells in stem villus, mesenchymal villus (white arrowhead), immature immediate villus, mature immediate villus, and terminal villus (green
arrowhead) are shown. False positive staining of fetal red blood cells is indicated with a pink arrowhead. Scale: left two panels: 50 μm; right two
panels: 25 μm. B–D Placental tissues from various gestational ages were stained for the Arl13b (red), cytokeratin 7 (green), and DNA (DAPI, blue).
The cilium length of villous stromal cells and the percentage of ciliated cells were analyzed using the Arl13b staining. B The cilium length
quantification is based on six different placental samples (n = 150–180 cilia for each group) and presented as scatter plot showing mean ± SEM.
Unpaired Mann-Whitney U test was used. ∗∗∗p < 0.001. C The percentage of ciliated stromal cells in the villous cores was evaluated and is
presented as median ± min/max whiskers in box plots (n = 600 cells, pooled from six experiments). Student’s t test was used. ∗∗∗p < 0.001. D
Representatives of primary cilia are shown with indicated gestational age. Scale: 20 μm. Inset scale: 10 μm. E Placental tissue sections of 1st
trimester placentas were also stained for mesenchymal cell marker vimentin (green), Arl13b (red) and DNA (blue) (left two panels) or with a
mesenchymal stem/stromal cell marker CD90 (green), Arl13b (red), and DNA (blue) (right two panels). Representatives are shown. Scale: 20 μm.
Inset scale: 10 μm. F Placental tissue sections from 1st trimester placentas, stained for Arl13b (red), cytokeratin 7 (green), and DNA (DAPI, blue), are
shown as examples for the localization of ciliated stromal cells (arrowheads) near vessels in construction (F, 1st and 2nd panel) and formed
vessels (vessel lumen < 5 μm) (F, 3rd and 4th panel). Scale: 20 μm
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MSCs derived from term PE placentas upon SAG stimu-
lation compared to hCV-MSCs from term control pla-
centas (Fig. 3D–F). In addition, the basic levels of the
critical genes of the Hh pathway were higher in hCV-
MSCs from 1st trimester placentas than in hCV-MSCs
from term control and PE placentas (Fig. 3D–F), point-
ing to the significance of this pathway in the early-stage
development of the placenta. In sum, these findings sug-
gest an impairment of the Hh pathway in hCV-MSCs
with shorter cilia from term PE placentas.

Preeclampsia compromises the differentiation capacity of
hCV-MSCs
It is well documented that functional primary cilia are re-
quired for the differentiation of MSCs [34, 36, 49]. Be-
cause hCV-MSCs from PE placentas have shortened cilia
and impaired Hh signal transduction, we were interested
in their differentiation capacity. hCV-MSCs were sub-
jected to osteogenic, chondrogenic, or adipogenic differen-
tiation for 21 days. The differentiation was evaluated by
corresponding cell type-specific markers. hCV-MSCs were
stained for DNA and lipid vacuoles, which are characteris-
tic of adipocytes, with Alizarin Red S, highlighting calcific
deposits typical of osteogenic lineage, or with Alcian Blue
to image acidic polysaccharides that are distinctive of
chondrocytes. The positive stained cells and the staining
intensities were evaluated. Notably, hCV-MSCs from 1st
trimester placentas, which show longer cilia and a high
percentage of ciliated cells, differentiated more efficiently
into osteocytes and chondrocytes than term hCV-MSCs
(Fig. 4). Patched homolog 1 (PTCH1), an important gene
related to the osteogenic differentiation, was highly
expressed in 1st trimester hCV-MSCs (Fig. 4C, left graph),
whereas two other related genes, osteopontin (OPN) and
Krüppel-like factor 4 (KLF4), did not seem to be required
for their competent differentiation capability (Fig. 4C,
middle and right graphs). Importantly, relative to term

control hCV-MSCs, PE hCV-MSCs showed a decreased
osteogenic differentiation capacity (Fig. 4A and B), along
with reduced levels of OPN (Fig. 4C, middle graph) and
KLF4 (Fig. 4C, right graph). These data were further cor-
roborated by a reduced percentage of Alizarin Red S-
positive cells and a decreased gray mean value in term
hCV-MSCs from term PE placentas compared to hCV-
MSCs from control placentas (Fig. 4B). In further support,
PE hCV-MSCs also displayed a reduced chondrocyte dif-
ferentiation capacity (Fig. 4D, E). The percentage of differ-
entiated chondrocytes was also significantly decreased in
PE hCV-MSCs (Fig. 4E, left graph) as was the mean gray
value of the Alcian Blue staining (Fig. 4E, right graph). It
is well known that unlike adipose tissue-derived mesen-
chymal stem/stromal cells (ASCs) [50, 51], hCV-MSCs are
reluctant to differentiate into adipocytes [52–54]. Indeed,
upon differentiation, we observed only about 5% of
adipocyte-like cells of all three hCV-MSCs subgroups, and
no significant difference was observed among these sub-
groups (Additional file 1, part D and E). Moreover, the
gene expression of LEPTIN was constantly upregulated in
all three hCV-MSCs subgroups (Additional file 1, part F,
left graph), and the gene ADIPOQ, coding for adiponectin,
was higher, though not significantly, in term control hCV-
MSCs compared to PE hCV-MSCs (Additional file 1, part
F, right graph). Nevertheless, these results suggest that
hCV-MSCs from term preeclamptic placentas differentiate
poorly into all three lineages, which are likely associated
with defective cilia, possibly contributing to impaired tis-
sue repair or homeostasis in PE placentas.

Preeclamptic hCV-MSCs decrease their own motility, their
ability to stimulate mobility of trophoblastic cells and
growth of human placental organoids
The primary cilium has been shown to be associated
with cell motility and the migration capacity of tropho-
blastic HTR cells and ASCs [17, 34, 55]. To examine this

(See figure on previous page.)
Fig. 2 Primary cilia of hCV-MSCs from PE placentas are shortened. A, B Placental tissue sections from control and PE placentas were stained for
Arl13b (red), acetylated α-tubulin (green), and DNA (DAPI, blue) or cytokeratin 7 (green) and Arl13b (red). The cilium length and the percentage
of ciliated stroma cells within villi from early control (early con)/early-onset PE (early PE) placentas (gestational age < 37 weeks) and late control
(late con)/term PE (term PE) placentas (gestational age ≥ 37 weeks) were evaluated by using the acetylated α-tubulin signal. A (left plot) The
percentage of ciliated cells are presented as median ± min/max whiskers in box plots (n = 700 cells, pooled from seven different placentas for
each group) and (A, right plot). The results of the cilium length are presented as scatter plot showing the mean ± SEM (n = 158–359 cilia, pooled
from seven different placentas for each group). Unpaired Mann-Whitney U test was used in A and B. ∗p < 0.05, ∗∗∗p < 0.001. B Representative
images of early control placental tissue and early-onset PE placental tissue (B, left panel), and term control placental tissue and term PE placental
tissue (B, right panel) are shown. Scale: 20 μm. Inset scale: 10 μm. C–F Isolated hCV-MSCs from 1st trimester, term control and term PE placentas,
non-treated or starved, were stained for Arl13b (red), acetylated α-tubulin (green), and DNA (DAPI, blue). The percentage of ciliated hCV-MSCs (C,
left plot) and the cilium length (C, right plot) were evaluated. C The results of the ciliated cells in percentage (n = 15 fields of vision, pooled from
three hCV-MSCs isolations for each group) and of the cilium length (n = 300 cilia, pooled from three hCV-MSCs isolations for each group) are
presented as scatter plots showing mean ± SEM. D hCV-MSCs from 1st trimester, term control or term PE placentas formed the spheroids, which
were non-treated or starved. The cilium length was evaluated and the results are presented as scatter plots showing mean ± SEM (n = 300 cilia,
pooled from three hCV-MSCs isolations for each group). Unpaired Mann-Whitney U test was used in C and D. ∗∗p < 0.01, ∗∗∗p < 0.001.
Representatives of stained hCV-MSCs, non-treated or starved in 2D and 3D culture, are shown (E and F). E Scale: 10 μm. Inset scale: 10 μm. F
Scale: 50 μm. Inset scale: 10 μm. Smaller inset scale: 5 μm

Romberg et al. BMC Medicine           (2022) 20:35 Page 8 of 20



issue, single hCV-MSCs from 1st trimester, term con-
trol, and term PE placentas were tracked using time-
lapse microscopy, which is a widely used assay for asses-
sing cell motility by evaluating the accumulated distance
and velocity of single-tracked cells [34, 40]. PE hCV-
MSCs showed a reduced accumulated distance of
256 μm and 0.38 μm/s velocity, respectively, compared
to term control hCV-MSCs, which had an accumulated

distance of 348 μm and a velocity of 0.52 μm/s, whereas
hCV-MSCs from 1st trimester placentas were the most
motile cells, displaying an accumulated distance of
524 μm and velocity of 0.78 μm/s, an increase of 66.4%
compared to term hCV-MSCs (Additional file 1, part C).
Another important property of hCV-MSCs is their di-
rected motility, also known as homing ability, toward
other cell types, such as trophoblastic cells. This was

Fig. 3 Deficient sonic hedgehog (Hh) pathway in term PE hCV-MSCs. A–C hCV-MSCs were starved for 24 h, stimulated with smoothened agonist
(SAG, 400 nM) for 24 h and stained for the hedgehog marker Smo (green), cilia markers Arl13b (red), and pericentrin (red). Line-scan analyses of
fluorescent Smo are shown as indicated for 1st trimester (A), term control and term PE hCV-MSCs (B). A, B Each point on the graph represents
the mean fluorescence intensity and the results are presented as mean ± SEM (n = 30 cilia, pooled from three independent experiments).
Unpaired Mann-Whitney U test was used. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. C Representatives of treated hCV-MSCs are shown. Scale: 10 μm.
D–F Relative gene expression levels of GLI1 (D), SMO (E), and PTCH1 (F). Untreated term hCV-MSCs served as reference sample and GAPDH is
used as endogenous control. Student’s t test was used. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001
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Fig. 4 Preeclamptic hCV-MSCs differentiate poorly. A–C hCV-MSCs from 1st trimester, term control, and term PE placentas were subjected to
osteogenic differentiation medium for 21 days. The percentage of differentiated osteogenic cells was evaluated by Alizarin Red S staining. A
Representative images for Alizarin Red S staining are shown (arrowheads depict calcification). Scale: 20 μm. B The quantification of Alizarin Red S
positive cells in percentage is shown as bar graph with mean ± SEM (B, 1st graph) as well as the mean gray value (B, 2nd graph) (n = 15, pooled
from three independent experiments with three individual hCV-MSCs). C Expression levels of three osteogenic differentiation related genes PTCH1
(left), OPN (middle), and KLF4 (right) in control and hCV-MSCs upon differentiation. The results are from three independent experiments and
presented as RQ with minimum and maximum range. D, E hCV-MSCs from 1st trimester, term control, and term PE placentas were subjected to
chondrogenic differentiation medium for 21 days. The percentage of differentiated chondrogenic-like cells was evaluated by quantifying the
Alcian Blue positive cells. D Representatives of chondrogenic-like cells stained by Alcian Blue are shown (blue: aggrecans). Scale: 50 μm. E
Quantification of the mean gray value in percent (left) and the percentage of chondrogenic-like cells (right) are illustrated as bar graph showing
mean ± SEM (n = 15, pooled from three independent experiments with three distinct hCV-MSCs for each group). Student’s t test was used in C.
∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. Unpaired Mann-Whitney U test was used in B and E. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001
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analyzed by co-culturing hCV-MSCs with trophoblastic
HIPEC cells separated by a defined gap between these
two cell types. Co-cultured hCV-MSCs were stained for
actin (phalloidin), phospho-focal adhesion kinase
(pFAK), and DNA (Fig. 5A). The lengths of their cell
protrusions toward HIPEC cells were measured after 4 h
and 8 h of co-culture. In the first 4 h, only hCV-MSCs
from 1st trimester placentas demonstrated a significant
homing ability toward HIPEC cells, with a mean protru-
sion length of 79 μm, in contrast to mean lengths of
67 μm observed in the term hCV-MSCs and 60 μm in
PE hCV-MSCs (Fig. 5A, scatter plot). After 8 h, PE hCV-
MSCs displayed significantly shorter cell protrusions,
with a mean length of 77 μm, compared to 89 μm in
term hCV-MSCs, whereas hCV-MSCs from 1st trimester
placentas were significantly attracted toward HIPEC cells
(100 μm) (Fig. 5A, scatter plot). Similar results were also
obtained with HTR cells, another trophoblastic cell line
(Additional file 2, part A). These results suggest that
hCV-MSCs from term PE placentas have impaired ran-
dom as well as directed motility.
MSCs, including placental MSCs, are capable of pro-

ducing a wide array of soluble growth factors and cyto-
kines [56] to stimulate the migration and invasion of
various cell types, including endothelial cells [57], breast
cancer cells [50], and trophoblasts [58, 59]. To
characterize this general capability of hCV-MSCs, single-
cell time-lapse microscopy was used to assess their abil-
ity to influence the motility of trophoblastic HIPEC cells
cultured with control medium, medium containing 50%
supernatant from hCV-MSCs of 1st trimester, term con-
trol, or term PE placentas. Compared to control HIPEC
cells, HIPEC cells treated with supernatants from PE
hCV-MSCs increased their accumulated distance only

by 2.3% (479 μm vs. 490 μm) and kept their velocity
(0.72 μm/s vs. 0.71 μm/s), whereas supernatants from
hCV-MSCs of term placentas increased their accumu-
lated distance (479 μm vs. 521 μm) as well as their vel-
ocity (0.72 μm/s vs. 0.78 μm/s) by 8.8%. The strongest
effect was observed with the supernatants of hCV-MSCs
from 1st trimester placentas, which showed an increase
of 21.9% in the accumulated distance (479 μm vs.
584 μm) and velocity (0.72 μm/s vs. 0.87 μm/s) (Fig. 5B,
C). Comparable results were also obtained with HTR
cells (Additional file 2, part B). To further investigate the
effect of hCV-MSCs on the motility of trophoblastic
cells, we conducted a migration assay with a direct cell-
cell culture setup via an established wound-healing assay
with defined cell chambers, where HTR or HIPEC cells
were cultured and surrounded by 1st trimester hCV-
MSCs, term hCV-MSCs, or PE hCV-MSCs (Additional
file 3, part B). While hCV-MSCs from 1st trimester and
term control placentas significantly improved the migra-
tion capacity of HTR and HIPEC cells, PE hCV-MSCs
had no significant effect on this capacity of trophoblastic
cells (Additional file 3, part B-F).
We investigated the possible mechanism by which

trophoblastic cells meliorated their motility after co-
culturing with normal hCV-MSCs. Matrix metallopepti-
dase 9 (MMP9) and MMP2 are regarded as key enzymes
required to degrade the dense extracellular matrix inside
the human placenta, particularly in the placental bed, for
a proper invasion process of EVTs [60, 61]. The analysis
of zymography showed that, compared to supernatants
from term hCV-MSCs, HTR, or HIPEC cells co-cultured
with supernatants from PE hCV-MSCs indicated a less
active MMP2 and MMP9 (Additional file 2, part C and
D), though without significance due to the variation

(See figure on previous page.)
Fig. 5 Impaired motility of PE hCV-MSCs and reduced stimulatory capacity for placental organoids and trophoblastic cells. A HIPEC cells and hCV-
MSCs from 1st trimester, term control, and term PE placentas were seeded into each Ibidi chamber. After 8 h, the chambers were removed and
the hCV-MSCs started to migrate toward HIPEC cells. After 4 and 8 h, bright-field images were taken for analysis. For fluorescence visualization,
the cells were stained with phalloidin (actin filaments, red), p-FAK (focal adhesion marker, green), and DNA (DAPI, blue). Representatives of the
hCV-MSCs at the migrating front after 8 h are shown (left). Scale: 50 μm. The length of the cellular protrusions of hCV-MSCs toward HTR cells was
quantified and are presented as scatter plot (right) showing mean ± SEM (n = 180 protrusions, pooled from three independent experiments. B, C
Single HTR cells were tracked after the treatment with indicated medium (control medium or medium containing 50% supernatant from MSCs of
1st trimester, term or term PE placentas) using time-lapse microscopy to analyze their cell motility. Representative trajectories are depicted for
individual cells (B) (n = 30 cells in each group). The velocity (C, left graph) and accumulated distance (C, middle graph) are evaluated for each
individual treatment and the results from three experiments are depicted as scatter plots showing mean ± SEM (n = 90 cells). Unpaired Mann-
Whitney U test was used for (A and C). ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. D, E HIPEC cells were incubated with indicated medium (control
medium or medium containing 50% supernatant from MSCs of 1st trimester, term, or term PE placentas) for 7 days. Afterwards, total RNAs were
extracted from treated HIPEC cells for analyzing gene levels of MMP2 (E) and MMP9 (D). The data are based on three independent experiments
and presented as RQ with minimum and maximum range and statistically analyzed. RQ: relative quantification of the gene expression. F–H
Placental organoids were generated for 72 h by using hTSCCT cells and treated then for up to 7 days with 30% supernatants from 1st trimester,
term or PE hCV-MSCs. The organoids were stained against β-hCG (red), pHH3 (green), and DNA (DAPI, blue) and microscopically evaluated. The
results of the organoid area are presented as scatter graphs showing the mean ± SEM (n = 7-10 organoids, from three different hCV-MSC
supernatants for each group) (F). Representative images of stained hTSCCT organoids treated with different supernatants for 7 days are shown
(white dotted lines indicate measured areas, arrowheads depict pHH3 positive cells). Scale: 200 μm. Supernatants of treated hTSCCT organoids
were also collected for the evaluation of β-hCG via ELISA (G). The results are from three experiments and presented as mean ± SEM in a scatter
graph. Student’s t-test was used. ** p < 0.01, *** p < 0.001
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induced by distinct hCV-MSCs from three individuals.
Notably, trophoblastic cells treated with supernatants
from 1st trimester hCV-MSCs showed highly active
MMP2 and MMP9 (Additional file 2, part C and D).
In line with these results, the gene expressions of both

MMP2 and MMP9 were increased in HIPEC or HTR
cells cultured with supernatants of hCV-MSCs from 1st
trimester or term placentas (Fig. 5D, E; Additional file 2,
part E and F). By contrast, the expressions of these genes
were significantly lower in trophoblastic cells treated
with supernatants from PE hCV-MSCs (Fig. 5D, E; Add-
itional file 2, part E and F). In addition, compared to
term control hCV-MSCs, PE hCV-MSCs themselves
showed a significantly lower gene expression of MMP2
(Additional file 3, part G, left graph) and hardly detect-
able MMP9 (Additional file 3, part G, right graph),
which could explain the reduced migration of HTR cells
after direct co-culture (Additional file 3, part C-F). Col-
lectively, PE hCV-MSCs were significantly less capable
of promoting the motility of trophoblasts, and had re-
duced expressions of MMP2 and MMP9.
MSCs are well known for their ability to stimulate cell

viability and proliferation and thus, they are regarded as
promising tools for novel cell-based therapies [62]. To
study if hCV-MSCs are able to promote the proliferation
of trophoblasts, placental organoids were formed from
hTSCCT cells [30]. At 3 days, newly formed placental
organoids were treated with 30% hCV-MSC superna-
tants for up to 7 days. The areas and diameters of these
organoids were monitored by microscopy, and β-human
chorionic gonadotropin (β-hCG) secretion, the indicator
for trophoblast differentiation into hSTBs, was evaluated
by ELISA assay. Compared to control organoids treated
with 30% MSC medium for 7 days (7.9 mm2, Fig. 5F, H),
hTSCCT organoids treated with 30% supernatants from
hCV-MSCs from 1st trimester and term placenta dis-
played increased organoid areas of 11.0 mm2 and 9.3
mm2, respectively (Fig. 5F, H). By contrast, organoids
treated with 30% supernatants from PE hCV-MSCs
showed areas of 7.4 mm2, even smaller than those of
control organoids (7.9 mm2), though not significant (p =
0.059) (Fig. 5F, H). Comparable results were also ob-
tained by measuring the organoid diameter after 7 days,
which demonstrated significantly decreased diameters of
hTSCCT organoids treated with 30% supernatants from
PE hCV-MSCs compared to organoids incubated with
30% supernatants from 1st trimester and term hCV-
MSCs (Additional file 3, part A). Moreover, the secreted
β-hCG by organoids treated with 1st trimester or term
hCV-MSC supernatants was 65 ng/mL and 60 ng/mL
compared to 40 ng/mL from the control organoids (Fig.
5G). Interestingly, organoids treated with supernatants
from PE hCV-MSCs decreased their β-hCG secretion
(26 ng/mL), as did the organoids treated with MSC

medium (27 ng/ml) (Fig. 5G). To corroborate the stimu-
latory effect of hCV-MSC supernatants on placental
organoids, we generated trophoblastic cell organoids by
using JEG-3 cells as recently reported [31]. In line with
the data from hTSCCT organoids, the supernatants from
1st trimester and term hCV-MSCs increased signifi-
cantly the organoid size compared to control organoids
(Additional file 4, part A and B). By contrast, the super-
natants of PE hCV-MSCs stimulated hardly cell prolifer-
ation in these organoids (Additional file 4, part A and
B). Collectively, PE hCV-MSCs with shorter primary
cilia lost their ability to promote proliferation and differ-
entiation of hTSCCT and JEG-3 cells in placental orga-
noids, whereas normal hCV-MSCs did so with high
competence, as reported for MSCs in various other cell
types [62], highlighting their important role in regulating
balanced tissue homeostasis.

PE hCV-MSCs are less capable of facilitating the cellular
network formation of HUVECs
We observed a high number of ciliated villous cells clus-
tered around vessels (Fig. 1F) and hCV-MSCs have been
reported to support placental vascular development [42].
To analyze if PE hCV-MSCs still possess this ability, we
conducted a cellular network formation assay, a well-
established assay to investigate the angiogenic potential
of cells [63]. Isolated human primary umbilical vein
endothelial cells (HUVECs) were seeded on Matrigel-
coated plates and incubated for 12 h with different cell
culture media; control medium, or medium containing
50% supernatants from 1st trimester, term, or PE hCV-
MSCs. The ability to form a cellular network of treated
cells was microscopically evaluated for the total segment
length, total master segment length, number of junc-
tions, and number of nodes in HUVEC cells. HUVECs
were efficiently capable of branching into cellular net-
work structures (Fig. 6A). Further analysis showed that
supernatants from term and 1st trimester hCV-MSCs
were able to promote HUVECs to form these structures
(Fig. 6A, B), whereas the supernatant of PE hCV-MSCs
showed fewer effects (Fig. 6A, B). These results were fur-
ther corroborated with HTR cells (Additional file 4, part
C and D). Moreover, gene analysis showed that, com-
pared to term control hCV-MSCs, PE hCV-MSCs dis-
played decreased gene expressions of vascular
endothelial growth factor (VEGF) and placental growth
factor (PLGF) (Fig. 6C). In addition, these cells signifi-
cantly reduced their secretion of VEGF-A (Fig. 6D, left
graph). The significant effect on the cellular network for-
mation of 1st trimester hCV-MSCs might be explained
by their secretion of PlGF, which was not detected in
term or PE hCV-MSC supernatants (Fig. 6D, right
graph). In sum, the hCV-MSCs exerted a stimulatory ef-
fect on endothelial and EVT cells for their cellular
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network formation capacity. This effect was significantly
reduced in hCV-MSCs from term PE placentas, likely
due to a decreased secretion of factors such as VEGF-A
and PlGF.

Discussion
In the present work, we report that most villous stromal
cells are ciliated within all villus types throughout gesta-
tion. It is of particular significance that primary cilia are
abundantly present in stromal cells, including hCV-
MSCs, in the villous core, as this population crucially
supports placental development by influencing the mor-
phogenesis of the branching architecture of the placenta
and by driving placental vascular development [42]. Im-
portantly, primary cilia on villous stromal cells are dy-
namically regulated in placental development, with a
high percentage and the longest cilia length at the first
weeks of gestation (6–9 weeks). The abundance of the
primary cilium gradually declines till the end of preg-
nancy, strongly pointing to the notion that primary cilia
on villous stromal cells may serve as processing centers
for cell-cell signaling and cell-microenvironment com-
munication [14].
Interestingly, the number and the length of primary

cilia were significantly decreased in hCV-MSCs isolated
from chorionic villi of term PE placentas. A possible ex-
planation for the impaired ciliogenesis in preeclamptic
hCV-MSCs could be an enhanced secretion of proin-
flammatory cytokines, including IL-6 and TNF-α, which
are known to be upregulated in PE placental tissues and
patient sera [17, 20, 64]. These cytokines could nega-
tively affect the primary cilium of MSCs, as shown re-
cently in trophoblasts isolated from preeclamptic
patients, by increasing the expression of deciliation
genes, including KIF2A, PLK1, and AURKA, or multiple
deciliation microRNAs (miRNAs), such as miRNA-141
and miRNA-200 [17, 34, 43, 65]. Defective cilia, likely a
consequence of PE, compromise the functionality of

hCV-MSCs, as well as their interaction with other cells,
which may further fuel the progression of PE.
As a consequence of an impaired cilium, the Hh sig-

naling transduction of preeclamptic hCV-MSCs is sig-
nificantly impaired, demonstrated by the reduced
recruitment of Smo to the primary cilium and decreased
levels of important related genes, such as SMO, GLI1,
and PTCH. This defective signaling cascade is likely as-
sociated with the reduced differentiation capacity of PE
hCV-MSCs since the primary cilium and its associated
Hh pathway are important for osteo-, adipo-, and chon-
drogenic differentiation [36, 66]. Moreover, the Hh path-
way is critical for faithful embryonic development, and
its deregulation leads to severe diseases and tumorigen-
esis [46, 67]. The knockout of either sonic hedgehog or
Gli2/Gli3 was shown to impair proper vasculogenesis
and less branching, and led to the malformation of
mouse placenta [68]. Additionally, the activation of the
Hh pathway and its downstream target Gli2 stimulated
the expression of 11β-Hydroxysteroid dehydrogenase
type 2 required for a proper CTB fusion process [69].
The functionalities of EVTs were also associated with
the Hh pathway. The Hh pathway triggered by the Fork-
head box C2 was required for a correct epithelial-to-
mesenchymal transition of EVTs to ensure a proper in-
vasion into the maternal decidua [70]. These data sug-
gest that the primary cilium, an exclusive mediator of
the Hh pathway, is central for vital processes such as tis-
sue homeostasis, vasculogenesis, invasion, differentiation,
and fusion in human placenta. The impairment of these
processes is correlated to defects in preeclamptic placen-
tas, strongly indicating an association between the pri-
mary cilium and PE. More investigations are warranted
to study hCV-MSCs from different gestational disorders
to corroborate our observations and to unveil the related
molecular connections.
MSCs are able to home and repair damaged tissues by

secreting growth factors, including platelet-derived
growth factor A/B (PDGFA/B), regenerative molecules,

(See figure on previous page.)
Fig. 6 Preeclamptic hCV-MSCs are less capable of supporting cellular network formation of HUVECs. A, B The cellular network formation assay
was performed with HUVECs cultured with different media as indicated (control medium, control medium containing 50% MSC normal medium,
or containing 50% supernatants from hCV-MSCs of 1st trimester, term control, or term PE placentas). A Representatives of light microscopic
images are shown (green: branches; cyan: twigs; yellow: master segments; red surrounded by blue: nodes surrounded by junctions; blue
surrounded by red: master junctions). Scale: 200 μm. B Quantification of, the total segment length (B, 1st graph), total master segment length (B,
2nd graph), total number of junctions (B, 3rd graph), and total number of nodes (B, 4th graph) is shown. The results are based on three
independent experiments (n = 15 pictures of each condition per group) and presented as bar graphs with mean ± SEM. C Total RNAs were
extracted from hCV-MSCs as indicated for evaluating gene levels of VEGF (left) and PLGF (right). The results are from three experiments and
presented as relative quantification of gene expression (RQ) with minimum and maximum range. D Secreted VEGF-A (left) and PlGF (right) were
measured in supernatants from hCV-MSCs as indicated via ELISA. The results are based on three independent experiments and presented as bar
graphs with mean ± SEM. Unpaired Mann-Whitney U test was used for (B), and Student t test was used in C and D. *p < 0.05, **p < 0.01, ***p <
0.001. E Schematic illustration of the proposed working model. PE associated factors like IL6 or TNFα shorten the primary cilium on hCV-MSCs,
impairing their own motility, differentiation and signal transduction, and compromising their stimulatory capabilities in terms of cellular network
formation of endothelial cells and growth/differentiation of placental organoids. The loss of functional hCV-MSCs with impaired cilia might be
connected with progression of preeclampsia
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such as colony-stimulating factor 1 (CSF1), and anti-
inflammatory cytokines, like IL-10 [71–73]. Our data
show that, compared to hCV-MSCs from control pla-
centas, hCV-MSCs from PE placentas have slower motil-
ity, indicating that these cells are less capable of
participating in homing and repairing processes. More-
over, MSCs are known to enhance the motility of other
cell types, including human alveolar and aortic endothe-
lial cells, as well as malignant breast cancer cells, by the
secretion of various cytokines, such as chemokine (C-X-
C motif) ligand 1, monocyte chemoattractant protein 1
(MCP1), and TGF-β [74, 75]. Indeed, supernatants of 1st
trimester and term hCV-MSCs significantly increased
the motility of trophoblastic cells, whereas supernatants
from PE hCV-MSCs were unable to do so. These find-
ings are supported by the reduced gene expression and
protein secretion of MMP-2 and MMP-9, both of which
are closely associated with the invasion capacity of
trophoblastic cells within the placental bed [76, 77].
Moreover, supernatants of term preeclamptic hCV-
MSCs were less capable of promoting the cellular net-
work formation of HUVECs and trophoblastic HTR
cells. This is possibly associated with a decreased secre-
tion of pro-angiogenic factors, such as VEGF-A, in pre-
eclamptic hCV-MSCs. Finally, MSCs are well known to
stimulate proliferation, enhance cell viability, and to pro-
mote the differentiation of various cell types in diverse
tissues via paracrine signals, extracellular vesicles, or dir-
ect cell-cell contact [62, 78]. Our data support these ob-
servations by showing that 1st trimester and term hCV-
MSCs were able to stimulate the growth and differenti-
ation of hTSCCT as well as JEG-3 organoids, whereas
term PE hCV-MSCs failed to do so. PlGF or VEGF se-
creted by MSCs might be connected to the growth of
these organoids, as has been described for trophoblasts
[79–81].

Conclusion
This work demonstrates the presence of the primary
cilium within chorionic villi throughout the gestation of
the human placenta and its functional significance. Im-
portantly, primary cilia on hCV-MSCs from PE placentas
are defective, which renders hCV-MSCs dysfunctional.
Impaired hCV-MSCs with defective cilia might connect
to compromised vasculogenesis and failed tissue homeo-
stasis observed in PE placentas (Fig. 6E). Further studies
are required to corroborate these findings. In addition,
this work has several limitations, including the lack of a
causative link between PE progression and defective
cilia, small numbers of PE and control samples, term PE
instead of early PE placenta-derived hCV-MSCs for
functional analysis, and usage of the HTR cell line,
which has been reported as a less valid cell model for
human EVTs [82]. Finally, it is important to study the

precise molecular mechanisms, how PE affects the for-
mation and function of primary cilia on pMSCs, and
how impaired pMSCs interact with and affect various
placental cells in PE placentas.
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Additional file 1: Figure S1. hCV-MSCs from 1st trimester, term and PE
placentas display comparable cell surface maker profiles, proliferation,
and differentiation capacity. (A, left graph) Cell cycle distribution was ana-
lyzed using a FACSCaliburTM. The cell cycle phases of hCV-MSCs are pre-
sented in percentage and the results were derived from three
independent experiments. (A, middle graph) Representative FL2-A histo-
gram profiles of the cell cycle are shown. (A, right graph) hCV-MSCs were
seeded in 96-well plates for 0, 24, 48, 72 and 96 h. Cell viability was mea-
sured via CellTiter-Blue® assay. The results are from three independent ex-
periments and presented as mean ± SEM. *p < 0.05. (B) Flow cytometric
analyses of positive cell surface markers CD90, CD73, CD105 and CD146,
and negative markers CD14, CD31low/high, CD34, CD106, CD144 (B, left
table). Representative staining of hCV-MSCs are shown for vimentin, actin
and DNA (B, middle graph) or cell surface markers CD90 and CD73 (B,
right graph). Scale: 20 μm. (C) Time-lapse microscopy was performed with
hCV-MSCs for up to 12 h. Random motility of these cells was analyzed (n
= 90 cells for each group). Representative trajectories of individual cells
are shown (C, upper panels). Evaluated accumulated velocity (C, lower left
plot) and distance (C, lower right plot) from three independent experi-
ments are shown. Unpaired Mann–Whitney U-test, *** p < 0.001. (D-F)
hCV-MSCs from 1st trimester, term and term PE placentas were subjected
to adipogenic differentiation for 21 days. (D) Representative images for
adipocytes are shown. Scale: 40 μm. Insert scale: 10 μm (arrowheads de-
pict lipid vacuoles). (E) The percentage of differentiated adipocytes was
evaluated by counting cells with lipid vacuoles. The quantification of cells
displaying lipid vacuoles is shown as bar graph with mean ± SEM (n =
15, pooled from three independent experiments with three individual
hCV-MSCs). (F) Expression levels of two adipogenic differentiation related
genes LEPTIN (E, left graph), ADIPOQ (E, right graph) in control and hCV-
MSCs upon differentiation. The results are from three independent experi-
ments and presented as RQ with minimum and maximum range. Stu-
dent’s t-test was used. ∗p < 0.05, ∗∗p < 0.01

Additional file 2: Figure S2. The motility and homing ability is
impaired in PE hCV-MSCs as well as their capacity to stimulate motility
and MMP2/9 activity in EVT cells. (A) HTR cells and hCV-MSCs from 1st tri-
mester, term and term PE placentas were seeded into each Ibidi cham-
ber. After 8 h, the chambers were removed and the hCV-MSCs started to
migrate toward HTR cells. After 4 and 8 h bright-field images were taken
for analysis. For fluorescence visualization, the cells were stained with
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phalloidin (actin filaments, red), p-FAK (focal adhesion marker, green) and
DNA (DAPI, blue). (A, left panel) Representatives of the hCV-MSCs at the
migrating front after 8 h are shown. Scale: 50 μm. (A, right graph) The
length of the cellular protrusions of hCV-MSCs toward HTR cells was
quantified, and was presented as scatter plot showing mean ± SEM (n =
180 protrusions, pooled from three independent experiments. (B) Single
HTR cells were tracked after the treatment with indicated medium (con-
trol medium or medium containing 50% supernatant from hCV-MSCs of
1st trimester, term or term PE placentas) using time-lapse microscopy to
analyze their cell motility. The velocity (C, left plot) and accumulated dis-
tance (C, right plot) were evaluated for each individual treatment. The re-
sults from three experiments are depicted as scatter plots showing mean
± SEM (n = 90 cells). Unpaired Mann-Whitney U test was used for (A and
B). ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. (C and D) HIPEC (C) and HTR (D)
cells were incubated with indicated medium (control medium or
medium containing 50% supernatant from hCV-MSCs of 1st trimester,
term or term PE placentas) for 7 days. Afterwards, cells were starved-
cultured for 24 h and the supernatants were collected for zymography
assay to measure the activity of MMP2 and MMP9. (C and D, left panel)
Representatives indicate the activity of MMP2 (lower band) and MMP9
(upper band). (C and D, middle and right graph) Quantification of MMP2
and MMP9 activity, normalized to the MSC control medium, is shown.
The results are from three independent experiments and presented as
bar graphs with mean ± SEM. (E) Total RNAs were also extracted from
treated HTR cells for analyzing gene levels of MMP9 (E) and MMP2 (F).
The data are based on three independent experiments and presented as
RQ with minimum and maximum range and statistically analyzed. RQ:
relative quantification of the gene expression. Student’s t-test was used.
** p < 0.01, *** p < 0.001

Additional file 3: Figure S3. hCV-MSCs from term PE placentas re-
duced their ability to support growth of placental organoids and migra-
tion of EVT cells. (A) Placental organoids were formed for 72 h by using
hTSCCT cells and treated then for up to 7 days with 30% supernatant
from 1st trimester, term control or term PE hCV-MSCs. The organoids
were stained against β-hCG (red), pHH3 (green) and DNA (DAPI, blue),
and their diameters were microscopically evaluated. The results are pre-
sented as scatter graphs showing the mean ± SEM (n = 7-10 organoids,
from three different hCV-MSCs supernatants for each group). (B-F) Illustra-
tion of cell co-culture experiment. HIPEC/HTR cells (blue) were seeded
into Ibidi chambers and surrounded by indicated hCV-MSCs from 1st tri-
mester, term control and term PE placentas (red). After 8 h the chambers
were removed, and the medium changed to HTR or HIPEC medium. Im-
ages were taken at indicated time points (0, 4, 8 h) to document the mi-
gration font. (B and D) Quantification of the open area between both
migration fronts at various time points, for HTR (B) and HIPEC cells (D).
The cell-free area at 0 h was assigned as 100%. The results from three in-
dependent experiments are presented as mean ± SEM. Unpaired Mann–
Whitney U-test was used. *p < 0.05, **p < 0.01. (C and E) Representatives
of the migration front are shown. White dashed line depicts the free area
of the migration front. Scale: 200 μm. (G) Total RNAs were extracted from
hCV-MSCs for analyzing gene levels of MMP2 (G, left graph) and MMP9
(G, right graph). The data are based on three independent experiments
and presented as RQ with minimum and maximum range. RQ: relative
quantification of the gene expression. Student’s t-test was used. *p < 0.05

Additional file 4: Figure S4. PE hCV-MSCs are less capable of support-
ing proliferation of JEG-3 organoids and network formation of HTR cells.
(A and B) Placental organoids were generated for 96 h by using JEG-3
cells and treated then for up to 7 days with 30% supernatants from 1st
trimester, term or PE hCV-MSCs. The organoids were stained against β-
hCG (red), pHH3 (green) and DNA (DAPI, blue) and microscopically evalu-
ated. The results of the organoid area are presented as scatter graphs
showing the mean ± SEM (n = 5 organoids, from three different hCV-
MSC supernatants for each group) (B). Representative images of stained
JEG-3 organoids treated with different supernatants for 7 days are shown
(white dotted lines indicate measured areas). Scale: 350 μm. Student’s t-
test was used. ** p < 0.01. (C and D) Cellular network formation assay
was performed with HTR cells cultured with different medium as indi-
cated (control medium, control medium containing 50% MSC normal
medium, or containing 50% supernatants from hCV-MSCs of 1st trimester,
term or term PE placentas). (C) Representatives of light microscopic

images are shown (green: branches; cyan: twigs; yellow: master segments;
red surrounded by blue: nodes surrounded by junctions; blue surrounded
by red: master junctions). Scale: 200 μm. (D) Quantification of total num-
ber of junctions (D, 1st graph), the total segment length (D, 2nd graph),
total mesh area (D, 3rd graph) and total number of nodes (D, 4th graph)
is shown. The results are based on three independent experiments (n =
15 pictures of each condition per group) and presented as bar graphs
with mean ± SEM. Student’s t-test was used. *p < 0.05, ** p < 0.01, *** p
< 0.001

Additional file 5: Table S1. Clinical information of patients with
different gestational age, whose placental tissues were analyzed for
cilium size and percentage. Mean value or value range ± standard
deviation is shown

Additional file 6: Table S2. Clinical information of early-onset pre-
eclampsia (PE) patients and matched controls, whose placental tissues
were analyzed for cilium size and percentage. Mean value or value range
± standard deviation is shown

Additional file 7: Table S3. Clinical information of late-onset pre-
eclampsia (PE) patients and matched controls, whose placental tissues
were analyzed for cilium size and percentage. Mean value or value range
± standard deviation is shown

Additional file 8:. Table S4. Clinical information of term preeclampsia
(PE) patients and matched controls, whose placental tissues were
collected for the isolation of chorionic mesenchymal stem cells (hCV-
MSCs). Mean value or value range ± standard deviation is shown

Additional file 9. Supplementary information.

Acknowledgements
We are grateful to our patients and our clinical team for making this study
possible. We thank Prof. Charles H. Graham, Queen’s University at Kingston,
for kindly providing us the cell line HTR-8/SVneo, and Prof. Thierry Fournier,
University of Paris Descartes, for the HIPEC-65 cell line. We thank also Dr. Qi
Chen, University of Auckland, New Zealand, and Fudan University, Shanghai,
China, for supporting this study with six formalin-fixed and paraffin-
embedded first trimester placenta tissue sections. Finally, we thank Dr. Okae
and Prof. Arima, Tohoku University Graduate School of Medicine, for kindly
providing us the hTSCCT cell line.

Authors’ contributions
JY, AR, and FL conceived and supervised the project. AR designed the
experiments. SIR, AR, AF, NNK, and SR performed the experiments. SIR, AR, JY,
and NNK analyzed the data. TN, ASS, SH, KF, and CS collected samples and
clinical information. AR wrote the initial manuscript. JY modified the
manuscript. SIR and NNK did critical reading. All authors read and approved
the final manuscript.

Funding
This project was partially funded by the “Deutsche Forschungsgemeinschaft“
(DFG, German Research Foundation, project number 413992926 and 665962)
and supported by a young investigator grant of the Frankfurt Research
Promotion Program (FFF) of the faculty of Medicine of the Goethe University.
Open Access funding enabled and organized by Projekt DEAL.

Availability of data and materials
All data generated or analyzed during this study are included in this
published article and its supplementary information files.

Declarations

Ethics approval and consent to participate
The collection of 2nd and 3rd trimester placental tissues was approved by
the Ethics Committee of the Johann Wolfgang Goethe University Hospital
Frankfurt (reference number: 375/11). The six formalin-fixed and paraffin-
embedded 1st trimester placental tissue sections were kindly provided by Dr.
Qi Chen, University of Auckland, New Zealand, and Fudan University, Shang-
hai, China. The collection of these samples was approved by the Ethics Com-
mittee of the Hospital of Obstetrics and Gynecology of Fudan University,
China (reference number: 2018-62). The sampling of 1st trimester placentas
at the Medical Practice for Gynecology and Obstetrics led by Dr. Thorsten

Romberg et al. BMC Medicine           (2022) 20:35 Page 17 of 20



Nowak was approved by the Ethics Committee of the Johann Wolfgang
Goethe University Hospital Frankfurt (reference number: 19-455). The umbil-
ical vein sample collection was approved by the Ethics Committee of the
Johann Wolfgang Goethe-University Hospital Frankfurt (reference number:
19-201). Informed written consents were obtained from all donors.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1Division of Obstetrics and Prenatal Medicine, Department of Gynecology
and Obstetrics, University Hospital Frankfurt, J. W. Goethe- University,
Theodor-Stern-Kai 7, D-60590 Frankfurt, Germany. 2Medical practice for
Gynecology, Mainzer Landstraße 265, D-60326 Frankfurt, Germany.

Received: 14 May 2021 Accepted: 29 November 2021

References
1. Hemberger M, Hanna CW, Dean W. Mechanisms of early placental

development in mouse and humans. Nat Rev Genet. 2020;21(1):27–43.
https://doi.org/10.1038/s41576-019-0169-4.

2. Silini AR, Di Pietro R, Lang-Olip I, Alviano F, Banerjee A, Basile M, et al.
Perinatal derivatives: where do we stand? a roadmap of the human
placenta and consensus for tissue and cell nomenclature. Front Bioeng
Biotechnol. 2020;8:610544. https://doi.org/10.3389/fbioe.2020.610544.

3. Turco MY, Moffett A. Development of the human placenta. Development.
2019;146(22). https://doi.org/10.1242/dev.163428.

4. Suryawanshi H, Morozov P, Straus A, Sahasrabudhe N, Max KEA, Garzia A,
et al. A single-cell survey of the human first-trimester placenta and decidua.
Sci Adv. 2018;4(10):eaau4788.

5. Kumar A, D'Souza SS, Moskvin OV, Toh H, Wang B, Zhang J, et al.
Specification and diversification of pericytes and smooth muscle cells from
mesenchymoangioblasts. Cell Rep. 2017;19(9):1902–16. https://doi.org/10.1
016/j.celrep.2017.05.019.

6. Slukvin II, Kumar A. The mesenchymoangioblast, mesodermal precursor for
mesenchymal and endothelial cells. Cell Mol Life Sci. 2018;75(19):3507–20.
https://doi.org/10.1007/s00018-018-2871-3.

7. Abumaree MH, Abomaray FM, Alshabibi MA, AlAskar AS, Kalionis B.
Immunomodulatory properties of human placental mesenchymal stem/
stromal cells. Placenta. 2017;59:87–95. https://doi.org/10.1016/j.placenta.201
7.04.003.

8. Jaramillo-Ferrada PA, Wolvetang EJ, Cooper-White JJ. Differential
mesengenic potential and expression of stem cell-fate modulators in
mesenchymal stromal cells from human-term placenta and bone marrow. J
Cell Physiol. 2012;227(9):3234–42. https://doi.org/10.1002/jcp.24014.

9. Makhoul G, Chiu RCJ, Cecere R. Placental mesenchymal stem cells: a unique
source for cellular cardiomyoplasty. Ann Thorac Surg. 2013;95(5):1827–33.
https://doi.org/10.1016/j.athoracsur.2012.11.053.

10. Chen CY, Tsai CH, Chen CY, Wu YH, Chen CP. Human placental multipotent
mesenchymal stromal cells modulate placenta angiogenesis through Slit2-
Robo signaling. Cell Adhes Migr. 2016;10(1-2):66–76. https://doi.org/10.1
080/19336918.2015.1108510.

11. Ma J, Wu J, Han L, Jiang X, Yan L, Hao J, et al. Comparative analysis of
mesenchymal stem cells derived from amniotic membrane, umbilical cord,
and chorionic plate under serum-free condition. Stem Cell Res Ther. 2019;
10(1):19. https://doi.org/10.1186/s13287-018-1104-x.

12. Rolfo A, Giuffrida D, Nuzzo AM, Pierobon D, Cardaropoli S, Piccoli E, et al.
Pro-inflammatory profile of preeclamptic placental mesenchymal stromal
cells: new insights into the etiopathogenesis of preeclampsia. Plos ONE.
2013;8(3):e59403. https://doi.org/10.1371/journal.pone.0059403.

13. Anvarian Z, Mykytyn K, Mukhopadhyay S, Pedersen LB, Christensen ST.
Cellular signalling by primary cilia in development, organ function and
disease. Nat Rev Nephrol. 2019;15(4):199–219. https://doi.org/10.1038/s41
581-019-0116-9.

14. Nishimura Y, Kasahara K, Shiromizu T, Watanabe M, Inagaki M. Primary cilia
as signaling hubs in health and disease. Adv Sci. 2019;6(1). https://doi.org/1
0.1002/advs.201801138.

15. Reiter JF, Leroux MR. Genes and molecular pathways underpinning
ciliopathies. Nat Rev Mol Cell Biol. 2017;18(9):533–47. https://doi.org/10.103
8/nrm.2017.60.

16. Sasai N, Toriyama M, Kondo T. Hedgehog signal and genetic disorders.
Front Genet. 2019;10:1103. https://doi.org/10.3389/fgene.2019.01103.

17. Ritter A, Roth S, Kreis NN, Friemel A, Hoock SC, Steglich Souto A, et al.
Primary cilia in trophoblastic cells: potential involvement in preeclampsia.
Hypertension. 2020;76(5):1491–505. https://doi.org/10.1161/HYPERTENSIONA
HA.120.15433.

18. Steegers EA, von Dadelszen P, Duvekot JJ, Pijnenborg R. Pre-eclampsia.
Lancet. 2010;376(9741):631–44. https://doi.org/10.1016/S0140-6736(10)602
79-6.

19. Fisher SJ. Why is placentation abnormal in preeclampsia. Am J Obstet
Gynecol. 2015;213(4):S115–22. https://doi.org/10.1016/j.ajog.2015.08.042.

20. Saito S, Shiozaki A, Nakashima A, Sakai M, Sasaki Y. The role of the immune
system in preeclampsia. Mol Aspects Med. 2007;28(2):192–209. https://doi.
org/10.1016/j.mam.2007.02.006.

21. Enkhmaa D, Wall D, Mehta PK, Stuart JJ, Rich-Edwards JW, Merz CN, et al.
Preeclampsia and vascular function: a window to future cardiovascular
disease risk. J Womens Health (Larchmt). 2016;25(3):284–91. https://doi.org/1
0.1089/jwh.2015.5414.

22. Roland CS, Hu J, Ren CE, Chen HB, Li JP, Varvoutis MS, et al. Morphological
changes of placental syncytium and their implications for the pathogenesis
of preeclampsia. Cell Mol Life Sci. 2016;73(2):365–76. https://doi.org/10.1007/
s00018-015-2069-x.

23. Rana S, Lemoine E, Granger JP, Karumanchi SA. Preeclampsia:
pathophysiology, challenges, and perspectives. Circ Res. 2019;124(7):1094–
112. https://doi.org/10.1161/CIRCRESAHA.118.313276.

24. Phipps EA, Thadhani R, Benzing T, Karumanchi SA. Pre-eclampsia:
pathogenesis, novel diagnostics and therapies. Nat Rev Nephrol. 2019;15(5):
275–89. https://doi.org/10.1038/s41581-019-0119-6.

25. Okae H, Toh H, Sato T, Hiura H, Takahashi S, Shirane K, et al. Derivation of
human trophoblast stem cells. Cell Stem Cell. 2018;22(1):50–63 e56. https://
doi.org/10.1016/j.stem.2017.11.004.

26. Graham CH, Hawley TS, Hawley RG, MacDougall JR, Kerbel RS, Khoo N, et al.
Establishment and characterization of first trimester human trophoblast cells
with extended lifespan. Exp Cell Res. 1993;206(2):204–11. https://doi.org/10.1
006/excr.1993.1139.

27. Pavan L, Tarrade A, Hermouet A, Delouis C, Titeux M, Vidaud M, et al.
Human invasive trophoblasts transformed with simian virus 40 provide
a new tool to study the role of PPARgamma in cell invasion process.
Carcinogenesis. 2003;24(8):1325–36. https://doi.org/10.1093/carcin/
bgg074.

28. Dash PR, Cartwright JE, Whitley GS. Nitric oxide inhibits polyamine-induced
apoptosis in the human extravillous trophoblast cell line SGHPL-4. Hum
Reprod. 2003;18(5):959–68. https://doi.org/10.1093/humrep/deg211.

29. Muschol-Steinmetz C, Friemel A, Kreis NN, Reinhard J, Yuan JP, Louwen F.
Function of survivin in trophoblastic cells of the placenta. Plos ONE. 2013;
8(9). https://doi.org/10.1371/journal.pone.0073337.

30. Castel G, Meistermann D, Bretin B, Firmin J, Blin J, Loubersac S, et al.
Induction of human trophoblast stem cells from somatic cells and
pluripotent stem cells. Cell Rep. 2020;33(8):108419. https://doi.org/10.1016/j.
celrep.2020.108419.

31. Dietrich B, Kunihs V, Haider S, Pollheimer J, Knofler M. 3-Dimensional JEG-3
choriocarcinoma cell organoids as a model for trophoblast expansion and
differentiation. Placenta. 2021;104:243–6. https://doi.org/10.1016/j.placenta.2
020.12.013.

32. Steigman SA, Fauza DO. Isolation of mesenchymal stem cells from amniotic
fluid and placenta. Curr Protoc Stem Cell Biol. 2007;1(1):1E.2.1–1E.2.12.
https://doi.org/10.1002/9780470151808.sc01e02s1.

33. Baudin B, Bruneel A, Bosselut N, Vaubourdolle M. A protocol for isolation
and culture of human umbilical vein endothelial cells. Nat Protoc. 2007;2(3):
481–5. https://doi.org/10.1038/nprot.2007.54.

34. Ritter A, Friemel A, Kreis NN, Hoock SC, Roth S, Kielland-Kaisen U, et al.
Primary cilia are dysfunctional in obese adipose-derived mesenchymal stem
cells. Stem Cell Rep. 2018;10(2):583–99. https://doi.org/10.1016/j.stemcr.201
7.12.022.

35. Choi YS, Park YB, Ha CW, Kim JA, Heo JC, Han WJ, et al. Different
characteristics of mesenchymal stem cells isolated from different layers of
full term placenta. Plos ONE. 2017;12(2):e0172642. https://doi.org/10.1371/
journal.pone.0172642.

Romberg et al. BMC Medicine           (2022) 20:35 Page 18 of 20

https://doi.org/10.1038/s41576-019-0169-4
https://doi.org/10.3389/fbioe.2020.610544
https://doi.org/10.1242/dev.163428
https://doi.org/10.1016/j.celrep.2017.05.019
https://doi.org/10.1016/j.celrep.2017.05.019
https://doi.org/10.1007/s00018-018-2871-3
https://doi.org/10.1016/j.placenta.2017.04.003
https://doi.org/10.1016/j.placenta.2017.04.003
https://doi.org/10.1002/jcp.24014
https://doi.org/10.1016/j.athoracsur.2012.11.053
https://doi.org/10.1080/19336918.2015.1108510
https://doi.org/10.1080/19336918.2015.1108510
https://doi.org/10.1186/s13287-018-1104-x
https://doi.org/10.1371/journal.pone.0059403
https://doi.org/10.1038/s41581-019-0116-9
https://doi.org/10.1038/s41581-019-0116-9
https://doi.org/10.1002/advs.201801138
https://doi.org/10.1002/advs.201801138
https://doi.org/10.1038/nrm.2017.60
https://doi.org/10.1038/nrm.2017.60
https://doi.org/10.3389/fgene.2019.01103
https://doi.org/10.1161/HYPERTENSIONAHA.120.15433
https://doi.org/10.1161/HYPERTENSIONAHA.120.15433
https://doi.org/10.1016/S0140-6736(10)60279-6
https://doi.org/10.1016/S0140-6736(10)60279-6
https://doi.org/10.1016/j.ajog.2015.08.042
https://doi.org/10.1016/j.mam.2007.02.006
https://doi.org/10.1016/j.mam.2007.02.006
https://doi.org/10.1089/jwh.2015.5414
https://doi.org/10.1089/jwh.2015.5414
https://doi.org/10.1007/s00018-015-2069-x
https://doi.org/10.1007/s00018-015-2069-x
https://doi.org/10.1161/CIRCRESAHA.118.313276
https://doi.org/10.1038/s41581-019-0119-6
https://doi.org/10.1016/j.stem.2017.11.004
https://doi.org/10.1016/j.stem.2017.11.004
https://doi.org/10.1006/excr.1993.1139
https://doi.org/10.1006/excr.1993.1139
https://doi.org/10.1093/carcin/bgg074
https://doi.org/10.1093/carcin/bgg074
https://doi.org/10.1093/humrep/deg211
https://doi.org/10.1371/journal.pone.0073337
https://doi.org/10.1016/j.celrep.2020.108419
https://doi.org/10.1016/j.celrep.2020.108419
https://doi.org/10.1016/j.placenta.2020.12.013
https://doi.org/10.1016/j.placenta.2020.12.013
https://doi.org/10.1002/9780470151808.sc01e02s1
https://doi.org/10.1038/nprot.2007.54
https://doi.org/10.1016/j.stemcr.2017.12.022
https://doi.org/10.1016/j.stemcr.2017.12.022
https://doi.org/10.1371/journal.pone.0172642
https://doi.org/10.1371/journal.pone.0172642


36. Ritter A, Kreis NN, Roth S, Friemel A, Jennewein L, Eichbaum C, et al.
Restoration of primary cilia in obese adipose-derived mesenchymal
stem cells by inhibiting Aurora A or extracellular signal-regulated kinase.
Stem Cell Res Ther. 2019;10(1):255. https://doi.org/10.1186/s13287-019-13
73-z.

37. Kreis NN, Sommer K, Sanhaji M, Kramer A, Matthess Y, Kaufmann M, et al.
Long-term downregulation of Polo-like kinase 1 increases the cyclin-
dependent kinase inhibitor p21(WAF1/CIP1). Cell Cycle. 2009;8(3):460–72.
https://doi.org/10.4161/cc.8.3.7651.

38. Toth M, Sohail A, Fridman R. Assessment of gelatinases (MMP-2 and MMP-9)
by gelatin zymography. Methods Mol Biol. 2012;878:121–35. https://doi.
org/10.1007/978-1-61779-854-2_8.

39. Louwen F, Muschol-Steinmetz C, Friemel A, Kampf AK, Tottel E, Reinhard J,
et al. Targeted gene analysis: increased B-cell lymphoma 6 in preeclamptic
placentas. Hum Pathol. 2014;45(6):1234–42. https://doi.org/10.1016/j.humpa
th.2014.02.002.

40. Wu J, Ivanov AI, Fisher PB, Fu Z. Polo-like kinase 1 induces epithelial-to-
mesenchymal transition and promotes epithelial cell motility by activating
CRAF/ERK signaling. Elife. 2016;5. https://doi.org/10.7554/eLife.10734.

41. Ritter A, Friemel A, Roth S, Kreis NN, Hoock SC, Safdar BK, et al.
Subcutaneous and visceral adipose-derived mesenchymal stem cells:
commonality and diversity. Cells. 2019;8(10). https://doi.org/10.3390/cells81
01288.

42. Knofler M, Haider S, Saleh L, Pollheimer J, Gamage T, James J. Human
placenta and trophoblast development: key molecular mechanisms and
model systems. Cell Mol Life Sci. 2019;76(18):3479–96. https://doi.org/10.1
007/s00018-019-03104-6.

43. Ritter A, Louwen F, Yuan J. Deficient primary cilia in obese adipose-derived
mesenchymal stem cells: obesity, a secondary ciliopathy. Obes Rev. 2018;
19(10):1317–28. https://doi.org/10.1111/obr.12716.

44. van der Burght SN, Rademakers S, Johnson JL, Li CM, Kremers GJ,
Houtsmuller AB, et al. Ciliary tip signaling compartment is formed and
maintained by intraflagellar transport. Curr Biol. 2020;30(21):4299.

45. Malicki JJ, Johnson CA. The cilium: cellular antenna and central processing unit.
Trends Cell Biol. 2017;27(2):126–40. https://doi.org/10.1016/j.tcb.2016.08.002.

46. Kopinke D, Norris AM, Mukhopadhyay S. Developmental and regenerative
paradigms of cilia regulated hedgehog signaling. Semin Cell Dev Biol. 2020;
110:89–103. https://doi.org/10.1016/j.semcdb.2020.05.029.

47. Bodle JC, Loboa EG. Concise review: Primary cilia: control centers for stem
cell lineage specification and potential targets for cell-based therapies. Stem
Cells. 2016;34(6):1445–54. https://doi.org/10.1002/stem.2341.

48. Chen JK, Taipale J, Young KE, Maiti T, Beachy PA. Small molecule
modulation of Smoothened activity. Proc Natl Acad Sci U S A. 2002;99(22):
14071–6. https://doi.org/10.1073/pnas.182542899.

49. Strong AL, Burow ME, Gimble JM, Bunnell BA. Concise review: The obesity
cancer paradigm: exploration of the interactions and crosstalk with adipose
stem cells. Stem Cells. 2015;33(2):318–26. https://doi.org/10.1002/stem.1857.

50. Ritter A, Friemel A, Fornoff F, Adjan M, Solbach C, Yuan J, et al.
Characterization of adipose-derived stem cells from subcutaneous and
visceral adipose tissues and their function in breast cancer cells. Oncotarget.
2015;6(33):34475–93. https://doi.org/10.18632/oncotarget.5922.

51. Ritter A, Friemel A, Kreis NN, Louwen F, Yuan J. Impact of Polo-like
kinase 1 inhibitors on human adipose tissue-derived mesenchymal stem
cells. Oncotarget. 2016;7(51):84271–85. https://doi.org/10.18632/oncota
rget.12482.

52. Millan-Rivero JE, Nadal-Nicolas FM, Garcia-Bernal D, Sobrado-Calvo P,
Blanquer M, Moraleda JM, et al. Human Wharton’s jelly mesenchymal stem
cells protect axotomized rat retinal ganglion cells via secretion of anti-
inflammatory and neurotrophic factors. Sci Rep. 2018;8(1):16299. https://doi.
org/10.1038/s41598-018-34527-z.

53. Wang Y, Liu Y, Fan Z, Liu D, Wang F, Zhou Y. IGFBP2 enhances adipogenic
differentiation potentials of mesenchymal stem cells from Wharton's jelly of
the umbilical cord via JNK and Akt signaling pathways. Plos ONE. 2017;12(8):
e0184182. https://doi.org/10.1371/journal.pone.0184182.

54. Ragni E, Vigano M, Parazzi V, Montemurro T, Montelatici E, Lavazza C, et al.
Adipogenic potential in human mesenchymal stem cells strictly depends
on adult or foetal tissue harvest. Int J Biochem Cell Biol. 2013;45(11):2456–
66. https://doi.org/10.1016/j.biocel.2013.07.024.

55. Louwen F, Ritter A, Kreis NN, Yuan J. Insight into the development of
obesity: functional alterations of adipose-derived mesenchymal stem cells.
Obes Rev. 2018;19(7):888–904. https://doi.org/10.1111/obr.12679.

56. Hwang JH, Shim SS, Seok OS, Lee HY, Woo SK, Kim BH, et al. Comparison of
cytokine expression in mesenchymal stem cells from human placenta, cord
blood, and bone marrow. J Korean Med Sci. 2009;24(4):547–54. https://doi.
org/10.3346/jkms.2009.24.4.547.

57. Potapova IA, Gaudette GR, Brink PR, Robinson RB, Rosen MR, Cohen IS, et al.
Mesenchymal stem cells support migration, extracellular matrix invasion,
proliferation, and survival of endothelial cells in vitro. Stem Cells. 2007;25(7):
1761–8. https://doi.org/10.1634/stemcells.2007-0022.

58. Chen CP, Huang JP, Chu TY, Aplin JD, Chen CY, Wu YH. Human placental
multipotent mesenchymal stromal cells modulate trophoblast migration via
Rap1 activation. Placenta. 2013;34(10):913–23. https://doi.org/10.1016/j.pla
centa.2013.06.311.

59. Chen CP. Placental villous mesenchymal cells trigger trophoblast invasion.
Cell Adh Migr. 2014;8(2):94–7. https://doi.org/10.4161/cam.28347.

60. Zhu JY, Pang ZJ, Yu YH. Regulation of trophoblast invasion: the role of
matrix metalloproteinases. Rev Obstet Gynecol. 2012;5(3-4):e137–43.

61. Staun-Ram E, Goldman S, Gabarin D, Shalev E. Expression and importance
of matrix metalloproteinase 2 and 9 (MMP-2 and -9) in human trophoblast
invasion. Reprod Biol Endocrinol. 2004;2(1):59. https://doi.org/10.1186/1477-
7827-2-59.

62. Fan XL, Zhang Y, Li X, Fu QL. Mechanisms underlying the protective effects
of mesenchymal stem cell-based therapy. Cell Mol Life Sci. 2020;77(14):
2771–94. https://doi.org/10.1007/s00018-020-03454-6.

63. DeCicco-Skinner KL, Henry GH, Cataisson C, Tabib T, Gwilliam JC,
Watson NJ, et al. Endothelial cell tube formation assay for the in vitro
study of angiogenesis. J Vis Exp. 2014;91(91):e51312. https://doi.org/10.3
791/51312.

64. Xiao JP, Yin YX, Gao YF, Lau S, Shen F, Zhao M, et al. The increased maternal
serum levels of IL-6 are associated with the severity and onset of
preeclampsia. Cytokine. 2012;60(3):856–60. https://doi.org/10.1016/j.cyto.2
012.07.039.

65. Wang CY, Tsai PY, Chen TY, Tsai HL, Kuo PL, Su MT. Elevated miR-200a and
miR-141 inhibit endocrine gland-derived vascular endothelial growth factor
expression and ciliogenesis in preeclampsia. J Physiol. 2019;597(12):3069–83.
https://doi.org/10.1113/JP277704.

66. Deng Q, Li P, Che M, Liu J, Biswas S, Ma G, et al. Activation of hedgehog
signaling in mesenchymal stem cells induces cartilage and bone tumor
formation via Wnt/beta-Catenin. Elife. 2019;8. https://doi.org/10.7554/eLife.
50208.

67. Jeng KS, Jeng CJ, Jeng WJ, Sheen IS, Li SY, Leu CM, et al. Sonic Hedgehog
signaling pathway as a potential target to inhibit the progression of
hepatocellular carcinoma. Oncol Lett. 2019;18(5):4377–84. https://doi.org/1
0.3892/ol.2019.10826.

68. Pan YB, Gong Y, Ruan HF, Pan LY, Wu XK, Tang C, et al. Sonic hedgehog
through Gli2 and Gli3 is required for the proper development of placental
labyrinth. Cell Death Dis. 2015;6(2):e1653. https://doi.org/10.1038/cddis.201
5.28.

69. Zhu HB, Zou CC, Fan XY, Xiong WY, Tang LF, Wu XM, et al. Up-regulation of
11 beta-hydroxysteroid dehydrogenase type 2 expression by Hedgehog
ligand contributes to the conversion of cortisol into cortisone.
Endocrinology. 2016;157(9):3529–39. https://doi.org/10.1210/en.2016-1286.

70. Zhang Y, Zhang Y. Forkhead box C2 promotes the invasion ability of
human trophoblast cells through Hedgehog (Hh) signaling pathway. Cell
Biol Int. 2018;42(7):859–66. https://doi.org/10.1002/cbin.10953.

71. Ullah M, Liu DD, Thakor AS. Mesenchymal stromal cell homing: mechanisms
and strategies for improvement. iScience. 2019;15:421–38. https://doi.org/1
0.1016/j.isci.2019.05.004.

72. Watt SM, Gullo F, van der Garde M, Markeson D, Camicia R, Khoo CP, et al.
The angiogenic properties of mesenchymal stem/stromal cells and their
therapeutic potential. Br Med Bull. 2013;108(1):25–53. https://doi.org/10.1
093/bmb/ldt031.

73. Kalinina NI, Sysoeva VY, Rubina KA, Parfenova YV, Tkachuk VA. Mesenchymal
stem cells in tissue growth and repair. Acta Naturae. 2011;3(4):30–7. https://
doi.org/10.32607/20758251-2011-3-4-30-37.

74. Yew TL, Hung YT, Li HY, Chen HW, Chen LL, Tsai KS, et al. Enhancement of
wound healing by human multipotent stromal cell conditioned medium:
the paracrine factors and p38 MAPK activation. Cell Transplant. 2011;20(5):
693–706. https://doi.org/10.3727/096368910X550198.

75. McAndrews KM, McGrail DJ, Ravikumar N, Dawson MR. Mesenchymal stem
cells induce directional migration of invasive breast cancer cells through
TGF-beta. Sci Rep. 2015;5(1):16941. https://doi.org/10.1038/srep16941.

Romberg et al. BMC Medicine           (2022) 20:35 Page 19 of 20

https://doi.org/10.1186/s13287-019-1373-z
https://doi.org/10.1186/s13287-019-1373-z
https://doi.org/10.4161/cc.8.3.7651
https://doi.org/10.1007/978-1-61779-854-2_8
https://doi.org/10.1007/978-1-61779-854-2_8
https://doi.org/10.1016/j.humpath.2014.02.002
https://doi.org/10.1016/j.humpath.2014.02.002
https://doi.org/10.7554/eLife.10734
https://doi.org/10.3390/cells8101288
https://doi.org/10.3390/cells8101288
https://doi.org/10.1007/s00018-019-03104-6
https://doi.org/10.1007/s00018-019-03104-6
https://doi.org/10.1111/obr.12716
https://doi.org/10.1016/j.tcb.2016.08.002
https://doi.org/10.1016/j.semcdb.2020.05.029
https://doi.org/10.1002/stem.2341
https://doi.org/10.1073/pnas.182542899
https://doi.org/10.1002/stem.1857
https://doi.org/10.18632/oncotarget.5922
https://doi.org/10.18632/oncotarget.12482
https://doi.org/10.18632/oncotarget.12482
https://doi.org/10.1038/s41598-018-34527-z
https://doi.org/10.1038/s41598-018-34527-z
https://doi.org/10.1371/journal.pone.0184182
https://doi.org/10.1016/j.biocel.2013.07.024
https://doi.org/10.1111/obr.12679
https://doi.org/10.3346/jkms.2009.24.4.547
https://doi.org/10.3346/jkms.2009.24.4.547
https://doi.org/10.1634/stemcells.2007-0022
https://doi.org/10.1016/j.placenta.2013.06.311
https://doi.org/10.1016/j.placenta.2013.06.311
https://doi.org/10.4161/cam.28347
https://doi.org/10.1186/1477-7827-2-59
https://doi.org/10.1186/1477-7827-2-59
https://doi.org/10.1007/s00018-020-03454-6
https://doi.org/10.3791/51312
https://doi.org/10.3791/51312
https://doi.org/10.1016/j.cyto.2012.07.039
https://doi.org/10.1016/j.cyto.2012.07.039
https://doi.org/10.1113/JP277704
https://doi.org/10.7554/eLife.50208
https://doi.org/10.7554/eLife.50208
https://doi.org/10.3892/ol.2019.10826
https://doi.org/10.3892/ol.2019.10826
https://doi.org/10.1038/cddis.2015.28
https://doi.org/10.1038/cddis.2015.28
https://doi.org/10.1210/en.2016-1286
https://doi.org/10.1002/cbin.10953
https://doi.org/10.1016/j.isci.2019.05.004
https://doi.org/10.1016/j.isci.2019.05.004
https://doi.org/10.1093/bmb/ldt031
https://doi.org/10.1093/bmb/ldt031
https://doi.org/10.32607/20758251-2011-3-4-30-37
https://doi.org/10.32607/20758251-2011-3-4-30-37
https://doi.org/10.3727/096368910X550198
https://doi.org/10.1038/srep16941


76. Sosa SEY, Flores-Pliego A, Espejel-Nunez A, Medina-Bastidas D, Vadillo-
Ortega F, Zaga-Clavellina V, et al. New insights into the role of matrix
metalloproteinases in preeclampsia. Int J Mol Sci. 2017;18(7). https://doi.
org/10.3390/ijms18071448.

77. Mendes S, Timoteo-Ferreira F, Almeida H, Silva E. New insights into the
process of placentation and the role of oxidative uterine microenvironment.
Oxid Med Cell Longev. 2019;2019:1–18. https://doi.org/10.1155/2019/9174
521.

78. Melief SM, Schrama E, Brugman MH, Tiemessen MM, Hoogduijn MJ, Fibbe
WE, et al. Multipotent stromal cells induce human regulatory T cells through
a novel pathway involving skewing of monocytes toward anti-inflammatory
macrophages. Stem Cells. 2013;31(9):1980–91. https://doi.org/10.1002/
stem.1432.

79. Kermack AJ, Stocker LJ, Coleman M. Placental growth factor testing in
suspected pre-eclampsia. Lancet. 2020;395(10221):335–6. https://doi.org/10.1
016/S0140-6736(19)32566-8.

80. Athanassiades A, Hamilton GS, Lala PK. Vascular endothelial growth factor
stimulates proliferation but not migration or invasiveness in human
extravillous trophoblast. Biol Reprod. 1998;59(3):643–54. https://doi.org/10.1
095/biolreprod59.3.643.

81. Bills VL, Hamdollah-Zadeh M, Soothill PW, Harper SJ, Bates DO. The role of
VEGF-A165b in trophoblast survival. BMC Pregnancy Childbirth. 2014;14(1):
278. https://doi.org/10.1186/1471-2393-14-278.

82. Pastuschek J, Nonn O, Gutierrez-Samudio RN, Murrieta-Coxca JM, Muller J,
Sanft J, et al. Molecular characteristics of established trophoblast-derived
cell lines. Placenta. 2021;108:122–33. https://doi.org/10.1016/j.placenta.2021.
02.022.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Romberg et al. BMC Medicine           (2022) 20:35 Page 20 of 20

https://doi.org/10.3390/ijms18071448
https://doi.org/10.3390/ijms18071448
https://doi.org/10.1155/2019/9174521
https://doi.org/10.1155/2019/9174521
https://doi.org/10.1002/stem.1432
https://doi.org/10.1002/stem.1432
https://doi.org/10.1016/S0140-6736(19)32566-8
https://doi.org/10.1016/S0140-6736(19)32566-8
https://doi.org/10.1095/biolreprod59.3.643
https://doi.org/10.1095/biolreprod59.3.643
https://doi.org/10.1186/1471-2393-14-278
https://doi.org/10.1016/j.placenta.2021.02.022
https://doi.org/10.1016/j.placenta.2021.02.022

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	What is new?
	What is relevant?
	Summary

	Background
	Methods
	Human placental tissue samples
	Cell lines, organoid formation, spheroid formation, surface marker, cell viability, and cell cycle
	Isolation of hCV-MSCs
	Isolation of human umbilical vein endothelial cells (HUVECs)
	Osteogenic, chondrogenic, and adipogenic differentiation of hCV-MSCs
	Immunofluorescence staining of placental tissues and hCV-MSCs
	Indirect immunofluorescence staining, imaging, and signal intensity measurement
	Activation of the Hh pathway, zymography, and ELISA
	RNA extraction and real-time PCR
	Cellular network formation, cell motility, migration, and cell attraction
	Statistical analysis

	Results
	Placenta chorionic villous stroma cells are ciliated, the population of ciliated cells and their cilium lengths decrease during gestation
	Early-onset and term PE affects the primary cilium of hCV-MSCs
	Deficient Hedgehog (Hh) signaling in term PE hCV-MSCs
	Preeclampsia compromises the differentiation capacity of hCV-MSCs
	Preeclamptic hCV-MSCs decrease their own motility, their ability to stimulate mobility of trophoblastic cells and growth of human placental organoids
	PE hCV-MSCs are less capable of facilitating the cellular network formation of HUVECs

	Discussion
	Conclusion
	Abbreviations
	Supplementary Information
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

