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Abstract: CX3CL1, which is a chemokine involved in many aspects of human pregnancy, is a
membrane-bound chemokine shed into circulation as a soluble isoform. Placental CX3CL1 is induced
by inflammatory cytokines and is upregulated in severe early-onset preeclampsia. In this study, the
hypothesis was addressed whether angiotensin II can deregulate placental CX3CL1 expression, and
whether CX3CL1 can promote a pro-inflammatory status of monocytes. qPCR analysis of human
placenta samples (n = 45) showed stable expression of CX3CL1 and the angiotensin II receptor AGTR1
throughout the first trimester, but did not show a correlation between both or any influence of
maternal age, BMI, and gestational age. Angiotensin Il incubation of placental explants transiently
deregulated CX3CL1 expression, while the angiotensin II receptor antagonist candesartan reversed
this effect. Overexpression of recombinant human CX3CL1 in SGHPL-4 trophoblasts increased
adhesion of THP-1 monocytes and significantly increased IL8, CCL19, and CCL13 in co-cultures
with human primary monocytes. Incubation of primary monocytes with CX3CL1 and subsequent
global transcriptome analysis of CD16* subsets revealed 81 upregulated genes, including clusterin,
lipocalin-2, and the leptin receptor. Aldosterone synthase, osteopontin, and cortisone reductase were
some of the 66 downregulated genes present. These data suggest that maternal angiotensin II levels
influence placental CX3CL1 expression, which, in turn, can affect monocyte to trophoblast adhesion.
Release of placental CX3CL1 could promote the pro-inflammatory status of the CD16" subset of
maternal monocytes.
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1. Introduction

The human placenta functions as an interface between the mother and the fetus by fulfilling a
wide-ranging panel of pregnancy maintaining functions, including exchange of gases and metabolites,
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regulation of water balance, dissipation of heat, and secretion of endocrine and immune-modulating
factors. The vast majority of placenta-derived factors are synthesized in the syncytiotrophoblast, which
covers all placental villous trees as well as parts of the inner surfaces of chorionic and basal plates [1].
Besides hormones, cytokines, and growth factors, components of the maternal renin-angiotensin
system (RAS) are considered as potent key players at the maternal-fetal interface. The activity of
maternal RAS is mediated through various ANG peptides and receptors and is suggested to be
influenced at various stages of gestation by contribution from tissue-based RAS in the ovaries and
the uteroplacental unit [2]. The main effector molecule of RAS is angiotensin II (Angll), which acts
on the angiotensin II type 1 receptor (ATIR, encoded by AGTR1) and the Angll type 2 receptor
(AT2R, encoded by AGTR?2). Both receptors have been described to be expressed in trophoblast
subpopulations at the maternal-fetal interface, with AT1R predominantly expressed by differentiated
trophoblasts, i.e., the syncytiotrophoblast and extravillous trophoblasts in cell columns, and AT2R
expressed in proliferating villous cytotrophoblasts [3]. Immunohistochemistry located AT1R at the
microvillous plasma membrane of the syncytiotrophoblast, which enables direct interaction with
maternal circulating Angll and, thereby, induction of an endocrine and/or immune-modulating
response by the placenta. Application of Angll stimulates secretion of factors such as placental
lactogen, estradiol, and the soluble form of vascular endothelial growth factor receptor 1 (sFlt-1) from
human placental explants via AT1R [4-6].

Besides acting as powerful vasoconstrictor, Angll is suggested to exert a pro-inflammatory effect
on leukocytes, endothelial cells, and vascular smooth muscle cells [7]. Since maternal plasma Angll
levels are significantly rising from the second trimester of pregnancy onwards [8], it is tempting to
speculate about a role of maternal Angll in inducing an inflammatory response in human placenta.
Angll functions via AT1R as an inflammatory mediator through activation of the nuclear factor-«xB
(NF-kB) and activator protein-1 (AP-1) pathways [9-11], which, in turn, induce transcription of
proinflammatory adhesion molecules, cytokines, and chemokines. Chemokines are categorized into
four subfamilies depending on the number and spacing of the first two cysteine residues in a conserved
cysteine structural motif [12]. These four subclasses are referred to as C, CC, CXC, and CX3C, where
Cis a cysteine and X is any amino-acid residue. Among the CX3C subclass, CX3CL1 (also referred
to as fractalkine) is synthesized as transmembrane molecule, which can be released as a soluble
isoform into circulation by metalloprotease-dependent shedding [13,14]. CX3CL1 has recently attracted
attention in the field of reproductive research by regulating adhesion and migration processes in
fetal-maternal interaction at different stages of human pregnancy [15]. Furthermore, a growing
body of evidence suggests that a number of pregnancy pathologies, including chorioamnionitis [16],
diabetic pregnancy [17], and severe early-onset preeclampsia (PE) [18,19], are associated with increased
placental CX3CL1 expression. Furthermore, CX3CL1 is elevated in several cardiovascular diseases like
diabetes, obesity, and metabolic syndrome that are also risk factors for an adverse pregnancy outcome
and promotes platelet activation and vascular dysfunction in congestive heart failure [20,21].

Herein, we describe the expression profiles and correlation of human placental CX3CL1 and
AT1R in first trimester gestation, with consideration of the fetal sex, and test the hypothesis whether
exogenously applied Angll, which mimics circulating maternal Angll, can deregulate the expression
of CX3CL1 in human first trimester placenta. Moreover, adhesion of monocyte cell line THP-1
to CX3CL1-overexpressing trophoblasts as well as effects of recombinant human CX3CL1 on the
transcriptome of human primary monocytes were analyzed.

2. Results

In order to determine expression dynamics of placental CX3CL1 and AGTR1 during a human
first trimester pregnancy, placental tissue from non-smoking, lean (BMI < 25), healthy women
(n = 45, Table 1) undergoing elective termination of pregnancy was subjected to quantitative gene
expression analysis.
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Table 1. Baseline characteristics of the study participants.

Characteristics Female (n = 25) Male (n = 20) p Value
Gestational age (days) 56.84 +12.62 56.85 +13.55 0.998
Fetal crown-rump length (CRL) 1.74 +1.27 1.84 +1.43 0.797
Placental volume 220 +1.74 1.86 +0.79 0.625
Maternal age (years) 26.68 +4.61 25.30 + 5.45 0.362
Maternal weight (kg) 58.32 +7.40 57.25 +7.89 0.642
Maternal height (cm) 164.84 +4.57 165.25 =+ 6.80 0.811
Maternal BMI 21.44 +2.34 20.90 +1.85 0.399

Data are presented as means + SD.

Accordingly, both CX3CL1 (Figure 1A) and AGTR1 expression (Figure 1B) revealed no significant
changes among different weeks, which suggests stable expression of both genes throughout the
first trimester gestation. Moreover, no correlation was found for CX3CL1 and AGTRI1 (Pearson,
r = —0.009, p = 0.953) and, in a linear regression model, no influence of maternal and fetal factors
could be determined (coefficients were maternal age, BMI, placental volume, fetal crown-rump-length,
gestational age). Notably, the fetal sex did not show a remarkable effect on expression dynamics nor
correlation of both CX3CL1 and AGTR1. However, for placental CX3CL1, the gestational week 7
(p = 0.032) and, for AGTR1, the gestational week 9 (p = 0.036) showed sex-dependent differences in
expression (Mann-Whitney U, two tailed, alpha = 0.05).
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Figure 1. CX3CL1 and AGTR1 mRNA expression in human first trimester placenta. Placental tissue
samples (1 = 45) from healthy, lean (BMI < 25), non-smoking women with gestational ages ranging
from 5 weeks to 10 weeks were analyzed for CX3CL1 (A) and AGTR1 (B) mRNA expression.

Next, we tested the effect of exogenous Angll on placental CX3CL1 expression in human first
trimester placental explant culture. qPCR analysis of placental explants showed an initial 1.75-fold
upregulation of CX3CL1 expression in response to Angll (0.1 pM) after 3 h (Figure 2A), whereas,
after 6 hours, expression was decreased (0.51-fold) when compared to untreated control (Figure 2B).
After 24 h, the expression was unchanged (0.95-fold, Figure 2C). Application of the AT1R antagonist
candesartan reversed the Angll-mediated deregulation of CX3CL1, while candesartan alone did not
show significant effects. Analysis of CX3CL1 expression in placental explants cultured under the same
experimental settings for 24 h did not show significant effects of AngllI (Figure 2C), which suggests a
quick and transient response to the AnglI stimulus.
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Figure 2. Angll mediates a transient deregulation of placental CX3CL1. Placental explants were
cultured with or without AnglI (0.1 uM) in the presence or the absence of the ATIR antagonist
Candesartan (0.1 uM) for 3 h (A), 6 h (B), and 24 h (C), respectively. Data are presented as median
+ IQR (whiskers are min. to max,, inAn=4,inBn=7inCn =7 *p <0.05) from different
placental tissues.

Having determined the effect of Angll on placental CX3CL1 expression, we next aimed to analyze
the effect of trophoblastic CX3CL1 on the adhesion of monocytes. For this purpose, overexpression
of recombinant human CX3CL1 was established in SGHPL-4 cells. While immunocytochemistry
for CX3CL1 showed only weak staining of control cells (Figure 3A), CX3CL1-overexpressing cells
were distinctly stained (Figure 3B). Inmunoblot analysis confirmed immunocytochemistry, which
showed a strong band of approximately 95kDa in CX3CL1 overexpressing cells (Figure 3C). Moreover,
CX3CL1-overexpressing cells substantially released soluble CX3CL1 (Figure 3D), which was generated
in a metalloprotease dependent shedding. Presence of the metalloprotease inhibitor Batimastat,
which has previously been shown to effectively block CX3CL1 shedding in placental explants [22],
almost completely abolished the release of soluble CX3CL1, while, at the same time, the cellular
form accumulated in the cells (Figure 3E). Subsequent adhesion assays revealed a 2.4-fold (p < 0.001)
increased adhesion of the monocyte cell line THP-1 to CX3CL1-overexpressing SGPHPL4 cells, when
compared to control cells (Figure 3F-H).
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Figure 3. CX3CL1 overexpression in trophoblast cell line SGHPL-4 mediates increased
monocyte adherence. SGHPL-4 control cells (A) and CX3CL1 stably overexpressing cells
(SGHPL-4-CX3CL1, B) were stained for CX3CL1 by immunocytochemistry. Western blot (C) confirmed
CX3CL1-overexpression in SGHPL-4-CX3CL1 cells. ELISA showed abundant release of soluble
CX3CL1 in supernatants of SGHPL-4-CX3CL1 after 48 h of culturing (D). Metalloprotease inhibitor
Batimastat, at concentrations of 5 uM and 10 uM, decreased the release of soluble CX3CL1, while cell
associated CX3CL1 accumulated, when compared to the control after 48 h (E). Adhesion assays were
performed with SGHPL-4 control cells (F) and SGHPL-4-CX3CL1 cells (G), which were co-cultured
with fluorescence CellTracker Green pre-labeled THP-1 monocytes for 90 min. Monocyte adhesion was
assessed by acquisition of trophoblast monolayer areas and bound THP-1 cells in phase contrast and
green fluorescence channel, respectively. Pixel areas of bound monocytes were related to pixel areas of
trophoblast monolayers and data for SGHPL-4-control was set as one. Data are from three independent
experiments, using different cell passages and are presented as mean 4+ SEM *** p < 0.001.

Since increased monocyte to trophoblast adhesion may contribute to a local pro-inflammatory

microenvironment, we next analyzed a panel of 40 cytokines and chemokines released by co-cultures
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of primary monocytes from healthy, female donors in child-bearing age with either CX3CL1
-overexpressing or control SGHPL-4 cells. Among analyzed factors, IL8, CCL19, and CCL13 were
significantly increased and an additional 13 analytes showed a trend to increase, when monocytes
were co-cultured with CX3CL1-SGHPL-4 cells, compared to controls after 6 h (Table 2).

Table 2. Released cytokines and chemokines in co-cultures of SGHPL-4 cells and human
primary monocytes.

Cytokine/Chemokine  Aliases ((}:);11:3 E:aﬁr(xillj Cfl:Ldge p Value
MIF 5993.0 + 928.5 5740.5 + 653.6 0.96 0.6857
1L8 CXCL8 181.7 + 40.3 347.1 + 23.1 1.91 0.0286

CCL2 MCP-1 375 + 6.3 473 + 14.6 1.26 0.8857
IL6 26.9 + 7.7 24.1 + 1.5 0.89 1.0000
CCL24 eotaxin2  18.9 + 12.3 34.9 + 13.5 1.85 0.3005
IL16 16.4 + 3.4 23.7 + 41 1.44 0.3429
CCL19 MIP-3 7.1 + 2.5 14.5 + 17 2.03 0.0294
CCL13 MCP-4 34 + 0.5 5.8 + 0.3 1.69 0.0286
CXCL16 SCYB16 3.1 + 0.6 3.8 + 0.6 1.25 0.4857
CCL20 MIP-30 2.8 + 1.2 9.8 + 4.6 3.47 0.3429
CCL3 MIP-1o 17 + 0.4 1.8 + 0.1 1.06 0.8857
CCL8 MCP-2 0.9 + 0.2 0.4 + 0.2 0.45 0.3094
CXCL11 I-TAC 0.6 + 0.4 0.8 + 0.3 1.26 0.8794
CXCL5 ENA-78 n.d. 198.3 + 67.5
CXCL1 Gro-« n.d. 62.0 + 36.6
CCL21 6Ckine n.d. 494 + 9.9
CXCL6 GCP-2 n.d. 134 + 7.8
IL10 n.d. 6.3 + 0.6
IL1B n.d. 0.5 + 0.3

Data are presented as mean + SEM, n = 4, n.d.: not detected, Mann Whitney test.

In order to investigate effects of soluble CX3CL1 on monocytes, we next incubated human
primary monocytes from healthy, female donors with recombinant human CX3CL1. After incubation,
nonclassical (patrolling) and intermediate (pro-inflammatory) CD16" subsets of monocytes, described
to express the CX3CL1-receptor CX3CR1 [23,24], were isolated and subjected to microarray analysis
of global gene expression profiles. Accordingly, 81 upregulated and 66 downregulated genes were
considered differentially expressed (Figure 4A and Figure S1). Among top upregulated genes were
clusterin (CLU), lipocalin-2 (LCN2), as well as the leptin receptor (LEPR), whereas top downregulated
genes included aldosterone synthase (CYP11B2), osteopontin (SSP1), as well as cortisone reductase
(11beta-hydroxysteroid dehydrogenase Type 1, HSD11B1). In addition, approximately 35% of
deregulated genes were yet uncharacterized loci and analysis of chromosomal location of deregulated
genes revealed two chromosomes (13 and 22) that did not show any deregulated genes (Figure
S2). Ontology-based enrichment analysis of the differentially expressed genes revealed a number
of processes and phenotypes highly connected to the cardiovascular system such as hypertension
or altered response to myocardial infarction (Figure 4B). Lastly, the STRING database derived
protein-protein interaction network analysis suggested deregulation of metabolic pathways, including
steroid hormone biosynthesis, glycerophospholipid metabolism, and mucin type O-glycan biosynthesis
in monocytes incubated with recombinant human CX3CL1 (Figure 4C).
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Figure 4. Transcriptome analyses of primary human CD16* monocytes. Primary human monocytes
were incubated with (stimulus, brown) or without (none, green) recombinant human CX3CL1.
Thereafter, CD16* subtypes were subjected to microarray analysis. The heat map of deregulated
genes (A), enrichment heatmap for biological processes from Mammalian Phenotype Ontology and
Jensen DISEASES Ontology with color representing fold change of a gene (B), and protein-protein
interaction networks according to STRING database with an edge thickness representing the confidence
level of the interaction with upregeulated genes in red and downregulated genes in blue (C).

3. Discussion

The present study suggests that maternal Angll levels affect placental CX3CL1 expression
in early human pregnancy. Results from placental explant culture indicate a transient biphasic
AT1R-mediated deregulation of placental CX3CL1 expression, including an initial rapid upregulation
with a subsequent transient downregulation in response to exogenous Angll. This observation is
somehow contrary to previous data obtained in human and murine endothelial as well as vascular
smooth muscle cells [25,26]. Higher AnglI concentrations and different cell types used in previous
studies may in part explain this discrepancy. In this case, we used placental explants, where cells
remain in situ, which rather reflects the in vivo situation than cell line monolayers. The lacking
association of placental AGTR1 and CX3CL1 in human first trimester, and their stable expression
levels independent of maternal factors or fetal sex suggests that the response is most likely not a
product of a constitutional increase of receptor expression. Results from previous studies in human
umbilical endothelial cells suggest that Angll-induced CX3CL1 synthesis is secondary to TNF-«
induction [25]. In line with this assumption, TNF-« strongly induces CX3CL1 expression in human first
trimester placenta, and has been suggested as one of the underlying triggers of upregulated CX3CL1
in severe early-onset pre-eclampsia (PE), which is a pathology that is a major contributor to maternal
and neonatal morbidity [18,27]. Besides CX3CL1, an activated RAS, including elevated placental
ATIR expression, higher Angll sensitivity and autoantibodies against the AT1R (AT1-AA) have been
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associated with this multifactorial disease [28-31]. Moreover, oxidative stress, which is generated
by an ischemia-reperfusion type phenomenon, is increasingly recognized as another contributing
factor of PE [32]. In pregnancy, vasoconstriction is mainly regulated by AnglI through AT1R signaling,
and ischemia reperfusion type injuries are closely related to the renin-angiotensin-system, which
may possibly increase Angll levels after hypoxia-reoxygenation. This also may induce endothelial
dysfunction, which is one of the key features of PE [33-35]. Furthermore, oxygen fluctuations have been
shown to affect placental RAS and AT1R [36-39], which, in turn, could influence maternal endothelial
dysfunction via AT1-AA and augmented vascular Angll sensitivity [40]. Upon such a change in
maternal Angll levels, membrane-bound CX3CL1 from endomembrane storage compartments could
be rapidly mobilized [41]. This also underlines the possibility of the effects described playing a role in
acute CX3CL1 response to fluctuating Angll levels in PE.

Results from the present study confirm the described CX3CL1-mediated monocyte to trophoblast
adhesion [42] and additionally suggests that binding of monocytes to CX3CL1-expressing trophoblasts
is accompanied by increased secretion of inflammatory cytokines, such as IL-8. This is in line with
our recent finding that a disturbed macrophage-trophoblast crosstalk leads to a pro-inflammatory
milieu and, thereby, contributes to preeclampsia [43]. Besides analysis of secreted cytokines and
chemokines, we performed global transcriptome analysis of primary CD16* monocytes, which showed
deregulated expression of immune-modulating factors in response to recombinant human CX3CL1.
Among upregulated genes were clusterin, which is an immune modulator described to activate
macrophages [24,25], the acute-phase protein lipocalin-2 [26], and the leptin receptor (LEPR). The
leptin receptor has been suggested to promote oxidative stress and CD16 expression in human
monocytes [27,28]. Among the top downregulated genes were aldosterone synthase (CYP11B2),
which is a key enzyme of aldosterone synthesis [29], osteopontin (SSP1), which has been associated
with monocyte-macrophage differentiation [30], as well as cortisone reductase (HSD11B1), which
generates cortisol from cortisone. Results from transcriptome analysis of CX3CL1-treated primary
monocytes and those of trophoblast-monocyte co-culture are, if at all, hardly comparable and it should
be stressed at this point that CX3CL1 alone might be insufficient to mediate complete adherence
and migration, since a previous study demonstrated that CX3CL1 synergistically acted on monocyte
chemotaxis and adhesion in conjunction with other pro-inflammatory cytokines [44]. Whether or
not, CX3CL1 overexpression induces expression and release of such synergistic factors or other
pro-inflammatory cytokines in trophoblasts remains open and calls for further in depth-analysis.
However, CX3CL1-mediated initiation of monocyte adhesion, by orchestrating a pro-inflammatory
chemotaxis [45], is suggested to induce a shift of the monocyte population towards the CD16*
subset which then predominantly expresses CX3CR1 [46]. Using monocytes from pregnant women
would certainly give more insight into pregnancy-related mechanisms, but, to gain CD16* monocyte
population in pregnant women, several challenges would have to be met. A paired study design
with isolation before and during pregnancy and the difficulty of obtaining informed consent for
drawing a fairly big amount of blood required for the monocyte isolation when compared to a routine
sampling are some of the biggest difficulties. As an alternative, it would have been interesting to
compare our CD16" monocytes from non-pregnant women to maternal CD16" monocytes by using
gene expression databases for single cell populations. However, such a database using the Human Cell
Atlas (https:/ /www.humancellatlas.org /) with entries about maternal monocytes has yet to be created.

Lastly, our results suggest an impact in biological processes like hypertension, abnormal kidney
morphology, myocardial infarction, and myocardium layer morphology. This is in line with the
recently described correlation between inflammatory macrophage expansion and vascular remodeling
in pulmonary hypertension [47] and could be a possible link to the increased risk of early all-cause
mortality of women with a history of preeclampsia that is related to a higher risk for future
cardiovascular events and developing end-stage renal disease [48,49]. STRING database network
analysis suggest that CX3CL1 deregulates key players involved in glycerophospholipid metabolism
and mucin type O-glycan biosynthesis. In the process of monocyte to trophoblast adhesion, mucin type
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o-glycosylation could occur in order to extend the mucin like CX3CL1 stalk, bearing the chemokine
domain and to facilitate monocyte binding [50]. Two residues were identified in the CX3CL1 chemokine
domain, namely Lys-7 and Arg-47 that are important determinants in mediating the interaction of
CX3CL1 with its receptor [51]. The regulation of this metabolic pathway in our microarray analysis
concomitant with the regulation of phospholipid synthesis in CX3CL1 treated peripheral monocytes
may indicate this mucin stalk extension and, on the other hand, reorganization of the GPCR CX3CR1
on the monocyte cell surface via lipid rafts [52].

4. Materials and Methods

4.1. Human Specimen

The study was approved by the ethical committee of the Medical University of Graz (26-132 ex
13/14; 15.1.2014). First trimester placental tissues were obtained between week 5 and 12 of gestation
with written informed consent from women undergoing legal elective surgical pregnancy terminations.
Blood sampling for monocyte isolation was approved by the regional committee of Medical Research
Ethics at the Medical Faculty of Charité Berlin (EA4/145/13; 09.1.2014).

4.2. qPCR Analysis

Placental tissue was homogenized in RNA Lysis Buffer (peqlab, VWR International, Avantor,
Darmstadt, Germany) using an UltraTurrax (IKA) and RNA was isolated, according to the
manufacturer’s instructions (peqlab, VWR International, Avantor, Darmstadt, Germany). RNA
quality was determined using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara,
CA, USA). Quality check was followed by reverse transcription of 1ug total RNA per reaction
using High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA),
according to the manufacturer’s manual. qPCR was performed with Blue S'Green qPCR Kit (Biozym,
Vienna, Austria) using a Bio-Rad CFX96 cycler and specific primers for CX3CL1 (CX3CL1_For:
CACCTTCTGCCATCTGACTGT and CX3CL1_Rev: GCATGATGCCTGGTTCTGTTG), AGTRI1
(AGTR1_For: CTATGGAATACCGCTGGCCC and AGTR1_Rev: TGCAGGTGACTTTGGCTACA),
and CX3CR1 (CX3CR1_For: CGTCATCAGCATTGATAGGTACCT and CX3CRI1_Rev:
CTGCACGGTCCGGTTGTT). Fetal sex was determined with specific primers for DDX3Y (DDX3Y_For:
AGTAGAGGCAACCGGCAGTA and DDX3Y_Rev: TGCACTGGAGTAGGACGAGTA) and for
XIST (XIST_For: GACACAAGGCCAACGACCTA and XIST_Rev: TCGCTTGGGTCCTCTATCCA).
Ct values and relative quantification of gene expression were automatically generated by the CFX
Manager 3.1 Software (Bio-Rad Laboratories; Hercules, CA, USA) using the expression of first trimester
placenta specific reference genes YWHAZ and CYC1 [53] as a reference.

4.3. Placental Explant Culture

Placental villous tissue from human first trimester was thoroughly rinsed in PBS (pH 7.0, 37 °C,
Gibco, Life Technologies, Thermo Fisher Scientific, Vienna, Austria) and dissected under a stereoscopic
microscope into small pieces of approximately 5 mg moist mass, as described previously [54]. Placental
explants were cultured in six well dishes (Nunc) and 4 mL/well DMEM/F12 (1:1, Gibco) supplemented
with, penicillin/streptomycin, amphotericin B and L-glutamine, without FCS in a hypoxic workstation
(BioSpherix, Redfield, NY, USA) under 2.5% oxygen for indicated time points at 37 °C. For treatments,
culture medium was supplemented with Angiotensin II (Sigma-Aldrich, St. Louis, MO, USA) at a
working concentration of 0.1 uM. Candesartan (Selleckchem, Munich, Germany) was used at 0.1 uM
and DMSO at the same volume served as solvent control.

4.4. CX3CL1 Overexpression in SGHPL-4 Cells

Human CX3CL1 coding sequence (sequence ID: NM_002996.4) was amplified by PCR
from cDNA with primers containing restriction sites for cloning into a pCAGGS vector
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(CX3CL1_EcoRI-F: 5'- atc gaattc ATGGCTCCGATATCTCTGTCGT -3’ and CX3CL1_Not1-R: 5'-atc
geggeege TCACACGGGCACCAGGACATA -3').  PCR reaction was performed with Phusion
High-Fidelity DNA Polymerase (New England BioLabs; Ipswich, MA, USA) using 50 ng of cDNA
template with 0.2 mM dNTPs, 0.5 uM primers, 3% DMSQ in a final volume of 20 pL. Cycling conditions
were: 98.0 °C for 30 s, followed by 35 cycles of 98.0 °C for 10 s, 66.0 °C for 30 s, and 72.0 °C for
1.5 min and final extension of 10 min at 72.0 °C. The PCR product was extracted from 1% agarose gel,
digested with EcoRI and Notl restriction enzymes, and cloned into the EcoRI/Notl restriction site
of the pCAGGS vector, which results in a CX3CL1 expressing construct under the CAGGS promoter
(pCAGGS-CX3CL1). To generate a construct for stable transgene overexpression, the CAGGS-CX3CL1
cassette was cut out with Sspl restriction enzyme from pCAGGS-CX3CL1 and cloned into EcoRV site,
which was generated by site directed mutagenesis into pT2B-puro Sleeping Beauty vector carrying
the SV40-puro cassette for puromycin selection. SGHPL-4 cells were electroporated with a 10:1
ratio of vector carrying CX3CL1 overexpression cassette and plasmid containing Sleeping Beauty
transposase using a Neon Transfection System (Life Technologies, Carlsbad, CA, USA). Two days
post-transfection puromycin selection was carried for two weeks. CX3CL1 overexpressing cells were
referred to as SGHPL-4-CX3CL1 and empty vector harboring cells as SGHPL-4-control cells. SGHPL-4
cells were cultured in Ham’s F-10 medium (Merck) and additionally supplemented with 10 % FCS (v/v),
100 mg/mL streptomycin, and 100 IU/mL penicillin (Gibco, Life Technologies, Carlsbad, CA, USA).

4.5. Culture of Monocyte Cell Line THP-1

The THP-1 cell line was obtained from ECACC and was cultured in RPMI 1640 supplemented
with 10% FCS (v/v), 100 mg/mL streptomycin, and 100 IU/mL penicillin (Gibco, Life Technologies) at
37 °C in a humidified atmosphere containing 5% CO; in air.

4.6. THP-1 Adhesion Assay

THP-1 adhesion experiments were performed as previously described [42]. SGHPL-4-CX3CL1
and SGHPL-4-control cells, respectively, were seeded with a density of 2 x 10° cells/well in 12
well plates. Next day, culture media were replaced by 1 mL RPMI medium containing green
fluorescence (CellTracker GreenCMFDA, Life Technologies, Carlsbad, CA, USA) labeled THP-1 cells
(4 x 10° cells/well), and cells were co-cultured at 37 °C for 90 min. After co-culture cells were washed
with PBS three times and were subsequently fixed with 4% formalin (1 mL/well) for 30 min at RT.
THP-1 adhesion was assessed by acquisition of SGHPL-4 monolayer areas (in phase-contrast) and
bound THP-1 cells (green fluorescence channel) in a Cell-IQ system (chipman technologies, Tampere,
Finland). Pixel areas of bound THP-1 cells were related to pixel areas of trophoblast monolayers
in 16 images per well using the Cell-IQ analyzer software (Cell-IQ Analyser v.AN 1.9.0, chipman
technologies, Tampere, Finland).

4.7. Immunocytochemistry

SGHPL-4 cells were seeded in chamber slides (8 x 10* cells/chamber) and cultured for 48 h.
Thereafter, cells were fixed in acetone for 10 minutes and rehydrated in PBS for 5 minutes. Cells
were stained using the UltraVision Large Volume Detection System HRP Polymer Kit (Thermo Fisher
Scientific, Carlsbad, CA, USA), as previously described [55]. In brief, endogenous peroxidase was
blocked with UltraVision hydrogen peroxide block for 10 min. Three washing steps with tris-buffered
saline (TBS + Tween) were followed by Ultra Vision Protein Block including 10% human serum
for 5 min. Polyclonal goat anti-CX3CL1 (2 ng/mL, AF365, R&D Systems) was diluted in Antibody
Diluent (DAKO) and incubated on slides for 45 min at RT. After three TBS washing steps detection was
achieved by incubation with HRP-conjugated rabbit anti-goat antibody (5 ng/mL, P0449, Dako, Agilent
Technologies), and 3-amino-9-ethylcarbacole (AEC, Thermo Scientific), according to the manufacturer’s
instructions. Nuclei were stained with hemalaun and slides were mounted with Kaiser’s glycerol



Int. . Mol. Sci. 2019, 20, 641 11 of 17

gelatine (Merck). Images were acquired with a Leica microscope (Leica DM6000B) and a digital camera
(Olympus DP72, Tokyo, Japan).

4.8. Immunoblotting

After incubation, the cells were washed with PBS and lysed in RIPA buffer (Sigma-Aldrich, Saint
Louis, MO, USA) including protease inhibitor cocktail (Roche Diagnostics; Mannheim, Germany).
Cell lysates were centrifuged at 8000x g and 4 °C for 10 min. The concentration of total tissue
protein was determined in clear supernatants according to the Lowry method. Additionally, 30
ug total protein were applied to precast 10% Bis-Tris gels (NuPAGE, Novex, Life Technologies).
Blotting on a 0.45 um nitrocellulose membrane (Hybond, Amersham Biosciences, GE Healthcare Life
Sciences, Little Chalfont, UK) was followed by analysis of blotting efficiency by Ponceau staining
(Ponceau S solution, Sigma Aldrich). Membranes were cut in horizontal strips at molecular weight
ranges for target proteins. Goat anti-CX3CL1 antibody (2 ug/mL, R&D Systems) and monoclonal
anti-beta actin antibody (12.4 ng/mL, clone AC-15, abcam, Cambridge, UK) were applied to membrane
strips overnight at 4 °C. HRP conjugated rabbit anti-goat (1:3000, Dako) and anti-mouse IgG (1:3000,
Bio-Rad), respectively, were used as secondary antibodies and incubated on membranes for 2 h at
RT. Immunodetection was performed with a chemiluminescent immunodetection kit (Western Bright
chemiluminescence Substrate Quantus, Biozym, Austria) according to the manufacturer’s instructions.
Images were acquired with FluorChem Q System (Alpha Innotech, Cell Bioscienes, Santa Clara, CA,
USA).

4.9. Isolation of Human Primary Monocytes

Human primary monocytes were isolated out of 65 ml blood taken from antecubital vein of
female donors (1 = 4), by density gradient centrifugation, using Bicoll (Biochrom) to obtain peripheral
blood mononuclear cells (PBMCs), which were subsequently subjected to Pan Monocyte Isolation Kit
(130-096-537, MACS, Miltenyi Biotec), according to the manufacturer’s protocol. The mean purity
of enriched monocytes was 91.5(£0.9)% and was evaluated on a Canto II multicolor flow cytometry
platform (BD). Monocytes were identified after live/dead discrimination and doublet exclusion as
being CD3~ CD19~ CD14" using fluorophore-conjugated monoclonal antibodies (Miltenyi Biotec,
Bergisch Gladbach, Germany).

4.10. Co-Culture of SGHPL-4 Cells and Human Primary Monocytes

SGHPL-4-CX3CL1 and SGHPL-4-control cells, respectively, were seeded in 2 mL RPMI medium
with a density of 4 x 10° cells/well in six-well dishes. The next day, media were replaced by 2 mL
RPMI medium containing 6 x 10° human primary monocytes per well. After 1 h of incubation at 37 °C,
the cells were gently washed with PBS twice and were cultured in 2 mL RPMI medium including
1% FCS for an additional 6 hours at 37 °C. After co-culturing, the conditioned culture media were
collected and centrifuged at 1500 x g and 4 °C for 5 min. The culture media were stored at —80 °C for
subsequent multiplex immunoassays.

4.11. Multiplex Immunoassays

Released cytokines and chemokines were analyzed in conditioned culture media using a
panel of 40 magnetic bead-based immunoassays (Bio-Plex Pro Human Chemokine Panel, 40-Plex
#171-AK99MR?2; Bio-Rad), and the Luminex200, according to the manufacturer’s manual.

4.12. Stimulation of Human Primary Monocytes with Recombinant Human CX3CL1

Human primary monocytes (5 x 10°/mL) were cultured in 5 mL RPMI medium containing
2% FCS in teflon coated bags [56] in the presence or the absence of recombinant human CX3CL1
(50 ng/mlL, Biolegend) at 37 °C and 10% CO,. After 18 h of culturing, monocytes were collected
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and subjected to isolation of CD16" monocytes, using the CD16" Monocyte Isolation Kit (Miltenyi
Biotec), according to the manufacturer’s manual. The primary monocytes were subjected to a two-step
procedure. First, cells were labeled with a non-monocyte depletion cocktail, for labeling and removing
CD15* granulocytes and CD56" natural killer cells. Thereafter, the flow through fraction was labeled
with CD16" magnetic microbeads for positive selection of CD16" monocytes. CD16 positive selection
was performed to enrich CD16* monocytes, described to express the CX3CL1-receptor CX3CR1 [23,24].
CX3CR1 expression in CD16" monocytes was confirmed by qPCR (Figure S3).

4.13. Microarray Analysis

Total mRNA was isolated from CD16" monocytes using QIAzol lysis reagent and Qiagen RNeasy
mini kit (Qiagen, Hilden, Germany) with on-column deoxyribonuclease I step (Qiagen), according
to the manufacturer’s protocol. mRNA quality and concentration was measured by Agilent RNA
Kits for the 2100 bioanalyzer. Isolated RNA was converted to DNA and biotin labeled in preparation
for transcriptome analysis using the GeneChip® WT PLUS Reagent Kit (Affymetrix, Thermo Fisher
Scientific). cDNA was hybridized to Affymetrix HuGene 2.0 ST Array Format 49 Chips, according
to the manufacturer’s instructions. Chips were then scanned in the GeneChip® Scanner 3000 7G
using Affymetrix GeneChip Command Console software. Microarray data have been deposited in
the ArrayExpress database [57] at EMBL-EBI (www.ebi.ac.uk/arrayexpress) under accession number
E-MTAB-7484, according to community guidelines, including the “Minimal Information about a
Microarray Experiment” (MIAME) [58].

Background subtraction, quantile normalization, and summarization of raw microarray probe
intensity values were done with RMA function from the oligo R package. Custom CDF from Brainarray
project [59], version 22.0.0, was used to summarize and annotate the probes to Entrez Gene ID.
Quality control was done with ArrayQualityMetrics [60] and factoextra (http://www.sthda.com/
english/rpkgs/factoextra) R packages. Differential expression analysis was performed with the
limma R package [61]. Due to a low sample size, p-values < 0.01 were considered as alternative to
false discovery rate correction (FDR), according to MAQC/SEQC recommendations [62]. EnrichR
R package was used for functional enrichment analysis as well as EnrichR [63] and ShinyGO web
services (http://bioinformatics.sdstate.edu/go/). FDR adjusted p-value < 0.05 and the top highest
EnrichR combined score were used when selecting enriched functional categories. The protein-protein
interaction network was extracted from STRING dababase version 11 [64]. Namely, after supplying
differentially expressed genes list, we filtered out disconnected nodes and low confidence interactions
(< 0.4), which resulted in the network in Figure 4C. Plots were produced with pheatmap (https://cran.
r-project.org/web/packages/pheatmap/index.html), karyotypeR [65], Enhanced Volcano (https:/ /doi.
org/doi:10.18129/B9.bioc. Enhanced Volcano), and ggplot2 (https:/ /cran.r-project.org/web/packages/
ggplot2/index.html) R packages. Genes’ chromosomal locations were obtained with the biomaRt R
package [66]. All the computations were done using Bioconductor version 3.6 (BiocInstaller 1.28.0,
City, Country) [67] and R version 3.4.4. The source code together with quality control plots is available
from a dedicated github repository (https://github.com/sysbio-vo/article-fractalkine-suppl).

4.14. Statistical Analysis

Statistical analysis was performed with IBM SPSS Statistics 23 and R 3.5.0. Graphs were created
with GraphPad Prism. Obtained data was first analyzed for normal distribution with the Shapiro-Wilk
test and the statistically appropriate tests were then chosen, according to the results. Alpha was set at
0.05 and adjusted for multiple testing and alpha-error-accumulation with a Bonferroni correction when
needed. For non-parametric analysis of dependent variables, the Friedman'’s test was applied as well
as the Dunn’s post hoc test, whereas the Pearson correlation coefficient were calculated for normally
distributed data. Homogeneity of variances was tested for by Levene’s test and, when appropriate,
Welch'’s correction was used. A linear regression model was applied in the cohort data for the analysis
of possible influencing factors.
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5. Conclusions

In summary, our data suggest that fluctuations in maternal AngllI levels are followed by an
immediate upregulation of placental CX3CL1, which, in turn, can contribute to a pro-inflammatory
micro-environment by activating patrolling and intermediate monocyte subsets. While the major
strength of this study is the use of a high case number of well-characterized human first trimester
placental tissues, the use of primary monocytes obtained from non-pregnant women may represent
a limitation. Pregnant women were shown to have an increased percentage of nonclassical and
intermediate monocytes compared to nonpregnant women, and preeclamptic women had an even
higher fraction of CD16* monocytes than pregnant women, which was caused by a selective
increase [68]. CX3CL1 promotes CD16 expression of monocytes and their survival [69]. Therefore,
our findings support a role of placental CX3CL1 in the pathological increase of intermediate and
nonclassical monocytes in preeclamptic women through an Angll mediated mechanism, which is
partly responsible for a pro-inflammatory setting.

Supplementary Materials: Supplementary materials can be found at http:/ /www.mdpi.com/1422-0067/20/3/
641/s1.

Author Contributions: Conceptualization, FH. and M.G. Data curation, A.F. Formal analysis, O.N., A.F., and
M.G. Funding acquisition, EH. and M.G. Investigation, O.N., ].G., D.E, and S.M. Methodology, O.N., ].G., D.F,,
SM., ]J.Z., and A.B. Resources, A.G. Supervision, M.G. Validation, O.N.,, ].G., D.E, S.M,, ].Z., and A.B. Visualization,
O.N,, AFE, EH., and M.G. Writing—original draft, O.N. and M.G. Writing—review & editing, O.N., FH., and M.G.

Funding: Martin Gauster was supported by the Austrian Science Fund (FWE): [P 29639, 1 3304, and Doc 31-B26]
and the Medical University Graz through the PhD programs Inflammatory Disorders in Pregnancy (DP-IDP) and
MolMed. Florian Herse was supported by Deutsche Forschungsgemeinschaft (HE6249/4-1; HE6249/5-1).

Acknowledgments: The authors gratefully appreciate the excellent technical assistance of Juliane Anders and
Monika Siwetz.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Benirschke, K.; Burton, G.J.; Baergen, R.N. Pathology of the Human Placenta, 6th ed.; Springer: Heidelberg,
Germany, 2012.

2. Lumbers, E.R; Pringle, K.G. Roles of the Circulating Renin-Angiotensin-Aldosterone System in Human
Pregnancy. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2014, 306, R91-R101. [CrossRef] [PubMed]

3. Tower, C.L.; Lui, S.; Charlesworth, N.R.; Smith, S.D.; Aplin, J.D.; Jones, R.L. Differential Expression of
Angiotensin II Type 1 and Type 2 Receptors at the Maternal-Fetal Interface: Potential Roles in Early Placental
Development. Reproduction 2010, 140, 931-942. [CrossRef] [PubMed]

4. Kalenga, M.K,; de Gasparo, M.; Thomas, K.; De Hertogh, R. Angiotensin II Induces Human Placental
Lactogen and Pregnancy-Specific Beta 1-Glycoprotein Secretion Via an Angiotensin AT1 Receptor.
Eur. ]. Pharmacol. 1994, 268, 231-236. [CrossRef]

5. Kalenga, M.K,; De Gasparo, M.; Thomas, K.; De Hertogh, R. Angiotensin-II Stimulates Estradiol Secretion
from Human Placental Explants through AT1 Receptor Activation. J. Clin. Endocrinol. Metab. 1995, 80,
1233-1237. [PubMed]

6. Zhou, C.C.; Ahmad, S.; Mi, T.; Xia, L.; Abbasi, S.; Hewett, PW.; Sun, C.; Ahmed, A.; Kellems, R.E.; Xia, Y.
Angiotensin II Induces Soluble Fms-Like Tyrosine Kinase-1 Release Via Calcineurin Signaling Pathway in
Pregnancy. Circ. Res. 2007, 100, 88-95. [CrossRef] [PubMed]

7. Dandona, P.; Dhindsa, S.; Ghanim, H.; Chaudhuri, A. Angiotensin II and Inflammation: The Effect of
Angiotensin-Converting Enzyme Inhibition and Angiotensin II Receptor Blockade. J. Hum. Hypertens. 2007,
21,20-27. [CrossRef] [PubMed]

8. Baker, P.N.; Broughton Pipkin, F; Symonds, E.M. Platelet Angiotensin II Binding and Plasma Renin
Concentration, Plasma Renin Substrate and Plasma Angiotensin II in Human Pregnancy. Clin. Sci. (Lond.)
1990, 79, 403—408. [CrossRef]


http://www.mdpi.com/1422-0067/20/3/641/s1
http://www.mdpi.com/1422-0067/20/3/641/s1
http://dx.doi.org/10.1152/ajpregu.00034.2013
http://www.ncbi.nlm.nih.gov/pubmed/24089380
http://dx.doi.org/10.1530/REP-10-0307
http://www.ncbi.nlm.nih.gov/pubmed/20837730
http://dx.doi.org/10.1016/0922-4106(94)90193-7
http://www.ncbi.nlm.nih.gov/pubmed/7714093
http://dx.doi.org/10.1161/01.RES.0000254703.11154.18
http://www.ncbi.nlm.nih.gov/pubmed/17158338
http://dx.doi.org/10.1038/sj.jhh.1002101
http://www.ncbi.nlm.nih.gov/pubmed/17096009
http://dx.doi.org/10.1042/cs0790403

Int. ]. Mol. Sci. 2019, 20, 641 14 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Browatzki, M.; Larsen, D.; Pfeiffer, C.A.; Gehrke, S.G.; Schmidyt, J.; Kranzhofer, A.; Katus, H.A.; Kranzhofer, R.
Angiotensin II Stimulates Matrix Metalloproteinase Secretion in Human Vascular Smooth Muscle Cells Via
Nuclear Factor-kappaB and Activator Protein 1 in a Redox-Sensitive Manner. J. Vasc. Res. 2005, 42, 415-423.
[CrossRef]

Ruiz-Ortega, M.; Lorenzo, O.; Ruperez, M.; Blanco, J.; Egido, J. Systemic Infusion of Angiotensin II into
Normal Rats Activates Nuclear Factor-kappaB and AP-1 in the Kidney: Role of AT(1) and AT(2) Receptors.
Am. . Pathol. 2001, 158, 1743-1756. [CrossRef]

Ruiz-Ortega, M.; Lorenzo, O.; Egido, ]. Angiotensin III Increases MCP-1 and Activates NF-kappaB and AP-1
in Cultured Mesangial and Mononuclear Cells. Kidney Int. 2000, 57, 2285-2298. [CrossRef]

Zlotnik, A.; Yoshie, O. Chemokines: A New Classification System and their Role in Immunity. Immunity
2000, 12, 121-127. [CrossRef]

Garton, K.J.; Gough, PJ.; Blobel, C.P; Murphy, G.; Greaves, D.R.; Dempsey, PJ.; Raines, E.W. Tumor Necrosis
Factor-Alpha-Converting Enzyme (ADAM17) Mediates the Cleavage and Shedding of Fractalkine (CX3CL1).
J. Biol. Chem. 2001, 276, 37993-38001. [PubMed]

Hundhausen, C.; Misztela, D.; Berkhout, T.A.; Broadway, N.; Saftig, P; Reiss, K.; Hartmann, D.; Fahrenholz, E;
Postina, R.; Matthews, V.; et al. The Disintegrin-Like Metalloproteinase ADAMI0 is Involved in Constitutive
Cleavage of CX3CL1 (Fractalkine) and Regulates CX3CL1-Mediated Cell-Cell Adhesion. Blood 2003, 102,
1186-1195. [CrossRef] [PubMed]

Kervancioglu Demirci, E.; Salamonsen, L.A.; Gauster, M. The Role of CX3CL1 in Fetal-Maternal Interaction
during Human Gestation. Cell Adhes. Migr. 2016, 10, 189-196. [CrossRef] [PubMed]

Szukiewicz, D.; Kochanowski, J.; Mittal, TK.; Pyzlak, M.; Szewczyk, G.; Cendrowski, K. Chorioamnionitis
(ChA) Modifies CX3CL1 (Fractalkine) Production by Human Amniotic Epithelial Cells (HAEC) Under
Normoxic and Hypoxic Conditions. J. Inflamm. (Lond.) 2014, 11, 12. [CrossRef] [PubMed]

Szukiewicz, D.; Kochanowski, J.; Pyzlak, M.; Szewczyk, G.; Stangret, A.; Mittal, T.K. Fractalkine (CX3CL1)
and its Receptor CX3CR1 may Contribute to Increased Angiogenesis in Diabetic Placenta. Mediators Inflamm.
2013, 2013, 437576. [CrossRef] [PubMed]

Siwetz, M.; Dieber-Rotheneder, M.; Cervar-Zivkovic, M.; Kummer, D.; Kremshofer, J.; Weiss, G.; Herse, E,;
Huppertz, B.; Gauster, M. Placental Fractalkine is Up-Regulated in Severe Early-Onset Preeclampsia.
Am. ]. Pathol. 2015, 185, 1334-1343. [CrossRef]

Usta, A.; Turan, G.; Sancakli Usta, C.; Avci, E.; Adali, E. Placental Fractalkine Immunoreactivity in
Preeclampsia and its Correlation with Histopathological Changes in the Placenta and Adverse Pregnancy
Outcomes. |. Matern. Fetal. Neonatal Med. 2018. [CrossRef]

Hildemann, S.K.; Schulz, C.; Fraccarollo, D.; Schopp, C.; Flierl, U.; Wissel, K.; Pelisek, J.; Massberg, S.;
Bauersachs, J.; Schafer, A. Fractalkine Promotes Platelet Activation and Vascular Dysfunction in Congestive
Heart Failure. Thromb. Haemost. 2014, 111, 725-735. [CrossRef]

Flierl, U.; Bauersachs, J.; Schafer, A. Modulation of Platelet and Monocyte Function by the Chemokine
Fractalkine (CX3 CL1) in Cardiovascular Disease. Eur. ]. Clin. Investig. 2015, 45, 624-633. [CrossRef]
Siwetz, M.; Blaschitz, A.; Kremshofer, J.; Bilic, J.; Desoye, G.; Huppertz, B.; Gauster, M. Metalloprotease
Dependent Release of Placenta Derived Fractalkine. Mediat. Inflamm. 2014, 2014, 839290. [CrossRef]
[PubMed]

Thomas, G.; Tacke, R.; Hedrick, C.C.; Hanna, R.N. Nonclassical Patrolling Monocyte Function in the
Vasculature. Arterioscler. Thromb. Vasc. Biol. 2015, 35, 1306-1316. [CrossRef] [PubMed]

Yang, J.; Zhang, L.; Yu, C.; Yang, X.F; Wang, H. Monocyte and Macrophage Differentiation: Circulation
Inflammatory Monocyte as Biomarker for Inflammatory Diseases. Biomark. Res. 2014, 2. [CrossRef] [PubMed]
Rius, C.; Piqueras, L.; Gonzalez-Navarro, H.; Albertos, F.; Company, C.; Lopez-Gines, C.; Ludwig, A.;
Blanes, J.I; Morcillo, E.J.; Sanz, M.]J. Arterial and Venous Endothelia Display Differential Functional
Fractalkine (CX3CL1) Expression by Angiotensin-II. Arterioscler. Thromb. Vasc. Biol. 2013, 33, 96-104.
[CrossRef] [PubMed]

Zheng, L.; Cao, Y,; Liu, S.; Peng, Z.; Zhang, S. Neferine Inhibits Angiotensin II-Induced Rat Aortic Smooth
Muscle Cell Proliferation Predominantly by Downregulating Fractalkine Gene Expression. Exp. Ther. Med.
2014, 8, 1545-1550. [CrossRef] [PubMed]

Huppertz, B. Placental Origins of Preeclampsia: Challenging the Current Hypothesis. Hypertension 2008, 51,
970-975. [CrossRef]


http://dx.doi.org/10.1159/000087451
http://dx.doi.org/10.1016/S0002-9440(10)64130-2
http://dx.doi.org/10.1046/j.1523-1755.2000.00089.x
http://dx.doi.org/10.1016/S1074-7613(00)80165-X
http://www.ncbi.nlm.nih.gov/pubmed/11495925
http://dx.doi.org/10.1182/blood-2002-12-3775
http://www.ncbi.nlm.nih.gov/pubmed/12714508
http://dx.doi.org/10.1080/19336918.2015.1089378
http://www.ncbi.nlm.nih.gov/pubmed/26745855
http://dx.doi.org/10.1186/1476-9255-11-12
http://www.ncbi.nlm.nih.gov/pubmed/24851083
http://dx.doi.org/10.1155/2013/437576
http://www.ncbi.nlm.nih.gov/pubmed/23956503
http://dx.doi.org/10.1016/j.ajpath.2015.01.019
http://dx.doi.org/10.1080/14767058.2018.1505854
http://dx.doi.org/10.1160/TH13-08-0640
http://dx.doi.org/10.1111/eci.12443
http://dx.doi.org/10.1155/2014/839290
http://www.ncbi.nlm.nih.gov/pubmed/24771984
http://dx.doi.org/10.1161/ATVBAHA.114.304650
http://www.ncbi.nlm.nih.gov/pubmed/25838429
http://dx.doi.org/10.1186/2050-7771-2-1
http://www.ncbi.nlm.nih.gov/pubmed/24398220
http://dx.doi.org/10.1161/ATVBAHA.112.254870
http://www.ncbi.nlm.nih.gov/pubmed/23117657
http://dx.doi.org/10.3892/etm.2014.1952
http://www.ncbi.nlm.nih.gov/pubmed/25289057
http://dx.doi.org/10.1161/HYPERTENSIONAHA.107.107607

Int. ]. Mol. Sci. 2019, 20, 641 15 of 17

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Herse, F; Staff, A.C.; Hering, L.; Muller, D.N.; Luft, EC.; Dechend, R. AT1-Receptor Autoantibodies and
Uteroplacental RAS in Pregnancy and Pre-Eclampsia. J. Mol. Med. (Berl) 2008, 86, 697-703. [CrossRef]
Wenzel, K.; Rajakumar, A.; Haase, H.; Geusens, N.; Hubner, N.; Schulz, H.; Brewer, J.; Roberts, L.; Hubel, C.A;
Herse, E; et al. Angiotensin II Type 1 Receptor Antibodies and Increased Angiotensin II Sensitivity in
Pregnant Rats. Hypertension 2011, 58, 77-84. [CrossRef]

Herse, E; Dechend, R.; Harsem, N.K.; Wallukat, G.; Janke, J.; Qadri, F; Hering, L.; Muller, D.N.; Luft, EC;
Staff, A.C. Dysregulation of the Circulating and Tissue-Based Renin-Angiotensin System in Preeclampsia.
Hypertension 2007, 49, 604—611. [CrossRef]

Herse, F; LaMarca, B. Angiotensin II Type 1 Receptor Autoantibody (AT1-AA)-Mediated Pregnancy
Hypertension. Am. J. Reprod. Immunol. 2013, 69, 413—418. [CrossRef]

Burton, G.J.; Jauniaux, E. Placental Oxidative Stress: From Miscarriage to Preeclampsia. ]. Soc.
Guynecol. Investig. 2004, 11, 342-352. [CrossRef] [PubMed]

Cindrova-Davies, T. Gabor than Award Lecture 2008: Pre-Eclampsia-from Placental Oxidative Stress to
Maternal Endothelial Dysfunction. Placenta 2009, 30, S55-S65. [CrossRef] [PubMed]

Lamarca, B. Endothelial Dysfunction. an Important Mediator in the Pathophysiology of Hypertension
during Pre-Eclampsia. Minerva Ginecol. 2012, 64, 309-320.

Jauniaux, E.; Poston, L.; Burton, G.J. Placental-Related Diseases of Pregnancy: Involvement of Oxidative
Stress and Implications in Human Evolution. Hum. Reprod. Update 2006, 12, 747-755. [CrossRef] [PubMed]
Burton, G.J.; Jauniaux, E.; Murray, A.J. Oxygen and Placental Development; Parallels and Differences with
Tumour Biology. Placenta 2017, 56, 14-18. [CrossRef]

George, A.].; Thomas, W.G.; Hannan, R.D. The Renin-Angiotensin System and Cancer: Old Dog, New Tricks.
Nat. Rev. Cancer 2010, 10, 745-759. [CrossRef]

Zhao, Y.; Chen, X,; Cai, L.; Yang, Y.; Sui, G.; Fu, S. Angiotensin II/angiotensin II Type I Receptor (AT1R)
Signaling Promotes MCF-7 Breast Cancer Cells Survival Via PI3-kinase/ Akt Pathway. J. Cell. Physiol. 2010,
225,168-173. [CrossRef]

Kurlak, L.O.; Mistry, H.D.; Cindrova-Davies, T.; Burton, G.J.; Broughton Pipkin, F. Human Placental
Renin-Angiotensin System in Normotensive and Pre-Eclamptic Pregnancies at High Altitude and After
Acute Hypoxia-Reoxygenation Insult. ]. Physiol. 2016, 594, 1327-1340. [CrossRef]

Granger, ].P.; Alexander, B.T.; Llinas, M.T.; Bennett, W.A.; Khalil, R.A. Pathophysiology of Hypertension
during Preeclampsia Linking Placental Ischemia with Endothelial Dysfunction. Hypertension 2001, 38,
718-722. [CrossRef] [PubMed]

Liu, G.Y,; Kulasingam, V.; Alexander, R.T.; Touret, N.; Fong, A.M.; Patel, D.D.; Robinson, L.A. Recycling of
the Membrane-Anchored Chemokine, CX3CL1. J. Biol. Chem. 2005, 280, 19858-19866. [CrossRef] [PubMed]
Siwetz, M.; Sundl, M.; Kolb, D.; Hiden, U.; Herse, F.; Huppertz, B.; Gauster, M. Placental Fractalkine Mediates
Adhesion of THP-1 Monocytes to Villous Trophoblast. Histochem. Cell Biol. 2015, 143, 565-574. [CrossRef]
Przybyl, L.; Haase, N.; Golic, M.; Rugor, J.; Solano, M.E.; Arck, PC.; Gauster, M.; Huppertz, B.;
Emontzpohl, C.; Stoppe, C.; et al. CD74-Downregulation of Placental Macrophage-Trophoblastic Interactions
in Preeclampsia. Circ. Res. 2016, 119, 55-68. [CrossRef]

Haskell, C.A.; Cleary, M.D.; Charo, LF. Unique Role of the Chemokine Domain of Fractalkine in Cell Capture.
Kinetics of Receptor Dissociation Correlate with Cell Adhesion. ]. Biol. Chem. 2000, 275, 34183-34189.
[CrossRef]

Li, C.; He, J.; Zhong, X.; Gan, H.; Xia, Y. CX3CL1/CX3CR1 Axis Contributes to Angiotensin II-Induced
Vascular Smooth Muscle Cell Proliferation and Inflammatory Cytokine Production. Inflammation 2018, 41,
824-834. [CrossRef]

Lee, Y.S.; Kim, M.H.; Yi, H.S,; Kim, S.Y,; Kim, H.H.; Kim, ].H.; Yeon, J.E.; Byun, K.S.; Byun, J.S.; Jeong, W.I
CX3CR1 Differentiates F4/80(Low) Monocytes into Pro-Inflammatory F4/80(High) Macrophages in the
Liver. Sci. Rep. 2018, 8, 15076. [CrossRef]

Florentin, J.; Coppin, E.; Vasamsetti, S.B.; Zhao, J.; Tai, Y.Y.; Tang, Y.; Zhang, Y.; Watson, A.; Sembrat, J.;
Rojas, M.; et al. Inflammatory Macrophage Expansion in Pulmonary Hypertension Depends upon
Mobilization of Blood-Borne Monocytes. J. Immunol. 2018, 200, 3612-3625. [CrossRef]

Bellamy, L.; Casas, J.P.; Hingorani, A.D.; Williams, D.J. Pre-Eclampsia and Risk of Cardiovascular Disease
and Cancer in Later Life: Systematic Review and Meta-Analysis. BMJ 2007, 335, 974. [CrossRef]


http://dx.doi.org/10.1007/s00109-008-0332-4
http://dx.doi.org/10.1161/HYPERTENSIONAHA.111.171348
http://dx.doi.org/10.1161/01.HYP.0000257797.49289.71
http://dx.doi.org/10.1111/aji.12072
http://dx.doi.org/10.1016/j.jsgi.2004.03.003
http://www.ncbi.nlm.nih.gov/pubmed/15350246
http://dx.doi.org/10.1016/j.placenta.2008.11.020
http://www.ncbi.nlm.nih.gov/pubmed/19118896
http://dx.doi.org/10.1093/humupd/dml016
http://www.ncbi.nlm.nih.gov/pubmed/16682385
http://dx.doi.org/10.1016/j.placenta.2017.01.130
http://dx.doi.org/10.1038/nrc2945
http://dx.doi.org/10.1002/jcp.22209
http://dx.doi.org/10.1113/JP271045
http://dx.doi.org/10.1161/01.HYP.38.3.718
http://www.ncbi.nlm.nih.gov/pubmed/11566964
http://dx.doi.org/10.1074/jbc.M413073200
http://www.ncbi.nlm.nih.gov/pubmed/15774461
http://dx.doi.org/10.1007/s00418-014-1304-0
http://dx.doi.org/10.1161/CIRCRESAHA.116.308304
http://dx.doi.org/10.1074/jbc.M005731200
http://dx.doi.org/10.1007/s10753-018-0736-4
http://dx.doi.org/10.1038/s41598-018-33440-9
http://dx.doi.org/10.4049/jimmunol.1701287
http://dx.doi.org/10.1136/bmj.39335.385301.BE

Int. ]. Mol. Sci. 2019, 20, 641 16 of 17

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

McDonald, S.D.; Malinowski, A.; Zhou, Q.; Yusuf, S; Devereaux, PJ. Cardiovascular Sequelae of
preeclampsia/eclampsia: A Systematic Review and Meta-Analyses. Am. Heart . 2008, 156, 918-930.
[CrossRef]

Ostuni, M.A.; Guelleg, J.; Hermand, P.; Durand, P.; Combadiere, C.; Pincet, F.; Deterre, P. CX3CL1, a
Chemokine Finely Tuned to Adhesion: Critical Roles of the Stalk Glycosylation and the Membrane Domain.
Biol. Open 2014, 3, 1173-1182. [CrossRef]

Harrison, J.K.; Fong, A.M.; Swain, P.A.; Chen, S.; Yu, Y.R.; Salafranca, M.N.; Greenleaf, W.B.; Imai, T,;
Patel, D.D. Mutational Analysis of the Fractalkine Chemokine Domain. Basic Amino Acid Residues
Differentially Contribute to CX3CR1 Binding, Signaling, and Cell Adhesion. ]. Biol. Chem. 2001, 276,
21632-21641. [CrossRef]

Barnett-Norris, J.; Lynch, D.; Reggio, P.H. Lipids, Lipid Rafts and Caveolae: Their Importance for GPCR
Signaling and their Centrality to the Endocannabinoid System. Life Sci. 2005, 77, 1625-1639. [CrossRef]
Drewlo, S.; Levytska, K.; Kingdom, ]J. Revisiting the Housekeeping Genes of Human Placental Development
and Insufficiency Syndromes. Placenta 2012, 33, 952-954. [CrossRef]

Siwetz, M.; Blaschitz, A.; El-Heliebi, A.; Hiden, U.; Desoye, G.; Huppertz, B.; Gauster, M. TNF-Alpha Alters
the Inflammatory Secretion Profile of Human First Trimester Placenta. Lab. Invest. 2016, 96, 428. [CrossRef]
Gauster, M.; Maninger, S.; Siwetz, M.; Deutsch, A.; El-Heliebi, A.; Kolb-Lenz, D.; Hiden, U.; Desoye, G.;
Herse, F.; Prokesch, A. Downregulation of p53 Drives Autophagy during Human Trophoblast Differentiation.
Cell Mol. Life Sci. 2017, 75, 1839-1855. [CrossRef]

Binger, K.J.; Gebhardt, M.; Heinig, M.; Rintisch, C.; Schroeder, A.; Neuhofer, W.; Hilgers, K.; Manzel, A.;
Schwartz, C.; Kleinewietfeld, M.; et al. High Salt Reduces the Activation of IL-4- and IL-13-Stimulated
Macrophages. J. Clin. Invest. 2015, 125, 4223-4238. [CrossRef]

Kolesnikov, N.; Hastings, E.; Keays, M.; Melnichuk, O.; Tang, Y.A.; Williams, E.; Dylag, M.; Kurbatova, N.;
Brandizi, M.; Burdett, T.; et al. ArrayExpress Update—Simplifying Data Submissions. Nucleic Acids Res.
2015, 43, D1113-6. [CrossRef]

Brazma, A.; Hingamp, P.; Quackenbush, J.; Sherlock, G.; Spellman, P.; Stoeckert, C.; Aach, J.; Ansorge, W.;
Ball, C.A.; Causton, H.C,; et al. Minimum Information about a Microarray Experiment (MIAME)-Toward
Standards for Microarray Data. Nat. Genet. 2001, 29, 365-371. [CrossRef]

Sandberg, R.; Larsson, O. Improved Precision and Accuracy for Microarrays using Updated Probe Set
Definitions. BMC Bioinform. 2007, 8, 48. [CrossRef]

Kauffmann, A.; Gentleman, R.; Huber, W. ArrayQualityMetrics—A Bioconductor Package for Quality
Assessment of Microarray Data. Bioinformatics 2009, 25, 415-416. [CrossRef]

Ritchie, M.E.; Phipson, B.; Wu, D.; Hu, Y.; Law, CW.; Shi, W.; Smyth, G.K. Limma Powers Differential
Expression Analyses for RNA-Sequencing and Microarray Studies. Nucleic Acids Res. 2015, 43, e47. [CrossRef]
SEQC/MAQC-III Consortium. A Comprehensive Assessment of RNA-Seq Accuracy, Reproducibility and
Information Content by the Sequencing Quality Control Consortium. Nat. Biotechnol. 2014, 32, 903-914.
[CrossRef]

Chen, E.Y,; Tan, C.M.; Kou, Y.; Duan, Q.; Wang, Z.; Meirelles, G.V.; Clark, N.R.; Ma’ayan, A. Enrichr:
Interactive and Collaborative HTML5 Gene List Enrichment Analysis Tool. BMC Bioinform. 2013, 14, 128.
[CrossRef]

Szklarczyk, D.; Franceschini, A.; Wyder, S.; Forslund, K.; Heller, D.; Huerta-Cepas, J.; Simonovic, M.; Roth, A.;
Santos, A.; Tsafou, K.P; et al. STRING v10: Protein-Protein Interaction Networks, Integrated Over the Tree
of Life. Nucleic Acids Res. 2015, 43, D447-52. [CrossRef]

Gel, B.; Serra, E. KaryoploteR: An R/Bioconductor Package to Plot Customizable Genomes Displaying
Arbitrary Data. Bioinformatics 2017, 33, 3088-3090. [CrossRef]

Durinck, S.; Spellman, P.T.; Birney, E.; Huber, W. Mapping Identifiers for the Integration of Genomic Datasets
with the R/Bioconductor Package biomaRt. Nat. Protoc. 2009, 4, 1184-1191. [CrossRef]

Huber, W,; Carey, V.J.; Gentleman, R.; Anders, S.; Carlson, M.; Carvalho, B.S.; Bravo, H.C.; Davis, S.; Gatto, L.;
Girke, T.; et al. Orchestrating High-Throughput Genomic Analysis with Bioconductor. Nat. Methods 2015, 12,
115-121. [CrossRef]


http://dx.doi.org/10.1016/j.ahj.2008.06.042
http://dx.doi.org/10.1242/bio.20149845
http://dx.doi.org/10.1074/jbc.M010261200
http://dx.doi.org/10.1016/j.lfs.2005.05.040
http://dx.doi.org/10.1016/j.placenta.2012.09.007
http://dx.doi.org/10.1038/labinvest.2015.159
http://dx.doi.org/10.1007/s00018-017-2695-6
http://dx.doi.org/10.1172/JCI80919
http://dx.doi.org/10.1093/nar/gku1057
http://dx.doi.org/10.1038/ng1201-365
http://dx.doi.org/10.1186/1471-2105-8-48
http://dx.doi.org/10.1093/bioinformatics/btn647
http://dx.doi.org/10.1093/nar/gkv007
http://dx.doi.org/10.1038/nbt.2957
http://dx.doi.org/10.1186/1471-2105-14-128
http://dx.doi.org/10.1093/nar/gku1003
http://dx.doi.org/10.1093/bioinformatics/btx346
http://dx.doi.org/10.1038/nprot.2009.97
http://dx.doi.org/10.1038/nmeth.3252

Int. . Mol. Sci. 2019, 20, 641 17 of 17

68. Melgert, B.N.; Spaans, E; Borghuis, T.; Klok, P.A.; Groen, B.; Bolt, A.; de Vos, P.; van Pampus, M.G.; Wong, T.Y.;
van Goor, H.; et al. Pregnancy and Preeclampsia Affect Monocyte Subsets in Humans and Rats. PLoS ONE
2012, 7, e45229. [CrossRef]

69. White, G.E.; McNeill, E.; Channon, K.M.; Greaves, D.R. Fractalkine Promotes Human Monocyte Survival Via
a Reduction in Oxidative Stress. Arterioscler. Thromb. Vasc. Biol. 2014, 34, 2554-2562. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1371/journal.pone.0045229
http://dx.doi.org/10.1161/ATVBAHA.114.304717
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Human Specimen 
	qPCR Analysis 
	Placental Explant Culture 
	CX3CL1 Overexpression in SGHPL-4 Cells 
	Culture of Monocyte Cell Line THP-1 
	THP-1 Adhesion Assay 
	Immunocytochemistry 
	Immunoblotting 
	Isolation of Human Primary Monocytes 
	Co-Culture of SGHPL-4 Cells and Human Primary Monocytes 
	Multiplex Immunoassays 
	Stimulation of Human Primary Monocytes with Recombinant Human CX3CL1 
	Microarray Analysis 
	Statistical Analysis 

	Conclusions 
	References

