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Abstract
Preeclampsia is a pregnancy-specific hypertensive syndrome that causes substantial maternal and
fetal morbidity and mortality. Recent evidence indicates that maternal endothelial dysfunction in
preeclampsia results from increased soluble Fms-like tyrosine kinase-1 (sFlt-1), a circulating
antiangiogenic protein. Factors responsible for excessive production of sFlt-1 in preeclampsia
have not been identified. We tested the hypothesis that angiotensin II type 1 (AT1) receptor
activating autoantibodies, which occur in women with preeclampsia, contribute to increased
production of sFlt-1. IgG from women with preeclampsia stimulates the synthesis and secretion of
sFlt-1 via AT1 receptor activation in pregnant mice, human placental villous explants, and human
trophoblast cells. Using FK506 or short-interfering RNA targeted to the calcineurin catalytic
subunit mRNA, we determined that calcineurin/nuclear factor of activated T-cells signaling
functions downstream of the AT1 receptor to induce sFlt-1 synthesis and secretion by AT1-
receptor activating autoantibodies. AT1-receptor activating autoantibody–induced sFlt-1 secretion
resulted in inhibition of endothelial cell migration and capillary tube formation in vitro. Overall,
our studies demonstrate that an autoantibody from women with preeclampsia induces sFlt-1
production via angiotensin receptor activation and downstream calcineurin/nuclear factor of
activated T-cells signaling. These autoantibodies represent potentially important targets for
diagnosis and therapeutic intervention.
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Preeclampsia is a pregnancy-specific syndrome of hypertension and proteinuria, resulting in
substantial maternal and neonatal morbidity and mortality.1 Although the underlying
pathogenic mechanisms of the disorder are not well understood, preeclampsia is largely
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believed to be associated with uteroplacental ischemia and maternal endothelial cell
dysfunction.2–5 It is a widely held view that “toxic factors” secreted by the placenta into the
maternal circulation are responsible for systemic endothelial dysfunction, hypertension, and
multiorgan damage.6–11 Recent research has shown that soluble Fms-like tyrosine kinase-1
(sFlt-1) is 1 of the key “toxic factors” released by the placenta into the maternal circulation
and that it contributes to the hypertension, proteinuria, and endothelial cell dysfunction
associated with this disorder.12–15 sFlt-1 is a soluble form of the vascular endothelial growth
factor receptor that lacks the cytoplasmic tail and transmembrane domain but retains the
extracellular ligand-binding domain (sFlt-1 is also named sVEGFR1). Therefore, sFlt-1
prevents circulating vascular endothelial growth factor and placental growth factor
interactions with their proangiogenic receptors and functions as an antiangiogenic factor.
The level of sFlt-1 in the plasma of women with preeclampsia is elevated in comparison
with that in women with uncomplicated pregnancies,16–18 a feature consistent with
microarray data showing that sFlt-1 mRNA levels are elevated in placentas from women
with preeclampsia compared with placentas of normotensive pregnant women.12 The
physiological consequences of elevated sFlt-1 in preeclampsia have been examined recently
in animal studies. Administration of sFlt-1 to rats resulted in elevated blood pressure,
proteinuria, and renal changes, indicating that excessive placental-derived sFlt-1 may
contribute to these classic features preeclampsia. In view of the critical contributions of
sFlt1 to disease pathogenesis, it is important to identify factors responsible for increased
synthesis and secretion of sFlt-1 by the placentas of women with preeclampsia.

A local renin-angiotensin system plays an important role in regulating placental
development.19–24 Decidual tissue is enriched in the components needed for angiotensin II
(Ang II) production (ie, renin, angiotensinogen, and angiotensin-converting enzyme), and
placental tissue is enriched in the Ang II type 1 (AT1) receptor.23 We have shown recently
that Ang II stimulates sFlt-1 production by human trophoblast cells, placental villous
explants, and pregnant mice.25 These findings suggest that Ang II regulates sFlt-1 synthesis
and secretion by trophoblast cells of the placenta during pregnancy. Because Ang II levels
are not elevated in preeclampsia beyond that occurring in uncomplicated pregnancies,22,26

we must look for other factors to account for the additional synthesis and secretion of sFlt-1
associated with preeclampsia. Likely candidates are the angiotensin receptor–activating
autoantibodies present in women with preeclampsia.27 These autoantibodies interact with a
common epitope on the second extracellular loop of the AT1 angiotensin receptors.
Autoantibody-mediated activation of AT1 receptors on human trophoblast cells results in
increased production of reduced nicotinamide-adenine dinucleotide phosphate oxidase,
tissue factor, and plasminogen activator inhibitor-1. Activation of AT1 receptors by these
autoantibodies on various cell types provokes biological responses relevant to the
pathophysiology of preeclampsia.27–32 We report here that IgG from preeclamptic but not
normotensive pregnant individuals stimulates sFlt-1 synthesis and secretion by pregnant
mice, by human placental villous explants, and by cultured human trophoblasts. We show
that these autoantibodies are capable of inducing endothelial dysfunction via sFlt-1
induction. Notably we show that losartan and a 7-amino acid epitope peptide can prevent
AT1 receptor-activating autoantibody (AT1-AA)–induced sFlt-1 secretion and endothelial
dysfunction in vitro. Finally, we demonstrate that nuclear factor of activated T cells
(NFAT), a well known transcription factor activated by calcineurin signaling functioning
downstream of the AT1 receptor, may regulate sFlt-1 induction by AT1-AA at the
transcriptional level. Our findings suggest that angiotensin receptor agonistic autoantibodies
represent potentially important targets for diagnosis and therapeutic intervention in the
management of preeclampsia.
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Methods
Reagents

One-step RT-PCR kit, cell culture medium, antibiotics, and fetal bovine serum (FBS) were
purchased from Invitrogen. Ang II was from Sigma. Losartan was a generous gift from
Merck and Co, Inc. FK506 was purchased from Fujisawa Pharmaceuticals. Endothelial cell
culture medium EGM-2 was from Cambrex.

Patients
Patients who were admitted to Memorial Hermann Hospital were identified by the obstetric
faculty of the University of Texas Medical School at Houston. Patients were diagnosed with
severe preeclampsia based on the definition set by the National High Blood Pressure
Education Program Working Group report. The criteria include the presence of high blood
pressure of ≥160/110 mm Hg and the presence of protein in urine of ≥0.3 g in a 24-hour
period. These women had no previous history of hypertension. Other criteria included the
presence of persistent headache, visual disturbances, epigastric pain, or the HELLP
syndrome in women with blood pressure of ≥140/90 mm Hg. Normotensive pregnant
individuals were characterized by uncomplicated pregnancies with normal, term deliveries.
Characteristics of the patient population used for this study are provided in the Table. Blood
samples were centrifuged at 18 000g for 10 minutes, and the serum samples were stored at –
80°C. The research protocol, including the consent form, was approved by the institutional
committee for the protection of human subjects.

Preparation of the Immunoglobulin Fraction
The IgG fraction was isolated, as described previously,28 using GammaBind G Sepharose
(Amersham Biosciences). Typically, 200 μL of patient sera were applied to the column
matrix and eluted in 1.8 mL of buffer according to the manufacturer-recommended protocol.
This approach resulted in an ≈9-fold dilution of IgG from that originally present in patient
sera. Various dilutions of these samples, typically 1:10 or 1:20 dilution, were used for in
vitro assay using cultured cells or placental explants.

Synthetic Peptides
For the neutralization experiments, a synthetic peptide corresponding to a sequence present
on the second extracellular loop of the human AT1 receptor, AFHYESQ, was used. This
peptide was purchased from Baylor College of Medicine.

Introduction of Antibody Into Mice
C57BL/6J pregnant or nonpregnant mice (18 to 22 g; Harlan) were used in our study. All of
the animal studies were reviewed and approved by the animal welfare committee of the
University of Texas Houston Health Science Center. Mice were anesthetized with sodium
pentobarbital (50 mg/kg IP), and concentrated IgG purified from 200 μL of patient's serum
was introduced into 13-day pregnant mice or nonpregnant mice by orbital sinus injection.
Some animals also received losartan (0.24 mg) or a 7-amino acid peptide corresponding
with an epitope on the second extracellular loop of the AT1 receptor (1.5 mg). We collected
serum on gestation day 19 for measurement of the sFlt-1 concentration.

Human Placental Villous Explants Cultured With IgG
Human placental tissue was obtained from uncomplicated term pregnancies delivered by
elective cesarean section for breech presentation or a recurring indication in otherwise
uncomplicated pregnancies, as described previously.33,34 Informed consent was obtained
from the patients, and the study had the approval of the South Birmingham Ethical
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Committee. Five small fragments (15 to 20 mg wet weight) of placental villi were dissected
from the placenta, teased apart, and placed in 24-well plates. Placental villous explants were
cultured in phenol red-free DMEM (Sigma Ltd) supplemented with 100 μg/mL of
streptomycin, 100 U/mL of penicillin, and 0.2% BSA in 5% CO2 at 37°C. IgG purified from
normotensive and preeclamptic patients was added to the villous fragments at the indicated
concentrations and incubated for ≤72 hours at 37°C. For the inhibitor studies, losartan at 100
nM or a 7-amino acid peptide (AFHYESQ; 0.1 μmol/L) corresponding with an epitope on
the second extracellular loop of the AT1 receptor was added for 30 minutes before
stimulation with IgG. After 72 hours, the conditioned medium (CM) was collected and
stored at –20° for further analysis.

IgG Treatment and Collection of Conditioned Medium
For sFlt-1 induction, 1×105 human trophoblast cells HTR-8/SVneo35 were plated in 12-well
plates overnight. The next day, cells were changed to serum-free medium, treated with a
1:10 dilution of purified IgG, and incubated for an additional 3 or 4 days. For some
experiments, losartan (100 nM), FK506 (1 μmol/L), or the 7-amino acid epitope peptide
(AFHYESQ; 0.1 μmol/L) was added to culture medium 30 minutes before the addition of
IgG. After 3 or 4 days, cells and culture medium were collected and centrifuged at room
temperature for 15 minutes at 100g. Cell pellets were used for Western blot analysis.
Supernatants were termed conditioned medium (CM) and used for a variety of experiments.
The concentration of sFlt-1 in CM was determined by ELISA (see below). CM was also
used in the in vitro endothelial cell migration and capillary tube formation assays, as we
have described previously.25 For some experiments, sFlt-1 was depleted by incubation with
monoclonal anti-Flt antibody for 2 hours at 4°C before adding protein A overnight. The
following day, supernatants were collected after centrifugation to remove
immunoprecipitates and were used in endothelial cell tube formation and migration assays.

ELISA for sFlt-1
sFlt-1 levels in CM and in mouse serum were measured using a commercial kit (R and D
Systems).

Transfection of Small-Interfering RNA
HTR cells (1.0×105) were plated on 6-well plates overnight, and transfected with 3 μg of
small-interfering RNA (siRNA) specific for calcineurin catalytic subunit-α (CN) or with
nonspecific siRNA (Dharmacon) using RNAiFect transfection reagent (Qiagen). Non-
specific siRNA was used as a negative control. At 48 hours after transfection, cells were
cultured in serum-free medium and treated with IgG (1:10 dilution) from normotensive
women or from women with preeclampsia for 72 hours.25 Secreted sFlt-1 in cell culture
medium was measured by ELISA.

RNA Isolation and Semiquantitative RT-PCR
TRIzol reagent was used for the isolation of total RNA. RT-PCR was performed according
to the manufacturer's recommended protocol (Invitrogen). One microgram of RNA was used
per reaction, and the annealing temperature for PCR was 55°C. sFlt-1 primer sequences and
PCR conditions were as described14: sense primer, 5′-
TTTGCATAGCTTCCAATAAAGTTG, and antisense primer, 5′-
CATGACAGTCTAAAGTGGTGGAAC. β-Actin was used as an internal control, and
primer sequences were as described.25 RT-PCR products were revealed on 2% agarose gels
and quantified using Bio-Rad quantity-1 software. sFlt-1 mRNA expression was represented
by the ratio of sFlt-1 mRNA:β-actin mRNA.
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Luciferase Activity
Chinese Hamster Ovary cells (1×105 cells) containing stably integrated copies of a minigene
encoding the rat AT1 receptor and a 4×NFAT-driven luciferase construct were plated on 24-
well plates overnight. The next day cells were changed to serum-free medium and treated
with IgG (1:10 dilution) for 24 hours. Luciferase activity in cell lysates was measured using
a luciferase assay kit (Promega).

In Vitro Endothelial Cell Migration and Tube Formation
The in vitro cell migration assays were preformed as described.36 Briefly, human umbilical
vein endothelial cells (HUVECs; 2.5×104 per well) were prepared with 500 μL of EGM-2
basal medium and added to the inserts of the 24-well plates (BD Biosciences). CM was used
as a chemoattractant and added to the outside of the insert chamber. After 24 hours of
incubation at 37°C, migrated cells were stained with Quick-diff and counted. From 4 to 10
fields of cells were counted and the average recorded. This procedure was carried out in
triplicate for each sample of CM.

The endothelial cell in vitro tube formation assays were performed as described12 using 96-
well plates coated with growth factor–reduced Matrigel (BD Biosciences) and incubated at
37°C for 30 minutes. HUVECs, at a density of 2×104 cells per well, were incubated with
CM, plated on precoated 96-well plates, and incubated at 37°C in a CO2 incubator. Images
were taken after 4 hours of incubation, and tube lengths were measured using MetaMorph
software (Molecular Devices). Five to 10 fields were used to average the tube length.

Statistical Analysis
All of the values are expressed as the mean±SEM. Data were analyzed for statistical
significance using GraphPad Prism software (GraphPad Software). A value of P<0.05 was
considered significant.

Results
IgG From Women With Preeclampsia Stimulates sFlt-1 Secretion in Pregnant Mice

To evaluate the potential in vivo role of AT1-AA on sFlt-1 secretion in preeclampsia, we
introduced IgG from either preeclamptic or normotensive patients into pregnant and
nonpregnant mice. Because sFlt-1 secretion is normally induced late in pregnancy, we chose
to introduce IgG at gestation day 13. Mice were euthanized 5 days after injection, and serum
levels of sFlt-1 were determined by ELISA. The results show that circulating levels of sFlt-1
were significantly increased in the pregnant mice 5 days after injection of IgG from
preeclamptic women over that observed in the pregnant mice after injection of IgG from
normotensive pregnant women (Figure 1A). The concentration of sFlt-1 was very low in
nonpregnant mice and was not stimulated by injection with IgG from either normotensive or
preeclamptic women (Figure 1B), suggesting that placenta is the major source for excessive
secretion of sFlt-1 in antibody-injected mice. The antibody-mediated sFlt-1 induction in the
pregnant mice was prevented by the coinjection of losartan, an AT1 receptor antagonist, or
by a 7-amino acid peptide that corresponds with a site on the second extracellular loop of the
AT1 receptor that is recognized by autoantibodies from women with preeclampsia (Figure
1A). These findings indicate that IgG from preeclamptic patients induces sFlt-1 secretion in
pregnant mice through AT1 receptor activation.
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IgG From Preeclamptic Women Stimulates Excess sFlt-1 Secretion by Human Placental
Villous Explants via AT1 Receptor Activation

To determine whether AT1-AA stimulates sFlt-1 production by the placenta, human
placental villous explants were incubated with IgG purified from preeclamptic or
normotensive pregnant individuals. After 72 hours, the CM was collected, and the
concentration of sFlt-1 was determined. IgG purified from women with preeclampsia
induced an excessive secretion of sFlt-1 (Figure 2A). Similar to in vivo studies from
pregnant mice, the autoantibody-induced sFlt-1 secretion in pregnant mice was blocked by
losartan or the 7-amino acid epitope peptide. The autoantibody-induced stimulation of sFlt-1
secretion was prevented by the presence of losartan, an AT1 receptor antagonist, and by a 7-
amino acid peptide that corresponds to a site on the second extracellular loop of the AT1
receptor that is recognized by autoantibodies from women with preeclampsia. These
findings indicate that IgG from women with preeclampsia is capable of inducing sFlt-1
secretion via AT1 receptor activation in human placentas.

To determine whether Ang II and AT1-AA can function additively to stimulate sFlt-1
secretion, we incubated human placental villous explants with limiting concentrations of
Ang II or AT1-AA individually or in combination. After 72 hours, the concentration of
sFlt-1 in the medium was determined. sFlt-1 secretion was significantly induced by Ang II
or AT1-AA alone (Figure 2B). However, the combination of Ang II and AT1-AA resulted in
a significantly higher stimulation than either alone (Figure 2B). These findings imply that
the excessive production of sFlt-1 in women with preeclampsia may be because of the
additional autoantibody-mediated activation of AT1 receptors in their placentas.

IgG From Women With Preeclampsia Stimulates sFlt-1 Secretion by Human Trophoblast
Cells via AT1 Receptor Activation

We have reported recently that Ang II stimulates sFt-1 synthesis and secretion from human
trophoblast cells.25 Thus, it is likely that trophoblast cells are the source of the autoantibody-
induced sFlt-1 production from placental villous explants.14,37,38 To test this possibility, we
incubated immortalized human trophoblasts cells HTR-8/SVneo with IgG purified from
preeclamptic or normotensive pregnant individuals and determined the concentration of
sFlt-1 in the CM after 4 days. IgG from preeclamptic individuals induced a significant
increase in sFlt-1 secretion, whereas IgG from normotensive pregnant women did not
(Figure 3A). The autoantibody-mediated induction of sFlt-1 secretion in the human
trophoblast cells was inhibited by the presence of losartan or the 7-amino acid epitope
peptide (Figure 3A). These results provide in vitro evidence that autoantibodies associated
with women with preeclampsia are capable of activating AT1 receptors on human
trophoblast cells, resulting in increased sFlt-1 secretion.

As with human placental villous explants, we found that Ang II and AT1-AA can function
additively to stimulate sFlt-1 secretion by cultured human trophoblast cells (Figure 3B).
Specifically, we found that sFlt-1 secretion was significantly induced by Ang II or AT1-AA
alone (Figure 3B). The combination of Ang II and AT1-AA resulted in a significantly higher
stimulation than either alone (Figure 3B). These findings imply that the excessive secretion
of sFlt-1 in preeclampsia may be because of additional AT1 receptor activation by AT1-AA
present in these women.

Calcineurin/NFAT Signaling Functions Downstream of the AT1 Receptor and Is Required
for Autoantibody-Induced sFlt-1 Production by Human Trophoblast Cells

Calcineurin signaling pathways play important roles in multiple pathological conditions,
including hypertension and cardiac hypertrophy.39 – 41 Previous studies have shown that
calcium calmodulin–dependent calcineurin signaling functions downstream of the AT1
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receptor in response to AT1-AA–mediated plasminogen activator inhibitor-1 induction in
human trophoblast cells.35 To determine whether calcineurin signaling is associated with
autoantibody-mediated stimulation of sFlt-1 secretion by human trophoblast cells, we
initially used FK506, a well-known specific inhibitor of calcineurin activity. The results
(Figure 4A) show that the increased sFlt-1 secretion mediated by IgG from women with
preeclampsia was blocked by the presence of FK506. FK506 had no effect on sFlt-1
secretion in the cells treated with IgG from normotensive pregnant women (Figure 4A). The
involvement of calcineurin signaling was confirmed using siRNA specific to mRNA
encoding the calcineurin catalytic subunit α.25 As with FK506, we found that autoantibody-
induced stimulation of sFlt-1 secretion was significantly inhibited by the presence of
calcineurin-specific siRNA (CN siRNA) but not by the presence of nonspecific siRNA
(Figure 4B). Taken together, these findings show that calcineurin signaling functions
downstream of autoantibody-induced AT1 receptor activation to stimulate sFlt-1 secretion
by human trophoblast cells.

Realizing that the abundance of sFlt-1 mRNA is elevated in placentas from women with
preeclampsia,12 we wanted to know whether AT1-AA-induced sFlt-1 secretion in human
trophoblast cells was accompanied by an increase in sFlt-1 mRNA. To address this issue,
trophoblast cells were treated in a variety of ways, and the abundance of sFlt-1 mRNA was
assessed using RT-PCR. The results (Figure 5A and 5B) show that sFlt-1 mRNA abundance
was significantly induced by IgG from women with preeclampsia but not IgG from
normotensive pregnant women and that the induction was inhibited by losartan or the 7-
amino acid epitope peptide. In addition, preincubation with FK506 blocked the antibody-
mediated induction of sFlt-1 mRNA (Figure 5A and 5B), suggesting that sFlt-1 mRNA
upregulation by AT1-AA requires calcineurin signaling.

Calcineurin plays a critical role in a number of signal transduction pathways by catalyzing
the dephosphorylation of the transcription factor, NFAT, thereby allowing the latter to enter
the nucleus and participate in the transcriptional activation of target genes. Thus, we
hypothesize that autoantibody-mediated stimulation of sFlt-1 mRNA levels through AT1
receptor activation is a transcriptional response associated with the calcineurin-mediated
activation of NFAT. To assess this possibility, we measured the activity of an NFAT-
luciferase reporter construct in Chinese hamster ovary cells treated with IgG from
normotensive pregnant women or from women with preeclampsia in the presence or absence
of losartan, the 7-amino acid epitope peptide, or FK506. IgG from preeclamptic patients
stimulated the activity of the NFAT-luciferase reporter gene, whereas IgG from
normotensive pregnant women did not (Figure 5C). This induction was blocked by the
presence of losartan, the 7-amino acid epitope peptide or FK506 (Figure 5C). These findings
suggest that the AT1-AA–mediated induction of sFlt-1 mRNA results from an NFAT-
mediated transcriptional enhancement of the Flt-1 gene.

Autoantibody-Induced sFlt-1 Inhibits Endothelial Cell Function
Placental-derived sFlt-1 is believed to contribute to endothelial dysfunction in
preeclampsia.12,42 To determine whether the autoantibody-induced sFlt-1 produced by
cultured human trophoblast cells is biologically active, we incubated human trophoblast
cells with IgG from preeclamptic or normotensive pregnant individuals and tested CM for its
impact on endothelial cell migration and tube formation. CM from human trophoblast cells
treated with IgG from women with preeclampsia showed a 50% reduction in endothelial cell
(HUVEC) migration (Figure 6A) and tube formation (Figure 6B and 6C) when compared
with CM from trophoblast cells treated with IgG from normotensive pregnant women.
Importantly, removal of sFlt-1 using anti–sFlt-1 antibody from preeclamptic IgG-treated
trophoblast CM eliminated the antimigratory properties (Figure 6A) and reduced the in vitro
antiangiogenic activity (Figure 6B and 6C). These results indicate that sFlt-1 accounted for

Zhou et al. Page 7

Hypertension. Author manuscript; available in PMC 2012 January 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the reduction in angiogenic activity seen in CM from trophoblast cells treated with IgG from
preeclamptic individuals. The inhibitory properties of the CM from preeclamptic IgG-treated
trophoblast cells were prevented by the presence of losartan or FK506, indicating that
blockade of AT1 receptor activation or downstream calcineurin signaling prevented the
autoantibody-mediated induction of sFlt-1 (Figure 6). The presence of the 7-amino acid
epitope peptide also prevented the appearance of autoantibody-induced antiendothelial
properties of CM. Taken together, these studies show that autoantibody-mediated AT1
receptor activation results in the increased production of trophoblast-derived sFlt-1 that can
inhibit endothelial cell migration and tube formation resulting in autoantibody-induced
endothelial dysfunction.

Discussion
We report here that IgG from women with preeclampsia stimulates sFlt-1 synthesis and
secretion by pregnant mice, human placental villous explants, and human trophoblast cells
through AT1 receptor activation and that the increased production of sFlt-1 results in the
inhibition of endothelial cell migration and capillary tube formation. Notably, losartan or an
antibody-blocking epitope peptide prevented the excessive sFlt-1 secretion, thereby
highlighting therapeutic possibilities for the treatment of preeclampsia. In addition, we have
shown that NFAT, a transcription factor and a well-known calcineurin substrate, is required
for antibody-mediated transcriptional enhancement of the FLT-1 gene. In summary, our
studies indicate that autoantibodies functioning as Ang II are capable of activating AT1
receptors and contribute to excess sFlt-1 secretion in preeclampsia.

The level of sFlt-1 in the maternal circulation increases significantly during the third
trimester.16,43,44 We have shown recently that Ang II stimulates increased production of
sFlt-1 by human placental villous explants, human trophoblast cells, and in pregnant mice.25

We speculate that the increase in circulating sFlt-1 that occurs during the third trimester of a
normal pregnancy is because of the increase in circulating Ang II that occurs at this
time.20–22,45 Preeclampsia is characterized by an earlier and more extensive increase in the
concentration of circulating sFlt-1.16–18 Factors accounting for the precocious and excessive
accumulation of sFlt-1 associated with preeclampsia have not been identified previously.
Ang II levels are not elevated in preeclampsia over that occurring in a normal
pregnancy,20,22,26,45,46 and, therefore, other factors may contribute to the elevated levels of
sFlt-1 observed in women with preeclampsia. We hypothesize that AT1-AA present in
women with preeclampsia contributes to the increased production of sFlt-1 observed in these
women. These autoantibodies are detected at as early as 18 to 20 weeks of gestation in
women with impaired placental development,47 thereby placing their appearance within a
time-frame congruent with subsequent increases in circulating sFlt-1.16 Here, we showed
that IgG from women with preeclampsia activates AT1 receptors and thereby stimulates
increased sFlt-1 secretion from human placental explants and cultured human trophoblast
cells. We also showed that Ang II and AT1-AA can function additively to induce increased
sFlt-1 secretion through additional AT1 receptor activation. We suggest that Ang II is a key
regulator of sFlt-1 synthesis and secretion during normal pregnancy25 and that the excessive
accumulation of sFlt-1 observed in women with preeclampsia is because of additional
activation of AT1 receptors mediated by AT1-AA.

The following lines of evidence indicate that autoantibody-induced sFlt-1 secretion results
from transcriptional activation of the FLT-1 gene. First, we have shown here that
autoantibody-induced sFlt-1 secretion is accompanied by a corresponding increase in sFlt-1
mRNA abundance. Second, a transcriptional control mechanism is suggested by our finding
that antibody-mediated AT1 receptor activation is accompanied by downstream activation of
the calcineurin/NFAT signaling pathway. Calcineurin is a calcium/calmodulin-dependent
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phosphatase that dephosphorylates multiple residues within the regulatory domain of the
transcription factor NFAT, leading to its nuclear translocation and the activation of target
genes. Additional evidence for the importance of autoantibody-induced NFAT activation
comes from experiments using Chinese hamster ovary cells stably transformed with an
NFAT-luciferase reporter gene. We found that the NFAT-luciferase reporter gene was
activated by IgG from women with preeclampsia and that the activation was blocked by the
calcineurin inhibitor FK506. Finally, a role for NFAT in the transcriptional regulation of the
FLT-1 gene is consistent with the presence of 4 consensus NFAT binding sites in the 5′
flanking region of the gene within 550 bp of the transcription start site (GenBank accession
No. D64016). Overall, our findings suggest that NFAT, functioning downstream of
calcineurin, may directly regulate FLT-1 transcriptional activation after autoantibody-
mediated AT1 receptor activation.

In addition to AT1-AA, other factors may contribute to the increased sFlt-1 secretion
associated with preeclampsia. Preeclampsia is often associated with poorly developed
placentas characterized by shallow trophoblast invasion, deficient spiral artery remodeling,
and reduced perfusion. These placental abnormalities result in a hypoxic environment for the
placenta that is believed to contribute to increased sFlt-1 production in preeclampsia.14,48–50

It has been suggested that hypoxia-induced upregulation of sFlt-1 expression is through the
presence of hypoxia-inducible factor-1α response elements in the sFLT-1 promoter region.51

Reduced oxygen tension is also associated with increased production of placental cytokines,
including tumor necrosis factor-α, which is elevated in the maternal circulation of women
with preeclampsia.42,52 Recent studies show that tumor necrosis factor-α, in a concentration-
dependent manner, stimulates the release of sFlt-1 from placental villous explants.42

Complement activation, especially C5a, is associated with increased sFlt-1 production.53

Negative regulators of sFlt-1 production have also been identified. The carbon monoxide
produced by the heme oxygenase reaction serves as a negative regulator of sFlt-1
production.54 Thus, multiple factors influence sFlt-1 production by the placenta. Stepan et
al55 have recently examined the relationship between AT1-AA and elevated sFlt-1 in
pregnant women. They found that most of the preeclamptic patients were characterized by
high sFlt-1 levels and the presence of AT1-AA. However, discordance between AT1-AA
and sFlt-1 was observed in a population of patients characterized by reduced uterine
perfusion and no other pregnancy complications. In these cases, AT1-AA was frequently
present, whereas sFlt-1 was not usually elevated. They also identified an occasional
preeclamptic patient with elevated sFlt-1 who lacked AT1-AA. Thus, in addition to AT1-
AA, other factors influence sFlt-1 production and may account for those cases identified by
Stepan et al55 in which there is discordance between sFlt-1 and AT1-AA in pregnant
women.

Important recent work by Walther et al47 shows that AT-AA can be detected before 20
weeks in women with impaired uterine perfusion detected by Doppler sonography. The fact
that AT1-AA can be detected many weeks before the symptoms of preeclampsia has
significant implications regarding early diagnosis and therapeutic intervention. If maternal
circulating AT1-AA contributes to the pathophysiology of preeclampsia, the removal of
these autoantibodies from women with preeclampsia may provide therapeutic benefit.
Another possible therapeutic approach is to block the action of the autoantibody. AT1-AAs
typically recognize a 7-amino acid sequence present on the second extracellular loop of the
AT1 receptor. Available evidence indicates that a 7-amino acid peptide, corresponding with
this epitope, blocks antibody-induced stimulation of the AT1 receptor.27,28 Our current
studies show that this 7-amino acid peptide can neutralize AT1-AA and thereby prevent
autoantibody-induced sFlt-1 production in placental explants and cultured trophoblast cells.
Thus, the use of epitope peptide therapy to block the action of angiotensin receptor–
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activating autoantibodies has the potential of being a safe and effective treatment of
preeclampsia.

Perspectives
In 1999, Wallukat et al27 reported their remarkable findings that sera from women with
preeclampsia contain autoantibodies that react with the AT1 receptor in a stimulatory
fashion. In recent years, these important findings have been extended in numerous ways
showing that these autoantibodies activate AT1 receptors on cardiac myocytes, trophoblast
cells, endothelial cells, mesangial cells, vascular smooth muscle cells, and Chinese hamster
ovary cells.56,57 Here we reported that these autoantibodies stimulate increased production
of sFlt-1 by human trophoblast cells, human villous explants, and in pregnant mice and in
this way may contribute to the production of a major soluble factor released from the
placenta that contributes to the maternal syndrome. Altogether, the studies show that the
AT1-AAs activate AT1 receptors on a variety of cell types and provoke biological responses
that are relevant to the pathophysiology of preeclampsia. These findings provide a new way
of thinking about the abnormalities associated with preeclampsia and raise the possibility
that preeclampsia may be an autoimmune disease. Thus, removing AT1-AA or inhibiting
AT1 receptor activation by 7-amino acid antibody-blocking epitope peptide may be a
potential safe and effective therapeutic treatment for preeclampsia.

Acknowledgments
Sources of Funding

This work was supported by National Institutes of Health grants HL076558 (to Y.X) and HD34130 (to R.E.K) and
grants from the March of Dimes Foundation (6-FY06-323) and Texas Higher Education Coordinating Board (to
R.E.K.). This work was also supported by grants from the British Heart Foundation and Medical Research Council
(to A.A). S.A. and A.A. belong to the European Vascular Genomics Network, a Network of Excellence supported
by the European Community's Sixth Framework Program for Research Priority 1, titled Life Sciences, Genomics
and Biotechnology for Health (contract LSHM-CT-2003-503254).

References
1. Walker JJ. Pre-eclampsia. Lancet. 2000; 356:1260–1265. [PubMed: 11072961]
2. Brosens JJ, Pijnenborg R, Brosens IA. The myometrial junctional zone spiral arteries in normal and

abnormal pregnancies: a review of the literature. Am J Obstet Gynecol. 2002; 187:1416–1423.
[PubMed: 12439541]

3. Zhou Y, Damsky CH, Fisher SJ. Preeclampsia is associated with failure of human cytotrophoblasts
to mimic a vascular adhesion phenotype. One cause of defective endovascular invasion in this
syndrome? J Clin Invest. 1997; 99:2152–2164. [PubMed: 9151787]

4. Roberts JM. Endothelial dysfunction in preeclampsia. Semin Reprod Endocrinol. 1998; 16:5–15.
[PubMed: 9654603]

5. Zhou Y, Fisher SJ, Janatpour M, Genbacev O, Dejana E, Wheelock M, Damsky CH. Human
cytotrophoblasts adopt a vascular phenotype as they differentiate. A strategy for successful
endovascular invasion? J Clin Invest. 1997; 99:2139–2151. [PubMed: 9151786]

6. Romero R, Lockwood C, Oyarzun E, Hobbins JC. Toxemia: new concepts in an old disease. Semin
Perinatol. 1988; 12:302–323. [PubMed: 3065943]

7. Hunter CA Jr, Howard WF. A pressor substance (hysterotonin) occurring in toxemia. Am J Obstet
Gynecol. 1960; 79:838–846. [PubMed: 14405452]

8. Zuspan FP. Catecholamines. Their role in pregnancy and the development of pregnancy-induced
hypertension. J Reprod Med. 1979; 23:143–150. [PubMed: 385865]

9. Pedersen EB, Aalkjaer C, Christensen NJ, Christensen P, Danielsen H, Johannesen P, Kornerup HJ,
Leyssac PP, Mulvany M, Rasmussen AB. Renin, angiotensin II, aldosterone, catecholamines,

Zhou et al. Page 10

Hypertension. Author manuscript; available in PMC 2012 January 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



prostaglandins and vasopressin. The importance of pressor and depressor factors for hyper-tension
in pregnancy. Scand J Clin Lab Invest. 1984; 169(suppl):48–56.

10. Conrad KP, Benyo DF. Placental cytokines and the pathogenesis of preeclampsia. Am J Reprod
Immunol. 1997; 37:240–249. [PubMed: 9127646]

11. Granger JP, Alexander BT, Llinas MT, Bennett WA, Khalil RA. Pathophysiology of preeclampsia:
linking placental ischemia/hypoxia with microvascular dysfunction. Microcirculation. 2002;
9:147–160. [PubMed: 12080413]

12. Maynard SE, Min JY, Merchan J, Lim KH, Li J, Mondal S, Libermann TA, Morgan JP, Sellke
FW, Stillman IE, Epstein FH, Sukhatme VP, Karumanchi SA. Excess placental soluble fms-like
tyrosine kinase 1 (sFlt1) may contribute to endothelial dysfunction, hypertension, and proteinuria
in preeclampsia. J Clin Invest. 2003; 111:649–658. [PubMed: 12618519]

13. Koga K, Osuga Y, Yoshino O, Hirota Y, Ruimeng X, Hirata T, Takeda S, Yano T, Tsutsumi O,
Taketani Y. Elevated serum soluble vascular endothelial growth factor receptor 1 (sVEGFR-1)
levels in women with preeclampsia. J Clin Endocrinol Metab. 2003; 88:2348–2351. [PubMed:
12727995]

14. Chaiworapongsa T, Romero R, Kim YM, Kim GJ, Kim MR, Espinoza J, Bujold E, Goncalves L,
Gomez R, Edwin S, Mazor M. Plasma soluble vascular endothelial growth factor receptor-1
concentration is elevated prior to the clinical diagnosis of pre-eclampsia. J Matern Fetal Neonatal
Med. 2005; 17:3–18. [PubMed: 15804781]

15. Tsatsaris V, Goffin F, Munaut C, Brichant J-F, Pignon M-R, Noel A, Schaaps J-P, Cabrol D,
Frankenne F, Foidart J-M. Overexpression of the soluble vascular endothelial growth factor
receptor in preeclamptic patients: pathophysiological consequences. J Clin Endocrinol Metab.
2003; 88:5555–5563. [PubMed: 14602804]

16. Levine RJ, Maynard SE, Qian C, Lim KH, England LJ, Yu KF, Schisterman EF, Thadhani R,
Sachs BP, Epstein FH, Sibai BM, Sukhatme VP, Karumanchi SA. Circulating angiogenic factors
and the risk of preeclampsia. N Engl J Med. 2004; 350:672–683. [PubMed: 14764923]

17. Hiratsuka S, Minowa O, Kuno J, Noda T, Shibuya M. Flt-1 lacking the tyrosine kinase domain is
sufficient for normal development and angiogenesis in mice. Proc Natl Acad Sci U S A. 1998;
95:9349–9354. [PubMed: 9689083]

18. Clark DE, Smith SK, He Y, Day KA, Licence DR, Corps AN, Lammoglia R, Charnock-Jones DS.
A vascular endothelial growth factor antagonist is produced by the human placenta and released
into the maternal circulation. Biol Reprod. 1998; 59:1540–1548. [PubMed: 9828203]

19. Gant NF, Daley GL, Chand S, Whalley PJ, MacDonald PC. A study of angiotensin II pressor
response throughout primigravid pregnancy. J Clin Invest. 1973; 52:2682–2689. [PubMed:
4355997]

20. Weir RJ, Brown JJ, Fraser R, Kraszewski A, Lever AF, McIlwaine GM, Morton JJ, Robertson JI,
Tree M. Plasma renin, renin substrate, angiotensin II, and aldosterone in hypertensive disease of
pregnancy. Lancet. 1973; 1:291–294. [PubMed: 4119172]

21. Baker PN, Broughton Pipkin F, Symonds EM. 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. [PubMed: 2171863]

22. de Jong CL, Dekker GA, Sibai BM. The renin-angiotensin-aldosterone system in preeclampsia. A
review. Clin Perinatol. 1991; 18:683–711. [PubMed: 1662573]

23. Herse F, Dechend R, Harsem NK, Wallukat G, Janke J, Qadri F, Hering L, Muller DN, Luft FC,
Staff AC. Dysregulation of the circulating and tissue-based renin-angiotensin system in
preeclampsia. Hypertension. 2007; 49:604–611. [PubMed: 17261642]

24. Li X, Shams M, Zhu J, Khalig A, Wilkes M, Whittle M, Barnes N, Ahmed A. Cellular localization
of AT1 receptor mRNA and protein in normal placenta and its reduced expression in intrauterine
growth restriction. Angiotensin II stimulates the release of vasorelaxants. J Clin Invest. 1998;
101:442–454. [PubMed: 9435317]

25. Zhou CC, Ahmad S, Mi T, Xia L, Abbasi S, Hewett PW, Sun C, Ahmed A, Kellems RE, Xia Y.
Angiotensin II induces soluble fms-Like tyrosine kinase-1 release via calcineurin signaling
pathway in pregnancy. Circ Res. 2007; 100:88–95. [PubMed: 17158338]

Zhou et al. Page 11

Hypertension. Author manuscript; available in PMC 2012 January 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



26. Shah DM. Role of the renin-angiotensin system in the pathogenesis of preeclampsia. Am J Physiol
Renal Physiol. 2005; 288:F614–F625. [PubMed: 15753325]

27. Wallukat G, Homuth V, Fischer T, Lindschau C, Horstkamp B, Jupner A, Baur E, Nissen E, Vetter
K, Neichel D, Dudenhausen JW, Haller H, Luft FC. Patients with preeclampsia develop agonistic
autoantibodies against the angiotensin AT1 receptor. J Clin Invest. 1999; 103:945–952. [PubMed:
10194466]

28. Xia Y, Wen H, Bobst S, Day MC, Kellems RE. Maternal autoantibodies from preeclamptic
patients activate angiotensin receptors on human trophoblast cells. J Soc Gynecol Investig. 2003;
10:82–93.

29. Thway TM, Shlykov SG, Day MC, Sanborn BM, Gilstrap LC 3rd, Xia Y, Kellems RE. Antibodies
from preeclamptic patients stimulate increased intracellular Ca2+ mobilization through
angiotensin receptor activation. Circulation. 2004; 110:1612–1619. [PubMed: 15381659]

30. Bobst SM, Day MC, Gilstrap LC 3rd, Xia Y, Kellems RE. Maternal autoantibodies from
preeclamptic patients activate angiotensin receptors on human mesangial cells and induce
interleukin-6 and plasminogen activator inhibitor-1 secretion. Am J Hypertens. 2005; 18:330–336.
[PubMed: 15797649]

31. Dechend R, Homuth V, Wallukat G, Kreuzer J, Park JK, Theuer J, Juepner A, Gulba DC,
Mackman N, Haller H, Luft FC. AT(1) receptor agonistic antibodies from preeclamptic patients
cause vascular cells to express tissue factor [see comment]. Circulation. 2000; 101:2382–2387.
[PubMed: 10821814]

32. Dechend R, Viedt C, Muller DN, Ugele B, Brandes RP, Wallukat G, Park JK, Janke J, Barta P,
Theuer J, Fiebeler A, Homuth V, Dietz R, Haller H, Kreuzer J, Luft FC. AT1 receptor agonistic
antibodies from preeclamptic patients stimulate NADPH oxidase. Circulation. 2003; 107:1632–
1639. [PubMed: 12668498]

33. Ahmed A, Li XF, Shams M, Gregory J, Rollason T, Barnes NM, Newton JR. Localization of the
angiotensin II and its receptor subtype expression in human endometrium and identification of a
novel high-affinity angiotensin II binding site. J Clin Invest. 1995; 96:848–857. [PubMed:
7635979]

34. Ahmed A, Li XF, Dunk C, Whittle MJ, Rushton DI, Rollason T. Colocalisation of vascular
endothelial growth factor and its Flt-1 receptor in human placenta. Growth Factors. 1995; 12:235–
243. [PubMed: 8619929]

35. Xia Y, Wen HY, Kellems RE. Angiotensin II inhibits human trophoblast invasion through AT1
receptor activation. J Biol Chem. 2002; 277:24601–24608. [PubMed: 11983698]

36. Bussolati B, Dunk C, Grohman M, Kontos CD, Mason J, Ahmed A. Vascular endothelial growth
factor receptor-1 modulates vascular endothelial growth factor-mediated angiogenesis via nitric
oxide. Am J Pathol. 2001; 159:993–1008. [PubMed: 11549592]

37. Nagamatsu T, Fujii T, Kusumi M, Zou L, Yamashita T, Osuga Y, Momoeda M, Kozuma S,
Taketani Y. Cytotrophoblasts up-regulate soluble fms-like tyrosine kinase-1 expression under
reduced oxygen: an implication for the placental vascular development and the pathophysiology of
preeclampsia. Endocrinology. 2004; 145:4838–4845. [PubMed: 15284201]

38. Zhou Y, McMaster M, Woo K, Janatpour M, Perry J, Karpanen T, Alitalo K, Damsky C, Fisher SJ.
Vascular endothelial growth factor ligands and receptors that regulate human cytotrophoblast
survival are dysregulated in severe preeclampsia and hemolysis, elevated liver enzymes, and low
platelets syndrome. Am J Pathol. 2002; 160:1405–1423. [PubMed: 11943725]

39. Molkentin JD, Lu JR, Antos CL, Markham B, Richardson J, Robbins J, Grant SR, Olson EN. A
calcineurin-dependent transcriptional pathway for cardiac hypertrophy. Cell. 1998; 93:215–228.
[PubMed: 9568714]

40. Musaro A, McCullagh KJ, Naya FJ, Olson EN, Rosenthal N. IGF-1 induces skeletal myocyte
hypertrophy through calcineurin in association with GATA-2 and NF-ATc1. Nature. 1999;
400:581–585. [PubMed: 10448862]

41. Kingsbury TJ, Cunningham KW. A conserved family of calcineurin regulators. Genes Dev. 2000;
14:1595–1604. [PubMed: 10887154]

42. Ahmad S, Ahmed A. Elevated placental soluble vascular endothelial growth factor receptor-1
inhibits angiogenesis in preeclampsia. Circ Res. 2004; 95:884–891. [PubMed: 15472115]

Zhou et al. Page 12

Hypertension. Author manuscript; available in PMC 2012 January 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



43. Chaiworapongsa T, Romero R, Espinoza J, Bujold E, Mee Kim Y, Goncalves LF, Gomez R,
Edwin S. Evidence supporting a role for blockade of the vascular endothelial growth factor system
in the pathophysiology of preeclampsia. Young Investigator Award. Am J Obstet Gynecol. 2004;
190:1541–1547. discussion 1547–1550. [PubMed: 15284729]

44. Wolf M, Shah A, Lam C, Martinez A, Smirnakis KV, Epstein FH, Taylor RN, Ecker JL,
Karumanchi SA, Thadhani R. Circulating levels of the antiangiogenic marker sFLT-1 are
increased in first versus second pregnancies. Am J Obstet Gynecol. 2005; 193:16–22. [PubMed:
16021053]

45. Langer B, Grima M, Coquard C, Bader AM, Schlaeder G, Imbs JL. Plasma active renin,
angiotensin I, and angiotensin II during pregnancy and in preeclampsia. Obstet Gynecol. 1998;
91:196–202. [PubMed: 9469275]

46. Hanssens M, Keirse MJ, Spitz B, van Assche FA. Angiotensin II levels in hypertensive and
normotensive pregnancies. Br J Obstet Gynaecol. 1991; 98:155–161. [PubMed: 2004051]

47. Walther T, Wallukat G, Jank A, Bartel S, Schultheiss HP, Faber R, Stepan H. Angiotensin II type 1
receptor agonistic antibodies reflect fundamental alterations in the uteroplacental vasculature.
Hypertension. 2005; 46:1275–1279. [PubMed: 16260641]

48. Ahmad S, Ahmed A. Antiangiogenic effect of soluble vascular endothelial growth factor
receptor-1 in placental angiogenesis. Endothelium. 2005; 12:89–95. [PubMed: 16036320]

49. Ahmed A, Dunk C, Ahmad S, Khaliq A. Regulation of placental vascular endothelial growth factor
(VEGF) and placenta growth factor (PIGF) and soluble Flt-1 by oxygen–a review. Placenta. 2000;
21(suppl A):S16–S24. [PubMed: 10831117]

50. Nevo O, Soleymanlou N, Wu Y, Xu J, Kingdom J, Many A, Zamudio S, Caniggia I. Increased
expression of sFlt-1 in in vivo and in vitro models of human placental hypoxia is mediated by
HIF-1. Am J Physiol Regul Integr Comp Physiol. 2006; 291:R1085–R1093. [PubMed: 16627691]

51. Gerber HP, Condorelli F, Park J, Ferrara N. Differential transcriptional regulation of the two
vascular endothelial growth factor receptor genes. Flt-1, but not Flk-1/KDR, is up-regulated by
hypoxia. J Biol Chem. 1997; 272:23659–23667. [PubMed: 9295307]

52. Gulati R. Raised serum TNF-alpha, blood sugar and uric acid in preeclampsia in third trimester of
pregnancy. JNMA J Nepal Med Assoc. 2005; 44:36–38. [PubMed: 16554868]

53. Girardi G, Yarilin D, Thurman JM, Holers VM, Salmon JE. Complement activation induces
dysregulation of angiogenic factors and causes fetal rejection and growth restriction. J Exp Med.
2006; 203:2165–2175. [PubMed: 16923853]

54. Cudmore M, Ahmad S, Al-Ani B, Fujisawa T, Coxall H, Chudasama K, Devey LR, Wigmore SJ,
Abbas A, Hewett PW, Ahmed A. Negative regulation of soluble Flt-1 and soluble endoglin release
by heme oxygen-ase-1. Circulation. 2007; 115:1789–1797. [PubMed: 17389265]

55. Stepan H, Faber R, Wessel N, Wallukat G, Schultheiss HP, Walther T. Relation between
circulating angiotensin II type 1 receptor agonistic autoantibodies and soluble fms-like tyrosine
kinase 1 in the pathogenesis of preeclampsia. J Clin Endocrinol Metab. 2006; 91:2424–2427.
[PubMed: 16569734]

56. Xia Y, Ramin SM, Kellems RE. Potentia role of angiotension receptor activating autoantibody in
the pathophysiology of preeclampsia. Hypertension. 2007; 50:269–275. [PubMed: 17576854]

57. Xia Y, Zhou Cissy, Ramin SM, Kellems RE. Angiotensin receptor, autoimmunity and
preeclampsia. J Immunol. 2007; 179:3391–3395. [PubMed: 17785770]

Zhou et al. Page 13

Hypertension. Author manuscript; available in PMC 2012 January 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
IgG from women with preeclampsia stimulates sFlt-1 secretion in pregnant mice. IgG from
normotensive or preeclamptic pregnant women was introduced by retro-orbital injection into
pregnant (day 13) (A) or nonpregnant mice (B). A, Pregnant mice were injected with IgG
from women with preeclampsia in the presence or absence of losartan or the 7-amino acid
epitope peptide (7-AA). Mice were euthanized 5 days after injection, and the serum
concentrations of sFlt-1 were determined by ELISA. *P<0.05 vs pregnant mice injected
with normotensive IgG. **P<0.05 vs pregnant mice injected with preeclampsia IgG alone.
n=5 to 8.
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Figure 2.
IgG from women with preeclampsia stimulates sFlt-1 secretion in human placental villous
explants through AT1 receptor activation. A, Placental villous explants were incubated in
serum-free medium containing 0.2% BSA and treated with IgG (1:10 dilution) for 72 hours
with or without losartan (L) or 7-amino acid epitope peptide (7-AA) corresponding to a
sequence present on the second extracellular loop of the AT1 receptor that is recognized by
AT1-AA (0.1 μmol/L). The CM was collected, and the amount of secreted sFlt-1 was
determined by ELISA. B, Additive effects of Ang II and AT1-AA resulted in higher
induction of sFlt-1. Human placental villous explants were treated with IgG from
preeclamptic patients (1:20) or Ang II (10 nM), alone or in combination, for 72 hours. The
concentration of sFlt-1 present in the CM was determined by ELISA specific for human
sFlt-1. Data are expressed as mean±SEM. *P<0.05 relative to control; **P<0.05 relative to
Ang II or IgG-treated samples.
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Figure 3.
IgG from women with preeclampsia stimulates secretion of sFlt-1 via AT1 receptor
activation in human trophoblast cells. A, Immortalized human trophoblast cells (HTR-8/
SVneo) were treated with IgG (1:10 dilution) for 4 days in the presence or absence of
losartan or a 7-amino acid peptide (7-AA; 0.1 μmol/L). The concentration of sFlt-1 in CM
was determined by ELISA. Each sample was analyzed in triplicate, and the resulting value
for each patient sample is shown. The horizontal line represents the mean for the data points
in each group. B, HTR-8/SVneo cells were treated with IgG from preeclamptic patients
(1:20) or Ang II (10 nmol/L), alone or in combination, for 72 hours. The concentration of
sFlt-1 present in the CM was determined by ELISA specific for human sFlt-1. Data are
expressed as mean±SEM. *P<0.05 relative to control; **P<0.05 relative to Ang II or IgG-
treated samples.
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Figure 4.
Calcineurin signaling is required for AT1-AA–mediated sFlt-1 induction. A, HTR-8/SVneo
cells were incubated with IgG from normotensive pregnant women (n=7) or from women
with preeclampsia (n=14) for 4 days in the presence or absence of FK506 (1 μmol/L). The
concentration of sFlt-1 present in the culture medium was determined by ELISA specific for
human sFlt-1. Each sample was analyzed in triplicate. Data are expressed as mean±SEM.
*P<0.01 vs normotensive IgG treatment; **P<0.05 vs preeclampsia IgG treatment. B,
HTR-8/SV-neo cells were transfected with nonspecific siRNA (NS siRNA) and specific
siRNA for calcineurin catalytic subunit α mRNA (CN siRNA). Forty-eight hours after
transfection, the cellular level of calcineurin catalytic subunit α (CN) was evaluated by
Western blot analysis. A typical result is shown in the inset. The transfected cells (48 hours
posttransfection) were treated with IgG for 4 days, and the concentration of sFlt-1 in the CM
was determined by ELISA. Each sample was analyzed in triplicate. Data are expressed as
mean±SEM. *P<0.01 vs control; **P<0.05 vs preeclampsia IgG treatment.
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Figure 5.
NFAT functions downstream of calcineurin to regulate AT1-AA–mediated sFlt-1 induction
at transcriptional level. A, Total RNA was isolated from HTR-8/SVneo cells treated with
IgG from normotensive pregnant women (NT) and women with preeclampsia (PE).
Semiquantitative RT-PCR was used to quantify sFlt-1 mRNA from the treated cells. RT-
PCR products were visualized by electrophoresis on 2% agarose gels, and β-actin was used
to normalize the sFlt-1 mRNA abundance. B, The ratio of sFlt-1 mRNA:β-actin was
obtained by using densitometric analysis of multiple agarose gels. Data are expressed as
mean±SEM. *P<0.05 vs control; **P<0.05 vs preeclamptic IgG treatment. C, Cells stably
transformed with an NFAT (4 copy)-driven luciferase (Luc) reporter gene were cultured in
serum-free medium and treated with IgG from normotensive pregnant women or IgG from
women with preeclampsia for 4 days in the presence or absence of losartan, 7-amino acid
epitope peptide (7-AA; 0.1 μmol/L), or FK506 (1 μmol/L). Luciferase activity was
determined in cell lysates. Each sample was analyzed in triplicate. Data are expressed as
mean±SEM. *P<0.01 vs normotensive IgG treatment; **P<0.05 vs preeclampsia IgG
treatment.
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Figure 6.
Autoantibody-induced sFlt-1 inhibits endothelial cell functions. CM from HTR-8/SVneo
cells treated with IgG from normotensive or preeclamptic pregnant women was added to
cultured endothelial cells, and the effect on cell migration (A) and tube formation (B and C)
were determined. In some cases, HTR-8/SVneo cells were treated with the 7-amino acid
epitope peptide (7-AA; 0.1 μmol/L) or losartan (1 μmol/L) in addition to IgG. A, For cell
migration, HUVECs were grown in serum-free medium in a cell migration chamber, and
CM was used as chemoattractant. Migrated cells were counted after 24 hours of incubation.
Each sample was counted in triplicate and repeated 3 times. Data are expressed as mean
±SEM. *P<0.05 preeclampsia vs normotensive IgG; **P<0.05 vs preeclampsia IgG
treatment alone. Inset, CM from IgG treated HTR-8 SV40/neo cells was incubated with
anti–Flt-1 antibody, and the immunoprecipitated (IP) protein was analyzed by Western blot
analysis (WB) using specific Flt-1 antibody. B, For tube formation, HUVEC cells were
plated on growth factor–reduced Matrigel with different CM and incubated for 4 hours at
37°C. Images were taken by light microscopy and are representative photomicrographs of
HUVECs plated on growth factor–reduced Matrigel and stimulated with different CMs. C,
Tube circumferences were measured using MetaMorph software. Four to 10 fields were
used to obtain average tube length. Data are expressed as mean±SEM. * P<0.05
preeclampsia vs normotensive IgG; **P<0.05 vs preeclampsia IgG treatment.
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Table

Clinical Characteristics of the Patients Involved in This Study

Features of Patients Normal (n=7) Severe Preeclampsia

Maternal age, mean±SEM, y 32.6±0.8 31.5±0.9

Gestational age, mean±SEM, wk 38.7±0.5 32.7±0.9

Primiparous, % 26 85

Systolic blood pressure, mm Hg <140 164±7.5

Diastolic blood pressure, mm Hg <90 105±4.5

sFlt-1, ng/mL <0.3 6.7±1.5

AT1-AA induced NFAT-luc activity 1.1±0.5 6.4±1.4*

sFlt-1- and AT1-AA–induced NFAT-luciferase activity were measured as described in the Methods section. Data are expressed as mean±SEM.

*
P<0.05 for preeclampsia vs normotensive IgG.
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