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Early diagnosis and treatment of preeclampsia would
significantly reduce maternal and fetal morbidity and
mortality. However, its etiology and prediction have
remained elusive. Based on the hypothesis that sera
from patients with preeclampsia could function as a
“blueprint” of causative factors, we describe a serum-
based pregnancy-specific mouse model that closely mir-
rors the human condition as well as an in vitro predic-
tive assay. We show that a single administration of
human preeclampsia serum in pregnant IL-10~/~ mice
induced the full spectrum of preeclampsia-like symp-
toms, caused hypoxic injury in uteroplacental tissues,
and elevated soluble fms-like tyrosine kinase 1 and
soluble endoglin, markers thought to be related to the
disease. The same serum sample(s) induced a partial
preeclampsia phenotype in wild-type mice. Impor-
tantly, preeclampsia serum disrupted cross talk be-
tween trophoblasts and endothelial cells in an in
vitro model of endovascular activity. Disruption of
endovascular activity could be documented in se-
rum samples as early as 12 to 14 weeks of gestation
from patients who subsequently developed pre-
eclampsia. These results indicate that preeclampsia
patient sera can be used to understand the pregnan-
cy-specific disease pathology in mice and can pre-
dict the disorder. (AmJ Pathol 2010, 177:2387-2398; DOI:
10.2353/ajpath.2010.100475)

Preeclampsia is a systemic syndrome that occurs in
about 5% to 8% of pregnancies worldwide." This disorder
is diagnosed in the second half of pregnancy and repre-
sents a leading cause of maternal and fetal mortality and
morbidity. Since the preeclampsia-associated clinical
features resolve after delivery, dysregulated placental
development and function have long been thought to
contribute to the pathogenesis of this pregnancy compli-
cation.? It is surprising that, despite the abundant clinical
knowledge of this syndrome, no definite etiology or pre-
dictive diagnostic tests have been identified. This situa-
tion is exacerbated by the likely multifactorial etiologies
that contribute to the symptom complex we label as
preeclampsia. Heterogeneity of the disorder is further
exemplified by the range of clinical manifestations that
present with or without fetal growth restriction, mild or
severe pathology, resulting in induced preterm or term
delivery, and the influence of a wide range of maternal
factors.>* At the maternal-fetal interface, superficial pla-
centation coupled with immune maladaptation, imbal-
ance in angiogenic growth factors, and increased pla-
cental debris in the maternal circulation has been
suggested to contribute to the disease.®° Because of the
placental deficiencies and ensuing maternal syndrome,
preeclampsia is considered to be a culmination of at least
two stages of disorder. The first stage is characterized by
placental ischemia leading to release of soluble factors
from placenta, which is thought to initiate the second
stage of maternal response.’®'" In this context, in-
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creased circulating levels of anti-angiogenic factors, sol-
uble fms-like tyrosine kinase 1 (sFlt-1) and soluble en-
doglin (sEng), have been proposed as the soluble
components possibly initiating the maternal symptoms.
These factors are reported to be altered several weeks
preceding clinical disease.®'2'* However, the etiologi-
cal heterogeneity is reflected by the fact that preeclamp-
sia also occurs in some women with low circulating sFit-1
and sEng levels and high placenta growth factor
(PIGF).6'%%% Recent studies have also described high
circulating levels of autoantibodies against angiotensin
receptor-1 (AT1-AAs) in women with preeclampsia.’®!”
Surprisingly, when the anti-angiogenic factors and AT1-
AAs were tested in rodent models, they resulted in only
partial manifestation of the human condition. This sug-
gests regulatory contributions by additional environmen-
tal, genetic, and/or nutritional factors in the onset of the
syndrome.'® A less appreciated aspect of these elegant
studies is the same experimental paradigm leads to in-
duction of hypertension and proteinuria in nonpregnant
animals. Whether this is pointing to upstream regulatory
factors that trigger the placental pathology or reflects a
different pathophysiological response than “true” pre-
eclampsia is not known. Moreover, AT1 receptor antag-
onist therapy or hypertension controlling drugs such as
angiotensin converting enzyme (ACE) inhibitors are not
the choice of treatment for preeclampsia.’®

The relatively late onset of clinical presentation and
lack of well defined in vitro and in vivo models have further
hindered our understanding of the causative factors of
the preeclampsia syndrome and the development of ther-
apeutic interventions. Several reports have described
mouse models that mimic only partial features of the
human condition or have been questioned for similar
features in nonpregnant mice or lack of features under
environmentally challenged conditions.?°~2” Thus, there
is an urgent need for a well defined pregnancy-specific
experimental model that can closely mirror the human
condition and encompasses the contribution of predis-
posing factors. We and others have demonstrated in both
human and mouse models that interleukin (IL)-10 is a
critical cytokine for normal pregnancy outcome, particu-
larly in response to inflammatory triggers.?®=2" Impor-
tantly, pregnant IL-10~/~ animals were found to be highly
sensitive to low doses of inflammatory triggers leading to
fetal demise, premature delivery, and intrauterine growth
restriction (IUGR), features common to preeclamp-
sia.®734 This suggests that IL-10~/~ mice may provide
a model system for studying pregnancy complications
including preeclampsia. Indeed, reduced IL-10 has
been described in placental tissue from preeclampsia
deliveries.353°

The endovascular transformation of spiral arteries, un-
der the influence of the triumvirate of endothelial cells,
trophoblasts, and uterine natural killer cells, is essential to
the maintenance of placental perfusion.®”~3° Although
elegant arguments have been made for disordered ve-
locity of blood flow in causing placental pathology,*®
dysregulated endovascular cross talk between tropho-
blasts and endothelial cells in spiral artery remodeling
remains an important but understudied pathway. We pos-

ited that this interaction provides a basis for an in vitro
model using capillary tube formation in three-dimensional
culture on matrigel. We have recently demonstrated that
formation of tube-like structures between endothelial
cells and first trimester trophoblasts, mimicking spiral
artery remodeling, could be readily accomplished, but
required the presence of normal pregnancy serum.?*’
This implies that pregnancy serum contains necessary
components and can be used as a “blueprint” to provide
a suitable in vitro milieu to mirror events at the maternal-
fetal interface.

We demonstrate here that a single administration of
preeclampsia serum in pregnant IL-10~/~ mice induces
the full spectrum of clinical features associated with hu-
man preeclampsia, including elevated blood pressure,
proteinuria, IUGR, renal pathology, poor spiral artery re-
modeling, and excess production of sFlt-1 and sEng.
Preeclampsia serum induced hypoxic injury in uteropla-
cental units. Control serum from nonpregnant healthy
women exhibited no such effects and administration of
preeclampsia serum to nonpregnant animals also failed
to induce any preeclampsia-like features. Further, we
show in the in vitro model of endothelial cell-trophoblast
interaction that endovascular capillary tube formation is
significantly disrupted by preeclampsia serum from pa-
tients with either mild or severe disease. These patholog-
ical effects of preeclampsia serum in mice provide ave-
nues to study pregnancy-specific mechanistic and
preventive pathways and present novel opportunities for
predicting this enigmatic disease.

Materials and Methods

Patients and Serum Collection

Preeclampsia was defined by systolic blood pressure of
more than 140 mmHg and diastolic blood pressure of
more than 90 mmHg after 20 weeks’ gestation in a pre-
viously normotensive patient and new onset proteinuria
(>300 mg of protein in a 24-hour urine collection or a
random urine protein/creatinine ratio of >0.3). Patients
with baseline hypertension, proteinuria, renal disease,
diabetes, and twin pregnancy were excluded. For the
purposes of this study, patients were divided into groups
with mild and severe preeclampsia on the basis of the
recently published American College of Obstetricians
and Gynecologists criteria.*® Healthy, normotensive
pregnant women (the “normal” group) were included as
controls. Blood was obtained from normally cycling
women and pregnant women during 12 to 14, 24 to 27,
and 32 to 36 weeks of pregnancy with informed consent,
under the approved protocols by the institutional review
boards of participating institutes, Women and Infants
Hospital of Rhode Island, Beth Israel Deaconess Medical
Center, Lifespan-Rhode Island Hospital, and Linkoping
University Hospital (Linkoping, Sweden). Serum was sep-
arated and frozen as aliquots at —80°C until further use.
The clinical characteristics of subjects are provided in
Supplemental Table 1 at http://ajp.amjpathol.org.



Animal Studies

All animal protocols were approved by the Lifespan In-
stitutional Animal Care and Use Committee. C57BL/6 wild
type or IL-107/~ mice were housed and mated in a spe-
cific pathogen-free facility under the care of the Central
Research Department of Rhode Island Hospital. All mat-
ing experiments were repeated at least three times with at
least four to six mice per treatment. The day of vaginal
plug appearance was designated gestational day (gd) O.
We administered i.p injection of severe (n = 8) or mild
(n = 5) preeclampsia serum (100 ul) per mouse or an
equivalent volume (100 wl) of normal pregnancy serum
(n = 9) as control to pregnant C57BL/6 wild type or
IL-10~/~ mice on gd 10. On gd 17, after the blood pres-
sure recoding, the animals were euthanized, the utero-
placental units were photographed, and fetal weights
were recoded. Similarly nonpregnant female mice were
injected for comparative analysis after 7 days. For mon-
itoring the influence of AT1-AAs in the serum samples,
pregnant IL-107/~ mice were co-injected with normal
pregnancy serum or severe preeclampsia serum in the
presence or absence of losartan potassium (LK, Sigma
Aldrich, St. Louis, MO, 0.24 mg) or an antibody neutral-
izing seven—-amino acid peptide (7-aa, Baylor College of
Medicine, Houston, TX, 1.5 mg) on gd 10 and animals
were processed on gd 17 as described.

Assessment of Proteinuria

On gd 16, the animals were transferred to individual
metabolic cages. Samples of urine were collected over
24 hours, aliquot, and stored at —80°C until further anal-
ysis. Total urinary albumin was measured by using Albu-
min  (mouse) enzyme-linked immunosorbent assay
(ELISA) kit (ALPCO Diagnostics, Salem, NH), which is
based on double antibody sandwich ELISA according to
the manufacturer’s protocol. The kit is highly sensitive
and can detect albumin levels at 1:10,000 dilutions. To
normalize the albumin, urinary creatinine was measured
by using Metra Creatinine Kit (Quidel Corporation, San
Diego, CA), which is based on modified Jaffe method
according to the manufacturer’s protocol. Proteinuria was
represented as the ratio of urinary albumin to creatinine
and was expressed as microgram per milligram.

Measurement of Blood Pressure

Blood pressure was recorded by an established tail-cuff
method that utilizes a programmed sphygmomanome-
ter.*® The animals were adapted for 5 minutes in a warm-
ing test chamber (IITC Life Science Inc, Woodland Hills,
CA) at a controlled temperature (35°C). These measure-
ments were carried out on gd 17 of pregnancy by using
DigiMed blood pressure analyzer (MicroMed, Louisville,
KY). Each measurement of blood pressure was an aver-
age of three readings at a 1-minute interval from a num-
ber of animals (~ five to six each). Systolic blood pres-
sure was compared with pregnant mice with and without
treatments. Nonpregnant animals were also treated with
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normal pregnancy serum or preeclampsia serum and
after 7 days, blood pressure was similarly recorded. Data
were analyzed by using Digi-Med System Integrator
Model 400 (DMSI-400; MicroMed, Louisville, KY).

Assessment of Renal Pathology

Kidney tissue were harvested from gd 17 mice, fixed in
10% buffered formalin, and were stained with hematoxy-
linfeosin and periodic acid Schiff for histopathological
examination. A number of randomly selected glomeruli
were assessed by at least two pathologists. Morpholog-
ical changes were recorded by using SPOT Advanced
software (Diagnostic Instruments, Inc, Sterling Heights,
MI) at X100 magnification (Nikon Eclipse 80i micro-
scope; Avon, MA).

Evaluation of Spiral Arteries

Placental morphology and spiral arteries were monitored
by harvesting uteroplacental units on gd 13, fixed and
paraffin embedded, and sectioned and stained with H&E
staining as described.** We then acquired the images
with a Nikon Eclipse 80i microscope (Nikon) at X4 mag-
nification. Morphometric analysis of spiral arteries was
carried out by using the SPOT Advanced software
(Diagnostic Instruments, Inc) at X40 magnification (Ni-
kon Eclipse 80i microscope). Average area of spiral
arteries (at least six per implantation site) were calcu-
lated from three independent animals per group as
reported elsewhere.®*

Assessment of Hypoxia

In vivo hypoxia was detected by using the marker EF5, a
gift from Dr. Cameron Koch.**%® EF5 (2-(2-nitro-1H-imi-
dazol-1-yl)-N-(2,2,3,3,3-pentafluoropropyl) acetamide) is
reduced under hypoxic conditions and the reduced form
reacts with cellular macromolecules, thereby demarcat-
ing regions of hypoxia.*”~4° Briefly, EF5 (10 umol/L) was
administered i.p. 4 hours before harvesting the uteropla-
cental units on gd 14. The units were snap-frozen and
10-um sections were processed and probed for bound
EF5 by using ELK3-51 antibody (1:30) as described.*°

Western Blotting

To further confirm that treatment with preeclampsia se-
rum did indeed induce hypoxia, placental units were
harvested between gd 12 and 14 and were lysed with cell
lysis buffer (Cell Signaling, Danvers, MA). The proteins
from tissue lysates were separated on 12% SDS-polyac-
rylamide gels and blotted onto polyvinylidene difluoride
membranes and probed with antibodies for hypoxia-in-
ducible factor (HIF 1a) (Santa Cruz Biotechnology, Santa
Cruz, CA) and B-actin (BD Biosciences, San Jose, CA).
Enhanced Chemiluminescence (ECL) (Amersham Bio-
sciences, Piscataway, NJ) was used to visualize the



2390 Kalkunte et al
AJP November 2010, Vol. 177, No. 5

bands, and we recorded them by using Konica SRX 101A
developer.

Enzyme-Linked Immunosorbent Assay

To assess the biochemical changes associated with pre-
eclampsia, blood from gd 17 mice were collected by
cardiac puncture. Serum was separated from cellular
mass by brief centrifugation and stored at —80°C until
further use. The serum levels of sFlt-1 and sEng (R&D
Systems, Minneapolis, MN) were measured according to
the manufacturer’s instructions in duplicates.

Trophoblast Cells and Endothelial Cells

Immortalized first trimester trophoblast cell line HTR8 with
properties of invasive extravillous cytotrophoblasts was
established and kindly provided by Dr. Charles Gra-
ham.*” HTR8 cells were grown to ~80% confluence in
RPMI standard growth medium and used only during eight
passages. Human umbilical cord endothelial cells were
obtained from Cambrex (East Rutherford, NJ) and cultured
in complete endothelial basal media (EBM-2, Cambrex). All
cells were maintained in standard culture conditions of 5%
CO, at 37°C.

In Vitro Three-Dimensional Tube Formation
Assay

We have recently established a serum based three-di-
mensional dual cell culture model to study endovascular
activity involving trophoblasts and endothelial cells.*’
This model was used to evaluate the differential effects of
pregnancy serum. Briefly, trophoblasts or endothelial
cells (2.5 x 10%), labeled with cell tracker green CMFDA
or cell tracker red CMTMR (Molecular Probes, Eugene,
OR), respectively, were co-cultured on matrigel coated
plates in the presence of serum from normal pregnancy
or preeclampsia. Serum-initiated endothelial cell-di-
rected tube formation by trophoblasts was monitored and
recorded as described earlier.*! For evaluating the sen-
sitivity of the model to distinguish samples, nonpregnant
female serum, normal pregnancy serum, or preeclampsia
serum at term were tested at different concentrations
(1%, 2.5%, 5%, and 10% v/v) in serum free media. Inter-
estingly, in our studies’ lower concentrations of pre-
eclampsia serum (1% and 2.5% v/v) did not disrupt the
endovascular interactions, whereas at 5% and 10% v/v
the tube disruption was predominant, suggesting a dose-
response relationship. Based on the initial dose-related
findings, we routinely used 10% v/v of normal pregnancy
serum or preeclampsia serum for majority of studies un-
less specified. To evaluate the system to predict the
onset of preeclampsia, serum samples from 12to 14 (n =
18), 24 to 27 (n = 5), and 32 to 36 (n = 22) weeks of
gestation were tested and compared with gestational
age-matched normal pregnancy serum. The average
number of tubes/vacuoles formed was quantified as de-
scribed earlier 344148

Cytotoxicity Assay

Endovascular disrupting activity could be either due to cy-
totoxicity imparted by the serum samples or due to factors
that perturb the molecular signaling in the endothelial or
trophoblast cells. Thus, we evaluated the cytotoxic potential
of pregnancy serum on endothelial cells and trophoblasts
by propidium iodide staining. Briefly, 0.25 X 10° endothelial
cells or trophoblasts were cultured overnight in a 12-well
culture plate in complete EBM-2 or RPMI media. The cells
were then incubated with serum free RPMI media contain-
ing 10% v/v of normal pregnancy serum or preeclampsia
serum for another 24 hours, harvested by cell scraping, and
washed with PBS. The cells were stained with propidium
iodide (1 ng/ul) by incubating at 37°C for 1 hour, washed,
and resuspended in Fluorescence-Activated Cell Sorting
(FACS) buffer. The stained cells were then acquired (10,000
cells) and analyzed by FACS Calibur (Becton Dickinson,
Franklin Lakes, NJ).

Statistics

Statistical analyses were performed by using Microsoft Ex-
cel software version 11.1.1 and Jump version 8.0.2. Nor-
mality diagnostics were first performed for all analyses to
guide choice of parametric or nonparametric tests. For nor-
mally distributed data, two-tailed Student’s t-tests were
used. P values less than 0.05 were considered significant.
For data with poor normal distribution, the Kruskal-Wallis
test was used.

Results

In Vivo Effects of Human Preeclampsia Serum
on Fetal Weight, Blood Pressure, and Proteinuria

Recent reports suggest that adenoviral delivery of sFit-1
and sEng in pregnant mice induce preeclampsia-like
symptoms. However, this vector system induces much
higher levels of these anti-angiogenic factors in animals
when compared with levels present in serum collected
from patients with preeclampsia.*>®" We screened by
ELISA a series of serum samples from normal pregnancy
subjects and patients with preeclampsia given a diagno-
sis of either mild or severe conditions. Our data on sFlt-1
and sEng show higher average values in patients with
preeclampsia compared with normal pregnancy samples
(Kruskal-Wallis P < 0.0001 and P < 0.0005, respectively;
see Supplemental Figure S1 at http://ajp.amjpathol.org),
in agreement with the published reports.® '3 However,
we did not observe a cross-sectional relationship with the
incidence of preeclampsia, as several serum samples
from this group had comparable values with normal preg-
nancy samples (see Supplemental Figure S1 at http.//
ajp.amjpathol.org). This suggests that other factors must
contribute to induction of this disorder in humans. To
address our hypothesis that serum could blueprint the
symptoms of preeclampsia, we injected i.p. a volume of
100 wl of individual serum samples from normal preg-
nancy (n = 9) or from severe (n = 8) or mild (n = 5)
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Figure 1. Preeclampsia serum induces symptoms of hypertension, proteinuria, and TUGR in pregnant IL-10~/~ mice. Pregnant wild-type or IL-10~/~ mice were

injected with normal pregnancy serum (NPS), severe preeclampsia serum (sPE), or mild preeclampsia serum (mPE) on gd 10. As depicted in the figure, multiple
serum samples (parentheses) were used in multiple mating experiments. A: Systolic blood pressures of pregnant mice in response to different treatments are
shown. Treatment with sPE (magenta bar) induces significant hypertension in both wild-type and IL-10~/~ mice when compared with treatment with NPS (blue
bar). Treatment with mPE (gray bar) induces moderate hypertension only in IL-10"/~ mice compared with the NPS group. B: Proteinuria values from urine
samples collected over 24-hour periods in response to different treatments are expressed as albumin to creatinine (microgram per milligram) ratios. Treatment
with sPE (magenta bar) induces significant proteinuria in both wild-type and IL-10~/~ mice compared with treatment with NPS (blue bar). Treatment with mPE
(gray bar) induces moderate proteinura in IL-10~/~ mice without significant effect in wild-type counterparts. C: A representative photograph of a gd 17 fetus shows
sPE-induced growth restriction compared with that with NPS treatment. D: Average weights of a number of fetuses (n) from wild-type or IL-107/~ mice are
represented for different treatment groups. Treatment with sPE (magenta bar), but not mPE (gray bar) or NPS (blue bar), induces TUGR in IL-10~/~ mice with no
significant effect in wild-type counterparts. All values represent the mean * SD of at least seven animals per group. The numbers in parentheses indicate the

number of serum samples tested in the study. *P < 0.01; **P < 0.05 for PE or normal pregnancy serum groups.

preeclampsia including those with low sFlt-1 and sEng
values. Serum was injected into pregnant wild type and
IL-10~/~ mice on different gds (see Materials and Meth-
ods). Our pilot experiments suggested gd 10 as the most
suitable time for serum administration as injection of se-
vere preeclampsia serum on gd 8 resulted in significant
intrauterine fetal death as confirmed by evaluation of
uterine horns on gd 17 (see Supplemental Figure S2 at
http://ajp.amjpathol.org). Similarly, injection on gds 13 to
14 did not cause any significant pathology. Accordingly,
we used gd 10 for subsequent studies of the effects of
preeclampsia serum administration. Injection of severe
preeclampsia serum resulted in elevated blood pressure
(Figure 1A) and proteinuria (Figure 1B) in IL-107/~ mice
as well as wild type counterparts. However, as seen in the
Figure 1, A and B, elevated blood pressure and protein-
uria were observed only in IL-10™/~ mice in response to
mild preeclampsia serum samples, suggesting that IL-10
deficient mice are more susceptible to developing pre-
eclampsia when challenged with serum from patients
with this syndrome. Treatment of pregnant IL-10~/~ mice
with serum from severe preeclampsia invariably resulted
in IUGR (Figure 1C), a phenomenon not observed with
samples from mild preeclampsia. Surprisingly, fetal
weights were not significantly affected in wild type mice
by even severe preeclampsia samples (Figure 1D). The

effects of preeclampsia serum cannot be directly attrib-
uted to human sFlt-1 and sEng because their absolute
values in 100 ul samples are relatively low (~5 ng and
~15 ng, respectively). Similarly, our observations could
not be attributed to the presence of AT1-AAs in pre-
eclampsia serum because co-treatment with AT, recep-
tor antagonist losartan or neutralizing AT1 receptor
epitope binding 7-amino acid peptide in IL-107/~ mice
did not reverse the abnormalities in fetal weight, blood
pressure, and proteinuria (see Supplemental Figure S3,
A-D, at http://ajp.amjpathol.org).

Renal Pathology Is Associated with Treatment
with Preeclampsia Serum

Glomerular endotheliosis and impaired renal function are
cardinal features of preeclampsia.®® To assess whether
preeclampsia serum samples cause renal pathology, kid-
ney tissue was harvested from the different treatment
groups and stained as described in Materials and Methods.
Figure 2A depicts the renal lesions that were observed after
administration of severe preeclampsia serum and normal
pregnancy serum in pregnant mice. Typical glomerular en-
dotheliosis, characterized by obliteration of Bowman'’s cap-
sule and increased infiltration of protein droplets in the
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Figure 2. Preeclampsia serum induces glomerular endotheliosis and elevated sFlt-1 and sEng production. A: Histopathological analyses of renal tissue from
representative NPS- or sPE-treated pregnant IL-107/~ (upper panel) and wild-type mice (lower panel) are shown (original magnification, X100). H&E stain shows
capillary occlusion in the sPE-treated IL-10™/~ and wild-type animals with enlarged glomeruli and swollen endothelial cells compared with NPS-treated control mice.
PAS-based staining of the sPE-treated mice shows inflammation of capillary endothelial cells (endotheliosis) in both IL-107/~ and wild-type animals. These pathological
changes are absent in the NPS-treated mice. Similar results were observed with multiple serum samples. A representative image from the staining of at least three animals
per group is shown. B: Circulating gd 17 mouse serum levels of sFlt-1 in response to a single-dose treatment with NPS (blue bar), sPE (magenta bar), and mPE (gray bar)
are shown. Treatment with sPE induces excess production of sFlt-1 in IL-10~/~ mice compared with NPS treatment without influencing wild-type counterparts. Treatment
with mPE serum did not induce the production of sFlt-1 in either wild-type or IL-10~/~ mice. C: Circulating gd 17 mouse serum levels of sEng in response to treatment
with NPS, sPE, or mPE are shown in the graph. Treatment with sPE induces excess production of sEng both in IL-10~/~ mice as well as wild-type animals when compared
with NPS treatment. Treatment with mPE induced moderate increase in the levels of sEng only in IL-10~"~ mice. All values are expressed as the mean *+ SD obtained

from at least seven animals per treatment group. *P < 0.01 or *P < 0.05 represent significance over control NPS-treated groups.

intraluminal spaces and hypertrophy of endocapillary cells
was observed in both IL-10~/~ mice and wild type animals
in response to preeclampsia serum. Similar changes were
observed in pregnant mice treated with high doses of sFlt-1
and/or sEng (data not shown), in agreement with the re-
ported observations in rats.*®*"! Pregnant mice treated with
normal pregnancy serum did not show any signs of kidney
pathology (Figure 2A). Treatment with mild preeclampsia
serum did not result in severe kidney pathology (data
not shown), a possible explanation for the only moder-
ate proteinuria readings observed (Figure 1B). The
glomerular endotheliosis noted after administration of
severe preeclampsia serum was consistent in all ex-
periments and parallels the observations seen in renal
biopsies in human preeclampsia.®?

Administration of Preeclampsia Serum Induces
Excess Production of Mouse sFit-1 and sEng

Excess presence of sFlt-1 in circulation, possibly re-
leased by the placenta, has been detected in a signifi-

cant proportion of patients with preeclampsia. It has been
thought to be associated with endothelial dysfunction,
hypertension, and proteinuria.®'®'*4° Moreover, sEng
has been shown to act synergistically with sFlt-1 in caus-
ing preeclampsia-like features in an experimental mo-
del.®" It is possible that injection of preeclampsia serum
in wild type or IL-10"/~ mice triggers excess production
of these anti-angiogenic factors. Thus, we assessed the
effect of preeclampsia serum on the circulating levels of
mouse sFlt-1 and sEng by using a mouse-specific ELISA.
Injection of severe preeclampsia serum significantly ele-
vated the levels of mouse sFlt-1 in IL-10~/~ mice without
affecting its production in wild type counterparts (Figure
2B). However, the serum levels of mouse sEng were
significantly elevated both in wild type and IL-10~/~ mice
in response to a single injection of severe preeclampsia
serum (Figure 2C). In IL-10~/~ mice, mild preeclampsia
serum treatment led to relatively significant increase in
sEng but not sFlt-1 (Figure 2C). In addition, this treatment
did not cause sFlt-1 or sEng production in wild type
animals. In this context, sEng has been shown to induce



hypertension and proteinuria. However, fetal growth re-
striction in pregnant rats was observed only when sFit-1
was co-administered with sEng.®’ These observations
suggest that combined elevation of both sFlt-1 and sEng
in IL-10 deficient mice is likely to contribute to severe
pathology affecting all maternal symptoms as observed
in Figures 1 and 2.

Nonpregnant Mice Are Resistant to
Preeclampsia Serum-Associated Effects

To confirm the pregnancy-specific nature of our obser-
vations, we injected normal or severe preeclampsia se-
rum samples in nonpregnant wild type or IL-10~/~ female
mice. The animals were monitored for blood pressure,
proteinuria, and circulating levels of anti-angiogenic fac-
tors on the seventh day after treatment. Treatment with
serum did not cause elevated blood pressure (Figure
3A), proteinuria (Figure 3B), or alter the levels of sFlt-1 in
either IL-107/~ or wild type animals (Figure 3C). More-
over, the nonpregnant animals treated with severe pre-
eclampsia serum did not experience renal pathology
(data not shown), suggesting that the abnormalities ob-
served in pregnant mice are linked pathophysiologically
to the placenta.

In Vivo Treatment with Preeclampsia Serum
Perturbs Spiral Artery Transformation

Spiral artery transformation is an essential feature of nor-
mal pregnancy that ensures the enhanced flow of nutri-
ents and blood to the fetus. Poor remodeling of spiral
arteries is a common histopathological feature of placen-
tation in preeclampsia, IUGR, and preterm birth associ-
ated with preeclampsia.®®>° We assessed the morpho-
logical changes in the uteroplacental sections after
staining with H&E. The histological sections, marked me-
sometrium, decidua basalis, placenta, and spiral arteries,
are shown in Figure 4A (upper panel, X4 magnification).
The average area of spiral arteries in wild type and IL-
10~/~ mice was quantified and is shown in Figure 4B.
Treatment with severe preeclampsia serum but not nor-
mal pregnancy serum significantly reduced the circum-
ference of modified spiral arteries and the total number of
transformed spiral arteries in the mesometrial region in
IL-10~/~ mice. There was a statistically insignificant ef-
fect of different treatments in the wild type animals as
shown in Figure 4B. Morphometric analysis of the spiral
arteries at higher magnification (x40) using One Spot
software (Figure 4A, lower panel) clearly showed that
treatment of IL-10/~ mice with severe preeclampsia se-
rum significantly blocked the transformation of spiral
arteries.

Preeclampsia Serum Induces Hypoxia at the
Maternal-Fetal Interface

Preeclampsia is considered to be a two-stage disorder,
characterized by placental hypoperfusion due to defec-

In Vivo and In Vitro Models of Preeclampsia 2393
AJP November 2010, Vol. 177, No. 5

Wild type

IL-10*

-
N
wn

(mmHg)
8 & 8

Systolic blood pressure  JI>
&

o

BNPS (n=3) M sPE (n=3)

w

e Wild type

IL-10"

Albumin:Creatinine
(ng/mg)

W NPS (n=3) M sPE (n=3)
C 30 Wild type IL-10"*
EI E 204
a2
-
101
0
M NPS (n=3) M sPE (n=3)
Figure 3. Severe preeclampsia serum does not induce disease-like symp-
toms in nonpregnant mice. Nonpregnant wild-type or IL-10~/~ female mice

were injected with NPS or sPE samples. Seven days after a single adminis-
tration as described for pregnant mice, blood pressure was monitored, and
urine and serum samples were analyzed. A: No changes were observed in the
readings of systolic blood pressure in nonpregnant mice irrespective of
treatment with NPS (blue bar) or sPE (magenta bar). B: Proteinuria values
from urine samples collected over a 24-hour period in response to different
treatments are shown. Treatment with sPE did not induce significant pro-
teinuria in either wild-type or IL-10~/~ mice compared with NPS treatment.
C: Circulating mouse serum levels of soluble Flt-1(sFlt-1) in response to a
single-dose treatment of NPS or sPE are shown. No significant differences
were observed between NPS (blue bar) and sPE (magenta bar). All of the
values were obtained from at least five animals per treatment group and are
expressed as the mean = SD. The numbers in parentheses indicate the
number of different serum samples tested in the study.

tive spiral artery remodeling, causing hypoxic/ischemic
injury to the placenta and resulting in excess production
of soluble factors that contribute to the maternal syn-
drome.""" Since our findings indicate impaired spiral
artery remodeling and excess production of sFlt-1, we
hypothesized that treatment with severe preeclampsia
serum could cause hypoxic injury in IL-107/~ mice. We
used a widely used method of hypoxia detection by EF5
(2-(2-nitro-1H-imidazol-1-yl)-N-(2,2,3,3,3-pentafluoropro-
pyl) acetamide).*>465°% As described in Materials and
Methods, this compound is injected i.p. 4 hours before
sacrificing the animal. Uteroplacental tissue was col-
lected and stained with an antibody against EF5. A rep-
resentative section of uteroplacental tissue from IL-10~/~
mice sacrificed on gd 14 and stained for EF5 is shown in
Figure 5A (X4 magnification). Preeclampsia serum was
associated with significant hypoxic injury in uteroplacen-
tal tissue when compared with normal pregnancy serum



2394  Kalkunte et al
AJP November 2010, Vol. 177, No. 5

w

A IL-10"

Average area of spiral arteries
(Mm)?

2.4

IL-10* _Wild type
2.0
1.64
1.2
0.8+
0.4 4
0+ T T T
NPS SPE NPS SPE

Figure 4. Preeclampsia serum blocks the spiral artery remodeling in pregnant IL-10~/~ mice. Pregnant wild-type and IL-10~/~ were injected with NPS, or sPE
on gd 10, and uteroplacental units were analyzed on gd 13 as described in Materials and Methods. A: H&E staining of a uteroplacental section from one
representative NPS- or sPE-treated pregnant IL-10~/~ mouse is shown (upper panel; original magnification, X4), and the representative morphometry of a spiral
artery indicated by a dotted circle is shown at higher magnification (X40, lower panel). The lengths and widths of spiral arteries expressed in micrometers (um)
were measured and stamped by using SPOT Advanced software. Treatment with sPE resulted in poor remodeling of spiral arteries as indicated by their reduced
size compared with NPS-treated control animals. B represents the average area of the spiral arteries of at least six spiral arteries per placental unit from three
independent animals per treatment group. **P < 0.05 compared with the NPS-treated group. M, mesometrium; D, decidua basalis; P, placenta.

treatment as suggested by intense immuno-fluorescent
staining for EF5. Since the response to hypoxia is regu-
lated by hypoxia-inducible factors, we evaluated HIF 1«
protein levels by Western blotting in IL-107/~ uteropla-
cental tissue collected on gd 12. As shown in Figure 5B,
treatment with preeclampsia serum significantly induced
the protein levels of HIF 1a. These results suggest that
preeclampsia serum induces significant hypoxia at the
maternal-fetal interface in IL-10~/~ mice.

Preeclampsia Serum Disrupts Endovascular
Activity in Vitro

Since preeclampsia serum impaired spiral artery remod-
eling and induced production of anti-angiogenic factors,
we hypothesized that these serum samples would disrupt
the endovascular interaction between endothelial cells
and trophoblasts. We used an in vitro model that we
recently establisned® 448 to assess serum samples
from women with preeclampsia that were collected at 32
to 36 weeks and compared them with gestational age-
matched serum from normal pregnancies for their effect
on endovascular interaction between endothelial cells
and trophoblasts on matrigel. Normal pregnancy serum
supported the endothelial cell-guided tube formation by
first trimester trophoblast HTR8 cells (Figure 6A). In con-
trast, serum from severe or mild preeclampsia disrupted
the endovascular cross talk between endothelial cells
and trophoblasts (Figure 6B). Interestingly, the endovas-
cular disrupting activity was independent of the serum
levels of human sFlt-1 and sEng. Normal pregnancy se-
rum spiked with amounts of recombinant sFit-1 or sEng
equal to that found in preeclampsia serum samples did
not perturb tube formation (see Supplemental Figure S4
at http://ajp.amjpathol.org). However, it should be pointed

out that endogenous sFit-1 or sEng could differ from their
recombinant counterparts in functional potency. We also
ruled out the disruption of endovascular interaction by
apoptotic cell death induced by serum.®® We analyzed
the cytotoxic potential of serum samples on endothelial
cells and first trimester HTR8 trophoblast cells by FACS
analysis. As shown in Figure 6C, preeclampsia serum did
not induce significant cell death as compared with nor-
mal pregnancy serum in either of the cell types.

Gestational Age-Dependent Longitudinal
Studies Confirm the Presence of
Tube-Disrupting Activity at 12 to 14 Weeks

Preeclampsia is typically diagnosed late in pregnancy.
We propose that the molecular events leading to clinical
manifestation of preeclampsia are likely to begin at earlier
stages of pregnancy. Thus, we evaluated the sensitivity
of our in vitro model to predict the gestational age-depen-
dent effects of preeclampsia serum. We used serum
samples drawn from patients at 12 to 14, 22 to 27, and 32
to 36 weeks of pregnancy who either experienced normal
pregnancy or were given a diagnosis of preeclampsia
after week 24. As shown in Figure 6D, normal pregnancy
serum samples from different gestational ages support
robust tube formation. In contrast, serum samples from
preeclamptic women increasingly showed tube-disrupt-
ing activity that correlated with gestational age. Impor-
tantly, endovascular disruptive activity could be ob-
served as early as 12 to 14 weeks’ gestation. These
results suggest that our in vitro three-dimensional tube
formation assay can be successfully used to predict the
onset of preeclampsia.



A IL-10-"

NPS

sPE

2 &
& 4

HIF 1a

[N N
B-actin
| ——— e
Figure 5. Preeclampsia serum induces placental hypoxia in IL-107/~ mice.

Pregnant wild-type and IL-107"" mice were injected with NPS or sPE on gd
10 (7 = 3 each), and uteroplacental units were analyzed on gd 13. Animals
were injected with EF5 as described in Materials and Methods. A: ITmmuno-
fluorescence of a representative uteroplacental section stained with an EF5
specific antibody (original magnification, X10). Treatment with sPE signifi-
cantly induced hypoxia in IL-107/~ mice compared with NPS-treated mice.
The treatment with sPE did not induce significant hypoxic injury in wild-type
uteroplacental tissue. Note that EF5 staining was more prominent in the
placental region (P) and that hypoxic injury was also visible in the decidua
(D) and around the spiral arteries in the mesometrial region (M). B: Expres-
sion of HIF la in response to treatment with NPS and sPE in IL-107/~
placenta harvested on gd 12 is shown in a representative Western blot.
B-actin is used as a loading control. Treatment with sPE significantly induced
HIF la compared with NPS treatment and confirms the hypoxic effects seen
with EF5 staining. These data represent at least three experiments.

Discussion

Here, we provide evidence that a single administration of
preeclampsia serum (0.1 ml) in pregnant IL-10~/~ mice
induces the full spectrum of symptoms mirroring the hu-
man condition. Wild type and IL-10~/~ mice differed in
their response to serum as the former only experienced
preeclampsia-like symptoms without IUGR possibly re-
lated to lack of increase in serum sFlt-1 levels. This sug-
gests that gene-environment interactions influence the
course and programming of this heterogeneous condi-
tion. These observations are consistent with the clinical
studies that suggest that preeclampsia and fetal growth
restriction are often associated with a maternal profile
that favors the prevalence of an anti-angiogenic pheno-
type (low PIGF, high sEng, and high sFlt-1).%"3"* Inter-
estingly, mild preeclampsia serum induced hypertension
and proteinuria only in IL-10~/~ mice without significantly
affecting their wild type counterparts, suggesting a gra-
dation of the syndrome, which can be associated with
IL-10 deficiency as an important predisposing factor for
the severity of preeclampsia. Most importantly, our data
for the first time provide evidence for induction of preg-
nancy-specific preeclampsia-like systemic symptoms as
serum from patients with preeclampsia did not cause any
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effects in nonpregnant wild type or IL-107/~ mice. This
implies that the placenta plays a crucial role in regulating
the onset of preeclampsia in response to administration
of preeclampsia serum. The placental origin of pre-
eclampsia further lends credence to the pregnancy-spe-
cific model described here. This further implies that onset
of placental pathology is essential for release of soluble
anti-angiogenic factors or other inflammatory regulators
that are likely to cause maternal symptoms of hyperten-
sion and proteinuria.

In this context, recent studies have shown that admin-
istration of AT1-AAs from human preeclampsia serum
samples could promote excess production of sFlt-1 lead-
ing to preeclampsia-like symptoms in mice.’®%” How-
ever, in the cohort of serum samples that we tested, the
AT1 receptor antagonist losartan potassium or neutraliz-
ing seven-amino acid epitope binding peptide did not
rescue serum-induced IUGR, hypertension, and protein-
uria in IL-107/~ pregnant mice (see Supplemental Figure
S3 at http://ajp.amjpathol.org). The fact that only serum
from the severe patients, but not mild preeclampsia or
normal pregnancy, caused renal pathology in both wild
type and IL-107/~ mice again suggests that intrinsic
gene-environment interactions are able to impart graded
pathology in response to causative factors. The differen-
tial activity of serum samples from mild or severe pre-
eclampsia could not be attributed to the varying concen-
trations of sFIt-1 and sEng because several preeclampsia
serum samples showed values of these factors as the
samples from normal pregnancy (see Supplemental Fig-
ure S1 at http://ajp.amjpathol.org).

Several studies have shown that hypoxia could be an
upstream factor that promotes placental pathology in-
cluding apoptosis, increase in oxidative stress, shedding
of villous microparticles, and elevated production of anti-
angiogenic factors such as sFlt-1 and sEng.>°8%° Hyp-
oxia-induced HIF 1a accumulation in the placenta is as-
sociated with defective trophoblast invasion into spiral
arteries possibly resulting in remodeling defects and fur-
ther ischemia.®® Moreover, HIF 1« has been shown to be
expressed in the placenta from preeclamptic subjects.®’
Hypoxia has also been shown to affect cytokine balance
by reducing IL-10 production and promoting IL-6 and
IL-8 in placental explants and trophoblasts.®22 As evi-
dent from our studies, preeclampsia serum was indeed
associated with placental hypoxia as indicated by EF5
incorporation in the decidua basalis and the junctional
zone with significant induction of HIF 1« in IL-10~/~ mice.
We did not observe a similar effect in the wild type
counterparts. Both Flt-1 and Eng genes contain hypoxia-
inducible factor-1 binding sites and are known to be
under hypoxic regulation.®* Specifically, hypoxia has
been shown to trigger HIF 1a expression with excess
production of sFlt-1 and sEng in trophoblasts from pre-
eclamptic placenta.®*®% Thus, placental hypoxic injury
with preeclampsia serum could be a possible cause for
production of sFlt-1 and sEng in IL-107/~ mice.®®¢”

As a consequence of the placental hypoxic injury, our
observations on impaired spiral artery remodeling in IL-
10~/~ mice in response to preeclampsia serum are note-
worthy. In the human condition, impaired spiral artery
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Figure 6. Preeclampsia serum disrupts endovascular interaction between trophoblasts and endothelial cells 7z vitro. A: Human umbilical vein endothelial cells
(EC; labeled red) and first-trimester human trophoblasts (HTRS8; labeled green) were cultured overnight on Matrigel in the presence of gestational age-matched
NPS, sPE, or mPE serum. Capillary tube formation was recorded as described in Materials and Methods. Representative figures of EC-directed tube formation by
HTRS cells (original magnification, X4) are shown. NPS significantly supported tube formation, whereas sPE and mPE serum disrupted this interaction, albeit in
a mild or severe pathology-dependent manner. B shows the quantification of dual cell endovascular tube formation in response to different serum samples. The
average number of tubes/vacuoles formed was quantified by counting the number of tube-like structures formed by connected capillary bridge in four different
fields (original magnification, X4) as described in Materials and Methods and represents multiple experiments. C: Cytotoxic potential of NPS and sPE on EC and
HTRS8 by propidium iodide (PI) staining was analyzed by FACS and represented here as % PI positive cells. Treatment with sPE or NPS did not induce cytotoxicity
in either EC or HTR8. D: Longitudinal studies involving pregnancy serum samples from weeks 12 to 14 (n = 18), 24 to 27 (n = 5), or 32 to 36 (n = 22) weeks
of gestation were tested for supporting tube formation. These samples were from women who were later diagnosed with preeclampsia. Data are represented as
a comparative analysis between these samples and those from gestational age-matched normal pregnancies. The average number of tubes/vacuoles formed was
quantified and plotted. As seen in D, unlike NPS, the tube disrupting activity in preeclampsia serum could be traced back to 12 to 14 weeks of pregnancy. All

of the values are expressed as the mean = SD. *P < 0.01 or *P < 0.05 compared with the respective control NPS-treated group.

remodeling is a clinical histological feature possibly due
to inefficient trophoblast invasion.®®°* Although the tro-
phoblast invasion in mice is relatively shallow as com-
pared with humans, multiple studies with mice have
shown that spiral artery remodeling occurring during nor-
mal pregnancy could be perturbed by uterine natural
killer cell dysregulation and by inhibition of the water
channel, aguaporin 1, at the maternal-fetal interface.®*3"
It is thus possible that in preeclampsia serum-treated
mice, dysregulated cross talk between uterine natural
killer cells and endothelial cells as a result of hypoxic
injury or altered angiogenesis-cytokine machinery, not
trophoblast invasion, may be a major regulator of spiral
artery remodeling. In the context of human pregnancy,
we have been able to demonstrate an in vitro model of
impaired cross talk between trophoblasts and endothelial
cells by preeclampsia serum. In this model, extravillous
trophoblasts from first trimester uniquely fingerprint the
endothelial cell-guided tube formation under pregnancy
milieu provided by normal pregnancy serum.*' Under
identical conditions, preeclampsia serum from both mild
and severe conditions consistently disrupted this endo-
vascular cross talk. The disruption of tube formation by
preeclampsia serum was graded according to the sever-
ity of the disease and was, at least partly, independent of
the serum levels of sFlt-1, sEng, vascular endothelial
growth factor, or PIGF (data not shown). Importantly,
using this bioassay with samples from a longitudinal

study, we demonstrated disruption of endovascular tro-
phoblast interaction by serum samples from patients with
preeclampsia collected as early as 12 to 14 weeks of
pregnancy. This observation is significant in view of the
fact that the disease is clinically manifest as symptoms
that typically occur only in the third trimester of preg-
nancy. Moreover, the heterogeneous nature of the dis-
ease has hampered the search for discovery of “biomar-
kers” applicable to the majority of patient population. In
this regard, our in vitro predictive assay using serum from
pregnant women is likely to provide a robust approach to
study disease-related changes and to blueprint placental
pathology. Longitudinal studies and a larger collection of
patient serum samples that validate the bioassay may
have the potential to identify a functional biomarker. In
this regard, we are currently evaluating serum samples
from 12 to 14 weeks’ gestation for their ability to cause
preeclampsia-like symptoms in IL-10~/~ mice. Identifica-
tion of causative factor(s) present in preeclampsia serum
responsible for the in vivo and in vitro observations pre-
sented here is currently under investigation.
Collectively, our data support the “blueprint” concept
of preeclampsia serum as demonstrated here in a novel
semihumanized mouse model of preeclampsia and in an
in vitro bioassay for predicting the onset of preeclampsia.
Since a multifactorial etiology has been widely discussed
for preeclampsia, we propose that the pregnancy-spe-
cific IL-107/~ mouse model that closely mirrors the hu-



man condition is suitable for now studying the complex
myriad of molecular events and for testing novel thera-
peutic interventions. This model could be further im-
proved by using the telemetry approach in place of the
tail cuff blood pressure measuring device and by better
characterizing the renal histology using electron micros-
copy. Our results also suggest that a possible role of
IL-10 should be investigated in preeclampsia in humans.
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