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Abstract

Preeclampsia is a life-threatening hypertensive disease of pregnancy. The condition is
characterized by the presence of autoantibodies that activate the major angiotensin receptor, AT;.
Research conducted during the past decade has shown that these autoantibodies activate AT,
receptors on a variety of cell types and provoke biological responses that are relevant to the
pathophysiology of preeclampsia. The introduction of these autoantibodies into pregnant mice
results in hypertension, proteinuria and a variety of other features of preeclampsia including small
fetuses and placentas. These findings demonstrate the pathophysiological role of these
autoantibodies in preeclampsia. The biological properties of these autoantibodies can be blocked
by a 7-amino acid peptide that corresponds to a specific sequence associated with the second
extracellular loop of the AT, receptor. The fact that autoantibodies from different individuals are
directed to a common epitope provides obvious diagnostic and therapeutic opportunities. Research
reviewed here raises the intriguing possibility that preeclampsia may be a pregnancy-induced
autoimmune condition characterized by the presence of disease-causing angiotensin receptor
activating autoantibodies

Introduction

Preeclampsia is a serious and common hypertensive complication of pregnancy that is a
leading cause of maternal and neonatal mortality and morbidity. It is a multisystem disorder
generally appearing after the 20th week of gestation and characterized by hypertension,
proteinuria, vascular abnormalities, and often intrauterine growth retardation[1-3]. In severe
cases preeclampsia is accompanied with the HELLP syndrome (Hemolysis, Elevated Liver
enzymes and Low Platelets). Preeclampsia affects ~7% of first pregnancies and is a leading
cause of maternal death and a major contributor to maternal and perinatal morbidity. The
only effective treatment is delivery of the fetus and placenta, often resulting in serious
complications of prematurity for the neonate. The resulting preterm births and the associated
increased infant morbidity and mortality are especially disheartening consequences of
preeclampsia. In fact, 15% of all preterm births are indicated early deliveries for
preeclampsia. Preeclampsia also increases the risk of intrauterine growth restriction,
resulting in low birth-weight babies at increased risk for long term disabilities. The
underlying mechanisms responsible for the pathogenesis of preeclampsia remain poorly
understood.
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Numerous recent studies have shown that women with preeclampsia possess angiotensin
receptor agonistic autoantibodies that bind to and activate the AT, angiotensin receptor[4—
12]. The introduction of these autoantibodies into pregnant mice induces clinical features of
preeclampsia via ATy receptor activation[6]. These findings suggest that preeclampsia may
be an autoimmune condition in which AT, receptor agonistic autoantibodies, termed AT;-
AAs, contribute to many features of the disease. These autoantibodies recognize a common
epitope on the AT receptor and their ability to activate ATq receptors is blocked by a 7-
amino acid (aa) peptide that corresponds to this epitope. Overall, the studies summarized
here raise the intriguing possibility that preeclampsia is a pregnancy-induced autoimmune
disease in which pathophysiological symptoms result from autoantibody-induced
angiotensin receptor activation.

AT.-AAs activate AT, receptors on a variety of cell types and provoke
biological responses relevant to the pathophysiology of preeclampsia

A growing body evidence indicate that AT1-AA activate AT receptors on a variety of cells
and provoke biological responses that are relevant to the pathophysiology of preeclampsia

(Fig. 1).

Cardiomyocytes

Angiotensin receptor agonistic autoantibodies (AT;-AAs) were originally detected by
Wallukat et a/[5] based on the ability of these autoantibodies to activate AT, angiotensin
receptors on cultured neonatal rat cardiac myocytes. Autoantibody-induced receptor
activation stimulated an increase in the beating rate of cardiomyocytes, a feature that was
blocked by losartan, an ATy receptor antagonist. The autoantibody-induced chronotropic
effect was also blocked by a seven amino acid (7-aa) peptide that corresponds to a sequence
present on the second extracellular loop of the AT, receptor. These remarkable findings
were the first to show that preeclamptic women possess stimulatory autoantibodies against
the AT receptor and that these autoantibodies are directed to a common epitope associated
with the second extracellular loop.

Subsequent to the initial report by Wallukat et al.[5], numerous publications showed that
ATq-AAs activate ATy receptors on a variety of cells and provoke biological responses
relevant to the pathophysiology of preeclampsia (Fig. 1). These /n vitro studies with cultured
cells are reviewed in the remainder of this section.

Vascular smooth muscle cells

Preeclampsia is associated with numerous abnormalities of circulatory function and vascular
physiology. Among these are disseminated intravascular coagulation and increased
production of reactive oxygen species (ROS). Dechend et al. explored the impact of AT;-
AA-mediated AT, receptor in contributing to hypercoagulation and the generation of
reactive oxygen species by vascular smooth cells.

Tissue factor production (hypercoagulation)—Tissue factor (TF) is a 47-kDa
transmembrane protein that initiates the extrinsic pathway of coagulation. Increased
expression of TF is associated with preeclampsia and is believed to contribute to the
hypercoagulation (i.e. increased fibrin deposition) associated with this condition. Dechend et
al[9] showed that AT;-AAs stimulate increased TF expression by human vascular smooth
muscles cells. They also showed that AT{-AAs activate TF promoter/luciferase constructs
after transfection into cells that contain AT receptors and that this activation required the
presence of activating protein-1 (AP-1) binding sites. Increased TF synthesis by vascular
smooth muscle cells and the activation of the TF/luciferase reporter were blocked by
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losartan. 1gG from normotensive pregnant women had no effect in either assay. Thus, the
studies of Dechend et a/[9] and Dorffel et a/[13] show that AT,-AAs activate ATy
receptors, initiating a signaling cascade resulting in increased TF expression that may
contribute to the hypercoagulation seen in women with preeclampsia.

Reactive oxygen species (ROS)—The production of ROS is increased in preeclamptic
women and may contribute to the oxidative stress associated with their condition. The
identity of the ROS-producing enzymes in preeclampsia was also investigated by Dechend
et al[10], who recognized that reduced nicotinamide-adenine dinucleotide phosphate
(NADPH) oxidase is a major source of ROS in arteriosclerosis and reperfusion injury. They
determined that IgG from preeclamptic women induces intracellular ROS in vascular
smooth muscle cells via increased synthesis of NADPH oxidase. They suggested that AT;-
AA:s, through activation of NADPH oxidase, could contribute to ROS production in
preeclampsia. They also showed that AT1-AAs activate nuclear factor xB (NFxB) a feature
that could contribute to the enhanced inflammatory responses associated with preeclampsia.

Trophoblast cells

Placental abnormalities associated with preeclampsia include shallow trophoblast invasion,
impaired spiral artery remodeling and increased production of ROS and antiangiogenic
factors. Research reviewed in this section suggests that the action of AT{-AAs on
trophoblast cells may contribute to these features.

Trophoblast invasion—Trophoblast invasion depends in part on the regulated
production of plasmin from plasminogen, a process catalyzed by plasminogen activators.
Plasminogen activator activity is negatively controlled by plasminogen activator inhibitors,
of which PAI-1 is the most abundant. Xia et a/. initially investigated the role of a local renin-
angiotensin system in placental physiology and development and found that Ang 11
stimulated the synthesis and secretion of PAI-1 from trophoblast cells[14]. On the basis of
these findings they tested 1gG from women with preeclampsia for the ability to stimulate
PAI-1 synthesis and secretion by human trophoblasts. They observed that 1IgG from women
with preeclampsia, in contrast to 1gG from normotensive pregnant women, stimulated an
increase in the synthesis and secretion of PAI-1. Pharmacologic inhibition and peptide
competition experiments indicate that the effect of 1gG was mediated through activation of
AT receptors. Xia et al. used an in vitro Matrigel cell invasion assay to show that the
autoantibody-induced synthesis of PAI-1 resulted in reduced trophoblast invasion[4]. These
results suggest that the action of AT1-AA on trophoblast cells may contribute to shallow
trophoblast invasion and improper spiral artery remodeling.

Hypercoagulation—Elevated PAI-1 occurs in the maternal circulation of women with
preeclampsia and is believed to contribute to the hypercoagulation and fibrinolytic
imbalance associated with their condition. PAI-1 inhibits the conversion of plasminogen to
plasmin, the serine protease responsible for degrading fibrin and fibrinogen in the serum.
AT1-AAs may contribute to hypercoagulation by stimulating the synthesis and secretion of
plasminogen activator inhibitor-1 (PAI-1) by trophoblast cells of the placenta. Because
mesangial cells, cardiomyocytes, and vascular muscle cells also produce increased PAI-1 in
response to Ang Il it is likely that AT1-AAs also stimulate PAI-1 production from these
cells. Trophoblast cells may also contribute to hypercoagulation by increased expression of
TF[9]. Thus, IgG from women with preeclampsia may contribute to hypercoagulation in two
ways: 1) by stimulating the synthesis of TF resulting in the activation of the coagulation
cascade[9], and 2) by stimulating the synthesis of PAI-1, thereby reducing the production of
plasmin and the degradation of fibrin clots[4].
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ROS — NADPH oxidase—Trophoblast cells are also a source of ROS during pregnancy.
Dechend et a/. found that ROS production is increased in preeclamptic placentas, especially
in and around the blood vessels and showed that this correlated with an increase in placental
NADPH oxidase activity[10]. In addition, Dechend et a/. found that autoantibody from
women with preeclampsia stimulated the synthesis of NADPH oxidase and the production
of ROS in cultured primary human trophoblasts[10].

Antiangiogenic factors—It is a commonly held view that “toxic factors” secreted by the
placenta into the maternal circulation are responsible for systemic endothelial dysfunction,
hypertension and multiorgan damage[15]. One such factor is soluble fms-related tyrosine
kinase-1 (sFlt1), the soluble form of the vascular endothelial growth factor (VEGF) receptor
that is significantly elevated in the plasma of women with preeclampsia and is believed to
contribute to disease pathology by interference with VEGF signaling. Zhou et a/. initially
showed that Ang Il stimulates sFIt1 synthesis and secretion by trophoblast cells during
pregnancy[16]. Realizing that Ang Il levels are not increased in women with preeclampsia
over that occurring during normotensive pregnancies, they tested the possibility that AT;-
AA contribute to increased production of sFIt1. They found that 1gG from women with
preeclampsia, in contrast to 1gG from normotensive pregnant women, stimulates the
synthesis and secretion of sFIt1 via AT, receptor activation in pregnant mice, human
placental explants and in human trophoblast cells[6][17]. Autoantibody induced sFit1
production was blocked by losartan and by the 7aa epitope peptide and required the
calcineurin/NFAT signaling pathway. Overall the studies of Zhou et a/. suggest that Ang |1
is a significant regulator of sFlt1 synthesis and secretion during normal pregnancy and that
the excessive accumulation of sFIt1 observed in women with preeclampsia is due to the
additional activation of AT4 receptors mediated by AT1-AA[6].

Mesangial cells

Monocytes

Mesangial cells are modified smooth muscle cells that control blood flow through the
glomerulus. Mesangial cells also produce a variety of cytokines when stimulated, and are
capable of phagocytosis. These cells respond to the local renal renin-angiotensin system and
secrete increased amounts of PAI-1 and IL-6 in response to Ang Il. Bobst ef a/. have shown
that 1IgG from women with preeclampsia stimulate an AT, receptor-specific secretion of
IL-6 and PAI-1 from human mesangial cells. Competition with the epitope peptide
suggested that the stimulation was due to AT-AA[11]. High levels of PAI-1 may contribute
to the disseminated intravascular coagulation present in the glomerular structures of women
with preeclampsia. The autoantibody-stimulated release of IL-6 by mesangial cells may
contribute to the activation of the pro-inflammatory response associated with preeclampsia.
These findings suggest that a maternal autoantibody with the ability to activate ATy
receptors may contribute to the development of renal damage seen in preeclamptic patients.

Monocytes from individuals with essential hypertension produce more proinflammatory
cytokines and reactive oxygen species than monocytes from normotensive individuals and
the adhesion to human umbilical vein endothelial cells is significantly increased. These
features of activated monocytes are also displayed by monocytes from women with
preeclampsia. Dorffel et a/[13] reported that AT1-AAs stimulated monocytes to produce
increased amounts of TF, a feature that could contribute to increased adherence to
endothelial cells. They found that monocyte adhesion to human aortic or umbilical vein
endothelial cell layers was significantly higher following stimulation with AT1-AA and that
the effect was inhibited by eposartan and by the 7aa epitope peptide as well as the presence
of tissue factor antibody. Autoantibody from women with preeclampsia also stimulated
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increased production of ROS. These results suggest that AT1-AA may contribute to
monocyte activation in women with preeclampsia.

Reporter cell lines

Calcium mobilization—Preeclampsia is associated with abnormalities in Ca2*
metabolism and increased intracellular Ca2* levels in platelets, erythrocytes, and
lymphocytes[18]. Haller et a/. showed that basal intracellular free CaZ* in platelets is
substantially elevated in preeclamptic patients compared to women with uncomplicated
pregnancy[18-19]. This phenomenon completely disappears 6 weeks after delivery, which
suggests a relevant relationship to preeclampsia. Similar studies using lymphocytes and
erythrocytes showed that the intracellular free Ca2* concentration is increased in these cells
of preeclamptic patients[18—-20]. In addition, a more widespread dysregulation of cellular
Ca?* metabolism is also implicated in preeclampsia[21]. Earlier work by Xia et a/. indicated
that the calcineurin/NFAT signaling pathway is associated with the activation of AT,
receptors by AT1-AAs in human trophoblasts[4]. Realizing that the calcineurin/NFAT
signaling pathway is dependent on increased intracellular calcium concentrations, Thway ef
al. hypothesized that AT;-AAs stimulate increased intracellular Ca2* resulting in the
activation of NFAT. Support for this hypothesis was obtained by showing that both Ang 11
and IgG from preeclamptic women but not IgG from normotensive pregnant women induced
Ca?* mobilization in a dosage-dependent way in a Chinese hamster ovary cell line. The
specific mobilization of intracellular Ca2* by AT;-AAs from women with preeclampsia was
blocked by losartan and by the 7-aa epitope peptide[22]. AT1-AA-induced mobilization of
intracellular Ca2* resulted in the activation of the NFAT transcription factor. These results
suggest that AT1-AA may account for increased intracellular free Ca* concentrations
associated with preeclampsia.

Luciferase expression—Antibody-induced mobilization of intracellular calcium results
in the activation of calcineurin, a phosphatase that dephosphorylates the cytoplasmic form of
NFAT. Following dephosphorylation NFAT moves into the nucleus where it participates in
the activation of genes controlled by NFAT response elements. This feature was exploited
by the engineering of a Chinese hamster ovary cell line that carries an NFAT-luciferase
reporter gene. These cells produce increased luciferase in response to Ang Il or AT1-AA and
serve as a hioassay to detect AT, receptor activation[22][6].

AT.-AAs induce preeclampsiain pregnant mice: The adoptive transfer
experiment

As reviewed above many features of preeclampsia can be explained by the ability of AT-
AAs to activate AT receptors on a variety of cells and provoke biological responses
relevant to the pathophysiology of preeclampsia (Fig. 1). However, these studies were
restricted to the use of /n vitro cultured cell systems and therefore did not directly address
the relevance of AT1-AA to hypertension and proteinuria, the defining features of
preeclampsia. To formally examine the role of AT1-AAs in the pathophysiology of
preeclampsia total 1gG or affinity purified AT{-AA from women with preeclampsia was
injected into pregnant mice and features of preeclampsia were monitored (Fig. 2).

Affinity purified AT1-AA from women with preeclampsiainduce hypertension and
proteinuria in pregnant mice

Injection of IgG or affinity purified AT;-AA isolated from preeclamptic women, in contrast
to that from normotensive pregnant women, resulted in a pronounced increase in blood
pressure that was evident by three days following antibody injection (Fig. 3A). Urinary
protein also increased significantly by day 18 in the pregnant mice following injection with
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affinity purified AT{-AA from women with preeclampsia (Fig. 3B). The antibody-mediated
increase in blood pressure and urinary protein was prevented by co-injection with losartan or
the 7-aa epitope peptide. Thus, hypertension and proteinuria, the defining features of
preeclampsia, appeared in pregnant mice following a single injection of affinity purified
ATq-AA from women with preeclampsia[23].

Kidney damage is induced in pregnant mice by injection of IgG from women with
preeclampsia

Preeclampsia is also associated with impaired renal function and characteristic alterations in
renal histology. The majority of the glomeruli seen in the mice injected with IgG from
women with preeclampsia showed normal to smaller-sized glomeruli with endothelial
swelling (Fig. 3C), causing narrowing and total obliteration or occlusion of the glomerular
capillary spaces (a condition termed endotheliosis, a typical pathological feature seen in
women with preeclampsia). Examination of kidneys from these mice by electron
microscopy (Fig. 3D) confirmed the glomerular changes observed by light microscopy.
These changes were not evident in mice after injection of 1gG from normotensive pregnant
women and were diminished when preeclampsia IgG was coinjected with either losartan or
the 7-aa epitope peptide. Similar renal damages were observed in pregnant mice injected
with affinity-purified AT{-AAs. Thus, these autoantibodies can induce renal
histopathological changes characteristic of preeclampsia via AT, receptor activation[23].

Injection of AT1-AAs into pregnhant mice results in increased production of placental
derived anti-angiogenic factors and smaller placentas

Soluble FIt1 (sFItl) is a soluble form of the fms-like tyrosine kinase receptor-1 (also known
as vascular endothelial growth factor receptor-1), and as discussed above is significantly
elevated in the plasma of women with preeclampsia. Elevated sFlt1 is believed to contribute
to disease pathology by interference with VEGF signaling[15; 24]. To evaluate the potential
contribution of AT1-AA to increased production of sFItl in preeclampsia, pregnant mice
were given injections of 1IgG from normotensive pregnant women or women with
preeclampsia and the levels of sFIt1 in the plasma of injected mice was determined. The
results show that sFItl levels were significantly greater in pregnant mice receiving injections
of 1gG from women with preeclampsia over that observed with pregnant mice injected with
IgG from normotensive pregnant women. Smaller placentas were also seen in pregnant mice
injected with 1gG from women with preeclampsia, a feature that may result, in part, from the
anti-angiogenic effects of autoantibody-induced sFltl. Autoantibody-mediated induction of
sFIt1 and the reduction in placental size were inhibited by co-injection with losartan or the
7-aa epitope peptide indicating that these outcomes were mediated by AT;-AA and required
AT receptor activation[6].

Autoantibody-induced hypertension in hon-pregnant mice

Autoantibody-induced hypertensive effects in pregnant mice may be mediated through the
action of autoantibody-induced excessive sFIt1 production by the placenta[23]. To
distinguish the hypertensive effects of AT{-AA from sFIt1, preeclampsia autoantibodies
were introduced into non-pregnant mice and the effects on blood pressure and sFlt1
production were determined. As expected, the concentration of sFIt1 was very low in non-
pregnant animals and was not elevated significantly following injection of preeclampsia
autoantibodies. The blood pressure in antibody-injected non-pregnant mice achieved levels
similar to that seen in antibody-injected pregnant mice, suggesting that AT;-AA can
stimulate blood pressure independent of sFIt1. Because AT1-AAs are a biological mimic of
Ang Il it is not surprising that these autoantibodies induce hypertension.
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Summary of adoptive transfer studies

The antibody injection model of preeclampsia provides strong experimental support for the
hypothesis that preeclampsia is a pregnancy induced autoimmune condition in which ATy-
AAs contribute to many features of the disease[23][25]. This important antibody-induced
model of preeclampsia in mice provides important experimental opportunities to study the
molecular mechanisms of AT{-AA induced pathophysiology.

Experimental induction of AT;-AA in animal models of preeclampsia

As reviewed above preeclampsia in humans is characterized by the presence of autoreactive
antibodies, AT1-AA, that contribute to the pathophysiology of the disease[23]. These
antibodies also appear in animal models of preeclampsia initiated by placental ischemia or
the infusion of inflammatory cytokines[26]. Granger and colleagues developed a rat model
of preeclampsia based on experimentally induced placental ischemia resulting from reduced
uterine perfusion pressure (RUPP)[3; 27-28]. Such experimentally manipulated pregnant
rats develop hypertension, proteinuria and other features of preeclampsia, including elevated
levels of sFIt1, sEng, increased inflammatory cytokines such as TNF-a and IL-6, increased
endothelin-1 production and endothelial dysfunction[29-34]. Remarkably, RUPP rats also
develop AT1-AA[26]. RUPP-induced hypertension is inhibited by losartan but not by an
ACE inhibitor, suggesting AT1-AAs contribute to hypertension associated with
preeclampsia. Granger and colleagues also investigated the effect of TNF-a infusion. They
found that low dose TNF-a infusion in pregnant rats also resulted in increased blood
pressure and the appearance of AT-AA[26]. Neither hypertension nor AT1-AA was
induced by RUPP manipulation of, or TNF-a infusion into, non-pregnant rats, suggesting a
role for pregnancy and the placenta in hypertension and the production of AT{-AAs. Factors
contributing to the production of AT1-AAs and the autoimmune recognition of the AT,
receptor peptide epitope are not well understood at this time and may be associated with
extensive vascular injury mediated by hypoxia in the placenta. The generation of these
autoantibodies may be secondary to placental ischemia, vascular damage and increased
maternal inflammatory response that is associated with preeclampsia[35]. Experimental
induction of uteroplacental ischemia and the infusion of inflammatory cytokines appear to
be promising experimental models to study the relationship between preeclampsia and
autoimmunity.

Diagnostic and therapeutic opportunities provided by early detection and
effective neutralization of AT;-AA

Preeclampsia is not currently considered an autoimmune condition. However, the research
reviewed here implicating AT1-AA in the pathogenesis of preeclampsia could lead to a
paradigm shift in our understanding of this complex disorder of pregnancy. If maternal
circulating AT1-AAs play a significant role in preeclampsia pathogenesis, then the timely
detection and removal or inhibition of these autoantibodies may provide significant benefits
in the medical management of preeclampsia.

AT41-AA as a pre-symptomatic risk factor

For years, the diagnosis of preeclampsia has been made by the detection of sudden onset
hypertension and proteinuria. The triggering factors in the pathogenesis of the disease
remain elusive. An important component to the management of preeclampsia would be a
sensitive and reliable diagnostic test to identify women at risk for preeclampsia at the
earliest possible time. Important work by Walther et a/[12] showed that AT;-AAs are
present before the 20th wk of gestation in women with impaired uterine perfusion as judged
by Doppler sonography. AT1-AAs were not observed in second-trimester women with a
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normal Doppler ultrasound. Using the cardiomyocyte contraction assay they found that AT-
AAs were detected between the 18th and 22nd wk of gestation in women with reduced
uterine perfusion pressure. When followed to term, these women fell into three groups: those
who developed preeclampsia, those characterized by fetuses with intrauterine growth
retardation, and those with otherwise normal outcomes. Thus, AT1-AAs track women
showing reduced uterine perfusion pressure during the second trimester and may serve to
identify women at risk for intrauterine growth retardation and/or preeclampsia. The authors
of this study suggested, as we had done earlier[4], that AT,-AAs may be responsible for
reduced trophoblast invasion and impaired placental development. The fact that AT;-AA
can be detected many weeks before the symptoms of preeclampsia has significant
implications regarding pre-symptomatic identification of women at risk for preeclampsia.
The ability to conveniently and accurately detect AT1-AAs may have significant diagnostic
and prognostic value in the management of preeclampsia. To facilitate the early detection of
disease causing autoantibodies associated with preeclampsia research is needed to develop
improved methods to conveniently and accurately detect and quantify AT;-AAs in the sera
of pregnant women. A long range goal is to develop genetic tests to identify women at risk
for preeclampsia prior to pregnancy.

possibilities based on blocking autoantibody-induced receptor activation

Currently there are no specific treatment options for preeclampsia, and severe cases often
require premature delivery of the infant. The fact that 1gG from women with preeclampsia
causes preeclampsia-like features following injection into pregnant mice suggests that these
autoantibodies are likely to contribute to symptoms of preeclampsia in the women from
whom the 1gG was obtained. If maternal circulating AT{-AAs contribute to the
pathophysiology of preeclampsia as we hypothesize then blocking the action of these
autoantibodies at the earliest possible time may provide significant therapeutic benefit. One
approach to this is based on /n vitro studies showing that AT;-AAs recognize a specific
seven-amino acid sequence present on the second extracellular loop of the AT, receptor and
that the ability of AT;-AAs to activate AT, receptors on various cell types can be blocked
by the presence of this heptapeptide. Our recent studies show that this peptide can neutralize
ATq-AAs and thereby prevent autoantibody-induced features of preeclampsia in pregnant
mice[6]. Thus, the use of epitope peptide therapy to neutralize AT1-AA has the potential of
being a safe and effective treatment of preeclampsia.

The role of the immune system in preeclampsia

Autoimmune disorders are estimated to affect approximately 5% of the United States
population. Mechanisms leading to the development of autoimmune conditions are poorly
understood[36][37][38]. The research presented here raises the intriguing possibility that
preeclampsia is a pregnancy induced autoimmune disease[35]. Environmental and genetic
factors contributing to the production of AT1-AA in preeclampsia are not known. We
speculate that the adaptive immune response to foreign antigens and/or the inflammatory
response accompanying placental ischemia are a key factors contributing to the production
of AT1-AA. Each of these features could account for the well known fact that preeclampsia
is most prevalent among first pregnancies. In addition preexisting conditions that increase
the risk of preeclampsia, such as obesity and insulin dependent diabetes mellitus, are
associated with immunological and/or inflammatory disturbances. A review of relevant
literature linking adaptive and innate immunity with preeclampsia is provided below.

Adaptive immune response (Immunological tolerance)

A considerable amount of epidemiological evidence (Table 1) supports the view that
increased exposure to paternal antigens present on the fetus or on sperm results in
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immunological tolerance to these paternal antigens and reduces the risk of preeclampsia[39—
41].

It is well known multiparous women are at a reduced risk of preeclampsia compared to
nulliparous women[42]. Thus, a prior normotensive pregnancy provides protection against
preeclampsia in subsequent pregnancies with the same partner[43]. Likewise a previous
spontaneous or induced abortion reduces the risk of preeclampsia in a subsequent
pregnancy, but only if the subsequent pregnancy is with the same individual who
contributed to the aborted pregnancy[44—-45]. These epidemiological findings are consistent
with the view that extended exposure to paternal antigens present on the fetus during the
first pregnancy results in immunological tolerance that reduces the risk of preeclampsia in a
subsequent pregnancy.

The risk of preeclampsia among nulliparous women is reduced by extended periods of
sexual activity prior to the first pregnancy[43][46]. Oral sexual activity also provides an
opportunity for paternal antigen exposure and serves to reduce the risk of preeclampsia[47-
48]. The protective effect of extended cohabitation and sexual contact is reduced by the use
of barrier contraception such as condoms or diaphragms that reduce the opportunity for
exposure to paternal antigens. These findings suggest that repeated exposure to paternal
antigens present on sperm prior to the first pregnancy allows the maternal immune system to
become adapted (i.e. tolerant) to paternal antigens and in this way allows for normal
trophoblast invasion and placental development and a reduced risk of preeclampsia.

Pregnancies resulting from donor sperm fall into a special high risk category because they
represent the first encounter with paternal antigens encoded by donor sperm[49]. The
increased risk of preeclampsia associated with donor sperm does not apply to sperm
obtained from a sexual partner that has provided prior antigen exposure. The highest risk of
preeclampsia (~33%) is associated with the use of donor embryos derived entirely of donor
gametes (i.e., both egg and sperm)[49]. In this case the embryo represents a complete
allograft and provides the strongest maternal immunological response. Thus, pregnancies
occurring without the opportunity to develop immunological tolerance to paternal antigens
(or fetal alloantigens) are at a significantly increased risk of developing preeclampsia.

Maternal inflammatory response (activation of the innate arm of the immune system)

Another factor linking preeclampsia to the immune system is a systemic maternal
inflammatory response representing widespread activation of the innate arm of the immune
system[50-54]. Normal pregnancy is associated with a mild systemic maternal inflammatory
response[55-56]. Preeclampsia, however, is characterized as an excessive maternal
inflammatory response stemming from poor placentation resulting in placental ischemia,
vascular damage and oxidative stress. A growing body of evidence demonstrates that
leukocyte proliferation, complement activation coupled with the increased proinflammatory
cytokine secretion (such as TNF-a, IL-6, IL-8 and IL-12) are seen in preeclamptic patients
[50-61]. The increased occurrence of preeclampsia among primigravadas may be due in part
to an increased risk of placental ischemia (and the associated endovascular damage and
inflammatory response) because of the small size of the spiral arteries in the nulliparous
uterus[62]. Prior to the first pregnancy the uterine spiral arteries are thick and muscular. This
muscular layer must be fully infiltrated by endovascular trophoblast cells of fetal origin in
order to produce adequate dilation and subsequent increased blood flow to the uteroplacental
unit. The spiral artery diameters increase four to five fold as they become flaccid and non-
muscular. The structural conversion of the small caliber spiral arteries in the non-pregnant
uterus to the large caliber uteroplacental arteries is necessary to provide for adequate blood
flow to the placenta. Following pregnancy, the uterine spiral arteries do not return to their
original small virgin size but instead remain larger. Such permanent changes in the uterine
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spiral arteries are believed to allow for enhanced placental perfusion and in this way
contribute to the higher birth weights associated with subsequent pregnancies[62]. It is
possible that the enlarged uterine arteries following the first pregnancy provide for increased
blood flow into the placenta, resulting in reduced risk of placental ischemia and
endovascular damage. The improved placental perfusion in multigravadas results in a
reduced risk of an inflammatory response and the production of AT1-AA. Thus, the reduced
risk of preeclampsia in multigravadas may be due in part to the reduced risk of placental
ischemia, vascular damage and oxidative stress and the resulting inflammatory response.

Concluding remarks

In 1999 Wallukat et al. reported their remarkable findings that sera from women with
preeclampsia contain autoantibodies that react with AT, receptors in a stimulatory fashion
[5]. During the past decade their important findings have been confirmed and extended in
numerous ways, showing that these autoantibodies activate AT, receptors on a variety of
cell types and provoke biological responses that are relevant to the pathophysiology of
preeclampsia. The introduction of these autoantibodies into pregnant mice results in
hypertension, proteinuria, increased production of placenta-derived soluble factors and other
key features of preeclampsia[6]. On the basis of these findings we hypothesize that
preeclampsia is a pregnancy-induced autoimmune condition characterized by the presence
of disease-causing angiotensin receptor activating autoantibodies, AT,-AAs. We
hypothesize further that these autoantibodies are responsible for widespread activation of
AT receptors on a variety of maternal and placental cells (and probably in the fetus) and in
this way contribute to many features of preeclampsia. The biological properties of these
autoantibodies can be blocked by a 7-aa peptide that corresponds to a specific epitope
associated with the second extracellular loop of the AT4 receptor. This fact suggests a
common immunological origin for these autoantibodies in different individuals and provides
obvious therapeutic opportunities.
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Figure 1. Autoantibodies from women with preeclampsia are functional mimics of Ang |1 and
activate AT receptorson many cell types

Autoantibody-induced AT, receptor activation on cardiac myocytes leads to increased
contraction rates. The activation of AT4 receptors on mesangial cells and trophoblast cells
results in increased synthesis and secretion of soluble factors such as interleukin-6 (IL-6),
plasminogen activator inhibitor-1 (PAI-1), and soluble fms like tyrosine kinase-1 (sFlt-1, a
soluble form of the vascular endothelial growth factor-1 receptor), all of which are elevated
in women with preeclampsia. In addition, AT1-AAs stimulate the synthesis of NADPH
oxidase in several cell types, resulting in increased production of reactive oxygen species
(ROS) and oxidative damage. Increased production of tissue factor (TF) by vascular smooth
muscle cells and monocytes may contribute to hypercoagulation often associated with
preeclampsia. We propose that AT,-AA activate AT receptors on many cell types and in
this way contribute to pathophysiological changes associated with preeclampsia.
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Figure 2. Schematic illustration of the adoptive transfer experiment described here

1gG or affinity purified AT1-AA were prepared from the sera taken from normotensive
pregnant women or women with preeclampsia and introduced into pregnant mice (gestation
day 13) by intraorbital injection. Some of the parameters monitored are shown.
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Figure 3. Affinity-purified AT 1-AAsinduced an increasein blood pressure and proteinuriain
pregnant mice
A. Systolic blood pressure in pregnant mice after injection of affinity purified AT{-AAs
(~20 ug) on gestation day 13 in the presence or absence losartan or a 7-aa epitope peptide.
1gG from normotensive pregnant women was used as a control. B. The ratio of urinary
albumin and creatinine on gestation day 18. C. H & E staining of kidneys from pregnant
mice injected with 1gG from normotensive women or IgG from women with preeclampsia in
the presence or absence of losartan or the 7-aa epitope peptide. Note that the kidneys from
mice treated with 1gG from women with preeclampsia, in contrast to IgG from normotensive
pregnant women were characterized by extensive endothelial swelling and occlusion of the
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capillary lumens. D. Electron microscopic examination of kidney sections from mice
injected with 1gG from normotensive women or with IgG from women with preeclampsia in
the presence or absence of losartan or the 7-aa epitope peptide. Thick arrows show
endothelial cell swelling causing marked narrowing or total occlusion of the capillary loop
spaces (*). Thin arrows indicate focal subendothelial deposits. Boxes highlight the state of
the fenestrations of the endothelial cells and the podocyte foot processes in the various
kidney samples. Data from Zhou et a/. [23], used with permission.
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Table 1

Immunological tolerance to paternal antigens reduces the risk of preeclampsia

©® N o g &M 0w N

Risk is reduced by repeated sexual exposure to paternal semen[63][44].

Barrier contraception (e.g. condoms and diaphragms) nullifies the reduced risk resulting from repeated semen exposure[48].
The decreased risk of preeclampsia by persistent oral sex[64].

Risk is increased by the use of assisted reproductive technologies involving the use of donor gametes[65]

Highest risk is associated with donor embryos in which both gametes are donors[49].

Multiparous women are at reduced risk compared to nulliparous women[42][66].

The protective effect of multiparity is lost with change of partner[44].

The increased risk associated with nulliparity is reduced by prior abortion, but only if the pregnancy involved the same partner[45][44].
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