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Abstract

Preeclampsia is characterized by development of hypertension during pregnancy and reduced
placental perfusion. Previous studies in a rat model of placental ischemia-induced hypertension
demonstrated that inhibiting complement activation attenuated increased maternal blood pressure
with C3a and C5a identified as the important products of complement activation. Given that in
other forms of ischemia both natural IgM and antigen antibody complexes initiate complement
activation, we hypothesized that placental ischemia exposes neoepitopes recognized by IgM to
cause local complement activation and hypertension. Alternatively, we postulated that
autoantibody to angiotensin Il Type 1 receptor (AT1-AA) interacts with AT1 receptors to cause
complement activation. Since complement activation occurs in kidney and placenta in
preeclampsia, we used immunohistochemistry to determine IgM deposition and local complement
activation in each organ (C3 deposition), and quantitative real-time polymerase chain reaction
(gRT-PCR) to quantitate mMRNA for endogenous regulators of complement activation CD55, CD59
and Complement receptor 1-related gene/protein y (Crry). On gestation day (GD)14.5, timed
pregnant Sprague Dawley rats underwent Sham surgery or placement of clips on inferior
abdominal aorta and ovarian arteries to create placental ischemia using the reduced utero-placental
perfusion pressure (RUPP) model. As previously reported, RUPP surgery increased mean arterial
pressure and circulating C3a on GD19.5. In placenta, IgM and C3 deposition increased, whereas
mRNA for complement regulators Crry and CD59 decreased along with Crry protein in RUPP
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compared to Sham treated animals. In kidney, IgM deposition increased in animals subjected to
RUPP vs Sham surgery without a significant change in C3 deposition and coincident with an
increase in mRNA for CD55 and CD59. The AT1 receptor antagonist losartan prevents placental
ischemia-induced hypertension as well as AT1-AA interaction with AT1 receptors. However,
losartan did not attenuate complement activation as measured by circulating C3a or placental C3
deposition. Importantly, our studies indicate that following placental ischemia, complement
activation is not due to AT1-AA but is associated with IgM deposition. These studies suggest a
role for natural antibodies interacting with placental ischemia-induced neoepitopes to activate
complement and contribute to hypertension.

Keywords

pregnancy-induced hypertension; preeclampsia; complement; natural antibody; C3 deposition;
autoantibody

1. Introduction

Substantial evidence implicates the immune system in the pathogenesis of pregnancy-
induced hypertension. Both adaptive and innate immune mechanisms are implicated in
contributing to the initial abnormal spiral artery remodeling and resultant placental ischemia.
In addition, aberrant immune activation occurs once the placental ischemia is established.
Multiple studies demonstrated significantly enhanced systemic complement system
activation in preeclamptic pregnancies compared to hormal pregnancies (Derzsy et al., 2010;
Regal et al., 2015a). Both the placenta and kidney also showed evidence of increased local
complement activation in preeclampsia, coincident with up-regulation of message for
complement regulators but no evidence of changes in regulator expression using
immunohistochemistry have been reported (Burwick et al., 2014; Buurma et al., 2012; Lokki
et al., 2014; Penning et al., 2015). However, the event or events that initiate complement
activation in preeclampsia are unknown. Complement can be activated by multiple
mechanisms and is regulated by the expression of endogenous regulators that normally limit
complement activation on host surfaces. Simplistically, increased overall complement
activation in preeclampsia could be the result of either increased activation of any initiation
pathway and/or insufficient expression of endogenous regulators.

Complement activation by self-reactive, native IgM antibodies has been well-documented
following ischemia reperfusion in many different situations and organs (Austen et al., 2004;
Busche et al., 2009; Fleming et al., 2002a; Williams et al., 1999). These natural antibodies
comprise up to 80% of the circulating IgM and do not require exogenous antigen for
production. They are thought to recognize danger-associated molecular patterns or
neoepitopes revealed following ischemia. Compared to normal pregnancy, sera from women
with preeclampsia contains increased circulating IgM (Kestlerova et al., 2012) and increased
IgM has been demonstrated in immune deposits in the placenta (Buurma et al., 2012).
Autoantibody production, particularly agonistic 1gG autoantibodies to angiotensin 11 Type 1
receptor (AT1-AA) (LaMarca et al., 2013), are associated with placental ischemia and
preeclampsia. The Angiotensin Il type 1 receptor (AT1) antagonist losartan prevents
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interaction of AT1-AA with the AT1 receptor, in addition to preventing interaction of
angiotensin Il with the receptor. Antagonism of AT1 with losartan has been demonstrated to
completely prevent placental ischemia-induced hypertension (Alexander et al., 2001b;
LaMarca et al., 2008) in a rat model, indicating that either angiotensin and/or the AT1-AA
contribute to the increased blood pressure. Given the known capacity of natural IgM as well
as antigen antibody complexes to initiate complement activation, we hypothesized that
placental ischemia exposes neoepitopes that interact with IgM to cause complement
activation and hypertension following placental ischemia. As an alternate hypothesis we
considered that AT1-AA interaction with AT1 receptors activates complement resulting in
hypertension following placental ischemia. Since complement activation has been
demonstrated in kidney and placenta in preeclampsia, we considered those organs as the
most likely site for complement activation, and examined local complement activation as
well as the status of endogenous regulators of activation in each organ.

Our studies focus on the response to placental ischemia using the Reduced Utero-placental
Perfusion Pressure (RUPP) model of pregnancy-induced hypertension in the rat. Chronic
placental ischemia in the RUPP model results in increased blood pressure in the mother,
fetal growth restriction and complement activation as indicated by generation of C3a
(Lillegard et al., 2013; Lillegard et al., 2014). As we have reported, this model also
manifests other signs of preeclampsia including angiogenic imbalance with decreased
vascular endothelial growth factor (VEGF) and increased soluble VEGF receptor (sFlt-1)
(Bauer et al., 2013), though the validity of the VEGF and sFIt-1 assays in the rat have been
questioned (Weissgerber et al., 2014). Increased protein in the urine is not routinely
manifested in this model, but has been reported in the RUPP model by others (Granger et al.,
2006). The diagnosis of preeclampsia has required the presence of proteinuria since the
1930s, but in 2013 the diagnosis of preeclampsia has been broadened due to the
heterogeneous and systemic nature of the disease and proteinuria is not required if other
signs or symptoms of systemic disease are present (ACOG, 2013). Our previous studies have
demonstrated that circulating C3a increases in the RUPP rat model and inhibiting
complement activation with a soluble form of an endogenous regulator, soluble CR1,
inhibits the placental ischemia induced hypertension (Lillegard et al., 2013). Also,
antagonism of C3a or C5a receptors significantly attenuates the placental ischemia induced
hypertension (Lillegard et al., 2014). These data provide critical evidence for a role of this
innate immune amplification system in hypertension following placental ischemia. Given the
importance of C3a and C5a in placental ischemia induced hypertension, the goals of the
present studies were to determine if placental ischemia resulted in local tissue deposition of
C3in placenta and kidney and if mMRNA for endogenous complement regulators changed,
regardless of the pathway of activation. In addition, our studies were designed to determine
if IgM was deposited in placenta and kidney suggesting the participation of natural IgM
antibody in the pathophysiology of gestational hypertension. Losartan was used to prevent
AT1-AA interaction with the AT1 receptor and the effect on complement activation
following placental ischemia assessed. These studies provide important insight into the
potential site(s) and factors critical for complement activation resulting in placental ischemia
induced hypertension.
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2. Materials and Methods

2.1 Reduced Utero-placental Perfusion Pressure (RUPP) procedure

The reduced utero-placental perfusion pressure (RUPP) procedure was used to model
placental ischemia induced hypertension in third trimester pregnant rat as previously
described (Lillegard et al., 2013; Lillegard et al., 2014; Regal et al., 2015b). Timed pregnant
Sprague Dawley dams (Crl:CD IGS, Charles River Laboratories, Portage, MI) were
anesthetized with isoflurane on gestation day (GD)14.5 with the date of vaginal plug
designated as GDO.5. The lower abdominal aorta was isolated and a sterile silver clip (0.203
mm ID) placed around the aorta above the iliac bifurcation. To prevent compensatory blood
flow to the placenta, right and left uterine arcades were also clipped at the ovarian end,
directly before the first segmental artery, using a silver clip (0.100 mm ID). Uterine
perfusion pressure is reduced by approximately 40% using this procedure (Alexander et al.,
2001a). For the comparison group, a Sham operation differing only in absence of the clips
was also conducted. On GD18.5, the carotid artery was cannulated under isoflurane
anesthesia using a 25% dextrose lock solution in sterile pyrogen free saline to maintain
cannula patency. No heparin was used in the cannula due to its known ability to inhibit
complement activation (Girardi et al., 2004) and affect sFlt (Searle et al., 2011). On GD19.5,
mean arterial pressure (MAP) was measured from the arterial catheter in an unanesthetized
restrained rat. Following measurement of blood pressure, serum, plasma and tissues were
collected in necropsy as described (Alexander et al., 2001a; Gilbert et al., 2007a; Gilbert et
al., 2007b; Gilbert et al., 2010). The uterus was exteriorized, the total number of viable and
resorbed pups counted and the pups and placentae of the right horn weighed. A kidney and
select utero-placental units were frozen in OCT for assessing deposition of C3 and IgM. The
other kidney (divided into kidney cortex and medulla) and a placenta were frozen in liquid
nitrogen for gRT-PCR analysis of endogenous complement regulators in RUPP and Sham
animals.

2.2 Experimental Design and Treatments

For determination of C3 and IgM deposition, rats were subjected to either Sham or RUPP
surgery on GD14.5 and outcomes measured on GD19.5. For determination of the role of
AT1-AA in complement activation following RUPP, rats were treated with losartan in
drinking water beginning 13.5 days post conception (GD13.5) with the date of vaginal plug
designated as GDO.5. Losartan potassium was obtained from TCI America (Portland, OR;
CAS 124750-99-8; >98% purity) and was provided in drinking water at 0.3 mg/ml from
GD13.5 to necropsy. The final dose of losartan was estimated as per day consumption based
on total water consumed from GD13.5 to 19.5 and the minimum and maximum weight of
the animal over that time period. Rats were randomly assigned to one of four experimental
groups based on surgical procedure and water treatment: 1) RUPP surgery with water ad lib
(RUPP Water); 2) RUPP surgery with losartan in water (RUPP losartan); 3) sham surgery
with water ad lib (Sham Water); 4) sham surgery with losartan in water (Sham losartan). The
n for each outcome measured is indicated in each of the figure legends, dependent on
samples available.

Mol Immunol. Author manuscript; available in PMC 2017 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Page 5

2.3 Complement System measurements

Rat C3a, C5a and sC5b-9—The complement activation product C3a was measured in
serum by Western blot as previously described (Lillegard et al., 2013) with modification.
NUuPAGE Novex 10% Bis-Tris gels were used with MES SDS Running buffer.
Immunodetection was modified from the original method using the secondary antibody
IRDye 800CW Goat anti-Rabbit IgG (H+L) at 1/20,000 dilution and LiCor Odyssey Fc for
imaging. A standard curve of rat serum activated by yeast was included on each gel. Relative
amounts of C3a were expressed as C3a units/ul based on signal intensity of 1 ul of standard
pool of rat serum activated by yeast. Rat C5a was measured in serum by ELISA (Cusabio
Biotech Co, College Park, MD). Rat sC5b-9 was assayed in plasma using an ELISA assay
purchased from Hycult (HK106, Hycult, Biotech, Uden, The Netherlands). This assay is
based on the publication by Kotimaa et al (Kotimaa et al., 2014). The sC5b-9 complex is
captured with mouse anti-rat C5b-9 neoepitope recognizing mAb clone 2A1 (Hycult
HM3033-1A) and detected with biotinylated mouse anti-rat C6 mAb 3G11 (Hycult
HM3034).

Total hemolytic complement activity—Total hemolytic complement activity was
determined as previously described (Larsen et al., 2001). The inverse dilution of serum that
results in 50% hemolysis of sensitized sheep erythrocytes (CH50) was determined in the
presence or absence of losartan.

ELISA for Rat IgG and IgM—Total IgG and IgM concentrations were measured in rat
serum using ELISA kits from Abcam (ab189578, ab157738; Cambridge, MA).

2.4 Immunohistochemistry for C3, C5b-9, Crry and IgM

Placenta and kidney were flash frozen in OCT freezing medium and 8um sections were cut
and placed on slides for immunohistochemistry. Non-specific binding was blocked for 30
min with 10% donkey sera in PBS. The washed sections were incubated overnight at 4°C
with goat anti-rat C3 (MP Biomedical 55713; Santa Ana, CA), rabbit anti-complement 5b-9
(EMD Millipore 204903; Darmstadt, Germany), goat anti-mouse Crry (Santa Cruz
sc-25217; Dallas, TX) or rabbit anti-rat IgM (Rockland Immunochemicals 112-4107;
Limerick, PA). Serial sections were incubated with appropriate isotype control antibodies.
After additional washing, all tissues were incubated with fluorescently labeled secondary
donkey anti-goat (C3) or rabbit (IgM) antibody (Jackson Immuno Research). Subsequent to
three additional washes, the slides were mounted with ProLong Gold (Invitrogen). Images
were obtained by a blinded observer using a Nikon eclipse 80i microscope equipped with a
CoolSnap CF camera (Photometrics) and analyzed with Metaview software (Molecular
Devices). The images from each animal were compared to isotype control to determine
positive staining and scored by a blinded observer as negative (0), weakly positive (1),
positive (2) or strongly positive (3).

2.5 mRNA expression of complement regulators

Prior to RNA isolation, flash frozen kidney and placenta were added to pre-chilled
RNAIlater-Ice (Ambion; Thermo Fisher Scientific) and allowed to thaw at —20°C for at least
16 hours. Samples were removed from RNAlater-Ice and RNA isolation completed with
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RNeasy Mini Prep Kit from Qiagen (Valencia, CA) with DNA digestion performed during
RNA isolation using RNase-Free DNase kit from Qiagen (Valencia, CA). RNA
concentration was determined using a Nanodrop spectrophotometer. Omniscript Reverse
Transcription (Qiagen, Valencia, CA) and random nonamers custom synthesized by
Integrated DNA Technologies (Coralville, lowa) were used to synthesize cDNA with 1.5ug
of total RNA per sample. cDNA was diluted 1:5 and real-time PCR performed in duplicate
using Qiagen QuantiTect SYBR Green PCR Kit and Rotor-Gene real time PCR cycler.
Custom primers (Table 1) were obtained from Integrated DNA Technologies (Coralville,
lowa). Expected PCR product size was confirmed by agarose gel electrophoresis as well as
by direct sequencing (University of Minnesota Genomics Center). Equal primer efficiencies
were validated as described in Applied Biosystems User Bulletin No.2. Delta-delta Ct
method of relative quantification was used to determine fold change in mMRNA expression
compared to actin with the change in Sham animals defined as 1.

2.6 Statistical analyses

3. Results

Data were expressed as mean +/— standard error of the mean. Differences were considered
significant using two tailed comparisons with p<0.05. When comparing RUPP and Sham
treatments for assessing C3a, sC5b-9, C5a, 1gG and IgM, a t test was used. In experiments
with losartan, two way ANOVA was conducted with post hoc individual contrasts using JMP
and SAS software (SAS Institute, Cary, NC). For losartan treatment the following
comparisons were considered biologically relevant: RUPP Water vs Sham Water; RUPP
Water vs RUPP losartan; Sham water vs Sham losartan.

3.1 Complement activation occurs in circulation and locally in placenta

Our previous studies had demonstrated increased C3a in the circulation following placental
ischemia. In addition, antagonizing either the C3a or C5a receptor attenuated the
hypertension (Lillegard et al., 2013; Lillegard et al., 2014). Our continued studies reported
here determined whether sC5b-9 also increased in the circulation and if complement
activation could be detected locally in the placenta and kidney by deposition of C3. As seen
in Figure 1A-B, placental ischemia resulted in increased mean arterial pressure and
decreased fetal weight in RUPP compared to Sham animals. Circulating C3a increased
whereas sC5b-9 remained constant in the same cohort of animals (Figure 1C-E).
Measurement of circulating C5a by ELISA also demonstrated a significant increase in
complement activation (Sham, 12.2+2.5 ug/ml; RUPP, 21.5+4.2 ug/ml; n= 7-8).
Immunohistochemistry demonstrated increased C3 deposition in placenta of RUPP vs Sham
animals (Figure 2A). In the kidney, although significantly brighter than isotype control, C3
was not consistently deposited in RUPP animals and was not significantly different from
staining intensity in Sham kidney (Figure 2B). C5b-9 was also assessed by
immunohistochemistry in placenta with no difference in staining intensity detected
comparing RUPP to Sham (data not shown).
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3.2 Placental ischemia results in up-regulation of message for complement regulators in
kidney but not placenta

Increased complement activation in circulation and C3 deposition in tissues could be due to
insufficient expression of endogenous complement regulators. Membrane bound
complement regulators investigated included: 1) CD55 and Complement receptor 1-related
gene/protein y (Crry) which limit complement activation through C3 and C5, and 2) CD59
which limits formation of C5b-9 membrane attack complex. Relative expression of each
molecule was assessed in both kidney cortex and placenta of RUPP vs Sham animals and is
shown in Figure 3A. In placenta, mRNA for Crry and CD59 significantly decreased with
placental ischemia, while CD55 did not significantly change. However, in kidney cortex,
Crry mRNA remained constant and CD59 mRNA significantly increased in RUPP vs. Sham
with a 1.16+0.04 fold change (p<0.05). A slight increase in CD55 mRNA was noted
(1.21£0.09 fold change; p= 0.07) in RUPP vs. Sham kidney cortex. Our data suggest that
upregulation of complement regulators may prevent increased C3 deposition in kidney.
However, in placenta, down-regulation of regulators may contribute to the net increase in
local complement activation observed in RUPP vs Sham. To determine if the changes in
regulators paralleled a change in translated protein, Crry in placenta was also assessed by
immunohistochemistry. As seen in Figure 3B, staining intensity for Crry was significantly
less in placenta of RUPP compared to Sham animals, consistent with the down-regulation of
message for Crry in placenta.

3.3 IgM deposition in kidney and placenta following placental ischemia

Complement activation can occur by multiple mechanisms with distinct stimuli initiating the
cascade and amplification. Studies in ischemia reperfusion injury have implicated natural
antibody in complement activation and pathology (Austen et al., 2004; Busche et al., 2009;
Fleming et al., 2002b; Williams et al., 1999). Studies in preeclampsia have demonstrated
increased immune deposits containing IgM in placenta of preeclamptic women compared to
normal pregnancy as well as increased circulating IgM and IgG (Buurma et al., 2012;
Kestlerova et al., 2012). Thus, we determined if IgM was evident in kidney and placenta of
RUPP vs Sham animals. Increased IgM deposition was seen in placenta and kidney of RUPP
vs Sham animals (Figure 4A-B) whereas increased C3 deposition was significantly
increased only in the placenta (Figure 2). Circulating IgM did not significantly change in
RUPP vs Sham animals (Sham, 339+44 ug/ml; RUPP, 338+20 ug/ml; n=10-12), nor did
circulating I1gG.

3.4 Losartan significantly inhibits the RUPP induced increase in mean arterial pressure
without inhibiting complement activation

AT1-AA have been implicated in the pathophysiology in preeclampsia as well as in the
RUPP model of placental ischemia induced hypertension (Harmon et al., 2016; LaMarca et
al., 2011). As seen in Figure 5A, RUPP surgery significantly increased mean arterial
pressure (MAP) and decreased fetal weight (data not shown). Importantly, treatment with
losartan significantly inhibited the RUPP induced increase in blood pressure (Figure 5A) and
did not affect the decreased fetal weight. Also consistent with studies of others (Alexander et
al., 2001b; LaMarca et al., 2008), losartan significantly reduced MAP in Sham animals as
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well. However, losartan did not significantly prevent the RUPP induced increase in
complement activation as measured by C3a (Figure 5B). To verify that losartan itself did not
affect the ability of an antigen antibody complex to activate the complement cascade, the
presence of losartan at 80 ug/ml was assessed in the total hemolytic complement assay.
Losartan did not significantly alter the CH50 when present in the buffer during the
incubation when hemolysis is occurring (data not shown). Most importantly, losartan did not
inhibit C3 deposition in the placenta (Figure 5C) indicating that local complement activation
was not due to AT1-AA interaction with the receptor. In addition, IgM deposition was not
changed by losartan treatment in RUPP vs Sham animals (data not shown).

The dose of losartan in drinking water was estimated by calculating the average ml
consumed/day. The highest body weight from GD13.5 to necropsy was used to determine
the lowest estimated mg/kg delivered. In the losartan experiment, sham and RUPP animals
consumed similar amounts of water (135.8+6.8 vs 132.4+7.4ml/kg/day water; Sham to
RUPP) and consumption was not significantly affected by losartan. The estimated losartan
dose based on the greatest weight of the animal over the time period of exposure was
40.8+3.5 mg/kg/day and 48.6+2.1 mg/kg/day in RUPP and Sham animals, respectively.
Thus, exposure to losartan in drinking water at 0.3 mg/ml delivered more than sufficient
dose to achieve at least 30 mg/kg/day reported as effective in RUPP by LaMarca et al
(LaMarca et al., 2008).

Discussion

A pathophysiological role for complement activation in preeclampsia is evidenced by
enhanced complement activation in preeclamptic pregnancies compared to normal
pregnancy, detected both before and after development of preeclamptic symptoms (Derzsy et
al., 2010; Lynch et al., 2008; Lynch et al., 2011). In addition, hypertension resulting from
placental ischemia in the rat is attenuated following inhibition of complement activation with
a demonstrated role for complement activation products C3a and C5a (Lillegard et al., 2013;
Lillegard et al., 2014). More importantly and consistent with these findings is the fact that
anti-C5 antibody eculizumab was reported to extend a preeclamptic pregnancy by more than
two weeks (Burwick and Feinberg, 2013). In addition, eculizumab treatment in individuals
with disorders in complement regulation such as atypical hemolytic uremic syndrome (Tsai
and Kuo, 2016) or paroxysmal nocturnal hemoglobinuria (Kelly et al., 2010) reduces the risk
of adverse pregnancy outcomes.

Both the events that initiate increased complement activation in preeclampsia as well as the
important pathway(s) of activation are unknown. Increased activation could be due to
insufficient regulation as well as by increased activation. In this study, we considered
possible mechanisms by which antigens combining with self-reactive antibodies could
increase complement activation following placental ischemia. Given the general concept that
neoepitopes are exposed following ischemia, we considered that autoreactive IgM antibodies
reacted with the as yet unidentified neoepitopes resulting in local IgM and C3 deposition. In
addition, we considered a specific self-reactive antibody that has been identified in the
RUPP model, the AT1-AA, as potentially responsible for complement activation after
interacting with the AT1 receptor. Considering IgM deposition as a stimulus for complement
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activation, our studies clearly demonstrated IgM deposited in kidney and placenta following
placental ischemia along with local C3 deposition in the placenta. Our studies do not provide
any insight on the important neoepitope(s) potentially responsible for increased IgM
deposition in the placenta and/or kidney following placental ischemia. However, studies of
others in ischemia reperfusion injury provide the basis for continued studies to consider the
importance of such molecules as non-muscle myosin, 2 glycoprotein or annexin IV as
potential sites of IgM binding following placental ischemia (Fleming, 2012; Kulik et al.,
2009; Zhang et al., 2006).

Following up on this observed complement activation in placenta but not kidney, we noted
that message for complement regulators CD55 and CD59 increased in kidney but not
placenta following ischemia, consistent with control of C3 deposition in Kidney, but not
placenta. In fact, message for regulators Crry and CD59 decreased in placenta, consistent
with increased C3 deposition in placenta. We demonstrated using immunohistochemistry
that Crry decreased in placenta of RUPP vs Sham, consistent with the decrease in mRNA for
Crry in placenta. Future studies with additional tissue will more extensively characterize
expression of complement regulators by immunohistochemistry.

Our studies do not directly address the pathway(s) of complement activation involved in
generation of C3a/C5a leading to hypertension. The fact that IgM deposition is increased
suggests that classical pathway activation may be involved. However, there is also evidence
that as a glycosylated molecule IgM may lead to MBL binding and involvement of the lectin
pathway (Arnold et al., 2005; McMullen et al., 2006). The fact that circulating sC5b-9 and
C5b-9 placental deposition does not increase in RUPP vs Sham suggests that widespread
systemic activation through C9 does not occur. Since C3a and/or C5a receptor antagonists
attenuate placental ischemia induced hypertension similarly to SCR1, the terminal
complement complex is not likely critical for placental ischemia induced hypertension. Our
future studies will address the important pathway(s) involved in complement activation to
determine the therapeutic intervention most likely to attenuate the placental ischemia
induced hypertension

Since the seminal publication by Wallakut et al (Wallukat et al., 1999) describing the 1gG3
antibody with agonist activity for the angiotensin type 1 receptor (AT1), multiple studies
have demonstrated an increase in autoantibodies to the angiotensin receptor (AT1-AA) in
preeclampsia (LaMarca et al., 2011). Studies in the RUPP model in the rat have provided
evidence that these autoantibodies are important for development of the hypertension
following placental ischemia (LaMarca et al., 2009; LaMarca et al., 2011; LaMarca et al.,
2008). Additional studies have demonstrated that administration of AT1-AA mimics
symptoms of preeclampsia in a mouse model (Zhou et al., 2008) associated with deposition
of complement in kidney and placenta (Wang et al., 2012). These studies demonstrated that
both the blood pressure increase and the complement deposition were prevented by losartan
providing evidence that complement activation occurs in conjunction with symptoms of
preeclampsia when autoantibody is the inciting stimuli. Using a C3a receptor antagonist
Wang et al (Wang et al., 2012) also provided evidence for complement activation playing an
important role in the preeclamptic symptoms. In our studies using the RUPP model and the
more clinically relevant stimuli of placental ischemia, losartan prevented the increase in
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blood pressure as previously reported (LaMarca et al., 2008), but did not significantly
change the increase in C3a or the C3 deposition in the placenta. These data indicate that
complement activation following placental ischemia is not the result of AT1-AA interaction
with the AT1 receptor. Local complement activation following placental ischemia is
associated with IgM deposition so future investigations will focus on determining if IgM
deposition or production of natural IgM is critical for placental ischemia induced
hypertension.

There is certainly strong evidence of excessive complement activation in circulation during
preeclamptic pregnancies compared to normal pregnancies with decreased C3, increased
C3a/Ca3 ratio, increased C5a and sC5b-9 concentrations (Derzsy et al., 2010; Soto et al.,
2010) and increased complement activation products also found in urine (Burwick et al.,
2013). Also, 8-18% of women with preeclampsia have mutations in complement regulatory
proteins (Salmon et al., 2011). Using immunohistochemistry, Lokki et al reported no
differences in complement regulators in human placenta of preeclamptic pregnancies
compared to normal pregnancy. The study by Buurma et al reported increased mRNA for
complement regulators CD55 and CD59 but protein expression was not determined. Both of
these studies also demonstrated increased complement activation in the placenta.
Presumably, the increased complement activation results in up-regulation of complement
regulators to limit the potential of complement mediated damage in mother and fetus.

Complement regulators in the rat and mouse differ from the human (Lesher and Song,
2010). In contrast to human where CD46 is expressed on multiple cell types, in adult rat,
CD46 is limited to expression in spermatozoa (Mizuno et al., 2004). In addition to CD55
and CD59, rat and mouse utilize Crry, a membrane bound regulator with both decay
accelerating and cofactor activity against C3 convertase. Crry is expressed in the placenta
and in endothelium, mesangium and tubules in the kidney. CD55 in the rodent kidney is
expressed in podocytes and endothelial cells (Lesher and Song, 2010).

Our previous studies indicated that antagonism of the C3a or C5a receptor attenuated
hypertension following placental ischemia, similarly to the attenuation seen with sCR1
administration to inhibit complement activation (Lillegard et al., 2013; Lillegard et al.,
2014). These data suggested that the terminal complement complex was not important for
the increase in high blood pressure. In the circulation, our previous studies demonstrated an
increase in C3a following placental ischemia (Lillegard et al., 2013), and our present study
also indicates an increase in C5a, but no increase in the formation of the terminal
complement complex sC5b-9. These data suggest a feedback mechanism is present that
adequately limits circulating C5b-9 formation but is insufficient to limit excessive C3a
and/or C5a production. Endogenous regulators are sufficient to prevent widespread
activation of complement with sC5b-9 production, but activation through C5 is not
sufficiently limited following placental ischemia.

In summary, complement activation clearly occurs following placental ischemia and
contributes to hypertension (Lillegard et al., 2013; Lillegard et al., 2014). Endogenous
regulators control complement activation in the kidney, but not placenta. Our studies aimed
at determining the mechanism of complement activation have ruled out autoantibodies to the
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angiotensin 1l Type 1 receptor as important and provide new evidence that complement
activation is associated with IgM deposition. Thus, continuing studies will be focused on
determining if neoepitopes and IgM interaction are critical for complement activation and
the resultant hypertension. Gaining a better understanding of the mechanisms of
complement activation in preeclampsia and gestational hypertension will enable the pursuit
of specific immune therapeutics for improving maternal and fetal outcomes in many
complicated pregnancies.
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HIGHLIGHTS
. Placental ischemia activates complement locally in placenta but not
kidney
. Placental complement activation is consistent with decreased

complement regulators

. Autoantibody to angiotensin Il Typel receptor does not activate
complement

. IgM deposition suggests a role for natural antibody in complement
activation
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Figure 1.

C3a but not sC5b-9 is significantly increased in RUPP compared to Sham animals. RUPP or
Sham surgery was conducted on GD14.5 and outcomes measured on GD19.5. A. Mean
arterial pressure (MAP); B. Average fetal weight; C. Circulating C3a in serum, units of C3a
are relative to a standard pool of yeast activated rat serum as described in Materials and
Methods; D. Circulating sC5b-9 expressed as mAu/ml in plasma as determined by ELISA.
For Figures 1A-D, values represent the mean + SE of determinations from 11-14 animals.
*p<0.05 vs Sham. E. Representative near infrared images from 2 different Western blots
using serum collected from 3 different RUPP and 2 different Sham animals applied to the

gel at both a 1/20 and 1/40 dilution.
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Figure 2.

C3 deposition is significantly increased in placenta (A) but not kidney (B) in RUPP
compared to Sham animals. Immunohistochemistry was conducted as described in Materials
and Methods, and staining graded by a blinded observer from 0-3, negative to strongly
positive. Representative images at 200X magnification are provided. Values for staining
intensity represent the mean + SE of scores obtained from placenta and kidney from 9-11
animals. *p<0.05 vs Sham
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Figure 3.
Complement regulators Crry, CD55 and CD59 change in placenta and kidney cortex in

RUPP compared to Sham animals. A. mRNA was isolated from placenta and kidney cortex
and Delta-delta Ct method of relative quantification was used to determine fold change in
MRNA expression compared to actin with the change in Sham animals defined as 1. Values
represent the mean + SE of fold change obtained from 4-7 animals for placenta and 7-9
animals for kidney. *p<0.05 vs Sham. B. Immunohistochemistry was conducted as described
in Materials and Methods, and staining graded by a blinded observer from 0-3, negative to
strongly positive. Representative images at 200X magnification are provided. Values for
staining intensity represent the mean + SE of scores obtained from placenta from 4-5
animals. *p<0.05 vs Sham
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Figure 4.

IgM deposition is significantly increased in placenta (A) and kidney (B) in RUPP compared
to Sham animals. Immunohistochemistry was conducted as described in Materials and
Methods, and staining graded by a blinded observer from 0-3, negative to strongly positive.
Representative images at 200X magnification are provided. Values for staining intensity
represent the mean + SE of scores obtained from placenta and kidney from 9-11 animals.
*p<0.05 vs Sham
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Figure 5.

Losartan significantly inhibits placental ischemia induced increase in mean arterial pressure
(MAP) without affecting increased circulating C3a or placental C3 deposition. Values
represent the mean + SE on gestation day 19.5. *p<0.05 for the indicated comparisons. A.
The increase in MAP in RUPP Water (n=10) compared to Sham Water (n=7) was
significantly inhibited by administration of 0.3 mg/ml losartan in drinking water (RUPP
Losartan, n=9). MAP was also significantly inhibited comparing Sham Losartan (n=7) to
Sham Water. B. The increase in serum C3a in RUPP water (n=10) compared to Sham water
rats (n=7) was not inhibited by administration of 0.3 mg/ml losartan in the drinking water
(RUPP losartan, n=9). Losartan did not affect C3a in Sham losartan rats (n=7) compared to
Sham water. Units of C3a are relative to a standard pool of yeast activated rat serum as
described in Materials and Methods. C. The increase in placental C3 in RUPP water (n=11)
compared to Sham water rats (n=13) was not inhibited by administration of 0.3 mg/ml
losartan in the drinking water (RUPP losartan, n=4). Losartan did not affect C3 deposition in
Sham losartan rats (n=4) compared to Sham water. Representative images at 200X
magnification are provided.

Immunohistochemistry was conducted as described in Materials and Methods, and staining
graded by a blinded observer from 0-3, negative to strongly positive.
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