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ABSTRACT'

!

Introduction'

Antiphospholipid! (aPL)! antibodies! are! a! heterogeneous! group! of! autoantibodies! that!

predispose!women! to! obstetric!morbidity.!Obstetric!morbidity! in! pregnancies! affected! by!

aPL! antibodies!may! reflect! the! ability! of! aPL! antibodies! to! interact!with! trophoblasts! and!

cause! trophoblast!death!and/or!dysfunction.! Specifically,!by! interacting!with! trophoblasts,!

aPL!antibodies!may!(a)!induce!abnormal!coagulation/thrombosis,!(b)!promote!complementL

dependent! and! complementLindependent! inflammation,! (c)! trigger! intracellular! signalling!

cascades,! or! (d)! penetrate! the! trophoblasts! to! induce! death! and/or! dysfunction! from! an!

intracellular!position.!

Trophoblast!debris!is!released!from!the!syncytiotrophoblast!as!a!consequence!of!the!normal!

apoptosisLlike! process! of! syncytiotrophoblast! turnover.! Previous! work! has! demonstrated!

that! treatment! with! aPL! antibodies! alters! the! release! of! trophoblast! debris! from! first!

trimester! placental! explants.! Furthermore,! aPL! antibodies! were! detected! inside! the!

trophoblast! debris,! suggesting! that! aPL! antibodies! may! be! internalised! by! the!

syncytiotrophoblast,!where!they!are!capable!of!affecting!the!progression!and/or!mechanism!

of!syncytiotrophoblast!death.!

Aims'

The!work!in!this!thesis!aimed!to!determine!(1)!whether!thrombotic!or!inflammatory!lesions!

were!common!in!the!placentae!of!women!with!aPL!antibodies,!(2)!whether!aPL!antibodies!

were! internalised! by! trophoblasts,! and! (3)! how! the! internalisation! of! aPL! antibodies!may!

affect!syncytiotrophoblast!death.!

Methods'

A!systematic!review!of!the!literature!compared!the!prevalence!of!histopathological! lesions!

in!the!placentae!of!aPL!antibodyLpositive!women!with!the!placentae!of!control!women.!!

Extravillous! trophoblast! outgrowths,! choriocarcinoma! cell! lines! and! explants! from! first!

trimester!or!term!placentae!were!treated!with!human!polyclonal!and/or!murine!monoclonal!

aPL!antibodies!for!up!to!3!hours.!The!interactions!between!aPL!antibodies!and!trophoblasts!

were! then! investigated! by! immunohistochemistry,! confocal! microscopy! and!
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immunoelectron!microscopy!while!the!functional!effects!of!aPL!antibodies!on!trophoblasts!

were!assessed!by!Western!blot!and!high!resolution!respirometry.!

Results'

A!systematic! review!of! the! literature! revealed! that! the!placentae!of!aPL!antibodyLpositive!

women!commonly!exhibited!signs!of!infarction,!impaired!spiral!artery!remodeling,!decidual!

inflammation,!increased!syncytial!knots!and!decreased!vasculosyncytial!membranes,!but!did!

not!show!signs!of!thrombosis!nor!complementLdependent!inflammation.!

The! syncytiotrophoblast! of! first! trimester! placental! explants! rapidly! internalised! aPL!

antibodies!in!an!endocytic!process!involving!the!antigen!of!aPL!antibodies,!β2!glycoprotein!I!

(β2GPI)! and! a! member/s! of! the! LowLdensity! lipoprotein! receptor! (LDLR)! family.! The!

syncytiotrophoblast! of! term!placental! explants! also! rapidly! internalised! aPL! antibodies.! In!

contrast!to!the!syncytiotrophoblast,!extravillous!trophoblasts!bound,!but!did!not!internalise,!

aPL! antibodies.! Villous! cytotrophoblasts! and! choriocarcinoma! cell! lines! did! not! bind! nor!

internalise!aPL!antibodies.!The!ability!of!aPL!antibodies!to!interact!with!different!trophoblast!

populations!may!depend!on!the!expression!of!β2GPI!and!members!of!the!LDLR!family.!!

Once!aPL!antibodies!were! internalised!by! the! syncytiotrophoblast,! they!escaped! from! the!

vesicular! system! and! interacted! with! mitochondria.! In! response! to! treatment! with! aPL!

antibodies,! mitochondria! in! the! syncytiotrophoblast! of! first! trimester! placental! explants!

were! swollen! and! exhibited! increased! proton! leak! and! cytochrome! c! release,! as! well! as!

decreased!complex!IV!activity.!!

Conclusions'

Abnormal!coagulation/thrombosis!and!complementLdependent!inflammation!do!not!appear!

to!be!major!causes!of!obstetric!morbidity!in!pregnancies!affected!by!aPL!antibodies.!Instead,!

obstetric! morbidity! may! be! due! to! the! direct! interactions! between! aPL! antibodies! and!

extravillous! trophoblasts! or! the! syncytiotrophoblast.! The! interactions! between! aPL!

antibodies!and!these!two!trophoblast!populations!are!distinct;!In!extravillous!trophoblasts,!

aPL! antibodies! may! elicit! intracellular! signalling! cascades! from! a! cellLsurface! position,!

whereas! in! the!syncytiotrophoblast,! internalised!aPL!antibodies!may!bind! to!mitochondria!

and!directly!affect!mitochondrial!structure!and!function.!By!triggering!intracellular!signalling!

cascades! or! by! affecting! syncytiotrophoblast! mitochondria,! aPL! antibodies! may! cause!

trophoblast!death/dysfunction!and!contribute!to!obstetric!morbidity.!
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Chapter 1. Introduction

Trophoblast!nebula!
First!trimester!extravillous!trophoblast!outgrowth!!

Entrant!–!2010!Biomedical!Imaging!Research!Unit!Image!Competition!
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1.1. Overview!

The human placenta (from Greek plakous meaning ‘flat cake’) is a unique, short-lived organ 

that perfoms the function of several different fetal organs throughout gestation. The placenta 

is responsible for gas exhange, nutrient supply, water and pH balance, metabolic and 

endocrine activity and immunological protection (Boyd & Hamilton, 1970), without which 

the fetus would fail to survive. Normal development and function of the placenta is therefore 

critical to the success of pregnancy.  

Several factors are known to affect the development and function of the placenta and 

ultimately the outcome of pregnancy. These factors include, but are not limited to, chronic 

infection, an abnormal fetal genome and numerous maternal diseases (Benirschke et al., 

2012).  One such disease is the antiphospholipid antibody syndrome (APS), an autoimmune 

disorder characterised by the presence of autoantibodies called antiphospholipid (aPL) 

antibodies. Antiphospholipid antibodies are found in 0-5% of the general population (Pattison 

et al., 1993; D’Cruz, 2006) and in up to 40% of women suffering from stillbirth and/or 

recurrent miscarriage (Lockwood et al., 1989; Birdsall et al., 1992; Rai et al., 1995; Yasuda et 

al., 1995; Petri, 2006). Antiphospholipid antibodies are also significantly associated with 

preeclampsia (Branch et al., 1989; Yasuda et al., 1995; Katano et al., 1996; Allen et al., 

1996), intrauterine growth restriction and premature birth (Lockwood et al., 1989; Yasuda et 

al., 1995; Katano et al., 1996). Antiphospholipid antibodies may predispose women to 

obstetric morbidity by interacting directly with placental trophoblasts and affecting their 

function and/or viability (Di Simone et al., 2000a; Chen et al., 2009; Mulla et al., 2009). The 

interactions between aPL antibodies and trophoblasts are poorly understood and are the focus 

of this thesis. 

This review of the literature will focus on five main areas relevant to the investigation of the 

interactions between aPL antibodies and trophoblasts, including; 

1) The development and structure of the human placenta. Particular emphasis will be 

placed on extravillous trophoblasts and the syncytiotrophoblast, as these two 

trophoblast populations are exposed to aPL antibody-containing maternal blood in 

vivo.  
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2) Antiphospholipid antibodies and the clinical syndrome associated with these 

autoantibodies, the APS. 

3) The detrimental effects of aPL antibodies on murine models of aPL antibody-

associated pregnancy, and on human trophoblasts in vitro. 

4) Current knowledge of the interactions between aPL antibodies and trophoblasts.  

5) The mechanisms which may explain how aPL antibodies and trophoblasts may 

interact to cause trophoblast death or dysfunction.  

As there is limited knowledge of the interactions between aPL antibodies and trophoblasts, 

information will also be drawn from studies that have investigated the interactions between 

aPL antibodies and platelets, monocytes and endothelial cells. These cell types are involved 

in the pathogenesis of arterial/venous thrombosis, which besides obstetric morbidity, is 

another common clinical manifestation of individuals with the APS.  

! !
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1.2. The!development!and!structure!of!the!human!placenta!

The placenta begins to develop six days post-conception when the blastocyst attaches to the 

uterine endometrial epithelium (Moore, 1974). From the outer trophectoderm layer of the 

blastocyst emerges a multinucleated trophoblast (from the Greek trophe meaning ‘nutrition’ 

and blastos meaning ‘bud’) called the syncytiotrophoblast (Moore, 1974). The 

syncytiotrophoblast invades through the endometrium at the implantation site, erroding the 

tissue and creating maternal blood-filled spaces called lacunae. By day 12, a second 

population of trophoblasts, also derived from the trophectoderm, begin to proliferate and line 

the fetal side of the syncytiotrophoblast (Benirschke et al., 2012). These cytotrophoblasts 

form finger-like projections into the syncytiotrophoblast which are referred to as primary 

chorionic villi. Primary chorionic villi are later invaded by mesenchymal cells of the 

extraembryonic mesenchyme which differentiate into cells of the villous stroma (connective 

tissue-producing fibroblasts and placental macrophages) and later into fetal blood vessels 

(Dempsey, 1972; Benirschke et al., 2012). Thus, by the third week of pregnancy, archetypical 

(tertiary) chorionic villi are formed which posess a core composed of fetal blood vessels, 

stromal cells and connective tissue encased by the trophoblast basal lamina, villous 

cytotrophoblasts, and syncytiotrophoblast (Figure 1.1).  

Chorionic villi undergo extensive growth and arborisation to form the villous placenta. These 

chorionic villi are called floating villi because they are suspended in maternal blood within 

the lacunae, or later within the intervillous space, a large sinus that forms from lacunae 

(Benirscke et al., 2012). At the superficial pole of the implantation site, the chorionic villi 

degenerate to form the chorionic membrane. The chorionic membrane is in close apposition 

with another membrane, the amniotic membrane, and together the chorionic and amnionic 

membranes are referred to as the chorioamnionic membrane (Figure 1.1). 

Cytotrophoblasts within some chorionic villi of the villous placenta penetrate through the 

syncytiotrophoblast, proliferate and invade into the uterine endometrium (Benrischke et al., 

2012). Due to their position outside of the villus, these trophoblasts are referred to as 

extravillous trophoblasts and the chorionic villi attached to the uterus in this way are called 

anchoring villi (Figure 1.1). The presence of extravillous trophoblasts in the uterine 

endometrium is thought to enhance decidualisation (Gellersen et al., 2010), a process 

whereby the endometrial stromal cells differentiate into decidual cells (Benrischke et al., 
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2012). Thus, the gravid endometrium underlying the villous placenta, and containing 

extravillous trophoblasts, is called the decidua basalis (Figure 1.1).  

1.2.1. Extravillous!trophoblasts!!

Extravillous trophoblasts grow out from chorionic villi in cell columns (Figure 1.1). At the 

proximal end of the column, the extravillous trophoblasts are proliferative, whereas at the 

distal end of the column where contact is made with the decidua basalis, the extravillous 

trophoblasts are non-proliferative and are instead invasive (Benrischke et al., 2012). Invasive 

extravillous trophoblasts migrate through the stroma of the decidua basalis and into the 

uterine spiral arteries, upon which point they are called endovascular extravillous 

trophoblasts. Initially, endovascular extravillous trophoblasts form plugs that partially or fully 

occlude the lumens of spiral arteries (Fox, 1997). Consequently, there is little maternal blood 

flow into the intervillous space during the first trimester of pregnancy (Hustin & Schnaaps, 

1987). The low oxygen environment during the first trimester may function to protect the 

developing placenta and fetus from oxidative and flow-related damage (Jauniaux & Burton, 

2005) and may promote placental angiogenesis (Charnock-Jones & Burton, 2000) and the 

proliferation and invasion of extravillous trophoblasts (Burton, 2009). Throughout the first 

trimester, endovascular trophoblasts progressively replace the endothelial cell lining of the 

spiral arteries and erode away the musculoelastic walls of these vessels. These extravillous 

trophoblast-induced changes to the spiral arteries are referred to as the ‘physiological changes 

of pregnancy’ (Brosens et al., 1967) and they are responsible for creating large bore non-

vasoactive conduits that maximise maternal blood supply to the placenta.  

Also found within the decidua basalis and the inner third of the myometrium are large 

multinucleated trophoblasts called giant cells. Giant cells may form from the fusion of 

extravillous trophoblasts and thus represent a terminally differentiated end-point of 

extravillous trophoblast invasion (Benirschke et al., 2012). The function of giant cells is 

unknown.  

! !
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1.2.2. Syncytiotrophoblast!turnover!in!the!villous!placenta!

Although the extravillous trophoblasts that form cell columns or line spiral arteries are 

exposed to aPL antibody-containing maternal blood, they are not the major point of contact 

between the placenta and the maternal blood. The syncytiotrophoblast is a single 

multinucleated cell that covers the entire villous placenta, and whose size at term has been 

estimated at 12-14m2 (Burton & Jauniaux, 1995). Due to its size and extensive contact with 

maternal blood, the syncytiotrophoblast is arguably the most important cell in the placenta. It 

is the major site of materno-fetal and feto-maternal transfer, hormone synthesis and metabolic 

regulation (Benirschke et al., 2012), and impairment of these functions by an insult such as 

aPL antibodies, may have dire consequences for pregnancy.  

The syncytiotrophoblast is a terminally differentiated cell. It does not replicate its DNA 

(Richart, 1961; Fox, 1970), and compared to other cells within chorionic villi, has a low level 

of transcriptional activity (Huppertz et al, 1999). Therefore, the growth and maintenance of 

this sessile cell depends on the continuous incorporation of nuclei and cellular machinery 

from underlying villous cytotrophoblasts, which fuse with the syncytiotrophoblast in a 

process called syncytialisation. 

The mechanism underpinning syncytialisation is not fully understood but it is known to share 

several parallels with the early apoptotic cascade (Huppertz et al., 2002; Huppertz et al., 

2006). Prior to syncytialisation, villous cytotrophoblasts divide asymmetrically, generating 

one daughter cell that retains its proliferative capacity, and one that will leave the cell cycle 

and differentiate. Differentiated villous cytotrophoblasts express fusogenic proteins such as 

syncytin (Huppertz & Borges, 2008) and activate components of the apoptotic cascade, such 

as caspases 8 and 10 (Huppertz et al., 1998; Huppertz et al., 1999). Caspase 8 cleaves 

cytoskeletal proteins (Gauster et al., 2010), and may trigger intracellular signalling pathways 

that appear to prime the villous cytotrophoblast for fusion (Gauster & Huppertz, 2010). 

Caspase 8 may also cause exteriorisation of the anionic phospholipid phosphatidylserine from 

the inner leaflet of the plasma membrane to the outer leaflet (Naito et al., 1997). 

Phosphatidylserine exteriorisation is a hallmark of apoptosis (Martin et al., 1995), and is 

required for syncytialisation (Adler et al., 1995; Rote et al., 1998). Following fusion, 

phosphatidylserine remains exteriorised on the syncytiotrophoblast surface (Lyden et al., 

1992; Huppertz et al., 1998).  
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Once villous cytotrophoblasts fuse with the syncytiotrophoblast, the progression of the 

apoptotic cascade slows. Temporary inhibition of the apoptotic cascade may involve the anti-

apoptotic protein Bcl-2 or an inhibitor of caspase 8 called C-Flip (Sakuragi et al., 1994; Ka & 

Hunt, 2006; Abumaree et al., 2012). Consequently, following fusion, the lifespan of a 

syncytiotrophoblast nucleus is estimated to be 3-4 weeks (Benirschke & Kaufmann, 2000). 

At the end of this 3-4 week lifespan, syncytiotrophoblast nuclei cluster, become increasingly 

heterochromatic and undergo DNA fragmentation (Huppertz et al., 1998; Mayhew et al., 

1999). Clustered nuclei are subsequently released from the syncytiotrophoblast into the 

maternal blood as membrane-bound syncytial nuclear aggregates (SNAs). Smaller fragments 

of the syncytiotrophoblast are also released during this process, and collectively the extruded 

material is referred to as trophoblast debris (Askelund & Chamley, 2011; Pantham et al., 

2011). The release of trophoblast debris is thought to involve executioner caspases (Huppertz 

et al., 1998; Huppertz et al., 1999) and be analogous to the blebbing of apoptotic 

mononuclear cells (Huppertz et al., 2006).   

!  

Figure 1.1 – The macroscopic and microscopic structure of the human placenta (figure overleaf). 
(A) The amnionic membrane, chorionic membrane, villous placenta and decidua basalis are depicted 
within the uterus after approximately 4 weeks (left), 20 weeks (middle) and 37 weeks (right). (B) A 
transverse section through the placenta and its implantation site within the uterus. A schematic of 
maternal blood flow from one spiral artery is depicted by red arrows (oxygenated blood). 
Deoxygenated blood is shown by blue arrows. (C) Microscopic structure of a floating villus. Only 
nuclei in the syncytiotrophoblast are shown for clarity. (D) Microscopic structure of an anchoring 
villus and its attatchment to the decidua basalis. Only nuclei of the giant cell are shown for clarity. (E) 
A schematic of the implantation site showing an early plugged spiral artery next to a late transformed 
spiral artery and a draining uterine vein. The tunica media of the vessels are not shown for clarity. 
Maternal blood flow is depicted by red (oxygenated blood) or blue (deoxygenated blood) arrows. 
Abbreviations: CTB=cytotrophoblast, EVT=extravillous trophoblast, Mϕ=placental macrophage, 
SNA=syncytial nuclear aggregate, STB=syncytiotrophoblast. 
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1.3. Antiphospholipid!antibodies!and!the!antiphospholipid!antibody!

syndrome!

Antiphospholipid antibody is the name given to any autoantibody that reacts, or appears to 

react with, negatively charged phospholipids. Historically, aPL antibodies were defined with 

little knowledge of their antigenicity or pathogenicity. Consequently, most terms used to 

define these autoantibodies turned out to be misnomers (de Groot et al., 2012). 

Antiphospholipid antibodies are also highly heterogeneous, having been described as a 

“constellation of antibodies with multiple specificities” (McIntyre et al., 1997), and are 

detected by assays that are not always specific for one type of aPL antibody. The 

contradictory nomenclature and high heterogeneity, which is poorly defined by detection 

assays, has lead to considerable difficulty and confusion in the study of aPL antibodies (de 

Groot et al., 2012; Benrischke et al., 2012). 

In this section, a historical perspective on the discovery of the three main aPL antibodies 

(lupus anticoagulant, anticardiolipin and anti-β2GPI antibodies) is presented, as it is 

necessary in order to understand the nomenclature and the antigencity of these 

autoantibodies. Other aPL antibody subtypes will also be outlined to demonstrate the 

heterogeneity of this group of autoantibodies. The detection assays used to identify aPL 

antibodies will be discussed, as well as the significance of the APS, a syndrome where aPL 

antibody-positive individuals suffer from arterial/venous thrombosis and/or obstetric 

morbidity. 

1.3.1. The!history!of!lupus!anticoagulant!and!anticardiolipin!antibodies!

The first aPL antibody was discovered in individuals who had false-positive tests for 

Treponema pallidum, the causative bacterium of syphilis. A positive result in the early 

Wasserman syphilis test was due to the presence of a serum ‘reagin’ (an antibody) that 

reacted with a lipid-rich tissue extract (Wasserman, 1906 as cited in Asherson & Cervera, 

1993). This lipid-rich tissue extract was later found to contain the anionic phospholipid 

cardiolipin (Pangborn, 1941). Reagins are present transiently during a syphilitic infection, but 

some individuals tested positive for reagins for extended periods of time in the absence of 

infection. These individuals were called ‘chronic biological false-positive reactors’, and they 

were often idenfied as young women with autoimmune disorders such as systemic lupus 
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erythrematosus (SLE), in whom early and late fetal losses were frequent (Moore & Lutz, 

1955).  

In 1952, a circulating anticoagulant was identified in the blood of two chronic biological 

false-positive syphilis reactors who had SLE and hemorrhagic disorders (Conley & 

Hartmann, 1952). The term ‘lupus anticoagulant’ was later coined to illustrate the existence 

of this factor in patients with SLE (Feinstein & Rappaport, 1972). The lupus anticoagulant 

was identified as an immunoglobulin (Ig) of IgG, IgM or IgA subclasses that reacted with 

phospholipids (Yin & Gaston, 1965; Pengo et al., 1987; McNeil et al., 1989). The name lupus 

anticoagulant is a double misnomer because despite having anticoagulant properties in vitro, 

these antibodies cause thrombosis in vivo (Bowie et al., 1963; Gastineau et al., 1985; Mueh et 

al., 1980). Furthermore, although first identified in patients with SLE, it is now evident that 

lupus anticoagulants are predominantly found in individuals without SLE. 

Since lupus anticoagulants were commonly identified in patients with chronic biological 

false-positive tests for syphilis (Shoenfeld et al., 1980), and because both lupus anticoagulant 

and reagin antibodies were reactive with phospholipids, it was initially questioned whether 

these were in fact the same antibody. In order to answer this question by detecting lupus 

anticoagulants with greater sensitivity, reseachers developed radioimmunoassays (Harris et 

al., 1983) and later enzyme-linked immunosorbent assays (ELISAs) (Loizou et al., 1985) 

where the anionic phospholipid cardiolipin was used as the solid-phase antigen. These 

sensitive tests identified a population of cardiolipin-reactive antibodies that were commonly 

associated with SLE, thrombosis and fetal loss (Harris et al., 1983; 1986). Ironically, some of 

these newly identified ‘anticardiolipin antibodies’ failed to exibit anticoagulant activity in 

vitro, and were therefore recognised as being distinct to the lupus anticoagulant (McNeil et 

al., 1989; Keeling et al., 1993).  

1.3.2. Antiphospholipid!antibodies!are!dependent!on!a!protein!coCfactor!

In 1959, a patient was described whose lupus anticoagulant activity was greater when their 

plasma was mixed with the plasma of control individuals (Loeliger, 1959). The patient had 

hypoprothrombinemia, leading to the conclusion that the phospholipid-binding protein 

prothrombin was a necessary co-factor for lupus anticoagulant activity (Loeliger, 1959). The 

need for a co-factor for lupus anticoagulant activity was later confirmed, although the co-
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factor in this instance was not prothrombin (Yin & Gaston, 1965). Further analysis identified 

this additional co-factor for lupus anticoagulant activity as the phospholipid-binding protein 

β2 glycoprotein I (β2GPI) (Oosting et al., 1992).   

The co-factor function of β2GPI was first identified in 1990 by three groups who 

simultaneously observed that anticardiolipin antibodies could only be detected by the 

cardiolipin ELISA when bovine or human serum, but not albumin or gelatin, were used as 

diluent or blocking reagent (Galli et al., 1990; Matsuura et al., 1990; McNeil et al., 1990). 

They concluded that a protein in whole serum facilitated the binding of anticardiolipin 

antibodies to cardiolipin, and that this co-factor protein was β2GPI (Galli et al., 1990; McNeil 

et al., 1990). It was later demonstrated that cardiolipin was not essential to detect 

anticardiolipin antibodies, and that β2GPI itself could act as the solid-phase antigen as long as 

it had adhered to a negatively-charged surface such as gamma ray-irradiated plastic 

(Matsuura et al., 1994; Roubey et al., 1995). Thus, it became apparent that cardiolipin was 

simply providing a negatively-charged surface on which to immobilise β2GPI, and that β2GPI 

was the antigen for the anticardiolipin antibodies detected by these ELISAs (Keeling et al., 

1992; Matsuura et al., 1994; Roubey et al., 1995; Pengo et al., 1995; Chamley et al., 1999) 

(Figure 1.2).  

The immobilisation of β2GPI on a negatively-charged surface is required for the subsequent 

binding of aPL antibodies, since these antibodies do not bind fluid-phase β2GPI in vitro 

(Matsuura et al., 1992; Peirangeli et al., 1992; Matsuura et al., 1994; Chamley et al., 1999) or 

in vivo (Biasiolo et al., 1999). Two mechanisms have been proposed to explain the 

requirement for a negatively charged surface. Firstly, the binding of β2GPI to a negatively 

charged surface may cluster β2GPI molecules and allow the bivalent binding of low-affinity 

aPL antibodies (Roubey et al., 1995; Tincani et al., 1996). Alternatively, the binding of β2GPI 

to a negatively charged surface may induce a conformational change in β2GPI and expose 

cryptic antigenic epitopes to which aPL antibodies bind (Matsuura et al., 1994; Pengo et al., 

1995; Chamley et al., 1999; de Laat et al, 2006). The latter theory is supported by the finding 

that aPL antibodies bind more readily to β2GPI when it is coated on negatively-charged rather 

than uncharged plastic, despite a similar density of immobilised β2GPI being present on both 

types of plastic (Chamley et al., 1999). Furthermore, structural analyses of β2GPI 

demonstrate that the binding of β2GPI to a negatively charged surface alters the protein’s 

secondary structure (Wang et al., 2000), opening it from a circular or S-shaped configuration 
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to a J-shaped one (Hammel et al., 2002; Agar et al., 2010). However, these two theories are 

not mutually exclusive, and it is possible that a combination of both mechanisms occur in 

vivo (Roubey, 1994). 

That aPL antibodies require β2GPI to bind to cardiolipin-coated wells of an ELISA plate is 

one distinction between anticardiolipin antibodies that are associated with infection and those 

that are associated with autoimmune disease. Anticardiolipin antibodies that bind directly to 

cardiolipin in the absence of β2GPI (β2GPI-independent anticardiolipin antibodies) are related 

to the Wasserman test reagin and are commonly found in individuals suffering from syphilis, 

malaria, tuberculosis, hepatitis C, HIV, leptospirosis and other infectious conditions (Hunt et 

al., 1992; Matsuura et al., 1992; Levy et al., 2004). However, β2GPI-independent 

anticardiolipin antibodies are rarely found in individuals with autoimmune disease and they 

do not predispose infected individuals towards thrombosis or fetal loss, whereas β2GPI-

dependent anticardiolipin antibodies do (Santiago et al., 1989; Hunt et al., 1992; Katano et 

al., 1996), and so β2GPI-independent anticardiolipin antibodies are generally considered to be 

a harmless epiphenomenon of infection. 

Figure 1.2 – Immobilised β2 glycoprotein I is the antigen for anticardiolipin antibodies. 
(A) In the absence of a negatively-charged surface, anticardiolipin antibodies do not bind fluid-
phase β2GPI. (B) The immobilisation of β2GPI on the anionic phospholipid cardiolipin induces 
clustering of β2GPI (not shown) and/or a conformational change in the protein. A conformational 
change exposes cryptic neoepitopes to which anticardiolipin antibodies bind. (C) Anticardiolipin 
antibodies can also recognise β2GPI when it is immobilised on a negatively-charged surface such 
as gamma ray-irradiated plastic. 
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1.3.2.i. β2!glycoprotein!I!

That many autoimmune aPL antibodies are directed against immobilised β2GPI demonstrates 

that β2GPI is a key protein in the antiphospholipid antibody syndrome. β2 glycoprotein I is 

produced by hepatocytes and intestinal enterocytes (Averna et al., 1997) and circulates at 

200µg/ml of blood (Polz & Kostner, 1979). Approximately 30% of circulating β2GPI is 

associated with high-density lipoprotein (HDL), very low-density lipoprotein (VLDL) and 

low-density lipoprotein (LDL) vesicles (Polz & Kostner, 1979). 

Structurally, β2GPI is a member of the complement control protein (CCP) superfamily. It 

contains 345 amino acid residues arranged in five domains (Lozier et al., 1984). Domains I-

IV are typical of CCP domains, containing about 60 conserved amino acid residues that form 

elliptical β-sandwich structures stabilised by disulfide bonds (Schwarzenbacher et al., 1999). 

β2 glycoprotein I binds to anionic phospholipids via it’s fifth domain, which deviates from 

the typical CCP structure, containing a six residue insertion and a 19 residue C-terminal 

extension (Bouma et al., 1999; Schwarzenbacher et al., 1999). The C-terminal pole of this 

domain contains a stretch of 14 positively charged amino acids (Bouma et al., 1999). This 

positively charged area is believed to interact with the headgroup of anionic phospholipids 

via electrostatic interactions (Bouma et al., 1999; Schwarzenbacher et al., 1999). Close to this 

positively charged area is a hydrophobic loop Ser311-Lys317 which is thought to insert into the 

lipid bilayer, forming an additional hydrophobic interaction with anionic phospholipids 

(Bouma et al., 1999; Schwarzenbacher et al., 1999).  

Antiphospholipid antibodies may impart a new function to β2GPI (de Groot et al., 2012) or 

impair an existing function (McNeil et al., 1990). However, determination of these gain-of-

function or loss-of-function effects has been difficult since the physiological functions of 

β2GPI are diverse and poorly defined. For example, β2GPI is known to exhibit both pro- and 

anti-coagulant functions in vitro. β2 glycoprotein I’s anti-coagulant functions are largely due 

to its ability to bind anionic phospholipids, thereby preventing the binding of coagulation 

factors (Pengo et al., 1987; Schousboe & Rasmussen, 1995) and the subsequent activation of 

contact-dependent coagulation (Schousboe, 1988). β2 glycoprotein I’s pro-coagulant 

functions include inhibition of activated protein C activity (Mori et al., 1996; Ieko et al, 1999) 

and the supression of intrinsic fibrinolysis (Takeuchi et al., 2002). A pro-thrombotic role for 

β2GPI is also supported by the finding that the plasma of β2GPI knockout mice showed a 
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slower rate of thrombin generation in vitro compared to wild-type mice (Sheng et al., 2001). 

However, apart from this effect on thrombin generation, β2GPI knockout mice were 

anatomically and histologically normal and showed no signs of abnormal coagulation in vivo. 

Moreover, humans with homozygous deficiencies of β2GPI are apparently healthy and do not 

show increased rates of thrombosis or bleeding (Bancsi et al., 1992; Yasuda et al., 2000). 

Therefore, further work is required to elucidate the pro- and anti-coagulant properties of 

β2GPI, and to understand whether gain- or loss-of-function effects are responsible for 

thrombosis in aPL antibody-positive individuals. 

Genetic knock-out of β2GPI compromised, but did not completely abrogate murine 

reproductive performance (Robertson et al., 2004). Specifically, β2GPI knockout mice were 

fertile and gave rise to viable offspring, but exhibited fewer viable implantation sites and 

smaller litter sizes compared to wild-type mice (Robertson et al., 2004). Moreover, compared 

to wild-type mice, β2GPI knockout mice delivered significantly lighter fetuses and placentae, 

and these placentae demonstrated structural abnormalities (Robertson et al., 2004). These 

findings in β2GPI-deficient pregnancies suggest that β2GPI may play a role in embryonic 

development, the early stages of implantation or in the maintenance of normal placental 

structure and function (Robertson et al., 2004), and raise the possibility that loss of β2GPI 

function could, at least, contribute to aPL antibody-related obstetric morbidity.  

1.3.3. Other!antiphospholipid!antibodies!

Although β2GPI is the most studied aPL antibody co-factor, there are several other 

phospholipid-binding proteins that can also facilitate the binding of aPL antibodies to 

cardiolipin. These proteins include prothrombin, which is a co-factor for many lupus 

anticoagulants (Bevers et al., 1991; Oosting et al., 1993; Pengo et al., 1996; Noijima et al., 

2001), as well as protein S and protein C (Oosting et al., 1993; Amirel et al., 1994; Pengo et 

al., 1996; Noijima et al., 2001), high and low molecular weight kininogens (Sugi & McIntyre, 

1995), tissue plasminogen activator (Cugno et al., 2000), plasmin (Yang et al., 2004), 

thrombin (Meisbach et al., 2005), factor VII (Bidot et al., 2003), factor XII (Jones et al., 

2001), factor X (Yang et al., 2006) and annexin V (Amirel et al., 1994; Kaburaki et al., 1997; 

Noijima et al., 2001). To bind aPL antibodies, these putative co-factor proteins require 
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immobilisation on a negatively charged surface such as cardiolipin or gamma ray-irradiated 

plastic (Nojima et al., 2001). 

In addition to cardiolipin or gamma ray-irradiated plastic, other anionic phospholipids can 

form a negatively charged surface on which to immobilise phospholipid binding proteins. 

Consequently, aPL antibodies can be detected by ELISAs where cardiolipin is substituted by 

phosphatidylserine, phosphatidylinositol, phosphatidylglycerol, phosphatidic acid or 

lysobisphosphatidic acid (Pengo et al., 1987; Gharavi et al., 1987; Kobayashi et al., 1998). 

There is little difference between the reactivity of aPL antibodies with ELISAs employing 

cardiolipin or other anionic phospholipids (Gharavi et al., 1987; Falcon et al., 1990), further 

supporting the notion that aPL antibodies recognise co-factor proteins immobilised on a 

negatively charged phospholipids, rather than the anionic phospholipids directly.  

1.3.4. Antiphospholipid!antibody!classification!is!based!on!detection!assays!

In practice, aPL antibodies are classified based on the tests performed to detect them. For 

example, if an autoantibody prolongs phospholipid-dependent coagulation in an assay such as 

the kaolin clotting time (KCT) assay, it is a lupus anticoagulant. If the autoantibody gives a 

positive reading in an ELISA where cardiolipin is used as the solid-phase antigen, it is an 

anticardiolipin antibody. If cardiolipin is substituted for another anionic phospholipid, such as 

phosphatidylserine, the autoantibody is referred to as an antiphosphatidylserine antibody. If 

an autoantibody is detected by an ELISA in which β2GPI is immobilised on gamma ray-

irradiated plastic, it is referred to as an anti-β2GPI antibody. Similarly, antibodies against 

other co-factor proteins are identified by ELISAs where the co-factor protein is immobilised 

on gamma ray-irradiated plastic. 

The serum or Ig fraction of an aPL antibody-positive individual will often test positive in 

multiple aPL antibody detection assays (Pengo et al., 1987; Roubey, 1994). This may be due 

to the existence of several distinct aPL antibodies or a single aPL antibody that is detectable 

by multiple assays (Roubey, 1994). The latter explanation is entirely possible since the KCT 

assay, the cardiolipin ELISA and the β2GPI ELISA do not recognise mutually exclusive 

groups of antibodies. For example, a lupus anticoagulant that is dependent on β2GPI as a co-

factor may also be detected in a β2GPI ELISA and in a cardiolipin ELISA (Keeling et al., 

1993), and can therefore be classified as a lupus anticoagulant, an anti-β2GPI antibody and an 
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anticardiolipin antibody. The reason why some anti-β2GPI or anticardiolipin antibodies 

exhibit lupus anticoagulant activity, while others do not, is unknown (Roubey, 1994). 

1.3.5. The!antiphospholipid!antibody!syndrome!!

The APS defines a subset of individuals whose aPL antibodies are associated with thrombosis 

and/or obstetric morbidity. Individuals with the APS meet both laboratory and clinical criteria 

set out by an international committee (Miyakis et al., 2006). Laboratory criteria include the 

presence of lupus anticoagulant and/or anticardiolipin antibodies of IgG or IgM isotype with 

a titre > 40 GPL or MPL units and/or anti-β2GPI antibodies of IgG or IgM isotype with a titre 

> 99th percentile on two separate occasions at least 12 weeks apart (to avoid detection of 

transient infection-associated β2GPI-independent anticardiolipin antibodies). Clinical criteria 

include arterial, venous or small vessel thrombosis (in any tissue or organ), and/or obstetric 

morbidity. Obstetric morbidity includes fetal death beyond 10 weeks gestation (stillbirth), 

premature birth before 34 weeks gestation due to eeclampsia, severe preeclampsia or 

placental insufficiency, or ≥ 3 spontaneous abortions prior to 10 weeks gestation (recurrent 

miscarriage) (Miyakis et al., 2006). 

Thrombosis, stillbirth, recurrent miscarriage and premature birth caused by preeclampsia or 

placental insufficiency are not the only clinical manifestations of aPL antibodies. Indeed, like 

SLE, the clinical manifestations of aPL antibodies are diverse and affect multiple organ 

systems (D’Cruz, 2006), which may be reflective of the extensive heterogeneity of aPL 

antibodies (Table 1.1). However, these other manifestations are not currently included as 

clinical criteria of the APS, as their association with aPL antibodies is not always consistent 

(Miyakis et al., 2006). Individuals who have lupus anticoagulant, anticardiolipin or anti-

β2GPI antibodies with these non-criteria clinical manifestations are described as having ‘non-

criteria features of APS’ (Miyakis et al., 2006) (Figure 1.3). 

Antiphospholipid antibodies other than the lupus anticoagulant, anticardiolipin or anti-β2GPI 

antibodies are not currently included as laboratory criteria of the APS. While some non-

criteria aPL antibodies, such as antiphosphatidylserine, anti-prothrombin or anti-annexin V 

antibodies are prevalent in individuals with recurrent miscarriage or thrombosis (Noijima et 

al., 2001; Nayfe et al., 2013), the associations are not consistent, and the antibodies often lack 

the specificity required to be used as a diagnostic tool (Miyakis et al., 2006). Individuals  
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!  

Central nervous system
Chorea
Migraine
Psychosis
Epilepsy
Stroke
Transient ischaemic attack
Sensorineural hearing loss
Transverse myelopathy
Cognitive imapriment/dementia
Psuedotumour cerebri
Cerebral vein/artery thrombosis
Retinal vein/artery thrombosis
Multiple sclerosis-like syndrome

Gastrointestinal
Hepatic necrosis
Acalculous cholecystitis
Budd-Chiari syndrome
Intestinal ischaemia
Coeliac artery stenosis

Vascular
Atherosclerosis
Cardiac valvular disease
Coronary artery disease
Acute myocardial infarction
Diastolic dysfunction
Intracardiac thrombosis
Cardiomyopathy
Deep vein thrombosis
Buerger’s disease

Pulmonary
Pulmonary embolism
Pulmonary hypertension
Adult respiratory distress syndrome

Endocrine
Adrenal failure
Hypopituitarism

Skin
Livedo reticularis
Cutaneous ulcers
Psuedo-vasculitic lesions
Digital gangrene
Malignant atropic papulosis-like lesions
Dego’s disease
Anetoderma
Subungual splinter hemorrhages
Superficial thrombophlebitis

Bone
Avascular necrosis
Bone marrow necrosis
Fractures

Renal
Glomerular thrombosis
Renal artery stenosis
Renal insufficiency
Renal vein/artery thrombosis

Haematological
Thrombocytopenia
Autoimmune haemolytic anaemia
Thrombotic microangiopathy

Obstetric
Recurrent miscarriage
Intrauterine growth restriction
Stillbirth
Preeclampsia
HELLP syndrome
Premature birth
Infertility
Antepartum haemorrhage

*
*

*

*

*

#

#

#*
*

#

#

*

#

Table 1.1 – The clinical associations of antiphospholipid antibodies. 

Clinical events marked by an asterisk are included as diagnostic clinical criteria in the 
antiphospholipid antibody syndrome (Miyakis et al., 2006). Those marked by a hash can be included 
if they manifest in defined ways; Coronary artery disease is included if it results in coronary 
thrombosis. Stroke or transient ischaemic attack are included if they are caused by thrombosis. 
Premature birth is included as a diagnostic clinical criterion if it results from preeclampsia or 
placental insufficiency, such as intrauterine growth restriction. Table adapted from D’Cruz, 2006. 
!
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suffering from thrombosis, stillbirth, recurrent miscarriage or premature birth caused by 

preeclampsia or placental insufficiency, with non-criteria aPL antibodies are referred to as 

having seronegative APS (Hughes & Khamashta, 2003) (Figure 1.3).  

In addition to individuals with non-criteria features of the APS, and those with seronegative 

APS, there are also individuals who have lupus anticoagulant, anticardiolipin or anti-β2GPI 

antibodies but whom experience no clinical manifestations of their aPL antibodies. These 

antibodies, which are found in approximately 70% of all individuals with aPL antibodies 

(Roubey, 1994), are called ‘serological aPL antibodies’ (Figure 1.3). The difference between 

disease-causing aPL antibodies and serological aPL antibodies is not well defined, but it may 

include differences in antibody titre, Ig isotype, antigenic specificity, antibody affinity and 

avidity, or the co-existance of multiple aPL antibody subtypes (a patient’s aPL antibody 

profile) (Meroni & Shoenfeld, 2008).  

Figure 1.3 – The antiphospholipid antibody syndrome differs from 
seronegative APS and non-criteria features of the APS and excludes 
seroligical antiphospholipid antibodies. 
Individuals that test positive for clinically-relevant aPL antibody subtypes 
(yellow) may suffer from pregnancy morbidity/thrombosis (APS), other clinical 
manifestations (non-criteria features of APS), or show no overt symptoms of 
their aPL antibodies (serological aPL antibodies). Individuals who suffer from 
pregnancy morbidity or thrombosis but whom test positive for non-criteria aPL 
antibodies (green) have seronegative APS.  
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1.4. The!detrimental!effects!of!antiphospholipid!antibodies!on!murine!

pregnancy!and!human!trophoblasts!

Although the associations between aPL antibodies and obstetric morbidity were well 

established in the 1980’s and early 1990’s (Section 1.1), it took some time before aPL 

antibodies were viewed not simply an epiphenomenon, but as a cause, of obstetric morbidity. 

This section will discuss the in vivo and in vitro evidence that aPL antibodies cause obstetric 

morbidity by affecting the function and viability of placental trophoblasts. 

1.4.1. Murine!models!of!the!antiphospholipid!antibody!syndrome!

The passive immunisation of pregnant mice with aPL antibodies is a well-established model 

of human aPL antibody-affected pregnancy. The first study to report on this murine model of 

APS pregnancy demonstrated that passive immunisation of mice with IgG from women with 

the APS resulted in complete fetal resorption within 48 hours (Branch et al., 1990). 

Subsequent reports were unable to consistently replicate 100% fetal resorption, but they did 

show a significant increase in murine fetal resorption following passive immunisation with 

IgG or IgM murine monoclonal aPL antibodies (Blank et al., 1991; Sthoeger et al., 1993a; 

Piona et al., 1995; Suzuki et al., 1996), human monoclonal or polyclonal aPL antibodies 

(Blank et al., 1991; Vogt et al., 1996; Mason et al., 2001; Holers et al., 2002), or human 

antiphosphatidylserine antibodies (Blank et al., 1994; Vogt et al., 1996). Impaired fecundity 

and/or decreased fetal and placental weights were also observed in response to immunisation 

with aPL antibodies (Blank et al., 1991; Sthoeger et al., 1993a; Blank et al., 1994; Piona et 

al., 1995; Vogt et al., 1996; Mason et al., 2001; Holers et al., 2002). 

While these studies provide strong support for a causative role of aPL antibodies in 

pregnancy morbidity, they were limited by their small sample sizes. Most reports passively 

immunised mice with just one aPL antibody (Sthoeger et al., 1993a; Suzuki et al., 1996; 

Mason et al., 2001; Holers et al., 2002), some two (Blank et al., 1991; Blank et al., 1994; 

Piona et al., 1995) and only one report investigated the effect of five aPL antibody 

preparations seperately (i.e. not pooled) (Branch et al., 1990). Studies employing greater 

numbers of aPL antibody preparations have demonstrated that the effects of aPL antibodies 

on murine pregnancy are not as consistent as these smaller studies suggested. In one report, 

the IgG fractions from 6/18 individuals with the APS caused murine fetal loss (Silver et al., 
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1997), whereas in another report, anticardiolipin antibodies from just 1/6 individuals with the 

APS consistently affected fetal and placental weights and fetal resorption (Chamley et al., 

1994). The variable effects of aPL antibodies from different individuals was not due to 

differences in the aPL antibody titre of the IgG preparations (Silver et al., 1998), and did not 

correlate with the diverse clinical outcomes of the individuals from which they were derived, 

and so remain unexplained (Silver et al., 1997). 

The detrimental, albeit variable, effect of aPL antibodies on murine pregnancy has also been 

demonstrated in animals that produce endogenous aPL antibodies. The production of 

endogenous aPL antibodies can be achieved by immunising mice with phospholipid binding 

proteins, such as β2GPI. β2 glycoprotein I immunisation has yeilded mixed results, with some 

groups reporting a decrease in litter size and/or an increase in fetal loss (Aron et al., 1995; 

Garcia et al., 1997; Velayuthaprabu et al., 2007), while others suggest that there is no effect 

on pregnancy (Silver et al., 1995). Alternatively, animals can be immunised with pathogenic 

anticardiolipin antibodies which act as antigens for the production of anti-idiotype antibodies 

which in turn drive production of anti-anti-idiotype antibodies which resemble the original 

pathogenic anticardiolipin antibodies. After several months, high titres of the mouse’s 

endogenous anticardiolipin antibodies increase fetal resorption and decrease fetal and 

placental weights and fecundity (Bakimer et al., 1992; Sthoeger et al., 1993b; Cohen et al., 

1994).  

1.4.2. Antiphospholipid!antibodies!cause!dysfunction!of!human!trophoblast!in#vitro!

The fetal loss and growth restriction observed in mice that were passively immunised with 

aPL antibodies or actively immunised with phospholipid binding proteins supports a 

causative effect for aPL antibodies in obstetric morbidity. The following in vitro studies 

extend on these murine models of APS pregnancy by suggesting that aPL antibodies cause 

obstetric morbidity by exerting detrimental effects on human trophoblasts. 

The syncytiotrophoblast is replenished by syncytialisation, where underlying villous 

cytotrophoblasts proliferate, differentiate and then fuse with the overlying 

syncytiotrophoblast (Benrischke et al., 2012) (Section 1.2.2). Antiphospholipid antibodies 

may impair syncytialisation by decreasing the proliferation of villous cytotrophoblasts in first 

trimester placental explants (Ornoy et al., 2003; Bose et al., 2004; Schwartz et al., 2007), or 
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by decreasing villous cytotrophoblast differentiation and fusion, as demonstrated with the 

choriocarcinoma cell line Jar (Adler et al., 1995) and with cultures of isolated 

cytotrophoblasts (Di Simone et al., 1999; 2000a). Perhaps as a consequence of decreased 

syncytialisation, aPL antibodies also impair the production of syncytiotrophoblastic 

hormones human chorionic gonadotropin and human placental lactogen (Gleicher et al., 

1992; Di Simone et al., 1995, 1997, 2000a, 2000b, 2001, 2005; Katsuragawa et al., 1997). It 

remains to be shown whether this effect on hormone production is a consequence of 

decreased syncytialisation or is due to a direct insult of aPL antibodies on the 

syncytiotrophoblast. 

Experiments using first trimester placental explants demonstrated that aPL antibodies also 

affect trophoblast death. In these studies, markers of apoptosis including cytokeratin 

neoepitope formation, TUNEL positivity and DNA laddering were elevated in placental 

explants treated with human polyclonal aPL antibodies (Ornoy et al., 2003; Bose et al., 2004; 

Schwartz et al., 2007). However, these studies did not specify whether it was the 

syncytiotrophoblast or the villous cytotrophoblast, or both, that were exhibiting these markers 

of apoptosis. The observation that rates of apoptosis in cultures of isolated cytotrophoblasts 

were not affected by aPL antibodies (Katsuragawa et al., 1997; Di Simone et al., 2006) 

suggests that this effect on apoptosis may be localised to the syncytiotrophoblast. In support 

of this, aPL antibody treatment decreased the expression of the anti-apoptotic protein Bcl-2 

(Di Simone et al., 2006), which may increase the apoptosis-like turnover of the 

syncytiotrophoblast (Section 1.2.2). Increased syncytiotrophoblast turnover may account for 

the finding of increased extrusion of trophoblast debris from placental explants treated with 

monoclonal aPL antibodies (Chen et al., 2009). The trophoblast debris from placental 

explants treated with aPL antibodies, unlike that extruded from untreated placental explants, 

expressed fewer caspases and could activate phagocytes, suggesting that it was released by 

necrosis (Chen et al., 2009). Thus, in addition to increasing the rate of apoptosis, aPL 

antibodies may also change the mechanism of cell death in the syncytiotrophoblast. 

Choriocarcinoma cell lines and immortilised extravillous trophoblasts such as JEG and HTR-

8 have been employed to study the effects of aPL antibodies on extravillous trophoblasts. 

Murine monoclonal and human polyclonal aPL antibodies cause a decrease in the rate of 

proliferation (Chamley et al., 1998), and an increase in the rate of apoptosis (Mulla et al., 

2009) in these extravillous trophoblasts. There is also general agreement that extravillous 

trophoblast invasion is impaired following treatment with aPL antibodies (Katsuragawa et al., 
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1997; Rote et al., 1998; Di Simone et al., 1999, 2000a, 2000b, 2010; Blank et al., 2007; 

Jovanovic et al., 2010; Mulla et al., 2010; Han et al., 2011). A detrimental effect on 

extravillous trophoblast invasion may be due to the ability of aPL antibodies to alter the 

expression of cell adhesion molecules (Di Simone et al., 2002), heparin-binding epidermal 

growth factor or matrix metalloproteinases which are hypothesised to play important roles in 

extravillous trophoblast invasion (Di Simone et al., 2010). Moreover, aPL antibodies also 

impair the formation of multinucleated giant cells in vitro (Quenby et al., 2005). Combined, 

these results suggest that aPL antibodies may affect the extravillous trophoblast lineage at 

several stages, from the proliferative cells driving formation of cell columns, to the invasive 

extravillous trophoblasts that form giant cells and remodel the spiral arteries.  

1.5. The!interactions!between!antiphospholipid!antibodies!and!

trophoblasts!

The detrimental effects of aPL antibodies on murine pregnancy and trophoblast 

function/viability may be the result of an interaction between aPL antibodies and 

trophoblasts. This section presents the current knowledge of the interactions between aPL 

antibodies and trophoblasts. 

1.5.1. The!placenta!absorbs!antiphospholipid!antibodies!from!maternal!blood!

The first (indirect) evidence that aPL antibodies interact with placental trophoblasts was 

reported in 1991 by workers who demonstrated that the clearance of anticardiolipin 

antibodies from the blood of passively-immunised mice was quicker in pregnant mice 

compared to non-pregnant mice (Blank et al, 1991). The rapid clearance of aPL antibodies 

from the blood of pregnant mice was proposed to be due to placental absorption of aPL 

antibodies, since the aPL antibodies could later be eluted from the placentae of passively 

immunised animals (Blank et al., 1991). Anticardiolipin antibodies can also be eluted from 

the placentae of women with circulating anticardiolipin antibodies, but not from aPL 

antibody-negative control women (Chamley et al., 1993). In this human study, the 

anticardiolipin antibodies were between 1,500 and 70,000 times more concentrated in the 

placental eluates than in serum, leading these workers to describe the placenta as an 

“antiphospholipid antibody sponge” (Chamley et al., 1993). A later study demonstrated 



!

! 23!

slightly more heterogeneity, with aPL antibodies being detected in the placental eluates of 4/7 

women with the APS (Katano et al., 1995). Bearing in mind the caveat that this was a small 

study, it is interesting that the four women with aPL antibody-positive placental eluates had 

poor obstetric outcomes including one stillbirth and three cases of intrauterine growth 

restriction, compared to the three women with aPL antibody-negative placental eluates where 

there was a single case of intrauterine growth restriction (Katano et al., 1995). These data 

raise the possibility that placental-aPL antibody interactions may play a role in aPL antibody-

induced obstetric morbidity. 

Immunohistochemistry has provided further evidence that aPL antibodies are absorbed by the 

placentae of passively-immunised mice (Blank et al., 1994) and the placentae of women with 

circulating aPL antibodies (La Rosa et al., 1994; Ackerman et al., 1999). However, aPL 

antibodies are not detected in the placentae of all mice or women (Hanly et al., 1988; Piona et 

al., 1995; Ilaria et al., 2007; Cohen et al., 2011). Such variability in the immunohistochemical 

staining of aPL antibodies mirrors the heterogeneity observed in placental elution studies 

(Katano et al., 1995). One explanation for the variability in the placental absorption of aPL 

antibodies is the heterogeneity of aPL antibodies. Antiphospholipid antibodies recognise a 

diverse range of phospholipid-binding proteins (Section 1.3.3), of which only some are 

known to be expressed by the placenta; Annexin V, plasmin, thrombomodulin and β2GPI 

(Maruyama et al., 1985; Jensen et al., 1989; Krikun et al., 1994; Chamley et al., 1997). 

Therefore, some, but not all aPL antibodies, may recognise phospholipid-binding proteins 

expressed by the mouse or human placenta. Variability in the placental absorption of aPL 

antibodies may also reflect differences in the placental tissue of each woman or mouse. In 

mice, another explanation for the variability in the placental absorption of aPL antibodies is 

the loss of placental-bound aPL antibodies some time after passive immunisation. 

Complement deposition, a long-lived fingerprint of antibody binding, is observed in the 

placentae of passively-immunised mice in which no aPL antibodies were detectable, and may 

be the only clue that aPL antibodies were once bound to the placentae of these animals (Chen 

et al., 2007; Cohen et al., 2011). 

1.5.2. What!is!the!target!of!antiphospholipid!antibodies!in!the!placenta?!

While the aformentioned data demonstrate that the placenta absorbs aPL antibodies, they fail 

to clearly define the cellular target of aPL antibodies in the placenta. Immunohistochemical 
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experiments employing aPL antibodies as primary antibodies against fixed placental tissue 

sections have suggested that aPL antibodies bind to the syncytiotrophoblast, villous 

cytotrophoblasts and extravillous trophoblasts (Lyden et al., 1992; Rote et al., 1993; 

Katsuragawa et al., 1995; Donohoe et al., 1999). However, it remains to be seen whether the 

immunohistochemical reactivity of aPL antibodies with fixed tissue sections relates to aPL 

antibody-trophoblast binding in vivo. 

Just two studies have investigated the interactions between aPL antibodies and live 

trophoblasts (McCrae et al., 1993; Di Simone et al., 2000a). One study investigated the 

binding of IgG from individuals with the APS to live cytotrophoblasts over time and found 

that the binding of APS-IgG was most prominent at 72 hours of culture, when the 

cytotrophoblasts had syncytialised into syncytiotrophoblast-like clusters (Di Simone et al., 

2000a), and were presumably exteriorising phosphatidylserine (Katsuragawa et al., 1997). 

Furthermore, the APS-IgG bound to syncytiotrophoblast-like clusters only in the presence of 

β2GPI (Di Simone et al., 2000a), suggesting that on the syncytiotrophoblast, 

phosphatidylserine may act as a negatively charged surface on which to immoblise β2GPI, 

and either cluster β2GPI for bivalent binding of low affinity aPL antibodies, or to induce a 

conformational change that renders β2GPI antigenic for aPL antibodies (Section 1.3.2). 

1.5.2.i. Phosphatidylserine!

Phosphatidylserine is usually restricted to the inner leaflet of a cell’s plasma membrane, and 

is exteriorised only when a cell is stressed, damaged or dying (Zwaal et al., 2005). As a 

consequence of apoptosis-like syncytialisation, the syncytiotrophoblast exteriorises 

phosphatidylserine throughout gestation (Lyden et al., 1992; Katsuragawa et al., 1995; 

Campos et al., 2006). The presence of this naturally occuring site for β2GPI-binding on the 

syncytiotrophoblast may help to explain the absorption and concentration of aPL antibodies 

by the placenta in some individuals (Chamley et al., 1993; Katano et al., 1995). 

Several reports also show that phosphatidylserine is exteriorised by extravillous trophoblasts 

(Lyden et al., 1992; Katsuragawa et al., 1995; Campos et al., 2006). This is an unusual 

observation in mononuclear cells and it seems unlikely that extravillous trophoblasts are 

inherently stressed, damaged or dying. A possible explanation for this finding is that the 

extravillous trophoblasts described in these reports are not extravillous trophoblasts found in 
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cell columns or lining spiral arteries, but are invasive extravillous trophoblasts that have, or 

are destined to, fuse with each other in a manner similar to syncytialisation and become giant 

cells. 

1.5.2.ii. Annexin!A2!

Extravillous trophoblasts and the syncytiotrophoblast also express annexin A2 (Paradela et 

al., 2005; Menkhorst et al., 2012), a β2GPI-binding protein which may be another potential 

site of β2GPI immobilisation and aPL antibody binding. Although the interactions between 

annexin A2, β2GPI and aPL antibodies have not yet been investigated in trophoblasts, they 

have been demonstrated in endothelial cells and monocytes (Ma et al., 2000; Zhang & 

McCrae, 2005; Zhou et al., 2009), which are important cell types in the pathophysiology of 

aPL antibody-induced arterial/venous thrombosis. Annexin A2, expressed on the cell surface 

of endothelial cells and monocytes (Hajjar et al., 1994; Falcone et al., 2001; Cockrell et al., 

2008), binds β2GPI (Ma et al., 2000; Zhou et al., 2009) and appears able to cluster β2GPI or 

induce a conformational change in the protein to allow the subsequent binding of aPL 

antibodies (Zhang & McCrae, 2005; Zhou et al., 2009). Annexin A2 may be an important site 

for β2GPI/aPL antibody binding on quiescent mononuclear cells which do not normally 

exteriorise phosphatidylserine. 

1.6. How!does!the!interaction!between!antiphospholipid!antibodies!and!

trophoblasts!cause!trophoblast!death!and!dysfunction?!

It is well established that aPL antibodies have a detrimental effect on murine pregnancy and 

trophoblast function/viability (Section 1.4). Evidence is also emerging that aPL antibodies 

interact directly with placental trophoblasts, and that this interaction may involve the 

immobilisation of β2GPI on the surface of the trophoblast (Section 1.5). There are at least 

four possible mechanisms that help to explain the link between trophoblast-aPL antibody 

interactions and trophoblast death and dysfunction. These mechanisms include the induction 

of abnormal coagulation/thrombosis, the generation of excessive complement-dependent and 

complement-independent inflammation, the triggering of intracellular cascades through cell-

surface receptors, and finally, the penetration of aPL antibodies into the trophoblast. 
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1.6.1. Abnormal!coagulation/thrombosis!in!the!placenta!

Pregnancy imposes considerable stress on the circulatory and haemostatic systems (Meroni et 

al., 2011), such as the circulation of blood through the intervillous space, which is a site of 

eddy currents and blood stasis. Therefore, pregnancy demands a fine balance between pro-

thrombotic and anti-thrombotic forces (Arias et al., 1998). By promoting a pro-thrombotic 

phenotype, as in the systemic circulation, aPL antibodies may affect this fine balance and 

result in thrombotic lesions within the placenta. 

The balance between pro-thrombotic and anti-thrombotic forces is important on the 

syncytiotrophoblast, which functions essentially as an endothelium (Fox, 1997), but which 

naturally exteriorises phosphatidylserine (Lyden et al., 1992; Katsuragawa et al., 1995; 

Campos et al., 2006), a trigger of contact-dependent coagulation (Zwaal et al., 2005). To 

prevent contact-dependent coagulation, the syncytiotrophoblast expresses proteins that bind 

and shield phosphatidylserine from coagulation factors in the maternal blood. Both β2GPI 

and annexin V are known to bind anionic phospholipids (Wurm, 1984; Tait et al., 1989) and 

inhibit intrinsic phospholipid-dependent coagulation (Funakoshi et al., 1987; Schoesboe, 

1988). Annexin V, otherwise known as placental anticoagulant protein I, is highly abundant 

on the syncytiotrophoblast surface (Krikun et al., 1994), where it is thought to form a lattice-

like shield that covers the placenta and prevents coagulation on the surface of the 

syncytiotrophoblast (Figure 1.4) (Rand et al., 2003).  

Antiphospholipid antibodies are capable of disrupting the annexin V shield in vitro. If present 

with β2GPI, aPL antibodies can competitively displace annexin V from the surface of 

phospholipid bilayers, which disrupts the annexin V shield (Figure 1.4) and accelerates 

contact-dependent coagulation (Rand et al., 2003). A similar effect is seen on the surface of 

syncytiotrophoblast-like clusters formed in vitro from the fusion of primary cytotrophoblasts 

or BeWo cells, where aPL antibody treatment displaces annexin V (Vogt et al., 1997; Rand et 

al., 1997a; 2010; Wu et al., 2011). Placental explants treated with aPL antibodies also exhibit 

decreased expression of annexin V on the syncytiotrophoblast surface (Rand et al., 1994; 

1997b). Following disruption of the annexin V shield by aPL antibodies, syncytialised BeWo 

bind more prothrombin (Vogt et al., 1997) and more rapidly form a clot in a cell-surface 

plasma coagulation assay (Rand et al., 1997a; 2010), suggesting that the changes in 

trophoblastic annexin V have pro-thrombotic consequences.   
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Excessive coagulation on the syncytiotrophoblast surface may manifest as the deposition of 

fibrin around placental villi (perivillous fibrin deposition), or the formation of thrombi in the 

intervillous space. Both lesions have the capacity to obliterate the intervillous space, and may 

therefore render the villous tissue ischaemic and functionally void (Fox, 1997). The presence 

of these lesions in the placentae of aPL antibody-positive women will be discussed in more 

detail in Chapter 2.  
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Figure 1.4 – β2 glycoprotein I/antiphospholipid antibody complexes disrupt the annexin V 
shield which functions to protect phosphatidylserine from contact-dependent coagulation. 
(A) Coagulation factors bind to exposed phosphatidylserine which triggers the coagulation 
cascade. (B) Annexin V is a phospholipid-binding protein that forms a lattice-like shield which 
protects exposed phosphatidylserine from circulating (inactive) coagulation factors. (C) 
Complexes of β2GPI and aPL antibodies competitively displace annexin V from 
phosphatidylserine, which may have pro-thrombotic consequences. 



!

! 28!

1.6.2. Excessive!inflammation!in!the!placenta!

Complement-dependent inflammation is implicated as a cause of increased fetal resorption 

and intrauterine growth restriction in mice passively immunised with IgG from individuals 

with the APS (Holers et al., 2002). Following immunisation, aPL antibodies deposit in the 

animal’s decidua, possibly via the Fab region of the antibody (Holers et al., 2002). The free 

Fc region of the aPL antibody then activates the classical complement cascade (Girardi et al., 

2003) which results in cleavage of complement component C3 into C3b, the latter of which is 

deposited on the surface of the decidua (Holers et al., 2002). Membrane-bound C3b then 

cleaves complement component C5 into C5a, an anaphylatoxin which binds to C5a receptors 

on neutrophils, promoting their activation and migration (Girardi et al., 2003). By activating 

the alternative complement cascade and depositing further C3b, these neutrophils propagate a 

pro-inflammatory amplification loop that causes further cleavage of C5 and further 

infiltration of neutrophils (Girardi et al., 2003). The interactions between C5a-C5a receptor  

on neutrophils also increases the expression of tissue factor, which leads to neutrophil 

oxidative burst (Redecha et al., 2007). The resulting reactive oxygen species, along with 

proteolytic enzymes and other inflammatory mediators released by neutrophils, such as tumor 

necrosis factor α (Berman et al., 2005), result in tissue damage in the decidua.  

Since these workers reported only on sites of complete fetal resorption, where there was no 

placenta, they could only propose that complement-dependent inflammation would be a 

feature of the placenta in addition to the decidua. Other reports support this proposition by 

observing the deposition of C3b in the placentae of mice producing endogenous aPL 

antibodies (Chen et al., 2007) and the deposition of C4d (a classical complement component 

activated upstream of C3 cleavage) in the placentae of mice passively immunised with aPL 

antibodies (Cohen et al., 2011). Thus, it is possible that placental-bound aPL antibodies 

trigger a similar complement cascade leading to leukocytic infiltration and the production of 

reactive oxygen species and inflammatory mediatiors in the placenta. Tumour necrosis factor 

α released by neutrophils, is known to promote trophoblast apoptosis in vitro (Aschkenazi et 

al., 2002), may be one important mediator of trophoblast death and dysfunction. 

Antiphospholipid antibodies may also elicit a complement-independent inflammatory insult 

by signalling through toll-like receptor 4 (TLR4) on the surface of extravillous trophoblasts 

(Mulla et al., 2009). The signalling of aPL antibodies through toll-like receptors (TLRs) is an 

example of how cell-surface aPL antibodies can trigger intracellular signalling cascades, and 
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is explored further in section 1.6.3. In extravillous trophoblasts, the activation of TLR4 by 

aPL antibodies promotes the secretion of pro-inflammatory chemokines growth regulated 

oncogene α and interleukin-8 as well as the potent pro-inflammatory cytokine interleukin-1β 

(Mulla et al., 2009). The conditioned media from extravillous trophoblasts treated with aPL 

antibodies induces apoptosis in untreated extravillous trophoblasts, suggesting that the 

inflammatory mediators produced in response to TLR4 activation may act in an 

autocrine/paracrine fashion to promote trophoblast death (Mulla et al., 2009). Interleukin-1β 

may mediate the effect of the conditioned medium on trophoblast death, as this cytokine 

induces trophoblast apoptosis in vitro (Nilkaeo & Bhuvanath, 2006). 

1.6.3. The!generation!of!intracellular!signalling!cascades!

The ability of aPL antibodies to trigger a pro-inflammatory response in extravillous 

trophoblasts by signalling through TLR4 (Mulla et al., 2009) illustrates how the signalling of 

aPL antibodies through cell-surface receptors can modulate cellular function and death. With 

the exception of that report, the signalling of aPL antibodies through cell-surface receptors 

has been investigated exclusively with platelets, monocytes and endothelial cells, where it is 

believed to play a central role in the pathogenesis of aPL antibody-induced arterial/venous 

thrombosis. Therefore, the following discussion will focus on the signalling of aPL antibodies 

through toll-like receptors, receptors for the Fc domain of IgG (FcγR), and apolipoprotein E 

receptor 2 (apoER2) on platelets, monocytes and endothelial cells. 

Toll-like receptors are components of the innate immune system that typically recognise 

pathogen-associated molecular patterns. Toll-like receptors also recognise dimers of β2GPI, 

possibly due to the homology between β2GPI dimers and bacterial peptides (Blank et al., 

2002). Dimerisation of β2GPI is believed to require aPL antibodies (Sorice et al., 2007; Alard 

et al., 2010), suggesting that aPL antibodies contribute to formation of an ‘illegitimate’ TLR 

ligand, rather than interacting directly with TLRs (Prinz et al., 2011). Co-precipitation 

experiments with monocytes have demonstrated that annexin A2 is involved in the interaction 

between TLRs and β2GPI (Sorice et al., 2007), suggesting that annexin A2 may immobilise 

β2GPI prior to dimerisation by aPL antibodies. In vitro, β2GPI dimerised by aPL antibodies 

or by artificial means, is capable of binding and activating toll-like receptor 4 (TLR4) or toll-

like receptor 2 (TLR2) on the surface of monocytes or endothelial cells (Raschi et al., 2003; 
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Sorice et al., 2007; Lambrianides et al., 2010) (Figure 1.5). The activation of TLRs by 

dimerised β2GPI results in NF-κb activation (Alard et al., 2010), secretion of tumour necrosis 

factor α and upregulation of tissue factor, the latter of which has pro-inflammatory and pro-

thrombotic properties (Sorice et al., 2007; Lambrianides et al., 2010). 

The FcγR is a cell-surface receptor on leukocytes that interacts with the Fc region of β2GPI-

bound aPL antibodies. β2 glycoprotein I-bound aPL antibodies may bind and cross-link 

FcγRs on the surface of FcγR-bearing cells, such as neutrophils (Arvieux et al., 1995) (Figure 

1.5). Fcγ receptor cross-linking by aPL antibodies/β2GPI causes neutrophil activation, as 

evidenced by hydrogen peroxide production and granule release (Arvieux et al., 1995). 

Apolipoprotein E receptor 2 is a cell-surface receptor that mediates the pro-thrombotic effects 

of cell surface-bound aPL antibodies/β2GPI in platelets, endothelial cells and monocytes. The 

involvement of apoER2 was demonstrated in mice passively immunised with aPL antibodies, 

where the generation of pro-thrombotic phenotypes in monocytes and endothelial cells, as 

well as a tendency towards an increased thrombus size, was partially inhibited by apoER2 

knock-out, or by inhibiting apoER2 with an antagonist of the receptor, receptor associated 

protein (RAP) (Romay-Penabad et al., 2011; Ramesh et al., 2011). Apolipoprotein E receptor 

2 interacts with dimeric, not monomeric β2GPI (Lutters et al., 2003; Pennings et al., 2006). 

Dimerisation of β2GPI may be achieved by aPL antibody binding (Lutters et al., 2003; 

Urbanus et al., 2008; Pennings et al., 2007; Romay-Penabad et al., 2011; Ramesh et al., 

2011). At least in platelets, the interaction between β2GPI and apoER2 occurs following 

platelet activation and exteriorisation of phosphatidylserine (Lutters et al., 2003), suggesting 

that phosphatidylserine may immobilise β2GPI prior to dimerisation by aPL antibodies 

(Figure 1.5). This interaction between dimerised β2GPI and apoER2 contributes to increased 

platelet adhesion and aggregation (Lutters et al., 2003; Pennings et al., 2007; Urbanus et al., 

2008).  
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Figure 1.5 – Antiphospholipid antibodies interact with trophoblasts, platelets, 
endothelial cells and leukocytes. 
Phosphatidylserine is a potential site for β2GPI immobilisation on the syncytiotrophoblast 
(STB) or activated mononuclear cells (only platelets are depicted in an activated state). 
Annexin A2 is another site for β2GPI immobilisation that exists on endothelial cells, 
leukocytes, syncytiotrophoblast or extravillous trophoblast (EVT). Once β2GPI is 
immobilised on phosphatidylserine or annexin A2, aPL antibodies may bind and dimerise 
β2GPI. Dimerised β2GPI then interacts with apolipoprotein E receptor 2 (apoER2) or toll-
like receptors (TLR). Intracellular signals resulting from such interactions can activate the 
cell and generate pro-inflammatory or pro-thrombotic phenotypes. β2 glycoprotein I-
bound aPL antibodies may also activate leukocytes by cross-linking Fcγ receptors (FcγR).  
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1.6.3.i. The!lowCdensity!lipoprotein!receptor!family!

Apolipoprotein E receptor 2 is a member of the low-density lipoprotein receptor (LDLR) 

family, a group of receptors that share homology with LDLR. The LDLR family also 

includes very-low density lipoprotein receptor (VLDLR), LDLR related protein 1 (LRP1) and 

LDLR related protein 2 (LRP2). The LDLR contains one ligand binding domain consisting of 

negatively-charged complement-type repeats, as well as other structural elements such as a 

lipophilic transmembrane domain and a short intracellular C-terminus where the 

internalisation signal FDNPXY resides (Hussain et al., 1999). Apolipoprotein E receptor 2, 

VLDLR, LRP1 and LRP2 contain similar structural elements to LDLR, but have distinct 

complement-type repeats which are arranged, in the case of LRP1 and LRP2, in three 

additional ligand binding domains (Hussain et al., 1999). These differences in the structure 

and arrangement of complement-type repeats allow the LDLR family members to bind to an 

extremely diverse range of structurally dissimilar ligands including proteins, lipoproteins, 

proteinases and proteinase-inhibitor complexes (Hussain et al., 1999; Strickland et al., 2002).  

Ligands of LDLR family members typically contain a positively-charged surface which bind 

to the receptor’s negatively-charged complement-type repeats in a high-affinity interaction. 

β2 glycoprotein I is a ligand for all members of the LDLR family, although the highest 

affinity interaction is between β2GPI and LRP1 or LRP2 (Kd=3.1nM), and the weakest 

interaction is between β2GPI and LDLR (Kd=341nM) (Pennings et al., 2006). The interaction 

between LDLR family members and β2GPI involves electrostatic interactions between 

aspartate residues on the receptor’s complement-type repeats and lysine residues on domain 

V of β2GPI (Beglov et al., 2009; Lee et al., 2010). Domain I of β2GPI may also be able to 

interact with LRP1 (Pennings et al., 2006). β2 glycoprotein I is similar to most other ligands 

of LDLR family members in that it must undergo a conformational change before it can bind 

to its receptors (Mahley, 1988; Hussain et al., 1999). This conformational change may 

involve anionic phospholipids, as the interaction of β2GPI with LDLR family members is 

greatly enhanced when β2GPI is bound to cardiolipin or phosphatidylserine vesicles 

(Moestrup et al., 1998; Maiti et al., 2008). The simultaneous binding of β2GPI to LDLR 

family members and phospholipids, as well as data from structural models (Beglov et al., 

2009) suggest that the phospholipid and receptor binding sites on domain V of β2GPI are 

spatially close but not identical (Pennings et al., 2006). 
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Those workers investigating aPL antibody-induced thrombosis have focussed on the ability 

of apoER2 to transduce signals from cell surface-bound aPL antibodies /β2GPI. However, it 

should be noted that apoER2, and the other LDLR family members, are primarily endocytic 

receptors, not signalling receptors, as their intracellular signalling domains are short (Hussain 

et al., 1999). The LDLR family members are constitutively recycled receptors, meaning that 

they are endocytosed into clathrin-coated vesicles regardless of the presence of bound ligand. 

Following internalisation, the clathrin-coated vesicles fuse with acidic endosomes where 

LDLR family members and ligands, if bound, dissociate. The receptor is then recycled back 

to the cell surface and the ligands traffic to lysosomes for degradation (Hussain et al., 1999).  

1.6.4. The!penetration!of!antiphospholipid!antibodies!into!trophoblasts!

Certain autoantibodies are capable of penetrating live cells where they come into contact with 

their intracellular antigen and cause cellular dysfunction (Alarcon-Segovia et al., 1979; 

Llerena et al., 1981; Schulze et al., 1989; Vlanakos et al., 1992; Reichlin et al., 1998) or cell 

death (Alarcon-Segovia & Llorente, 1983; Adamus et al., 1998; Tezel & Wax, 2000; Lisi et 

al., 2007a; Ruiz-Arguelles et al., 2007; Jang et al., 2009). This process of autoantibody 

internalisation is believed to contribute to various autoimmune diseases or manifestations 

including Sjogren’s syndrome, retinopathy, paraneoplastic neuropathy, encephalomyelitis, 

heart block or mycocarditis (Alarcon-Segovia et al., 1996; Ruiz-Arguelles & Alarcon-

Segovia, 2001; Lisi et al., 2007a). As was the case for the signalling of aPL antibodies 

through cell-surface receptors (Section 1.6.3), the ability of aPL antibodies to penetrate live 

cells has been investigated almost exclusively in the context of aPL antibody-induced 

arterial/venous thrombosis. Therefore, the internalisation of aPL antibodies into endothelial 

cells and monocytes will be discussed first before outlining the evidence for aPL antibody 

internalisation into trophoblasts. 

Antiphospholipid antibodies are internalised into endothelial cells (Galve de Rochemonteix et 

al., 2000; Dunoyer-Geindre et al., 2001; Sorice et al., 2002; Prinz et al., 2013) and monocytes 

(Prinz et al., 2011; 2013), and there is some evidence to suggest that they are also internalised 

into fibroblasts (Kobayashi et al., 1998) and plasmacytoid dendritic cells (Prinz et al., 2011). 

The internalisation of aPL antibodies into these cell types is unusual in the sense that aPL 

antibodies do not traffic, like most endocytosed proteins, to the lysosomes. Instead, aPL 

antibodies accumulate with β2GPI and the anionic phospholipid lysobisphosphatidic acid in 
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late endosomes, where they remain, even after five days of in vitro culture (Kobayashi et al., 

1998; Galve de Rochemonteix et al., 2000; Dunoyer-Geindre et al., 2001; Sorice et al., 2002). 

The accumulation of aPL antibodies in endosomes has a number of functional consequences, 

including endosomal accumulation of cholesterol (Kobayashi et al., 1999), re-distribution of 

protein-sorting complexes from the golgi to endosomes (Kobayashi et al., 1998; Galve de 

Rochemonteix et al., 2000), and activation of endosomal reactive oxygen species-producing 

NADPH oxidase (Prinz et al., 2011; 2013). Furthermore, aPL antibody-containing endosomes 

appear structurally abnormal and electron-dense (Kobayashi et al., 1998). These detrimental 

effects on endosomes may be due to an effect on lysobisphosphatidic acid, which is thought 

to play an important role in endosomal structure and function (Kobayashi et al., 1998).  

The internalisation of aPL antibodies into monocytes or endothelial cells may also contribute 

to the generation of pro-thrombotic and pro-inflammatory phenotypes, which are commonly 

thought to be the result of cell-surface interactions between aPL antibody/β2GPI complexes 

and TLRs, FcγRs or apoER2 (Section 1.6.3). Following the internalisation of aPL antibodies 

into endothelial cells and monocytes, the cell-surface expression of pro-coagulant tissue 

factor increases (Prinz et al., 2013). Moreover, the internalisation of aPL antibodies into 

monocytes causes an upregulation of intracellularly-located toll-like receptor 8 (TLR8) and 

the production of pro-inflammatory cytokines interferon α and tumor necrosis factor α (Prinz 

et al., 2011).  

1.6.4.i. Mechanims!of!antiphospholipid!antibody!internalisation!into!monocytes!and!

endothelial!cells!

Typically, autoantibodies penetrate live cells after interacting with proteins on the cell 

surface. This interaction often involves an FcγR, which binds to the generic Fc domain of the 

autoantibody before mediating its internalisation. Fcγ receptors were first implicated in 

autoantibody penetration by the observation that anti-ribonucleoprotein antibodies only 

penetrated FcγR-bearing cells (Alarcon-Segovia et al., 1978). Other autoantibodies, including 

anti-DNA, anti-Ro and anti-La antibodies have been reported to penetrate leukocytes or 

epithelial cells via FcγRs (Alarcon-Segovia & Llorente, 1983; Lisi et al., 2007b). 

Autoantibodies also penetrate live cells after interacting with their specific antigen on the cell 

surface (Alarcon-Segovia et al., 1996; Ruiz-Arguelles & Alarcon-Segovia, 2001). Examples 

of this antigen-specific internalisation include anti-ribonucleoprotein antibodies which 
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penetrate lymphocytes by interacting with cell-surface ribonucleoprotein (Ma et al., 1993) 

and anti-ribosomal P protein antibodies which penentrate hepatocytes by binding to a cell-

surface form of ribosomal P protein (Koscec et al., 1997). 

The ability of a FcγRII-blocking antibody to inhibit the internalisation of aPL antibodies by 

monocytes suggests that monocytes internalise aPL antibodies via FcγRII (Prinz et al., 2011) 

(Figure 1.6). Since FcγRII binds to the generic Fc domain of IgG, the internalisation of aPL 

antibodies into monocytes is understood to be non-specific. The FcγRII-blocking antibody 

inhibited most but not all monocytic aPL antibody internalisation, leading workers to propose 

that additional mechanisms may be involved in the internalisation of aPL antibodies by 

monocytes (Prinz et al., 2013). These alternative mechanisms may involve the antigen-

binding site of aPL antibodies, or cholesterol rich microdomains called lipid rafts on the 

monocyte plasma membrane, although how exactly these contribute to the internalisation of 

aPL antibodies is not yet understood (Prinz et al., 2011).  

The internalisation of aPL antibodies into endothelial cells was not affected by an FcγRII-

blocking antibody, suggesting that, in these cells, FcγRII is not involved in the internalisation 

of aPL antibodies (Prinz et al., 2013). The failure of chlorpromazine to inhibit endothelial cell 

aPL antibody internalisation (Prinz et al., 2013) also suggested that receptor-mediated 

clathrin-dependent endocytosis was not involved in this process. In contrast, the 

internalisation of aPL antibodies into endothelial cells was inhibited by genistein (Prinz et al., 

2013), an inhibitor of macropinocytosis (Sánchez et al., 2012). Macropinocytosis is the non-

absorptive and non-specific process of ‘cell-drinking’ where ruffles of the cell’s plasma 

membrane engulf and internalise extracellular fluid (Conner & Schmidt, 2003). Since 

receptors are not involved in macropinocytosis, the rate of protein internalisation is directly 

proportional to the protein’s extracellular concentration. Consequently, the uptake of protein 

markers by macropinocytosis is slow compared to other forms of endocytosis (Falcone et al., 

2006). Consistent with these kinetics, the internalisation of aPL antibodies and induction of 

tissue factor expression takes twice as long in endothelial cells as it does in monocytes, which 

internalise aPL antibodies via FcγRII (Prinz et al., 2013). In endothelial cells, it may take up 

to 20 hours for aPL antibodies to be detected in an intracellular position (Galve de 

Rochemontiex et al., 2000), further supporting the involvement of a slow, macropinocytic 

mechanism of aPL antibody internalisation. 
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Investigation of the uptake of dimerised β2GPI (which is thought to model β2GPI-aPL 

antibody complexes) has generated insight into the macropinocytic internalisation of aPL 

antibodies by endothelial cells. The internalisation of β2GPI by endothelial cells is dependent 

on the interaction of dimerised β2GPI with a TLR on the endothelial cell surface (Alard et al., 

2010). By signalling through lipid rafts, the cell-surface TLR is thought to activate a range of 

proteins which leads to cytoskeletal rearrangement, membrane ruffling and ultimately 

macropinocytosis (Choi et al., 2009; Alard et al., 2010). Even though aPL antibodies may 

form a complex with β2GPI and the TLR on the endothelial cell surface, the nature of 

macropinocytosis suggests that the aPL antibodies would be internalised in their 

uncomplexed form (Figure 1.6).  

!  

Figure 1.6 - Antiphospholipid antibodies are internalised into monocytes and endothelial 
cells by Fcγ receptor-mediated endocytosis and toll-like-receptor-induced macropinocytosis 
respectively. 
Monocytes internalise aPL antibodies via FcγRII. Since FcγRII is not specific for aPL antibodies, 
non-autoimmune maternal IgG would be internalised by this mechanism also. The internalisation 
of aPL antibodies into endothelial cells may involve the formation of aPL antibody/β2GPI/TLR 
complexes on the endothelial cell surface, TLR signalling through lipid rafts, actin-reorganisation, 
membrane ruffling and macropinocytosis. Since macropinocytosis is a non-specific and non-
absorptive process, aPL antibodies and non-autoimmune maternal IgG would be internalised at a 
rate that reflects their concentrations in the extracellular space. 
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1.6.4.ii. The!syncytiotrophoblast!participates!in!the!transport!of!maternal!

immunoglobulin!G!to!the!fetus!

It is possible that aPL antibodies are internalised by the syncytiotrophoblast, since the 

syncytiotrophoblast non-specifically internalises IgG from the maternal circulation. The 

internalisation of IgG by the syncytiotrophoblast is the first step in the transplacental 

transport of IgG, which occurs throughout gestation (although predominantly after 22 weeks) 

(Gitlin & Biasucci, 1969). Transplacental IgG transport passively immunises the fetus, whose 

developing immune system produces only a limited amount of endogenous IgG (Gitlin & 

Biasucci, 1969). 

The transport of maternal IgG across the syncytiotrophoblast is an active process, as 

evidenced by the transport of IgG, but not IgA or IgM isotypes (Gitlin & Biasucci, 1969), and 

by the fact that at birth, the fetal levels of IgG (11-12mg/ml) exceeds that found in the 

maternal circulation (9mg/ml) (Malek et al., 1996). Fcγ receptors may mediate the uptake of 

maternal IgG, and one class of FcγR, FcγRIII is thought to be expressed by the 

syncytiotrophoblast (Kristoffersen et al., 1990; Sedmak et al., 1991). However, the 

involvement of FcγRIII in the transport of maternal IgG across the syncytiotrophoblast has 

not yet been proven experimentally.  

A structurally distinct FcγR, called the human neonatal FcγR (FcγRn) (Simister & Mostov, 

1989), may also be involved in the transplacental transport of IgG. The syncytiotrophoblast 

expresses FcγRn (Simister et al., 1996; Kristoffersen & Matre, 1996), and placentae perfused 

with IgG ex vivo fail to transport antibodies that are mutated in their FcγRn binding site 

(Firan et al., 2001). The FcγRn is unlike conventional FcγRs, since it preferentially binds IgG 

at a low pH (Story et al., 1994). Thus, it is thought that FcγRn binds maternal IgG once it has 

been internalised into acidic endosomes of the syncytiotrophoblast by other endocytic 

processes (Fuchs & Ellinger, 2004). The binding of maternal IgG to FcγRn in endosomes 

may rescue IgG from lysosomal degredation and instead recycle it back to the intervillous 

space, or release it at the basal syncytiotrophoblast membrane (Simister & Story, 1997; Fuchs 

& Ellinger, 2004), from which the IgG may traffic to the fetal circulation. 

Maternal anticardiolipin antibodies and anti-β2GPI antibodies are detectable in the blood of 

approximately 10-30% of neonates born to mothers with these aPL antibodies (Cohen et al., 

2000; Motta et al., 2006; Mekinian et al., 2013), demonstrating that aPL antibodies are 
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transported across the syncytiotrophoblast in some pregnancies. The transport of aPL 

antibodies across the syncytiotrophoblast may be mediated by the non-specific FcγRs, 

FcγRIII or FcγRn. 

1.6.4.iii. Antiphospholipid!antibodies!are!present!in!syncytial!nuclear!aggregates!

Previous work using first trimester placental explants has provided experimental evidence 

that the syncytiotrophoblast may internalise aPL antibodies. In this previous work, placental 

explants were treated in vitro with murine monoclonal aPL antibodies IIC5 or ID2, or with an 

isotype-matched control antibody (Chen et al., 2009). After 24 hours of culture, the 

trophoblast debris extruded from placental explants was collected and immunostained to 

detect murine IgG. The analysis of immunostained trophoblast debris by confocal microscopy 

demonstrated that the monoclonal aPL antibodies IIC5 and ID2 were present inside syncytial 

nuclear aggregates (Chen et al., 2009) (Figure 1.7). The presence of aPL antibodies inside 

syncytial nuclear aggregates suggested that aPL antibodies were internalised into the 

syncytiotrophoblast, the cell from which syncytial nuclear aggregates are derived (Section 

1.2.2). However, the possibility that the syncytiotrophoblast did not internalise the aPL 

antibodies, and that syncytial nuclear aggregates internalised aPL antibodies during, or after 

their release from the syncytiotrophoblast, was not ruled out. That syncytial nuclear 

Figure 1.7 - Monoclonal antiphospholipid antibodies were detected inside syncytial 
nuclear aggregates extruded from first trimester placental explants. 
Monoclonal aPL antibodies IIC5 or ID2 but not isotype-matched control antibodies were 
detectable inside syncytial nuclear aggregates extruded from placental explants cultured 
with these antibodies. Figure is adapted from Viall et al., 2013, where green fluorescence = 
murine antibody, blue fluorescence = Hoechst-stained nuclei and scale bars = 20µm. 

Isotype-matched control Ab Monoclonal aPL antibody IIC5 Monoclonal aPL antibody ID2
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aggregates contained aPL antibodies but not isotype-matched control antibodies (Chen et al., 

2009), suggested that aPL antibodies may have been internalised in an antigen-specific 

mechanism distinct to FcγR-mediated transport, although this was not confirmed. 

1.6.4.iv. The!possible!role!of!antiphospholipid!antibody!internalisation!in!the!modulation!

of!trophoblast!death!

As discussed in section 1.4.2, in response to treatment with aPL antibodies, the 

syncytiotrophoblast may show several signs of increased apoptosis (Ornoy et al., 2003; Bose 

et al., 2004; Schwartz et al., 2007). Increased apoptosis in the syncytiotrophoblast may result 

in a corresponding increase in the apoptosis-like turnover of this cell, as supported by the 

observation that placental explants treated with aPL antibodies produce twice the amount of 

trophoblast debris than explants treated with control antibodies (Chen et al., 2009). 

Trophoblast debris from aPL antibody-treated placental explants were also found to be 

necrotic (Chen et al., 2009), suggesting that aPL antibodies may affect the nature as well as 

the progression of syncytiotrophoblast death. 

Other autoantibodies are also known to induce cell death, either from a cell-surface position, 

or from an intracellular position following their internalisation into the cell. (Alarcon-Segovia 

& Llorente, 1983; Adamus et al., 1998; Tezel & Wax, 2000; Rivadeneyra-Espinoza & Ruiz-

Arguelles, 2006; Lisi et al., 2007a; Ruiz-Arguelles et al., 2007; Jang et al., 2009). Internalised 

autoantibodies may initiate cell death by encountering their intracellular antigen and either 

directly activating apoptotic pathways, or indirectly activating pro-apoptotic mechanisms 

(Ruiz-Arguelles et al., 2003). For example, intracellular anti-caspase 3 antibodies cause 

irreversible cell death by binding and activating caspase 3 (Tse & Rabbitts, 2000), whereas 

anti-heat shock protein antibodies promote cell death by interacting with heat shock protein 

and impairing the protein’s ability to stabilise the actin cytoskeleton (Tezel & Wax, 2000). 

Anti-DNA antibodies are thought to activate pro-apoptotic mechanisms by interacting with 

nuclear DNA and causing DNA damage (Lee et al., 2007), or by cross-reacting with and 

degrading cytosolic RNA (Jang et al., 2009). The intracellular consequences of these 

autoantibodies suggest that if aPL antibodies are internalised by the syncytiotrophoblast, they 

may affect trophoblast death by interacting with intracellular antigens that are directly or 

indirectly involved in cell death.  
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1.7. Summary!and!research!objectives!

Antiphospholipid antibodies are a heterogeneous group of autoantibodies that predispose 

individuals to diverse clinical complications such as arterial/venous thrombosis and obstetric 

morbidity. Obstetric morbidity in aPL antibody-positive women may be due to the ability of 

aPL antibodies to interact with placental trophoblasts and cause trophoblast dysfunction and 

death. Four potential mechanisms have been proposed to explain how the interactions 

between aPL antibodies and trophoblasts result in trophoblast dysfunction and death. Two 

mechanisms involve the induction of abnormal coagulation/thrombosis or excessive 

inflammation in the placenta in response to cell surface-bound aPL antibodies. 

Antiphospholipid antibody-induced placental coagulation or inflammation have been the 

major focus of research in the field of obstetric APS, however, most of this research has been 

performed in vitro or using murine models and it is currently unclear whether similar 

coagulatory or inflammatory lesions are observed in human placentae in vivo. Two further 

mechanisms that may contribute to trophoblast dysfunction and death include the signalling 

of aPL antibodies through cell-surface receptors, as well as the penetration of aPL antibodies 

into trophoblasts, both of which have been investigated almost exclusively in the context of 

aPL antibody-induced arterial/venous thrombosis. The internalisation of aPL antibodies into 

live cells is an emerging pathophysiological mechanism which is an attractive and largely 

unexplored avenue of research in the field of obstetric APS. Some evidence exists that aPL 

antibodies may be internalised by the syncytiotrophoblast, although further work is required 

to confirm this and to determine the possible consequences of internalised aPL antibodies on 

syncytiotrophoblast death. 

1.7.1. Hypotheses!

• That the placentae of women with aPL antibodies commonly show signs of abnormal 

coagulation/thrombosis and excessive inflammation. 

• That aPL antibodies are internalised by trophoblasts in a mechanism that is distinct to 

FcγR-mediated transplacental IgG transport. 

• That internalised aPL antibodies affect syncytiotrophoblast death by interacting with 

an intracellular antigen. 
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1.7.2. Aims!

The aims of this thesis were to: 

1. Determine which histopathological features are common in the placentae of women 

with aPL antibodies. 

2. Confirm that aPL antibodies are internalised by the syncytiotrophoblast of first 

trimester placental explants, and to investigate the potential mechanism of aPL 

antibody internalisation into this cell. 

3. Determine whether other trophoblast populations such as extravillous trophoblasts 

internalise aPL antibodies.  

4. Investigate how internalised aPL antibodies, by meeting an intracellular antigen, can 

affect syncytiotrophoblast death. 

!  
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Chapter 2. Histopathology!in!the!placentae!of!women!with!
antiphospholipid!antibodies!:!A!systematic!review!of!the!literature!
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2.1. Introduction!and!rationale!

The first histological report of a placenta from a pregnancy affected by aPL antibodies was 

published in 1982 by De Wolf and colleagues, who showed that 50% of the placenta from a 

stillborn fetus was infarcted (De Wolf et al., 1982). The spiral arteries of this placenta and 

other infarcted placentae from aPL antibody-positive women were observed to be occluded 

by intraluminal thromboses (De Wolf et al., 1982; Garlund et al., 1984; Branch et al., 1985). 

The observation of spiral artery thrombosis and placental infarction in these early case reports 

was the impetus for the theory that thrombotic occlusion of the spiral arteries, impairment of 

placental blood supply, placental infarction, and a consequent reduction of maternofetal 

exchange were the cause of fetal demise in pregnancies affected by aPL antibodies. 

Since these initial case reports, more than 580 placentae from women with aPL antibodies 

have been examined and reported in the literature. However, not all of these placentae exhibit 

placental infarction and thrombosis of the spiral arteries, suggesting that the early theory 

implicating these lesions in fetal demise was overly simplistic. More recent experimental 

work has suggested that obstetric morbidity in aPL antibody-positive women may be caused 

by abnormal coagulation/thrombosis in the intervillous space (Section 1.6.1) or excessive 

inflammation in the uteroplacental site (Section 1.6.2). However, evidence for the 

involvement of placental thrombosis or inflammation in aPL antibody-related obstetric 

morbidity has come from work performed in vitro (Rand et al., 1994; Vogt et al., 1997; Rand 

et al., 1997a; Rand et al., 1997b; Mulla et al., 2009; Rand et al., 2010; Wu et al., 2011), or 

with murine models of aPL antibody-associated pregnancy (Holers et al., 2002; Girardi et al., 

2003), and it is currently unclear whether thrombotic or inflammatory lesions are commonly 

observed in the placentae of women with aPL antibodies. 

This systematic review was undertaken in order to generate a complete and coherent picture 

of the placental features reported to be associated with aPL antibodies. It was hypothesised 

that, in line with the current evidence from in vitro work and murine models, this would 

uncover a placental aPL antibody fingerprint that involved coagulatory and inflammatory 

lesions. 

!  



!

! 45!

2.2. Methods!

2.2.1. Systematic!literature!search!

A systematic search of the literature was performed to identify all of the studies investigating 

the histological features of placentae from pregnancies complicated by aPL antibodies. 

Maximal coverage was ensured by searching four databases; Pubmed, EMBASE, Web of 

Science and SCOPUS. Records were retrieved from these four databases on the 7th January 

2014 using the broad search strategy (“placenta” OR “trophoblast”) AND (“antiphospholipid 

antibody” OR “antiphospholipid syndrome”) (Figure 2.1). Filters for english language and 

document type (journal article) were applied in each search. 

Database searching yielded 1060 records, which after removal of duplicates, included 507 

unique records. Seven additional records were identified by searching the references of 

relevant articles. The title and abstract of every unique record was examined, leading to the 

exclusion of 402 records that did not report primary data or did not investigate the 

histological features of placentae from women with aPL antibodies, and were thus deemed 

not relevant. Eleven records were excluded because the full text article was unavailable. Of 

the 101 relevant full-text records, 45 were excluded because they dealt solely with the in vitro 

effects of aPL antibodies on placentae. 

In order to draw meaningful conclusions from the data, the features of placentae from women 

with lupus anticoagulant, anticardiolipin antibodies and/or anti-β2GPI antibodies were 

compared to the placentae of control women. Women were used as controls if they met one 

of five criteria;  

1) Women who did not have lupus anticoagulant, anticardiolipin or anti-β2GPI 

antibodies and who may or may not have suffered from pregnancy morbidity or other 

autoimmune disorders (n = 779). 

2) Women who were assumed to be aPL antibody-negative on the basis of normal 

uncomplicated obstetric histories and/or index pregnancies (n = 69). 

3) Women who had lupus anticoagulant, anticardiolipin or anti-β2GPI antibodies but 

who exhibited no clinical manifestations of their aPL antibodies (Serological aPL 

antibodies – see section 1.3.5) (n= 10). 
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4) Women who had lupus anticoagulant, anticardiolipin or anti-β2GPI antibodies during 

an untreated pregnancy (n = 26). The placentae from these untreated pregnancies were 

compared to the same women’s placentae from subsequent treated pregnancies. 

5) Women with lupus anticoagulant, anticardiolipin or anti-β2GPI antibodies and some 

distinguishing feature, such as aPL antibody-negative placental eluates (Katano et al., 

1995) (n = 3) or low levels of maternal serum alphafetoprotein (Silver et al., 1994) (n 

= 23). These women were compared to aPL antibody-positive women who had aPL 

antibody-positive placental eluates or high levels of maternal serum alphafetoprotein 

respectively. 

Twelve reports were excluded because control women did not meet any of the five criteria 

(Table A1). Eight reports were excluded because aPL antibody-positive women and aPL 

antibody-negative women (in case or control groups) were indistinguishable (Table A2). Two 

reports were excluded because the women tested negative for aPL antibodies (Table A3). 

2.2.2. Qualitative!rating!

The 34 reports that were eligible for review were qualitatively scored and given a rating out 

of 24. Qualitative rating was performed in two parts, A and B. In part A, each study was 

scored on its ability to test for multiple aPL antibody subtypes, its description of case and 

control groups, its size, and the use of an appropriate statistical test to compare the prevalence 

of placental features between case and control groups. The breakdown of these ratings are 

shown in more detail in Figure 2.2A. In part B of the qualitative rating, the 34 reports were 

assigned to two groups – one group that investigated gross placental features and another that 

investigated protein expression/deposition. Those studies investigating gross placental 

features were then scored by one schedule, and the studies investigating protein 

expression/deposition were assessed by a second schedule, both of which are described in 

detail in Figure 2.2B. It was deemed necessary to score the reports using two separate 

schedules since the studies investigating gross placental features and those investigating 

protein expression/deposition were methodologically different and it would have been 

inappropriate to rate them according to a single schedule. The qualitative scores from parts A 

and B were added to give a total qualitative score with a maximal rating out of 24. If a study 

investigated both gross placental features and protein expression/deposition, it was assessed 

by both schedules and assigned two ratings, one for each methodological arm.   
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Figure 2.1 - Flow diagram of the systematic identification and selection of studies 
investigating the features of placentae from aPL antibody-positive women. 
Records were obtained from database searching and from searching the references of relevant 
records. Records were excluded if they were duplicates, not relevant, did not present primary 
data, or if no full text was available. Of the relevant full text records, those reports that had no 
relevant control group, did not distinguish aPL antibody-negative women from aPL antibody-
positive women, had no aPL antibody-positive women, or which solely investigated the in vitro 
effects of aPL antibodies were excluded, leaving 34 studies that were eligible for review. 
 

Database search
Pubmed:  (”Placenta” OR “trophoblast”) AND (”antiphospholipid antibody” OR   
 “antiphospholipid syndrome”). Filters activated: Journal article, English.
EMBASE:  (”Placenta” OR “trophoblast”) AND (”antiphospholipid antibody” OR   
 “antiphospholipid syndrome”). Limit to English and limit to article.
SCOPUS:  (”Placenta” OR “trophoblast”) AND (”antiphospholipid antibody” OR   
 “antiphospholipid syndrome”). Limit to English and limit to article.
WOS: (TS=(Placenta or trophoblast) AND TS=(antiphospholipid antibody OR  
 antiphospholipid syndrome) OR TI=(Placenta or trophoblast) AND  
 TS=(antiphospholipid antibody OR antiphospholipid syndrome)) AND  
 Language=(English) AND Document types=(Article).
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Figure 2.2 - Qualitative rating of reports investigating gross placental features and 
protein expression/deposition in placentae of women with antiphospholipid antibodies. 
All 34 reports that were eligible for review were rated qualitatively in two parts. All reports 
were rated according to (A) their investigation of aPL antibody subtypes, their definition of 
cases and control groups, their ability to perform statistical tests and their sample size. 
*Sample size represents the average number of placentae (or women) in case and control 
groups.    (B) Reports were split into those investigating gross placental features and those 
investigating protein expression/deposition, and were rated according to the appropriate 
schedule. The scores from parts A and B were combined to give a total qualitative score for 
each report that had a maximal rating of 24. 
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2.3. Infarction!in!the!placentae!of!pregnancies!affected!by!antiphospholipid!

antibodies!

Infarction (defined as an area of villous ischaemic necrosis) was the most commonly 

investigated feature in the placentae of pregnancies affected by aPL antibodies, being 

reported in 17 of 25 studies (Table 2.1). Of these 17 studies, 13 compared the prevalence of 

infarction between the placentae of aPL antibody-positive cases and aPL antibody-negative 

controls. Five studies demonstrated no significant difference in the prevalence of infarction 

between aPL antibody-positive cases and aPL antibody-negative controls (Kowal-Vern et al., 

1996; Sebire et al., 2002; Van Horn et al., 2004; Gonen et al., 2005), while four showed that 

the prevalence of infarction was significantly greater in the placentae of aPL antibody-

positive cases (Out et al., 1991; Magid et al., 1998; Ogishima et al., 2000; Van Horn et al., 

2004). Six studies supported this greater prevalence of infarction in the placentae of aPL 

antibody-positive cases, although these studies did not confirm this finding with a statistical 

test (Hanly et al., 1988; Gris et al., 1999) and four of these studies had an average sample size 

of less than five (Lockshin et al., 1985; La Rosa et al., 1994; Ackerman et al., 1999; Ilaria et 

al., 2007). One study also demonstrated that infarction was more common in the placentae of 

aPL antibody-positive cases compared to control women who had serological aPL antibodies 

(Salafia & Cowchock, 1997). 

Infarction was more prevalent in the placentae of aPL antibody-positive cases who tested 

positive for both lupus anticoagulant and anticardiolipin antibodies (Ogishima et al., 2000), 

who had high levels of maternal serum alphafetoprotein (Silver et al., 1994), who had aPL 

antibody-positive placental eluates (Katano et al., 1995), or who received no treatment 

(Rosove et al., 1990). 

Infarction was present in 34% of the placentae of aPL antibody-positive cases, and was 

absent from 29% of all cases of fetal demise (Out et al., 1991; Salafia & Cowchock, 1997; 

Gris et al., 1999; Gonen et al., 2005; Ilaria et al., 2007). Furthermore, infarction was absent 

from all placentae of aPL antibody-positive pregnancies that ended spontaneously before 18 

weeks of gestation (Salafia & Cowchock, 1997).  

In conclusion, infarction appears to be a common, but far from universal feature of aPL 

antibody-affected placentae. 
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!  

Table 2.1 – Infarction in the placentae of women with antiphospholipid 
antibodies. 
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Table 2.1 – Continued. 

Abbreviations: aCL=anticardiolipin antibody, aβ2GPI=anti-β2GPI antibody, aPL=antiphospholipid antibody 
Asp=aspirin, Aza=Azathioprine, Hep=Heparin, IPTD=idiopathic pre term delivery, IUFD=intrauterine fetal death, 
IVIg=intravenous immunoglobulin, IxP: index pregnancy, LA=lupus anticoagulant, LDA=low-dose aspirin, 
LMWH=low-molecular weight heparin, MCTD=maternal connective tissue disease, MSAFP=maternal serum 
alphafetoprotein, Nif=nifedipine, OC=obstetric complication, Pin=pindolol, PP=plasmapheresis, PL= pregnancy 
loss at any gestation, PSOL=prednisolone, PSE=prednisone, RM=recurrent miscarriage, SU=steriod (undefined), 
TOP=termination of pregnancy, Tri=trimester, Warf=warfarin, WHO=with history of. 
* and ^ denotes treatment taken by all or some of the individuals within a group respectively. A dash indicates a 
lack of treatment information.  
P=placentae. This number did not always correspond to W=number of women, and was not always specified.  
Statistically significant differences (p<0.05) are represented by grey shading. Those data that have not been 
compared statistically are shown in italics. All other data were deemed not significantly different by statistical 
testing. 
!
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2.4. Vasculopathy!and!thrombosis!in!the!spiral!arteries!of!women!with!

antiphospholipid!antibodies!

2.4.1. Decidual!vasculopathy!

Decidual vasculopathy is a broad term used to define those uterine spiral arteries that show 

atherotic changes or a lack of extravillous trophoblast-induced physiological changes. Some 

studies have reported on decidual vasculopathy as a whole whereas others have reported 

individually on atherosis and/or spiral artery remodelling (Table 2.2). 

Two studies demonstrated that the prevalence of decidual vasculopathy was no different in 

the spiral arteries of aPL antibody-positive cases and aPL antibody-negative controls (Magid 

et al., 1998; Stone et al., 2006). Just one study showed a significant increase in the rate of 

decidual vasculopathy in the spiral arteries of aPL antibody-positive cases (Ogishima et al., 

2000).  

Two of the three studies that investigated atherosis demonstrated that atherosis was not a 

common finding in the spiral arteries of aPL antibody-positive cases compared to aPL 

antibody-negative controls (La Rosa et al., 1994; Stone et al., 2006). The third study reported 

a small increase in the rate of atherosis in spiral arteries from aPL antibody-positive cases 

compared to control women with serological aPL antibodies, however this was not confirmed 

by a statistical test (Salafia & Cowchock, 1997). 

Of the four studies that investigated spiral artery remodelling, one study demonstrated 

impaired remodelling of the spiral arteries from implantation site fragments of aPL antibody-

positive cases (Sebire et al., 2002), and another study showed a small impairment of the 

remodelling of spiral arteries from placental bed biopsies of aPL antibody-positive women, 

although this latter finding was not confirmed by a statistical test (Stone et al., 2006). In 

contrast, two other studies indicated that there were no differences in the remodelling of 

spiral arteries from the basal plate of aPL antibody-positive cases compared to control 

women without aPL antibodies (Van Horn et al., 2004) or with serological aPL antibodies 

(Salafia & Cowchock, 1997). However, these two latter studies are limited by their 

investigation of spiral arteries from the basal plate, which compared to placental bed biopsies 

or implantation site fragments, contain only superficial portions of the spiral arteries. 
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In conclusion, it appears that impaired remodelling, but not atherosis of the spiral arteries is 

associated with aPL antibody-affected pregnancies. The presence of one but not both features 

of decidual vasculopathy may explain why reports of this broadly-defined lesion in aPL 

antibody-associated placentae are conflicting. 

2.4.2. Spiral!artery!thrombosis!

Two studies reported that intraluminal thromboses were more common in the spiral arteries 

of aPL antibody-positive cases compared to aPL antibody-negative controls (Ogishima et al., 

2000; Van Horn et al., 2004) (Table 2.2). However, four other studies found no difference in 

the prevalence of intraluminal thromboses in the spiral arteries of aPL antibody-positive cases 

compared to control women without aPL antibodies (Magid et al., 1998; Sebire et al., 2002; 

Van Horn et al., 2004) or to control women with serological aPL antibodies (Salafia & 

Cowchock, 1997). Thromboses were absent from the spiral arteries of aPL antibody-positive 

women whose pregnancies ended spontaneously before 18 weeks of gestation (Salafia & 

Cowchock, 1997; Sebire et al., 2002).  

In conclusion, intraluminal thrombosis of the spiral arteries is not a common feature of aPL 

antibody-affected pregnancies. 

!  
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Table 2.2 – Decidual vasculopathy and thrombosis in the spiral arteries of antiphospholipid 
antibody-positive women. 

Abbreviations: aCL=anticardiolipin antibody, aβ2GPI=anti-β2GPI antibody, aPL=antiphospholipid antibody, Asp=aspirin, 
Aza=Azathioprine, Hep=Heparin, IPTD=idiopathic pre term delivery, IVIg=intravenous immunoglobulin, IxP: index pregnancy, 
LA=lupus anticoagulant, LDA=low-dose aspirin, LMWH=low-molecular weight heparin, Nif=nifedipine, Pin=pindolol, PL= 
pregnancy loss at any gestation, PP=plasmapheresis, PSOL=prednisolone, PSE=prednisone, RM=recurrent miscarriage, SA=spiral 
artery, SU=steriod (undefined), TOP=termination of pregnancy, Tb=trophoblast, Warf=warfarin, WHO=with history of. 
* and ^ denotes treatment taken by all or some of the individuals within a group respectively. A dash indicates a lack of treatment 
information. P=placentae. This number did not always correspond to W=number of women, and was not always specified.  
Statistically significant differences (p<0.05) are represented by grey shading. Those data that had not been compared statistically are 
shown in italics. All other data were deemed not significantly different by statistical testing. 
!
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2.5. Abnormal!coagulation!in!the!placentae!of!pregnancies!affected!by!

antiphospholipid!antibodies!

Perivillous or intervillous fibrin deposition describes the entrapment of placental villi by 

maternal fibrin that has deposited around villi and which has obliterated the intervillous space 

(Fox, 1997). Six studies that reported on perivillous/intervillous fibrin deposition found no 

difference in the prevalence of this feature in the placentae of aPL antibody-positive cases 

and aPL antibody-negative controls (Magid et al., 1998; Ackerman et al., 1999; Ogishima et 

al., 2000; Sebire et al., 2002; Van Horn et al., 2004; Stone et al., 2006) (Table 2.3). Just two 

studies suggested that intervillous/perivillous fibrin deposition was more common in the 

placentae of aPL antibody-positive cases compared to controls without aPL antibodies (Ilaria 

et al., 2007) or with serological aPL antibodies (Salafia & Cowchock, 1997), but these 

associations were not tested statistically and one study was very small (Ilaria et al., 2007). 

Intervillous thrombi (defined as villous-free foci of coagulated blood within the intervillous 

space (Fox, 1997)) were investigated by eight studies (Table 2.3). Five studies reported that 

there was no significant difference in the prevalence of intervillous thrombi in the placentae 

of aPL antibody-positive cases and aPL antibody-negative controls (Kowal-Vern et al., 1996; 

Sebire et al., 2002; Sebire et al., 2003; Van Horn et al., 2004; Stone et al., 2006). Salafia and 

Cowchock (1997) also observed no difference in the prevalence of multiple intervillous 

thrombi in the placentae of aPL antibody-positive cases compared to control women with 

serological aPL antibodies. Just two studies reported an increase in the prevalence of 

intervillous thrombi in the placentae of aPL antibody-positive cases (Hanly et al., 1988; Van 

Horn et al., 2004), although one report did not confirm this association statistically (Hanly et 

al., 1988). Finally, it was reported that intervillous thrombi may be more common in the 

placentae of aPL antibody-positive cases who had aPL antibody-positive placental eluates 

(Katano et al., 1995) or who received no treatment (Alijotas-Reig et al., 2008). 

Intervillous hemorrhages, which are believed to be fresh intervillous thrombi (Fox, 1997), 

were investigated in two studies (Table 2.3). One study showed that intervillous hemorrhages 

were more prevalent in the placentae of aPL antibody-positive cases compared to aPL 

antibody-negative controls, although this study was small and did not compare the groups 

statistically (Lakasing et al., 2000). A second study reported no significant difference in the 

prevalence of intervillous hemorrhages among placentae of aPL antibody-positive cases and 

aPL antibody-negative controls (Stone et al., 2006).  
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In conclusion, perivillous/intervillous fibrin deposition and intervillous thrombi do not appear 

to be common features of aPL antibody-affected placentae. Due to equivocal evidence, it is 

currently unclear whether intervillous hemorrhages are a common feature of aPL antibody-

associated placentae. 

  

Table 2.3 – Abnormal coagulation in the placentae of antiphospholipid antibody-positive 
women. 
!
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! !

Table 2.3 – Continued. 
!

Abbreviations: aCL=anticardiolipin antibody, aβ2GPI=anti-β2GPI antibody, Asp=aspirin, aPL=antiphospholipid antibody, 
CLQN=chloroquine, Hep=Heparin, IPTD=idiopathic pre term delivery, IVIg=intravenous immunoglobulin, LA=lupus 
anticoagulant, LDA=low-dose aspirin, LMWH=low-molecular weight heparin, MCTD=maternal connective tissue disease, 
MFI=maternal floor infarction, OC=obstetric complication, PL= pregnancy loss at any gestation, PP=plasmapheresis, 
PSOL=prednisolone, PSE=prednisone, RM=recurrent miscarriage, SU=steriod (undefined), TOP=termination of pregnancy, 
Tri=trimester, Warf=warfarin, WHO=with history of. 
* and ^ denotes treatment taken by all or some of the individuals within a group respectively. A dash indicates a lack of treatment 
information. P=placentae. This number did not always correspond to W=number of women, and was not always specified.  
Statistically significant differences (p<0.05) are represented by grey shading. Those data that had not been compared statistically are 
shown in italics. All other data were deemed not significantly different by statistical testing. 
!
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2.6. Inflammatory!lesions!associated!with!the!placentae!of!women!with!

antiphospholipid!antibodies!

Inflammation within the decidua was investigated by three studies (Table 2.4). One report 

showed no difference in the prevalence of a plasma cell infiltrate in the deciduae of aPL 

antibody-positive cases compared to control women with serological aPL antibodies (Salafia 

& Cowchock, 1997), although that study investigated decidua from the basal plate, which 

represents the most superficial portion of the decidua. In contrast, a second report 

demonstrated that there were significantly more inflammatory cells in the decidua and 

myometrium of placental bed biopsies from aPL antibody-positive cases compared to aPL 

antibody-negative controls (Stone et al., 2009). A third study reported that acute and chronic 

inflammation was more common in the deciduae of aPL antibody-positive controls when 

compared to aPL antibody-negative controls with normal obstetric histories (Van Horn et al., 

2004). 

Villitis, defined as a lymphocytic infiltrate in the villous stromal core, was investigated in 

five studies (Table 2.4). Two studies that did not conduct a statistical comparison reported an 

increase in the prevalence of villitis in the placentae of aPL antibody-positive cases compared 

to control women without aPL antibodies (Hasegawa et al., 1990), or with serological aPL 

antibodies (Salafia & Cowchock, 1997). Three studies demonstrated that there was no 

statistically significant difference in the prevalence of villitis between placentae of aPL 

antibody-positive cases and aPL antibody-negative controls (Magid et al., 1998; Ogishima et 

al., 2000; Van Horn et al., 2004). In support of this, Stone and colleagues observed no 

difference in the rates of generalised inflammation in the placentae of aPL antibody-positive 

cases and aPL antibody-negative controls (Stone et al., 2006). 

Two studies showed that the prevalence of chorioamnionitis (defined as inflammation of the 

chorioamnionic membrane) was the same in the membranes of aPL antibody-positive cases 

and aPL antibody-negative controls (Kowal-vern et al., 1996; Sebire et al., 2002) (Table 2.4). 

Intervillositis, defined as the presence of perivillous inflammatory cells, was apparently more 

common in the placentae of aPL antibody-positive cases compared to control women with 

serological aPL antibodies, although this association was not tested statistically (Salafia & 

Cowchock, 1997) (Table 2.4).  
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Funisitis, defined as inflammation of the umbilicus, was observed at similar rates in the 

placentae of aPL antibody-positive cases and aPL antibody-negative controls in one study 

(Kowal-Vern et al., 1996) (Table 2.4). 

In conclusion, it appears that decidual inflammation is associated with aPL antibody-affected 

pregnancies, but villitis and chorioamnionitis are not. Currently, there is insufficient evidence 

to comment on intervillositis and funisitis, which were reported in only one study. 

!  



!

! 60!

 
Table 2.4 – Inflammatory lesions associated with the placentae of women with antiphospholipid 
antibodies. 

Abbrevations: aCL=anticardiolipin antibody, aPS=antiphosphatidylserine antibody, aPL=antiphospholipid antibody, Asp=aspirin, 
Hep=Heparin, IPTD=idiopathic pre term delivery, IUFD=intrauterine fetal death, IUGR=intrauterine growth restriction, 
IVIg=intravenous immunoglobulin, IxP: index pregnancy, LA=lupus anticoagulant, LDA=low-dose aspirin, LMWH=low-molecular 
weight heparin, PP=plasmapheresis, PL= pregnancy loss at any gestation, PSOL=prednisolone, PSE=prednisone, qual=qualitative, 
RM=recurrent miscarriage, SU=steriod (undefined), TOP=termination of pregnancy, Warf=warfarin, WHO=with history of. 
* and ^ denotes treatment taken by all or some of the individuals within a group respectively. A dash indicates a lack of treatment 
information. 
P=placentae. This number did not always correspond to W=number of women, and was not always specified.  
Statistically significant differences (p<0.05) are represented by grey shading. Those data that had not been compared statistically are 
shown in italics. All other data were deemed not significantly different by statistical testing. 
!
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2.7. Abnormalities!of!the!villous!trophoblast!in!the!placentae!of!women!with!

antiphospholipid!antibodies 

Syncytial knots (defined as aggregations of nuclei within the syncytiotrophoblast) were 

investigated in seven studies (Table 2.5). Three studies reported that syncytial knots were 

significantly more prevalent in the placentae of aPL antibody-positive cases compared to aPL 

antibody-negative controls (Magid et al., 1998; Ogishima et al., 2000; Van Horn et al., 2004). 

An increased prevalence of syncytial knots in the placentae of aPL antibody-positive cases 

was also supported by two further studies that did not conduct statistical comparisons (La 

Rosa et al., 1994; Ilaria et al., 2007). Just two studies reported that there was no difference in 

the prevalence of syncytial knots in the placentae of aPL antibody-positive cases and aPL 

antibody-negative controls (Out et al., 1991; Stone et al., 2006). 

Two studies investigated vasculosyncytial membranes, which are localised areas of thin, 

anuclear syncytiotrophoblast that lie directly over sinusoidally-dilated fetal capillaries (Fox, 

1997) (Table 2.5). Both studies demonstrated that there were fewer vasculosyncytial 

membranes in the placentae of aPL antibody-positive cases compared to aPL antibody-

negative controls (Out et al., 1991; Ogishima et al., 2000).  

Fibrinoid necrosis, a degenerative change in placental villi caused by an enlarging nodule of 

fibrinoid between the syncytiotrophoblast and the basal lamina (Fox, 1997), was investigated 

in two studies (Table 2.5). These studies reported that there was no difference in the 

prevalence of fibrinoid necrosis in the placentae of aPL antibody-positive cases and aPL 

antibody-negative controls (Out et al., 1991; La Rosa et al., 1994). 

One morphometric study investigated the sizes and nuclear content of villous trophoblasts 

(Table 2.5). This study reported that there were fewer cytotrophoblast nuclei, as well as fewer 

Mib-1-positive (proliferating) cytotrophoblasts in the placentae of aPL antibody-positive 

cases compared to aPL antibody-negative controls (Bose et al., 2006). 

In conclusion, increased syncytial knots and decreased vasculosyncytial membranes, but not 

fibrinoid necrosis, are common features of the villous trophoblast from aPL antibody-affected 

pregnancies. Currently, there is insufficient evidence to comment on the sizes and nuclear 

content of villous trophoblast, which was reported in only one study.  
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! !

Table 2.5 - Abnormalities of villous trophoblast in the placentae of women with 
antiphospholipid antibodies. 
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Table 2.5 – Continued. 

Abbreviations: aCL=anticardiolipin antibody, aβ2GPI=anti-β2GPI antibody, aPL=antiphospholipid antibody, Asp=aspirin, 
Aza=Azathioprine, Const=constant, Cont=control, CTB=cytotrophoblast, Hep=Heparin, IHΔ=ischaemic-hypoxic change, 
IHC=immunohistochemistry, IPTD=idiopathic pre term delivery, IUFD=intrauterine fetal death, IUGR=intrauterine growth 
restriction, IVIg=intravenous immunoglobulin, LA=lupus anticoagulant, LDA=low-dose aspirin, LMWH=low-molecular weight 
heparin, Nif=nifedipine, Pin=pindolol, PP=plasmapheresis, PSOL=prednisolone, PSE=prednisone, qual=qualitative, RM=recurrent 
miscarriage, STB=syncytiotrophoblast, SU=steriod (undefined), T=trend, Tb=trophoblast,  TOP=termination of pregnancy, 
Tri=trimester, V=variable, VSM= vasculosyncytial membrane, Warf=warfarin, WHO=with history of.  
* and ^ denotes treatment taken by all or some of the individuals within a group respectively. A dash indicates a lack of treatment 
information.  
P=placentae. This number did not always correspond to W=number of women, and was not always specified.  
Statistically significant differences (p<0.05) are represented by grey shading. A ψ denotes statistically significant differences at 7-8 
weeks and δ at 11-12 weeks in the study of Bose et al., 2006. Those data that had not been compared statistically are shown in italics. 
All other data were deemed not significantly different by statistical testing. 
!
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2.8. Abnormalities!of!the!villous!stroma!in!the!placentae!of!women!with!

antiphospholipid!antibodies!

Of the four reports to investigate villous stromal oedema (Table 2.6), three observed no 

difference in the prevalence of this feature among placentae of aPL antibody-positive cases 

and aPL antibody-negative controls (Out et al., 1991; Kowal-Vern et al., 1996; Stone et al., 

2006). Just one study reported a statistically significant increase in the prevalence of stromal 

oedema in aPL antibody-positive cases, but only when compared to aPL antibody-negative 

women with normal obstetric histories, not when compared to aPL antibody-negative women 

with a history of pregnancy morbidity (Van Horn et al., 2004). 

Two studies reported that villous stromal fibrosis was more prevalent in the placentae of aPL 

antibody-positive cases compared to aPL antibody-negative controls (Out et al., 1991; Van 

Horn et al., 2004) (Table 2.6). Increased stromal fibrosis was also suggested by Salafia and 

Cowchock (1997) who showed a modest increase in the prevalence of severe fibrosis in aPL 

antibody-positive cases compared to control women with serological aPL antibodies, 

although this association was not confirmed statistically. Conversely, two studies showed that 

there was no statistically significant difference in the presence of fibrosis in the placentae of 

aPL antibody-positive cases and aPL antibody-negative controls (Kowal-Vern et al., 1994; 

Van Horn et al., 2004). 

Villous stromal cavitations (defined as clear spaces in the stroma) and stromal 

hypercellularity were reported in one study (Table 2.6). This study showed that there was no 

difference in the prevalence of stromal hypercellularity or stromal cavitations in the placentae 

of aPL antibody-positive cases compared to aPL antibody-negative controls (Van Horn et al., 

2004).  

In conclusion, villous stromal oedema is not a common feature of aPL antibody-associated 

placentae. Due to equivocal evidence, it is currently unclear whether villous stromal fibrosis 

is a common feature of aPL antibody-associated placentae. There is insufficient evidence to 

comment on stromal cavitations or stromal hypercellularity, which were reported in only one 

study.  
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Table 2.6 - Abnormalities of the villous stroma in the placentae of antiphospholipid antibody-
positive women. 

Abbreviations: aCL=anticardiolipin antibody, aPL=antiphospholipid antibody, Asp=aspirin, Hep=Heparin, IPTD=idiopathic pre 
term delivery, IUFD=intrauterine fetal death, IVIg=intravenous immunoglobulin, LA=lupus anticoagulant, LDA=low-dose aspirin, 
LMWH=low-molecular weight heparin, PL= pregnancy loss at any gestation, PSOL=prednisolone, PSE=prednisone, 
TOP=termination of pregnancy, Warf=warfarin,WHO=with history of. 
* and ^ denotes treatment taken by all or some of the individuals within a group respectively. A dash indicates a lack of treatment 
information.  
P=placentae. This number did not always correspond to W=number of women, and was not always specified.  
Statistically significant differences (p<0.05) are represented by grey shading. Those data that were not compared statistically are 
shown in italics. All other data were deemed not significantly different by statistical testing. 
!
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2.9. Abnormalities!of!the!villous!vessels!in!the!placentae!of!women!with!

antiphospholipid!antibodies!

Three of four studies investigating thrombi within large fetal vessels of the placenta reported 

no significant difference in the prevalence of this feature between the placentae of aPL 

antibody-positive cases and aPL antibody-negative controls (Magid et al., 1998; Sebire et al., 

2002; Van Horn et al., 2004) (Table 2.7). One report observed a small increase in the rate of 

fetal vessel thrombosis in the placentae of aPL antibody-positive cases compared to women 

with serological aPL antibodies, although this association was not confirmed statistically 

(Salafia & Cowchock, 1997). One further study reported a large increase in the prevalence of 

thrombi within the microvasculature of placentae of aPL antibody-positive cases, although 

this study did not confirm the finding with a statistical test, and was methodologically poor, 

as demonstrated by its low qualitative rating (Ghosh et al., 2006).  

Avascular villi, defined as placental villi containing no fetal vessels, was investigated by 

three reports (Table 2.7). Two of these reports demonstrated no significant difference in the 

prevalence of avascular villi between placentae from aPL antibody-positive cases and aPL 

antibody-negative controls (Out et al., 1991; Van Horn et al., 2004). Just one study showed a 

small increase in the rates of avascular villi in the placentae of aPL antibody-positive cases 

compared to control women with serological aPL antibodies, although this association was 

not confirmed statistically (Salafia & Cowchock, 1997).  

Two studies investigated fibromuscular sclerosis, defined as the thickening and bulging of the 

tunica media into the vessel lumen (Table 2.7). Both studies reported that fibromuscular 

sclerosis was no more prevalent in the placentae of aPL antibody-positive cases compared to 

aPL antibody-negative controls (Out et al., 1991; La Rosa et al., 1994). 

Hypovascular villi (defined as placental villi containing small, immature vessels) were found 

to be more prevalent within the placentae of aPL antibody-positive cases compared to aPL 

antibody-negative controls in one report (Out et al., 1991) (Table 2.7). 

The prevalence of hemorrhagic endovasculitis (defined as placental vessel degeneration with 

erythrocyte extravasation) was not different between the placentae of aPL antibody-positive 

cases and aPL antibody-negative controls in one report (Van Horn et al., 2004) (Table 2.7). 
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Obliterative endarteritis, the swelling and proliferation of cells in the tunica intima of 

placental vessels, was no different in the placentae of aPL antibody-positive cases compared 

to aPL antibody-negative controls in one report (Out et al., 1991) (Table 2.7).  

In conclusion, placental vessel thrombosis, avascular villi and fibromuscular sclerosis are not 

common features of aPL antibody-associated placentae. Currently, there is insufficient 

evidence to comment on hypovascular villi, hemorrhagic endovasculitis or obliterative 

endarteritis, which were reported in only one study. 

! !

Table 2.7 - Abnormalities of the villous vessels in the placentae of women with antiphospholipid 
antibodies. 

Abbreviations: aCL=anticardiolipin antibody, aPL=antiphospholipid antibody, Asp=aspirin, Aza=Azathioprine, Hep=Heparin, 
IPTD=idiopathic pre term delivery, IUFD=intrauterine fetal death, IVIg=intravenous immunoglobulin, LA=lupus anticoagulant, 
LDA=low-dose aspirin, LMWH=low-molecular weight heparin, Nif=nifedipine, Pin=pindolol, PL= pregnancy loss at any gestation, 
PSOL=prednisolone, PSE=prednisone, RM=recurrent miscarriage, TOP=termination of pregnancy, Warf=warfarin, WHO=with 
history of. 
* and ^ denotes treatment taken by all or some of the individuals within a group respectively. A dash indicates a lack of treatment 
information.  
P=placentae. This number did not always correspond to W=number of women, and was not always specified.  
Statistically significant differences (p<0.05) are represented by grey shading. Those data that had not been compared statistically are 
shown in italics. All other data were deemed not significantly different by statistical testing. 
!
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2.10. The!expression!or!deposition!of!proteins!in!the!placentae!of!women!

with!antiphospholipid!antibodies!

2.10.1. Proteins!of!the!complement!cascade!

Complement component C4d, the inert split product of C4b, is a long-lived fingerprint of C4 

cleavage, one of the initial steps in the classical complement cascade (Cohen et al., 2012). Of 

the three studies that investigated C4d deposition in the placentae of aPL antibody-positive 

women (Table 2.8), one study reported that diffuse C4d staining was more common in the 

placentae of aPL antibody-positive cases compared to aPL antibody-negative controls (Cohen 

et al., 2011). A second study demonstrated that the staining for C4d on extravillous 

trophoblasts, on the apical and basal syncytiotrophoblast membranes and within the 

syncytiotrophoblast cytoplasm, was greater in the placentae of aPL antibody-positive cases 

compared to aPL antibody-negative controls (Shamonki et al., 2007). While the presence of 

C4d on extravillous trophoblasts and the apical membrane of the syncytiotrophoblast is 

consistent with cleavage and deposition of C4 and activation of the complement cascade in 

the extracellular compartment, the presence of C4d in the cytoplasm, or on the basal 

membrane of the syncytiotrophoblast, are not. A third study observed no deposition of C4d in 

the placentae of aPL antibody-positive cases (Ilaria et al., 2007). 

The cleavage of complement component C3, which occurs downstream of C4 cleavage 

(Morgan & McGeer, 1995), was investigated by four studies (Table 2.8). One study 

demonstrated an increase in the presence of C3b, a split product resulting from C3 cleavage 

(Morgan & McGeer, 1995), in the syncytiotrophoblast cytoplasm of placentae from aPL 

antibody-positive cases compared to aPL antibody-negative controls (Shamonki et al., 2007). 

However, C3b localised in the cytoplasm of the syncytiotrophoblast is not consistent with 

cleavage and deposition of C3 and activation of the maternal complement cascade. The same 

study reported that there was no difference in the deposition of C3b on decidual extravillous 

trophoblasts in the placental basal plate of aPL antibody-positive cases and aPL antibody-

negative controls (Shamonki et al., 2007). A second study reported that C3 deposition was 

less frequent in the placentae of aPL antibody-positive cases compared to aPL antibody-

negative controls, although this association was not confirmed statistically (Hanly et al., 

1988). Two further studies observed no deposition of C3 (Ackerman et al., 1999) or C3c, a 

split product of C3b (Ilaria et al., 2007) in the placentae of aPL antibody-positive cases. 
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Complement component C5b-9 is formed downstream of C4 and C3 cleavage, and is a 

component of the membrane attack complex (Morgan & McGeer, 1995). One study reported 

that there was significantly less deposition of C5b-9 within the syncytiotrophoblast cytoplasm 

of placentae from aPL antibody-positive cases compared to aPL antibody-negative controls 

(Shamonki et al., 2007) (Table 2.8). There was no difference in the deposition of C5b-9 on 

extravillous trophoblasts in the placentae of aPL antibody-positive cases and aPL antibody-

negative controls (Shamonki et al., 2007). 

One study examined the expression of the complement regulatory proteins CD46 (Membrane 

cofactor protein) and CD55 (decay accelerating factor), and found increased expression in the 

placentae of aPL antibody-positive cases by real-time quantitative PCR and Western blot, but 

immunohistochemical analysis of the same placentae indicated no change in expression of 

these proteins (Wirstlein et al., 2012) (Table 2.8). 

In conclusion, while there appears to be an increase in the deposition of C4d in aPL antibody-

associated placentae, there is no corresponding increase in the deposition of C3 or its split 

products. Currently, there is insufficient evidence to comment on the deposition of 

complement component C5b-9, or the expression of complement regulatory proteins, which 

were reported in only one study. 

! !
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! !Table 2.8 – Deposition or expression of complement and 
complement control proteins in the placentae and deciduae of 
women with antiphospholipid antibodies. 

Abbreviations: aCL=anticardiolipin antibody, aβ2GPI=anti-β2GPI antibodies, aPL=antiphospholipid antibody, Asp=aspirin, 
DAF=decay accelerating factor, Hep=Heparin, IHC=immunohistochemistry, LA=lupus anticoagulant, LDA=low-dose aspirin, 
LMWH=low-molecular weight heparin, MCP=membrane cofactor protein, MCTD=maternal connective tissue disease, 
OC=obstetric complication, PAPS=primary antiphospholipid antibody syndrome, PSE=prednisone, TOP=termination of 
pregnancy, WHO=with history of. 
* and ^ denotes treatment taken by all or some of the individuals within a group respectively. A dash indicates a lack of treatment 
information.  
P=placentae. This number did not always correspond to W=number of women, and was not always specified.  
Statistically significant differences (p<0.05) are represented by grey shading. Those data that had not been compared statistically 
are shown in italics. All other data were deemed not significantly different by statistical testing. 
!
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2.10.2. PhospholipidCbinding!proteins!

Two studies investigated the expression of β2GPI in the placentae of aPL antibody-positive 

women (Table 2.9). One study reported a significant decrease in the expression of β2GPI in 

the placentae of aPL antibody-positive cases compared to aPL antibody-negative controls 

(Donohoe et al., 2000). In contrast, the second study reported an increase in the expression of 

β2GPI in the placentae of aPL antibody-positive cases, although this association was not 

tested statistically (La Rosa et al., 1994). 

Five studies investigated the expression of annexin V in the placentae of aPL antibody-

positive women (Table 2.9). Two studies reported that the expression of annexin V was 

significantly decreased on the surface of the syncytiotrophoblast of aPL antibody-positive 

cases compared to aPL antibody-negative controls (Rand et al., 1994; Rand et al., 1997b). 

However, two further studies reported that there was no difference in the expression of 

annexin V in the placentae of aPL antibody-positive cases and aPL antibody-negative 

controls (La Rosa et al., 1994; Lakasing et al., 1999) and one study reported a significant 

increase in the expression of annexin V in the placentae of aPL antibody-positive cases 

compared to aPL antibody-negative controls (Donohoe et al., 2000). 

In conclusion, due to equivocal evidence, it is currently unclear whether the expression of 

β2GPI or annexin V is altered in aPL antibody-affected placentae.  

  



!

! 72!

! !

Table 2.9 - Expression of phospholipid binding proteins β2 glycoprotein I and 
annexin V in the placentae of women with antiphospholipid antibodies. 

Abbreviations: aCL=anticardiolipin antibody, AnxV=annexin V, aPL=antiphospholipid antibody, 
Asp=aspirin, Aza=Azathioprine, β2GPI=β2 glycoprotein I, Hep=Heparin, IHC=immunohistochemistry, 
IUGR=intrauterine growth restriction, IVIg=intravenous immunoglobulin, LA=lupus anticoagulant, 
LMWH=low-molecular weight heparin, MD=methyldopa, Nif=nifedipine, OC=obstetric complication, 
PAPS=primary antiphospholipid antibody syndrome, Pin=pindolol, PL= pregnancy loss at any gestation, 
PSE=prednisone, STB=syncytiotrophoblast, TOP=termination of pregnancy, Warf=warfarin, WHO=with 
history of. 
* and ^ denotes treatment taken by all or some of the individuals within a group respectively. A dash 
indicates a lack of treatment information.  
P=placentae. This number did not always correspond to W=number of women, and was not always 
specified.  
Statistically significant differences (p<0.05) are represented by grey shading. Those data that had not been 
compared statistically are shown in italics. All other data were deemed not significantly different by 
statistical testing. 
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2.10.3. Proteins!involved!in!inflammation,!coagulation,!apoptosis!and!cholesterol!

metabolism!

Inflammatory proteins were investigated in two studies (Table 2.10). One study reported no 

significant difference in the expression of vessel inflammatory markers P-selectin, platelet 

endothelial cell adhesion molecule and intracellular adhesion molecule-1 (ICAM-1) between 

placentae of aPL antibody-positive cases and aPL antibody-negative controls (Lakasing et al., 

2000). A second study demonstrated significantly more staining for CD68-positive 

macrophages in the deciduae of aPL antibody-positive cases compared to aPL antibody-

negative controls (Stone et al., 2006). 

One study investigated the deposition of proteins of the coagulation cascade CD141 

(thrombomodulin) and tissue factor, but found no significant difference of either protein in 

the placentae of aPL antibody-positive cases and aPL antibody-negative controls (Lakasing et 

al., 1999) (Table 2.10). 

The expression of Fas and Fas ligand, proteins involved in the regulation of apoptosis, were 

reported in one study which found a significant decrease in Fas ligand expression in the 

placentae of aPL antibody-positive cases compared to aPL antibody-negative controls 

(Guvendag Guven et al., 2008) (Table 2.10). However, there was no significant difference in 

the expression of Fas in the placentae of aPL antibody-positive cases and aPL antibody-

negative controls (Guvendag Guven et al., 2008). 

One study investigated the expression of ATP-binding cassette transporter A1 (ABCA1), a 

protein involved in cholesterol metabolism (Table 2.10). This study showed that ABCA1 

transcript and protein were lower in the placentae of aPL antibody-positive cases compared to 

aPL antibody-negative controls (Albrecht et al., 2007). 

In conclusion, there is insufficient evidence to comment on the expression of proteins 

involved in inflammation, coagulation, apoptosis or cholesterol metabolism in aPL antibody-

associated placentae, since these features were reported in only one study.  

 

!  
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Table 2.10 - Expression or deposition of proteins involved in inflammation, coagulation, 
apoptosis and cholesterol metabolism in the placentae of women with antiphospholipid 
antibodies. 

Abbreviations: aCL=anticardiolipin antibody, aβ2GPI=anti-β2GPI antibodies, Asp=aspirin, LA=lupus anticoagulant, 
LDA=low-dose aspirin, LMWH=low-molecular weight heparin, MD=methyldopa, PAPS=primary antiphospholipid 
antibody syndrome, PSOL=prednisolone, PSE=prednisone, TOP=termination of pregnancy, Warf=warfarin, WHO=with 
history of. 
* and ^ denotes treatment taken by all or some of the individuals within a group respectively. A dash indicates a lack of 
treatment information.  
P=placentae. This number did not always correspond to W=number of women, and was not always specified.  
Statistically significant differences (p<0.05) are represented by grey shading. Those data that had not been compared 
statistically are shown in italics. All other data were deemed not significantly different by statistical testing. 
!
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2.11. Summary!of!key!findings!

• Of the 34 studies investigating placentae from aPL antibody-associated pregnancies, 

44 different features were reported. The most commonly reported feature was 

placental infarction, which was reported by 17 studies. 

• No feature was present in all 580 placentae from aPL antibody-positive women. 

• Six features were more common in the placentae of women with aPL antibodies 

(Figure 2.3). These features included placental infarction, impaired spiral artery 

remodelling, decidual inflammation, increased syncytial knots, decreased 

vasculosyncytial membranes and the deposition of complement split product C4d. 

• Twelve features were not common in the placentae of women with aPL antibodies 

(Figure 2.3). These features included atherosis of the spiral arteries, intraluminal 

thrombosis of the spiral arteries, perivillous/intervillous fibrin deposition, intervillous 

thrombi, villitis, chorioamnionitis, fibrinoid necrosis of placental villi, villous stromal 

oedema, placental vessel thrombosis, avascular villi, fibromuscular sclerosis and 

deposition of complement component C3 or it’s split products. 

• The evidence presented for four features was equivocal (Figure 2.3). These features 

included intervillous hemorrhage, villous stromal fibrosis and changes in the 

expression of phospholipid-binding proteins β2GPI and annexin V. No conclusions 

could be drawn regarding the presence of these features in the placentae of aPL 

antibody-positive women. 

• Twenty-two features were reported in only one study. These features included 

decidual necrosis, decidual vasculitis, funisitis, intervillositis, villous trophoblast 

basement membrane thickening, villous stromal hypercellularity, villous stromal 

cavitations, hemorrhagic endovasculitis, obliterative endarteritis and hypovascular 

villi. It also included changes in the expression or deposition of membrane cofactor 

protein, decay accelerating factor, Fas, Fas ligand, tissue factor, thrombomodulin, 

complement cleavage product C5b-9, p-selectin, intracellular adhesion molecule 1, 

platelet endothelial cell adhesion molecule and ATB-binding cassette transporter A1. 

No conclusions were made regarding the presence of these features in the placentae of 

aPL antibody-positive women. 
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2.12. Discussion!

Since the report of De Wolf and colleagues in 1982, and the proposal that spiral artery 

thrombosis and placental infarction were the cause of aPL antibody-related fetal demise, 

there have been several advances in our understanding of the mechanisms of action of aPL 

antibodies. These insights have lead to the proposal that aPL antibody-related fetal demise 

may be due to abnormal coagulation/thrombosis in the intervillous space (Section 1.6.1), or 

excessive inflammation in the uteroplacental site (Section 1.6.2). However, these mechanisms 

are supported by in vitro data, or by work performed on mouse models of aPL antibody-

affected pregnancies, and it was unclear from the diverse, and at times, contradictory reports 

of aPL antibody-related placental histopathology whether coagulatory or inflammatory 

lesions were common in the placentae of women with aPL antibodies. Therefore, this 

systematic review collated the data from 34 reports that compared the placentae of aPL 

antibody-positive women, to the placentae of control women. This data was used to generate 

a clearer picture of the features associated with the placentae of aPL antibody-positive 

women, in order to better understand the mechanisms contributing to obstetric morbidity in 

these women. 

Placental infarction
Impaired spiral artery 
remodelling
Decidual inflammation
Villous trophoblast changes:
 Syncytial knots
 VSM
Deposition of C4d

Spiral artery atherosis
Spiral artery thrombosis
Fibrin deposition
Intervillous thrombi
Villitis
Chorioamnionitis
Fibrinoid necrosis of villi
Villous stromal oedema
Avascular villi
Placental vessel thrombosis
Fibromuscular sclerosis
Deposition of C3/C3 split 
products

More common UnknownNot common

Intervillous hemorrhage
Villous stromal fibrosis
Changes in expression of:
 ȕ2GPI
 Annexin A5

Figure 2.3 – Histopathological features associated with antiphospholipid antibodies. 
Features that were reported by more than one study were deemed to be more common in the 
placentae of women with aPL antibodies (yellow), or not common in the placentae of women 
with aPL antibodies (grey). Some features could not be included in either group because they 
were supported by equivocal evidence (green). 
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2.12.1. Infarction!and!spiral!artery!thrombosis!

Placental infarction was one of the first pathological features to be identified in the placentae 

of aPL antibody-positive women whose fetuses were stillborn (De Wolf et al., 1982; Garlund 

et al., 1984; de Castellarnau et al., 1988). Indeed, the earliest theory explaining fetal demise 

in women with aPL antibodies suggested that by rendering a portion of the villous placenta 

functionally void, infarction would impair maternofetal exchange and lead to fetal demise. 

The early association between aPL antibodies, infarction and fetal demise prompted many 

more workers to investigate the prevalence of infarction in the placentae of aPL antibody-

positive women, and so it was no surprise that infarction was the most commonly reported 

feature within the literature.  

Support for the involvement of infarction in aPL antibody-related fetal demise declined when 

studies investigating greater numbers of placentae from aPL antibody-positive women 

demonstrated that infarction was not a universal feature of these specimens. Indeed, the 

analysis performed in this systematic review has shown that infarction was present in only a 

third of the placentae of aPL antibody-positive women, regardless of obstetric outcome. 

Moreover, 29% of the placentae from cases of aPL antibody-associated fetal demise showed 

no evidence of placental infarction, demonstrating that placental infarction cannot explain all 

cases of obstetric morbidity in women with aPL antibodies. However, since aPL antibodies 

are a heterogeneous groups of autoantibodies with potentially diverse mechanisms of action, 

it is unlikely that all cases of aPL antibody-related obstetric morbidity would be caused by a 

single placental insult, such as infarction. Therefore, the absence of infarction from the 

placentae of some aPL antibody-positive women, should not undermine the potential 

importance of this lesion in those placentae in which it is present. That placental infarction 

was found to be more common in the placentae of aPL antibody-positive women compared to 

women without aPL antibodies, suggests that infarction may, at the least, contribute to some 

cases of aPL antibody-related obstetric morbidity.  

Placental infarction is caused by the impairment of uteroplacental blood supply, which in the 

vast majority of cases, is due to spiral artery occlusion by an intraluminal thrombus (Fox, 

1997). Spiral artery occlusion can cause ischaemic damage in a blood-filled sinus because the 

individual arterial inlets supplying the intervillous space do not mix with each other (Fox, 

1997). Therefore, the occlusion of a spiral artery can adversely affect the placental lobule 

which it supplies. In support of the involvement of spiral artery occlusion in aPL antibody-
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related placental infarction, De Wolf and colleagues observed intraluminal thromboses in 

several spiral arteries of the placenta from an aPL antibody-positive woman, in which half the 

placental mass was infarcted (De Wolf et al., 1982). Some mouse models have also 

demonstrated signs of decidual thrombosis and placental infarction following passive 

immunisation with aPL antibodies (Piona et al., 1995; Poindron et al., 2011). 

Since placental infarction was identified as a common feature of aPL antibody-associated 

placentae, it was surprising that spiral artery thrombosis was not equally as common in the 

placentae of aPL antibody-positive women. The observation of infarction but not spiral artery 

thrombosis in aPL antibody-associated placentae may be explained by the fact that most 

studies investigated spiral artery thrombosis in the placental basal plate, where only 

millimeters of spiral arteries from the superficial surface of the decidua basalis are present 

(Figure 2.4). Since intraluminal thrombosis is a focal lesion, it is probable that thrombi 

occluding deeper portions of the spiral arteries were not sampled during investigation of 

spiral arteries in the basal plate. Investigation of thrombosis in the spiral arteries of placental 

bed biopsies or implantation site fragments may provide more definitive evidence for, or 

against, the presence of spiral artery thrombosis in association with infarction in the placentae 

of women with aPL antibodies. 

Neither placental infarction nor spiral artery thromboses were observed in the two studies that 

investigated pregnancies ending spontaneously in the first trimester (Salafia & Cowchock, 

1997; Sebire et al., 2002). A lack of infarction or spiral artery thrombosis in these specimens 

was expected, as in the first trimester the spiral arteries are plugged by extravillous 

trophoblasts and the placenta develops in a low-oxygen environment (Jaffe et al., 1997) 

(Section 1.2.1). The low-oxygen environment in the first trimester of pregnancy suggests that 

placental villi of first trimester placentae may not be susceptible to spiral artery occlusion and 

resultant ischaemic damage. Therefore, a mechanism distinct to spiral artery thrombosis and 

infarction may be responsible for cases of early aPL antibody-related miscarriage.  

 

!  
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Figure 2.4 - Spiral arteries in the basal plate represent a superficial sample of the spiral arteries 
of the decidua basalis and myometrium. 
Spiral arteries (red) are terminal branches of uterine arteries that penetrate through the myometrium 
and decidua basalis. At parturition, the placenta is delivered along with the adherent basal plate, which 
contains a superficial sample of the spiral arteries. Lesions present in deeper segments of the spiral 
arteries may not be identifiable by investigation of the basal plate spiral arteries. The deeper aspect of 
spiral arteries can be sampled by placental bed biopsies (PBB), and will be present in implantation site 
fragments (ISF) from terminations of pregnancy. 
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2.12.2. Decidual!vasculopathy!

The thrombosed spiral arteries in the placenta reported by De Wolf and colleagues also 

showed signs of decidual vasculopathy (De Wolf et al., 1982), a broad feature that includes 

several histopathological changes, one of which is atherosis. Atherosis of the spiral arteries is 

often investigated in infarcted placentae, as atherosis can be found in association with 

intraluminal thromboses, or can itself occlude a spiral artery if severe (Nayar & Lage, 1996). 

However, atherosis of the spiral arteries was not identified as a common feature of the 

placentae of women with aPL antibodies, suggesting that it is not a likely cause of spiral 

artery occlusion and placental infarction in these women. 

Absent or incomplete spiral artery remodelling is another component of decidual 

vasculopathy. Of the four studies that reported on spiral artery remodelling in aPL antibody-

associated placentae, two investigated only the superficial basal plate and neither study 

observed impaired remodelling of the spiral arteries (Van Horn et al., 2004; Salafia & 

Cowchock. 1997). However, the two remaining studies, which showed that aPL antibodies 

were associated with inadequate spiral artery remodelling (Sebire et al., 2002; Stone et al., 

2006), investigated placental bed biopsies or implantation site fragments which contain much 

deeper portions of the spiral arteries (Figure 2.4). Since inadequate depth of invasion of the 

spiral arteries is associated with pregnancy complications (Brosens et al., 1972), the two 

studies investigating deep decidual samples were considered to be more reliable than the two 

studies that investigated superficial decidua in the basal plate. Indeed, an effect of aPL 

antibodies on extravillous trophoblast-induced spiral artery remodelling is supported by 

experimental evidence suggesting that aPL antibodies decrease the proliferation and invasion 

of extravillous trophoblasts in vitro (Section 1.4.2).  

Although impaired spiral artery remodeling alone cannot contribute to spiral artery occlusion, 

placental infarction and resultant fetal demise, it may play an important role in the 

development of preeclampsia, a disease characterized by shallow trophoblast invasion of the 

spiral arteries (Brosens et al., 1972; Gerretsen et al., 1981; Hustin et al., 1983). The ability of 

aPL antibodies to impair spiral artery remodelling may help to explain why aPL antibodies 

are the strongest maternal risk factor for the development of preeclampsia (Duckitt & 

Harrington, 2005).  
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2.12.3. Coagulation!in!the!intervillous!space!

The anticoagulant shield theory proposes that by disrupting the annexin V shield on the 

syncytiotrophoblast, aPL antibodies promote coagulation on/around this cell, resulting in the 

entrapment of villi in fibrin or the obliteration of the intervillous space by a thrombus 

(Section 1.6.1). The formation of thrombotic lesions around the syncytiotrophoblast, which 

functions essentially as an endothelium (Fox, 1997), is a logical expectation, as it is well 

established that aPL antibodies promote thrombosis in the systemic circulation (Bowie et al., 

1963; Gastineau et al., 1985; Harris et al., 1983). However, perivillous/intervillous fibrin 

deposition and intervillous thrombi were not common features of the placentae of aPL 

antibody-positive women (Section 2.5), which questions the role of placental 

coagulation/thrombosis in aPL antibody-related obstetric morbidity. 

The anticoagulant shield theory is based on in vitro work which has shown that aPL 

antibodies displace phosphatidylserine-bound annexin V from the surface of the 

syncytiotrophoblast and decreases the time taken to form a clot in a cell-surface coagulation 

assay (Rand et al., 1994; 1997a; 1997b; 2010; Vogt et al., 1997; Wu et al., 2011). However, 

the studies investigated in this systematic review have demonstrated that the expression of 

annexin V in the placentae of aPL antibody-positive women can be less than (Rand et al., 

1994, Rand et al., 1997b), similar to (La Rosa et al., 1994; Lakasing et al., 1999), or greater 

than (Donohoe et al., 2000) the expression of annexin V in the placentae of aPL antibody-

negative women. That the expression of annexin V was not clearly decreased by aPL 

antibodies in vivo, as appears to be the case in vitro, further questions the significance of the 

anticoagulant shield theory and the role of abnormal placental coagulation/thrombosis in aPL 

antibody-related obstetric morbidity.   

2.12.4. Inflammation!

Compared to placentae of aPL antibody-negative women, the placentae of aPL antibody-

positive women more commonly showed signs of inflammation within the decidua (Section 

2.6). The inflammatory stimulus in the deciduae of these aPL antibody-positive women may 

be the invasive extravillous trophoblasts, as it has been demonstrated that macrophages 

cluster around extravillous trophoblasts in the deciduae of aPL antibody-positive women 

(Stone et al., 2006). Furthermore, it has been demonstrated in vitro, that aPL antibodies 
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trigger a pro-inflammatory response in extravillous trophoblasts via the innate immune 

receptor TLR4 (Mulla et al., 2009). The interaction of aPL antibodies, β2GPI and TLR4 on 

the surface of extravillous trophoblasts may result in the production of pro-inflammatory 

chemokines and cytokines, including growth related oncogene α, interleukin-1β and 

interleukin-8 (Mulla et al., 2009). If produced by extravillous trophoblasts in vivo, these 

chemokines and cytokines may play a role in the activation and migration of leukocytes into 

the decidua. Indeed, the lack of expression of TLR4 on the syncytiotrophoblast (Kumazaki et 

al., 2004; Abrahams et al., 2004), may help to explain why villitis was not common in the 

placentae of women with aPL antibodies. 

Excessive inflammation in the deciduae of mice passively immunised with aPL antibodies is 

thought to be due to the deposition of aPL antibodies and the subsequent activation of the 

classical complement cascade (Section 1.6.2). Typically, the classical complement cascade is 

activated by the binding of complement component C1q to the Fc portion of deposited IgG, 

which results in the cleavage of complement component C4 into split products C4a and C4b 

(Morgan & McGeer, 1995). The split product C4b then cleaves the complement component 

C3 into the split products C3a and C3b, of which C3b can be detected in the deciduae of aPL 

antibody-immunised animals (Holers et al., 2002). The split product C3b subsequently 

cleaves the complement component C5 into split products C5a and C5b, the former of which 

is a potent anaphylatoxin that promotes the activation and migration of neutrophils into the 

decidua of aPL antibody-immunised mice (Girardi et al., 2003). 

Compared to aPL antibody-negative women, the placentae of aPL antibody-positive women 

commonly showed evidence of C4d deposition (Section 2.10.1). C4d, an inert split product of 

C4b, is a long-lived indicator of C4 cleavage (Cohen et al., 2012). The presence of C4d on 

the apical membrane of the syncytiotrophoblast and on extravillous trophoblasts in the 

placentae of aPL antibody-positive women suggests that aPL antibodies may deposit on these 

sites, trigger activation of the classical complement cascade and the cleavage of C4. 

However, in the placentae of women with aPL antibodies, there did not appear to be 

activation and cleavage of complement component C3, as demonstrated by the general lack 

of deposition of C3 or its split products C3b or C3c (the latter of which is a split product of 

C3b). In the absence of C3 cleavage, C5 would not be cleaved into the anaphylatoxin C5a. 

Therefore, the leukocytic infiltration observed in the deciduae of women with aPL antibodies 

is unlikely to be mediated by end-stage split products of the complement cascade. 
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It was noteworthy that one study demonstrated an increase in the staining of C3b and C4d in 

the cytoplasm of the syncytiotrophoblast (Shamonki et al., 2007). However, the relevance of 

intracellular C3b or C4d in the complement cascade is questionable, as intracellular 

complement split products are not consistent with activation of the maternal complement 

cascade in the extracellular compartment. 

The cleavage of C4 but not C3 in the placentae of women with aPL antibodies may reflect the 

tight control of complement in the human placenta. The syncytiotrophoblast and extravillous 

trophoblasts express three different complement control proteins; CD46 (membrane cofactor 

protein), CD55 (decay accelerating factor) and CD59 (protectin) (Holmes et al., 1992), and 

the current evidence, albeit limited, suggests that the expression of CD46 and CD55 may be 

elevated in the placentae of women with aPL antibodies (Wirstlein et al., 2012). The action of 

CD55, which prevents cleavage of C3 by C4b (Morgan & McGeer, 1995), or CD46, which 

promotes the proteolytic degradation of C3b (Liszewski & Atkinson, 1996), in the 

placentae/deciduae of aPL antibody-positive women may explain why C3 and its split 

products were not observed despite the cleavage of C4 (Figure 2.5). Interestingly, control of 

the complement cascade differs in mice, which express just one complement control protein, 

complement receptor 1-related gene/protein y (Crry). Complement receptor 1-related 

gene/protein y possesses CD55 and CD46-like activties (Kim et al., 1995), but is easily 

overwhelmed by aPL antibody-induced activation of the complement cascade in vivo (Holers 

et al., 2002). The lack of redundancy in the control of complement in mice may explain why 

the complement cascade plays a robust role in aPL antibody-induced decidual inflammation 

in mice but possibly not humans. 

! !
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Figure 2.5 - Differential control of complement may explain why the 
complement cascade does not appear to contribute to inflammation in the 
deciduae of women with antiphospholipid antibodies. 
The binding of C1q to the Fc portion of cell surface-bound aPL antibodies 
triggers the complement cascade where the sequential cleavage of C4, C3 and 
then C5 is controlled by Crry (mouse) or CD55 and CD46 (human). In human 
placentae, CD55 and CD46 may halt the complement cascade by preventing 
C3 cleavage or degrading C3b. In mice, the inhibitory effect of Crry on the 
complement cascade may be easily overwhelmed by aPL antibodies. 
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2.12.5. Abnormalities!of!the!villous!trophoblast!

Syncytial knots were more prevalent in the placentae of aPL antibody-positive women 

(Section 2.7). At first hand, an increase in the clustering of syncytiotrophoblast nuclei may 

not seem like a particularly vexing placental lesion, but it may in fact be significant to the 

development of preeclampsia, a disease in which syncytial knots are abundant (Heazell et al., 

2007; Tomas et al., 2011; Sankar et al., 2012; Devisme et al., 2013). Syncytial knots may 

represent structures that are destined for extrusion from the surface of the syncytiotrophoblast 

into the maternal blood (Mayhew et al., 1999), upon which point the extruded material is 

referred to as trophoblast debris. Perhaps in a reflection of the abundance of syncytial knots 

in the placentae of preeclamptic women, trophoblast debris is more abundant in the blood of 

preeclamptic women compared to women without preeclampsia (Jaamerii et al., 1965; Chua 

et al., 1991; Johansen et al., 1999). Some workers have hypothesised that the increased 

release of trophoblast may overwhelm the clearance of trophoblast debris from the maternal 

blood and result in the development of the symptoms of preeclampsia (Huppertz et al., 2008). 

That syncytial knots were more abundant in the placentae of aPL antibody-positive women in 

vivo, and that treatment of placental explants with aPL antibodies increases the production of 

trophoblast debris in vitro (Chen et al., 2009), suggests that aPL antibodies may contribute to 

the development of preeclampsia in women with these antibodies. 

The exact cause of an increased production of syncytial knots or trophoblast debris in 

response to aPL antibodies is currently unknown. It is possible that the syncytial knots 

observed in the placentae of aPL antibody-positive women are a consequence of confounding 

lesions in these placentae, such as placental vessel thrombosis or infarction, both of which are 

associated with an increased prevalence of syncytial knots (Fox, 1997). However, this is 

improbable given that the investigation of syncytial knots was typically performed on infarct-

free placental tissue, and since placental vessel thrombosis was not commonly observed in 

the placentae of aPL antibody-positive women. Indeed, the ability of aPL antibodies to 

increase the production of trophoblast debris from placental explants in vitro (Chen et al., 

2009), in the absence of other histopathologies, suggests that aPL antibodies may increase the 

prevalence of syncytial knots, or the release of trophoblast debris, by exerting a direct insult 

on the syncytiotrophoblast. 

!  
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The placentae of aPL antibody-positive women also showed a decrease in the amount of 

vasculosyncytial membranes, which are thin regions of the syncytiotrophoblast that are 

specialised for maternofetal exchange (Section 2.7). The lack of vasculosyncytial membranes 

in the placentae of aPL antibody-positive women suggests that fetal nutrient and oxygen 

supply may be limited in the third trimester when these structures are usually abundant (Fox, 

1997). Incidentally, a decrease in vasculosyncytial membranes is another shared feature 

between preeclamptic placentae and the placentae of aPL antibody-positive women (Becker 

& Bleyl, 1961 as cited in Fox, 1997; Sankar et al., 2012). The ability of aPL antibodies to 

decrease formation of vasculosyncytial membranes, in addition to their effect on the 

production of syncytial knots/trophoblast debris and on the impairment of spiral artery 

remodelling may explain why aPL antibodies are such a strong risk factor for preeclampsia 

(Duckit & Harrington, 2005).  

2.12.6. Abnormalities!of!the!villous!vessels!and!villous!stroma!

Placental vessel thrombosis was not commonly observed in the placentae of aPL antibody-

positive women (Section 2.9). The concomitant lack of avascular villi and fibromuscular 

sclerosis in aPL antibody-associated placentae confirms this observation since avascular villi 

and fibromuscular sclerosis are often used as proxies to imply the presence of a thrombus in 

an upstream placental vessel (Fox, 1997). Furthermore, although the evidence for stromal 

fibrosis was equivocal, there was clearly no increase in the prevalence of stromal oedema in 

the placentae of aPL antibody-positive women (Section 2.8). 

The absence of villous stromal or placental vessel lesions in the placentae of aPL antibody-

positive women may reflect the seperation of these tissues from the aPL antibody-containing 

maternal blood by the villous cytotrophoblast and/or syncytiotrophoblast layers. The villous 

stroma and the villous vessels would only be exposed to those aPL antibodies that are 

transported across the placenta, and this only occurs in about a third of aPL antibody-positive 

women (Cohen et al., 2000; Motta et al., 2006; Mekinian et al., 2013). It is also possible that 

cells of the villous stroma or villous vessels are unlike the syncytiotrophoblast, which due to 

its exteriorisation of phosphatidylserine (Lyden et al., 1992; Katsuragawa et al., 1995; 

Campos et al., 2003) is a natural target for aPL antibodies (Section 1.5.2.i).  
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2.12.7. The!confounding!effects!of!treatment!

A major confounder of the studies and the results presented in this systematic review is the 

treatment of aPL antibody-positive women, which may decrease the prevalence of certain 

lesions in the placenta. For example, in one study, treatment of aPL antibody-positive women 

with prednisone and/or heparin significantly reduced the prevalence of multiple gross infarcts 

from 100% in untreated pregnancies, to 21% in subsequent treated pregnancies (Rosove et 

al., 1990). Likewise, intervillous thrombi were observed in 80% of the placentae of untreated 

women with anti-β2GPI antibodies, but in none of the placentae from subsequent pregnancies 

treated with low-molecular weight heparin and/or low-dose aspirin (Alijotas-Reig et al., 

2008). Thus, it is possible that the true underlying prevalence of some placental features are 

much higher than what is reported in this systematic review, given that 93% of the aPL 

antibody-positive cases included in this review received some form of treatment.  

In addition to decreasing the prevalence of some placental lesions, treatment may also 

augment the type of lesion associated with aPL antibodies. Salafia and Cowchock 

investigated the placentae of an aPL antibody-positive woman who received no treatment 

during one pregnancy and heparin during a subsequent pregnancy. The placenta from the 

untreated pregnancy showed signs of spiral artery thrombosis and infarction, and the placenta 

from the heparin-treated pregnancy exhibited villitis, perivillous fibrin deposition and 

placental vessel thrombosis (Salafia & Cowchock, 1997). That treatment can affect the type 

of placental lesion suggests that the features identified here as being common in aPL 

antibody-associated placentae may simply represent those features that persist despite 

treatment.  

2.12.8. The!effects!of!antiphospholipid!antibody!heterogeneity!on!placental!pathology!

Antiphospholipid antibodies from different individuals vary due to differences in antibody 

titre, Ig isotype, antigenic specificity or due to the co-existance of multiple aPL antibody 

subtypes (aPL antibody profile). The effects of aPL antibody titre, Ig isotype and/or profile 

on placental histopathology have been investigated by two studies. One study demonstrated 

that increased spiral artery thrombosis, decidual vasculopathy, infarction and syncytial knots, 

and decreased vasculosyncytial membranes were significant findings in the placentae of 

women who tested positive for lupus anticoagulant and anticardiolipin antibodies but not in 



!

! 88!

those women who had lupus anticoagulant or anticardiolipin antibodies alone (Ogishima et 

al., 2000), suggesting that a woman’s aPL antibody profile may affect the prevalence of 

placental lesions. However, a much larger study demonstrated that the aPL antibody profile, 

as well as anticardiolipin antibody isotype and Ig titre had no significant effect on the 

prevalence of several histological findings including stromal fibrosis, hypovascular villi, 

spiral artery thrombosis/infarction and a decrease in vasculosyncytial membranes (Out et al., 

1991). This latter study suggests that placental histopathology is not affected by the 

heterogeneity of aPL antibodies, although further investigations are required to confirm this. 

One factor that may influence the prevalence of placental histopathological lesions in women 

with aPL antibodies is the adsorption of aPL antibodies by the placenta. One small study 

showed that infarction, intervillous thrombosis, fibrinoid deposition and villous fibrinoid 

necrosis were more prevalent among aPL antibody-positive women whose aPL antibodies 

had bound to the placenta, compared to those women whose aPL antibodies did not bind to 

the placenta (Katano et al., 1995). The increased prevalence of placental lesions in the 

presence of placental-bound aPL antibodies suggests that the binding of aPL antibodies to the 

placenta may precede the generation of placental lesions.  

The majority of studies reported here performed tests for lupus anticoagulant and/or 

anticardiolipin antibodies. Only six studies tested for the third clinically relevant aPL 

antibody subtype, anti-β2GPI antibodies (Gris et al., 1999; Ogishima et al., 2000; Ilaria et al., 

2007; Alijotas-Reig et al., 2008; Guvendag Guven et al., 2008; Wirstlein et al., 2012). 

Excluding antiphosphatidylserine antibodies, which were reported in one study (Hasegawa et 

al., 1990), no other aPL antibody subtypes were tested for. One noteworthy group of control 

women met the clinical criteria of the APS but did not have lupus anticoagulant or 

anticardiolipin antibodies, and were refferred to as having antiphospholipid-like syndrome 

(Van Horn et al., 2004). The prevalence of histopathological lesions in the placentae of these 

women with antiphospholipid-like syndrome were similar to that found in the placentae of 

women with definitive APS (Van Horn et al., 2004), which raises the possibility that the 

women with antiphospholipid-like syndrome had non-criteria aPL antibodies and were 

suffering from seronegative APS (Section 1.3.5). However, since these women weren’t tested 

for non-criteria aPL antibodies, it is difficult to comment on the significance of non-criteria 

aPL antibodies and the seronegative APS to placental pathology. 

! !
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2.12.9. Limitations!of!the!systematic!review!!

In order to draw meaningful conclusions from the diverse studies included in this systematic 

review, it has been necessary to consider the aPL antibody-positive cases as a single 

homogenous group. Consequently, the placentae of aPL antibody-positive cases are from 

pregnancies of variable gestational lengths from women with diverse aPL antibody subtypes, 

obstetric histories, pregnancy outcomes, autoimmune backgrounds and treatment regimens. 

The possible effects of factors such as gestational age (Section 2.12.1), treatment (Section 

2.12.7) and aPL antibody profile, titre or isotype (Section 2.12.8) on placental histopathology 

have been discussed in an attempt to overcome this necessary limitation. 

Similar to aPL antibody-positive cases, control women were also diverse (Section 2.2.1). The 

vast majority of control women (86%) did not test positive for clinically relevant aPL 

antibody, although a few studies made this assumption based on normal obstetric outcomes 

(Rand et al., 1994; 1994; Donohoe et al., 2000 Stone et al., 2006; Albrecht et al., 2007; 

Shamonki et al., 2007; Wirstlein et al., 2012). In those studies that assumed aPL antibody-

negativity, it is possible, although unlikely, that some women may have had serological lupus 

anticoagulant, anticardiolipin or anti-β2GPI antibodies. However, one study has demonstrated 

that serological lupus anticoagulant or anticardiolipin antibodies do not appear to contribute 

to placental histopathological lesions (Salafia & Cowchock, 1997), suggesting that the 

placentae of women with serological aPL antibodies are suitable controls for the placentae of 

women with clinically relevant aPL antibodies. 

The strength of the conclusions made in this systematic review depend upon the quality of the 

studies that have been reported and included in the review. This is a substantial caveat since 

not all studies investigating the features of aPL antibody-associated placentae were of high 

quality. Indeed, one of the major limitations of these studies was a failure to report the extent 

of a particular lesion. This is important as it is common to find a wide variety of small lesions 

that are most likely of no functional importance in normal placentae (Fox, 1997). This point 

was illustrated by Ackerman and colleagues who showed that 50% of the placentae of aPL 

antibody-negative women had evidence of infarction of any size, yet none of those placentae 

had infarcts involving >25% of the placental mass, which conversely, were observed in 60% 

of the placentae from aPL antibody-positive women (Ackerman et al., 1999). Reporting the 

extent of the lesion is also important as the pathophysiological outcome of lesions such as 

infarcts, intervillous thrombosis, perivillous fibrin deposition or placental vessel thrombosis 
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is dependent on the size of that lesion and/or the resulting area of placenta that the lesion 

renders functionally void (Fox, 1997). In a normal placenta, loss of up to 30% of the 

placental villi should not have any deleterious effect on the fetus (Fox, 1997), suggesting that 

a lesion must be larger than this to be considered pathologically significant. However, it is 

important to recognise that the functional reserve capacity of placentae from aPL antibody-

positive women may be smaller than 70%, as many diverse insults or lesions can occur 

simultaneously in these placentae. Future studies should take the presence of multiple lesions 

into account when reporting on the extent of histopathological lesions in the placentae of aPL 

antibody-positive women. 

Another limitation of these studies is the use of broad descriptors that encompass several 

pathological features, such as ‘ischaemic-hypoxic change’, ‘coagulatory lesions’, ‘signs of 

inflammation’ or even ‘decidual vasculopathy’. While it may be logical to group lesions in 

this way, it prevents the extraction of meaningful conclusions, since aPL antibodies may not 

affect all components equally, as has been discussed with regard to decidual vasculopathy 

(Section 2.4.1). An attempt has been made in this systematic review to acknowledge these 

and other shortcomings by performing a qualitative rating of each included study. 

! !
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2.12.10. Recommendations!for!future!studies!of!aPL!antibodyCassociated!placental!

histopathology!!

Based on the limitations of the studies that have been included in this systematic review, I 

propose five recommendations for future histopathological studies of aPL antibody-positive 

placentae: 

1. Investigate a sufficient number of placentae to ensure adequate sampling of the 

diverse lesions observed in the placentae of aPL antibody-positive women. 

2. Test cases and controls for lupus anticoagulant, anticardiolipin antibodies and anti-

β2GPI antibodies.  

3. Investigate pregnancies with a similar outcome, or if sample size allows, stratify on 

outcome. Investigation of pregnancies terminating at the same gestational age with the 

same outcome may reveal placental lesions that are associated specifically with those 

outcomes. 

4. Identify lesions using specific and accurate descriptions that include size cut-offs to 

exclude those lesions that are too small to have pathological consequences on the 

pregnancy. 

5. Investigate placental bed biopsies or implantation site fragments when assessing 

lesions in the decidua or uteroplacental vessels. 

! !
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2.13. The!pathological!fingerprint!of!antiphospholipid!antibodies!in!human!

placentae!!

Based on the evidence in this systematic review, I propose a human placental aPL antibody 

fingerprint that comprises five lesions, including; 

1. Placental infarction,  

2. impaired spiral artery remodelling,  

3. decidual inflammation,  

4. an increase of syncytial knots,  

5. a decrease of vasculosyncytial membranes (Figure 2.6). 

Complement deposition was not included in the human placental aPL antibody fingerprint as 

the cleavage of downstream complement components, which are essential for the 

complement-dependent inflammatory insult in aPL antibody-immunised mice, were not 

common in the placentae of aPL antibody-positive women. Coagulatory lesions around the 

syncytiotrophoblast were also excluded, despite being supported by considerable in vitro 

evidence, as these lesions were also uncommon in the placentae of women with aPL 

antibodies. 

The diverse features in the placental aPL antibody fingerprint suggest that multiple 

pathological events may occur in pregnancies complicated by aPL antibodies. Specifically, 

aPL antibodies may have direct effects on the syncytiotrophoblast, or on the spiral artery-

remodelling extravillous trophoblasts. In addition, extravillous trophoblasts may also be the 

target of a complement-independent inflammatory insult. The cause of placental infarction in 

aPL antibody-associated placentae, which possibly involves the occlusion of spiral arteries, 

may become apparent by studies which sample spiral arteries from the placental bed as 

opposed to the superficial basal plate. 

!  
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Figure 2.6 – The human placental antiphospholipid antibody fingerprint. 
Five features were more commonly observed in the placentae of women with aPL 
antibodies compared to the placentae of women without aPL antibodies, including placental 
infarction, increased syncytial knots (SK), decreased vasculosyncytial membranes (VSM), 
decidual inflammation and impaired spiral artery (SA) remodelling. Only nuclei of the 
syncytiotrophoblast or inflammatory cells are shown for clarity. Vasculosyncytial 
membranes are depicted on a chorionic villus at term, when these structures are most 
evident.  
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Chapter 3. Materials!and!methods!
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3.1. Ethical!approval!

The collection and use of human blood from normal individuals was approved by the 

University of Auckland Human Participants Ethics Committee, New Zealand (2006/426). 

Blood from aPL antibody-positive individuals was collected and used under approval by 

Northern X Regional Ethics Committee, New Zealand (NTX/10/08/075) and the Hospital for 

Special Surgery Institutional Review Board, NY, USA. Placentae were collected and used 

following written informed consent using protocols approved by the Northern X Regional 

Ethics Committee, New Zealand  (NTX/06/04/035 and NTX/12/06/057).  

3.2. Placentae!

One hundred and seventy eight first trimester placentae were collected from consenting 

patients undergoing elective surgical terminations of pregnancy for psychosocial reasons at 

Epsom Day Unit, Greenlane Hospital, Auckland or The Auckland Medical Aid Centre, Mt 

Eden, Auckland. All placentae were from viable pregnancies of 6.0 to 12.6 weeks, as 

determined by ultrasound assessment prior to termination. Within 1-2 hours of termination, 

placental tissue was dissected from the products of conception, rinsed in sterile PBS, and 

transported to the laboratory in PBS at room temperature (RT) unless otherwise stated.  

Thirteen term placentae were obtained from women who had normal pregnancies and 

uncomplicated vaginal deliveries at the Delivery Suite, Auckland City Hospital, Auckland. 

3.3. Materials!

The materials used in this thesis were either produced in the Chamley laboratory, or were 

purchased from reputable manufacturers or suppliers. The constituents or the source of 

common buffers, fine chemicals, culture media, standardised kits, ribonucleic acid (RNA) 

oligonucleotides, antibodies, immunolabels, stains, dyes, and other materials are listed in 

Tables 3.1 to 3.9. The manufacturers or suppliers of laboratory hardware, microscopes and 

computer software are listed in Tables 3.10 to 3.12. The purification/production of β2GPI, 

monoclonal aPL antibodies, human aPL antibodies, control IgG fractions, ID2 F(ab’)2 

fragments and recombinant RAP are described in Sections 3.3.1 to 3.3.3.  
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Buffer, Solution or Fixative Constituents or Manufacturer/Supplier 

Block buffer (WB)  5% Non-fat milk powder in PBS-T 

Block buffer (IHC) 10% Newborn goat serum in PBS-T 

Block buffer (ICC) 1% Newborn goat serum in PBS-T 

Coomassie Blue protein stain 0.1% G250, 0.1% R250, 50% Methanol, 40% MilliQ 
H2O, 10% Glacial acetic acid 

Cytosolic extraction buffer Phosphate buffered saline, 250mM sucrose, 70mM 
KCl, 250µg/ml digitonin 

Destain 45% Methanol, 45% MilliQ H2O, 10% Glacial acetic 
acid 

Kaolin suspension 2% Kaolin in 0.2M Tris base pH 7.35 

Laemmli buffer (5X) 0.3125M Tris base pH 6.8, 10% SDS, 50% glycerol, 
25% β-mercaptoethanol, 0.005% bromophenol blue 

Mitochondrial buffer A 250mM sucrose, 1mM EDTA in 50mM Tris base pH 
7.4 

Mitochondrial buffer B 250mM sucrose, 1mM EDTA in 10mM Tris base pH 
7.4 

oPD buffer 1mg/ml o-phenylaminediaminedihydrochloride in 
0.1M sodium citrate pH 5.5, 0.005% H2O2 

Percoll separation solution 31% Percoll, 260mM sucrose in 1mM EDTA, 10mM 
Tris base pH 7.4  

Phosphate buffered saline 
(PBS) 

120mM NaCl, 2.7mM KCl, 1.5mM Na2HPO4, 8mM 
KH2HPO4, pH 7.3 

PBS-T Phosphate buffered saline, 0.5% Tween-20 

RIPA buffer 
50mM Tris base pH 7.4, 150mM NaCl, 1% Nonidet 
P-40, 1% sodium deoxycholate, 0.1% sodium 
dodecyl sulphate 

Running buffer  25mM Tris base, 192mM glycine, 0.1% SDS 

Sodium acetate buffer 100mM sodium acetate, 150mM NaCl, pH 5.5 

TE buffer 50mM Tris base, 20mM EDTA, pH 8.0 

Transfer buffer 25mM Tris base, 192mM glycine, 10% methanol 

Tris-EDTA antigen retrieval 
buffer 10mM Tris base, 1mM EDTA, pH 8.0 

 
 
  

Table 3.1 – Common buffers 
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Chemical or Reagent Manufacturer/Supplier 

Acrylamide/bis (30%) Bio-Rad, New Zealand 

Acetone ThermoFisher Scientific, New Zealand 
AF1 Citifluor mounting 
medium Agar Scientific, England 

Agar 100 epoxy resin  Agar Scientific, England 
AlexaFluor® 568 hydrazide 
(sodium salt) 

Molecular Probes, Life Technologies, New 
Zealand 

Ammonium persulfate Bio-Rad, New Zealand 

Ampicillin Sigma Aldrich, New Zealand 

Aquatex Merck, New Zealand 
BLOCK-iT™ Fluorescent 
Oligo Invitrogen, New Zealand 

CDM-HD Serum Replacement FiberCell Systems Inc, USA 

Chloroform ThermoFisher Scientific, New Zealand 

Chloroquine diphosphate salt Sigma Aldrich, New Zealand 
Dulbecco’s Modified Eagle’s 
Medium (DMEM)/F12 Life Technologies, New Zealand 

Dulbecco’s Modified Eagle’s 
Medium (DMEM) with High 
Glucose and Pyruvate 

Life Technologies, New Zealand 

Epidermal growth factor Sigma Aldrich, New Zealand 

Ethanol ThermoFisher Scientific, New Zealand 

Fetal bovine serum Life Technologies, New Zealand 

Glutaraldehyde Merck, Germany 

Glutathione sepharose 4B GE Healthcare, New Zealand 

Heparin agarose (Type I) Sigma Aldrich, New Zealand 

Human chorionic gonadotropin Sigma Aldrich, USA 

Insulin Sigma Aldrich, New Zealand 

Isopentane ThermoFisher Scientific, New Zealand 
isopropyl-beta-D-
thiogalactopyranoside Life Technologies, New Zealand 

Jung tissue freezing medium Bio-Strategy, New Zealand 

Liquid nitrogen BOC, New Zealand 

 
 
 
 

Table 3.2 – Fine chemicals and reagents 
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Chemical or Reagent Manufacturer/Supplier 

Low-gelling temperature 
agarose Sigma Aldrich, New Zealand 

Matrigel™ basement 
membrane matrix BD Biosciences, New Zealand 

Methanol ThermoFisher Scientific, New Zealand 

Methyl-β-cyclodextrin Sigma Aldrich, New Zealand 

Osmium tetroxide Merck, New Zealand 

Paraffin (Paraplast) Bio-Strategy, New Zealand 

Penicillin/Streptomycin Invitrogen, New Zealand 

Pepsin Sigma Aldrich, New Zealand 

Perchloric acid Sigma Aldrich, New Zealand 

Percoll GE Healthcare, New Zealand 

Poly-L-lysine solution (0.1%) Sigma Aldrich, New Zealand 

Propylene oxide Merck, New Zealand 

Reduced glutathione GE Healthcare, New Zealand 

Sodium periodate Sigma Aldrich, New Zealand 

Sodium selenite Sigma Aldrich, New Zealand 

Superdex75 GE Healthcare, New Zealand 

Tetramethylethylenediamine Bio-Rad, New Zealand 

Transferrin Sigma Aldrich, New Zealand 

Trypsin-EDTA Invitrogen, New Zealand 

Xylene ThermoFisher Scientific, New Zealand 

 
  

Table 3.2 – Continued 
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Buffer, Chemical or Gas Consituents or Manufacturer/Supplier 

Adenosine 5-‘diphosphate 
monopotassium salt 
dehydrate (ADP) 

Sigma Aldrich, New Zealand 

Antimycin A Sigma Aldrich, New Zealand 

Ascorbic acid Sigma Aldrich, New Zealand 

BIOPS 

2.77mM CaK2EGTA, 7.23mM K2EGTA, 5.77mM 
Na2ATP, 6.56mM MgCl2⋅6H2O, 20mM Taurine, 15mM 
Na2Phosphocreatine, 20mM Imidazole, 0.5mM 
Dithiothreitol (DTT), 50mM Morpholino-ethanesulfonic 
acid (MES), pH 7.1 

Cytochrome c Sigma Aldrich, New Zealand 
Carbonyl cyanide p-
(trifluoromethoxy) 
phenylhydrazone 

Sigma Aldrich, New Zealand 

Glutamate Sigma Aldrich, New Zealand 

HTK transplant solution Essential Pharmaceuticals, LLC, USA 

Malate Sigma Aldrich, New Zealand 

MiRO5 respiration medium 

0.5mM EGTA, 3mM MgCl2⋅6H2O, 60mM K-
lactobionate, 20mM Taurine, 10mM KH2PO4, 20mM 
HEPES, 110mM Sucrose, 1g/l BSA essentially fatty 
acid free, pH 7.1 

Oxygen  BOC, New Zealand 

Pyruvate Sigma Aldrich, New Zealand 

Rotenone Sigma Aldrich, New Zealand 

Saponin Sigma Aldrich, New Zealand 

Succinate Sigma Aldrich, New Zealand 

N,N,N’,N’-tetramethyl-p-
phenylenediamine 
dihydrochloride 

Sigma Aldrich, New Zealand 

 
  

Table 3.3 – Buffers, chemicals and gases used for high resolution respirometry 
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Media Constituents or Manufacturer/Supplier 

Choriocarcinoma media Advanced DMEM, 5% fetal bovine serum, 1% 
penicillin/streptomycin 

Complete trophoblast media 

DMEM/F12, 10% fetal bovine serum, 5ng/ml 
epidermal growth factor, 5µg/ml insulin, 10µg/ml 
transferrin, 20nM sodium selenite, 1% 
penicillin/streptomycin, 400U/L human chorionic 
gonadotropin. 

Hybridoma media 
DMEM with high glucose and pyruvate, 1% 
penicillin/streptomycin, 5% CDM-HD Serum 
Replacement 

LB Broth Life Technologies, New Zealand 

Outgrowth media 
Complete trophoblast medium + 15% conditioned 
medium from culture of extravillous trophoblast 
outgrowths 

 
 

 
 
 

Kit Manufacturer/Supplier 

Amaxa™ Basic Nucleofector™ kit for Primary 
Mammalian Epithelial Cells Lonza, Australia 

HQ silver™ enhancement kit Nanoprobes, USA 

Pierce™ Bicinchoninic acid (BCA) Protein Assay kit Thermo Fisher Scientific, 
New Zealand 

 
 

 
 
 

RNA Oligonucleotide Oligo ID or 
Catalogue # Manufacturer/Supplier 

BLOCK-iT™ Fluorescent Oligo 2013 Invitrogen, New Zealand 

LRP2-specific siRNA (Three 
Stealth RNAi™ oligos) 

HSS106147 
HSS106148 
HSS106149 

Invitrogen, New Zealand 

Control siRNA (Stealth RNAi™ 
medium GC) 12935-300 Invitrogen, New Zealand 

 
 
  

Table 3.4 – Culture media 

Table 3.5 – Standardised kits 

Table 3.6 – Ribonucleic acid oligonucleotides 
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Antibodies or 
Streptavadin 

Dilution or Working 
Concentration Manufacturer/Supplier 

Anti-ApoER2 10.0µg/ml Abcam, USA 

Anti-β2GPI (777/767) 1:300 
Chamley laboratory, The 
University of Auckland, 
New Zealand 

Anti-β2GPI (ID2) 1:25 (WB) 
1:75 (DB) 

Chamley laboratory, The 
University of Auckland, 
New Zealand 

Anti-β2GPI (IIC5) 1:75 (DB) 
Chamley laboratory, The 
University of Auckland, 
New Zealand 

Anti-β-actin 0.4µg/ml Abcam, USA 

Anti-CD55 1:600 
Chamley laboratory, The 
University of Auckland, 
New Zealand 

Anti-Complex IV  1.1µg/ml Abcam, USA 

Anti-Cytochrome c 0.8µg/ml BD Biosciences, New 
Zealand 

Anti-cytokeratin 7 0.7µg/ml (IHC/ICC) 
0.3µg/ml (WB) Dako, Denmark 

Anti-EEA1 4.1µg/ml Abcam, USA 

Anti-LAMP1 9.2µg/ml Abcam, USA 

Anti-LDLR 8.0µg/ml Abcam, USA 

Anti-LRP1 4.9µg/ml Abcam, USA 

Anti-LRP2 4.0µg/ml Santa Cruz 
Biotechnology, USA 

Anti-mouse IgG 
(biotinylated) 

Depends on application 
see text 

Jackson 
ImmunoResearch, USA 

Anti-mouse IgG 
heavy+light chain-specific 
(biotinylated) 

0.06µg/ml Jackson 
ImmunoResearch, USA 

Anti-mouse IgG Fab-
specific (biotinylated) 0.07µg/ml Jackson 

ImmunoResearch, USA 
Anti-mouse IgG Fc-
specific (biotinylated) 1.0µg/ml Jackson 

ImmunoResearch, USA 
Anti-mouse IgG (HRP-
conjugated) 0.6µg/ml GE Healthcare, New 

Zealand 
Anti-Rab7 2.5µg/ml Abcam, USA 

Anti-Rabbit IgG 
(biotinylated) 

Depends on application 
see text 

Jackson 
ImmunoResearch, USA 

Anti-Rabbit IgG 
(AlexaFluor® 488-
conjugated) 

3.3µg/ml Jackson 
ImmunoResearch, USA 

 
 

Table 3.7 – Primary and secondary antibodies and streptavadin immunolabels 
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Antibodies or Streptavadin Dilution or Working 
Concentration Manufacturer/Supplier 

Anti-RAP 10.0µg/ml (IHC) 
3.3µg/ml (ICC) Abcam, USA 

Anti-VLDLR 2.5µg/ml Abgent, USA 

Streptavadin- 
AlexaFluor® 594 3.3µg/ml 

Molecular Probes, Life 
Technologies, New 
Zealand 

Streptavadin-AlexaFluor® 594 
FluoroNanogold™ 0.3µg/ml Nanoprobes, USA 

Streptavadin-HRP (sHRP) Depends on 
application- see text 

Jackson 
ImmunoResearch, USA 

 
 
 
 
 
 
 
 

Enzymatic Substrates, 
Stains or Dyes 

Dilution or Working 
Concentration Manufacturer/Supplier 

3-amino-9-ethylcarbazole, 
(AEC) Undiluted Dako, Denmark 

CellMask™ Deep Red 
Plasma Membrane Stain 2.5µg/ml 

Molecular Probes, Life 
Technologies, New 
Zealand 

CellTracker™ Green 
CMFDA 10µM 

Molecular Probes, Life 
Technologies, New 
Zealand 

CellTracker™ Red 
CMTPX 10µM 

Molecular Probes, Life 
Technologies, New 
Zealand 

ECL™ Prime Western 
Blotting Detection 
Reagent 

Undiluted GE Healthcare, New 
Zealand 

Hematoxylin (Gills II) Undiluted Biostrategy, New Zealand 

Hoechst 33342 10µg/ml Sigma-Aldrich, New 
Zealand 

Lead citrate Undiluted Taab, England 

Propidium iodide 10µg/ml 
Molecular Probes, Life 
Technologies, New 
Zealand 

Toluidine blue Undiluted Sigma Aldrich, New 
Zealand 

Uranyl acetate Undiluted Mallinckrodt, USA 

 
 

The antibodies used in several applications were used at the same working concentration or 
dilution unless specified otherwise. DB = dot blot, ICC = immunocytochemistry, IHC = 
immunohistochemistry, WB = Western blot.  

Table 3.7 – Continued 

Table 3.8 – Enzymatic substrates, stains and dyes 
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Materials Manufacturer/Supplier 

Aclar® plastic ProSciTech, Australia 

BEEM® capsule ProSciTech, Australia 

Copper grids ProSciTech, Australia 

Coverslips (12mm2, glass) Biolab Scientific Ltd, New Zealand 

Culture flask (75cm2) BD Biosciences, New Zealand 

Culture plate (12 well) BD Biosciences, New Zealand 

Dako pen Dako, Denmark 

Eppendorf tubes, 1.6 ml Global Science, New Zealand 

Filter paper, lint-free Sigma Aldrich, New Zealand 

Glass slides Thermo Fisher Scientific, New 
Zealand 

Hybond ECL™ nitrocellulose membrane GE Healthcare, New Zealand 

µClear® 96-well tissue culture plate (black) Raylab, New Zealand 

Razor blade ProSciTech, Australia 

Scalpel Health Support, New Zealand 
Vacutainer with 3.2% buffered sodium 
citrate BD Biosciences, New Zealand 

Vivaspin® Centrifugal Concentrator Micronz Ltd, New Zealand 

 
 
 
 

Equipment Manufacturer or Supplier 

2100 Retriever (pressure cooker) Electron Microscopy Sciences, USA 

Amaxa™ Nucleofector™ 2b Lonza, Australia 

ÄKTAprime plus chromatography system GE Healthcare, New Zealand 

Avanti J-301 High-performance 
ultracentrifuge Beckman Coulter, USA 

Bio-Dot apparatus Bio-Rad, New Zealand 

Chromatography column 30ml GE Healthcare, New Zealand 

Chromatography column 190ml GE Healthcare, New Zealand 

CryoStar™ NX70 Cryostat Thermo Scientific, New Zealand 

Table 3.9 – Other materials 

Table 3.10 – Laboratory hardware 
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Equipment Manufacturer or Supplier 

Criterion blotter with plate electrodes Bio-Rad, New Zealand 

Diamond knife Diatome, Switzerland 

FiberCell Systems Duet Pump FiberCell Systems Inc, USA 

FiberCell cartridge (High MWCO) FiberCell Systems Inc, USA 

GelDoc™ XR system Bio-Rad, New Zealand 

Glass plates with 1mm spacer Bio-Rad, New Zealand 

GS-800 calibrated densitometer Bio-Rad, New Zealand 

Haemocytometer (Neubauer) Biolab Scientific Ltd, New Zealand 

HiTrap Protein G HP 1ml column GE Healthcare, New Zealand 

Homogeniser John Morris Scientific, New Zealand 

LAS-3000 Fujifilm, Japan 

Leica ultramicrotome, Ultracut UCT Leica, Germany 

Mini-PROTEAN® casting stand Bio-Rad, USA 

Mini-PROTEAN® 3 multi-casting chamber Bio-Rad, New Zealand 
Mini-PROTEAN® 3 Tetra cell 
electrophoresis unit Bio-Rad, New Zealand 

Model 485 gradient former Bio-Rad, New Zealand 

Orbital shaker Bio-Strategy, New Zealand 

Oxygraph-2 K Oroboros Instruments, Austria 

Powerpac™ Basic Power Supply Bio-Rad, New Zealand 

RM2245 microtome Leica, Germany 

Rotator Thermo Fisher Scientific, New 
Zealand 

Sonicator QSonica, USA 

Synergy-2 microplate reader BioTek, USA 

Ultrospec2100 spectrophotometer GE Healthcare, New Zealand 

VT1000S vibratome Leica, Germany 

Waring blender Waring, USA 

Waterbath Grant, UK 

xMark microplate spectrophotometer Bio-Rad, New Zealand 

 
 

Table 3.10 – Continued 
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Product Manufacturer 

Nikon Eclipse E400 Nikon, Japan 

Nikon Eclipse Ti inverted microscope Nikon, Japan 

Nikon Eclipse TS100 Nikon, Japan 

Olympus FV1000 confocal microscope Leica, Germany 

Tecnai™ G2 Spirit TWIN transmission 
electron microscope FEI, Japan 

Zeiss LSM 710 Inverted confocal 
microscope Zeiss, Germany 

 
 

 
 
 

Product Manufacturer 

Adobe Photoshop CS5 Adobe, USA 

DatLab 4 Oroboros Instruments, Austria 

iTEM Olympus Soft Imaging Solutions GmbH, 
Germany 

Image Reader LAS-3000 Fujifilm, Japan 

NIS-Elements BR 3.0 Nikon, Japan 

Prism 5.0 GraphPad Software, USA 

PrimeView 5.0 GE Healthcare, New Zealand 

Quantity One Bio-Rad, New Zealand 

Zen 2010 Zeiss, Germany 

! '

Table 3.11 – Microscopes 

Table 3.12 – Computer software 
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3.3.1. Purification!of!β2!glycoprotein!I!

β2 glycoprotein I was purified from human blood bank plasma using the method of Wurm 

(1984) and Chamley et al. (1997) with modifications. Specifically, 400ml plasma was 

precipitated with 10ml 70% perchloric acid at 4°C and centrifuged at 10,000rpm for 20 

minutes. The supernatant was dialysed against TE buffer (50mM Tris base, 20mM EDTA, 

pH 8.0) and passed over a 30ml chromatography column containing heparin agarose using 

the ÄKTAprime plus chromatography system and PrimeView 5.0 software, which allowed 

real-time monitoring of chromatographic separation. Following the removal of non-

specifically bound proteins with 50mM NaCl in TE buffer, proteins bound to heparin agarose 

were eluted with 600mM NaCl in TE buffer. The eluate was passed over a 190ml 

chromatography column containing Superdex75 into phosphate buffered saline (PBS; 

120mM NaCl, 2.7mM KCl, 1.5mM Na2HPO4, 8mM KH2HPO4, pH 7.3) using the 

ÄKTAprime plus chromatography system and PrimeView 5.0. The second, predominant 

peak was collected and concentrated using a Vivaspin Centrifugal Concentrator. After 

purification, β2GPI concentration was measured using a Pierce Bicinchoninic acid (BCA) 

Protein Assay Kit and purity was estimated by denaturing sodium dodecyl sulfate (SDS) 

polyacrylamide gel electrophoresis (SDS-PAGE) and Coomassie blue staining (Section 

3.4.10) where β2GPI gave a band at approximately 55kDa. Preparations contained ≥ 95% 

β2GPI (Figure 3.1). 

!  
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3.3.2. Antiphospholipid!antibodies!and!control!antibodies!

3.3.2.i. Generation!and!purification!of!monoclonal!antiphospholipid!antibodies!

Two monoclonal aPL antibodies were used in this thesis; ID2 and IIC5. Hybridoma cell lines 

producing ID2 and IIC5 were previously generated by fusing NS1 murine myeloma cells 

with splenocytes from a mouse that had been immunized with human β2GPI (Chamley et al., 

1997). These antibodies are of the IgG1 isotype and react with β2GPI when it is immobilised 

on cardiolipin or on an irradiated polystyrene plate (Chamley et al., 2001) and can therefore 

be classified as anticardiolipin and anti-β2GPI antibodies. 
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Figure 3.1 - β2 glycoprotein I was purified by 
perchloric acid precipitation, heparin 
agarose and gel-filtration chromatography. 
Purification of β2GPI was followed and 
confirmed by denaturing SDS-PAGE and 
coomassie-blue staining. Abbreviations: 
Da=Daltons, Mw=molecular weight. 
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Hybridomas producing ID2 or IIC5 were cultured aseptically in a FiberCell cartridge at 37°C 

in a humidified ambient oxygen atmosphere with 5% CO2. The cartridge was supplied with 

hybridoma media (Dulbecco’s Modified Eagle’s Medium (DMEM) with high glucose and 

pyruvate containing 1% penicillin/streptomycin, 5% CDM-HD Serum Replacement) using a 

FibreCell Systems Duet Pump. Culture supernatants containing ID2 or IIC5 were passed over 

a 1ml HiTrap Protein G HP column using the ÄKTAprime plus chromatography system and 

PrimeView 5.0. Contaminating proteins were washed from the column with 10 column 

volumes of PBS before ID2 or IIC5 were eluted with 0.1M glycine pH 2.7 and neutralised 

with 1M Tris base pH 9.4. Vivaspin Centrifugal Concentrators were used to buffer exchange 

IIC5 and ID2 into PBS before measuring protein concentration with a BCA Protein Assay 

Kit. Immunoglobulin G purity was assessed by denaturing SDS-PAGE and Coomassie blue 

staining where IgG1 gave bands at 50 and 25kDa (corresponding to heavy and light chains 

respectively) (Figure 3.2). 
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Figure 3.2 - Monoclonal antiphospholipid 
antibodies were purified by Protein G 
chromatography. 
Immunoglobulin G purification was followed 
by denaturing SDS-PAGE and coomassie blue 
staining. Abbreviations: Da=Daltons, 
Mw=molecular weight, RF=running front. 
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3.3.2.ii. Generation!of!F(ab’)2!fragments!of!monoclonal!antiphospholipid!antibody!ID2!

To generate F(ab’)2 fragments of ID2, ID2 was buffer exchanged into 100mM sodium citrate 

pH 3.5 using a Vivaspin Centrifugal Concentrator, before being transferred to an eppendorf 

and cleaved with 25µg/ml pepsin for 30 minutes in a 37°C waterbath. Pepsin was irreversibly 

inactivated by addition of a 1:10 dilution of 3.0M Tris base pH 8.8. ID2 F(ab’)2 fragments 

were buffer exchanged into PBS and checked for purity by denaturing SDS-PAGE and 

coomassie blue staining where F(ab’)2 fragments gave a doublet band at 25kDa (Figure 4.10). 

3.3.2.iii. Purification!of!IgG!fractions!containing!human!antiphospholipid!antibodies!

Human aPL antibodies were purified from the serum of five individuals with the APS and 

one woman with a history of miscarriages by Protein G chromatography as described 

(Section 3.3.2.i). All six patients had anticardiolipin IgG > 40 GPL units and positive anti-

β2GPI antibodies as outlined in Table 3.13. 

 

Patient number Anticardiolipin antibodies 
(GPL units) 

Anti-β2GPI antibodies 
(GPL units) 

1 115 5 

2 229 117 

3 521 129 

4 43 66 

5 324 138 

6 123 39 

 

3.3.2.iv. Human!polyclonal!and!murine!monoclonal!control!antibodies!

Two isotype-matched murine monoclonal antibodies (mAb) were used as controls in 

experiments involving IIC5 or ID2; Anti-CD45 (Dako, Denmark), denoted as control mAb 1 

and Murine myeloma IgG1 (Life Technologies, New Zealand), denoted as control mAb 2. 

Control human polyclonal IgG was purified from the serum of two healthy non-autoimmune 

individuals by Protein G chromatography as described (Section 3.3.2.i). 

Table 3.13 - Anticardiolipin and anti-β2GPI antibody titres of six patients with the 
antiphospholipid antibody syndrome or a history of miscarriages 
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3.3.2.v. Labelling!antibodies!with!AlexaFluor!568!!

Purified monoclonal or polyclonal IgG were dialysed in sodium acetate buffer (100mM 

sodium acetate, 150mM NaCl, pH 5.5) prior to carbohydrate chain oxidation with 11.7µM 

sodium periodate for 1 hour at 4°C. Oxidised IgGs were incubated immediately with 7µM 

AlexaFluor 568 hydrazide/mg IgG for 2 hours at RT. AlexaFluor 568-labelled IgG was 

dialised in PBS to remove unbound AlexaFluor 568 hydrazide before confirming successful 

labelling by A) A red-fluorescent signal in a β2GPI fluorescent immunosorbent assay 

(Section 3.4.15) and/or B) visualisation of fluorescent SDS-PAGE-separated IgG under 

ultraviolet light (Section 3.4.10). 

3.3.3. Heterologous!expression!and!purification!of!receptor!associated!protein!

A single colony of DH5α competent Escherichia coli transformed with a pGEX-RAP 

plasmid were incubated in 5ml of LB broth + 0.1% ampicillin overnight at 37°C in an orbital 

shaker. This culture was used to inoculate 500ml pre-warmed LB broth + 0.1% ampicillin, 

which was shaken at 37°C until cell density reached an optical density (OD) at 600nm of 

≈0.8, as determined with an Ultrospec2100 spectrophotometer. Expression of Glutathione S 

transferase (GST)-tagged RAP from the pGEX plasmid was induced by addition of 1mM 

isopropyl-beta-D-thiogalactopyranoside to the culture for 3 hours at 37°C. Following this, 

cells were pelleted by centrifugation at 5000rpm for 20 minutes. Cell pellets were 

resuspended in PBS and lysed with a probe sonicator, 3×30 second pulses at 75% power. 

The lysates were centrifuged at 13,000rpm for 25 minutes, and the supernantant collected.  

The supernatant was applied to Glutathione sepharose 4B matrix for 30 minutes at 4°C before 

sedimenting the matrix by centrifugation at 600g for 10 minutes and discarding the flow-

through. Proteins bound non-specifically to glutathione sepharose matrix were removed by 

washing the matrix three times in 3 bed volumes of PBS with centrifugal sedimentation 

between each wash. Following this, the matrix was incubated with 3 bed volumes of 10mM 

reduced glutathione in 50mM Tris base pH 8.0 for 10 minutes at RT to elute RAP-GST. The 

supernatant was collected before repeating centrifugal sedimentation and elution twice more. 

Eluates were pooled and assessed for purity by SDS-PAGE and Coomassie-blue staining, 

where RAP-GST gave a band at 65kDa (Figure 3.3). Protein concentration was measured 

using a BCA Protein Assay Kit. 
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3.4. Methods!

3.4.1. Kaolin!clotting!time!

Blood from three healthy donors was collected into plastic BD Vacutainers containing 3.2% 

buffered sodium citrate. Anticoagulated blood was centrifuged for 10 minutes at 3000rpm at 

RT before removing the overlying plasma, leaving approximately 1 cm of the plasma close to 

the buffy layer. The plasma was re-centrifuged for 10 minutes at 3000rpm and removed from 

the remaining red blood cells and platelets to generate twice-spun platelet-poor plasma 

(2×PPP). The 2×PPP from three donors was pooled and used immediately in a Kaolin 

clotting time assay.  
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Figure 3.3 - RAP-GST was purified from  lyates of 
Escherichia coli by glutathione sepharose batch 
chromatography. 
Purification of RAP-GST by glutathione sepharose 4B 
(GS4B) batch chromatrography was assessed by 
denaturing SDS-PAGE and coomassie-blue staining. 
Abbreviations: Da=Daltons, Mw=molecular weight, 
RF=running front. 
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The monoclonal aPL antibodies IIC5 and ID2 were buffer exchanged into 0.2M Tris base pH 

7.35 using Vivaspin Centrifugal Concentrators. Ten microliters of aPL antibodies diluted to 

100, 50, 25 or 12.5µg/ml in 0.2M Tris base pH 7.35 were added to 200µl pooled 2×PPP in 

four clear 5ml plastic test tubes. A fifth test tube received 200µl pooled 2×PPP and 10µl 

0.2M Tris base pH 7.35. Test tubes were then warmed in a 37°C waterbath for 20 seconds 

before addition of 100µl pre-warmed kaolin suspension (2% kaolin in 0.2M Tris base pH 

7.35). This and all subsequent steps were performed in a 37°C waterbath with gentle 

agitation. After 3 minutes incubation with kaolin, clotting was initiated by addition of 200µl 

pre-warmed 25mM CaCl2. Formation of a clot was timed and recorded for each of the five 

test tubes as the kaolin clotting time. 

3.4.2. Placental!explant!culture!

Unless specified otherwise, placentae were dissected into villous tissue explants of 

approximately 10-30mg wet weight and cultured in 1ml complete trophoblast medium 

(DMEM/F12 containing 10% fetal bovine serum, 5ng/ml epidermal growth factor, 5µg/ml 

insulin, 10µg/ml transferrin, 20nM sodium selenite, 1% Penicillin/Streptomycin, 400U/L 

human chorionic gonadotropin) in a 24-well plate at 37°C in a humidified ambient oxygen 

atmosphere with 5% CO2. To minimise the decline in placental explant viability during in 

vitro culture, placental explant treatment times were maintained below 3 hours, where 

possible. All experiments also included appropriate negative controls to ensure that the 

observed effects of aPL antibodies were not due to loss of placental explant viability. 

3.4.2.i. Treatment!of!placental!explants!with!human!antiphospholipid!antibodies!

To investigate the internalisation of human aPL antibodies by the syncytiotrophoblast, first 

trimester placental explants were incubated with complete trophoblast medium containing 

50µg/ml AlexaFluor 568-labelled human aPL antibodies or control IgG for 15 minutes at 

37°C. Following this, placental explants were rinsed in PBS at 4°C and maintained on ice to 

halt cellular activity before visualisation on a Zeiss LSM 710 inverted confocal microscope 

with Zen 2010 software. The apical plasma membrane of the syncytiotrophoblast was stained 

will 2.5µg/ml CellMask Deep Red Plasma Membrane Stain in PBS for 5 minutes at 4°C 

immediately prior to visualisation. 



!

! 114!

3.4.2.ii. Treatment!of!placental!explants!with!monoclonal!antiphospholipid!antibodies!

To investigate the internalisation of monoclonal aPL antibodies, first trimester or term 

placental explants were incubated with complete trophoblast medium containing 25µg/ml 

control mAb 1, control mAb 2, ID2 or IIC5 for two, 10, 30 or 120 minutes at 37°C. First 

trimester placental explants were also incubated with complete trophoblast medium 

containing 25µg/ml ID2 F(ab’)2 for 10 minutes at 37°C. Following treatment, explants were 

rinsed in PBS, paraformaldehyde-fixed and frozen in preparation for immunohistochemistry 

(Section 3.4.4.ii). 

To investigate the mechanism of aPL antibody internalisation, first trimester placental 

explants were incubated for 30 minutes at 37°C with complete trophoblast medium 

containing methyl-β-cyclodextrin (MBCD), chloroquine diphosphate salt (CLQN) or RAP-

GST. Placental explants were then challenged with complete trophoblast medium containing 

10µg/ml ID2 for 30 minutes in the presence of MBCD, CLQN or RAP-GST, or without 

inhibitors as a ‘ID2 only’ control. Following this, treated placental explants were 

paraformaldehyde-fixed and frozen (Section 3.4.4.ii) or submerged in RIPA buffer (50mM 

Tris base pH 7.4, 150mM NaCl, 1% Nonidet P-40, 1% sodium deoxycholate, 0.1% SDS) for 

10 minutes at 4°C. RIPA lysates were centrifuged at 13,000g for 10 minutes at 4°C and 

supernatants collected and stored at -80°C. These supernatants contained primarily the 

cytoplasmic fraction but also solubilised membrane proteins of the syncytiotrophoblast. The 

inhibitory effects of MBCD, CLQN or RAP on the internalisation of ID2 were assessed by 

repeated measures one-way ANOVA and Dunnett’s post-HOC tests on GraphPad Prism 5.0, 

where P<0.05 was considered significant.  

To investigate the effects of aPL antibody treatment on cytochrome c release, first trimester 

placental explants were incubated with complete trophoblast medium containing 25µg/ml 

control mAb, ID2 or IIC5 or 50µg/ml control IgG or human aPL antibody for 3 hours at 

37°C. Following this, placental explants were homogenised in cytosolic extraction buffer 

(250mM sucrose, 70mM KCl, 250µg/ml digitonin in PBS). Homogenates were centrifuged at 

1000g for 10 minutes at 4°C and the supernatants collected as cytosolic fractions. Cytosolic 

fractions were stored at -80°C until measurement of cytochrome c by Western blotting 

(Section 3.4.11). Differences in the levels of cytochrome c between control and aPL 

antibody-treated placentae were assessed by paired Student’s t-tests on GraphPad Prism 5.0, 

where P<0.05 was considered significant.  
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3.4.3. Small!interfering!RNACmediated!knockCdown!of!LRP2!expression!in!the!

syncytiotrophoblast!!

To optimise a method for transfecting the syncytiotrophoblast, first trimester placental 

explants were incubated overnight at 37°C in complete trophoblast medium containing 50nM 

BLOCK-iT green-fluorescent small interfering RNA (siRNA). Prior to incubation with 

BLOCK-iT, placental explants were nucleofected, or were left untreated. Nucleofection was 

performed with an Amaxa Basic Nucleofector kit for Primary Mammalian Epithelial Cells 

and an Amaxa Nucleofector set to programme U007, as described previously (Forbes et al., 

2009). After the overnight incubation with BLOCK-iT, placental explants were frozen fresh 

and cryosectioned (Section 3.4.4.i). Sections were counterstained with 10µg/ml Hoechst 

33342 for 10 minutes at RT, mounted with AF1 citifluor mounting medium and visualised on 

an Eclipse E400 microscope with NIS-Elements F3.0 software. 

To knock-down the expression of LRP2 in the syncytiotrophoblast, first trimester placental 

explants were nucleofected and incubated at 37°C for up to 72 hours in complete trophoblast 

medium containing a pool of three LRP2-specific siRNAs, each at 100nM, according to the 

method described above. Immunohistochemistry (Section 3.4.5.i) was used to determine the 

time point at which the knock-down of LRP2 expression in the syncytiotrophoblast was 

maximal.  

Using this optimised protocol, fresh placental explants were transfected with 3x100nM 

LRP2-specific siRNA or with 300nM control siRNA before incubating the explants with 

complete trophoblast medium containing 40µg/ml IIC5 at 37°C for 60 minutes. Explants 

were frozen fresh for subsequent analysis of the internalisation of IIC5 (Section 3.4.5.ii). 

3.4.4. Preparation!of!tissues!for!immunohistochemistry!

To prepare tissues for immunohistochemistry, placental explants were A) frozen fresh, B) 

paraformaldehyde-fixed and frozen or C) paraformaldehyde-fixed and paraffin-embedded. 

The selection of a preparatory method was based on each experiment’s need for retention of 

antigenicity, which is optimal in tissues frozen fresh, or morphology, which is optimal in 

paraformaldehyde-fixed paraffin-embedded tissues. Most tissues in this thesis have been 

paraformaldehyde-fixed and frozen because this method allows satisfactory retention of both 

antigenicity and morphology. 
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3.4.4.i. Fresh!frozen!tissue!blocks!

To generate fresh frozen tissue blocks, placental explants were blot-dried and immersed in 

Jung Tissue Freezing Medium in aluminium foil boats. These were floated in isopentane-

filled bottle caps, snap frozen in liquid nitrogen, and stored at -80°C. Five micrometer 

sections were made from frozen tissue blocks using a CryoStar NX70 Cryostat and were 

collected onto glass slides coated with a 1:10 dilution of Poly-L-lysine solution. Sections 

were then fixed in acetone chilled to -20°C for 10 minutes and air-dried overnight. 

3.4.4.ii. ParaformaldehydeCfixed!frozen!tissue!blocks!

To generate paraformaldehyde-fixed frozen tissue blocks, placental explants were fixed 

overnight in 4% paraformaldehyde and 5% sucrose in PBS. To improve retention of 

morphology, explants were washed through a sucrose series of 10%, 15%, 20% and 25% 

sucrose in PBS, 15 minutes per solution, prior to immersion in Jung Tissue Freezing 

Medium. Tissues were snap frozen, stored and sectioned as described (Section 3.4.4.i). 

Sections were air-dried for at least 24 hours prior to antigen retrieval in 0.1% SDS in PBS  

for 5 minutes (Robinson & Vandré, 2001).  

3.4.4.iii. ParaformaldehydeCfixed!paraffinCembedded!tissue!blocks!

To generate paraformaldehyde-fixed paraffin-embedded tissue blocks, placental explants 

were fixed overnight in 4% paraformaldehyde in PBS. Following fixation, placental explants 

were stored in 70% ethanol until dehydration by submersing the explants in 70% ethanol, 1 

hour, 80% ethanol, 1 hour, 95% ethanol, 2×30 minutes, and 100% ethanol, 3×30 minutes. 

Dehydrated placental explants were submersed in chloroform, 2×30 minutes, and 60°C 

paraffin, 3×20 minutes, before being embedded in fresh paraffin. Five micrometer sections 

were made from paraffin-embedded blocks using a Leica RM2245 microtome, and were 

collected onto Poly-L-lysine-coated glass slides by floating the sections on water heated to 

48°C. Slides were incubated at 60°C overnight before being submersed in xylene for 60 

minutes to de-paraffinise the tissue sections. De-paraffinised sections were rehydrated by 

washes in 100% ethanol, 2×5 minutes, 95% ethanol, 1×2minutes, 80% ethanol, 1×2minutes 

and 70% ethanol 1×2 minutes before being rinsed in water, 3×5 minutes and antigen 
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retreived in a pressure cooker with Tris-EDTA retrieval buffer (10mM Tris base, 1mM 

EDTA, pH 8.0). Slides were rinsed in PBS, 2×5 minutes prior to immunohistochemistry. 

3.4.5. Immunohistochemistry!

Immunohistochemistry was used to localise various proteins within immobilised placental 

tissue sections. The localisation of proteins in choriocarcinoma cell lines or extravillous 

trophoblast outgrowths, or within free-floating agarose-embedded sections of placental 

explants is described elsewhere (Sections 3.4.9 and 3.4.16 respectively).  

3.4.5.i. General!immunohistochemistry!!

Placental tissue sections on glass slides were encircled with a hydrophobic Dako pen before 

being blocked to prevent non-specific binding by incubation with IHC block buffer (10% 

newborn goat serum in PBS + 0.5% Tween-20 (PBS-T)) for 1 hour at RT. Primary antibodies 

were diluted in IHC block buffer (antibody dilutions are listed in Table 3.7) and incubated 

with sections for 16 hours at 4°C. Slides were washed in 50ml PBS-T after this and every 

subsequent step. Endogenous peroxidases were quenched with 1% H2O2 in water for 10 

minutes at RT before detecting bound primary antibodies with biotinylated anti-mouse IgG or 

anti-rabbit IgG secondary antibodies, as appropriate, followed by streptavadin-horseradish 

peroxidase (sHRP). Secondary antibodies and sHRP were diluted to 1:300 in IHC block 

buffer and were incubated with sections for 1 hour at RT. The HRP substrate 3-amino-9-

ethylcarbazole was used to stain regions of immunoreactivity before rinsing slides in water 

and counterstaining nuclei with hematoxylin. Slides were submersed in 1% lithium carbonate 

to blue the nuclear stain before mounting sections with Aquatex aqueous mounting medium. 

Sections were visualised on a Nikon Eclipse E400 microscope with NIS-Elements F3.0 

software. 

3.4.5.ii. Immunohistochemistry!to!detect!monoclonal!antiphospholipid!antibodies!

The method for localising monoclonal aPL antibodies was essentially the same as that 

described in Section 3.4.5.i except that incubation with primary antibody was ommitted 

(Figure 3.4). After quenching endogenous peroxidases, the monoclonal aPL antibodies 

present in fixed placental tissue sections were detected by incubation with biotinylated anti-
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mouse IgG secondary antibody, diluted to 1:100 in IHC block buffer, for 1 hour at RT. All 

other steps were as described.  

Monoclonal aPL antibodies were also detected by fluorescent immunohistochemistry (Figure 

3.4). In this procedure, sections were blocked to prevent non-specific binding by incubation 

with IHC block buffer followed by incubation with biotinylated anti-mouse IgG antibody and 

then AlexaFluor 594-conjugated streptavadin. All incubations took place for 1 hour at RT and 

the secondary antibody and AlexaFluor 594-streptavadin were diluted in IHC block buffer to 

1:100 and 1:300 respectively.  Nuclei were counterstained with 10µg/ml Hoechst 33342 for 

10 minutes at RT before mounting sections with AF1 Citifluor mounting medium. Coverslips 

were sealed in place with nail varnish before visualising sections on an Olympus FV1000 

confocal microscope with FV10-ASW 3.0 software. 

3.4.5.iii. Fluorescent!coClocalisation!of!proteins!and!antiphospholipid!antibodies!

To co-localise endogenous placental proteins with monoclonal aPL antibodies, placental 

tissue sections were blocked to prevent non-specific binding as described (Section 3.4.5.i), 

before being incubated overnight at 4°C with a primary antibody (raised in rabbit) plus 

biotinylated anti-mouse IgG secondary antibody, diluted to 1:100 in IHC block buffer. The 

primary antibodies were diluted as outlined in Table 3.7. Following this, AlexaFluor 488-

conjugated anti-rabbit IgG secondary antibody and AlexaFluor 594-streptavadin were both 

diluted to 1:300 in IHC block buffer and applied to each section for 1 hour at RT to detect 

primary antibody and secondary antibody respectively (Figure 3.4). Nuclei were 

counterstained with 10µg/ml Hoechst 33342 before mounting and visualising the sections by 

confocal microscopy as described (Section 3.4.5.ii).  
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3.4.6. Generation!of!extravillous!trophoblast!outgrowths!!

Extravillous trophoblast outgrowths were generated from first trimester placental explants 

using the method of James et al. (2005) with modifications. Specifically, the basement 

membrane matrix Matrigel was thawed on ice and diluted 1:10 in DMEM/F12 medium. 

Wells of a black µClear 96-well tissue culture plate were coated with 50µl/well of 10% 

Matrigel for 30 minutes at 37°C before removing excess Matrigel from each well. Villous 

tips were carefully excised from first trimester placentae using a scalpel and placed into the 

middle of each Matrigel-coated well. The culture plate was incubated at 37°C for 5 minutes 

before addition of 200µL outgrowth medium (Complete trophoblast medium containing 15% 
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Figure 3.4 - Schematic outline of immunohistochemical detection of placental proteins 
and/or antiphospholipid antibodies. 
(A) Proteins in fixed placental tissue sections were detected with primary antibodies, 
biotinylated secondary antibodies and streptavadin horseradish peroxidase (sHRP) which 
catalysed the conversion of 3-amino-9-ethylcarbazole (AEC) to a reddish-brown insoluble 
product. (B) Murine monoclonal aPL antibodies (aPL) present in placental tissue sections were 
detected in a similar manner, except that primary antibody was omitted. Both sHRP and 
AlexaFluor 594-conjugated streptavadin were used to detected bound secondary antibody. (C) 
During fluorescent co-localisation, aPL antibodies were detected with biotinylated anti-mouse 
secondary antibody and AlexaFluor 594-conjugated streptavadin and placental proteins were 
detected with rabbit primary antibody and AlexaFluor 488-conjugated anti-rabbit secondary 
antibody. 
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conditioned medium from previous cultures of extravillous trophoblast outgrowths). 

Outgrowth medium was added slowly to the corner of each well so not to displace the explant 

from the thin coating of Matrigel. To further aid attachment of the villous tip to the Matrigel 

coating, the culture plate was centrifuged at 200g for 1 minute. Villous tips were incubated at 

37°C for 96 hours before being examined for extravillous trophoblast outgrowths using a 

Nikon Eclipse TS100 microscope. 

3.4.7. Culture!of!choriocarcinoma!cell!lines!

Cryovials containing the choriocarcinoma cell lines Jar, JEG or BeWo were removed from 

liquid nitrogen storage and thawed in a 37°C waterbath. Once thawed, cells were transferred 

immediately to 10ml choriocarcinoma culture medium (Advanced DMEM containing 5% 

fetal bovine serum, 1% penicillin/streptomycin) and pelleted by centrifugation at 200g for 10 

minutes. The cell pellets were resuspended in fresh choriocarcinoma culture medium and 

added to cell culture flasks, which were incubated at 37°C in a humidified ambient oxygen 

atmosphere with 5% CO2. Upon reaching 80-90% confluence, Jar, JEG or BeWo were rinsed 

with PBS and detached from the culture flasks by incubation with 1ml Trypsin-EDTA 

(0.25%) for 2-3 minutes. Detached cells were resuspended in 9ml choriocarcinoma culture 

medium, and counted using a haemocytometer. To maintain the choriocarcinoma cultures, a 

tenth of each cell suspension was seeded to a new culture flask containing fresh 

choriocarcinoma culture medium. For use in immunocytochemistry (Section 3.4.9), Jar, JEG 

and BeWo were seeded to wells of a 12-well culture plate containing sterile 12mm2 glass 

coverslips at 50,000 cells/well (Jar and JEG) or 60,000 cells/well (BeWo). To investigate the 

internalisation of aPL antibodies by choriocarcinoma cell lines (Section 3.4.8), Jar, JEG and 

BeWo were seeded to wells of a black µClear 96-well tissue culture plate at 5,000 cells/well 

(Jar and JEG) or 6,000 cells/well (BeWo). Choriocarcinoma cells were cultured at 37°C for 

48 hours prior to immunocytochemistry or treatment with aPL antibodies. 

3.4.8. Investigating!the!internalisation!of!antiphospholipid!antibodies!by!extravillous!

trophoblast!outgrowths!or!choriocarcinoma!cell!lines!

To investigate the internalisation of aPL antibodies by extravillous trophoblasts, extravillous 

trophoblast outgrowths were incubated for 1 hour at 37°C in outgrowth medium containing 

50µg/ml AlexaFluor 568-labelled ID2, IIC5 or control mAb. Following this, extravillous 
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trophoblast outgrowths were rinsed three times with 100µL PBS and visualised while live on 

a Nikon Eclipse Ti inverted microscope with NIS-Elements BR 3.0 software. 

The internalisation of aPL antibodies by extravillous trophoblast outgrowths or 

choriocarcinoma cell lines were also examined by confocal microscopy. For this, Jar, JEG, 

BeWo or extravillous trophoblast outgrowths were incubated for 1 hour at 37°C with 

choriocarcinoma culture medium or outgrowth medium containing 50µg/ml AlexaFluor 568-

labelled ID2, IIC5 or control mAb, or with 10µM CellTracker Red CMTPX. Following this, 

extravillous trophoblast outgrowths and choriocarcinoma cell lines were stained with 

2.5µg/ml CellMask Deep Red Plasma Membrane Stain and 10µg/ml Hoechst 33342 in PBS, 

for 10 minutes at 37°C. Cells were then rinsed in PBS at 4°C and visualised while live on a 

Zeiss LSM 710 inverted confocal microscope with Zen 2010 software. 

3.4.9. Dual!live/permeabilised!immunocytochemistry!

To prepare choriocarcinoma cell lines for immunocytochemistry, Jar, JEG or BeWo were 

grown on coverslips in wells of a 12-well plate (Section 3.4.7). Coverslips were removed 

from the wells using the point of a needle and placed cell side-up on a glass slide. A square 

was drawn around the coverslip with a Dako pen before addition of 0.5ml PBS to wash any 

dead, non-adherent cells from the coverslip. Extravillous trophoblast outgrowths were gently 

rinsed in 100µl PBS in preparation for immunocytochemistry. 

To examine the intracellular or extracellular expression of LDLR family members, RAP, 

and/or β2GPI, choriocarcinoma cell lines or extravillous trophoblast outgrowths were 

incubated with primary antibodies while live, or following fixation and permeabilisation. 

With live cells, primary antibodies had access to extracellular antigens only. With 

fixed/permeabilised cells, primary antibodies had access to both extracellular and 

intracellular antigens. Therefore, the extracellular or intracellular expression of a protein 

could be determined by comparing the staining patterns of live and fixed/permeabilised cells.  

Cells in the live group were first chilled on ice before being blocked to prevent non-specific 

binding by incubation with ICC block buffer (1% BSA in PBS) for 10 minutes at 4°C. 

Primary antibodies were diluted in ICC block buffer (Table 3.7) and applied to cells for 2 

hours at 4°C. Following this and every subsequent step, cells were rinsed with 3 changes of 

PBS. Live cells were then fixed with 4% paraformaldehyde in PBS for 5 minutes at RT. 
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Bound primary antibodies were detected by incubation with biotinylated anti-mouse or anti-

rabbit secondary antibodies, applied as appropriate, followed by sHRP. Secondary antibodies 

and sHRP were diluted to 1:200 in ICC block buffer and were incubated with cells for 1 hour 

at RT. The HRP substrate 3-amino-9-ethylcarbazole was applied to stain areas of 

immunoreactivity before counterstaining and blueing nuclei with hematoxylin and 1% 

lithium carbonate respectively. 

For the fixed and permeabilised group, cells were fixed with 4% paraformaldehyde for 5 

minutes at RT. Fixed cells were permeabilised with 0.5% saponin in PBS for 30 minutes at 

RT before blocking the cells to prevent non-specific binding by incubation with ICC block 

buffer + 0.5% saponin for 10 minutes at RT. Primary antibodies were diluted in ICC block 

buffer + 0.5% saponin (Table 3.7) and applied to cells for 2 hours at 4°C. Following this and 

every subsequent step, the cells were rinsed with 3 changes of PBS + 0.5% saponin. Bound 

primary antibodies were detected as described above for the live group, except that secondary 

antibodies and sHRP were diluted in ICC block buffer + 0.5% saponin. 

Phosphate buffered saline was added to immunostained extravillous trophoblast outgrowths 

which were then visualised on a Nikon Eclipse Ti inverted microscope with NIS-Elements 

BR 3.0 software. The coverslips supporting immunostained Jar, JEG or BeWo were removed 

from the glass slides using the point of a needle and placed cell side-down on a drop of 

Aquatex aqueous mounting medium atop a fresh glass slide. Immunostained choriocarcinoma 

cell lines were then visualised on a Nikon Eclipse E400 microscope with NIS-Elements F3.0 

software. 

3.4.10. Sodium!dodecyl!sulfate!polyacrylamide!gel!electrophoresis!

Proteins were separated electrophoretically in hand-cast SDS-polyacrylamide gels. Sodium 

dodecyl sulfate-polyacrylamide gels were made by polymerising solutions of 4, 10 or 12% 

acrylamide/bis in 0.375M Tris base pH 8.8 and 0.1% SDS with 0.1% w/v ammonium 

persulfate (initiator) and 0.1% v/v tetramethylethylenediamine (catalyst). Gels were 

polymerised between 1mm-spaced glass plates with a Bio-Rad Mini-PROTEAN casting 

stand for single-percentage gels, or with a Bio-Rad Model 485 Gradient Former and Bio-Rad 

Mini-PROTEAN 3 Multi-Casting Chamber for gradient gels. Stacking gels of 3% 

acrylamide/bis, 0.1M Tris base pH 8.8, 0.1% SDS were polymerised with 0.1% w/v 

ammonium persulfate and 0.1% v/v TEMED and set atop single-percentage or gradient gels 
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with combs to generate wells for sample application. Gels were allowed to set for at least 2 

hours before being assembled into the Bio-Rad Mini-PROTEAN Tetra Cell electrophoresis 

unit and immersed in running buffer (25mM Tris base, 192mM glycine, 0.1% SDS).  

Protein samples were prepared for SDS-PAGE by addition of a 1:5 dilution of 5× Laemmli 

buffer (0.3125M Tris base pH 6.8, 10% SDS, 50% glycerol, 25% β-mercaptoethanol, 0.005% 

bromophenol blue), or non-denaturing Laemmli buffer (Laemmli buffer with β-

mercaptoethanol ommitted), depending on the application. Samples were heated in boiling 

water for 5 minutes immediately prior to gel loading.  

Electrophoresis was performed at 100V until the running front neared the bottom of the gel. 

After this, gels were removed from the glass plates and were blotted onto nitrocellulose 

membrane for Western blot analysis (Section 3.4.11) or were stained with Coomassie blue 

stain (0.1% Brilliant Blue G250, 0.1% Brilliant Blue R250, 50% methanol, 10% glacial acetic 

acid) for 2-3 hours at RT with agitation. Coomassie blue-stained gels were destained with 

destain buffer (45% methanol, 10% glacial acetic acid) and rehydrated in water overnight 

before being imaged on a GS-800 calibrated densitometer with Quantity One software. 

Polyacrylamide gels containing AlexaFluor 658-labelled aPL antibodies or control antibodies 

(Section 3.3.2.v) were directly visualised under ultraviolet light on a GelDoc XR System. 

3.4.11. Western!blotting!

Following electrophoresis, SDS-polyacrylamide gels were equilibrated in transfer buffer 

(25mM Tris base, 192mM glycine, 10% methanol) for 20 minutes at RT with agitation. 

Proteins were transferred from the gel to pre-wetted Hybond ECL nitrocellulose membranes 

with a Bio-Rad Criterion Blotter containing plate electrodes. This wet transfer was performed 

at 75V for 50 minutes before disassembling the transfer sandwich and rinsing the membrane 

in PBS-T for 5 minutes at RT with agitation. 

Membranes were blocked to prevent non-specific binding by incubation with WB block 

buffer (5% non-fat milk powder in PBS-T) for 1 hour at RT with agitation. Primary 

antibodies against cytochrome c, cytokeratin 7, β-actin and β2GPI were diluted in WB block 

buffer (Antibodiy dilutions are given in Table 3.7) and incubated with membranes overnight 

at 4°C with agitation. After this and every subsequent step, membranes were covered with 

PBS-T and rinsed for 3×15 minutes with agitation. Primary antibodies were detected with 
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HRP-conjugated anti-mouse IgG secondary antibody, which was incubated with membranes 

at 1:1000 dilution in WB block buffer for 1 hour at RT with agitation. Membranes were again 

washed in PBS-T before applying ECL prime detection reagent for 5 minutes at RT. The 

resultant chemiluminescent signal was visualised using the LAS-3000 imaging system. 

3.4.11.i. Detecting!monoclonal!antiphospholipid!antibodies!by!Western!blotting!

The detection of murine monoclonal aPL antibodies was essentially the same as described for 

cytochrome c, cytokeratin 7, β-actin and β2GPI (Section 3.4.11), except that primary antibody 

was omitted. After blocking non-specific binding, the membranes were probed with HRP-

conjugated anti-mouse IgG secondary antibody, diluted 1:1000, overnight at 4°C before 

proceeding with PBS-T washes and chemiluminescent detection as described (Section 

3.4.11). 

F(ab’)2 fragments of ID2 were detected with biotinylated anti-mouse IgG secondary 

antibodies specific for heavy and light chains, Fab or Fc regions. These secondary antibodies 

were diluted to 1:1000 (Fc-specific) or 1:25,000 (Fab-specific and heavy + light chains) in 

WB block buffer and incubated with membranes for 1 hour at RT with agitation. Membranes 

were washed in PBS-T before applying sHRP diluted to 1:20,000 in WB block buffer for a 

further 1 hour RT with agitation. The membranes were washed in PBS-T before 

chemiluminescent detection as described (Section 3.4.11). 

3.4.11.ii. Western!blot!quantitation!

Lysates of aPL antibody-treated placental explants generated by RIPA lysis or 

homogenisation (Section 3.4.2.ii) were Western blotted to quantify the internalisation of ID2 

or cytosolic cytochrome c levels respectively. To aid accurate quantitation, all RIPA lysates 

were loaded onto SDS-PAGE gels at 15µg protein/well. The loading of homogenised lysates 

was complicated by the constituents of the cytosolic extraction buffer, which were not 

compatible with the BCA Protein Assay Kit, or any other colorimetric determinant of protein 

concentration. Therefore, to load equal amounts of homogenised lysates, the concentration of 

homogenised lysates were estimated from two protein bands on a Coomassie blue-stained 

SDS-polyacrylamide gel (Figure 3.5). The density of the bands, one at 72kDa and one at 

45kDa, were measured by Quantity One software and used to generate an approximate 

protein concentration for each homogenised lysate. This was used to calculate the loading 
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volume for each homogenised lysate when repeating SDS-PAGE for Western blot analysis of 

cytochrome c. 
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Figure 3.5 - The loading volume of homogenised lysates were 
determined by measuring two bands on a Coomassie blue-
stained SDS-polyacrylamide gel. 
Homogenised lysates were separated by a denaturing SDS-PAGE 
gel and stained with coomassie blue. Bands at approximately 72 and 
45kDa (arrows) were measured by densitometry (blue box). The 
band densities were used to calculate a relative protein load for each 
lysate prior to Western blotting for cytochrome c. Abbreviations: 
Da=Daltons, Mw=molecular weight, RF=running front. 
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Membranes probed for ID2 or cytochrome c were simultaneously probed for loading controls 

cytokeratin 7 (non-denatured samples) or β-actin (denatured samples) respectively. The 

density of all immunoreactive bands were measured by densitometry with Quantity One 

software. The band density of ID2 or cytochrome c in each lysate was normalised to the 

density of cytokeratin 7 or β-actin bands to help ensure equal protein loading.  

To decrease the effect of intersample variability between placentae, the normalised band 

densities of ID2 or cytochrome c were expressed relative to an experimental control. For ID2 

quantitation, the experimental control was placental explants treated with ID2 only (in the 

absence of MBCD, CLQN or RAP), and for cytochrome c quantitation, it was placental 

explants treated with control mAb or human control IgG (Section 3.4.2.ii). To decrease the 

effect of variability from the Western blotting technique itself, each lysate was Western 

blotted and quantified three times before taking the average of the three technical replicates.  

3.4.12. Dot!blotting!

The monoclonal aPL antibodies IIC5 and ID2 were tested for their reactivity with β2GPI 

domain deletion mutants by dot blotting. β2 glycoprotein I mutants lacking domain I (DII-V) 

or domain V (DI-IV) were produced as recombinant proteins in Escherichia coli by 

GenScript. The protein sequences of these deletion mutants are shown in Table 3.14. Full 

length plasma-purified β2GPI (Section 3.3.1) and domain deletion mutants DII-V and DI-IV 

were blotted onto Hybond ECL nitrocellulose membranes in a doubling dilution series from 

15 to 0.12µg/well using a Bio-Dot apparatus. Membranes were allowed to dry for at least 1 

hour at RT before being rinsed in PBS-T and blocked to prevent non-specific binding by 

incubation with WB block buffer for 1 hour at RT with agitation. Following this, the 

membranes were incubated with IIC5 or ID2, diluted to 1:75 in WB block buffer, for 1 hour 

at RT with agitation. Bound IIC5 or ID2 were detected with HRP-coupled anti-mouse IgG 

secondary antibody and ECL prime as described above (Section 3.4.11).  

Nitrocellulose membranes containing β2GPI and domain deletion mutants of β2GPI were also 

stained with Coomassie blue stain for 30 seconds to assess the total protein bound to the 

membrane. Coomassie blue-stained membranes were imaged on a GS-800 calibrated 

densitometer with Quantity One software. 

!  
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Domain deletion 
mutant 

Protein sequence 

Abbreviated Full 

β2GPI lacking 
domain I 
(DII-V) 

Arg82-
Cys345 

RVCPFAGILENGAVRYTTFEYPNTISFSCNTGFYLN
GADSAKCTEEGKWSPELPVCAPIICPPPSIPTFATL
RVYKPSAGNNSLYRDTAVFECLPQHAMFGNDTITC
TTHGNWTKLPECREVKCPFPSRPDNGFVNYPAKP
TLYYKDKATFGCHDGYSLDGPEEIECTKLGNWSAM
PSCKASCKVPVKKATVVYQGERVKIQEKFKNGMLH
GDKVSFFCKNKEKKCSYTEDAQCIDGTIEVPKCFK
EHSSLAFWKTDASDVKPC 

β2GPI lacking 
domain V  
(DI-IV) 

Gly20-Ala262 

GRTCPKPDDLPFSTVVPLKTFYEPGEEITYSCKPGY
VSRGGMRKFICPLTGLWPINTLKCTPRVCPFAGILE
NGAVRYTTFEYPNTISFSCNTGFYLNGADSAKCTEE
GKWSPELPVCAPIICPPPSIPTFATLRVYKPSAGNN
SLYRDTAVFECLPQHAMFGNDTITCTTHGNWTKLP
ECREVKCPFPSRPDNGFVNYPAKPTLYYKDKATFG
CHDGYSLDGPEEIECTKLGNWSAMPSCKA 

 

3.4.13. β2!glycoprotein!I!enzymeClinked!immunosorbent!assay!to!measure!the!

concentration!of!antiphospholipid!antibodies!in!the!culture!media!

To determine whether placental explants were capable of depleting the culture medium of 

aPL antibodies, first trimester placental explants with a mean wet weight of 124mg were 

treated with 20µg/ml ID2 or IIC5 in 1.25ml complete trophoblast medium at 37°C for 2 

hours. Fifty microlitres of culture medium was removed from explant cultures at t=0 (before 

addition of the placental explant), 10, 30, 60, 90 and 120 minutes. Culture medium was 

centrifuged at 10,000g for 10 minutes at RT to pellet any cellular debris. The supernatants 

were collected and stored at -80°C until measurement of ID2 or IIC5 by β2GPI enzyme-

linked immunosorbent assay (ELISA).  

For the β2GPI ELISA, plasma-purified β2GPI was coated onto wells of a high-binding ELISA 

plate at 10µg/ml in PBS by incubation overnight at 4°C. After this and every subsequent 

incubation, wells were washed with 3×100µl PBS-T. Non-specific binding was blocked by 

addition of WB block buffer for 1 hour at RT before application of culture supernatants and 

IIC5 or ID2 standards in duplicate wells, also for 1 hour at RT. IIC5 and ID2 standards were 

used to generate a standard curve, starting from 10ng/ml and decreasing in a doubling 

Table 3.14 - Full and abbreviated protein sequences of recombinant β2 glycoprotein I 
domain deletion mutants 
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dilution to 0.16ng/ml. Each culture supernatant was applied to blocked wells after 1:2,500, 

1:5,000, 1:10,000 and 1:20,000 dilutions in WB block buffer, as these dilutions put the 

culture supernatants within the range of the standard curve. Bound IIC5 or ID2 were detected 

with biotinylated anti-mouse IgG secondary antibody followed by sHRP. Both secondary 

antibody and sHRP were diluted to 1:6000 in WB block buffer and incubated with wells for 1 

hour at RT. A colorimetric signal was generated upon addition of oPD buffer (1mg/ml o-

phenylaminediamine dihydrochloride in 0.1M sodium citrate pH 5.5, 0.005% H2O2). This 

reaction was stopped with 10% HCl and the OD read at 492nm using an xMark microplate 

spectrophotometer.  

GraphPad Prism 5.0 software fitted the absorbance values of IIC5 or ID2 standards to a 5PL 

sigmoidal curve from which the concentration of unknowns (diluted culture supernatants) 

were calculated. The concentrations of diluted culture supernatants were multiplied by their 

respective dilution factors and averaged to determine the concentration of ID2 or IIC5 in the 

undiluted culture supernatant. Changes in the concentration of ID2 or IIC5 over the 120 

minute culture period were assessed by repeated measures one-way ANOVA and Dunnett’s 

post-HOC tests on GraphPad Prism 5.0, where P<0.05 was considered significant.  

3.4.14. TwoCstep!β2GPI!immunosorbent!assays!

To determine whether monoclonal aPL antibodies and human aPL antibodies shared common 

epitopes on β2GPI, a β2GPI ELISA was performed in which there were two sequential 

primary antibody incubations. For this two-step β2GPI ELISA, a high-binding ELISA plate 

was coated with β2GPI, washed with PBS-T and blocked to prevent non-specific binding as 

described in section 3.4.13. In the first step, monoclonal aPL antibodies IIC5 or ID2 were 

diluted to 20µg/ml in WB block buffer and incubated with half the plate for 1 hour at RT. 

Wells were washed with 3×100µl PBS-T after this and every subsequent incubation. In step 

two, a doubling dilution series of human aPL antibodies in WB block buffer was applied to 

the whole plate for 1 hour at RT. β2 glycoprotein I-bound human aPL antibodies were 

detected with biotinylated anti-human IgG secondary antibody followed by sHRP. Both 

secondary antibody and sHRP were diluted to 1:2500 in WB block buffer and incubated with 

wells for 1 hour at RT. A colorimetric signal was generated and measured as described in 

section 3.4.13, giving human aPL antibody binding curves in the presence and absence of 

IIC5 or ID2. The inhibitory effect of monoclonal aPL antibodies on the binding of human 
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aPL antibodies to β2GPI was assessed by comparing the area under the human aPL antibody 

binding curve in the presence or absence of monoclonal aPL antibodies by paired Student’s t-

tests on GraphPad Prism 5.0, where P<0.05 was considered significant.  

A two-step fluorescent β2GPI immunosorbent assay was performed to determine whether 

IIC5 and ID2 shared common epitopes on β2GPI. In this assay, a high-binding ELISA plate 

was coated with β2GPI, washed with PBS-T and blocked of non-specific binding as described 

in section 3.4.13. In step one, a doubling dilution series of unlabelled ID2, IIC5 and control 

mAb ranging from 10µg/ml to 0.31µg/ml were prepared and applied to blocked wells in 

duplicate for 1 hour at RT. Following this, and every subsequent incubation, wells were 

washed with 3×100µl PBS-T. In step two, wells were incubated for 1 hour at RT with 

AlexaFluor 568-labelled ID2 at ½VMAX, which was previously calculated to be 7.5µg/ml. 

Wells were washed with PBS-T before measuring bound AlexaFluor 568-labelled ID2 at 

540nm on a Synergy-2 microplate reader. Duplicate values were averaged to give β2GPI 

binding curves for AlexaFluor 568-labelled ID2 in the presence of unlabelled ID2 (positive 

control), control mAb (negative control) or IIC5 (query). The inhibitory effect of unlabelled 

ID2 or IIC5 on the binding of AlexaFluor 568-labelled ID2 to β2GPI was assessed by 

comparing the area under each binding curve by paired Student’s t-tests on GraphPad Prism 

5.0, where P<0.05 was considered significant. 

3.4.15. Fluorescent!β2!glycoprotein!I!immunosorbent!assay!to!assess!fluorescentlyC

labeled!antiphospholipid!antibodies!

To confirm successful labelling of monoclonal and human polyclonal aPL antibodies with 

AlexaFluor 568 (Section 3.3.2.v), labeled aPL antibodies were measured in a fluorescent 

β2GPI immunosorbent assay. In this assay, wells of a high-binding ELISA plate were coated 

with β2GPI, washed with PBS-T and blocked to prevent non-specific binding as described in 

section 3.4.13. AlexaFluor 568-labelled aPL antibodies were then applied to wells in a 

doubling dilution series in WB block buffer for 1 hour at RT before washing wells with PBS-

T, 3×100µl, and measuring bound aPL antibodies at 540nm on a Synergy-2 microplate 

reader. A positive-trending aPL binding curve indicated successful fluorescent labelling 

(Figure 3.6). 

!  
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A

B

C

Figure 3.6 - Fluorescent labelling of murine monoclonal and 
human polyclonal aPLs were assessed by fluorescent β2 
glycoprotein I immunosorbent assay. 
AlexaFluor 568-labelled (A) IgG from six aPL antibody-positive 
patients (human aPL), (B) IIC5 or (C) ID2 were applied to wells of 
a high binding ELISA plate that had been coated with β2GPI. The 
binding of AlexaFluor 568-labelled aPL antibodies were measured 
at 540nm. 
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3.4.16. SemiCcorrelative!light!and!electron!microscopy!

First trimester placental explants were incubated at 37°C with 25µg/ml ID2 or control mAb in 

complete trophoblast medium for 2 or 30 minutes before being rinsed in PBS and fixed in 4% 

paraformaldehyde in 0.1M sodium cacodylate pH 7.4 + 5% sucrose (Takizawa et al., 1998) 

overnight at RT. Fixed placental explants were immobilised in 4% low-gelling temperature 

agarose in PBS before being sectioned into 70µM slices using a vibratome on a low speed, 

high frequency setting.  

Free-floating sections of agarose-embedded placental explants were immunostained in wells 

of a 12-well plate. Non-specific binding was blocked by an overnight incubation with ICC 

block buffer at 4°C. Sections were rinsed in PBS-T, 4×15 minutes, after this and every 

subsequent incubation. Murine mAb were detected by incubation with biotinylated anti-

mouse IgG secondary antibody overnight at 4°C followed by streptavadin-conjugated 

AlexaFluor 594-FluoroNanogold for 2 hours at RT, both diluted 1:300 in ICC block buffer. 

In addition, sections of placenta treated with ID2 for 2 minutes were incubated with 

biotinylated anti-rabbit IgG secondary antibody in place of anti-mouse IgG secondary 

antibody as a negative control. Sections were visualised under white and fluorescent light on 

a Nikon Eclipse Ti inverted microscope with NIS-Elements BR 3.0 software.  

FluoroNanogold was enlarged with a HQ Silver enhancement kit according to the 

manufacturer’s instructions. Specifically, immunostained sections were rinsed in 20mM 

sodium citrate pH 7.0, 3×5 minutes, and then in deionized water, 3×5 minutes. The HQ 

silver enhancement solution was applied to the sections for 3 minutes at RT in a dark room. 

Following this, sections were rinsed in 10 changes of deionized water.  

Silver-enhanced sections were post-fixed in 0.5% osmium tetroxide in 0.1M phosphate buffer 

pH 7.4 for 30 minutes at RT. Sections were then dehydrated by washes in 70% ethanol, 2×5 

minutes, 85% ethanol, 5 minutes, 95% ethanol, 5 minutes, 100% ethanol, 4×5 minutes and 

100% propylene oxide, 2×5 minutes. Dehydrated sections were infiltrated with Agar 100 

Epoxy resin by incubations with 1:2, 1:1, then 2:1 resin:propylene oxide mixtures, each for 1 

hour, followed by an overnight incubation with 100% resin. All dehydration and infiltration 

steps were performed at RT on a rotator. Following infiltration, each section was laid flat on a 

5×5 cm square of Aclar plastic film, covered with a drop of fresh resin, and then a second 

square of Aclar. Each Aclar sandwich was placed between two glass slides to keep the 
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section flat during polymerisation at 60°C for 48 hours. In addition, BEEM capsules were 

filled with fresh resin, overturned onto a separate square of Aclar, and polymerised at 60°C 

for 48 hours to generate a resin block with a flat surface. 

After polymerisation, resin blocks with a flat surface were peeled away from the Aclar and 

excised from the BEEM capsule using a razor blade. The glass slide/Aclar sandwich was 

disassembled by peeling the two squares of Aclar apart, revealing a flat resin-embedded 

placental tissue section. Each flat-resin embedded section was examined using a Nikon 

Eclipse E400 microscope. Areas of interest were excised from the resin-embedded section 

and super-glued onto the flat surface of a polymerised resin block. Each block was trimmed 

to a trapesium using a razor blade before making 1µM sections with a Leica ultramicrotome 

and a glass knife. One micrometer sections were collected onto glass slides, stained with 

toluidine blue for 1 minute, and visualised on a Nikon Eclipse E400 microscope to ensure 

that the placental villi were in the plane of section. Eighty nanometer sections were made 

with a Leica ultramicrotome and a diamond knife and collected onto copper grids. These 

ultra-thin sections were rinsed in deionized water, stained with lead citrate for 2 minutes, and 

rinsed again in deionized water. After drying completely, the lead citrate-stained sections 

were visualised on a Tecnai G2 Spirit TWIN transmission electron microscope with iTEM 

software. 

3.4.16.i. Quantitation!and!statistical!analysis!of!mitochondrial!morphology!and!

FluoroNanogoldClabelled!ID2.!

The location of the syncytiotrophoblast in ultra-thin sections was determined in the 

transmission electron microscope under low magnification and electronically marked on 

iTEM software. The syncytiotrophoblast was then visualised under 30,000× magnification 

and fifteen areas along the length of the syncytiotrophoblast were randomly chosen and 

imaged. These fifteen images were used for quantitative analysis of the distribution of 

mitochondria or FluoroNanogold-labelled ID2 or control mAb in these placental villi.  

Mitochondria, which were distinguishable by their characteristic double membrane and 

cristae, were counted using the manual count tool in Adobe Photoshop CS5. Each 

mitochondrion was classified as having a normal or swollen morphology. Normal 

mitochondria had a continuous outer mitochondrial membrane with no swelling of the 
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intermembrane space, whereas swollen mitochondria had distended intermembrane spaces, 

with cristae that were often collapsed into a U-shape at one pole (Figure 6.8). 

FluoroNanogold-labelled ID2 or FluoroNanogold-labelled control mAb were also counted 

using the count tool in Adobe Photoshop CS5. Each FluoroNanogold spot was classified as 

being associated with mitochondria, vesicular structures, or with structures that were 

unidentifiable. A vesicular structure was any structure enclosed by a single membrane 

(Figure 6.7). 

Statistical differences in the immunogold labelling of different tissues are routinely assessed 

by chi-squared contingency table analysis (Mayhew & Desoye, 2004; Mayhew et al., 2009). 

Chi-squared contingency table analyses were performed in this work to determine whether 

there were statistically significant differences in the subcellular distribution of 

FluoroNanogold-labelled ID2 after placental explant treatment with ID2 for 2 or 30 minutes. 

Differences in the distribution of normal and swollen mitochondria after treatment of 

placental explants with ID2 or control mAb for 2 or 30 minutes were also assessed by chi-

squared contingency table analysis. Chi-squared contingency table analyses were performed 

with GraphPad Prism 5.0 where P<0.05 was considered statistically significant. 

There were two comparisons that were not assessed by a statistical test because chi-squared 

contingency table analysis was not appropriate. Firstly, differences in the subcellular 

distribution of FluoroNanogold-labelled control mAb after treatment of placental explants 

with control mAb for 2 or 30 minutes was not assessed as more than 20% of the subcellular 

compartments had expected counts of less than five (Mayhew & Desoye, 2004; Mayhew et 

al., 2009). Secondly, differences in the subcellular distribution of FluoroNanogold-labelled 

ID2 compared to FluoroNanogold-labelled control mAb were not assessed by chi-squared 

contigency table analysis, as this analysis is inappropriate to use when comparing groups of 

disparate sizes (A. Pili, The Department of Statistics, The University of Auckland, Personal 

communication). 

Finally, a 2-proportion Z-test was used to determine whether normal or swollen mitochondria 

differed significantly in their association with FluoroNanogold-labelled ID2. The Z-statistic 

was calculated manually using the following equation, where ! was the proportion of all 

mitochondria labelled with ID2, !! the proportion of normal mitochondria labelled with ID2 

and !! the proportion of swollen mitochondria labelled with ID2. !! was the total number of 

normal mitochondria, and !! the total number of swollen mitochondria.  
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! = !! − !! − 0

!(1− !)( 1!! +
1
!!)

 

A standard Z-table was used to determine the P value from the calculated Z-statistic, and 

P<0.05 was considered statistically significant. 

3.4.17. High!resolution!respirometry!

First trimester placentae were rinsed in PBS and dissected into four explants of 

approximately 10-30mg wet weight. Placental explants were transported to the laboratory in 

5ml HTK transplant solution on ice. Placental explants were used for high resolution 

respirometry if the time between surgical termination and immersion of the tissue into HTK 

transplant solution was less than 10 minutes. 

Placental explants were incubated for 3 hours at 37°C in complete trophoblast medium 

containing 20µg/ml ID2 or control mAb, or 50µg/ml human aPL antibody or control IgG. 

Following treatment of placental explants with aPL antibodies or control antibodies, each 

placental explant was permeabilised with 50µg/ml saponin in 1ml pre-chilled BIOPS solution 

(2.77mM CaK2EGTA, 7.23mM K2EGTA, 5.77mM Na2ATP, 6.56mM MgCl2·6H2O, 20mM 

taurine, 15mM Na2 phosphocreatine, 20mM imidazole, 0.5mM dithiothreitol, 50mM MES, 

pH 7.1) for 30 minutes at 4°C with gentle agitation. Permeabilised placental explants were 

washed twice in 1ml respiration medium MiRO5 (0.5mM EGTA, 3mM MgCl2·6H2O, 60mM 

K-lactobionate, 20mM taurine, 10mM KH2PO4, 20mM HEPES, 110mM sucrose, 1g/L BSA 

essentially fatty acid free, pH 7.1), for 5 minutes at 4°C with gentle agitation and blot-dried 

on lint-free filter paper before measuring their wet weight. 

Mitochondrial function was interrogated using the high-resolution respirometry system 

Oxygraph-2 K. All experiments were carried out in 2ml MiRO5 at 37°C. Prior to each 

experiment, the polarographic oxygen sensors of the Oxygraph-2 K were calibrated at air 

saturation (oxygen having a solubility of 0.920µM/kPa in MiRO5 at 37°C). Following 

calibration, a permeabilised placental explant was placed into each chamber of the Oxygraph-

2 K which was then supersaturated with oxygen to approximately 350nmol/ml. Oxygen was 

maintained above 200nmol/ml by periodic addition of oxygen through a syringe. Oxygen 

concentration was sampled at 1 second intervals by polarographic oxygen sensors and this 

data was transformed into oxygen flux (pmol/[s*mg]), the negative time derivative of oxygen 
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concentration by DatLab4 software. Input of wet weights into DatLab4 allowed oxygen flux 

to be expressed relative to the mass of placenta within each chamber.  

Oxygen flux was allowed to stabilize before commencing the Substrate Uncoupler Inhibitor 

Titration (SUIT) protocol as described (Hickey et al., 2012) with modifications (Figure 3.7 

and Table 3.15). After addition of each substrate, uncoupling agent or inhibitor, oxygen flux 

was allowed to stabilise before the state-specific oxygen flux was measured with DatLab 4 

software. The oxygen flux after addition of antimycin A (residual oxygen consumption) was 

subtracted from state-specific oxygen fluxes to adjust for background consumption of oxygen 

by the polarographic oxygen sensor or due to oxidative side reactions in the placental explant. 

Differences in state-specific oxygen fluxes between the treatment groups (ID2 versus control 

mAb or human aPL antibody versus control IgG) were assessed by paired Student’s t-tests on 

GraphPad Prism 5.0, where P<0.05 was considered significant. 

 

 

Additive Respirometry state measured 

5mM Pyruvate, 10mM 
glutamate, 2mM malate 

Leak respiration in the presence of complex I 
substrates but no adenylates (LEAK) 

1.25mM Adenosine 5’ 
diphosphate 

Oxidative phosphorylation through complex I 
(OXPHOS I) 

10µM Cytochrome c 

This is usually a quality control for the intactness of 
mitochondria. Stimulation of OXPHOS flux following 
addition of cytochrome c indicates that endogenous 
cytochrome c has been lost from mitochondria 

1µM Rotenone Complex I inhibitor 

10mM Succinate 
Oxidative phosphorylation through complex II 
(OXPHOS II) 

0.5µM Carbonyl cyanide 
p-(trifluoromethoxy) 
phenylhydrazone 

Uncoupled respiration through complex II (Uncoup) 

5µM Antimycin A 
Residual oxygen consumption after inhibition of 
complex III 

2mM Ascorbic acid, 
0.5mM N,N,N’,N’-
tetramethyl-p-
phenylendiamine 

Oxidative phosphorylation through complex IV 
(OXPHOS IV) 

 

! !

Table 3.15 – Respirometry substrate uncoupler inhibitor titration (SUIT) protocol 
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! !
O2 concentration (nmol/ml)

O2 flux per mass [pmol/(s*mg)]
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3.4.17.i. Determination!of!the!extent!of!saponin!permeabilisation!

First trimester placental explants were incubated for 30 minutes at 4°C with 1ml HTK 

transplant solution with or without 50µg/ml saponin. Permeabilised and non-permeabilised 

placental explants were then stained for 30 minutes at 4°C with 10µM CellTracker Green 

CMFDA and 10µg/ml propidium iodide in HTK transplant solution, before being rinsed in 

PBS, and visualised on a Zeiss LSM 710 inverted confocal microscope with Zen 2010 

software. 

3.4.18. Isolation!of!mitochondria!from!human!term!placentae!

Mitochondria were isolated from term placentae within one hour of delivery of the placenta 

according to the method of Gasnier et al. (1993), with modifications. Specifically, 100g of 

villous tissue was dissected from placentae and placed into 100ml mitochondrial buffer A 

(250mM sucrose, 1mM EDTA in 50mM Tris base pH 7.4) at 4°C. Villous tissue was washed 

with 3×100ml mitochondrial buffer A at 4°C, before the villous tissue was dispersed and 

lysed in a Waring blender, 4×5 second pulses, with 30 seconds cooling time between each 

pulse. Blended tissue was passed through a strainer, and the strained liquid was centrifuged at 

1880rpm for 10 minutes at 4°C to pellet unbroken cells and nuclei. The supernatant was 

collected and centrifuged at 9200rpm for 10 minutes at 4°C to pellet mitochondria. The 

mitochondrial pellet was washed three times by resuspension in 5ml mitochondrial buffer B 

(250mM sucrose, 1mM EDTA in 10mM Tris base pH 7.4) at 4°C, and re-centrifugation at 

9200rpm for 10 minutes at 4°C. To ensure the purity of the mitochondrial preparations, 

washed mitochondria were resuspended in 1ml mitochondrial buffer B, pipetted atop a pre-

mixed Percoll separation solution (31% Percoll, 260mM sucrose in 1mM EDTA and 10mM 

Tris base pH 7.4), and centrifuged at 25,700rpm for 45 minutes at 4°C. Mitochondria formed 

a dense band approximately two-thirds of the way down the tube, which was carefully 

collected, resuspended in 15ml mitochondrial buffer B, and centrifuged at 9200rpm for 10 

minutes at 4°C to remove the Percoll. The pellet containing purified mitochondria was 

resuspended in 1ml mitochondrial buffer B.  

Mitochondria resuspended in mitochondrial buffer B were split between two eppendorf tubes 

and pelleted by centrifugation at 10,000g for 10 minutes at 4°C. Mitochondrial pellets were 

processed for electron microscopy (Section 3.4.18.i) or for Western blot analysis of β2GPI 
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expression. For Western blot analysis, mitochondrial pellets were lysed with 1ml RIPA buffer 

for 10 minutes at 4°C before centrifugation at 10,000g for 10 minutes at 4°C. Supernatants 

were collected as mitochondrial lysates which were stored at -80°C until analysis of β2GPI 

expression by Western blotting (Section 3.4.11). 

3.4.18.i. Analysis!of!the!purity!of!mitochondrial!preparations!by!electron!microscopy!

To assess the purity of the isolated mitochondrial preparations, mitochondrial pellets were 

fixed in 2.5% glutaraldehyde in 0.1M phosphate buffer pH 7.3 overnight at 4°C. Fixed 

mitochondrial pellets were washed with 0.1M phosphate buffer pH 7.3, 3×5 minutes, before 

being immobilised in 2% low-gelling temperature agarose in 0.1M phosphate buffer pH 7.3. 

All subsequent steps were performed on a rotator at RT unless otherwise stated. 

Agarose-embedded mitochondrial pellets were post-fixed with 1% osmium tetroxide in 0.1M 

phosphate buffer pH 7.3 for 1 hour before being dehydrated by washes in 50% ethanol, 5 

minutes, 70% ethanol, 5 minutes, 70% ethanol, 5 minutes, 100% ethanol, 3×10 minutes, 

100% propylene oxide, 10 minutes. Dehydrated mitochondrial pellets were infiltrated with 

Agar 100 Epoxy resin as described in section 3.4.16. Following infiltration, mitochondrial 

pellets were transferred to fresh resin and polymerised at 60°C for 48 hours. 

Ultrathin (80nm) sections of resin-embedded mitochondrial pellets were made and collected 

onto copper grids, as described in section 3.4.16. Sections were rinsed in deionized water and 

stained with saturated aqueous uranyl acetate for 30 minutes followed by lead citrate for 4 

minutes. Stained sections were rinsed in deionized water and allowed to dry completely 

before visualisation on a Tecnai G2 Spirit TWIN transmission electron microscope with 

iTEM software. 

!
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Chapter 4. Investigation!of!antiphospholipid!antibody!
internalisation!by!the!first!trimester!syncytiotrophoblast!

!

!

! !

West!coast!pancake!rocks!
First!trimester!placental!explant!

Entrant!–!2012!Biomedical!Imaging!Research!Unit!Image!Competition!
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4.1. Introduction!and!rationale!

The internalisation of aPL antibodies into monocytes and endothelial cells may promote the 

development of pro-inflammatory and/or pro-thrombotic phenotypes in these cells (Galve de 

Rochemonteix et al., 2000; Dunoyer-Geindre et al., 2001; Prinz et al., 2011; 2013). The 

resulting cellular dysfunction may play a role in the formation of thrombi which are 

characteristic of the APS (Prinz et al., 2011; 2013). Antiphospholipid antibodies are thought 

to be internalised by monocytes and endothelial cells by non-specific FcγRII-mediated 

endocytosis and TLR-dependent macropinocytosis, respectively (Alard et al., 2010; Prinz et 

al., 2010; 2013). 

Compared to endothelial cells and monocytes, little is known about the internalisation of 

aPLs by trophoblasts. One previous report has shown that aPL antibodies are present inside 

syncytial nuclear aggregates extruded from aPL antibody-treated placental explants (Chen et 

al., 2009), which suggests that the syncytiotrophoblast (the cell from which syncytial nuclear 

aggregates originate) may internalise aPL antibodies. The work in this chapter was 

undertaken to investigate the existence and the potential mechanism of aPL antibody 

internalisation by the syncytiotrophoblast. 

 

 

 

! !
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4.2. Investigating!the!internalisation!of!human!antiphospholipid!antibodies!

by!the!syncytiotrophoblast!

To investigate the ability of the syncytiotrophoblast to internalise aPL antibodies, first 

trimester placental explants were treated for 15 minutes with AlexaFluor 568-labelled IgG 

fractions from six aPL antibody-positive patients (human aPL antibodies) and two non-

autoimmune controls (control IgG). The placental explants were then visualised by confocal 

microscopy. Three-dimensional renders constructed from confocal optical sections through 

each placental explant demonstrated that human aPL antibodies were concentrated at the 

surface of the explant in what appeared to be the syncytiotrophoblast (Figure 4.1). The aPL 

antibodies from patients three to six  exhibited moderately-strong fluorescence from the 

syncytiotrophoblast (Figure 4.1C-F), whereas the aPL antibodies from patients one and two 

(Figure 4.1A&B) showed strong fluorescence from this cell. In contrast, there was little 

fluorescence observed from the syncytiotrophoblast of placental explants treated with control 

IgG. 

To determine whether human aPL antibodies were present inside, and not just on the surface 

of the syncytiotrophoblast, placental explants treated with human aPL antibodies were also 

visualised under white light and were stained with CellMask, a plasma membrane stain. 

Fluorescently-labelled human aPL antibodies were detected at the periphery of the placental 

explant, underneath the CellMask-stained apical plasma membrane of the 

syncytiotrophoblast, suggesting that they had been internalised by this cell (Figure 4.2). 

!  
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A B

C D

E F

G H

Figure 4.1 - Human polyclonal antiphospholipid 
antibodies were internalised by the syncytiotrophoblast. 
Three-dimensional renderings were constructed from 
confocal optical sections through placental explants treated 
for 15 minutes with 50µg/ml AlexaFluor 568-labelled (A-F) 
human aPL antibodies from patients one through six or (G-
H) control IgG. Images are representative of experiments 
performed with five placentae. Scale bars = 100µm. 
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Figure 4.2 - The presence of human aPL antibodies in the syncytiotrophoblast was 
determined by visualising placental explants under white light and following 
staining of the syncytiotrophoblast plasma membrane. 
Confocal optical sections of placental explants treated for 15 minutes with 50µg/ml 
AlexaFluor 568-labelled human aPL antibodies or control IgG, were merged with images 
taken under white light (not confocal), or with confocal optical sections of the CellMask-
stained apical plasma membrane of the syncytiotrophoblast. Images are representative of 
experiments performed with five placentae. Scale bars = 100µm. 
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4.3. Characterisation!of!murine!monoclonal!antiphospholipid!antibodies!

Since IgG fractions from aPL antibody-positive patients may contain several autoantibodies, 

it was difficult to conclude that the fluorescence observed in the syncytiotrophoblast was due 

to the internalisation of aPL antibodies alone. Therefore, the ability of the syncytiotrophoblast 

to internalise the monoclonal aPL antibodies IIC5 and ID2 was investigated. However, since 

these monoclonal aPL antibodies were derived from β2GPI-immunised mice, it was first 

necessary to confirm that they were adequate models of human aPL antibodies.  

4.3.1. Determination!of!lupus!anticoagulant!activity!

Three aPL antibody subtypes are included as laboratory criteria of the APS; Anticardiolipin 

antibodies, anti-β2GPI antibodies and the lupus anticoagulant (Section 1.3.5). While IIC5 and 

ID2 are classified as both anticardiolipin antibodies and anti-β2GPI antibodies (Chamley et 

al., 2001), it was not known whether they had lupus anticoagulant activity. To investigate 

this, IIC5 and ID2 were assessed for their ability to prolong contact–dependent coagulation in 

a kaolin clotting time assay. Both IIC5 and ID2 prolonged clot development in a 

concentration-dependent fashion (Figure 4.3). At a concentration of 100µg/ml, IIC5 and ID2 

prolonged clotting for 11 and 19 seconds respectively. At the completion of the kaolin 

clotting time assay, clots formed in the absence of aPL antibodies were tight, compared to 

clots formed in the presence of increasing concentrations of aPL antibodies, which were more 

diffuse. Clots tighten over time, providing further evidence that aPL antibodies prolonged 

clot development (Figure 4.3C).  
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Figure 4.3 - Monoclonal antiphospholipid antibodies IIC5 and 
ID2 prolonged the kaolin clotting time. 
To determine lupus anticoagulant activity (A) IIC5 or (B) ID2 were 
tested for their ability to prolong the kaolin clotting time. All points 
represent mean values ± standard deviation across three experimental 
replicates. (C) Photograph showing the tightness of the kaolin clot 
formed after incubation with varying concentrations of IIC5. 
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4.3.2. Investigation!of!the!effect!of!monoclonal!antiphospholipid!antibodies!on!the!

binding!of!polyclonal!antiphospholipid!antibodies!to!β2!glycoprotein!I!

A two-step β2GPI ELISA was used to investigate whether monoclonal aPL antibodies and 

human aPL antibodies recognised similar antigenic epitopes on β2GPI. In this ELISA, 

immobilised β2GPI was incubated with or without monoclonal aPL antibodies IIC5 or ID2 

prior to incubation with a dilution series of IgG fractions from 6 aPL antibody-positive 

patients.  

The monoclonal aPL antibody IIC5 significantly inhibited the binding of aPL antibodies from 

patient four to β2GPI (difference in area under the curve: PTTEST = 0.042) (Figure 4.4A). The 

monoclonal aPL antibody ID2 significantly inhibited the β2GPI binding of aPL antibodies 

from patient one (difference in area under the curve: PTTEST = 0.028), patient two (difference 

in area under the curve: PTTEST = 0.018), patient three (difference in area under the curve: 

PTTEST = 0.005), patient four (difference in area under the curve: PTTEST = 0.001) and patient 

six (difference in area under the curve: PTTEST = 0.047) (Figure 4.4B). That IIC5 and ID2 

were capable of inhibiting the binding of human aPL antibodies to β2GPI suggests that these 

monoclonal aPL antibodies share antigenic epitopes with at least some human aPL 

antibodies.   
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Figure 4.4A - The antiphospholipid antibody IIC5 and polyclonal antiphospholipid 
antibodies from patient four recognised similar epitopes on β2 glycoprotein I. 
A two-step β2GPI ELISA was performed to determine whether IIC5 was antigenically similar to 
antibodies within IgG fractions of six aPL antibody-positive patients. β2 glycoprotein I was 
incubated with (orange line) or without (black line) 20µg/ml IIC5 before applying a dilution series 
of human aPL antibodies. The area under human aPL antibody binding curves in the presence or 
absence of IIC5 were measured and compared by paired Student t-tests where *PTTEST < 0.05. 
Points on the human aPL antibody binding curves represent mean values ± standard deviation of 
experiments conducted in duplicate on four occasions.  

Patient 1 Patient 2

Patient 3 Patient 4

Patient 5 Patient 6

*

Concentration of human aPL antibodies (µg/ml) Concentration of human aPL antibodies (µg/ml)
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Figure 4.4B - The antiphospholipid antibody ID2 and polyclonal antiphospholipid antibodies 
from several patients recognised similar epitopes on β2 glycoprotein I. 
A two-step β2GPI ELISA was performed to determine whether ID2 was antigenically similar to 
antibodies in the IgG fractions of six aPL antibody-positive patients. β2 glycoprotein I was 
incubated with (green line) or without (black line) 20µg/ml ID2 before applying a dilution series of 
human aPL antibodies. The area under human aPL antibody binding curves in the presence or 
absence of ID2 were measured and compared by paired Student t-tests where *PTTEST < 0.05, 
**PTTEST < 0.005. Points on the human aPL antibody binding curves represent mean values ± 
standard deviation of experiments conducted in duplicate on four occasions. 
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4.3.3. Determination!of!the!epitope!specificity!of!IIC5!and!ID2!

The different effects of IIC5 and ID2 on the binding of human aPL antibodies to β2GPI 

suggested that these two monoclonal aPL antibodies recognised distinct epitopes on β2GPI. 

To test this, a fluorescent two-step β2GPI ELISA was performed where immobilised β2GPI 

was incubated with unlabelled IIC5, ID2 or control mAb prior to incubation with AlexaFluor 

568-labelled ID2. As expected, incubation of β2GPI with unlabelled ID2 significantly 

inhibited the binding of AlexaFluor 568-labelled ID2 to β2GPI (difference in area under the 

curve, ID2 versus control mAb: PTTEST = 2.15×10-7) (Figure 4.5). Unlabelled IIC5 also had a 

significant inhibitory effect on the binding of AlexaFluor 568-labelled ID2 to β2GPI 

(difference in area under the curve, IIC5 versus control mAb: PTTEST = 0.006) (Figure 4.5), 

however this inhibitory effect was small compared to unlabelled ID2. Specifically, when 

applied at 10µg/ml, unlabelled ID2 inhibited the binding of AlexaFluor 568-labelled ID2 by 

81% whereas IIC5 inhibited the binding by 16%. The small inhibitory effect of IIC5 on the 

binding of AlexaFluor 568-labelled ID2 suggests that the epitopes of IIC5 and ID2 on β2GPI 

may be close, but are not identical. 

To determine which domain of β2GPI contained the epitopes for IIC5 and ID2, the reactivity 

of these monoclonal aPL antibodies were tested against two recombinant β2GPI deletion 

mutants, one missing domain I (DII-V) and another missing domain V (DI-IV). This involved 

a dot blot, where DII-V, DI-IV and whole plasma-purified β2GPI were immobilised on 

nitrocellulose membrane. Both IIC5 and ID2 bound to plasma-purified β2GPI and to the 

domain deletion mutant lacking domain I. Neither monoclonal aPL antibody bound to the 

domain deletion mutant lacking domain V, suggesting that IIC5 and ID2 recognise epitopes 

within domain V of β2GPI (Figure 4.6A). To ensure this lack of reactivity was not due to low 

concentration of the domain deletion mutant DI-IV on the membrane, membranes were 

stained in parallel with Coomassie blue. This analysis showed that more of the domain 

deletion mutant DI-IV was retained on the membrane than either the domain deletion mutant 

DII-V or plasma-purified β2GPI (Figure 4.6B).  

!  
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Figure 4.5 - Monoclonal antiphospholipid antibodies IIC5 and ID2 
recognised close but not identical epitopes on β2 glycoprotein I. 
To test whether IIC5 and ID2 recognised different epitopes on β2GPI, β2GPI 
was incubated with a dilution series of unlabelled control mAb (black), IIC5 
(orange) or ID2 (green) before applying AlexaFluor 568-labelled ID2 at 
½Vmax (7.5µg/ml). The area under each binding curve was measured and 
compared by paired Student t-tests where *PTTEST < 0.05, ***PTTEST < 0.0005. 
Points represent mean values ± standard deviation of experiments conducted in 
duplicate on three occasions. 
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Figure 4.6 - Monoclonal antiphospholipid antibodies IIC5 and 
ID2 were directed against epitopes within domain V of β2 
glycoprotein I. 
To determine the β2GPI domain specificity of IIC5 and ID2, whole 
plasma-purified β2GPI, or domain deletion mutants lacking domain 
V (DI-IV) or domain I (DII-V) were applied to nitrocellulose 
membranes using a Bio-Dot apparatus, where halving protein 
dilutions were applied to consecutive wells. (A) Nitrocellulose 
membranes were immunoblotted with IIC5 or ID2, or (B) stained 
with Coomassie blue to assess total immobilised protein. Images 
are representative of experiments performed on five seperate 
occasions.  
 



! 152!

4.4. Investigating,the,internalisation,of,monoclonal,antiphospholipid,

antibodies,by,the,syncytiotrophoblast,

The internalisation of monoclonal aPL antibodies by the syncytiotrophoblast, and the time 

course of this interaction, was investigated in placental explants treated with monoclonal aPL 

antibodies or control mAb for 2, 10, 30 or 120 minutes. Following treatment, placental 

explants were fixed, frozen and cryosectioned before detecting internalised antibodies by 

immunohistochemistry (Figure 4.7). Both IIC5 and ID2 were concentrated in the 

syncytiotrophoblast after treatment of placental explants for 2, 10 or 30 minutes. However, in 

placental explants treated for 120 minutes, IIC5 and ID2 were typically absent from the 

syncytiotrophoblast but present in the stromal core of the explants. Both control mAb were 

barely detectable in the syncytiotrophoblast of control mAb-treated placental explants, but 

were present in the stromal core after treatment of placental explants for 30 or 120 minutes.  

Closer inspection of immunostained sections of aPL antibody-treated placental explants 

revealed that IIC5 and ID2 were present heterogeneously throughout the syncytiotrophoblast. 

Specifically, ID2 was detected as apical punctae (Figure 4.8A&B, arrows), as accumulations 

along the basal syncytiotrophoblast membrane (Figure 4.8B, arrowheads), and as 

homogenous staining that spanned the apical-basal depth of the syncytiotrophoblast (Figure 

4.8A, arrowhead). There were also discrete regions of the syncytiotrophoblast which did not 

contain IIC5 or ID2 (Figure 4.8C-E, arrowheads). The monoclonal aPL antibodies were also 

observed in nuclear aggregations of the syncytiotrophoblast, which may have been destined 

for extrusion from the surface of the syncytiotrophoblast (Figure 4.8E&F, arrows).  
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Figure 4.7 – Monoclonal antiphospholipid antibodies IIC5 and ID2 were rapidly 
internalised by the syncytiotrophoblast before trafficking into the stromal core of 
placental explants. 
Placental explants were treated with 25µg/ml monoclonal aPL antibodies ID2 or IIC5 
or two control mAb for 2, 10, 30 or 120 minutes before being fixed, frozen and 
sectioned. Antibodies were localised in cryosections by immunohistochemistry (red) 
and nuclei were counterstained with hematoxylin (blue). Images are representative of 
experiments performed with three placentae. Scale bars = 100µm. 

C
on

tro
l m

A
b 

1
C

on
tro

l m
A

b 
2

M
on

oc
lo

na
l a

P
L 

an
tib

od
y 

ID
2

M
on

oc
lo

na
l a

P
L 

an
tib

od
y 

IIC
5

2 minutes 10 minutes 30 minutes 120 minutes

Treatment length



! 154!

 

! !

Figure 4.8 - Antiphospholipid antibodies IIC5 and ID2 were present non-
uniformly in the syncytiotrophoblast and in nuclear aggregations. 
(A&B) Placental explants were treated with 25µg/ml ID2 for two minutes, 
(C&D) 10 minutes or (E&F) with IIC5 for 10 minutes before being fixed, 
frozen and sectioned. Internalised aPL antibodies were detected by fluorescent 
or enzyme-linked immunohistochemistry (red) and nuclei were stained with 
Hoechst or hematoxylin (blue). Arrows indicate (A&B) apical punctae or 
(E&F) nuclear aggregations of the syncytiotrophoblast. Arrowheads indicate 
(A) apical-basal staining, (B) basal accumulation or (C-E) discrete regions of 
the syncytiotrophoblast where aPL antibodies were absent. Images are collated 
from immunostaining experiments conducted on three placentae. Scale bars =  
20µm. 
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4.4.1. Analysis,of,antiphospholipid,antibody,concentration,in,the,culture,supernatant,

over,time,

The observation that ID2 and IIC5 were absent from the syncytiotrophoblast of most 

placental villi after treatment of placental explants for 120 minutes suggested that IIC5 and 

ID2 may have been depleted from the culture medium over this time period. To investigate 

this, placental explants were treated with 20µg/ml IIC5 or ID2 for up to 120 minutes. 

Samples of the culture media were removed at 0, 10, 30, 60, 80 and 120 minutes and assessed 

for IIC5 and ID2 content by β2GPI ELISA. This analysis demonstrated that although there 

was a significant decrease in the concentration of IIC5 or ID2 after treatment of placental 

explants for 120 minutes (PANOVA = 0.011 and PANOVA = 0.017 respectively), the media was 

not depleted of these aPL antibodies (Figure 4.9). Indeed, the mean concentrations of IIC5 

and ID2 in the culture medium after treatment of placental explants for 120 minutes was 16 

and 18µg/ml respectively. 

  

 

 

! ,
Figure 4.9 - The concentration of monoclonal antiphospholipid antibodies IIC5 and ID2 in 
placental explant culture medium showed a moderate decline over 120 minutes. 
Placental explants were cultured with 20 µg/ml (A) IIC5 or (B) ID2 for 120 minutes. Samples of 
culture medium were periodically removed for measurement of IIC5 or ID2 concentration by 
β2GPI ELISA. Points represent mean ± standard deviation across replicate experiments 
performed with 10 separate placentae. *PANOVA < 0.05. 
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4.5. Investigating,the,mechanism,of,antiphospholipid,antibody,

internalisation,by,the,syncytiotrophoblast,

4.5.1. Examining,the,involvement,of,the,Fcγ,receptor,

Since FcγRII is reported to be involved in the internalisation of aPL antibodies by monocytes 

(Prinz et al., 2011), and since the syncytiotrophoblast expresses two FcγR, FcγRIII and 

FcγRn  (Kristofferson et al., 1990; Kristofferson & Matre, 1996), the role of FcγRs in the 

internalisation of aPL antibodies by the syncytiotrophoblast was investigated. The 

monoclonal aPL antibody ID2 was cleaved with pepsin to generate F(ab’)2 fragments of ID2 

which would not be capable of binding to the FcγR. Western blotting confirmed that this 

preparation contained pure F(ab’)2 fragments of ID2 that were free of Fc domains (Figure 

4.10). The monoclonal aPL antibody IIC5 was not used in this experiment as pepsin cleavage 

required large quantities of whole IgG and IIC5 was low in abundance.  
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Figure 4.10 - The monoclonal antiphospholipid antibody ID2 was cleaved 
with pepsin to generate F(ab’)2 fragments of ID2. 
Whole ID2 and ID2 cleaved with 25µg/ml pepsin for 30 minutes were 
electrophoresed under reducing conditions on a 10% SDS-polyacrylamide gel. 
Gels were (A) stained with Coomassie-blue to assess total protein or (B) 
transferred to nitrocellulose and Western blotted with antibodies against the 
heavy and light chains of IgG, (C) the Fab domain of IgG, or (D) the Fc 
domain of IgG. The position of precision plus molecular weight standards at 
50kDa and 25kDa are indicated. Images are representative of blots obtained on 
three separate occasions.  
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Whole ID2 or ID2 F(ab’)2 fragments were cultured with placental explants which were 

subsequently fixed, frozen and sectioned. Immunohistochemistry revealed that, like whole 

ID2, ID2 F(ab’)2 fragments were internalised by the syncytiotrophoblast (Figure 4.11). That 

the proteolytic removal of the Fc domain of ID2 had no apparent effect on the uptake of ID2 

suggests that the internalisation of aPL antibodies by the syncytiotrophoblast does not involve 

FcγRs. 

 

!

!
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Figure 4.11 - F(ab')2 fragments of ID2 were internalised by the syncytiotrophoblast. 
Placental explants treated for 10 minutes with 25µg/ml (A) ID2 or (B) ID2 F(ab’)2 were fixed, 
frozen and sectioned. Antibodies were detected by immunohistochemistry (red staining) and 
nuclei were counterstained with hematoxylin (blue). Images are representative of experiments 
performed with four separate placentae. Scale bars = 100µm. Insets are magnifications of box-
bounded regions where scale bars = 10µm.  
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4.5.2. Determining,the,antigenBdependence,of,antiphospholipid,antibody,internalisation,

Since FcγRs did not appear to be involved in the internalisation of aPL antibodies, it was 

investigated whether the internalisation of aPL antibodies by the syncytiotrophoblast was 

antigen-dependent. To determine whether aPL antibody internalisation was dependent on 

β2GPI, ID2 and β2GPI were immunolocalised in sections of placental explants treated with 

whole ID2. This demonstrated that ID2 was internalised into the syncytiotrophoblast of those 

placental villi that expressed β2GPI in the syncytiotrophoblast, but not those placental villi in 

which β2GPI was expressed only in the stromal core (Figure 4.12, arrowheads). The 

differential expression of β2GPI in the syncytiotrophoblast did not affect the uptake of a 

control mAb, which was not detected in this cell. ,

Figure 4.12 - The internalisation of antiphospholipid antibody ID2 was dependent on the 
expression of β2 glycoprotein I by the syncytiotrophoblast. 
Placental explants were treated for 2 minutes with 25µg/ml ID2 or control mAb before being 
fixed, frozen and sectioned. Sections were immunostained with antbodies to β2GPI (See table 
3.7; green) and monoclonal antibodies (mAb, red) and nuclei were counterstained with 
Hoechst (blue). Arrowheads indicate villi that did not express β2GPI in the syncytiotrophoblast 
nor internalise ID2. Images are representative of immunostaining experiments performed on 
three separate placentae. Scale bars = 20µm.  
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4.5.3. Investigating,the,internalisation,of,antiphospholipid,antibodies,in,the,presence,of,

inhibitors,of,macropinocytosis,and,the,lowBdensity,lipoprotein,receptor,family,

The dependence on β2GPI for the internalisation of aPL antibodies by the syncytiotrophoblast 

suggested that cell-surface receptors for β2GPI may be involved in the internalisation of aPL 

antibodies.  The LDLR family and the TLRs are two protein families of cell-surface receptors 

which are reported to bind β2GPI (Pennings et al., 2006; Alard et al., 2010). In addition to 

their signalling capabilities, members of the LDLR family and TLRs also promote the 

internalisation of β2GPI by receptor-mediated endocytosis or macropinocytosis respectively 

(Moestrup et al., 1998; Alard et al., 2010).  

To determine whether these receptors were involved in the β2GPI-dependent internalisation 

of aPL antibodies, placental explants were treated with ID2 in the presence or absence of 

RAP, an inhibitor of LDLR family members (Moestrup et al., 1998) or MBCD, a disruptor of 

lipid rafts through which TLRs signal to trigger macropinocytosis (Choi et al., 2009; Alard et 

al., 2010). Some explants were also treated with ID2 in the presence of chloroquine (CLQN), 

an inhibitor of clathrin-dependent endocytosis (Gliemann et al, 1985). The internalisation of 

ID2 by the syncytiotrophoblast was assessed by immunohistochemistry, which revealed that 

RAP and CLQN, but not MBCD, inhibited the internalisation of ID2 by the 

syncytiotrophoblast (Figure 4.13). 

In order to quantify these inhibitory effects, placental explants were also lysed and assessed 

for their content of ID2 by Western blot. Densitometric analysis of Western blots 

demonstrated that at concentrations of 1µM and 5µM, RAP significantly inhibited the 

internalisation of ID2 (PANOVA = 0.048 and PANOVA = 0.002 respectively) (Figure 4.14), 

whereas MBCD had no effect on the internalisation of ID2 at any concentration tested 

(Figure 4.15). Chloroquine significantly inhibited the internalisation of ID2 when used at 

concentrations of 1µM, 10µM and 100µM (PANOVA = 0.037, PANOVA = 0.008 and PANOVA = 

0.026 respectively) (Figure 4.16). These data suggest that aPL antibodies are internalised into 

the syncytiotrophoblast via clathrin-dependent endocytosis involving members of the LDLR 

family. 

 

!  
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Figure 4.13 - Receptor associated protein and chloroquine but not methyl-b-
cyclodextrin inhibited the internalisation of ID2 by the syncytiotrophoblast. 
To characterise the mechanism of internalisation of aPL antibodies into the 
syncytiotrophoblast, placental explants were treated for 30 minutes with (A) 
10µg/ml ID2, (B) 10µg/ml ID2 + 5mM RAP, (C) 10µg/ml ID2 + 1mM MBCD or 
(D) 10µg/ml ID2 + 100mM CLQN. Placental explants were then fixed, frozen, 
sectioned and immunostained to detect ID2 (red). Nuclei were stained with 
hematoxylin (blue). Images are representative of experiments performed with 
three separate placentae. Scale bars = 100 µm. Insets are magnifications of box-
bounded regions where scale bars = 10 µm.  
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Figure 4.14 - The inhibitory effect of receptor associated 
protein on the internalisation of ID2 was quantified by 
western blot. 
(A) Placental explants treated with ID2 only or with ID2 and 
varying doses of RAP were lysed and electrophoresed under 
non-reducing conditions on a 4-12% SDS-polyacrylamide gel. 
Proteins were transferred to nitrocellulose membrane and 
probed with antibodies to murine IgG to detect ID2 and 
cytokeratin 7. (B) ID2 bands were measured by densitometry, 
normalised to the loading control cytokeratin 7 and expressed 
relative to treatment with ID2 only. Points represent each value 
and mean (line) across replicate experiments performed with 
eight separate placentae. *PANOVA < 0.05 and **PANOVA < 
0.005. 
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Figure 4.15 – The inhibitory effect of methyl-β-cyclodextrin 
on the internalisation of ID2 was quantified by western blot. 
(A) Placental explants treated with ID2 only or with ID2 and 
varying doses of MBCD were lysed and electrophoresed under 
non-reducing conditions on a 4-12% SDS-polyacrylamide gel. 
Proteins were transferred to nitrocellulose membrane and probed 
with antibodies to murine IgG to detect ID2 and cytokeratin 7. 
(B) ID2 bands were measured by densitometry, normalised to the 
loading control cytokeratin 7 and expressed relative to treatment 
with ID2 only. Points represent each value and mean (line) 
across replicate experiments performed with eight separate 
placentae.  
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Figure 4.16 – The inhibitory effect of chloroquine on the 
internalisation of ID2 was quantified by western blot. 
(A) Placental explants treated with ID2 only or with ID2 and 
varying doses of CLQN were lysed and electrophoresed under 
non-reducing conditions on a 4-12% SDS-polyacrylamide gel. 
Proteins were transferred to nitrocellulose membrane and 
probed with antibodies to murine IgG to detect ID2 and 
cytokeratin 7. (B) ID2 bands were measured by densitometry, 
normalised to the loading control cytokeratin 7 and expressed 
relative to treatment with ID2 only. Points represent each value 
and mean (line) across replicate experiments performed with 
eight separate placentae. *PANOVA < 0.05. 
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4.5.4. Investigating-the-effect-of-LRP2-knock7down-on-the-internalisation-of-

antiphospholipid-antibodies-

Although RAP inhibits all members of the LDLR family (Hussain et al., 1999), the 

internalisation of β2GPI into epithelial cells of the renal proximal tubule is mediated by just 

one family member, LRP2 (Moestrup et al., 1998). Therefore, it was questioned whether 

LRP2 was the LDLR family member responsible for the β2GPI-dependent internalisation of 

ID2 into the syncytiotrophoblast. To investigate this, the expression of LRP2 in the 

syncytiotrophoblast of placental explants was knocked-down by siRNA-mediated RNA 

interference. Transfection conditions for the delivery of siRNA to the syncytiotrophoblast 

were first optimised by treating placental explants with the fluorescent siRNA Block-iT. This 

demonstrated that although fluorescent siRNA penetrated the syncytiotrophoblast naturally, 

its entry was greatly enhanced by nucleofection, a method of transfection based on 

electroporation (Figure 4.17). 

 

 

 

 

 

A B C

Figure 4.17 - Nucleofection increased the uptake of fluorescent siRNA Block-iT into the 
syncytiotrophoblast of first trimester placental explants. 
Placental explants were cultured overnight in (A) culture medium only, (B) culture medium + 
50nM Block-iT siRNA or (C) culture medium + 50nM Block-iT siRNA following nucleofection. 
Explants were then frozen, sectioned and fixed. Nuclei were stained with Hoechst (blue) before 
examining sections for Block-iT siRNA (green). Images are representative of experiments 
performed on two separate placentae. Scale bars = 50µM. 
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To determine the length of culture required for the knock-down of LRP2 expression in the 

syncytiotrophoblast, fresh placental explants were nucleofected with LRP2-specific siRNA 

and cultured for 24, 48 or 72 hours before being frozen and sectioned. Immunohistochemical 

analysis demonstrated that the expression of LRP2 in the syncytiotrophoblast was visably 

decreased by LRP2-specific siRNA, and that this knock-down was optimal 48 hours post-

nucleofection (Figure 4.18). 
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Figure 4.18 - Knock-down of LRP2 expression in the 
syncytiotrophoblast was optimal 48 hours post-nucleofection. 
Placental explants were left untreated or were nucleofected with a 
pool of 3×100nM LRP2-specific siRNA before being cultured for 
24, 48 or 72 hours. Explants were then frozen, sectioned and fixed. 
The expression of LRP2 was assessed by immunohistochemistry 
(red) and nuclei were counterstained with hematoxylin (blue). 
Images are representative of experiments performed with three 
separate placentae. Scale bars = 50µm. 
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To determine what effect knock-down of LRP2 expression had on the internalisation of aPL 

antibodies, placental explants were nucleofected with a pool of three LRP2-specific siRNA, 

or with control siRNA. Additional explants received no siRNA as an untreated control. After 

48 hours of culture, placental explants were challenged with IIC5 for 60 minutes before being 

frozen and sectioned. The monoclonal aPL antibdody IIC5 was chosen over ID2, as the 

syncytiotrophoblast appeared to internalise less IIC5 than ID2 (Figure 4.7) and thus the 

internalisation of IIC5 was deemed more readily inhibitable. 

Immunohistochemistry revealed that the expression of LRP2 in the syncytiotrophoblast was 

decreased in placental explants nucleofected with LRP2-specific siRNA, but not in those 

placental explants nucleofected with control siRNA or those that were untreated (Figure 

4.19), although this knock-down was not quantified. The expression of another closely-

related LDLR family member, LRP1, was not decreased by nucleofection with LRP2-specific 

siRNA (Figure 4.19), which confirmed that the knock-down of LRP2 expression was 

specific. Despite this, the knock-down of LRP2 expression had no apparent effect on the 

internalisation of IIC5 by the syncytiotrophoblast, as IIC5 was internalised by explants 

nucleofected with LRP2-specific siRNA (Figure 4.19).  

4.5.5. Examining-the-expression-of-LDLR-family-members-in-the-syncytiotrophoblast 

Knock-down of LRP2 expression in the syncytiotrophoblast did not affect aPL antibody 

internalisation, suggesting that other members of the LDLR family may be involved in the 

internalisation of aPL antibodies by the syncytiotrophoblast. Since the expression of LDLR 

family members in the syncytiotrophoblast of first trimester placentae is debated, unknown or 

poorly demonstrated, their expression was assessed here by immunohistochemistry. This 

demonstrated that all five members of the LDLR family were expressed by the 

syncytiotrophoblast, although only one member, LRP1, was expressed strongly on the apical 

membrane of the syncytiotrophoblast (Figure 4.20). The syncytiotrophoblast also expressed 

RAP, which facilitates the folding of LDLR family members in vivo (Hussain et al., 1999).  
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Figure 4.19 – The specific knock-down of LRP2 expression had no effect on the 
internalisation of IIC5 by the syncytiotrophoblast. 
Placental explants were left untreated or were nucleofected with 300nM control siRNA or 
a pool of 3x100nM LRP2 siRNA, cultured for 48 hours and then challenged with 40µg/ml 
IIC5 for 60 minutes. Placental explants were frozen, sectioned and assessed for LRP2 and 
LRP1 expression, or the internalisation of IIC5 by immunohistochemistry (red). Nuclei 
were stained with hematoxylin (blue). Images are representative of experiments performed 
on three separate placentae. Scale bars = 50µM. 
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Figure 4.20 - All members of the LDLR family were expressed by the 
syncytiotrophoblast of first trimester placentae. 
Sections of paraformaldehyde-fixed paraffin-embedded first trimester placentae 
were assessed for expression of LDLR family members by immunohistochemistry. 
(A) Negative control (primary antibody omitted), (B) Positive control (cytokeratin 
7), (C) LRP1, (D) LRP2, (E) VLDLR, (F) ApoER2, (G) LDLR, (H) RAP. 
Arrowheads indicate syncytiotrophoblast. Images are representative of the staining 
observed with five separate placentae. Scale bars = 50µm.  
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4.6. Summary-of-key-findings-

! The syncytiotrophoblast internalised fluorescently-labelled aPL antibodies from six 

aPL antibody-positive patients. The aPL antibodies of two patients exhibited 

particularly strong fluorescence in the syncytiotrophoblast, indicating that not all 

human aPL antibodies were internalized equally.  

! The monoclonal aPL antibodies, IIC5 and ID2, exhibited lupus anticoagulant activity 

and shared epitopes on β2GPI with some human aPL antibodies. IIC5 and ID2 and 

recognised epitopes on domain V of β2GPI that were spatially close but not identical. 

! The monoclonal aPL antibodies, ID2 and IIC5, were rapidly internalised by the 

syncytiotrophoblast where they were detectable after 2, 10 or 30 minutes of placental 

explant culture. The aPL antibodies were observed as punctate, basal, homogenous 

apical-basal and/or patchy staining in this cell. ID2 and IIC5 were also detected in 

nuclear aggregations of the syncytiotrophoblast. 

! After treatment of placental explants for 120 minutes, IIC5 and ID2 were absent from 

the syncytiotrophoblast of most placental villi, despite the fact that the antibodies 

were still concentrated in the culture media. 

! The syncytiotrophoblast internalised F(ab’)2 fragments of ID2. 

! Only those villi expressing β2GPI in the syncytiotrophoblast internalised ID2. 

! The internalisation of ID2 by the syncytiotrophoblast was inhibited by RAP, an 

inhibitor of LDLR family members, and CLQN, an inhibitor of clathrin-dependent 

endocytosis. In contrast, MBCD, a disruptor of TLR-stimulated macropinocytosis, 

had no effect on the internalisation of ID2 by the syncytiotrophoblast. 

! Knock-down of LRP2 expression in the syncytiotrophoblast was achieved 48 hours 

after nucleofecting placental explants with a pool of LRP2-specific siRNA. However, 

the knock-down of LRP2 expression had no apparent effect on the internalisation of 

IIC5 by the syncytiotrophoblast. 

! The syncytiotrophoblast expressed all five members of the LDLR family, but only 

LRP1 was expressed at the apical surface of the syncytiotrophoblast.
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4.7. Discussion-

The penetration of certain autoantibodies into living cells may contribute to the pathogenesis 

of autoimmune disease (Alarcon-Segovia & Ruiz-Arguelles, 1996; Ruiz-Arguelles & 

Alarcon-Segovia, 2001; Lisi et al., 2007). Included among those autoantibodies that penetrate 

cells are aPL antibodies, which are internalised by endothelial cells and monocytes and which 

may, from this intracellular position, contribute to the pathogenesis of thrombotic 

complications of the APS (Galve de Rochemonteix et al., 2000; Dunoyer-Geindre et al., 

2001; Prinz et al., 2011; 2013). The ability of aPL antibodies to penetrate trophoblasts, and 

thus contribute to the development of obstetric APS has been a unexplored avenue of APS 

research. The aim of this chapter was to investigate whether the syncytiotrophoblast, which is 

the major interface between the placenta and aPL antibody-containing maternal blood, was 

capable of internalising aPL antibodies, and to investigate the potential mechanism by which 

this occurs.  

4.7.1. The-syncytiotrophoblast-internalises-human-antiphospholipid-antibodies-

The work in this chapter has demonstrated that like endothelial cells and monocytes, the 

syncytiotrophoblast is capable of internalising aPL antibodies from the culture medium, the 

in vitro equivalent of the maternal blood-containing intervillous space. The internalisation of 

aPL antibodies by the syncytiotrophoblast was demonstrated with fluorescently-labelled 

human aPL antibodies, which were abundant at the periphery of placental villi, beneath the 

CellMask-stained apical membrane of the syncytiotrophoblast (Figure 4.2). The ability of the 

syncytiotrophoblast to internalise aPL antibodies, as reported here, contrasts with one 

previous study which demonstrated that after 1 hour of culture, patient-derived aPL 

antibodies were apparently bound to the surface of artificial syncytiotrophoblast formed in 

vitro from the fusion of term cytotrophoblasts (Di Simone et al., 2000). This discrepancy may 

reflect inherent differences between term and first trimester placentae, or it may reflect 

limitations in the use of in vitro-generated syncytiotrophoblast. Indeed, some IgG 

internalisation would be expected given that the syncytiotrophoblast participates in the 

transplacental transport of maternal IgG to the immunologically naïve fetus (Simister & 

Story, 1997; Fuchs & Ellinger, 2004). In accordance with the transplacental transport of IgG, 



! 171!

control IgG were detected within the syncytiotrophoblast, although were scarse compared to 

patient-derived aPL (Figure 4.1). 

Three-dimensional renderings of placental explants treated with fluorescent human aPL 

antibodies demonstrated that not all human aPL antibodies were internalised equally by the 

syncytiotrophoblast (Figure 4.1). This patient-patient heterogeneity mirrors the findings of a 

placental antibody elution study where one woman’s aPL antibodies were 70,000x more 

concentrated in the placental eluate compared to the serum, yet another woman’s aPL 

antibodies were just 1,500x more concentrated (Chamley et al., 1993). The differential 

internalisation of human aPL antibodies by the syncytiotrophoblast did not appear to be 

related to each patient’s aPL antibody titre, as demonstrated by patient one, whose IgG was 

abundant in the syncytiotrophoblast, despite having the lowest level of anti-β2GPI antibodies 

and second-lowest level of anticardiolipin antibodies among the six aPL antibody-positive 

patients (Table 3.13). Instead, the differential internalisation of aPL antibodies into the 

syncytiotrophoblast may reflect differences in the reactivity of each patient’s aPL antibodies 

for the placenta. The existence of aPL antibodies with diverse reactivities for the placenta is 

conceivable given that aPL antibodies recognise a number of diverse phospholipid binding 

proteins, some of which may not be expressed by the placenta (Section 1.3.3). Despite these 

differences in the internalisation of human aPL antibodies, the human aPL antibodies that 

were present in the syncytiotrophoblast at moderate levels are reported to cause fetal growth 

restriction and resorption in a well characterised murine model of the APS (Girardi et al., 

2004), suggesting that even a low level of aPL antibody internalisation may be detrimental to 

pregnancy. 

4.7.2. Monoclonal-antiphospholipid-antibodies-are-appropriate-models-of-human-

antiphospholipid-antibodies-

Due to the complex nature of the antigen of aPL antibodies, it is difficult to purify these 

antibodies from patient blood. Instead, many researchers resort to using IgG fractions 

containing aPL, as was done here. A limitation of this approach is that several autoantibodies 

may be contained within the polyclonal IgG fractions, which makes it difficult to conclude 

that the fluorescence observed in the syncytiotrophoblast was due to the internalisation of 

aPL antibodies alone. To overcome this limitation, it was investigated whether the 

syncytiotrophoblast was capable of internalising monoclonal aPL antibodies, IIC5 and ID2. 



! 172!

However, before investigating the internalisation of IIC5 and ID2 by the syncytiotrophoblast, 

these monoclonal aPL antibodies were assessed for their suitability as models of human aPL 

antibodies. 

Similar to human aPL antibodies, IIC5 and ID2 are known to affect various aspects of 

trophoblast biology, including trophoblast death, proliferation, differentiation, invasion and 

production of cytokines (Chamley et al., 1998; Quenby et al., 2005; Chen et al., 2009; Mulla 

et al., 2009; Mulla et al., 2010; Carroll et al., 2011). The valid use of IIC5 and ID2 in these 

studies, and in this thesis, is supported by three lines of evidence demonstrating that IIC5 and 

ID2 are good models of human aPL antibodies. Firstly, both IIC5 and ID2 prolonged the 

kaolin clotting time, indicating that they are both lupus anticoagulants (Figure 4.3). The lupus 

anticoagulant activity of IIC5 and ID2 was strong compared to six other monoclonal aPL 

antibodies, which were reported to prolong the kaolin clotting time by an average of 11 

seconds when tested at five-fold higher concentrations (500µg/ml) (Arvieux et al., 1992). 

Since IIC5 and ID2 have also shown reactivity with β2GPI immobilised on cardiolipin or 

irradiated plastic (Chamley et al., 2001), these aPL antibodies now classify as all three aPL 

antibody subtypes that are recognised under the APS, that is, anti-β2GPI antibodies, 

anticardiolipin antibodies and the lupus anticoagulant (Miyakis et al., 2006). The monoclonal 

aPL antibodies are also good models of human aPL antibodies as both IIC5 and ID2 shared 

epitopes on β2GPI with some human aPL antibodies. This was demonstrated by the ability of 

IIC5 or ID2 to inhibit the binding of some human aPL antibodies to β2GPI (Figure 4.4). The 

incomplete inhibition of human aPL antibodies by monoclonal aPL antibodies was expected 

given that human aPL antibodies are polyclonal and will recognise multiple epitopes on 

β2GPI (Shoenfeld et al., 2003). Thirdly, it has been shown that like human aPL antibodies, 

IIC5 and ID2 react with different epitopes on β2GPI. This was evident by the differential 

effect of IIC5 and ID2 on the binding of human aPL antibodies to β2GPI (Figure 4.4), and by 

the finding that unlabelled ID2 and IIC5 had different inhibitory effects on the binding of 

fluorescent ID2 to β2GPI (Figure 4.5). Therefore, the simultaneous use of IIC5 and ID2 is a 

good estimation of the heterogeneity of human aPL antibodies.  

Antiphospholipid antibodies recognise epitopes on all five domains of β2GPI (de Laat et al., 

2008), although there has been considerable interest in those aPL antibodies directed against 

domain I (Iverson et al., 1998; Reddel et al., 2000; McNeeley et al., 2001; de Laat et al., 

2005) or domain V of β2GPI (Hunt & Krilis, 1994; Wang et al., 1995; Yang et al., 1998). 
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Indeed, aPL antibodies directed specifically against domain I of β2GPI are reportedly 

associated with thrombosis, stillbirth and premature birth (de Laat et al., 2009). Statistical 

associations between domain V-directed aPL antibodies and clinical manifestations of the 

APS have not yet been reported. Due to the interest in domains I and V of β2GPI as targets of 

aPL antibodies, β2GPI domain deletion mutants lacking domains I or V were chosen to 

investigate the domain specificity of IIC5 and ID2. Both monoclonal antibodies recognised 

epitopes within the β2GPI domain deletion mutant lacking domain I, but failed to bind to the 

domain deletion mutant lacking domain V, indicating that their antigenic epitopes reside 

within the fifth domain (Figure 4.6). Since the density of β2GPI may be important to allow 

the divalent binding of aPL antibodies (Roubey et al., 1995) (Section 1.3.2), and since 

proteins often show differential adsorption on nitrocellulose, the presence of immobilised 

β2GPI domain deletion mutants were investigated by Coomassie blue-staining. The β2GPI 

domain deletion mutant lacking domain V was in fact the most abundant protein on the 

membrane, indicating that the lack of reactivity between this deletion mutant and the 

monoclonal aPL antibodies was not due to inadequate β2GPI density.  

4.7.3. The-syncytiotrophoblast-internalises-monoclonal-antiphospholipid-antibodies-

Like human aPL antibodies, monoclonal aPL antibodies were internalised by the 

syncytiotrophoblast of first trimester placental explants. The internalisation of monoclonal 

aPL antibodies suggests that it was the aPL antibody component of patient-derived IgG 

fractions that were internalised by the syncytiotrophoblast, and not some other autoantibody. 

Because IIC5 and ID2 were murine antibodies, they were easily distinguished from maternal 

IgG, which is abundant in placental tissue (Wood et al., 1982; Bright & Ockleford, 1995), by 

a secondary antibody reactive with murine IgG. Therefore, monoclonal aPL antibodies could 

be detected by immunohistochemistry, making them a powerful experimental tool in the 

investigation of aPL antibody internalisation. 

Immunohistochemistry demonstrated that monoclonal aPL antibodies were present in the 

syncytiotrophoblast after treatment of placental explants for just 2 minutes (Figure 4.7). At 

this time, ID2 was observed as apical punctae, as homogenous staining throughout the depth 

of the syncytiotrophoblast and as accumulations along the basal syncytiotrophoblast 

membrane (Figure 4.8), perhaps reflecting different stages of a dynamic trafficking process 
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through the syncytiotrophoblast (Esterman et al., 1995). It is noteworthy that ID2 was 

detected basally after such a short culture period since it reportedly takes more than 30 

minutes for non-autoimmune human IgG to traffic through the syncytiotrophoblast into this 

position (Leach et al., 1990). This suggests that the syncytiotrophoblast internalises aPL 

antibodies by a mechanism that is more rapid and is therefore, distinct from that mediating 

the transplacental transport of maternal IgG. 

If the speed of uptake was the only difference between the internalisation of aPL antibodies 

and transplacental transport of IgG, one would expect to detect control mAb in the 

syncytiotrophoblast of placental explants treated with control mAb for 10, 30 or 120 minutes. 

On the contrary, control mAbs were barely detectable in the syncytiotrophoblast throughout 

the two-hour time course, despite having moved through the syncytiotrophoblast and into the 

villous stroma where they were detected after treatment of placenal explants for 30 minutes 

(Figure 4.7). The apparent accumulation of aPL antibodies but not control mAb in the 

syncytiotrophoblast may be explained by two possibilities that are not mutually exclusive;  

a) The amount of aPL antibodies internalised by the syncytiotrophoblast may have been 

greater than the amount of control mAb that was internalised. An attempt was made to 

investigate this possibility by comparing the concentrations of monoclonal aPL 

antibodies and control mAb remaining in the culture supernatant after placental 

explant treatment. While monoclonal aPL antibodies were easily quantifiable by a 

β2GPI ELISA, several technical difficulties prevented the measurement of control 

mAb by a murine antibody ELISA. Therefore, this possibility is yet to be tested 

experimentally.  

b) While trafficking through the syncytiotrophoblast, aPL antibodies may have 

encountered an intracellular antigen and accumulated. This is likely, as aPL 

antibodies reportedly accumulate in endothelial cells and monocytes after meeting the 

endosomal anionic phospholipid lysobisphosphatidic acid (Galve de Rochemonteix et 

al., 2000; Dunoyer-Geindre et al., 2001; Sorice et al., 2002). Further evidence that 

aPL antibodies accumulate in the syncytiotrophoblast by meeting an intracellular 

antigen is presented in Chapter 6. 
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Previous work has demonstrated that the monoclonal aPL antibodies IIC5 and ID2 are 

detectable inside syncytial nuclear aggregates extruded from the syncytiotrophoblast of aPL 

antibody-treated placental explants. However, in that work it was not clear whether the aPL 

antibodies were internalised before or after extrusion of the syncytial nuclear aggregates 

(Chen et al., 2009). The detection of monoclonal aPL antibodies IIC5 and ID2 within nuclear 

aggregations of the syncytiotrophoblast (Figure 4.8), which may represent structures destined 

to be extruded from the surface of the syncytiotrophoblast, suggests that the presence of aPL 

antibodies inside extruded syncytial nuclear aggregates is a consequence of their initial 

internalisation into the syncytiotrophoblast. Therefore, the syncytiotrophoblast is the 

appropriate cell in which to investigate the internalisation of aPL antibodies.  

4.7.4. Antiphospholipid-antibodies-are-internalised-into-the-syncytiotrophoblast-by-an-

Fc7independent-and-antigen7dependent-mechanism-

Many cell penetrating autoantibodies are internalised into live cells via FcγRs (Alarcon-

Segovia et al., 1978; Alarcon-Segovia et al., 1983; Lisi et al., 2007). Indeed, FcγRII may be 

responsible for internalising aPL antibodies into monocytes (Prinz et al., 2011). The 

syncytiotrophoblast expresses two FcγRs; FcγRIII and FcγRn (Kristofferson et al., 1990; 

Kristofferson & Matre, 1996), which may be involved in the transplacental transport of 

maternal IgG across the syncytiotrophoblast (Section 1.6.4.ii). To investigate whether 

FcγRIII or FcγRn mediated the internalisation of aPL antibodies into the syncytiotrophoblast, 

F(ab’)2 fragments of ID2 were generated which lacked Fc domains (Figure 4.10), and which 

would therefore, not be expected to bind to these FcγRs. Like whole ID2, F(ab’)2 fragments 

of ID2 were internalised by the syncytiotrophoblast (Figure 4.11), suggesting that neither 

FcγRIII nor FcγRn were involved in the internalisation of aPL antibodies by the 

syncytiotrophoblast. While it is possible that a small proportion of intact ID2 was transported 

across the syncytiotrophoblast by transplacental IgG transport, the similar immunostaining of 

explants treated with ID2 and ID2 F(ab’)2 demonstrates that the contribution of this pathway 

was negligible. The lack of involvement of FcγRs, as well as the ability of aPL antibodies to 

move rapidly through the syncytiotrophoblast compared to non-autoimmune IgG (Leach et 

al., 1990) (Section 4.7.3), suggests that a distinct, FcγR-independent mechanism is 

responsible for the internalisation of aPL antibodies by the syncytiotrophoblast. 
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Autoantibodies can also penetrate live cells after interacting with their antigen on the cell 

surface (Ma et al., 1993; Alarcon-Segovia et al., 1996; Koscec et al., 1997; Ruiz-Arguelles & 

Alarcon-Segovia, 2000). Complexes of antigen-bound autoantibody are subsequently 

internalised into the cell by an antigen-dependent process (Ma et al., 1993; Koscec et al., 

1997). Since FcγRs did not appear to be involved in the internalisation of aPL antibodies, it 

was hypothesised that the internalisation of aPL antibodies by the syncytiotrophoblast was 

antigen-dependent. Fluorescent co-localisation demonstrated that aPL antibodies were only 

internalised into those placental villi in which β2GPI was present in the syncytiotrophoblast 

(Figure 4.12), suggesting that the internalisation of aPL antibodies by the syncytiotrophoblast 

was an antigen-dependent process.  

The presence of β2GPI in the syncytiotrophoblast of some placental villi (Figure 4.12) may 

reflect the endogenous expression of β2GPI by the syncytiotrophoblast (Chamley et al., 1997; 

Donohoe et al., 2000) or the internalisation of exogenous β2GPI from the serum-containing 

culture medium. Endothelial cells reportedly internalise exogenous human β2GPI (Sorice et 

al., 2002; Alard et al., 2010) and previous work has demonstrated that exogenous β2GPI may 

also be internalised by the syncytiotrophoblast (Viall et al., 2010). That work proposed that 

the syncytiotrophoblast internalised aPL antibodies along with exogenous β2GPI, since the 

internalisation of aPL antibodies could be inhibited by blocking the uptake of exogenous 

β2GPI by treatment with acetylated β2GPI (Viall et al., 2010). However, the inhibitory effect 

of acetylated β2GPI on the internalisation of aPL antibodies was not complete, suggesting 

that endogenously-expressed β2GPI may have been present to mediate the internalisation of 

some aPL antibodies. That work, and the data presented in this chapter, demonstrate that aPL 

antibodies are internalised into syncytiotrophoblast that expresses endogenous β2GPI and/or 

internalises maternal β2GPI. 

Antiphospholipid antibodies and fluid-phase β2GPI do not form immune complexes in the 

blood (Biasiolo et al., 1999). Therefore, for aPL antibodies to be internalised with β2GPI, aPL 

antibodies may first interact with β2GPI on the surface of the syncytiotrophoblast. As 

discussed in Section 1.5.1, the interaction between aPL antibodies and cell-surface β2GPI is 

dependent on the immobilisation of β2GPI on a negatively-charged surface, such as 

phosphatidylserine (Di Simone et al., 2000) or annexin A2 (Zhou et al., 2009). 

Phosphatidylserine is a likely candidate for the immobilisation of β2GPI and aPL antibodies 
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on the surface of the syncytiotrophoblast, as demonstrated by the finding that anti-β2GPI 

antibodies bound to isolated term trophoblasts only once they had syncytialised (Di Simone 

et al., 2000), when they would be exteriorising phosphatidylserine (Katsuragawa et al., 1997). 

Furthermore, the acetylation of β2GPI, which neutralises the protein’s positively-charged 

phospholipid-binding site, prevented the interaction of β2GPI with the syncytiotrophoblast 

(Viall et al., 2010). The ability of acetylated β2GPI to inhibit the internalisation of aPL 

antibodies into the syncytiotrophoblast suggests that formation of a phosphatidylserine-

β2GPI-aPL antibody complex may be a key step in the antigen-dependent internalisation of 

aPL antibodies.  

The potential involvement of phosphatidylserine in the internalisation of aPL 

antibodies/β2GPI may help to explain why aPL antibodies were observed in a patchy fashion 

in the syncytiotrophoblast. Phosphatidylserine exteriorisation on the syncytiotrophoblast, 

which occurs as a conseqence of syncytialisation, is also strikingly patchy, perhaps reflecting 

spatial differences in the growth and aging of this large, dynamic cell (Huppertz et al., 1998; 

Abumaree et al., 2012). The focal exteriorisation of phosphatidylserine may help to explain 

why some placental villi did not immunostain for β2GPI (Figure 4.12) or why monoclonal 

aPL antibodies were observed within discrete regions of the syncytiotrophblast (Figure 4.8). 

If aPL antibodies were internalised into the syncytiotrophoblast at areas of focal 

phosphatidylserine exteriorisation, it would be expected to take some time for the aPL 

antibodies to move through the entire syncytium. Indeed, dextrans with a similar molecular 

weight to IgG (150kDa), diffuse through the syncytiotrophoblast at a rate of just 4µm/minute 

(Gaunt & Ockleford, 1986). Evidently, the movement of aPL antibodies through the entire 

syncytiotrophoblast takes more than 10 minutes, as the patchy distribution of aPL antibodies 

was apparent in placental explants that had been treated with aPL antibodies for 2 or 10 

minutes, but not in those that had been treated for 30 minutes.  

4.7.5. Antiphospholipid-antibody-internalisation-involves-members-of-the-LDLR-family-

and-clathrin7mediated-endocytosis--

Members of the LDLR family and TLRs are two protein families that are known to interact 

with β2GPI (Pennings et al., 2006; Sorice et al., 2007; Alard et al., 2010). Those workers 

interested in the thrombotic complications of the APS have focussed on the role of LDLR 
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family members of TLRs in the transduction of signals from cell-surface aPL 

antibodies/β2GPI, since these interactions initiate intracellular signalling cascades that 

promote the development of pro-thrombotic and pro-inflammatory phenotypes in endothelial 

cells (Raschi et al., 2003), monocytes (Sorice et al., 2007) and platelets (Lutters et al., 2003) 

(Section 1.6.3). Less explored has been the ability of LDLR family members and TLRs to 

mediate or stimulate the internalisation of β2GPI (Moestrup et al., 1998; Alard et al., 2010).  

Toll-like receptors are not typical endocytic receptors, but via signalling through cholesterol-

rich microdomains called lipid rafts, they may stimulate the macropinocytic uptake of 

lipoproteins (Choi et al., 2009), such as β2GPI (Alard et al., 2010). Toll-like receptor-

mediated macropinocytosis may be responsible for the slow and non-specific internalisation 

of aPL antibodies by endothelial cells (Alard et al., 2010; Prinz et al., 2013) (Section 1.6.4.i). 

To investigate whether this pathway was involved in the internalisation of aPL antibodies by 

the syncytiotrophoblast, placental explants were treated with ID2 in the presence of MBCD. 

Methyl-β-cyclodextrin disrupts the lipid rafts through which TLRs signal, and has been 

shown to inhibit the macropinocytic internalisation of β2GPI (Alard et al., 2010) and aPL 

antibodies (Prinz et al., 2013) by endothelial cells. However, MBCD had no effect on the 

internalisation of ID2 by the syncytiotrophoblast (Figures 4.13 & 4.15), suggesting that TLR-

stimulated macropinocytosis was not involved in the internalisation of aPL antibodies into the 

syncytiotrophoblast. This result is in line with the speed with which the syncytiotrophoblast 

internalised aPL antibodies, as well as the fact that unlike endothelial cells, the 

syncytiotrophoblast does not express members of the TLR family (Kumazaki et al., 2004; 

Abrahams et al., 2004).  

Members of the LDLR family mediate the clathrin-dependent endocytosis of a wide range of 

structurally diverse ligands, including β2GPI (Moestrup et al., 1998; Hussain et al., 1999). To 

investigate the involvement of LDLR family members in the internalisation of aPL 

antibodies/β2GPI by the syncytiotrophoblast, placental explants were treated with ID2 in the 

presence of RAP. Receptor associated protein is a chaperone protein typically found in the 

endoplasmic reticulum where it binds and assists the folding of members of the LDLR family 

(Hussain et al., 1999). When added exogenously, RAP is an antagonist of the binding of 

LDLR family members to β2GPI (Pennings et al., 1996), and can inhibit the internalisation of 

β2GPI by epithelial cells of the renal proximal tubule (Moestrup et al., 1998). Addition of 

exogenous RAP decreased the internalisation of ID2 by the syncytiotrophoblast (Figures 4.13 
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& 4.14), presumably through it’s inhibitory effect on the binding of β2GPI to LDLR family 

members. The internalisation of ID2 was also decreased by CLQN, an inhibitor of clathrin-

dependent endocytosis (Glieman et al., 1985) (Figures 4.13 & 4.16). The inhibitory effect of 

chloroquine demonstrated that it was the direct endocytic function of LDLR family members, 

rather than an indirect effect via downstream signalling, that was responsible for the 

internalisation of aPL antibodies by the syncytiotrophoblast. 

Low-density lipoprotein receptor-related protein 2 is a member of the LDLR family that 

mediates the internalisation of β2GPI into epithelial cells of the renal proximal tubule 

(Moestrup et al., 1998). An siRNA-mediated knock-down approach was used to investigate 

whether LRP2 was also involved in the β2GPI-dependent internalisation of ID2 by the 

syncytiotrophoblast. The knock-down was performed on placental explants instead of 

syncytialised trophoblast cell lines, despite cell lines being easier to transfect and manipulate 

(Rosario et al., 2012), in order to best model the syncytiotrophoblast as it exixts in vivo. 

Using a previously characterised method of nucleofection (Forbes et al., 2009), placental 

explants were transfected with a pool of three LRP2-specific siRNAs. Pooling was used to 

minimise the off-target effects of siRNA (Rosario et al., 2012), which was further controlled 

for by the use of a control siRNA. Compared to nucleofection with control siRNA, 

nucleofection with LRP2-specific siRNA resulted in a substantial, although not complete, 

knock-down of LRP2 expression in the syncytiotrophoblast, but this had no apparent effect 

on the internalisation of IIC5 into the syncytiotrophoblast (Figure 4.19). There are three 

possible reasons why knock-down of LRP2 expression had no apparent effect on the 

internalisation of IIC5: 

1) The knock-down of LRP2 expression was incomplete, suggesting that there may have 

been some LRP2 present in the syncytiotrophoblast to mediate the internalisation of 

IIC5 over the one hour treatment. A shorter treatment time may have been more 

appropriate to visualise the effect of partial LRP2 knock-down on the internalisation 

of IIC5, which in light of the other data presented in this chapter, is clearly a rapid 

process. 

2) The internalisation of aPL antibodies may be a redundant process involving more than 

one member of the LDLR family. Although LRP2 is the only LDLR family member 

currently known to mediate endocytosis of β2GPI, β2GPI can bind to other family 

members including VLDLR, ApoER2, LRP1 and the LDLR (Pennings et al., 2006). 



! 180!

Moreover, immunohistochemical analysis has demonstrated that all LDLR family 

members are expressed by the syncytiotrophoblast (Figure 4.20), where they could 

potentially mediate the internalisation of aPL antibodies. Indeed, LRP1, which binds 

with high affinity to β2GPI (Pennings et al., 2006), was particularly abundant on the 

apical plasma membrane of the syncytiotrophoblast and may have been a more 

appropriate target than LRP2 for siRNA-mediated knock-down. 

3) It is also possible that the knock-down of LRP2 expression was not significantly 

different from LRP2 expression in control placental explants, since the knock-down 

of LRP2 expression was not quantified. Quantification of LRP2 knock-down by Real 

time-PCR or Western blotting would have been useful to confirm that the partial 

knock-down observed by immunohistochemistry was a significant finding. 

Therefore, although it was not possible to implicate LRP2 in the internalisation of IIC5 by the 

syncytiotrophoblast, the available evidence suggests that members of the LDLR family are 

plausible candidate receptors for the clathrin-dependent endocytosis of phosphatidylserine-

β2GPI-aPL antibody complexes. 

Details of the interactions between phosphatidylserine, β2GPI, aPL antibodies and members 

of the LDLR family are currently unknown. It is probable that the first step in formation of 

this phospholipid-protein complex is the binding of β2GPI to phosphatidylserine via the 

phospholipid binding site on domain V of β2GPI, since the binding of β2GPI to 

phosphatidylserine not only renders β2GPI antigenic for aPL antibodies (Matsuura et al., 

1994; Roubey et al., 1995; Chamley et al., 1999), it also increases the affinity of β2GPI for 

LDLR family members (Moestrup et al., 1998; Lutters et al., 2003; Maiti et al., 2008). 

Therefore, by binding to both aPL antibodies and LDLR family members, 

phosphatidylserine-bound β2GPI may act as a bridge that physically joins aPL antibodies to 

these endocytic receptors (Figure 4.21). 

Since aPL antibodies recognise multiple epitopes on β2GPI, especially within domains I and 

V (Shoenfeld et al., 2003; de Laat et al., 2008), there may be occasions when the binding sites 

for aPL antibodies and LDLR family members overlap. Members of the LDLR family bind to 

a site on the fifth domain of β2GPI, close to β2GPI’s phospholipid binding site (Pennings et 

al., 2006; Beglov et al., 2009), although LRP1 may also recognise another site on the first 

domain of β2GPI (Pennings et al., 2006; Maiti et al., 2008). Antiphospholipid antibodies that 
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recognise epitopes on β2GPI that overlap with either binding site of the LDLR family 

members may not be capable of forming a complex between aPL antibodies, β2GPI, 

phosphatidylserine and LDLR family members due to the possibility of stearic hindrance 

(Figure 4.21), and therefore, these aPL antibodies may not be internalised by the mechanism 

described in this chapter. The potential existence of aPL antibodies that are incompatible with 

LDLR family member-mediated internalisation may help to explain the moderate 

internalisation of some human aPL antibodies by the syncytiotrophoblast (Figure 4.1). The 

internalisation of monoclonal aPL antibodies IIC5 and ID2 suggests that the location of their 

epitopes on domain V of β2GPI were spatially distinct to the binding site of LDLR family 

members, although further work is required to confirm this.  

The involvement of LDLR family members in the internalisation of aPL antibodies raises the 

possibility that the lack of aPL antibodies in the syncytiotrophoblast after treatment of 

placental explants for 120 minutes (Figure 4.7) was due to downregulation of LDLR family 

members, or other changes in the clathrin-dependent endocytic process. Certainly, the lack of 

aPL antibodies in the syncytiotrophoblast at this time could not be attributed to depletion of 

aPL antibodies, as the concentration of both monoclonal aPL antibodies in the culture media 

was still high after 120 minutes of explant culture (Figure 4.9). Although the exact cause of 

this observation is yet to be determined, it is interesting to consider the consequences that 

changes in the expression and/or function of LDLR family members may have on 

syncytiotrophoblast biology. Indeed, an effect on the LDLR-mediated uptake of cholesterol-

containing LDL (Fuchs & Ellinger, 2004), may explain why aPL antibodies are capable of 

decreasing placental steroidogenesis (Pantham, PhD thesis 2014). -
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Figure 4.21 – The location of an antiphospholipid antibody’s epitope on β2 
glycoprotein I may determine whether that antibody is internalised by members 
of the LDLR family. 
Phosphatidylserine-bound β2GPI is hypothesised to form a physical bridge between 
aPL antibodies and members of the LDLR family. Antiphospholipid antibodies 
directed against (A) domain V or (B) domain I of β2GPI may bind to an epitope that 
is distinct to the LDLR family member binding site (left), or to an epitope that 
overlaps with the the LDLR family member binding site (right). Those aPL 
antibodies on the right may not be internalised by LDLR family members. Note: 
LRP1 is depicted as the receptor in (B) as it is the only LDLR family member known 
to interact with the first domain of β2GPI.  
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4.8. Conclusion-

The work in this chapter has demonstrated that the syncytiotrophoblast of first trimester 

placental explants rapidly internalises human polyclonal and murine monoclonal aPL 

antibodies during short-term in vitro culture. Antiphospholipid antibodies were internalised 

into the syncytiotrophoblast by an antigen-dependent mechanism that was distinct to the 

transplacental transport of non-autoimmune maternal IgG, and the non-specific uptake of aPL 

antibodies by endothelial cells and monocytes, which involves TLR-stimulated 

macropinocytosis and FcγRII-mediated endocytosis respectively. In the syncytiotrophoblast, 

phosphatidylserine-bound β2GPI may physically bridge aPL antibodies to members of the 

LDLR family, which subsequently mediate internalisation of the phosphatidylserine-β2GPI-

aPL antibody complex by clathrin-dependent endocytosis (Figure 4.22). Several members of 

the LDLR family may be involved in this endocytic process, although LRP1 has emerged as 

an attractive candidate for future investigations.  

The internalisation of aPL antibodies into the syncytiotrophoblast offers a novel perspective 

on the interactions between aPL antibodies and the placenta, which were hitherto believed to 

take place at the surface of the syncytiotrophoblast. Compared to cell surface-restricted aPL 

antibodies, internalised aPL antibodies have access to a much wider range of cellular antigens 

and processes. The ability of internalised aPL antibodies to exert detrimental effects on these 

intracellular antigens and to affect the death of the syncytiotrophoblast will be explored in 

Chapter 6.  

 

! -
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Figure 4.22 – The syncytiotrophoblast may internalise antiphospholipid antibody–
β2 glycoprotein I–phosphatidylserine complexes by clathrin-dependent 
endocytosis. 
Phosphatidylserine exteriorised on the apical membrane of the syncytiotrophoblast 
(STB) may immobilise placentally-expressed β2GPI (not shown) or maternal β2GPI that 
is present in the intervillous space. Phosphatidylserine-bound β2GPI may interact with 
both aPL antibodies and members of the LDLR family, the latter of which are expressed 
by the syncytiotrophoblast. Members of the LDLR family may then mediate clathrin-
dependent endocytosis of the phosphatidylserine-β2GPI-aPL antibody complex, 
resulting in the internalisation of aPL antibodies by the syncytiotrophoblast. 
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Chapter 5. Investigating*the*internalisation*of*antiphospholipid*
antibodies*by*villous*cytotrophoblasts,*extravillous*trophoblasts,*

choriocarcinoma*cell*lines*and*term*syncytiotrophoblast*
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5.1. Introduction*and*rationale*

The work described in Chapter 4 demonstrated that the syncytiotrophoblast rapidly 

internalises aPL antibodies by an endocytic mechanism involving a member/s of the LDLR 

family. While the syncytiotrophoblast forms the major point of contact between aPL 

antibody-containing maternal blood and the placenta, there are several other trophoblasts that 

may be exposed to aPL antibodies (either in situ or in vitro), and therefore, may internalise 

aPL antibodies in a manner similar to the syncytiotrophoblast.  

One population of trophoblasts that may internalise aPL antibodies are extravillous 

trophoblasts. Extravillous trophoblasts in cell columns or lining spiral arteries are, like the 

syncytiotrophoblast, in direct contact with aPL antibody-containing maternal blood in vivo. 

Conversely, villous cytotrophoblasts are seperated from maternal blood in the intervillous 

space by the syncytiotrophoblast, but may encounter aPL antibodies as they traffic from the 

syncytiotrophoblast into the villous stroma (Section 4.4). Antiphospholipid antibodies may 

also be internalised by the choriocarcinoma cell lines Jar, JEG and BeWo, which are known 

to be affected by aPL antibodies in vitro (Adler et al., 1995; Rand et al., 1997a; 2010; Vogt et 

al., 1997; Chamley et al., 1998; Blank et al., 2007) (Section 1.4.2), where they are directly 

exposed to aPL antibodies in the culture medium. 

The aim of the work in this chapter was to determine whether extravillous trophoblasts, 

villous cytotrophoblasts and choriocarcinoma cell lines Jar, JEG and BeWo were capable of 

internalising aPL antibodies. The internalisation of aPL antibodies by the syncytiotrophoblast 

of term placental explants was also investigated, as the term placenta is functionally and 

structurally different to the first trimester placenta. Finally, the expression of LDLR family 

members and their chaperone protein RAP by the different trophoblast populations was 

investigated in order to further understand the role of the LDLR family in the internalisation 

of aPL antibodies. 

!  
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5.2. Investigating*the*internalisation*of*antiphospholipid*antibodies*by*

term*syncytiotrophoblast**

The internalisation of monoclonal aPL antibodies by term syncytiotrophoblast was 

investigated in term placental explants treated with monoclonal aPL antibodies or control 

mAbs for 2, 10, 30 or 120 minutes. Treated placental explants were fixed, frozen and 

cryosectioned before detecting the murine antibodies by immunohistochemistry. The 

monoclonal aPL antibody ID2 was abundant in the syncytiotrophoblast of placental explants 

treated for 2, 10, 30 and 120 minutes, and was first detected in the villous stroma after 

treatment of placental explants for 10 minutes (Figure 5.1). The monoclonal aPL antibody 

IIC5 was also detected in the villous stroma after treatment of placental explants for 10 

minutes, but did not appear to be as abundant as ID2 in the syncytiotrophoblast of treated 

placental explants (Figure 5.1). Control mAbs were not observed in the syncytiotrophoblast 

of control mAb-treated placental explants, but were first detected in the stromal core after 

treatment of placental explants for 10 minutes (Figure 5.1).   

5.2.1. Examining*the*expression*of*LDLR*family*members*and*RAP*by*term*

syncytiotrophoblast*

The expression of members of the LDLR family and RAP were assessed by 

immunohistochemistry, which revealed that ApoER2, LDLR, VLDLR, LRP1 and LRP2 were 

all expressed by the syncytiotrophoblast (Figure 5.2). Low-density lipoprotein receptor 

related protein 1 was expressed uniformly and abundantly along the apical membrane of term 

syncytiotrophoblast (Figure 5.2). The syncytiotrophoblast of term placentae also expressed 

RAP (Figure 5.2). 
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Figure 5.1 – Monoclonal antiphospholipid antibodies but not control monoclonal 
antibodies were internalised by term syncytiotrophoblast. 
Term placental explants were treated with 25µg/ml monoclonal aPL antibodies or 
control mAbs for 2, 10, 30 or 120 minutes before being fixed, frozen and sectioned. 
Antibodies were localised in cryosections by immunohistochemistry (red) and nuclei 
were counterstained with hematoxylin (blue). Images are representative of experiments 
performed with three placentae. Scale bars = 100µm. 

C
on

tro
l m

A
b 

1
C

on
tro

l m
A

b 
2

M
on

oc
lo

na
l a

P
L 

an
tib

od
y 

ID
2

M
on

oc
lo

na
l a

P
L 

an
tib

od
y 

IIC
5

2 minutes 10 minutes 30 minutes 120 minutes

Treatment length



! 189!

! !

Figure 5.2 – All members of the LDLR family and RAP were expressed by 
the syncytiotrophoblast of term placentae. 
Sections of paraformaldehyde-fixed paraffin-embedded term placentae were 
assessed for expression of LDLR family members or RAP by 
immunohistochemistry. (A) Negative control (primary antibody omitted), (B) 
positive control (cytokeratin 7), (C) LRP1, (D) LRP2, (E) apoER2, (F) LDLR, 
(G) VLDLR, (H) RAP. Images are representative of the staining observed with 
three term placentae. Scale bars = 100µm (main image) and 20µm (higher 
magnification insets). 
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5.3. Investigating*the*internalisation*of*antiphospholipid*antibodies*by*

villous*cytotrophoblasts**

The ability of villous cytotrophoblasts to internalise aPL antibodies was examined in first 

trimester placental explants, where villous cytotrophoblasts were easily identifiable as a 

continuous layer beneath the syncytiotrophoblast. Fluorescent and enzyme-linked 

immunohistochemistry on sections of aPL antibody-treated placental explants revealed that 

villous cytotrophoblasts did not internalise the monoclonal aPL antibodies ID2 (Figure 5.3) 

or IIC5, even after treatment of placental explants for 120 minutes, when aPL antibodies were 

present in the villous stroma. Unstained villous cytotrophoblasts were clearly distinguishable 

from the overlying syncytiotrophoblast, where the monoclonal aPL antibody ID2 was 

abundant (Figure 5.3A&B). Thin projections of ID2-positive staining were often observed 

between adjacent villous cytotrophoblasts (Figure 5.3C, arrowheads). Villous 

cytotrophoblasts did not internalise control mAb (Figure 5.3D). 

5.3.1. Examining*the*expression*of*LDLR*family*members*and*RAP*by*villous*

cytotrophoblasts*

The expression of LDLR family members and RAP by villous cytotrophoblasts was assessed 

by immunohistochemistry on sections of first trimester placentae. This demonstrated that 

LRP1, LRP2, apoER2, LDLR and VLDLR were expressed by villous cytotrophoblasts 

(Figure 5.4). Villous cytotrophoblasts also expressed RAP (Figure 5.4). 

! !
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Figure 5.3 – Villous cytotrophoblasts did not internalise monoclonal 
antiphospholipid antibodies. 
First trimester placental explants treated with 25µg/ml ID2 for (A&B) 30 minutes 
or (C) 10 minutes, or with (D) 25µg/ml control mAb for 10 minutes, were fixed, 
frozen and sectioned. Internalised antibodies were detected by enzyme-linked or 
fluorescent immunohistochemistry (red) and nuclei were stained with 
hematoxylin or Hoechst (blue). Arrowheads indicate (A, B&D) unstained 
cytotrophoblasts or (C) projections of ID2 staining between cytotrophoblasts. 
Images are collated from immunostaining experiments conducted on three 
placentae. Scale bars = 20µm unless stated otherwise. 
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Figure 5.4 – All members of the LDLR family and RAP were 
expressed by villous cytotrophoblasts. 
Sections of paraformaldehyde-fixed paraffin-embedded first 
trimester placentae were assessed for expression of LDLR family 
members or RAP by immunohistochemistry. (A) Negative control 
(primary antibody omitted), (B) positive control (cytokeratin 7), 
(C) LRP1, (D) LRP2, (E) VLDLR, (F) apoER2, (G) LDLR, (H) 
RAP. Images are representative of the staining observed with four 
separate placentae. Scale bars = 20µm. 
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5.4. Investigating*the*internalisation*of*antiphospholipid*antibodies*by*

extravillous*trophoblasts*

When first trimester placental explants are placed onto a basement membrane matrix, 

extravillous trophoblasts can grow out from the explant, through the matrix. If the matrix 

layer is thin, the extravillous trophoblasts form a two-dimensional outgrowth (James et al., 

2005) which can be visualised by microscopy. 

To investigate the ability of extravillous trophoblasts to internalise aPL antibodies, 

extravillous trophoblast outgrowths were treated with AlexaFluor 568-labelled monoclonal 

aPL antibodies or control mAb before being visualised by fluorescent microscopy (Figure 

5.5). Fluorescently-labelled monoclonal aPL antibodies ID2 and IIC5 were abundant in the 

syncytiotrophoblast of placental explants, but were not internalised by extravillous 

trophoblasts which grew out of the placental explants. Similarly, fluorescently-labelled 

control mAb were not internalised by extravillous trophoblasts, which were similar in 

appearance to those extravillous trophoblast outgrowths that were untreated (Figure 5.5). 

To further investigate the interactions between aPL antibodies and extravillous trophoblasts, 

extravillous trophoblast outgrowths were treated with AlexaFluor 568-labelled ID2, IIC5 or 

control mAb or with CellTracker Red CMTPX. CellTracker Red CMTPX is a cytoplasmic 

stain that was used to indicate an intracellular staining pattern that would be consistent with 

the internalisation of fluorescently-labelled aPL antibodies. The extravillous trophoblasts 

were counterstained with CellMask plasma membrane stain and Hoechst nuclear stain before 

being visualised by confocal microscopy. Confocal microscopy demonstrated that 

fluorescently-labelled IIC5, but not ID2 nor control mAb, was present on the surface of 

extravillous trophoblasts where it co-localised with the CellMask-stained plasma membrane 

(Figure 5.6). The distribution of fluorescently-labelled IIC5 on extravillous trophoblasts was 

distinct to the cytoplasmic stain CellTracker Red CMTPX (Figure 5.6), further demonstrating 

that extravillous trophoblasts did not internalise aPL antibodies. 

! !
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Figure 5.5 – Antiphospholipid antibodies are internalised by the 
syncytiotrophoblast but not by extravillous trophoblasts. 
Extravillous trophoblast outgrowths were treated with 50µg/ml AlexaFluor 
568-labelled ID2, IIC5 or control mAb for 1 hour before being visualised by 
fluorescent microscopy. Images taken under fluorescent light (left) were 
merged with phase contrast images (right). Images are representative of 
experiments performed on extravillous trophoblast outgrowths from five first 
trimester placentae. E = placental explant. Scale bars = 100 µm. 
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Figure 5.6 – The antiphospholipid antibody IIC5 bound to the plasma membrane of 
extravillous trophoblasts. 
Extravillous trophoblast outgrowths treated with 10µM CellTracker Red CMTPX or 
50µg/ml AlexaFluor 568-labelled ID2, IIC5 or control mAb (red) for 1 hour were stained 
with CellMask (green) and Hoechst (blue) before being visualised by confocal 
microscopy. Images are representative of experiments performed on extravillous 
trophoblast outgrowths from three first trimester placentae. Scale bars = 50µm. 
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5.4.1. Examining*the*expression*of*β2GPI,*LDLR*family*members*and*RAP*by*extravillous*

trophoblasts*

To examine the expression of β2GPI, LDLR family members and RAP by extravillous 

trophoblasts, extravillous trophoblast outgrowths were immunostained while they were live, 

or following paraformaldehyde-fixation and permeabilisation with saponin. This dual 

live/fixed and permeabilised method of immunocytochemistry (Section 3.4.9) allows for the 

determination of intracellular or extracellular protein distribution. Primary antibodies that 

recognise extracellular proteins stain both live and permeabilised cells, whereas those 

antibodies that recognise intracellular proteins only stain permeabilised cells, as the 

antibodies cannot access their antigen when the cell’s plasma membrane is intact. 

The proteins CD55 and cytokeratin 7 were used as extracellular and intracellular controls 

respectively. The extracellular protein CD55 was detected in extravillous trophoblasts that 

were paraformaldehyde-fixed and permeabilised and on live extravillous trophoblasts, 

whereas the intracellular protein cytokeratin 7 was detected in paraformaldehyde-fixed and 

permeabilised, but not live extravillous trophoblasts (Figure 5.7). 

Extravillous trophoblast outgrowths that were paraformaldehyde-fixed and permeabilised 

stained with an antibody against β2GPI, demonstrating that extravillous trophoblasts express 

this protein (Figure 5.7). However, not all β2GPI was expressed extracellularly, as indicated 

by the staining pattern of live extravillous trophoblasts, where β2GPI was detected only on 

the cell-cell junctions and the cell processes (Figure 5.7). All members of the LDLR family 

and RAP were expressed by extravillous trophoblasts and were detectable in 

paraformaldehyde-fixed and permeabilised cells (Figure 5.8). However, all LDLR family 

members and RAP were expressed in an intracellular position, as live extravillous trophoblast 

outgrowths did not stain with antibodies against these proteins (Figure 5.8). 

!  
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Figure 5.7 – Some but not all β2 glycoprotein I expressed by extravillous trophoblasts is 
expressed extracellularly. 
Extravillous trophoblast outgrowths were immunostained with primary antibodies to CD55 
(extracellular control), cytokeratin 7 (intracellular control) or β2GPI following 
paraformaldehyde-fixation and saponin permeabilisation or while the cells were live (red 
staining). Nuclei were counterstained with hematoxylin. Images are representative of 
experiments performed on extravillous trophoblast outgrowths from five first trimester 
placentae. Scale bars = 100µm. 
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Figure 5.8 – Extravillous trophoblasts express members of the LDLR family and RAP 
intracellularly. 
Extravillous trophoblast outgrowths were immunostained with primary antibodies to LRP1, 
LRP2, apoER2, LDLR, VLDLR or RAP following paraformaldehyde-fixation and saponin 
permeabilisation or while the cells were live (red staining). Nuclei were counterstained with 
hematoxylin. Images are representative of experiments performed on extravillous 
trophoblast outgrowths from five first trimester placentae. Scale bars = 100µm. 
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5.5. Investigating,the,internalisation,of,antiphospholipid,antibodies,by,

choriocarcinoma,cell,lines,Jar,,JEG,and,BeWo,

To investigate the ability of choriocarcinoma cell lines to internalise aPL antibodies, Jar, JEG 

and BeWo were treated with AlexaFluor 568-labelled ID2, IIC5 or control mAb or with the 

cytoplasmic stain CellTracker Red CMTPX. The cell lines were then counterstained with 

CellMask plasma membrane stain and Hoechst nuclear stain and visualised by confocal 

microscopy. Confocal microscopy demonstrated that fluorescently-labelled ID2, IIC5 and 

control mAb were not detected on the CellMask-stained plasma membrane, or within the 

cytoplasm of Jar (Figure 5.9), JEG (Figure 5.10) or BeWo (Figure 5.11), demonstrating that 

these choriocarcinoma cell lines did not bind nor internalise aPL antibodies.  

!  
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Figure 5.9 – The choriocarcinoma cell line Jar did not bind nor internalise  
monoclonal antiphospholipid antibodies. 
Jar cells treated with 10µM CellTracker Red CMTPX or 50µg/ml AlexaFluor 568-labelled 
ID2, IIC5 or control mAb (red) for 1 hour were stained with CellMask (green) and 
Hoechst (blue) before being visualised by confocal microscopy. Images are representative 
of experiments performed on three separate occasions. Scale bars = 50µm. 
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Figure 5.10 – The choriocarcinoma cell line JEG did not bind nor internalise  
monoclonal antiphospholipid antibodies. 
JEG cells treated with 10µM CellTracker Red CMTPX or 50µg/ml AlexaFluor 568-labelled 
ID2, IIC5 or control mAb (red) for 1 hour were stained with CellMask (green) and Hoechst 
(blue) before being visualised by confocal microscopy. Images are representative of 
experiments performed on three separate occasions. Scale bars = 50µm. 
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Figure 5.11 – The choriocarcinoma cell line BeWo did not bind nor internalise  
monoclonal antiphospholipid antibodies. 
BeWo cells treated with 10µM CellTracker Red CMTPX or 50µg/ml AlexaFluor 568-
labelled ID2, IIC5 or control mAb (red) for 1 hour were stained with CellMask (green) and 
Hoechst (blue) before being visualised by confocal microscopy. Images are representative 
of experiments performed on three separate occasions. Scale bars = 50µm. 
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5.5.1. Examining,the,expression,of,β2GPI,,LDLR,family,members,and,RAP,by,

choriocarcinoma,cell,lines,Jar,,JEG,and,BeWo,

The intracellular or extracellular expression of β2GPI by Jar, JEG and BeWo was investigated 

by dual live/fixed and permeabilised immunocytochemistry, as described in section 5.4.1. 

Similar to the intracellular control cytokeratin 7, β2GPI was detected in paraformaldehyde-

fixed and permeabilised cells but not live cells, indicating that β2GPI was expressed 

intracellularly in Jar (Figure 5.12), JEG (Figure 5.13) and BeWo (Figure 5.14).  

The intracellular or extracellular expression of RAP and LDLR family members LRP1 and 

LRP2 was assessed using similar methodology in Jar cells. This demonstrated that LRP1, 

LRP2 and RAP were expressed intracellularly, as antibodies to these proteins failed to stain 

live Jar cells (Figure 5.15).  

!  
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Figure 5.12 – The choriocarcinoma cell line Jar expressed β2 glycoprotein I 
intracellularly. 
Jar cells were immunostained with primary antibodies to CD55 (extracellular control), 
cytokeratin 7 (intracellular control) or β2GPI following paraformaldehyde-fixation and 
saponin permeabilisation or while the cells were live (red staining). Nuclei were stained 
with hematoxylin (blue). Images are representative of experiments performed on three 
separate occasions. Scale bars = 100µm. 
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Figure 5.13 – The choriocarcinoma cell line JEG expressed β2 glycoprotein I 
intracellularly. 
JEG cells were immunostained with primary antibodies to CD55 (extracellular control), 
cytokeratin 7 (intracellular control) or β2GPI following paraformaldehyde-fixation and 
saponin permeabilisation or while the cells were live (red staining). Nuclei were stained 
with hematoxylin (blue). Images are representative of experiments performed on three 
separate occasions. Scale bars = 100µm. 
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Figure 5.14 – The choriocarcinoma cell line BeWo expressed β2 glycoprotein I 
intracellularly. 
BeWo cells were immunostained with primary antibodies to CD55 (extracellular control), 
cytokeratin 7 (intracellular control) or β2GPI following paraformaldehyde-fixation and 
saponin permeabilisation or while the cells were live (red staining). Nuclei were stained 
with hematoxylin (blue). Images are representative of experiments performed on three 
separate occasions. Scale bars = 100µm. 
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Figure 5.15 – The choriocarcinoma cell line Jar expressed LRP1, LRP2 and RAP 
intracellularly. 
Jar cells were immunostained with primary antibodies to LRP1, LRP2 or RAP following 
paraformaldehyde-fixation and saponin permeabilisation or while the cells were live (red 
staining). Nuclei were stained with hematoxylin (blue). Images are representative of 
experiments performed on three separate occasions. Scale bars = 50µm. 
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5.6. Summary,of,key,findings,

• The monoclonal aPL antibody ID2 was rapidly internalised into the 

syncytiotrophoblast of term placental explants where it was abundant after treatment 

of placental explants for 2, 10, 30 and 120 minutes. IIC5 was also internalised by the 

syncytiotrophoblast of term placental explants, but was less abundant than ID2 in this 

cell. Conversely, control mAb were not detected in the syncytiotrophoblast of control 

mAb-treated term placental explants. 

• Monoclonal aPL antibodies and control mAbs were first detected in the stromal core 

after treatment of term placental explants for 10 minutes.  

• All members of the LDLR family and RAP were expressed by the syncytiotrophoblast 

of term placenta. Low-density lipoprotein receptor related protein 1 was expressed 

abundantly on the apical surface of this cell. 

• Villous cytotrophoblasts of first trimester placental explants did not internalise the 

monoclonal aPL antibodies ID2 or IIC5. 

• Villous cytotrophoblasts of first trimester placental explants expressed all members of 

the LDLR family and RAP. 

• Unlike the syncytiotrophoblast of first trimester placental explants, extravillous 

trophoblasts did not internalise monoclonal aPL antibodies ID2 or IIC5. However, 

IIC5 but not ID2, bound to the CellMask-stained plasma membrane of extravillous 

trophoblasts. 

• Extravillous trophoblasts expressed β2GPI, although only a proportion was expressed 

extracellularly. All members of the LDLR family and RAP were expressed 

intracellularly by extravillous trophoblasts. 

• The choriocarcinoma cell lines Jar, JEG and BeWo did not bind nor internalise the 

monoclonal aPL antibodies ID2 or IIC5.  

• β2 glycoprotein I was expressed intracellularly by the choriocarcinoma cell lines Jar, 

JEG and BeWo. Similarly, LRP1, LRP2 and RAP were expressed intracellularly by 

Jar cells.  
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5.7. Discussion,

In Chapter 4, the internalisation of aPL antibodies by the syncytiotrophoblast of first trimester 

placental explants was investigated. In addition to the syncytiotrophoblast of first trimester 

placentae, there are several other trophoblast populations that may interact with and 

internalise aPL antibodies after being exposed to aPL antibody-containing maternal 

blood/culture medium. These trophoblasts include villous cytotrophoblasts, extravillous 

trophoblasts, the choriocarcinoma cell lines Jar, JEG and BeWo, and the syncytiotrophoblast 

of term placental explants. The work in this chapter was undertaken to investigate whether 

villous cytotrophoblasts, extravillous trophoblasts, choriocarcinoma cell lines, and term 

syncytiotrophoblast were capable of internalising aPL antibodies, and to therefore determine 

whether the internalisation of aPL antibodies was universal to all trophoblast populations, or 

if it was a feature of the syncytiotrophoblast alone. 

5.7.1. Antiphospholipid,antibodies,and,the,syncytiotrophoblast,of,term,placentae,

The structure (Burgos & Rodriguez, 1966; Benirschke et al., 2012) and transport functions 

(Birdsey et al., 1997; Soorana et al., 1999; Ericsson et al., 2005) of the syncytiotrophoblast 

change with increasing gestational age. The existence of gestational age-related changes in 

the structure and function of the syncytiotrophoblast prompted us to question whether the 

syncytiotrophoblast can internalise aPL antibodies at term. Analysis of term placental 

explants treated with aPL antibodies revealed that, like the syncytiotrophoblast of first 

trimester placental explants, the syncytiotrophoblast of term placental explants internalised 

monoclonal aPL antibodies IIC5 and particularly ID2 (Figure 5.1). That control mAbs were 

not detected in the syncytiotrophoblast of term placental explants suggests that the 

mechanism of internalisation of aPL antibodies by term syncytiotrophoblast was distinct to 

the transplacental transport of non-autoimmune IgG (Section 1.6.4.ii), and may be mediated 

by members of the LDLR family, which were shown to be expressed by this cell (Figure 5.2). 

As in first trimester placentae, LRP1 was expressed abundantly on the apical surface of the 

syncytiotrophoblast of term placentae (Figure 5.2), further supporting the potential role of 

this LDLR family member in the internalisation of aPL antibodies by the syncytiotrophoblast. 

Despite similarities in the the expression of LDLR family members and the ability of the 

syncytiotrophoblast to internalise aPL antibodies, there were three noteworthy differences 
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between the experiments performed with term and first trimester placental explants. Firstly, 

the transport of aPL antibodies through the syncytiotrophoblast into the villous stroma was 

quicker in term placental explants than in first trimester placental explants. Specifically, in 

term placental explants it took just 10 minutes for aPL antibodies to be detected in the villous 

stroma (Figures 5.1), whereas in first trimester placental explants it took between 30 and 120 

minutes (Figure 4.7). However, control mAbs were also detected earlier in the villous stroma 

of term placental explants, suggesting that differences in the speed of transport of aPL 

antibodies into the villous stroma may reflect general changes in the structure of placental 

villi at term. Examples of structural changes include the formation of vasculosyncytial 

membranes (Burgos & Rodriguez, 1966; Benirschke et al., 2012) or thinning of the 

cytotrophoblast layer (Jones et al., 2008), which may act as a barrier to IgG transport in the 

first trimester (Bright & Ockleford, 1995a).  

The second difference between the experiments performed with term and first trimester 

placental explants was the presence of aPL antibodies in the syncytiotrophoblast of placental 

explants treated with aPL antibodies for 120 minutes. Specifically, IIC5 and ID2 were 

detected in the syncytiotrophoblast of term (Figure 5.1), but not first trimester placental 

explants (Figure 4.7) after treatment of placental explants for 120 minutes. The presence of 

monoclonal aPL antibodies in the syncytiotrophoblast of term placental explants treated for 

120 minutes may reflect a greater capacity for aPL antibody internalisation at term, as 

suggested by the increased expression of β2GPI (Donohoe et al., 2000) and LDLR family 

members LRP2 (Burke et al., 2013) and VLDLR (Witmaack et al., 1995) in term compared 

to first trimester placentae. Further work aimed at understanding the absence of IIC5 and ID2 

from the syncytiotrophoblast of first trimester placental explants treated for 120 minutes, may 

shed more light on the cause of this difference between term and first trimester placentae.  

The third difference between the experiments performed with term and first trimester 

placental explants was the internalisation of IIC5 relative to ID2. In the syncytiotrophoblast 

of first trimester placental explants, IIC5 was slightly less abundant that ID2 (Figure 4.7), yet 

in the syncytiotrophoblast of term placental explants, IIC5 was barely detectable (Figure 5.1). 

The abundance of ID2, but not IIC5, in the syncytiotrophoblast of term placental explants is 

reminiscent of the differential internalisation of fluorescently-labelled patient aPL antibodies 

(Figure 4.1), and may reflect the fact that these monclonal aPL antibodies recognise different 

epitopes on β2GPI (Section 4.3). However, it is currently unclear why the differential 
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internalisation of IIC5 relative to ID2 was exaggerated in the syncytiotrophoblast of term 

placental explants compared to first trimester placental explants. 

5.7.2. Antiphospholipid,antibodies,and,villous,cytotrophoblasts,

Immunohistochemistry performed on sections of aPL antibody-treated placental explants 

revealed that villous cytotrophoblasts did not internalise monoclonal aPL antibodies (Figure 

5.3). The failure of villous cytotrophoblasts to internalise aPL antibodies may at first seem at 

odds with the expression of LDLR family members by these cells (Figure 5.4). However, 

cytotrophoblasts do not express β2GPI in the first trimester (Donohoe et al., 2000), nor do 

they express or exteriorise β2GPI-binding sites such as annexin A2 (Menkhorst et al., 2012) 

or phosphatidylserine (Huppertz et al., 1998; Campos et al., 2006). As discussed in section 

4.7.5, the internalisation of aPL antibodies by the syncytiotrophoblast is proposed to involve 

the formation of a complex between phosphatidylserine-bound β2GPI, aPL antibodies and 

LDLR family members, suggesting that in the absence of β2GPI or β2GPI-binding sites, the 

expression of LDLR family members by villous cytotrophoblasts may be inconsequential to 

the internalisation of aPL antibodies. 

The presence of aPL antibodies in the syncytiotrophoblast and in the villous stroma of 

treated-placental explants implies that aPL antibodies were capable of traversing the layer of 

villous cytotrophoblasts which separate the syncytiotrophoblast from the villous stroma in the 

first trimester placenta. The finger-like projections of ID2 observed between adjacent villous 

cytotrophoblasts (Figure 5.3) suggest that aPL antibodies may be transported from the 

syncytiotrophoblast into villous stroma via a paracellular route. Indeed, electron microscopic 

studies have demonstrated that non-autoimmune human IgG can also be transported 

paracellularly between cytotrophoblasts in the first trimester placenta (Bright & Ockleford, 

1995a; 1995b), which lack true tight junctions (Aplin et al., 2009). Another possibility is that 

aPL antibodies were transported through villous cytotrophoblasts without being detected, 

either because the aPL antibodies were transported rapidly, or because the aPL antibodies 

were too few to be immunolocalised by the fluorescent technique employed here. However, 

the highly sensitive method of immunoelectron microscopy, which is presented in the 

following chapter (Section 6.3.2.iii), also failed to detect ID2 within villous cytotrophoblasts, 

suggesting that the transport of aPL antibodies through these cells is unlikely. 
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The failure of aPL antibodies to interact with villous cytotrophoblasts is in contrast to 

previous reports. One group have proposed that villous cytotrophoblasts are a target of aPL 

antibodies in the placenta, as some monoclonal aPL antibodies (Lyden et al., 1992; 

Katsuragawa et al., 1995) or human APS sera (Rote et al., 1993), react with villous 

cytotrophoblasts when the aPL antibodies are used as primary antibodies to probe sections of 

normal, fixed placental tissue. However, these immunohistochemical-type experiments are 

flawed, as the placental tissue is fixed, and the process of sectioning effectively permeabilises 

all cells such that the aPL antibodies may encounter antigens that were not accessible in the 

placenta in vivo. Therefore, the reactivity of aPL antibodies with cytotrophoblasts in fixed 

placental tissue sections is not evidence that aPL antibodies interact with these cells in vivo.  

Other previous investigations have studied the binding of aPL antibodies to live 

cytotrophoblasts that were isolated from first trimester or term placentae (McCrae et al., 

1993; Di Simone et al., 2000a). Twenty-four hours following isolation, live cell-based 

ELISAs demonstrated that cytotrophoblasts from first trimester or term placentae were 

capable of binding IgG fractions from individuals with the APS (Di Simone et al., 2000a) or 

antibodies from anticardiolipin antibody-positive women with a history of fetal loss (McCrae 

et al., 1993). However, a major methodological limitation of these studies is the use of 

isolated cytotrophoblasts, as cytotrophoblasts rapidly develop a syncytiotrophoblast-like 

phenotype once they are isolated from placental tissue. Indeed, just 24 hours post-isolation, a 

proportion of isolated cytotrophoblasts exteriorise phosphatidylserine (Katsuragawa et al., 

1997), express syncytiotrophoblastic proteins β1 glycoprotein, human chorionic 

gonadotrophin and human placental lactogen, and begin to fuse with each other to form 

multinucleated syncytiotrophoblast-like clusters (Kliman et al., 1986). Therefore, those 

studies investigating the binding of aPL antibodies to cytotrophoblasts 24 hours following 

cytotrophoblast isolation (McCrae et al., 1993; Di Simone et al., 2000a) are most likely 

investigating the binding of aPL antibodies to cells that resemble the syncytiotrophoblast, 

rather than villous cytotrophoblasts. In fact, the binding of aPL antibodies to isolated 

cytotrophoblasts which have developed a syncytiotrophoblast-like phenotype may explain the 

functional effects of aPL antibodies on isolated “cytotrophoblasts” after treatment of these 

cells with aPL antibodies for 24-120 hours (Di Simone et al., 1995; 1999; 2000a; 2005; 

2006). Therefore, by investigating cytotrophoblasts in fixed placental tissue sections instead 

of isolated cytotrophoblasts, the work in this thesis has more closely modelled 

cytotrophoblasts as they exist in vivo.  



! 214!

5.7.3. Antiphospholipid,antibodies,and,extravillous,trophoblasts,

Two dimensional outgrowths of extravillous trophoblasts can be generated in vitro by 

culturing first trimester placental explants on a thin layer of matrigel (James et al., 2005). 

Extravillous trophoblast outgrowths were used in this thesis to investigate the internalisation 

of aPL antibodies by extravillous trophoblasts. One advantage of using extravillous 

trophoblast outgrowths was that they allowed the direct comparison of extravillous 

trophoblasts with the syncytiotrophoblast of the same placental explant. Wide-field 

fluorescent microscopy demonstrated that while the syncytiotrophoblast of the placental 

explant internalised fluorescently-labelled aPL antibodies, the extravillous trophoblasts did 

not (Figure 5.5). The strong fluorescence from aPL antibodies internalised by the 

syncytiotrophoblast of placental explants prevented the detection of a relatively weak 

interaction between fluorescently-labelled IIC5 and extravillous trophoblasts, which was only 

visable by confocal microscopy under higher magnification. Fluorescently-labelled IIC5 co-

localised with the CellMask-stained plasma membrane of extravillous trophoblasts, in a 

pattern that was distinct to that of the cytoplasmic stain CellTracker Red, demonstrating that 

IIC5 interacted with the extravillous trophoblast surface but was not internalised (Figure 5.6).  

As discussed in section 1.6, aPL antibodies may exert detrimental effects on trophoblasts by 

several mechanisms, including the internalisation of aPL antibodies into the trophoblast, as 

well as the triggering of intracellular signalling cascades through cell-surface receptors. The 

binding of IIC5 to the extravillous trophoblast surface is consistent with the current in vitro 

evidence that this monoclonal aPL antibody triggers intracellular signalling cascades through 

the cell-surface receptor TLR4 (Mulla et al., 2009) (Section 1.6.2). By signalling through 

TLR4 and the TLR4 adaptor protein, myeloid differentiation factor 88, IIC5 induces the 

secretion of pro-inflammatory chemokines and cytokines from the first trimester extravillous 

trophoblast-like cell line HTR-8 (Mulla et al., 2009). IIC5 also stimulates the caspase-

dependent death of HTR-8 (Mulla et al., 2009), and inhibits the fusion of chorionic 

membrane-derived extravillous trophoblasts into multinucleated giant cells (Quenby et al., 

2005), although it is unknown whether these effects are mediated via cell-surface TLR4. 

Interestingly, the inhibitory effect of IIC5 on HTR-8 migration was not affected by blockade 

of TLR4 or myeloid differentiation factor 88 (by expression of dominant-negative isoforms) 

(Mulla et al., 2010), suggesting that TLR4 may mediate some but not all of the detrimental 

effects of cell-surface bound IIC5 on extravillous trophoblast function.  
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In another example of their heterogeneity, the monoclonal aPL antibodies IIC5 and ID2 

interacted differently with extravillous trophoblasts. In contrast to IIC5, the monoclonal aPL 

antibody ID2 made no detectable interaction with extravillous trophoblast outgrowths after 1 

hour of co-culture (Figure 5.6). The observation that ID2 failed to bind or penetrate 

extravillous trophoblasts was surprising in light of the ability of ID2 to cause extravillous 

trophoblast dysfunction. In vitro, ID2 reportedly increases the caspase-dependent death and 

the secretion of pro-inflammatory chemokines and cytokines from HTR-8 cells (Mulla et al., 

2009). ID2 also decreases HTR-8 migration (Mulla et al., 2010), and impairs the formation of 

multinucleated giant cells from chorion-derived extravillous trophoblasts (Quenby et al., 

2005). The ability of ID2 to cause extravillous trophoblast dysfunction without appearing to 

interact with these cells may be explained by one or more of the following possibilities: 

1) The sensitivity of the confocal microscope in detecting fluorescently-conjugated ID2 

may be such that a low abundance, yet functionally consequential, interaction 

between ID2 and extravillous trophoblast outgrowths was not detected. 

2) It may take longer than 1 hour of co-culture for ID2 to interact with extravillous 

trophoblast outgrowths. Indeed, all of the studies to investigate the effects of ID2 on 

extravillous trophoblast function did so after at least 24 hours of treatment with ID2 

(Quenby et al., 2005; Mulla et al., 2009; Mulla et al., 2010). In these studies, ID2 only 

affected the formation of multinucleated giant cells, or the secretion of interleukin-6 

after extravillous trophoblasts were treated with ID2 for a minimum of 36 or 48 hours 

respectively (Quenby et al., 2005; Mulla et al., 2010). Therefore, it may be useful to 

re-examine the interactions between fluorescently-labelled ID2 and extravillous 

trophoblast outgrowths after treatment of the outgrowths for 36 or 48 hours, when the 

functional effects of ID2 on extravillous trophoblasts are evident. 

3) The extravillous trophoblasts used in functional assays (cells derived from the 

chorionic membrane and HTR-8, a virus-immortalised cell line) are potentially 

different to the extravillous trophoblasts that grow out of first trimester placental 

explants, the latter of which most closely model the cell column-forming extravillous 

trophoblasts found in vivo. Therefore, it is possible that ID2 may interact with, and 

affect the function of, chorionic membrane-derived extravillous trophoblasts and 

HTR-8, but not the extravillous trophoblasts within outgrowths.  
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The extravillous trophoblasts found in outgrowths are also potentially different to other 

specialised subpopulations of extravillous trophoblasts found in vivo, including decidual 

extravillous trophoblasts or endovascular extravillous trophoblasts. It remains to be seen 

whether ID2 (or IIC5) are capable of interacting with these other extravillous trophoblast 

subpopulations. 

An advantage of investigating two-dimensional extravillous trophoblast outgrowths was that 

the cells could be assessed for extracellular or intracellular protein expression by dual 

live/fixed and permeabilised immunocytochemistry. This technique was developed as an 

attached-cell alternative to flow cytometry, which is commonly used to determine 

extracellular protein expression by live cells in suspension (Cunningham, 2010a; 2010b). In 

this work, dual live/fixed and permeabilised immunocytochemistry demonstrated that 

extravillous trophoblasts expressed β2GPI, but only a small proportion was expressed on the 

extracellular surface of these cells (Figure 5.7). The expression of some β2GPI on the surface 

of extravillous trophoblasts is supported by a previous report showing that β2GPI was present 

in a rim-like pattern around extravillous trophoblasts of the placental basal plate (Chamley et 

al., 1997).  

β2 glycoprotein I may be immobilised on the plasma membrane of extravillous trophoblasts 

by phosphatidylserine or annexin A2 (Section 1.5.2). Several reports have demonstrated that 

extravillous trophoblasts exteriorise phosphatidylserine (Lyden et al., 1992; Katsuragawa et 

al., 1995; Campos et al., 2006), although the biological relevance of phosphatidylserine 

exteriorisation by (mononuclear) extravillous trophoblasts, that are presumably viable, is 

puzzling (Section 1.5.2.i). Future immunohistochemical experiments employing anti-

phosphatidylserine antibodies (Lyden et al., 1992; Katsuragawa et al., 1995; Campos et al., 

2006) or antibodies against the phospholipid-binding protein annexin V are required in order 

to confirm the presence of exteriorised phosphatidylserine on extravillous trophoblasts. 

Alternatively, extravillous trophoblast outgrowths may immobilise β2GPI with the β2GPI-

binding protein Annexin A2, which is expressed by extravillous trophoblasts in cell columns 

or the decidua (Menkhorst et al., 2012). The immobilisation of β2GPI on cell-surface 

phosphatidylserine and/or annexin A2 may render β2GPI antigenic for aPL antibodies (Zhang 

& McCrae, 2005; Zhou et al., 2009), perhaps explaining why the cell-surface binding of 

fluorescently-labelled IIC5 (Figure 5.6) closely resembled the distinctive pattern of β2GPI on 
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the extravillous trophoblast surface (Figure 5.7). Further work is required to confirm that 

IIC5 binds to immobilised β2GPI on the surface of extravillous trophoblasts. 

The monoclonal aPL antibody IIC5 bound, but was not internalised by, extravillous 

trophoblasts. The failure of extravillous trophoblasts to internalise cell-surface bound IIC5 

may reflect the absence of LDLR family members on the plasma membrane of these cells 

(Figure 5.8). Although several reports have demonstrated the expression of LDLR family 

members, such as LRP1, by extravillous trophoblasts (Coukous et al., 1994; Tsatas et al., 

1997; Fischer et al., 2001), none have definitively assessed the subcellular localisation of 

these receptors. Therefore, the observation that extravillous trophoblasts expressed LDLR 

family members in an intracellular location, was unexpected.  

The intracellular expression of LDLR family members by extravillous trophoblasts may be 

related to the intracellular expression of RAP. Receptor associated protein reportedly 

functions as an exocytic trafficking chaperone for members of the LDLR family (Willnow et 

al., 1996). Experiments performed on RAP knock-out mice demonstrated that in the absence 

of RAP, LRP1 accumulated in the cytoplasm rather than trafficking to the surface of cortical 

neurons (Willnow et al., 1996). Reflecting it’s ability to chaperone LDLR family members to 

the cell surface, RAP has been localised to the endoplasmic reticulum (Lundstrom et al., 

1993), the golgi (Bu et al., 1994) and to the surface of several cell types (Strickland et al., 

1991; Czekay et al., 1995; Kerjaschki et al., 1996). The lack of RAP on the surface of 

extravillous trophoblasts (Figure 5.8) may suggest that RAP does not function as an exocytic 

chaperone protein in these cells. Loss of RAP’s chaperone function may explain the 

intracellular localisation of LDLR family members in extravillous trophoblasts, where they 

would be unable to mediate the internalisation of aPL antibodies. 

5.7.4. Antiphospholipid,antibodies,and,choriocarcinoma,cell,lines,

The choriocarcinoma cell lines Jar, JEG and BeWo did not bind nor internalise the 

monoclonal aPL antibodies ID2 or IIC5 (Figures 5.9, 5.10 & 5.11). The failure of ID2 and 

IIC5 to interact with Jar, JEG or BeWo may reflect the absence of β2GPI from the surface of 

these cells, as determined by dual live/fixed and permeabilised immunocytochemistry 

(Figures 5.12, 5.13 & 5.14). The intracellular expression of β2GPI by choriocarcinoma cell 

lines, and the inability of these cells to interact with ID2 or IIC5 was unexpected, given that 

other aPL antibodies are known to have several detrimental effects on the function of Jar, 
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JEG or BeWo. Specifically, when treated with aPL antibodies, Jar, JEG or BeWo exhibit 

lower rates of proliferation (Chamley et al., 1998), invasion (Blank et al., 2007), expression 

of annexin A5 (Rand et al., 1997a; 2010; Vogt et al., 1997), and fusion into multinucleated 

syncytiotrophoblast-like cells (Adler et al., 1995). The ability of aPL antibodies to exert 

functional effects on choriocarcinoma cell lines that do not express extracellular β2GPI and 

do not interact with the monoclonal aPL antibodies IIC5 or ID2, may be explained by one or 

more of the following possibilities: 

1) The aPL antibodies used to treat Jar, JEG and BeWo in functional assays may differ 

from the β2GPI-dependent monoclonal aPL antibodies IIC5 and ID2 used in this 

work. In particular, the aPL antibodies used by others may recognise aPL antibody co-

factor proteins other than β2GPI (Section 1.3.3), which have not been investigated 

here, but which may be expressed on the surface of quiescent Jar, JEG or BeWo. 

2) Most previous reports investigated the function of Jar, JEG or BeWo after treatment 

with aPL antibodies for at least 24 hours (Adler et al., 1995; Chamley et al., 1998; 

Blank et al., 2007). It is possible that a small amount of intracellularly-expressed 

β2GPI traffics to the cell surface over time, where it may bind and allow the 

accumulation of aPL antibodies in a time-dependent process that was not detected 

within the 1 hour of treatment employed here. 

3) Several reports demonstrating a functional effect of aPL antibodies on Jar or BeWo 

have done so using forskolin-treated Jar and BeWo (Adler et al., 1995; Vogt et al., 

1997; Rand et al., 2010). Forskolin is a compound that elevates the levels of cAMP 

and promotes the formation of multinucleated syncytiotrophoblast-like cells 

(Huppertz & Borges, 2008). Consequently, forskolin-treated Jar or BeWo exteriorise 

phosphatidylserine (Lyden et al., 1993) and express annexin A2 (Kaczan-Bourgois et 

al., 1999), raising the possibility that forskolin-treated cells may be capable of binding 

extracellular β2GPI, in comparison to untreated Jar or BeWo, which do not exteriorise 

or express these β2GPI-binding sites (Lyden et al., 1993; Kaczan-Bourgois et al., 

1999). If forskolin-treated Jar or BeWo immobilise β2GPI on phosphatidylserine or 

annexin A2, they may bind, and be affected by, aPL antibodies. 

4) The conditions used to culture Jar, JEG and BeWo in the experiments described in 

this chapter may differ from those studies which demonstrated a functional effect of 

aPL antibodies on choriocarcinoma cells. One important point of difference may be 
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cell density, which was maintained in the experiments in this thesis at a moderately-

low level. Since cell confluency can cause density-dependent apoptosis (Brezden & 

Rauth, 1996), there is a possibility that other workers have investigated confluent, 

apoptotic, Jar, JEG or BeWo that exteriorise phosphatidylserine, a potential site of 

β2GPI/aPL antibody binding. 

If aPL antibodies were capable of binding to choriocarcinoma cell lines after a longer 

incubation time, after forskolin-treatment, or under conditions of confluency-induced stress, 

it is still unlikely that the aPL antibodies would be internalised by these cells. The work in 

this chapter has demonstrated that Jar do not express LRP2, LRP1 and RAP on the cell-

surface (Figure 5.15), and previous reports have shown that JEG also express LRP2 in an 

intracellular location (Hellman et al., 1993). Like extravillous trophoblasts, the intracellular 

expression of LDLR family members by Jar and JEG may be related to the intracellular 

expression of the exocytic chaperone protein RAP. However, it is also possible that the 

intracellular expression of LDLR family members by choriocarcinoma cell lines is a 

consequence of their malignant transformation (Hellman et al., 1993), since other malignant 

tumours including parathyroid carcinoma, pulmonary adenocarcinoma and renal cancer are 

also known to express LRP2 in an intracellular, rather than a cell-surface position (Juhlin et 

al., 1989; Lundgren et al., 1997). Indeed, malignant transformation may also help to explain 

the intracellular expression of LDLR family members by extravillous trophoblasts, as 

extravillous trophoblasts exhibit several features of invasive cancer cells and are referred to 

as a “psuedo-tumour” (Soundararajan & Rao, 2004).  

! ,



! 220!

5.8. Conclusion,,

The work presented in this chapter supplements the findings of Chapter 4, which 

demonstrated that aPL antibodies were internalised by the syncytiotrophoblast of first 

trimester placental explants. Specifically, this chapter has demonstrated that aPL antibodies 

were also internalised by the syncytiotrophoblast of term placental explants, which suggests 

that the internalisation of aPL antibodies may constitute a chronic insult to the 

syncytiotrophoblast that occurs throughout gestation.  

This chapter has also demonstrated that the ability to internalise aPL antibodies is unique to 

the syncytiotrophoblast, as villous cytotrophoblasts, extravillous trophoblasts and 

choriocarcinoma cell lines did not internalise aPL antibodies. However, the monoclonal aPL 

antibody IIC5 did form a distinct, cell-surface interaction with extravillous trophoblasts, 

which is consistent with published reports indicating that aPL antibodies exert effects on 

extravillous trophoblasts by triggering signalling cascades through cell-surface TLR4 (Mulla 

et al., 2009).  

In contrast to extravillous trophoblasts and the syncytiotrophoblast, villous cytotrophoblasts 

and the choriocarcinoma cell lines Jar, JEG and BeWo did not interact with aPL antibodies. 

The failure of villous cytotrophoblasts and choriocarcinoma cell lines to interact with aPL 

antibodies raises questions over the suitability of isolated cytotrophoblasts and 

choriocarcinoma cell lines as models to study the mechanisms of action of aPL antibodies in 

vitro. 

Finally, this chapter has provided further evidence in favour of the involvement of LDLR 

family members in the internalisation of aPL antibodies, as the intracellular expression of 

LDLR family members may prevent the internalisation of aPL antibodies by extravillous 

trophoblasts or choriocarcinoma cell lines. In addition, the expression or exteriorisation of 

β2GPI and β2GPI binding sites, such as phosphatidylserine or annexin A2, may also affect the 

ability of aPL antibodies to interact with, or be internalised by, trophoblasts. This work has 

lead to the hypothesis that each trophoblast population expresses or exteriorises a unique aPL 

antibody epitope, which may include different combinations of β2GPI, β2GPI binding sites or 

LDLR family members. The presence or absence of these components on the trophoblast 

surface may determine whether an aPL antibody binds, penetrates, or fails to interact with the 

trophoblast (Figure 5.16). 
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,

Figure 5.16 – Antiphospholipid antibodies may show differential interactions with 
trophoblast populations as each trophoblast population expresses or exteriorises a 
unique antiphospholipid antibody epitope. 
Each trophoblast population expresses/exteriorises a unique target epitope for aPL 
antibodies, which may involve different combinations of LDLR family members, β2GPI 
and/or β2GPI-binding sites phosphatidylserine or annexin A2. The presence or absence 
of these components on the surface of each trophoblast may determine whether the aPL 
antibody is internalised (syncytiotrophoblast), whether it binds to the cell-surface 
(extravillous trophoblast), or whether there is no interaction at all (villous 
cytotrophoblast and choriocarcinoma cell lines). 
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6.1. Introduction!and!rationale!

The normal turnover of the terminally differentiated syncytiotrophoblast, which begins with 

syncytialisation and ends with the extrusion of trophoblast debris, is an apoptosis-like process 

(Section 1.2.2). Previous work has shown that this apoptosis-like process may be affected by 

aPL antibodies, as treatment of placental explants with aPL antibodies increased the release 

of trophoblast debris, and also triggered the release of trophoblast debris that was necrotic 

rather than apoptotic in nature (Chen et al., 2009). The altered release of trophoblast debris in 

response to treatment with aPL antibodies suggests that aPL antibodies may affect the 

progression and the nature of syncytiotrophoblast death. 

The internalisation of certain autoantibodies into live cells is associated with the induction of 

apoptotic cell death (Alarcon-Segovia & Llorente, 1983; Adamus et al., 1998; Tezel & Wax, 

2000; Lisi et al., 2007a; Ruiz-Arguelles et al., 2007; Jang et al., 2009). Internalised 

autoantibodies may directly or indirectly trigger cell death (Ruiz-Arguelles et al., 2003) by 

encountering intracellular antigens, such as caspases (Tse & Rabbitts, 2000), heat-shock 

proteins (Tezel & Wax, 2000), DNA (Lee et al., 2007) or RNA (Jang et al., 2009) (Section 

1.6.4.iv). The ability of autoantibodies to trigger cell death by interacting with intracellular 

antigens, raises the possibility that once internalised by the syncytiotrophoblast, aPL 

antibodies may affect the progression and/or nature of syncytiotrophoblast death by 

encountering an intracellular antigen. 

A potential intracellular antigen of aPL antibodies in the syncytiotrophoblast is the anionic 

phospholipid cardiolipin. In vitro, cardiolipin is the solid-phase antigen of the cardiolipin 

ELISA, which is used clinically to detect anticardiolipin antibodies (Section 1.3.4). In vivo, 

cardiolipin is found almost exclusively in the mitochondrial membranes (Horvath & Daum, 

2013), where it plays an important role not only in mitochondrial bioenergetics, but also in 

several aspects of the mitochondrial apoptotic pathway (Gonzalvez & Gottlieb, 2007). 

The movement of aPL antibodies through the syncytiotrophoblast, and the ability of aPL 

antibodies to encounter intracellular antigens, such as cardiolipin-rich mitochondria, has not 

yet been determined. Therefore, the aim of the work in this chapter was to investigate the 

intracellular fate and consequences of internalised aPL antibodies, in order understand how 

aPL antibodies affect syncytiotrophoblast death and thereby, the release of trophoblast debris. 
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6.2. Investigating!the!trafficking!of!antiphospholipid!antibodies!through!the!

syncytiotrophoblast!

The work in Chapter 4 demonstrated that aPL antibodies were internalised by the 

syncytiotrophoblast in an endocytic mechanism involving a member/s of the LDLR family. 

To investigate the trafficking of aPL antibodies through the syncytiotrophoblast after LDLR 

family member-mediated internalisation, an attempt was made to fluorescently co-localise 

ID2 with markers of intracellular organelles. ID2 was chosen over the monoclonal aPL IIC5 

in this and subsequent experiments in this chapter in order to maximise aPL antibody 

immunostaining, as the syncytiotrophoblast appeared to internalise ID2 more abundantly than 

IIC5 (Figure 4.7). 

Sections of placental explants treated for 2, 10 or 120 minutes with ID2 or control mAb were 

simultaneously probed with antibodies to murine IgG, as well as early endosomes, late 

endosomes, lysosomes or mitochondria. The antibodies used to localise organelles were 

purchased from a reputable manufacturer (Abcam) and have been previously used in 

immunofluorescent applications as markers of early endosomes (Lu et al., 2007), late 

endosomes (Wolf et al., 2011), lysosomes (Steinberg et al., 2013) or mitochondria (Kanda et 

al., 2007). 

6.2.1. Fluorescent!co@localisation!of!ID2!and!early!endosomes!

Early endosomes were detected in ID2 or control mAb-treated placental tissue with an 

antibody against early endosomal antigen 1 (EEA1). After treatment of placental explants 

with ID2 for 2 minutes, some but not all ID2 observed in the syncytiotrophoblast co-localised 

with EEA1 (Figure 6.1A, arrowheads). After 10 minutes of placental explant culture with 

ID2, EEA1 staining was strong in the syncytiotrophoblast where ID2 was absent, and vice 

versa (Figure 6.1A, arrows). There was no co-localisation between EEA1 and ID2 in the 

syncytiotrophoblast after treatment of placental explants with ID2 for 120 minutes (Figure 

6.1A). 

In the syncytiotrophoblast, EEA1 did not co-localise with control mAb, the latter of which 

was undetectable in the syncytiotrophoblast after treatment of placental explants with control 

mAb for 2, 10 or 120 minutes (Figure 6.1B).  
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Figure 6.1A – Some ID2 co-localised with early endosomes in the syncytiotrophoblast 
after treatment of placental explants with ID2 for 2 minutes. 
First trimester placental explants treated for 2, 10 or 120 minutes with 25µg/ml ID2 were 
fixed, frozen and sectioned. Sections were immunostained with antibodies to early 
endosomal antigen 1 (EEA1; green) and murine IgG (red) and nuclei were counterstained 
with Hoechst (blue). Arrowheads indicate areas of co-localisation. Arrows show areas of the 
syncytiotrophoblast with inverse ID2 and EEA1 staining patterns. Images are representative 
of immunostaining experiments performed on three placentae. Scale bars = 20µm. 
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Figure 6.1B – The control monoclonal antibody did not co-localise with early 
endosomes in the syncytiotrophoblast. 
First trimester placental explants treated for 2, 10 or 120 minutes with 25µg/ml control mAb 
were fixed, frozen and sectioned. Sections were immunostained with antibodies to early 
endosomal antigen 1 (EEA1; green) and murine IgG (red) and nuclei were counterstained 
with Hoechst (blue). Images are representative of immunostaining experiments performed 
on three placentae. Scale bars = 20µm. 
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6.2.2. Fluorescent!co@localisation!of!ID2!and!late!endosomes!

Late endosomes were detected in ID2 or control mAb-treated placental tissue with an 

antibody against Rab7. There was no co-localisation between Rab7 and ID2 in the 

syncytiotrophoblast of placental explants that were treated with ID2 for 2 or 120 minutes 

(Figure 6.2A). However, after treatment of placental explants with ID2 for 10 minutes, some 

but not all ID2 in the syncytiotrophoblast co-localised with Rab7 (Figure 6.2A, arrowheads).  

In the syncytiotrophoblast, there was no co-localisation between Rab7 and control mAb, the 

latter of which was undetectable in the syncytiotrophoblast after treatment of placental 

explants with control mAb for 2, 10 or 120 minutes (Figure 6.2B). 

!  
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Figure 6.2A - Some ID2 co-localised with late endosomes in the syncytiotrophoblast 
after treatment of placental explants with ID2 for 10 minutes. 
First trimester placental explants treated for 2, 10 or 120 minutes with 25µg/ml ID2 were 
fixed, frozen and sectioned. Sections were immunostained with antibodies to Rab7 (green) 
and murine IgG (red) and nuclei were counterstained with Hoechst (blue). Arrowheads 
indicate areas of co-localisation. Images are representative of immunostaining experiments 
performed on three placentae. Scale bars = 20µm. 
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Figure 6.2B – The control monoclonal antibody did not co-localise with late endosomes 
in the syncytiotrophoblast. 
First trimester placental explants treated for 2, 10 or 120 minutes with 25µg/ml control mAb 
were fixed, frozen and sectioned. Sections were immunostained with antibodies to Rab7 
(green) and murine IgG (red) and nuclei were counterstained with Hoechst (blue). Images are 
representative of immunostaining experiments performed on three placentae. Scale bars = 
20µm. 
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6.2.3. Fluorescent!co@localisation!between!ID2!and!lysosomes!

Lysosomes were detected in ID2 or control mAb-treated placental tissue with an antibody 

against lysosomal-associated membrane protein 1 (LAMP1). After treating placental explants 

with ID2 for 2 minutes, there was no co-localisation between LAMP1 and ID2 in the 

syncytiotrophoblast. However, after treating placental explants for 10 or 120 minutes with 

ID2, some but not all ID2 observed in the syncytiotrophoblast co-localised with LAMP1 

(Figure 6.3A, arrowheads). 

In the syncytiotrophoblast, there was no co-localisation between LAMP1 and control mAb, 

the latter of which was undetectable in the syncytiotrophoblast after treatment of placental 

explants with control mAb for 2, 10 or 120 minutes (Figure 6.3B). 

6.2.4. Fluorescent!co@localisation!between!ID2!and!mitochondria!

Mitochondria were detected in ID2 or control mAb-treated placental tissue with an antibody 

against complex IV of the electron transport system. After treatment of placental explants 

with ID2 for 2, 10 or 120 minutes, complex IV-labelled mitochondria in the 

syncytiotrophoblast and ID2 were in close proximity but did not co-localise, as demonstrated 

by the lack of yellow overlap in merged images (Figure 6.4A). 

In the syncytiotrophoblast, there was no co-localisation between complex IV-labelled 

mitochondria and control mAb, the latter of which was undetectable in the 

syncytiotrophoblast after treatment of placental explants with control mAb for 2, 10 or 120 

minutes (Figure 6.4B). 

!

! !
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Figure 6.3A – Some ID2 co-localised with lysosomes in the syncytiotrophoblast after 
treatment of placental explants with ID2 for 10 or 120 minutes. 
First trimester placental explants treated for 2, 10 or 120 minutes with 25µg/ml ID2 were 
fixed, frozen and sectioned. Sections were immunostained with antibodies to lysosomal-
associated membrane protein 1 (LAMP1; green) and murine IgG (red) and nuclei were 
counterstained with Hoechst (blue). Arrowheads indicate areas of co-localisation. Images are 
representative of immunostaining experiments performed on three placentae. Scale bars = 
20µm. 
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Figure 6.3B – The control monoclonal antibody did not co-localise with lysosomes in 
the syncytiotrophoblast. 
First trimester placental explants treated for 2, 10 or 120 minutes with 25µg/ml control mAb 
were fixed, frozen and sectioned. Sections were immunostained with antibodies to 
lysosomal-associated membrane protein 1 (LAMP1; green) and murine IgG (red) and nuclei 
were counterstained with Hoechst (blue). Images are representative of immunostaining 
experiments performed on three placentae. Scale bars = 20µm. 
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Figure 6.4A - The antiphospholipid antibody ID2 did not co-localise with complex IV-
labelled mitochondria in the syncytiotrophoblast. 
First trimester placental explants treated for 2, 10 or 120 minutes with 25µg/ml ID2 were 
fixed, frozen and sectioned. Sections were immunostained with antibodies to complex IV of 
the electron transport chain (COXIV; green) and murine IgG (red) and nuclei were 
counterstained with Hoechst (blue). Images are representative of immunostaining 
experiments performed on three placentae. Scale bars = 20µm. 

COXIV

2 
m

in
ut

es
10

 m
in

ut
es

12
0 

m
in

ut
es

Tr
ea

tm
en

t l
en

gt
h

ID2 + nuclear merge



! 235!

! !

Figure 6.4B – The control monoclonal antibody did not co-localise with complex IV-
labelled mitochondria in the syncytiotrophoblast. 
First trimester placental explants treated for 2, 10 or 120 minutes with 25µg/ml control 
mAb were fixed, frozen and sectioned. Sections were immunostained with antibodies to 
complex IV of the electron transport chain (COXIV; green) and murine IgG (red) and 
nuclei were counterstained with Hoechst (blue). Images are representative of 
immunostaining experiments performed on three placentae. Scale bars = 20µm. 
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6.3. Immunoelectron!microscopy!to!investigate!the!trafficking!and!fate!of!

antiphospholipid!antibodies!in!the!syncytiotrophoblast!

The fluorescent co-localisation technique is methodologically limited by the resolution of the 

light microscope. Therefore, the findings of fluorescent co-localisation were confirmed using 

the high resolution method of immunoelectron microscopy. For this, sections of placental 

explants treated with ID2 were immunostained with an electron-dense label and visualised by 

electron microscopy.  

6.3.1. Development!of!a!semi@correlative!light!and!electron!microscopy!method!

Since the electron microscope can only examine minute regions of a sample at any one time, 

and since aPL antibodies are internalised into the syncytiotrophoblast in a patchy fashion, it 

was possible that conventional immunoelectron microscopy may miss regions of the 

syncytiotrophoblast containing aPL antibodies. To process and visualise placental villi 

containing aPL antibodies, ID2 was detected with a bifunctional fluorescent and electron-

dense immunolabel called FluoroNanogold. Sections of placental tissue labelled with 

FluoroNanogold were first examined with fluorescent light to select placental villi for 

subsequent electron microscopy. 

Placental explants treated with ID2 or a control mAb for 2 or 30 minutes were fixed, 

embedded in agarose, sectioned, and then immunostained with biotinylated anti-mouse IgG 

secondary antibody and streptavadin-conjugated FluoroNanogold. In addition, a section of 

placenta treated with ID2 for 2 minutes was immunostained with anti-rabbit IgG in place of 

anti-mouse IgG secondary antibody as a negative immunostaining control. Visualisation of 

immunolabelled sections under fluorescent and white light demonstrated that anti-mouse IgG 

secondary antibody/FluoroNanogold labelled ID2 in the syncytiotrophoblast, and that the 

staining was characteristically patchy (Figure 6.5A). In contrast, there was little or no 

FluoroNanogold labelling in the syncytiotrophoblast of placental explants treated with control 

mAb (Figure 6.5B), or in the negative control section probed with anti-rabbit IgG (Figure 

6.5C).  

Placental villi of ID2-treated placental explants were selected for electron microscopy if they 

contained ID2 in the syncytiotrophoblast (Figure 6.5A, arrowheads). The agarose section was 

embedded in a thin layer of epoxy resin before re-locating and excising selected villi from the 
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resin section, and gluing them onto the flat surface of a resin block. The resin block was 

trimmed to a trapesium and sectioned to 1µm. One micrometer sections were stained with 

toluidine blue to confirm that villi were present in the plane of section (Figure 6.5). 

!

!

!

!

!

Figure 6.5 - The bifunctional probe FluoroNanogold facilitated the selection of placental 
villi containing ID2 for electron microscopy. 
First trimester placental explants were treated for 2 minutes with 25µg/ml (A, C) ID2 or (B) 
control mAb, before being fixed, embedded in agarose and sectioned. Agarose-embedded 
sections were stained with (A, B) anti-mouse IgG or (C) anti-rabbit IgG secondary antibodies 
before being stained with AlexaFluor 594-FluoroNanogold (red). Red-fluorescent and white 
light images were merged and villi of interest were selected (arrowheads). Immunostained 
sections were flat embedded into resin before selected villi were re-located, glued onto a resin 
block and trimmed to trapesiums (black outline). The asterisk corresponds to the same asterisk-
marked corner in one micrometer toluidine blue-stained sections. Images are representative of 
triplicate experiments performed on one placenta. Scale bars = 100µm. 
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6.3.2. Examination!of!FluoroNanogold@labelled!ID2!by!electron!microscopy!

After confirming the presence of selected placental villi in 1µm sections stained with 

toluidine blue, resin blocks were sectioned to 80nm, stained with lead citrate and visualised 

by electron microscopy. FluoroNanogold-labelled ID2 was abundant in the 

syncytiotrophoblast of placental explants treated with ID2 for 2 or 30 minutes (Figure 6.6). 

Due to silver enhancement, the FluoroNanogold label was not uniformly round, but was 

sufficiently electron dense to be differentiated from the surrounding tissue. FluoroNanogold-

labelled control mAb was scarse in the syncytiotrophoblast of placental explants treated with 

control mAb for 2 or 30 minutes, and no FluoroNanogold was observed in placental explants 

treated with ID2 for 2 minutes that were probed with anti-rabbit IgG secondary antibody as a 

negative control (Figure 6.6). 

! !

Figure 6.6 continues overleaf. 
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Figure 6.6 - Silver-enhanced FluoroNanogold labelled structures in the 
syncytiotrophoblast of placental explants treated with ID2 for 2 or 30 minutes. 
Placental villi selected fluorescent microscopy were sectioned to 80nm, stained with lead 
citrate and examined for silver-enhanced FluoroNanogold by electron microscopy under low 
(11,000✕) or high (30,000✕) magnification. Images are representative of duplicate 
experiments performed on one placenta. N=nucleus and A=apical surface of the 
syncytiotrophoblast. Scale bars = 1µm. 
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6.3.2.i. The!antiphospholipid!antibody!ID2!was!associated!with!vesicular!structures!

FluoroNanogold-labelled ID2 was associated with vesicular structures in the 

syncytiotrophoblast of placental explants treated with ID2 for 2 or 30 minutes. These 

vesicular structures included structures with an electron-lucent core and an electron-dense 

membrane (Figure 6.7A), and vesicles with a grainy, moderately electron-dense core (Figure 

6.7B). FluoroNanogold-labelled ID2 was present on the surface of and within these vesicular 

structures (Figure 6.7, red and blue arrowheads). 

6.3.2.ii. The!antiphospholipid!antibody!ID2!was!associated!with!normal!and!swollen!

mitochondria!

FluoroNanogold-labelled ID2 was associated with mitochondria in the syncytiotrophoblast of 

placental explants treated with ID2 for 2 or 30 minutes. Mitochondria that were associated 

with FluoroNanogold-labelled ID2 had a normal morphology (Figure 6.8A), or were large 

and swollen with distended intermembrane spaces (Figure 6.8B). The outer mitochondrial 

membrane of swollen mitochondria were intact and the cristae did not appear to be swollen. 

FluoroNanogold-labelled ID2 was present on the outer mitochondrial membrane and the 

inner mitochondrial membrane of normal and swollen mitochondria in the 

syncytiotrophoblast (Figure 6.8, red and blue arrowheads). 

 

!  
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Figure 6.7 - FluoroNanogold-labelled ID2 associated with vesicular structures in the 
syncytiotrophoblast of placental explants treated with ID2. 
Images were taken of vesicular structures in the syncytiotrophoblast of placental explants 
that were treated with 25µg/ml ID2 for 2 or 30 minutes. Vesicular structures included (A) 
those with an electron-dense membrane and electron-lucent core, and (B) those with a 
grainy, moderately electron-dense core. FluoroNanogold-labelled ID2 was present on the 
surface (red arrowheads) or inside these vesicles (blue arrowheads). Images are 
representative of duplicate experiments performed on one placenta. Scale bars = 100nm.  

A

B
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Figure 6.8 - FluoroNanogold-ID2 associated with normal and swollen 
mitochondria in the syncytiotrophoblast of placental explants treated with 
ID2. 
FluoroNanogold-labelled ID2 in the syncytiotrophoblast of placental explants 
treated for 2 or 30 minutes with 25µg/ml ID2 associated with (A) normal, and 
(B) swollen mitochondria. FluoroNanogold-labelled ID2 was present on the 
outer mitochondrial membrane (red arrowheads) and the inner mitochondrial 
membrane (blue arrowheads). Images are representative of duplicate 
experiments performed on one placenta. Scale bars = 100nm. 
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6.3.2.iii. The!antiphospholipid!antibody!ID2!was!absent!from!villous!cytotrophoblasts!

After treatment of placental explants with ID2 for 2 or 30 minutes, FluoroNanogold-labelled 

ID2 was present near the basal syncytiotrophoblast membrane (Figure 6.9, blue arrowheads), 

but was not present within the underlying villous cytotrophoblasts. Villous cytotrophoblasts 

contained mitochondria with a normal morphology, none of which were associated with 

FluoroNanogold-labelled ID2 (Figure 6.9, red arrowheads). 

 

 

!  

Figure 6.9 – FluoroNanogold-labelled ID2 was present in the syncytiotrophoblast 
but not in villous cytotrophoblasts. 
Low (11,000✕) and high magnification (30,000✕) images were taken of the boundary 
between the syncytiotrophoblast (S) and cytotrophoblasts (C) of placental explants that 
were treated with 25µg/ml ID2 for 2 or 30 minutes. FluoroNanogold-labelled ID2 was 
present near the basal syncytiotrophoblast membrane (blue arrowheads). Examples of 
mitochondria within villous cytotrophoblasts are indicated by red arrowheads. Images 
are representative of duplicate experiments performed on one placenta. A=apical surface 
of the syncytiotrophoblast, N=nucleus. Scale bars = 1µm. 
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6.3.3. Quantitative!analysis!of!FluoroNanogold@labelled!ID2!and!mitochondrial!

morphologies!in!the!syncytiotrophoblast!of!placental!explants!treated!with!ID2!

Fifteen randomly-sampled areas within the syncytiotrophoblast of placental explants treated 

with ID2 or control mAb for 2 or 30 minutes were imaged at 30,000✕ magnification. These 

fifteen images were used to quantitatively analyse the distribution of normal/swollen 

mitochondria, FluoroNanogold-labelled ID2 or FluoroNanogold-labelled control mAb within 

these tissues. FluoroNanogold-labelled ID2 and FluoroNanogold-labelled control mAb were 

classified as being associated with vesicular structures, mitochondria or with structures that 

were unidentifiable.  

6.3.3.i. Quantitative!analysis!of!the!distribution!of!FluoroNanogold@labelled!ID2!in!the!

syncytiotrophoblast!of!placental!explants!treated!with!ID2!for!2!minutes!

In 15 images of the syncytiotrophoblast of placental explants treated with ID2 for 2 minutes, 

1728 spots of FluoroNanogold-labelled ID2 were counted. Nine percent (150/1728) of all 

FluoroNanogold-labelled ID2 in the syncytiotrophoblast was associated with mitochondria, 

whereas 8% (133/1728) was associated with vesicular structures and the remaining 83% 

(1445/1728) with unidentifiable structures (Figure 6.10).  

Compared to FluoroNanogold-labelled ID2, FluoroNanogold-labelled control mAb was 14.6-

fold less prevalent in the syncytiotrophoblast of placental explants. Specifically, in 15 images 

of the syncytiotrophoblast of placental explants treated with control mAb for 2 minutes, 118 

spots of FluoroNanogold-labelled control mAb were counted. One percent (1/118) of all 

FluoroNanogold-labelled control mAb in the syncytiotrophoblast was associated with 

mitochondria, 1% (1/118) with vesicular structures, and the remaining 98% (116/118) was 

associated with unidentifiable structures (Figure 6.10). 

As discussed in Section 3.4.16.i, chi-squared contigency table analysis, which is routinely 

performed to assess differences in the immunogold labelling of different tissues (Mayhew et 

al., 2004; 2009), was not used in this work to compare the subcellular distribution of 

FluoroNanogold-labelled ID2 and FluoroNanogold-labelled control mAb, as these two 

groups were of disparate sizes.  
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Figure 6.10 - The subcellular distribution of FluoroNanogold labelled-ID2 
and FluoroNanogold labelled-control mAb in the syncytiotrophoblast after 
treatment of placental explants with ID2 or control mAb for 2 minutes. 
Fifteen randomly-sampled areas in the syncytiotrophoblast of two placental 
explants treated with 25µg/ml ID2 or control mAb for 2 minutes were imaged at 
30,000X magnification. Counts of FluoroNanogold-labelled ID2 and 
FluoroNanogold-labelled control mAb in these respective tissues were (A) 
collated into a counts table and (B) presented as a bar graph of raw counts. 
Mito=mitochondria, UnID=unidentifiable structures. 
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6.3.3.ii. Quantitative!analysis!of!mitochondrial!morphologies!in!the!syncytiotrophoblast!

of!placental!explants!treated!with!ID2!for!2!minutes!

One hundred and two mitochondria were counted in the syncytiotrophoblast of placental 

explants treated with ID2 for 2 minutes. Of these mitochondria, 46% (47/102) had a normal 

morphology, and 54% (55/102) were swollen (Figure 6.11). In comparison, of the 104 

mitochondria counted in the syncytiotrophoblast of placental explants treated with control 

mAb for 2 minutes, 82% (85/104) had a normal morphology and 18% (19/104) were swollen 

(Figure 6.11). Chi-squared contingency table analysis demonstrated that the distribution of 

normal and swollen mitochondria in the syncytiotrophoblast of placental explants treated 

with ID2 and control mAb was significantly different (PCHI-SQUARED=1x10-7) (Figure 6.11A). 

!  
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Figure 6.11 - Fewer normal and more swollen mitochondria were observed in 
the syncytiotrophoblast of placental explants treated with ID2 for 2 minutes. 
Fifteen randomly-sampled areas in the syncytiotrophoblast of two placental explants 
treated with 25µg/ml ID2 or control mAb for 2 minutes were imaged at 30,000✕ 
magnification. (A) Counts of normal and swollen mitochondria in these respective 
tissues were collated into a counts table and analysed by chi-squared contingency 
table analysis. The expected counts are bracketed. (B) Bar graph showing the 
proportional distribution of normal and swollen mitochondria in the 
syncytiotrophoblast of placental explants treated with ID2 or control mAb. ***PCHI-

SQUARED < 0.0005. 

A
Mitochondrial 

morphology ID2 Control

Normal

Swollen 

Column totals

85 (66.6)

19 (37.4)

104

47 (65.4)

55 (36.6)

102

B

Monoclonal antibody
Row 

totals Ȥ2 values

132

74

206

5.157, 5.058

9.199, 9.022

28.436*

* For a total Ȥ2 value of 28.436 with 1 degree of freedom, P=1X10
-7
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6.3.3.iii. Quantiative!analysis!of!mitochondria!associated!with!FluoroNanogold@labelled!

ID2!in!the!syncytiotrophoblast!of!placental!explants!treated!with!ID2!for!2!minutes.! 

Of the 102 mitochondria counted in the syncytiotrophoblast of placental explants treated with 

ID2 for 2 minutes, 67% (68/102) were associated with FluoroNanogold-labelled ID2, 

corresponding to a mean of 1.5 spots of FluoroNanogold-labelled ID2/mitochondrion.  

Of the 47 mitochondria with normal morphology in the syncytiotrophoblast of placental 

explants treated with ID2 for 2 minutes, 43% (20/47) were associated with FluoroNanogold-

labelled ID2. A significantly higher proportion of swollen mitochondria were associated with 

FluoroNanogold-labelled ID2 in the syncytiotrophoblast of placental explants treated with 

ID2 for 2 minutes; 87% (48/55) (PTWO-PROPORTION=0.0) (Figure 6.12). 

Seventy five percent (113/150) of FluoroNanogold-labelled ID2 associated with 

mitochondria was present on the outer mitochondrial membrane, with the remaining 25% 

(37/150) present on the inner mitochondrial membrane.  

 

 

  

Figure 6.12 – Compared to normal mitochondria, a 
greater proportion of swollen mitochondria were 
associated with FluoroNanogold-labelled ID2. 
Fifteen randomly-sampled areas in the 
syncytiotrophoblast of two placental explants treated 
with 25µg/ml ID2 for 2 minutes were imaged at 
30,000✕ magnification. The bar graph shows the 
proportion of mitochondria with normal or swollen 
morphologies that were associated with 
FluoroNanogold-labelled ID2. ***PTWO-PROPORTION < 
0.0005.  

***
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6.3.3.iv. Quantitative!analysis!of!the!distribution!of!FluoroNanogold@labelled!ID2!in!the!

syncytiotrophoblast!of!placental!explants!treated!with!ID2!for!30!minutes!

In 15 images of the syncytiotrophoblast of placental explants treated with ID2 for 30 minutes, 

1537 spots of FluoroNanogold-labelled ID2 were counted. Nine percent (138/1537) of all 

FluoroNanogold-labelled ID2 in the syncytiotrophoblast was associated with mitochondria, 

whereas 5% (84/1537) was associated with vesicular structures and the remaining 86% 

(1315/1537) with unidentifiable structures (Figure 6.13).  

Compared to FluoroNanogold-labelled ID2, FluoroNanogold-labelled control mAb was 18.5-

fold less prevalent in the syncytiotrophoblast of placental explants. In 15 images of the 

syncytiotrophoblast of placental explants treated with control mAb for 30 minutes, 83 spots 

of FluoroNanogold-labelled control mAb were counted. Five percent (4/83) of all 

FluoroNanogold-labelled control mAb in the syncytiotrophoblast was associated with 

mitochondria, 8% (7/83) with vesicular structures, and the remaining 87% (72/83) was 

associated with unidentifiable structures (Figure 6.13). Differences in the subcellular 

distribution of FluoroNanogold-labelled control mAb and FluoroNanogold-labelled ID2 

could not be compared by chi-squared contingency table analysis as these two groups were of 

disparate sizes (Section 3.4.16.i). 

Chi-squared contingency table analysis was performed to compare the subcellular distribution 

of FluoroNanogold-labelled ID2 in the syncytiotrophoblast after treatment of placental 

explants for 2 or 30 minutes. With a total chi-squared statistic of 6.537 and two degrees of 

freedom, the subcellular distribution of FluoroNanogold-labelled ID2 in placental explants 

treated for 2 or 30 minutes was deemed significantly different (PCHI-SQUARED=0.038) (Figure 

6.14). Examination of partial chi-squared values demonstrated that the greatest contribution 

to this difference were from vesicular structures. Specifically, there was more-than-expected 

FluoroNanogold-labelled ID2 associated with vesicular structures in placental explants 

treated for 2 minutes, and less-than-expected FluoroNanogold-labelled ID2 associated with 

vesicular structures in placental explants treated for 30 minutes (Figure 6.14A). 

Chi-squared contingency table analysis could not be used to compare the subcellular 

distribution of FluoroNanogold-labelled control mAb in the syncytiotrophoblast after 

treatment of placental explants for 2 or 30 minutes, as the expected counts of  

FluoroNanogold-labelled control mAb associated with mitochondria and with vesicular 

structures was less than 5 (Section 3.4.16.i).  
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Figure 6.13 - The subcellular distribution of FluoroNanogold labelled-ID2 
and FluoroNanogold labelled-control mAb in the syncytiotrophoblast of 
placental explants treated with ID2 or control mAb for 30 minutes. 
Fifteen randomly-sampled areas in the syncytiotrophoblast of two placental 
explants treated with 25µg/ml ID2 or control mAb for 30 minutes were imaged at 
30,000X magnification. Counts of FluoroNanogold-labelled ID2 and 
FluoroNanogold-labelled control mAb in these respective tissues were (A) 
collated into a counts table and (B) presented as a bar graph of raw counts. 
Mito=mitochondria, UnID=unidentifiable structures. 
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Figure 6.14 – The subcellular distribution of FluoroNanogold-labelled ID2 
was different in placental explants treated with ID2 for 2 and 30 minutes. 
Fifteen randomly-sampled areas in the syncytiotrophoblast of two placental 
explants treated with 25µg/ml ID2 for 2 or 30 minutes were imaged at 30,000✕ 
magnification. (A) Counts of FluoroNanogold-labelled ID2 in these respective 
tissues were collated into a counts table and analysed by chi-squared 
contingency table analysis. The expected counts are bracketed. (B) Bar graph 
showing the proportional distribution of FluoroNanogold-labelled ID2 in the 
syncytiotrophoblast of placental explants treated with ID2 for 2 or 30 minutes. 
*PCHI-SQUARED < 0.05. 
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6.3.3.v. Quantitative!analysis!of!mitochondrial!morphologies!in!the!syncytiotrophoblast!

of!placental!explants!treated!with!ID2!for!30!minutes!

Ninety mitochondria were counted in the syncytiotrophoblast of placental explants treated 

with ID2 for 30 minutes. Of these mitochondria, 51% (46/90) had a normal morphology, and 

49% (44/90) were swollen (Figure 6.15). In comparison, of the 145 mitochondria counted in 

the syncytiotrophoblast of placental explants treated with control mAb for 30 minutes, 66% 

(95/145) had a normal morphology and 34% (50/145) were swollen (Figure 6.15). Chi-

squared contingency table analysis demonstrated that the distribution of normal and swollen 

mitochondria in the syncytiotrophoblast of placental explants treated with ID2 and control 

mAb was significantly different (PCHI-SQUARED=0.0285) (Figure 6.15A). 

Chi-squared contingency table analysis was performed to compare the distribution of normal 

and swollen mitochondria in the syncytiotrophoblast after treatment of placental explants 

with ID2 or control mAb for 2 or 30 minutes. With a total chi-squared statistic of 0.485 and 

one degree of freedom, the distribution of normal and swollen mitochondria in placental 

explants treated with ID2 for 2 or 30 minutes was not significantly different (PCHI-

SQUARED=0.486) (Figure 6.16A). Conversely, with a total chi-squared statistic of 7.948 and 

one degree of freedom, the distribution of normal and swollen mitochondria in placental 

explants treated with control mAb for 2 or 30 minutes was deemed significantly different 

(PCHI-SQUARED=0.048). Specifically, in placental explants treated with control mAb for 30 

minutes, there was less-than-expected normal mitochondria and more-than-expected swollen 

mitochondria (Figure 6.16B).  
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Figure 6.15 - Fewer normal and more swollen mitochondria were observed in 
the syncytiotrophoblast of placental explants treated with ID2 for 30 minutes. 
Fifteen randomly-sampled areas in the syncytiotrophoblast of two placental 
explants treated with 25µg/ml ID2 or control mAb for 30 minutes were imaged at 
30,000✕ magnification. (A) Counts of normal and swollen mitochondria in these 
respective tissues were collated into a counts table and analysed by chi-squared 
contingency table analysis. The expected counts are bracketed. (B) Bar graph 
showing the proportional distribution of normal and swollen mitochondria in the 
syncytiotrophoblast of placental explants treated with ID2 or control mAb for 30 
minutes. *PCHI-SQUARED < 0.05. 
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Figure 6.16 – The proportion of normal and swollen mitochondria in placental 
explants treated for 2 or 30 minutes with ID2 or control mAb. 
Fifteen randomly-sampled areas in the syncytiotrophoblast of two placental 
explants treated for 2 or 30 minutes with 25µg/ml (A) ID2 or (B) control mAb 
were imaged at 30,000✕ magnification. Counts of normal and swollen 
mitochondria in these  tissues were collated into a counts table and analysed by 
chi-squared contingency table analysis. The expected counts are bracketed. (C) Bar 
graph showing the proportional distribution of normal and swollen mitochondria in 
the syncytiotrophoblast of placental explants treated with ID2 or control mAb for 2 
or 30 minutes. Bars marked by different letters are significantly different (PCHI-

SQUARED < 0.05). 
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6.3.3.vi. Quantiative!analysis!of!mitochondria!associated!with!FluoroNanogold@labelled!

ID2!in!the!syncytiotrophoblast!of!placental!explants!treated!with!ID2!for!30!minutes.! 

Of the 90 mitochondria counted in the syncytiotrophoblast of placental explants treated with 

ID2 for 30 minutes, 71% (64/90) were associated with FluoroNanogold-labelled ID2, 

corresponding to a mean of 1.5 spots of FluoroNanogold-labelled ID2/mitochondrion.  

Of the 46 mitochondria with normal morphology in the syncytiotrophoblast of placental 

explants treated with ID2 for 30 minutes, 73% (32/46) were associated with FluoroNanogold-

labelled ID2. A similar proportion of swollen mitochondria in the syncytiotrophoblast of 

placental explants treated with ID2 for 30 minutes were associated with FluoroNanogold-

labelled ID2; 70% (31/44) (PTWO-PROPORTION=0.741) (Figure 6.17). 

Seventy five percent (103/138) of FluoroNanogold-labelled ID2 associated with 

mitochondria was present on the outer mitochondrial membrane, with the remaining 25% 

(35/138) present on the inner mitochondrial membrane.  

  

Figure 6.17 – Similar proportions of normal and swollen 
mitochondria were associated with FluoroNanogold-labelled ID2 
after treatment of placental explants with ID2 for 30 minutes. 
Fifteen randomly-sampled areas in the syncytiotrophoblast of two 
placental explants treated with 25µg/ml ID2 for 30 minutes were 
imaged at 30,000✕ magnification. The bar graph shows the 
proportion of mitochondria with normal or swollen morphologies 
that were associated with FluoroNanogold-labelled ID2. 
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6.4. Investigating!the!expression!of!β2!glycoprotein!I!by!mitochondria!

isolated!from!human!placentae!

Immunoelectron microscopy demonstrated that the monoclonal aPL antibody ID2 was 

capable of interacting with mitochondria in the syncytiotrophoblast. The interaction of ID2 

with mitochondria suggests that the antigen of ID2, β2GPI, may be expressed by 

mitochondria. To determine whether mitochondria expressed β2GPI, mitochondria were 

isolated from fresh term placentae before being assessed for β2GPI expression by Western 

blot. 

Mitochondria were isolated from term placental homogenates by high-speed centrifugation 

followed by Percoll-gradient separation (Section 3.4.18). To assess the purity of the 

mitochondrial preparation after Percoll-gradient separation, the isolate was visualised by 

transmission electron microscopy. Most organelles present in the isolate were mitochondria, 

which were distinguishable from the few contaminating organelles by their inner and outer 

mitochondrial membranes and cristae (Figure 6.18A).  

Isolated mitochondria were lysed with RIPA buffer and electrophoresed on SDS-

polyacrylamide gels under non-denaturing and denaturing conditions. Using the monoclonal 

aPL antibody ID2 as primary antibody, a single band corresponding to the molecular weight 

of purified human β2GPI was detected under both denaturing and non-denaturing conditions 

in the lysates of isolated mitochondria (Figure 6.18B).  

!  
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Figure 6.18 – Mitochondria isolated from human term placentae express β2 glycoprotein I. 
Mitochondria were isolated from homogenised term placental villous tissue by high-speed 
centrifugation and Percoll-gradient separation. Isolated mitochondria were (A) assessed for 
purity by transmission electron microscopy and (B) lysed with RIPA and electrophoresed on 4-
12% SDS-polyacrylamide gels under denaturing or non-denaturing conditions. Lysates were 
transferred to nitrocellulose membranes which were probed with ID2 to detect β2GPI. Purified 
β2GPI and lysates of normal term placentae were used as positive controls for the expression of 
β2GPI. The location of molecular weight standards are indicated by arrows, where kDa=kilo 
Daltons. Images are representative of experiments performed on mitochondrial isolates from 
two term placentae. Scale bars = 200nm. 
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6.5. Investigating!the!effects!of!antiphospholipid!antibodies!on!

mitochondrial!function!

If aPL antibodies interact with mitochondria, it is possible that they may cause mitochondrial 

dysfunction. To investigate the effects of aPL antibodies on the function of mitochondria, 

placental explants were treated with aPL antibodies and assessed by high resolution 

respirometry. In this analysis, the real-time consumption of oxygen by mitochondria during 

different respiratory states was measured and expressed as oxygen flux, the negative time 

derivative of oxygen consumption. Individual respiratory states were interrogated by the 

sequential titration of substrates, uncoupling agents or inhibitors in a Substrate Uncoupler 

Inhibitor Titration (SUIT) protocol, which is detailed further in Section 3.4.17. 

6.5.1. !Determination!of!the!extent!of!placental!explant!permeabilisation!by!saponin!

To allow substrates, uncoupling agents and inhibitors access to mitochondria, the plasma 

membranes of placental explants were permeabilised with saponin, a detergent which 

selectively permeabilises a cell’s plasma membrane, but leaves the mitochondrial membranes 

intact (Kuznetsov et al., 2008). In order to determine the extent of saponin permeabilisation 

through the placental villus, placental explants were incubated with saponin before being 

stained with CellTracker Green CMFDA, a cytoplasmic dye that stains viable villous 

cytotrophoblasts and cells of the stromal core, and propidium iodide, a membrane-

impermeable DNA stain. Confocal microscopy demonstrated that, following permeabilisation 

with saponin, propidium iodide stained nuclei within the syncytiotrophoblast, but not the 

underlying villous cytotrophoblasts or cells of the stromal core, which were distinguishable 

from the syncytiotrophoblast by their staining with CellTracker Green CMFDA (Figure 

6.19). That villous cytotrophoblasts and stromal cells failed to stain with propidium iodide 

demonstrated that saponin only permeabilised the plasma membrane of the 

syncytiotrophoblast, and therefore, that respirometric measurements were restricted to this 

cell.  

 

 

 



! 259!

 

6.5.2. Investigating!mitochondrial!function!in!placental!explants!treated!with!ID2!by!high!

resolution!respirometry!

To investigate the effects of aPL antibodies on the respiratory function of syncytiotrophoblast 

mitochondria, first trimester placental explants were treated with ID2, human aPL antibodies, 

or control antibodies for 3 hours before being permeabilised with saponin and assessed by 

high resolution respirometry. The effect of IIC5 treatment on respiratory function was not 

determined by high resolution respirometry. Compared to treatment with control mAb, 

treatment of placental explants with ID2 did not affect the oxidative flux through electron 

transport system complexes I, II or IV, but did significantly increase the oxidative flux in the 

leak state (PTTEST = 9.11×10-5). Compared to treatment with control IgG, treatment of 

placental explants with human aPL had no effect on the oxidative flux in the leak state, or 

through complexes I or II, but did significantly depress the oxidative flux through complex 

IV (PTTEST = 0.014). The oxidative flux through complex II in the uncoupled state was 

unaffected by treatment with ID2 or human aPL antibodies (Figure 6.20).  

Figure 6.19 - Saponin permeabilised the plasma membrane of the syncytiotrophoblast but 
not villous cytotrophoblasts or cells of the stromal core. 
First trimester placental explants were permeabilised with 50µg/ml saponin for 30 minutes at 4°C 
before being stained with propidium iodide (red) and CellTracker Green CMFDA (green) and 
visualised by confocal microscopy. (A) Individual confocal optical sections through placental 
villi were compiled into (B) three dimentional renderings. Images are representative of 
experiments performed with four placentae. Scale bars = 100µm. 
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Figure 6.20 - Treatment of placental explants with antiphospholipid 
antibodies affected oxidative flux in the leak state or across complex IV. 
First trimester placental explants were treated with (A) 25µg/ml ID2 or control 
mAb or (B) 50µg/ml human aPL antibodies or control IgG for 3 hours before 
mitochondrial function was assessed by high resolution respirometry. A SUIT 
protocol allowed oxidative flux to be measured in the leak state (Leak), across 
complex I (OXPHOS I) and complex II (OXPHOS II), in an uncoupled state 
(Uncoup) and across complex IV (OXPHOS IV). Dot plots show each value and 
median across experiments with eight placentae for monoclonal antibody 
treatment and six placentae for human IgG treatment. *PTTEST < 0.05 and 
***PTTEST < 0.0005. 
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The stimulation of oxidative flux by addition of exogenous cytochrome c is an indication that 

endogenous cytochrome c has been lost from the mitochondrial electron transport system 

(Kuznetsov et al., 2008), where it functions to shuttle electrons from complex III to complex 

IV. The addition of exogenous cytochrome c significantly elevated the oxidative flux of 

placental explants treated with ID2 or human aPL antibodies compared to those treated with 

control antibodies (ID2 versus control mAb: PTTEST = 0.012, human aPL versus control IgG: 

PTTEST = 0.013) (Figure 6.21), suggesting that treatment of placental explants with aPL 

antibodies caused a loss of endogenous cytochrome c from mitochondria of the 

syncytiotrophoblast. 

6.5.3. Validating!the!effect!of!antiphospholipid!antibodies!on!the!release!of!cytochrome!c!

from!mitochondria!

To confirm that treatment with aPL antibodies leads to a loss of cytochrome c from 

mitochondria, cytosolic fractions were extracted from placental explants treated with 

monoclonal aPL antibodies ID2 or IIC5, human aPL antibodies or control antibodies before 

being assessed for cytochrome c by western blot. Quantitative analysis of western blots by 

densitometry demonstrated that treatment of placental explants with ID2 or IIC5 or human 

aPL antibodies significantly increased the amount of cytochrome c detected in cytosolic 

lysates compared to their respective controls (ID2 versus control mAb: PTTEST = 0.006, IIC5 

versus control mAb: PTTEST = 0.003) (Figure 6.22), (human aPL antibodies versus control 

IgG: PTTEST = 0.022) (Figure 6.23).  
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Figure 6.21 - Exogenous cytochrome c stimulated the 
oxidative flux of placental explants treated with 
antiphospholipid antibodies. 
First trimester placental explants were treated for 3 hours with 
(A) 25µg/ml ID2 or control mAb, or (B) 50µg/ml human aPL 
antibodies or control IgG before being assessed by high 
resolution respirometry. Cytochrome c-induced changes in 
oxidative flux were calculated by subtracting the oxidative flux 
through complex I from the oxidative flux through complex I in 
the presence of exogenous cytochrome c. Dot plots show each 
value and median across experiments with eight placentae for 
monoclonal antibody treatment and six placentae for human 
IgG treatment. *PTTEST < 0.05. 
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!  

Figure 6.22 – The levels of cytosolic cytochrome c were 
elevated following treatment of placental explants with 
monoclonal antiphospholipid antibodies. 
First trimester placental explants were treated for 3 hours with 
25µg/ml IIC5, ID2 or control mAb before extracting cytosolic 
lysates. (A) Cytosolic lysates were Western blotted with 
antibodies to cytochrome c and β-actin loading control. (B) The 
density of cytochrome c bands were normalised to β-actin and 
expressed relative to treatment with control mAb to control for 
protein loading and interplacental variability respectively. Dot 
plots show each value and median (line) across experiments 
performed with 10 placentae. *PTTEST < 0.05 and **PTTEST < 
0.005. 
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Figure 6.23 – The levels of cytosolic cytochrome c were 
elevated following treatment of placental explants with 
human antiphospholipid antibodies. 
First trimester placental explants were treated for 3 hours with 
50µg/ml human aPL antibodies or control IgG before extracting 
cytosolic lysates. (A) Cytosolic lysates were western blotted 
with antibodies to cytochrome c and β-actin loading control. (B) 
The density of cytochrome c bands were normalised to β-actin 
and expressed relative to treatment with control IgG to control 
for protein loading and interplacental variability respectively. 
Dot plots show each value and median (line) across experiments 
performed with 10 placentae. *PTTEST < 0.05. 
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6.6. Summary!of!key!findings!

• After treatment of placental explants with ID2 for 2 minutes, some of the ID2 in the 

syncytiotrophoblast co-localised with early endosomes. After treatment with ID2 for 

10 minutes, some of the ID2 co-localised with late endosomes and lysosomes in the 

syncytiotrophoblast. After treatment with ID2 for 120 minutes, some of the ID2 in the 

syncytiotrophoblast co-localised with lysosomes. 

• ID2 did not appear to co-localise with complex IV-labelled mitochondria in the 

syncytiotrophoblast of placental explants treated with ID2 for 2, 10 or 120 minutes. 

• The bifunctional probe FluoroNanogold labelled ID2 in the syncytiotrophoblast of 

placental explants treated for 2 or 30 minutes with ID2. FluoroNanogold-labelled ID2 

was up to 18.5✕ more abundant in the syncytiotrophoblast than FluoroNanogold-

labelled control mAb. 

• After treatment of placental explants with ID2 for 2 minutes, 8-9% of 

FluoroNanogold-labelled ID2 was associated with vesicular structures or 

mitochondria, while most FluoroNanogold-labelled ID2 was associated with 

unidentifiable structures.  

• The subcellular distribution of FluoroNanogold-labelled ID2 in the 

syncytiotrophoblast was different in placental explants treated with ID2 for 30 

minutes, where there was less-than-expected FluoroNanogold-labelled ID2 associated 

with vesicular structures. 

• Up to 71% of the mitochondria in the syncytiotrophoblast of placental explants treated 

with ID2 were associated with FluoroNanogold-labelled ID2. On average, each 

mitochondrion in the syncytiotrophoblast was associated with 1.5 molecules of 

FluoroNanogold-labelled ID2.  

• Three-quarters of the FluoroNanogold-labelled ID2 that was associated with 

mitochondria was present on the outer mitochondrial membrane. The remaining 

quarter was present on the inner mitochondrial membrane. 
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• Compared to placental explants treated with control mAb, there was less normal and 

more swollen mitochondria in the syncytiotrophoblast of placental explants treated 

with ID2. The proportion of swollen mitochondria in the syncytiotrophoblast of 

placental explants treated with control mAb increased with time in culture.  

• Swollen mitochondria were large with distended intermembrane spaces and cristae 

that took on a U-shaped configuration at one pole.  

• Compared to mitochondria with a normal morphology, swollen mitochondria were 

more often associated with FluoroNanogold-labelled ID2 in the syncytiotrophoblast 

of placental explants treated with ID2 for 2 minutes but not 30 minutes. 

• Mitochondria isolated from term placental villous tissue expressed β2GPI. 

• Mitochondria in the syncytiotrophoblast of placental explants treated with ID2 or 

human aPL exhibited increased oxidative flux in the leak state or decreased oxidative 

flux through complex IV when compared to placental explants treated with control 

antibodies. 

• Compared to placental explants treated with control antibodies, the oxidative flux of 

mitochondria in the syncytiotrophoblast of placental explants treated with ID2 or 

human aPL antibodies were stimulated by addition of exogenous cytochrome c.  

• The cytosolic lysates of placental explants treated with ID2, IIC5 or human aPL 

antibodies contained higher levels of cytochrome c, compared to placental explants 

treated with control antibodies.  

! !
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6.7. Discussion!

Previous work has suggested that treatment of placental explants with aPL antibodies may 

affect the progression and/or mechanism of death in the syncytiotrophoblast (Chen et al., 

2009). Antiphospholipid antibodies may have this effect on syncytiotrophoblast death from 

an intracellular position, similar to other cell-penetrating autoantibodies, which trigger cell 

death by interacting with intracellular antigens that are directly or indirectly involved in 

apoptosis (Ruiz-Arguelles et al., 2003). To test the hypothesis that internalised aPL 

antibodies affect syncytiotrophoblast death by interacting with an intracellular antigen, the 

trafficking and the intracellular fate of aPL antibodies in the syncytiotrophoblast was 

investigated. Particular emphasis was placed on the ability of aPL antibodies to encounter and 

affect the function of mitochondria, due to the role these organelles have in the regulation of 

cell death, as well as their high content of cardiolipin (Horvath & Daum, 2013), the anionic 

phospholipid used to detect aPL antibodies clinically (Section 1.3.5).     

6.7.1. The!movement!of!antiphospholipid!antibodies!through!the!syncytiotrophoblast!

Since aPL antibodies appear to be internalised into the syncytiotrophoblast by members of 

the LDLR family, one may expect aPL antibodies to traffic through the syncytiotrophoblast 

like ligands of the LDLR family. Ligands of the LDLR family, such as LDL, traffic through 

the syncytiotrophoblast in clathrin-coated vesicles and endosomes before entering lysosome-

like bodies (Malassiné et al., 1987; Fuchs & Ellinger, 2004). At least some ID2 trafficked 

through the syncytiotrophoblast in a similar manner, as demonstrated by the co-localisation 

of ID2 with EEA1-labelled early endosomes (Figure 6.1A), Rab7-labelled late endosomes 

(Figure 6.2A) and LAMP1-labelled lysosomes (Figure 6.3A). The distribution of 

FluoroNanogold-labelled ID2 in the syncytiotrophoblast also supports the trafficking of aPL 

antibodies through vesicles, as 5-8% of FluoroNanogold-labelled ID2 present in the 

syncytiotrophoblast of placental explants treated with ID2, was associated with vesicular 

structures (Figures 6.10 & 6.13). One type of vesicle associated with FluoroNanogold-

labelled ID2 was circular or ovoid in shape with a moderately electron-dense, grainy core 

which is typical of lysosomes (Tighe et al., 1967) (Figure 6.7B). A second type of vesicle that 

was associated with FluoroNanogold-labelled ID2 had an electron-lucent core surrounded by 

an electron-dense membrane (Figure 6.7A) which resembled the coated vesicles that transport 

LDL/LDLR from the apical membrane of the syncytiotrophoblast (Malassiné et al., 1987). 



! 268!

However, further work is required to confirm the identity of this latter type of vesicle, as the 

vesicles associated with FluoroNanogold-labelled ID2 were at the maximum end of the size 

range of coated vesicles (70-120nm) (Jones & Fox, 1991; Sooranna et al., 1993). 

The observation that 9% of FluoroNanogold-labelled ID2 present in the syncytiotrophoblast 

was associated with mitochondria (Figures 6.10 & 6.13), suggests that following it’s 

internalisation, ID2 may escape from vesicles and enter the cytoplasm of the 

syncytiotrophoblast. Other cell-penetrating autoantibodies, such as anti-heat shock protein 

antibodies (Tezel & Wax, 2000) and certain anti-DNA antibodies (Yanase et al., 1997; Jang 

et al., 2009) are also known to escape from the vesicular system following their 

internalisation into various cell types. The mechanism by which anti-heat shock protein or 

anti-DNA antibodies escape the vesicular system has been postulated to involve the 

recruitment of destabilising enzymes or direct antibody-mediated vesicular lysis (Jang et al., 

2009). Antiphospholipid antibodies are believed to interact with and affect the function of 

lysobisphosphatidic acid, a major structural component of late endosomes (Kobayashi et al., 

1998), which raises the possibility that by interacting with lysobisphosphatidic acid, aPL 

antibodies may destabilise the endosome and lead to vesicle disassembly. The presence of 

FluoroNanogold-labelled ID2 on the luminal and cytoplasmic aspects of the vesicular 

membranes (Figure 6.7) suggests that ID2 may also enter the cytoplasm by translocating 

directly across the vesicular membrane, as occurs for some cell-penetrating peptides (Erazo-

Oliveras et al., 2012). 

Whatever the mechanism of aPL antibody escape from the vesicular system, it is evidently a 

rapid process, as FluoroNanogold-labelled ID2 associated with mitochondria after treatment 

of placental explants with ID2 for just 2 minutes. The speed with which ID2 appears to 

escape the vesicular system may explain why only some ID2 co-localised with EEA1-

labelled early endosomes (Figure 6.1A), Rab7-labelled late endosomes (Figure 6.2A) or 

LAMP1-labelled lysosomes (Figure 6.3A) in the syncytiotrophoblast of placental explants 

treated with ID2 for 2, 30 or 120 minutes. The rapid escape of ID2 from the vesicular system 

may also explain why there was less FluoroNanogold-labelled ID2 associated with vesicular 

structures in the syncytiotrophoblast of placental explants treated with ID2 for 30 minutes, 

compared to those explants treated for 2 minutes (Figure 6.14).!

! !
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6.7.2. Antiphospholipid!antibodies!interact!with!mitochondria!in!the!syncytiotrophoblast!

Immunoelectron microscopy clearly demonstrated that mitochondria were an intracellular 

target of ID2 in the syncytiotrophoblast, where up to 71% of mitochondria were associated 

with FluoroNanogold-labelled ID2 (Figure 6.13). Although the exact antigenic target of ID2 

on mitochondria has yet to be determined, it is possible that ID2 interacts with mitochondria 

via it’s antigen, β2GPI, which was present in the lysates of mitochondria isolated from term 

placentae (Figure 6.18). For aPL antibodies to bind to β2GPI in vitro, β2GPI needs to be 

immobilised on a negatively charged surface (Matsuura et al., 1992; Pierangeli et al., 1992; 

Matsuura et al., 1994; Chamley et al., 1999). Antiphospholipid antibodies may bind to β2GPI 

on mitochondria, as β2GPI is known to form electrostatic interactions with anionic 

phospholipids in the membranes of mitochondria isolated from Saccharomyces cerevisiae 

(Schousboe, 1979). The anionic phospholipid cardiolipin, which immobilises β2GPI in the 

cardiolipin ELISA (Loizou et al., 1985), may be involved in the interaction between 

mitochondria, β2GPI and aPL antibodies, as it is found exclusively in mitochondria, where it 

is the most abundant anionic phospholipid of the mitochondrial membranes (Horvath & 

Daum, 2013) (Figure 6.24). 

  

Figure 6.24 – The interaction between antiphospholipid antibodies and mitochondria may 
involve β2 glycoprotein I and cardiolipin. 
Cardiolipin in the inner and outer mitochondrial membranes may bind and induce a 
conformational change in β2GPI or cluster it (not shown) to allow subsequent binding of aPL 
antibodies. Abbreviations: mito = mitochondrial. 
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Cardiolipin is differentially distributed between the outer and inner mitochondrial 

membranes. In the inner mitochondrial membrane, cardiolipin constitutes 18% of the total 

phospholipids, whereas, in the outer mitochondrial membrane it constitutes less than 1% of 

the total phospholipids (Horvath & Daum, 2013). The distribution of cardiolipin is altered 

during the early stages of apoptosis where there is a significant translocation of cardiolipin 

from the inner to the outer mitochondrial membrane (Fernandez et al., 2002). The presence of 

cardiolipin in the outer mitochondrial membrane of cells undergoing apoptosis, and the fact 

that the syncytiotrophoblast undergoes apoptosis-like turnover (Section 1.2.2), may explain 

why three-quarters of all the FluoroNanogold-labelled ID2 associated with mitochondria was 

present on the outer mitochondrial membrane, with the remaining quarter present on the inner 

mitochondrial membrane (Sections 6.3.3.iii & 6.3.3.vi). While the importance of cardiolipin 

translocation for the interaction of aPL antibodies with mitochondria has yet to be 

determined, it is interesting to question whether the reported inability of internalised aPL 

antibodies to recognise the mitochondria of endothelial cells (Kobayashi et al., 1998; Galve-

de Rochemonteix et al., 2000) or monocytes (Perez-Sanchez et al., 2012) is due to the 

scarcity of cardiolipin in the outer mitochondrial membrane of non-apoptotic cells. 

Antiphospholipid antibodies internalised by endothelial cells and monocytes recognise 

lysobisphosphatidic acid-rich endosomes, not mitochondria (Kobayashi et al., 1998; Galve-de 

Rochemonteix et al., 2000; Perez-Sanchez et al., 2012). In addition to differences in the 

distribution of cardiolipin, the different intracellular fates of aPL antibodies in endothelial 

cells/monocytes compared to the syncytiotrophoblast may reflect differences in the 

mechanism of aPL antibody internalisation into these cell types. In the syncytiotrophoblast, 

aPL antibodies appear to be internalised by a member/s of the LDLR family, while in 

monocytes, aPL antibodies are internalised by FcγRII-mediated endocytosis (Prinz et al., 

2011), and in endothelial cells, TLR-stimulated macropinocytosis is thought to mediate aPL 

antibody internalisation (Alard et al., 2010; Prinz et al., 2013). These distinct endocytic 

mechanisms may direct aPL antibodies to different subcellular compartments or may offer 

different opportunities for escape from the vesicular system. The ability of an autoantibody’s 

mechanism of cellular penetration to influence it’s intracellular fate has been demonstrated 

previously for anti-DNA antibodies, whose trafficing to a nuclear or to a cytosolic 

(perinuclear) position may be related to the diverse cell-surface receptors that mediate their 

internalisation (Reichlin et al., 1998). 
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Despite the observation that up to 71% of mitochondria in the syncytiotrophoblast associated 

with FluoroNanogold-labelled ID2, there was no fluorescent co-localisation detected between 

complex IV-labelled mitochondria and ID2 (Figure 6.4A). The failure to detect the 

interactions between ID2 and mitochondria by fluorescent immunolabelling may be due to 

competition between the anti-complex IV antibody used to detect mitochondria, and 

internalised ID2, both of which appear to bind mitochondria. Competition for an antigenic 

target has been demonstrated in fibroblasts, where the fluorescent immunolabelling of 

lysobisphosphatidic acid was reportedly impaired by internalised aPL antibodies which had 

bound this phospholipid (Kobayashi et al., 1999). Indeed, competition for an antigenic target 

may help to explain why, in the syncytiotrophoblast of placental explants treated with ID2 for 

10 minutes, staining for the early endosomal marker EEA1 was poor in regions of the 

syncytiotrophoblast where ID2 was abundant (Figure 6.1A). It is also possible that the 

interaction of ID2/β2GPI with cardiolipin may directly affect the structure and antigenicity of 

complex IV, as cardiolipin is part of the quaternary structure of complex IV (Robinson, 

1993). In either of these cases, the anti-complex IV antibody may recognise only those 

mitochondria that were free of ID2, perhaps explaining why the fluorescent co-localisation 

approach failed to detect the interactions between mitochondria and internalised ID2.  

Besides mitochondria and vesicular structures, no other structures in the syncytiotrophoblast 

were identifiable by electron microscopy. Consequently, 83-86% of all FluoroNanogold-

labelled-ID2 in the syncytiotrophoblast of placental explants treated with ID2 for 2 or 30 

minutes were classified as being associated with unidentifiable structures (Figures 6.10 & 

6.13). The association of FluoroNanogold with unidentifiable electron-dense structures did 

not did not appear to be the result of non-specific background immunolabelling, where both 

electron-dense and electron-lucent areas of the section would be labelled. Therefore, the 

association of FluoroNanogold-labelled ID2 with unidentifiable structures was considered to 

be real, and not a technical artifact. There are three possible reasons why these structures 

were unidentifiable: 

a) Placental explants were fixed with paraformaldehyde, a light fixative that may not 

have been sufficient to preserve all ultrastructure in the syncytiotrophoblast. 

Paraformaldehyde was used instead of the standard electron microscopy fixative 

glutaraldehyde, since glutaraldehyde destroyed the antigenicity of internalised murine 

IgG for the anti-mouse IgG secondary antibody. A negative effect of glutaraldehyde 

fixation on immunolabelling is well documented (Bendayan et al., 1987; Maunsbach 
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& Afzelius, 1999), and a trade-off between preservation of ultrastructure (with 

glutaraldehyde) and successful immunolabelling (without glutaraldehyde) is common 

for immunoelectron microscopy. 

b) Loss of some ultrastructure in the syncytiotrophoblast may have been the result of 

local degenerative changes in the syncytiotrophoblast, such as those reported to occur 

during tissue processing or culture (Palmer et al., 1997; Watson et al., 1998).  

c) Treatment of placental explants with ID2 may have caused similar degenerative 

changes in the syncytiotrophoblast, although this is doubtful as the ultrastructure in 

placental explants treated with ID2 was no worse than the ultrastructure of placental 

explants treated with control mAb. 

Whether structures in the syncytiotrophoblast were unidentifiable due to biological 

degeneration or a lack of adequate fixation, it still remains that a large proportion of 

FluoroNanogold-labelled ID2 in the syncytiotrophoblast was associated with unidentified 

structures or organelles. Investigation of these unidentified intracellular targets of ID2 by 

an alternative methodological approach is necessary, as their identification may provide 

further insight into the consequences of internalised aPL antibodies.  

6.7.3. The!consequences!of!the!internalisation!of!antiphospholipid!antibodies!by!the!

syncytiotrophoblast!

6.7.3.i. Mitochondrial!swelling!

Compared to treatment with control mAb, treatment of placental explants with ID2 for 2 or 

30 minutes caused a significant increase in the amount of swollen mitochondria in the 

syncytiotrophoblast (Figures 6.11 & 6.15). Swollen mitochondria appeared larger than 

normal mitochondria, with a distended intermembrane space and cristae that took on a U-

shaped configuration at one pole (Figure 6.8). The swelling of mitochondria in the 

syncytiotrophoblast of placental explants treated with ID2 does not appear to be related to 

any possible deficiencies in ultrastructural preservation, as villous cytotrophoblasts from 

these placental explants contained mitochondria with normal morphologies (Figure 6.9). 

Distension of the intermembrane space has been observed in isolated hepatic mitochondria 

following treatment with zinc oxide nanoparticles (Li et al., 2012). Similar to the 

mitochondria from placental explants treated with ID2, the swollen zinc oxide-treated 
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mitochondria exhibited several features of mitochondrial dysfunction, including increased 

leak state respiration and cytochrome c release (Li et al., 2012). The swelling of zinc oxide-

treated mitochondria was attributed to the mitochondrial permeability transition (MPT) (Li et 

al., 2012), the formation of a pore in the inner mitochondrial membrane that renders the 

membrane permeable to solutes of less than 1.5kDa (Zamzami & Kroemer, 2001). 

Involvement of the MPT was a logical proposition to make since the MPT is a well 

recognised cause of mitochondrial swelling and dysfunction (Halestrap et al., 2002; 

Tsujimoto & Shimizu, 2007). However, the morphology of mitochondria that have undergone 

the MPT is distinctly different to that of zinc-oxide treated mitochondria, or the mitochondria 

in the syncytiotrophoblast of placental explants treated with ID2. Opening of the MPT pore in 

the inner mitochondrial membrane causes movement of water into the hyperosmotic 

mitochondrial matrix, which in turn results in the swelling of cristae which breach the outer 

mitochondrial membrane and herniate into the cytoplasm (Sesso et al., 2004). Since zinc 

oxide-treated mitochondria or mitochondria in the syncytiotrophoblast of ID2-treated 

placental explants did not exhibit swollen mitochondrial matrices, it is unlikely that the MPT 

is responsible for the swelling observed in these mitochondria. 

Isolated hepatic mitochondria also show distension of the intermembrane space during active 

ADP-stimulated respiration (Hackenbrock, 1966), which raises the possibility that the 

swelling discussed above may simply reflect a physiological “condensed” respiratory state 

rather than a pathological response to zinc oxide or ID2. However, this is questionable given 

that distension of the intermembrane space in condensed respiring mitochondria is 

comparatively small, and since swollen mitochondria exhibit other features of mitochondrial 

dysfunction, such as cytochrome c release, which would not be expected for normal, respiring 

mitochondria.  

Swollen mitochondria in the syncytiotrophoblast of ID2-treated placental explants also 

resemble the mitochondria within motor neurons of patients or mice with amyotropic lateral 

sclerosis, a neurodegenerative disorder (Sasaki et al., 1990; 2004; Xu et al., 2004). 

Mitochondria in motor neurons affected by this disorder exhibit a dilated intermembrane 

space with splitting of the inner and outer mitochondrial membranes (Higgins et al., 2003; 

Sasaki et al., 2004). The intermembrane space of these mitochondria eventually form a large 

‘vacuole’ and the polarised cristae disintergrate into inner membrane remnants (Higgins et 

al., 2003). The formation of vacuoles in the intermembrane space is called Mitochondrial 

Vacuolation by Intermembrane Space Expansion (MVISE), and based on similarities in the 
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morphology of mitochondria presented in this chapter and the aformentioned reports, it 

appears possible that mitochondria in the syncytiotrophoblast of placental explants treated 

with ID2 have undergone the early stages of MVISE. 

One potential cause of MVISE in motor neurons affected by amyotropic lateral sclerosis is 

damage to the inner and outer mitochondrial membranes (Xu et al., 2004). The exact cause of 

mitochondrial membrane damage in these motor neurons is not well defined, but may involve 

the mutant protein superoxide dismutase 1, which binds and forms aggregates on the inner 

and outer mitochondrial membranes (Higgins et al., 2003; Xu et al., 2004). In the 

syncytiotrophoblast of placental explants treated with ID2, damage to the inner and outer 

mitochondrial membranes may be caused by the binding of ID2. Indeed, the binding of aPL 

antibodies/β2GPI to cardiolipin may disrupt the points of contact between the inner and outer 

mitochondrial membranes, which depend on cardiolipin for their structural integrity (Schlame 

et al., 2000; Gonzalvez & Gottlieb, 2007). Conceivably, damage to the contact points 

between the inner and outer mitochondrial membranes could cause separation of the two 

membranes and distension of the intermembrane space, which is an early stage of MVISE 

(Xu et al., 2004). In support of cardiolipin’s involvement in aPL antibody-related 

mitochondrial swelling, loss of cardiolipin (by siRNA-mediated knock-down of cardiolipin 

synthase) gives rise to mitochondria that exhibit signs of MVISE (Choi et al., 2006). 

A causal relationship between the binding of ID2 to mitochondrial membranes and 

mitochondrial swelling is supported by the finding that cytotrophoblast mitochondria, which 

did not associate with FluoroNanogold-labelled ID2, were not swollen (Figure 6.9). 

Furthermore, swollen mitochondria in the syncytiotrophoblast of placental explants treated 

with ID2 for 2 minutes, were more often associated with FluoroNanogold-labelled ID2 

compared to normal mitochondria (Figure 6.12). However, the possibility that ID2 

preferentially bound to swollen mitochondria as a consequence of swelling, rather than being 

the cause of swelling, cannot be ruled out. Indeed, swelling of the intermembrane space may 

compromise the outer mitochondrial membrane (Higgins et al., 2003) and provide ID2 

greater access to binding sites on the inner mitochondrial membrane. However, if the binding 

of ID2 to swollen mitochondria was solely a consequence of increased antigen accessibility, 

one would expect FluoroNanogold-labelled ID2 to associate preferentially with swollen 

mitochondria in the syncytiotrophoblast of placental explants treated with ID2 for 30 

minutes. Conversely, after treatment of placental explants with ID2 for 30 minutes, 

FluoroNanogold-labelled ID2 showed no preference for swollen mitochondria, binding 
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equally well to normal mitochondria (Figure 6.17), suggesting that the binding of ID2 to 

swollen mitochondria is not solely a consequence of increased antigen accessibility, and that 

ID2 binding may contribute to mitochondrial swelling. 

The binding of ID2 to the cardiolipin-rich mitochondrial membranes is not the only possible 

cause of mitochondrial swelling in the syncytiotrophoblast of ID2-treated placental explants. 

Mitochondria may also undergo MVISE in response to reactive oxygen species (ROS), as has 

been postulated to occur in motor neurons as a consequence of aggregated, dysfunctional, 

superoxide dismutase 1 (Higgins et al., 2003; Xu et al., 2004). Recent work has demonstrated 

that treatment of placental explants with aPL antibodies increases the expression of several 

proteins associated with the formation of mitochondrial ROS (Pantham, PhD Thesis 2014). 

Moreover, aPL antibody-induced ROS are known to affect mitochondrial membrane 

potential, and several aspects of mitochondrial mophology in monocytes (Perez-Sanchez et 

al., 2012). Taken together, these data suggest that ROS, produced in response to aPL 

antibodies, may be an additional cause of MVISE in the syncytiotrophoblast of ID2-treated 

placental explants.  

Reactive oxygen species may also be generated by mitochondria in the syncytiotrophoblast of 

first trimester placentae, which express low levels of the antioxidant enzyme superoxide 

dismutase, when the placentae are removed from their low-oxygen environment in utero 

(oxygen tension ≈ 18 mmHg) and processed and cultured in an ambient oxygen atmosphere 

(oxygen tension = 160 mmHg) (Watson et al., 1998). Mitochondria in the syncytiotrophoblast 

of first trimester placental explants cultured under these superoxic conditions for 4 hours 

display intermembrane space distension (Watson et al., 1998), an early sign of MVISE. The 

production of culture-induced ROS may explain why there was a small proportion of swollen 

mitochondria observed in the syncytiotrophoblast of placental explants treated with control 

mAb, and why this proportion increased significantly over the 30 minute treatment period 

(Figure 6.16). Therefore, by potentially stimulating oxidative stress and the production of 

ROS, aPL antibodies may exaggerate the artifactual mitochondrial swelling that occurs in the 

syncytiotrophoblast of first trimester placental explants in response to superoxic 

processing/culture conditions.  

! !
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6.7.3.ii. Altered!respiratory!function!

The production of adenosine triphosphate (ATP) involves two linked systems; the electron 

transport system, and the phosphorylation system. The electron transport system comprises 

several protein complexes that shuttle electrons to oxygen, forming water. The energy 

generated from shuttling electrons is used to pump protons into the intermembrane space. The 

electrochemical gradient generated by protons in the intermembrane space is harnessed by the 

phosphorylation system (the ATPase) which drives the conversion of ADP into ATP. 

However, not all protons pass through the ATPase – some protons leak through the inner 

mitochondrial membrane independent of the ATPase, thus, dissipating the electrochemical 

proton gradient (Fosslien, 2001). In the experimentally determined leak state, the electron 

transport system continues to pump protons (and consume oxygen) at a rate that is 

proportional to the leak of protons through the inner mitochondrial membrane (Figure 6.25). 

Thus, the oxidative flux in the leak state gives an indication of the magnitude of proton leak.    

Leak state respiration was increased in placental explants treated with ID2 (Figure 6.20), 

demonstrating that there was greater proton leak across the inner mitochondrial membrane in 

the syncytiotrophoblast of these placental explants. Increased proton leak in response to 

treatment with ID2 may be due to a deleterious effect of ID2 on cardiolipin, since cardiolipin 

helps to prevent leak across the inner mitochondrial membrane by maintaining the integrity 

of the phospholipid barrier (Schlame, 2000). Cardiolipin is also an important component of 

the proton carrier adenine nucleotide translocase (Hoffman et al., 1994), which is a mediator 

of proton leak across the inner mitochondrial membrane (Brand et al., 2005), and which 

incidentally, is upregulated in first trimester placental explants treated with aPL antibodies 

(Pantham, PhD Thesis 2014).  

Unlike treatment of placental explants with ID2, treatment of placental explants with human 

aPL had no effect on leak respiration, but did depress the respiratory activity of complex IV 

of the electron transport system (Figure 6.20). Depression of complex IV activity may also be 

related to a negative effect of ID2 on cardiolipin, as cardiolipin is part of the quaternary 

structure of this complex (Robinson, 1993), which is required for maximal activity 

(Abramovitch et al., 1990). In contrast, cardiolipin is not part of the quaternary structure of 

complex I (Gonzalvez & Gottlieb, 2007), and does not interact with complex II (Schlame et 

al., 2000), perhaps explaining why neither ID2 nor human aPL antibodies affected the 

respiratory function of these complexes.  
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Figure 6.25 – The leak state measures the consumption of oxygen due to proton leak. 
A) During coupled oxidative phosphorylation, the energy generated from shuttling electrons 
(dotted lines) through components of the electron transport system (yellow) is used to pump 
protons (H+) from the mitochondrial matrix to the intermembrane space, thus creating an 
electrochemical gradient. Oxygen is consumed during this process. The movement of protons 
down the electrochemical gradient, through the ATPase, drives phosphorylation of ADP to 
ATP. B) Instead of passing through the ATPase, some protons leak back through the inner 
mitochondrial membrane, which dissipates the electrochemical proton gradient.  The electron 
transport system continues to pump protons (and consume oxygen) at a rate that is propotional 
to proton leak. The consumption of oxygen due to proton leak describes the leak state. 
Abbreviations: I=complex I, II=complex II, III=complex III, IV=complex IV, UQ=ubiquinone, 
Cytc=cytochrome c. 
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Due to logistical constraints, placental explants were assessed by high resolution respirometry 

after treatment with aPL antibodies for 3 hours. There are two potential limitations to the use 

of a 3 hour treatment time. Firstly, it is unknown whether mitochondria are swollen, and/or 

associated with aPL antibodies after 3 hours of placental explant treatment. Indeed, the lack 

of aPL antibodies in the syncytiotrophoblast of most first trimester placental explants by 120 

minutes (Figure 4.7) suggests that there may be less binding of aPL antibodies to 

mitochondria after 3 hours than was demonstrated by immunoelectron microscopy after 2 or 

30 minutes. Secondly, it is possible that the generation of ROS and the associated 

mitochondrial dysfunction that result from superoxic placental explant culture conditions 

(Watson et al., 1998) over a three hour time period may have obscured any specific, 

deleterious effects of aPL antibodies on respiratory function. In light of these limitations, it is 

tempting to question whether the effects of aPL antibodies on the respiratory activity of 

complex IV, or on leak state respiration would have been greater had treatment time been 2 

or 30 minutes rather than 3 hours.   

6.7.3.iii. Cytochrome!c!release!

Cytochrome c is an integral part of the electron transport system, where it functions to shuttle 

electrons from complex III to complex IV. Approximately 15% of cytochrome c is free 

within the intermembrane space, with the rest bound to cardiolipin on the outer leaflet of the 

inner mitochondrial membrane (Gonzalvez & Gottlieb, 2007). In this regard, cardiolipin 

functions to keep cytochrome c close to the other components of the electron transport 

system, which span the inner mitochondrial membrane (McMillin & Dowhan, 2002). The 

release of cytochrome c from the inner mitochondrial membrane into the cytosol is a key step 

in the progression of apoptosis (Section 6.7.3.iv), and it involves two steps: 1) The release of 

cytochrome c from cardiolipin into the intermembrane space, and 2) the movement of 

cytochrome c through the outer mitochondrial membrane into the cytosol (Ott et al., 2002).  

Cytochrome c is a cationic protein that interacts with the anionic head group of cardiolipin 

via electrostatic interactions (Nicholls, 1974; Rytömaa & Kinnunen, 1994). This electrostatic 

interaction must be breached for cytochrome c to be released into the intermembrane space 

(Ott et al., 2002). High resolution respirometry suggested that treatment of placental explants 

with ID2 or human aPL antibodies disrupted the interaction between endogenous cytochrome 

c and cardiolipin in mitochondria of the syncytiotrophoblast, since exogenous cytochrome c 
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restored the flow of electrons and stimulated the consumption of oxygen by aPL antibody-

treated placental explants (Figures 6.21 & 6.26).  

!  

Figure 6.26 – Exogenous cytochrome c restores the electron transport 
system when endogenous cytochrome c is lost. 
A) When endogenous cytochrome c is lost from the inner mitochondrial 
membrane, the electron transport system is incomplete and the consumption of 
oxygen ceases. B) Addition of exogenous cytochrome c (green) completes the 
electron transport system and oxygen consumption is stimulated. 
Abbreviations: Cytc=cytochrome c, I=complex I, II=complex II, III=complex 
III, IV=complex IV, UQ=ubiquinone. Movement of electrons is depicted by 
dotted lines. 
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The loss of endogenous cytochrome c from mitochondria in response to treatment of 

placental explants with aPL antibodies may be related to the putative interaction between aPL 

antibodies/β2GPI and cardiolipin in the inner mitochondrial membrane. Similar to the ability 

of aPL antibody/β2GPI complexes to competitively displace annexin V from 

phosphatidylserine (Rand et al., 2003), aPL antibody/β2GPI complexes may displace 

cytochrome c from cardiolipin. The positively-charged domain V of β2GPI may be important 

in breaching the electrostatic interaction between cytochrome c and cardiolipin, since it has 

been demonstrated that other cationic peptides are also capable of causing cytochrome c 

release (Mather et al., 2001).  

Western blotting demonstrated that cytochrome c released from the inner mitochondrial 

membrane in reponse to treatment with aPL antibodies, moved through the outer 

mitochondrial membrane and into the cytosol (Figures 6.22 & 6.23). The movement of 

cytochrome c into the cytosol requires permeabilisation of the outer mitochondrial 

membrane, which can occur by several means, of which three are relevant to placentae 

exposed to aPL antibodies. Firstly, the outer mitochondrial membrane may become 

permeable to cytochrome c as a consequence of mitochondrial swelling. The intermembrane 

space of mitochondria that have undergone MVISE stain poorly for cytochrome c, suggesting 

that swelling causes the outer mitochondrial membrane to become porous (Higgins et al., 

2003). The outer mitochondrial membrane may also be permeabilised by the pro-apoptotic 

protein Bax, whose expression in the syncytiotrophoblast is increased by treatment with aPL 

antibodies (Di Simone et al., 2006). Specifically, Bax is thought to permeabilise the outer 

mitochondrial membrane by forming part of the mitochondrial apoptosis-induced channel 

(MAC) (Kinnally & Antonsson, 2007), or by physically disrupting the phospholipid bilayer 

via it’s positively charged residues (Basañez et al., 1999). Finally, the outer mitochondrial 

membrane may be permeabilised by the sphingolipid ceramide, which forms large ceramide 

channels in the membrane (Siskind, 2005). Recent work has demonstrated that the production 

of ceramide is increased in placental explants treated with aPL antibodies (Pantham, PhD 

Thesis 2014), although it still remains to be seen whether this corresponds to an increased 

formation of ceramide channels in the outer mitochondrial membrane. Taken together, these 

data suggest that aPL antibodies may trigger permeabilisation of the outer mitochondrial 

membrane (and release of cytochrome c into the cytosol) by one or more of several diverse 

mechanisms. 
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6.7.3.iv. Modulation!of!syncytiotrophoblast!death!

Once released into the cytosol, cytochrome c complexes with a protein called apoptotic 

protease activating factor 1 to form the apoptosome (Li et al., 1997). The apoptosome cleaves 

pro-caspase 9 into caspase 9 which in turn activates caspases 3 and 7, thus committing the 

cell to the execution stages of apoptosis (Li et al., 1997; Reidl & Salvesen, 2007). The 

turnover of the syncytiotrophoblast is an apoptosis-like process that begins with 

syncytialisation, which is mediated by initiator caspases, and culminates in the extrusion of 

trophoblast debris, which is thought to involve executioner caspases (Huppertz et al., 1998; 

1999). It may take as long as 3-4 weeks for a syncytiotrophoblast nucleus to complete this 

process (Benirschke & Kaufmann, 2000), during which time the anti-apoptotic protein Bcl-2 

may help to maintain the nucleus in a state of apoptotic limbo (Sakuragi et al., 1994; 

Huppertz et al., 1998). It is possible that in the syncytiotrophoblast, in response to treatment 

with aPL antibodies, the increased levels of cytosolic cytochrome c overwhelm the anti-

apoptotic effects of Bcl-2, and result in premature execution of apoptosis. This imbalance 

between pro- and anti-apoptotic factors may be further exaggerated by the ability of aPL 

antibodies to decrease Bcl-2 levels in the syncytiotrophoblast (Di Simone et al., 2006). An 

increase in syncytiotrophoblast apoptosis due to increased cytosolic cytochrome c and/or 

decreased Bcl-2 may explain why placental explants treated with aPL antibodies exhibit 

elevated levels of cytokeratin neoepitope formation, TUNEL positivity and DNA laddering 

(Ornoy et al., 2003; Bose et al., 2004; Schwartz et al., 2007), and why placental explants 

treated with aPL antibodies produce more trophoblast debris than placental explants treated 

with control antibodies (Chen et al., 2009). 

The apoptotic process consumes energy in the form of intracellular ATP. When intracellular 

ATP levels are low, cells switch from apoptotic to necrotic death, since the latter process is 

energy-independent (Eguchi et al., 1997; Tatsumi et al., 2003). There are several lines of 

evidence to suggest that, in response to aPL antibodies, intracellular levels of ATP in the 

syncytiotrophoblast may be low. For example, by enhancing proton leak or by depressing the 

activity of complex IV, aPL antibodies may impair the production of an electrochemical 

proton gradient which the ATPase uses to drive conversion of ADP into ATP (Section 

6.7.3.ii). Moreover, treatment of placental explants with aPL antibodies has been shown to 

depress the expression of five key enzymes involved in the glycolytic and tricarboxylic acid 

cycles (Pantham, PhD thesis 2014). Impairment of glycolysis or the tricarboxylic acid cycle 

may decrease the availability of the electron donor NADH, and the resulting production of 
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ATP by oxidative phosphorylation. Compounding the possible lack of ATP production, the 

syncytiotrophoblast may also be under a considerable energy burden due to the apoptosis-

stimulating effects of increased cytosolic cytochrome c. Therefore, it is conceivable that in 

reponse to treatment with aPL antibodies, an initial increase in syncytiotrophoblast apoptosis 

could, on a background of low ATP production, lead to a switch to necrosis. This could 

explain why explants treated with aPL antibodies not only produced more trophoblast debris, 

but also produced trophoblast debris that was necrotic in nature (Chen et al., 2009). 

Other autoantibodies are known to trigger cell death from an intracellular position following 

their internalisation into various cell types (Alarcon-Segovia & Llorente, 1983; Adamus et 

al., 1998; Tezel & Wax, 2000; Lisi et al., 2007a; Ruiz-Arguelles et al., 2007; Jang et al., 

2009). In addition, some autoantibodies, such as anti-DNA antibodies may also trigger cell 

death from a cell-surface position (Rivadeneyra-Espinoza & Ruiz-Arguelles, 2006). 

Therefore, it is possible that aPL antibodies may exert their effects on mitochondrial 

swelling, proton leak, complex IV activity and cytochrome c release from a cell-surface 

position, perhaps via the extrinsic cell death pathway (Guvendag-Guven et al., 2008). 

However, recent work has demonstrated that the release of necrotic trophoblast debris from 

placental explants treated with aPL antibodies can be prevented by co-culture with RAP or an 

inhibitor of endocytosis, both of which inhibit the internalisation of aPL antibodies into the 

syncytiotrophoblast (Viall et al., 2013). That inhibition of the internalisation of aPL 

antibodies prevents necrosis in the syncytiotrophoblast suggests that any contribution from 

cell surface-acting aPL antibodies are limited, and that it is the ability of aPL antibodies to 

interact with intracellular antigens, such as mitochondria, that modulates syncytiotrophoblast 

death. 

! !
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6.8. Conclusion!

The work presented in this chapter has provided a mechanism to explain how aPL antibodies 

internalised by the syncytiotrophoblast may affect syncytiotrophoblast death. This 

mechanism proposes that once aPL antibodies are internalised into the syncytiotrophoblast, 

they rapidly escape from the vesicular system and interact with mitochondria, possibly via 

β2GPI and the anionic phospholipid cardiolipin. By interacting with mitochondrial 

cardiolipin, aPL antibodies may: 

- Disrupt the contact points between the outer and inner mitochondrial membranes thus 

promoting mitochondrial swelling resembling the early stages of MVISE. 

- Affect the adenine nucleotide translocator, or the integrity of the inner mitochondrial 

membrane, thus increasing proton leak across the inner mitochondrial membrane. 

- Affect the quaternary structure and maximal functional output of complex IV of the 

electron transport system. 

- Disrupt the electrostatic interactions between cardiolipin and cytochrome c, thus 

promoting the release of cytochrome c from the inner mitochondrial membrane. 

Once released into the cytosol of the syncytiotrophoblast, cytochrome c may accelerate 

execution of the apoptotic cascade, which in an ATP-poor environment, could result in a 

switch to necrosis in the syncytiotrophoblast.  

In addition to the effects of aPL antibodies on mitochondrial swelling, proton leak, complex 

IV activity and cytochrome c release, aPL antibodies also reportedly alter the levels of Bax, 

Bcl-2 (Di Simone et al., 2006), adenine nucleotide translocator, ceramide, proteins involved 

in the production of ROS, and enzymes of the glycotic and tricarboxylic acid cycles 

(Pantham, PhD Thesis 2014), suggesting that internalised aPL antibodies may exert a 

multifaceted insult on mitochondria of the syncytiotrophoblast. 

The ability of intracellular aPL antibodies to affect mitochondria of the syncytiotrophoblast 

and the progression and/or mechanism of death in this cell may help to explain how aPL 

antibodies cause placental dysfunction and obstetric morbidity. In particular, the altered 

production of trophoblast debris in response to aPL antibodies may contribute to the 

development of preeclampsia, as will be discussed further in section 7.4. 
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7.1. Antiphospholipid*antibodies*target*the*syncytiotrophoblast*and*

extravillous*trophoblasts*

The systematic review of the literature presented in Chapter 2 of this thesis demonstrated that 

the histopathological fingerprint of aPL antibodies in the human placenta included five 

lesions. Two lesions were associated with the syncytiotrophoblast (increased syncytial knots 

and decreased vasculosyncytial membranes), and two were associated with extravillous 

trophoblasts in the decidua (impaired spiral artery remodelling and decidual inflammation) 

(Figure 2.6). That lesions associated with extravillous trophoblasts and the 

syncytiotrophoblast were common in the placentae of aPL antibody-positive women suggests 

that extravillous trophoblasts and the syncytiotrophoblast may be the major cellular targets of 

aPL antibodies in vivo.  

The experimental work presented in this thesis also supports the idea that extravillous 

trophoblasts and the syncytiotrophoblast are the major targets of aPL antibodies in the 

placenta. Specifically, it has been demonstrated that extravillous trophoblasts and the 

syncytiotrophoblast, but not villous cytotrophoblasts or choriocarcinoma cell lines, interact 

with aPL antibodies in vitro (Chapter 5). Despite both being targets of aPL antibodies, the 

interactions between aPL antibodies and extravillous trophoblasts or the syncytiotrophoblast 

were found to be different, as summarised below.  

The syncytiotrophoblast internalised aPL antibodies from the culture medium, which is the in 

vitro equivalent of the maternal blood-filled intervillous space. Experimental evidence 

presented in Chapter 4 suggests that aPL antibodies are rapidly internalised by the 

syncytiotrophoblast in a specific process that involves the formation of a complex between 

phosphatidylserine, β2GPI, aPL antibodies and a member/s of the LDLR family. Once 

endocytosed into the syncytiotrophoblast, aPL antibodies appear to escape the vesicular 

system and encounter mitochondria in the cytoplasm of the syncytiotrophoblast (Chapter 6). 

This work has lead to the proposal that aPL antibodies interact with mitochondria in the 

syncytiotrophoblast via β2GPI and the anionic phospholipid cardiolipin, and that this 

interaction decreases the activity of complex IV and induces mitochondrial swelling, proton 

leak and cytochrome c release. In the syncytiotrophoblast, aPL antibodies also reportedly 

affect the levels of Bax, Bcl-2 (Di Simone et al., 2006), adenine nucleotide translocator, 

ceramide, proteins involved in the production of ROS, and enzymes of the glycolytic and 
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tricarboxylic acid cycles (Pantham, PhD Thesis 2014), suggesting that internalised aPL 

antibodies have several deteterious effects on mitochondria in this cell. The effects of aPL 

antibodies on mitochondrial structure and function may accelerate the execution of apoptosis-

like syncytiotrophoblast turnover, the depletion of ATP, and may result in the increased 

release of apoptotic and necrotic trophoblast debris from the syncytiotrophoblast (Section 

6.6.3.iv). In addition to affecting the mechanism of cell death in the syncytiotrophoblast, it is 

possible that the detrimental effect of internalised aPL antibodies on mitochondria also 

impairs the essential role of the syncytiotrophoblast in the energy-dependent synthesis of 

hormones and the transfer of nutrients, gases and wastes to and from the developing fetus. 

In contrast to the syncytiotrophoblast, extravillous trophoblasts did not internalise aPL 

antibodies (Figure 5.6), possibly reflecting the absence of LDLR family members on the 

surface of extravillous trophoblasts (Figure 5.8). Instead of being internalised, aPL antibodies 

bound to the surface of extravillous trophoblasts in a similar pattern to extracellularly-

expressed β2GPI (Figure 5.7), suggesting that aPL antibodies bind to the surface of these cells 

via immobilised β2GPI. Cell surface-bound complexes of aPL antibodies/β2GPI may be 

capable of signalling through the innate immune receptor TLR4 to trigger the release of 

growth related oncogene α, interleukin-8, and interleukin-1β, as has been previously reported 

(Mulla et al., 2009). The pro-inflammatory cytokine interleukin-1β may act on extravillous 

trophoblasts in an autocrine/paracrine fashion to trigger extravillous trophoblast death 

(Nilkaeo & Bhuvanath, 2006; Mulla et al., 2009), while the pro-inflammatory chemokines 

growth related oncogene α and interleukin-8 may recruit inflammatory cells into the decidua, 

resulting in decidual inflammation, which was found to be a common feature of the deciduae 

of aPL antibody-positive women (Section 2.6). The inflammatory insults mediated by 

interleukin-1β and/or an infiltrate of inflammatory cells may ultimately result in extravillous 

trophoblast dysfunction and death. 

The ability of aPL antibodies to interact with extravillous trophoblasts and the 

syncytiotrophoblast, and the existence of extravillous trophoblast or syncytiotrophoblast-

related histopathological lesions in the placental aPL antibody fingerprint, has lead to the 

proposal that aPL antibodies inflict two distinct insults on the human placenta. The insult on 

the syncytiotrophoblast involves the internalisation of aPL antibodies, mitochondrial damage 

and syncytiotrophoblast death/dysfunction, while for the insult for extravillous trophoblasts 

involves the binding of aPL antibodies to the cell-surface followed by TLR4-mediated 
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inflammation and extravillous trophoblast death/dysfunction. In women with aPL antibodies, 

insults to extravillous trophoblasts and the syncytiotrophoblast may act independently, or 

together, to contribute to obstetric morbidity (Figure 7.1). Specifically, aPL antibody-induced 

extravillous trophoblast death/dysfunction may impair spiral artery remodelling, resulting in 

decreased placental blood flow and placental hypoxia. Placental hypoxia may impair 

maternofetal exchange, or lead to a hypoxia-reoxygenation-type injury to the 

syncytiotrophoblast. In addition to a hypoxia-reoxygenation-type injury, death or dysfunction 

of the syncytiotrophoblast may also be caused by the direct, detrimental effects of 

internalised aPL antibodies on mitochondria of the syncytiotrophoblast. Either hypoxia-

reoxygenation or aPL antibody-induced mitochondrial damage would be expected to impair 

the role of the syncytiotrophoblast in maternofetal exchange. If there was a severe loss of 

maternofetal exchange, there could be disastrous consequences on the outcome of pregnancy, 

resulting in early or late fetal demise. However, if maternofetal exchange was only partially 

affected, the pregnancy may progress through time, with intrauterine growth restriction 

manifesting later in gestation. Preeclampsia, another feature of pregnancies affected by aPL 

antibodies, may develop in response to the abnormal release of a factor from the 

syncytiotrophoblast, as will be discussed further in section 7.4. 

!  
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 *

Figure 7.1 – Schematic diagram illustrating how antiphospholipid antibodies exert 
insults on extravillous trophoblasts and on the syncytiotrophoblast which may lead 
to obstetric morbidity. 
The binding of aPL antibodies to extravillous trophoblasts may result in extravillous 
trophoblast death/dysfunction, impaired spiral artery remodelling and consequently, 
placental hypoxia. Placental hypoxia may impair maternofetal exchange or lead to a 
hypoxia-reoxygenation-type injury to the syncytiotrophoblast. Hypoxia-reoxygenation 
injury or the effects of internalised aPL antibodies on syncytiotrophoblast mitochondria 
cause syncytiotrophoblast death/dysfunction, which in turn leads to a loss of maternofetal 
exchange, the severity of which may influence the outcome of pregnancy. 
Syncytiotrophoblast death/dysfunction may also affect the release of a placental factor 
and contribute to the development of preeclampsia. The anchoring villus in this 
schematic diagram was from a section of first trimester placenta stained with anti-
cytokeratin 7 antibody and hematoxylin nuclear stain. 
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7.2. Uteroplacental*thrombosis**and*complement=dependent*inflammation*

as*causes*of*antiphospholipid*antibody=related*obstetric*morbidity*

Previous attempts to understand the causes of aPL antibody-related obstetric morbidity have 

focussed largely on two pathophysiological mechanisms; abnormal coagulation/thrombosis 

(Section 1.6.1) or excessive inflammation in the uteroplacental site (Section 1.6.2). As will be 

discussed below, the work in this thesis has provided evidence against the involvement of 

abnormal placental coagulation/thrombosis and complement-dependent inflammation in the 

pathogenesis of aPL antibody-related obstetric morbidity. 

Early studies that demonstrated thrombosed spiral arteries and infarction in the placentae of 

stillborn fetuses of aPL antibody-positive women (De Wolf et al., 1982; Garlund et al., 1984; 

Branch et al., 1985) lead to the theory that aPL antibody-related obstetric morbidity was due 

to thrombosis of the uteroplacental vasculature and resulting placental infarction. The idea 

that aPL antibodies trigger thrombosis in the uteroplacental vasculature is logical, since aPL 

antibodies are known to cause arterial/venous thrombosis in the systemic circulation (Bowie 

et al., 1963; Gastineau et al., 1985; Harris et al., 1983), and since pregnancy imposes 

considerable stresses on the circulatory and hemostatic systems (Meroni et al., 2011). More 

recently, workers have suggested that aPL antibodies may also promote thrombosis on or 

around the syncytiotrophoblast by displacing a lattice-like shield of the anticoagulant protein 

annexin V, which may normally function to prevent anionic phospholipids on the surface of 

the syncytiotrophoblast from triggering contact-dependent coagulation (Funakoshi et al., 

1987; Vogt et al., 1997; Rand et al., 1997a; 1997b; 2003) (Section 1.6.1). 

The systematic review of the literature presented in Chapter 2 questions the role of 

uteroplacental thrombosis in aPL antibody-related obstetric morbidity, by demonstrating that 

thrombotic lesions such as perivillous/intervillous fibrin deposition, intervillous thrombi 

(Section 2.5) and spiral artery thrombosis (Section 2.4.2) were not common features of the 

placentae of women with aPL antibodies. Furthermore, the ability of aPL antibodies to 

decrease the levels of annexin V on the syncytiotrophoblast, as has been demonstrated by the 

proponents of the anticoagulant shield theory (Rand et al., 1994; 1997b), was unreproducible 

by three separate groups (La Rosa et al., 1994; Lakasing et al., 1999; Donohoe et al., 2000). 

That thrombotic lesions and a reduction in annexin V expression were not part of the 

histopathological fingerprint of aPL antibodies in the human placenta, suggests that abnormal 

coagulation/thrombosis within the uteroplacental site is not a major cause of obstetric 
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morbidity in aPL antibody-positive women, and that distinct pathophysiological mechanisms 

may mediate the thrombotic and obstetric complications of the APS. 

7.2.1. Experimental*evidence*that*the*mechanisms*mediating*the*thrombotic*and*

obstetric*complications*of*the*antiphospholipid*antibody*syndrome*are*different.*

Due to limited knowledge of the interactions between aPL antibodies and trophoblasts, the 

background to some of the work in this thesis has come from reports investigating the 

internalisation of aPL antibodies by monocytes and endothelial cells, which are cells involved 

in the pathogenesis of aPL antibody-related thrombosis. The work presented in Chapter 4 has 

demonstrated that while the syncytiotrophoblast is capable of internalising aPL antibodies, 

the mechanism mediating aPL antibody internalisation into the syncytiotrophoblast is 

distinctly different to that of monocytes or endothelial cells. Specifically, endothelial cells 

and monocytes internalise aPL antibodies by TLR-stimulated macropinocytosis (Prinz et al., 

2013; Alard et al., 2010) or FcγRII-mediated endocytosis respectively (Prinz et al., 2011), 

whereas the syncytiotrophoblast internalises aPL antibodies by clathrin-dependent 

endocytosis involving β2GPI and a member/s of the LDLR family. Compared to the 

internalisation of aPL antibodies by the syncytiotrophoblast, which is specific for aPL 

antibodies, the internalisation of aPLs by FcγRII-mediated endocytosis or TLR-stimulated 

macropinocytosis, which would also internalise non-autoimmune IgG, is non-specific (Figure 

1.6). Furthermore, the presence of aPL antibodies in the syncytiotrophoblast of placental 

explants after just 2 minutes of treatment suggests that the process of aPL antibody 

internalisation by the syncytiotrophoblast is quicker than in endothelial cells, where it 

reportedly takes up to 20 hours for aPL antibodies to be detected intracellularly (Galve de 

Rochemonteix et al., 2000).  

The internalisation of aPL antibodies into the syncytiotrophoblast by a member/s of the 

LDLR family represents a novel function for these receptors that is distinct to their proposed 

role in aPL antibody-induced systemic thrombosis. The LDLR family have been implicated 

in the thrombotic complications of the APS due to their ability to transduce intracellular 

signalling cascades from aPL antibody/β2GPI complexes, which promotes the development 

of pro-thrombotic and pro-inflammatory phenotypes in platelets, endothelial cells and 

monocytes (Lutters et al., 2003; Romay-Penabad et al., 2011; Ramesh et al., 2011). However, 

it remains to be determined why LDLR family members are involved in the transduction of 
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signals from aPL antibody/β2GPI complexes on the surface of monocytes and endothelial 

cells, yet do not appear to participate in the internalisation of aPL antibodies by these cells. 

In addition to differences in the mechanism, specificity and speed of aPL antibody 

internalisation, the intracellular fates of aPL antibodies in monocytes/endothelial cells and in 

the syncytiotrophoblast are also different. Immunoelectron microscopy performed in Chapter 

6 suggested that once internalised by the syncytiotrophoblast, aPL antibodies rapidly escape 

the vesicular system and encounter mitochondria. In endothelial cells and monocytes, aPL 

antibodies reportedly accumulate within late endosomes, but do not interact with 

mitochondria (Kobayashi et al., 1998; Galve de Rochemonteix et al., 2000; Perez-Sanchez et 

al., 2012). The mitochondrial fate of aPL antibodies in the syncytiotrophoblast suggests that 

there may be greater functional consequences of internalised aPL antibodies in the 

syncytiotrophoblast, compared to endothelial cells and monocytes. 

In summary, the work in this thesis has demonstrated that there are several differences in the 

internalisation of aPL antibodies by the syncytiotrophoblast and by endothelial 

cells/monocytes. In the syncytiotrophoblast, aPL antibodies are internalised in a specific, 

rapid process involving the endocytic LDLR family, and once internalised, interact with 

mitochondria in the syncytiotrophoblast. These differences illustrate the idea that aPL 

antibody-related obstetric morbidity and thrombosis are mediated by distinct 

pathophysiological mechanisms, and thus, that obstetric morbidity is not simply the result of 

thrombosis in the uteroplacental site. 

7.2.2. Evidence*against*complement=dependent*inflammation*in*the*pathogenesis*of*

antiphospholipid*antibody=related*obstetric*morbidity**

In a series of elegant studies, complement-dependent decidual inflammation was proposed as 

the cause of fetal loss in a murine model of aPL antibody-affected pregnancy (Holers et al., 

2002; Girardi et al., 2003). The systematic review of the literature presented in Chapter 2 

suggested that in the placentae or deciduae of aPL antibody-positive women, trophoblast-

bound aPL antibodies may be capable of activating the initial stages of the classical 

complement cascade, as evidenced by deposition of C4d. However, downstream components 

of the complement cascade (C3 and it’s split products) were missing from the placentae and 

deciduae of women with aPL antibodies, suggesting that the complement cascade ceased, 

perhaps reflecting the tight control of complement in the human compared to the mouse 
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(Section 2.12.4). Therefore, the inflammation that was commonly observed in the deciduae of 

women with aPL antibodies (Section 2.6)  may be mediated by a complement-independent 

mechanism, perhaps involving the interaction of aPL antibodies with TLR4 on the surface of 

extravillous trophoblasts and the resulting production of pro-inflammatory chemokines and 

cytokines, as discussed in section 7.1. 

7.3. The*heterogeneity*of*antiphospholipid*antibodies*and*their*

interactions*with*the*placenta*

The work in this thesis has demonstrated that the syncytiotrophoblast did not internalise all 

aPL antibodies equally. Specifically, two IgG fractions from aPL antibody-positive patients 

(human aPL antibodies) were particularly abundant in the syncytiotrophoblast compared to 

four other human aPL antibodies (Figure 4.1). Likewise, the monoclonal aPL antibody ID2 

was more abundant than IIC5 in the syncytiotrophoblast of treated placental explants, 

especially at term (Figures 4.7 & 5.1). The differential internalisation of aPL antibodies by 

the syncytiotrophoblast may reflect the heterogeneity of the aPL antibodies used in this work. 

Indeed, the human polyclonal and murine monoclonal aPL antibodies may have had diverse 

antibody titres, profiles and/or specifities and avidities. 

As discussed in Chapter 4, the differential internalisation of human aPL antibodies does not 

appear to be influenced by the patient’s titres of anticardiolipin or anti-β2GPI antibodies, 

which were low in one patient whose aPL antibodies were particularly abundant in the 

syncytiotrophoblast (Section 4.7.1). Furthermore, the observation that IIC5 and ID2 were 

internalised differentially by the syncytiotrophoblast suggests that aPL antibody profile (the 

co-existence of several aPL antibodies with multiple specificities) has little effect on the 

internalisation of aPL antibodies by the syncytiotrophoblast. Therefore, aPL antibody avidity 

or specificity may be the major factors that determine the degree of internalisation of each 

patient’s IgG fraction. 

The monoclonal aPL antibodies IIC5 and ID2 both have anticardiolipin, anti-β2GPI (Chamley 

et al., 2001), and lupus anticoagulant activities (Figure 4.3), and both recognise epitopes on 

domain V of β2GPI (Figure 4.6). Besides potential differences in avidity, which were not 

investigated here, the only apparent difference between IIC5 and ID2, which could account 

for their differential internalisation by the syncytiotrophoblast, was their recognition of close, 
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but not identical, epitopes on β2GPI (Figure 4.5). These subtle differences in antigenic 

specificity may influence the ability of IIC5 and ID2 to be internalised by the 

syncytiotrophoblast.  

Mechanistically, the differential internalisation of aPL antibodies may reflect the different 

locations of each aPL antibody epitope/binding site in relation to LDLR family member-

binding sites on β2GPI. As β2GPI binds both aPL antibodies and LDLR family members, 

there may be cases where, due to binding site overlap, the interactions of aPL antibodies or 

LDLR family members with β2GPI are mutually exclusive (Section 4.7.5). It remains to be 

determined whether the lack of internalisation of some aPL antibodies are due to overlap of 

the aPL antibody- and LDLR family member-binding sites. 

Differences in the specificity of IIC5 and ID2 may also affect the interaction of IIC5 and ID2 

with extravillous trophoblasts. After 1 hour of treatment, extravillous trophoblasts bound 

IIC5, but not ID2 (Figure 5.6). This was a reciprocal interaction to what was observed in the 

syncytiotrophoblast, where ID2 was internalised more than IIC5. The contrasting interactions 

of IIC5 and ID2 with extravillous trophoblasts and the syncytiotrophoblast suggests that these 

two trophoblast populations express or exteriorise different target epitopes that may be 

recognised by some aPL antibodies more readily than others. 

A similar situation may occur in vivo, where some women may have aPL antibodies that 

preferentially interact with aPL antibody epitopes on the syncytiotrophoblast (similar to ID2), 

while other women have aPL antibodies that preferentially interact with epitopes on 

extravillous trophoblasts (similar to IIC5). Furthermore, since aPL antibody-positive patients 

have a polyclonal profile of aPL antibodies (Shoenfeld et al., 2003), it is also possible that 

some women may have aPL antibodies that interact with the syncytiotrophoblast in addition 

to aPL antibodies that interact with extravillous trophoblasts. Therefore, the interactions 

between aPL antibodies and the placenta may differ considerably from woman to woman in a 

reflection of the heterogeneity of their aPL antibodies.  

! *
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7.4. Antiphospholipid*antibodies*and*preeclampsia*

Although the work in this thesis is relevant to several aPL antibody-related obstetric 

complications, one disease that it is of particular relevance to, is preeclampsia. Preeclampsia 

is a human pregnancy-specific disease that is characterised by maternal hypertension and 

proteinuria (National High Blood Pressure Education Program Working Group on High 

Blood Pressure in Pregnancy, 2000). Preeclampsia is a major cause of maternal and fetal 

morbidity and mortality (Backes et al., 2011; Ghulmiyyah & Sibai, 2012), yet, there is no 

definitive treatment for this disease, which can only be resolved by delivery of the placenta.  

The strongest maternal risk factor for preeclampsia is the presence of aPL antibodies, which 

is associated with a 9.72-fold increased risk for developing preeclampsia (Duckitt & 

Harrington, 2005). That aPL antibodies are a risk factor for preeclampsia suggests that aPL 

antibodies may contribute to the pathogenesis of preeclampsia in women with these 

antibodies. In support of the role of aPL antibodies in the development of preeclampsia, the 

placentae of aPL antibody-positive women were found to exhibit several similarities to the 

placentae of preeclamptic women. Specifically, the placentae of women with aPL antibodies 

commonly contained infarcts, increased syncytial knots, decreased vasculosyncytial 

membranes and impaired spiral artery remodelling (Chapter 2), which are also features of the 

placentae of preeclamptic women (Brosens et al., 1972; Gerretsen et al., 1981; Heazell et al., 

2007; Tomas et al., 2011; Sankar et al., 2012; Devisme et al., 2013). The similar placental 

fingerprints of preeclamptic and aPL antibody-associated pregnancies suggest that common 

pathophysiological mechanisms may occur in the placentae of women with preeclampsia or 

aPL antibodies.  

The symptoms of preeclampsia develop when the maternal vascular endothelium becomes 

activated (Roberts, 1998). Activation of the vascular endothelium is thought to be the result 

of a circulating placental factor/s, which may be released from the syncytiotrophoblast in 

response to a placental insult. Typically, the placental insult is believed to be a hypoxia-

reoxygenation-type injury caused by a lack of extravillous trophoblast-mediated spiral artery 

remodelling, placental hypoxia (or periods of hypoxia) followed by reoxygenation (Huppertz, 

2008; Redman & Sargent, 2000). The work in this thesis proposes that aPL antibodies may 

contribute to the development of preeclampsia by exerting two distinct insults on the 

placenta; One insult on extravillous trophoblasts, which may result in extravillous trophoblast 

death/dysfunction, decreased spiral artery remodelling and a hypoxia-reoxygenation-type 
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injury to the syncytiotrophoblast, and a second direct insult on the syncytiotrophoblast, 

involving the internalisation of aPL antibodies and subsequent mitochondrial damage.  In 

other words, aPL antibodies may alter the release of a placental factor/s either directly, by 

encountering and damaging mitochondria in the syncytiotrophoblast, or indirectly, by 

affecting extravillous trophoblasts and promoting a hypoxia-reoxygenation-type injury.  

The detrimental effects of internalised aPL antibodies on syncytiotrophoblast mitochondria is 

interesting in light of the evidence for mitochondrial dysfunction in the placentae of 

preeclamptic women. Mitochondria from the placentae of preeclamptic women exhibit 

morphological abnormalities (Shanklin & Sibai, 1989; Shi et al., 2013) decreased complex IV 

activity (Furui et al., 1994; Matsubara et al., 1997) and increased lipid peroxidation (Shibata 

et al., 2003; Rani et al., 2010) induced by superoxide radicals (Wang & Walsh, 1998). 

Mitochondrial dysfunction in the placentae of preeclamptic women and following treatment 

of normal placentae with aPL antibodies supports the idea that common pathophysiological 

mechanisms underlie preeclamptic and aPL antibody-associated pregnancies. 

One placental factor that may be involved in the development of preeclampsia is trophoblast 

debris, which is extruded from the placenta during the apoptosis-like turnover of the 

syncytiotrophoblast (Section 1.2.2). Trophoblast debris is reportedly more abundant in the 

blood of women with preeclampsia compared to women without preeclampsia (Jaamerii et 

al., 1965; Chua et al., 1991; Johansen et al., 1999). An increase in trophoblast debris may 

reflect an increased prevalence of syncytial knots in these placentae, as syncytial knots may 

represent clusters of old syncytiotrophoblast nuclei destined for extrusion from the 

syncytiotrophoblast (Mayhew et al., 1999). The levels of trophoblast debris in the blood of 

women with aPL antibodies are unknown, although since the placentae of aPL antibody-

positive women commonly exhibit increased syncytial knots, and since treatment of placental 

explants with aPL antibodies increases the production of trophoblast debris in vitro (Chen et 

al., 2009), it is conceivable that trophoblast debris would be abundant in the blood of women 

with aPL antibodies. 

In preeclampsia, an increased amount of trophoblast debris, and/or the release of trophoblast 

debris that is necrotic rather than apoptotic in nature, may contribute to activation of the 

maternal endothelium (Redmn & Sargent, 2000; Chen et al., 2006; Huppertz et al., 2008). 

Previous in vitro work has demonstrated that treatment with aPL antibodies not only 

increases the amount of trophoblast debris released from placental explants, but also triggers 
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the release of trophoblast debris that is necrotic in nature (Chen et al., 2009). The work 

presented in Chapter 6 has provided a possible explanation for this effect by suggesting that 

aPL antibodies internalised by the syncytiotrophoblast, accelerate the excecution of 

apoptosis-like syncytiotrophoblast turnover and the release of apoptotic trophoblast debris, 

before ATP depletion leads to necrosis and the release of necrotic trophoblast debris. 

Therefore, by affecting the release of endothelium-activating trophoblast debris, aPL 

antibodies may contribute to the development of preeclampsia (Figure 7.2). 

  

Figure 7.2 - Antiphospholipid antibodies directly or indirectly affect syncytiotrophoblast 
death/dysfunction which may lead to the abnormal production of trophoblast debris. 
(1) Antiphospholipid antibodies may cause death and dysfunction of extravillous trophoblasts, 
resulting in impaired spiral artery remodelling, hypoxia and hypoxia-reoxygenation injury to the 
syncytiotrophoblast. (2) Internalised aPL antibodies may directly cause syncytiotrophoblast 
death/dysfunction by affecting the structure and function of mitochondria in the 
syncytiotrophoblast. (3) Indirect and/or direct insults to the syncytiotrophoblast may affect the 
release of trophoblast debris from the syncytiotrophoblast into the intervillous space. (4) 
Trophoblast debris circulates through the maternal vasculature. If the trophoblast debris is more 
abundant, or if it is necrotic in nature, it may activate the maternal endothelium and lead to the 
symptoms of preeclampsia. 
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7.5. Limitations**

One of the major limitations of the work in this thesis is the use of one but not both 

monoclonal aPL antibodies in some experiments. Experiments involving either ID2 or IIC5 

were performed due to a limited amount of antibody available, or due to logistical constraints 

which nececcitated the use of one but not both aPL antibodies. As discussed in section 7.3, 

IIC5 and ID2 showed differential interactions with the syncytiotrophoblast (Figure 5.1) and 

with extravillous trophoblast outgrowths (Figure 5.6), which has lead to the proposal that 

extravillous trophoblasts and the syncytiotrophoblast express/exteriorise different aPL 

antibody epitopes. Similarly useful information may have been gained from those 

experiments with one aPL antibody treatment group, had both aPL antibodies been employed.  

Another limitation of the work in this thesis is the extensive use of murine monoclonal aPL 

antibodies to model the aPL antibodies found in women. Human aPL antibodies from women 

with a history of obstetric morbidity (Table 3.13) have been included as treatment groups in 

some experiments in this thesis, although their use was limited by the unpurified and complex 

nature of the antibodies in those IgG fractions. The purification and labelling of anti-β2GPI 

antibodies or anticardiolipin antibodies from human aPL antibody-containing IgG fractions 

may allow more widespread application in future work.  

7.6. Prospects*for*treatment*of*pregnancies*complicated*by*

antiphospholipid*antibodies*

Pregnancies of women with the APS are currently managed by treatment with low-dose 

aspirin and heparin (Alijotas-Reig et al., 2013). While low-dose aspirin and heparin are 

effective in treating most early pregnancy losses, it has little therapeutic effect on late 

pregnancy losses (Ziakas et al., 2010), premature birth (Backos et al., 1999) or the 

development of preeclamspia (Bouvier et al., 2014). Thus, there is a need for improved 

strategies to treat aPL antibody-affected pregnancies. The ability of aPL antibodies to 

penetrate the syncytiotrophoblast and affect mitochondrial structure and function may 

improve our understanding of the efficacy of heparin, and may support the use of β2GPI 

peptides, anti-malarial drugs and co-enzyme Q10 in the treatment of pregnancies complicated 

by aPL antibodies. 
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7.6.1. Heparin*and*β2GPI*peptides*

The use of heparin, an anticoagulant, to treat pregnancies complicated by aPL antibodies was 

originally based on the premise that thrombotic events played a major role in the 

pathophysiology of obstetric morbidity in the APS (Ziakas et al., 2010). However, it is 

becoming clear that heparin also has several biological effects on trophoblasts that are 

unrelated to anticoagulation. For example, treatment of trophoblasts with heparin decreases 

the detrimental effects of aPL antibodies on trophoblast syncytialisation, invasion (Di Simone 

et al., 1997; 1999; Bose et al., 2004), production of interleukin-8 (Mulla et al., 2009) and 

apoptosis (Bose et al., 2004). Heparin also has an inhibitory effect on aPL antibody-induced 

complement-mediated decidual inflammation in mice (Girardi et al., 2004), although the 

relevance of this anti-complement effect to women is questionable, as complement-dependent 

inflammation may play a limited role in women, as discussed in section 7.2.2. 

The efficacy of heparin as a treatment for aPL antibody-affected pregnancies may also reflect 

the ability of heparin to prevent the formation of a complex between phosphatidylserine, 

β2GPI and LDLR family members. Heparin binds to cationic residues on the fifth domain of 

β2GPI, which are also involved in the interaction of β2GPI with anionic phospholipids 

(Guerin et al., 2002). By binding to these residues on β2GPI, heparin inhibits the binding of 

β2GPI to anionic phospholipids (Guerin et al., 2002). Heparin is also known to inhibit the 

binding of β2GPI to members of the LDLR family, possibly by preventing the electrostatic 

interactions between these receptors and domain V of β2GPI (Pennings et al., 2006). 

Therefore, by occupying the phospholipid or LDLR family member-binding sites on β2GPI, 

heparin may inhibit the formation of a complex between phosphatidylserine, β2GPI, aPL 

antibodies and LDLR family members, and thus, may inhibit the internalisation of aPL 

antibodies by the syncytiotrophoblast (Figure 7.3). 

In addition to heparin, there are several small peptides that prevent the binding of β2GPI to 

anionic phospholipids, and which may be capable of inhibiting the internalisation of aPL 

antibodies by the syncytiotrophoblast. One example is TIFI, a 20 amino acid peptide of viral 

origin that mimics the phospholipid-binding site on domain V of β2GPI (Ostertag et al., 

2006). TIFI competes with β2GPI for binding to anionic phospholipids (Ostertag et al., 2006) 

(Figure 7.3) and thus, decreases the binding of aPL antibodies to the surface of 

syncytiotrophoblast-like clusters (Martinez de la Torre et al., 2012). Since the binding of aPL 
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antibodies to immobilised β2GPI may be an initial step in the internalisation of aPL 

antibodies by the syncytiotrophoblast, TIFI may be an interesting candidate to inhibit this 

process in future investigations. 

7.6.2. Chloroquine*and*hydroxychloroquine*

Chloroquine and its hydroxyl derivative hydroxychloroquine are anti-malarial drugs that are 

commonly used to treat individuals with autoimmune disease (Ruiz-Irastorza et al., 2010; Lee 

et al., 2011). Chloroquine and hydroxychloroquine improve fetal outcome in women with 

SLE (Ruiz-Irastorza et al., 2010) and are considered safe for use in pregnancy (Sperber et al., 

2009), leading to the proposal that they be used as an adjunct therapy with low-dose aspirin 

and heparin in the treatment of pregnancies complicated by aPL antibodies (Alijotas-Reig et 

al., 2013). 

The potential therapeutic effects of chloroquine and hydroxychloroquine on trophoblast 

biology are not well understood. One group has demonstrated that hydroxychloroquine 

decreased the binding of aPL antibody/β2GPI complexes to anionic phospholipids on the 

surface of syncytialised BeWo (Rand et al., 2010) or cytotrophoblasts (Wu et al., 2011), 

although how hydroxychloroquine had this effect was not determined. Hydroxychloroquine 

also restored the expression of annexin V on the surface of syncytialised trophoblasts and 

prevented aPL antibody-induced clotting in a cell-surface coagulation assay (Rand et al., 

2010; Wu et al., 2011). However, the in vivo relevance of these anti-thrombotic effects are 

debatable as uteroplacental thrombosis does not appear to be a major cause of obstetric 

morbidity in aPL antibody-positive women (Section 7.2). Hydroxychloroquine may also 

function by downregulating TLR signalling (Kyburz et al., 2006), although this was not 

evident in extravillous trophoblasts, where hydroxychloroquine had no effect on the TLR4-

dependent production of interleukin-8 or interleukin-1β in response to aPL antibodies (Albert 

et al., 2014). Conversely, hydroxychloroquine did improve trophoblast migration and the 

secretion of interleukin-6, which are impaired by aPL antibodies in a TLR4-independent 

manner (Albert et al., 2014), suggesting that the therapeutic effects of this drug are not related 

to an effect on TLR signalling.  

In this thesis, chloroquine was used as an inhibitor of receptor-mediated endocytosis, which 

decreased the internalisation of aPL antibodies by the syncytiotrophoblast (Figure 4.16). The 

inhibitory effect of chloroquine on receptor-mediated endocytosis may be due to the 
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accumulation of chloroquine in acidic cellular compartments, which raises lysosomal pH, 

prevents vesicular fusion and disrupts intracellular trafficing (Harford et al., 1983; Glieman & 

Sonne, 1985; Chapman & Munro et al., 1994). Hydroxychloroquine has similar 

lysomotrophic properties (Fox, 1993) suggesting that either drug may function by inhibiting 

the internalisation of aPL antibodies by the syncytiotrophoblast (Figure 7.3). 

7.6.3. Co=enzyme*Q10*

The effect of internalised aPL antibodies on the structure and function of mitochondria in the 

syncytiotrophoblast may be due to the direct interaction of aPL antibodies/β2GPI with 

cardiolipin in the mitochondrial membranes, and/or the ability of aPL antibodies to promote 

oxidative stress (Pantham, PhD Thesis 2014) (Section 6.7.3.i). Co-enzyme Q10, or 

ubiquinone, is an anti-oxidant molecule that functions as an electron shuttle between 

complexes I, II and III of the electron transport system. A recent report has demonstrated that 

co-enzyme Q10 is beneficial in decreasing aPL antibody-induced oxidative damage in 

monocytes (Perez-Sanchez et al., 2012). Specifically, in monocytes treated with aPL 

antibodies, co-enzyme Q10 decreased the production of peroxide radicals, prevented loss of 

the mitochondrial membrane potential, and reversed the detrimental effects of aPL antibodies 

on mitochondrial morphology (Perez-Sanchez et al., 2012). The beneficial effect of co-

enzyme Q10 on mitochondrial structure and function in monocytes suggests that it may be a 

useful drug to prevent the detrimental effects of internalised aPL antibodies on mitochondria 

of the syncytiotrophoblast, which may in part, be mediated by ROS (Figure 7.3). 

 

 

! *
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Figure 7.3 – Prospective treatments for aPL antibody-affected pregnancies may inhibit the 
internalisation of aPL antibodies by the syncytiotrophoblast or the consequences of aPL 
antibodies on syncytiotrophoblast mitochondria. 
Heparin, which binds to domain V of β2GPI, and TIFI, which binds to anionic phospholipids, 
may inhibit the formation of a phosphatidylserine-β2GPI-aPL antibody-LDLR family member 
complex, which may be required for the internalisation of aPL antibodies by the 
syncytiotrophoblast. Chloroquine or hydroxychloroquine may inhibit the internalisation of aPL 
antibodies by blocking endocytosis. The antioxidant co-enzyme Q10 may inhibit the effects of 
aPL antibodies on mitochondrial structure and function by preventing the generation of ROS. 
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7.7. Concluding*remarks*and*future*directions*

Antiphospholipid antibodies predispose women to obstetric morbidity, including recurrent 

miscarriage, stillbirth, preeclampsia, intrauterine growth restriction and premature birth 

(Branch et al., 1989; Lockwood et al., 1989; Yasuda et al., 1995). Obstetric morbidity in 

women with aPL antibodies may be due to the detrimental effects of aPL antibodies on the 

placenta, an organ whose function is critical to the success of pregnancy. Over the last 30 

years, research aimed at understanding aPL antibody-related obstetric morbidity has focused 

largely on the ability of aPL antibodies to affect placental function by promoting thrombosis 

or inflammation in the uteroplacental site. However, the work in this thesis suggests that, 

instead of a thrombotic or complement-dependent inflammatory cause, aPL antibody-related 

obstetric morbidity may be due to the direct interactions of aPL antibodies with extravillous 

trophoblasts and with the syncytiotrophoblast. Although aPL antibodies interact with the 

syncytiotrophoblast and with extravillous trophoblasts in different ways, both interactions 

may contribute to a loss of maternofetal exchange and obstetric morbidity. 

The interaction between aPL antibodies and the syncytiotrophoblast was the major focus of 

the work in this thesis. This work has lead to the proposal of a mechanism for the 

internalisation of aPL antibodies by the syncytiotrophoblast, and has provided the first 

evidence that internalised aPL antibodies encounter mitochondria in the syncytiotrophoblast. 

The interaction between aPL antibodies and mitochondria may affect mitochondrial structure 

and function, the mechanism of cell death in the syncytiotrophoblast, and the production of 

trophoblast debris. The abnormal production of trophoblast debris is one of many shared 

features between preeclamptic pregnancies and pregnancies affected by aPL antibodies, and 

may help to explain why aPL antibodies are the strongest maternal risk factor for 

preeclampsia. Finally, elucidation of the mechanism of action of aPL antibodies, namely the 

ability of aPL antibodies to penetrate the syncytiotrophoblast and affect mitochondrial 

structure and function, has lead to the proposal of several treatment strategies that could be 

used to improve the outcome of pregnancies complicated by aPL antibodies. 

To further understand the role of aPL antibodies in the obstetric complications of the APS, 

future research could ask the following questions; 

- Is LRP1 the receptor responsible for the internalisation of aPL antibodies by the 

syncytiotrophoblast? 



! 304!

- Does the overlap of aPL- and LDLR family member-binding sites on β2GPI influence 

the internalisation of aPL antibodies by the syncytiotrophoblast?   

- Does heparin, TIFI or hydroxychloroquine inhibit the internalisation of aPL 

antibodies by the syncytiotrophoblast? 

- Is phosphatidylserine involved in the interaction of β2GPI/aPL antibodies with the 

syncytiotrophoblast and with extravillous trophoblasts?  

- Is TLR4 expressed on the surface of extravillous trophoblasts where it could interact 

with complexes of aPL antibodies/β2GPI? 

- Does the monoclonal aPL antibody ID2 interact with extravillous trophoblasts after an 

incubation time greater than 1 hour?  

- Since IIC5 and ID2 showed reciprocal preferences for the syncytiotrophoblast and for 

extravillous trophoblast outgrowths, could further investigation of the epitopes of 

IIC5 and ID2 on β2GPI reveal the nature of the aPL antibody epitopes that are 

expressed by these two trophoblast populations? 

- How do internalised aPL antibodies escape the vesicular system?  

- Besides vesicular structures and mitochondria, what are the other intracellular targets 

of aPL antibodies in the syncytiotrophoblast? 

- Do aPL antibodies interact with mitochondria via β2GPI and cardiolipin? Does the 

binding of aPL antibodies/β2GPI to cardiolipin in the mitochondria displace 

cytochrome c from cardiolipin? 

- What role does ROS play in aPL antibody-induced mitochondrial dysfunction? Are 

ROS generated when aPL antibodies bind to mitochondria? 

- Could the antioxidant co-enzyme Q10 prevent the detrimental effects of internalised 

aPL antibodies on mitochondria of the syncytiotrophoblast? 
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Studies*that*were*excluded*from*the*systematic*review*of*the*

literature*

Relevant full-text records were excluded from the systematic review of the literature 

presented in Chapter 2 if there were no control women who meet the criteria outlined in 

section 1.2.1 (Table A1). Records were also excluded if aPL antibody-positive women and 

aPL antibody-negative women were indistinguishable (Table A2), or if there were no aPL 

antibody-positive women (Table A3). 

 

 

Record Reason for 
exclusion 

Berceanu S, Patrascu A, Berceanu C, Tica AA, Badulescu A, Braila 
MB, & Simionescu C. (2008). Morphopathological changes induced by 
the Obstetrical Antiphospholipid Antibody Syndrome in fetal adnexa 
and uterus. Rom J Morphol Embryol, 49(1), 47-52. 

No control 
women 

Branch DW, Scott JR, Kochenour NK, & Hershgold E. (1985). Obstetric 
Complications Associated with the Lupus Anticoagulant. New England 
Journal of Medicine, 313(21), 1322-6. 

No control 
women 

de Castellarnau C, Pich I, Borrell M, Fontcuberta J, Cabero L, & 
Esteban-Altirriba J. (1988). Serial measurements of a plasma 
prostacyclin inhibitor in a patient with recurrent abortions and lupus 
anticoagulant; a case report. Eur J Obstet Gynecol Reprod Biol, 29(2), 
173-8. 

Single case study 

De Wolf F, Carreras LO, Moerman P, Vermylen J, Van Assche A, & 
Renaer M. (1982). Decidual vasculopathy and extensive placental 
infarction in a patient with repeated thromboembolic accidents, 
recurrent fetal loss, and a lupus anticoagulant. Am J Obstet Gynecol, 
142(7), 829-34. 

Single case study 

Erlendsson K, Steinsson K, Johannsson JH, & Geirsson RT. (1993). 
Relation of antiphospholipid antibody and placental bed inflammatory 
vascular changes to the outcome of pregnancy in successive 
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