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ABSTRACT  
  
Antiphospholipid syndrome (APS) is an autoimmune disorder in antibodies are generated 

against cell membrane and self-antigens (aPL-ab) hence the name Antiphospholipid disorder. 

This autoimmune disorder characterised by the presence of antibodies against  

β2Glycoprotein-1 and cardiolipin. Pathophysiology includes thrombosis ('blood clotting') and 

devastating pregnancy complications such as recurrent morbidity (miscarriage), low birth 

weight and preeclmapsia. Antiphospholipid antibodies bind to endothelial cells and platelets 

causing vascular compications including thrombosis ultimately leading to clot formation at 

the site of the injury. The key components implicated in the pathogenesis of APS are 

complement cascade, Tissue factor expression, inflammation and coagulation. Increasing 

evidence shows extensive cross talk between inflammation and coagulation, wherein 

inflammation leads to activation of coagulation and coagulation considerably enhances 

inflammatory activity. Purinergic signalling involving catabolism of ATP “danger signal” to 

adenosine by orchestrated action of cell surface enzymes CD39 and CD73 has been shown to 

have anti-inflammatory and anti-thrombotic effects. In this project, we aimed to ascertain 

whether activities of CD39 and CD73are important in developing aPL-ab induced 

miscarraiges. We utilised mouse model of misccaraiges by passive transfusion of purified 

human aPL-ab to pregnant wildtype and mice that are modified for CD39 and CD73 activity. 

We were able to show that aPL-ab infusion in pregnant CD39 and CD73 knock out mice 

trigger an increase in the rate of miscarriages associated wth increased expression of tissue 

factor, complement deposition and elevated oxidative stress. There is also an increase in the 

pro-inflammatory TNF-α and IL-10 expression within the placental vasculature. In contrast to 

these observations, we also observed that mice overexpressing CD39 were protected against 

aPL-ab induced miscarriages. These mice had reduced TF expression in the decidua, along 

with reduction in the complement C3D component deposition. Diminished lipid peroxidation 
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and reduction in the proinflammatory TNF-αexpression was also observed in these mice. 

Taken together, our results provide a rationale for both perturbations in the purinergic 

pathway to explain disease associated with aPL-ab and for the development of endothelial cell 

targeted soluble CD39 as a novel therapeutic for management of APS.  
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1. Introduction: 
 

Antiphospholipid syndrome is an autoimmune disorder characterized by venous or arterial 

thrombosis and pregnancy morbidity that affects 0.5-1% of the population worldwide. It is 

particularly prevalent amongst patients with Systemic Lupus Erythematous (SLE); 

approximately 30% of patients with SLE have antiphospholipid antibodies. APS leads to 

organ failure due to generalized thrombosis; this is termed as ‘catastrophic antiphospholipid 

syndrome’ (CAPS) and is associate with high risk of death. In particular, antibodies detected 

against protein antigens, Beta-2Glycoprotein1 (β2- GP1) are found to exert a more profound 

pathological effect. Antiphospholipid antibodies (aPL-ab) activate numerous cellular 

signalling pathways, which converge to cause thrombosis, inflammation and complements 

activation. Though the exact prevalence of antiphospholipid syndrome is unknown, this 

condition is thought to be common in women diagnosed with obstetric complications. 

Approximately 10-15% of women who experience high rate of foetal miscarriages and other 

pregnancy morbidities such as preeclampsia and low birth weight are diagnosed with 

obstetric APS.  
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1.1 Obstetric APS-  
 

The genetic causes of Antiphospholipid syndrome are unknown, this condition is known to be 

associated with presence of mainly three antibodies in blood: lupus anticoagulant, 

anticardiolipin antibodies and anti –β2 glycoprotein 1. Though the mechanism by which these 

antibodies cause adverse pregnancy outcomes is unknown, a thrombotic defect leading to 

fetal wastage is thought to be associated with APS obstetric complications. Thrombosis in the 

placental vessels precludes adequate nutrition to the developing foetus affecting the viability 

of the fetus (Brick RL., 1999; 2006). One proposed mechanism of such thrombotic 

pathogenesis is presence of placental infarcts leading to foetal loss. Antiphospholipid 

antibodies bind to the endogenous Anx V causes thrombosis and necrosis at the fetal 

component of placentae, resulting in varied degree of foetal resorptions (X. Wang Am. J., et 

al., 1999) in Antiphospholipid Syndrome.  

Annexins are calcium and membrane bound proteins expressed on various tissues. Their role 

in protecting the EC from apoptosis and inhibiting EC activation is by binding to anionic 

phospholipid bilayers on the surface of the cell. Although the relevance of Annexins is yet to 

be completely proven in human diseases, there is experimental evidence suggesting the 

potential link between down regulation of A2, A4, A6, A11 and advancement of hormone 

refractory prostate cancer. (W. Xin 2003., J.S. Kang Clin.Cancer Res.8 2002)  

 Annexin V is a potent anticoagulant protein and is largely expressed on cells such as 

endothelial cells, placental trophoblast, proximal renal tubules and bile ductile. During 

pregnancy there is abundant expression of Annexin V in the synchiotrophoblasts and is 

known to have a maintain placental integrity and exert an antithrombotic role on the surface 

of the placental villi that face the maternal circulation through the intervillous space. (Krikun 

G., Placenta 1994) Disruption of endogenous Anx V causes thrombosis and necrosis at the 

fetal component of placentae, resulting in varied degree of fetal resorptions (X. Wang Am. J., 
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et al., 1999) in Antiphospholipid Syndrome. Auto antibodies bind to Anx V on the surface of 

the trophoblast, exposing the anionic phospholipids to the apical surface of the cell membrane 

where it serves as a potent cofactor for coagulation complexes. Three coagulation complexes 

assemble at the surface of the endothelium: Tissue factor (TF)-VIIa complex, the IXa-VIIIa 

complex, and the Xa-Va complex there by accelerating coagulation leading to placental 

infarction and consequently pregnancy loss. 

In addition to the above mechanism, antiphospholipid antibodies are known to activate 

complement leading to inflammatory signalling. The role of complement is increasingly as a 

key pathogenic mechanism in APS- mediated miscarraiges. The literature has been discussed 

in detail in section 1.10 of this thesis and its implication in my research has been detaialed in 

chapter 3 and chapter 4 of this thesis.  

 

1.2 Clinical presentation and Diagnosis of APS 
 

Clinical manifestations of thrombosis are similar whether it is primary or secondary APS 

affecting virtually any organ system or tissue. The broad spectrum of the clinical manifestation 

in individuals with aPL-ab can range from no symptoms to imminently life-threatening 

catastrophic APS (CAPS) (Harris., Gharavi; 1986). Patients may exhibit clinical features of 

APS but not fulfil the International Criteria for a “definite” diagnosis. Patients defined with 

definite APS exhibit nearly identical sites of venous and arterial thrombosis, regardless of the 

presence or absence of SLE.  Patients with microangiopathic APS, may present characteristics 

of microvascular occlusive disease involving tissue or organ injury, or as an overwhelming 

thrombotic storm observed in CAPS. APS is a disorder characterized by a wide variety of 

clinical manifestations.  
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Organ 
involvement 

Clinical Manifestations 

Neurologic Transient ischemic attack, cerebral venous thrombosis, seizures, 
dementia. 

Ophthalmic Retinal vein and /or arterial thrombosis, amaurosis fugax. 

Cutaneous.  Leg ulcers, Blue toe syndrome, distal ischemia 

Cardiac Myocardial infarction, atherosclerosis, intracardiac thrombi. 

 Pulmonary Pulmonary emboli, pulmonary hypertension, arterial thrombosis.  

Renal Acute renal failure, renal infraction, hematuria. 

Gastro intestinal Hepatic infraction, gall bladder infraction, splenic and intestinal 
infraction, pancreatitis, ischemic colitis. 

Endocrine Adrenal infraction or failure, testicular infraction, prostrate 
infraction, pituitary failure.  

Venous and 
Arterial 
Thrombosis 

Thrombosis in the extremities, mesenteric and vena cava 
thrombosis, aortic and large and small arteries thrombosis 

Hematologic Thrombocytopenia, haemolytic anaemia, haemolytic uremic 
syndrome, thrombotic thrombocytopenic purpura.  

Obstetric 
complications 

Pregnancy loss, intrauterine growth retardation (IUGR), elevated 
liver enzymes, low platelet count (HELLP) syndrome, pre-
eclampsia, oligohydramnios 

Microvascular 
Thrombosis 

Micro thrombi formation in the retina causing retinitis, myocarditis 
and vascular abnormalities, superficial gangrene on the skin, 
microinfarctions causing renal and acute respiratory failures 

Table 1.1 Core clinical manifestation of APS: Involvement of virtually all organs 
 

An international consensus statement was established in 1998 defining the criteria for 

classification of antiphospholipid syndrome known as the Sapporo criteria. According to the 

Sapporo Criteria documented evidence of at least one clinical episode of thrombosis along 

with the evidence of presence of one-laboratory criteria is to be present for the detection of 
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APS. (Sapporo criteria table 1.1)  

 

Table 1.2 SapporoCriteria for Diagnosis of APS1999 (table adapted from published 
Sapporo criteria 1999) 

Sapporo criteria were found to have high sensitivity and specificity in APS seen in 

conjunction with lupus and lupus-like disease (Lockshin MD; 2000), however very few 

studies were carried out to validate the criteria (Lockshin MD; 2000; Weber M., 2001). The 

main limitation of the Sapporo criteria was that it was unsuccessful in diagnosing older 

populations because of the high frequency of antiphospholipid antibodies (aPL) along with 

frequent thromboembolic disease in hospitalized patients. There were no clear cutoffs for 

“medium to high titers” of IgG and IgM anticardiolipin (aCL) antibodies, and the issue of 

difference in timing of laboratory testing in relation to the clinical event was not clarified 

adequately in the original criteria. In addition, various clinical entities associated with APS 

were a source of major confusion.  

In 2006, an International Consensus Statement on an Update of the Classification Criteria for 

Definite Antiphospholipid (Sydney Classification Criteria) was released which concurred on 
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the additional factors contributing to thrombosis. Patients with APS should be stratified 

according to (a) the presence or (b) the absence of other (inherited or acquired) contributing 

causes of thrombosis. 

Table 1.3 Sydney Revision of Sapporo Criteria-2006 (table adapted from Miyakis 
S., 2006)  
 
 

Apart from the well-recognized thrombotic events typical of APS, patients can also present 

with a variety of non-criteria manifestations such as thrombocytopenia, nephropathy, multi-

infarct dementia, transient ischemic attacks (TIAs), epilepsy, stroke, chorea, and atypical 

migraine headaches, the heart valves (nonbacterial endocarditis), kidney, cognitive 

dysfunction and traverse myelopathy (Lockshin MD.2010; Cervera R.,2002) 
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1.3 Pathophysiology of Antiphospholipid syndrome  
 

Though the exact pathophysiology of APS is unknown it is believed that a range of 

autoantibodies have been found in APS patients (Harris EN., 1988). The origin of these 

pathogenic antibodies is still unclear; environmental and genetic factors could increase the 

susceptibility to the disease (Gharavi AE., 1998; Shere Y; 2007). aPL mediated activation of 

platelets, monocytes and endothelial cells leading to perturbations in the natural anticoagulant 

and fibrinolytic system are known to be the main contributory elements in the manifestation 

of the disease (Chen PP; 2010 Meroni PL, 2000; Urbanus RT, 2008; Nojima J, 1999; Krone 

KA; 2010).  

Binding of antiphospholipid antibodies on the surface of the endothelium leads to the 

activation of inflammatory and prothrombotic pathways along with the complement system. 

Subsequently,  disruption of the intact endothelial barrier exposes the underlying sub 

endothelium and basement membrane (underlying matrix) providing a contact site for platelet 

activation and deposition (Saadi and Platt et al .1995). Attachment and activation of platelets 

leads to the release of vasoactive substances capable of constricting vascular smooth muscle 

including thromboxane A2, resulting in an alteration in local blood flow (Lawson and Platt 

1996) . The injured EC then becomes thrombogenic due to adherence and activation of 

membrane-binding blood clotting factors (Hamilton et al. 1990a). Abnormalities in the 

clotting system by antiphospholipid antibodies, such as modulation of the Kallikerin-Kinin 

system ,loss of natural anticoagulant such as antithrombin III, a physiological inhibitor of 

thrombin promotes thrombin- mediated prothrombotic and proinflammatory effects on the EC 

(Blakely et al. 1994). Compounding these changes is a well-documented evidence of up 

regulation of tissue factor the main initiator of the coagulation response on the surface of 

monocytes and endothelial cells (Pierangali SS., Gharavi et al., 2000). Inflammation is central 

to APS pathogenesis; as it serves as a necessary link between the procoagulant phenotype and 
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the actual thrombus formation seen in the disease. The procoagulant and inflammatory milieu 

of the endothelium leads to microvascular thrombosis, and infraction and ultimately leading 

to placental injury, typical of aPL-induced obstetric complications (Ames PR, 2008; 

Abrahams VM, 2009). 

 

 

  

Figure1. 1:Overview of the Pathophysiology of APS:  
 

Hypercoagulable effect of aPL antibodies, includes activation of platelets and vascular 
endothelium, which, in turn, facilitates the binding of platelets and monocytes. Activation 
of endothelial cells leads to upregulation of inflammatory cytokines such as TNF-α, IL-6 
and adhesion molecules. At the placental level, aPL-ab bind to the placental trophoblasts 
and activate the complement cascade, which leads to increase in the inflammatory 
cytokines and tissue factor expression. IL-3 plays an important role in trophoblast 
implantation and development, binding of aPL-ab to placental tissue retards the 
trophoblast invasiveness and differentiation leading to pregnancy complication. aPL-ab 
inhibit protein C and proteins S formation, by binding to prothrombin and increasing its 
cleavage to thrombin, in turn increasing fibrin formation. 

aPL-ab 
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1.4 Laboratory evaluation of APS. 
 

aPL-ab can be detected in a coagulation assay, in which the antibodies bind to the 

phospholipid reagents which are critical for invitro clot formation, and ELISA, where in 

protein is immobilized on a solid support and antibodies from the serum recognize and bind 

to Phospholipids, essential cofactors in the coagulation pathway. Sapporo classification 

criteria divided APS criteria into clinical and laboratory. Testing for lupus anticoagulant 

(LAC), Iimmunoglobulin G (IgG) or IgM antibodies to cardiolipin (ie, aCL) was maintained 

as the laboratory criteria for APS detection.  Presence of medium to high titres of 

anticardiolipin antibodies, i.e values higher > 40GPL units or >99th percentile was initially 

used a laboratory criterion for definite diagnosis of APS, however it as also observed that 

most patients with pregnancy morbidity were no longer aCL positive, while still presented 

with thrombotic episodes. One possible reasoning could be the difference in the mechanism 

by which the antibodies exert pathogenic effect on the placental surface as opposed to a 

thrombotic event, in other organs (Mackworht-Young;2004., Di Simone N;2007). From a 

patient clinical features, a significant association has been found vascular thrombosis and 

titres of >40GPL units, and between pregnancy morbidity and titres < than 40 GPL units (A. 

Ruffati; 2008). In actual clinical diagnosis presence of and /or IgG / IgM anti β2-glycoprotein-

I idiotypes (anti–β2GP-I) in-patient’s blood was added as part of the revised criteria for 

Definite Primary APS diagnosis (Table 1.2). Based on the positivity of the test’s patients are 

allocated to different categories or evidence levels such as category 1, more than one test 

positive or category II, single test positive (A. Ruffati :2008).  Sero-negative APS (SN-APS) 

is defined as group of patients showing clinical presentation suggestive of APS, however 

laboratory testing persistently fails to detect the presence of the classical three antibodies, 

aCL, aβ2-GP1, and LA. This could be due to the limitations of the current range of test or the 

existence of different antigenic targets. Although presence of both aCL antibodies and LAC 
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may be associated with fetal loss and thrombocytopenia, there are distinct clinical, laboratory 

and biochemical differences amongst the two. These differences exist in the origin, clinical 

presentation, prevalence, laboratory diagnosis and mainly the management of the two 

conditions.  

 

1.4.1 Detection of Lupus anticoagulant (LAC). 

 LAC cannot be measured directly as there is no single test or standardized procedure to detect 

the presence of LA in the blood. A series of multiple LAC assays are currently used to 

confirm or rule out presence of autoantibodies. Due to the heterogeneity of LAC, it is 

recommended that all patients suspected of having a LAC be tested using at least two clot-

based assays (Acosta M, Edwards R, Jaffe EI, 2005) along with a correction of the abnormal 

assay by adding excess phospholipid. The presence of LAC abnormality is detected by 

phospholipid dependent coagulation reactions such as Prothrombin time (PT)2 activated 

partial thromboplastin time (aPTT), and the Russell’s viper venom time (Bick et al., 1999; 

Kunkle., 1992). The most sensitive tests are the dilute Russell viper venom test (DRVVT) and 

a LA-sensitive PTT (PTT-LA), one that uses low levels of phospholipid reagents. Follow up 

testing to confirm or exclude the presence of lupus anticoagulant is further done by 

performing, a) Mixing study: taking equal volume of patient’s plasma mixed with "normal" 

pooled plasma and a PTT or DRVVT is performed on this mixture and /or b) 

Correction/neutralization study with an excess of phospholipids added to the patient sample 

and a PTT-LA or DRVVT is performed. (When PTT-LA is measured, the as assay is called a 

hexagonal phase phospholipid neutralization assay) (Triplett DA., 1993). 
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1.4.2 Detection of Anticardiolipin antibodies (ACA): 

   The detection of ACAs is a straightforward, a solid phase ELISA method to detect 

antibodies directed against cardiolipin (Falcon CR., 1990; Reyes H.,1994). Anticardiolipin 

antibodies can be classified in two ways: a) ACA’s arising as IgM, IgG, or IgA subtypes, 

referred to as nonspecific inhibitors and b) as β2 glycoprotein dependent or independent 

antibodies. The β2 GP-1 independent antibodies are often detected in Syphilis or other 

venereal diseases, whereas the β2Gp-1 dependent antibodies are detected in autoimmune 

disease. Though clinical and epidemiological studies have shown that patients with antiβ2GP-

1 are at a significant risk of thrombosis (Meroni PL., 2007; Urbanus. 2009) a discordant 

subgroup of antibodies does exist in patients with APS. Antibodies to phosphatidylserine, 

phosphatidylethanolamine, phosphatidylglycerol, phosphatidylinositol, annexin-V, and 

phosphatidylcholine have been detected by ELISA method in a significant number of APS 

patients.  Correlation between the presence of these antibodies and disease progression must 

be tested for appropriate clinical situations (Cabral AR.1996; Falcon CR., 1990).  

  



13 
 

 

 

 

 

 

 

 

Figure1. 2.Clinical Spectrum of APS 
Antiphospholipid syndrome has a broad spectrum of disease, ranging from asymptomatic to life 
threatening thrombosis. Patients may exhibit clinical features of the disease, along with 
presence of aPL-abs, but do not fulfil the Sapporo criteria for definite diagnosis of the  
aPL- antiphospholipid antibodies. Patients diagnosed with Definite APS, demonstrate venous 
and arterial thrombosis. Seronegative patients typically show presence of idiopathic 
thrombosis, but aPL-ab are not detected. Microangiopathic APS and CAPS, may be present as 
an organ injury or a tissue injury or as an over whelming thrombotic storm. Figure taken from 
(Baker and Bick 2008) 
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1.5 Beta 2-glycoprotein 1 (β2GP-1) 
 
1.5.1 Structure of β2GP1 
 β2GP1 is heavily glycosylated protein, mainly synthesized by the liver (Williams GM., 1996). 

Though the physiologic function of the protein is unknown, presence of mRNA has been 

detected in various cells in the such as placenta and brain. β2GPI is highly expressed on the 

placenta and is the main target of circulating antiphospholipid antibodies (Chamley., Pattison., 

and Mckay ;1993). Presence of β2GPI on the syncytiotrophoblast layer in the villous 

placentae can act as a natural anticoagulant to help maintain the natural fluidity of the blood 

at the surface of the syncytiotrophoblast. Increased oxidative stress present in variety of 

clinical states such as pregnancy, infection increases the amount of oxidized β2GPI present in 

circulation. In context of APS, antibodies to the plasma protein β2GP- are predominant found 

in APS patients (Krilis SA., 1990) and particularly it has been reported that autoantibodies 

show increased affinity to the circulating form of oxidized β2GPI (Passam H et al.,2010).  

β2GP-1 is a 50 kDa phospholipid binding, natural anticoagulant circulating in plasma at the 

concentration of 200µg/ml of plasma. β2GP-1 is a major cofactor required for the binding of 

the phospholipid dependent antibodies (Galli et al., 1990; McNeil et al., 1990; Matsuraet al., 

1990). It comprises of five homologous domains termed D1-DV. The first four domains have 

the regular conserved sequences consisting of four cysteine residues, with disulphide bridges 

joining the first to the third and second to the fourth (as shown in figure 1.3). However, the 

fifth domain is aberrant, consisting of an extra 20 amino acid tail, and additional disulfide 

bond that includes a C- terminal cysteine (Miyakis S., 2004). This unusual termination in 

cysteine residue imparts a positive charge to the fifth domain and the extra disulfide bridge 

within it participates in the preferential binding of the negatively charged phospholipid on the 

activated cell membrane (Hunt J1994; Steinkasserer A et al., 1992). The unique phospholipid 

binding specificity of fifth domain is not only due to the presence of a positively charged 
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patch, but also due to the presence of a partial hydrophobic loop that inserts itself in to the 

lipid layer using Trp 316 to anchor firmly into the membrane (Mehdi H 2000). Electron 

microscopic studies and work carried out by de Groot (2010) showed that β2GPI could exist 

in at least two different conformations: a circular plasma conformation and an “activated” 

open conformation. The circular conformation is maintained by interaction between the first 

and fifth domain of β2GPI, and the major and minor epitopes on domain 1 remain cryptic to 

the immune system. Upon activation and interaction with negatively charged phospholipid, 

the protein opens up and adopts a more hockey stick like conformation. This change in 

conformation exposes the cryptic epitope in the first domain and enables the binding of 

patient antibodies to form an antibody-β2GPI complex. Hence, the circulating form of β2GPI 

is immunologically inert, but the immobilized form exposes the B cell epitopes for 

autoantibody binding (Passam H., 2010). Further importance of the conformational changes 

in β2GPI, was demonstrated by prolongation in the activated partial thromboplastin time and 

by addition of anti β2GPI antibodies (C. Agar, 2010). Advances in the study of function of 

β2GPI, highlighted the limitation of the previous studies done using purified β2GPI. Changes 

in the pH or the salt concentration during purification process may affect the refolding the 

protein leading to conflicting results obtained from different laboratories in the function of 

β2GPI (Brighton TA., 1999; Reber G, 2005). Recently El-Assaad et al in 2016 proposed that 

the unique property of allosteric disulfide bonds in the C terminal of β2GPI mediates 

conformational change of the protein following posttranslational modifications (Ioannou Y., 

2011). Detection of circulating form of β2GPI, with free thiols by a streptavidin capture 

ELISA, changed the previously held concepts of the structure and function of β2GPI and its 

implications in APS. Posttranslational modification of β2GPI included the oxidation and 

nitrosylation of redox sensitive cysteines residues or proteolytic cleavage. Two forms of 

β2GPI have been identified: the reduced form contains one or more unpaired cysteine residues, 
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whereas the oxidized form has all the cysteines linked in disulfide bonds. The reduced form 

has been identified both in humans and murine blood, and approx. 80 % of the total 

circulating β2GPI is the reduced form of β2GPI (Ioannou Y.,2010;2011). The reduced state of 

β2GPI may be maintained by thiol oxidoreductases, secreted by platelets and endothelium 

(lavah J., 2003). The changes in the oxidative and reductive states of β2GPI can regulate the 

biological activity of the protein. The reduced form of β2GPI protects the endothelium from 

oxidative stressed induced cell death (Ioannou Y.,2010) and promotes platelets: vWF 

interaction in vitro (Passam FH.,1996). During oxidative stress, free thiol β2GPI undergoes 

post translational modification either through oxidation and/or nitrolysation of the cysteine 

residues (Passam H etal., 2011). The addition of the oxygen or nitrogen oxide (NO) alters the 

function of β2GPI and is known to increase its immunogenicity (Passam H., 2011). Thus, the 

ratio of presence of free thiol to the oxidized β2GPI is important in developing anti β2GPI 

antibodies in APS. Anti- β2GPI antibodies from patients with APS have been reported to bind 

to the oxidized form of β2GPI rather than the free thiol form, suggesting the significance of 

post translational modification affecting conformational change in β2GPI (Giannakopoulos B., 

Krilis SA.,2013). Although no structural or spectroscopic data is available to demonstrate the 

conformational changes in β2GPI, domain I and V are required to elicit the pathogenic effect 

of aPL. (Passam H et al.,2011). It is also reported that pathogenic aPL recognize domain I 

only after conformational change following the post translational modification (de Laat B et 

al., 2006). 
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Figure 1. 3Schematic Depiction of the Structure of β2GP-1 
- β2GP1 is comprised of 5 complement control protein modules termed domains 1 –V. 
Domain I has the site for aPL-ab binding, and domain V covalently binds to the 
phospholipid exposed on the surface of the cells. 
 

DI antibody binding site 

PL exposure on the surface 
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1.6 Immunological effects of β2GP1 antibodies 
 

Conformational changes in the β2GPI exposes the epitope for autoantibodies, which bind and 

stabilize β2GPI. Binding of patient’s antibodies, which are usually antibodies against domain 

I, results in the formation of bivalent complexes with a strong affinity for anionic 

phospholipid and other cell surface receptors. Binding of the oxidated β2GPIwith out the free 

thiols, elicits the maturation of monocyte derived dendritic cells in vitro. Furthermore, 

Supraphysiological concentration of the oxidant β2GPI has been implicated in the promoting 

helper type T1 cell response and inducing maturation and monocyte derived dendritic cells 

(Buttari B etal.,2005). Conformational changes in β2GPI due to post translational 

modification leads to exposure of the major B cell binding site present in Domain 1 and the T 

cell binding site present in domain V, leading to generation of autoreactive T cells. These T 

cells then recognize the nitrosylated epitopes and induce domain I specific B cells to generate 

autoantibodies. β2GPI / anti β2GPI complex binds to the cell surface and activates platelets, 

endothelial cells and monocytes to induce a procoagulant and proinflammatory phenotype 

(Meroni PL., Del Papa; 1998). β2GPI antibody complex binds to different types of receptors 

on the surface of the cell such as Toll-like receptor 2 (TLR2), TLR4(Raschi E.,2003.,Satta N, 

2007), Annexin 2 (Romay-Penabad Z ., 2009), glycoprotein 1B α(GP1Bα) (Shi T., 

20006.,Urbanus RT.,2008), and a member of LDL receptor family , LRP8(Luttrs BCH.,2003), 

and functional and absolute deficiencies of these receptors have led to decrease in the 

thrombus formation in murine models of APS. 
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1.6.1 β2GP1 antibodies promote thrombosis in APS: 
 

The β2GPI and Anti β2GPI complex, contributes to the prothrombotic mechanism by 

disrupting the interaction between activated Protein C and anionic phospholipids that form a 

protective shield on the surface of vascular cells (Safa O., Esmon CT; 2005). Prestimulation 

of platelets and endothelial cells appears to be a prerequisite for pathophysiologically 

significant outcomes from the β2GPI / anti β2GPI complex. Initial priming of endothelial cells 

and platelets leads to exposure of phosphatidylserine on the surface of the cells. β2GPI / anti 

β2GPI complex initially is formed on the exposed PS, before interacting with specific platelet 

(Leuters BC., Derksen RH., 2003) and endothelial cells surface receptors such as ApoER2’ 

and Annexin 2 (Zhang et al., 2005) respectively. On the surface of platelets and endothelial 

cells, dimerization of β2GPI facilitates the binding of the complex to cell surface receptors 

and activates the downstream signaling. Specifically, On the surface of the platelets β2GPI 

/anti β2GPI complex binds to the ApoER2 receptors and activate the p38/MAPK 

/phospholipase A2 pathway (Canobbio I., Balduini C., 2004; Korporral SJ., Relou IA; 2004), 

leading to the production of thromboxane and downstream activation of GPIba (Vega-

Ostertag., 2004). On the surface of primed endothelium, binding of β2GPI/anti β2GPI-ab 

complex leads to increase in the expression of adhesion molecules (E-selectin, ICAM-1, 

VCAM-1) and tissue factor expression. Studies carried out by Raschi et al provide a 

compelling evidence of the involvement of Annexin 2 and downstream activation of NFk-B 

via a MYD-88 dependent signaling pathway (Raschi et al., 2003).  Further a crosslinking 

mechanism between Annexin 2 and anti β2GPI-ab (Zhang J., McCrea KR., 2005) induced 

signal transduction may be an important mechanism in the pathophysiology of aPL-ab on the 

surface of endothelium. A study by Robertson et al in 2004, highlighted the pivotal role of 

β2GPI in APS and showed that passive transfer of human anti- β2GPI antibodies to β2GPI+/+ 

mice triggered fetal loss whereas mice deficient in β2GPI were resistant to this loss. 
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Figure1. 4 β2GPI /Anti β2GPI interaction-. Schematic representation of 
interaction of β2Gp-1 and Anti β2GP-1 antibodies on the surface of cells. 
Dimerization of β2GP-1 due to binding of the antibody increases its affinity for 
negatively charged phospholipids on the surface of platelets. 
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1.6.2 Other possible roles and functions of β2GPI  
 

It has become evident, that multitudes of cellular blood co-players contribute to the oxidation/ 

reduction of β2GPI. Though individuals deficient in β2GPI seem to be healthy and β2GPI null 

mice do not express a clear phenotype, heterozygote matings result in lower than expected 

ratios of b2GP1 -/- births (8.9%) (Sheng Y et al., 2001), implicating a role for this protein in 

embryonic development. In purified system β2GPI has shown to regulate hemostasis, by 

interfering with ADP induced platelet aggregation and activation of the intrinsic coagulation 

pathway (Nimpf J., 1985; Shousboe I., 1985). Despite these observations β2GPI deficient 

mice or humans do not bleed or show increased thrombin generation time in vitro. β2GPI has 

also been identified in atherosclerotic plaques (George J.,1997), and anti β2GPI antibodies 

have shown to accelerate atherosclerosis (Vaarala O.,1996., Staub HL.,2006). Further, the 

presence of LDL- β2GPI complex mediated atherothrombosis could be consequence of 

autoimmune disease (Petri M., 2004, 2010; Matsuura E., 2008) and not a result of anti-

phospholipid antibodies. The phospholipid-binding site in domain V of β2GPI contains a 

number of positively charged amino acids. Peptides derived from domain V have shown to 

have potent antibacterial activity against both gram positive and gram-negative bacteria 

(Nilsson M., 2007), by causing leakage of the cytosolic contents in the bacteria. Role of 

β2GPI in innate immunity has also been convoluted, where in neutrophil protease β2GPI has 

been shown to have antibacterial activity (Horbach DA., 1999; Nilsson M., 2007). Bacteria 

such as Streptococcus pyognes express protein H and M1that bind to β2GPI and prevent the 

cleavage by neutrophil protease, this circumvents the antibacterial action of the peptides 

formed from β2GPI (Nilsson M., 2007). Agar C et al showed the direct interaction between 

lipopolysaccharide LPS and β2GPI, and that β2GPI inhibited LPS induced expression of tissue 

factor and interleukin 6 from monocytes and endothelial cells. Increasing  

evidence suggests that β2GPI binds with low affinity to the A1 domain, thereby inhibiting 
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vWF (vonWillebrand factor) mediated platelet adhesion and agglutination (Hulstein JJ., 

2007). Further, it was also shown by P.G de Groot and coworkers that, β2GPI binds to vWF 

when the protein is in its GP1b binding conformation, suggesting the importance of β2GPI in 

pathological conditions such as thrombotic thrombocytopenic purpura (TTP). Binding of 

β2GPI to the negative charged phosphatidylserine (PS) on the surface of the cells, could lead 

to the conformational changes in β2GPI and the development of antibodies (Price BE., 1996; 

Manfredi AA., 1998). β2GPI has also been shown to facilitate phagocytosis, by binding to PS 

containing vescicles or apoptotic cells, which promote engulfment by phagocytes 

(Balasubramanian K.,1197,1998). Increasing evidence suggest the importance of the 

physiological role of β2GPI in formation of antibodies and acting as a scavenger in circulation 

to remove cellular and protein waste.  
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Figure 1. 5 Structure of placenta: Representative drawing of the fetal 
capillaries (A) and a cross section of the placental membrane showing 
Syncytiotrophoblast, Cytotrophoblast cells, endothelium lining of the 
fetal capillaries, and the connective tissue of the villus (B). Figure is 
from Moore et al 2003.   
 

1. 7 Placenta Structure and function: 

Placenta is a highly specialized vascular organ that supports normal fetal development during 

pregnancy. Placenta is discoid in shape and refers to the layers of cells that separate the 

maternal blood in the intra villous space and the fetal blood in the vasculature in the core of 

the villi (Moore K.L.,2003). Exchange of nutrients and waste between the maternal and fetal 

circulatory systems is the primary function of the placenta. The chorionic villi are the main 

functional unit of the placenta, which separates the fetal blood from maternal blood in the 

surrounding intervillous space (Moore K.L., 2003).  
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Placentation begins with the blastocyst adhering to the uterine wall. Placental cytotrophoblast 

cells invade the endometrium (decidua) and differentiate into extravillious trophoblast cells. 

Further differentiation and transformation of the trophoblastic cells to a mature maternal 

vasculature results in increased blood flow into the placental intervillious space (Moffet et 

al.,2002). 

The utero-placental system consists of two plates, 1) The “Basal plate which is derived from 

the maternal endothelium, and the 2) Chorionic plate, which is derived from the fetal tissue 

from the chorionic sac. Multinucleated syncytium “Syncytiotrophoblasts” line the 

intravillious space between the two membranes, which forms the main functional unit of the 

placenta containing fetal blood vessels and highly closely packed villous structures, majority 

of the maternal – fetal exchange occurs in this region.  

Hence the placental membrane is made up of four layers, Syncytiotrophoblast, 

Cytotrophoblast cells, endothelium lining of the fetal capillaries, and the connective tissue of 

the villus (Moore et al., 2003). 

1.7.1. Trophoblast development: 

Trophoblast cells form the major part of the placenta after the implantation of the blastocyst; 

these cells undergo extensive proliferation and differentiation. Villous and extra villous are 

the two main pathways by which the trophoblast differentiates. By days, 13 and 14 of 

pregnancy cytotrophoblasts penetrate the early conceptus forming a continuous layer of extra 

villous cytotrophoblasts; this layer forms the interface of the feto-maternal compartments 

(Boyd JD., 1970). Trophoblasts cells do not invade the decidual vein, but the extra villous 

trophoblasts cells invade the decidua and migrate to remodel maternal vasculature in the 

uterine decidua. Extra villous trophoblasts also invade interstitially and promote the 

circumferential expansion of the placental site and recruitment of the maternal arterioles 

(Hamilton WJ.,1970). The multinucleated and rounded interstitial trophoblast, form the 
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placental bed giant cells by moving deeper into the decidua (Loke YW.,1995). Extravillous 

cytotrophoblast cells at the tip of the anchoring villi rapidly proliferate to form 

cytotrophoblastic column, a phenotypic switch between epithelial and mesenchymal cell type 

facilitates the migration into the decidua (Vicovac L.,1996). Furthermore, production and 

secretion of type IV collagenase, matrix metalloproteinase, β glucuronides, aminopeptidase, 

cathepsinB, urokinase plasminogen activator and laminin by the extra villous trophoblasts 

facilitates their infiltration in to the decidua by degradation of the extracellular matrix 

(Morrish DW.,1998). Counter balancing the degradative activity of the extravillous 

trophoblast, is the secretion of plasminogen activator inhibitor (PAI), and tissue inhibitors of 

matrix metalloproteinases, regulated by the autocrine and/or paracrine actions of the growth 

factors (Graham CH., 1997).   

The villous (non-migratory) cytotrophoblast cells proliferate and differentiate to form the 

outer epithelial layer of the chorionic villi, the syncytiotrophoblast. These multinucleated 

cells form the outer layer of the trophoblast cells and invade the wall of the uterus. Rupturing 

of the maternal capillaries establishes an interface for nutrient exchange between the 

developing foetus and the mother. Syncytiotrophoblast form the epithelial covering of the 

vascular embryonic placental villi, protecting the embryo from maternal cells that would 

trigger an immune reaction. Though these cells lack proliferative capacity, mature 

syncytiotrophoblasts secrete progesterone, and leptin to support a healthy pregnancy.  

1.7.2 Fetal capillaries and endothelial cells.  
 

Vascularisation of the placenta and the embryo begins post conception with the 

vasculogenesis and blood vessel formation of the placental villi (Risau W.,1997). Foetal 

micro capillary networks form a vascular tree originating from the macrovascular arteries and 

veins in the umbilical cord. Growth of these capillaries increases longitudinally to meet the 

growing metabolic demands of the growing fetus, by increase in the blood flow and growth of 
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the placenta. Placental microvascular endothelial cells undergo remarkable angiogenic 

changes during the whole pregnancy. Dominant angiogenic activity is occurs during the first 

and second trimester of pregnancy when the placenta undergoes a rapid developmental stage. 

Towards the end of the term, the endothelial cells experience an angiostatic state, due to arrest 

in the placental growth. These endothelial cells are required to undergo constant remodelling 

and adaptation to the special needs of the pregnancy, hence are the key to successful 

pregnancy (figure1.6)   

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure1. 6  Pathways of trophoblast differentiation and function – After 
implantation is completed the trophoblast differentiate via two pathways, Extravillous 
and Villous pathway. The synciotrophoblasts formed by the villous pathway become the 
primary site of placental transport and protective endocrine functions. The endovascular 
and the interstitial trophoblasts formed via the extravillous pathway remodel the uterine 
arteries and form placental giant bed cells by migrating further into the decidua. Figure 
adapted from Neil M Gude.,2004  
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1.8 Placenta in normal Pregnancy 
 

After fertilization, the blastocyst implants itself into the decidua. Outer layers of cells, that 

surround the blastocyst, develop to form the placenta. The main function of the placenta is 

transport, metabolism, protection and endocrine. The placental membrane is highly permeable, 

and rapidly diffuses respiratory gases between maternal and fetal blood. Placenta supports the 

growth of the foetus by transport and metabolism of the main carbohydrate, glucose, via 

diffusion and a number of glucose transporters (GLUTs). GLUT1 carrier have been reported 

to be present in both maternal; blood facing, and foetal capillary facing membranes of the 

placental tissue and is thought to be the major facilitative transporter of glucose across term 

placenta (Iisley NP., 2000). The GLUT3 and GLUT4 transporters, which were found to be 

localised in the endothelial cells lining the foetal capillaries and in the placental stromal cells 

respectively. GLUT3 transporter is thought to be important in regulating glucose levels 

between the endothelial cells and the foetal blood (Iisley NP., 2000), whereas the GLUT4 are 

the insulin responsive glucose transporters and responsible for conversion of glycogen in 

foetal circulation (Xing AY., 1998). Immunohistochemistry studies have shown the presence 

of GLUT 8 and GLUT12 transporters, suggesting their importance in pregnancy (Limesand 

SW., 20004. Gude NM 2003). 

Amino acids are required by the foetus for protein synthesis; during pregnancy, transport of 

amino acids is facilitated via the microvillus and the basal membranes of the 

syncytiotrophoblast (Yudilevich D.L; Sweiry J.H.,1985). Placental function differs in early 

pregnancy as compared to end- term; however, release of metabolic products in to the 

maternal and/or fetal circulation is carried out throughout the course of gestation. Placenta 

protects the foetus against many xenobiotic molecules and maternal diseases and infections.  

Both free fatty acids and long chain polyunsaturated fatty acids can readily cross the placental 

synciotrophoblasts and are reported to be present in abundance in the fetal circulation as 
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compared to maternal blood (Dutta-Roy AK., 2000). Placenta subsumes the role of an adult 

liver by transporting proteins that are involved in handling bile acids, biliary pigments and 

many soluble exogenous compounds (Marin JJG., 2003). Placenta also produces many 

endocrine, paracrine and /or autocrine substances, such as estrogen, progesterone, chorionic 

gonadotropin, placental growth hormone and a number of growth factors. These substances 

can be localised either in the uterus or in the placenta itself and help modulate intermediary 

metabolism that increases the availability of nutrients to the developing fetus (Handwerger S., 

2000). The placental and the extraplacental membranes also produce large amounts of 

cytokines, chemokines and many pregnancy related proteins that could be involved in 

maintaining proper blood flow in the placenta (Gude NM.,1998). During normal pregnancy, 

placenta maintains a non-inflammatory phenotype between the invading extravillious 

trophoblast and the decidual NK cells, macrophages, dendritic cells and the regulatory cells.  
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1.9 Haemostasis during pregnancy 
 

Normal pregnancy is associated with changes in all aspects of haemostasis, increase in levels 

of circulating clotting factors, and decrease in the concentrations of some of the natural 

anticoagulant’s lower fibrinolytic activity, that help in maintaining placental function during 

pregnancy and meeting delivery's haemostatic challenge. During pregnancy, haemostatic 

changes in the uteroplacental circulation prompt functional adaptation of the uterine spiral 

arteries to accommodate the increased blood flow to the intervillious space (Beller FK; Ebert 

C; 1982). Trophoblasts replace the vascular endothelium and the underlying smooth muscle 

cells during the course of the pregnancy and have reduced capacity to lyse fibrin. 

Haemostasis at the placental trophoblastic level is characterised by the presence of large 

amounts of tissue factor and lower expression of Tissue factor Pathway Inhibitor (TFPI) 

(Ahron A; Brenner. B; 2004).  Teleologically the presence of tissue factor, expressed by 

human endometrial stromal cells (HESC) to prevent post implantation haemorrhage during 

vascular trophoblast invasion is essential to maintain haemostasis in placenta, however excess 

expression can predispose placenta to vascular complications. During placentation, 

proliferating and differentiating trophoblasts express anionic phospholipids (Chamley LW: 

2002; Di Simone N, Marco D., 2007) and synthesise β2GPI’, which is then translocated and 

localised in the placental syncytiotrophoblasts (Chamley LW., 1997).  

1.9.1 Disruption of trophoblast function in APS-associated pregnancy morbidity  
 

In complicated pregnancies incomplete maturation and differentiation of the maternal 

vasculature, and superficial invasion to the decidua by the trophoblast leads to spontaneous 

abortions or preterm labor (Jauniaux E., Hempstock J., 2003). Particularly patients with APS 

have increased risk of pregnancy complications because the placenta is identified as the major 

target for aPLs (Ruiz-Irastorza, G., 2007). Trophoblasts express cell membrane anionic 

phospholipid (PL) on the surface of their cells and can bind exogenous β2Gp-1 under normal 
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physiological conditions. Expression of PL on the surface of the trophoblasts occurs due to 

high level of proliferation-associated with remodelling of the tissue during pregnancy 

(Abrahams, V.2009). Trophoblasts synthesize their own β2Gp-1, which was demonstrated by 

the presence of mRNA transcripts isolated from normal human villous tissue (Chamley L., 

1997).  In vivo studies have shown that β2Gp-1 is translocated to the surface of the 

extravillous trophoblast cells that invade the decidua lining, and to the synciotrophoblast cells 

that come in direct contact with the maternal blood (Chamley L., 1997., La Rosa, L., 1994). 

Given this, it is no surprise that the placenta is the most important target for aPL antibody 

binding thereby inducing obstetric complications as seen in APS patients. The etiology of 

APS is multifactorial, and several mechanisms have been proposed for aPL-mediated 

pregnancy loss. Series of thrombotic and inflammatory events occurring at the maternal-fetal 

interface were thought to contribute towards pregnancy failure. However, recent studies 

propose various ways in which the aPLs alter the environment at the maternal –fetal interface. 

In vivo mouse models of aPL mediated pregnancy loss developed by Salmon and Girardi 

showed that aPL-abs are able to activate both classical and alternative complement pathways. 

Their proposed mechanism of action was, aPL-ab activate C3a and C5a, complement 

classical pathway components, which rapidly increase the levels of TNF-a in the decidua. 

Inflammatory cells are then recruited which overwhelms the trophoblast normal inhibitory 

mechanism (Abrahams, V.,2009; Salmon, J. and G. Girardi 2008). Another proposed 

mechanism of APS mediated pregnancy failure is through the direct effect of aPL-ab on 

trophoblast function. In vitro studies showed that polyclonal antibodies isolated from patients 

with APS and monoclonal antibodies, reduce placental human chorionic gonadotropin (hCG) 

and placental lactogen secretion by trophoblasts and completely block trophoblast 

invasiveness and fusion (Di Simone, N 1999,2007., Kastsuragawa .,1997). Quenby et al. 

demonstrated that the mouse monoclonal aPLs IIc5 and ID2 can inhibit differentiation of 
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extravillous trophoblasts and giant multinucleated cell formation, that possibly could affect 

subsequent utero placental development (Quenby, S.,2005).  

Alteration in trophoblast proliferation and decrease in the HCG secretion, results in an 

increase in trophoblast apoptosis leading to recurrent foetal death (Del papa., 2000; Ornoy A., 

2003). In second and third trimester of the pregnancy, foetal compromise arises due to 

impaired placental blood flow and largely due to uteroplacental insufficiency. aPL-abs exert a 

range of prothrombotic effects on the placenta, by causing multiple placental thrombosis, 

infarcts in the decidual vessels and spiral artery vasculopathy (Branch DW., 1992; Dal papa., 

Guidali L., 1997; Sanjay SK.,2002). aPL-ab also alter the production of important proteins 

such as prostaglandin, and human chorionic gonadotrophin hormone (Di Simon N., 1995), 

which are essential for foetal implantation and development. Increase in the circulating levels 

of endothelial adhesion molecules such as vascular adhesion molecule -1 (VCAM-1), 

intercellular adhesion molecule -1 (ICAM-1), leads to increase in the thrombogenicity, 

vasculopathy, infarction and thrombus formation is seen in placental vasculature in the later 

stages of pregnancy.  The cumulative effect of aPLs is impairment of trophoblastic 

development, and maturation resulting in defective placentation leading to pregnancy loss. 
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1.10   The Complement pathway and its implications in APS pathophysiology 
 

  The activation of the complement cascade is a necessary event in the pathogenesis of aPL-ab 

associated foetal loss.  The complement cascade forms an important link between the innate 

and adaptive immune systems, playing a role in the elimination of immune complexes and the 

products of inflammatory injury (Walport 2001a;Walport 2001b). The complement factors 

comprise a complex series of more than 30 highly conserved soluble proteins circulating in 

the plasma and on cell surfaces. Cellular bound complement factors defend against bacteria, 

viruses, virus infected cells, parasites and tumor cells (Jenne and Tschopp 1989). Receptors 

on the surface of immune cells exhibit specificity for the physiological fragments of 

complement proteins (Morgan and Meri.,1994).  There are three complement pathways, 

namely Classical pathway, Lectin pathway and Alternative pathway, each having different 

triggers (table 1.4), but they converge to generate homologous variants of the protease C3-

convertase, an enzyme that cleaves complement C3(figure 1.7). Regulation of C3 is a critical 

step that leads to the production and assembly of complement proteins that generate and 

regulate inflammation (Holers VM.,2002).  

The classical pathway of complement activation is regarded as the major effector for 

antibody action. Activation is triggered when a multimeric complement component 

C1(consisting of one molecule C1q and two molecules each of C1r and C1s), binds to the Fc 

region of an antibody which is a part of the antigen-antibody complex.  Formation of these 

immune complexes activate and convert the first component of this pathway C1-complex into 

a proteolytic enzyme. This results in the activation of two C1r (serine protease) molecules, 

which then act to cleave C1s (another serine protease). The C1-complex now binds to and 

splits C2 and C4, producing C2b and C4b. C4b and C2a bind to form C3-convertase (C4b2a 

complex) (Walport., 2001a), which initiates the formation of the Membrane Attack Complex 

(MAC). 
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The lectin pathway (also known as the Mannan Binding pathway) and the alternative 

pathway form part of the innate immune response. The lectin pathway depends on the 

recognition of foreign surface molecules containing mannose residues (e.g. mannan). This 

novel pathway initiates activation by the binding of mannan-binding lectin (MBL), also 

called mannan-binding protein (MBP), to the mannose and N-acetyl glucosamine residues 

found on a variety of bacteria, yeast, parasitic protozoa and viruses (Turner and Hamvas 

2000). Mannose-binding lectin activates complement by interacting with two mannose 

associated serine proteases (MASP-1 and MASP-2) leading ultimately to the generation of 

C3. Activation of C3 initiates the alternative pathway loop and the formation of the 

membrane attack complex (Turner and Hamvas.,2000). 

The alternate pathway activation does not require prior sensitization and presence of 

antibodies for function. The plasma proteins involved are C3, factor B, factor D and 

properdin. In the alternate pathway, complement C3 undergoes spontaneous cleavage 

resulting in complement factor B binding to C3b. Diffusion of the Ba subunit results in an 

active alternate pathway C3 convertase (C3bBb). C3bBb is stabilized by binding to properdin 

prior to merging into the common pathway. 
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Figure1. 7: The three pathways of the Complement System. The Classical Pathway; 
triggered by binding of antibody. The Lectin Pathway; involving the innate recognition 
of foreign surface molecules containing mannose residues. The Alternative Pathway; 
reliant of foreign “non-self” recognition. Adapted (Francis et al. 2003)  

MACMACMAC
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1.10.1 Complement Pathway in Normal Pregnancy   

Pregnancy represents a physiological condition where maternal immune system tolerates the 

allogenic fetus. Maternal immune system is directly challenged with a rapidly expanding, 

fetal-derived trophoblast surface. The placenta undergoes extensive vascular remodeling 

during pregnancy and contains substantial quantities of maternal immunoglobulin; maternal 

responses to fetal HLA and to blood group antigen that occur in some pregnancies. From 

implantation through to the end of the pregnancy, the fetal-derived trophoblast cells form a 

continuous barrier and play an immunoprotective role in shielding the developing fetus from 

maternal immune responses. (Homes, C.H et al.,1992.) Despite the continuous complement 

activation, tissue damage does not appear to occur at the feto-maternal interface during 

normal pregnancy. Regulation is provided by a variety of plasma and membrane-bound 

regulatory proteins (Liszewski et al.,1996) acting at various stages of the pathway. This 

stringent control is necessary to a) limit the consumption of complement components. 

b)control the formation of biologically active complement fragments that can further modify 

the immune response (Walport.,2001a). These regulators are either membrane-bound or 

soluble (Jenne and Tschopp.,1989;Lachmann 1990;Murphy et al.,1989). Important 

membrane-bound regulators that act at the C3/C5 convertase level include complement 

receptor 1 (CR1/CD35), decay accelerating factor (DAF/CD55) and membrane cofactor 

protein (MCP/CD46) that are highly expressed on trophoblast and prevent uncontrolled 

complement component deposition in the placenta in successful pregnancies. Acting distally 

to these inhibitors are CD59 (membrane inhibitor of reactive lysis (MIRL), protectin) (Meri et 

al., 1990) and Homologous restriction factor (HRF) which act to inhibit the formation of the 

membrane attack complex (MAC) (Martin et al. 1988). Although they vary in function, all 

three regulators have the ability to regulate both the classical and alternative activation 

pathway.  
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1.10.2 Role of Complement in aPL-ab induced fetal loss. 

aPL-ab related pregnancy morbidity is based on the antibody-mediated response at the fetal 

maternal interface. Activation of complement C5 by the classical pathway is a critical 

proximal effector mechanism in aPL-ab derived fetal injury (Girardi et al.,2003). Pathogenic 

effect of aPL-ab has been demonstrated in murine models by passive transfer of aPL-ab 

antibodies to pregnant mice along with normal human IgG controls.  Generation of potent 

anaphylatoxins and mediators of effector cell activation, particularly C5a is observed in the 

placenta of mice treated with aPL-ab, suggesting that placental damage is caused by the 

amplification of classical pathway due to aPL-ab preferentially binding the placenta.  Split 

products of activated C3 (C3a and C3b) further fragment C5 into C5a, a potent anaphylatoxin 

and C5b, the primary contributor of C5b-9 or MAC (figure 1.7) (P. Redecha, G. 

Girardi.,2007). C5a release inflammatory mediators including chemokines, cytokines and 

reactive oxygen species (ROS), which recruit inflammatory cells and activate the local, 

alternative pathway. This creates and amplification loop, enhancing the activation and 

deposition of   complement factors C3 and properdin. A further influx of inflammatory cells 

into the placenta enhances secretion and deposition of C3 generating additional C5a. C5a and 

C5b-9 have been known to have direct effect on the endothelial cells causing hypoxia, 

inflammation and thrombosis within the placenta ultimately leading to fetal death or fetal 

growth retardation in utero.   
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Furthermore, by the use of complement deficient mice, it was shown that complement 

activation plays an essential and causative role in foetal loss and tissue injury (Holer VM., & 

Salmon JE., 2002). Targeted deletion of specific complement proteins helped to clarify the 

importance of the complement pathway activation in pathogenesis of APS.  C4-/- and C5 -/- 

mice prevent conversion of C5 to potent C5a/C5b. Both C4-/- and C5-/- deficient mice have 

shown to have protection against miscarriages after infusion of aPL-ab derived from patients 

with APS, reduced fetal resorption frequency and retention of normal fetal morphology. Uteri 

from wild type (WT) mice when dissected on day 15 of pregnancy showed a four-fold 

increase in the frequency of fetal resorption and significant decrease in the fetal weights. 

Figure1. 8 Complement activation by aPL-ab 
: Antiphospholipid antibodies preferentially target the trophoblastic cells of the placenta 
and activate the complement via the classical pathway. Complement components C3 and, 
subsequently, C5 are activated. The C5a generated attracts and activates the neutrophils 
and monocytes and stimulates the release of inflammatory mediators such as reactive 
oxidants, proteolytic enzymes, chemokines and cytokines. Complement activation is 
further amplified via the alternative pathway, which results in the influx of inflammatory 
cells and, ultimately, fetal injury (Modified from Salmon and Lockshin 2007) 
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Figure 1. 9 Blocking of C5-C5aR limits inflammation and necrosis by aPL-abs: 
A) WT mice injected with aPL-ab show extensive C3 deposition (indicated by 
arrows), inflammatory cells and necrotic debris, on aPL-ab administration, whereas 
B) C5 deficient mice embryos showed limited deposition of C3 in the deciduas.  C) 
Mice injected with Non –immune IgG. Decidua were stained with anti-mouse C3, the 
chromogen was DAB (brown), and the counterstain was hematoxylin. Magnification 
X40. Girardi and Salmon, 2003 
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1.11 Overcoming complement to improve pregnancy outcome:   

Targeted complement inhibition has the potential to preclude the need to systemically inhibit 

complement, limit immunosuppression, limit disruption of immune homeostatic mechanisms, 

and increase efficacy by improving bioavailability. The current gold standard for 

management of obstetric APS is heparin, aspirin alone or combination of heparin/ aspirin 

depending on the patient’s profile. For example, in women with the presence of aPL-abs, but 

no previous history of clot or pregnancy loss, treatment with low dose aspirin is deemed 

sufficient. In women with previous episodes of thromboembolism low molecular weight 

heparin is used, whereas in women with medium titers of ACAs, anti β2Gp-1 antibodies and 

history of 2 or more pregnancy losses aspirin along with prophylactic does of low molecular 

weight heparin is the standard of care (Petri M.,2006).   

Several theories have been proposed describing the mechanism by which heparin proves to 

be beneficial. The first and obvious theory was the anticoagulant action of heparin, by acting 

as a cofactor for endogenous anticoagulant antithrombin (Lousie B.,1940). However, Girardi 

et al demonstrated that, prevention of pregnancy loss is not related to the anticoagulant effect 

of heparin, but by blocking the activation of complement initiated by aPL-IgG in vitro and in 

vivo (Girardi et al.,2004). In their study Girardi showed, that immunohistochemical analysis 

of the decidua of pregnant mice treated with aPL-IgG along Unfractionated heparin or low 

molecular weight heparin, had minimal deposition of complement component C3, when 

compared to the deciduae of mice treated with aPL-IgG, non –immune IgG and mice treated 

with anticoagulants such as fondaparinux or hirudin (figure 1.10).  Furthermore, it was also 

shown that heparin does not stop the deposition of complement by aPL-IgG, thus ruling out 

any interference theory (Girardi, G., P. Redecha, and J. Salmon., 2004)  

 



40 
 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 

 

 

 

 

Figure1. 10: UFH and LMWH prevent complement deposition in deciduas of 
mice treated with aPL antibodies. Immunohistochemical analysis of deciduas of 
pregnanct mice on day 8, show (a) extensive deposition of complement C3 in mice 
treated with aPL-IgG, whereas (b) NH-IgG treated mice showed no C3 deposition. 
Similarly, mice treated (c) aPL-IgG + UFH (10 U), (d) aPL-IgG + LMWH show 
minimal staining of C3 and intact embryonic tissue. Mice treated with fondaparinux 
(e) and hirudin (f) show necrotic embryonic debri and C3 deposition ion the decidua. 
E, embryo; ED, embryo debris; T, trophoblasts. (Figure adapted from Girardi, 2004) 
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Recently, number of approaches for the clinical substitution, inhibition or modulation of 

complement has been studied in both experimental models and in clinical utility. Some of the 

complement inhibitors are described below.   

In MRL/lpr mice, which are a spontaneous model of SLE and model of acute inflammation, 

treatment with complement receptor 2 (CR2)-Crry, a complement inhibitor has been shown to 

mitigate disease phenotype. These mice have greater survival benefit and reduced impact on 

deposition of immunoreactants in glomeruli. Circulating levels of immune complexes and 

clearance of complement-dependent immune complexes is unaffected by CR2-Crry. 

Furthermore,	Crry-Ig was found to ameliorate aPL-IgG induced pregnancy loss in BALB/c 

Mice (Salmon JE., 2002).  Crry-Ig is a chimera between the complement regulatory domains 

of Crry and the Fc domain of mouse IgG1.  In vivo, Crry-IgG has shown blocks activation of 

C3 by both the classical and alternative pathways. Immunohistochemical analysis of the 

deciduae of pregnant BALB/c mice that simultaneously received Crry-IgG and aPL-IgG, 

showed markedly lower deposition of C3 complement.   

Furthermore, the uses of antibody-based therapeutics have also been investigated in several 

animal models of complement-mediated diseases. Eculizumab is a recombinant humanized 

monoclonal IgG2/4 antibody (Russel PR., 2007) that selectively targets and inhibits the 

terminal portion of the complement cascade. Eculizumab inhibits the cleavage of C5 to C5a 

(a potent anaphylatoxin with prothrombotic and proinflammatory properties) and C5b by the 

C5 convertase, which prevents the generation of the terminal complement complex C5b-9 

(which also has prothrombotic and proinflammatory effects). Lonze et al, showed the 

effective use of eculizumab in severe cases of Aps, such as catastrophic variant of the 

syndrome (Lonze BE., 2010, 2014). Several other complement inhibitors are also being 
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studied in for their protective role in aPL mediated pregnancy loss, one such inhibitor is 

rEV576 (coversin), recombinant protein inhibitor of complement factor 5 activation, has 

shown to protect against antiphospholipid antibody-mediated tissue factor up-regulation and 

thrombosis (Romay PZ., 2014). Hydroxychloroquine (HCQ), and antimalarial drug has also 

been increasingly used to treat pregnant women with APS. HCQ prevent complement 

activation both in vivo and in vitro. Both APS patients and mice injected with aPL-IgG 

showed lower serum levels of complement component C5a and prevented fetal death and the 

placental metabolic changes in mice (Lockshin, M.D. 2006; Kyburz, D., 2006; Bertolaccini 

ML., 2016).                 
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1.12 Enhanced Coagulation in APS  
 

Tissue factor (TF) is best known as the primary cellular initiator of blood coagulation. In 

addition to its role in coagulation, it is also known to contribute in other biological processes 

by activation of protease activated receptors (PARs) (Kahn ML., 1998; Nakanishi MM.,2000). 

Immunohistochemical and insitu hybridization techniques have shown the expression of TF 

in astrocytes in brain, cardiac myocytes in heart, trophoblasts in the placenta, lungs, 

suggesting additional haemostatic protection to these tissues by TF (Bach.RR., 1988; 

Mackman N.,1993; Faulk.WP.,1990).  Aberrant TF expression in the vessel wall and/or 

circulating cells initiates life threatening thrombosis as seen in various diseases such as cancer, 

atherosclerosis, and sepsis (Pawlinski R., 2004; Tremoli E.,1999; Rao LVM., 1992). 

Traditionally, the clotting cascade has been divided into intrinsic and extrinsic pathways 

(figure 1.11). The intrinsic pathway is initiated by exposure of blood to negatively charged 

factors such as collagen, and the extrinsic pathway is activated by tissue factor (TF).  Both 

pathways converge (the common pathway) at the activation of factor (F) X, which converts 

pro-thrombin to thrombin. Thrombin amplifies thrombus generation via the feedback of the 

coagulation response and further platelet activation. The generation of thrombin, the main 

effector enzyme of the clotting response, leads to the formation of fibrin which polymerizes 

and stabilizes the clot (Mosesson., 1992).  
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Figure1. 11 The coagulation cascade: In extrinsic pathway, clotting is initiated by 
TF: FVIIa complex. This complex activates both FX and FIX. The factor FVIIa: FIXa 
complex of the intrinsic pathway provides an alternative route to generate FX. Both 
pathways converge at the generation of FXa and proceed to the formation of 
thrombin via the prothrombinase activity. Thrombin plays a central role in the 
coagulation process. Cleavage of fibrinogen by thrombin leads to the formation of 
soluble monomers (SFM), and activation of protease activated receptors (PARs) on 
the surface of platelets. Crosslinking of the FXIIIa and the PARs leads to the 
formation of the clot. Figure adapted from Mackman N., 2004 
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Pregnancy necessitates efficient haemostasis in the uterine wall, during embryonic 

implantation and after the placenta has detached from the uterine wall. Staining of epithelial 

cells of the uterine wall, have shown high levels of TF been expressed, presumably protecting 

the mother from excessive bleeding during pregnancy (Erlich JH.,1999). Importance of TF 

during pregnancy was shown by the use of TF deficient mice. These mice were reported to 

have high embryonic lethality at approximately E10.5 of gestation (Carmeliet P.,1996; Bugge 

TH ; Toomey JR., 1996). Furthermore, the importance of TF in the placental barrier was 

shown in mice, by breeding low TF female with low TF male or wild type male. Low TF 

females carrying mTF+/- embryos showed normal pregnancies, whereas low TF female mice 

carrying; low TF embryos showed higher rate of gestational haemorrhages (Erlich JH.,1999). 

Placental examination of low TF embryos showed presence of large pools of blood in the 

labyrinthine layer of the placenta as compared to the TF+/- embryos, suggesting the 

importance of TF in placental haemostasis (Erlich JH.,1999). 

Role of TF has been well substantiated in the formation of peripheral arterial and venous clots 

that are hallmark features of patients with APS. Monocytes isolated from patients with APS 

have shown to express TF on the surface, correlating with the risk of thrombotic events seen 

in APS/ SLE patients. Further, invitro studies have shown antiphospholipid antibodies can 

stimulate the production of TF on endothelial cells and monocytes (Roubey RA.,2000; Ritis 

K.,2006).  

 Work carried out by Redecha P et al supported the theory, that when mice treated with aPL-

IgG showed strong TF staining thought out the decidua and embryonic debris as compared to 

the mice that received control IgG. On further examination, aPL-IgG injected mice showed 

no increase in fibrin staining associated with increased TF staining, suggesting TF dependent 

coagulation does not mediate aPL-IgG induced fetal loss (Redecha et al., 2007). Mackman N 
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and Girardi showed that, blocking of TF by the use of monoclonal anti mTF antibody 1H1 

(Kirchhofer D.,2005), diminished complement C3 deposition and neutrophil infiltration in 

mice injected with aPL-IgG, and the pregnancy outcome in these mice was comparable to 

mice treated with control IgG. 

Interaction of aPL antibodies with the target cell surface receptors, and activation of the 

intracellular signalling pathways, subsequently increases the TF expression. Experimental 

data suggests  the involvement of multiple receptors such as annexin A2 on endothelial cells 

and monocytes(Zhou BY.,2004;Ma K.,2000; Zhang J .,2005), lipoprotein receptor related 

protein (LRP family )(Penning MT.,2006), Toll like receptor 4(TLR-4) on endothelial cells 

and monocytes (Peringeli SS.,2007; Raschi E., 2003;Sorice M.,2007), and C5a receptors on 

neutrophils(Ritkis K.,2006;Redecha P.,2007). In addition, involvement of intracellular 

signaling pathways such as nuclear factor –ҡB(NF-ҡB) (Monteil MG., 2007; 

Bohgaki.M .,2004;Yashuda S 2005),the Ras –Erk pathway(Aronovich R., 2005;Lopex-

pedrera.,2006) and the p38 mitogen activated protein kinase pathway(MAPK-38)(Vega-

Ostertag ME.,2007;	Yashuda S 2005) has also been shown to upregulate aPL mediated TF 

expression. In particular, antiβ2GP-1 monoclonal antibodies derived from APS patients have 

shown to enhance monocyte TF mRNA activity in a β2GP-1 dependent manner. (Roubey 

RA.,1992). 

Complement activation has been shown to be the critical link between aPL and fetal loss 

(Holers VM., 2003; Girardi G.,2004). Specifically, generation of complement component C5, 

as part of an inflammatory response has also shown to increase expression of functionally 

active TF on the surface of leukocytes (Muhlfelder TW.,1979). In addition, C5a (split product 

of complement) has also been shown to directly induce TF expression on endothelial cells 

(Ikeda K.,1997). Work carried out by Ritis K et al, showed that complement activation and 

induction of downstream signalling by the action of aPL-antibodies, through interaction of 
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C5a-C5aR leads to the induction of TF expression on the neutrophils (Ritis k.,2006). Further 

experiments performed using TF flox/flox/LysMCre mice (these mice do not express TF on the 

myeloid cells), emphasized the crucial role of TF in the maternal myeloid cells. Treatment of 

these mice with aPL, resulted in normal pregnancies, diminished decidual inflammation and 

lower TF expression on maternal neutrophils, as compared to the wild type mice.   In addition, 

neutrophils from aPL treated TF flox/flox/LysMCre mice, showed lower generation of oxidants 

and less free radical mediated lipid peroxidation, than the control  

TF flox/flox/ mice. This data suggested the integral role of complement activation in TF 

expression and that TF modulates oxidative burst in the maternal neutrophils leading to fetal 

wastage (Redecha P.,2007).  

TF contributes to inflammation and clotting through thrombin-induced activation of platelets 

and vascular smooth muscle (Coughlin 1998b).  Adherence of platelets the damaged 

membrane via glycoprotein (GP) 1b and vWF interaction, triggers an inflammatory response. 

Expression of P-selectin and glycoprotein(GP) 11b-111a(αIIbβ3), on activated platelets 

enhances the  adhesion of circulating neutrophils, further promoting  platelet aggregation and 

thrombosis (Coughlin 1998a;Saadi et al. 1995). In addition, activation results in a loss of 

endothelial surface ecto NTP-ADP ases (CD39, described in detail below) involved in the 

degradation of the extracellular inflammatory mediators ATP and ADP to AMP (Robson et al. 

1999a), resulting in further platelet aggregation. These factors all contribute to promote 

inflammation and amplify endothelial cell damage, the resultant impaired endothelial function 

results in hypercoagulable state observed in primary APS patients.  
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Figure1. 12 Mechanism explaining aPL induced TF expression: antiβ2Gp-1 
antibodies bind to the surface of the endothelium (A) and the monocytes (B) and 
activate the complement cascade. Activation of complement increases the expression of 
functionally active TF on the endothelium. Complement split products C5a also induce 
expression of TF on the neutrophils (C) and monocytes. Complement component C5a 
binds to C5a receptor on the surface of endothelilum (D) and formation of the 
membrane attack complex (MAC), (E) activates the endothelial cells and results in 
further TF expression on the surface. Figure adapted from Girardi., 2008 
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1.12.1 Bidirectional cross talk between Inflammation and Coagulation in APS 
 
Relationship between the coagulation system and the inflammatory processes has been 

defined in many pathological conditions. In APS, aPL-abs trigger the inflammatory processes, 

which further modulate the thrombogenic pathways. Neutrophils and complement are the key 

mediators of acute inflammation in APS (Ritis K.,2005). Passive transfer of aPL-ab into 

pregnant mice have shown complement activation and recruitment of maternal leukocytes in 

the decidua are sentinel for foetal loss (Salmon J., 2004). Studies carried out in rodent model 

of APS, showed that activation of complement components C3 and C5 are the main priming 

factors for thrombus formation processes (Girardi G.,2003; Fischetti F.,2005).  

TNF-α is a multifunctional cytokine known to regulate hormone synthesis, placental 

architecture, and embryonic development (Hunt J.,1996), and elevated TNF-α levels are 

associated with miscarriage (Babbage S.,2001) and pre-eclampsia (Anim-Nyame, N.,2003). 

aPL-ab on the surface of the endothelium induce pro-inflammatory phenotype and upregulate 

the expression of IL-6 and TNF-α. 

 TNF-α is activated by complement split products and released from inflammatory cells 

during inflammation. Complement component C5a attracts and activates the neutrophils, 

monocytes and the mast cells, which in turn release inflammatory mediators like TNF-α, IL-2 

and Inf –γ (Salmon J.,2005). Role of TNF-α as a critical intermediate, acting downstream to 

C5 activation was highlighted in studies carried out by Jane S, involving absence of TNF-α 

release in C5-deficient mice upon aPL-ab treatment (Salmon. J.,2005). Furthermore, TNF-α 

stimulates release of inflammatory mediators from monocytes and neutrophils, including 

reactive oxidants, proteolytic enzymes which in turn accelerates the alternative complement 

pathway. This enhances C5 cleavage, triggering release of TNF and inflammatory mediators, 

which further amplify inflammation at the site of injury.  
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Tissue factor (TF), a key initiating component of the coagulation cascade along with 

complement activation has been identified as a critical factor causing placental inflammation 

in murine models of aPL-ab induced fetal loss. Neutrophils are the key components of innate 

immunity and have been shown to enhance TF procoagulant activity upon APS serum 

stimulation.  The C5a/C5aR signalling axis has been shown to moderate the disseminated 

procoagulant response on the surface of neutrophils. Importance of C5aR inhibition 

attenuates TF dependent procoagulant activity on neutrophils, was shown by blocking of 

C5aR with a selective antagonist completely abolished the expression of TF on the 

neutrophils at the mRNA level and protein level upon APS serum (Ritis K.,2006). Mice that 

were systemically depleted for neutrophils were protected in aPL-ab induced fetal loss, 

similarly selective deficiency of myeloid cell TF also showed protection, suggesting the 

important role of neutrophil TF in amplifying inflammation, cell injury and foetal death.  

Further cross talk between inflammation and thrombosis was highlighted by Girardi et al in 

their work, suggesting activation of the alternative complement pathway, creating 

proinflammatory amplification loop, by enhancing the C3 activation and deposition. This 

leads to additional generation of C3a and C5a resulting in an influx of inflammatory cells into 

the placenta (Girardi G.,2003). In other models of severe inflammation, such as sepsis cross 

talk between C5aR and TF has been identified as an important factor predisposing septic 

patients to TF dependent coagulation and disseminated thrombosis (Huber-Lang, M.,2001) 

Similarly, cross-talk between the inflammatory and fibrinolytic systems has 

been suggested in which urokinase-type plasminogen activator receptor activation has been 

shown to up-regulate C5aR expression in human mesangial cells (Shusbakova N.,2005). 
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1.13 Oxidative stress and pregnancy:  

Optimal development and function of placenta is central to maintaining a healthy pregnancy. 

A balance between ROS and antioxidants are essential part of the aerobic metabolism 

required to maintain reproductive haemostasis. Oxidative stress occurs when the generation 

of ROS and other free radicals exceeds the scavenging capacity of antioxidants. Reduction of 

molecular oxygen during a physiological process, can give rise to free radicals. These free 

radicals can be hydrogen centred, oxygen centred or nitrogen centred species such as 

superoxide (O2
-), hydroxide (OH-), and hydrogen peroxide (H2O2) and Nitric oxide (NO). 

Several other species including the hydroxyl radical, and the non-radical species hydrogen 

peroxide are collectively referred to as Reactive Oxygen Species (ROS)(Halliwell.,1992).   

During the early stages of pregnancy, development of dense network of blood vessels within 

the placental vasculature increases the level of oxygen within the placenta, resulting in 

generation of ROS and oxidative stress (Jauniaux.E. 2000). Increase in the metabolic 

demands of the growing foetus increases exchange of nutrients, gases and wastes between the 

mother and the foetus. Development of the placental vasculature throughout the pregnancy 

results in increase of the placental mitochondrial mass and mitochondrial electron chain 

enzyme activity. Fluctuation in placental oxygenation, contributes to the increase in ROS 

production and   increased oxidative stress (Myatt.L., 2004; Burton.,2009). Throughout the 

course of pregnancy, there is increase in the systemic oxidative damage, which corresponds to 

the extravillious trophoblast invasion and ROS signalling forms an important process of 

placental vascular development and angiogenesis during pregnancy (Pereira DR., 2014). 

However, excessive generation of ROS can lead to cellular damage and can influence tissue 

function due to lipid peroxidation, protein and amino acid modification and DNA oxidation. 
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Antioxidants keep the generation of these hyperactive molecules in check, by mitigating their 

damaging effects (Raha.S., 2000; Burton.G.J.,2011). Vital antioxidant enzymes such as super 

oxide dismutase, catalase, glutathione peroxidase, and peroxiredoxin complex, operate in 

concert with the host antioxidant compounds, to maintain tissue redox homeostasis (Di. 

Mascio. 1991). Increase in the antioxidants in placental tissue, play a key role in response of 

trophoblasts to the burst in perfusion by maternal blood, mitochondrial oxidative 

phosphorylation and increase in the oxygen saturation. This defence mechanism helps protect 

the intravillious space of the placental tissue from oxidative stress (Jauniaux et al., 2000) 

Placental insufficiency due to abnormal placental vasculature leads to pregnancy 

complications like gestational hypertension Pijnenborg.R.,1991) preeclampsia (Myatt.L., 

2002; Cerdeira A.S., 2012) intrauterine growth restriction (Barut.F.,2010; Jarvenpaa. J., 2007), 

stillbirth (Avagliano.L. 2011; Pinar. H., 2010), preterm delivery, or miscarriages (Kovo.M., 

2013; Kristensen. J., 2005).  Various maternal triggers and conditions such as, Smoking, 

Preeclampsia, obesity, SLE and APS lead to disruption in the ROS production causing 

placental dysfunction and pregnancy complications. Disturbance in the placental perfusion, 

leading to increased oxidative stress and decreased anti-oxidants at the materno- foetal barrier 

is a characteristic of preeclampsia (Patil et al., 2009). Placentae of preeclamptic women have 

been reported to have reduced enzymatic activity of antioxidant enzymes such as super oxide 

dismutase, glucose -6-phosphate dismutase, glutathione peroxidase (Poranen et al., 1996; 

Walsh et al., 1996), leading to increased levels of lipid peroxidation and endothelial 

dysfunction (Davidge et al., 1996). 
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1.13.1 Reactive Oxygen species and Antiphospholipid Syndrome.  

Oxidative stress has been suggested to be one of the key players in atherothrombotic 

complications in patients with SLE and APS. aPL antibodies promote oxidative perturbations 

by inducing nitric oxide (NO) and superoxide production, resulting in enhanced levels of 

plasma peroxynitrite (Alves J.D., 2003). NO is an endothelium vasodilator (Palmer.R.M., 

1987) and interference in its synthesis causes endothelial dysfunction leading to 

atherosclerosis (Vane. J., 1990), a feature of APS (Ames.P., 1998). Furthermore, activation of 

monocytes and neutrophils by aPL-ab, increases the production of mediators of systemic 

inflammation, such as chemokines, cytokines and other prothrombotic molecules, leading to 

the disturbance in the redox status (Jimenez.S.,2005; Cugno.M.,2010). Excessive production 

of ROS due to increase in the inflammatory burden and decrease in the antioxidant capacity, 

leads to development of atheroma and cardiovascular complications often observed in 

patients with SLE and APS.   

Antiphospholipid antibodies activate the adhesion molecules such as ICAM-1, VCAM-1, and 

E selectin on the surface of the endothelium, there by attracting the leucocyte promoting 

atherosclerosis (Perez-Sanchez. C.,2012). At a molecular level, phosphorylation of mitogen –

activated protein kinase /extracellular regulated kinase protein (MAPK) and p38 MAPK 

dependent nuclear translocation and activation of nuclear factor κB (NF- κB)/Rel proteins 

induces the expression of tissue factor and VEGF on the endothelial cells and monocytes. 

Increase in the prothrombotic molecules, counteracts the monocytic capacity to reduce ROS 

generation, resulting in loss of functional capacity of the white blood cells, due to 

mitochondrial perturbations (Chary Lopez., 2016). Furthermore, cross reactivity of aPL-abs 

with oxidized low-density lipoproteins, promotes macrophage influx, monocyte activation 

and atherosclerosis development (Hasunuma Y., 1997). In early phases of APS, it is shown 

that there is an inverse correlation between the ACA titres and paraoxanase capacity (PON) 
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(Delgado.Alves.,2002). Paraoxonase is a high-density lipoprotein that prevents the oxidation 

of low density lipo protein (Durrington.P., 2001). In vivo measurement of plasma Total 

antioxidation capacity (TAC) of BalB/c severe combined immunodeficiency (SCID) mice 

injected with human IgG aCl generated from hybridoma cells, suggesting a link between 

aCL-ab and peroxynitrite formation. Peroxynitrite oxidizes lipids and lipoproteins and is a 

marker of ongoing nitrosative stress (Inoue.H., 2002). Elevated levels of 8-epi-PGF2α and 

IPF-2α-I, (oxidation products of arachidonic acid) are observed in urinary excretions of 

patients with high tire of circulating aCL-ab suggesting strong correlation of oxidative stress 

in patients with APS (Al-Janadi. M.1993) 
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Recent studies have shown that lipid peroxidation is a predictor of endothelial dysfunction in 

APS (Stanisavljevic N.,2016). aPL-ab cause oxidative stress within in the placental 

vasculature, by cross reacting with oxidised low-density lipoprotein (LDL). LDL is known to 

be one of the causative factors contributing to placental insufficiency, foetal growth 

retardation and pre-eclampsia. Oxidation of LDL to oxLDL results in break down of 

polyunsaturated fatty acids to malondialdehyde and 4-hydroxynoneal (4-HNE). Interaction of 

oxLDL with β2Gp-1 gives rise to oxLDL/ β2Gp-1 complex, these complexes serve as neo-

epitopes giving rise to endothelial dysfunction, which leads to atherothrombotic disease 

(Horkko S.,1997)  

Figure1. 13: aPL increase generation of reactive oxygen species in neutrophils: 
aPl-IgG induce complement activation, which in turn induces tissue factor expression 
of the neutrophils. Formation of TF/FVIIa complex contributes to the oxidative 
burst, trophoblast injury and fetal death in mice treated with aPL.  Figure adapted 
from Redecha 2008. 
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1.14 Endothelium maintains an anti-thrombotic and anti-inflammatory phenotype  
 

The endothelial cell exists in two states: quiescent and activated (Moore et al. 1987;Pober and 

Cotran 1990). Cell surface proteins such as tissue plasminogen activator (tPA) and 

thrombomodulin are critical in providing the anticoagulant and anti-inflammatory properties 

to the endothelium, by acting at various levels in a coagulation response and limiting vascular 

damage. Soluble regulators such as nitic oxide and prostacyclin play an important role by 

maintaining vascular tone and inhibiting platelet reactivity.  

Annexins are calcium and membrane bound proteins expressed on many tissues. On the 

surface of the endothelium, their role in protecting from apoptosis and inhibiting EC 

activation is by binding to anionic phospholipid bilayers on the surface of the cell. Disruption 

of the anticoagulant shield exposes the phospholipids to coagulation factors. Changes in the 

expression levels of Annexin have shown to have an indirect link contributing to the 

pathological consequences in cardiovascular diseases and in cancers (Xing W., 2003; Kang 

Js.,2002; Shi. T.,2004). 

Nitric oxide regulates several physiological processes such as endothelial cell migration and 

proliferation, inhibits platelet and neutrophil activation in the maternal circulation. Impaired 

NO production contributes to thrombosis in clinical disorders in humans (Freedman JE.,2008.) 

In normal pregnancy NO is involved in maintaining the vascular tone in the placental villi 

(Myatt et al 1991). Syncytiotrophoblast produce NO and prevent platelet and leucocyte 

adhesion within the intravillous space, maintaining feto-placental blood flow. Reduced 

bioavailability of NO has been reported in patients with APS and mouse models of APS, 

where in low concentration of NO found in plasma of aPL-ab injected mice Belizna C., 

2008and APS patients (Delgado AJ.,2005). 

Extracellular nucleotides play an important role in thrombosis and inflammation, eliciting a 

range of effects such as platelet recruitment and activation, endothelial cell activation and 
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vasoconstriction (Robson et al., 2000). CD39, a major nucleoside triphosphate 

diphosphohydrolase (NTPDase), is expressed in the luminal surface and caveolar micro 

domain of the endothelial cells (Kaczmarek., E., 1996; Geopfert C., 2000).  The 

thromboregulatory effect of CD39 is attributed to its capacity to convert ATP and ADP to 

AMP and consequentially to adenosine via CD73. Damaged endothelium provides a powerful 

stimulus to platelet activation; ADP released from platelets storage granules acts a potent 

agonist and triggers platelet aggregation.  CD39 converts ADP to AMP which in turn is 

converted to adenosine by the action of CD73 (ecto-5’-nucleotidase) (Zimmerman H., 1992; 

Kaczmarek., E., 1996). Adenosine generated has a protective action on the platelets and 

vessels; it helps in maintaining the blood flow and fluidity (Marcus.AJ et al., 1991;1995). 

Furthermore, it was also proved that inactivation of CD39 during oxidative damage 

contributes to the prothrombotic state of the endothelium (Robson SC. et al.,1997). 

Generation of genetically modified mice, CD39 human transgenic mice which overexpress 

CD39 (CD39 hTG mice) and deletion of CD39 (CD39 null mice) have been used to study the 

thromboregulatory role of CD39 and its potential benefits in the vascular diseases and 

thrombotic events. 
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Figure1. 14: Anti-Thrombotic nature of a quenscient endothelial cell: Endothelial 
cell expresses certain cell surface protein such as tissue plasminogen activator (tPA) 
and thrombomodulin and certain soluble regulators such as nitic oxide and 
prostacyclin that maintain the anti-coagulant phenotype of the endothelium. 
Extracellular nucleotides, such as CD39 and CD73 play an important role preventing 
thrombosis and inflammation at the surface of the endothelium (figure adapted from 
Pober et al.,2007) 
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1.15 Purinergic signalling in pregnancy and placental physiology 
 

Although little known about purinergic signalling in placental development and physiology, 

presence of purinergic receptors on the trophoblastic cells illustrates the importance of 

purinergic signalling in maintaining healthy pregnancy. Pregnancy involves many 

physiological adaptation changes in the maternal vasculature to accommodate the growing 

foetus.  Nucleotide signalling plays an important physiological role in maintaining a healthy 

pregnancy. Although nucleotide levels from the placenta have not been measured, adenosine 

is important to many biological processes during pregnancy, and is responsible for restoring 

balance between oxygen supply and demand in the placental vasculature (Hasko G.,2004).	

Increase in the level of adenosine during pregnancy are important to maintain vasodilation 

and the increasing demands of hemodynamic changes occurring due to a developing foetus 

(Sim & Maguire.,1972).  Adenosine is also known to stimulate and maintain blood flow to 

the developing foetus and play a role in regulation of foetal metabolism (Sawa R, Asakura 

H.,1991). Adenosine exerts a vasodilatory effect and plays an important role in hemodynamic 

changes in pregnancy (Yoneyama Y; Suzuki.S; 2000). 

Circulating levels of nucleotides have been known to modulate platelet function during non-

pregnant and pregnant states. Platelet aggregation and granular release is inhibited by 

circulating levels of adenosine, during non-pregnant state (Agarwal KC., 1987; Imai S et 

al.,1991).  Elevated levels of adenosine found in third trimester of normal pregnancy suggest 

that activated platelets contribute to the increasing levels of nucleotides, as a compensatory 

mechanism to maintain vascular integrity (Yoneyama et al., 1999). Nucleotides are 

constitutively released by the syncytiotrophoblast microvillus membrane cells due to the 

shear stress generated by the maternal blood flow coming in contact with the membrane 

(Roberts VH et al., 2005). Release and uptake of adenosine by the red blood cells during 

pregnancy also contributes to the increasing levels of adenosine. Red blood cells maintain the 
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constant low levels of adenosine by acting as a volume reservoir.  Increase in the blood 

volume during the progression of pregnancy, brings changes to the red blood cells likely to 

contribute to the increasing adenosine levels. Sim and Maquarie showed a 100-fold increase 

in the adenosine concentration during delivery (Sim et al.,1972). During ischemia/hypoxia, 

adenosine is released from the perfused placental tissue into the foetal circulation, where it 

acts as vasodilator by sustaining higher blood flow towards the placental villi and releasing 

the higher oxygen tension (O’Connor et al., 1981).  
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1.15.1 Expression of Ectozymes in the placenta.   

Alpha granules of the activated platelets release large amounts of purine nucleotides such as 

ATP and ADP which are enzymatically converted to adenosine by the action of 5’ 

nucleotidase. Eight members of the E-NTPDase family have been described (Robson et al., 

2006), NTPDase 1, 2, 3 and 8 are extracellular and NTPDase 5 and 6 are intracellular soluble 

whereas NTPDase 4 and 7 are intracellular and membrane bound (Bigonnesse et al., 2004; 

Yegutkin, 2008).  A delicate balance between ATP and Adenosine ratio is maintained by 

enzymes such as CD39, alkaline phosphatase, CD73 and ADA during normal pregnancy. 

NTPDase expression in mouse and human placenta has been characterised by several groups 

(Robson et al., 2004; Mrin J et al., 1999).  Extracellular nucleotide levels are regulated by the 

presence of NTPDase 1 / CD39 on placental trophoblastic tissues (Anand et al., 1996; 

Brunette et al., 1995). CD39 is expressed throughout the placental vasculature, but abundant 

levels of the enzyme were found in the caveolae (Enjyoji et al., 1999: Gafencu et al., 1998). 

Increase in the activity of plasma 5’ectonucleotidase and vascular endothelial 5’ nucleotidase 

contributes to the increased levels of adenosine in circulation during pregnancy.  ATP is 

hydrolysed rapidly during pregnancy, due to increase in the activity of CD39 and alkaline 

phosphatase that are highly expressed on the placenta during pregnancy (Kittle A., 

2004).CD73 is expressed both on human and mouse placenta, mainly in the trophoblastic 

cells. Table 1.6 and 1.7 explain the presence of ectoneucleotidases and P1 receptors subtypes 

on the placenta Refer to table 1.6 and 1.7(Kaczmarek E, 1996; Yegutkin GG 2008). 
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Table 1.4: Enzymes expressed on placental surface that regulate adenosine levels. 

Enzyme  Function  Expression on 
placenta 

Location in placenta 

CD39 Hydrolysis of ATP 
and ADP into AMP 

Yes Cytotrophoblast cells, 
Syncytiotrophobalst cells, 
endothelial cells  

CD73 Hydrolysis of AMP to 
Adenosine  

Yes Trophoblast cells, endothelial 
cells  

Alkaline 
phosphatase (AP) 

Hydrolysis of ATP, 
ADP, AMP to 
Adenosine  

Yes  Syncyotrophoblastic cells  

Adenosine 
deaminase (ADA) 

Breakdown of 
Adenosine to Inosine 

Yes Trophoblastic cells  

 
Table 1.5 Expression of Purinergic receptor 1(adenosine receptors)  subtypes on 
placenta.  

P1 
receptor 

Intracellular 
signalling 

Purinergic ligand  Expressed on 
placenta 

Location in placenta  

A1      cAMP Adenosine /Inosine, 
AMP  

Yes  Trophoblast cells, 
endothelial cells, 
Fibroblasts 

A2      cAMP Adenosine /Inosine  Yes Trophoblast cells, 
endothelial cells, 
fibroblast 

A2B      cAMP Adenosine  Yes Trophoblast cells, 
endothelial cells  

A3     cAMP Adenosine /Inosine  Yes Trophoblast cells, 
endothelial cells  
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1.16 Adenosine 5’triphosphate (ATP) 
 

ATP is an important molecule for chemical energy transport during cell metabolism and is 

known as the energy currency of the cell. Extracellularly ATP plays an important signalling 

role in both central and peripheral nervous systems, aiding in synaptic transmission and ion 

transport (Novak.,2003) Intracellularly ATP is critical in signal transduction, and involved in 

a multitude of cellular processes, such as apoptosis, and generation of immunological 

response (Communi et al: 2000). During an immune response, ATP is recognized as a 

“danger signal” to initiate recruitment of inflammatory cells to the site of the injury. 

Extracellular nucleotides released by the cells bind to the purinergic receptors (P2) present on 

immune cells such as, neutrophils, T cells, B-cells, dendritic cells and initiate cellular 

signalling (Burnstock, 1972 ,2006b; Burnstock and Knight ,2004). P2 receptors are mainly 

classified in two subgroups: 1) The “rapid” ligand gated P2X receptor (Buell et al ;1996a 

North.,2002, Khakh et al.,2001) and 2) The “slow “transmembrane domain containing the 

P2Y receptors (Abbracchio and Burnstock, 1994, Jacobson et al ,2004). ATP stimulates the 

P2X receptors, causing plasma permeabalization, induction of apoptosis and transport of ions 

such as Na+, K+, and Ca2+ (P2X 1-7), (Chow et al., 1997; Dubyak and Elmoatassim, 1993) 

P2Y receptors are the G –protein coupled receptors (GPCRs) that initiate signal transduction 

–coupled activation of phospholipase C, protein kinase C, and adenylyl cyclase (Buell et al., 

1996; Burnstock and Knight 2004; Fredholm et al ., 1994). These receptors also have affinity 

for purines such as uridine 5’triphosphate, Uridine 5’ diphosphate and ADP (Abbracchio and 

Burnstock 1994). 
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1.16.1 Extracellular ATP and Inflammation   
 

Nucleotides are present in low concentrations in the cytoplasm and extremely low 

concentration in the extracellular space. In the absence of inflammation, ATP signals through 

a range of P2X receptors (P2X1-6). During a systemic inflammatory response caused by either 

infection or an insult to the tissue, ATP is quickly released in the pericellular space, initiating 

signalling via the P2X7 receptor. Interaction of ATP with the P2X7 receptor on macrophages 

increases intracellular Ca2+ concentration, which stimulates the release of cytokines such as 

IL-6 (Hanley et al., 2004). This in turn leads to granulocyte monocyte colony-stimulating 

factor (GM-CSF) mediated maturation of the macrophages (Hanley et al., 2004).  

The interaction of ATP and P2X7 receptor induces the activation of inflammasomes in 

immune cells. Internalization of ATP and signaling via receptors has known to activate the 

NLRP3 inflammasome, induces proteolytic cleavage of pro-caspase 1 to active caspase 

1(Agostini et al.,2004; Andrei et al.,2004; Brough et al.,2003; Elssner at al.,2004). Active 

caspase 1 stimulates the secretion and maturation of systemic IL-1β resulting in cellular and 

mitochondrial damage (Agostini et al., 2004; Andrei et al., 2004; Brough et al., 2003; Elssner 

et al., 2004). Extracellular ATP further exacerbates inflammation by induction of 

inflammasome independent release of cytokines such as TNF and IL-10. Extracellular ATP 

signaling via P2X7 receptors.  
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1.17 ADP: Adenosine 5’diphosphate (ADP):  
 

ADP is identified as the most important agonist responsible for initiation and propagation of 

platelet activation, to form a stable platelet plug at the site of vascular injury. ADP causes 

primary aggregation of platelets and is responsible for the secondary aggregation induced by 

ADP and another agonist. ADP exists at a higher concentration inside the dense granules in 

platelet and is actively secreted from the granules upon activation. ADP also induces platelet 

shape change, release of secretions from dense granules, influx and intracellular mobilization 

of Ca2+, (Varga-Szabo et al., 2009) and inhibition of stimulated adenylyl cyclase activity. 

ADP activates platelets via two distinct purinergic receptors, the Gq-coupled receptor, P2Y1, 

and the Gi coupled receptor, P2Y12.  The interaction with P2Y1 receptor also initiates ADP 

induced platelet aggregation (Hechler et al.,1998b; Savi et al., 1998). Activation of P2Y12 

receptor potentiates release of dense granule secretion and recruitment of platelets at the site 

of injury, further increasing procoagulant activity and aggregation affecting the growth and 

stability of the thrombus (Hechler et al.,1998). 

1.18 Adenosine monophosphate (AMP) 
 

AMP is generated by enzymatic hydrolysis of ATP and ADP. AMP exerts its biological effect 

by generation of adenosine by CD73 (Zimmermann., 2000). However it is demonstrated that 

AMP signals through adenosine receptor 1 (A1R) in an adenosine independent pathway 

(Rittiner et al .,2012) . In vitro results showed that treatment of A1R- expressing cells with 

AMP increased calcium influx and inhibited accumulation of cAMP (Rittiner et al.,2012).  
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1.19 Adenosine  
 

Adenosine is an innate metabolite playing an important role in biochemical processes. It 

modulates a variety of biological functions such as heart rate and smooth muscle contraction, 

neurotransmission, neutrophil chemotaxis, and cytokine secretion through the activation of 

adenosine (P1) receptors. P1 receptors are ubiquitously expressed on a number of cell types 

including endothelial and vascular smooth muscle cells, neutrophils, and platelets (Ralevic 

and Burnstock 1998). The effects of adenosine signalling through the P1 receptors are in 

opposition to adenine nucleotides. Adenosine interacts with four G -coupled P1 receptors, 

adenosine A1R, A2aR, A2bR, A3R. The primary effector for all four subtypes of adenosine 

receptors is adenylyl cyclase, whose activity is either stimulated (s) or inhibited (i) depending 

on the receptor subtype (Ralevic and Burnstock 1998). Coupling of A1R and A3R receptors 

with Gi proteins mediate an inhibitory signal on adenylyl cyclase, resulting in decreased 

levels of cAMP, whereas the A2aR, A2bR subtypes stimulate adenylyl cyclase activation of 

with a consequent increase in cAMP by coupling with the Gs proteins. The inhibitory A1 and 

A3 subtypes couple with Gq proteins and activate phospholipase C with a subsequent calcium 

signaling and activation of MAP-kinase (Jacobson and Gao, 2006). 

 A1R, A2aR, A3R receptors have higher affinity for adenosine during normal physiology 

whereas there during a pathological condition, increase in adenosine concentration activated 

the A2bR receptor (Linden.,2001). Adenosine mediates its protective effect through anti-

inflammatory capabilities, altering the oxygen supply demand ratio, stimulation of 

angiogenesis (Abbracchio and Burnstock .,1994;Linden .,2006) and modulation of apoptosis 

(Regan et al. 2003;Stadler et al. 2001). Adenosine interacts with the A2A receptor on DCs to 

increase adenylyl cyclase. This enhances intracellular cAMP levels, which in turn inhibits IL-

12 expression (Hasko and Cronstein .,2004;Thiel et al.,2003) as a result a protective TH2  

cytokine environment is favoured.  
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Figure1. 15. Adenosine signals through four P1 receptors; Extracellular adenosine 
interacts with P1 receptors – A1R, A2AR, A2BR and A3R. The A1 and A3 receptors 
inhibit adenylyl cyclase, whereas the A2 receptors stimulate the enzyme, generating 
cAMP and inducing Ca2+ influx. PLC, phospholipase C; DAG, diacyl glycerol; IP3, 
inositol triphosphate (A). Using inhibitors to nucleotide transporters, the potency of 
adenosine to stimulate or inhibit the formation of cAMP can be tracked. Figure adapted 
(Fredholm, 2007)  
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1.20 CD39:   
 

CD39 (NTPDase 1), is a 77kDa integral membrane glycoprotein consisting of dual 

hydrophobic transmembrane regions and a large enzymatic extracellular loop (Maliszewski et 

al. 1994;Wang and Guidotti 1996) (figure 1.22). The two transmembrane domains are 

important for maintaining catalytic activity and substrate specificity (Grinthal and Guidotti 

.,2002;Schulte am et al.,1999). The extracellular loop contains a central hydrophobic region 

with 5 highly conserved sequence domains known as “apyrase-conserved regions” (ACR1 to 

ACR5) that are essential for catalytic activity. Mutation of ACR-1, -4, or –5 results in a 

substantial loss of biological activity, related to impaired protein folding and failure of 

transport (Schulte am et al.,1999). The extracellular domain contains six potential N-linked 

glycosylation sites (Kaczmarek et al. 1996;Marcus et al. 1997;Schulte am et al. 1999) and 11 

cysteine residues which render the protein vulnerable to oxidative damage (Kaczmarek et al. 

1996;Wang and Guidotti.,1996).  

 

1.20.1 CD39 location and function 
 

CD39 is the is the major ectonucleotidase in the vasculature (Enjyoji et al.,1999) and immune 

system (Robson.,2006).  CD39 along with CD73 and adenosine deaminase, tightly  regulate 

extracellular plasma concentrations of adenosine (Goding et al.,1998;Resta et al.,1998). The 

localization of CD39 reflects its biological action in vivo. CD39 is expressed on the luminal 

surfaces and caveolar microdomains of endothelial cells and plays an critical role in 

hemostasis (Kittel et al.,1999). CD39 was  initially known  as a marker of B cell activation 

(Maliszewski et al. 1994) but since then  has been identified on skin specific dendritic cells 
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(Mizumoto et al.,2002) in mice, and regulatory T cells (Tregs) in mice (Deaglio et al.,2007) 

and humans (Borsellino et al., 2007) and is an important marker T reg cells.  

CD39 is consistently and abundantly expressed by CD4+/CD25high T cells, whereas the 

CD4+/CD25dim population shows a dichotomic pattern with respect to CD39 expression, with 

∼50% of the cells being positive (Dwyer K.,2006). On the surface of the endothelium 

enzymatic action of CD39 has been shown to be critical for the generation of adenosine, by 

removal of the danger signal ATP ((Deaglio et al. 2007.,Borsellino et al. 2007).  

 

 

 

 

 

 

 

 

 

 

 

 
  

Figure1. 16  The E-NTPDases . Schematic representation of CD39. It is an 
integral membrane protein with a molecular mass of 77 kDa and consists of 2 
hydrophobic transmembrane regions and a large extracellular domain.  The 
extracellular loop contains a central hydrophobic region with 5 highly conserved 
sequence domains known as “apyrase-conserved regions” (ACR1 to ACR5). 
Adapted Robson & Zimmermann 2001  
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1.21 Ecto-5’-NT (CD73) 
 

CD73 is a 70-kDa glycosylphosphatidylinositol (GPI) - linked enzyme present on surface of 

most tissues. CD73 is expressed on the vasculature (Narravula et al., 2000), B and T 

lymphocytes (Thompson et al., 1989; Yeang et al., 2005) and on murine (Kobie et al., 2006) 

but not on human regulatory T cells (Tregs) (Dwyer et al., 2010). CD73 was originally 

defined as a lymphocyte differentiation antigen, but since then has been known to be an 

important co-signalling molecule on T lymphocytes and facilitates the adhesion of 

lymphocytes to endothelium. CD73 controls a variety of physiological responses including 

epithelial ion and fluid transport, ischemic preconditioning, tissue injury, platelet function, 

hypoxia and vascular leakage (Linden J et al., 2001; Thompson et al., 1998). The extracellular 

enzymatic domain of this ecto enzyme works in tandem with CD39 generating adenosine 

from ATP that in turn activates the adenosine receptors (Jalkanen and Salmi, 2008). 

Adenosine generation by the action of CD73 is heavily reliant on the availability of 

extracellular AMP.  
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1.22 The removal of ‘Danger Signal ‘  
 

Inflammation is initiated by “danger signals” such as pathogens and intracellular molecules 

that are released to the extracellular space following injury. One such endogenous “danger 

signal” is ATP, which is almost absent in the extracellular milieu (1 to 10 nM range) in 

healthy tissue but is highly concentrated intracellularly (5 to 10 mM range) (reviewed in 

DiVirgilio.,2005). Following cell injury or death, ATP is quickly extruded propagating 

inflammation (reviewed in la Sala et al.,2003). ATP signalling occurs via P2 purinergic 

receptors, a large family of receptors comprised of two receptor subtypes: P2X and P2Y. 

P2XR are ligand-gated ion channel receptors and P2YR are G-protein coupled receptors. P2Y 

receptors agonists include several nucleotides (ADP, UTP and ATP) whereas P2X subtypes 

preferentially recognise ATP. P2X7 is unique amongst the P2 receptors since sustained 

activation by ATP results in the formation of a reversible plasma membrane pore permeable 

to hydrophilic molecules (Di Virgilio.,1995; Surprenant et al.,1996). Pore opening is 

maintained as long as the P2X7receptor is bound to ATP because it is a non-desensitizing 

receptor. The P2X7 receptor is colloquially known as the “death receptor” since prolonged 

exposure to ATP (over 15 to 30 minutes in most cell types) induces irreversible cell injury 

leading to cell death (Kawamuraet al.,2005). P2 receptors are ubiquitously expressed on both 

immune and non-immune cell types throughout the body. The effect of signalling through 

these receptors is dependent on the receptor density on the cell surface (Bours et al.,2006; 

Humphreys & Dubyak.,1996; 1998); 

The catalytic function of CD39 modulates the purinergic signaling mechanism by converting 

a nucleotide mediated P2 response to a nucleoside mediated P1 receptor type response. 

Hence, CD39 converts a proinflammatory nucleotide environment characterized by dominant 

P2 signaling, which triggers cellular activation, platelet aggregation, thrombosis and 

apoptosis (Zheng at al., 1991) into an adenosine enriched P1 environment, which is largely 
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characterized by adenosine mediated antithrombotic state, and dampening of inflammatory 

responses (Robson et al., 2006). Loss of CD39 activity has been associated with vascular 

pathology and toxemia of pregnancy, graft rejection (Robson et al., 1996) atherosclerosis, 

vein graft injury, ischemia reperfusion injury (Candinas et al., 1996) oxidant stress 

(Kaczmarek et al., 1996) and cytokine mediated EC activation (Robson et al.,1997). CD39 

mRNA is typically restored within 24 hrs. after endothelial activation thereby restoring its 

anti – aggregatory properties (Imai et al., 1999; Koziack et al., 1999). Nucleoside transporters 

export the intracellularly generated adenosine by the action of alkaline phosphatases (AP) 

from the cell. The increase in adenosine levels during hypoxic and inflammatory conditions 

creates an innate protective environment.  
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Figure1. 17 The generation of adenosine by CD39 enzymatic activity: Extracellular 
adenosine is generated through the breakdown of ATP by the sequential action of CD39 
and CD73 or via the action of alkaline phosphatase (AP). Adenosine can be formed 
intracellularly and exported outside the cell via the action of a nucleoside transporter. 
P1 (adenosine) P2 (nucleotide) is stimulated by different amounts of agonists whose 
concentrations reflect the metabolic state of the tissue.   
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1.23 CD39 transgenic mice 
 

CD39 TG mice have been generated by our collaborators and their phenotype is well 

characterized (Dwyer et al.,2004). In these mice, the CD39 transgene expression is under the 

control of the H2kb promoter resulting in widespread expression of CD39 including on 

nucleated blood elements and a strong expression on endothelial cells. Under inflammatory 

conditions hCD39 transgenic mice have shown to have higher intravascular conversion of 

extracellular nucleotides such as ATP to adenosine. Experiments carried out by Dwyer et al, 

showed that thought he initial concentration of plasma adenosine in both wild type mice and 

CD39 transgenic mice under normal conditions are similar but post inflammatory response 

hCD39 tg mice demonstrate a significant increase in the plasma adenosine levels (figure 1.18) 

 

 

 

 

 

 

 

Figure1. 18 Adenosine in hCD39 TG mice: Baseline plasma adenosine levels are not 
dissimilar in WT and CD39 TG mice. However post an inflammatory insult the CD39 
mice demonstrate a significantly higher adenosine level (Dwyer et al. 2004). 
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Despite this high-level expression and the anticoagulant properties of CD39, the mice appear 

normal and do not have a spontaneous bleeding diathesis. CD39 transgenic mice have shown 

to have normal platelet levels and routine laboratory clotting results were normal (Dwyer et 

al.,2004). Despite these findings hCD39 transgenic mice have a modified hemostatic system 

shown by impaired platelet aggregation and prolonged tail bleeding times. Bone marrow 

transfer experiments creating chimeric mice revealed that, restricting the expression of CD39 

to blood cells or endothelium and other tissues exhibited an antithrombotic phenotype with 

prolonged tail bleeding times and protection from pulmonary thrombosis (Dwyer et al.,2004). 

Collagen induced, intravascular coagulation model confirmed the antithrombotic phenotype 

of hCD39 transgenic mice. Similarly , in a  heart transplant model , CD39 TG mice were also 

shown to be resistant to intravascular coagulation associated with humoral allograft rejection 

due to decreased platelet deposition and small vessel thrombosis (Dwyer et al.,2004).  

CD39 TG mice have shown to have intact islet function on glucose and insulin challenge. 

Interestingly, murine pancreatic islets cells that overexpressed CD39 showed capacity to 

delay activation of coagulation when mixed with human blood in vitro (Dwyer et al.,2006b). 

Further Dwyer et al.,2006a showed that expression of CD39 on islets might play a role in the 

attenuation of the instant blood-mediated inflammatory reaction (IBMIR). IBMIR was first 

described by Bennett as the probable cause for intraoral thrombosis and islet loss in islet 

transplantation. IBMIR is triggered upon the exposure of islets to ABO compatible blood, 

with activation of the coagulation and complement systems inducing a strong inflammatory 

reaction. (Bennet et al.,1999). 
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1.24 Cd39 KO mice 
 

Cd39 knock-out mice have been generated and characterised by two groups (Enjyoji et 

al.,1999;Pinsky et al.,2002). Enjyoji and co-workers deleted the entire Cd39 gene whereas 

Pinksy et al deleted only the enzymatically active extracellular domain, apyrase conserved 

regions 2-4. CD39KO are indistinguishable from their WT littermate controls in terms of 

body weight and breeding patterns and basal plasma levels of nucleotides (ATP, ADP) and 

adenosine. Both the lines have shown to reduce ATPase activity, and in vitro exhibit 

prolonged bleeding times. However in vivo both lines demonstrate increased tendency for 

thrombosis in models of cardiac xenotransplantation (Enjyoji et al.,1999) and stroke (Pinsky 

et al.,2002).  

Cd39 KO mice have shown to exhibit more severe disease in bowel (Guckelberger et 

al.,2004), hepatic (Robson SC.,2006), and cardiac IRI (Kohler et al. 2007) compared to wild 

type controls. Moreover, the protective phenomenon of ischemic preconditioning is abolished 

in mice deficient in Cd39 reflecting a failure to augment renal adenosine (Grenz et al.,2007a).  

ATP is necessary for the maturation of DCs. By hydrolyzing the nucleotides, CD39 plays a 

key role in regulating nucleotide-mediated communication between dendritic cells (DCs) and 

T cells. CD39 expressing cells plays an important role in T cell stimulation and inflammation  

(Mizumoto et al.,2002). DCs from CD39KO mice have impaired antigen-presentation, 

although they have been shown to have functional homing and maturation processes 

Furthermore, T cells from the CD39KO mice are of Th1 bias with increased expression of 

A2aR during polarization. (Dwyer et al., 2007).  
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Table 1.6: Characteristics of CD39KO mice   

 

 

 

 

Table 1.8 Characteristics of CD39 KO mice  

Characteristics Study 

CD 39 KO donor hearts have decreased 

xenograft survival 

Imai et al .,2000 

Defective angiogenesis Goepfert et al ., 2001 

Large intracerebral infarct size Pinksy et al .,2002 

Impaired DC (i.e Langerhans cells ) antigen 

presentation function 

Mizumoto et al ., 2002  

Th1 bias in autoimmune alopecia Dwyer et al .,2007  

More severe hypertension and diabetic  

Nephropathy 

Friedmnan et al ., 2007 

Defective T regs Deaglio et al ., 2007                                                                                                                 

Dwyer et  al  2007 

Hepatic insulin resistance Enjyoji et al ., 2008 

Protected against Concanavalin-A-induced 

hepatitis  

Beldi et al ., 2008 

Reduced speed of neutrophil migration  Corriden et al ., 2008 

Severe gut and renal IRI  Crikis et al ., 2010;Grenz 

.,2007; Lu et al 2008 

Attenuated(partial )hepatic IRI  Beldi et al ., 2010 
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1.25 CD73 knock out (CD73KO) mice 
 

CD73 KO mice were generated by targeted disruption of the coding exon required for 

enzymatic activity of CD73 (Thompson et al., 2004). Under normal circumstances, the CD73 

KO mice breed and gain weight and have an intact immune system akin to their WT 

littermates. CD73-/- mice were observed to be protected in a model of mild renal IRI showing 

decrease in the serum creatinine levels and apoptosis markers. Compared to WT mice, these 

mice had reduced renal damage and upon treatment with soluble CD73, the conferred 

protection was abrogated (Lu et al., 2008; Rajakumar et al., 2010). Furthermore, importance 

of CD73 in protection against renal IRI injury was also highlighted by Rajakumar et al in 

2010, where in treatment of WT mice with a CD73 inhibitor improved renal function.  

On the surface of the endothelium, CD73 promotes lymphocyte trafficking by acting as an 

adhesion molecule (Airas et al., 1997; Arvilommi et al., 1997). In a model of EAE, CD73-/- 

mice showed decreased leukocyte trafficking and fewer infiltrating cells in the central 

nervous system during inflammation (Mills et al., 2008). In line with the enzymatic activity of 

CD73, not only is cell specific expression of CD73 important in mediating disease, but 

absence of CD73 from the vascular endothelium induces a pro inflammatory phenotype 

(Petrovic-Djergovic et al., 2012). Recently, CD73 has been shown to be significantly 

upregulated in the cancerous tissues, contributing to elevated levels of extracellular adenosine 

through high surface CD73 enzymatic activity (Jin et al., 2010; Sadej et al., 2006; Serra et al., 

2011). Adenosine signals through A2aR, which protect the tumour from the antitumor T cells 

thus evading tumour immunity (Ohta et al., 2006).  Pro –inflammatory cytokines such as 

TNF-α, IL-1β (Savic et al., 1990) and TGF-β (Jin et al., 2010; Regateiro et al., 2011) present 

in the tumour microenvironment upregulate CD73 expression. Further, tumours hypoxic 

environment drives CD73 expression through HIF-1a, which contains a binding motif within 

the promoter region of the CD73 gene (Synnestvedt et al., 2002). Deficiency in CD73 led to 
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the reduction of tumour size (Wang et al et.,2013). Upon knock down of CD73, an antitumor 

response was observed when coupled with tumour specific T cell therapy (Jin et al., 2010; 

Stagg et al., 2010). Further analysis revealed that anti CD73 therapy was dependent on A2aR 

expression on hematopoietic cells (Jin etal.,2010). Recent studies indicate that protection 

from arterial thrombosis in CD39 TG mice is not dependent on CD73, and that CD73 

inhibitors are not necessarily specific and have off-target effects (Roman C.,2016). 
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Table 1.7 Characteristics of CD73 KO mice 
 

  

Characteristics  Study  

Impaired tubuloglomerular feedback regulation and 
a reduction in bradycardia (increased AMP levels) 

Castrop et al., 2004 

Increased thrombosis  Koszalka et al., 2004 

Increased lymphocyte activation Koszalka et al ., 2004, Thompson et 
al ., 2006 

Increased vascular leakage (under hypoxia) Col gan et al., 2006 ; Thompson et 
al., 2004 

Increased NFkB activity Zernecke et al., 2006 

Increased infarct size in myocardial ischemia  Eckle et al., 2007 

Protected from liver fibrosis (formation of adenosine 
is detrimental) 

Peng et al., 2008 

Resistant to EAE Mills et al.,2008 

Reduced   

renal injury after IRI  

Lu et al ., 2008 ; Rajakumar et al ., 
2010 

Larger cerebral infarct volume  Petrovic-Djergovic et al.,2012 

Spontaneous renal autoimmunity  Blume et al., 2012 

Reduced tumour size Wang et al., 2013 

Attenuated immunosuppressive function of Tregs 
during acute lung resolution  

Ehrentraut et al., 2013 
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1.26 The adenosine A1 receptor (A1R) 
 

Though Adenosine may produce multiple effects within the cell, signalling through A1R 

induces both pro-inflammatory and anti-inflammatory effects in different diseases. Activation 

of A1 receptor may lead to difference in the coupling affinity of other receptors to their G 

proteins (J. Linden.,1991). In vitro, activation of A1R receptor on the endothelium increases 

the expression of P-selectin and aides leukocyte trafficking, whereas on the surface of 

neutrophils they increase the expression of Mac-1(Crostein et al.,1990). In vivo studies have 

shown that A1R receptor signalling induces the release of anti-inflammatory cytokine IL-10 

in macrophages. (Hasko et al., 1996; Sullivan et al., 2004). Additionally, agonism or 

antagonism of A1R, has modulatory effects on the levels of inflammatory markers such as 

MCP-1, TNF-a and adhesion molecules such as ICAM-1, along with necrosis and apoptosis 

of the cell (T.lee et al., 2004; Ramakers et al.,2011). 
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1.26.1 A1R knockout (A1RKO) mice:  
 

A1RKO mice were generated by a neo cassette insertion in the protein-coding region of the 

mouse A1R gene (Johansson et al., 2001). The A1R receptor is most abundantly found in the 

brain and the spinal cord. In the placenta A1 receptor has been shown to be present in the 

chorionic vessels and has high affinity to adenylyl cyclase. Deletion of A1R reduces 

resistance to brain ischemia injury and increases pain perception and anxiety (Fredholm et 

al.,2001; Johansson et al.,2001)  

 

 

Table 1.8 Characteristics of A1RKO mice 
  

Characteristics                                                                                                Study  

Increased resistance to hypothermia                                           Johansson et al., 2001  

Increased pain perception                                                           Johansson et al., 2001  

Increased anxiety to black box test                                            Johansson et al., 2001  

Decreased neuroprotection                                                        Johansson et al., 2001  

Prevention of periventricular leukomalacia                               Turner et al.,2003  

Intrauterine growth retardation after hypoxic episodes             Wendler et al., 2007 

Increased insulin and glucagon secretion                                  Johansson et al., 2007 

Lack of tubuloglomerular feed back                                         Brown et al., 2001 
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1.27 The adenosine A2A receptor (A2AR)  
 

 Most of the strong immunosuppressive effects of adenosine is exerted via A2aReceptors 

expressed on the surface of immune cells. Anti-inflammatory effects of A2aR include 

decrease in the production of IL-12 and TNFα and increase in the levels of 

immunosuppressive IL-10 and Il-6 and VEGF (Hasko et al., 2004; Henney and Lichtenstein., 

1971) on the surface of monocytes. Increase in the peri cellular concentration of adenosine 

correlates with the upregulation of A2aR expression during inflammation (review. Palmer 

and Trevethick; 2008). Adenosine signalling via A2AR attenuates macrophage proliferation by 

inhibiting macrophage colony stimulating factor (MCSF) generation (Xaus etal., 1999) 

 

Figure1. 19 A2AR activation exerts a range of anti-inflammatory effects on the 
immune system and endothelial cells: Adenosine induces an anti-inflammatory state 
by signalling through the A2AR on various cells. Endothelial cells downregulate 
adhesion molecules such as ICAM-1, reducing trafficking of leukocytes. A2AR 
activation favours the activation of Tregs over T effector cells, by upregulating FoxP3 
expression on Tregs and negative co-stimulatory molecules CTLA-4 and PD-1 on T 
cells. A2A R activation also induces DCs to produce immunomodulatory molecules such 
as IL-10 and TGF-β and suppresses the production of proinflammatory cytokines such 
as IFN-γ and TNF-α. IDO, indoleamine 2,3-dioxygenase. 
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Furthermore, signalling via the A2A R leads to downregulation macrophage activation  

by decreasing cytokines IL-12 (Hasko et al., 2000a) and TNF-α (Grinberg 

et al., 2009; Kreckler et al., 2006), reactive nitrogen species, and increasing levels of anti –

inflammatory IL-10 (Grinberg et al., 2009; Hasko et al., 1996). 

The level of A2A R mRNA expression in CD4+ T cells is directly proportional to their 

activation state of the cells (Deaglio et al., 2007) and is shown to protect against inflammation 

after lung IRI (Sharma et al., 2010). This protection is observed due to abrogation of release 

of pro-inflammatory cytokines such as IFN-γ and IL-12 (Romio et al., 2011; Sevigny et al., 

2007) through down-regulation of NFκB (Romio et al., 2011; Tang et al., 2010). In placenta, 

elevated expression of A2AR has been observed during hypoxic conditions (VonVersen-

Hoyncketal., 2009). In macrophages, stimulation of the A2Arecoptor has been shown to have 

pro-angiogenic properties by upregulating VEGF production (Leibovichetal., 2002; Pinhal-

Enfield etal.,2003). Furthermore, in vitro studies using HMEC cells showed that, stimulation 

of A2A receptor leads to inhibition of release of thrombospondin-1 (anti-angiogenic factor) 

(Desai et al.,2005). On the surface of T cells activation of A2A R reduces the expression of 

IL-2 and CD25 (IL-2R) (figure 1.26) (Erdmann et al., 2005; Sevigny et al., 2007; Zarek et al., 

2008). Signalling through A2A receptor down regulates the expression of co-stimulatory 

molecule CD40L and programmed death (PD-1) (Kinsey et al., 2012; Sevigny et al., 2007) on 

the surface of T-reg cells. 
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1.27.1 Adenosine A2A receptor knock out (2A R KO) mice:  
 

A2ARKO mice were generated through a disruption within the A2AR gene. The A2ARKO 

mice are indistinguishable from WT littermates under normal circumstances and do not 

exhibit a compensatory increase in the other adenosine receptors (Lukashev et al., 2003). 

However, there were distinct phenotypic differences between the A2ARKO and WT mice 

as evidenced in different models of injury and inflammation (Table 1-11). 

 

Table 1.9 A2AR KO mice characteristics  
 

Characteristics  Study  

Increased leukocyte (e.g. neutrophil) adhesion Crostein et al., 1992 

Aggression and high blood pressure Ledent et al.,1997 
Exacerbated damage resulting in minor injury Chen et al.,1999 ; Gui et al 2009 

Protected from hepatic cirrhosis  Chan et al., 2006 
Exacerbated colitis induced injury Nagamuna et al.,2006 

Hyper proliferative T cells  Deaglio et al., 2007 
Several renal injury following IRI Lu et al 2008 
Increased apoptosis, TNF-αrelease and ICAM 
expression in a model of diabetic retinopathy 

Ibrahim et al.,2011 

Elevated chemoattractant secretion with 
significantly pronounced neutrophil migration in a 
model of peritonitis 

Koroskenyi et al., 2011 

Larger abdominal aortic aneurysms Bhamidipati et al.,2013 

Pulmonary hypertension and vascular remodelling Xu et al., 2011 
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1.27.2 Adenosine A2B receptor knock out mice (A2BKO) 

In pathological conditions such as inflammation, ischemia and hypoxia micromolar amounts 

of adenosine is formed which activates A2B receptor (Antonioli et al., 2008). During 

hypoxia,  HIF-1α (hypoxia-inducible factor dependent pathway increases A2BR expression 

(Kong et al., 2006) and promotes CD73 expression. Increase in the peri cellular 

concentration of adenosine due to inhibition nucleoside transporters attenuates inflammation 

(Eltzschig et al., 2005). A2BR is expressed in bowel, lung and kidney (as reviewed (Aherne 

et al., 2011)) tissue and most of vasculature (Grenz et al., 2008; Hasko et al., 2009; Yang et 

al., 2006. Subsets of immune cells such as macrophages (Xaus et al., 1999), DCs (Ben Addi 

et al., 2008; Novitskiy et al., 2008) and lymphocytes (Eckle et al., 2008a; Mirabet et al., 

1999) also known to express A2BR (Figure 1-25). Similar to A2AR, signalling through the 

A2BR activates adenylyl cyclase, leading to the generation of cAMP and protein kinase A 

activation (Figure 1-21) (Hasko and Cronstein.,2004). A2B receptor has been implicated in 

playing a dominant role in the several physiological processes such as angiogenesis, and 

vasculogenesis (Olah andStiles.,2000; Jacobson and Gao.,2006). In vitro, activation of A2BR 

on HUVEC cells showed upregulation of the pro-angiogenic factors VEGF, basic fibroblast 

growth factor (bFGF), insulin like factor-1, and IL-8 (Grantetal., 1999; Feoktistovetal., 2002). 

A2B stimulation on immunosuppressive DCs is known to exert an anti-inflammatory effect 

via increase in the levels of IL-10 and TGF -1β transforming growth factor (Nemeth et al., 

2005; Novitskiy et al., 2008; Hasko and Pacher, 2012; Novitskiy et al., 2008). Furthermore, 

loss of immunogenicity by DCs, and A2BR stimulation has been implicated in the contribution 

of tumour growth in several cancer models (Cekic et al., 2012; Ryzhov et al., 2008). 

Macrophage activation via different stimulatory cytokine environment activates different 

MHC class II molecules,  adenosine signalling via the A2Breceptor i s known to inhibit 

TNF-α generation and enhances the production of IL-10 (Kreckler et al., 2006; Xaus et al., 
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1999; Nemeth et al., 2005).  On the surface of the endothelium A2BR activation inhibits 

adhesion of leukocytes, preventing the migration of immune cells (Figure 1-25) (Eltzschig et 

al., 2004). Co-transfections of human embryonic kidney cell line AD-293 cells with DNA 

plasmids tagged w i t h  A2AR and A2BR constructs, showed that the A2AR is involved in 

cell surface expression of A2BR (Moriyama and Sitkovsky.,2010). Further, ex vivo 

experiments suggested a reduction in A2BR-mediated cAMP accumulation in A2ARKO 

splenocytes as  compared to WT following NECA and A2AR-agonist treatments. These 

results led to the conclusion that both A2AR and A2B receptors form a hetero-dimer, 

effective cell surface expression (Moriyama and Sitkovsky.,2010). 
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Table 1.10 . Characteristics of A2BKO mice  
 

 

Characteristics  Study  

Increased basal TNFα level Yang et al., 2006 

Increased expression of adhesion molecules and 
leukocyte trafficking  

Yang et al.,2006 

Greater platelet aggregation through the P2Y1 
receptor  

Yang et al., 2006 

Increased vascular permeability at rest Eckle et al., 2006 

Exacerbated antigen induced mast cell 
degranulation 

Hua et al.,2007 

Increased pulmonary leakage after acute lung  
 
injury  

Eckle et al., 2008; Schingnitz et 
al ., 2010 

Protection against renal injury after IRI Grenz at al 2008 

Increased impaired Treg induction after LPS 
induced lunch injury 

Eckle et al., 2008a; Ehrentraut et 
al.,2012 

Protection in pulmonary IRI Anveri et al., 2011 

Inhibition of allergen induced chronic pulmonary 
inflammation 

Zaynagetdinov et al.,2010 

Increased cardiac infarct size (increase in the 
TNF-α levels)  

Koeppen at al., 2012 

Elevated levels of TNF-αfollowing renal IRI Grenz et al., 2012 
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1.28 Adenosine A3 Receptor (A3R) 
 

 A3R is found on variety of vascular cells and smooth muscle cells and is known to be 

involved in proinflammatory response.  The A3 receptor may be important in mediating 

pathophysiological changes in the vasculature and can be activated in circumstances that 

increase the adenosine concentration at comparable receptor densities (Freedholm et al., 

2001).  Inosine (Adenosine metabolite) accumulates in the tissues at a greater concentration 

than adenosine and is a highly selective agonist for A3R (Jin et al., 1997; Gomez & Sitkovsky 

2003). A3 receptors are expressed on neutrophils, play a role in migration of neutrophils to 

the site of inflammation (Young et al., 2004; Chen et al.,2006b). During inflammation, 

neutrophils cluster to the A3R to aid in leukocyte trafficking (figure 1.27). The ATP released 

by the activated neutrophils, is converted to adenosine that helps stimulate this migration 

through the A3R signalling (Chen at al., 2006 b). Migration of eosinophils and other cells 

during high adenosine concentrations, and regulation of extracellular matrix is mediated via 

A3R (Platt’s and Duping.,2004). Degranulation of mast cells during inflammation is caused 

by activation of A3R by higher adenosine concentrations.  In mouse model of colitis, mouse 

neutrophils lacking the A3R have impaired migratory phenotype and fail to resolve 

inflammation (Butler et al., 2012). In vitro stimulation of human neutrophils with selective 

A3R agonists confirm the anti-inflammatory properties via A3R signalling pathway and 

disruption of A3R mediated purinergic loops controlling innate immune cell migration. 
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Figure1. 20: Neutrophils depend on A3R to aid migration: Activation of neutrophils 
by bacterial products such as N-formly methionyl-leucyl phenylalanine induces release 
of ATP via the pannexin channels. The release of ATP results in the activation of P2Y2 
receptors on the surface of the neutrophils, provoking signal amplification and 
facilitating the sensing of chemokines gradients, and the receptors translocate to the 
leading edge of the neutrophil. The tandem release of ATP followed by generation of 
adenosine, which signals via the A3R on neutrophils, promotes cell migration towards 
fMLP (figure adapted from (Junger, 2011). 
 

 

In mice injected with LPS to induce lung inflammation, blocking of A3R on murine 

macrophages significantly reduced the levels of proinflammatory cytokines, such as IL-1b, 

and TNFα resulting in better survival as compared to the vehicle control (Lee etal., 2011). 

The immunosuppressive effect of A3R signalling was recently demonstrated in a number of 

models, where in treatment of monocyte derived DCs with agonist inhibited the chemotaxis 

response of DCs. Adenosine signalling via the A3R on bone marrow derived cells inhibited 

neutrophil degranulation and reduced the infarct size, thereby protecting from cardiac IRI 

damage (Ge et al., 2010). 
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1.28.1 A3R knock out (A3R KO) mice  
 

A3RKO mice were generated by the insertion of Neo cassette in the 5’ region of the coding 

sequence for the A3R gene (Salvatore et al., 2000). Under normal conditions, A3RKO mice 

were healthy, though A3RKO females had disruption of normal diurnal rhythm and both 

A3RKO males and female mice had lower heat production accompanied by increased in food 

consumption (Yang et al., 2010). However, these mice were phenotypically identical to the 

WT littermates.  Under pathological states, the A3RKO mice had significant immune 

dysregulation as compared to the WT mice, as shown in the table 1.11 
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Table 1.11 Characteristics of A3R KO mice  
 

 

  

Characteristics  Study 

Loss of antigen dependent degranulation of mast cells  Salvatore et al ., 2000 

Attenuated renal failure after IRI  Lee and 

Emala.,2000;Lee at al ., 

2003 

Reduced LPS induced TNFα production  Lee at al., 2011; 

Salvatore et al.,2000 

Resistance to cardiac IRI Guo et al., 

2001;Harrison et al ., 

2002 

Protection against bronchoconstriction and airway hyper 

responsiveness 

Tilley et al ., 2003; 

Zhong et al., 2003 

Disrupted neutrophil migratory capacity  Butler et al., 2012 ; Guo 

et al., 2001 

Reduced innate immunity  Butler etal., 2012 
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1.29 Adenosine as a potential therapeutic   
 

Adenosine is well recognized anti-inflammatory agent (Linden et al ., 2006; linden et al ., 

2001) mediating its effect through four types of purinergic receptors A1, A2,A2B, and A3 

(figure 1.21 ) The primary effector for all four subtypes of adenosine receptors is adenylyl 

cyclase, whose activity is either stimulated (s) or inhibited (i)depending on the receptor 

subtype (Ravleic et al ., 1998). Adenosine agonist signal mainly through the A2A receptor 

and are protective in ischemia reperfusion injury (IRI), (Yang et al,2005) models of heart (Ely 

et al,1992; Ely and Berne et al .1992, Janier et al,1993;Olafsson et al ., 1987; Zhoa et al ., 

1993) brain (Kulinskii et al ., 1993)liver (Day et al ., 2005; Harada et al ., 2000; Odashima et 

al ., 2005) kidney (Lee et al ., 2004a; lee and Emala 2001; Lee and Emala 2002a) lung (Ross 

et al ., 1999) while adenosine receptor antagonists are detrimental. 

 

 

 

 

 

 

 

 

Figure1. 21 : Adenosine receptor coupling: The primary effector for all four type of 
receptors is the Adenylyl cyclase, Activation of A1 and A3 receptors inhibits(i) 
Adenylyl cyclase, whereas activation of A2R results in stimulation (s) of adenylyl 
cyclase.  
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Adenosine receptor upregulation is part of the inflammatory response process during IRI 

(Lapas et al., 2005). Activation of the anti-inflammatory Gs coupled adenosine receptor, 

inhibits the activation of macrophages, monocytes, T lymphocytes and PMCs, resulting in 

decrease in pro inflammatory cytokine production and diminished endothelial adhesion 

molecule expression (Lappas et al.,2006a) 

 In mouse model of myocardial IRI utilizing A2AR KO Rag -/- chimeric mice, protection was 

conferred due to expression of A2A receptors on bone marrow derived cells (Yang et al., 

2005). In vitro, stimulation of A2AR inhibits T cell proliferation (Deaglio et al., 2007) and 

neutrophil activity (Sullivan et al., 2001; Visser et al., 2000). Adenosine receptor expression 

is upregulated as part of the inflammatory response during IRI (Lappas et al.,2005). The 

activity of many inflammatory cells including macrophages, monocytes, T lymphocytes and 

polymorphonuclear cells is inhibited by the activation of the anti-inflammatory Gs-coupled 

adenosine receptor, resulting in reduced proinflammatory cytokine production and diminished 

endothelial adhesion molecule expression (Lappas et al.,2006a)  
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1.30 Models of Antiphospholipid syndrome  

Antiphospholipid syndrome is associated with a variety of obstetric complications and 

recurrent pregnancy failure (Branch W.D.,1989; Dudley.D.J. 1990; NIH consensus 1990; 

Ordi. J., 1990). Though the pathophysiology and the underlying mechanism of 

antiphospholipid antibodies is still obscure, the direct pathogenic effect of high levels of 

circulating aPL-ab is observed in reproductive disorders such as recurrent foetal wastage, 

early onset of preeclampsia, intra uterine foetal growth retardation (IUGR) and prematurity 

(Harris.E.N., 1986; Lockshin.M.D., 1994). Examination of aPL regulatory mechanism in 

human subjects is very complex, albeit use of in vivo mouse models of pregnancy loss related 

to aPL-ab has been reaffirmed at multiple levels. Pathogenesis of foetal loss has been initially 

studied with mice that are genetically prone to develop autoimmune disease and display 

manifestations of APS and lupus and using naïve mice that are experimentally induced to 

develop full-blown APS.  

1.30.1 Spontaneously developed APS in mice  
 

1.30.1.1 MRL/lpr (lupus prone mice) 

These mice were first reported as an animal model of APS (Murphy & Roth.,1978) however 

later these mice were found to be different from other lupus prone strains by displaying 

characteristics similar to human APS (Gharavi et al., 1989). The recessive 

lymphoproliferative gene (lpr), controls the expression of autoantibody production, 

lymphadenopathy, and premature death. These mice develop high levels of aCL IgG at two 

months of age and resemble secondary APS in humans serologically and clinically. 

Histological findings of thrombosis in brain, occlusive vasculopathy, and perivascular 

lymphatic infiltrate suggested that these mice were a suitable model to study of secondary 

APS (Smith et al., 1990). Pregnancy outcome was affected with fewer pups on delivery as 
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compared to the control mice. However, mechanisms underlying the pathogenic role of aPL-

ab was not determined in these mice.  

1.30.1.2 New Zealand White (NZW) X BXBSB F1 Mice: 

The NZW X BXSB F1 (White/black) male mice have been shown to develop systemic lupus 

like disease and secondary APS (Hashimoto et al., 1992). These mice have elevated levels of 

aCL IgG and have been reported to have higher incidence of degenerative coronary vascular 

disease (CVD), with myocardial infarction resulting in death before 6 months of age. Similar 

to human autoantibodies, the autoimmune type of antibodies found in these mice showed 

dependency on plasma protein B2GP-1 which enhances its binding to cardiolipin (Gallis M., 

1990; Matsuura E., 1990; McNeil HP., 1990). In addition, these mice were also used to 

generate several monoclonal aCL and anti- Beta 2 GP-1 antibodies that react with negatively 

charged phospholipid and to study the rearrangement of the V regions of the IgG contributing 

to the development of murine autoimmunity (Monestier M., 1996) 

1.30.1.3 New Zealand Black (NZB) Mice  
 

These mice have shown to have higher levels of circulating antiphosphocholine (aPC) 

antibodies, and develop autoimmune haemolytic anaemia (Cabides J., 1993). These lupus 

prone mice are genetically prone to autoimmune diseases and display characteristics of 

secondary APS. Lupus prone mice that display characteristics of secondary APS are 

described below.  
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Mouse 

Strain  

Antibodies detected  Clinical Findings  Authors  

MRL/lpr  IgG-aCL, aPS, aPI, 

dsDNA 

Thrombocytopenia, 

small litter size  

Gharavi et al., 1989 

MRL/lpr  aCL Thrombus in brain, 

Choroid plexus 

infiltrate  

Smith et al., 1990 

NZWX 

BXBS 

aCl, aPL, autoimmune 

β2GP-1 dépendant  

Myocardial infraction, 

Thrombocytopenia  

Hashimoto et al., 

1992 

NZB aPC Hemolytic Anemia  Cabides et al., 1993 

MRL/lpr aCl, aPL Cognitive and 

neurological defects  

Hess et al ., 1993 

MRL/lpr  aCL Neurological and 

neuromuscular defects  

Brey et al., 1992 

aCL- anticardiolipin, aPL- antiphospholipids, ds DNA – anti DNA antibodies, aPC- 

antiphosphotidylcholine antibodies  

Table 1.12: Experimental models that spontaneously develop secondary APS, 
clinical findings reported by various authors and the antibodies that are attributed to 
these clinical findings are also summarized in the table (adapted from Ziporen L., 1997) 
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1.31 Experimentally induced mice model of APS  

Several research groups to assess the pathogenic effect of APS autoantibodies in mice have 

used two distinct methods. First method involves a tail vein or intraperitoneal passive 

infusion of monoclonal or polyclonal antibodies derived from either mice or humans into 

naïve mice. Second method involves active immunization of naïve mice aCL or with B2Gp-1. 

Along with clinical and serological manifestations, pregnancy outcomes are also studied in 

female mice of different strains. 

1.31.1 Passive Induction 
1.31.1.1 Infusion of aPL-antibodies  

Branch et al in 1990 first reported foetal loss in pregnant BALB/c mice following 

intraperitoneal injection of aPL-IgG obtained from APS females, showing a history of 

recurrent foetal loss (Branch et al., 1990). Histological examination of the uteroplacental 

interface showed intravascular deposition of IgG along with fibrin and decidual necrosis. In 

another study, researchers showed passive infusion of aCL into pregnant ICR mice through 

tail vein, adversely affected the fecundity rate, leading to higher resorptions and lower mean 

weights of embryos and placenta (Blank et al., 1991). Several other investigators have shown 

the adverse effect of β2Gp-1 independent monoclonal aCL antibody, derived from patients 

with APS   on pregnancy outcome. Thrombotic events in the placental tissue was reported as 

the main mechanism for pregnancy failure (Meroni P.L., 1990., Piona.A 1990). Further 

intraperitoneal injection of pregnant mice with MoAb aPS in a dose dependent manner, 

resulted in decrease of foetal and placental weight (Vogh et al., 1992; Blank et al., 1994). A 

higher intrauterine death rate was also reported in pregnant BALB/c mice injected with 

anticardiolipin antibodies isolated from MRL/lpr mice. Histological findings of the placentae 

of these mice show thrombosis suggesting the direct pathogenic role of these antibodies on 

foetal death. 
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1.31.1.2 Bone marrow transplantation  

Total body irradiated normal BALB/c mice develop into full blown APS disease when 

injected with bone marrow cells derived from mice affected with APS (Blank k et al., 1995)). 

These findings indicated a role for defective T cell function as one of the possible 

mechanisms of pathogenesis of APS other than the presence of autoantibodies in 

experimental APS (Gleicher et al; Kisielow P., 1990) 

1.31.1.3 In Vivo Thrombosis model in mice.  

To elucidate the thrombogenic role of aPL in vivo, a mouse model of venous thrombosis was 

established, by passively injecting CD-1 mice with IgG derived from patients with APS, or 

healthy controls (Pierangeli et al., 1994; Pierangeli S., Barker JH; 1995; Harris EN., 1993). 72 

hours later a non-occlusive thrombus was induced in the femoral vein by a pinch injury, and 

size and dynamics of the thrombus formation along with its disappearance was recorded. 

Significant increase in the thrombus area was seen, suggesting a role of aCL antibodies in 

thrombus formation.  
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Table 1.13 Experimental induction of APS in naïve mice by passive infusion of 
Monoclonal or Polyclonal antibodies.  
 

Mouse strain  Immunizing agent  Clinical manifestations Authors  

BALB/c  Human polyclonal IgG  Total abortions, decidual 

necrosis, and fibrin 

deposition. 

Branch et al 1990 

ICR Human polyclonal IgG, 

Monoclonal aCL 

Fetal resorption, 

Decreased embryo and 

placental weights, 

Thrombocytopenia 

Blank et al., 1991 

BALB/c Human polyclonal IgG, 

aPL- mouse 

monoclonal  

Foetal resorption, 

Placental thrombosis  

Piona et al.,  

BALB/c  Human monoclonal 

IgG aPC from APS 

patients  

Foetal resorptions, 

decreased embryos and 

placental weights  

Meroni et al  

BALB/c, CD-1  Mouse monoclonal aPS Decreased embryo 

weight, intra uterine 

growth retardation 

Vogt et al., 1992-

1994 

ICR  Human polyclonal aPS 

IgG 

Foetal resorption. 

Decreased embryos and 

placental weights, 

thrombocytopenia, 

prolonged APTT 

Blank et al 1994 

BALB/c  Bone marrow cells 

from APS mice 

Prolonged APTT, 

thrombocytopenia, foetal 

resorptions  

Blank et al 1995 

CD-1  Human polyclonal IgG, 

IgM, IgA aPL 

Increased size and 

formation rate of 

thrombus  

Pierangeli et al 

1994-1995 
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1.32 Active induction of APS. 

Animals are mainly immunized with a pathogenic autoantibody, leading to the generation of 

anti-autoantibody. These animals subsequently develop precise clinical expression of 

obstetric complication observed in APS. 

1.32.1 Immunization with anticardiolipin antibody  

Induction of primary APS was successfully reported in BALB/c mice after immunization of 

mice with pathogenic monoclonal IgM aCL(H-3) (Bakimer et al., 1992). Mice developed 

high titres of aCL, with clinical and serological manifestations of primary APS. Using the 

same technique, mice injected with monoclonal aCL derived from patients with active APS, 

showed severe gestational failure and low pregnancy rate. Embryos obtained from these mice 

showed growth impairment and failure to develop (Blank M., Bakimer R., 1995). Active 

immunization of BALB/c mice with affinity purified IgG and not IgM from patients with 

APS, showed development of full-blown disease, along with the presence antibodies that 

specifically react with phospholipids (Yodfat et al., 1996; Vogt et al., 1992; Blank M., 1994). 

Induction of experimental APS is also shown by immunization of mice with Single chain FV 

(scFv-s) prepared from aCL monoclonal antibodies (Blank et al., 1997).  
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1.32.2 Immunization of Naïve mice with β2Gp-1  

A novel mechanism for induction of antiphospholipid antibodies was reported, by the using 

plasma protein β2Gp-1 as an immunizing agent. Normal rabbits or mice when injected with 

purified β2Gp-1 produced anti β2Gp-1 and aPL antibodies (Gharavi et al., 1992). Later it was 

also reported that immunization of with β2Gp-1 in complete freunds adjuvant (CFA), resulted 

in mice showing clinical and serological manifestations of APS. These mice were reported to 

have prolonged APTT, impaired pregnancy outcome, and thrombocytopenia (Blank et al., 

1994). However, induction of non-pathogenic aCL antibodies in BALB/ mice was also 

reported in mice injected with β2Gp-1(Silver et al., 1995). 

1.32.3 Immunization of Lupus prone mice with β2Gp-1  

Another model to study the pathophysiology of APS was developed by injecting MRL/++ 

mice with β2Gp-1(Aron et al., 1995). These mice are genetically predisposed to developing 

autoimmune disease, and on injecting with β2Gp-1 have shown to have accelerated clinical 

manifestations of APS. Elevated levels of aCL antibodies along with cross reactivity with 

Anti-DNA and ANA in conjunction with reduction ion platelet count and litter size was also 

reported. 

1.32.4 Immunization of Rats with β2Gp-1 

Induction of experimental model of APS was also carried out in rats (Ziporen et al., 1996). 

Immunization of rats with co factor β2Gp-1 or bovine serum albumin as control, resulted in 

the rats having elevated levels of aCL and anti β2Gp-1 antibodies. These rats displayed mild 

thrombocytopenia, but did not show any obstetric complications, however they did 

demonstrate cognitive impairment and defective spatial learning. 
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1.33 Second hit Hypothesis  
 

Presence of circulating aPL-ab is known to induce a thrombophilic state in APS patients, but 

thrombotic episodes are only occasionally observed. This suggested a ‘two hit hypotheses’ for 

clinical observation in certain APS patients. According to this theory, clotting only takes 

place in the presence of a secondary thrombophilic condition (Shoenfield Y.,2005).  In animal 

work carried out by Shoenfield, small amounts of LPS injected in the rat mesenteric 

microcirculation along with human β2GPI-specific aPL IgG, induced a thrombogenic effect, 

suggesting an infection process contributing to the second hit hypothesis, preceding full-

blown APS (Sheonfield Y.,2006). Toll like receptors (TLRs) on the surface of the 

endothelium and monocytes are involved in triggering an inflammatory response. In APS, 

TLR-2 and TLR-4 has been reported to activate endothelial cells and monocytes by β2GP-1 

dependent aPL-ab binding (Raschi etal.,2003; Lambrianides A.,2010). Combination of an 

infection plus the perturbation of the TLRs by autoantibodies can trigger thrombosis on the 

surface of the endothelium. In line with this hypothesis, LPS is able to upregulate β2GPI 

expression in mice (Tedesco F.,2010) and inflammation might increase the expression of the 

aPL target antigen or expose the hidden antigenic epitopes (Agar C.,2010).  

However, the two-hit hypothesis is yet to be explained well in APS obstetrical complications. 

Passive infusion of IgG, obtained from patients with APS, have shown to induce foetal loss in 

naïve pregnant mice without requiring a second hit. Further, binding of labelled exogenous 

β2GP-1 to placental trophoblasts and endothelial cells, suggests a restricted expression of 

β2GP-1to placental tissue (Tedesco F.,2010). High level of placental β2GP-1expression 

combined with hormonal and vascular modifications occurring throughout the course of 

pregnancy, might be sufficient to promote a pathogenic outcome of pregnancy without any 

additional factors. 
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1.34 Ethical considerations:  
 

Animals have been used to generate and mimic human pathological conditions, for the study 

of disease progression and /or development of potential therapeutics. Ethical guidelines are 

established for humane handling of animal subject’s institutional ethics committees that have 

a board representation. The current consensus appears that the ethical concerns of the 

technology should not be a barrier to its use, but they should be “thoughtfully analysed and 

revisited by both scientists and the society as a whole, as the technology progresses 

(Bramstedt.,1999) 

1.35 Aims of this study:    

Activation of endothelium is a critical process in antiphospholipid syndrome induced 

thrombosis. Thrombosis and inflammation are the key effector processes to exert pathological 

effect in antiphospholipid syndrome. Anticoagulant therapies have met with varied success 

but are plagued with adverse effects such as bleeding complications, conferring an added risk 

to the patients. One theoretical approach is to test protection due to different gene 

manipulations in small animal model of aPL-ab induced miscarriages. CD39 TG mice 

overexpressing CD39 have exhibited presence of higher circulating levels of adenosine, and 

prolonged tail bleeding times. Adenosine is a potent anti-inflammatory and an anti-

thrombotic agent that blocks platelet activation and endothelial cell response upon 

stimulation.  

This thesis focuses on the effect of genetic modification in the purinergic pathway in a mouse 

model of aPL -ab induced miscarriages. We hypothesised that adenosine generated by the 

action of CD39/CD73 confer protection in mice against miscarriages. The results presented in 

this thesis explores the effect of purinergic pathway manipulation on thrombosis and 

coagulation in the placental vasculature of aPL-ab miscarriage  
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CHAPTER 2 
 

 

 

 

 

MATERIALS AND METHODS 
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2.1 Materials 

2.1.1 Buffers and Reagents  

This chapter describes the experimental procedures and various materials used through the 

thesis. All reagents and chemicals used in this thesis were of molecular and analytical grade.  

Table 2. 1 Buffers  
 

Solution  Recipe/Components 

Acrylamide solution Acrylamide: bis –acrylamide; 29:1, 40% in MQ H2O 

EDTA 0.5M pH8.0 148g EDTA, in 1L of water, adjust pH with NaOH 1 M  

10% SDS 100g SDS in 1L H2O, heat at 68
o
C for solubility pH 6.6 

4X sample reducing buffer  0.2M Tris/HCL pH6.8, 4% SDS,20% glycerol, 0.02% 
bromophenol blue, 10% β 2 mercaptoethanol n MQ H2O 

SDS Page tank buffer  125M Tris pH8.3, 190mM glycine, 0.1% SDS, H2O 

TBS/tween -20 20mM Tris pH7.4, 150mM NaCl, 0.5% (v/v Tween 20) in MQ 
H2O 

Transfer buffer  125mM Tris pH8.3 ,190mM glycine, 20% methanol  
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2.1.2Solutions for immunohistochemistry  

Table 2.2 Solutions for Immunochemsitry 
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2.1.3 Antibodies  
s  

 

 

 

 

 

 

 

 

 

 

Table 2.3: Antibodies used in this thesis 
 

2.1.4 Equipment, Software: 

The equipment’s, software and the kits used in this thesis are outlined below: 

Equipment  Source 

7500 Fast real-time PCR 
system Life Technologies 

Carlsbad, CA, USA 

FACS Calibur flow 
cytometer 

BD Biosciences, San Jose, CA, USA 

NanoDrop ND-1000 
Spectrophotometer 

NanoDrop Technologies, Oxfordshire, UK 

Leica CM 3050S cryostat  Leica Biosystems, Germany\ 

Table 2.4 Equipment’s used. 
 

Antibodies  Source 

rabbit anti-4HNE,  Alpha Diagnostic International Inc. USA 

goat anti-mouse C3d IgG R&D systems USA 

rabbit anti-mouse tissue factor,  Sekisui Diagnostics LLC, USA 

mouse anti-human CD39-
FITC 

Ancell  

donkey-anti-rabbit Alexa Fluor 
568  

Alpha Diagnostic International Inc. USA 

polyclonal rabbit anti-goat and 
swine anti-rabbit  

Dako, Agilent Technologies Australia) 
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Table 2.5 Software used in this thesis  
2.1.5 Kits:  

The commercially available kits containing all reagents were used in experiments asper 

manufacturer’s instructions and are listed in table 2.6 

Kits  Source 

High PCR Template 
Preparation Kit 

Roche, Basel, Switzerland 

Qiagen Taq Polymerase Kit Qiagen, Hilden, Germany 

Qiagen Rneasy Midi Kit  Hilden, Germany 

TaKaRa Ex Taq TM Hot Start 
Kit  

Takara Bio, Shiga, Japan 

Turbo-DNA free kit Life 
Technologies 

Carlsbad, CA, USA 

ORG-512 anti β 2GP-1 
IgG/IgM detection Elia kit  

Orgentec Diagnostika GmbH, Mainz, Germany 

E-Toxate test kit Sigma Chemical company St. Louis, MO, USA 

 

Table 2.6 Commercially available kits. 

Software Source 

GraphPad Prism 5 

software 

GraphPad Software, La Jolla, CA, USA 

FlowJo Software Tree Star Inc., Ashland, OR, USA 
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2.2 Mice  
 

2.2.1 Mice Lines  
The St. Vincent’s Hospital Animal Ethics Committee approved all experiments performed in 

this thesis. Mice were housed in a pathogen free facility with a 12-hour light=-dark cycle and 

kept in microisolator cages lined with sterilized wood shaving bedding with up to 6 mice per 

cage. Mice were fed with ad libitum with commercial mouse chow diet and had free access to 

drinking water. Several genetically modified mice used for experimental work in this thesis 

are described in the table below.  

Table 2.7 Mouse strains used for work in this thesis:  
Genotype  Source  

BALB/c WT  The Walter Eliza Hall Institute 

C57BL/6 WT  The Animal Research Centre  

BALB/c CD39 TG Mice (hCD39 transgenic) Immunology Research Centre, St Vincent’s 

Health Victoria Australia  

CD39 KO (C57BL/6 background) Prof. Simon Robson (BIDMC, Harvard, 

Boston USA) 

CD73 KO (C57BL/6 background) Prof. Linda Thompson (University of 

Oklahoma Health Sciences Centre, USA) 

A2AKO (C57BL/6 background) Dr. Jiang-Fan Chen (Boston University) 
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 2.3 Elisa for Detection of antiβ2Gp-1 antibody titre:  
 

Commercially available immunometric enzyme immunoassay (ORG-521, Orgentec Germany) 

was used for quantitative titre determination of anti β2 Gp-1 IgG/IgM from patient’s serum 

and from purified non-immune IgG and APS positive IgG. The microplate provided is coated 

with a highly purified cardiolipin and human β2 glycoprotein 1, and calibrators /controls 

provided in the kit are prediluted and used as per manufacturer’s instructions. Briefly, 100ul 

of all standards supplied and 1:100,1:200 dilutions protein preparations in question are loaded 

onto the microtiter plate. Wells are washed 3 times with 300ul of PBS, after incubation at 

room temperature for 30 mins. 100ul of enzyme conjugate is then added to the wells and 

further incubated for 15 mins at room temperature. After 3 washes of 300ul of wash solution, 

100ul of TMB substrate is added into each well. Optical density at 450nM is measured after 

15 mins of incubation at room temperature and adding stop solution to the wells.  Calculation 

of the antibody titre is done using a lin-log graph and plotting the averaged density of each 

calibrator versus the concentration. Results are interpreted as mentioned below:  

 

 

 

 

 

 

 

Table 2.8 Interpretation of Elisa reading for anti β 2 Glycoprotein 1 antibodies  
 

  

           Anti β 2 Glycoprotein 1 IgG /IgM 

Result      Range IgG (units /ml) 

Normal  < 10 GP units /ml 

   Positive  ≥ 10 GP units /ml 
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2.4 IgG preparation and protein estimation 

2.4.1 Protein G sephaorse column: 
 

Purification of IgG was done using protein G sepharose column. Serum sample was diluted 

using 20mM Na phosphate buffer in a 1:3 dilution. The samples were allowed to flow 

through at room temperature and the flow through was collected to be re rerun on the column. 

Column was washed twice with Na phosphate buffer and the bound IgG is eluted using of 

Tris glycine buffer at pH 2.7. for at least 8 elution’s of 3 ml each. The eluted fraction was 

immediately neutralised by adding 75 ul of tris pH 9.0. Each eluted fraction is loaded on to 

SDS page and stained to see the lowest amount of contaminating bands. Those fractions are 

combined and dialysed with PBS to get rid of the glycine before injecting in animals. The 

column is stored in 20% ethanol in 1X PBS with 0.05% sodium azide to avoid contamination 

or degradation of the beads. 

2.4.2 Absorbance at A280:  
 

Protein concentration was estimated by measuring the A280 nm on a Hitachi U2000 

spectrophotometer (Hitachi High Technologies, America, San Jose, CA, USA). The 

spectrophotometer was zeroed using the diluting buffer (PBS or coupling buffer) in a quartz 

cuvette. The concentration of the protein was measured at appropriate dilutions to allow an 

accurate reading within the spectrophotometer range. Protein concentration was calculated 

from the A280 using the formula: Protein concentration (mg/ml) = A280 x sample dilution x 

E280 for relevant protein The E280 (extinction coefficient) for IgG is 1.38.  
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2.4.3 Bradford protein assay 
 

Protein concentrations of various proteins were estimated using the Bradford Coomassie-

binding, colorimetric method (Bradford, 1976). The Coomassie Protein Assay Kit (Pierce, 

Rockford, IL, USA) and reagents were used and analysed according to the manufactures 

instructions. Briefly, BSA (Sigma) was used as a protein standard and a standard curve 

encompassing protein concentrations of 0, 0.025, 0.125, 0.25, 0.5, 0.75, 1.0, 1.5, and 2.0 

mg/ml BSA was prepared. The protein in question was generally diluted 1:10 and 1:50 in 

dH20. 2.5 ml of the assay reagent was combined with 50 µl of each protein standard or 

sample, mixed well, incubated for 5-10 minutes and the absorbance measured at 595 nm. 

Protein concentrations were estimated by reference to the standard curve. 

2.4.4 Detection of the presence of Endotoxin from purified IgG preparations 
 

Semi quantitation of endotoxin from the IgG preparations was detected using the E-TOXATE 

(Limulus Amoebocyte Lysate) test from Sigma.  The E-toxate multiple test kit (Cat # 210-20) 

and the dry concentrate from limulus Polyphemus was obtained from sigma and test 

performed as per manufacturer’s instructions. Briefly, endotoxin standard solution was 

prepared with endotoxin free water, and a standard curve encompassing final concentration of 

endotoxin having 40, 4, 0.5, 0.25, 0.125, 0.06, 0.03, 0.015 was prepared. The IgG 

preparations were diluted 1:50 in endotoxin free water. 0.2ml of the E-toxate working 

solution is added to 1 ml of protein preparations, and the mixture is incubated at 370C for one 

hour.  A positive result is interpreted by the evidence of formation of a hard gel permitting 

complete inversion of the tube without disturbing the gel. A negative result is interpreted by 

formation of clear liquids, soft gels, or even increase in the viscosity of the contents in the 

tube, (+) = hard gel and (-) = absence of hard gel. A semi quantitative determination of the 

endotoxin level in EU/ml is carried out by multiplying inversely the highest dilution of the 

sample with the lowest concentration of the endotoxin standard yielding a positive result.   
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2.5 Genotyping  
2.5.1 Screening for CD39 TG mice (BALB/C background) 
 

The hCD39 cDNA was cloned as a 1.7kb EcoRI fragment from pcDNA3-hCD39 into the 

EcoRI site of a plasmid containing the TCRα enhancer, murine H2Kb (MHC Class I) 

promoter, hybrid intron, and SV40 late polyadenylation signal. This ‘generic’ microinjection 

construct produces a broad expression pattern that is particularly strong on vascular 

endothelium. The generation and phenotypic characterization of these mice has been 

described (Dwyer et al. 2004). The initial mice were generated on a mixed CBA/C57Bl6 

background and were sequentially backcrossed onto a C57Bl/6 background until fully 

backcrossed (10 generations). 

2.5.1.1 Flow cytometry  
 

100ul of heparinised blood was obtained from the mandibular vein of the mice. Red blood 

cells were lysed at 42oC for 10 mins. Purified peripheral blood leukocytes (PBLs) were 

centrifuged for 5 minutes at 339X g and resuspended in FACs buffer. Cells were then stained 

with FITC- conjugated mouse antihuman CD39 Ab. PBL’s were washed twice before 

analysis on the FACs calibre flow cytometer. 
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 2.6 Polymerase chain reaction  
 

CD39 KO, CD73KO and A2aRKO mice were screened by tail genomic DNA polymerase 

chain reaction (PCR) analysis. DNA from tails was prepared using the High PCR template 

Preparation KIT according to Manufacturers instruction. The PCR products were separated 

using different percentages of agarose gels to determine respective genotype products. 

2.6.1 Genotype screening for CD39 KO mice  
 

Mice were screened using TaKaRa Ex Taq TM Hot start kit and primers D3M, NeoP2 and 

Mec8P (Table 2.6). 50 µl reaction mix contained sterile water, 10mM dNTPs, TaKaRa Ex 

TaqTM HS polymerase, 1x Ex Taq buffer (Mg2+), 1 µl each of D3M and reverse primers of 

either NeoP2 or Mec8P and 2 µl of tail genomic DNA. PCR conditions were set at 94oC for 1 

min for the first cycle, 94oC for 15 seconds /66oC for 3 minutes and 30 seconds for 33 cycles 

and final cycle for 10 mins and a final cycle at 72oC for 10 minutes. DNA amplified was then 

loaded in 1% agarose gel to detect a 3kb band for WT and /or 3Kb CD39 KO product. 

 

  

Primer  Specificity Sequence  

D3M  Forward WT & 

CD39KO  

5’CTGTTTATACCCAAGGAGCTGGCATAGG3’ 

Neo P2 Reverse CD39 KO  
5’TACCCGTGATATTGCTGAAGAGAGCTTGGCGG 
3’ 

Mec8p  Reverse WT  5’ GACAGACGAGGGAAGAGGAAGG 3’ 

Table 2.9: Primers used in the genomic screening of CD39KO mice 
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2.6.2 Genotype screen for A2ARKO mice 
 

Tail genomic DNA was obtained and screened by PCR using Qiagen Taq Polymerase kit and 

primers for the WT and A2AR KO sequences mentioned below in the table were used. Each 

reaction consisted of 1x PCR buffer, Solution Q and Taq polymerase. Additional 10mM 

dNTPs, 1ul primers, 2ul DNA template and sterile water were added to the reaction mix. PCR 

cycles conditions were set at 94oC for 4 minutes for the first cycle, 94oc for 45 seconds/54oC 

for 45 seconds /72oc for 1 minutes for 39 cycles and a final cycle of 72oC for 10 minutes. 

DNA was then loaded on a 2% agarose gel to detect 180bp WT and / or 320bp A2AR KO 

product.  

Primer  Specificity Sequence  

A2ARWT Reverse  WT sequence  5’ TACAGACAGCCTCGACATGTG 3’ 

Neo 2 Forward A2ARKO sequence  5’TCGGCCATTGAACAAGATGG 3’ 

Neo 3 Reverse A2ARKO sequence  5’ GAGCAAGGTGAGATGACAGG 3’ 

Table 2.10: Primers used in genomic screening of A2AKO mice 
 

 

2.6.3 Genotype screen for CD73 KO mice  
 

Tail genomic DNA was screened by PCR using Qiagen Taq polymerase kit (Qiagen) and 

primers for the WT and CD73KO sequence are given in the table below. (table 2-11)  

Each reaction consisted of 1x PCR buffer, Solution Q and Taq polymerase. Additional 10mM 

dNTPs, 1µl primers, 2µl DNA template and sterile water were added to the reaction mix. The 

PCR cycles conditions were set at 94oC for 2 minutes for the first cycle, 94oc for 45 

seconds/62oC for 45 seconds /72oc for 1 minutes for 34 cycles and a final cycle of 72oC for 2 
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minutes. DNA was then loaded on a 1.2% agarose gel to detect 344bp WT and / or 964bp 

CD73 KO product.  

 

Table 2.11Primers used in genomic screening of CD73KO mice 
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2.7 Quantitative reverse transcriptase polymérase Chain réaction (qRT-PCR)  
 

2.7.1 RNA isolation from placental tissue 
 

Isolated placenta samples were washed in sterile PBS to remove the remaining blood and the 

placenta was stored in -80oC. Samples when needed were thawed on ice and RNA was 

extracted using RNeasy Mini Kit (Qiagen, Australia) according to manufacturer’s instructions 

and treated with DNase using TURBO DNA-freeTM Kit (Thermo Fisher Scientific, Australia) 

to remove residual genomic DNA RNA concentration and quality was measured using the 

NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Australia). DNase 

treatment was performed on the extracted RNA using Turbo-DNA free kit to minimize 

genomic DNA contamination. 

 

2.7.2 Reverse transcriptase polymerase chain reaction  
 

Reverse transcriptase polymerase chain reaction was a two –step process. The first strand 

complementary DNA (cDNA) was prepared using the SuperScript® III First-Strand Synthesis 

System according to manufacturer’s instructions (Thermo Fisher Scientific Australia) in 

reaction volume of 22ul containing 1µg oligo (DT), 1µg random hexamers, 97.8ng of RNA 

and sterile MQ-H2O. The reaction was incubated for 10 mins at 70oC. Following a 28µl 

reaction mix comprising of 0.5mM dNTPs, 4U/µl Superscript III recombinant transcriptase, 

0.8U/µl RNAse OUT recombinant ribonuclease inhibitor, 5mM DTT and 1x first strand 

buffer was added to the first reaction. Reverse transcription was performed at 42oC for an 

hour and 70oC for 10 mins. The cDNA was diluted 10fold to a working concentration in MQ-

H2O. 

 RT-PCR was performed on cDNA diluted 1:10 in sterile mqH2O using the Applied 

Biosystems 7500 Fast Real-Time PCR System (Thermo Fisher Scientific Australia). The PCR 
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conditions were 10 minutes pre-incubation at 95oC, followed by 45 cycles of amplification at 

95oC for 15 seconds and 60oC for 60seconds. Taqman Gene Expression Assays purchased 

from ThermoFisher Scientific Australia for mouse genes mentioned in the table below (table 

2.5) Cycle threshold (Ct) was corrected against the house keeping gene GAPDH and relative 

expression of each gene was calculated as 2-ΔCt where –ΔCt = Δ Ct target gene – Ct 

housekeeping gene. 

 

 

 

 

 

 

 

 

 

 

Table 2.12 Gene expression assay used in qRT-PCR 
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2.8 Histology & Immunohistochemistry 
2.8.1 Preparation of tissue 
 

Fresh frozen sections: -Mice were killed by cervical dislocation or CO2 inhalation. Decidua 

were harvested post 90 mins after aPL-ab or non-immune IgG injections. Harvested deciduae 

were frozen in OCT (Tissue tek, Sakura Finetek U.S.A., Inc) snap-frozen in liquid nitrogen, 

and stored at -70°C. 5µm sections were cut using a Leica CM 3050S cryostat (Leica 

Biosystems, Germany), collected on gelatine-coated slides, and dried for at least one hour at 

room temperature.    

2.8.2 Detection of expression of hCD39 on the placenta by IHC  
 

Expression of human CD39 within mouse or pig tissues was performed using a two-stage 

immunohistochemistry technique on fresh frozen sections. Sections were blocked in 10% 

sheep serum (diluted in PBS) for one hour, this was removed and the primary antibody, 

mouse anti-human CD39-FITC applied at 1:25 concentration (Ancell #188-040) to mouse, or 

CD39 HIM80 (Gene Tex-Biocore #GTX15016) 1:50 diluted in 2% sheep serum applied to 

pig tissue.  Following an hour incubation with this antibody, the sections were washed in PBS 

for 5 minutes and a secondary antibody, sheep anti-FITC POD (Roche, 1 426 346) applied for 

one hour in a concentration of 1:300, diluted in 2% sheep serum.  Staining was developed 

using Sigma fast 3, 3’–diaminobenzidine tetrahydrochloride (DAB) (Sigma #D 9417) and 

counter-stained with haematoxylin  
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2.8.3 Staining for detection of Complement C3d, mTissue factor, and 4HNE adducts in 
placenta of treated mice 
 

Sections were quenched of endogenous peroxidase using 0.3% H2O2 for 10 mins and fixed in 

4% phosphate buffered formalin for 30 mins at room temperature. After washing 3 times in 

1X PBS for 5 minutes each, non-specific proteins were blocked using the Protein Block 

Serum-Free (Dako, Agilent Technologies Australia) for 10 mins and sections were stained 

with primary antibodies overnight (goat anti-mouse C3d IgG 1:100, R&D systems USA; 

rabbit anti-mouse tissue factor, Sekisui Diagnostics LLC, USA. Sections were then incubated 

with the polyclonal rabbit anti-goat and swine anti-rabbit HRP-tagged secondary antibodies 

(Dako, Agilent Technologies Australia) respectively and the staining was developed using 

DAB and the tissue then counter-stained with haematoxylin. For 4-HNE staining, rabbit anti-

4HNE (1:500, Alpha Diagnostic International Inc. USA) was used as a primary antibody and 

donkey-anti-rabbit Alexa Fluor 568 was used as the secondary antibody; sections were 

Counterstained with Hoechst (ThermoFisher Scientific Australia). 

2.8.4 Counterstain technique 
 

Slides are immersed in hematoxylin for approximately 1 minute then washed extensively in 

water until the water is clear followed by Scott’s tap water for approx. 30 secs. Slides were 

then washed extensively in water followed by dehydration and rehydration through a series f 

100% ethanol baths (x4) and xylene (x4).  
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2.9 Statistical analysis: 
 

Comparisons were made between non-immune IgG and aPL-ab injected animals for mice on 

the C57BL6 background including wildtype mice and CD39-/- and CD73 -/- mice. Separate 

but similar comparisons were made between WT BALB/C mice and CD39Tg mice after non-

immune IgG and aPL-ab infusion. In both instances two-way Anova with Neuman-Keul’s or 

Fisher’s LSD post-hoc analyses were used to determine p-values, and values ≤0.05 were 

Considered significant. 

 2.10 Ethics approval  
 

All studies were approved by the Animal Ethic Committee (AEC) St. Vincent’s Health. The 

AEC’s activities follow the ‘Australian Code of Practice for the Care and Use of Animals for 

Scientific Purposes’, 7th edition 2004 (the Code). All scientific procedures are carried out in 

accordance with the Code as well as the ‘Prevention of Cruelty to Animals Act 1986’ 

 

 

 

Ab Clone Conjugate Dilution Source 
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CHAPTER 3 

 

 

 

 

GENERATION OF MOUSE MODEL OF 

MISCARRIAGES 
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3.1 Introduction 
 

Mouse model of antiphospholipid antibody-induced miscarriages has been independently 

developed by several groups and demonstrates foetal loss in a reproducible manner (Branch 

DW., 1990; Girardi. G, 2003; Holers.VM.,2002; Piona A.,1995). aPL-ab induced 

miscarriages in mice, allow detailed assessment of placental or foetal dysfunction at various 

gestational stages of pregnancy progression, an aspect that cannot be studied in human 

subjects directly. In short, this mouse model involves the passive transfer of either aPL-ab 

purified as IgG fraction from APS patients’ sera, or monoclonal antibodies that recognize β2-

GPI and/or phospholipids (described below in the results section) into pregnant mice. The 

elegance of this model is that, the study of any candidate gene can be assessed for its impact 

on APS-fertility by using gene-modified mice (either transgenic or null-mutations) as 

recipients. Immunohistochemical analysis of the decidua of mice injected with aPL-ab 

identified complement and inflammatory pathway activation as the critical mediator to 

pregnancy complications (Girardi G., 2003). Further, it was also shown that binding of the 

aPL-ab to the endothelium, induces a prothrombotic phenotype (Westal.RA.,1995). 

The aim of this project was to study the impact of CD39 and adenosine signalling in aPL-ab 

induced miscarriages by using mice modified for genes regulating purine metabolism. We 

had access to CD39 Tg mice on the BALB/C background and CD39 KO mice on the 

C57BL/6 background. My initial undertaking was therefore to establish mouse model of 

miscarriages in both BALB/C and C57BL/6 wild type strains using monoclonal antibodies 

and polyclonal antibodies isolated from patient’s sera. This chapter outlines the 

experimentation involved in the development of mouse model of miscarriages.  We used an 

established model to make valid comparisons amongst the existing data and our findings. 

This chapter also describes attempts to refine the model using aPL-ab from a variety of 

sources including monoclonal antibodies and polyclonal, and domain specific β2GP-1 
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antibodies isolated from patients with APS. 

3.2 Specific materials and methods.  
 

3.2.1 Monoclonal antibodies purification to induce mouse model of aPL-ab miscarriages 

Two monoclonal IgM anticardiolipin antibodies with anti-β2GPI activity (GR1D5, TM1B3) 

have been isolated from patients with APS, and confirmed to induce pregnancy loss in mice 

(Robertson.SA.,2004) (hybridomas were a kind gift from Professor T Koike, Japan). FD2 

mouse monoclonal antibody that recognises cardiolipin but is not associated with foetal loss 

in mice served as a negative control in our experiments (kind gift of Dr. Monestier, 

Philadelphia, USA).  

In collaboration with Antibody facility at Walter Eliza Hall Institute (WEHI), the hybridomas 

obtained were subjected to limiting dilution technique, in order to isolate a monoclonal cell 

from a polyclonal mass of cells. In short, hybridoma cells were sub cultured in a 96 

microwells and substituted with an enrichment media. Supernatants were harvested after 

24hrs and screened for the presence of IgM. Supernatants (100µl) of various clones that were 

obtained from WEHI facility were separated by SDS-PAGE gels and probed with anti-anti -

mouse IgM antibody (Abcam, Cambridge). The wells, which detected the presence of IgM, 

were selected for expansion to produce monoclonal population from an individual cell. 

Further incubation of the clonal cell was carried out until colonies were formed by day 10 of 

incubation.   
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3.2.2 Purification of Polyclonal IgG from Patients and Normal Human Serum.  
 
3.2.2.1 Patients  

Informed consent was obtained before collecting blood from patients with APS and normal 

human subjects. Blood was collected from three APS patients (2 female and 1 male) attending 

the St Vincent’s hospital, with a median age of 34.6 yrs. (range 27-43 yrs.). 100 ml blood was 

collected from each patient in non-heparinised containers; serum was separated by 

centrifugation at 1500-x g for 15 mins at room temperature, after the blood had clotted. 

Polyclonal IgG was purified from pooled sera of two normal (healthy) individuals and used as 

control. The serological and clinical characteristics of the APS patients used is detailed in the 

table below. All three patients were detected positive for lupus anticoagulant via the lupus 

anticoagulant screen. 

Table3. 1: Clinical and Laboratory profile of APS patients from whom polyclonal 
IgG was obtained  

Patient Diagnosis  Main clinical manifestations  aCL ab Titre Antiβ2GP-

1antibody titre IgG 

GPL MPL  

1 (F) Primary 

APS  

Foetal loss, venous thrombosis > 100 13 >100 units  

2 (F) Primary 

APS 

Foetal loss, cerebral ischemic 

lesions 

> 100 15 >100 units 

3 (M) Primary 

APS  

Arterial thrombosis, Stroke >100 12 >100 units 
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3.2.2.2 Affinity purification of IgG from APS Patients and normal Human serum.  
 

Affinity chromatography was performed using 5 ml of Hi Trap Protein G sepharose columns 

(GE healthcare and life sciences, Sweden). 10 ml of reconstituted ammonium sulphate 

precipitate was loaded on to the Protein G sepharose column as mentioned in section 2.3.1, 

and bound IgG was eluted using eluted using glycine HCl buffer 0.1M, pH 2.5. The pooled 

eluates were dialysed against PBS using Regenerated cellulose (RC) dialysis membrane, with 

a molecular weight cut-off of 15k-25k molecular weight (Spectra/PorR USA) by following 3 

buffer exchanges overnight, and then concentrated to 2 ml (Amicon Ultra-15 Centrifugal 

Filter Unit with Ultracel-50 membrane) by centrifuging at 5000rpm for 10 mins. Care is taken 

while centrifugation as the whole liquid should not flow through. Purified IgG preparations 

were sent to St Vincent’s pathology, for detection of anti β2GP-1 titre by ELISA (ORG 521 

Anti-beta-2-Glycoprotein I IgG /IgM Orgentec Germany).  

 

In order to further refine our technique to generate mouse model of aPL-ab induced 

miscarriages, 2 different approaches were made to purify aPL-ab. 

1) Isolation of specific anti-β2GP-1antibodies from human plasma by affinity binding to 

human or bovine β2GP coupled to a sepharose affinity support. 

2) Isolation of anti-β2GP-1antibodies recognising only Domain I of β2GP-1from human 

plasma by affinity binding to Domain I specific peptides coupled to Sepharose. 
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3.3 Purification of β2GP-1 from Human and Bovine Serum 
 

In order to obtain antiβ2GP-1specific antibodies, it was essential to obtain purified β2GP-1 

protein. Two different methodologies to obtain intact β2GP-1 from human and bovine serum 

were applied as described below.  

 

3.3.1 Purification of β2GP-1 from Normal Human Sera.  
 

Human β2-Glycoprotein I was purified from serum by a modification of technique used by 

Polz et al.,1979 using a combination of ion exchange and affinity chromatography. Whole 

blood was allowed to clot for 20 minutes, after which serum was obtained by low speed 

centrifugation 1500 x g for 15 mins. β2GP-1 is soluble in 3-5 % perchloric acid; hence 1.28 

ml of 70% (v/v) perchloric acid was added to 50ml of human serum and left at room 

temperature with constant stirring for 15 mins. Precipitate was separated by centrifugation at 

10,000-x g for 15 mins at room temperature. The supernatant contains 80% of β2GP-1 in 

addition to some other glycoproteins from the parent serum (Polz et al., 1979). pH of the 

supernatant was adjusted to pH8 using a saturated solution of Na2CO3.  Extensive dialysis 

was carried out using Regenerated cellulose (RC) dialysis membrane, with a molecular 

weight cut-off of 15k-25k molecular weight (Spectra/PorR USA) in Tris.HCL buffer. SDS-

PAGE- western blotting using Mouse monoclonal Anti β2Gp-1 IgG (Abcam, Cambridge) 

confirmed protein purity.  

3.3.2 Purification of β2GP-1 from Fetal Bovine serum  
 

β2GP-1 was purified from bovine serum by a modification of technique used by Guoping Cai 

(1996). This method uses 15% PEG (poly ethylene glycol) for precipitation. Non-heat 

inactivated FBS obtained from Thermofischer scientific. 100 ml serum was mixed with 

10mM phosphate buffer pH 6.8 in the ratio of 4:1. A volume of 75ml of cold 40% (w/v) 
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PEG-4000 in 10mM phosphate buffer was added slowly with constant stirring. The 

suspension was allowed to stand for 30 mins at 4ºC and the resultant precipitate was collected 

by centrifugation at 10,000-x g for 30 mins at 4ºC.  The pellet was redissolved in 20mM 

Tris.HCL buffer pH 8.0.   

 

3.3.3 Affinity purification of β2GP-1using Heparin Sepharose 6 B column. 
 

Heparin Sepharose is a bioprocess affinity resin used to purify several enzymes, coagulation 

proteins, and protein synthesis factors. Biomolecules that have high affinity towards heparin 

can be easily separated by coupling them to heparin Sepharose beads. β2GP-1 binds to a 

number of negatively charged surfaces including those that contain phospholipids, DNA, or 

heparin (Kroll J., Laron J.,1976; Polz.E., 1979). β2GP-1 from the precipitated fractions of 

both human and bovine serum was bound and eluted from the immobilised Heparin 

Sepharose 6 fast flow column (Amersham Biosciences, Sweden) as per manufacturer’s 

instructions. The obtained protein was dialysed extensively with three buffer exchanges, 

using PBS. This purified β2GP-1 was bound to Carbolink Coupling gel, which was used as an 

affinity support, to purify anti β2GP-1antibodies from the polyclonal IgG (3.2.2.2) 

 

3.3.4 Western blot analysis of purified β2GP-1 from Human and Bovine Serum. 
 

Fractions obtained from the heparin sepharose column was mixed with equal volume of non-

reducing SDS sample buffer, boiled for 5 mins at 100oC and separated by SDS-PAGE on 7.5% 

gels. Gels were loaded with approximately 5ug of protein, quantified using Bradford’s assay. 

Anti β2GP-1antibody (Abcam, Cambridge) identified the 54kDa band of the purified β2GP-1.  
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3.3.5 CarboLink TM Coupling of purified β2GP-1 
 

CarboLink TM coupling gel was obtained from Pierce (USA) along with disposable plastic 

column. The column was packed with the Carbolink gel slurry as per manufacturer’s 

instructions and used to bind the purified β2GP-1. Glycoprotein is mixed with 10-20mM 

sodium Meta-periodate (oxidizing agent) in an amber vial with gentle swirling until the 

powder dissolves. The glycoprotein and sodium meta-periodate mixture was incubated for 30 

mins at room temperature and the oxidized protein is then applied on the desalting column, 

fractions are collected and loaded onto the prepared CarboLink TM column and allowed to 

gently mix with the side–to-side motion for 6 hrs at room temperature. This column was then 

washed with 3 bed volumes of the coupling buffer (0.1M sodium phosphate pH 7.0).  The 

A280 of the collected solution was recorded and compared with the original starting material to 

determine the coupling efficiency (FLOUstar Optima BMG LABTECH Germany). The 

β2GP-1-Carbolink column was then used to purify anti β2GP-1 antibodies from human serum. 

 

3.4 Affinity purification of Anti β2GP-1 antibody using CarboLinkTM coupling Gel. 
 

Protein G sepharose affinity purified fractions from APS patients (3.2.2.2) were loaded on the 

β2GP-1 coupled CarboLink column and allowed to flow through, followed by two washes 

with binding buffer 0.5ml each. The bound protein is eluted by applying glycine buffer 

(100mM, pH 2.5-3.0). Each fraction collected was immediately neutralized to pH 7.5, by 

100ul of 1M Tris. Pooled fractions were dialyzed using phosphate buffered saline (PBS), 

0.01M pH 7.2 at 4oC overnight, with a minimum of three buffer exchanges. The dialyzed 

protein was then analysed for Anti β2GP-1antibody titre by ELISA as above. 

However, β2GP-1 was successfully purified (figure 3.2 B) from both bovine and human 

serum, anti β2GP-1 IgG purified from the carbolink β2GP-1column, failed to demonstrate 

reactivity to β2GP-1in an ELISA method. Refinement to the technique to purify anti-β2GP-1 
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specific antibodies was further explored by purifying anti β2GP-1 antibodies specific to 

Domain 1 of β2GP-1.  

 

3.5 Affinity purification of antibodies using Domain 1 peptide sequence of β2GP-1 
 

 Antibodies binding to the domain 1 of β2GP-1 specifically react with the amino acid 

sequence G40-R43 (Ac-GDKVSFFSKNKEKKC-NH2) (de Groot., 2005). Strong correlation 

has been reported between presence of domain 1 recognizing antibodies and thrombosis 

(Inverson. G.M in 2002). A commercially formulated thiopropyl Sepharose 6B gel column 

covalently coupled with the G40-R43 peptide sequence was used (Mimotopes Pvt Ltd. 

Australia). Concentrated IgG solution (2ml) from APS patients was loaded on to the column 

and eluted using glycine HCl buffer 0.1M, pH 2.5. Eluted fractions were dialysed with three 

buffer exchanges using PBS (0.01M) pH 7.2. Anti β2GP-1 antibody titre was obtained by 

ELISA chapter 2 section 2.2 

Although various methodologies were undertaken to purify antibodies for generation of 

mouse model of APS, purified antibodies specific β2GP-1 failed to demonstrate reactivity to 

β2GP-1 in an ELISA method. Also, due to failure to obtain high expressing GR1D5, TM1B3 

monoclonal antibody clones, we resorted to the passive infusion of polyclonal antibodies 

derived from APS patients and normal human serum via i.p injection into naïve mice  

3.6 Murine model of aPL-ab induced Miscarriages  
 

Animal experiments were approved by the St Vincent’s Hospital Animal Ethics Committee 

(AEC -001/12) in accordance with the Prevention of Cruelty to Animals Act 1986, the 

NHMRC Australian code for the care and use of animals for scientific purposes 8th Edition 

2013. All experimental mice were kept on a standard laboratory diet with access to food and 

water and exposed to a 12h light dark cycle. BALB/C females (aged 8 -10 weeks) and C57 
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BL6 females (aged 8-10 weeks) were mated with isolated males. The presence of vaginal 

plug was defined as day 0 of the pregnancy. On days 8 and 12 of pregnancy mice were treated 

with intraperitoneal injections of normal polyclonal IgG and aPL-ab IgG purified from serum 

at 10mg dose.     

Mice were killed no later than day 15 of pregnancy, and uteri were dissected, and foetal 

resorption rate was calculated. Foetal resorption was defined as the reduction in the normal 

volume of formed foetus on macroscopic examination, and resorption frequency was 

calculated (number of resorptions divided by the total number of formed foetuses and 

resorptions) as described in figure 3.5 

  

3.7 Biochemical analysis of miscarriage related pathology. 
 

Resorbed fetuses are not suitable for immunohistochemistry or RNA isolation as it is dead 

tissue and the morphology of the resorbed fetuses on days 8-15 is completely disrupted. 

Therefore, in order to characterize molecular changes that occur due to miscarriages, pregnant 

mice were injected with a single dose of aPL-ab or Non-immune IgG. Deciduae were 

harvested 90 mins after the antibody injection, frozen in OCT (Optimum cutting temperature 

compound; Tissue tek, Sakura Finetek U.S.A., Inc) and cut into 5µ sections using Leica CM 

3050S (Leica Biosystems, Germany) and immunostained for the presence of tissue factor, 

complement component C3d and presence of 4-HNE, as mentioned in the chapter 2 section 

2.7 
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3.8 Results 
 

3.8.1 Detection of GR1D5, TM1B3 and FD2 monoclonal clones by ELISA and Western 
blotting   
 

Positive monoclonal clones from the polyclonal mass of GR1D5, TM1B3 and FD2 

hybridomas was detected by ELISA. Supernatants from the cultured cells were used to detect 

the anti β2GP-1 IgM reactivity in an Anti β2GP-1 in ELISA (Orgentec diagnostika. Germany). 

Figure 3.1 A shows reactivity of supernatants from two clones (1&2) of GR1D5, TM1B3 

(lanes 3&4) and from FD2 (lane 5) in an ELISA setting. Supernatants from GR1D5 and 

TM1B3 showed reactivity to β2GP-1, and a titre > 8 units was obtained. However supernatant 

from FD2, showed minimal reactivity to β2GP-1, and IgM titre was < 2units.  Further western 

blotting analysis of the GR1D5 and TM1B3 supernatants showed presence of a 54Kda band 

when probed with anti-mouse IgM HRP (Abcam, Cambridge), but FD2 supernatant showed 

no reactivity figure 3.1 B. 
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A 

  

Figure 3.1:  
 

B 

Figure 3. 1 Western Blotting and ELISA for detection of Anti β2Gp-1 antibodies in the 
supernatant of hybridomas  
Figure 3.1A. Presence of Anti β2Gp-1 IgM units / ml of supernatant was detected by ELISA 

method. lanes 1and 2 indicate the presence of Anti β2Gp-1 IgM in the GR1D5 hybridoma. 

Similarly, lanes 3-4 and 5 depict IgM units in supernatant tested from TM1B3 and FD2 

respectively.  

Figure 3.1 B: Westernblot probed with the anti-IgM HRP Lanes 1-2 show the presence of Anti 
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3.7.2 Purification of β2Gp-1 protein  
 

In order to obtain purified β2Gp-1 protein, for subsequent purification of anti β2Gp-1 specific 

antibodies, crude protein fractions obtained from both Human and Bovine serum 

(section3.3.1, 3.3.2) were separated on a 7.5% SDS-PAGE gel. Eluates obtained after 

perchloric acid precipitation of both Human and Bovine serum samples, before and after 

binding to the Heparin Sepharose column were loaded on to the gel. Coomassie blue staining 

showed the presence of a prominent 54kDa band in lane 2 and lane 4 (figure 3.2 A indicated 

with an arrow). Absence of the 54kDa band in the flow through in lanes 3 and 5 confirms the 

adsorption of β2Gp-1 on the heparin sepharose column. Detection of a strong β2Gp-1 band, 

in the adsorbed Heparin sepharose column resin by western blot analysis confirmed the 

adsorbed protein to be β2Gp-1 when probed with antiβ2Gp-1 antibody (figure 3.2b). 

Therefore, we were able to successfully purify β2Gp-1 protein from both human and bovine 

serum samples as reported by Guoping Cai.,1996 and Polz et al.,1979. 
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Figure 3. 2: Coomassie blue staining and Western blot analysis of β2Gp-1 
precipitated from human and bovine serum.  
Lane 1 – blank lane. Lane 2 –Crude preparation of protein from Human serum, after 
perchloric acid precipitation. Lane 3- Flow through fraction of crude lysate after Heparin 
Sepharose binding (human Serum), Lane 4 Crude preparation of protein from Bovine 
serum precipitated by perchloric acid. Lane 5 – Flow through fraction after Heparin 
Sepharose gel binding of bovine serum lysate. Molecular mass markers kDa are 
indicated on the left.  β2Gp-1 - 54-kDa band is indicated with an arrow. B) Western blot 
of eluted fractions from Heparin Sepharose column. Probed with antiβ2Gp-1 polyclonal 
IgG antibody conjugated to HRP: Lane 1 Eluted fractions (H- Eluted fraction from 
Human Serum, B – Eluted fraction from Bovine serum) from Heparin Sepharose 
column. Presence of a strong band confirms that the eluted protein from the heparin 
sepharose column is β2Gp-1. Arrow indicate the presence of a 54kDa band. 
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3.7.3 Western blot analysis of β2Gp-1 bound to CarboLink TM affinity column. 
 

In order to detect the effective binding of the purified β2Gp-1to the carbolink column, an 

SDS PAGE analysis was performed followed by a western blot analysis. As expected, a 

54kDa band of anti β2Gp-1antibody detected, by using secondary antibody conjugated to 

HRP in both human and bovine purified proteins (figure 3.3 B) from human and bovine 

serum (figure 3.3). Presence of a 54kDa band on Coomassie blue staining and strong 

reactivity of the antibody in western blot suggested the effective binding of β2Gp-1 to the 

carbolink column.  
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A 

B 

Figure 3. 3 SDS PAGE and Western blot analysis of the β2Gp-1 bound to the 
CarboLink gel. A – Commassie blue staining of carbolink coupled human and 
bovine β2Gp-1. Presence of a 54kDa band in indicated with a blue arrow. B) 
Probing with Antiβ2Gp-1 polyclonal antibody conjugated to HRP shows positivity 
of β2Gp-1 binding to the carbolink column 
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Although mouse models of aPL-ab miscarriages have been generated in the past using 

monoclonal antibodies (Blank et al., 1991, Piona et al., Meroni et al, Vogt et al., 1992-1994), 

initial experimentation undertaken in our hands failed to generate similar mouse model of 

miscarriages using monoclonal antibodies due to low antibody production by the hybridomas. 

Though we were able to detect the presence of anti β2Gp-1antibody by ELISA and western 

blotting (figure 3.1 A and B), we were unable to obtain a high expresser monoclonal clone of 

the hybridomas. Further, in a bid to refine the mouse model and use β2Gp-1 specific 

antibodies, we successfully purified β2Gp-1from human and bovine serum according to Polz 

et al 1979. Purified β2Gp-1    was covalently bound to a carbolink column to generate an 

affinity support, which would help purify anti β2Gp-1antibodies from patients’ serum. 

Affinity purification of anti- β2Gp-1 antibodies using the β2Gp-1 carbolink column (figure 

3.3) failed to yield an anti β2Gp-1antibody that could be detected by ELISA.  Similarly, 

purification of anti β2Gp-1 IgG using the Domain 1 peptide column as mentioned in section 

3.5 failed, as the purified IgG was not detectable in the commercially available Orgentec anti 

β2Gp-1 IgG ELISA.  Therefore, we decided to use the method that was developed by several 

groups and demonstrates the pathogenicity of aPL-ab in foetal loss in a reproducible manner 

(Branch DW.,1990; Piona A., 1995). This was obtained by purifying polyclonal IgG from 

APS patients and normal human serum used as controls. 
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3.8 Purification and characterization of polyclonal IgG from normal human serum and 
APS patients’ serum  
 

We utilized affinity chromatography, using Protein G sepharose column to yield IgG fractions 

from both normal human serum and APS patient’s serum. Figure 3.4 shows the SDS-PAGE –

Coomassie analysis of the purified IgG fractions, 5 µg of purified protein loaded on to a 10% 

SDS-PAGE under reducing conditions. Both preparations show a single major band at 50kDa 

and 25kDa suggesting the presence of IgG heavy chains and light chains. Protein 

concentration was determined by Bradford’s assay  

 

  

 

 

 

 

 

Figure 3. 4 SDS-PAGE analysis of pooled IgG fractions from Hi-Trap 
Protein G affinity: IgG preparations from APS patients and normal human 
serum, separated under reducing conditions on 10% SDS page. Equal amount of 
protein was loaded on to the gel, molecular weight markers are indicated on the 
left of the gel. 
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 All antibody preparations were sent to St Vincent’s Department of Pathology, where the 

ELISA for the detection of anti β2Gp-1 antibody titre was performed. Normal Human IgG 

was < than 5 IgG (U/ml), whereas IgG purified from patient’s serum had an antiβ2Gp-1 

antibody titre > 8 GPU/ ml. The total amount of IgG to be injected in naïve pregnant mice 

was chosen based on preliminary work done by (Branch.D. W; Preingali et al), 10mgs of 

protein was prepared by diluting in PBS. 
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3.9 Murine model of miscarriages  
 

In order to induce aPL-ab related fetal loss in mice, pregnant mice were treated with 

intraperitoneal injections of aPL-IgG (10 mg), control human IgG (10 mg) or saline on days 8 

and 12 of pregnancy as described previously (Branch D.W.,1990; Salmon J., 2006). 

Examination of uterine contents on day 15 for the presence of live and/ or resorbed foetuses 

revealed that treatment with aPL-IgG caused increase in the fetal resorption frequency, when 

compared to the mice injected with control IgG and saline solution. Figure 3.5 shows non-

pregnant uteri and the uteri from day 15 of pregnancy. Presence of normal sized amniotic sacs, 

in panel B and C suggest morphologically normal forming foetuses, while the uterus of the 

mice that received aPL-IgG (panel D) shows resorbed foetuses.  
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Figure 3. 5 Uteri from pregnant and non-pregnant mice injected with antibodies 
and saline. Representative uteri of non-pregnant mice. Uteri of day 15 of 
pregnancy- b) pregnant mice injected with saline. C) Mice injected with 10 mg of 
purified IgG from normal human controls. Both saline and non-immune IgG injected 
mice show 7-8 fetus formation, larger fetuses and no resorptions, as well as and 
normal appearing decidual formations. D) Shows uteri of mice injected with aPL-ab 
(10mg), effect of aPL-ab on pregnancy is indicated by red arrow, showing resorbed 
foetus. Data are representative of observations in five to seven mice in each 
experimental group. 
 

A 

B 
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3.10 Different mouse strains have different resorption rates  
 

In order to test our hypothesis regarding the effect of purinergic signalling on the outcome of 

apl-ab induced miscarriages, it was necessary to generate mouse model of miscarriages. Our 

laboratory had gene-modified mice with specific alterations in the capacity to hydrolyse 

ATP/ADP and generate adenosine on different backgrounds. Established colonies of CD39-/-, 

CD73-/-, A2AR-/- mice were on the C57Bl/6 strain, whereas CD39 TG mice on BALB/c 

strain with global over expression of CD39 activity. We generated mouse model of aPL-ab 

miscarriages in both C57Bl/6 and BALB/C wild type mice.  

On day 15 of pregnancy examination of the uteri of pregnant C57B/L6 mice showed average 

formation of 8-12 foetuses. Saline and Non-Immune IgG injected mice had intact formation 

of amniotic sacs where as in the aPL-ab injected mice out of the 46 total foetuses formed only 

2 were resorbed (n=5-7). Pregnant BALB/c mice showed presence of 6-10 amniotic sacs 

formed on day 15 of pregnancy. In contrast to C57BL/6 mice, BALB/c mice injected with 

aPL-ab IgG had 21 resorbed foetuses out of the 51 total foetuses formed (n=7) and whereas 

Non-Immune IgG injected mice had 78 total foetuses formed out of which 16 were resorbed. 

Saline injected mice had 47 foetuses formed out of which four were resorbed (n=6).  Passive 

transfer of IgG from women with recurrent miscarriage and APS increased the resorption 

frequency to 40% as compared to 20% of foetal resorption frequency in mice treated with IgG 

from healthy individuals.  
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Figure 3. 6: Resorption frequency in C57BL/6 and BALB/c mice injected with aPL-
ab, Non-Immune IgG and Saline as control A) C57BL/6 mice are resistant to 
miscarriages when injected with aPL-ab- Pregnant C57Bl6 treated with Saline, NH-IgG 
contained macroscopically normal forming foetuses, and no resorptions were observed 
in the amniotic sacs. Mice injected with aPL-IgG had 5% resorbed foetuses, which was 
not statistically significantly higher than control groups. Treatment with Saline and 
Non-Immune IgG did not affect pregnancy outcome. Data are expressed as mean ± SEM.  
Figure 3.6 B): BALB/c mice are more susceptible to aPL-ab induced miscarriages - As 
compared to C57BL.6 mice, treatment with aPL-IgG in pregnant BALB/c mice caused an 
increase in fetal resorption as observed on day 15 of pregnancy (aPL-ab injected mice versus 
Non-Immune IgG injected mice (*p<0.05). Though there was no statistical difference 
observed between saline and Non-immune IgG treatment groups, mice in the Non-immune 
IgG injected group showed an increase in the resorption frequency to 20%. Data are 
expressed as mean ± SD. *=p<0.05 (unpaired student’s t-test) 
 

  

B) A)
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3.11 Characterization of pathways mediating aPL-ab induced feotal loss 
 

It was difficult to perform immunohistochemistry studies or obtain mRNA from foetuses 

resorbed at D15. Hence, an alternative strategy was devised to allow sufficient time for APS-

dependent processes to occur yet keeping the foetal tissues intact for analysis. Pregnant mice 

were injected with a single dose of aPL-ab and Non-immune IgG on day 8 of pregnancy. 

After 90 mins, the placenta was harvested for immunohistochemistry and real time qPCR 

analysis to detect proinflammatory markers such as, TNF-α, IL-6 and also assess expression 

of Tissue factor. Complement deposition and Lipid peroxidation was detected using 

Immunohistochemistry chapter 2 section 2.7.3  

 

 

 

Figure 3. 7: Schematic representation for detection of miscarriage related 
pathology in Day 8 pregnant mice.  
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3.12 Effect of aPl-ab on purinergic pathway. 
 

3.12.1 Alteration in the expression of mCD39, mCD73 on mouse placenta in BALB/c 
and C57BL/6 mice post aPL-ab and non-immune IgG injection  
 

In order to study the effect of aPL-ab on the modifiers of purinergic pathway, decidua’s 

isolated from pregnant BALB/c and C57BL/6 mice on day 8, 90 mins post aPL-ab, normal 

Immune IgG and saline injections. Real time QPCR analysis was performed to detect the 

expression levels of mouse CD39 and CD73 in the placenta. BALB/c mice (Figure 3.8 panel 

A and panel B) shows the significant decrease in the expression of CD39 on the decidua after 

aPL-ab injection, as compared to the saline and Non-immune controls (p=0.0496) (n=4 in 

each group), which correlates with increased foetal resorption rates in aPL-ab injected mice. 

Panel B shows a trend towards reduced mCD73 expression, in mice injected with aPL-ab as 

compared to the markedly higher mCD73 expression in saline injected mice. No significant 

difference was observed in the CD39 and CD73 expression in C57BL/6 mice between 

different treatments (Figure 3.8 panel C & D) this observation correlates with the overall 

resistance of the mice strain towards aPL-ab induced miscarriages in our hands.  
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Figure 3. 8: Altered expression of CD39, CD73 on mouse placenta on Day 8 placentae 
in aPL-ab injected mice.  RNA isolated at day 8 from placenta of mice treated with aPL-
ab, Non-Immune IgG and saline mice. Panel A&B show expression of mCD39 and CD73 
in BALB/c and Panel C &D show expression of CD39 and CD73 in C57BL/6 mice. Data 
expressed as mean ± SD, relative to GAPDH mRNA. *P<0.05; n=6 in Each group, ns – 
not significant (one-way ANOVA, with Uncorrected Fishers LSD post hoc analysis). 
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3.12.2   Expression of Adenosine receptors on murine placenta post aPL-ab injection. 
 

RNA was isolated from placenta of BALB/c and C57BL/6 mice on day8, as previously 

described (3.15.1) Adenosine A1, A2a, and A2b receptor expression was quantified by qRT-

PCR and corrected to the housekeeping gene GAPDH expression.  

BALB/c (figure 3.9panel A, B and C) mice injected with aPL-ab showed significantly higher 

expression of mA1 receptor on the placenta as compared to mice injected with Non-immune 

IgG and saline. Though there is increase in the expression of A2a and A2b receptor in aPL-ab 

injected mice, no significant difference was observed between mice in different treatment 

groups albeit saline injected mice that show the least foetal resorption rates have a 

significantly lower expression of mA2b. 

In C57BL/6 (panel D, E, F) expression of Adenosine receptors A1, A2a, and A2b relative to 

mGAPDH expression remained unaltered in mice injected with aPL-ab compared with saline 

and non-immune sera injected mice. Data are expressed as mean ± SD, relative to m GAPDH 

expression. * P<0.05, ** P< 0.005, ns- not significant (one-way ANOVA with uncorrected 

Fishchers LSD post-hoc analysis). 
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Figure 3. 9 Expression of adenosine receptors in placenta isolated from 
BALB/c and B.6 mice 90mins post treatment. RNA isolated from placenta at day8 
from BALB/c (A, B, C) and B.6(Panel D, E, F) mice, treated with aPL-ab, 
Nonimmune IgG and saline were analysed by qRT-PCR for relative expression of 
A1R, A2AR and A2BR genes. Data expressed as mean ± SD. *P≤0.05, **P≤0.001 
ns – not significant n =5 in each group. 
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3.13 Tissue factor expression by immunohistochemical analysis and real time PCR.  
 

In order to determine the important pathogenic markers of aPL-ab induced miscarriages, 

Tissue factor expression was detected using immunohistochemistry and Real time PCR 

analysis on the decidua’s injected with aPL-ab and Non-immune IgG 90 mins after the single 

injection. Staining with antibody against murine tissue factor revealed extensive tissue factor 

expression within BALB/c mice decidua, injected with aPL-ab as compared to mice injected 

with normal immune IgG. Real time PCR analysis using primers specific for murine tissue 

factor corroborates the immunohistochemistry studies, where in significantly increased 

expression of tissue factor was noted in foetuses exposed to aPL-ab as compared to saline and 

non-immune IgG controls. 

Evaluation of foetal tissues revealed that C57Bl6 mice are relatively resistant to tissue factor 

deposition; these findings are in correlation with the observation, that in our mouse model, 

C57BL/6 mice were resistant to aPL-ab induced miscarriages, as compared to the BALB/c 

mice (data in the earlier section)  
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Figure 3. 10 Detection of tissue factor expression using immunohistochemical 
analysis and Real Time PCR: Representative serial sections of day 8 placenta from 
BALB/c and C57BL/6 mice, injected with aPL-ab and Non-immune IgG. Magnification 
20X. (Ai & Aii) BALB/c mice and (Bi & Bii) C57BL/6 mice. The amount of tissue factor 
expression was significantly increased in BALB/c mice, after aPL-ab treatment (shown 
by brown DAB staining) (Ai) when compared to the Non-Immune injected littermates. 
Aii and Bii -Expression of tissue factor in BALB/c and C57BL/6 mice respectively, 
relative to GAPDHmRNA. Data expressed as mean ± SD. *P≤0.05, n=5 in each group,> 
ns – not significant 

Ai Aii 

Bi Bii 
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3.14 Increased Lipid peroxidation and complement deposition in BALB/C mice at 90 
mins post aPL-ab injection as compared to C57BL/6 mice.  
 

In order to determine complement activation as one of the important pathogenic markers of 

aPL-ab induced miscarriages, immunohistochemical analysis of day 8 decidua, 90 mins after 

a single injection of aPL-ab and non-immune IgG was performed. Staining with antibody 

against murine complement component C3d and revealed extensive deposition of C3d within 

the decidua of BALB/c mice injected with aPL-ab as compared to mice injected with normal 

immune IgG (figure 3.11 A). Similar analysis of C57BL/6 mice placenta, revealed C57BL/6 

mice are relatively resistant to complement component C3d deposition, post 90 mins of aPL-

ab injection (figure3.11 C) 

4-HNE-modified lipids as a marker of lipid peroxidation was observed in the placenta 

sections of both BALB/c and C57BL/6 mice 90 minutes post aPL-ab and Non-Immune IgG 

injections. Lipid peroxidation, which was observed via staining rabbit anti-HNE antiserum, 

exhibited remarkably increased HNE immunoreactivity in   WT BALB/c (figure 3.11 B) mice 

injected with aPL-ab as compared to the Non-immune IgG decidua.  

However, our analysis of the C57BL/6 (figure 3.11 D) deciduae revealed no alterations in 

complement deposition and lipid peroxidation with administration of aPL-ab when compared 

to the Non-Immune IgG treated mice. 
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Figure 3. 11: Determination of complement deposition and lipid peroxidation by 
Immunohistochemistry. Representative serial sections of fresh frozen placenta of 
BALB/c and C57BL/6 mice post aPL-ab and Non –immune IgG injections. 
Magnification X20. (A) and (B) BALB/c placenta and (C) and (D) C57BL/6 placenta 
stained with murine antiC3d and 4HNE 90 mins post aPL-ab or Non-immune IgG 
injection. BALB/c mice show increased deposition of complement component C3d 
when injected with aPL-ab as compared to Non-Immune IgG and to similar treatments 
in C57BL/6 mice. As is evident an exceptionally high amount of HNE staining (red) 
observed in panel B (aPL-ab) in comparison to Panel D (aPL-ab) injected mice. Sections 
were counterstained with Hoechst stain, which is a nuclear marker (White staining 
observed in the sections above) 
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3.15 Quantification of pro-and anti-inflammatory cytokine expression by real time PCR 
 

In addition to the detection of tissue factor expression, RT-PCR was performed to quantify 

the upregulation of cytokine response contributing to the pathogenic effect of aPL-abs. 

commercially available PCR probes were used to quantify expression of TNF-α, IL-6, IL-10 

was also studied using qRT-PCR in BALB/c and C57BL/6 mice. 

Basal expression of mIL-10 gene were similar in both BALB/c and B.6 mice, after saline and 

Non-Immune IgG treatments, but significantly higher expression was observed in mice 

treated with aPL-ab in both the strains. (Figure 3.12 A and D). In BALB/c mice significant 

differences were observed in mice treated with aPL-ab vs Non –immune IgG for mIL-10 gene 

expression (p=0.0093) and between Saline and aPL-ab injected mice (p=0.0261). These 

findings are in line with our observations of BALB/c mice being more susceptible to aPL-ab 

induced miscarriages. Though the basal expression of TNF-α in both the strain was similar, in 

aPL-ab treated mice, significantly higher expression was observed in mice treated with aPL-

ab in both the strains (p<0.05). In particular, it is interesting to note that BALB/c mice had an 

almost 2-fold increase in TNF-α expression as compared to the C57B.6 WT mice following 

the same treatment. 
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Figure 3. 12: Detection of anti-Inflammtory IL-10 and Pro-inflammatory TNF-α 
and IL-6 gene expression in various treatment goups in both BALB/c mice and 
C57BL/6 wild type mice. Significant results are indicated by (*) and were calculate 
using One way Anova (non-parametric test) was used to compare relative expression 
of the genes bet ween groups Data are expressed as mean ± SD.n=6 in each group * 
P<0.05, ** P< 0.005, ns- not significant 
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3.16 Discussion  
 

Antiphospholipid syndrome is characterised by clinical thrombosis and recurrent pregnancy 

loss. Presence of high levels of antiphospholipid antibodies has been linked to placental 

failure, leading to foetal loss in APS (Stephenson.M.D., 1994; Yetman.D.L., 1996).  

In order to address this, our first objective was to generate a mouse model of miscarriages that 

display pregnancy related complications mimicking human disease. This was primarily 

obtained using different strains; naïve WT BALB/C and C57BL/6 mice Since the final 

objective was to study the effect of over expression and deletion of CD39 and these mice 

were on different backgrounds 

Mouse models of aPL-ab miscarriages have been generated in the past using monoclonal 

antibodies (Blank et al., 1991, Piona et al., Meroni et al, Vogt et al., 1992-1994).  

At this step, the hybridoma cultures obtained were subjected to cloning by “limiting dilution” 

which ensures the differentiation of secretory clones from non-secretory clones. Initial 

western blot analyses showed the presence of anti β2GP-1 antibody in the supernatants of the 

hybridoma cells, which was further confirmed by ELISA (figure 3.1 A and B). Though this 

method provided an optimistic estimate of the monoclonality of the culture, our attempts to 

expand the clone to obtain significant amounts of antibody were unsuccessful. However, we 

suspect the reason for this failed expansion, could be due to the inherent limitations of the 

technique to obtain a high probability of monoclonality due to multiple rounds of subcloning 

and screening. Another factor for the failed expansion could be that the cells were unable to 

condition themselves to higher volume of the medium, and the secreted antibody is toxic to 

fragile cells causing total loss of the fusion product in vitro (Ahmed, S.A et al.,1981; Li, J 

etal.,2011). 

 

mIL-
10 

mIL-6 
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In vitro studies have shown that β2Gp-1 is a natural coagulation regulator circulating in the 

system. Whereas In vivo, β2Gp-1 is present on the placental trophoblasts surface (McIntyre, 

1992; La Rosa et al., 1994), and the induction of pregnancy complications leading to foetal 

loss by anti-β2-GPI antibodies in experimental animal models (Blank et al., 1994; George et 

al., 1998) suggested a role of anti-β2-GPI antibodies in obstetric APS.  

Failure of the initial experimentation to generate mouse model using purified monoclonal 

antibody due to insufficient antibody production, prompted us to use a secondary approach to 

generate miscarriages in mice using specific anti-β2-GPI antibodies purified from APS 

patients’ serum to model APS in mice. 

An attempt to purify antiβ2 Gp-1 specific antibodies was carried out using affinity 

chromatography. Purified human and bovine (figure 3.2 A and B) was covalently bound to 

carbolink column as described in 3.7.3.  Affinity purification of anti- β2Gp-1 antibodies using 

successfully generated β2Gp-1 carbolink column (figure 3.3) failed to obtain an anti β2Gp-

1antibody titre in an ELISA method. We suspect that the failure of this method could be due 

to low coupling efficiency of the immobilization method in our hands. Other factors such as 

contamination of the purified protein with primary amines and /or damage of the purified 

β2Gp-1 protein over time and storage conditions could have contributed to the lower 

efficiency of the affinity column to purify antibodies.  

Therefore, we decided to use a conventional model of APS induced miscarriages, developed 

by several groups, demonstrating the pathogenicity of aPL-ab in foetal loss in a reproducible 

manner (Branch DW.1990; Piona A., 1995). Passive transfer of polyclonal IgG purified from 

pooled serum of APS patients, who displayed clinical and serological characteristics of APS, 

and showed a high titre of antiβ2Gp-1 antibodies in ELISA, could induce foetal loss and 

growth retardation in mice (Branch.DW., 1990; Piona et al., 1995; Blank., 1991; Ikematsu.W 

et al., 1998). We therefore purified polyclonal IgG from APS patients and normal human 



162 
 

serum used as controls as seen in figure (3.4) 

In our work, we chose to generate aPL-ab induced miscarriages in two different strains of mice 

namely BALB/c and C57Bl/6. In our hands the BALB/c WT mice showed increased 

susceptibility to antiphospholipid antibody induced miscarriages; the resorption frequency was 

noted to be 3-fold higher than the saline injected littermate controls. It is important to note that 

our results are consistent with the observation demonstrated by Salmon etal.,2003.  However, 

C57Bl/6 wild type mice were found to be more resistant to passive transfer of aPL-ab induced 

miscarriages in our hands. The discrepancies between resorption frequencies in the WT 

BALB/c and WT C57BL6 mice can be due to inter-strain genetic variances that trigger diverse 

immunological responses in different pathophysiological states. Alterations in the H-2 genetic 

locus and H-2 associated genes in these two mouse strains mimic the differences found in 

humans (Ahmed SA.,1981). We suspect that the genetic diversity between these two strains 

contributes significantly to their susceptibility to autoimmune disease. Further C57BL/6 mice 

strain has been known to reflect wider resistance to the induction of autoimmune diseases 

compared to BALB/c mice strain. Hence, majority of the experimentation has been done 

utilising the BALB/c mice to study APS – related miscarriage pathology.  

Investigations into the mechanisms of pregnancy loss in women with aPL Ab’s, showed 

complement activation is a necessary in vivo intermediary step for the clinically relevant 

deleterious effects of aPL Ab’s on endothelial and inflammatory cells, platelets, and 

trophoblast cells (Girardi.G.,2003). In addition to complement activation, aPL-ab induce 

placental injury through inflammatory pathways and oxidative stress, which are known to link 

pathogenic IgG to overt clinical disease. Tissue factor is also known to contribute to the 

Thrombotic state in this syndrome (Ch López-Pedrera.,2006). A potential interplay between 

complement activation, coagulation processes, and inflammatory response leads to APS 

driven pregnancy complications, (Cudrado et al.,1997; Pirregali., S;2002). Our findings are in 



163 
 

agreement with these, where in pregnant BALB/c mice show higher expression of tissue 

factor and complement deposition on aPL-ab injections as compared to the non-Immune IgG 

injected mice (figure 3.9 a and b) however this did not appear to be the case in C57BL/6 mice. 

Various studies have shown that oxidative stress is directly involved in the pathophysiology 

of both APS and SLE. In APS setting anti β2GP-1 antibodies are known to cause causing 

mitochondrial dysfunction, accompanied with ATP depletion, oxidative stress, abnormal 

activation (Perl A.,2010). Oxidative stress is known to be one of the pathological agents of 

recurrent pregnancy loss in APS. Increase in the HNE staining in the decidua of BALB/c 

mice injected with aPL-ab, correlates with the higher resorption frequency in mice with aPL-

ab injections as compared to the non-Immune injected or saline injected mice. 

Nucleotide-mediated signalling is important in the regulation of human placental circulation. 

This is proven by reports documenting the presence of extracellular ATP hydrolysing 

enzymes on the syncytiotrophoblast cells of human placenta (Anand et al.,1996, Brunette et 

al., 1995, Matsubara et al.,1987, Seida et al.,1980, Treinen and Kulkarni.,1986a, 1986b, 1987, 

Valenzuela et al.,1996, Whitsett andWallick.,1980). Activated endothelial cells release ATP 

(Dubyak and el-Moatassim 1993, Ralevic and Burnstock 1998), and the extracellular levels of 

nucleotides are strictly regulated by regulated via the presence of NTP/Dase 1 CD39, CD73 

and the presence of adenosine receptors (Enjyoji et al., 1999). In the context of 

antiphospholipid antibody syndrome, it is plausible that dysfunction in the purinergic axis 

may contribute to pregnancy complications. Further, it is known that, extracellular ATP and 

adenosine are in a delicate balance and tightly regulated by the enzymes CD39, alkaline 

phosphatase, CD73, and ADA to maintain normal pregnancy (Enjoyji et al., 1999). In 

antiphospholipid syndrome circulating aPL-ab actively increase platelet and endothelial 

activation and systemic inflammation (Harris.N.,2002; Girardi.G.,2008) triggering rapid 

change in the pericellular concentrations of purines in the proximity of endothelial cells and 
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immune cells such as monocytes and leukocytes. Changes in the CD39 and CD73 levels on 

the endothelium are known to orchestrate leukocyte and monocyte trafficking to the surface 

of the endothelium upon stimulation (Linden.J.,2006; Eltzchig .HK.,2004). This is supported 

by the observation that mice deficient in CD39 and CD73 display an increase in the adhesion 

of leukocytes to the vascular endothelium (Dwyer KM., 2007; Eltzchig .HK.,2004; Petrovic-

Djergovicetal., 2012; Takedachi.M.,2008). In order to demonstrate the effect of aPL-ab 

induced pregnancy outcome   and modulation of purinergic signaling molecules, mice with 

genetic modifications in genes that control the purinergic signaling provide an excellent 

model to address these questions. Our first objective was to study the effect of polyclonal 

aPL-ab, on the expression of CD39, CD73 and Adenosine receptors in pregnant mice. Results 

of our initial experimentation suggests that infusion of aPL-ab, in BALB/c mice does lower 

CD39 expression on the placental surface on day 8 of pregnancy (figure3.8 A and B) where 

as no change in observed in the C57BL/6 mice (figure 3.11). Therefore, there is a correlation 

between CD39 expression and increased resorption frequency in BALB/c mice.  

It is not surprising that there was no significant change observed in the gene expression of m 

CD39 and mCD73 in the placenta of C57Bl/6 mice amongst various treatment groups, these 

finding’s correlate with mice C57Bl/6 mice being resistant to aPL-ab induced miscarriages. 

CD73expression remained unchanged in different treatment groups and across different 

mouse strains in our study.  

Various research groups reported the presence of A1, A2A, A2B and A3 adenosine receptors 

in the syncytiotrophoblast, endothelial cells and myo-/fibroblasts within the placenta 

Adenosine receptor mRNA expression of all four receptors has been reported to be higher in 

placentas of complicated pregnancies as compared to uncomplicated pregnancies (R.W. 

Powers., 2009). In our study, we evaluate the impact of adenosine receptor expression in 

murine placenta across various treatment groups in both strains. Our findings suggest 
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increased mRNA expression of mA1, mA2a, and mA2b receptors in the aPL-ab injected mice 

as compared to Saline and Non-Immune IgG groups in both the mice strains. C57Bl/6 mice 

show trending changes in the receptor expression on the surface of the placenta 90 mins post 

various treatments. However non-significant differences between various treatment groups 

(figure 3.9 D, E and F), does not preclude the need for further investigation into the mRNA 

expression of adenosine receptors at a more distal time point and at a different gestational age 

in pregnancy. 

On the other hand, BALB/c, show upregulation of the adenosine receptors A1, A2a and A2b 

post 90 mins of aPL-ab injections.  Significant difference was seen in the mRNA expression 

of mA1 receptor in BALB/c, 90 mins post aPL-ab injections as compared to Non-Immune 

IgG and Saline groups. Though the role of adenosine A1 receptor in aPL-ab induced 

miscarriages is unclear, activation of A1 receptors could lead to either an upsurge or a decline 

in the coupling efficiency of other receptors to their G proteins (LindenJ.,1991). 

Increase in the expression of adenosine receptor A2a has been implicated in disease activity 

in SLE patients (Katia Varani et al.,2016). Increase in the mRNA expression of A2a receptor 

after aPL-ab injection could support the hypothesis, that upregulation of A2a receptor could 

represent a compensatory mechanism to better counteract the inflammatory background in an 

APS condition. However, these results must be interpreted with caution as we cannot yet 

demonstrate change in the expression levels of the adenosine receptors at various murine 

gestational stages and distal time points post treatment.  

In summary, results in this chapter demonstrates the generation and mouse model of 

miscarriages and identifies the pathological agents like complement deposition, tissue factor 

expression, and upregulation of pro-inflammatory molecule, TNFα contributing to aPL-ab 

induced fetal loss. This chapter also describes the effect of aPL-ab on mRNA expression of 

components of the purinergic signalling pathway through Real time PCR method. In order to 
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obtain additional insights into the effect of purinergic molecule modulation on aPL-ab 

induced pregnancy loss, my next objective was to perform this study in various genetically-

modified mice and the results are described in the next chapter. 
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CHAPTER 4 

 

 

 

 

 

 

CD39 and CD73 activity protect mice 

against aPL-ab induced miscarriages 
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  4.1 Introduction 
 

  Purinergic mediators such as ATP and ADO, are the primary effectors of cellular and 

immune response. During an event of metabolic injury or a cellular insult, purinergic system 

creates an anti-inflammatory milieu. Nucleotide mediated signaling events are important in 

the regulation of human placental circulation, while plasma adenosine levels are important for 

circulatory and metabolic functions in the placenta (A. Kittle; S.C Robson.,2004). Adenosine 

levels are important to maintain fetal breathing movements and modulate placental blood 

flow to the fetus for growth and nutrient transport.  Several studies have shown presence of 

ATP diphosphohydrolase activity on the syncytiotrophoblast cell on human placenta (Anand 

et al., 1996; Brunette et al., 1995). NTPdase1/CD39 is the most dominant ectonucleotidase on 

the placental trophoblastic tissues converting ATP/ADP to AMP and CD73 is the enzyme 

responsible for the conversion of AMP to adenosine.  The action of CD39 and CD73 on the 

surface of placental tissue is regulated through type -2 purinergic G coupled protein receptor. 

P2Y1 receptors have been reported to be present in the invaginations of the endothelial cells, 

cytotrophoblasts and syncytiotrophoblast irrespective the gestational age of the placenta. 

Additionally, isoforms of CD39 generated by the alternative splicing of the pre-mRNA of 

CD39 have been stated to be present in the microvillus membrane of the syncytiotrophoblasts 

(Makita et al., 1998). 

 CD73 is widely expressed on leukocytes, including on Treg cells in mice but not humans 

(Deaglio et al., 2007; Dwyer et al., 2010; Kobie et al., 2006). CD73 is also known to play 

an important role in leukocyte trafficking (Thompson et al., 2004). Increased lymphocyte 

binding to the endothelium occurs due to rapid shedding of CD73 and clustering of LFA-1 on the 

lymphocyte surface (Airas et al., 2000).  

The expression of CD73 is dynamic and changes with pathophysiological conditions, being 

upregulated during hypoxia via HIF-1 (Synnestvedt et al., 2002). In humans and mice, 
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CD73 is expressed on surface of the trophoblastic cells and in the endothelial cells of the 

placenta and help maintain the homeostatic balance during pregnancy CD73 is known to 

play an important role in maintaining placental physiology and vascular function, It is also 

known to play a strategic role in immune cell function such as chemokine and cytokine 

secretions and generation of reactive oxygen species. CD73KO mice have been generated 

and extensively characterised. CD73KO mice have reduced systemic adenosine concentration 

(Peng et al., 2008) and have a pro- inflammatory phenotype, with increased endogenous 

VCAM-1 expression on endothelial cells and heightened susceptibility to vascular 

inflammation (Zernecke et al., 2006).  

A2a receptor is known as a predominant immune modulator, with adenosine/ inosine as the 

known purinergic ligands. This receptor is widely expressed in the trophoblastic cells, 

endothelial cells and fibroblasts in the placenta. Stimulation of A2a receptor stimulates, 

induction of regulatory T cells, reduced CD4+ Th1 and CD8+ TH1 cells expansion to 

alloantigen and inhibits Th-1 and Th-2 cell development and effector function amongst other 

functions (Zarek PE., Huang CT., 2008; Erdmann AA., 2005; Csoka B., 2008). The 

generation of A2Ako mice has proven the critical role of the receptor in regulation of 

immune response during a tissue injury or chemotactic stimuli (Chen et al., 1999; Ledent et 

al 1997). Bone marrow adoptive transfer studies revealed, the protective role of A2A 

receptor expression on bone marrow cells is important for tissue protection (Day et al,2005). 

Subsequent studies demonstrated that deletion of A2A receptors on bone marrow cells 

results in increase in the tissue damage in various models of tissue injury including heart, 

lungs ,intestine kidneys and spinal cord (Day et al ., 2003; Li et al., 2006, Naddem at al ., 

2007; Naganuma et al .,2006; Odashima et al.,2005; Okusa et al ., 2000,Theil et al ., 2005; 

Yang et al ., 2006; Yang et al . 2005) 
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 Signalling through the A2a receptor limits lymphocyte proliferation, adhesion and 

transmigration to extravascular sites (Yang et al., 2005). More over extracellular adenosine 

interferes with T lymphocyte proliferation and activation, Il-2 production and CD25 (IL-2 

receptor) expression, there by inhibiting all effector molecule function such as TNF-a, IFN-

g cytokine secretions (Bours et al., 2006; Huang et al., 1997; Koshiba et al., 1997) 

Adenosine signalling is tightly regulated in intensity and is intricately linked with nucleotide 

signalling and ecto-nuncleotidase activities. This is illustrated by the progressive 

upregulation of CD73 during prolonged inflammation, which allows accumulation of 

extracellular adenosine promoting protective immune response (Niemela et al., 2004). 

In this chapter, we hypothesize that alteration in the purinergic signaling molecules will 

modify the susceptibility of mice to aPL-ab induced miscarriages. We hypothesized that 

CD39 overexpression in the placental tissue.in conferring protection against aPL-ab induced 

miscarriages. Whereas dysfunction in adenosine generation on the surface of the endothelium 

can contribute to the pathogenic effect of aPL-ab induced pregnancy outcome. In order to 

elucidate the role of modulators of the purinergic signalling axis in aPL-ab induced 

miscarriages, we utilised mice that are we used genetically modified in adenosine generating 

molecules such as CD39Tg, CD39KO, CD73KO and A2AKO mice. This chapter explores 

the effect of aPL-ab on pregnancy outcome in these mice.  
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4.2 Results: 
 

4.2.1 Genotyping of mice that are modified for purinergic pathway.  
 

4.2.1.1 Detection of CD39- Transgene expression by Flow cytometry and Immuno 
histochemistry. 
 

In CD39 Tg mice, The H-2Kb promoter directs expression of MHC I molecules 

(Cowan.,2000) and results in widespread expression on tissue in addition to peripheral blood 

leukocytes (PBL) and platelets. Expression on PBL was analyzed by flow cytometry (Dwyer 

et al., 2006) and organ distribution of transgenic hCD39 was demonstrated by 

immunohistochemistry techniques. Immunohistochemical techniques were used to ensure 

adequate expression of the transgene on tissues in particular placenta of transgenic mice. 

Tissue from non-transgenic littermates were used as negative controls. The TG mice were 

bred in-house and have been backcrossed for more than 10 generations on the BALB/c 

background.  

  



172 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. 1: Detection of expression of Transgene by FACS and IHC  
a) FACS screening of TG mice -PBLs isolated from mouse blood were fluorescently labelled 
with FITC conjugated anti-hCD39 AB. CD39 Tg mice have higher expression of CD39, 
depicted by the shift in the fluorescent intensity upon FACS analysis. Representative 
histograms show WT (blue line) and TG (green line). B) Immuno staining of the placenta 
confirmed global expression of hCD39 derived by the H2Kb promoter. Brown coloration in 
placental tissue upon staining with hCD39 ab, and secondary staining with an HRP 
conjugated IgG antibody shows increased deposition of hCD39 is observed throughout the 
placental vasculature.  
  

a 

b 

BALB/c WT placenta CD39Tg placenta 
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4.2.1.2 Genotyping CD39 KO, CD73 KO and A2AKO mice by PCR 
 

CD39 KO mice were obtained from Prof. Simon Robson and bred on site. The CD39KO 

genotype was confirmed using PCR technique with the product detected at 3 kb using KO 

primers. Wild type (WT) genotype was confirmed with the detection of a 3kbp PCR product 

using WT primers. Heterozygous mice were identified by 3kb bands using both primer sets 

(fig 4.2.2 (A)). CD73KO mice were generated by breeding mice that were heterozygous for 

CD73. Absence of CD73 was determined by PCR with a product band at 964bp using KO 

primers (Section 2.3.2.3). Bands at both 344bp and 964bp identified mice heterozygous for 

CD73 (Figure 4.2.2 (B)). Mice heterozygous for the A2AR deletion were obtained from Dr. 

Jiang-Fan Chen (Boston University) and bred at the BioResources Centre. The A2ARKO 

status was confirmed by PCR with a product detected at 320bp using KO primers. WT status 

was confirmed with a product band at 180bp using WT primers. Mice heterozygous for 

A2AR were identified by the detection of 180 and 320bp bands using both primers set 

together (Figure 4-2.2 (C)). Genotyping – CD39 KO mice by PCR 
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Figure 4. 2:Detection of CD39 KO mice, CD73KO mice, A2AKO mice by PCR 
Genomic tail DNA was extracted and amplified separately with primers specific to detect the 
WT and KO gene allele. 

A) Primers detected the WT CD39 allele (upper panel) and the other set of primer detected 
the Neo cassette within the KO CD39 gene allele (lower panel). 

 
B) CD73 KO were detected with a 964 bp band, whereas the WT primers detected the 344bp 
band. 

 
C)  Each lane loaded on the gel contains a sample of PCR reactions using WT and A2ARKO 
primers, with expected products of 180bp and 320bp 

 
  



176 
 

4.3 Induction of aPL-ab induced miscarriages using mice genetically modified for 
components of purinergic pathway 
 

 In order to test our hypothesis of the role of purinergic signalling molecules in aPL-ab 

induced miscarriages, we used mice that are genetically modified for ecto-nucleotidase 

enzyme activity and A2A receptor. Pregnant CD39 –Transgenic mice on the BALB/c 

background and CD39 KO, CD73 KO and A2A KO mice on the C57BL/6 background were 

administered the purified aPL-ab from APS patients and IgG from normal human serum was 

used as control. Following the treatment of pregnant mice with purified antibodies on days 8, 

10 and 12 of pregnancy, the mice were euthanized on day 15 of pregnancy. Calculation of the 

resorption frequency revealed that mice overexpressing CD39 had lower fetal resorption rates 

on day 15 of pregnancy in comparison with the wild type controls. Resorption rate in CD39 

Tg mice was significantly reduced to 12 % as compared to the WT mice 40% when injected 

with aPL-ab (P=0.0008; n=5-10 in each group).  Whereas loss of CD39 enzymatic activity, 

resulted in increased susceptibility to miscarriages in CD39 KO mice on a resistant 

background (P=0.036; n=5-6 in each group). CD73 KO mice have a reduced systemic 

adenosine concentration and have a pro inflammatory phenotype (Peng et al., 2008). CD73 -/- 

mice had visually normal foetal formation, as per gestational period, but had increased rate of 

fetal resorption on day 15 of pregnancy on aPL-ab treatment. Normal immune response has 

been shown to be regulated by the A2A receptor (Koshiba et al.,1997; Apasov et al., 1995 

1997) thus making them a potential molecular target for immunomodulation. At the time the 

miscarriage model was established in the host laboratory, there was availability of an 

established line of A2A-/- mice which was confirmed by genotyping (figure 4.2.2C). Upon 

aPL-ab treatment A2A-/- mice showed increase in the rate of resorption, but were not 

statistically significant to WT mice figure 4.3 B.  
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Figure 4. 3: Resorption frequency calculations using mice that have been modified 
in proteins control nucleotide levels at different levels of purinergic pathway. 
A) CD39 over expression protects pregnant mice against aPL-ab induced miscarriages.  
 BALB/c mice with global transgene expression of CD39 subjected to passive transfer of 
aPL-ab show lower resorption frequency≈ 20% as compared to the WT genotype cohort mice 
≈ 40%. P=0.0008, (n=7-10) On a relatively protected C57BL/6 background, CD39-/- and 
CD73-/- mice treated with aPL-IgG show increase in the resorption frequency when compared 
to the non-immune IgG injected mice (n=5-6 in each group). A2A-/- mice, show an increase in 
the resorption frequency when injected with non-immune IgG and aPL-IgG, but no 
significant differences were observed when compared to age matched controls on an identical 
(C57BL/6 background.  Data is Mean±SEM. *=p<0.05; **=p<0.01, ***=p<0.005, 
****=p<0.001 (one-way ANOVA with Newman-Keul’s post-hoc analysis). 
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4.4 Expression of CD39 is inversely proportional to tissue factor TF expression in mice 
decidua  
 

To study whether CD39 exerts its protective effect by modulating TF activity after aPL-ab 

challenge, Mice were sacrificed after 90 mins of injecting the antibody and placental tissue 

harvested for tissue factor assessment by qRT-PCR and immunohistochemistry. 

mRNA expression analysis of decidua from aPL-ab injected CD39-/- and CD73-/- C57BL/6 

mice showed 1.6-fold and 2.4-fold increase in TF expression compared to aPL-ab-treated or 

nonimmune IgG-treated WT mice (Fig. 4.4 Aa). Consistent with the fore-mentioned strain 

differences, WT BALB/c mice challenged with aPL-ab demonstrated significantly elevated 

TF mRNA levels relative to non-immune IgG-treated mice (Fig. 2 b). CD39Tg mice showed 

reduced TF expression compared with WT BALB/c mice after both non-immune IgG and 

aPL-ab challenge particularly, with 6.3-fold lower TF mRNA levels after aPL-ab infusion 

(Fig. 2b). 

Immunohistochemical analysis of the placenta, when stained with mouse antiTF antibody 

showed considerable reduction in tissue factor expression in the placenta of CD39Tg mice on 

the BALB/c background (reduction in the brown coloration) (figure 4.4 A). Similarly, 

consistent with the real time PCR analysis findings CD39-/- and CD73-/- C57BL/6 mice 

showed more tissue factor expression in aPL-IgG injected mice when compared to non-

immune IgG injections (Bi and Biii). Though A2A-/- mice showed slight increase in the 

expression of tissue factor in the placenta of A2Ako mice (B iv) no statistical difference in 

the mRNA expression was observed in between aPL-IgG and non-immune IgG treatment. 
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Figure 4. 4: Tissue factor expression is augmented and correlates with resorption 
frequencies after aPL-ab challenge 
Representative serial sections of day 8 placenta from CD39 Tg (Ai) on the BALB/c and 
CD39-/-, CD73 -/-and A2A-/- mice (Bi)on the C57BL/6 background mice. Magnification 20X. 
CD39 Tg mice showed significant reduction in the TF expression upon aPL-IgG treatment as 
compared to the WT BALB/c mice (Aii) by RT-PCR analysis and immunohistochemically 
(Ai).  RT-PCR shows increased TF expression in aPL-ab administered CD39-/-, CD73-/-, mice 
relative to both littermates injected with non-immune sera and WT C57BL/6 mice Bii. A2A-/- 
show increase in tissue factor expression (increase in the brown staining) upon aPL-ab 
treatment, however RT –PCR analysis showed no statistical significance in the littermates 
injected with non-immune.  n=4-9; Data is Mean±SEM. *=p<0.05; **=p<0.01, ***=p<0.005, 
****=p<0.001 (one-way ANOVA with Newman-Keul’s post-hoc analysis).  
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4.5 CD39 levels regulate complement deposition in the deciduae of aPL-ab treated mice  
 

 We further assessed complement C3d immunoreactivity within the placentae as marker of 

inflammation. In preliminary experiments with WT mice we confirmed that, excessive 

complement activation occurs within the placenta of BALB/c aPL-ab treated mice, 90 mins 

post injection (day 8 of pregnancy) (figure3.11) C3d deposition was increased by aPL-ab 

treatment relative to non-immune IgG treatment in all groups except the CD39 transgenic 

mice. C3d deposition was most marked in aPL-ab-treated CD39-/- and CD73-/- mice as shown 

in figure 4.5 
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Figure 4. 5: Complement activation in the decidual tissue of CD39 Tg mice, 
CD39KO, CD73 KO and A2AKO mice treated with aPL-ab and Non-Immune 
IgG.Representative serial sections of day 8 placenta from BALB/c WT and CD39 Tg, 
and C57BL/6 WT and CD39KO, CD73 KO and A2AKO mice BL.6 background. 
Magnification 20X. As described in the figure section CD39 Tg mice on the BALB/c 
background showed the remarkably lower complement deposition relative to all other 
groups treated with aPL-ab and non-Immune IgG.  Sections were stained with antibody 
to murineC3d complement component. 
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4.6 Effect of purinergic regulators on lipid peroxidation in the context of aPL-ab 
induced miscarriages 

 

Oxidative stress is reported to be a causative agent in the pathophysiology of pregnancy 

complications associated with antiphospholipid syndrome. 4-HNE as a marker of lipid 

peroxidation was observed in wild type BALB/c mice treated with aPL-ab 90 mins post 

injection (shown in red). CD39 Tg mice appeared to have relatively less immunopositive 

staining upon aPL-ab treatment as compared to the WT littermate controls.  

However, 4-HNE immunoreactivity (shown in red) was upregulated in CD39-/- and but not 

CD73-/- mice in comparison to C57Bl/6 WT mice injected with aPL-ab. Our analysis of 

deciduae of A2AKO deciduae mice showed a slight increase in lipid peroxidation on aPL-ab 

injections as compared to the non-immune sera injected mice. (Figure 4.6) 
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Figure 4. 6: Effect of Purinergic regulators on lipid peroxidation in mice injected 
with aPL-ab IgG and nonimmune IgG- Representative photomicrographs of placenta 
on day 8 of pregnancy. Mice injected with Non-immune and aPL-ab IgG. Left hand 
panel shows mice injected with non-immune IgG and the right-hand side panel shows 
the aPL-IgG injected placental sections. All placenta was harvested 90mins post the 
injections, stained with anti 4HNE antibody (red), and counterstained with a nuclear 
marker (Hoechst; white).  
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4.7 Effect of purinergic regulators on pro-and anti-inflammatory cytokine expression in 

the placental tissue post aPL-ab treatment. 

Decidual expression of inflammatory cytokines was measured at the mRNA level by qRT-

PCR, 90 mins post aPL- IgG and Non-Immune sera treatments. PCR primers specifically 

designed to quantify expression of TNF-α, IL-6, IL-10 in mouse tissue were used for our 

analysis along m GAPDH as an endogenous control gene.  

TNF-α expression was unaltered in placentae from aPL-ab injected C57BL/6 WT mice but 

doubled in CD39-/-, CD73-/-   and A2A -/-mice relative to non-immune IgG injected controls 

(Fig. 4a). Consistent with the increase in the expression of tissue factor and complement 

deposition in the decidua from WT mice treated with aPL-ab. WT BALB/c mice treated with 

aPL-ab demonstrated significantly elevated (9.9- fold) TNF-α mRNA levels when compared 

to non-immune IgG injected control mice while, CD39 Tg mice showed suppression of the 

inflammatory response with no difference in TNF-α mRNA levels between the two treatment 

groups.  

Role of IL-10 has been well documented in aggraveating lupus/auto-immune diseases 

(Houssiau, F.A et al 1995; Lacki, J.,1997).  WT BALB/c mice demonstrated an elevation in 

IL-10 mRNA after aPL-ab infusion compared to non-immune IgG controls (figure Keeping 

in line with the the anti-inflammatory potential of CD39enzymatic action via ATP hydrolysis 

and adenosine signalling, we noted a significant reduction in IL-10 mRNA in aPL-ab-treated 

CD39 Tg mice compared to aPL-ab-treated WT mice. There was also a significant 2.4-fold 

(Fig. 4b) and 1.7-fold increase (Fig. 4c) in IL-10 expression in aPL-ab injected CD39-/- and 

CD73-/- mice relative to littermates injected with non-immune sera. 

It is also interesting to note that, IL-6 mRNA levels remained unchanged 90 min after aPL-ab 

infusion in CD39-/- and CD73-/- mice (Fig 4e). CD39 Tg mice showed an overall trend of 

reduction in IL-6 mRNA levels after treatment with aPL-ab or non-immune IgG, reaching 
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statistical significance only for the latter (Fig. 4f). Therefore, pro-inflammatory cytokine 

expression is diminished while anti-inflammatory cytokine expression is promoted in mice 

over expressing CD39.  
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Figure 4. 7: .Decidual cytokine expression is modulated by CD39 and CD73 
activities in mice treated with aPL-ab. (a) TNF-α expression was increased in CD39-/-

 ,CD73-/-and A2A -/-mice administered aPL-ab relative to non-immune IgG injected 
controls (b) WT BALB/c treated with aPL-ab showed markedly increased TNF-α mRNA 
levels when compared to non-immune IgG injected control mice. No difference was 
seen between the two treatment groups of CD39 Tg mice. (c) IL-10 mRNA levels were 
significantly increased in aPL-ab injected CD39-/- and CD73-/- mice relative to mice 
injected with non-immune sera and (d) IL-10 mRNA was reduced in CD39 Tg mice 
compared with WT BALB/c after aPL-ab infusion (e) IL-6 mRNA levels were 
unchanged in mice treated aPL-ab relative to non-immune IgG injected control mice but 
(f) significantly higher in aPL-ab injected CD39 Tg mice relative to non-immune IgG 
injected controls. n=4=7; Data is Mean±SEM. *=p<0.05; **=p<0.01, ***=p<0.005, 
(one-way ANOVA with Fisher’s LSD post-hoc analysis). 
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4.8 Discussion 
 

The main objective of this project was to look at the effect of purinergic modulators on aPL-

ab induced miscarriages. Experiments carried out, to generate mouse model of miscarriages 

and to study the pathogenic markers contributing to the mechanism of foetal loss have been 

described in the previous chapter. Given our interest in the possible effect of modulators of 

purinergic pathways on aPL-ab induced miscarriages, we used genetically modified mice to 

study the effect of purinergic modulators on aPL-ab induced pregnancy outcome.  

Nucleotide-mediated signalling is important in the regulation of human placental circulation. 

This is proven by reports documenting the presence of extracellular ATP hydrolysing 

enzymes on the syncytiotrophoblast cells of human placenta (Anand et al.,1996, Brunette et 

al., 1995, Matsubara et al.,1987, Seida et al.,1980, Treinen and Kulkarni.,1986a, 1986b, 1987, 

Valenzuela et al.,1996, Whitsett andWallick., 1980). The sequential actions of the vascular 

ectonucleotidases CD39 and CD73 generate adenosine from extracellular nucleotides under 

both basal and inflammatory conditions (Enjyoji et al., 1999).  In antiphospholipid syndrome 

circulating aPL-ab actively increase platelet and endothelial activation and systemic 

inflammation (Harris.N.,2002; Girardi.G., 2008) triggering rapid change in the pericellular 

concentrations of purines in the proximity of endothelial cells and immune cells such as 

monocytes and leukocytes. Transgenic mice expressing hCD39 either on the endothelium of 

the blood components were shown to have a modified haemostatic system with impaired 

platelet and whole blood aggregation and prolonged bleeding times. To date hCD39Tg mice 

have provided encouraging results in offering protection in mouse model of thrombosis and 

ischemia reperfusion injury, this protection is demonstrated to be critically dependent on 

adenosine (Dwyer et al., 2004).  
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In our studies, we looked at the rate of foetal loss in aPL-ab injected mice that overexpress 

CD39, and in mice that are deficient in CD39, CD73 and A2AR expression. Though the work 

carried out in the host laboratory using genetically modified mice on different backgrounds 

for example, hCD39TG mice on the BALB/c background where as the CD39 KO, CD73 KO 

and A2AKO mice are on the C57BL/6 background the results are compared to the wild type 

littermates’ controls. In this context we found that mice overexpressing CD39 had marked 

protection in aPL-ab induced miscarriages as compared to WT mice on the same genetically 

susceptible background, whereas abrogation of adenosine signalling in CD39 null and CD73 

null mice have shown heightened susceptibility to miscarriages in the relatively resistant 

C57BL/6 background. It is difficult to exclusively discriminate between the protective effects 

of ATP and ADP hydrolysis versus adenosine signalling. CD39 expression encompasses 

different cellular lineages, including B-lymphocytes, Langerhans cells, and regulatory T cell 

(Treg). These cells are known to play a crucial role in modulating an immune response by 

catalysing changes in the extracellular nucleotide triggered responses (Mizumoto.N.et al., 

2002). Decidual macrophages and regulatory T cells (Treg) are known to be critical for foetal 

tolerance and maintaining a homeostatic environment for normal foetal development. 

Upregulation of CD39 on the surface of Tregs might regulate the immune response by 

downstream production of adenosine, thus promoting immune tolerance of the foetus within 

the uterine microenvironment and could be crucial for maintaining successful pregnancies 

(Deaglio et al., 2007).  

Patients with APS have higher plasma levels of tissue factor, and higher TF expression on the 

monocytes with a strong correlation with thrombotic episodes. In our study, aPL-ab injected 

mice placental CD39 expression was inversely proportional to the expression of TF on day 8 

of pregnancy (fig: 4.4 A). These findings are consistent with our hypothesis that increase in 

the expression of CD39 with consequent increase in adenosine release contributes to the 
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antithrombotic effect of the endothelial cells of the decidua. In contrast, we also observed that 

in mice deficient in the adrenosergic axis, have increased expression of tissue factor upon 

aPL-ab IgG passive injections.  

Previously it has been shown that deletion of CD39 disrupts signalling via P2 receptor in 

CD39 null mice, resulting in platelet dysfunction and disordered thromboregulation 

(Feedholm BB., 1992). Further mice deficient in CD39 have demonstrate increased tendency 

for thrombosis in models of cardiac xenotransplantation (Enjyoji et al.,1999) and stroke 

(Pinsky et al., 2002). However, embryonic vascular development is normal in the CD39 null 

and CD73 null mice and basal plasma levels of nucleotides (ATP, ADP) and adenosine are 

comparable to the wild type mice. Both CD39-/- and CD73 -/- mice injected with aPL-ab, 

show increase in the resorption frequency and higher expression of tissue factor in the 

decidua of pregnant mice. One possible mechanism could be the failure of the critical 

endogenous anti-thrombotic mechanism that co-operates with aPL-ab IgG to cause disease 

phenotype on the resistant C57Bl/6 background. Other possible mechanism for this 

observation could be that the Tregs from CD39 null mice are in a consistent activated state 

with enhanced expression of CD25 and CTLA-4, suggesting aberrant purinergic signaling, 

resulting in the loss of any putative inhibitory adenosinergic loop (Deaglio et al., 2007).   

On the surface of the endothelium, CD73 promotes lymphocyte trafficking by acting as an 

adhesion molecule (Airas et al., 1997; Arvilommi et al., 1997). In a model of EAE, CD73-/- 

mice showed decreased leukocyte trafficking and fewer infiltrating cells in the central 

nervous system during inflammation (Mills et al., 2008). In line with the enzymatic activity of 

CD73, not only is cell specific expression of CD73 important in mediating disease, but 

absence of CD73 from the vascular endothelium induces a pro inflammatory phenotype 

(Petrovic-Djergovic et al., 2012).  
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Complement activation has been well documented, for its role in the pathogenesis of APS. 

Studies performed by Girardi and Salmon have shown that blocking of the complement 

pathway components has a protective effect on the pregnancy outcome in murine models of 

APS. Further it was also shown that treatment with sub therapeutic of unfractionated or low 

molecular weight heparin protects pregnancies from aPL-ab induced damage, by blocking 

excessive complement deposition in the placenta and not via preventing coagulation(Girardi 

et al ., 2003). In our study, CD39Tg mice have reduced complement activation compared to 

BALB/C wild type mice, upon aPL-ab challenge as determined immunohistochemically by 

staining for C3d complement component in the placental tissue. Conversely, abrogation of 

CD39 and CD73 in CD39-/-, CD73-/- mice resulted in an increase in complement deposition 

in mice injected with aPL-IgG, these findings are in line with the findings that mice 

overexpressing CD39 are protected against aPL-ab induced miscarriages, whereas CD39-/- 

and CD73-/- mice have heightened susceptibility to miscarriages. We speculate that, one 

possible explanation is dissipation of ATP and generation of adenosine in the 

microenvironment after aPL-ab stimulation in CD3Tg mice. Further, it has also been shown 

that hCD39 mice were substantially protected from thrombosis and survived longer in a 

mouse cardiac transplant model of vascular rejection (Dwyer KM et al .,2004). Under 

circumstances of vascular injury, as seen in hyper acute rejection (HAR) xenograft loss is 

associated with xenoreactive antibody deposition, complement activation, thrombin formation, 

and subsequent fibrin deposition and microvascular thrombosis (Robson SC.,1994). The 

study carried out by Dwyer K and Robson SC confirmed that CD39 overexpression was able 

to improve cardiac function by preventing complement induced endothelial activation and 

thrombosis. In a similar study, administration of exogenous apyrase has shown to prolong 

xenograft survival in small animal models of transplantation, however this protection could 

be attributed to the platelet antiaggregatory effects of CD39 (Plesner L.,1995., Robson SC., 
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1996). In contrast, cardiac xenografts from CD39 null mice in sensitized rats underwent 

hyperacute rejection at the same rates as the wild type mice. This effect was abrogated by 

administration of cobra venom factor (CVF), which depletes complement (Enjoyji.,1999). 

Though the CD39-/- and the CD39+/+ grafted hearts showed delayed rejection due to 

inflammatory processes independent of complement activation, these studies highlight the 

thromboregulatory potential of CD39 in a vascular injury setting. In our study, observations 

acquired warrant for a more detailed study on the protective mechanism of CD39 on 

complement mediated pathogenesis and pregnancy outcome in aPL-ab injected mice.  

During inflammation deregulated cytokine production, mediates microvascular thrombosis 

and organ damage.  Inflammatory cytokines such as IL-1β, TNF-α and IL-6, as well as 

immunomodulatory cytokines like IL-10 and TGF-β, have been identified to aide coagulation 

processes by enhancing the expression of tissue factor on endothelial cells and monocytes. In 

APS, abnormal synthesis of IL-10 has been reported to contribute to increase in the 

hyperactivity of the B cells, directly resulting in the surge of autoantibody production by the 

plasma cells (Heu, P., 2013). In NZB W/F1 “lupus prone “mice, neutralization with anti-IL-

10 antibody delayed the onset of autoimmunity in these animals (Heu, P., 2013), suggesting a 

relevant role of IL-10 in disease progression. Furthermore, increase in the IL-6 levels have 

known to exert systemic effect and arbitrate local inflammation. SLE patients known to have 

and increase in the circulating levels of IL-6, correlating with the disease activity (M. Linker-

Israeli, R. J.,1991. G. Grondal, I.,2000). Hyper activation of B-cells via IL-6, has shown 

strong correlation in the onset of autoimmune disease in murine lupus models (Kim, Ohl. 

2011). Conversely IL-6 deficient mice, MRL-Faslpr IL-6 −/− have shown delayed onset of 

lupus nephritis and prolonged survival at 6 months of age as compared to the control mice (H, 

Cash.,2010). 
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Real time PCR analysis carried out using mRNA isolated from placental extracts to detect the 

upregulation of pro inflammatory cytokines, showed that CD39 Tg mice has significant 

reduction in the expression of pro-inflammatory cytokines such as TNF-α and IL-6 upon aPL-

ab administration as compared to the wild type controls. CD39 Tg mice injected with aPL-ab 

had lower expression levels of anti-inflammatory cytokine IL-10 at 90 mins post injections as 

compared to the wild type BALB/c mice injected with same dose of aPL-ab.  TNF-α mRNA 

expression in CD39 and CD73 null mice showed a two-fold increase upon passive infusion of 

aPL-ab on day 8 of pregnancy as compared to the C57Bl/6 wild type mice.    

Work carried out in the host laboratory using CD39 transgenic mice, have shown that these 

mice are protected in mouse model of diabetes (Chia et al.,2013), further it was also shown 

that the expression of CD39 on the tissues was sufficient to confer protection in these mice. In 

the similar study it was also shown that mice lacking CD39 showed rapid onset of diabetes, 

with higher overall incidence compared to the wild type mice. In mouse model of 

preeclampsia studied by Mcrea JL., 2013, CD39 Tg mice showed lower SBP (systolic blood 

pressure) as compared to the wild type mice. We speculate that, though CD39Tg mice have 

selective partial CD4 + T cell lymphopenia and the residual T cells are hypo proliferative 

(Pommey S.,2012), expression of CD39 on the placenta enhances the adenosine generation 

and tempers the host immune response. However, it remains to be proven, whether there is an 

increase in the circulating levels of cytokines and that if the cytokines are produced by 

maternal or fetal cells. Further, in support of the protective role of CD39, it is shown that 

microparticles isolated from CD39-/- mice promote a pro-inflammatory and a prothrombotic 

response from endothelial cells with secretion of TNF-α and vWF in vitro. In addition, P2Y2 

receptor stimulation on eosinophils by ATP, promotes the release of IL-6, while ATP 

promotes the secretion of IL-10 from monocyte –derived dendritic cells (Jacob, F., 2013). 
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Our data supports the role of ATP hydrolysis and adenosine signaling in the suppression of 

IL-10 production, which contributes in part to the protection observed in the CD39Tg mice. 

Oxidative stress has been suggested to play a fundamental role in the pathogenesis of APS. 

Complement activation feeds back into the thrombotic cascade, by activating the maternal 

derived leukocytes to express tissue factor. Tissue factor expression initiates superoxide 

generation by the leukocytes, which contributes to decidual inflammation and foetal 

resorption (Redecha. P.,2007). Further aPLs also promote oxidative perturbations and 

mitochondrial dysfunction, which trigger an inflammatory overload and mediate endothelial 

dysfunction (Charakida M.,2009; Perez-Sanchez C.,2012). Perazzio et al. have shown that 

neutrophils from SLE and APS patients have an increased capacity to produce ROS. 

In our study, there was a distinct correlation between the lipid peroxidation detected and the 

foetal resorption frequencies in CD39 Tg mice when injected with aPL-IgG.  HNE-modified 

lipids were detected by immunohistochemistry and showed, absence of CD39-/- and CD73-/- 

resulted in increase in the lipid peroxidation in the deciduae of mice injected with aPL-ab as 

compared to the non –immune IgG. Conversely, CD39 Tg mice showed decrease in the lipid 

peroxidation on aPL-ab infusion as compared to the WT BALB/c mice. Although our data 

obtained at this stage is only qualitative and does not identity which cells types contain this 

lipid peroxidation adducts. The enzymatic actions of CD39 and CD73 on the surface of 

endothelium, cause rapid change in the pericellular concentration of purines influence the 

immune cell trafficking on the endothelial layer. Mice lacking CD39 and CD73 display and 

increase in the adhesion of leukocytes to the vascular endothelium (Dwyer KM, et al.,2007; 

Eltzschig HK, et al.,2004; Petrovic-Djergovic D, et al.,2012). Our observation is further 

supported by the concept that impaired adenosine generation in these knock out mice is 

associated with increased endothelial activation, monocyte recruitment, platelet aggregation 
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suggesting a critical role of these enzymes in the pathophysiology of vascular inflammation 

(Koszalka P, et al.2005; Koszalka P, et al.2006).  

The adenosine receptor repertoire has been defined at the transcript level within the placenta 

by several groups. Observation of the presence of P2Y1 receptor co-localized with CD39 in 

the caveolae of human placenta, and the presence of P2Y2 receptors in the synchiotrophoblast 

at full term pregnancy, may indicate the unique roles in the regulation of extracellular 

nucleotide concentrations inhuman placental tissues and consequent effects on vascular tone 

and blood fluidity (A. Kittle.,2004). In our studies we looked at the effect of aPL-ab in A2A -

/- and A2B -/- mice. At the time these studies were performed, genotyping experiments 

performed to identify A2B-/- mice, revealed mice received by the host laboratory were not 

pure knock out mice. Experiments performed with A2A-/- mice showed that, mice A2A-/- 

mice on C57BL/6 background are predisposed to miscarriages upon aPL-IgG injection. 

Though statistical difference on day 15 of pregnancy was not obtained between the mice 

injected with non-immune IgG and mice injected with aPL-IgG, mice injected with aPL-IgG 

did show an increase in the resorption frequency to 10% as compared WT mice on the same 

background which had resorption frequency of 5%. Immunohistochemical analysis for tissue 

factor expression in the placenta of mice injected with aPL-IgG revealed that mice had higher 

deposition of TF in the placenta, however the real time analysis of the tissue factor gene 

showed no statistical differences between the WT and the A2AKO. Similarly, complement 

deposition and lipid peroxidation studies revealed increase in deposition of complement 

component c3d and increase in the lipid peroxidation adducts in the placentae of mice 

injected with aPL-IgG, as compared to the mice injected with nonimmune IgG. Adenosine 

signaling via the A2A receptor has been shown to have anti-inflammatory effects (Sitkovsky 

and Ohta, 2005). Further, attenuation of macrophage proliferation through inhibition of 

macrophage colony-stimulating factor is due to signalling via the A2Areceptor (Xaus et al., 
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1999). Hasko and Grinberg at al have also shown that A2A signalling leads to down 

regulation of classical activation of macrophages by decreasing cytokines such as IL-12, 

TNF-α and reactive oxygen spices, while increasing the levels of IL-10 (Hasko et al., 2000a, 

1996; Grinberg et al., 2009; Kreckler et al., 2006). Cytokine analysis of the A2AKO mice, 

showed increase in the expression of IL-10 and TNF-α in mice injected with aPL-IgG as 

compared to the non-immune IgG injected mice. However, our findings suggest that A2A-/- 

mice, showed an increased susceptibility to aPL-ab induced miscarriages and an 

inflammatory response, though not statistically significant compared to the studies carried out 

in wild type or CD39 KO and CD73 KO mice.  

Comparisons between the expression levels of various adenosine receptors in the placenta of 

mice receiving aPL-IgG and non –immune IgG, revealed that CD39 KO and CD73 KO mice 

receiving aPL-IgG had statistically higher expression of adenosine receptor A1 as compared 

to the wild type control mice. Non –immune IgG injected A2AKO showed higher expression 

of A1 mRNA as compared to the aPL-IgG injected mice post 90minutes of injection. CD39 

KO mice showed upregulation in expression of A2A receptor mRNA as compared to the 

CD73KO and was statistically significant compared to the wild type littermate controls.  

Advance in understanding the role of A2Br receptor, indicated its growing evidence in the 

critical role it plays cancer, renal vascular and lung (Huang et al., 2016). The A2b receptor 

also mediates the release of pro-inflammatory cytokines from many tissues such as bronchial 

smooth muscle, intestinal epithelial cells and mast cells. Real time PCR analysis showed, 

CD73 KO mice has higher expression of the A2B receptor on the placenta, upon aPL-IgG 

injections as compared to the non-immune IgG injected mice. Statistically significant 

differences were obtained in expression levels of A2B mRNA transcripts between wild type 

mice and A2A-/- mice on aPL-IgG injections post 90 mins.  As mentioned in the introduction, 

the rationale behind carrying out this experimental work was to find the adenosine receptor / 
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receptors that could mediate inflammatory response in mice upon aPL-IgG stimulation.  

Although the results obtained in these experiments do not conclusively identify the role of 

any one particular adenosine receptor to maintain an anti-inflammatory milieu at the placental 

level upon aPL-ab treatment, we suspect a compensatory mechanism between various 

adenosine receptors to better counteract the disease pathogenicity.  Hence, further studies 

need to be performed a in order the access the levels of adenosine receptors at different 

maturation stages of pregnancy on treatment with aPL-ab. Supplementary work also needs to 

be done to understand the regulation of adenosine levels in pathological pregnancy from 

maternal or foetal side might play a role in the expression of adenosine receptors.  
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Women in APS are at a higher risk of thrombosis, due to circulating levels of aPL-ab. Anti 

β2GP-1 antibodies bind to the placenta is the main pathogenic target for binding of the. 

Studies have demonstrated that domain I of β2GP-1 harbors the main epitope for binding of 

the aPL-ab (Reddel SW., 2000; McNeeley et al.,2001), while conformational changes in the 

Domain V leads to anchoring of aPL-abs to various cell surface receptors (George J.,1998). It 

has also been found that changes in these epitopes can have a different function and 

biological effect in terms of antibody binding, explaining the heterogeneity of clinical 

presentation in APS (Katz, J.B.,1994; Chukwuocha, R.U.,2002). Several theories have been 

proposed by which aPL-ab exert their pathological effect. However, all theories unify 

suggesting that aPL-abs are known to impair placental function by inducing a 

hypercoagulable state, activating inflammatory pathways, disruption of trophoblast function 

and defective placentation. Presence of inflammation and complement, and tissue factor 

upregulation are the main primary features observed in obstetric complications (Viall CA., 

2015). APS patients have increased levels of C5a in the plasma (Grosso G., 2017). APS sera 

is known to induce leucokyte activation leading to tissue factor expression, as well as 

neutrophil activation n via the PAR-2 signalling leading to trophoblast injury, decidual 

inflammation and fetal resorption (Redeccha.P.,2007,2008).  

Extracellular purines (ATP, ADP, and adenosine) are important signalling molecules that 

mediate diverse cellular functions by binding to purine receptors on the cell surface. They 

have a profound impact on the thrombotic and inflammatory processes. ATP and ADP ae 

released by activated leukocytes, endothelial cells and platelets. The prominent effect of ATP 

on leukocytes is to stimulate chemotaxis, initiate inflammatory cytokine response and 

generate reactive oxygen species, all events serve to accelerate the inflammatory process. The 

most important role of ADP is to bind to the P2Y1 and P2Y12 receptor and mediate a positive 

feedback amplification of platelet aggregation initiated by several agonist (Yegutkin 
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GG.,2008). Extracellular ATP/ADP levels are tightly regulated by CD39 and CD73. In 

human vascular and placental trophoblastic tissue, CD39 is known to modulate ATP-

dependent trophoblastic functions (Kittle A.,2004). It is also the primary nucleotide –

inactivating enzyme on neutrophils, monocytes and some subsets of T and B-lymphocytes. 

Adenosine generated by the enzymatic action of CD 39 and CD73 interacts with various 

adenosine receptors such as A1, A2A, A2B, and A3. CD39 and CD73 are act as 

‘immunological switches’ that shift ATP- driven proinflammatory immune cells activity 

towards an anti-inflammatory and anti-thrombotic state mediated via adenosine generation 

(Eltzschig HK.,2013).  

The endothelial cells and syncytiotrophoblast cells of the placenta express all adenosine 

receptors and the expression is augmented during pre-eclampsia (Von Versen-Hoynck 

F.2009). Adenosine specially protects from APS mediated injury by supressing the 

production of pro-inflammatory cytokines IL-12 and TNF-α. Adenosine has also an anti-

coagulant function on monocytes and endothelial cells by suppressing the TF expression via 

interaction with A2A and A3 receptors. In vitro, Dilazep, an adenosine uptake inhibitor has 

also been shown to attenuate aPL-ab induced TF expression on monocytes by increasing the 

extracellular concentration of adenosine (Zhou H ., 2004). Thus, there is considerable merit in 

the study of CD39-CD73 axis promoting an anti-inflammatory and antithrombotic 

mechanism in protection against aPL-ab to cause disease.  

Several publications have investigated the involvement of the adrenosergic axis and 

gestational hypertension in preeclampsia. However, our results indicate a link between CD39 

and CD73 enzymatic activities forming an endogenous barrier against the deleterious effects 

of aPL-ab on the surface of endothelium.  Upregulation of CD39 on the surface of Tregs 

promotes immune tolerance of the foetus within the uterine microenvironment and could be 

crucial to maintain healthy pregnancies. Consistent with this finding a reduced capacity to 
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generate adenosine in the CD39-/- and CD73-/- mice was sufficient to trigger a higher rate of 

miscarriages in the relatively resistant C57Bl/6 strain. Conversely, over expression of CD39 

overexpression is distinctly protective against aPL-ab induced miscarriages. 

Our data does allow us to discriminate between the protective effects of ATP and ADP 

hydrolysis versus adenosine signalling, as our results indicate, CD 39 levels were inversely 

proportional to the decidual expression of TF.  
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