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General abstract
Anti-beta-2 glycoprotein 1 (β2GP1) antibodies, β2GP1 and platelets are key elements
responsible for recurrent vascular diseases in patients with antiphospholipid syndrome (APS)
and systemic lupus erythematosus (SLE). The immunocomplexes formed from the binding of
anti-β2GP1 antibodies to β2GP1 are believed to interact with the phospholipid membrane
and/or receptor(s) of platelets, causing excessive thrombus formation. Despite significant
research efforts, the exact mechanism(s) of interaction between anti-β2GP1 antibodies and
platelets remain unclear. Therefore, the overall aim of this thesis was to investigate the
mechanism(s) and effect(s) of interaction between anti-β2GP1 antibodies and platelets. This
investigation is key to understanding the pathophysiology, assisting the development of novel
biomarker(s) and treatment(s) for vascular diseases, particularly in APS and SLE.

Anti-β2GP1 antibodies bound to the membrane of platelets are hypothesised to affect
the collagen receptor, glycoprotein VI (GPVI), which mediates the initial adhesion of
platelets to injured blood vessel during clot formation. Three studies were performed to gain
further insight into how anti-β2GP1 antibodies, 1) affect collagen-induced in vitro platelet
aggregation, 2) induce shedding of the ectodomain of GPVI, and 3) bind/interact with GPVI.
These effects of anti-β2GP1 antibodies on platelets were tested with different types of antiβ2GP1 antibodies, including animal-derived anti-β2GP1 antibodies (mono- and polyclonal)
and APS/SLE patient-derived IgG fractions (containing anti-β2GP1 antibodies).

Light transmission aggregometry, an established model in our laboratory, was initially
used to investigate the effects of anti-β2GP1 antibodies on platelet aggregation activated by
collagen. The results showed that animal-derived anti-β2GP1 antibodies had a statistically
significant inhibitory effect (4-9%, P < 0.01) on collagen induced platelet aggregation
XVIII

compared to baseline control (i.e. no antibody). However, the isotype control antibodies
investigated in parallel produced similar inhibitory effect, suggesting this may not be specific
to anti-β2GP1 antibodies. Differences in the avidity and specificity of animal compared to
human antibodies could explain the non-specific effect of anti-β2GP1 antibodies. Therefore,
further aggregometry studies were conducted using APS/SLE patient-derived IgG fractions.
Similar to animal antibodies, the APS/SLE patient-derived IgG fractions demonstrated no
significant difference in their effect on collagen-induced platelet aggregation compared to
baseline and isotype controls. The collective data from both aggregometry studies indicate
that anti-β2GP1 antibodies do not affect collagen-induced platelet aggregation.

The effects of anti-β2GP1 antibodies may be masked by the strong collagen activation
signal and not assessed by in vitro aggregation of platelet-rich-plasma (PRP). Therefore, the
direct effects of anti-β2GP1 antibodies on collagen-mediated platelet aggregation were
investigated using a platelet activation marker, soluble GPVI (sGPVI). sGPVI is an
ectodomain of GPVI shed in response to platelet activation induced by ligands such as
collagen and anti-platelet antibodies. Enzyme-linked immunosorbent assay (ELISA) was
used to measure the concentrations of sGPVI in 1) platelet-poor-plasma from SLE patients
with/without anti-β2GP1 antibodies, and 2) healthy participant-derived PRP treated with
SLE-derived IgG fractions or animal-derived anti-β2GP1 antibodies. High concentrations of
sGPVI were found to be associated with the presence of anti-β2GP1 antibodies in SLE
patients. Yet, SLE-derived IgG fractions and animal-derived anti-β2GP1 antibodies did not
increase shedding of the sGPVI in healthy PRP. These results suggest that anti-β2GP1
antibodies do not affect platelets via GPVI. The high concentrations of sGPVI found in this
small cohort of patients may be due to other factors, i.e. elevated enzymatic activity of
metalloproteinases that increase shedding of sGPVI.
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Aggregometry and sGPVI studies were designed to test the functional effects of antiβ2GP1 antibodies on platelets, and not the interaction of anti-β2GP1 antibodies with platelets
before and after activation by collagen. Therefore, immunocytochemistry (ICC) staining was
used to study the binding of anti-β2GP1 antibodies to platelets. Two sets of PRP from healthy
individuals were treated with APS/SLE-derived IgG fractions. The first set was incubated for
5, 10 and 20 min without activation, while the other was activated by collagen after 10 min of
incubation. ICC stains showed that APS/SLE-derived IgG fractions had significantly higher
binding affinity to non-activated compared to collagen-activated platelets. The amount of
binding on non-activated platelets further increased with longer incubation time, suggesting
that the chronic exposure of resting platelets in patients with APS/SLE to anti-β2GP1
antibodies enhances the binding and effects of anti-β2GP1 antibodies. This increased level of
binding may be associated with a higher risk of thrombosis in APS/SLE patients. Though,
ICC stains used were not able to identify the exact receptor(s) or pathway(s) targeted by antiβ2GP1 antibodies.

Taken together, the results from three studies suggest that anti-β2GP1 antibodies bind
and interact with platelets, but have no effect on collagen-induced platelet aggregation.
Platelet aggregometry and sGPVI shedding studies demonstrated that animal-derived antiβ2GP1 antibodies and APS/SLE-derived IgG fractions do not affect GPVI receptors and
signaling pathways mediated by collagen. ICC staining showed that anti-β2GP1 antibodies
may sensitise and affect resting platelets. Since APS/SLE-derived IgG fractions contain a
heterogenous group of autoantibodies, efforts were made to purify anti-β2GP1 antibodies
with higher specificity. However, although anti-β2GP1 antibodies were isolated from one
patient, the yield was insufficient to further explore the effects of anti-β2GP1 antibodies on
platelets.
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Anti-β2GP1 antibodies are speculated not to be the main causative agent, but involved
in the two-hit hypothesis for the pathogenesis of APS and SLE. It is proposed that anti-β2GP1
antibodies may sensitise resting platelets asymptomatically after the 1st injury/hit of a blood
vessel. This sensitisation enhances the platelet aggregation and thrombus formation when
triggered by the 2nd injury/hit. The collagen receptor and associated pathways responsible for
platelet aggregation are not targeted by anti-β2GP1 antibodies. However, the activation of
other receptors and cascade of pathways by the initial collagen activation signal are
potentially affected by anti-β2GP1 antibodies that chronically bind to the surface of resting
platelets in patients with APS/SLE. Thus, the management of conditions which contribute to
the increased binding of anti-β2GP1 antibodies to platelets, or injury of blood vessel, may be
an alternative approach to minimise the risk of complications in patients with APS and SLE.

In summary, this thesis provides strong evidence that anti-β2GP1 antibodies do not
appear to interact, nor affect, the GPVI receptor in platelets. This outcome is based on
research conducted using a combination of research methods/techniques and types of antiβ2GP1 antibodies. The results also point towards the need for refining the focus of future
work to explore the mechanism of interaction between anti-β2GP1 antibodies and other
platelet receptors. The complex pathophysiology of anti-β2GP1 antibodies in APS and SLE
may be better resolved using the process of elimination to ultimately assist in the
development of novel biomarkers and treatments for vascular diseases in APS and SLE.

XXI

General introduction
Haemostasis is the physiological process that forms localised clots at injured blood vessels to
limit blood loss while maintaining normal blood circulation [1-3]. It is the result of an
equilibrium between activators and inhibitors, including cells (e.g., platelets), coagulation
factors (e.g., tissue factors), and fibrinolytic proteins (e.g., plasmin). Amongst these elements,
platelets are one of the most crucial components in the haemostasis system.

Platelets circulate in an inactive discoid shape to avoid activation when in contact
with the wall of blood vessel [4]. Activation begins once platelets adhere to collagen exposed
on the injured blood vessel via the glycoprotein (GP) VI receptor [5, 6]. Strong activation
signals from GPVI lead to the platelets’ shape change and secretion of agonists such as
adenosine diphosphate (ADP). These secreted agonists recruit and activate more platelets to
the site of injury, forming a stable platelet plug with coagulation factors and fibrin meshwork.
The process of haemostasis requires only a sufficient amount of platelet activation to form a
platelet plug [3]. Excessive activation and platelet plug rupture can form a thrombus that may
trigger a myocardial infarct or stroke, while insufficient activation leads to bleeding disorders.

Antiphospholipid syndrome (APS) and systemic lupus erythematosus (SLE) are
chronic autoimmune diseases associated with recurrent arterial and/or venous thrombosis [79]. Haemostasis in patients with APS and SLE is disrupted by a heterogeneous group of
antiphospholipid (APL) antibodies, including lupus anti-coagulant (LA), anti-beta-2
glycoprotein 1 (anti-β2GP1), anti-cardiolipin (aCL), and anti-prothrombin antibodies [10, 11].
APS can occur independent of, or secondary to SLE. More women are affected compared to
men (6:1 ratio), particularly those of child-bearing age [12, 13]. There is currently no cure for
APS and SLE. Patients can only manage the vascular diseases using primary (i.e. low dose
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aspirin and hydroxychloroquine) and secondary prophylaxis (i.e. anti-platelet agents and
anticoagulation with vitamin K antagonists) [14-17]. Thus, an understanding of the role of
APL antibodies in haemostasis is necessary for the development of treatments for thrombosis
in patients with APS and SLE.

Anti-β2GP1 antibodies are the focus of this thesis as they are the most clinically
significant APL antibodies subtype that are commonly associated with increased thrombotic
risk in APS and SLE [18, 19]. It is known that anti-β2GP1 antibodies dimerise β2GP1 to form
immunocomplexes [20, 21] which have been proposed to affect platelets and multiple cell
types, including epithelial and white blood cells [22-25]. However, despite extensive research
efforts [19, 22-27], the main cell type(s) and signaling pathway(s) responsible for the
pathogenicity of the anti-β2GP1 antibodies have yet to be determined.

Platelets play a major role in the regulation of haemostasis [3, 28]. Anti-β2GP1
antibodies are believed to affect platelet function, thus leading to excessive clot and thrombus
formation [19, 26, 27]. Multiple platelet signaling pathways (i.e. collagen, ADP and
adrenaline) have been investigated previously in platelet-rich-plasma (PRP) aggregometry
studies [19, 26, 27]. The effect(s) of anti-β2GP1 antibodies on platelets remain to be
determined as the results generated by previous studies were inconclusive. For example, our
group has previously demonstrated that rabbit-derived anti-β2GP1 antibodies enhanced
collagen-induced platelet aggregation [19]. However, no effects were shown using patientderived anti-β2GP1 antibodies in another study [27].

The current thesis therefore aimed to investigate the mechanism and effect of
interaction between anti-β2GP1 antibodies with platelets. It was hypothesised that the effects
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of anti-β2GP1 antibodies on stronger platelet activation pathways such as those mediated by
collagen were highly associated with an increased risk of thrombosis compared to the effects
of anti-β2GP1 antibodies on weaker, i.e. ADP- and adrenaline-mediated pathways [19, 26,
27]. Furthermore, the immunocomplexes formed (and possibly remained) on the anionic
surface of platelets [20, 29] were likely to affect the initial collagen-mediated activation
signal generated when platelets adhere to exposed collagen at the injured blood vessel. This
thesis hence only focused on the strong/main platelet aggregation mediated by collagen and
GPVI receptor. Five studies were carried out, with the following aims to:
1. Investigate the functional effect of anti-β2GP1 antibodies on collagen-mediated platelet
aggregation using light transmission aggregometry (Chapter 2 and Chapter 3).
2. Determine how anti-β2GP1 antibodies interact with platelets using immunocytochemistry
(ICC) staining (Chapter 3).
3. Determine the effect of anti-β2GP1 antibodies on the shedding of platelet GPVI receptor
using an enzyme-linked immunosorbent assay (ELISA, Chapter 4).
4. Purify APS and SLE patient-derived anti-β2GP1 antibodies using affinity purification
columns coupled with β2GP1 (Chapter 5).
5. Express recombinant full-length and domain I (DI) of β2GP1 using Escherichia coli to
assist the purification of APS and SLE patient-derived anti-β2GP1 antibodies (Chapter 6).

PRP-based light transmission aggregometry (Chapter 2 and Chapter 3) was used to
investigate the effects of anti-β2GP1 antibodies on platelet function as it is the historical
“gold standard” for investigating platelet function [30, 31]. It measures changes in the
turbidity of PRP after activation by an agonist/activator (i.e. collagen). However,
aggregometry can only monitor the functional effects of anti-β2GP1 antibodies on platelets
and is limited in its ability to investigate the binding and interaction between IgG fractions
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and platelets. Thus, platelets activated by collagen in the aggregometer were collected and
preserved in histology cell blocks to explore the binding of IgG on platelets using ICC
staining (Chapter 3). This approach also maximises the use of a sample as platelets are
normally discarded after being monitored in the aggregometer. Additionally, the effects of
anti-β2GP1 antibodies on the collagen GPVI receptor were investigated using ELISA which
measured the cleaved ectodomain of GPVI released after the activation of GPVI (Chapter 4).
This was investigated because anti-β2GP1 antibodies may activate and induce shedding of the
GPVI similarly to other antibodies against GPVI [32, 33].

Animal-derived antibodies and IgG fractions isolated from patients with APS and
SLE containing anti-β2GP1 antibodies were used to test the effects of anti-β2GP1 antibodies
on platelets. However, animal-derived antibodies may have different binding affinity
compared to purified human antibodies [34]. The previously reported effects of APS/SLEderived IgG fractions were possibly not due exclusively to anti-β2GP1 antibodies as the IgG
fractions contain other APL antibodies [10, 11]. Hence, this thesis attempted to purify antiβ2GP1 antibodies from APS and SLE patients using an affinity chromatography column
coupled with β2GP1 (Chapter 5), and to express recombinant β2GP1 in E. coli which can be
used to purify anti-β2GP1 antibodies with different specificity/targets on β2GP1 (Chapter 6).

The research described in this thesis is limited due to the use of PRP (containing
β2GP1 and platelets) from only healthy individuals, rather than patients with APS or SLE.
First, healthy individuals and patients with APS/SLE may have different conformations of
β2GP1: circular- and J-shaped, respectively [20]. Although circular β2GP1 can transform into
the J-shaped conformation to allow the binding of anti-β2GP1 antibody [20], whether such a
transformation may occur under the experimental conditions used in the present studies is not
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known. Next, platelets from patients with APS and SLE are potentially more reactive
compared to those from healthy individuals as the surfaces of patient-derived platelets are
believed to be sensitised by autoantibodies and type 1 interferon [35-37]. The current studies
did not employ patient-derived PRP and so the results generated are comparable with
previous investigations [19, 26, 27].

This thesis is presented as seven chapters which have been formatted as publications
according to the instructions for authors from Platelets (Appendix 1):
Chapter 1 is a literature review, summarising the current understanding of β2GP1, anti-β2GP1
antibodies, and platelets.
Chapter 2 describes the effects of animal-derived anti-β2GP1 antibodies on collagen-induced
platelet aggregation.
Chapter 3 describes an investigation of the effects of APS and SLE patient-derived IgG
fractions on collagen-induced platelet aggregation, and the interaction of these IgG fractions
with platelets.
Chapter 4 is a study of the effects of animal-derived anti-β2GP1 antibodies and APS/SLE
patient-derived IgG fractions on the shedding of GPVI receptor.
Chapter 5 and Chapter 6 are methodological studies describing the attempted purification of
anti-β2GP1 antibodies from patients with APS and SLE.
Chapter 7 contains the general discussion of the overall results of the thesis, tentative
conclusion and suggestions for further studies.
As the core content of this thesis is presented as a series of published, accepted, under review,
or in preparation journal articles, there is some unavoidable narrative repetition.

XXVI

Chapter 1.
Literature
Review:
β2GP1,
anti-β2GP1
antibodies and platelets: key players in the
antiphospholipid syndrome.
Short title: Key players in the antiphospholipid syndrome.
Yik C. Ho1, Kiran D. K. Ahuja1, Heinrich Körner2 and Murray J. Adams3
1
School of Health Sciences, University of Tasmania, Locked Bag 1322, Launceston,
Tasmania 7250, Australia.
2
Menzies Institute for Medical Research, University of Tasmania, Private Bag 23, Hobart,
Tasmania 7001, Australia.
3
College of Science, Health, Engineering and Education, Murdoch University, 90 South St,
Murdoch, Western Australia 6150, Australia.
Keywords: Anti-beta-2 glycoprotein 1 antibodies, beta-2 glycoprotein 1, platelet;
antiphospholipid antibody, antiphospholipid syndrome, systemic lupus erythematosus.

This chapter has been published in 2016 and updated upon submission of the thesis.
Ho YC, Ahuja KDK, Körner H, Adams MJ. β2GP1, anti-β2GP1 antibodies and platelets: key
players in the antiphospholipid syndrome. Antibodies 2016; 5:12.
The information in this chapter has also been presented orally in 2017.
Ho YC, Ahuja KDK, Körner H, Adams MJ. The traitor of the immune system: anti-β2GP1
antibodies. Rural health and collaborative research symposium, Launceston, Tasmania, 2017.

1

Abstract
Anti-β2GP1 antibodies are commonly found in patients with autoimmune diseases such as the
APS and SLE. Their presence is highly associated with increased risk of thrombosis and
other vascular diseases. Although they are a subtype of APL antibody, anti-β2GP1 antibodies
form complexes with β2GP1 before binding to different receptors associated with anionic
phospholipids on structures such as platelets and endothelial cells. β2GP1 consists of five
short consensuses repeat termed “sushi” domains. It has three interchangeable conformations
with a cryptic epitope at DI within the molecule. Anti-β2GP1 antibodies against this cryptic
epitope are referred to as ‘type A’ antibodies and have been suggested to be more strongly
associated with vascular diseases. In contrast, ‘type B’ antibodies, directed against other
domains of β2GP1, are more likely to be benign antibodies found in asymptomatic patients
and healthy individuals. Although the interactions between anti-β2GP1 antibodies, β2GP1 and
platelets have been investigated, the actual targeted metabolic pathway(s) and/or receptor(s)
involved remain to be clearly elucidated. This review will discuss the current understanding
of the interaction between anti-β2GP1 antibodies and β2GP1, with platelet receptors and
associated signaling pathways.
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Introduction
APL antibodies are a group of autoantibodies targeting different phospholipid binding protein
antigens. These autoantibodies include LA, aCL, anti-β2GP1 and anti-prothrombin antibodies
[7]. APL antibodies dysregulate normal cellular activities and are associated with recurrent
thrombosis (venous, arterial and microvascular), pregnancy complications (e.g., obstetric
failure,

pre-eclampsia

and

eclampsia)

and

non-specific

manifestations

(e.g.,

thrombocytopaenia, heart valve disease, chorea, livedo reticularis/racemose, and nephropathy
[38]). APL antibodies are also present in 1-5% of healthy populations, including children [39,
40]. These populations appear to be asymptomatic, since the autoantibodies are associated
with low reactivity [40].

Persistently high levels of APL antibodies, together with specific clinical
manifestations, are required for the diagnosis of APS and SLE [7]. APS can occur in isolation
or in association with underlying autoimmune diseases such as SLE. The Sydney criteria for
the diagnosis of APS [8] and Systemic Lupus Collaborating Clinics (SLICC) criteria for SLE
[41] recommend that three standard diagnostic assays (Table 1.1) are used to detect APL
antibodies. These diagnostic assays include two ELISAs that directly detect APL antibodies
binding to cardiolipin-β2GP1 complexes, or β2GP1 only. The third is a clotting assay which
indirectly detects APL antibodies by measuring their functional effects on the coagulation
system (LA activity) [7, 9, 39]. Although these assays detect overlapping subpopulations of
autoantibodies, their correlation with APS/SLE clinical manifestations can be varied. LA
assays are superior for detecting pathologic subpopulations of APL antibodies when the
quality of plasma is maintained [42]. ELISAs for aCL and anti-β2GP1 antibodies however,
are weakly associated with thrombotic complications. This may be due to poor
standardisation of assays, variable sources and integrity of β2GPI, the secondary calibration
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process and/or the assessment and derivation of cut-off values [43]. Consequently, a
combination of these tests is used to determine the clinical risk. Patients with persistently
high APL antibody titres (positive in ELISA) and positive LA activities on at least two
occasions, 12 weeks apart, are of higher risk of thrombosis [7].

Table 1.1. Detection of anti-phospholipid antibodies and their clinical significance.
Assays
LA

aCL

Principle
of Antibodies
detection
detected
Clotting assay
LA (mainly against
β2GP1 and
prothrombin)
Immunological aCL antibody
assay
(IgG, IgM, IgA)

Anti-β2GP1

Immunological
assay

Anti-β2GP1
antibody
(IgG, IgM, IgA)

Antiprothrombin

Immunological
assay

Anti-prothrombin
and antiphosphatidylserineprothrombin
complex

Clinical significance [8]
• Strong correlation with thrombosis [44]
and pregnancy morbidity [45].
• Weak correlation with thrombosis and
pregnancy morbidity [8, 46].
• Possible false positive in IgM assay
caused by rheumatoid factor or
cryoglobulins [47, 48].
• IgA assay only useful to identify patient
subgroups
with specific clinical
manifestations [8].
• Independent risk factor for thrombosis
[49] and pregnancy complications [12].
• Higher specificity and lower interlaboratory variation compare to aCL
assay [8].
• Clarifies pre-eclampsia and/or eclampsia
in pregnant women with negative aCL
[12].
• Possible false positive in IgM assay
caused by rheumatoid factor or
cryoglobulins [8].
• Presence of IgA may not associate with
any clinical manifestation [8].
• May serve as a confirmatory assay for
LA [50].
• Association with thrombotic risk still
needs to be clarified [8].

Information collated from Miyakis et al. (2006) [8].
Abbreviations: LA, lupus anti-coagulant; aCL, anti-cardiolipin; Ig, immunoglobulin; anti-β2GP1,
anti-beta-2 glycoprotein 1.
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Thrombocytopaenia is a common manifestation found in 20-40% of patients with
APS [51-53] and forms one of the haematological criteria of SLE [41]. Most APS and SLE
patients have moderate thrombocytopaenia, i.e. platelet count of 100-150 × 109/L, and rarely
a severe thrombocytopaenia with platelets less than 50 × 109/L. Many patients with APS/SLE
are initially misdiagnosed with idiopathic thrombocytopaenic purpura due to the common
clinical manifestations, i.e. thrombocytopaenia, or the presence of other autoantibodies
against glycoprotein (GP) receptors [54, 55]. Thus, the APL antibody profile, including LA
activity, is vital for accurate diagnosis and treatment of patients with APS and SLE.

The criteria for the diagnosis of APS/SLE are well established, yet the interactions
between APL antibodies, targeted antigens and receptors remain unclear. Anti-β2GP1
antibodies and their target, β2GP1, have become a focus of research for their potential role in
thrombosis [34]. β2GP1-dependent LA antibodies demonstrate a stronger correlation with
thrombosis compared to β2GP1-independent LA antibodies [10, 11]. Similarly, β2GP1dependent aCL antibodies are more highly associated with APL antibody related
complications compared to transient β2GP1-independent aCL antibodies induced by
infections [56]. Many potential mechanisms of interaction between anti-β2GP1 antibodies,
β2GP1 and cells, e.g., platelets, endothelial cells and monocytes have been suggested [57].
However, studies investigating the effects of anti-β2GP1 antibodies and β2GP1 on platelets
[22, 58, 59] may help lead to improved understanding of their interactions and consequently
their impact on the haemostatic system [3]. Activation of platelet receptor(s)/metabolic
pathway(s) by anti-β2GP1 antibodies and β2GP1 may result in excessive clot formation and
potentially initiate thrombosis [22, 58, 59]. Therefore, this review discusses the current
understanding of the characteristics and interactions between β2GP1 and anti-β2GP1
antibodies in relation to platelet receptors and function.
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β2GP1
APL antibodies were originally thought to bind directly to phospholipids [60]. In the 1990s,
three independent groups demonstrated that APL antibodies interacted with phospholipids via
β2GP1 [61-63], significantly raising the interest in this protein. β2GP1 had been earlier
discovered in 1961 [64], and its amino acid sequence determined in 1984 [65]. It was
misnamed apolipoprotein H [66], since it is not an integral part of lipoproteins. Once
synthesised in the liver and placenta, β2GP1 circulates in blood at a concentration of
approximately 4-5 μM. Blood levels of β2GP1 are higher in older individuals and in patients
with APS, but are lower in pregnant women and patients with stroke and myocardial
infarction [67].

β2GP1 is an evolutionarily conserved single chain anionic phospholipid-binding GP,
with a molecular weight of approximately 43 kDa [68-70]. It belongs to the complement
control protein superfamily [71] and consists of 326 amino acids that are arranged in five
short consensus repeat, termed “sushi” domains [65, 72, 73]. The first four domains (DI-IV),
each comprising approximately 60 amino acids, are conserved sequences linked together by
two disulfide bridges. The fifth domain (DV) however, is a modified form with 82 amino
acids. It contains a six-residue insertion, a 19-amino acid C-terminal extension and an
additional disulfide bond that includes a C-terminal cysteine. These positively charged lysinerich amino acids (282-287) determine the affinity of β2GP1 for anionic phospholipids and
negatively charged molecules. DV also adopts a flexible hydrophobic loop (amino acids 311317), containing Trp-Lys sequence which is potentially able to insert into membranes. β2GP1
has four N-glycosylation sites (Arg 143, Arg 164, Arg 174, and Arg 234) located in DIII-IV,
and one O-linked sugar on Thr130 that accounts for approximately 20% w/w of the total
molecular mass [74].
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1.3.1. Conformations of β2GP1
β2GP1 adopts many post-translational modifications which alter the structure and function of
the molecule and the exposure of the cryptic epitope [20]. Among them, three
interchangeable conformations are more commonly reported (Figure 1.1). The first
conformation was reported by two groups [72, 75] based on the crystal structure of the
protein. In this conformation, DI-IV are stretched with DV at a right angle to the other
domains, resembling a J-shape, fish-hook or ‘hockey stick’ conformation. The second
reported conformation is S-shaped, as demonstrated using small-angle X-ray scattering [21].
This conformation contains carbohydrate chains from DIII-IV that are twisted and positioned
on DI. The third conformation is a common ‘closed’ circular formation present in plasma
where DI interacts with DV. This circular formation was initially proposed by Koike et al. in
1998 [76], and later directly visualised by Agar et al. (2010) using electron microscopy [20].
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Figure 1.1. The interchangeable conformations of β2GP1.
Transformation of β2GP1 between three conformations: J-shaped, S-shaped, and circular β2GP1.
Cryptic epitopes in S-shaped and circular β2GP1 are shielded by carbohydrate chains and domain V,
respectively. Binding of domain V positively charged amino acids and hydrophobic loop to
phospholipid membrane breaks the shield on domain I. This exposes the cryptic epitope and allows
the binding of clinically significant anti-domain-I-β2GP1 antibody. Information obtained and modified
from Chighizola et al. (2014) [77].
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1.3.1.1.

Transformation between β2GP1 conformations

The discovery of three interchangeable β2GP1 structures led to increased understanding of the
interaction between anti-β2GP1 antibodies and β2GP1. These conformational alterations
determine the exposure of the cryptic epitope which includes arginine 39-arginine 43 (R39R43), DI-II interlinker, and possibly aspartic acid residues at positions 8 and 9 [78]. Antidomain-I-β2GP1 (anti-DI-β2GP1) antibodies targeting this discontinuous epitope are highly
associated with APL antibodies related clinical manifestations [77].

It is generally believed that β2GP1 circulates in an S-shaped or a circular
conformation, with less than 0.1% of β2GP1 presents in the J-shaped conformation in
circulation [18, 20, 79]. The cryptic epitope in both S-shaped and circular β2GP1 is shielded
by carbohydrate chains positioned on top of DI [21, 29]. In circular β2GP1, these negatively
charged carbohydrate chains are also proposed to neutralise the positively charged DI,
allowing the binding of DV [79]. Therefore, S-shaped β2GP1 may represent an intermediate
form of the molecule as it transforms from a circular to J-shaped conformation [79]. When
positively charged amino acids and hydrophobic loop in DV interact with anionic surfaces,
β2GP1 opens out to the J-shaped conformation, breaking the shield on DI and exposing the
cryptic epitope.

1.3.1.2.

Factors affecting β2GP1 conformation

The transformation of circular- to J-shaped β2GP1 is dependent on its binding/interaction
with anionic surfaces [18, 20]. Its binding affinity decreases in the presence of
ethylenediaminetetraacetic acid (EDTA) [80], and high concentrations of bivalent cations,
e.g., calcium and magnesium ions [81]. β2GP1 that has been cleaved at DV is also known to
have lower affinity [82]. Conversely, dimerisation [83] and increasing β2GP1 concentration

9

[81] elevate its affinity. Besides exposure to anionic surfaces, alternations to pH and salt
concentration in vitro allow structural transformation of β2GP1 [20]. High pH and salt
concentrations convert circular β2GP1 into the J-shaped conformation, and vice versa at a low
pH and salt concentration. It has also been speculated that these alterations in pH and salt
concentration possibly affect the hydrophilic interaction that may be present between DI and
DV [20]. One recent study [84] however, has shown that β2GP1 adopted the J-shaped
conformation under physiological pH and salt concentration. In contrast to what was widely
accepted in the field [18, 20], they proposed that J-shaped β2GP1 is the dominant
conformation, and therefore transformation is not required for the binding of β2GP1 to
anionic surfaces [84].

Furthermore, APS patients have been proposed to have higher oxidative stress
compared to healthy individuals [85]. Oxidative stress favours disulfide bonding between
Cys32 and Cys60 (located at DI) and within Cys288 and Cys326 (located at DV) of β2GP1.
These bonds potentially encourage the binding of anti-β2GP1 antibodies to β2GP1 and might
lead to thrombus formation. Oxidation and biotinylation of β2GP1 glycan chains also induce
β2GP1 dimerisation that raises β2GP1 affinity [86]. Additionally, it is speculated that the
intramolecular interaction and conformation of β2GP1 can be affected by increased
sialylation of β2GP1 glycan structures [87].

Lastly, the structure of β2GP1 can be inherently diverse. Among the four allelic
variants, β2GP1 Val/Val genotypes are frequently found to co-exist with anti-β2GP1
antibodies [88]. It has also been proposed that the Val247 variant of circular-β2GP1 is easier
to transform into J-shaped β2GP1, after losing the electrostatic interaction between Glu228
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(located in DIV) and Lys308 (located in DV) [89]. Thus, this transformation exposes the
cryptic epitope for antibody binding and raises the risk of thrombosis.

1.3.2. Physiological role(s) of β2GP1
The precise physiological role of β2GP1 is unknown. β2GP1 deficient individuals appear to
be healthy, suggesting that β2GP1 function may not be essential for life [90]. However, the
disulphide bonds and phospholipid binding sites in β2GP1 are highly conserved across the
animal kingdom [70]. Therefore, it is very unlikely that this abundant and well conserved
molecule exists without a function.

Although β2GP1 deficient individuals do not have an associated haemostatic
abnormality, many functions in the regulation of haemostasis have been attributed to β2GP1.
First, β2GP1 has been shown to inhibit ADP-mediated platelet aggregation and serotonin
secretion [91, 92]. Second, β2GP1 may be a mediator for von Willebrand factor (vWF)
activation and clearance. β2GP1 has been reported to bind to the A1-domain of vWF,
preferably vWF in a GP Ib-binding conformation. This low affinity binding allows formation
of disulfide bridges between β2GP1 and vWF. Thus, the disulfide bridges prevent vWFmediated platelet activation [58], and potentially protect the cleavage of vWF by the vWF
protease, a disintegrin and metalloproteinase with a thrombospondin type 1 motif member 13
(ADAMTS13) [93]. Thirdly, β2GP1 has also been demonstrated to be involved in several
coagulation pathways, yet these effects remain to be elucidated [92].

β2GP1 has been suggested to be a general scavenger in circulation [94, 95]. During
apoptosis or cellular activation, the reorganisation of the plasma membrane exposes
phosphatidylserine on the cell surface. β2GP1 binds to phosphatidylserine expressed on these

11

apoptotic cells [94], as well as platelet microparticles [95], to assist their phagocytosis by
macrophages. In addition, β2GP1 is also involved in innate immunity as demonstrated by the
insertion of DV of β2GP1 into bacterial membranes that can lead to cytosol leakage and death
of bacteria [96]. β2GP1 also changes its conformation while binding to lipopolysaccharide on
Gram-negative bacteria, forming a complex which allows recognition and clearance by
monocytes [97]. Finally, β2GP1 may be important in embryonic development as the
percentage of null offspring born in β2GP1 knock-out mice is lower than expected [98].

In summary, β2GP1 has been proposed to be involved in a range of physiological
processes, including clot formation, fibrinolysis, cell activation, immune responses,
atherosclerosis, apoptosis, angiogenesis, and foetal loss [92]. Further research is clearly
warranted to determine the precise physiological role(s) of β2GP1.

Anti-β2GP1 antibodies
By itself, β2GP1 has no deleterious effect on normal cellular function, but rather interferes
with the physiological function of cells following binding with anti-β2GP1 antibodies.
Therefore, it has been proposed that anti-β2GP1 antibodies induce a new function for β2GP1
[99]. The affinity of β2GP1 is low and only binds to anionic phospholipids below a certain
concentration [20, 29]. Upon binding with anionic phospholipids, it transforms into the Jshaped conformation and exposes the cryptic epitope located at DI which enables antibodies
to bind. When the amount of β2GP1 bound to anionic phospholipid membrane reaches a
certain density, antibodies dimerise the adjacent β2GP1 molecules [29]. This dimerisation
forms a high affinity anti-β2GP1-β2GP1 complex, activating targeted cells and causing APL
antibodies related manifestations.
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1.4.1. Clinical significance of anti-β2GP1 antibodies
The presence of anti-β2GP1 antibodies, especially those with LA activity, is highly associated
with increased thrombotic risk compared to other APL antibody subgroups [10]. APS/SLE
patients have higher levels of platelet activation as reflected by raised urinary thromboxane
metabolites [100]. Moreover, the co-existence of J-shaped β2GP1 and anti-β2GP1 antibodies
prolongs the activated partial thromboplastin time of normal plasma, compared to J-shaped
β2GP1 alone [20], suggesting that anti-β2GP1 antibodies also affect secondary haemostasis.
Conversely, 40 percent of APS patients have a prolonged bleeding time without an
accompanying bleeding tendency [101]. Although there is no clear explanation for these
contradictory findings, it proposes that anti-β2GP1 antibodies affect normal haemostatic
function.

The

contribution

of

anti-β2GP1

antibodies

to

placental-related

pregnancy

complications remains controversial. A systematic review and meta-analysis reported that
there were insufficient data to support an association between anti-β2GP1 antibodies and
pregnancy complications [102]. However, an in vitro study demonstrated that anti-β2GP1
antibodies stimulate trophoblasts to increase secretion of vascular endothelial growth factor,
placental growth factor and soluble endoglin, leading to a higher risk of obstetrical
complication [103]. Furthermore, anti-β2GP1-β2GP1 complexes have been suggested to
disrupt the anticoagulant shield formed by annexin A5 on vascular cells [104]. Thus, patients
could be predisposed to placental thrombosis that may result in fetal growth restriction and/or
pregnancy loss.
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1.4.2. Aetiology of anti-β2GP1 antibodies
The aetiology of anti-β2GP1 antibodies remains unclear. Both genetic and environmental
factors may contribute to their production [38, 105]. Various animal models and
family/population studies have indicated that several human leukocyte antigen genes are
associated with the occurrence of APL antibodies and development of thrombosis [106-108].
These pathogenic antibodies are thought to be produced by activated auto-reactive T and B
cells due to the similarity between foreign and self-protein/peptide sequences (molecular
mimicry) [109]. Viruses, bacteria, mycoplasmas, and parasites with the same amino acid
sequences can also initiate antibody production [110]. However, this theory is unable to
clearly explain the aetiology as antibodies are also produced by injecting anionic
phospholipids such as cardiolipin, phosphatidylserine, or lipopolysaccharide, into animals
[111, 112].

Anti-β2GP1 antibodies may be naturally occurring antibodies, as benign and low
affinity APL antibodies are found in 1-5% of healthy individuals [39, 113]. The mechanism(s)
of transition of anti-β2GP1 antibody from benign to pathogenic are unknown however, there
is evidence to suggest that this may be induced by infection. β2GP1 binds to pathogenic
phospholipids such as protein H from Streptococcus pyogenes [114], causing conformational
change, exposure of the cryptic epitope, and inducing production of pathogenic anti-DIβ2GP1 antibodies. The conformation of β2GP1 is also susceptible to many factors and may
trigger the synthesis of antibodies. Similarly, antibody production can be prompted by ageing,
vaccination, drug and malignancy. Though, their association with clinical manifestations
requires further investigation [38, 105].
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1.4.3. The two-hit hypothesis
The detection of anti-β2GP1 antibodies in healthy individuals [39, 40], APS and SLE patients
without complications [115] indicates that the antibody alone is insufficient for the
pathogenesis of APS/SLE. It is proposed that a “first-hit” injury primes the endothelium, and
a “second-hit” injury triggers thrombus formation. Studies have shown that anti-β2GP1
antibodies infused into mice only initiate thrombus formation following vessel-wall injury
[116, 117]. Endothelium priming involves vessel-wall injury, infection, recent surgery [118],
and rarely, the disturbance of redox balance in the vascular milieu [85]. Once primed, the
“second-hit” injury such as smoking, immobilisation, pregnancy, malignancy etc., stimulates
the development of thrombosis [119].

1.4.4. Types of anti-β2GP1 antibodies
The two-hit hypothesis has been proposed to be a good model for the pathogenesis of APS
and SLE [40]. Yet, it cannot clarify why APL antibodies present in healthy individuals are
not pathogenic. Some studies suggest that this could be due to the differences in the targeted
epitope [11, 29] and the structure of anti-β2GP1 antibodies [40]. Anti-β2GP1 antibodies
isolated from primary APS/SLE patients are considered to be poly-reactive, as they have been
found to react against several domains of β2GP1 such as DV (52.9-64.6%), DIV (45.8%), DIII (33.1%), and DIII (20.5%) [120]. Anti-DI-β2GP1 antibodies recognising the cryptic epitope
of DI (Type A) in symptomatic APS/SLE patients are strongly associated with thrombotic
history and positive LA activity [11]. Conversely, antibodies that are directed against other
domains (Type B) in healthy populations are weakly correlated with thrombosis. These more
benign type B antibodies have lower avidity compared to those pathogenic type A antibodies
[121].
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Besides binding epitopes, anti-β2GP1 antibodies can be classified according to
immunoglobulin (Ig) isotype, i.e., IgG, IgM and IgA. Among these, anti-β2GP1 IgG
antibodies are more strongly associated with the manifestations of APS/SLE [7]. Furthermore,
different subclasses of anti-β2GP1 IgG antibodies, predominantly IgG2 and IgG3, have also
been identified in APS/SLE patients and healthy children, respectively [40]. IgG3 is the most
effective activator for the classical complement pathway, hence leading to increased C3c (a
complement component) activation and binding to anti-β2GP1 IgG3 antibodies in healthy
children [40]. Complement activation normally triggers platelet activation, which is related to
the pathogenesis of APS and SLE [122, 123]. However, C3c is an opsonin to improve the
clearance of the bound target [124]. Instead of activating platelets, C3c binding enhances the
clearance of pathogenic anti-β2GP1 immune complexes and protects healthy children from
complications. Moreover, anti-β2GP1 antibodies in healthy and asymptomatic individuals are
highly sialylated compared to symptomatic patients [40]. These sialylated anti-β2GP1
antibodies have been found to have protective roles for healthy individuals because of their
inability to bind and activate platelets.

1.4.5. Anti-DI-β2GP1 antibodies as a diagnostic tool
Anti-DI-β2GP1 antibodies are highly associated with vascular diseases compared to those
antibodies against other domains of β2GP1 [11]. Anti-DI-β2GP1 antibodies are regularly
isolated from APS/SLE patients compared to those with infection induced transient APL
antibody positivity. APS/SLE patients at higher risk of complications (triple APL positivity)
also have higher titres of anti-DI-β2GP1 antibodies [125], suggesting that the specificity of
diagnosis of APS/SLE may increase when anti-DI-β2GP1 antibodies are included. However,
assays that detect anti-DI-β2GP1 antibodies have lower sensitivity compared to those that
detect the whole β2GP1 molecule, as patients might produce clinically significant antibodies
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against other epitopes [77]. Currently, commercially available kit detecting whole β2GP1
[126] are used as those detecting anti-DI-β2GP1 antibodies are not widely available. There
are research assays for anti-DI-β2GP1 antibodies, such as ELISA that use N-terminally
biotinylated DI on streptavidin plates [127] and a β2GP1-DI chemiluminescence
immunoassay (CIA, INOVA Diagnostic, San Diego, USA) [128], but their sensitivities were
reported to be varied. Thus, ongoing studies are necessary to determine the diagnostic and
prognostic value of assays that detect anti-DI-β2GP1 antibodies [129, 130].

Anti-β2GP1-β2GP1 complexes and platelets
Although there is consensus that β2GP1 interacts with anti-β2GP1 antibodies to form antiβ2GP1-β2GP1 complexes with high affinity to anionic phospholipids [20, 29, 84], the affected
pathway(s) remains unclear. Potential mechanisms by which APL antibodies may increase
the risk of vascular diseases are reviewed elsewhere [57]. In this review, we have only
focused on the effects of anti-β2GP1 antibodies and β2GP1 on platelets (Figure 1.2).

Platelet is a crucial component of haemostasis, a physiological process that forms a
localised clot at the vessel injury site to limit blood loss while maintaining normal blood
circulation [3, 28]. Clot formation begins when vWF binds to exposed collagen and interacts
with the GPIb/V/IX receptor complex on platelets. This initial weak interaction reduces the
velocity of circulating platelet to allow the binding of GPVI to collagen that in turn generates
a strong platelet activation signal [131, 132]. The signal initiates a series of downstream
cascades, including shape transformation of platelet, secretion of dense granules containing
ADP, and production of thromboxane A2 [5]. These secondary/weak agonists recruit
additional platelets to the site of injury, forming a stable platelet plug with coagulation factors
and fibrin meshwork [5].
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In patients with autoimmune diseases, circular β2GP1 transforms into the J-shaped
conformation after binding to the phospholipid membrane of platelets, allowing anti-β2GP1
antibodies to bind and form anti-β2GP1-β2GP1 complexes [29] (Figure 1.2). In turn, these
complexes are proposed to activate platelet receptor(s), e.g., GPIb [22], apolipoprotein E
receptor 2 (apoER2) [59], guanine nucleotide-binding protein coupled receptor (GPCR) [26],
and GPVI [19]. Furthermore, these complexes have also been suggested to affect other
pathway(s) by inhibiting β2GP1 binding to vWF [58], and by interacting with platelet factor 4
(PF4) secreted from platelets [133]. Activation of platelet receptor(s) by these mechanisms
potentially result in excessive clot formation and thrombosis [22, 58, 59]. Therefore,
understanding of the effects of anti-β2GP1-β2GP1 complexes on platelets is important not
only to determine the mechanism(s) of interaction, but to also potentially assist in the
development of novel or improved treatments for vascular diseases in patients with
autoimmune diseases.
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Figure 1.2. Proposed mechanisms of interaction between anti-β2GP1-β2GP1 complex and platelet
receptors.
Circular β2GP1 binds to anionic phospholipid platelet membrane and transforms into J-shaped β2GP1.
This allows anti-domain I-β2GP1 antibody to bind and to form anti-β2GP1-β2GP1 complex. Antiβ2GP1-β2GP1 complex has been proposed to interact with GPIb of GPIb/V/IX [22] and apoER2 [23,
24, 134]. In our group, we propose the complex might trigger ADP and collagen-mediated pathways
via GPCR and GPVI, respectively [19, 26]. Yet, further studies are needed to clarify the variability of
results. The binding of complex with receptors lead to activation of Akt-mediated and/or common
pathways, causing granules secretion, TXA2 synthesis, integrin activation and subsequently clot
formation. The PF4 from secreted α-granules have also been showed to interaction with anti-β2GP1β2GP1 complex [133].
Abbreviations: β2GP1, beta-2 glycoprotein 1; GP, glycoprotein; apoER2, apolipoprotein E receptor 2;
GPCR, guanine nucleotide-binding protein coupled receptor; PF4, platelet factor 4; TXA2,
thromboxane A2; ADP, adenosine diphosphate; Akt, protein kinase B.
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It has been reported that β2GP1 directly binds to GPIb of the GPIb/V/IX receptor via
DII-V [22]. The presence of anti-DI-β2GP1 antibodies potentially dimerises β2GP1 and
inappropriately initiates GPIb-mediated platelet adhesion and aggregation [22, 135]. This
activation by anti-β2GP1-β2GP1 complexes may explain the increased thrombotic risk in
patients with APS/SLE [22].

Besides the GPIb receptor, DV of β2GP1 has been shown to dimerise and interact
with the A1 portion of apoER2 receptor [23, 24, 134]. ApoER2, also known as low-density
lipoprotein receptor-related protein 8, is the only low-density lipoprotein family receptor
found on platelets [24]. This receptor is recognised to be targeted by the anti-β2GP1-β2GP1
complex as the blockage of apoER2 by its antagonist diminishes the effect of the anti-β2GP1β2GP1 complex to increase the adhesion of platelets to collagen [136]. It has also been
established that the interaction of anti-β2GP1-β2GP1 complexes with apoER2 activates
platelet analogously to GPIb-mediated platelet activation [59]. Recently, a dimer composed
of two A1 portions of apoER2 joined by a flexible link has been created [134, 137]. This
dimer is able to inhibit anti-β2GP1-β2GP1 complexes from binding to negatively charged
phospholipids and apoER2 [134], reflecting another possible treatment option for patients
with APS/SLE.

Anti-β2GP1-β2GP1 complexes may also affect GPCR and GPVI-mediated platelet
activation pathways. Anti-β2GP1 antibodies from different origins have recently been
reported to exhibit diverse effects on in vitro platelet aggregation. Affinity purified rabbit [19]
and SLE patient-derived anti-β2GP1 antibodies [26] demonstrated inhibitory and
enhancement effects, respectively, on ADP-induced platelet aggregation. When collagen was
used, affinity purified rabbit anti-β2GP1 antibodies [19] enhanced platelet aggregation. Yet,
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no effect was demonstrated using patient-derived IgG fractions (containing aCL and antiβ2GP1 antibodies) [27] and affinity purified goat anti-β2GP1 antibodies [138]. Based on these
results, it is difficult to arrive at a consensus due to the variable effects possibly caused by
anti-β2GP1 antibodies with different structure and binding specificities. Thus, further
research is needed to elucidate the variable effects of anti-β2GP1-β2GP1 complexes on GPCR
receptors- and GPVI-mediated pathways.

As described above, β2GP1 binds with vWF to prevent platelet activation. It has been
suggested that anti-β2GP1 antibodies in APS/SLE patients can neutralise this inhibitory effect,
potentially leading to thrombosis and consumptive thrombocytopaenia [58]. Furthermore,
PF4, a pro-coagulant factor secreted from the α granules of platelets, has also been
demonstrated to interact with β2GP1 [133]. PF4 is proposed to dimerise and stabilise β2GP1
on phospholipids, ensuring β2GP1 is easily recognised by anti-β2GP1 antibodies. The
formation of anti-β2GP1-β2GP1-PF4 complexes may activate platelets, leading to the
development of thrombosis in APS/SLE patients [133].

Anti-β2GP1 antibodies and collagen-mediated activation pathways
The current thesis only focused on GPVI/collagen-mediated pathways which are responsible
for the initial activation of platelets. This is due to anti-β2GP1-β2GP1 complexes that interact
with the phospholipid membrane, and possibly remain on the platelet surface, and may
directly affect the adhesion and activation of platelet [20, 29]. Thus, the effects of anti-β2GP1
antibodies on the GPVI/collagen activation signal may be better associated with the risk of
thrombosis compared to other secondary signals generated by receptors such as GPIb of
GPIb/V/IX [22], apoER2 [23, 24, 134], and GPCR [19].
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As above, the effects of anti-β2GP1 antibodies on collagen-induced platelet
aggregation have been investigated by aggregometry studies [19, 27, 138]. Aggregation is
measured based on the difference in light transmission detected by a photometer once PRP is
activated by an agonist (i.e. collagen) [139, 140]. The parameters generated include maximal
amount of aggregation, area under curve, lag time and slope, based on the changes of light
transmission intensity [139, 140]. These parameters can be affected by 1) pre-analytical
conditions, i.e. the types of anticoagulant, lipid and haemolysis of plasma, or low platelet
count; and 2) analytical variables, i.e. the freshness of PRP (only viable for 3 hr postcollection), types and concentrations of agonists used [141]. The previous aggregometry
studies only investigated the effects of anti-β2GP1 antibodies on platelet aggregation using
antibodies from a single source [19, 27, 138]. Therefore, the current thesis used collagen to
activate healthy individual-derived PRP treated with different types of anti-β2GP1 antibodies
in aggregometry studies, providing a further insight into the effects of anti-β2GP1 antibodies
on platelet aggregation.

Besides aggregometry studies, the soluble fragment of GPVI (sGPVI) can also be
measured by ELISA to investigate the effects of anti-β2GP1 antibodies on collagen-mediated
signaling pathways. Metalloproteinases cleave the ectodomain of GPVI to release sGPVI,
which regulates collagen activation signals [143]. A range of GPVI ligands, such as collagen
[144], cross-linked collagen-related peptide [145], and autoantibodies that bind to GPVI [32,
33], have been shown to induce shedding of sGPVI. Thus, the level of sGPVI detected in
APS/SLE-derived plasma, or healthy individual-derived PRP treated with anti-β2GP1
antibodies, can be a potential marker to analyse the effects of anti-β2GP1 antibodies on the
collagen-mediated platelet activation pathway.
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Conclusion and further research
There is substantial literature available on the interaction between three interchangeable
β2GP1 structures and anti-β2GP1 antibodies. Transformation of S-shaped or circular β2GP1 to
J-shaped β2GP1 exposes the cryptic epitope in DI, enabling the binding of anti-β2GP1
antibodies, particularly those to DI of β2GP1. The formation of the anti-β2GP1-β2GP1
complex is thought to be responsible for the increased risk of thrombosis and other vascular
diseases in patients with autoimmune diseases. Although numerous mechanisms of
interaction between anti-β2GP1-β2GP1 complex and receptors/components have been
proposed, the actual affected physiologic pathway(s) remain unclear. One of the possible
explanations for these ambiguities is the use of anti-β2GP1 antibodies with different
structures and binding specificities from patient- and animal-derived origins across different
studies. Therefore, further research is required to better clarify and categorise the type of
antibodies used. This approach will in turn facilitate studies that will lead to increased
understanding of the interactions between these antibodies and platelets.

In conclusion, the standardisation and development of methods such as anti-DI-β2GP1
antibody ELISAs, are required to differentiate between the types and pathogenicity of antiβ2GP1 antibodies. This will allow more meaningful interpretation of laboratory- and clinicbased findings, which will potentially lead to the elucidation of mechanism(s) of interaction
between β2GP1, anti-β2GP1 antibodies and platelets. In combination, these further
developments can help to improve the diagnostic and therapeutic techniques for patients with
APS/SLE, and perhaps more widely, autoimmune diseases.
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Abstract
Anti-β2GP1 antibodies are associated with increased thrombotic risk in patients with
autoimmune disease. There is conflicting evidence on the effects of anti-β2GP1 antibodies on
platelets, with both enhanced and inhibited aggregation previously reported. However,
previous studies did not include isotype antibodies to ensure the observed effects were due to
anti-β2GP1 antibodies. The aims of this study were to, 1) investigate the effects of anti-β2GP1
antibodies on collagen-induced platelet aggregation in parallel with negative control (buffer
normal saline) and isotype control antibodies, and 2) determine the LA activity of the antiβ2GP1 antibodies used. Three animal-derived anti-human-β2GP1 antibodies (1.25, 2.5, 5
μg/mL) incubated with healthy PRP were activated by collagen (2.5 μg/mL). Each antiβ2GP1 antibody demonstrated inhibition of aggregation compared to negative control, but not
to isotype control. No anti-β2GP1 antibody demonstrated LA activity, suggesting they were
probably non-pathological. This study highlights both negative and isotype control markers
are important to validate the effects of anti-β2GP1 antibodies. Assays measure anti-DI-β2GP1
antibodies are recommended to be used in conjunction with functional measures to further
investigate the effects of anti-β2GP1 antibodies.
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Introduction
Anti-β2GP1 antibodies are a type of antiphospholipid antibody that include a group of
heterogeneous Ig such as anticardiolipin antibodies and LA [19, 26, 39]. The presence of
anti-β2GP1 antibodies is associated with an increased risk of thrombosis in patients with
autoimmune conditions, e.g., APS and SLE. The risks are even higher in patients with
persistently high titres of antibodies, and/or positivity for LA activity [7-9], although the
precise mechanism(s) remain to be determined.

Anti-β2GP1 antibodies have been suggested to activate platelets in the presence of
β2GP1 via various platelet membrane receptors, including apoER2 [59], GP Ibα [146], and Fc
gamma receptor type IIa (FcγRIIa) [147]. However, there are conflicting reports on the
effects of anti-β2GP1 antibodies on platelet aggregation and function using ADP and collagen
as agonists in in vitro systems. Both murine monoclonal [148] and purified human antiβ2GP1 antibodies from SLE patients [26] have been demonstrated to enhance ADP-induced
platelet aggregation, suggesting a prothrombotic role for anti-β2GP1 antibodies. In contrast,
affinity purified rabbit anti-β2GP1 antibodies significantly inhibited ADP-induced platelet
aggregation, in a concentration-dependent manner [19, 26]. Furthermore, anti-β2GP1 IgG
antibodies in serum from patients with APS have also demonstrated inhibition of ADP
induced in vitro platelet aggregation [27]. Using collagen as an agonist in vitro platelet
aggregation was not affected by human serum containing anti-β2GP1 IgG antibodies [27], but
is enhanced by rabbit-derived anti-β2GP1 IgG antibodies [19]. These discrepant results may
be due to the heterogeneous properties of anti-β2GP1 antibodies, varying avidity and/or
different binding specificities.
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Previous studies investigating the effects of anti-β2GP1 antibodies on platelets [19, 26,
27] have not reported isotype controls used in parallel to ensure that inhibitory or proaggregatory effects were due to the antibodies. Furthermore, they did not determine whether
the anti-β2GP1 antibodies demonstrated LA activity, an established laboratory marker
associated with higher risk of thrombosis in APS and SLE patients [7, 8, 149]. The aims of
this study were to therefore, 1) investigate the effects of three anti-β2GP1 antibodies (and
paired isotype control antibodies) on collagen-induced in vitro platelet aggregation, and 2)
determine LA activity of anti-β2GP1 antibodies. All platelet aggregations were activated by
2.5 μg/mL of collagen to generate a comparable result with previous study [19].

Methods
2.3.1. Ethics
This study was approved by the Tasmanian Health and Medical Human Research Ethics
Committee (reference number: H0015749). All participants completed an informed written
consent prior to taking part in the study.

2.3.2. Participants
Healthy donors (n = 24; age [mean ± standard deviation] = 30 ± 10 years) without any known
haemostatic abnormality were recruited for the study. Participants avoided aspirin and other
antiplatelet medications for 10 days prior to blood collection. They also avoided food and
beverage known to affect platelet function, e.g., garlic, coffee and alcohol [150, 151], for at
least one day before blood donation.
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2.3.3. Antibodies
Commercially available animal-derived IgG antibodies were used in this study (Table 2.1).
Anti-human-β2GP1 IgG antibodies used included goat polyclonal (Bethyl Laboratories Inc.,
Texas, USA), rabbit polyclonal (Hyphen-BioMed, Neuville-sur-Oise, France) and rabbit
monoclonal (Abcam, Cambridge, UK) antibodies. Isotype control IgG antibodies including
goat polyclonal (Bethyl Laboratories Inc., Texas, USA), rabbit polyclonal (Thermo Scientific,
Massachusetts, USA) and rabbit monoclonal (Abcam, Cambridge, UK) antibodies,
respectively, were used in parallel.

Table 2.1. Commercially available IgG antibodies used in the current study.
Antibody
Host
Goat

Type

Specificity

Entrez
gene ID
213

Polyclonal

Human albumin

Goat

Polyclonal

Rabbit
Rabbit

Polyclonal
Polyclonal

Rabbit
Rabbit

Monoclonal
Monoclonal

Full-length human 350
β2GP1
Non-specific
N/A
Full-length human 350
β2GP1
Non-specific
N/A
Full-length human 350
β2GP1

Company

Catalog/lot
number
Laboratories A80-129

Bethyl
Inc.
Bethyl Laboratories A80-142A
Inc.
Thermo Scientific
QC215167
Hyphen-BioMed
111115A
Abcam
Abcam

Ab125938
Ab108348

Abbreviations: β2GP1, beta-2 glycoprotein 1; ID, identification.

2.3.4. Platelet aggregation
Whole blood from healthy donors was collected into 3.8% (w/v) sodium citrate vacutainers
(Greniner Bio-One, Kremsmünster, Austria) with minimal stasis and centrifuged at 150 × g
for 10 min at room temperature (RT). After separating PRP, the remaining sample was
centrifuged at 2000 × g for 20 min at RT to collect platelet-poor-plasma (PPP). For all tests
the platelet count of PRP was adjusted to 250 × 109 platelets/L using PPP from the same
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donor (measured by Sysmex XS 1000i haematology analyser; Sysmex, Illinois, USA).
Experimental testing was completed within three hr of blood collection.

Platelet aggregation was performed using a four channel AggRAMTM module light
transmission aggregometer (Helena Laboratories, Beaumont, USA). Aggregation was
induced by 2.5 μg/mL type I equine tendon collagen (25 μL, Helena Laboratories, Beaumont,
USA). 200 μL of PRP was first incubated with 25 μL of commercially available anti-β2GP1
or isotype control antibody (final concentrations of 5, 2.5 and 1.25 μg/mL, diluted with
distilled water) for 10 min at 37°C prior to activation with collagen. Each concentration of
antibody was tested in triplicate (PRP + antibody), and a baseline control (PRP + buffer
normal saline, pH 7.1) was included in each run (four channels: three tests + one control).
Based on the previous studies [19, 26], a sample size of 4 was required to show a 10%
difference in aggregation between control and test. Thus, each experiment was repeated using
PRP from four different healthy donors. Aggregation software (HemoRAM 1.1.0; Helena
Laboratories, Beaumont, US) was used to generate aggregation parameters including
percentage maximum aggregation (%MAX), percentage area under curve (%AUC), and lag
time. Results for baseline control were normalised to zero. Differences between the results
from antibodies and baseline were then determined.

2.3.5. Lupus anti-coagulant activity
STA®-Coag lyophilised control citrated normal human plasma (NP; Diagnostica Stago, Paris,
France) was reconstituted with distilled water and allowed to stand at RT for 30 min before
testing. LA 1 Screening and LA 2 Confirmation Reagents (Siemens Healthcare Pty Ltd,
Victoria, Australia) were reconstituted with distilled water, left at RT for 15 min, then prewarmed at 37°C prior to testing. LA testing was performed according to manufacturer’s
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instructions (Siemens Healthcare Pty Ltd, Victoria, Australia). Briefly, NP was incubated for
10 min with different commercially available anti-β2GP1 antibodies (final concentrations 5,
2.5 and 1.25 μg/mL). Siemens LA 1 Screening Reagent (100 μL) containing Russell’s viper
venom and phospholipids was added to 100 μL of plasma spiked with antibodies. Antibodyfree NP, as well as High and Low LA Controls (100 μL) were also assessed. A positive
control antibody with LA activity was not included as it was not available from the
manufacturer. All clotting times were measured using a STart® coagulation analyser
(Diagnostica Stago, Paris, France) in triplicate. Samples with a ‘screen’ (S) clotting time
greater than 44 sec were retested with LA 2 Confirmation Reagent (containing higher
amounts of phospholipid) to obtain a ‘confirm’ (C) clotting time. The normal ratio of S/C was
0.8-1.2. The ratios for weak, moderate and strong LA activities are 1.2-1.5, 1.5-2.0, and
greater than 2, respectively.

2.3.6. Statistical analysis
All figures were constructed using GraphPad Prism 7 (GraphPad Software, California, USA),
with platelet aggregation parameters (%MAX, %AUC and lag time) expressed as the mean of
difference from baseline (normal buffered saline) ± standard error of means. Data were
analysed using mixed effects general linear modelling adjusted for repeated measures
(STATA version 14, StataCorp, College Station, USA). Results were tested for assumptions
of linear regression. If violated, data were analysed again with repeated measures ordinal
logistic regression. All p-values were adjusted using Holm post-hoc test. P-values less than
0.05 were considered as statistically significant. Data from anti-β2GP1 antibodies were first
compared against baseline. If statistically significant, anti-β2GP1 antibodies results were
compared to their isotype control antibody to ensure those effects were specific for antiβ2GP1 antibodies.
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Results
2.4.1. Effects of goat polyclonal anti-β2GP1 IgG antibodies on 2.5 μg/mL collageninduced platelet aggregation against baseline and isotype control antibodies
The representative traces of 2.5 µg/mL collagen-induced platelet aggregation for PRP treated
with 2.5 µg/mL of goat polyclonal anti-β2GP1 antibodies (Bethyl Laboratories Inc.) are
shown in Figure 2.1A. At all concentrations (1.25, 2.5 and 5 μg/mL) tested, goat polyclonal
anti-β2GP1 antibodies inhibited 2.5 µg/mL collagen induced platelet aggregation (%MAX
and %AUC) compared to baseline control (Figure 2.2A-B). Stronger inhibition of
aggregation was demonstrated with increasing concentrations of anti-β2GP1 antibodies
(e.g., %MAX for 1.25, 2.5 and 5 μg/mL were -4.98 ± 0.99%, P < 0.01; -5.81 ± 1.00%, P <
0.01; and -6.94 ± 1.01%, P < 0.01, respectively). The effects of anti-β2GP1 antibodies on lag
time were the same as baseline control (Figure 2.2C). Although goat polyclonal anti-β2GP1
antibodies showed inhibitory effects compared to baseline, these effects were not
significantly different to the isotype control antibodies (Figure 2.2A-C).

2.4.2. Effects of rabbit polyclonal anti-β2GP1 IgG antibodies on 2.5 μg/mL collageninduced platelet aggregation against baseline and isotype control antibodies
The representative traces of 2.5 µg/mL collagen-induced platelet aggregation for PRP treated
with 2.5 µg/mL of rabbit polyclonal anti-β2GP1 antibodies (Hyphen-BioMed) are shown in
Figure 2.1B. Rabbit polyclonal anti-β2GP1 antibodies (1.25 μg/mL) significantly
inhibited %MAX (-4.08 ± 0.93%, P < 0.01) and %AUC (-4.71 ± 1.22%, P < 0.01) compared
to baseline control, however their effects on lag time were the same as baseline (Figure 2.2DF). There was also no significant difference between the inhibitory effects of rabbit
polyclonal anti-β2GP1 and isotype control antibodies (Figure 2.2D-F).
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2.4.3. Effects of rabbit monoclonal anti-β2GP1 IgG antibodies on 2.5 μg/mL collageninduced platelet aggregation against baseline and isotype control antibodies
The representative traces of 2.5 µg/mL collagen-induced platelet aggregation for PRP treated
with 2.5 µg/mL of rabbit monoclonal anti-β2GP1 antibodies (Abcam) are shown in Figure
2.1C. Rabbit monoclonal anti-β2GP1 antibodies (1.25 μg/mL) did not show a significant
difference compared to baseline, however 2.5 and 5 μg/mL concentrations of anti-β2GP1
antibodies significantly inhibited %MAX (-3.57 ± 1.27%, P < 0.01 and -4.56 ± 1.27%, P <
0.01, respectively), and %AUC (-5.43 ± 1.56%, P < 0.01 and -5.91 ± 1.56%, P < 0.01,
respectively; Figure 2.2G-H). Furthermore, 2.5 μg/mL of rabbit monoclonal anti-β2GP1
antibodies prolonged the lag time of aggregation (3.01 ± 1.35 sec, P = 0.03; Figure 2.2I). The
effects of rabbit monoclonal anti-β2GP1 antibodies on platelet aggregation were similar to
their corresponding isotype antibodies (Figure 2.2G-I).
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Figure 2.1. Representative traces of 2.5 μg/mL collagen-induced platelet aggregation of PRP treated
with 2.5 µg/mL of Bethyl Laboratories goat polyclonal (A), Hyphen-BioMed rabbit polyclonal (B),
and Abcam rabbit monoclonal (C) anti-β2GP1 antibodies. Green traces represent the baseline (PRP +
buffered normal saline only). Red, blue and brown traces represent the test (PRP + anti-β2GP1
antibodies).
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Figure 2.2. Effects of commercially available animal-derived polyclonal and monoclonal IgG
antibodies on 2.5 μg/mL collagen-induced platelet aggregation.
Horizontal dotted lines represent the baseline (PRP + buffered normal saline only). For each antibody,
results are presented as the mean difference against baseline ± standard error of means from four
separate experiments. All three animal-derived anti-human-β2GP1 antibodies had inhibitory effects
compared to baseline control on 2.5 μg/mL collagen-induced platelet aggregation. However, these
effects were parallel with their isotype control antibodies. Manufacturers for goat polyclonal, rabbit
polyclonal, and rabbit monoclonal anti-human-β2GP1 antibodies were Bethyl Laboratories Inc.,
Hyphen-BioMed, and Abcam, respectively.
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2.4.4. Effects of anti-β2GP1 antibodies on lupus anti-coagulant activity of NP
Goat polyclonal, rabbit polyclonal and rabbit monoclonal anti-β2GP1 antibodies did not
demonstrate LA activity (Table 2.2).

Table 2.2. LA activity of commercially available anti-β2GP1 antibodies.
[Antibody]
(μg/mL)
LA Control Low1
LA Control High2
NP
Goat polyclonal Anti-β2GP1 + NP

0
5
2.5
1.25
Rabbit polyclonal Anti-β2GP1 + 5
NP
2.5
1.25
Rabbit monoclonal Anti-β2GP1 + 5
NP
2.5
1.25

Screen
(sec)3
63.8 ± 0.3
81.4 ± 0.5
37.6 ± 0.2
37.2 ± 0.2
37.1 ± 0.2
37.0 ± 0.1
39.1 ± 0.5
37.5 ± 0.0
37.3 ± 0.1
36.1 ± 0.1
36.2 ± 0.2
36.3 ± 0.1

Confirm
(sec)4
46.2 ± 0.6
42.5 ± 0.1

S/C LA
1.4
1.9
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal

Abbreviations: [Antibody], final concentration of antibodies; Screen, ‘screen’ clotting time; Confirm,
‘confirm’ clotting time; S/C ratio, screen ratio/confirm ratio; LA, lupus anticoagulant; NP, STA®Coag lyophilised control citrated normal human plasma.
1
Low control S/C reference ratio: 1.35-1.65.
2
High control S/C reference ratio: 1.7-2.4.
3
Results were expressed as mean ± standard deviation from 3 replicates.
4
Results were expressed as mean ± standard deviation from 3 replicates.

Discussion
This study has demonstrated that three commercially available anti-β2GP1 antibodies
inhibited in vitro collagen-induced (2.5 μg/mL) platelet aggregation, compared to baseline
control (4-9% inhibition; %MAX and %AUC). These antibodies however, produced similar
effects in comparison to the isotype control antibodies investigated in parallel. Furthermore,
the three anti-β2GP1 antibodies did not demonstrate LA activity. Taken together these results
suggest that the anti-β2GP1 antibodies used in the current study may not be suitable for the in
vitro investigation of mechanisms of diseases where anti-β2GP1 antibodies are implicated in
the pathophysiology, such as APS and SLE.
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To our knowledge only two published studies have previously investigated the effects
of anti-β2GP1 antibodies on collagen-induced platelet aggregation [26, 27]. The relatively
small amount of inhibition of aggregation by anti-β2GP1 antibodies compared to baseline
demonstrated in the current study is similar to a previous study that investigated human
serum containing anti-β2GP1 IgG antibodies [27]. However, this is in contrast to a previous
study by our group [19] that demonstrated increasing concentrations of rabbit polyclonal antiβ2GP1 IgG antibodies enhanced collagen-induced platelet aggregation (%AUC) compared to
baseline control. As the changes to aggregation in the presence of anti-β2GP1 antibodies
compared to baseline control are relatively small, this suggests that there may be some
variability between sources of antibodies, particularly binding strengths and/or specificities.
Furthermore, the very similar effects demonstrated by the anti-β2GP1 antibodies used in the
current study and their paired isotype controls, provides further evidence that these
commercially available anti-β2GP1 antibodies probably do not have a significant effect on
collagen-induced in vitro platelet aggregation. It was also interesting to observe that none of
the three commercial anti-β2GP1 antibodies demonstrated LA activity, as determined by the
dilute Russell viper venom coagulation test (dRVVT) [8]. This suggests that the antibodies
used in the current study may have the characteristics of non-pathological ‘type B’ antiβ2GP1 antibodies, as opposed to ‘type A’ pathological anti-DI-β2GP1 antibodies that have
been implicated in patients with APS and SLE [11, 152].

The data presented in this study raises doubt about the suitability of using animalderived anti-β2GP1 for research studies into the mechanisms of action of anti-β2GP1
antibodies in humans. The characteristics of animal derived anti-β2GP1 antibodies may vary
as they are dependent on the structure of β2GP1 used to immunise animals. In healthy human
plasma, most β2GP1 is present in a circular conformation [20]. Animals immunised with
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circular β2GP1 are less likely to generate type A anti-DI-β2GP1 antibodies as the cryptic
epitope in DI is hidden by DV [20]. This is in contrast to when the cryptic epitope is/remains
exposed when circular-shaped β2GP1 transforms into the J-shaped conformation. Yet,
transformation is only favoured in β2GP1 with increased oxidation [153] or sialylation of
glycan structure [87], normally found in APS and SLE patients. Alkaline pH [20], high salts
[20] and β2GP1 concentration [81] also promote transformation, but these conditions can only
be generated in vitro. Besides, it is important to detect the exact conformation of β2GP1
before any immunisation as one latest group has suggested that J-shaped, instead of circular,
is the dominant conformation of β2GP1 existed in the free form/solution [84].

Anti-β2GP1 IgG antibody subclasses have varying pathogenicity [40]. Anti-β2GP1
IgG2 and IgG3 antibodies are found in APS patients and healthy children, respectively. Yet,
IgG3 antibodies activate C3c to enhance the clearance of anti-β2GP1-β2GP1 complexes and
protect children from complications [40, 124]. Therefore, it is possible that commercially
available animal-derived anti-β2GP1 antibodies are non-pathological type B IgG3 antibodies.
The targeted epitope and subclasses of animal-derived antibodies used in future studies need
to be clarified to better correlate with in vivo pathological manifestations.

Similarly, the source of collagen used to investigate the effects of anti-β2GP1
antibodies on platelets may also affect our results. The type I equine tendon collagen (Helena
Laboratories, Beaumont, USA) used in this study to activate platelets in the presence of antiβ2GP1 antibodies contained a substantial amount of vWF [154]. The presence of vWF in this
reagent acts synergistically with collagen to increase the potency of collagen in supporting
platelet adhesion and aggregation [154]. We attempted to use two other sources of collagen
(calf skin type I acid soluble collagens, C3511 and C9791; Sigma Aldrich, Missouri, USA) in
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the current study, but neither was able to induce platelet aggregation in a range of healthy
donors (Appendix 2). Whether the results in the current study were due to pathways mediated
by vWF, collagen or both, was therefore unable to be determined.

Finally, it is possible that the PRP-based in vitro aggregation system used in the study
is not suitable to investigate the effects of anti-β2GP1 antibodies on platelets [136, 148]. In
vivo, platelets expose negatively charged phospholipid after adherence to collagen, allowing
transformation of circular β2GP1 to J-shaped and formation of complexes. Using a PRPbased in vitro aggregation system, collagen and platelets in a fluid phase are not exposed to
damaged endothelial cells. Thus, exposure of negatively charged platelet phospholipids only
occurs to a minor extent at the end of the aggregation process [136]. The anti-β2GP1-β2GP1
complexes may not be formed and therefore have no effect on platelet aggregation. It may be
that anti-β2GP1-β2GP1 complexes only promote platelet interaction with collagen under more
physiological flow condition [155]. Moreover, anti-β2GP1 antibodies may require additional
exogenous β2GP1 to activate platelets [156].

2.5.1. Conclusion
This study demonstrated that three commercially available animal-derived anti-human-β2GP1
antibodies did not affect collagen-induced in vitro platelet aggregation, relative to their
respective isotype controls. The antibodies used were probably non-pathological, type B antiβ2GP1 antibodies as they had no significant effect on collagen-induced in vitro platelet
aggregation and did not demonstrate LA activity. This study highlights the importance of
using both isotype antibodies and negative controls in parallel to validate inhibitory or proaggregatory effects of anti-β2GP1 antibodies. This study has also highlighted that caution is
required when interpreting the effects of anti-β2GP1 antibodies on platelets in clinical
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conditions, as the effects are dependent on their targeted domain epitope. Further studies are
required to use anti-β2GP1 antibodies with known targeted epitopes, e.g., immunoassays to
measure anti-DI-β2GP1 antibodies, to better correlate in vitro results with clinical
manifestations.
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Abstract
Anti-β2GP1 antibody is a type of antiphospholipid antibody found in patients with APS and
SLE. Its presence is commonly associated with thrombosis, yet the precise mechanistic
interaction(s) of anti-β2GP1 antibodies and platelets remain unclear. The aims of this study
were to, 1) investigate the effects of APS and SLE patient-derived IgG fractions on collageninduced platelet aggregation, and 2) to examine the binding of patient-derived IgG to platelets,
before and after activation by collagen. IgG fractions isolated from eleven patients with APS
and SLE (150, 200, 300 or 350 μg/mL) were incubated with two sets of PRP at the incubation
wells of the aggregometer. The first set was activated by collagen, while the other was further
incubated for 10 min. All platelets were collected by centrifugation and fixed in cell blocks.
The binding of IgG to platelets was examined using ICC staining. Patient-derived IgG
fractions did not affect the collagen-induced platelet aggregation. ICC staining using antihuman IgG antibodies demonstrated that patient-derived IgG fractions had higher affinity to
non-activated platelets, compared to those activated by 0.75 µg/mL collagen. Furthermore,
patient-derived IgG fractions bound to the surface of platelets and potentially be internalised
by platelets. IgG fractions from APS and SLE patients may sensitise non-activated platelets,
which potentially increase platelet reactivity and thrombotic risk in patients. The secondary
effects of patient-derived IgG fractions were not detected in the current platelet aggregation
model, possibly because of the use of a strong platelet agonist (collagen). Use of weaker
agonists, such as ADP, in similar in vitro models, may help to determine the precise effects of
IgG fractions/anti-β2GP1 antibodies on platelet aggregation. This study also highlights the
application of cell blocks and ICC staining in cell suspension and blood.
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Introduction
APS and SLE are autoimmune prothrombotic conditions with clinical manifestations such as
arterial and venous thrombosis [157]. APS can occur independent of, or secondary to SLE.
These patients have a high incidence of APL antibodies including aCL, anti-β2GP1 and LA
antibodies [39, 138]. However, the antibody profile can vary between patients. The presence
of all three types of antibody (triple-positivity) is associated with high thrombotic risk [158],
and anti-β2GP1 antibodies are considered to be the most clinically significant [10, 11].

The precise mechanism(s) of interaction between anti-β2GP1 antibodies and platelets
remain unclear. Light transmission aggregometry has been used to investigate the effect of
anti-β2GP1 antibodies on platelet aggregation mediated by collagen, ADP and adrenaline [19,
26, 27, 138, 148]. However, the overall results are inconclusive due to differences in the
source of antibody used (animal, human) and the specificity of antibodies (IgG fractions,
affinity purified anti-β2GP1 antibodies). We recently demonstrated that animal-derived antiβ2GP1 antibodies did not affect collagen-induced platelet aggregation [138], though there
were limitations to this study.

Light transmission aggregometry only monitors the effect of anti-β2GP1 antibodies on
platelet function, i.e. the amount and rate of aggregation, but not the binding of antibodies to
platelets. Anti-β2GP1 antibodies are known to form immunocomplexes with β2GP1, which
interact with platelet receptors after binding to the phospholipid membrane [159]. Thus, it is
possible that immunocomplexes attach to the platelet surface, detach or are internalised,
following platelet activation. Using fluorescein isothiocyanate (FITC)-conjugated anti-human
IgG, studies have demonstrated sera from patients with autoimmune diseases induced
platelets aggregation and gave a strong surface staining on healthy platelets [35, 36]. The
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current study further examined the interaction of APS- and SLE-derived IgG fractions with
platelets using histology cell blocks and ICC staining, as only sera from patients were used
previously [35, 36]. Compared to FITC-staining, this histological approach has higher
accessibility and reproducibility between assays [160]. Formalin-fixed-paraffin-embedded
samples can be stored and accessed easily at RT with no defects, even on DNA quality and
purity for up to 8 years [161]. The sample preparation is also more consistent since ICC
staining can be done on histology ribbons sectioned from the same sample embedded in
paraffin wax.

The aims of this study were to investigate, 1) the effect of APS-derived (containing
anti-β2GP1 antibodies) and SLE-derived IgG fractions (without anti-β2GP1 antibodies) on
collagen-mediated platelet aggregation using light transmission aggregometry, and 2) the
binding capacity of APS- and SLE-derived IgG fractions on unwashed activated and nonactivated platelets using ICC staining.

Methods
3.3.1. Ethics
All methods used in this study followed the ethical standards of Human Research Ethics
Committee of Tasmanian Health and Medical (reference number: H0015749), Hollywood
Private Hospital (reference number: HPH451), and Murdoch University (reference number:
2016/095).
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3.3.2. Study participants
Healthy participants (n = 24, age [mean ± standard deviation] = 29 ± 5 years) recruited
through the University of Tasmania were required to avoid aspirin and other antiplatelet
medications for 10 days prior to blood collection. Food and beverages known to affect
platelet function, e.g., garlic, coffee and alcohol, were avoided for at least one day [150, 151].

Patients with autoimmune diseases (n = 11, male = 1, female = 10, age [mean ±
standard deviation] = 55 ± 14 years) who met the Sydney criteria for APS [162] or Systemic
Lupus Collaborating Clinics (SLICC) criteria for SLE [41] were recruited through the
Western Australian Centre for Thrombosis and Haemostasis and the Lupus Association of
Tasmania (Table 3.1). Depending on the collection site, two types of assay were used to
measure the level of anti-β2GP1 antibodies in the plasma of patients. These assays included 1)
anti-β2GP1 IgG solid-phase two-site chemiluminescent immunometric assay in Immulite
system (reference range: > 20 arbitrary unit/mL, Siemens Healthcare Pty Ltd, Victoria,
Australia) for APS patients (Group A1˗8), and 2) EliA anti-β2GP1 IgG fluorescence enzyme
immunoassay in Phadia system (reference range: > 10 arbitrary unit/mL, Thermo Scientific,
Massachusetts, USA) for SLE (Group B1˗3) patients. APS and SLE patients’ autoantibody
profiles, i.e. anti-cardiolipin, anti-nuclear, anti-extractable nuclear antigen, anti-double
stranded DNA, and lupus anticoagulant activity, were also included in Table 3.1.
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Table 3.1. History and information of the patients with APS and SLE.
ID

Age1

Primary
diagnosis

Thrombosis
history

Triggers for
thrombosis

A1
A2
A3
A4
A5
A6
A7
A8
B1
B2
B3

25
46
55
49
71
47
69
55
50
76
64

APS
APS
APS
APS
APS
APS
APS
APS
SLE
SLE
SLE

DVT
PE
None
Stroke
DVT, PE
DVT
DVT
None
PE
None
DVT

Contraceptive
Unprovoked
NA
Unprovoked
HRT
Pregnancy
Unprovoked
NA
Surgery
NA
LDT

Antiβ2GP1
(titre)2
+ (>160)
+ (>160)
+ (>160)
+ (>160)
+ (>160)
+ (>160)
+ (>160)
+ (>160)
- (1.6)
- (<1)
- (1.5)

ACL
history

ANA
history

ENA
history

dsDNA
history

LA
history

+
+
+
+
+
+
+
+
+
+
+

+
+
+
+
+
+
×
×
×

×
+
×
×
×

+
+
×
×
×

+
+
+
+
+
+
+
+
+
+
+

Abbreviations: ID, patient’s identification; anti-β2GP1, anti-beta-2 glycoprotein 1 immunoglobulin G
antibodies; ACL, anti-cardiolipin antibody; ANA, anti-nuclear antibody; ENA, anti-extractable
nuclear antigen antibody; dsDNA, anti-double stranded DNA antibody; LA, lupus anticoagulant
activity; APS, antiphospholipid syndrome; SLE, systemic lupus erythematosus; NA, not applicable;
DVT, deep vein thrombosis; PE, pulmonary embolism; HRT, hormone replacement therapy; LDT,
long distal travel; +, positive; -, negative; ×, no history provided.
1
Age refers to the age of patient when plasma was collected.
2
The levels of anti-β2GP1 IgG in patients with APS (Group A1-8) and SLE (Group B1-3) were
detected using two-site chemiluminescent immunometric assay in Immulite system and EliA antiβ2GP1 IgG fluorescence enzyme immunoassay in Phadia system, respectively. All levels of antiβ2GP1 IgG were expressed as arbitrary unit/mL.

3.3.3. Isolation of IgG fractions
Whole blood of healthy participants (n = 4) and patients with APS (n = 8) or SLE (n = 3)
were collected into 3.8% (w/v) sodium citrate vacutainers or serum separator tubes (Greiner
Bio-One, Kremsmünster, Austria). These tubes were centrifuged at 2000 × g, RT for 15 min
to obtain PPP or serum, respectively. IgG fractions were isolated from PPP or serum using
HiTrapTM Protein G column (GE Healthcare Life Sciences, Illinois, USA) as previously
described [26]. The IgG fractions eluted with glycine-HCl from the column were collected
into collection tubes containing 1.0 M Tris-HCl. The concentration of purified IgG fractions
was measured using a Qubit fluorometer (Thermo Scientific, Massachusetts, USA). These
purified IgG fractions contain autoantibodies detected in the plasma of patients such as antiβ2GP1 and anti-cardiolipin antibodies.
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3.3.4. Preparation of unwashed and washed platelets
Whole blood with 3.8% (w/v) sodium citrate from healthy donors was centrifuged at 150 × g,
RT for 10 min. After separating PRP, the remaining blood was centrifuged again at 2000 × g
for 20 min to collect PPP. For unwashed platelets, the platelet count of separated PRP was
adjusted to 250 × 109 platelets/L using PPP (measured by Sysmex XS 1000i haematology
analyser; Sysmex, Illinois, USA). For washed platelets, aliquoted PRP was further
centrifuged at 2000 × g for 20 min to create platelets pellet. After removing PPP, platelet
pellets were washed three times in Tyrode’s buffer (1 g/L glucose, 8 g/L NaCl, 1 g/L
NaHCO3, 0.2 g/L CaCl, 0.1 g/L MgCl2.6H2O, 0.2 g/L KCl and 0.05 g/L NaH2PO4.4H2O, pH
7.4) by centrifuging at 2000 × g for 20 min. The platelet count of washed platelets was then
adjusted to 250 × 109 platelets/L with Tyrode’s buffer. All non-histological experimental
testings were completed within three hr of blood collection.

3.3.5. Platelet aggregation
Platelet aggregation was studied using a four channel AggRAMTM module light transmission
aggregometer (Helena Laboratories, Beaumont, USA). Unwashed PRP (200 μL) was spiked
with 25 μL of APS- and SLE-derived IgG fractions (final concentrations of 150, 200, 300 or
350 μg/mL). The concentration used was the highest concentration of IgG isolated from
plasma using Protein G column. IgG fractions from healthy participants (isotype control)
with the same final concentration were also ran in parallel. After 10 min incubation at 37°C,
platelet aggregation was induced with 25 μL of type I equine tendon collagen (final
concentration 0.75 μg/mL, Helena Laboratories, Beaumont, USA) and monitored for 10 min
using the aggregometer. Each concentration of antibody was tested in triplicate (PRP +
antibody) with a baseline control (PRP + Tris-glycine-HCl) included in each run (4 channels:
3 tests + 1 baseline). Based on the previous study [26], a sample size of 4 was required to
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show a 10% difference in aggregation between control and test. Thus, each experiment was
repeated using PRP from four different healthy donors. Aggregation parameters including
%MAX, slope, lag time and %AUC were generated using aggregation software (HemoRAM
1.1.0; Helena Laboratories, Beaumont, USA). Upon completion of platelet aggregometry,
three PRP aliquots (750 μL in total volume) spiked with IgG fractions from the same patients
were pooled and centrifuged at 3000 × g, RT for 10 min to collect platelets for the ICC study.

A reproducibility assay for platelet aggregation was also conducted to ensure the
investigated data were due to the true effects from patient-derived IgG fractions, rather than
the variation between assays. Unwashed healthy donor-derived PRP without any additional
IgG fractions (n = 20) was activated by 0.75 µg/mL of collagen in the aggregometer, and the
aggregation parameters were recorded to determine the standard deviation between assays.
Furthermore, washed platelets from healthy donors (n = 4) were also activated by 0.75 µg/mL
of collagen in the aggregometer. Both activated unwashed and washed platelets were
collected for the ICC study by centrifuging at 3000 × g, RT for 10 min.

3.3.6. Baseline effects of washing, activation and incubation time on IgG binding
For the baseline effects of washing and activation on IgG binding, both collagen-activated
washed and unwashed platelets from healthy donors were collected from the aggregation
studies. Non-activated washed and unwashed platelets from healthy donors (n = 4) were
incubated in the 37°C incubation wells of the aggregometer for 10 min without additional
IgG fractions.

For the effects of incubation time on IgG binding, non-activated washed platelets
were spiked with baseline control (Tris-glycine-HCl), IgG fractions from healthy individuals

47

(H), APS (A3, A6) and SLE (B3) patients for 5, 10 and 20 min in the 37°C incubation wells
of the aggregometer (n = 4 for each IgG). After activation or incubation, all platelets were
palletised by centrifuged at 3000 × g, RT for 10 min.

3.3.7. Binding of APS/SLE- and healthy-derived IgG fractions to platelets
The binding of APS- and SLE-derived IgG fractions to platelets was studied using activated
or non-activated, unwashed PRP from healthy donors with endogenous β2GP1. As above,
activated PRP aliquots were collected from aggregation studies to investigate the binding of
IgG fractions to collagen-activated platelets. In parallel, non-activated PRP (600 μL) aliquots
were also incubated with healthy-, APS- or SLE-derived IgG fractions (75 μL, final
concentrations 150, 200, 300 or 350 μg/mL) in 1.5 mL centrifuge tubes (675 μL in total
volume) for 20 min in the 37°C incubation wells of the aggregometer. The incubation of IgG
fractions with non-activated platelets were repeated using PRP from four different healthy
donors. After 1-hr incubation at 37°C, non-activated PRP aliquots were centrifugated and the
PPP supernatants were removed to make cell buttons.

3.3.8. Immunocytochemistry
Richard-Allan Scientific HistoGelTM (20 μL, Thermo Scientific, Massachusetts, USA) was
mixed with each platelet cell button collected previously and cooled to form a cell block. Cell
blocks were placed in cassettes and held between biopsy pads (Trajan Scientific and Medical,
Victoria, Australia) to avoid the loss of sample. All cell blocks were fixed in 10% neutral
buffered formalin (Thermo Scientific, Massachusetts, USA) for 6 hr before being processed
using a 6-hr cycle in ExcelsiorTM AS tissue processor (Thermo Scientific, Massachusetts,
USA). The cell blocks were incubated in each of the following solutions for 30 min: 1) 10%
neutral buffered formation, 2) 10% neutral buffered formation, 3) 70% ethanol, 4) 80%
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ethanol, 5) 95% ethanol, 6) 95% ethanol, 7) absolute ethanol, 8) absolute ethanol, 9) xylene,
10) xylene, 11) paraffin wax, and 12) paraffin wax. Processed cell blocks (2-3 mm in
thickness) were embedded and 3 μm sections were prepared on Superfrost plus slides
(Thermo Scientific, Massachusetts, USA).

All reagents used in ICC staining were purchased from Agilent Technologies,
California, USA, unless specified. Sections were dewaxed to water by 3 min incubation in
each of the following solutions: 1) xylene, 2) xylene, 3) absolute alcohol, 4) absolute alcohol,
5) 70% alcohol, and 6) deionised water. Heat-induced epitope retrieval was then performed in
target retrieval solution at pH 9, using decloaking pressure chamber (Biocare Medical,
California, USA). Sections were heated to 121°C for 4 min, followed by 90°C for 30 sec.
After cooling to 60°C, sections were removed from the chamber and 50% of target retrieval
solution was repeatedly replaced with Tris-buffer-saline-Tween-20 (TBST; 150 mM NaCl,
50 mM Tris base and 0.5% Tween-20) to bring sections to RT. Next, a Dako pen was used to
create a hydrophobic barrier around the sections. Sections were washed 3 times in TBST,
with 3 min incubations following each wash. Primary monoclonal mouse anti-human CD 31
(platelet positive control, 1:30) or polyclonal rabbit anti-human IgG antibodies (1:40,000)
diluted in antibody diluent were then applied and incubated for 30 min. This was followed by
3 washes in TBST and 30 min incubation in dextran coupled with goat anti-rabbit/mouse IgG
and peroxidase molecules (Dako RealTM EnvisionTM detection system). Sections were washed
3 times again in TBST and incubated in working Diaminobenzidine+ (DAB+) solution (20
μL of DAB+ chromogen in 1 ml substrate buffer) for 3 min. After rinsing with TBST and
distilled water, Gill Haematoxylin II (Australian Biostain, Victoria, Australia) was used for
counterstaining (6 min) and blue was developed in ammoniated water (30 sec). Slides were
dehydrated by incubating for 3 min in each of the following solutions: 1) deionised water, 2)
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70% alcohol, 3) absolute alcohol, 4) absolute alcohol, 5) xylene, and 6) xylene, before being
mounted in dibutyl-phthalate polystyrene xylene mountant (DPX, Leica Biosystems, Wetzlar,
Germany).

3.3.9. Image analysis
A microscope camera (ICC50 W, Leica Camera, Hesse, Germany) was used to obtain images
of the ICC stained sections. The settings (i.e. 80% brightness, 3 gamma, 80 saturation,
autoexposure and auto-white for whole screen) were kept constant across all photographic
sessions using LAS EZ camera software (Leica Camera, Hesse, Germany). Three images
were taken for each 100×, 200× and 400× magnifications to obtain the mean staining
intensity of a section. Images were analysed using immunohistochemistry (IHC) Profiler
[163], a plugin of ImageJ Java-based image processing program (public domain, National
Institutes of Health). ‘Nuclear Stained Image’ was selected under IHC Profiler tab to create
DAB and haematoxylin stained images from the original image (Plugins > IHC Profiler).
Next, the stained area was selected on the DAB stained image (Edit > Selection > Create
selection). IHC Profiler Macro was then used to analyse the DAB staining intensity (Plugins
> IHC Profiler Macro). The intensity was presented as percentage of high, mid and low
positivity. High positive staining was used for the analysis.

3.3.10. Figures and statistical analysis
Figures were created using GraphPad Prism 7 (GraphPad Software, California, USA), with
results expressed as difference from baseline control (Tris-glycine-HCl) ± standard error of
means. Data were analysed with mixed effects general linear modelling adjusted for repeated
measures (STATA version 14, StataCorp, College Station, USA). Results were tested for
assumptions of linear regression. If violated, data were analysed again with repeated-
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measures ordinal logistic regression. All p-values were adjusted using Holm post-hoc test and
considered as statistically significant if less than 0.05. For ICC study, any valid effects
needed to be statistically significant in two out of three magnifications (100×, 200× and 400×)
to minimise bias during photographing area of interest.

Results
3.4.1. Platelet aggregation
The representative traces of the 0.75 µg/mL collagen-induced platelet aggregation of
unwashed PRP treated with baseline (Tris-glycine-HCl) and IgG fractions are shown in
Figure 3.1A. APS-derived IgG fractions with anti-β2GP1 antibodies (A1˗8) and SLE-derived
IgG fractions without anti-β2GP1 antibodies (B1˗3) were categorised into groups based on
their final concentrations (150, 200, 300, 350 µg/mL). Each group was compared to baseline
and healthy IgG fractions with the same concentration. If significantly different, individual
patient’s data was used again for comparison.

APS- and SLE-derived IgG fractions had no effect on collagen-induced platelet
aggregation. As a group, %MAX of A1˗A4 and B1˗B2 were statistically different compared
to baseline and healthy IgG fractions (Figure 3.2A). However, these differences were not
significant when compared individually. Patients’ IgG fractions had no statistical difference
in the slope of aggregation from healthy IgG fractions, possibly due to large data variation
(Figure 3.2B). Lag time and %AUC of IgG fractions from patients were also similar to
baseline and those of healthy individuals (Figure 3.2C, D).

Anti-β2GP1 antibodies were detected in subject A8, but not in B3. Thus, A8 and B3
were compared as individual data against healthy IgG fraction during the statistical analysis.
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Both A8 and B3 had significantly lower %MAX aggregation (-3.17 ± 1.15% and -2.28 ±
1.09%, respectively, P < 0.01) compared to baseline and healthy IgG fraction. Subject B3 had
shorter lag time (-2.73 ± 1.4 sec, P < 0.01), while A8 had lower %AUC (-1.96 ± 1.2%, P <
0.01). These significant differences were minor, hence were further compared to the standard
deviation obtained from the platelet aggregation reproducibility study using unwashed
platelets/PRP induced by 0.75 µg/mL of collagen (representative traces in Figure 3.1B). The
mean ± standard deviation between assays for aggregation parameters: %MAX, slope, lag
time and %AUC of aggregation were 71.0 ± 3.8%, 72.4 ± 7.2%, 42.6 ± 2.8 sec, and 51.6 ±
2.8%, n = 20, respectively. All significant differences of A8 and B3 from baseline were
within the standard deviation.

Furthermore, washed platelets from healthy individuals had a lower amount of
aggregation compared to unwashed platelets (representative traces in Figure 3.1C). The
aggregation parameters for unwashed platelets (mean ± standard deviation): %MAX, slope,
lag time and %AUC were 45.3 ± 3.04%, 55.9 ± 3.4%, 43.06 ± 3.1 sec, and 35.9 ± 3.2%,
respectively.
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Figure 3.1. The representative traces of the 0.75 µg/mL collagen-induced platelet aggregation.
A) Unwashed healthy PRP treated with baseline control (Tris-glycine-HCl; green trace) or APSderived IgG fractions (subject A1; red, blue and brown).
B) Unwashed healthy PRP induced by 0.75 µg/mL collagen in reproducibility study.
C) Washed healthy PRP induced by 0.75 µg/mL collagen. The maximal amount of aggregation
(%MAX) was below 50%.
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Figure 3.2. Effects of APS- and SLE-derived IgG fractions on 0.75 µg/mL collagen-induced platelet
aggregation.
Horizontal line represents the baseline (PRP + Tris-glycine-HCl only). Results of each antibody are
presented as the mean difference against baseline ± standard error of means from 4 experiments. IgG
fractions from healthy participants (H, black bars), patients with APS (presence of anti-β2GP1
antibodies, A, white bars) and SLE (absence of anti-β2GP1 antibodies, B, white bars) were
categorised into groups with different final concentrations (150, 200, 300, 350 µg/mL).
* symbol indicates results from APS- or SLE-derived IgG fractions are statistically different
compared to healthy IgG fractions (P < 0.05).
A) %MAX. As a group, A1-4 and B1-2 showed significant differences compared to baseline and
healthy IgG. However, it was not significant when compared individually. A8 and B3 had
significantly lower %MAX compared to baseline and healthy IgG.
B) Slope. All patients’ data were similar with baseline and healthy IgG.
C) Lag. B3 had shorter lag time compared to baseline and healthy IgG.
D) %AUC. A8 had lower %AUC compared to baseline and healthy IgG.
Although A8 and B3 had statistically differences in results compared to healthy individuals, these
differences were within the standard deviation generated from a reproducibility study.
Abbreviations: %MAX, maximum amount of aggregation; %AUC, area under curve; ID,
identification; IgG Conc, concentration of IgG fractions.
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3.4.2. Baseline effects of activation, washing and incubation time on IgG binding
The effect of activation, washing and incubation time were determined by comparing % high
positive ICC staining obtained using the ImageJ-IHC profiler. The positive control mouse
anti-human CD 31 demonstrated strong ICC staining for platelets. Collagen activation
increased the ICC staining/binding of IgG on unwashed platelets by 1% to 4% (100×, 400×
magnifications, Figure 3.3A). Unwashed platelets also had more binding of IgG (3% to 8%;
100×, 400× magnifications) compared to washed platelets. It is important to note that these
results are the baseline binding of IgG fractions originating from washed or unwashed
platelets.

Figure 3.3B to D showed the effect of incubation time on binding of IgG to washed
platelets. IgG fractions from healthy participants (H), patient A3 and A6 showed significantly
increased binding after 20 min incubation compared to baseline (Tris-glycine-HCl, P < 0.05).
The binding affinity of the patient-derived IgG fractions was also higher compared to
healthy-derived IgG fractions (P < 0.05). Furthermore, platelet clumps were magnified to
analyse individual platelets (representative enlarged images in Figure 3.4). It is difficult to
further quantitate the intensity of ICC stain, but individual platelets were stained whole,
suggesting IgG fractions either remained at the surface, and/or may be internalised by
platelets.
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Figure 3.3. Effects of washing, activation and incubation time on binding of healthy, APS- (A3, A6)
and SLE-derived (B3) IgG fractions to platelets.
Images were captured using 100×, 200× and 400× magnifications. * and ** symbols indicate P < 0.05.
A) Unwashed platelets had higher binding of IgG (*) after 10 mins incubation, while activation of
platelets further increased the IgG fractions bound to platelets (**).
B-D) Results were expressed as the mean difference of % high positive from washed platelets
incubated with Tris-glycine-HCl (horizontal zero baseline). Both healthy- and patient-derived IgG
fractions had higher binding affinity to platelets at 20 min incubation compared to baseline (*). The
binding affinity of APS-derived IgG fractions (A3 and A6) was higher compared to healthy IgG
fractions (**).
Abbreviations: ID, identification; IgG Conc, concentration of IgG fractions; H, healthy IgG fractions;
A, APS-derived IgG fractions containing anti-β2GP1 antibodies; B, SLE-derived IgG fractions
without anti-β2GP1 antibodies.
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Figure 3.4. Effects of activation, washing and incubation time on the binding of IgG fractions from
healthy individuals and APS patients on platelets.
Images were captured in 400× magnification, with enlarged images showed in boxes (50 µm scale
bar). IgG fractions were stained brown by DAB+ chromogen and counterstained by Gill
Haematoxylin II. Activated and unwashed platelets had higher binding of IgG fractions (A-B). Longer
incubation time also increased the binding of IgG fractions (C˗F). Individual platelets were stained
whole (arrows at enlarged images).
A) Washed platelets without activation; B) Unwashed platelets with activation; C) Washed platelets
incubated with healthy IgG fraction for 5 min; D) Washed platelets incubated with healthy IgG
fraction for 20 min; E) Washed platelets incubated with IgG fraction from A3 for 5 min; F) Washed
platelets incubated with IgG fraction from A3 for 20 min.
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3.4.3. Binding of APS/SLE- and healthy-derived IgG fractions to platelets
Images captured using 100×, 200× and 400× magnifications were analysed and represented
using data from 400× magnification (Figure 3.5, representative images in Figure 3.6). Similar
to the previous experiment on incubation time, the binding affinity of patient-derived IgG
fractions to non-activated unwashed platelets increased after 20 mins incubation time. APSderived (A5, A6, A7; 200 µg/mL) and SLE-derived (B1, B2; 300 µg/mL) had higher binding
affinity to non-activated unwashed platelets (P < 0.05) when compared as a group to baseline
(Tris-glycine-HCl) and healthy IgG fractions (isotype control, Figure 3.5A). At 150 and 350
µg/mL final concentration, APS- and SLE-derived IgG fractions had higher binding to nonactivated platelets compared to baseline but were not significantly different to healthy IgG
fraction. Concentration of IgG also did not affect the IgG binding to non-activated platelets.
For activated platelets, APS- and SLE-derived IgG fractions had similar binding compared to
baseline and healthy IgG fraction (Figure 3.5B).
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Figure 3.5. Binding of IgG fractions from healthy individuals and patients with APS and SLE to nonactivated (A) and activated (B) unwashed platelets.
Results were expressed as the mean difference of % high positive from unwashed platelets incubated
with Tris-glycine-HCl (horizontal zero baseline). Analyses on images captured using 100×, 200× and
400× magnifications were represented using data from 400× magnification.
A) Non-activated platelets were incubated with healthy- or patient-derived IgG fractions for 20 mins.
APS- and SLE-derived IgG fractions (200 and 300 µg/mL) had statistically significant higher binding
to non-activated platelets compared to baseline and healthy IgG fraction (*).
B) The binding of APS- and SLE-derived IgG fractions to activated platelets was similar to baseline
and healthy IgG fraction.
Abbreviations: ID, identification; IgG Conc, concentration of IgG fractions; H, healthy IgG fractions;
A, APS-derived IgG fractions containing anti-β2GP1 antibodies; B, SLE-derived IgG fractions
without anti-β2GP1 antibodies.
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Figure 3.6. Binding of IgG fractions to non-activated (A, C, E) and activated (B, D, F) unwashed
platelets.
Images were captured in 400× magnification, with enlarged images showed in boxes (50 µm scale
bar). IgG fractions were stained brown by DAB+ chromogen, with minimal counterstained by Gill
Haematoxylin II. Compared to healthy IgG fractions, more APS- and SLE-derived bound to nonactivated after 20 mins incubation, but not to activated platelets.
A, B) platelets incubated with baseline (Tris-glycine-HCl); C, D) platelets incubated with 150 µg/mL
healthy IgG fraction; E, F) platelets incubated with 150 µg/mL A3 IgG fraction.
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Discussion
The current study demonstrated that IgG fractions derived from APS and SLE patients had
higher binding affinity to non-activated unwashed platelets, compared to baseline (Trisglycine-HCl) and healthy IgG fractions. The binding increased with incubation time yet was
independent of IgG concentrations. Although collagen activation increased the binding of
IgG fractions from healthy individuals and patients, there was no further increase on the
binding of patient-derived IgG fractions. These patient-derived IgG fractions also did not
affect the collagen-induced platelet aggregation. Together, we propose that the chronic
exposure of platelets to autoantibodies increased the binding of autoantibodies on the surface
of non-activated platelets circulating in plasma (in vivo). The sensitisation of platelets by IgG
fractions did not affect platelet aggregation mediated by collagen.

ICC staining was used to explore the binding of IgG on platelets. The percentage of
high positive ICC stain analysed by IHC Profiler was used, as the data is more precise and
accurate when the potential background stains from mid and low positive were eliminated.
APS- and SLE-derived IgG fractions showed higher binding affinity to non-activated
unwashed platelets compared to baseline (Tris-glycine-HCl) and healthy IgG fractions,
consistent with previous studies using patients sera [35, 36, 164]. Furthermore, there was an
increased binding of IgG to washed non-activated platelets with longer incubation time,
suggesting the effects of autoantibodies can be enhanced by chronic exposure to platelets.
IgG fractions were also detected both on the surface and possibly within platelets, proposing
autoantibodies may affect IgG-binding platelet receptors such as FcγRIIa [165, 166]. The
APS- and SLE-derived IgG fractions however, did not have higher affinity for the activated
unwashed platelets. Therefore, we propose that patient-derived IgG fractions only bind and
affect platelets before and/or during, but not after, platelet aggregation.
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The ICC technique used in the current study was limited by the background staining
generated during the preparation of platelets. The centrifugation step to isolate platelets from
PRP has induced some clumping and artificial activation of platelets. This minor activation
may lead to 1) autologous binding of IgG in PRP to platelets, 2) exposure of platelets
intracellular antigen (i.e. vinculin), and 3) release of IgG from platelets alpha granules [167171], which all can be falsely stained by ICC. The background stains can be removed by
washing platelets. However, the washing step may remove β2GP1 which is required for the
binding of anti-β2GP1 antibodies in patient-derived IgG fractions. Washed platelets also had
a lower amount of aggregation (%MAX below 50%) compared to unwashed platelets,
potentially due to auto-aggregation and pre-activation induced by washing steps. Therefore,
the background staining can only be estimated by using a baseline control, i.e. unwashed
platelets incubated with Tris-glycine-HCl, when determining the binding of patient-derived
IgG fractions to non- or collagen-activated platelets.

The effects of anti-β2GP1 antibodies on platelets remain unclear as patient serum [27]
and animal-derived anti-β2GP1 antibodies [19] have demonstrated either non-significant or
enhanced effects on collagen-induced platelet aggregation, respectively. These antibodies
were from a single-source, and their effects were not validated using isotype control
antibodies. Our recent study addressed these issues using multiple types of animal-derived
anti-β2GP1 antibodies and showed no significant effect on collagen-induced aggregation
compared to isotype controls (Chapter 2 [138]). Yet, it is concerning that animal-derived antiβ2GP1 antibodies may have different avidity and specificity compared to human-derived
antibodies [34, 138], not able to reveal the true effects of anti-β2GP1 antibodies in human. In
the current study, IgG fractions from APS (contain anti-β2GP1 antibodies) and SLE patients
were used, and still did not demonstrate a significant effect on collagen-induced platelet
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aggregation. Therefore, these results suggest that anti-β2GP1 antibodies possibly do not affect
platelet aggregation mediated by collagen.

It is possible that the effects of APS- and SLE-derived IgG fractions on platelets were
masked by collagen, which is the most potent activator to initiate platelet aggregation [172].
We have previously used 2.5 and 5 µg/mL concentrations of collagen [26, 138], yet the
strong collagen-activation signal at higher concentration may mask the measurable effect(s)
of patient-derived IgG fractions on platelets. Thus, lower collagen concentrations were used
(i.e. 1.25, 1.00, 0.75 and 0.50 µg/mL) to induce platelet aggregation (Appendix 4). The
lowest concentration of collagen for stable platelet aggregation was 0.75 µg/mL, and this may
mimic a mild exposure of collagen on injured blood vessels. The highest concentration of
IgG isolated using the Protein G column was also used to maximise any potential effect(s)
from autoantibodies. However, APS- and SLE-derived IgG fractions still did not affect
platelet aggregation. Thus, the current results confirm that APS/SLE-derived IgG fractions do
not affect platelet aggregation mediated by collagen. Use of a weaker platelet agonist, i.e.
ADP or adrenaline [19, 27], may allow the effects of IgG fractions derived from patients to
be better explored. Since the patient-derived IgG fractions purified using HiTrapTM Protein G
column contain anti-β2GP1 antibodies, these specific antibodies should be purified from IgG
fractions for further investigation.

Based on the ICC staining and PRP aggregometry data, we speculate that APS- and
SLE-derived IgG fractions only sensitised non-activated platelets but did not affect the
platelet aggregation mediated by collagen. It is possible that the autoantibodies bind to IgGbinding platelet receptors (i.e. FcγRIIa) when platelets are circulating in blood, promoting
platelet adhesion and aggregation. The sensitisation of IgG may have secondary/weak effects
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on platelets, and therefore unable to affect the strong collagen-induced platelet aggregation.
However, these effects may be enhanced when platelets are chronically exposed to
autoantibodies and additional triggers in vivo such as vessel-wall injury [173]. The
accumulative effects of autoantibodies then enhance the clot formation and lead to
thrombosis in patients with APS and SLE.

3.5.1. Conclusion
This study has shown that IgG fractions from patients with APS (containing anti-β2GP1
antibodies) and SLE (without anti-β2GP1 antibodies) sensitised non-activated platelets from
healthy individuals. These patient-derived IgG fractions did not affect the platelet aggregation
mediated by collagen. Longer incubation time also increased the binding of patient-derived
IgG fractions to non-activated platelets. Further studies should consider using 1) an off-target
agonist, such as those against FcRIIa receptor, to further specify the effects of autoantibodies
on collagen-signaling pathways; and 2) weak platelet agonists such as ADP, rather than the
potent agonist, collagen, which may overwhelm the potential secondary effects from
autoantibodies. These masked effects of autoantibodies can also be investigated using
techniques that do not require agonists, such as flow cytometry or ELISA, by measuring the
platelet marker(s) released upon the direct activation of receptor.
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Abstract
The pathogenesis of anti-β2GP1 antibodies has been widely investigated using animalderived antibodies and APS/SLE patient-derived IgG fractions containing anti-β2GP1
antibodies. It is argued that the, 1) affinity and specificity of animal-derived antibodies may
be different from humans, and 2) reported results using patient-derived IgG fractions are nonspecific as they contain other APL antibodies such as aCL, anti-prothrombin, and potentially
antibodies with other protein targets. This study therefore aimed to purify anti-β2GP1
antibodies from patients with APS and SLE that would allow further investigation of the
pathogenicity of anti-β2GP1 antibodies. IgG fractions of APS and SLE patients (n = 11)
containing anti-β2GP1 antibodies were isolated from PPP using a Protein G affinity
chromatography column. Anti-β2GP1 antibodies were then purified using two different types
of healthy human-derived β2GP1, H and R, coupled on NHS-activated columns. Three
patient-derived IgG fractions were purified using a H-β2GP1 column (178 µg/mL coupled),
while the other eight were isolated using a R-β2GP1 column (680 µg/mL coupled). Antiβ2GP1 antibodies were successfully isolated from one sample using the R-β2GP1 column (42
arbitrary unit/mL). However, upon gel electrophoresis, the isolated component was shown
instead to be a fragmented IgG antibody. It is suspected that the application of low
concentration of healthy β2GP1, potentially with incorrect conformation, did not favour the
isolation of the pathogenic anti-β2GP1 antibody from IgG fractions of patients with APS/SLE.
The results of this study suggest that further research should use a higher concentration of
recombinant J-shaped or a specific domain of β2GP1, particularly DI, to isolate anti-β2GP1
antibodies.
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Introduction
The effect(s) of anti-β2GP1 antibodies on platelet function have been previously investigated
using PRP-based light transmission aggregometry [19, 26, 27]. Two main types of antiβ2GP1 antibody were used, including commercially supplied animal-derived anti-β2GP1
antibodies and anti-β2GP1 as part of IgG fractions isolated from APS or SLE patients. The
diversity of species or clones of anti-β2GP1 antibodies employed have possibly led to
inconclusive results generated in previous studies. Thus, these sources of anti-β2GP1
antibodies may not be suitable to investigate, and draw appropriate conclusions, on the
effects of anti-β2GP1 antibodies on platelets.

Animal-derived antibodies are commercially available and can be used to explore the
potential effect(s) of anti-β2GP1 antibodies on platelets in a relatively cost-effective in vitro
model. However, animal-derived antibodies generally have a higher binding affinity to their
target, compared to patient-derived antibodies, possibly due to the adjuvants used to increase
the yield of antibodies [34]. Furthermore, animal-derived anti-β2GP1 antibodies may
recognise different epitopes on β2GP1, depending on the conformations of β2GP1 used to
immunise animals [20]. Therefore, these animal antibodies do not necessarily resemble the
antibody profile of patients with APS and SLE.

According to a meta-analysis, most studies have used patient-derived IgG fractions
containing anti-β2GP1 antibodies for their investigations, rather than affinity purified antiβ2GP1 antibodies [34]. This approach is suitable for pilot studies to investigate the general
effects of autoantibodies on specific cellular pathways as IgG fractions contain all types of
APL antibodies, including anti-β2GP1 antibodies, aCL and anti-prothrombin antibodies [8,
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196]. However, the results generated using IgG fractions may be non-specific to anti-β2GP1
antibodies with only a small portion of antibodies from IgG fractions recognising β2GP1.

Both animal-derived anti-β2GP1 antibodies and IgG fractions isolated from APS and
SLE patients have their advantages (i.e. cost-effective, easier to be obtained/isolated), and
limitations (i.e. results generated are not specific to anti-β2GP1 antibodies). However, affinity
purified anti-β2GP1 antibodies from patients with APS or SLE may be a better option as the
results generated are due to anti-β2GP1 antibodies alone. Therefore, this study aimed to
purify anti-β2GP1 IgG antibodies from patients with APS and SLE using β2GP1 coupled on
NHS-activated columns to assist the investigation of the pathogenesis of anti-β2GP1
antibodies.

Methods
5.3.1. Ethics
This study was approved by Human Research Ethics Committee of Tasmanian Health and
Medical (reference number: H0015749), Hollywood Private Hospital (reference number:
HPH451), and Murdoch University (reference number: 2016/095).

5.3.2. Autoimmune disease participants
Patients with autoimmune diseases (n = 12, female = 12, age [mean ± standard deviation] =
53 ± 12 years) who met the Sydney criteria for APS [162], or Systemic Lupus Collaborating
Clinics (SLICC) criteria for SLE [41], were recruited through the Western Australian Centre
for Thrombosis and Haemostasis and the Lupus Association of Tasmania (Table 5.1).
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Table 5.1. Characteristics of patients with APS or SLE.
ID

Age1

A1
A2
A3
A4
B1
B2
B3
B4
B5
B6
B7
B8

57
50
51
64
25
46
55
49
71
47
69
55

Primary
diagnosis
SLE
SLE
SLE
SLE
APS
APS
APS
APS
APS
APS
APS
APS

Thrombosis history
DVT
Miscarriage, DVT, Stroke
DVT
DVT
DVT
PE
None
Stroke
DVT, PE
DVT
DVT
None

Triggers for
thrombosis
Unprovoked
Pregnancy
LDT
LDT
Oral contraceptive
Unprovoked
NA
Unprovoked
HRT
Pregnancy
Unprovoked
NA

Anti-β2GP1
IgG (titre)2
+ (185)
+ (150)
+ (25)
- (1.5)
+ (>160)
+ (>160)
+ (>160)
+ (>160)
+ (>160)
+ (>160)
+ (>160)
+ (>160)

Abbreviations: APS, antiphospholipid syndrome; SLE, systemic lupus erythematosus; ID, patient’s
identification; anti-β2GP1, anti-beta-2 glycoprotein 1; DVT, deep vein thrombosis; LDT, long distal
travel; PE, pulmonary embolism; NA, not applicable; HRT, hormone replacement therapy; Pos, +;
Neg, -.
1
Age refers to the age of patient when plasma was collected.
2
Levels of anti-β2GP1 IgG of A1-3, A4 and B1-8 were detected using REAADS IgG anti-β2GP1
semi-quantitative test kit, EliA anti-β2GP1 IgG fluorescence enzyme immunoassay, and Immulite
solid-phase two-site chemiluminescent immunometric assay, respectively. The levels of anti-β2GP1
IgG were expressed as arbitrary unit/mL.

5.3.3. The levels of anti-β2GP1 antibodies
The levels of anti-β2GP1 antibodies in patient’s plasma were measured using three different
assays at their collection sites (Table 5.1). Plasma of patients coded A1-3 were tested using
REAADS IgG anti-β2GP1 semi-quantitative test kit (reference range: > 20 arbitrary unit/mL,
Corgenix Medical Corporation, Colorado, USA). Patient’s plasma coded A4 (negative
control) and B1-8 were measured in automation using EliA anti-β2GP1 IgG fluorescence
enzyme immunoassay in Phadia system (reference range: > 10 arbitrary unit/mL, Thermo
Scientific, Massachusetts, USA), and solid-phase two-site chemiluminescent immunometric
assay in Immulite system (reference range: > 20 arbitrary unit/mL, Siemens Healthcare Pty
Ltd, Victoria, Australia), respectively.
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5.3.4. Isolation of patient-derived IgG fractions using HiTrapTM Protein G column
Whole blood of healthy participants and patients with APS/SLE were collected into 3.8%
(w/v) sodium citrate vacutainers or serum separator tubes (Greiner Bio-One, Kremsmünster,
Austria). Tubes were centrifuged 2000 × g for 15 min at RT to obtain PPP or serum,
respectively. IgG fractions from patients were isolated using 1 mL HiTrapTM Protein G
column (GE Healthcare Life Sciences, Illinois, USA) as previously described (section 3.3.3,
[26]). In brief, column was washed with 10 mL of 20 mM phosphate buffered saline (PBS),
pH 7.4, at a rate of 1 mL/min using syringe. PPP diluted 1:5 in PBS was filtered with 0.42
µm filter (Merck, Darmstadt, Germany) and applied into the column, which was then washed
with 5 mL of PBS, followed by 5 mL of glycine-HCl, pH 2.7, to elute the IgG fractions.
Eluted fractions were collected as 1 mL aliquots into five collection tubes containing 100 µL
of 1.0 M Tris-HCl, pH 9.0. The concentration of IgG fractions was measured using a Qubit
fluorometer as per manufacturer’s instructions (Thermo Scientific, Massachusetts, USA). The
first two aliquots, and half of the third aliquot, with the highest concentrations of protein were
pooled and desalted using a PD-10 desalting column (GE Healthcare Life Sciences, Illinois,
USA). PBS (25mL) was used to prime PD-10 desalting column before applying 2.5 mL of
pooled IgG fractions. PBS (3.5 mL) was added again to elute the purified IgG fractions.

5.3.5. β2GP1 proteins
Two types of purified human β2GP1, coded as H- and R-β2GP1, were purchased from
Hyphen-BioMed (Neuville-sur-Oise, France) and RayBiotech (Georgia, USA [26]),
respectively. Lyophilised H-β2GP1 was reconstituted with 1.75 mL of distilled water, and
buffer exchange was performed as the preservatives for H-β2GP1 may affect the coupling
efficiency according to manufacturer [26]. Briefly, H-β2GP1 was applied to a PD-10
desalting column primed with 25 mL of coupling buffer (0.2 M NaHCO3, 0.5 M NaCl, pH
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8.3). The desalting column was centrifuged at 1000 × g for 2 min to collect 1.75 mL of 261
μg/mL of H-β2GP1 (457 µg in total). Lyophilised R-β2GP1 did not require buffer exchange
(as per manufacturer’s instructions) and was reconstituted directly with 1 mL of coupling
buffer to obtain a concentration of 1000 µg/mL (1000 µg in total).

5.3.6. Coupling of β2GP1 onto NHS-activated column
The purified β2GP1 was coupled onto a NHS-activated sepharose 1 mL column (GE
Healthcare Life Sciences, Illinois, USA) [26]. The column was then primed with 6 mL of 1
mM HCl at the rate of 1 mL/min. H- or R-β2GP1 was applied into the column using a syringe
and incubated at RT for 30 min. Since the volume of H-β2GP1 exceeded 1 mL, the excess
was circulated every 5 min as per manufacturer.

5.3.7. The coupling efficiency of β2GP1
After incubation, unbound β2GP1 was washed out from NHS-activated column using 3 mL of
coupling buffer (A) and 0.5 mL of this eluent (B) was applied to a pre-primed PD-10
desalting column. Next, 2.0 mL of PBS was used to wash the desalting column and any
unbound β2GP1 was eluted with 1.5 mL of PBS (C). The coupling efficiency was calculated
with the following formulae:

1. The amount of unbound β2GP1 (μg):
(The concentration of eluted unbound β2GP1, μg/mL) × 3 (A) × 2 (B) × 1.5 mL (C).
2. The amount of β2GP1 bound onto the NHS-activated column (μg):
(The total amount of β2GP1 used for coupling, μg) ˗ (The amount of unbound β2GP1, μg).

3. The coupling efficiency (%):
(β2GP1 bound to column, μg) / (total amount of β2GP1 used, μg) × 100%.
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5.3.8. Deactivation of column
NHS active groups not coupled with β2GP1 were deactivated using 18 mL of buffer A (0.5 M
ethanolamine, 0.5 M NaCl, pH 8.3), followed by 18 mL of buffer B (0.1 M acetate, 0.5 M
NaCl, pH 4). The column was adjusted to pH 7.4 using PBS (20 mL). The β2GP1-coupled
NHS-activated column was stored at 4°C using storage buffer (0.05 M Na2HPO4, 0.1% NaN3,
pH 7) until required.

5.3.9. Purification of anti-β2GP1 antibodies
The H-β2GP1 coupled column was used to purify anti-β2GP1 antibodies from samples A1-3,
while A4 (negative control) and B1-8 were purified using the R-β2GP1 coupled column. The
β2GP1-coupled column was firstly washed with PBS and glycine-HCl (3 mL each). The
column was equilibrated with 10 mL of PBS. IgG fractions from patients (3.5 mL) were
applied and incubated in the column at RT for 15 min. After washing the column with 5 mL
of PBS, anti-β2GP1 antibody was eluted with 3 mL of glycine-HCl (pH 2.7) and collected as
1 mL aliquots using three collection tubes containing 100 µL of 1.0 M Tris-HCl (pH 9.0).
The concentration of anti-β2GP1 antibody was measured using a Qubit fluorometer. The
eluate fractions with the highest protein concentration were used for the measurement of antiβ2GP1 antibodies. The concentration of anti-β2GP1 antibodies isolated was measured by EliA
anti-β2GP1 IgG fluorescence enzyme immunoassay in Phadia system (reference range: > 10
arbitrary unit/mL, Thermo Scientific, Massachusetts, USA). This assay was kindly performed
by Sullivan Nicolaides Pathology (Sonic Healthcare Limited, Queensland, Australia).

5.3.10. Protein electrophoresis
Reagents used for protein electrophoresis were purchased from Bio-rad Laboratories,
California, USA. The Stain-FreeTM Any-kDTM Mini-Protean® TGX protein gel was
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assembled into the Mini-Protean® Tetra cell. Both inner and outer chambers of the Tetra cell
were filled with running buffer (25 mM Tris, 192 mM glycine, 0.1% sodium dodecyl
sulphate, pH 8.3). A4 negative control and B1 anti-β2GP1 antibodies (40 µL each) were
diluted 1:1 in Laemmli buffer before loading into the sample wells. Precision Plus protein
Dual Xtra pre-stained protein standard (10 µL) was also included. Samples were subjected to
electrophoresis for 1 hr at a constant 100 V. The gel was removed and viewed directly
without staining using the Gel DocTM EZ system.

Results
5.4.1. IgG fractions of SLE and APS patients
Three aliquots (tube 1, 2 and 3) of IgG fractions with the highest protein concentration were
shown in Table 5.2. Two (tube 1 and 2) and half of the third (tube 3) with highest
concentration of protein were pooled for the isolation of anti-β2GP1 antibodies.

Table 5.2. Three aliquots of IgG fractions with the highest protein concentration, i.e. tube 1, 2 and 3,
measured using Qubit fluorometer.
ID
A1
A2
A3
A4
B1
B2
B3
B4
B5
B6
B7
B8

Tube 1 IgG conc (μg/mL)
3023
3000
1400
3570
1574
1534
1670
1610
3040
3000
3340
3720

Tube 2 IgG conc (μg/mL)
399
371
276
827
550
367
492
493
740
780
529
833

Tube 3 IgG conc (μg/mL)
175
117
149
371
222
174
282
257
315
320
266
306

Abbreviations: ID, patient’s identification, IgG conc, concentration of IgG fractions.
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5.4.2. Coupling efficiency of β2GP1 onto NHS-activated column
The concentrations of unbound H- and R-β2GP1 were 31.0 μg/mL (31.0 μg/mL × 1.5 mL × 2
× 3 = 279 μg in total) and 35.6 μg/mL (35.6 μg/mL × 1.5 mL × 2 × 3 = 320 μg in total),
respectively. Thus, approximately 178 μg of 457 µg of H-β2GP1, and 680 µg of 1000 µg of
R-β2GP1 used were coupled onto each NHS-activated column. The coupling efficiency was
39% and 68%, respectively.

5.4.3. Anti-β2GP1 antibodies isolated using NHS-activated column
Anti-β2GP1 IgG antibodies were only detected in sample B1 with a concentration of 42
arbitrary units/mL, but not in other samples. Protein electrophoresis showed that anti-β2GP1
IgG antibodies from B1 were 50 kDa antibody fragments (Figure 5.1).

Figure 5.1. Electrophoresis of anti-β2GP1 antibodies.
B1 anti-β2GP1 antibodies sample contained 50 kDa antibody fragment. Lane 1, Precision Plus protein
Dual Xtra prestained protein standard; 2, Negative control A4 without anti-β2GP1 antibodies; 3, B1
anti-β2GP1 antibodies.
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Discussion
The current study has successfully isolated anti-β2GP1 antibodies from one of the eleven
patient-derived IgG fractions. Anti-β2GP1 IgG antibody was isolated from an APS patientderived IgG fractions (patient B1) using the NHS-activated column coupled with R-β2GP1. In
contrast, no anti-β2GP1 antibody was isolated from patient-derived IgG fractions using the Hβ2GP1 column. The results suggest that these commercially-available H- and R-β2GP1
protein sourced from healthy donors may not be suitable for the isolation of pathogenic antiβ2GP1 antibodies.

The structure of β2GP1 coupled onto the column is likely to affect the isolation of
anti-β2GP1 antibodies. Based on previous studies [18, 20], it was thought that the H- and Rβ2GP1 which are from healthy human pooled plasma were more likely to have the circular
conformation with the cryptic epitope of the molecule not exposed. A high salt concentration,
increased pH [20], or exposure to anionic surfaces [197], are necessary for the transformation
of β2GP1 from a circular- to J-shaped conformation, allowing the binding of clinically
significant anti-β2GP1 antibodies. Yet, the factors required for the transformation may not
have been possible in the experimental model used in this study as the H- and R-β2GP1
proteins were coupled on NHS-activated sepharose beads by forming an amide linkage. This
covalent amide linkage possibly did not favour the transformation, thus failing to provide the
antigenic site for binding of pathogenic anti-β2GP1 antibodies. However, a recent study
found that most of the β2GP1 was pre-existed in the J-shaped conformation and
transformation is not needed before binding to the anionic surface [84].

92

It is important to point out that different protein preparations and experimental
techniques used in the previous studies [18, 20, 21] may have led to the isolation of β2GP1
with circular-, S-, or J-shaped conformations [84]. Both manufacturers for H- and R-β2GP1
did not provide their methodologies for the isolation of β2GP1 from the plasma of healthy
individuals, hence the exact conformation of β2GP1 coupled onto the NHS-activated column
is not known. Furthermore, H- and R-β2GP1 were purchased as a lyophilised preparation and
the lyophilisation process may have affected the conformation of β2GP1 [198]. Consequently,
coupling NHS-activated column with human recombinant β2GP1 with known structure [84]
may be a better approach to isolate the pathogenic anti-β2GP1 antibodies.

The relatively low concentration of H-β2GP1 (~178 µg/mL) coupled onto the column
may also be a possible explanation for the unsuccessful isolation of anti-β2GP1 antibodies.
The yield of anti-β2GP1 antibodies was slightly improved when the column was loaded with
R-β2GP1 at a higher concentration (~680 µg/mL). It is important to highlight that the
concentrations of H- and R-β2GP1 used in the current study were lower compared to earlier
studies that used 900 µg/mL [26], 3000 µg/mL [199], 3750 µg/ml [200], and 5000 µg/ml
[201] of β2GP1. These studies have isolated anti-β2GP1 IgG antibodies from two, one, three,
and ten samples, respectively. It is hard to compare their results with those from this study as
previous studies did not report the type/conformation of β2GP1 used, and the amount of
β2GP1 coupled to the column. The success rate of anti-β2GP1 antibody isolation (e.g.,
successful isolation from two of two, or two of ten samples) was also not stated in these
previous studies. Using R-β2GP1 at a slightly higher concentration was able to isolate antiβ2GP1 antibodies, thus it is proposed that a higher concentration of β2GP1 coupled onto the
column may improve the yield of antibody isolation [84].
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Another potential reason why the anti-β2GP1 antibody could not be isolated may be
inadequate preservation of the patient-derived IgG fractions. One study has shown that the
level of detectable aCL IgG antibodies is significantly lower after three freeze-thaw cycles
[202]. In contrast, other studies claimed that the level of IgG remained the same for up to 30
freeze-thaw cycles [203, 204]. Samples were thawed twice in the current study, first for the
isolation of IgG fractions/anti-β2GP1 antibodies, and then for the detection of anti-β2GP1
antibodies using immunoassay/electrophoresis. Thus, the freeze-thawed cycles are not
suspected to decrease the levels of anti-β2GP1 antibodies. It is however, possible that the
freeze-thaw cycle causes the breakdown/fragmentation of IgG antibodies into light and heavy
chains as observed through electrophoresis of patient sample B1 anti-β2GP1 antibodies.

5.5.1. Conclusion
Anti-β2GP1 antibodies were isolated from one of eleven patient-derived IgG fractions using
R-β2GP1 coupled NHS-activated column. The exact conformation of β2GP1 coupled onto the
column for the isolation of anti-β2GP1 antibodies remains unclear, but a higher concentration
of β2GP1 appears to improve the efficiency to isolate anti-β2GP1 antibodies. Further research
should focus on the methodology to couple a higher concentration of recombinant J-shaped
or specific domain of β2GP1 onto NHS-activated column to enable the isolation of clinically
significant anti-β2GP1 antibody.
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Abstract
β2GP1 from healthy human has been widely used to purify anti-β2GP1 antibodies from
patients with APS and SLE. However, we were unable to isolate anti-β2GP1 antibodies using
commercially available healthy human β2GP1 (Chapter 5). Possibly, the conformation of
healthy β2GP1 may not expose a cryptic epitope at DI to enable the isolation of pathogenic
anti-β2GP1 antibodies. Therefore. the aim of the present study was to express DI and fulllength β2GP1 in E. coli C43 (DE3) using a pTriEx-4-Neo vector, to assist the purification of
anti-β2GP1 antibodies. Genes of interest were first amplified in the polymerase chain reaction
(PCR) using primers with PshAI and EcoRI restriction sites. PCR products and pTriEx-4-Neo
vector were digested with restriction enzymes, ligated, and transformed into alpha-select
silver E. coli to generate a complementary DNA. Vectors with the DNA sequence of genes of
interest were subcloned into C43 (DE3) cells cultured in Terrific broth. Protein expression
was then induced by isopropyl β-D-1-thiogalactopyranoside (IPTG, up to 1.5 mM). Protein
electrophoresis of C43 (DE3) lysate showed that neither DI nor full-length β2GP1 was
expressed. It is suspected that the design of forward primers may be incorrect, shifting the
reading frame of translation, and therefore the expression of unknown proteins. An
alternative approach may be to use Gibson assembly, as this one-step method can avoid the
shift of reading frame. This study also highlights the importance of DNA sequencing to
confirm the exact sequence of the gene of interest cloned into the vector.
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Introduction
β2GP1, also known as apolipoprotein H [66], is a 43 kDa evolutionarily conserved plasma
glycoprotein with unknown function [70]. It consists of 326 amino acids which are arranged
in five short consensus repeats (sushi domains), and adopts three interchangeable circular-, S-,
and J-shaped conformations [20]. Circular- or S-shaped β2GP1 circulates in blood following
synthesis in the liver or placenta. Once exposed to anionic phospholipid surfaces from an
injured blood vessel or activated platelet, β2GP1 binds and transforms into the J-shaped
conformation [20, 138]. In patients with APS and SLE, anti-β2GP1 antibodies dimerise Jshaped β2GP1 to form immunocomplexes which are known to be associated with a higher
risk of thrombosis [19, 26, 39]. Anti-DI-β2GP1 antibodies that target the cryptic epitope at DI
of J-shaped β2GP1 are the most clinically significant subtype [29].

Anti-β2GP1 antibodies need to be separated from other APL antibodies to investigate
their specific effects on cellular function. Anti-β2GP1 antibodies were previously purified
from APS/SLE-derived IgG fractions using human-derived β2GP1 coupled in an affinity
chromatography column [26, 199]. However, the purified anti-β2GP1 antibodies may be nonpathogenic as β2GP1 used was originated from healthy humans where the circular
conformation predominates [20]. The current studies were also unable to purify anti-β2GP1
antibodies from APS/SLE-derived IgG fractions using commercially-available healthy human
β2GP1 (Chapter 5). β2GP1 from patients with APS/SLE can be used for the purification of
pathogenic anti-β2GP1 antibodies. Yet, the structure of β2GP1 may be different between
patients and a large volume of plasma is needed to isolate the quantities of β2GP1 needed to
purify anti-β2GP1 antibodies [199].
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Another method to obtain sufficient quantities of β2GP1 with the correct (J-shaped)
conformation is through the production of recombinant protein using a bacterial, insect or
mammalian cell expression system. Insect and mammalian expression systems involve
specialised equipment and their yield is typically low [205, 206]. A bacterial system is costeffective with a higher yield, but the recombinant protein produced can be misfolded or lack
appropriate post-translational modifications [206]. However, these limitations have been
resolved by McDonnell and colleagues [206] who successfully expressed, folded, and
purified up to 0.15 g of recombinant DI of β2GP1 in an E. coli expression system.

The aim of the current study was therefore to express DI and full-length β2GP1 in E.
coli, C43 (DE3) electrocompetent cells and a pTriEx-4-Neo vector. The pTriEx-4-Neo vector
was used as it can be transfected into insect/mammalian cell systems to further investigate the
function of β2GP1. The intention was to use the recombinant β2GP1 to purify APS/SLE
patient-derived anti-DI and anti-β2GP1 antibodies.

Methods
6.3.1. Normal human umbilical vein endothelial cells sub-culture
CloneticsTM normal human umbilical vein endothelial cells (HUVEC; Lonza Walkersville,
Maryland, USA), which express the messenger ribonucleic acid of β2GP1 [207], were subcultured according to manufacturer’s instructions. The HUVEC suspension (1 mL, 37°C) was
separated into two sterile T75 flasks (Thermo Fisher Scientific, Massachusetts, USA)
containing endothelial growth medium (8 mL, 37°C; Lonza Walkersville, Maryland, USA).
The culture flasks were placed in a humidity chamber at 37 ± 1°C, 5% carbon dioxide, and 90
± 2% humidity. Growth medium was changed 24 hr after seeding and every 48 hr until cell
confluency reached 80-90%. For harvesting, growth medium was replaced with 10 mM
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phosphate-buffered saline and HUVEC were detached using a NuncTM cell scraper (Thermo
Fisher Scientific, Massachusetts, USA). Cell suspensions were collected and centrifuged at
1000 × g for 2 min at RT to obtain cell pellets.

6.3.2. Isolation of HUVEC ribonucleic acid
HUVEC RNA was isolated using the Isolate II RNA mini kit (Bioline Reagents Limited,
London, UK). The centrifugation speed used for all isolations was 11000 × g, unless
otherwise specified. The HUVEC pellet was lysed with 350 μL of Lysis Buffer RLY in 10%
β-mercaptoethanol and filtered with an Isolate II filter by centrifugation for 1 min. The
binding condition of RNA collected was improved by adding 350 μL of 70% ethanol prior to
loading into an Isolate II RNA mini-column. The column was centrifuged for 30 sec, desalted
with 350 μL of membrane desalting buffer, and dried by centrifugation for 1 min. DNA
trapped in the silica membrane of the column was digested with 95 μL of DNase I reaction
mixture for 15 min at RT. The silica membrane was then washed by centrifuging with the
following wash buffers: 1) RW1 (200 μL, 30 sec), 2) RW2 (600 μL, 30 sec), and 3) RW2
(250 μL, 2 min). Finally, RNase-free water (20 μL, 60°C) was added and centrifuged for 1
min to elute RNA from the silica membrane. The eluate was added back onto the membrane
and centrifuged again to maximise the yield of RNA. The concentration of RNA was
measured using an Eppendorf BioPhotometer (Eppendorf, New South Wales, Australia).

6.3.3. Electrophoresis of HUVEC RNA
The yield of the eluted RNA was checked using protein electrophoresis. A 2% agarose gel
was prepared by dissolving 0.6 g of agarose powder in 30 mL of 1×Tris-Borate-EDTA buffer
(VWR Life Science Amresco, Ohio, USA), followed by 3 μL of SYBR safe DNA stain
(Thermo Fisher Scientific, Massachusetts, USA). The prepared gel was positioned into the
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Mini-Sub® Cell GT system (Bio-rad Laboratories, California, USA) and covered with 1×TrisBorate-EDTA buffer. RNA (1 μL) mixed with 5×loading dye (3 μL, Bioline Reagents
Limited, London, UK) was loaded and electrophoresed at 100 V for 50 min. Hyperladder 100
base pairs (bp; Bioline Reagents Limited, London, UK) and 5×loading dye negative control
were also run in parallel (5 μL each). The electrophoresed gel was imaged using the Gel
DocTM EZ Imager (Bio-rad Laboratories, California, USA).

6.3.4. Synthesis of complementary DNA
Complementary DNA (cDNA) was synthesised from the isolated HUVEC RNA using a
Tetro cDNA synthesis kit (Bioline Reagents Limited, London, UK). The cDNA synthesis
mix (20 μL) was prepared in an RNase-free reaction tube on ice: HUVEC RNA (1225 μg/mL,
4 μL), 5×reverse transcription buffer (4 μL), Oligo (deoxythymine) 18 primer mix (1 μL),
deoxynucleotide triphosphates (10 mM, 1 μL), RiboSafe RNase inhibitor (1 μL), Tetro
reverse transcriptase (200 units/μL, 1 μL), and diethyl-pyrocarbonate-treated water (8 μL).
The mixture was incubated at 1) 25°C for 10 min, 2) 45°C for 1 hr, and 3) terminated at 85°C
for 5 min using PTC-0150 Mini Cycler (Bio-Rad Laboratories, New South Wales, Australia).

6.3.5. Primers design
Primer pairs were designed for cloning DI and full length β2GP1 genes into pTriEx-4-Neo
vector. For forward primers, the 5’ end started with a GCGC cap, followed by a PshAI
restriction site, and ended with a short sequence of DI or full length β2GP1 sense strand gene
(reference sequence: NM_000042.2). For reverse primers, the 5’ end started with a GCGC
cap, followed by an EcoRI restriction site, and ended with a short sequence of DI or full
length β2GP1 anti-sense strand gene (reference sequence: NM_000042.2). These primer pairs
were checked using primer-BLAST (National Centre for Biotechnology Information,
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Maryland, USA) and Geneious (Biomatters, Auckland, New Zealand) to ensure they were
suitable to amplify the genes of DI and full-length β2GP1. For DI, the forward primer was 5’GCGCGACAAGAGTCGGACGGACCTGTCCCAAGCC-3’ (Tm = 72°C) and the reverse
primer was 5’-GCGCGAATTCTTATCTGGGTGTACATTTCAGAGTG-3’ (Tm = 63°C).
For

full-length,

the

forward

primer

was

5’-

GCGCGACAAGAGTCATGATTTCTCCAGTGCTCA-3’ (Tm = 66°C) and the reverse
primer was 5’-GCGCGAATTCTTAGCATGGCTTTACAT-3’ (Tm = 60°C). All primers
were manufactured by GeneWorks, South Australia, Australia.

6.3.6. Amplification of DI and full-length β2GP1 genes
The cDNAs encoding DI and full-length β2GP1 genes were amplified using primer pairs with
PshAI and EcoRI restriction sites. PCR was performed using the Accuzyme DNA
polymerase kit (Bioline Reagents Limited, London, UK). 50 μL of PCR reaction mix was
prepared in a PCR tube: 10×AccuBuffer (5 μL), deoxynucleotide triphosphates mix (100 mM,
0.5 μL), HUVEC cDNA (1 μL), forward primer (100 μM, 1 μL), reverse primer (100 μM, 1
μL), Accuzyme DNA polymerase (2.5 units/L, 1 μL), and RNase-free water (40.5 μL). The
PCR reaction was performed using PTC-0150 Mini Cycler (Table 6.1). All PCR products
were electrophoresed on 2% agarose gel to ensure the gene of interest was amplified.
Hyperladder 100 bp was used as molecular weight marker. The gel was imaged using the Gel
DocTM EZ Imager.
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Table 6.1. Optimised PCR cycling conditions for amplifying genes of DI and full-length of β2GP1.
Steps
Initial denaturation
Denaturation
Annealing
Extension
Completion
Cooling

DI
Temp (°C)
95
95
56
72
72
4

Time
3 min
15 sec
15 sec
30 sec
5 min
10 min

Full-length
Temp (°C)
95
95
55
72
72
4

Time
3 min
15 sec
15 sec
1 min 30 sec
5 min
10 min

Cycles
1
40
1
1

Abbreviations: PCR, polymerase chain reaction; DI, domain I; β2GP1, beta-2 glycoprotein 1; temp,
temperature.

6.3.7. Digestion of PCR products and pTriEx-4-Neo vector using restriction enzymes
Restriction enzymes, PshAI and EcoRI, were used to digest PCR products and pTriEx-4-Neo
vector (Novagen Merck Millipore, Hesse, Germany). DI and full-length β2GP1 PCR products
or pTriEx-4-Neo vector (20 µL) were mixed with PshAI (1 µL), EcoRI (1 µL), Anza
10×buffer (2 µL), and RNase-free water (6 µL). The mixtures were incubated at 37°C in a
PTC-0150 Mini Cycler for 30 min. After digestion, mixtures were electrophoresed on a 2%
agarose gel to separate the PCR products or vector from the restriction enzymes. Hyperladder
100 bp and 1000 bp (Bioline Reagents Limited, London, UK) were used as molecular weight
markers for PCR products and vector, respectively. Gel images were taken using the Gel
DocTM EZ Imager.

6.3.8. Isolation of digested PCR products and pTriEx-4-Neo vector
Gels containing the digested PCR products and vectors were excised using a clean scalpel on
an ultraviolet transilluminator (Thermo Fisher Scientific, Massachusetts, USA). The PCR
products and vector were purified from gels using an Isolate II PCR and gel kit. Binding
buffer CB (200 µL) was incubated with 100 mg of 2% agarose gel slices at 50°C for 5-10
min and vortexed briefly every 2-3 min until the gel was completely dissolved. The solvent
was then loaded and centrifuged for 30 sec in an Isolate II PCR and gel column. The column
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was washed twice with wash buffer CW by centrifuging for 30 sec. After a final 1 min
centrifugation to remove residual ethanol, the column was dried at 70°C for 2 min. Next, 10
µL of elution buffer C (preheated to 70°C) was added to the column and further incubated at
70°C for 5 min. PCR products or vector were finally isolated from the column by
centrifugation at 100 × g and then 11000 × g for 1 min. An additional 10 µL of elution buffer
C was added, incubated, and centrifuged to maximise the yield.

6.3.9. Ligation of PCR products with pTriEx-4-Neo vector
T4 DNA ligase (Promega, Wisconsin, USA) was used to ligate digested PCR products and
pTriEx-4-Neo vectors. The ligation mixture (10 µL in total) was prepared: PCR product of DI
or full-length β2GP1 (5 ng/µL, 6 µL), pTriEx-4-Neo vector (5 ng/µL, 1 µL), RNase-free
water (1 µL), T4 DNA ligase master mix (1 µL), and 10×buffer provided by kit (1 µL). The
mixture was incubated at 15°C for 18 hr to ensure a complete ligation and terminated by
heating to 70°C for 10 min.

6.3.10. Transformation of pTriEx-DI or -β2GP1 vectors to competent cells
The pTriEx-4-Neo vector, ligated with gene encoding DI (pTriEx-DI) or full-length β2GP1
(pTriEx-β2GP1), was chemically transformed into E. coli alpha-select silver competent cells
(Bioline Reagents Limited, London, UK). Competent cells (50 µL) were incubated with
pTriEx-DI or -β2GP1 vectors (5 µL) on ice for 30 min. The pTriEx-4-Neo vectors, digested
(negative control) and undigested (positive control) with restriction enzymes, were also run in
parallel. The mixtures were heat-shocked for 30 sec in a 42°C Eppendorf ThermoMixer® C
(Eppendorf, Hamburg, Germany), cooled on ice for 2 min, and diluted in 950 µL of Super
optimal broth (Thermo Fisher Scientific, Massachusetts, USA). Diluted competent cells were
shaken at 200 rpm for 1 hr, 37°C using Eppendorf ThermoMixer® C. Competent cells were
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spread on Luria broth (LB) agar with 40 µg/mL of ampicillin and incubated overnight at
37°C. A negative control, competent cells without digested pTriEx-4-Neo vector, was also
spread on MacConkey agar.

6.3.11. Purification of pTriEx-DI or -β2GP1 vectors
A single colony of successfully transformed E. coli was sub-cultured in 5 mL of LB with 40
µg/mL of ampicillin overnight at 37°C and centrifuged into a pellet at 2000 × g. The pTriExDI or -β2GP1 vectors were purified from the pellet using Isolate II plasmid mini kit (Bioline
Reagents Limited, London, UK). All centrifugation speeds used for isolation were 11000 × g.
Cell pellets were resuspended in 250 µL of resuspension buffer P1, lysed in 250 µL of buffer
P2 (RT, 5 min), and neutralised with 300 µL of buffer P3. The lysate was centrifuged for 5
min and 750 µL of the clarified sample supernatant was applied to the Isolate II plasmid mini
spin column. Vectors were bound to the silica membrane after centrifuging for 1 min. The
column was washed by centrifuging for 1 min each with 500 µL of wash buffer PW1
(preheated to 50°C) and 600 µL of wash buffer PW2. This was followed by centrifugation for
2 min to dry the silica membrane of the column. The column was incubated with 50 µL of
elution buffer P at RT for 1 min and centrifuged for 1 min to elute the vectors into a
microcentrifuge tube. The purified vectors were digested with restriction enzymes PshAI and
EcoRI, electrophoresed on 2% agarose gel, and imaged using the Gel DocTM EZ Imager to
confirm the presence of the gene of interest.

6.3.12. DNA sequencing
DNA sequencing was performed by the Australian Genome Reference Facility (AGRF,
Victoria, Australia). The purified pTriEx-DI and -β2GP1 vectors were quantified using an
Eppendorf BioPhotometer. Primers used for DNA sequencing were the same as those used
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for PCR. Each sequencing tube (20 µL in total) was prepared with pTriEx-DI or -β2GP1
vector (2 µL, 50 ng/µL), forward or reverse PCR primers (5 µL, 20 µM), and RNase-free
water (5 µL). DNA sequencing was carried out under the following conditions: 1) 2 min at
96°C (1 cycle), 2) 10 sec at 96°C, 5 sec at 50°C, 4 min at 60°C (30 cycles), and 3) 4°C (hold).

6.3.13. Transformation of pTriEx-DI or -β2GP1 vectors into C43 (DE3)
Both pTriEx-DI and -β2GP1 vectors were transformed into another strain of E. coli,
OverExpressTM C43 (DE3) electrocompetent cells (Sigma-Aldrich-Merck Millipore, Hesse,
Germany) for protein expression. The pTriEx-DI or -β2GP1 vectors (1 µL) were mixed with
electrocompetent cells (40 µL). Positive (1 µL of pUC19 vector) and negative controls (1 µL
of distilled water) were included. After incubation for 1 min on ice, the mixture was pipetted
into 2 mm prechilled electroporation cuvettes without introducing bubbles. The
electroporation was accomplished using a MicroPulserTM apparatus (Bio-rad Laboratories,
California, USA) with 750 ohms and 2400 volts. Within 10 sec of the pulse, expression
recovery medium (960 µL) was added to resuspend the electroporated cells. The culture was
incubated for 1 hr on an RM2 medium reciprocating shaker (Ratek, Victoria, Australia) at
250 rpm, 37°C. 100 µL of culture was spread on LB agar with 40 µg/mL of ampicillin and
incubated 37°C overnight. Negative control (distilled water) was spread on MacConkey agar.

A single colony of C43 (DE3) with pTriEx-DI or -β2GP1 vector was suspended in
250 µL of distilled water and sub-cultured onto another LB agar with 40 µg/mL of ampicillin.
The suspension was boiled in the centrifuge tube (1.5 mL, Eppendorf, New South Wales,
Australia) for 10 min at 99°C using Eppendorf ThermoMixer® C. The tube was vented and
vortexed before boiling for another 10 min at 99°C. The suspension was then centrifuged for
1 min and PCR was performed on the supernatant using the same PCR primer sets as above.
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The PCR products were electrophoresed on 2% agarose to validate the presence of the gene
of interest and imaged using the Gel DocTM EZ Imager.

6.3.14. Expression of recombinant DI and full-length β2GP1 using C43 (DE3)
A preculture was prepared using a single colony of C43 (DE3) containing pTriEx-DI or β2GP1 vector inoculated in 20 mL Terrific broth (17 mM monopotassium phosphate, 72 mM
dipotassium phosphate, 12 g/L tryptone, 24 g/L yeast extract, 4 mL glycerol) with 40 µg/mL
of ampicillin. The inoculated broth was cultured overnight using a 125 mL conical flask on a
RM2 medium reciprocating shaker (160 rpm, 37°C). Preculture (1 mL) was inoculated into
19 mL of Terrific broth with 40 µg/mL of ampicillin and 3% absolute ethanol. All cultures
were incubated on the shaker at 250 rpm, 37°C for 12 hr or until the optical density at 600 nm
reached three. Cultures were cooled down to RT, inoculated with IPTG (final concentration 0
to 1.5 mM), and further incubated on a shaker at 160 rpm, RT for 16 hr.

6.3.15. Protein electrophoresis
Proteins expressed under different concentrations of IPTG were analysed using protein
electrophoresis to determine the optimum condition for expression. Overnight cultures (25
µL), with optical density (600 nm) at approximately five, were collected and centrifuged at
3300 × g for 5 min. Bacterial pellets were resuspended with 2×Laemmli sample buffer
containing 5% β-mercaptoethanol (Bio-rad Laboratories, California, USA). The suspensions
were heated at 70°C for 20 min and vortexed once at 10 min interval. All bacteria lysates
were centrifuged at 3300 × g for 5 min before protein electrophoresis. Mini-Protean® TGXTM
precast protein gel (4-20%, Bio-rad Laboratories, California, USA) was loaded into MiniProtean® Tetra Cell (Bio-rad Laboratories, California, USA) according to the manufacturer’s
instructions. Briefly, the precast protein gel cassette was placed into the electrode assembly
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together with a buffer dam to create a functioning electrophoresis module. The module was
placed into the Mini-Protean® Tetra Cell main tank and filled with 200 mL and 550 mL of
1×running buffer (25 mM Tris, 192 mM glycine, 0.1% sodium dodecyl sulphate, pH 8.3) for
inner and outer buffer chamber, respectively. After washing the sample wells with 1×running
buffer, 10 µL of each bacteria lysate was loaded. Precision Plus ProteinTM Dual Xtra prestained protein standard (10 µL, Bio-rad Laboratories, California, USA) was also included.
Electrophoresis was running at 100 V until the dye from Laemmli sample buffer reached the
bottom of the cassette. The gel was removed from the cassette using a lever and rinsed with
distilled water for 10-30 sec. The removed gel was fixed in fixing solution (12%
trichloroacetic acid and 3.5% 5-sulfosalicyclic acid) for 30 min, and stained with 0.4% (w/v)
brilliant blue G in 3.5% (w/v) perchloric acid (Sigma-Aldrich-Merck Millipore, Hesse,
Germany) for 30 min. Excessive stain was rinsed off from gel using distilled water.
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Result
6.4.1. HUVEC RNA
Isolate II RNA mini kit successfully purified 20 μL of HUVEC RNA with a concentration of
1225 μg/mL. RNA integrity was pure with no degradation of total RNA as shown by the
intact 28S and 18S ribosomal RNA (Figure 6.1). The isolated RNA was used for the
synthesis of cDNA.

Figure 6.1. RNA integrity.
There was no degradation of RNA with two bands, representing the 28S and 18S ribosomal RNA.
Lane 1, negative control 5× loading dye; Lane 2, isolated ribosomal RNA.
Abbreviations: RNA, ribonucleic acid.
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6.4.2. PCR products
PCR products encoding DI and full-length β2GP1 genes were clearly visible on the 2%
agarose gel (Figure 6.2). The PCR product of DI was approximately 200 bp, consistent with
the expected size which was 204 bp (190 bp gene with 14 bp restriction site overhang). There
were multiple sizes for the PCR product of full-length β2GP1. The product with a size
between 1000 bp and 1500 bp was selected as it matched the expected size of the gene (1051
bp; 1037 bp with 14 bp restriction site overhang).

Figure 6.2. PCR products for DI and full-length β2GP1.
PCR products used for cloning are indicated in the closed boxes.
Lane 1, Hyperladder 100 bp; Lane 2, DI of β2GP1; Lane 3, full-length β2GP1.
Abbreviations: DI, domain I; β2GP1, beta-2 glycoprotein 1; bp, base pair.
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6.4.3. Digested PCR products and pTriEx-4-Neo vector
PCR products (204 bp for DI gene and 1051 bp for full-length β2GP1) and pTriEx-4-Neo
vector (6601 bp) were digested with PshAI and EcoRI restriction enzymes. These digested
products were electrophoresed to their expected sizes and showed no contamination on 2%
agarose gel (Figure 6.3).

Figure 6.3. PCR products of DI, full-length β2GP1, and pTriEx-4-Neo vector digested with PshAI and
EcoRI restriction enzymes.
The digested PCR products of DI, full-length β2GP1, and vectors were indicated in the closed boxes.
They met the expected sizes which were 204, 1051, and 6601 bp, respectively. Red colour indicates
area with saturated/high concentration of gene.
A) Lane 1, Hyperladder 100 bp; Lane 2, DI of β2GP1; Lane 3, full-length of β2GP1; B) Lane 1,
Hyperladder 1000 bp; Lane 2, pTriEx-4-Neo vector.
Abbreviations: DI, domain I; β2GP1, beta-2 glycoprotein 1; bp, base pairs.
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6.4.4. Digested pTriEx-DI and -β2GP1 vectors
Alpha-select silver competent cell colonies that were grown on LB agar with 40 µg/mL of
ampicillin were successfully transformed with ligated PCR products and vectors. Colonies
also grew on the positive control agar plate (undigested pTriEx-4-Neo vector). E. coli
transformed with digested vector (negative control) grew on MacConkey agar, but not on LB
agar with ampicillin. The transformed vectors were isolated, digested with restriction
enzymes PshAI and EcoRI, and electrophoresed on 2% agarose gel (Figure 6.4). The cloning
process was successful as genes encoded DI and full-length β2GP1 were digested and
separated from vectors. DNA sequencing completed by AGRF showed that the pTriEx-4-Neo
vector contained the genes of DI and full-length β2GP1. It is important to highlight that DNA
sequencing was done using forward or reverse PCR primers. Thus, sections at the beginning
and the end of genes were not fully sequenced. These vectors containing the gene for DI
(pTriEx-DI) or full-length β2GP1 (pTriEx-β2GP1) were further transformed into C43 (DE3).

Figure 6.4. pTriEx-DI and pTriEx-β2GP1 vectors containing DI and full-length β2GP1 genes.
The cloning was successful as the genes of interest had size around 200 bp (DI) and 1000 bp (fulllength) and separated from the linearised vectors (thick bands above 2500 bp). Red colour indicates
area with saturated/high concentration of gene.
Lane 1, Hyperladder 100 bp; Lanes 2-4, DI of β2GP1; Lanes 5-7, full-length β2GP1.
Abbreviations: DI, domain I; β2GP1, beta-2 glycoprotein 1; bp, base pairs.
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6.4.5. Transformation of pTriEx-DI and -β2GP1 vectors into C43 (DE3)
C43 (DE3) colonies, successfully transformed with pTriEx-DI, pTriEx-β2GP1 or positive
control pUC19 vector, were grown on LB agar with 40 µg/mL of ampicillin. C43 (DE3)
incubated with distilled water (negative control) grew on MacConkey agar, but not on LB
agar with ampicillin. Both transformed pTriEx-DI and pTriEx-β2GP1 vectors were confirmed
by electrophoresing the boiled DNA PCR products on 2% agarose gel (Figure 6.5).

Figure 6.5. PCR products of boiled C43 (DE3) cells.
Both pTriEx-DI and pTriEx-β2GP1 vectors were successfully transformed into C43 (DE3) cells.
A) Lane 1, Hyperladder 100 bp; Lane 2, DI gene; B) Lane 1, Hyperladder 100 bp; Lane 2, full-length
β2GP1 gene.
Abbreviations: DI, domain I; β2GP1, beta-2 glycoprotein 1; bp, base pairs.
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6.4.6. Protein electrophoresis
Colonies of C43 (DE3) containing pTriEx-DI or -β2GP1 were cultured in Terrific broth and
induced with 0-1.5 mM IPTG to increase the protein expression. Protein electrophoresis
showed that neither DI nor full-length β2GP1 was expressed by C43 (DE3) cells (Figure 6.6).
The concentration of IPTG did not affect the expression of bacterial protein.

Figure 6.6. Protein electrophoresis of C43 (DE3) lysate.
DI and full-length β2GP1 proteins were not detected on the protein gel. The dotted lines showed the
expected sizes of DI (12 kDa) and full-length β2GP1 (43 kDa) proteins.
Lane 1, Precision Plus ProteinTM Dual Xtra pre-stained protein standard; Lane 2, negative control
Laemmli sample buffer; Lanes 3-6, the expression of DI with 0, 0.5, 1.0, 1.5 mM of IPTG,
respectively; Lanes 7-10, the expression of full-length β2GP1 with 0, 0.5, 1.0, 1.5 mM of IPTG,
respectively.
Abbreviations: DI, domain I; β2GP1, beta-2 glycoprotein 1; IPTG, isopropyl β-D-1thiogalactopyranoside.
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Discussion
The recombinant DI and full-length β2GP1 were not expressed using the pTriEx-4-Neo
vector transformed into C43 (DE3) electrocompetent cells. C43 (DE3), a mutant of the BL21
(DE3) strain [206], was considered to be a superior option to express mammalian proteins
toxic to bacteria [208], and was expected to produce a higher yield of recombinant β2GP1.
However, neither DI nor full-length β2GP1 was detected by protein electrophoresis of C43
(DE3) lysates. Despite further troubleshooting, including the addition of absolute ethanol
[209] and IPTG [210], and culturing C43 (DE3) at RT post IPTG induction [208, 210],
protein expression was not achieved.

The cloning experiment was designed to insert the gene of interest into the PshA1
restriction site to produce a recombinant protein with a polyhistidine-tag. This polyhistidinetag (His-Tag 1, Figure 6.7A) is required to isolate the recombinant protein, which is then
cleaved/removed by enterokinase. In the current study, the gene of interest was confirmed in
each step using gel electrophoresis. However, an error/mutation was suspected to have
occurred at the beginning of the gene which was not detected during DNA sequencing by the
AGRF using PCR primers. Based on the design of the primers and pTriEx-4-Neo vector, a
shift in the reading frame was found when the protein translation was started from the Kozak
consensus of the vector (Figure 6.7E). This has likely caused an early termination of
translation, resulting in the expression of unknown truncated proteins. Although there is a
start codon at the beginning of full-length β2GP1 gene to allow the translation of full-length
protein, the polyhistidine-tag attached at the end of this protein (His-Tag 2, Figure 6.7A) is
not able to be cleaved by enterokinase. This polyhistidine-tag can potentially affect the
structure and function of the final product. Moreover, the isolation of recombinant β2GP1 can
be difficult as other truncated proteins expressed using this vector also contain polyhistidine114

tag. The incorrect primer design thus hindered the translation and isolation of recombinant
β2GP1.

Figure 6.7. The improper primers design.
The cloning experiment was planned to insert the gene of interest into PshA1 restriction site (Figure A,
blue box) to produce a recombinant protein with His-Tag 1 (Figure A, red box 1). However, the
design of the incorrect primers has led to a shift of the reading frame when the translation of protein
was started from Kozak consensus. This led to 1) an early termination of protein translation, and 2)
production of recombinant protein with non-removable His-Tag 2 (Figure A, red box 2).
A, pTriEx-4-Neo vector cloning region according to the manufacturer’s instructions; B, digestion site
of PshA1 restriction enzyme (written in minuscule script); C, full-length β2GP1 PCR product digested
by PshA1; D, pTriEx-4-Neo vector digested by PshA1; E, pTriEx-β2GP1 after ligation of digested
PCR product (red) and vector (blue), shifting the reading frame of protein translation.
Abbreviations: His-Tag, polyhistidine-tag; β2GP1, beta-2 glycoprotein 1.
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The incorrect primer designed in the current study was due to the lack of
understanding

of

pTriEx-4-Neo

vector’s

characteristic/design.

The

manufacturer’s

instructions did not emphasis the unique PshA1 cloning site and the gene of interest could not
be inserted via the standard primer design/cloning method [211]. To our knowledge, the
forward primer design is required to compensate the reading frame starting from the Kozak
consensus. There are three possible ways to insert the gene of interest into pTriEx-4-Neo
vector. Firstly, two nucleotides can be added to the forward primers to compensate for the
reading frame. However, this method results in extra amino acids that may alter the structure
of the final protein (Figure 6.8A). Secondly, both the ‘GCGC’ leader sequence and PshA1
restriction site can be removed from forward primers, adding an ‘A’ or ‘G’ nucleotide for the
cutting site of enterokinase (Figure 6.8B). The final PCR products do not contain 5’
phosphate without digestion of restriction enzyme, and hence the 5’ end of these forward
primers need to be phosphorylated with kinase (i.e. T4 polynucleotide kinase).

Another simpler way to insert the gene into the vector without the need of a restriction
site is to use the Gibson assembly cloning method (Figure 6.8C) [212]. First, pTriEx-4-Neo
vector is linearised with PshA1. A pair of forward and reverse primers with their sequences
matching/overlapping both end of the linearised vector (~30 bp) is then used to carry out the
PCR for the gene of interest. The 5’ ends of the linearised vector and PCR product are
digested with T5 exonuclease to create single-strand 3’ overhangs. Next, Phusion DNA
polymerase incorporates nucleotides to the 5’ ends. The cloning process is completed by Taq
DNA ligase that joins the gene of interest with the vector. This method significantly reduces
the time, steps, and potential errors for cloning as T5 exonuclease, DNA polymerase and
ligase are added simultaneously in a single reaction tube. Thus, Gibson assembly is
recommended to express DI and full-length β2GP1 recombinant proteins.
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Figure 6.8. Cloning methods to insert the gene of interest into pTriEx-4-Neo vector.
Schematics show three possible methods to insert the gene of DI and full-length β2GP1 into pTriEx-4Neo vector. A, the addition of two nucleotides (NN) in forward primer is not suitable as extra amino
acids expressed (enclosed in box) can alter the protein structure/function; B, PshA1 restriction site and
GCGC cap are removed, allowing directly ligation of PCR products to vector without digestion, yet
5’end of these forward primers needs to be phosphorylated; C, Gibson assembly inserts PCR products
into the linearised vector in a single tube reaction, reducing the time, steps and errors for cloning.
Abbreviations: DI, domain I; β2GP1, beta-2 glycoprotein 1.

The pTriEx-4-Neo vector was used in the current protein expression system as it
allowed rapid characterisation of the targeted gene in E. coli, insect and mammalian cells
systems. The original plan was to produce high concentrations of protein to be used for the
purification of anti-β2GP1 antibodies from patients with APS and SLE. Vectors with the DI
or full-length β2GP1 gene could also be transfected into mammalian cells for gene deletion or
insertion analysis to further understand the function of β2GP1. At the time of candidature,
these further studies were postponed due to the unsuccessful cloning experiments. The
current cloning experiment was the third attempt to troubleshoot and clone the gene of DI and
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full-length β2GP1 into pTriEx-4-Neo vector. Further studies will clone the gene of interest
into pTriEx-4-Neo vector using Gibson assembly. The full DNA sequence of the gene of
interest that is cloned into the vector needs to be analysed before any further transformation
process. C43 (DE3) will still be used to express recombinant β2GP1. If the yield of protein is
low, Rosetta-gami™ 2 (DE3) pLacI competent cells (Novagen Merck Millipore, Hesse,
Germany) can be used as they contain, 1) tRNA to facilitate the expression of rare gene
codons in E. coli, and 2) trxB/gor mutant to promote disulphide bond formation for the
protein expressed. If successful, the structures of recombinant DI and full-length β2GP1
require further validation to ensure specific pathogenic anti-β2GP1 antibodies are isolated.

Conclusion
DI and full-length β2GP1 could not expressed in the current study using pTriEx-4-Neo vector
transformed into C43 (DE3) electrocompetent cells. The unique characteristic of the PshA1
cloning site in the pTriEx-4-Neo vector appears to have shifted the translation reading frame,
producing multiple unknown truncated proteins. The current study also highlights that PCR
primers must not be used in DNA sequencing to confirm the sequence of the gene of interest
cloned into the vector. Gibson assembly should be considered to reduce the cloning time and
risk of contamination.
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Chapter 7. General discussion
Synopsis
The overarching aim of this thesis was to investigate the interaction of anti-β2GP1 antibodies
with

platelets.

Anti-β2GP1

antibodies

are

known

to

dimerise

β2GP1,

forming

immunocomplexes that bind and affect platelets function [20, 152]. However, the precise
mechanism(s) of interaction between anti-β2GP1 antibodies/immunocomplexes and platelets
remain unclear. Based on previous research [19, 26, 27], the hypothesis of this thesis was
anti-β2GP1 antibodies activate collagen-mediated platelet signaling pathway(s), leading to
excessive platelet aggregation and clot/thrombus formation in patients with APS and SLE [18,
19]. The latest treatments for thrombosis in these patients only improve their quality of life by
minimising the risks and symptoms. These treatments may be delayed in many cases as
multiple testings [158] are required for an accurate diagnosis. Therefore, a better
understanding of the mechanism(s) and effect(s) of the interaction between anti-β2GP1
antibodies and platelets is essential for the development of novel biomarker(s), to aid in
earlier diagnosis, and treatment(s) for vascular diseases, particularly in APS and SLE.

The effects of anti-β2GP1 antibodies on platelets were investigated, focusing in
particular on the GPVI receptor which is known to mediate the initial adhesion of platelets to
collagen exposed from an injured blood vessel [174, 213]. Three studies were conducted to
investigate how anti-β2GP1 antibodies specifically, 1) affect collagen-induced in vitro platelet
aggregation, 2) induce shedding of the ectodomain of GPVI, and 3) interact with GPVI and
the IgG binding receptors, FcγRIIa. Anti-β2GP1 antibodies were hypothesised to bind to the
GPVI receptor, affecting collagen-induced platelet aggregation and/or activation. However,
the collective results from these three studies suggest that anti-β2GP1 antibodies do not affect
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platelets via collagen-mediated signaling pathways. Although the exact mechanism(s) of
interaction remain unclear, this project provides new insight into the effects of anti-β2GP1
antibodies on platelets. The current methodology, design and analytical techniques also form
a strong basis for further research to investigate the effects of anti-β2GP1 antibodies on other
platelet receptors and signaling pathways.

How anti-β2GP1 antibodies interact with platelets?
The effects of anti-β2GP1 antibodies on platelets have been previously studied using PRPbased aggregometry. The number of known studies is relatively small (n = 3), yet variable
effects (i.e. enhancement, inhibitory and non-significant) on platelet aggregation have been
reported [19, 26, 27]. The results from these studies are not directly comparable to one
another because they refer to the effects of anti-β2GP1 antibodies on platelets activated by
different agonists, such as collagen, ADP and adrenaline. Furthermore, the methods were not
comparable, with different 1) species and clones of anti-β2GP1 antibody (animal vs human;
polyclonal vs monoclonal), 2) conformations of β2GP1 (healthy vs patient), 3) sources of
platelets (healthy vs patient), and 4) agonists used to activate platelets. Considering these
complexities, the collagen-mediated platelet signaling pathway(s) was investigated using
different types of anti-β2GP1 antibody, including animal-derived anti-β2GP1 antibodies and
APS/SLE patient-derived IgG fractions (containing anti-β2GP1 antibodies). Other samples
were standardised with PRP from healthy individuals, which contain platelets and β2GP1.
The experimental model ensured that the reported results were specific to anti-β2GP1
antibodies, and comparable to the previous studies which investigated collagen pathways
using animal-derived anti-β2GP1 antibodies [19] and patient-derived IgG fractions [27].
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7.2.1. The effects of anti-β2GP1 antibodies on platelet aggregation
This project commenced with a PRP-based aggregometry study (Chapter 2) using animalderived anti-β2GP1 antibodies to investigate the functional effects of anti-β2GP1 antibodies
on platelets. To minimise bias due to the lack of diversification, different types of animal
antibodies, i.e. goat and rabbit, monoclonal and polyclonal, were tested as opposed to a single
rabbit polyclonal antibody used in previous studies [19, 26]. Isotype control antibodies were
also included to validate the effects of animal-derived anti-β2GP1 antibodies since the
reported effects [19, 26] may be non-specific when compared to a blank such as buffered
normal saline. Both goat- and rabbit-derived anti-β2GP1 antibodies demonstrated statistically
significant inhibition (4-9%, P < 0.01) of collagen-induced platelet aggregation compared to
blank. These inhibitory effects were similar to those produced by isotype controls, suggesting
that the results were not specific to anti-β2GP1 antibodies and contradicted the conclusion
profited in previous studies [19, 26]. The current data showed that animal-derived anti-β2GP1
antibodies do not affect collagen-induced platelet aggregation. However, due to differences in
binding avidity and specificity, animal-derived antibodies may not produce the same effects
of human anti-β2GP1 antibodies in patients with APS and SLE [34].

The second aggregometry study was therefore designed to assess the effects of antiβ2GP1 antibodies on platelets using samples from patients with APS and SLE (Chapter 3). It
is not known as which types of patient-derived samples, i.e. serum, IgG fraction or affinity
purified anti-β2GP1 antibody, are more appropriate. The use of serum as a source of antiβ2GP1 antibodies may not be suitable for aggregometry studies because it contains all
immunoglobulin

classes,

potentially

generating

non-specific

results.

The

disease

manifestation in patients with APS and SLE is mostly associated with the IgG isotype,
particularly the IgG2 subclass (section 1.4.4) [40, 41, 162, 214]. Thus, IgG fractions (with or
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without anti-β2GP1 antibodies) were isolated from APS and SLE patients’ serum/plasma to
explore the effects of human antibodies on platelets. Similar to animal-derived antibodies,
patient-derived IgG fractions had no significant effect on collagen-induced aggregation
compared to isotype controls. These results indicate that anti-β2GP1 antibodies do not affect
collagen-induced platelet aggregation, but this finding should be validated using anti-β2GP1
antibodies purified from patient-derived IgG fractions.

Despite the consideration given to select suitable samples from patients to test the
effects of anti-β2GP1 antibodies, the non-significant effects observed may be due to the use
of sample containing non-pathological IgG subtypes, such as IgG3 [40]. This issue was partly
addressed using the dRVVT to detect the LA activity of IgG antibodies. A positive LA
activity reflects the inhibition of antibody on phospholipid-dependent clotting time, which is
strongly associated with the pathogenicity of antibody [8, 193, 194]. Animal-derived antiβ2GP1 antibodies had no observable LA activity (section 2.4.4), whereas patient-derived
plasmas displayed LA activity, but not in the IgG fractions (section 4.4.3, Appendix 5). The
negative LA activity of IgG fractions may be due to the concurrent presence of calcium and
phospholipid in the LA 1 Screening reagent which interferes with the dRVVT [195]. While
an in-house LA 1 Screening reagent with separated calcium and phospholipid can be
prepared [195], standardisation is still required to ensure the accuracy of LA activity. This
standardisation however, was out of the scope for this thesis. Therefore, the pathogenicity of
animal-derived antibodies remains unclear as the conformation of β2GP1 from healthy
humans used to immunise animals was not provided by manufacturers of commercially
available antibodies [20, 84] (rejecting the hypothesis in Section 2.5). Anti-β2GP1 antibodies
from APS/SLE-derived IgG fractions are pathogenic, considering their strong association
with thrombotic history (Table 3.1 and Table 4.1) and positive LA activity.
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It may be that the effects of anti-β2GP1 antibodies cannot be demonstrated using a
PRP-based in vitro aggregation experimental model, particularly using an agonist such as
collagen which produces a strong aggregation response. Considering the potential masking
effects from the collagen activation signal, the final concentrations of collagen used were
lower than the manufacturer’s recommended concentration of 10 µg/mL, that is primarily
used for diagnostic purposes. The effects of anti-β2GP1 antibodies have been tested using 5
(Appendix 3), 2.5 (Chapter 2) and 0.75 µg/ml of collagen (Chapter 3 and Appendix 4), yet
the effects observed were similar to isotype control antibodies. Moreover, the aggregation
results may also be affected by the manufacturer of collagen. For example, the type I equine
tendon collagen (Helena Laboratories, Beaumont, USA) used in the current project contained
small amounts of vWF which may enhance the activation signal of collagen [154]. Acidsoluble collagen without vWF, i.e. calf skin type I acid soluble collagens (C3511 and C9791;
Sigma Aldrich, Missouri, USA) was also tried, however it did not induce platelet aggregation
(Appendix 2). Collectively, the results from these aggregometry studies suggest that antiβ2GP1 antibodies do not affect the collagen-vWF-mediated pathway in platelets.

7.2.2. Do anti-β2GP1 antibodies shed sGPVI?
To avoid the potential overwhelming effect of collagen in an in vitro aggregation model, an
approach was then developed to investigate the direct effects of anti-β2GP1 antibodies on the
major collagen receptor, GPVI, by measuring levels of sGPVI (Chapter 4). sGPVI is formed
following cleavage by metalloproteinases of an ectodomain of GPVI receptor to terminate the
activation signals from ligands, such as collagen [144], autoantibodies against GPVI [32, 33],
or FcγRIIa receptors [182]. Since vWF has been previously shown not to induce shedding of
sGPVI [144], the measurement of sGPVI may better reveal the effects of anti-β2GP1
antibodies on collagen, rather than collagen-vWF signaling pathways. However, there were
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no differences in the concentrations of sGPVI released from healthy platelets treated with
SLE-derived IgG fractions, animal-derived anti-β2GP1 antibodies, or isotype control
antibodies (± 2 ng/mL). The sGPVI study hence supports the current and previous
aggregometry studies [27], confirming that the GPVI receptor which mediates the collagen
signaling pathway is not a target of anti-β2GP1 antibodies.

Interestingly, high concentrations of sGPVI were found in the plasma of SLE patients
with anti-β2GP1 antibodies. Whilst the obvious confounder of the small sample size (n = 3),
needs to be acknowledged, other factor(s) may also play a role. For example, the enzymatic
activity of metalloproteinases, ADAM10 and ADAM17, to shed sGPVI can be increased in
the patient (in vivo), but not the experimental setup (in vitro) [189, 190]. This is possible as
other substrates of metalloproteinase, e.g., transmembrane activator, CAML interactor (TACI)
[215], and Axl tyrosine kinase receptor [189], have been reported to be higher in patients
with APS and SLE. It is hypothesised that the levels and activities of metalloproteinase may
decrease after a long-term active shedding activity, leading to excessive clot formation when
the collagen-activation signal is not effectively terminated by shedding of the GPVI receptor.

7.2.3. The interaction/binding of anti-β2GP1 antibodies with platelets
The effects of anti-β2GP1 antibodies on collagen-induced aggregation and receptors have
been investigated using aggregometry (Chapter 2 and Chapter 3) and sGPVI (Chapter 4)
studies. Whilst these studies have provided insight into the functional effects of anti-β2GP1
antibodies, the interaction/binding of anti-β2GP1 antibodies on platelets was not able to be
studied. It is known that anti-β2GP1 antibodies form immunocomplexes with β2GP1 and bind
to the phospholipid membrane of platelets [20]. However, anti-β2GP1 antibodies may bind
and, 1) remain on, 2) dissociate from, or 3) be internalised by platelets. Therefore, the binding
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of APS/SLE-derived IgG fractions on platelets was investigated using ICC staining (the
second part of Chapter 3).

ICC staining demonstrated that APS/SLE-derived IgG fractions containing antiβ2GP1 antibodies had a higher binding affinity to non-activated platelets, compared to
collagen-activated platelets. Thus, anti-β2GP1 antibodies are likely to bind and remain on the
surface of platelets before activation. Since ICC staining could not differentiate between IgG
fractions on the surface and inside platelets, it remains unknown whether anti-β2GP1
antibodies were internalised by non-activated platelets. Following collagen activation,
patient-derived IgG fractions were potentially dissociated from the platelets’ surface as the
ICC staining of patient-derived IgG fractions did not increase on collagen-activated platelets.
The binding of IgG fractions on platelets also increased with longer incubation time. Thus,
the chronic exposure of resting platelets to anti-β2GP1 antibodies may enhance the binding
and effects of anti-β2GP1 antibodies, increasing the risk of thrombosis in APS and SLE.

The IgG-binding receptor, FcγRIIa, is suspected to be the target of anti-β2GP1 IgG
antibodies on non-activated platelets [165, 166]. Anti-β2GP1 antibodies do not activate
FcγRIIa as no shedding of sGPVI was observed (Chapter 4). Instead, anti-β2GP1 antibodies
may inhibit the downregulation of FcγRIIa function, i.e. enhance platelet aggregation [216],
which lead to the excessive clot formation in vivo. The long-term effect of anti-β2GP1
antibodies on clot formation, due to the continual upregulation of FcγRIIa activity, was not
measurable using in vitro aggregometry with a monitoring period of 10 min. Any effect of
anti-β2GP1 antibodies on FcγRIIa was also not detected in the sGPVI study as the inhibitory
effect of anti-β2GP1 antibodies on the downregulation of FcγRIIa can only occur after
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FcγRIIa is stimulated by another activation signal [217]. Thus, further research is required to
understand the potential effects of anti-β2GP1 antibodies on FcγRIIa.

Anti-β2GP1 antibodies do not affect GPVI receptor
The collective results from three studies suggest that anti-β2GP1 antibodies bind to the
surface of resting platelets with no effects on collagen-mediated platelet aggregation and
GPVI receptor (Figure 7.1). The binding/sensitisation of anti-β2GP1 antibodies may be
occurred before or during, but not after, the aggregation process. These anti-β2GP1 antibodies
on the surface of platelet possibly target other platelet receptors and cascade of pathways
activated by the initial collagen activation signal, e.g., apoER2 [59], GPIb [146], FcγRIIa
[147], and GPCRs [26]. Consequently, thrombosis in patients with APS and SLE may be due
to a cumulative effect of anti-β2GP1 antibodies on weak/secondary pathways, and potentially
exacerbated when platelets are chronically exposed to and sensitised by anti-β2GP1
antibodies. Instead of being the primary cause, anti-β2GP1 antibodies may be involved in a
two-hit hypothesis for the pathogenesis of APS and SLE [40, 159, 173].

126

Figure 7.1. Investigation of the mechanisms and effects of the interaction between anti-β2GP1 antibodies and platelets.
Three studies were conducted to investigate the mechanisms and effects of the interaction between anti-β2GP1 antibodies and platelets, particularly those
mediated by collagen. The results from aggregometry and sGPVI studies suggest that anti-β2GP1 antibodies have no effects on the collagen-induced platelet
aggregation and shedding of the sGPVI, respectively. Anti-β2GP1 antibodies were shown to have higher binding affinity to non-activated platelets using ICC
stain. Together, anti-β2GP1 antibodies bind to platelets, but do not affect GPVI receptor and collagen-induced aggregation. Anti-β2GP1 antibodies may affect
other platelet receptors and signaling pathways.
Abbreviations: anti-β2GP1, anti-beta-2 glycoprotein 1; sGPVI, soluble glycoprotein VI; ICC, immunocytochemistry.
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The role of anti-β2GP1 antibodies in the two-hit hypothesis
This thesis proposes an important role of anti-β2GP1 antibodies in the two-hit hypothesis for
the pathogenesis of APS and SLE (Figure 7.2). The two-hit hypothesis suggests that a “firsthit” injury is required to prime the endothelium of blood vessel, before a “second-hit” injury
triggers the thrombus formation [40, 159, 173]. Initially, the first-hit endothelium priming,
results from vessel-wall injury, infection or recent surgery [118], leads to platelets activation
and secretion of weak agonists such as ADP. These weak agonists pre-activate or condition
the resting platelets that are circulating in the blood, exposing the phospholipid of platelets
for binding of β2GP1. The binding allows the circular conformation of β2GP1 to transform
into the J-shape, forming an immunocomplex with an anti-β2GP1 antibody [20]. The
immunocomplex can remain on the surface of, and/or be internalised by, platelets, and these
interactions potentially cause platelets to be hypersensitised. After stimulation by second-hit
injury

such

as

smoking,

immobilisation,

pregnancy,

and/or

malignancy,

the

immunocomplexes enhance platelet aggregation and lead to thrombosis [119]. Consequently,
other platelet signaling pathways, particularly those mediated by weak agonists, need to be
investigated in vitro to determine if anti-β2GP1 antibodies have a pathophysiological role in
the two-hit hypothesis. Meanwhile, prophylactic treatments for thrombosis (i.e. anticoagulant
medications) and raising the awareness of patients to avoid activities contributing to
secondary trigger can be used to alleviate the risk of complications in patients with APS and
SLE.
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Figure 7.2. Role of anti-β2GP1 antibodies in two-hit hypothesis.
A) 1st hit injury of blood vessel and secretion of ADP pre-activate platelets. B) These pre-activated platelets expose phospholipid for transformation of
circular- to J-shaped β2GP1. Anti-β2GP1 antibodies bind with the cryptic epitope of J-shaped β2GP1, forming anti-β2GP1-β2GP1 immunocomplex. C) The
immunocomplex can remain on the surface of, or be internalised into, platelets. D) These interactions potentially hypersensitise platelets in blood circulation.
E) The 2nd hit injury and immunocomplex affect the platelet aggregation and trigger thrombosis [40, 173].
Abbreviations: β2GP1, beta-2 glycoprotein 1; ADP, adenosine diphosphate.
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Troubleshooting
7.5.1. Isolation of anti-β2GP1 antibodies
A significant part of this thesis was dedicated to the development of a method to purify antiβ2GP1 antibodies from APS/SLE-derived IgG fractions (Chapter 5). Anti-β2GP1 antibody
was isolated from one only of eleven samples using healthy individual-derived β2GP1 protein
coupled onto NHS-activated columns. The low yield of anti-β2GP1 antibodies could be due
to the conformation of β2GP1 when coupled onto the columns. β2GP1 from healthy
individuals has circular conformation, which transforms into J-shaped conformation after
binding to the negatively charged membrane [18, 20]. This transformation may not occur
when β2GP1 proteins were coupled on NHS-activated sepharose beads by forming an amide
linkage [18, 20], and hence no isolation of the pathogenic anti-β2GP1 antibodies. A recent
study [84] proposed that β2GP1 exists predominantly in J-shaped conformation and no
transformation is required before coupling. Yet, the exact conformation of β2GP1
used/coupled was not measured in the current study, and therefore may still be incorrect. The
concentrations of β2GP1 used to couple the column (178 and 680 µg/mL) were also lower
compared to other studies using concentrations range from 900 up to 5000 µg/ml [26, 199201]. Consequently, these NHS-activated columns coupled with low concentrations of
healthy β2GP1 were not suitable to purify APS/SLE-derived anti-β2GP1 antibodies.

An alternative source of β2GP1 with high concentration and correct conformation for
antibody purification could potentially be obtained by isolation from the plasma of patients
with APS/SLE, or expression using cell culture [205, 206]. Patient-derived β2GP1 was not
used because there were limited patient samples available for the isolation of both β2GP1 and
anti-β2GP1 antibodies. Therefore, an attempt was made to express recombinant DI (the
domain of β2GP1 targeted by pathogenic anti-β2GP1 antibodies) and full-length β2GP1 in a
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cell culture protein expression system (Chapter 6). The gene of DI or full-length β2GP1 was
inserted into the pTriEx-4-Neo vector which can be used in a mammalian or bacterial cell
system. The mammalian cell system can produce recombinant β2GP1 that highly resembles
the patient-derived β2GP1, yet the yield of protein is too low for antibody purification [205,
206]. Thus, the pTriEx-4-Neo vector was cloned into E. coli, C43 (DE3) electrocompetent
cells, which are suitable to express mammalian proteins toxic to bacteria [208]. These
bacteria were expected to have a high yield of recombinant β2GP1. However, the unique
cloning site of vector and incorrect primers design shifted the reading frame of translation,
producing unknown truncated proteins. This study was not able to be pursued further due to
time restrictions. Even with successful cloning, the process of protein expression may be
longer as the structures of recombinant β2GP1 require validation before coupling on the
column to purify pathogenic antibodies. Though, the extensive amount of time and work
spent to troubleshoot the current methodology has formed a strong basis for further research
to express β2GP1 for purification of anti-β2GP1 antibodies.

7.5.2. PRP from healthy individuals versus APS/SLE patients
The current results must be considered in the light of the types of PRP being used to test the
effects of anti-β2GP1 antibodies. PRP from healthy individuals used in this thesis may not
provide a suitable in vivo condition for anti-β2GP1 antibodies to affect platelet function as
healthy PRP-derived platelets and enzymes may be different from those in patients. The
surface of APS/SLE-derived platelets has been shown to be sensitised with IgG fractions [35,
36] or type 1 interferon [37], while the level and activity of enzymes, i.e. metalloproteinase
[218, 219], also varies in PRP derived from patients. Yet, PRP from patients were not used as
it is difficult to obtain a large amount of fresh patient-derived platelets sensitised with similar
levels of IgG, interferon, or other unknown marker(s) on their surfaces. The variation of
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enzymes between patients may also interfere with the true effects of anti-β2GP1 antibodies.
Therefore, only PRP from healthy individuals was used to further explore the previous [19,
26, 27] reported effects of anti-β2GP1 antibodies on healthy platelets.

Further studies
The pathogenesis of anti-β2GP1 antibodies presents challenges that need to be carefully
considered as it can be affected by four variables, namely, 1) anti-β2GP1 antibodies, 2) β2GP1,
3) platelets, and 4) the agonist used for platelet aggregation. The current project focused on
the type of antibodies as anti-β2GP1 antibodies are the main factor that affects the
pathogenesis of APS and SLE [10]. Thus, further studies are required to explore the other
variables. The following studies should be considered to account for these confounders, and
to avoid the contradiction of results due to the difference in reagents used.

First, affinity purified APS/SLE-derived anti-β2GP1 antibodies should be tested on
healthy PRP to confirm the current findings for GPVI receptor. Although higher
concentrations of anti-β2GP1 antibodies may be used in vitro to reveal their potentially weak
effects on platelets, the concentration used needs to be physiologically relevant. Furthermore,
the non-significant effects of anti-β2GP1 antibodies on collagen-induced platelet aggregation
may also be due to the application of samples with non-pathogenic anti-β2GP1 antibodies.
The pathogenicity of anti-β2GP1 antibodies hence should be tested with LA activity by
adding calcium and phospholipid separately. Since anti-β2GP1 antibodies that recognise the
cryptic epitope at DI of J-shaped β2GP1 are known to be more clinically significant [11], the
targeted epitope of anti-β2GP1 antibodies can be detected using ELISA to define the
pathogenicity of antibodies [129, 130].
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Second, the conformation of β2GP1 derived from healthy individual needs to be
determined to ensure the reported results were not affected due to lack of transformation to
the J-shaped conformation. This work can be time consuming, but possible as the
conformation of β2GP1 has previously been studied using protein electrophoresis [69, 78],
electron microscopy [20], and nuclear magnetic resonance (NMR) [220]. Although β2GP1
derived from patients may have the correct conformation for binding of anti-β2GP1
antibodies, validation is still required as circular β2GP1 may be abundant in patients with
benign anti-β2GP1 antibodies against DII-V of β2GP1 [120]. Cloning of the β2GP1 gene into
pTriEx-4-Neo vector should be continued as this allows the expression of recombinant β2GP1
in the bacterial system for the purification of anti-β2GP1 antibodies. Also, the conformation
and function of β2GP1 can be investigated in a mammalian system, particularly a liver cell
line (i.e. HepG2) which is known to produce β2GP1 in human [207].

Thirdly, the characteristics of platelets need to be determined to allow the application
of patient-derived platelets to explore the effects of anti-β2GP1 antibodies. This can be done
by quantifying and standardising the level of IgG autoantibodies sensitised on patient-derived
platelets using ICC staining. Moreover, the level of sensitisation should be correlated with the
patient’s clinical history as the binding of IgG may be associated with the disease
manifestation in patients with APS/SLE. Anti-β2GP1 antibodies are known to interact with
phospholipid membranes [20, 29], hence the lipid raft of platelets, a plasma membrane
subregions responsible for cell signaling, possibly will be affected by anti-β2GP1 antibodies.
The lipid raft of patient-derived platelets, or healthy-derived platelets treated with anti-β2GP1
antibodies, can be studied using NMR [221] and proteomics analysis [222]. Similar
techniques are applicable on screening of the metabolites and enzymes in APS/SLE-derived
plasma, or healthy donor-derived plasma treated with anti-β2GP1 antibodies. Other molecular
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markers, for example microRNA-223 from platelets [223], are also useful to study the effects
of anti-β2GP1 antibodies on platelets with limited sample resources.

Lastly, the current study only investigated the effects of anti-β2GP1 antibodies on
platelets activated by collagen. Platelets should be activated by other agonists, particularly
weak agonists (e.g., ADP and adrenaline) to identify other potentially affected platelet
receptors/pathways. Correspondingly, the cascade of pathways and receptors activated due to
the initial collagen activation signal, for instance, apoER2, GPIb, FcγRIIa, and GPCRs, need
to be explored using their biomarkers, including soluble analog of apoER2 [224], shed
ectodomain of GPIb [225], sGPVI [182], and mini G proteins [226], respectively. Since antiβ2GP1 antibodies have been shown to affect epithelial and white blood cells [22-25], the
effects of anti-β2GP1 antibodies on platelets need to be correlated with studies investigating
other cell types to better understand the pathogenesis of anti-β2GP1 antibodies.
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Conclusion
This thesis provides strong evidence that anti-β2GP1 antibodies bind to platelets, but do not
interact with GPVI receptor. Anti-β2GP1 antibodies affect neither in vitro platelet aggregation
induced by collagen, nor the shedding of the GPVI receptor. The ICC staining suggests that
anti-β2GP1 antibodies bind and sensitise resting platelets. It is proposed that these
antibodies/immunocomplexes on platelets surface may have secondary/weak effects on
platelets, requiring a chronic exposure to antibodies and repeated injury of blood vessels. The
current research approaches and techniques can be used to refine the design of future studies
to investigate other platelet receptors and signaling pathways. The complex pathophysiology
of anti-β2GP1 antibodies may be better resolved using the process of elimination. Data from
different receptors/pathways in platelets and other cell types must ultimately be collated to
reveal the mechanistic pathway, assisting in the development of novel biomarkers and
treatments for vascular diseases in APS and SLE.
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Appendix 2

Acid soluble Type I collagen

Background: In Chapter 2 and Chapter 3, type I equine tendon collagen containing a small
amount of vWF was used to induce the platelet aggregation as recommended by the
manufacturer (Helena Laboratories, Beaumont, USA). The presence of vWF however, can
potentially enhance the strong collagen-induced platelet activation signals, masking the
effect(s) of anti-β2GP1 antibodies on platelets. In this small study, I attempted to activate
platelets using calf skin type I acid soluble collagen (C3511 and C9791, Sigma Aldrich,
Missouri, USA) which did not contain vWF.
Methods: The ability of calf skin type I acid soluble collagen to induce platelet aggregation
was studied using a four channel AggRAMTM light transmission aggregometer (Helena
Laboratories, Beaumont, USA). First, acid soluble collagen (50 mg) was dissolved in 0.1 M
acetic acid (50 mL) to obtain a concentration of 1000 µg/mL. PRP isolated from healthy
donor (225 µL, 250 × 109 platelets/L) was activated by acid soluble collagen, C3511 or
C9791 (25 µL, final concentration 50 µg/mL, 100 µg/mL), and monitored for 10 min using
aggregometer. In parallel, type I equine tendon collagen (final concentration 5 μg/mL, Helena
Laboratories, Beaumont, USA) was also used to activate platelets.
Results: C3511 acid soluble collagen (final concentration 50 µg/mL) only induced 10-15%
of platelet aggregation (Figure A1). This low level of platelet aggregation was reversible as
the amount of platelet aggregated slightly decreased through the 10 min monitoring period.
The acid soluble collagen induced platelet aggregation was significantly lower than type I
equine tendon collagen (5 µg/mL) which had triggered above 80% of platelet aggregation.
Furthermore, a higher final concentration of acid soluble collagen C3511 and C9791 (100
µg/mL) also did not induce platelet aggregation (Figure A2).
Conclusion: Since both acid soluble collagens did not induce platelet aggregation, they were
not used in the current project.
153

Figure A1. Representative traces of platelet aggregation induced by C3511 acid soluble and type I
equine tendon collagen.
C3511 acid soluble collagen with higher concentration (final concentration 50 µg/mL) induced low
level of platelet aggregation. Type I equine tendon collagen (final concentration 5 µg/mL) however,
induced a strong platelet aggregation (above 80%).

Figure A2. Representative traces of platelet aggregation induced by C3511 and C9791 acid soluble
collagen.
Both acid soluble collagen with a final concentration of 100 µg/mL did not induced platelet
aggregation.
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Appendix 3
Effects of anti-β2GP1 antibodies
on platelet activated by 5 µg/mL of collagen
Background: The effects of animal-derived anti-β2GP1 antibodies have been tested on
platelets activated with 5 µg/mL. This experiment was running in parallel with those platelets
activated by 2.5 µg/mL of collagen (Chapter 2), however the result was not published.
Methods: The methodology is similar to section 2.3.4.
Results: There was no difference between the effects of animal-derived anti-β2GP1
antibodies and their isotype controls on platelet aggregation induced by 5 µg/mL of collagen
(Figure A3).
Conclusion: 5 µg/mL of collagen may be potent, and therefore masking the effects of antiβ2GP1 antibodies on platelet.
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Figure A3. Effects of commercially available animal-derived polyclonal and monoclonal IgG
antibodies on 5 μg/mL collagen-induced platelet aggregation.
Horizontal dotted lines represent the baseline (PRP + buffered normal saline only). For each antibody,
results are presented as the mean difference against baseline ± standard error of means from four
separate experiments. All three animal-derived anti-human-β2GP1 antibodies had similar effects on
platelets as their isotype control antibodies.
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Appendix 4
Minimal
concentration
collagen to induce platelet aggregation

of

Background: Based on platelet aggregometry study in Chapter 2, it is suspect that the strong
collagen-mediated platelet activation signal may have masked the effects of anti-β2GP1
antibodies on platelet function. Therefore, this study aimed to decrease the strength of
collagen activation signal by determining the minimal amount of collagen required to induce
a stable platelet aggregation.
Methods: Twenty-five microliter of type I equine tendon collagen with final concentrations:
1.25, 1.00, 0.75 or 0.50 µg/mL, was used to induce platelet aggregation of PRP (200 µL, 250
× 109 platelets/L) spiked with Tris-glycine-HCl (25 µL, baseline control in Chapter 3). A
reproducibility test was also carried out for platelet aggregation induced by the lowest
concentration of collagen.
Results: The lowest concentration of collagen to induce a stable platelet aggregation was
0.75 µg/mL (Figure A4A). For the reproducibility testing, parameters including %MAX,
slope, lag time, and %AUC were determined. These parameters were expressed as mean ±
standard deviation: 71.02 ± 3.75%, 72.37 ± 7.19%, 42.58 ± 2.82 sec, and 51.56 ± 2.75%,
respectively (Figure A4B). The coefficient of variant of these parameters was 5.29%, 9.93%,
6.62% and 5.34%, respectively.
Conclusion: The current results showed that 0.75 µg/mL was suitable to be used as the
lowest concentration of collagen to activate platelet aggregation. This concentration was used
to induce the platelet aggregation of PRP spiked with IgG fractions from patients with APS
or SLE (Chapter 3). Platelet aggregation was not induced by 0.50 µg/mL of collagen as any
observed inhibitory effects may be due to the reversible secondary aggregation caused by the
weak activation signal generated by low concentration of collagen (Figure A5).
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Figure A4. The representative traces of platelet aggregation induced by type I equine tendon collagen.
A. PRP (225 µL) incubated with Tris-glycine-HCl (25 µL) was activated by collagen with final
concentrations of 1.25, 1.00, 0.75 and 0.50 µg/mL (green, red, blue, and brown traces, respectively).
B. The quadruplet reproducibility testing of 0.75 µg/mL collagen-induced platelet aggregation.
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Figure A5. The figure is modified from Figure A4A. The blue box shows the combined wave
(primary + secondary) of aggregation when PRP was activated by higher concentration of collagen
(1.25 and 1 µg/mL). In the combined wave there was simultaneous aggregation and secretion of dense
granules. When PRP was activated by 0.50 µg/mL of collagen there were two aggregation waves, i.e.
primary and secondary waves (red boxes). The primary wave is irreversible. However, the second
wave may be reversed and fail to induce dense granule secretion if the concentration of collagen is too
low [1].
Reference:
1. Hayward CPM, Moffat KA. Chapter 28 - Platelet Aggregation. In: Michelson ADs, editors.
Platelets (Third Edition); 2013. p. 559-580.
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Appendix 5
Lupus anti-coagulant activities
of APS and SLE-derived IgG fractions
Background: The LA activities of IgG fractions isolated from patients with APS/SLE and
healthy individuals (negative control) used in platelet aggregometry study (Chapter 3) were
tested to determine their reactivity/pathogenicity.
Methods: The LA activity was measured using the dRVVT as described in section 2.3.5.
Results: Only IgG fraction isolated from APS patient (A3) prolonged the clotting time of NP
and demonstrated LA activity (Table A1). Although patients had history of positive LA, their
IgG fractions did not induce LA activity on NP.
Conclusion: It is speculated that the presence of calcium together with phospholipid in the
dRVVT reagent may interfere the LA activity testing for IgG fractions.
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Table A1. LA activity of IgG fractions isolated from patients with APS/SLE and healthy individuals.

LA Control Low 1
LA Control High 2
NP
H + NP
H + NP
H + NP
H + NP
A1 + NP
A2 + NP
A3 + NP
A4 + NP
A5 + NP
A6 + NP
A7 + NP
A8 + NP
B1 + NP
B2 + NP
B3 + NP

Final
[Antibody] Screen (s)3
(μg/mL)
62.3 ± 0.3
81.3 ± 5.5
42.7 ± 1.1
150
44.2 ± 1.0
200
45.1 ± 0.3
300
45.5 ±0.3
350
44.6 ± 0.1
150
48.9 ± 0.0
150
48.2 ± 0.4
150
119.9 ± 6.3
150
46.5 ± 0.8
300
46.4 ± 0.2
300
48.9 ± 0.0
300
45.1 ± 0.1
350
48.9 ± 0.5
200
45.7 ± 0.4
200
46.4 ± 0.2
350
48.3 ± 0.4

Confirm (s)4

S/C

42.3 ± 0.4
39.9 ± 0.0

1.5
2.0

37.3 ± 0.1

3.2

LA5

Normal
Normal
Normal
Normal
Normal
Normal
Normal
Positive
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal

Patient’s
LA
History

Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive

Abbreviations: Final [Antibody], final concentration of antibodies; screen, ‘screen’ clotting time;
confirm, ‘confirm’ clotting time; S/C ratio, screen ratio/confirm ratio; LA, lupus anti-coagulant
activity; NP, STA®-Coag lyophilised control citrated normal human plasma; H, healthy participants;
A, APS patient with anti-β2GP1 IgG; B, SLE patient without anti-β2GP1 IgG.
1
Reference S/C ratio: 1.35 - 1.65.
2
Reference S/C ratio: 1.7 - 2.4.
3
Results were expressed as mean ± standard deviation for 3 replicates.
4
Results were expressed as mean ± standard deviation for 3 replicates.
5
LA activity denoted normal, weak or strong, according to manufacturer’s instructions.
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Appendix 6

Conference poster presentations

Figure A6. Poster 1: Further investigations of the effects of anti-β2GP1 antibodies on collageninduced platelet aggregation.
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Figure A7. Poster 2: Where's wally the antibody? Detection of IgG on platelets using
immunocytochemistry.
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Figure A8. Poster 3: Do anti-β2GP1 antibodies increase shedding of platelet GPVI?
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Figure A9. Poster 4: Isolation of patient-derived anti-β2GP1 antibodies using an NHS-activated
column.
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