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In this chapter I would like to summarize in short every chapter of this 

thesis and try to discuss the main reason why this research was 

performed. I would like to finish this chapter with a concluding 

discussion of how I see where we are now within the β2GPI field in the 

year 2011. 

 

CCHAPTER 2. 

Is β2GPI an integral part of human lipoproteins? 

 

More than 30 years ago, Polz and Kostner showed that β2GPI was 

distributed over the different human lipoproteins1 and based on these 

observations, Lee, Brewer and Osborne2 designated β2GPI as 

apolipoprotein H (apoH). Since then the names β2GPI and apoH are both 

used for the same protein, and the official designation for the β2GPI 

gene has become APOH. Since several years it has been acknowledged 

that β2GPI plays a central role in the thrombotic and pregnancy 

complications observed in the antiphospholipid syndrome (APS) and the 

correct localisation of β2GPI is thus of essential importance3,4. With this 

in mind we were interested whether the localisation of β2GPI on 

lipoproteins was influenced by the presence of antiphospholipid 

antibodies and decided to reinvestigate the distribution of β2GPI over the 

different lipoproteins and plasma fractions. With a single step 

ultracentrifugation and gel filtration we separated the different human 

lipoproteins from plasma of 5 healthy volunteers in fasting state and 

after a fatty breakfast. Besides this, plasmas from 2 septic patients, 2 

APS patients with antibodies against β2GPI and pooled plasma from 

more than 200 healthy volunteers were also investigated. After 

separation of the lipoproteins we checked the β2GPI contents of the 

different fractions with a β2GPI ELISA and with surface plasmon 

resonance in which anti-β2GPI antibodies where used to capture β2GPI. 

Both techniques showed that in the HDL and LDL fractions, β2GPI was 
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not present in appreciable quantities, neither in fasting healthy persons 

nor postprandially. Also, when plasmas of two APS patients were 

subjected to lipoprotein separation, the presence of anti-β2GPI 

antibodies did not result in re-distribution of β2GPI from the plasma 

fraction over the lipoprotein fractions. We have found less than 1% of 

total plasma β2GPI in the VLDL fractions and therefore cannot exclude 

that there is a possible weak interaction with VLDL. 

Reflecting upon the original publication1, 30 years ago, only 1 

study has been described in literature6 in which the distribution of β2GPI 

over the human lipoproteins was studied. They also did not find an 

association between β2GPI and lipoproteins. So, the question: “Is β2GPI 

an integral part of the human lipoproteins?” can be answered with a 

clear no. We conclude that apoH is not an integral part of the human 

lipoproteins and that the name apolipoprotein H is clearly a misnomer. 

 

CCHAPTER 3. 

Is the conformation of β2GPI in plasma different than in 

tests used for APS? 

 

APS is defined as the presence of antiphospholipid antibodies in blood of 

patients with thrombosis or fetal loss and is one of the most common 

causes of acquired thrombophilia6, especially at younger age. However, 

the discovery of β2GPI as target for the auto-antibodies did not provide 

a more in-depth knowledge on the underlying cause of the syndrome. It 

was unclear which metabolic pathway was disturbed by the auto-

antibodies, since no physiological function has convincingly been 

ascribed to β2GPI to date. Nevertheless, as antibodies against β2GPI can 

induce thrombosis in animal models7-9, the β2GPI protein must hold an 

important functional clue to our understanding of the syndrome. Since 

patients with antiphospholipid antibodies do not have circulating 
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antibody-antigen complexes in the presence of large amounts of β2GPI 

in the circulation, we hypothesized that the conformation of β2GPI in 

plasma may be different than when coated on an ELISA tray as how it is 

used in tests for the antiphospholipid syndrome.  

 The crystal structure of β2GPI revealed a fishhook-like shape of 

the molecule10,11 (see figure 1 in introduction section). Part of the 

epitope that is recognized by auto-antibodies is located in the first 

domain of β2GPI12,13. The crystal structure indicated that these amino 

acids are expressed on the surface of domain I of β2GPI and should thus 

be accessible for auto-antibodies. But the lack of binding of antibodies to 

β2GPI in solution fits better with a circular structure of β2GPI, a structure 

that was originally suggested by Koike et al14. The aim of our study was 

therefore to investigate the structure of β2GPI as it occurs in the 

circulation and to elucidate the changes that might occur within the 

protein when β2GPI interacts with antibodies and anionic surfaces. 

We used electron microscopy (EM) of purified native β2GPI and 

native β2GPI incubated with antibodies against the binding epitope in 

domain I. EM pictures showed that when antibodies were bound to 

β2GPI the protein did indeed show a fishhook-like shape, but when we 

studied the pictures of native β2GPI in the absence of antibodies we saw 

a closed ‘circular’ shape in which domains I and V interacted with each 

other. Analysis of EM pictures showed that more than 99% of native 

β2GPI was in a closed conformation. To better understand the 

conformational changes we have tried to open up closed β2GPI in the 

absence of antibodies. After establishing a condition in which native 

β2GPI could be opened up, we tried to confirm our EM findings and 

subjected both conformations to mass spectrometry analysis. We 

trypsinized both forms of β2GPI and analyzed the peptides formed with 

MALDI-TOF MS and LC-MS/MS. Analysis of the different conformations 

with surface plasmon resonance confirmed two different conformations 
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and showed an interaction between domains I and V which is probably 

involved in the maintenance of the closed conformation. 

 We showed that the conformation of β2GPI in plasma is indeed 

different than in tests used for APS and the main question of this 

chapter can be answered with a yes. When APS patient antibodies 

against β2GPI are coated directly on the surface of the plate they do not 

recognize native β2GPI in solution because β2GPI is in a closed circular 

conformation in which domains I and V interact and thereby shields off 

the binding epitope for the antibodies. When β2GPI is coated directly on 

the surface of the plate the positively charged part of domain V binds to 

the anionic surface and thereby induces the open conformation of β2GPI. 

The interaction between domains I and V is disturbed and the antibody 

binding epitope in domain I becomes exposed. When now APS 

antibodies are added they can recognize β2GPI bound to the surface. 

Researchers performing studies with β2GPI have to consider with 

which conformation of β2GPI their experiments were performed. The 

presence of β2GPI in a certain conformation is as we showed among 

others dependent on the presence of anionic surfaces but also on the 

method of purification of β2GPI. Our findings may have impact on the 

interpretation of research findings in the field of APS as the outcome of 

many laboratory experiments will strongly depend on the conformation 

of β2GPI. 

  

CHAPTER 4. 

Is there a functional consequence of having two different 

conformations? 

 

Lipopolysaccharide (LPS), a major constituent of the outer membrane of 

Gram-negative bacteria, plays a role in activating the hosts’ immune 

response by binding to white blood cells15. One of the important 
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components in neutralization and clearance of LPS from the bloodstream 

is high density lipoprotein (HDL)16,17. When I started my PhD, we 

concluded from the information presented in the literature that β2GPI 

was an integral part of the lipoproteins and hypothesized that β2GPI 

bound to HDL could have a protective effect in LPS induced sepsis. When 

we performed the first experiments we found that β2GPI was not able to 

bind to HDL (chapter 2). But next to that we also found that β2GPI could 

bind to LPS directly and independently of lipoproteins. 

 Analysis of EM pictures of β2GPI incubated with LPS, showed that 

LPS was bound to domain V of β2GPI and thereby induced a 

conformational change to the open conformation of β2GPI and showed 

the same fishhook-like shape when β2GPI was bound to anionic surfaces 

or antibodies. We therefore investigated possible functional 

consequences of β2GPI binding to LPS in an in vitro cellular model of 

LPS-induced tissue factor (TF) expression. Native plasma-purified β2GPI 

dose-dependently inhibited LPS induced TF expression both in 

monocytes and endothelial cells. Furthermore, in an ex vivo whole blood 

assay β2GPI inhibited LPS induced interleukin 6 expression, an 

inflammatory marker in innate immunity.  

We studied the in vivo relevance of the interaction between β2GPI 

and LPS in plasma samples of 23 healthy volunteers intravenously 

challenged with LPS18. We observed a reduction of 25% of baseline 

values of β2GPI immediately after LPS injection, suggesting an in vivo 

interaction between β2GPI and LPS. Considering that binding of LPS to 

β2GPI inhibited cellular LPS responsiveness in vitro, we sought to 

correlate plasma β2GPI concentrations with LPS-induced cytokine release 

in vivo. We found that plasma levels of β2GPI in the volunteers before 

infusion of LPS were highly significant, negatively associated with 

plasma levels of inflammatory markers TNFα, IL-6 and-IL-8 after the 

challenge. In agreement to this, the observed temperature rise upon 

LPS challenge was found to be highly significant inversely related to the 
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baseline β2GPI level. Subsequently, we observed a significant difference 

in β2GPI levels between non-sepsis and sepsis patients in the intensive 

care unit. β2GPI levels returned to normal after recovery, again 

suggesting an in vivo interaction between β2GPI and LPS. 

We found that the reduction in β2GPI levels after LPS challenge 

coincided with an uptake of β2GPI by monocytes. When β2GPI binds to 

LPS it changes conformation after which the LPS-β2GPI complex is taken 

up by monocytes. Interestingly, the binding of this complex could be 

dose-dependently inhibited by receptor associated protein, indicating 

that binding of β2GPI is mediated via a receptor of the LRP-family19-21.  

 So, yes there is a functional consequence of having two different 

conformations. Native β2GPI in its closed conformation does not bind to 

the LRP receptor. Upon interaction of LPS with domain V of β2GPI, a 

conformational change occurs in β2GPI. The ‘active’ fishhook-like 

conformation of β2GPI in complex with LPS is then able to bind to the 

receptor after which the complex is internalized. The scavenging of LPS 

by β2GPI leads to a decreased binding of LPS to the TLR4 receptor 

resulting in a decreased expression of the inflammatory markers TNFα, 

IL-6 and IL-8. The evidence provided here introduces β2GPI as a novel 

component of innate immunity. 

The ability of native β2GPI to inactivate LPS in vivo might offer 

opportunities to use β2GPI for the treatment of sepsis. We have shown 

that β2GPI binds to LPS via domain V of β2GPI. It seems logical to use 

domain V of β2GPI, and not the whole molecule for sepsis treatment. 

The use of the whole protein could induce the formation of auto-

antibodies against the cryptic epitope located in domain I, which could 

lead to the development of APS22. The use of only domain V could 

potentially avoid the development of auto-antibodies against β2GPI. 
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CCHAPTER 5. 

Is the LPS scavenging function of β2GPI conserved amongst 

other animal species? 

 

During one of the presentations on the novel function of β2GPI in innate 

immunity as an acute LPS scavenger one of the questions from the 

audience was: “If you claim that β2GPI is an important LPS scavenger, 

why don’t you identify the LPS binding site and show its availability in 

other species.” With this question in mind we investigated the 

conservation of β2GPI in vertebrates and set out to identify the binding 

site of LPS within β2GPI. We surveyed the genome sequences of 40 

vertebrates and of the fruit fly and roundworm. 

There was a 14% amino acid homology with β2GPI from the fruit 

fly Drosophila melanogaster and a 17% homology with the roundworm 

Caenorhabditis elegans, the most primitive organisms in which β2GPI 

could be identified. We found that the majority of mammals described 

here showed 75% or higher homology for the complete human β2GPI 

amino acid sequence. Remarkably, all mammals except the platypus, 

showed 100% homology for all 22 cysteine residues present in β2GPI, 

which serve an important structural determent for protein folding. 

We found important sequences in CCP-I (RGGMR)23-26 to which 

the antiphospholipid antibodies in APS are directed and the anionic 

phospholipid binding site (CKNKEKKC)23,27-30, located in CCP-V, to be 

highly and in most cases completely conserved. 

Furthermore, we found another amino acid sequence (AFWKTDA) 

within domain V that was completely conserved in all mammals. Surface 

plasmon resonance experiments revealed that the peptides LAFWKTDA 

and SAFWKTDA, comprising a hydrophobic loop within a large positively 

charged patch in CCP-V of β2GPI, were able to compete for binding of 

β2GPI to the LPS. The same amino acid sequences also attenuated the 
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inhibition by β2GPI in a cellular model of LPS-induced tissue factor 

expression. This indicates that the AFWKTDA amino acid sequence found 

in the genome of all mammals is the LPS binding region within CCP-V of 

β2GPI. From this we can only conclude that the LPS scavenging function 

is not only present in humans but evolutionary conserved throughout all 

mammals. Future experiments in mice have to confirm this conclusion. 

Sequence similarities serve as evidence for structural and 

functional conservation, as well as of evolutionary relationships between 

the sequences. Given the evolutionary conservation of β2GPI across the 

animal kingdom it suggests that nature spent much effort into 

preservation of a highly conserved protein amongst the animal kingdom, 

which implies that the LPS scavenging function of β2GPI is important. 

 

CCHAPTER 6. 

Does a conformational change in β2GPI by bacterial surface 

proteins lead to the development of auto-antibodies against 

β2GPI? 

 

As I have discussed before, in chapter 3 and 4, when β2GPI interacts 

with anionic surfaces the closed native conformation of β2GPI is forced 

to the open conformation of β2GPI. The interaction between domain I 

and V is disturbed and the antibody binding epitope in domain I is 

exposed. This epitope can then be recognized by the auto-antibodies 

that characterize the antiphospholipid syndrome. We can also twist the 

sequence of events: does the exposure of this epitope in domain I result 

in the formation of auto-antibodies? 

The etiology of this syndrome is not well understood: several 

publications have linked infections to the cause of APS and it has been 

suggested that children infected with streptococcal infections are prone 

to develop lupus anticoagulant31. Infections with S. pyogenes have the 
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highest incidence in children from 5 to 15 years and in the past we have 

established the binding of β2GPI to S. pyogenes32. That is why we have 

evaluated the potential of S. pyogenes derived proteins to induce the 

development of anti-β2GPI antibodies. 

EM studies showed that only one surface protein of S. pyogenes, 

protein H, was able to induce a conformational change in β2GPI. Protein 

H bound to CCP-I of β2GPI and forced the closed conformation to the 

open form of β2GPI. We then injected 8 mice six successive time points 

for 4 weeks apart with protein H and 3 control proteins isolated from S. 

pyogenes, and observed that only mice injected with protein H 

developed antibodies directed against the cryptic epitope in domain I of 

β2GPI. After the first boost, all mice started to develop antibodies 

directed against the injected bacterial protein. After two protein boosts, 

all mice injected with protein H developed anti-β2GPI IgM antibodies and 

after the fourth protein boost, all mice developed anti-β2GPI IgG’s to the 

cryptic epitope located in CCP-I of β2GPI. We also searched for evidence 

whether the development of anti-β2GPI antibodies observed in mice 

after injection with protein H accounted for the development of anti-

β2GPI antibodies in humans. Hence, we measured anti-protein H and 

anti-β2GPI antibodies in patients that suffered from S. pyogenes 

infections, who either had sepsis, skin inflammation or a history of 

tonsillitis. Only in the tonsillitis patients we observed antibodies against 

β2GPI who had also antibodies against protein H. These anti-β2GPI IgG’s 

were mainly directed to the first domain of β2GPI.  

 Now we can answer the question: “Does a conformational change 

in β2GPI lead to the development of auto-antibodies against β2GPI?” 

with a tentative yes. As was described, mice injected with protein H of 

S. pyogenes did indeed develop auto-antibodies against β2GPI and 

individuals suffering from tonsillitis had anti-β2GPI antibodies, but we 

have to be careful with this conclusion. As we observed, the mice 

needed at least 4 boosts, in a short amount of time, before they 
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developed antibodies against β2GPI. Contradictory to this, individuals 

who had sepsis or a skin infection, due to the same bacterial surface 

protein, did not develop these antibodies. Only individuals with a known 

history of tonsillitis, e.g. consecutive exposure to S. pyogenes, 

developed antibodies towards β2GPI. It would be better to state that the 

conformational change within β2GPI after repeated exposure to bacterial 

surface proteins could lead to the formation of auto-antibodies against 

β2GPI. Whether these auto-antibodies will be transiently or permanently 

present as in the antiphospholipid syndrome is unknown so far. 

 Hence, next to the anionic surface and LPS we have now 

identified protein H as another inducer of a conformational change in 

β2GPI. We propose that a repeated trigger that induces a conformational 

change in β2GPI towards the open conformation is the common 

denominator in the development of auto-antibodies against β2GPI. 

 

 

 
SSo where do we stand now, 2011? 

 

Research into the antiphospholipid syndrome and β2-glycoprotein I, 

formerly known as apolipoprotein H, has taken a turn in the last 4 years. 

The protein β2GPI has been linked mainly to coagulation for the last 2 

decades but the evidence provided in this thesis has broadened our 

focus on β2GPI from coagulation to innate immunity. For many years the 

characterization of the antibodies was the line of approach to 

understand the pathophysiology of the syndrome, unfortunately with 

little success. Here we have chosen an alternative lead, the search for a 

function for the playmaker of the antiphospholipid syndrome, the plasma 

protein β2GPI in innate immunity. 

 During the last four years, more and more evidence has become 

available that β2GPI is besides a scavenger of LPS a more general 
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scavenger in our circulation. Maiti et al33 showed a β2GPI-dependent 

phosphatidylserine (PS) expressing apoptopic cell uptake by 

macrophages. Binding of β2GPI to these cells caused recognition and 

uptake of the β2GPI-PS and β2GPI-apoptopic cell complex by the LRP 

receptor on macrophages. The receptor for binding to apoptopic cells 

was determined to be the Ro 60 receptor34,35. Furthermore, another 

study suggested that the binding of β2GPI to PS-expressing 

procoagulant platelet microparticles might promote their clearance by 

phagocytosis36. 

Blood contains microparticles (MPs) derived from a variety of cell 

types, including platelets, monocytes, and endothelial cells. MPs are 

formed from membrane blebs that are released from the cell surface by 

proteolytic cleavage of the cytoskeleton37. MPs may be procoagulant 

because they provide a membrane surface for the assembly of 

components of the coagulation protease cascade. Importantly, 

procoagulant activity is increased by the presence of anionic 

phospholipids, particularly phosphatidylserine (PS), and the 

procoagulant protein tissue factor (TF), which is the major cellular 

activator of the clotting cascade37. Since microparticles are considered to 

be important in coagulation, the efficient recognition and removal of 

these particles is critical for the maintenance of homeostasis and 

resolution of inflammation. 

It has been suggested that autoantibodies to β2GPI may inhibit 

this uptake of microparticles and bound TF to induce a procoagulant 

state36. This hypothesis was shown to be true by Seshan et al38. The role 

of TF was studied in a renal injury mouse model that shared many 

features with thrombotic microvascular disease. They found 

complement-dependent and complement-independent mechanisms 

responsible for endothelial activation and microvascular disease induced 

by antiphospholipid antibodies, found in APS patients. The presence of 

antibodies against β2GPI showed a disturbed uptake of microparticles 
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leading to increased TF in the circulation, which on its turn caused renal 

injury. They also showed that mice expressing low levels of TF were 

protected against this injury induced by the presence of the 

antiphospholipid antibodies. 

 In conclusion, more and more evidence is being provided for 

β2GPI as an overall scavenger, not only in coagulation but also in innate 

immunity, two complex processes that are highly intertwined. When 

β2GPI is bound to anionic surfaces or LPS, it undergoes a conformational 

change after which it is recognized by receptors on monocytes, 

endothelial cells and macrophages. Subsequently, the bound β2GPI 

complex is internalized and phagocytized, giving β2GPI a protective 

function in innate immunity and an anticoagulant function in 

coagulation. Upon formation of antibodies against β2GPI the uptake of 

microparticles is disturbed, resulting in a procoagulant state due to high 

TF levels in the circulation. If the formation and presence of antibodies 

against β2GPI also disturbs the clearance of LPS by β2GPI needs to be 

proven by animal experiments, in which β2GPI-defficient mice are 

challenged with an intravenous bolus injection of LPS. The addition of 

β2GPI in the presence or absence of antibodies against β2GPI, upon LPS 

challenge, will give us the final answer. 

The most important question still remains: why and under which 

circumstances are the antibodies against β2GPI formed? We are getting 

closer and closer in unrevealing the enigmas around the 

antiphospholipid syndrome. Finding the answer to this important 

question remains a matter of time.  
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