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ABSTRACT 
 

 Antiphospholipid syndrome (APS) is an autoimmune disorder characterized by 

the presence of autoantibodies to phospholipid (PL)-binding proteins, such as β2-

glycoprotein I (β2GPI), and clinical manifestations including thrombosis and/or recurrent 

pregnancy loss.  β2GPI-reactive T cells have been shown to be activated in patients with 

APS, but the mechanism responsible for this activation remains unclear.  Recent studies 

have proposed that exposure of a cryptic epitope on β2GPI, as a consequence of binding 

to PL, leads to the activation of β2GPI-autoreactive T cells in APS patients.  To test this 

hypothesis, we evaluated the development of β2GPI-reactive T cells in a murine model of 

aPL production.  C57BL/6 mice were immunized repeatedly with human β2GPI in the 

presence of lipopolysaccharide (LPS) to induce aPL production.  High levels of 

circulating aPL were observed as early as the second immunization, but splenic T cell 

reactivity to β2GPI was not detectable in vitro until after the fourth immunization.  

Splenic T cells from mice producing high levels of aPL proliferated in response to native 

human β2GPI, alone or bound to anionic PL, but PL-bound β2GPI appeared to be a more 

potent antigen.  β2GPI-reactive T cells produced IL-2 and IFN-γ, but not IL-4 or IL-10, 

suggesting a TH1 bias of this T cell response.  These results demonstrate that T cell 

reactivity to β2GPI can develop in nonautoimmune individuals repeatedly exposed to this 

antigen in a proinflammatory context (e.g., LPS).  Our data further suggest that the 

β2GPI-reactive T cells induced in this model have a TH1 bias and may be more reactive to 

a PL-dependent epitope on β2GPI than to native β2GPI.   
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RÉSUMÉ 
 
 Le syndrome antiphospholipide (SAPL) est une maladie autoimmune caractérisée 

par la présence d’auto-anticorps antiphospholipides (aPL) dirigés contre des protéines 

liant les phospholipides anioniques dont la β2-glycoproteine I (β2GPI), ainsi que par des 

manifestations cliniques incluant la thrombose et la perte foetale récurrente.  Il a été 

démontré que des lymphocytes T spécifiques à la β2GPI étaient activés chez les patients 

atteints du SAPL. Cependant, le mécanisme responsable de cette activation lymphocytaire 

reste nébuleux.  Des études récentes ont proposé que l’exposition d’épitopes cryptiques 

de la β2GPI, suite à la liaison de cette glycoprotéine à des phospholipides anioniques, 

engendre l’activation de lymphocytes T autoréactifs spécifiques à la β2GPI chez les 

patients atteints du SAPL.  Afin de vérifier cette hypothèse, nous avons évalué le 

développement de lymphocytes T spécifiques à la β2GPI dans un modèle murin de 

production d’aPL.  Des souris C57BL/6 ont été immunisées à répétition avec de la β2GPI 

humaine en présence de lipopolysaccharide (LPS) dans le but d’induire la production 

d’aPL.  Des titres élevés d’aPL circulants ont été observés dès la deuxième immunization, 

tandis que les lymphocytes T spécifiques à la β2GPI n’ont été détectés que suite à la 

quatrième immunisation.  Ainsi, les lymphocytes T provenant de la rate des souris 

produisant des niveaux élevés d’aPL ont proliféré en réponse à la forme native de β2GPI 

et encore plus fortement en réponse au complexe β2GPI-PL.  Ces lymphocytes T réactifs 

à la β2GPI ont démontré une production d’interleukine 2 et d’interféron gamma.  

Cependant, aucune interleukine 4 ou 10 n’ont été détectées insinuant un biais de type TH1 

pour cette réponse lymphocytaire.  Ces résultats suggèrent que la réactivité des 

lymphocytes T à la β2GPI peut se développer chez des individus non-autoimmuns 
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exposés de façon récurrente à cet antigène dans un contexte pro-inflammatoire (ex.LPS).  

De plus, notre étude démontre que, dans notre modèle, les cellules T réactives à la β2GPI 

possèdent un biais TH1 et réagissent plus fortement à un épitope PL dépendant qu’à la 

forme native de la β2GPI.   
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SECTION 1. GENERAL FEATURES OF ANTIPHOSPHOLIPID SYDROME 
 

 Antiphospholipid syndrome (APS) is an autoimmune disorder characterized by 

the presence of antiphospholipid antibodies (aPL) and clinical manifestations such as 

thrombosis and/or recurrent pregnancy loss.1  For a patient to be classified as having APS, 

they must meet at least one clinical criterion and at least one laboratory criterion (Table 1).  

Several other features associated with APS, but not included as classification criteria, 

include heart valve disease, livedo reticularis, thrombocytopenia, neuropathy and 

neurological manifestations.  Many of these other features, although highly associated 

with APS, are not specific for the syndrome.   

 APS can occur alone, as primary APS (PAPS), or in association with other 

autoimmune disorders such as systemic lupus erythematosus (SLE), where it is referred to 

as secondary APS (SAPS).  In rare cases of APS, patients will experience an acute form 

of the syndrome known as catastrophic APS (CAPS), experiencing multiple thrombotic 

events in a short period of time (weeks) that may result in death.  While approximately 1 

to 5% of the population produce aPL, the majority of these individuals do not present any 

clinical symptoms of APS.2  It is difficult, however, to determine which individuals with 

aPL will go on to develop APS.  It is estimated that 30% of aPL-positive SLE patients 

will develop APS and this risk increases to 50% at 20 years of follow-up.2  Although the 

precise etiologic agent of APS is unknown, it has been suggested that both environmental 

and genetic factors contribute to the development of this syndrome.3,4   
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1.1 Antiphospholipid antibodies (aPL) 
 

aPL are a class of autoantibodies that are heterogeneous in their affinity and 

specificity for their target antigens, but united in their recognition of phospholipids (PL), 

PL-binding proteins, or complexes of the two.  aPL were first detected in 1906 in a 

serological laboratory test for Treponema pallidum, the etiological agent of syphilis.5  

Known as the Wassermann complement-fixation test, positivity was defined as reactivity 

to extracts from bovine hearts.  The precise antigen of the Wasserman test was unknown 

at the time, but later identified as cardiolipin (CL) in 1941.6  CL is exclusively found in 

bacterial and mitochondrial membranes and is the antigenic target of aPL in syphilis 

patients.7-9  This discovery resulted in the development of the Venereal Disease Research 

Laboratory (VDRL) test for syphilis, an assay that uses a CL-cholesterol-lecithin mixture 

for the detection of antibodies present in the sera of patients with syphilis.  At the 

beginning of the twentieth century, mass blood screening programs were initiated to 

prevent the spread of syphilis.  This led to the observation that many SLE patients had a 

positive test for syphilis, but presented no clinical evidence of the disease.10  Upon the 

development of a more sensitive immunoassay for the detection of anticardiolipin 

antibodies (aCL), strong correlations could be made between aCL titers, lupus 

anticoagulant antibodies (LA), and venous and arterial thrombosis in SLE patients.11  In 

contrast, this was not found to be the case for anti-DNA antibodies, a prototypic 

autoantibody in patients with SLE.11,12  APS was first referred to as ‘the anticardiolipin 

syndrome’ by Graham Hughes13 and, in 1989, three independent groups published reports 

of APS existing as a distinct entity.  These reports constituted the first recognition of 

PAPS.14-16   
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Since CL is a common bacterial membrane constituent, the VDRL test is not 

specific for T. pallidum.6  Patients with other infectious diseases, such as malaria, 

tuberculosis, leprosy, hepatitis and acquired immunodeficiency syndrome (AIDS), also 

have antibodies that are reactive with CL.17-21  Similarly, patients with SLE and APS have 

CL-reactive aPL.  Early studies in this field investigated the differences between CL-

reactive antibodies from patients with infectious diseases and those with SLE and/or APS.  

This has led to the definition of characteristics that distinguish ‘infectious aPL’ from 

‘autoimmune aPL’.22-26  ‘Infectious aPL’ react directly with PL and bind to CL in the 

absence of serum proteins.  On the other hand, ‘autoimmune aPL’ bind to CL only in the 

presence of the PL-binding protein, β2-glycoprotein I (β2GPI).23,24  Since β2GPI binds to 

CL as well as other anionic PL, such as phosphatidylserine (PS) and phosphatidylinositol 

(PI), autoimmune aPL often recognize β2GPI bound to these PL as well.  Furthermore, 

β2GPI inhibits the binding of infectious aPL to CL.  Although ‘infectious’ and 

‘autoimmune’ aPL differ in their binding characteristics, their appearance in vivo is not 

mutually exclusive.  For example, patients with leprosy and human parvovirus B19 have 

been shown to possess both β2GPI-independent aCL and anti-β2GPI immunoglobulin G 

(IgG),27-29 suggesting that infection may provide a context for the induction of some 

autoimmune aPL.   

The discovery that autoimmune aPL recognize a PL-binding protein (e.g, β2GPI) 

bound to PL, rather than to PL alone, was a major milestone in the area of APS as it 

suggested that the protein, rather than the PL itself, was the antigenic target in these 

individuals.  This discovery also led to the observation that some aPL bind directly to 

β2GPI, in the absence of PL.24,30  The latter antibodies are referred to as ‘anti-β2GPI’, 

while antibodies recognizing CL-bound β2GPI are referred to as ‘aCL’.   
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aPL can be categorized into three major categories: aCL, anti-β2GPI and LA 

(Figure 1).   Although there are other types of aPL (such as antibodies to prothrombin 

[PT]), these three subsets of aPL are currently considered to be the most clinically 

relevant in APS.  To fully understand the nature of aPL, it is important to be aware that 

their distinction is largely based on their method of detection.  aCL and anti-β2GPI are 

detected by enzyme-linked immunosorbent assays (ELISA).  Here, aCL are measured by 

their reactivity to β2GPI bound to CL coated on polystyrene plates and anti-β2GPI are 

measured by their reactivity to β2GPI bound directly to polystyrene plates.  On the other 

hand, LA are detected by an in vitro coagulation assay that measures their ability to 

prolong clotting time in vitro.  The term ‘lupus anticoagulant’ is misleading, however.  

Although these antibodies have anticoagulant activity in PL-dependent coagulation assays 

in vitro, they are associated with thrombosis in APS patients who produce these 

antibodies in vivo.31,32  Furthermore, it should be noted, that aCL, anti-β2GPI and LA are 

not entirely distinct groups.  That is, some aCL and anti-β2GPI have LA activity, while 

others do not.  Similarly, some LA are dependent on β2GPI for their functional activity, 

while others depend on other PL-binding proteins (e.g., PT).33,34  Due to the heterogeneity 

of LA antibodies, no one assay is both sensitive and specific enough to be used alone.  

Thus, several assays must be used in combination to detect LA and rule out the possibility 

of other coagulation abnormalities.35  LA antibodies are more specific to APS, while aCL 

are more sensitive.36,37  The value of studying the antigen specificity of aPL is that their 

interactions and downstream effects may explain their pathophysiology.  However, at this 

time, no clear associations between particular aPL and clinical manifestations can be 

made.   
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1.2 PL-binding proteins 
 

 The distinction that autoimmune aPL are directed against PL-binding proteins, 

rather than PL themselves, marked an important point in the history of APS.  β2GPI and 

PT are the two major antigenic targets of aPL in APS.  Other target proteins include 

annexin V, protein C, protein S, factor XI, thrombomodulin and high molecular weight 

kininogen.38,39  The following sections will primarily discuss β2GPI, as T cell reactivity 

to this protein is the focus of my thesis.   

 

1.2.1 β2-glycoprotein I (β2GPI) 
 

 β2GPI is a 50 kDa PL-binding protein belonging to the complement control 

protein superfamily.  Other members of this family include interleukin-2 receptor (IL-2R) 

and C4b binding protein.40  β2GPI was first described in 1961 as a perchloric acid-soluble 

protein found in human plasma, but its function was unknown at the time.41  It was not 

until years later, in 1990, when three groups simultaneously identified β2GPI as the 

cofactor responsible for the binding of aCL to CL.23-25  β2GPI is one of the most abundant 

plasma proteins and is produced in the liver,42 placenta43 and intestinal tract.44  It 

circulates in human plasma at a concentration of approximately 200 μg/mL.  Although 

β2GPI is found mainly in its free form, more than 40% may be found in association with 

very low density lipoprotein (VLDL), high density lipoprotein (HDL) and postprandial 

chylomicrons.44  As β2GPI satisfies all the classification criteria for an apolipoprotein, it 

has also been termed ‘apolipoprotein H’.45   
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 β2GPI exists as a single polypeptide chain of 345 amino acids that is unusually 

rich in cysteines, prolines and tryptophans.  It possesses five glucosamine-containing 

oligosaccharides, all linked to asparagine residues, and five short consensus sequences to 

form an overall fish-hook like structure (Figure 2).  These five highly conserved motifs of 

approximately 60 amino acids each, also known as sushi domains, may be the result of 

gene duplication.46  Indeed, some homologous sets of cysteines form a “looped-back” 

configuration to link to other sets of homologous cysteines, forming its tertiary structure 

of five domains (I-V).  Domain V, however, differs slightly from the other four domains.   

It possesses a cluster rich in positively charged lysines that allows for binding to anionic 

surfaces and a hydrophobic C-terminal loop that allows for insertion into the lipid 

bilayer.47,48  Thus, Domain V possesses the PL-binding site and the region recognized by 

many aCL.49  Mutational studies have shown that substitution of tryptophan (Trp)316 for 

serine (Ser)316 on Domain V results in the abolition of its PL-binding capacity.50  

Furthermore, proteolytic cleavage of β2GPI within Domain V results in the reduction of 

its antigenicity.51  In addition to binding to anionic PL, β2GPI can bind to other 

negatively charged surfaces, such as heparin,52 deoxyribonucleic acid (DNA)53 and 

calmodulin,54 as well as to the cell surfaces of endothelial cells55 and activated 

platelets.56,57     

The precise physiological function of β2GPI is unclear, but it has been reported to 

have metabolic roles such as increasing the enzymatic activity of lipoprotein lipase in the 

hydrolysis of triglyceride-PL emulsions in the presence of apolipoprotein CII (apoC-II)58 

as well as enhancing experimentally infused triglyceride removal from plasma in rats.59  

β2GPI has also been shown to bind to oxidized low density lipoprotein (LDL) (oxLDL).  

It has been proposed to have a protective function in vivo by coating the surface of 
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negatively charged cells or particles, allowing them to stay in the circulation without 

causing procoagulant activity.60  In addition, in vitro and in vivo studies have shown that 

β2GPI binds to apoptotic cells to promote their phagocytic uptake for clearance.61,62   

 In addition to being a major antigenic target in APS, in vitro studies have shown 

β2GPI to function both as a natural anticoagulant and procoagulant.  Since negatively 

charged molecules trigger the intrinsic coagulation pathway,63 it is thought that β2GPI 

can inhibit coagulation by sequestering anionic PL.  Furthermore, β2GPI can inhibit 

adenosine diphosphate (ADP)-mediated aggregation of platelets64 as well as impair 

thrombin generation.64,65  On the other hand, β2GPI can function as a procoagulant by 

inhibiting activated protein C activity.66  It must be kept in mind, however, that these 

observed effects occur in vitro and the net effect of β2GPI in vivo may be quite different.  

It has been proposed that in a diseased state, aPL may either inhibit the 

anticoagulant/procoagulant functions of β2GPI or potentiate them.  aPL have been shown 

to enhance the inhibitory effect of β2GPI on thrombin generation65,67 and the 

procoagulant effect of β2GPI on activated protein C activity.65  In addition, aCL ablates 

the inhibitory effect by β2GPI on factor Xa generating activity of activated platelets.68   

Much insight into the function of a protein often comes from individuals with 

genetic mutations or from the generation of deficient or knockout (KO) mice.  To study 

the effect of β2GPI deficiency on plasma lipoprotein, metabolism and hemostasis in 

humans, Yasuda et al. surveyed the concentration of plasma β2GPI in apparently healthy 

individuals.69  They found three individuals with a frameshift mutation in the β2GPI gene 

that resulted in undetectable serum levels of the protein.  Moreover, the lipoprotein 

profiles of the three homozygous individuals appeared to have some abnormalities that 

increased their atherogenic risk, but data was insufficient to determine any cause-effect 
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relationships.  Interestingly, heterozygous individuals with the same mutation showed 

significantly lower serum concentrations of β2GPI compared to those without the 

mutation, but had apparently normal lipid profiles.  It appears that either low levels of 

β2GPI are sufficient to perform metabolic functions or that β2GPI has no significant role 

in lipoprotein function.  Although, β2GPI deficiency alone is not a primary risk factor for 

thrombosis,70 homozygous β2GPI deficiency may be an additional, if not an independent, 

risk factor for atherosclerosis and thrombosis.69   

β2GPI-deficient mice show an impaired ability to generate thrombin, but have 

normal coagulation.71  Furthermore, when β2GPI-deficient heterozygotes were crossed, 

β2GPI-null mice were born at significantly lower than predicted Mendelian ratios, 

suggesting that they might be less viable than wildtype littermates.  However, there was 

no detectable difference in the weight, litter size and viability between β2GPI-deficient 

male or female pups and β2GPI-sufficient control mice.  These findings indicate that 

β2GPI is not essential for successful reproduction, but suggest that it may be involved in 

early embryonic development or implantation.71  Although studies of human and murine 

β2GPI deficiency have provided some insight into the physiological function of β2GPI, 

many questions remain given its many roles, some of which may be redundant.  The 

matter is further complicated by its role in APS where its interaction with aPL and 

resulting pathology is poorly understood.   

 

1.2.2 Prothrombin (PT) 
 

PT is another major antigenic target of aPL, and antibodies to this PL-binding 

protein are detected in approximately 50-90% of patients with aPL.72  Anti-PT antibodies 
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(aPT) were first shown to possess LA activity by Bevers in 1991.33  It was later shown 

that the IgG fraction causing LA activity was directed against a complex of PT and PL.34   

Prothrombin is a 72 kDa vitamin K-dependent glycoprotein present in human 

plasma at a concentration of approximately 100 μg/mL.73,74  Also known as factor II, it is 

synthesized in the liver as a single polypeptide chain and undergoes γ-carboxylation on 

what is known as the Gla domain, located on fragment I of the protein.73,75  The Gla-

domain is essential for calcium-dependent binding of PS to PT.76  PT is a zymogen that, 

when activated by the complex of activated factor X, activated factor V, PL and calcium, 

is cleaved to form thrombin.  Thrombin, in turn, converts fibrinogen to fibrin, forming a 

blood clot.   

Like β2GPI, aPT can be detected by ELISA where PT is the coated antigen on 

irradiated plates,30 or by using PS-coated plates with PT as a cofactor.77  The latter 

method of detection yields a greater number of positive patient samples, suggesting it is a 

more sensitive assay.72  Furthermore, Atsumi et al. showed that antibodies to PS-bound 

PT, but not PT alone, significantly correlated with the clinical manifestations of APS, 

suggesting these antibodies may be a marker of the disease.78   

 

1.3 Murine models of APS 
 

 There are several types of murine models of APS that have been developed over 

the past 20 years.  These models fall into three major categories: (1) those that arise 

spontaneously; (2) those induced by passive transfer of antibody; and (3) those induced 

by active immunization.  Given the complex nature and phenotypic diversity of APS, 
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each type of model can be used to address a different set of questions and no one model 

can answer all questions within APS.   

 

1.3.1 Spontaneous models of disease 
  

 The two major murine models of spontaneously occurring APS are the MRL/lpr 

and NZW x BXSB F1 (W/B F1) mice, both well-known spontaneous models of SLE.  The 

advantage of spontaneous models over induced ones is that they allow for the study of 

disease in a more physiological setting.  However, these models often have other features 

that can interfere with disease analysis.  For example, both spontaneous models of APS 

are models of SAPS, rather than PAPS.  This means that these mice present features of 

another autoimmune disease (i.e., SLE), as well as APS.  No spontaneous model of 

primary APS has been described to date.     

 MRL/lpr mice have the lpr (lymphoproliferative) gene, which is a mutant allele of 

Fas.79  Lymphocytes in these mice cannot undergo Fas-mediated apoptosis, which is 

necessary for controlling lymphocyte activation.80  Mutation of the Fas ligand gene, gld 

(general lymphoproliferative disease), also results in autoimmunity.  MRL/lpr mice 

produce anti-DNA antibodies and aCL; develop glomerulonephritis and 

thrombocytopenia; and have smaller than normal litters.81   Furthermore, immunization of 

MRL/lpr mice with β2GPI and adjuvant results in the induction of increased levels of aPL 

and an acceleration in the appearance of autoimmune manifestations.82    

 NZW x BXSB F1 (W/B F1) male mice develop SLE-like disease, produce a wide 

range of autoantibodies and have a high incidence of thrombocytopenia and myocardial 

infarction.83-86  Disease susceptibility in these mice has been shown to be linked to the Y 
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chromosome from the BXSB parental strain87 and major histocompatibility (MHC) genes 

from the NZW parent.88-91  The over-production of autoantibodies is at least partially due 

to the pre-activation of B cells in vivo.92  W/B F1 mice have also been shown to produce 

β2GPI-dependent aCL (mainly of the IgG isotype), with titers increasing with age.86  

These antibodies do not react to β2GPI or CL alone, apparently recognizing a novel 

epitope on β2GPI generated upon CL binding.   

 

1.3.2 Transfer of aPL 
 

An induced model of APS consists of transfer of purified aPL to mice.  In this 

type of model, the in vivo effects of aPL of defined specificities can be studied and their 

role in causing pathology (e.g., pregnancy loss or thrombosis) may be evaluated.  Passive 

transfer of polyclonal aCL IgG from APS patients has been shown to cause pregnancy 

loss in BALB/c mice.93  Passive transfer of aPL has also been shown to affect thrombus 

formation.  For example, passive transfer of human monoclonal IgG antibodies (CL- and 

phosphatidic acid [PA]- reactive) derived from a patient with recurrent thrombosis into 

CD1 mice resulted in increased thrombus generation in a model of controlled injury 

(applied pressure).94  Active immunization of BALB/c mice with aPL and adjuvant has 

also been shown to result in PAPS with clinical and laboratory features including LA 

activity, thrombocytopenia, increased fetal resorptions and low embryo and placental 

weights.95,96  It is noteworthy that passive transfer of a monoclonal IgG aPL from mice 

immunized with a 15-mer peptide (GDKV) containing the PL-binding site of β2GPI also 

resulted in enhanced thrombus formation and increased adherence of leukocytes to 

endothelial cells in vivo.97  The latter findings, in particular, are consistent with the 

20



hypothesis that the PL-binding site of β2GPI is immunogenic and that β2GPI-specific 

antibodies promote thrombosis in an in vivo model.  While this model may be useful in 

determining the physiological impact of individual aPL, these mice do not possess 

β2GPI-specific B and T cells and therefore do not provide a model for the initiation or 

propagation of APS.   

 

1.3.3 Immunization with β2GPI 
 

Induction of APS by immunization with human (heterologous) β2GPI, in the 

presence of adjuvant (typically Complete Freund’s Adjuvant [CFA]), in BALB/c mice 

has been demonstrated to result in the production of IgG aPL, thrombocytopenia and a 

high percentage of fetal resorptions.98  Moreover, tolerance to murine (autologous) β2GPI 

has been shown to be broken in this model if one observes the mice several months 

following hyperimmunization.99  Levine et al. demonstrated that immunization of 

BALB/c mice with β2GPI and lipopolysaccharide (LPS) (a non-specific simulator of the 

innate immune system) resulted in the production of high titers of anti-β2GPI, aCL, anti-

phosphatidylethanolamine (PE), anti-phosphatidylserine (PS), and anti-

phophatidylcholine (PC) antibodies as well as LA activity.  Mice were no longer self-

tolerant, produced other SLE-specific autoimmune aPL and developed 

glomerulonephritis.100  The spontaneous models of SAPS and models of APS induced by 

transfer of aPL do not possess activated B or T cells, thus providing a very limited 

context in which to study APS.  The induction of a strong and persistent β2GPI-specific B 

and T cell response, in the context of inflammation, is necessary to induce disease in 

healthy mice immunized with β2GPI and LPS.100  Considering the strong β2GPI-specific 
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B and T cell response, the break in tolerance and sequential emergence of multiple SLE 

autoantigens, the model of Levine et al. provides a much more relevant model of aPL 

production.  Although mice showed no evidence of thrombosis, despite high levels of aPL, 

this provides a valuable model in which the specificity of B and T cells for β2GPI and 

their roles in autoantibody production may be studied.  Induction of thrombosis in this 

model, as in other aPL-related models,101 will likely require an additional factor.  A two 

hit hypothesis has been suggested to explain this phenomenon.  Here, a first hit, such as 

the presence of aPL, and a second hit, such as endothelial activation or injury, may be 

necessary to induce thrombosis.102  Showing this in a model of APS might help explain 

thrombotic episodes in APS patients.   

 Anionic PL are normally not exposed on the surface of viable cells.  However, 

during the process of apoptosis, the plasma membrane of a cell undergoes redistribution 

of its PL.  Here, anionic PL, such as PS, normally found in the inner leaflet of the plasma 

membrane, will redistribute to the outer leaflet.103  Physiologically, exposure of PS allows 

for the phagocytosis of apoptotic cells via scavenger receptors for their subsequent 

elimination.104  This minimizes the release of intracellular contents, which is necessary to 

limit inflammation.105  However, exposed PS also allows for the binding of PL-binding 

proteins such as β2GPI and PT.  It has been shown that aPL from APS patients bind to 

apoptotic, but not viable thymocytes, in a β2GPI-dependent manner.  This suggests that 

β2GPI-bound apoptotic cells can serve as a potential target for aPL.106  Furthermore, 

immunization of mice with β2GPI-bound apoptotic cells induces the production of anti-

β2GPI and aCL antibodies and LA activity, demonstrating the ability of β2GPI-bound 

apoptotic cells to act as an immunogen in vivo.  In accordance with this hypothesis, PL 

such as CL and PS, bound to β2GPI, were shown to be immunogenic in BALB/c mice, 
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inducing the production of anti-β2GPI, aCL and aPS antibodies.107  The binding of 

foreign β2GPI to apoptotic cells (as in the model of Levine et al.) provides a potential 

immunogen for the activation of β2GPI-reactive T cells and generation of aPL in vivo.  In 

contrast with spontaneous models of APS, these induced models of aPL allow one to 

address the question of how tolerance can be broken and autoantibodies produced.  

Clinical manifestations such as thrombosis, however, are not observed in any of these 

models.  Determining the second hit required for pathology may be key to understanding 

APS and improving the treatment of patients. 

 



SECTION 2. THE ROLE OF T CELLS IN ANTIPHOSPHOLIPID SYNDROME 
 

 Since APS was first defined in the early 1980’s, much of the research has focused 

on the humoral aspects of the disease.  Recently, the focus has shifted towards the cellular 

features of the disease, particularly with respect to disease initiation.  The reason for this 

shift is largely based on the fact that high titers of autoantibodies of the IgG and/or 

immunoglobulin A (IgA) isotype are found in patients.108,109  Isotype switching from 

immunoglobulin M (IgM) to IgG and IgA for antibodies to most protein antigens is 

known to require T cell help, thus implicating T cells in the initiation and/or exacerbation 

of disease.  The first solid piece of evidence of the involvement of T cells in APS was 

demonstrated by the transfer of whole-population, but not T cell-depleted, bone marrow 

cells from mice with experimentally induced APS into irradiated naïve mice.  This 

resulted in the induction of experimental APS, as defined by the production of aPL and 

clinical features of the syndrome.110   Prior to that study, the same group showed that 

treatment of mice with experimental APS with anti-CD4 monoclonal antibody (mAb) 

resulted in decreased aPL titers and a reduction in some clinical features of APS and 

SLE.111  Interestingly, the majority of the current research into T cell involvement in APS 

has been performed using peripheral blood mononuclear cells (PBMCs) or isolated T 

cells from humans rather than in mice.  There are several limiting factors, however, to 

clinical research.  First, although activated T cells may be found in the blood, the majority 

of β2GPI-reactive T cells will likely be found in the spleen, an organ that constantly 

samples the blood for antigen (e.g., β2GPI).  Obviously, obtaining splenic tissue from 

patients for the purpose of experimental research is not ethical and, so, obviates 

investigating splenic lymphocytes in these individuals.  Second, the phenotypic diversity 
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of patients with APS makes patient selection in human studies a difficult task and 

interpretation of the results of clinical investigations more complex.  Nonetheless, some 

studies using human-derived PBMCs or T cells have been successful in characterizing the 

T cell response to β2GPI, both in terms of the antigen specificity and type of helper T 

response produced.   

 

2.1 Antigen specificity of T cells in APS 
 

 Visvanathan and McNeil were the first to attempt to characterize the T cell 

response to β2GPI in patients using PBMCs112.  They found cellular immunity to β2GPI 

in 44% of the 18 APS patients tested.112  Termed “responders”, the PBMCs of these 

patients proliferated in response to purified human β2GPI and to an even greater extent to 

β2GPI present in human serum whereas no response was observed in healthy controls, 

patients with other autoimmune diseases, or aCL-positive patients with no history of 

thrombosis or fetal loss.  The β2GPI-reactive T cells, which were shown to be mainly of 

the CD4 subset and restricted by human leukocyte antigen (HLA) class II, produced high 

levels of interferon-γ (IFN-γ), but no interleukin-4 (IL-4), suggesting a T helper (TH)-type 

1 bias.  Taking a slightly different approach, Hattori et al. demonstrated T cell reactivity 

to reduced β2GPI (dithiothreitol [DTT] treated), but not native β2GPI,  in both APS and 

SLE patients and healthy individuals, whether positive or negative for anti-β2GPI.113  

Characterization of the T cell response showed that the β2GPI-reactive T cells were CD4+ 

and HLA class II-restricted and that the T cell epitopes were located mainly on Domains 

IV and V of β2GPI.  Furthermore, PBMC from patients with circulating anti-β2GPI 

demonstrated anti-β2GPI production in vitro, when they were stimulated with reduced 
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β2GPI.  This anti-β2GPI production was blocked by depletion of CD4+ T cells.  In vitro 

anti-β2GPI production was not observed in patients who did not have detectable in vivo 

serum levels of anti-β2GPI.  Interestingly, PBMCs from some of the patients (5/13) 

without detectable serum anti-β2GPI showed T cell proliferation to reduced β2GPI, 

suggesting that the lack of anti-β2GPI in these patients (both in vitro and in vivo) was due 

to an insufficient number of β2GPI-reactive B cells.  It is not surprising that T cells from 

patients with APS and SLE, as well as healthy individuals, responded to reduced or 

recombinant β2GPI, as they are forms of β2GPI not normally found in vivo.  Although the 

physiological relevance of β2GPI that is reduced in vitro remains unclear, it is possible 

that it possesses some similarities to the reduction that takes place during antigen 

processing, in vivo.114 

 

2.2 Cryptic epitopes in autoimmunity 
 

Since β2GPI is a protein present in abundance in plasma, β2GPI-reactive T cells 

should undergo deletion by negative selection during thymic development and tolerance 

should be maintained via mechanisms of peripheral tolerance.  However, this is only true 

for those protein determinants that are efficiently processed and presented by antigen 

presenting cells (APC) to T cells (Figure 3).  Of the numerous theoretical peptides that 

may be generated from a protein during processing in the physiological context of 

endosomes and lysosomes, only a fraction will be generated in reality (reviewed by 

Kuwana et al., 2004).115  The pool of resultant peptides will exhibit a range of affinities 

for MHC molecules, thus competing for loading onto MHC molecules.  Immunodominant 

peptides are those peptides that bind with high affinity to MHC molecules and will be 
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efficiently presented, at the cell surface, to T cells.  From the perspective of the T cell, the 

affinity with which the T cell receptor (TCR) binds to the MHC-antigen complex will 

affect T cell activation.  Taken together, the numerous factors influencing antigen 

processing and presentation, and T cell activation, result in a hierarchy of T cell 

determinants.  Those peptides that are inefficiently processed and/or presented are termed 

“cryptic determinants” as they will be ‘invisible’ to T cells under normal 

circumstances.116  T cells that are not exposed to self-determinants during thymic 

development or in the periphery will not undergo deletion and will remain part of the T 

cell repertoire.  It is in this manner that some T cells escape mechanisms of central and 

peripheral tolerance, permitting the survival of self-reactive T cells that can give rise to  

autoimmunity.  Human disease and murine models of autoimmunity are circumstances in 

which such self-reactive T cells may exist and be studied in isolation.  The importance of 

autoreactive T cells in APS prompted the research in this thesis.   

 

2.2.1 Cryptic T cell epitopes in APS 
 

 T cell epitope mapping is an important approach to understanding how T cells 

recognizing cryptic epitopes are activated in APS patients, while remaining at 

subthreshhold levels in healthy individuals.  To address this issue, Arai et al. used a 

slightly different approach to studying T cells than previous reports.117  Rather than using 

whole PBMCs, this group of investigators generated T cell clones from APS patients and 

mapped the T cell epitopes (determinants) of β2GPI.  By incubating T cell clones with 

peptides, each comprised of two contiguous domains of the β2GPI molecule, they found 

that T cell clones mainly reacted to epitopes on Domains IV and V.  Screening with 
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shorter peptides from Domain V showed that the immunodominant peptide was p276-290, 

which contains the PL-binding site.  Furthermore, T cell recognition of p276-290 was 

shown to be restricted by the HLA class II allele DRB4*0103, also known as DR53.  This 

finding is consistent with other data in the literature suggesting that particular HLA class 

II alleles predispose individuals to APS.118  Moreover, it indicates that individuals 

possessing the DR53 allele likely present more efficiently the immunodominant peptide 

generated from processing of p276-290.117  Finally, the affinity of this MHC molecule for 

this β2GPI-derived peptide suggests that particular MHC alleles such as this one will be 

found more frequently in APS patients than in the normal population.  In fact, several 

studies have found associations between various HLA class II molecules and aPL within 

certain ethnic groups with APS and SLE.119-121   

The MHC association in APS, however, is not at all clear and different groups 

have shown association of T cell reactivity with different HLA class II alleles.  Ito et al. 

used a synthetically prepared β2GPI peptide library to stimulate T cells and generate T 

cell lines from PBMCs of APS patients.122  They found four dominant epitopes in five 

individuals (four patients and one healthy control), one of which was the p244-264 region, 

located on Domain V.  Overall, p244-264, a region of Domain V that does not include the 

PL-binding site, was the immunodominant epitope for the T cells from these patients.  

Interestingly, and in contrast to the Arai study, peptides containing the PL-binding site 

did not elicit T cell reactivity and, although DR molecules were shown to be involved, no 

particular HLA class II allele restriction was evident.  Discrepancies between the peptides 

recognized by APS patients in the two studies may be due to the approach in the 

generation of the T cell lines/clones in the two studies; Arai et al. established T cell 

clones from PBMCs stimulated with recombinant full-length β2GPI, while Ito et al. used 
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synthetic β2GPI peptides or regions of β2GPI.  The lack of a consensus between these 

studies also exemplifies how HLA class II restrictions may only partially account for 

disease susceptibility.   

2.2.2 Physiological context of cryptic epitope exposure 
 

One of the fundamental questions that arise when studying β2GPI is the nature of 

the anionic PL targeted by this protein in vivo.  Research demonstrating that apoptotic 

cells can serve as an antigenic target, as well as an immunogen, for β2GPI-dependent106 

and PT-dependent123 aPL, highly implicate apoptotic cells as important initiators and/or 

propagators of aPL production.124  The redistribution of anionic PL, such as PS, from the 

inner to the outer leaflet of the plasma membrane during apoptosis allows for the binding 

of the PL-binding proteins β2GPI and PT.106,123 CL is normally only found in the 

mitochondrial inner membrane,7 however, apoptotic cells have been shown to redistribute 

their mitochondrial CL to the cell surface125 and aCL IgG derived from APS patients have 

been shown to bind to the surface of apoptotic cells expressing CL.126,127  Furthermore, 

the opsonization of aPL-bound apoptotic cells by macrophages and dendritic cells (DC) 

results in the secretion of proinflammatory cytokines and the enhanced ability of DC to 

activate MHC class II-restricted T cells.  The generation of aPL specific for molecules 

normally hidden from the immune system suggests that their exposure may be an early 

step in initiating aPL production in vivo.  Activation of T cells by exposure of these 

cryptic epitopes would lead to production of aPL and, potentially, generation of the 

inflammatory state and presentation of clinical symptoms observed in APS patients.   
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2.2.3 Cryptic B cell epitopes in APS 
 

Cryptic epitopes can also be discussed from the point of view of the antibody 

response (i.e., the B cell).  Cryptic B cell epitopes are not exposed under physiological 

conditions, but may be exposed if the antigen undergoes a conformational change that 

results in the accessibility of that epitope to an antibody.  Changes in physiological 

conditions resulting in the exposure of a previously cryptic B cell epitope include 

oxidation, reduction, proteolytic cleavage, binding to a surface or other molecules (i.e., 

antibodies), and multimerization.  Wagenknecht et al. proposed that β2GPI undergoes a 

conformational change upon PL binding, resulting in exposure of a neoepitope on 

β2GPI.128  Indeed, it was later shown that interaction with PL does indeed induce a 

conformational change in β2GPI.107,129,130  Prior to 1995, there was much controversy 

surrounding aPL and its antigens.  It was thought by many that aPL could not recognize 

β2GPI in the absence of PL.  This later proved to be inaccurate and largely due to the 

methodology of detection.  Matsuura et al. showed that aCL recognize an epitope 

expressed by a conformational change in β2GPI that occurs when it interacts with an 

oxygen-substituted solid phase surface (e.g., γ-irradiated of microtiter plates).131,132  

This conformational change induced by binding to γ-irradiated plates mimics that which 

occurs upon β2GPI binding to anionic PL.  The same effect can also be achieved using 

carboxylated or polyvinylchloride plates, which are more hydrophilic in nature than 

untreated plates.133,134  Roubey et al. explained these findings by showing that aPL 

have a low affinity for β2GPI, but can bind β2GPI when the antigen density is sufficiently 

high enough for divalent binding.135  Specially treated microtiter plates allow for a 
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higher coating density of β2GPI, and make it clear why some groups were unable to 

detect aPL binding of β2GPI when using untreated plates.136,137   

It is possible for aPL reactivity to change during the course of disease in patients 

with APS.  That is, the epitopes targeted by autoantibodies early on in disease may not be 

the same epitopes targeted later in the disease.  This is termed “epitope spread”, and can 

also be used to define situations in which antibodies ultimately react with antigens other 

than those against which the antibodies were initially raised (Figure 4).  Epitope 

spreading may be “intramolecular” (targeting new epitopes on the same molecule) or 

“intermolecular” (targeting new epitopes on other molecules).  B cells bearing high-

affinity Ig at the cell surface can specifically bind to and internalize antigen via receptor-

mediated endocytosis.  In this scenario, B cells can act as APC and process antigen into 

peptides that will bind to MHC class II molecules.  In this manner, a B cell can present 

several different peptides to naïve T cells with specificities for epitopes other than the one 

initially bound by cell-surface immunolglobulin (Ig), resulting in the production of 

antibodies directed against new epitopes.  Furthermore, antibody-bound internalized 

antigen may undergo alternative processing in the B cell, also resulting in the generation 

of a different set of peptides to be presented to naïve T cells.138   

Several studies support the hypothesis of intramolecular epitope spread in APS.  

To better understand the pathophysiology of aCL, some groups have attempted to map the 

epitopes of β2GPI.  It was initially thought that the putative epitope was found near the 

PL-binding region since the integrity of Domain V was shown to be crucial for aCL 

binding.49  This was supported by research done using recombinant Domain V of β2GPI 

in direct-binding and inhibition studies with anti-β2GPI positive sera,139 however, there 

is evidence that aPL react with β2GPI epitopes located on domains other than Domain V.  
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George et al. demonstrated, using β2GPI domain deletion mutants to inhibit anti-β2GPI 

activity, that the target site for some IgG are found on Domain IV of β2GPI.140  A recent 

report demonstrated that β2GPI-dependent LA antibodies recognize an epitope on 

Domain I that is exposed upon anionic PL-binding and that these antibodies are highly 

correlated with thrombosis.141,142  Igarashi et al. argue that the epitope is absent from 

Domain I, but that Domain IV may play a critical role in the exposure of a cryptic 

epitope.143  In accordance with this, Iverson et al. demonstrated that anti-β2GPI activity 

of 11 IgG antibodies purified from APS patients were inhibited by β2GPI domain 

deletion mutants containing Domain I, not Domain IV.144  Furthermore, a large cohort 

study showed a three-fold selectivity of anti-β2GPI for domain deletion mutants 

containing Domain I over mutants lacking Domain I, supporting the hypothesis that the 

immunodominant epitope may be found on the amino terminal domain of β2GPI.145  

Later studies by Iverson et al. refined their techniques to demonstrate that Domain I 

possesses a dominant target epitope by performing single point mutation analysis.  They 

show that mutations in the p40-43 region (on Domain I), containing a patch of positively 

charged residues, greatly affects binding of aPL to β2GPI.146  On the other hand, Koike 

et al. generated β2GPI variants with point mutations on Domain IV that were generally 

less reactive with APS patient sera.147  Iverson et al. repeated the production of the 

mutants produced by Koike et al. and showed them to be markedly less reactive with 

affinity purified antibodies from APS patients, even though these antibodies had been 

previously reported to recognize epitopes on Domain I.148  Taken together, Iverson et al. 

conclude that an intact Domain IV is necessary for the exposure of epitopes on Domain I.  

Although the precise immunodominant epitope still remains unknown, determining the 
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influence of antibodies of differing specificities on pathology is imperative to 

understanding APS.   

 

2.3 A model of aPL production for the study of APS 
 

 The idea that autoreactive T cells become activated when exposed to cryptic 

epitopes is one of the most convincing hypotheses proposed to date to explain the 

production of aPL in APS.149  Kuwana et al. were the first to clearly demonstrate a 

mechanism of activation of pathogenic β2GPI-reactive T cells against cryptic epitopes 

using T cell lines reactive with the β2GPI peptide (p276-290), which contains the PL-

binding domain.149  They showed that binding of β2GPI to anionic PL results in 

enhanced generation of cryptic T cell determinants as a direct consequence of antigen 

processing.  In their study, autologous DCs, pulsed with a mixture of native human β2GPI 

and dioleoylphosphatidylserine (DOPS) or CL, stimulated HLA class II-restricted p276-

290-reactive T cell lines derived from APS patients to proliferate and specifically produce 

IFN-γ.  Furthermore, DR53-restricted peripheral blood T cells from healthy individuals, 

incubated with DCs that had been pulsed with PS-bound β2GPI, produced IFN-γ in 

response to p276-290.  In contrast, no T cell response was observed to native β2GPI alone.  

These data provide evidence that T cells recognize the PL-binding site of β2GPI.117  

Taken together with studies of aPL induction by immunization with PL-107 or apoptotic 

cell-bound124 β2GPI, or the GDKV peptide97 (containing the PL-binding site), these data 

strongly support the hypothesis that exposure of a cryptic epitope on Domain V is a major 

factor influencing the activation of self-reactive T cells in APS.  Furthermore, the 

33



34

microenvironment of the apoptotic cell provides a potential physiological context for the 

binding of β2GPI and subsequent activation of T cells.106,123,124   

 In our laboratory, immunization with heterologous β2GPI, in the presence of LPS, 

has been shown to be an effective inducer of aPL in a murine model.100  Based on the 

high sequence homology  between human and murine β2GPI (76% identities, 87% 

positives [CAA7219042; CAA41113150; as performed by NCBI BLASTP V2.2.17151]), 

we hypothesize that mice immunized repeatedly with human β2GPI and LPS will 

demonstrate a break in self-tolerance and produce aPL reactive with murine β2GPI.  We 

further propose that β2GPI-reactive T cells derived from these mice recognize cryptic 

epitopes exposed on PL-bound β2GPI, as has been demonstrated in patients who produce 

aPL.   

 



SECTION 3. RATIONALE AND OBJECTIVES 
 

The humoral immune response to autoantigens has been studied extensively in 

patients with APS; however, the cellular immune response to these same antigens has 

been largely overlooked.  The presence of β2GPI-reactive IgG autoantibodies in APS 

patients clearly implicates β2GPI-specific T cell help, but it is unclear how these self-

reactive T cells become activated.  There is some evidence suggesting that β2GPI-specific 

T cells recognize cryptic epitopes expressed on modified or PL-bound β2GPI, but not on 

the native form of the protein.  However, the immune stimulus or mechanism that results 

in the activation and expansion of β2GPI-reactive T cells remains unknown.   

 To examine the origin and role of β2GPI-reactive T cells in APS, we have used a 

murine model of aPL induction.  C57BL/6 mice were immunized with heterologous 

β2GPI in the presence of an activator of the innate immune system (LPS), an 

immunization protocol known to induce high levels of aPL.  Splenic T cells were isolated 

from aPL-producing mice and studied for their recognition of native and PL-bound β2GPI.   

The main objectives of this study were: (1) to characterize the β2GPI-reactive T 

cell response in a murine model of aPL production, in terms of the T cell proliferative and 

cytokine responses to native and PL-bound β2GPI; and (2) to compare the kinetics of the 

B cell and T cell responses to β2GPI in mice producing aPL. 
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Table 1. Classification criteria for antiphospholipid syndrome. 
 

Clinical Criteria Laboratory Criteria 

Lupus anticoagulant antibodies (LA) in 
plasma2  

Anticardiolipin antibodies (aCL) of IgG 
and/or IgM isotype in serum or plasma3,4 

Vascular Thrombosis1 
 

Pregnancy Morbidity3 

Anti-β2-glycoprotein antibodies (anti-
β2GPI) of IgG and/or IgM isotype in serum 
or plasma3,4 

1One or more clinical episodes of arterial, venous or small vessel thrombosis. 
2Present on two or more occasions, at least 12 weeks apart. 
3As outlined by the International consensus statement on an update of the classification 
criteria for definite Antiphospholipid Syndrome.1 
4Present in medium or high titer measured by a standardized ELISA. 

 
 

 
 
 

Figure 1. Schematic diagram representing the three major categories of aPL and their 
subsets.  The three major groups of aPL are anticardiolipin, anti-β2GPI, and lupus 
anticoagulant antibodies.  The subsets indicate the phospholipid-binding protein 
specificity of the aPL.   
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Figure 2. Ribbon diagram of the PL-binding protein, β2GPI.  The tertiary structure of 
β2GPI, which forms a fish-hook like structure, consists of five domains (Domains I – V).  
The PL-binding domain is located on Domain V.   
Reprinted by permission from Macmillan Publishers Ltd: EMBO. Bouma B, de Groot PG, van den Elsen JMH, Ravelli 
RBG, Schouten A, Simmelink MJA, Derksen RHWM, Kroon J, Gros P. Adhesion mechanism of human β2-
glycoprotein I to phospholipids based on its crystal structure. Vol 18. pp5166 – pp5174. ©1999 
 

 

Figure 3. Cryptic epitopes expressed when there is modulation of antigen processing and 
presentation.  Processing of self-antigens by APC results in the generation of numerous 
theoretical peptides, however, only those with a high affinity for HLA class II molecules 
will be presented at the cell surface (A).  Binding of self-antigen to foreign proteins (or 
other molecules (e.g., PL) can modulate antigen processing and presentation to result in 
the generation of previously cryptic epitopes, or increase the concentration at which they 
are presented (B).   
Reprinted from Thrombosis Research, Vol 114, Kuwana M, β2-glycoprotein I: antiphospholipid syndrome and T-cell 
reactivity, pp347 – 355, Copyright 2004, with permission from Elsevier.  
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Figure 4. Schematic representation of intermolecular epitope spread in a murine model of 
aPL production.  Stage 1: Activation of resting APC occurs by the binding of LPS via its 
receptor, TLR4, in the presence of human β2GPI to result in general systemic 
inflammation.  Activated APC then present human β2GPI to activate human β2GPI-
specific T cells.  Stage 2: Activated β2GPI-specific T cells help β2GPI-spcecific B cells 
to produce anti-human β2GPI aPL.  Stage 3: B cells can act as APC to recognize antigens 
on the surface of apoptotic cells (e.g., PL-bound β2GPI), internalize them via their 
surface Ig, process and present several apoptotic cell-associated antigens to multiple T 
cells of differing specificities.  These activated T cells can now provide help to self-
reactive B cells to produce autoantibodies.   
Reprinted with permission. J Immunol. 2006 Nov 1;177(9):6504-16,  Copyright 2006 The American Association of 
Immunologists, Inc. 
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Materials 

Unless stated otherwise, all chemicals were obtained commercially and used without 

further purification.  β2GPI (apolipoprotein H) purified from human serum was obtained 

from Crystal Chem Inc. (Downers Grove, IL) and LPS was obtained from List Biological 

Laboratories (Campbell, CA). PL (bovine heart cardiolipin [CL], 

dioleoylphosphatidylserine [PS], and dioleoylphosphatidylcholine [PC]) were obtained 

from Avanti Polar Lipids, Inc. (Alabaster, AL).  

 

Mice and Immunizations 

All experiments were approved by the McGill University Animal Care Committee (see 

Appendix).  Specific pathogen-free C57BL/6 mice were obtained from Harlan Sprague 

Dawley, Inc. (Indianapolis, IN) and were maintained under specific pathogen-free 

conditions for all experiments. Female mice (10-12 weeks old) were bled for pre-immune 

(heparinized) plasma, and were immunized intravenously (i.v.) with 100 μL of either 10 

mM HEPES buffer (150 mM NaCl, pH 7.4) or human β2GPI (20 μg/mouse for the first 

immunization; 10 μg/mouse for subsequent immunizations) followed 24 h later by 

injection of 100 μL of LPS (10 μg/mouse) (Figure 1a).  All immunogens were prepared in 

10 mM HEPES buffer.  Mice were immunized at two-week intervals and received a total 

of two or four immunizations.  Mice were bled 12 days post-immunization, except when 

they were used for T cell studies (Figure 1b).  In the latter case, the mice were bled seven 

days post-immunization (immediately prior to sacrifice).   
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Measurement of aCL and Anti-β2GPI 

Antibody reactivity to β2GPI bound to CL (referred to as “aCL”) was detected on CL-

coated plates in the presence of 10% fetal calf serum (FCS) (i.e., bovine β2GPI).  

Antibody reactivity to native human β2GPI, detected on human β2GPI-coated plates in 

the absence of CL, is referred to as “anti-β2GPI”.124  For the aCL ELISA, Immulon-2 

plates (Dynatech Laboratories, Chantilly, VA) were coated with either 90 μg/mL of CL or 

gelatin in 10 mM phosphate-buffered saline (PBS), pH 7.3, and left uncovered to dry for 

16 h at 37ºC.  For the anti-β2GPI ELISA, Greiner high-binding plates (Bellco Glass, 

Vineland, NJ) were coated with 15 μg/mL of β2GPI in PBS.  For aCL and anti-β2GPI 

ELISAs, coated plates were blocked with PBS containing 10% FCS and 0.5% gelatin for 

2 h at 4ºC, and washed three times with 0.01 M Tris-buffered saline (TBS), pH 7.4.  

Murine plasma samples were diluted in PBS containing 10% FCS and 0.3% gelatin.  

Samples were added to the coated wells in duplicate and incubated for 3 h at 25ºC.  The 

plates were washed three times with TBS, and bound antibody was detected by incubation 

with alkaline phosphatase-conjugated goat anti-mouse IgG antibody (Southern 

Biotechnology Associates, Birmingham, AL), diluted 1/1000 in PBS containing 0.4% 

bovine serum albumin (BSA), for 16 h at 4ºC.  Plates were washed thee times with TBS 

and developed with p-nitrophenol phosphate for approximately 20 min at 37ºC and the 

optical density (OD) at 405 nm was read using an ELISA reader (model EL800 Universal 

Microplate Reader, Bio-Tek Instruments, Winooski, VT).  Murine plasma known to be 

negative for, or to contain high levels of, aCL and anti-β2GPI served as negative and 

positive controls, respectively, for all ELISAs.   
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Depletion of bovine β2GPI from FCS 

Before use in culture, FCS was depleted of bovine β2GPI to remove any endogenous 

source of β2GPI.  Bovine β2GPI was depleted from FCS by two sequential absorptions 

on a HiTrap Heparin column (Amersham Pharmacia Biotech, Uppsala, Sweden).  The 

column was regenerated with 2.0 M NaCl, pH 7.4 containing 20 mM Tris between 

absorptions.   

 

Preparation of β2GPI-Phospholipid Complexes 

Appropriated volumes of PL (DOPS, DOPC, or DOPS combined with DOPC at a molar 

ratio of 3:7), dissolved in choloroform (CH3Cl) at a concentration of 25 mg/mL, were 

dried down under nitrogen (N2) gas for 5 min, resuspended in sterile HEPES buffer, pH 

7.4, and hydrated for 1 h at 37ºC with vortexing at 15 min intervals.  The concentration 

(wt/vol) of each PL suspension was then adjusted to 3.0 μmol/mL and the suspensions 

were sonicated for 5 min at 37ºC.  Accurate molar concentrations of the PL suspensions 

were determined using the Bartlett assay for inorganic phosphate.152  Aliquots of each PL 

suspension were then frozen at -70ºC.  For each T cell experiment, frozen aliquots from 

the same preparation of PL were thawed for 30 min at 37ºC and sonicated for 5 min at 

37°C.  PL vesicles were mixed 1:1 (vol/vol) with HEPES buffer or native human β2GPI 

(300 μg/mL) and then incubated for 30 min at 25ºC before use.  The vesicles were then 

ultracentrifuged (178, 000 x g) for 25 min in an airfuge (Beckman Instruments, Palo Alto, 

CA), and the supernatant containing unbound human β2GPI was aspirated and stored at -

20°C for protein determination.  The vesicles were resuspended in complete RPMI 

medium (RPMI supplemented with 10% β2GPI-depleted FCS, 0.1% L-glutamine, 0.1% 

42



HEPES, 0.1% non-essential amino acids, 0.1% penicillin/streptomycin, and 55 mM 2-

mercaptoethanol).     

 

Protein Determination 

For each preparation of vesicles and each experiment, the quantity of β2GPI remaining in 

the supernatants from the β2GPI-vesicle mixtures was determined by the MicroBCA 

Protein Assay kit (Pierce, Rockford, IL).  Samples for protein determination were 

prepared in HEPES buffer, pH 7.4, containing 2% sodium dodecyl sulphate (SDS), which 

dissolves any residual lipid in the supernatant that could interfere with the protein assay, 

as recommended by the manufacturer.  The percentage (%) of β2GPI bound to each type 

of vesicle was calculated as follows:  

 

[Initial concentration of β2GPI added] – [protein remaining in the supernatant]   x 100% 
[Initial concentration of β2GPI added]  

 

T Cell Proliferation Assay 

Spleens were dissected from sacrificed mice and homogenized into single cell 

suspensions in PBS under sterile conditions.  Splenic T cells were isolated using a mouse 

T cell isolation kit (StemCell Technologies, Vancouver, BC) according to the 

manufacturer’s specifications.  For each T cell experiment, one β2GPI/LPS-immunized 

mouse was compared with one control LPS-immunized mouse.  Following isolation, T 

cells were resuspended in complete RPMI and plated at 1 x 105 cells/well (100 μL/well) 

in 96-well plates (Becton Dickinson, Franklin Lakes, NJ).  Splenocytes used as APC were 

obtained from unimmunized female C57BL/6 mice (3 – 6 months) and were treated with 
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mitomycin C (Sigma Aldrich, St.-Louis, MO) at 50 μg/mL for 20 min at 37°C in the 

presence of 10% CO2, The cells were washed twice and added to the wells at a 

concentration of 4 x 105 cells/well (100 μL/well).  Antigens were then added to each well 

(20 μL/well) at the following concentrations (i.e., final concentration in the cell mixture): 

(1) PL vesicles or buffer that had been preincubated with native human β2GPI at 0.15 μM 

lipid and 15 μg/mL protein; (2) native human β2GPI or human serum albumin (HSA) at 

30 μg/mL; and (3) concanavalin A (con A) at 1 μg/mL or 5 μg/mL.  HSA and con A 

served as negative and positive controls, respectively.  Cell proliferation was assessed 

using a colorimetric bromodeoxyuridine (BrdU) ELISA (Roche Diagnostics, Indianapolis, 

IN) according to the manufacturer’s specifications.  Briefly, BrdU labeling solution was 

added to the T cell cultures after 96 h of incubation at 37°C (10% CO2) and incubated for 

an additional 24 h at 37ºC (10% CO2).  The cells were centrifuged, the supernatants 

aspirated, and the plates dried for 60 min at 60ºC.  The cells were then fixed and the DNA 

denatured using the Fix-Denat reagent for 60 min at 25ºC.  The cells were incubated with 

anti-BrdU-POD antibody conjugate for 2 h at 37ºC, and washed three times with washing 

reagent.  The TMB substrate was added and incubated for 30 min. The reaction was 

stopped by the addition of 1M H2SO4 and the plates were read at 450 nm using an ELISA 

reader (model EL800 Universal Microplate Reader, Bio-Tek Instruments, Winooski, VT).   

 

Measurement of Cytokine Production 

T cells (1 x 106 cells/well, 1 mL) isolated from immunized mice as described above, were 

co-cultured with antigen-presenting cells (4 x 106 cells/well, 1 mL) in the presence of 

antigen for 48 h at 37ºC (10% CO2).  Cytokines in the culture supernatants were 

measured using cytokine-specific ELISA kits (BD Biosciences, Mississauga, ON) 
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according to the manufacturer’s specifications.  Cytokine concentrations were determined 

from standard curves produced using known concentrations of recombinant cytokines 

from the cytokine kits.   

 

Statistical Analyses 

Statistical significance was determined by a two-tailed unpaired t test with Welch 

correction using InStat 3.0 (GraphPad Software, San Diego, CA). 

 
 
 

 



a) 

 

b) 

 

Figure 1. Schematic diagram representing the immunization and T cell isolation 
schedules.  (a) Mice were immunized with human β2GPI + LPS or with HEPES + LPS 
every two weeks and bled 12 days post-immunization.  (b) Mice were sacrificed for T cell 
studies seven days post-immunization, after two or four immunizations. 
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Immunization with β2GPI/LPS induces the production of aPL 

 

Immunization of C57BL/6 mice with purified human β2GPI and LPS induced the 

production of high levels of aCL and anti-β2GPI IgG (Figure 1).  Antibody reactivity is 

shown at high dilutions (1/100 000 and 1/5000 for anti-β2GPI and aCL, respectively) of 

the plasma to allow comparisons between the four post-immunization bleeds. Although 

these high dilutions result in apparent negativity or very low reactivity of early bleeds 

(first and second), these plasma samples had significant antibody titers measurable at 

lower dilutions (e.g., 1/100).  In contrast, control mice immunized with LPS only 

produced low or insignificant levels of these aPL.  The immunization schedule was 

performed as previously described by our laboratory (Levine et al.) with the exception of 

the timing of the LPS injection.100  Due to the high mortality observed when β2GPI and 

LPS were injected on the same day (Levine et al.; Subang, personal communication), 

mice in this study were injected with LPS 24 h after immunization with β2GPI.  This 

modified immunization protocol resulted in survival of all of the mice.  Antibody titers 

increased with each subsequent immunization (Figure 1a).  Although there appears to be a 

decrease in the antibody titers of both aCL and anti-β2GPI after the fourth immunization 

(Figure 1b), it is important to note that plasma samples for the second and fourth 

timepoints were taken from mice at seven days post-immunization (immediately prior to 

sacrifice for T cell experiments) and not at 12 days post-immunization (as for the first and 

third timepoints).  Overall, levels of anti-β2GPI were approximately 20 times higher than 

those of aCL, as estimated from the plasma dilution required to produce similar antibody 

binding (OD405) in the two assays.   

 

48



a)                                                                           

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1st 2nd 3rd 4th

Immunization

B
in

di
ng

 to
 β

2G
PI

 (O
D

40
5)

LPS Immunized

β2GPI/LPS Immunized

Plasma 1/100,000

 
b) 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1st 2nd 3rd 4th
Immunization

B
in

di
ng

 to
 C

L 
(O

D
40

5)

LPS Immunized

β2GPI/LPS Immunized

Plasma 1/5,000

 
 
Figure 1.  Induction of anti-β2GPI and aCL IgG responses in mice immunized with 
β2GPI/LPS.  Plasma dilutions (as indicated) from mice immunized with LPS or 
β2GPI/LPS were evaluated by ELISA for IgG antibodies to (a) β2GPI or (b) CL.  Mice 
immunized with β2GPI in the presence of LPS produced significantly elevated titers of 
anti-β2GPI (p < 0.0001) and aCL (p < 0.02) IgG, compared to mice immunized with LPS 
alone, after the third immunization.  The data represent the mean OD405 ± SEM for each 
group of mice (n = 8 – 15 mice/group).   
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Immunization with β2GPI/LPS induces a T cell response to native β2GPI 

 

 In order to determine whether the mice immunized with β2GPI and LPS had a 

significant T cell response to β2GPI, purified splenic T cells were isolated from these 

mice and evaluated for proliferation and interleukin-2 (IL-2) production to native and PL-

bound β2GPI.  Mice immunized with LPS alone served as controls in each experiment.  

The T cell response was evaluated using two concentrations of β2GPI (15 and 30 μg/mL).  

Control antigens included culture medium and HSA (30 μg/mL) as negative controls, and 

con A (a polyclonal activator of T cells) as the positive control.   

 After two immunizations with β2GPI and LPS, no significant response to β2GPI 

was observed even though T cells responded well to con A (Figure 2a).  This finding is 

consistent with the relatively low aCL and anti-β2GPI IgG titers (Figure 1) observed in 

these mice.  After four immunizations, however, 7/9 mice immunized with β2GPI/LPS 

had high T cell proliferative responses to β2GPI (Figure 2b).  This response increased 

with the concentration of β2GPI added and was higher at 30 μg/ml than at 15 μg/mL.  

This response was specific for β2GPI, as T cells from the same mice responded only 

minimally to similar concentrations of HSA.  In contrast, no β2GPI-specific T cell 

response was observed in mice immunized with LPS alone, and T cells from these mice 

responded similarly to β2GPI, HSA, or medium.  These T cells were functional, however, 

as they were as reactive to con A as T cells from mice immunized with β2GPI and LPS.  

Of note, T cells from mice immunized with β2GPI/LPS had a higher basal level of 

proliferation than T cells from LPS-immunized mice, likely due to the more generalized 

autoimmune response known to be induced in these mice by this immunization protocol 

(Levine et al.).100  IL-2 functions in an autocrine manner as a growth factor for T cells 
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and is a more specific indicator of antigen-specific activation than the proliferation assay.  

IL-2 responses (Figure 3) were very similar to the proliferative responses, but exhibited 

lower background levels and less variability.   
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Figure 2.  Induction of a T cell response to native and PL-bound β2GPI in mice 
immunized with β2GPI/LPS.  Proliferation of splenic T cells from mice immunized with 
LPS or β2GPI/LPS was measured using a colorimetric bromodeoxyuridine (BrdU) cell 
proliferation ELISA.  T cells were co-cultured with mitomycin C-treated splenocytes and 
antigen for 96 h.  Proliferation of T cells to β2GPI, alone or bound to PS/PC, in mice 
immunized with β2GPI/LPS compared with mice immunized with LPS alone was 
significant after the 4th, but not the 2nd, immunization: p < 0.003 for β2GPI (30 µg/mL), p 
< 0.02 for β2GPI (15 µg/mL) and p < 0.03 for β2GPI-PS/PC.   Each point represents the 
mean OD450 of triplicate samples for each mouse and the bar represents the mean OD450 
for each group of mice (n = 4 – 9 mice/group).   
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Figure 3.  IL-2 production of T cells from mice immunized with β2GPI/LPS in response 
to native and PL-bound β2GPI.  Supernatants were obtained from splenic T cells co-
cultured with mitomycin C-treated splenocytes and antigen for 48 h.  IL-2 production was 
quantitated by ELISA.  IL-2 production in response to β2GPI, alone or bound to PS/PC in 
mice immunized with β2GPI/LPS, compared with mice immunized with LPS alone was 
significant after the 4th, but not the 2nd, immunization:  p < 0.01 for β2GPI (30 µg/mL), p 
< 0.01 for β2GPI (15 µg/mL) and p < 0.03 for β2GPI-PS/PC.  Each point represents the 
mean IL-2 concentration (pg/mL) of duplicate samples for each mouse and the bar 
represents the mean concentration for each group of mice (n = 4 – 10 mice/group).   
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Immunization with β2GPI/LPS induces a T cell response to PL-bound β2GPI 

  

To determine whether binding of native β2GPI to anionic PL alters T cell 

recognition of this protein or induces the exposure of new T cell epitopes, PL vesicles 

consisting of either a mixture of PS and PC, PS alone, or PC alone were incubated with 

β2GPI prior to testing.  To ensure that the response was to vesicle-bound, and not free, 

β2GPI, unbound β2GPI was removed from the PL suspension by centrifugation and 

washing of the PL vesicles.  The amount of β2GPI bound to the PL vesicles was 

determined by quantitating the protein remaining in the supernatant following incubation 

with the PL vesicles (Table 1).  β2GPI binding to the different PL vesicles varied 

depending on the content of anionic PL, as expected.  The amount of β2GPI bound to 

PS/PC vesicles was greater than that bound to vesicles containing neutral PL (PC): 4.7 

μg/mL β2GPI versus 2.7 μg/mL, respectively.  The quantitative difference in the amount 

of β2GPI bound to the different vesicles is especially evident when evaluated as the 

percentage of β2GPI added to the vesicles, and was 63% for PS/PC and 35.6% for PC.   

T cell responses to PS/PC and PC-bound β2GPI were evaluated by proliferation 

and IL-2 assays and were compared to responses to β2GPI in the same assay.  Similar to 

the findings with native β2GPI alone, there was no measurable T cell response 

(proliferative or IL-2 production) to PL-bound β2GPI after two immunizations (Figures 2 

and 3).  However, after four immunizations, mice immunized with β2GPI/LPS had mean 

levels of proliferation (Figure 2) to PS/PC-bound β2GPI that were similar to those to 

β2GPI (15 μg/mL), despite the much lower concentration of β2GPI (4.7 μg/mL) in the 

PS/PC-bound antigen preparation.  Although variable proliferative responses were 

observed with PC-bound β2GPI in these mice, the mean proliferation was similar to that 
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seen with medium or HSA.  Responses to con A were strong and similar in both 

β2GPI/LPS and LPS-immunized mice.   

The IL-2 responses (Figure 3) in the β2GPI/LPS-immunized mice were even 

clearer, with lower background levels and less variability between mice.  After four 

immunizations, T cells from 6/9 mice immunized with β2GPI/LPS produced IL-2 in 

response to either PS/PC-bound or native β2GPI.  These findings demonstrate that T cells 

from mice immunized with β2GPI/LPS recognize native β2GPI both alone and bound to 

PS/PC.  PC-bound β2GPI did not activate these T cells, indicating that PS was required.  

T cell responses to both native and PL-bound β2GPI were restricted to mice immunized 

with β2GPI/LPS, as responses in LPS-immunized mice were similar to those observed 

with medium or HSA.   

 



 
Table 1. Binding of β2GPI to phospholipid vesicles. 
 

Phospholipid (PL) vesicle* β2GPI bound to PL 
(µg/mL)† % β2GPI bound to PL 

PS/PC 4.7 63.0 

PC 2.7 35.6 

* PL vesicle denotes the vesicle that was incubated with β2GPI. 
†The quantity of β2GPI that was bound to each PL vesicle (PS/PC, or PC) was determined 
by protein assay (see Materials and Methods).  The percentage (%) of β2GPI bound is 
based on the initial concentration (15 μg/mL) of β2GPI added to the PL vesicles.  These 
data represent the mean values for 10 individual experiments. 
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Immunization with β2GPI/LPS elicits a TH1 response 

 

The TH orientation of the T cell response can be an important indicator of its 

potential contribution to disease pathogenesis. To investigate the TH orientation in our 

model of aPL induction, we evaluated the production of TH1 (IFN-γ) and TH2 (IL-4, IL-

10) cytokines in response to native and PL-bound β2GPI.  Mice immunized with 

β2GPI/LPS, compared with LPS-immunized controls, produced mean levels of cytokines 

that were significantly elevated for IFN-γ (p < 0.04) (Figure 4), but low or insignificant 

for IL-4 and IL-10 (Figures 5 and 6).  This profile is characteristic of a TH1 type T cell 

response.  The bias towards a TH1 type response is clearly demonstrated by calculation of 

the ratio of IFN-γ to IL-4 produced by T cells from the β2GPI/LPS immunized mice 

(Figure 7).  The ratio was maximal 35.3 for native β2GPI at 30 μg/mL, ~28.3 for native 

β2GPI at 15 μg/mL and ~15.4 for PS/PC-bound β2GPI.  In contrast, the IFN-γ to IL-4 

ratio for the T cell response to the negative control antigen (PC-bound β2GPI) was 4.2. 
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Figure 4.  IFN-γ production of T cells from mice immunized with β2GPI/LPS in 
response to native and PL-bound β2GPI.  Supernatants were obtained from splenic T cells 
co-cultured with mitomycin C-treated splenocytes and antigen for 48 h.  IFN-γ production 
was quantitated by ELISA.  IFN-γ production in response to β2GPI, alone or bound to 
PS/PC, was significant in mice immunized with β2GPI/LPS compared with mice 
immunized with LPS alone after the 4th, but not the 2nd, immunization: p < 0.04 for β2GPI 
(30 µg/mL), p < 0.03 for β2GPI (15 µg/mL) and p < 0.03 for β2GPI-PS/PC.  Each point 
represents the mean IFN-γ concentration (pg/mL) of duplicate samples for each mouse 
and the bar represents the mean concentration for each group  of mice (n = 4 – 10 
mice/group).   
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Figure 5.  IL-4 production of T cells from mice immunized with β2GPI/LPS in response 
to native and PL-bound β2GPI.  Supernatants were obtained from splenic T cells co-
cultured with mitomycin C-treated splenocytes and antigen for 48 h.  IL-4 production was 
quantitated by ELISA.  Little or no significant IL-4 production was detected in mice 
immunized with β2GPI/LPS, compared with mice immunized with LPS alone, after 4 
immunizations: p ≥ 0.05 for all antigens.  Each point represents the mean IL-4 
concentration (pg/mL) of duplicate samples for each mouse and the bar represents the 
mean concentration for each group of mice (n = 4 – 10 mice/group).   
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Figure 6.  IL-10 production of T cells from mice immunized with β2GPI/LPS in response 
to native and PL-bound β2GPI.  Supernatants were obtained from splenic T cells co-
cultured with mitomycin C-treated splenocytes and antigen for 48 h.  IL-10 production 
was quantitated by ELISA.  Little or no significant IL-10 production was detected in mice 
immunized with β2GPI/LPS, compared with mice immunized with LPS alone, after 4 
immunizations: p ≥ 0.05 for all antigens by.  Each point represents the mean IL-10 
concentration (pg/mL) of duplicate samples for each mouse and the bar represents the 
mean concentration for each group of mice (n = 4 – 10 mice/group).   
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Figure 7. Ratio of IFN-γ to IL-4 production in T cells from mice immunized with 
β2GPI/LPS in response to native and PL-bound β2GPI.  Each bar represents the ratio of 
the mean levels (pg/mL) of IFN-γ and IL-4 produced by splenic T cells from mice (n = 8 
– 10) immunized with β2GPI/LPS.  Mice with IL-4 levels <0.01 were excluded from 
analysis.  Cytokine levels were detected by ELISA, as described for Figures 4 and 5 
above.   
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 The aim of this study was to characterize the β2GPI-reactive T cell response in a 

murine model of aPL production.  We demonstrate here that T cells from mice 

immunized with β2GPI/LPS proliferate strongly, produce IL-2 and IFN-γ, and exhibit a 

TH1 profile in vitro in response to native β2GPI.  T cells from these mice also responded 

to PL-bound β2GPI, suggesting that a repertoire of T cells specific for cryptic epitopes 

may exist in these mice.  We performed a kinetic study to evaluate the time of appearance 

of β2GPI-specific T cells in our model.  T cell reactivity was detectable after four 

immunizations, but not after two.  In contrast, a detectable antibody response was 

apparent after the first immunization (see Appendix, Figure 1).  Thus, it appears that 

persistent immune activation is required to elicit a detectable (i.e., in vitro) β2GPI-

specific T cell response in β2GPI/LPS-immunized mice.   

 The role of LPS as a potent stimulator of the immune system is evident in this 

study.  LPS is a component of bacterial cell walls that stimulates the innate immune 

system, up-regulates expression of costimulatory molecules on APC, and results in the 

release of proinflammatory cytokines.153-155  LPS has also been shown to disrupt T cell 

tolerance and promote memory T cell survival.156,157  β2GPI, immunized in the presence 

of LPS, has been previously shown in our laboratory to induce aPL and other SLE-

associated autoantibodies, as well as SLE-like disease, in nonautoimmune mice (Levine 

et al.).100  In this model, LPS not only stimulated IgM anti-β2GPI and aCL responses (via 

polyclonal activation), but also IgG anti-β2GPI and aCL (presumably via upregulation of 

costimulatory molecules and induction of a β2GPI-specific T cell response).  The present 

study makes use of this established murine model of aPL induction, and investigates the 

presence and nature of the β2GPI-reactive T cell response in this model.  The 

immunization protocol in the present study differed somewhat from that of the published 
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model so that we could ensure survival of all of our mice.  Co-immunization of β2GPI 

and LPS on the same day often leads to mortality of the mice for reasons that are as yet 

unknown.  In our protocol, mice were injected with LPS 24 h after receiving β2GPI, 

rather than on the same day as in the original model.100  Although this modified protocol 

resulted in high aPL production, the aPL IgG titers were lower and generally more 

variable (see Results, Figure 1) than those observed previously (Levine et al.)100 and in a 

pilot study done prior to the major study (see Appendix, Figure 1).  We have evidence in 

our laboratory that β2GPI interacts specifically with LPS and that this interaction may be 

important in eliciting a strong antibody response to β2GPI.  This may explain why the 

aPL response in the current study was somewhat lower than that observed when mice 

received β2GPI and LPS within several hours of each other.  Although co-immunization 

of LPS with β2GPI appears to elicit stronger antibody responses, the aPL responses 

observed here were extremely high (> 100,000 titer for anti-β2GPI).  Furthermore, all of 

the immunized mice survived four immunizations with β2GPI and LPS using this 

modified protocol.   

Immunization of mice with native β2GPI and LPS elicited a strong aPL response, 

increasing with each subsequent immunization.  In contrast, LPS-immunized mice did not 

produce a significant aPL response.  Although mean antibody titers in β2GPI-immunized 

mice appeared to decrease slightly after the fourth immunization in comparison to post-

third immunization (see Results, Figure 1), it should be taken into account that these mice 

were bled seven days post-immunization, compared to twelve days post-immunization for 

the first and third timepoints.  Antibody levels might be expected to differ on Days 7 and 

12 post-immunization, thus explaining the apparent discrepancy between the antibody 

titers at these timepoints.  Furthermore, the antibody titers of individual mice varied 
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considerably, making comparison between groups more difficult.  However, aPL titers of 

individual mice did increase with each subsequent immunization (data not shown).   

β2GPI-specific CD4+ T cells have been identified in APS patients.  The presence 

of these T cells, together with high levels of circulating IgG anti-β2GPI autoantibodies 

indicative of a T cell-dependent response, highly implicate T cells in the initiation and/or 

exacerbation of disease.113,117  The precise role, however, of these T cells in the 

pathogenesis of APS has yet to be determined.  To determine the existence and specificity 

of a T cell response to β2GPI in our model of aPL induction, we isolated splenic T cells 

from mice immunized with β2GPI/LPS to determine their reactivity to native and PL-

bound β2GPI.  LPS-immunized mice served as control mice and HSA served as a control 

antigen.  After two immunizations, no detectable T cell response to β2GPI was observed 

in either β2GPI/LPS or LPS-immunized mice, even though both groups responded well 

and equivalently to stimulation by con A.  After four immunizations, however, the 

majority of mice immunized with β2GPI/LPS responded strongly to native and PL-bound 

β2GPI, as assessed by proliferation, and IL-2 and IFN-γ production, while mice 

immunized with LPS showed no significant response.  β2GPI/LPS-immunized mice with 

low or no response to β2GPI reacted similarly whether T cell activity was determined by 

proliferation or cytokine secretion.  Intracellular cytokine staining was not performed and 

could provide a more sensitive means of detecting a β2GPI-specific T cell response.  

These results demonstrate that persistent stimulation (i.e., greater than two immunizations) 

of the immune system is required to elicit a detectable T cell response to β2GPI, in vitro.   

The production of aPL was an expected outcome of β2GPI-specific T cell activity.  

Interestingly, significant titers (> 1/100) of circulating anti-β2GPI IgG antibodies were 

observed after the first immunization (data not shown), while measurable in vitro T cell 
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reactivity was observed only after the fourth.  However, the levels of both anti-β2GPI and 

aCL became significantly higher (>100,000 and >1/5,000, respectively) following the 

second immunization.  As anti-β2GPI IgG production requires β2GPI-specific T cell 

help,117 activated β2GPI-reactive T cells must have been present at the time of the first 

appearance of anti-β2GPI IgG.  These data suggest that the in vitro methods used to 

detect antibody production and T cell activity differ greatly in sensitivity.  It must be 

recognized that the number of T cells activated early in the response is likely small and 

would be difficult to detect in vitro.  In contrast, later in the response, significant 

proliferation of the relevant clone(s) would have occurred in vivo and the β2GPI-reactive 

T cells would have been numerous.  It is, therefore, likely that β2GPI-specific T cells 

were insufficiently expanded to be detected in vitro after two immunizations, but 

sufficiently expanded after four immunizations.  It is also probable that a stronger β2GPI-

specific T cell response would have been observed if mice were immunized with β2GPI 

and LPS on the same day (as opposed to 24 h apart), given that higher aPL titers were 

observed under these conditions.  Finally, it should be noted that splenic T cells were 

evaluated in these studies.  As β2GPI is a plasma protein, activated β2GPI-specific T cells 

may also exist in the peripheral blood and would be of interest.   

Of the existing literature on cellular immunity in APS patients, only one group has 

clearly demonstrated that patients possess T cells reactive to native β2GPI.112  All other 

groups have demonstrated T cell reactivity to alternate forms of the protein, such as 

reduced,112,117 recombinant (full-length),117 PL-bound149 and oxidized158 β2GPI, but 

shown no response to native β2GPI.  Here, we demonstrate T cell reactivity to the native 

form of β2GPI.  However, it must be noted, that mice were immunized with heterologous 

(human) β2GPI and that T cell reactivity was determined in response to native human 
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β2GPI.  We were unable to evaluate the T cell response to native murine β2GPI, as 

sufficient quantities of the purified protein could not be obtained for these experiments.  

Although human β2GPI is highly homologous to murine β2GPI, it differs sufficiently to 

elicit an immune response (76% identities, 87% positives [CAA7219042; CAA41113150; 

as performed by NCBI BLASTP V2.2.17151]).  Future studies in our laboratory will 

investigate whether β2GPI/LPS-immunized mice possess T cells that recognize murine 

β2GPI and, if so, whether they recognize native or PL-bound β2GPI.   

We found that β2GPI-specific T cells produced IFN-γ in response to native and 

PL-bound β2GPI, but little or no IL-4 and no IL-10.  These results are consistent with a 

TH1 profile.  To date, little is known about whether APS is a TH1- or a TH2-mediated 

disease.  Krause et al. showed that treatment of experimental APS with anti-idiotypic 

mAb to a human  aCL led to an increase in IL-2 and IFN-γ producing cells and a decrease 

in IL-4 and IL-6 producing cells.159  The increase of TH1-producing cells and decrease of 

TH2-producing cells after treatment suggests that the disease is TH2-mediated.  On the 

other hand, given the chronic inflammation in APS patients, one might expect β2GPI-

reactive T cells to be of the TH1 subset.  Studies of T cells from APS patients have shown 

production of IFN-γ by β2GPI-reactive T cells.112,117,149  Furthermore, a study by 

Karakantza et al. demonstrates that APS patients, but not healthy individuals, possess 

circulating T cells that are TH1-polarized.160  In our model, TH1-polarization of β2GPI-

reactive T cells is clearly evident from the individual cytokine results, as well as the ratio 

of IFN-γ to IL-4 (see Results, Figure 7).  To ensure that this TH1-polarization is not due to 

the TH1-bias of the strain (C57BL/6) of mice used in these experiments, it will be 

necessary to evaluate this response in BALB/c mice, which exhibit a TH2-biased 

phenotype.161  It should be noted here that our murine model of aPL and SLE induction 
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was initially studied in both C57BL/6 and BALB/c mice, and both developed high levels 

of aPL and similar levels of SLE-related autoantibodies.  However, aCL and SLE-related 

autoantibodies emerged earlier in C57BL/6 mice.100  Prolonged and general inflammation 

is particularly damaging to tissues and once the cycle is initiated in APS, it is very 

difficult to break.  Thus, isolating the triggers of inflammation and understanding how to 

maintain a balance between TH1 and TH2 is imperative to controlling disease.  Further 

characterization of T cells in mice producing aPL may shed light on the nature of T cells 

required to produce these autoantibodies and the clinical manifestations associated with 

aPL.    

To investigate whether binding of β2GPI to PL alters T cell recognition of this 

protein, T cell reactivity to β2GPI bound to PL vesicles was evaluated.  β2GPI binds 

strongly to anionic PL such as PS and CL, but not neutral PL, such as PC.  Moreover, 

binding of anionic PL to β2GPI can induce a conformational change in the protein itself, 

resulting in exposure of neoepitopes.107,128-130 This conformational change may reveal 

sites that would now be accessible for antigen processing or antibody binding.  Potential 

physiological sources of anionic PL include apoptotic cells,103,126,127 endothelial cells,55 

oxLDL,60 and activated platelets.56,57  Specifically in APS, the exposure of anionic PL on 

the surface of apoptotic cells provides a physiological context for the binding of PL-

binding proteins such as β2GPI, and apoptotic cells have been shown to act as both 

antigen and immunogen for aPL.  Therefore, interaction of β2GPI with aPL or with 

anionic PL (e.g., apoptotic cells)106 can result in the presentation of cryptic T cell epitopes.  

Modulation of antigen processing and presentation in this manner can lead to the 

activation of T cells specific for epitopes not observed in the nonautoimmune individual.  

These T cells can then provide help to other anti-β2GPI producing B cells, resulting in a 
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spread in the immune response within β2GPI (i.e., intramolecular epitope spread).  In this 

manner, it is understandable how T cell reactivity to one epitope can easily shift to other 

epitopes during the course of an autoimmune disease such as APS.  The evidence that 

β2GPI-specific T cells in APS patients recognize cryptic epitopes, suggests that events 

leading to exposure of these epitopes is an important factor in determining tolerance 

versus autoimmunity.   

The PS/PC composition of the vesicles used in this study was similar to that of the 

plasma membrane of activated platelets (and, likely, apoptotic cells).  In this study, T 

cells from β2GPI/LPS-immunized mice proliferated strongly and produced IL-2 and IFN-

γ in response to PS/PC-bound β2GPI.  In contrast, the same T cells exhibited a very low 

response to PC-bound β2GPI.  Of note, a very high proportion (63%) of the β2GPI added 

bound to PS/PC vesicles, while only 35.6% bound to PC vesicles.  It is also noteworthy 

that the T cell response to PS/PC-bound β2GPI (~4.7 μg/mL β2GPI) was greater than that 

to native β2GPI (15 μg/mL).  In future, the use of homogeneously sized vesicles will add 

a level of control to this experiment, as it would ensure similar sizes of PS/PC and PC 

vesicles.  Some β2GPI (2.7 μg/mL) was shown to bind to PC vesicles, but it is not clear 

whether this binding was specific.  Unsaturated forms of PC (e.g., DOPC) have been 

shown to bind β2GPI in certain ELISAs.162  Future studies will evaluate the antigenicity 

of β2GPI in the presence of saturated, as well as unsaturated, PC, and include a complete 

titration of soluble and PL-bound β2GPI.  Moreover, given the recognition of PS/PC-

bound β2GPI by β2GPI-reactive T cells, it would be interesting to evaluate whether these 

cells recognize β2GPI bound to potential physiological antigens, such as apoptotic cells.   

It is unclear whether the T cells reactive with peptides presented from PS/PC-

bound β2GPI recognized epitopes that differ from those presented by native β2GPI.  The 
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lack of reactivity of β2GPI-reactive T cells with peptides derived from PC-bound β2GPI 

suggests that these T cells recognize epitopes presented by β2GPI bound to anionic, but 

not neutral, PL.  However, this must be confirmed by further experiments in which 

equivalent amounts of β2GPI are presented on PC and PS/PC vesicles, as less β2GPI was 

bound to PC than to PS/PC vesicles (2.7 versus 4.7 μg/mL, respectively).  Furthermore, 

the generation of T cells lines and clones would definitively address this question.  Both 

APS patients and healthy individuals alike have been shown to possess T cells specific for 

the p276-290 peptide, which contains the PL-binding site of β2GPI.117  These T cells are 

proposed to be specific for cryptic epitopes generated by the processing of PL-bound, but 

not soluble, β2GPI.  It is further proposed that T cells reactive with native β2GPI have not 

been deleted from the T cell repertoire, but only become activated when exposed to PL-

bound β2GPI.  To examine whether similar T cells exist in the murine T cell repertoire, 

future studies in our laboratory will evaluate whether T cells from β2GPI/LPS-immunized 

mice are capable of recognizing murine β2GPI, either alone or bound to PS/PC vesicles.  

These experiments are now possible, as I have recently been able to establish a procedure 

for purifying native murine β2GPI (see Appendix).   

 The precise mechanism responsible for the induction of APS remains unknown.  

Binding of β2GPI to anionic PL has been shown to shield the PL-binding site from 

proteolytic attack, resulting in the generation of cryptic T cell epitopes that are not 

generated from processing of native β2GPI.149  Presentation of these cryptic epitopes, in 

the context of MHC, would activate β2GPI-reactive T cells specific for these epitopes.  

This would, in turn, provide help to B cells specific for the relevant epitopes to produce 

anti-β2GPI IgG.  Circulating anti-β2GPI can bind to β2GPI that is soluble or particle-

bound, allowing for FcγRI-mediated macrophage uptake of lipid or cell-bound β2GPI.  
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This has been demonstrated for PS-bound β2GPI and has been shown to enhance 

presentation of the β2GPI to T cells.163  Therefore, the generation of anti-β2GPI can 

provide a means for further uptake and presentation of β2GPI by macrophages, and 

possibly DCs, to β2GPI-specific T cells (Figure 1).  These T cells would then be activated 

to produce proinflammatory cytokines and provide help to other anti-β2GPI-producing B 

cells.  This cycle of T cell activation, antibody production and inflammation, once 

initiated would be very difficult to break.  In this regard, it would be interesting to 

evaluate the influence of aPL of different specificities on the β2GPI-specific T cell 

response in our model.  It should be noted, however, that binding of antibody to its 

cognate antigen can modulate antigen processing to enhance presentation of some T cell 

determinants and suppress others.138  This would, thus, render evaluation of the effects of 

aPL on T cell activation very complex in an in vivo model.   

The experiments described here demonstrate the presence of a β2GPI-reactive T 

cell response in β2GPI/LPS-immunized mice.  In addition, they have established the 

methodology required to evaluate T cell reactivity to native and PL-bound β2GPI, and to 

purify native murine β2GPI (see Appendix).  We show here, for the first time, the 

characterization of β2GPI-reactive T cells in a murine model of aPL induction.  These 

data support the hypothesis that persistent activation of the immune system with β2GPI, 

in a proinflammatory context, activates β2GPI-specific T cells and that this persistent 

activation is necessary to observe a measurable T cell response in vitro.  In contrast, 

induction of a measurable aPL response required less immune stimulation and was 

observed earlier than the β2GPI-reactive T cell response.  In our model, LPS likely 

mimics the inflammatory context of APS, while human β2GPI may provide a 

heterologous antigen that enables a break in tolerance to endogenous β2GPI.  Together, 

71



72

they produce a physiologically relevant model of β2GPI-specific T cell activation and 

aPL induction.  Future studies investigating the autoimmune nature of the β2GPI-specific 

response in this model will further our understanding of autoreactive T cells in APS, and 

will enable the development of new therapeutic strategies in this and other autoimmune 

diseases. 



 

 

 

 

 

 

Figure 1. Schematic representation of the cycle of autoimmunity.  Macrophages can 
present cryptic determinants of β2GPI to β2GPI-reactive T cells in the context of HLA 
class II molecules.  These β2GPI-specific T cells can provide help to B cells to produce 
anti-β2GPI IgG.  Anti-β2GPI autoantibodies can bind to β2GPI complexed with anionic 
PL, allowing PL-bound β2GPI to be internalized by macrophages via FCγRI-mediated 
endocytosis.  This results in the continued cycle of T cell activation, inflammation caused 
by promotion of a TH1-type helper T cell response, and autoantibody production. 
This research was originally published in Blood. Kuwana M. Excessive exposure to anionic surfaces maintains 
autoantibody response to beta2-glycoprotein I in patients with antiphospholipid syndrome. Blood. 2007; 110: pp4312-
pp4318. ©American Society of Hematology. 
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Figure 1.  Induction of anti-β2GPI and aCL IgG responses in mice immunized with 
β2GPI and LPS on the same day.  Plasma dilutions (as indicated) from mice immunized 
with LPS or β2GPI/LPS were evaluated by ELISA for IgG antibodies to (a) β2GPI or (b) 
CL.  Mice immunized with β2GPI in the presence of LPS produced significantly elevated 
titers of anti-β2GPI (p < 0.0009) and aCL (p < 0.004) IgG, compared to mice immunized 
with LPS alone, after the first immunization.  The data represent the mean OD405 ± SEM 
for each group of mice (n = 5 – 8 mice/group).   
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Methods 

 

Purification of Native Murine β2GPI 

Normal mouse serum was treated with 1.2% perchloric acid.  Briefly, the appropriate 

volume of 70% (v/v) perchloric acid was added dropwise to the serum with constant 

stirring on ice for 15 min, and the solution was centrifuged at 15 300 x g for 30 min at 

4ºC.  The supernatant was neutralized with 2M Na2CO3 (pH 8.0) and dialyzed 6 times 

against 20 mM Tris buffer (pH 8.0), with six changes of dialysis buffer.  Following 

dialysis, the supernatant was applied to a High Q column (Bio-Rad, Hercules, CA).  

Bound protein was eluted from the column using a stepwise gradient of 0.1 M, 0.2 M, 

0.25 M, 0.3 M, and 0.35 M NaCl in 20 mM Tris buffer, pH 8.0.  Murine β2GPI activity 

was detected by ELISA (see below).  Column fractions containing both high protein 

(Micro BCA Protein Assay Kit, Pierce, Rockford, IL) and β2GPI content were pooled and 

dialyzed against two changes of 20 mM Tris buffer, pH 8.0.  The β2GPI-containing 

fraction was then applied to a HiTrap Heparin column (Amersham Pharmacia Biotech, 

Uppsala, Sweden).  Bound protein was eluted from the column using a linear gradient of 

NaCl (0 – 1.0 M) in 20 mM Tris buffer, pH 8.0.  Fractions containing both high protein 

and β2GPI content were pooled and dialyzed against two changes of 20 mM Tris-HCl 

buffer, containing 150 mM NaCl, pH 8.0.  The dialyzed material was then applied to a 

Protein A Sepharose column (Amersham Pharmacia Biotech) to remove any 

contaminating IgG, and the effluent was collected and assayed for protein content using 

the MicroBCA Protein Assay kit.  CL-binding activity was determined using the aCL 

ELISA (see Materials and Methods in Chapter II).  Protein purity was verified by sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) using a 10% 

94



polyacrylamide gel run under reducing conditions and stained with silver nitrate (Figure 

2).   

 

Detection of Native Murine β2GPI 

Antibody reactivity to murine β2GPI was detected on Immulon-2 plates (Dynatech 

Laboratories, Chantilly, VA) coated with CL at 90 μg/mL (50 μL/well) in 10 mM PBS, 

pH 7.3 for 16 h at 37ºC.  Plates were blocked with PBS containing 0.3% gelatin for 2 h at  

4ºC and washed three times with 10 mM TBS, pH 7.4.  Column fractions, and other test 

samples, were titrated and diluted in PBS containing 0.3% gelatin.  Thirty μL of test 

sample were mixed with 100 μL of purified rabbit anti-mouse β2GPI IgG (10 μg/mL).  

This mixture was then added to the CL-coated wells (50 μL/well) in duplicate and 

incubated for 3 h at 25ºC.  The plates were washed three times with TBS, and bound 

antibody was detected by incubation with alkaline phosphatase-conjugated goat anti-

rabbit IgG (Southern Biotechnology Associates, Birmingham, AL) diluted 1/2000 in PBS 

containing 0.4% BSA (75 μL/well) for 16 h at 4ºC.  Plates were washed three times with 

TBS and developed with p-nitrophenol phosphate for approximately 30 min at 37ºC and 

the OD at 405 nm was read using an ELISA reader (model EL800 Universal Microplate 

Reader, Bio-Tek Instruments, Winooski, VT).   

 

Results 

 

Figure 2 shows the purity of native murine β2GPI as assessed by SDS-PAGE.  Purified 

murine β2GPI (Lane 4) exhibited three major bands: one stronger band at a molecular 

weight of approximately 55 kDa and two weaker bands between 25 – 30 kDa.  A minor 
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band at approximately 50 kDa was also observed.  In contrast, commercial purified 

human β2GPI (Lane 2) showed a single band at approximately 52 kDa, while purified 

murine IgG (Lane 3) showed the expected heavy and light chain bands at approximately 

50 kDa and 20 – 25 kDa, respectively.  This data indicates that the purified murine β2GPI 

contains a major band slightly higher in molecular weight than, but consistent with, the 

known molecular weight of murine β2GPI; however, it also contains contaminating 

protein(s) with reduced molecular weights of between 25 – 30 kDa.  At present, it is 

unclear what these contaminating proteins are.  There is also a very light band at 

approximately 50 kDa, which could represent either residual murine IgG that has not been 

removed by Protein A-Sepharose adsorption in the purification protocol or a breakdown 

product of murine β2GPI.  Western blot analysis using rabbit anti-murine IgG should help 

to differentiate between these two possibilities, and will be done when more purified 

murine β2GPI becomes available.   

 

 

 



 
 
 
 
 
 
 
 
 

 
 

 
 
 

 
Figure 2. SDS-PAGE of purified native murine β2GPI.  Purified native murine β2GPI 
(Lane 4) was analyzed by SDS polyacrylamide gel electrophoresis under reducing 
conditions and the gel was stained with silver nitrate.  Commercial purified human β2GPI 
(Lane 2) and murine IgG (Lane 3) are shown for comparison.  Molecular weight (MW) 
standards are shown in Lane 1.   
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