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Abstract
Antiphospholiipid syndrome (APS) is an autoimmune disease characterized by the pathological action of antiphospholipid antibodies (aPL), that leads to recurrent pregnancy loss and thrombosis. Despite limited evidence, it is clear that there are both inherited and acquired components of the ontogeny of these antibodies. Animal genetic studies and human familial and population studies highlight the influence of genetic factors in APS, particularly human leukocyte antigen (HLA) associations. Similarly, both animal and human studies have reported the importance of acquired factors in APS development and infectious agents in particular have a great impact on aPL production. Bacterial and viral agents have been implicated in the induction of autoimmune responses by various mechanisms including molecular mimicry, cryptic autoantigens exposure and apoptosis. In this review we highlight the latest updates with regards to inherited and acquired factors leading to the manufacturing of pathogenic antibodies and APS.
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Core tip: This article reviews the most up to date theories regarding the production of pathogenic antiphospholipid antibodies in antiphospholipid syndrome. It focuses on both the genetic and environmental aspects related to antiphospholipid antibodies (aPL) production. The genetic factors highlighted include human leukocyte antigen (HLA) and non-HLA associations and where available, data linking genes to clinical manifestations is presented. The key infectious agents linked to the formation of pathogenic aPL and those mechanisms by which these agents induce a break in immune tolerance are also discussed.
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INTRODUCTION
Antiphospholipid syndrome (APS) is a mutisystemic autoimmune disease, whose pathology is driven by the action of antiphospholipid antibodies, and is characterized by recurrent thrombosis and pregnancy morbidity[1]. These antibodies are heterogenous, have numerous antigenic targets and interact with numerous negatively charged phospholipids (PLs) and protein complexes. However, during the 1990s, several groups showed simultaneously that 2-glycoprotein I (2GPI), and prothrombin, are the major antigenic targets of antiphospholipid antibodies (aPL). More than 90% of binding activity in APS patients target these 2 antigens[2-4]. 
The decades since APS was first described have seen an increased understanding of the pathological mechanisms of aPL that lead to the various clinical manifestations in the disease[5]. In contrast, relatively little has been uncovered regarding the ontogeny of pathogenic aPL. However, various pathogenetic processes have been proposed based on the available evidence and what seems clear is that both inherited and acquired factors play roles in the initial induction of pathogenic aPL in APS patients.
Correlations of several genetic markers with the production of aPL and APS characteristic manifestations, such as thrombosis, have been highlighted using several APS human and animal studies. Major Histocompatibility Complex (MHC) genes could potentially affect both pathological aPL development and also the expression of disease in APS patients[6]. Other studies highlight the effect of classical thrombogenic genetic risk factors on disease phenotype in APS patients[7]. These various genetic markers are likely to confer a baseline risk with regards to aPL production and APS development, while exposure to various environmental factors augment and intensify this risk, in essence inducing the break in tolerance needed for autoantibody production[8]. One of these key environmental factors seems to be infectious agents and indeed, most of the work done to elucidate the effect of environmental factors on aPL production has centered on viral and bacterial infectous agents[8]. As was stated above, aPL represent a varied group of antibodies that target various antigens and clinical reports indicate that not all these antibodies cause disease. It is therefore very likely that only a select group of environmental agents, most likely infectious agents and even then only a select few viral or bacterial entities, are important in disease development[8,9]. However, there is some limited evidence for other environmental factors such as malignancies, vaccinations and drugs being associated with aPL production[8]. In this brief review, we outline the latest updates regarding proposed inherited and acquired factors contributing to the formation of pathogenic aPL.

GENETIC STUDIES–DATA FROM APS ANIMAL MODELS
The first evidence of a genetic component to the production of pathogenic aPL in APS was provided by studies in mice. In NZW x BXSB F1 (W/B F1) male mice, the spontaneous production of pathogenic aPL, namely IgG aCL that display 2GPI-dependent binding to cardiolipin, has been reported[10]. Indeed, these W/B F1 male mice are SLE-prone mice that, in addition to aCL, develop autoantibodies to negatively charged phospholipids such as phosphatidylserine and phosphatidylinositol, circulating immune complexes, and nephritis. Thrombocytopenia and myocardial infarction on the background of degenerative coronary vascular disease is often found in these mice, which is akin to features of SLE and APS[10-12]. The failure of either central or peripheral T-cell tolerance mechanisms is an important aspect of the production of self-reactive autoantibodies in autoimmune diseases. Gene analysis showed that the genes responsible for the development of pathogenic aCL in these mice used certain VH and VK genes preferentially, while those for non-pathogenic aCL utilized random V gene combinations. This indicates antigen-driven rather than germ-line encoded antibody production[13]. In this study, the pathogenic aCL showed a 91.5% homology to a known germ-line VH gene, suggesting that the pathogenic aPL were generated by somatic mutations. Similarly, in MRL-lpr/lpr mice (lupus prone mice), numerous somatic mutations in the VH region of a gene encoding a monoclonal aCL compared to the related germ-line VH gene were noted, indicating antigen-driven stimulation and a possible failure in peripheral tolerance mechanisms[14]. ACL are also produced in normal C57BL/6J mice, with estrogen treatment increasing the incidence and levels of these antibodies, underscoring the role that environmental factors such as hormones may play in modifying genetic susceptibility in APS patients[15]. However, the aCL that are produced in these mice are not 2GPI dependent but instead show diminished binding to cardiolipin in the presence of the 2GPI cofactor[16]. Interestingly, an additional lupus murine model (NZW x NZB F1 mice) failed to produce aCL despite the production of other autoantibodies such as anti-dsDNA[17].
A subsequent analysis of the clinical features present in NZW and BXSB mice and their offspring revealed that similar disease phenotypes were seen in both male BXSB parental mice and the male F1 progeny BXSB x NZW but these features were less frequent and intense in the parental mice. In stark contrast, the typical clinical features were not expressed in NZW parent female mice or female F1 BXSB x NZW female progeny[18]. These results possibly indicated that BXSB genetic markers determine the disease expression while genes found in the NZW mice served to upregulate or modify the expression of manifestations of APS in their offspring. An additional consideration is that modifying alleles such as BXSB Y-linked autoimmune accelerator gene (Yaa) may be an important factor in disease expression[18-20]. A mapping of the BXSB alleles that contributed to the development of aCL, anti-platelet antibodies, thrombocytopenia, and mycocardial infarction was subsequently achieved by analysis of the genome, focusing on microsatellite markers in NZW x (NZWxBXSB) male F1 backcross offspring[18]. This genetic evaluation demonstrated that the complete expression of each feature was determined by the complementary activity of two independently segregating major dominant alleles. Full genetic concordance existed for antiplatelet antibodies and thrombocytopenia but different combinations of two dominant alleles acting independently were responsible for other features, suggesting that no single genetic factor can explain the pathogenesis of APS[18]. 
The first direct evidence of certain MHC II alleles being involved in the induction of pathogenic aPL and development of APS clinical manifestations came from Papalardo et al[21] Utilizing a 2GPI–induced aPL production in mice, this group showed that thrombogenic aPL production and tissue factor upregulation occur in wild type mice after immunization with human 2GPI but do not occur in MHC-II knockout [MHC(-/-)] mice. Furthermore, the production of pathogenic aPL after inoculation with 2GPI was restored in MHC(-/-) that were modified to express human DQ6, DR4 or DQ8 genes. Interestingly, the quantity of pathogenic aPL that was produced varied among these 3 transgenic mouse groups. These studies confirm the involvement of certain haplotypes in the induction of aPL as well as their varied importance[21]. 

HUMAN GENETIC ASSOCIATIONS IN ANTIPHOSPHOLIPID SYNDROME
HLA associations
Associations between several HLA-DR and DQ haplotypes and aPL development have been reported but frequent logistical issues such as inappropriately matched control populations and small sample populations make interpretation problematic[6,7]. The underlying problem is the difficulty in defining disease phenotypes appropriately due to variable clinical expression, the coexistence of clinical entities and variability in the progression of disease. Indeed, disease phenotypes may vary over time even in a single patient with APS, especially at advanced ages[6]. Furthermore, these issues have made defining HLA associations with individual clinical features of APS extremely difficult. However, we discuss below the HLA genes which are associated with an increased susceptibility to the development of APS and the production of aPL antibodies.
Familial APS was initially described in a group of related individuals who consistently tested positive for syphilis in the absence of the infection and developed overt autoimmune disease years later[22]. Since then, many studies have reported the high prevalence of PAPS correlated with aPL such as lupus anticoagulant (LA) and aCL, and other autoantibodies in families[23,24]. The frequent finding of aCL in first-degree relatives of patients with PAPS or SAPS has also been demonstrated[25,26]. A dominant or co-dominant model for the inheritance of APS was suggested by segregation analysis studies in a group of seven families with a 30% prevalence of primary APS among them[27]. However, the study failed to find any HLA associations or correlation with other putative genes including 2GPI and Fas. In an English-Canadian family, the paternal haplotype A30; Cw3; B60; DR4; DRw53; DQw3 was associated with aCL production in secondary APS patients and individuals without disease[28]. DR4 and DR7 have also been reported to be associated with the presence of LA in families[29,30]. Another study evaluated family members, all who had SLE and a myriad of APS clinical manifestations, and revealed that DR4, DRw53 and DQw7 composed a haplotype found in twins and their mother[31].
Many HLA associations with APS have also been found in population studies of unrelated individuals. HLA-DQw7 (HLA-DQB1*0301) linked to HLA-DR4 and/or –DR5 was found to be associated with LA in a group of SLE patients[32]. DR4 and DRw53 were found to occur more frequently in primary APS[33]. Other primary APS associated HLA include DQB1*0301/4, DQB1*0604/5/6/7/9, DQA1*0102, DQA1*0301/2, DRB1*04 and DR7 [34-36]. Similar results were found in a large study of Italian SLE patients, in which HLA-DRB1*04, -DRB1*07, -DQA1*0201, -DQA1*0301,-DQB1*0302,-DRB3*0301 were associated with aCL and DQB1*0302 with anti-2GPI[37]. In Japanese patients, DRB1*09 has been reported to be associated with aCL production in patients with lupus-associated APS[38] A strong association exists between anti-2GPI and HLA-DR4 haplotypes, particularly when linked to HLA-DQ8 (DQB1*0302) in Caucasian and Mexican Americans, while the association with anti-2GPI was attributed to the HLA-DRB1*1302;DQB1*0604/0605 haplotype in African American and Caucasian British patients with primary APS[34,39]. In black American populations, there is evidence that C4A or C4B null alleles are associated with the presence of aCL. It is interesting to note however, that in the Hopkins Lupus Cohort, composed of a significant number of African Americans, patients who were homozygous for C4A deficiency had a lower frequency of aCL and LA than patients without this deficiency[40-42]. 

Non-HLA associations
Mutations in genes not associated with the MHC region, such as a substitution of valine for leucine at amino acide residue 247 in domain V of 2GPI, can contribute to APS development. This polymorphism is more prevalent in APS patients, especially those with arterial thrombosis, compared to matched controls and is linked to anti-2GPI production in these patients[43-45]. Other thrombophilia-related genetic factors like factor V Leiden, prothrombin mutations and deficiencies of antithrombin III, protein C and protein S have also been linked to APS disease manifestations[46]. 
The prevalence of the factor V Leiden G1691A (FVL) mutation in Caucasian populations has been reported to range from 1% to as high as 15%[47,48]. Studies have shown that persons homozygous for FVL have an approximately 80-fold increase and heterozygous individuals a seven-fold increase in the lifetime risk for a thrombotic event compared to the general population. However, FVL seems to have a milder effect on the development of thrombosis in APS patients than in the general population due to the effect of aPL, but this mutation may increase the thrombogenic effect of aPL in several patients[49-51]. The G20210A prothrombin mutation (F2 G20210A) does confer an elevated risk of deep venous thromboembolism in the general population, although to a lesser degree than FVL, but in APS patients the effect seems to be less consistent. While it was first reported that the gene did not increase risk in Caucasian and Mexican mestizo APS patients[52-54], studies that followed demonstrated that an elevated rate of thrombotic disease in patients with APS could be attributed to the presence of the gene. The initial report was of a young female patient with the homozygous G20210A mutation and lupus associated APS[55-57]. However, reports that followed could not demonstrate an association between this mutation and thrombosis in APS[51,58].
As a result of the rarity of deficiencies in antithrombin III and protein C and S it has proven difficult to accurately assess the role played by these mutations in increasing thrombotic risk in patients with aPL. However, studies have linked an elevated incidence of thrombotic disease with deficiencies of both protein C and S in APS[59,60]. Polymorphisms in other relevant genes including thrombomodulin, annexin A5, methylenetetrahydrofolate reductase, plasminogen activator inhibitor-1, tumor necrosis factor , platelet glycoproteins GP Ia/IIa and GP IIb/IIIa, tissue factor pathway inhibitor, can also possibly increase the risk of thrombotic disease in APS but data is limited[61].

ENVIRONMENTAL FACTORS IN ANTIPHOSPHOLIPID SYNDROME
Infectious agents
Early efforts to induce aPL production in animal models focused on immunization of animals with theorized antigenic targets. Initial experiments utilized cardiolipin antigens but these failed to allow for production of aPL in animal models[62]. After the discovery that the main antigenic target of pathogenic aPL was in fact 2GPI, subsequent experiments utilized immunization with heterologous 2GPI rather than pure phospholipids. This led to the successful induction of aPL production in mice and these antibodies were able to induce pathogenic effects[2,62]. Researchers then hypothesized that perhaps molecular mimicry played a key role in pathogenic aPL production. In essence, foreign PL-binding proteins that shared structural similarities to 2GPI could bind to self PLs in APS patients, and in so doing allow for the assembly of immunogenic complexes that stimulate aPL production.
Subsequent studies made use of a synthesized 15 amino acid peptide, GDKV, which spanned an area of the fifth domain of 2GPI known to be a major PL-binding site of the molecule. This peptide was able to induce pathogenic aPL and anti-2GPI production in immunized mice[63]. A monoclonal antibody with aPL and anti-2GPI activity generated from these GDKV-immunized mice was shown to be pathogenic using in vivo models for thrombus enhancement and microcirculation[64]. A search for candidate peptides with structural similarities to GDKV among libraries of peptides from viral and bacterial agents produced several candidates (Table 1). Similar results in experimental animal models were then reported using these candidate peptides[65]. When compared to GDKV, peptides from cytomegalovirus (TIFI and VITT), from adenovirus (TADL) and from Bacillus subtilis (SGDF) all bound to PLs with greater affinity and induced higher anti-2GPI levels in experimental animals. The thrombogenic and proinflammatory capacity of induced antibodies in mice immunized with TIFI was subsequently confirmed[65,66].
An interesting set of experiments that focused on a hexapeptide, TLRVYK, which is a known antigen of pathogenic monoclonal anti-2GPI, found in micro-organisms provided further evidence of molecular mimicry being involved in aPL production[67]. BALB/c mice immunized with Haemophilus influenzae, Neisseria gonorrhoeae or tetanus toxoid produced high anti-TLRVYK and anti-2GPI antibodies which were then isolated and passively transferred to naive mice at day 0 of pregnancy. These antibodies induced a higher frequency of fetal loss, thrombocytopenia and prolonged activated partial thromboplastin times (aPTT) at day 15 after inoculation. Even further evidence comes from a study utilizing protein H found in Streptococcus pyogenes isolates. Protein H was able to bind to 2GPI, induce changes in the conformation of the protein, expose cryptic epitopes and consequently allow for the development of anti-2GPI antibodies[68].
Several infectious agents have been linked to aPL production and APS manifestations[63]. Human immunodeficiency virus (HIV), Human T-cell lymphoma/leukemia virus (HTLV), CMV, hepatitis B and C viruses, parvovirus B19 and Varicella Zoster Virus (VZV) are a few for which these associations have been reported[69]. It is clear that infectious agents play a major role in pathogenic aPL production but what remains uncertain is the mechanism which underlies the break in tolerance allowing for these autoantibodies to be produced. Additional methods of autoimmune induction by infectious agents indlude the release of cytokines and chemkines, selective activation or destruction of unique lymphocyte subsets or hidden epitope exposure during cell necrosis or apoptosis[70-72]. 
The majority of circulating 2GPI exists in a reduced form containing unpaired cysteines (free thiols), which are involved in the interaction with platelets and endothelial cells. This abundant pool of free thiols may serve as an antioxidant reservoir protecting cells or critical molecules from oxidative stress and oxidation of β2GPI has been shown to confer an increase in its immunogenicity through a Th1 immunological mechanism. It is therefore possible that the generation of reactive oxidative and nitrosative species by certain infectious agents could allow for generation of an abundance of oxidized 2GPI and foster autoantibody production. Indeed, serum from patients with APS assessed by a novel ELISA assay, have a significant increase in oxidized 2GPI[73] (Figure 1).
The break in tolerance in APS patients is also likely to involve regulatory T-cell (Treg) function based on recent evidence. Peripheral blood mononuclear cells (PBMCs) isolated from healthy donors were subjected to increasing concentrations of aPL and there was evidence of significant changes in T-cell subsets compared to controls[74]. T-helper2 (Th2) and Th17 cell frequencies were increased, while Th1 and Treg cells were decreased. Subsequently, a study done in primary APS patients reported a reduced frequency of CD4+ CD25+ foxp3+ T-regulatory cells in these patients compared to controls[75]. Taken together, these studies indicate that Th1/Th2 imbalance, Th17 upregulation and Treg dysfunction play potential roles in aPL production and APS development (Figure 1).
Rauch et al[76] have recently put forward a hypothesis that highlights the central part played by toll-like receptors (TLRs), especially TLR4, in inducing a break in tolerance, aPL production and epitope spread to several autoantigens based on their work[76]. Quite recently, Pierangeli et al[77] demonstrated for the first time that both TLR7 and TLR9 are involved in pathogenic aPL production by utilizing lupus prone mice treated with CMV derived peptides in the presence of TLR7 or TLR9 agonists and other lupus prone mice deficient in TLR7 or both TLR7 and TLR9. 

Other enviromental agents
Although there is only limited and often inconclusive data linking environmental agents such as vaccines, drugs and cancer to APS, these associations have been reported[78,79]. Associations with acrylamide, silicone and vaccines have been outlined in case reports but remain unproven[80,81].
Drugs are able to bind self-antigens, alter their processing and presentation to immune cells and in essence creating neopeptides or expose cryptic epitopes, facilitating autoimmune induction[82]. Similar to other non-infectious environmental agents, several drugs have been reported to be associated with aPL production but conclusive evidence has not been presented. These drugs include antibiotics, propranolol, chlorpromazine, antiarrhytmic agents, quinine, amoxicillin, phenytoin, chlorothiazide, oral contraceptives, anti-hypertensive medications, alpha-interferon, and infliximab[82-85]. 
Solid and hematologic cancers have been linked to aPL, which is perhaps most significant as it relates to an increased risk for thrombosis in patients with an already elevated risk and the potential for development of CAPS. The underlying pathogenetic mechanisms of to this association are as yet unclarified but may be related to an anti-tumor immune response or neoantigen formation during immunomodulatory drug therapy with agents like interferon- (IFN)[86].

APOPTOSIS IN APS DEVELOPMENT
Apoptosis is a normal regulatory process of tissue turnover in response to different homeostatic stimuli. However, as a result of this process there is continuous exposure of self-antigens to the immune system and so the key to prevention of autoimmune induction is efficient clearing of apoptotic debris. In the thymus and bone marrow, these clearance mechanisms are extremely efficient and since there is also a lack of co-stimulatory signals in these central lymphoid organs, no induction of autoantibodies occurs under normal circumstances. However, apoptosis results in disruption of intracellular boundaries and the clustering and structural modification of nuclear, cytoplasmic and membrane antigens. In the absence of efficient clearance mechanisms, normally unexposed antigens are subject to immune recognition, resulting in autoantibody production[87]. 
During apoptosis, a negatively charged PL, phosphatidylserine (PS), which is normally found almost entirely on the inner cytoplasmic leaflet, is transferred to the outer leaflet[88,89]. This is important in APS as it provides an antigen for aPL binding and such autoantibodies that bind apoptotic cells via interaction with PL-2GPI complexes have been identified[90-92]. Indeed, the antigenic reactivity of several aPL with a complex formed between anionic phospholipid (e.g., PS) and 2GPI or 2GPI in isolation[93]. During the apoptotic process in autoimmune patients, the sequestration of PS induces specific recognition by macrophages and subsequent removal[94], and the PS/2GPI complex recruits anti-2GPI, which then facilitates apoptotic cell clearance and preserves tissue homeostasis[95]. 
The concept that apoptosis plays a role in the production of aPL was first proposed by Piroux et al[92]. Subsequent studies have provided evidence that apoptotic cells/2GPI complexes can act as a source of anti-2GPI antibodies. Levine et al[96] reported that 2GPI do not readily bind to the surface of viable cells but rather to the surface of apoptotic cells. Once bound, the exposure of an essential epitope facilitates recognition by aPL from patients with primary APS and SLE. Interestingly, increased aPL production can be induced in mice immunized with apoptotic cells alone or complexed to 2GPI. A recent study highlighted the importance of the Ro60 receptor in 2GPI precipitation in apoptotic bodies[95-99].

CONCLUSION 
The relative degree to which inherited and acquired factors determine the risk for developing aPL and APS has not been fully elucidated. The most likely scenario is a complex interplay of a multitude of environmental factors in a genetically susceptible patient, which then induces autoantibody development and consequently typical disease manifestations. Once there is a more complete comprehension of the relative contributions of these varied factors, researchers and clinicians alike will be able to implement more effective preventive and therapeutic management guidelines for these patients. Future studies should focus on the elucidation of those specific immune factors leading to a break in tolerance and subsequent aPL production, as a stepping stone to the development of appropriate preventive and therapeutic modalities.
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Table 1 Candidate peptides with structural and functional similarity to the phospholipid-binding region of domain V of beta-2 glycoprotein I
	Peptide
	Source
	Amino acid sequence
	Inhibition of B2GPI binding to CL (%)1

	GDKV
	Gly274-Cys288 in domain V of human B2GPI
	GDKVSFFCKNKKC
	43

	GDKV2
	Modified GDKV with all six residues between Lys282-Lys287 replaced with Lys
	GDKVSFFCKKKKKKC
	56

	TADL
	Thr77-Glu96 of Adv type2 DNA binding protein
	TADLAIASKKKKKRPSPKPE
	68

	TIFI
	Thr101-Thr120 of ULB0-HCMVA from human CMV
	TIFILFCCSKEKRKKKQAAT
	75

	VITT
	Val51-Ile70 of US27-HCMVA from human CMV
	VITTILYYRRKKKSPSDT
	83

	SGDF
	Ser237-Ser256 of TLP-BACSU from Bacillus subtilis
	SGDFEYTYKGKKKKMAFATS
	NA


1Refers to the percentage of inhibition of 100nM of beta-2 glycoprotein I (B2GPI) binding to cardiolipin (CL) produced by 6uM of each peptide. CMV: Cytomegalovirus: NA: Not available.
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Figure 1 Proposed pathogenetic mechanisms leading to antiphospholipid antibody production in antiphospholipid syndrome.
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