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Antiphospholipid Syndrome (APS) is an autoimmune disease characterized by arterial and/or venous thrombosis and/or
pregnancy morbidity, associated with circulating antiphospholipid antibodies (aPL).
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| 1. Introduction

APS is an autoimmune disease, characterized by recurrent thrombosis and/or obstetrical morbidity and a series of
systemic manifestations induced by the persistent presence of aPL, including lupus anticoagulant (LA), anti-B2-GPI and/or
anti-cardiolipin (aCL) antibodies.

Classification criteria for diagnosis of APS require that a patient has the combination of at least one laboratory and one
clinical (arterial or venous thrombosis and/or pregnancy morbidity) criteria, as reported by the revised international
classification criteria for APS B! However, the clinical spectrum of the disease may include additional manifestations
which may affect various organs and cannot be explained exclusively by a prothrombotic state 4.

APS often occurs as a secondary disease in association with other autoimmune disorders, mostly systemic lupus
erythematosus (SLE), in these cases it is usually referred to as “secondary” APS (SAPS), to be distinguished from the
“primary” form called PAPS.

In the last decade, the significance of aPL persistency and accumulation (the co-presence of aPL criteria: aCL, anti-2-
GPI of the IgG or IgM subtypes and circulating LAC) was evaluated, especially regarding the risk of APS evolvement,
although their functional role for assessment of the specific APS-related manifestations is not always clear. However,
“seropositivity” of all the three-classification criteria, termed the “triple positive™-variant, correlates with a more aggressive
disease. It requires specific therapeutic interventions, such as anti-coagulant drugs =8, Several studies revealed that
aPL are a heterogeneous group of autoantibodies that have a clear association with thrombosis and pregnancy morbidity
and are directed against proteins, complexes of phospholipids and phospholipid-binding proteins or phospholipids €,
Proteins as a target of “aPL antibodies” are so far identified not only as p2-GPI &, but also as annexin A5 19, annexin A2
(L prothrombin (PT) 22, protein C 18! and protein S 14; as complexes of phospholipids and phospholipid-binding
proteins, prothrombin/phosphatidylserine (PT/PS) 18 and vimentin/cardiolipin 8 as phospholipids, in addition to
cardiolipin, phosphatidylserine (PS) [ phosphatidylethanolamine (PE) 12 and lysobisphosphatidic acid (LBPA) (18],

However, in daily clinical practice, it is possible to identify patients with clinical symptoms suggestive for APS, but
persistently negative for classical laboratory criteria. This patients’ population was referred to as seronegative SN-APS,
although “new” aPL specificities have been described in these patients. In fact, in 2003 it was deemed necessary to
classify a new entity of the syndrome (SN-APS) that it is still the subject of debate. G. Hughes, M. Khamashta and other
research teams speculated that this clinical entity could be explained by the presence of non-criteria aPL, which may not
have been considered in the serological battery of the tests 12120,

Despite the strong association between aPL and thrombosis, the exact pathogenic mechanisms underlying thrombotic
events and pregnancy morbidity in the course of APS have not been yet fully elucidated and more than one mechanism
Bay be involved, such as the exposure to some environmental agents, such as infections, in susceptible individuals 22122]

Antiphospholipid antibodies binding B2-GPI, may contribute to thrombotic diathesis by interfering with hemostasis [24125],
Numerous studies highlight the role of activation of monocytes, endothelial cells, platelets and/or complement, as well as
the induction of a prothrombotic state caused by interference with coagulation cascade proteins. aPL interact with
endothelial cells inducing adhesion molecules, such as intercellular cell adhesion molecule-1 (ICAM-1), vascular cell
adhesion molecule-1 (VCAM-1) and E-selectin expression and proinflammatory cytokines release, thus inducing a
proinflammatory and procoagulant cell phenotype 22 Moreover, aPL may activate platelets, with an increase of



glycoprotein llb—Illa expression 23 thromboxane A2 synthesis 28] and platelet factor-4 secretion, a chemokine with
procoagulant and prothrombotic effects (271281 Several reports show that in monocytes and endothelial cells, anti-B2-GPI
antibodies may lead to an up-regulation of Tissue Factor (TF), which plays a pivotal role in initiating the extrinsic
coagulation cascade 29,

Another mechanism involves the Annexin A5 protein, this is a natural and physiological anti-coagulant which binds to PS
on the cell surface, and forms a shield to prevent the activation of procoagulant complexes. Anti-B2-GPI/B2-GPIl complex
can disrupt this anticoagulant shield, exposing procoagulant PS, hence predisposing to thrombosis BB,

To explain the pathogenesis of thrombosis in APS, a model was suggested: “the first hit and second hit”. According to this
model, aPL (the “first hit”) destroy the integrity of the endothelium inducing a procoagulant phenotype, nevertheless,
thrombosis takes place only in the presence of an initiating factor (the “second hit”), as a consequence of smoking,
infection, oxidative stress or inflammation B2, Thus, in some cases, aPL cannot be considered pathogenic in those
patients who are termed as “asymptomatic carriers” 23, One of the molecular mechanism involving endothelial cells and
compatible with this pathogenetic hypothesis is represented by the activation and signaling through Toll-like Receptor 4
(TLR-4) that drives ultimately to an excessive release of proinflammatory cytokines (“cytokine storm”) and an increase in
the production of procoagulant factors, as well as the expression of cell-adhesion molecules B4(23],

| 2. B2-GPI Conformations in the Pathogenesis of APS

The pathogenetic mechanism of aPL and mostly anti-B2-GPI antibodies includes, among other mechanisms, the alteration
of both phases of the coagulation cascade: the fluid phase, by interfering with the Vitamin K dependent protein C and
annexin A5, and the cellular phase, by activating platelets, inducing the expression of TF on monocytes and endothelial
cells with consequent activation of complement 41241,

2-GPI, also known as apolipoprotein H, is a 45 kDa plasma glycoprotein with affinity for anionic phospholipids. It is
mainly synthetized in the liver and has a plasma concentration of approximately 200 pg/mL. It has been suggested that
B2-GPI may inhibit platelet prothrombinase activity 281 and ADP-mediated platelet aggregation BZ. Moreover, because of
its high affinity for anionic phospholipids, it was thought that B2-GPI, by inhibition of the contact phase activation of
coagulation, could play a role in maintaining the hemostatic balance 8. It has also been suggested that 32-GPI may
function as a scavenger protein. Indeed, the molecule was shown to react with lipopolysaccharide (LPS), facilitating its
phagocytosis by monocytes-macrophages 2. Consistent with such scavenging activity is also the binding of B2-GPI to
apoptotic material. During apoptosis, the reorganization of membrane lipid bilayer determines the exposure of PS, which
is generally distributed in the cytoplasmic leaflet of the plasma membrane of cells, on the outer cell surface. f2-GPI binds
to PS-exposing vesicles or apoptotic cells, promoting their engulfment by phagocytes 29,

Although B2-GPI was first described in 1961 by Schultze et al. 21, the interest in this protein increased significantly only
about thirty years after its discovery, when it was recognized as the major antigenic target in APS 22431441 p>_Gp|
consists of a single polypeptide chain of 326 amino acid residues and comprises five domains, arranged like a pearl
necklace. The first four domains are short consensus repeats from the complement control protein (CCP) module type,
also known as “sushi domains”. CCPs are modules of about 60 amino acids common in many proteins involved in the
regulation of complement activation. On the contrary, the amino acid sequence of the fifth domain (DV) gives it features
different from the other domains. The DV, in fact, is stabilized by three internal disulfide bonds instead of two. It carries a
definite positive charge and two portions, located at the lower part of the DV, constitute an excellent counterpart for
interactions with negatively charged amphiphilic substances. Therefore, the DV is responsible for the binding of 2-GPI to
anionic phospholipids on cell membranes. 2-GPI exists in two interconvertible biochemical variants, oxidized (54%) and
reduced (46%), depending on the integrity of the disulfide bonds #3148 |n the oxidized form, 11 disulfide bonds are
formed. In the reduced form, the disulfide bonds C288-C326 in DV and C32-C60 in DI are individually or simultaneously
broken. After the acknowledgment of the central importance of B2-GPI in APS, many studies followed to identify the
portions of the protein involved in the binding of anti-B2-GPI antibodies. It has been shown that antibodies can be directed
against epitopes located in different domains of the protein. However, robust evidence indicates that the immunodominant
epitope is in the first domain (DI) of the protein. Using domain-deletion mutants, Iverson et al. showed for the first time that
anti-B2-GPI antibodies recognize an epitope on DI 42, To further explore the fine specificity of these anti-DI antibodies,
Iverson et al. constructed several other mutants with point mutations in domain | 28, The main epitope was reported to
involve the amino acid residues R39-R43 and D8-D9, as well as the linker region between domains | and II.

Multiple studies have led to the identification of anti-B2-GPI DI antibodies as the key pathogenic subset of autoantibodies
in APS. In vitro, anti-B2-GPI DI IgG were found to have lupus LAC activity and strongly associate with thrombosis.
Moreover, recombinant human B2-GPI DI was found to lower aPL-induced thrombosis 4. Furthermore, anti-32-GPI DI



IgG have been shown to confer increased resistance to the anticoagulant properties of both annexin A5 2% and activated
protein C B, Anti-B2-GPI antibodies displaying LAC activity were also demonstrated to abrogate the p2-GPl-mediated
inhibitory effect on von Willebrand factor dependent platelet adhesion and aggregation 22, On the other hand, they may
also interfere with the intrinsic anti-thrombotic functions of B2-GPI. Importantly, both affinity-purified anti-B2GPI DI IgG
from APS serum and human monoclonal anti-B2GPI DI IgG have been shown to induce thrombosis and/or fetal loss in
mice APS models of venous thrombosis 23124, Agostinis et al. proved that a human monoclonal antibody directed against
2-GPI DI exhibits complement-dependent procoagulant and pro-abortive effects, and a variant of this antibody, lacking
the CH2 domain, is effective in preventing blood clot formation and fetal loss induced by aPL 53 Therefore, it is now
widely accepted that autoantibodies directed against f2-GPI DI can drive APS pathogenesis and are associated with
thromboembolic events. In a large cohort study, Andreoli et al. have demonstrated that 19gG targeting 2-GPI DI represent
the prevalent subset not only among APS patients but also among individuals with autoimmune conditions with any
clinical sign indicative of APS. They proposed that the ratio between antibodies to DI and those targeting DIV/V of 32-GPI
may be useful in determining the pathogenic potential of anti-B2-GPI antibodies and in discriminating between
autoimmune disorders and non-immune conditions B8, Although it is widely recognized that the first domain of B2-GPI
plays a fundamental role in the pathogenesis of the syndrome, multiple studies suggest that aPL directed against different
domains of the protein may play a pathogenic role BZ. In particular, Murthy et al. demonstrated that IgA anti-B2-GPI
directed to domain IV/V of the molecule represent an important subgroup of clinically relevant aPL, which may play a
pathogenic role, as revealed in a mouse model of thrombosis 8. Other researchers have recently shown that IgA anti-B2-
GP!I antibodies found in APS patients with clinical signs of thrombosis bind to three sites in D3, D4 and D5 B9, Moreover,
anti-B2GPI (ILA-1, ILA-3 and H-3 MoADb), that are able to interact specifically with three different hexapeptides
corresponding to distinct epitopes located in domains I-11, Il and IV of the molecule 8981, are able to activate endothelial
cells in vitro and induce experimental APS by passive transfer [62],

The antigenic epitopes of f2-GPI domains have been defined as cryptic, since they are exposed on the outer surface of
the protein only when the latter is in the open conformation. On the contrary, these epitopes are either buried by domain V
in the circular form or shielded by the N-linked glycosylations in the S-twisted form. Indeed, 32-GPI can adopt multiple
conformations (J-elongated, S-twisted and O-circular), resulting in different exposures of each of its domains to the
solvent (631841 The crystal structure of B2-GPI revealed a hockey stick-like shape of the molecule, in which the first four
domains are stretched along their long axis while the fifth domain is at a right angle to the other ones. This structure is
thought to be the immunogenic conformation of 32-GPI that interacts with anti-32-GPI antibodies, which forms when the
protein binds to the membranes. The O-circular structure of B2-GPI was originally proposed by Koike et al. in 1998 [65] to
explain the lack of binding of antibodies to f2-GPI in solution, and then it was captured by electron microscopy by Agar et
al. 831, This closed circular conformation has been shown to result from an intramolecular interaction between DI and DV,
which in turn causes the epitope on DI to be hidden by DV. It is believed to be the conformation that the protein takes in
the free form in plasma.

All these structural studies have led to the conclusion that in vivo 2-GPI can exist in both closed and open conformations
(631 and that the interaction of the molecule with the surrounding microenvironment determines its structure at any given
time. Specifically, the commonly accepted model predicts that in plasma B2-GPI is present primarily (>90%) in the closed
circular conformation, with the epitope on domain | not accessible for autoantibodies. This assumption is consistent with
the observation that circulating immunocomplexes between 32-GPI and antibodies are usually not easily detected in APS
patients’ sera. In contrast, when 2-GPI interacts with negatively charged surfaces, such as anionic phospholipids, a
conformational change occurs and 32-GPI adopts an open elongated form; the epitope on domain | is exposed to the
solvent and antibodies can recognize it and bind to f2-GPI (Eigure 1).
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Figure 1. Schematic representation of f2-GPI structure and conformation. 32-GPI consist in five domains (I-V) with
two disulfide bonds in each domain and an additional disulfide bond in domain V. Phospholipid binding by domain V and
some PTMs of the protein result in a conformational change from the circular (closed) form to open configuration. This
unfolded conformation may facilitate the exposition of “cryptic epitope” and autoantibodies binding. The amino acids most
involved in the PTMs are Lysine, Arginine and Cysteine. Increased oxidative stress may alter the configuration of f2-GPI
to a dimeric form that enhance antibody affinity.
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