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Beta-2-Glycoprotein I (β2GPI) plays a number of essential roles throughout the body. β2GPI, C-reactive protein
and thrombomodulin are the only three proteins that possess the dual capability to up and down regulate the
complement and coagulation systems depending upon external stimulus. Clinically, β2GPI is the primary antigen
in the autoimmune condition antiphospholipid syndrome (APS), which is typically characterised by pregnancy
morbidity and vascular thrombosis. This protein is also capable of adopting at least two distinct structural forms,
but it has been argued that several other intermediate forms may exist. Thus, β2GPI is a unique protein with a
key role in haemostasis, homeostasis and immunity. In this review, we examine the genetics, structure and
function of β2GPI in the body and how these factors may inﬂuence its contribution to disease pathogenesis. We
also consider the clinical implications of β2GPI in the diagnosis of APS and as a potentially novel therapeutic
target.

1. Introduction
1.1. What is beta-2-glycoprotein I (β2GPI)?
Beta-2-Glycoprotein I (β2GPI) is a unique ﬁve domain protein
comprising four similar complement control protein (CCP)-like domains
(DI-DIV) and one diﬀerent domain (DV) with a large lysine loop (1C1Z,
Ensemble). It is a soluble blood protein with a circulating concentration
of 0.2 mg/ml [1–3] and a molecular weight of 48 kDa. β2GPI has many
proposed functions and roles within the body including the regulation
of complement and haemostasis. Furthermore, it contains the main
antigenic target of pathogenic autoantibodies found in patients with the
autoimmune disorder antiphospholipid syndrome (APS). Often β2GPI is
only considered important in the context of APS; however, in this review we will be examining its wider functions in physiology and pathology.
1.2. What is antiphospholipid syndrome (APS) and how is β2GPI
important?
APS is an autoimmune disorder in which autoantibodies cause
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thrombosis and/or recurrent miscarriage or other obstetric morbidity.
Although these antibodies are generally termed antiphospholipid antibodies (aPL), this term is a misnomer because the pathogenic antibodies
in APS target proteins that associate with PL, the most important of
which is β2GPI.
Antibodies of the IgG or IgM isotype to β2GPI are one of the three
criteria antibodies in APS diagnosis [4]; the others are the lupus anticoagulant (LA) assay and the anti-cardiolipin (aCL) assay. aCL from
patients with APS (but not from non-APS patients) require β2GPI as a
co-factor for CL-binding whilst the LA eﬀect has been shown to be
β2GPI-sensitive in these patients [5–7]. Thus, both the aCL and LA
assays may indirectly be dependent on the function and structure of
β2GPI.
APS is estimated to aﬀect between 0.3-1% of the population[8].
However, a recently published population based study assessing the
epidemiology of APS suggested the ﬁgure may be lower, around 50 per
100,000 people [9]. Overall, APS carries signiﬁcant morbidity and is a
leading cause of strokes in people under 50 years old [8]. Andreoli et al
estimated that APS may be a contributory factor in 6.1% of cases of
pregnancy morbidity, 13.5% of strokes, 11.5% of myocardial infarctions and 9.5% of deep vein thromboses [10].
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Some debate exists within the ﬁeld regarding the potential to subdivide patients into thrombotic or obstetric subgroups. Traditionally
this has been diﬃcult to achieve, particularly because many patients
suﬀer both thromboses and pregnancy loss. However, in recent years
research has begun to separate the properties of antibodies found in
these two groups of patients. Ripoll and Poulton have both shown differential cellular eﬀects by antibodies from obstetric and thrombotic
patients [11,12]. Ripoll et al showed distinct molecular signatures were
detected by gene array when comparing monocytes exposed to IgG
from patients suﬀering thrombotic or obstetric APS [12]. In a similar
vein, Poulton et al showed that puriﬁed IgG from patients with obstetric
but not thrombotic manifestations of APS were capable of inhibiting
trophoblast invasion in an in-vitro assay [11]. Groups have also suggested diﬀerent pathophysiological mechanisms drive the two variants
of disease with causes of obstetric pathogenesis including deﬁcient
endometrial angiogenesis, inhibited toll-like receptors on trophoblasts
and altered trophoblast interleukin-8 secretion [13–17]. Despite this
research, the idea of two distinct syndromes is still somewhat controversial in the ﬁeld. A comprehensive review was recently published
by Meroni et al in 2018 [18].
Current therapies for APS are very limited. The only evidence-based
treatment known to reduce the risk of recurrent thrombosis is long-term
anticoagulation [19]. This form of therapy has most commonly been
achieved using warfarin or other vitamin K antagonists (VKAs), although direct oral anticoagulants such as rivaroxaban are now coming
into use. A non-inferiority trial in the United Kingdom, that used a laboratory surrogate primary outcome, concluded that rivaroxaban oﬀers
a potentially eﬀective, safe and convenient alternative to warfarin in
APS patients with venous thromboembolism requiring standard intensity anticoagulation [20] though it should be noted that there were
no thrombosis in either arm of the study. In contrast, a more recent
Italian study was discontinued due to excess adverse events (including
myocardial infarction, stroke and bleeding) in the rivaroxaban arm,
versus standard intensity warfarin [21]. This study was limited to triple
aPL-positive (anti- β2GPI, aCL and LA positive) thrombotic APS patients, a high-risk group in which the same authors previously reported
recurrent thrombosis in 30% of patients on standard intensity warfarin
[22], and included patients with arterial thrombosis in addition to venous thrombosis,. Further research is required to clarify precisely the
utility of rivaroxaban in APS treatment.
Similarly studies are ongoing into the potential for Apixaban as a
treatment for APS. Much like Rivaroxaban Apixaban is also a speciﬁc
Factor Xa inhibitor, however, recent results from the ASTRO-APS study
have shown issues. The study has been stopped twice, both times due to
worse outcomes in the apixaban arm when compared to the control
arm, this includes when the dose was increased. The study is now
continuing with the exclusion of APS patients with a history of
thrombosis [23].
The standard treatment to prevent pregnancy loss in patients with
APS is a combination of subcutaneous low molecular weight heparin
and oral low-dose aspirin, which gives live birth rates of > 70%
[24,25]. However, this treatment is not universally eﬀective and these
patients may nevertheless suﬀer increased pregnancy morbidity
[24,26]. Hydroxychloroquine (HCQ), an anti-malarial further discussed
in section 6.3 below, has been shown to potentially provide further
beneﬁt in APS pregnancy [27] and randomised controlled trials are
underway [28–30].
Therefore, it is important to develop targeted therapeutics for APS,
using our knowledge of how the interaction between pathogenic aPL
and β2GPI contributes to the pathogenesis of the disease. This in turn
requires a thorough understanding of the function of β2GPI itself in
health and disease.

and complement [31,32], they have been incompletely deﬁned. Research points to β2GPI being able to both up and down regulate serine
protease cascades but the mechanisms by which these activities are
controlled are currently unknown. A number of studies from various
ﬁelds have also identiﬁed β2GPI in diﬀerent sites of disease and injury
in various diﬀerent tissues [33]. Zhang et al [34] established that β2GPI
is protective in a mouse model of cardiac ischaemia reperfusion injury,
building on work by Niessen et al which histologically showed β2GPI
was present in human cardiac tissue at the time of ischaemic injury
[35]. Furthermore, β2GPI has been found histologically in the placenta
of both healthy controls and APS patients [36,37], and pregnant mice
[33] demonstrating a role in compromised and healthy pregnancy. In
addition, β2GPI has been detected in brain and gut endothelium of mice
challenged with lipopolysaccharide (LPS) [33], as well as in the brain of
mice undergoing ischaemic brain injury [38], although in this latter
study, a faint signal was seen for β2GPI in the brains of sham controls
suggesting that β2GPI is present in non-ischaemic brain tissue. β2GPI
has even been detected in the retina of patients with age related macular degeneration [39]. At the cellular level, β2GPI is primarily made
by hepatocytes, but is reported to be expressed by or bound to diﬀerent
human cells, including decidual endothelium and trophoblasts, cells of
the central nervous system [40], monocytes [41,42], neutrophils [43]
and cells forming the subendothelial and intima-media regions in
human atherosclerotic plaques [44]. In fact, studies in the late 1990s
demonstrated that immunisation with β2GPI enhanced atherosclerosis
in LDL receptor [44] and ApoE deﬁcient [45] mice, suggesting a central
role for β2GPI in pathogenic processes outside thrombosis and pregnancy morbidity. Of note, circulating IgG anti-β2GPI antibodies
(aβ2GPI) were detected in both studies following immunisation with a
single dose of human β2GPI. Unsurprisingly, given its role in APS,
β2GPI has also been detected in blood clots.
Two of the more unexpected roles for β2GPI have been proposed by
Dong et al and El-Assad et al suggesting an anti-obesity eﬀect by differentially inhibiting lipogenesis in mice [46] and an anti-bacterial effect speciﬁcally in the scenario of gram-negative septicaemia in mice
[47]. As research continues it is increasingly clear that β2GPI plays a
number of roles in the body. To fully understand the impact of β2GPI in
health and disease, a cohesive picture is required.
1.4. Review aims
This review aims to bring together the disparate research on the
activities of β2GPI in the body and also its various conformations. We
focus on the complement and coagulative cascades and how a deeper
understanding of the role of β2GPI in current therapies for APS may
inform future therapeutic developments.
2. Structure and genetics of β2GPI
2.1. Open and closed β2GPI
β2GPI exists in both open (J shaped) and closed (circular) forms
[48] (Fig. 1), thus resulting in varying solvent exposures of each of its
domains. In particular, it has been hypothesised that both the N-terminal Domain I (DI) and the C-terminal Domain V (DV) are partly hidden
in the closed form but become exposed in the open form of the molecule. This is important because DI contains the major epitope region of
β2GPI responsible for APS antibody generation [49–52], whereas DV is
responsible for binding to cell membranes [53–55]. Despite this research into the structure of the protein, little is known regarding how
the structures are maintained, nor which amino acids govern the
structure itself.
Agar et al [48] found that 90% of the β2GPI circulating in blood is in
the closed formation. Thus, if it is true that the open form promotes
antibody binding in APS, it is important to understand the conditions
which may inﬂuence the equilibrium between open and closed forms.

1.3. β2GPI – more than just APS?
Although β2GPI has a number of proposed roles in both coagulation
2
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Fig. 1. Proposed structural states of β2GPI and the transition to cellular binding. The schematic above demonstrates the potential interactions between cell surfaces,
β2GPI and antibodies in APS. The proposed schemes are intensely debated in the ﬁeld. The top scheme shows antibody binding to a closed β2GPI with this causing
β2GPI to open and bind cell membranes. The middle scheme shows β2GPI opening due to environmental factors with an antibody later binding. The bottom scheme
shows circular β2GPI binding a cell membrane, opening and dimerization by an antibody. Debate exists as to which of these schemes is the most physiologically
relevant.

changes [61]. Allosteric disulphides can be reduced, which induces
larger structural alterations for the protein as a whole. This disulphide
conformation is a natural substrate for reduction by the enzyme
thioredoxin-1. It has been shown that this reduction is capable of altering the binding properties of β2GPI to antibodies in vitro [59]. Further research is required to verify whether enzymatic reduction alters
the conformation of the protein in vivo;, a comprehensive review of the
potential for post-translational redox changes in β2GPI on the potential
pathophysiology of APS was published by Weaver et al [62].
Various groups have proposed the existence of intermediate states
between fully open and fully closed [63,64]. However, the stability,
activity and binding properties of these intermediaries are unknown. It
is important to carry out research regarding these potential intermediates to address the role they may play in complement and coagulation and any interaction with pathogenic aβ2GPI. Fig. 1 shows a
potential intermediate structure (middle mechanism) and the interaction of antibody/antibody complex with cells.
DV of β2GPI is structurally distinct from the ﬁrst four domains. As
well as a highly distinctive allosteric disulphide bond, DV also contains
an unusual loop of lysine residues, which conveys a promiscuous
binding character to the whole protein. The lysine loop allows β2GPI to
interact with anionic PL and other molecules on cell surfaces, coagulation factors, platelets and complement thus suggesting that β2GPI
may have a wide range of functions within the body.
Given the ability of β2GPI to change structure and adopt novel
conformations, it is unsurprising that this molecule also has diverse
activities in multiple protein cascades. It is currently unknown if this
diversity is directly related to the ability of β2GPI to change its

Many proteins exist in the body in a dichotomous state as either
active or inactive. Examples include zymogens (such as serine proteases), [56] which require structural cleavage to alter their activity.
Another example is tissue factor, which can be encrypted or decrypted
by protein disulphide isomerase (PDI) [57]. β2GPI is unusual compared
to these examples as there is no obvious enzyme or associating protein
to facilitate the structural change between open and closed forms; instead it appears to respond to local environmental stimuli.
Agar et al [48] developed a system by which a change in pH (3.4 or
11.5) and salt concentration (150mM or 1.15M NaCl) can alter the
protein structure of β2GPI dramatically. Structural alteration due to
shifts in pH suggests that the interactions keeping the protein in its
closed form could be heavily inﬂuenced by charge. Importantly there
are various microenvironments in the body characterised by large
changes in pH, oxidative state and oxygen saturation and these could in
turn cause β2GPI to assume diﬀerent structures under normal homeostatic conditions. However, a pH of 11.5 is not seen physiologically.
β2GPI is characterised by a high content of lysine residues, mostly located in DV and acetylation of these residues showed a similar conformational change under physiological conditions, supporting the
theory/hypothesis that the closed structure is stabilised by electrostatic
interactions [58].
A study by Passam et al [59,60] looked in detail at the eleven disulphide bonds found in β2GPI under the assumption that changes in the
redox state of these bonds drove structural changes. This led to the
discovery of an allosteric disulphide formation in DV. Notably, this
disulphide has a typical conﬁguration associated with a middle dihedral
strain energy [60], which suggests that it easily undergoes redox
3
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plasmin-cleaved β2GPI for its ability to bind both heparin and cardiolipin. For both binding partners, aﬃnity was found to be signiﬁcantly
diminished post cleavage.
Matsuura et al studied the eﬀects of plasmin cleavage on the antigenicity of β2GPI [75], conﬁrming the loss of cardiolipin binding in the
presence of autoantibodies but also suggesting through molecular
modelling that novel hydrophobic and electrostatic interactions in DV
are generated in the process of cleavage. This proposal requires signiﬁcant structural work for conﬁrmation.
The eﬀect of β2GPI on the activation of plasmin and the ability of
plasmin to prevent β2GPI binding to the cellular surface suggest a
complex and intricate feedback mechanism that may have antithrombotic and ﬁbrinolytic implications. This is an interesting mechanism by which β2GPI can act as a regulator of coagulation both in
health and disease, particularly in APS where binding of autoantibodies
could disrupt the mechanism.

structure in these diﬀerent scenarios.
2.2. Glycosylation
Approximately 19% of the molecular weight of β2GPI is composed
of glycans [65] and multiple studies have investigated the glycosylation
of β2GPI. Clerc et al studied the N-glycosylation of β2GPI and demonstrated that three speciﬁc glycans: A2G252, A2G251 and A3G353
were abundant in the protein. Further information on the glycans
showed diantennary (two branches) and triantennary (three branches)
chains with high levels of sialylation and low fucosylation levels [66].
In the context of APS, patients demonstrated diﬀerent glycan proﬁles
with a lower amount of triantennary partially sialylated glycans and
thus a relative increase in diantennary fully sialylated glycans [66]
compared to healthy people.
Glycosylation is a crucial process in the body. Dysregulation of
glycosylation is frequently associated with diseases including genetic
mutations [67] and autoimmune disorders [68]. Importantly, it has
been shown to play a role in the folding of proteins in the body, solubility of proteins [69] and is one of the most frequent post-translational
modiﬁcations in eukaryotes. The process of glycosylation includes up to
13 diﬀerent monosaccharides capable of binding eight diﬀerent types of
amino acid and it allows great variation and diversity in proteins. This
diversity partially explains the role of glycans as recognition markers
and immune modulators whilst also regulating protein turnover and
proteolysis.
As an example, factor VIII is an essential cofactor for clotting that is
therapeutically available for treatment of haemophilia in a recombinant
form. Factor VIII contains 21 glycosylation sites. A study by Kosloski
et al. [70] showed that deglycosylation of the protein resulted in signiﬁcant loss of activity and structural integrity. Similar studies have
focussed on the role of glycosylation in factor VII and XII where glycosylation was vital for both stability and activity further conﬁrming
that glycosylation may have a signiﬁcant role in the stability of coagulative enzymes.
It is interesting that glycosylation is important for the stability and
activity of coagulative proteins, with which β2GPI can interact, and
that diﬀerential glycosylation of β2GPI is seen in APS. In combination,
these pieces of information raise the possibility that changes in glycosylation pattern alter stability and folding of β2GPI and may play a
signiﬁcant role in the generation of antibodies in APS whilst also potentially playing a role in diﬀerential coagulative regulation.

2.4. Genetic variations
A number of diﬀerent genetic variants of β2GPI have been described
in human serum. They were ﬁrst identiﬁed by Richter et al [76] who
conducted isoelectric focussing and immunoblotting of sera from 400
healthy donors. The results revealed six genetic phenotypes whilst 44
family studies demonstrated the genetic linkage. Treatment of these
samples with neuraminidase and endoglycosidase F (to remove glycans)
failed to resolve the proﬁles with all six spots still being identiﬁable,
suggesting the genetic variation is not glycan related. Of the six phenotypes described, four variants were conﬁrmed by Cleve et al in an
African cohort in 1992 [77]. The theory for a genetically driven molecular structural variation was ﬁrst proposed by Sanghera in 1997 [78]
who determined missense mutations causing two of the variants, with
the Asn88 allele being especially high in black subjects.
Kamboh et al [79] studied two common mutations in DV at positions 306 and 316 and found that patients homozygous for these mutations or with compound heterozygote presentation had reduced
binding of β2GPI to phospholipids. The patient numbers in this study
are not reported, thus it is hard to draw strong conclusions from this,
although a follow-up study by the same group was more convincing and
included the prevalence of antibodies capable of recognising a complex
of β2GPI and cardiolipin (CL). In a study of an African population
(n=755), the background positivity for the anti-CL/aβ2GPI complex
antibody was 50% (compared to 10% for a US baseline level) whilst the
prevalent genetic mutations contained polymorphisms in the third domain of β2GPI [80]. Reconstruction of the alleles found in this study in
order to express recombinant β2GPI showed altered binding to anionic
phospholipids.
Mehi et al suggested that the levels of β2GPI in plasma were inﬂuenced by genetic control through one of three alleles (APO1-3); the
APO2 allele [81]. Amongst the factors that were suggested to inﬂuence
plasma levels of β2GPI were age, cholesterol levels, triglyceride levels
and HDL-cholesterol levels but only in women. Further study of the
genetic variation demonstrated lower levels of plasma β2GPI associated
with the APO3 allele. The greatest variation of plasma β2GPI level was
seen in people with the APO3*W missense mutation at codon 316. This
study carried out in Pittsburgh USA, studied only white patients and did
not assess Hispanics or any other ethnicities; thus its ability to be extrapolated to other races and the wider population as a whole is limited.
A study in 1998 [79] attempted to associate genetic alleles of β2GPI
with structural variation. Although genetic research has not elucidated
novel structures of β2GPI, it has shown that minute genetic changes
may alter the ability to generate antibodies to β2GPI.

2.3. Plasmin cleavage
The interaction between β2GPI and plasminogen/plasmin is complex and bi-directional. Plasmin cleaves β2GPI in a kringle IV domain (a
motif shared with plasminogen) in DV at Lys317/Thr318 [71] and research has focussed on the eﬀect of this cleavage on the activity of
β2GPI. This study also showed that in vitro, the cleaved protein inhibited the proliferation and migration of endothelial cells, an eﬀect not
seen with intact β2GPI. As of yet no speciﬁc study has detected plasmin
clipped β2GPI in the blood of either APS patients or healthy individuals. However, it remains possible that clipped β2GPI does exist in
vivo, but technical diﬃculties, low concentration or short half-life make
it diﬃcult to detect. Moreover, β2GPI also binds to tissue plasminogen
and is a cofactor for its activation to form plasmin [72]. Plasmincleaved β2GPI binds plasminogen less well than intact β2GPI suggesting a negative feedback loop. Lopez-Lira et al [73] hypothesised
that signiﬁcant homology between lipoprotein Lp(a) (a known ligand of
β2GPI) and plasminogen may be the reason for β2GPI targeting plasminogen. This group also showed a dose-dependent increase in the
production of plasmin as levels of β2GPI were increased.
A study in 2001 by Guerin et al [74] demonstrated the ability of
heparin to increase the plasmin-mediated inactivation of β2GPI through
upregulating cleavage in the kringle domain. The study assessed

3. Functional roles of β2GPI
The two main functions of β2GPI to regulate complement and
coagulation are relevant to the pathogenesis of APS. The ability of
4
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Table 1
Summary of the role of β2GPI as both a pro- and anticoagulant factor.
Anticoagulant, antiplatelet and proﬁbrinolytic

Evidence derived
in vivo/in vitro?

Procoagulant

Evidence derived
in vivo/in vitro?

β2GPI can bind the ApoER2’ receptor. ApoER2‘ binds Factor XI on
platelets [83] leading to thrombosis. In turn, β2GPI
competitively inhibits this mechanism.

In vitro

In vitro

ApoER2’ on platelets is required for the immobilisation and
activation of protein C [88] and thus regulation of thrombin
generation. β2GPI also competitively inhibits this process.
β2GPI can directly inhibit thrombin activation [90].

In vitro

Various studies have proven that many of the Lupus
Anticoagulant (LA) eﬀects seen in APS patients are β2GPI
dependent [84–87]. This term lupus anticoagulant is misleading
as this eﬀect actually causes increased coagulation in vivo whilst
ex vivo the eﬀect is anticoagulant.
β2GPI interacts with Annexin V, inhibiting the anticoagulant
eﬀect of Annexin V [89].
β2GPI demonstrated procoagulant activity by inhibiting activated
protein C [91] leading to impaired thrombin generation [92].
Activated protein C (aPC) is created by an interaction of
thrombomodulin and thrombin at a rate of 1000 fold in
comparison to thrombin production alone, β2GPI has been shown
to inhibit this interaction, reducing the production of the
anticoagulant aPC [93].
β2GPI could inhibit the inhibition of thrombin by a combination
of heparin and its cofactor [95].

In vitro

β2GPI prevents plasminogen activator inhibitor 1 from acting upon
tissue plasminogen activator, thus downregulating its
ﬁbrinolytic activity [90].

In vitro

In the presence of β2GPI, platelet aggregation through ADP is
severely impaired [94].
β2GPI binds Factor XI and in turn prevents activation by thrombin
thus preventing the formation of a positive feedback loop
[32,96].
β2GPI interacts with platelets preventing generation of FXa [97].

In vitro

In vitro

In vitro/in vivo
In vitro

In vitro

In vitro

In vitro

β2GPI to regulate coagulation is complex since it has antithrombotic
(both anticoagulant and antiplatelet) as well as procoagulant eﬀects.

3.2. Beta-2-glycoprotein and complement
Given that the structure of β2GPI includes Complement Control
Protein (CCP)-like domains it is unsurprising that it also plays a role in
the complement regulation [102]. However, the extent to which β2GPI
physiologically regulates complement is unknown. Gropp et al propose
that β2GPI has eﬀects as a cofactor for complement inhibition [103],
suggesting that this inhibitory eﬀect is brought about via β2GPI in its
open form in the presence of C3. They suggest the binding of β2GPI to
C3 facilitates the subsequent binding of factor H thus enhancing degradation of C3 to C3i by factor I. It has also been suggested that C3
cleavage by factor I in the absence of factor H is possible in the presence
of β2GPI [103]. This ability to bypass factor H binding is unique to
β2GPI and represents a signiﬁcant role in regulation of complement.
Similarly, β2GPI has also been referred to as a component of the
innate immune system due to its ability to bind to and neutralise lipopolysaccharide (LPS). This eﬀect was described by Agar et al. [104]
who carried out a series of experiments looking at the potential role of
β2GPI in the response to LPS in Gram-negative septicaemia. Using
surface plasmon resonance and electron microscopy, they demonstrated
that LPS can bind β2GPI via DV and that this leads to opening of the
β2GPI structure. Either whole β2GPI or DV alone could inhibit LPSinduced release of tissue factor (TF) from monocytes or endothelial cells
in culture. When 23 healthy volunteers were infused with LPS they
developed fever and tachycardia and there was a mean 25% fall in the
serum level of β2GPI that lasted at least 24 hours. The authors suggested that this fall was due to β2GPI engaging and removing LPS and
this hypothesis was supported by the ﬁnding that volunteers who had
lower β2GPI before administration of LPS developed higher fevers and
more release of inﬂammatory cytokines such as tumour necrosis factor,
interleukin 6 and interleukin 8. Lastly, in a study of patients on the
intensive care unit, 35 patients who developed Gram-negative septicaemia had lower β2GPI levels than 36 who did not – but these levels
returned to normal after recovery from sepsis. These results are interesting since LPS can stimulate both the complement and coagulation
cascades so this role of β2GPI is another potential way in which those
systems can be co-regulated [104].
The cleavage of C3 and C5 by FXa and thrombin is increasingly
acknowledged as a potential mechanism through which alternative
activation of complement occurs. β2GPI also has the ability to alter
both thrombin and FXa activity either through preventing inhibition of
FXa/thrombin by its natural regulator or alternatively through

3.1. Beta-2-glycoprotein: anticoagulant, antiplatelet and procoagulant
eﬀects
The balance between the opposing eﬀects of β2GPI in coagulation is
dependent on the surrounding environment. The varying roles are
summarised in Table 1. The eﬀects of β2GPI in coagulation can be
subdivided into direct and indirect. Indirectly, β2GPI can exert an anticoagulant eﬀect through downregulation of thrombin generation
whilst its indirect coagulant eﬀect is shown through mechanisms including inhibiting activation of protein C and disrupting the anticoagulant Annexin V shield. Direct methods of inﬂuencing coagulation
include inhibiting the thrombomodulin complex (Procoagulant) and
binding thrombin to downregulate its activity (anticoagulant). β2GPI
also regulates platelet activation [82]. The ﬁne balance between these
interactions is not completely understood and requires signiﬁcant research to understand what regulates the pro- and anticoagulative eﬀects
of β2GPI in health and disease.
In patients with APS, aβ2GPI form complexes with β2GPI [98,99];
however, how this inﬂuences the functional eﬀects of β2GPI in patients
is not fully understood. Patients with APS develop clots suggesting that
aPL binding to β2GPI negatively alters the anticoagulant processes or
increases the procoagulant eﬀects. Studies have identiﬁed targeting
platelets and disrupting annexin shields as mechanisms of pathogenesis
in APS, but considerably more research is needed to probe the inﬂuence
of aPL on β2GPI regulation of coagulation. The potential generation of
circulating aβ2GPI/β2GPI is debated in the APS ﬁeld, however, recent
research has shown that circulating immune complexes of IgA subclass
have been detected in the serum of APS patients and are associated with
thrombotic events [98,99]. Circulating IgG and IgM complexes with
β2GPI have also been recently associated with non-criteria clinical
manifestations of APS [100]; this suggests that, although APS is not
classically characterised as a disease of circulating immune complexes
there may be an emerging role for them in its pathogenesis.
In addition to the coagulation cascade, β2GPI also inﬂuences and
regulates other systems within the body, most notably complement.
This ability to be regulatory in both the complement and coagulative
pathways is supported by recent research demonstrating potential
‘cross talk’ between the two systems [101].
5
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Fig. 2. Coagulation and Complement Interactions. This diagram shows the varying contrasting interactions of CRP, thrombomodulin and beta-2-glycoprotein I. Red
arrows indicate upregulation in the presence of β2GPI whilst red arrows with a circular ending indicate inhibition in the presence of β2GPI. Orange arrows represent
upregulations in the presence of thrombomodulin and green arrows upregulation in the presence of CRP. The blue lines represent physiological interactions which
may be altered by the proteins. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

that can ﬁx complement and also dysregulate coagulation, these two
cascades have been shown to cross talk in health and disease
[122–124]. Further research into the subclasses of antibodies in APS
have shown they should be capable of ﬁxing complement [125–128]
suggesting complement activation may play a major role in APS. This
ability to regulate both complement and coagulation directly is found in
only three proteins: β2GPI, thrombomodulin and C-reactive protein
(CRP).

preventing activation of both enzymes from their respective zymogens.
Thus, the ability to prevent activation of FXa or thrombin may be another route by which β2GPI can dampen complement activation in
patients.
The ability of β2GPI to alter plasmin generation has been discussed
in section 2.3. In the context of complement it is worth noting that
plasmin is capable of generating complement through cleavage of C3
and/or C5. This implies that this self-regulating interaction between
plasmin and β2GPI may have a role in complement activation too.
Complement has been shown to play a crucial role in the pathogenesis of APS and several comprehensive reviews focus on this
[105,106]. In a series of experiments in a murine model of APS pregnancy, Salmon and co-workers showed that infusing large amounts of
IgG from patients with APS to mice early in pregnancy caused a signiﬁcant decrease in the number of viable foetuses [107]. This eﬀect was
reduced in complement-deﬁcient mice [108] or in the presence of
complement inhibitors [109]. They proposed that this complementdependent mechanism for pregnancy loss in APS could be relevant to
the eﬃcacy of heparin in preventing APS-induced pregnancy loss.
Comparison of the eﬀects of two anticoagulants, heparin and hirudin, in
this model showed that only heparin blocked the pathogenic eﬀect of
the IgG from patients with APS and only heparin blocked the activation
of complement [107]. Thus, this group suggested that complement
activation in the placenta plays a major role in APS pregnancy morbidity. The role of complement in adverse pregnancy outcomes was also
studied by Kim et al. who showed increased levels of complement
breakdown products in the serum of pregnant patients with SLE and/or
APS [110]. Other work has shown that endometrial biopsies from patients with APS had reduced expression of complement-regulatory
proteins [111]. Other groups have also demonstrated the involvement
of complement in both thrombosis and pregnancy loss models of APS
[112,113]. However, complement modulators are not commonly used
in the treatment of APS, though there have been reports of therapeutic
use of the monoclonal anti-C5 antibody eculizumab with occasional
successes in cases of catastrophic antiphospholipid syndrome (CAPS)
[114–117] eﬀectively preventing re-thrombosis in some patients
[118–120]. Although promising, the small number of cases of CAPS
limits the possible extrapolation of these studies to a more widespread
guideline and as such these successes have yet to be reﬂected in the best
practice guidelines for CAPS [121].
APS patients frequently present antibodies (anticardiolipin, aβ2GPI)

4. Beta-2-glycoprotein, thrombomodulin and C-reactive protein
Thrombomodulin and β2GPI both interact at very similar points of
the coagulation and complement pathways whilst CRP plays a diﬀerent
role. Production of inhibitory factors for the complement cascade is
driven by CRP whilst it can also act as a prothrombotic protein in the
presence of platelets [129], speciﬁcally through blood coagulation
factors and by altering the ﬁbrinolytic system [130,131]. Interestingly,
both β2GPI and thrombomodulin exert their eﬀects as cofactors for
other processes. As shown in Table 1, thrombomodulin can upregulate
thrombin mediated activated PC (aPC) production approximately 1000fold, leading to an anticoagulant eﬀect. β2GPI can interfere with the
formation of this thrombin/thrombomodulin complex downregulating
the eﬀect of thrombomodulin and thus aPC [91]. Independently of this,
the structure of β2GPI has been shown to be important in altering
coagulative processes including thrombin generation [132]. Conversely, thrombomodulin can upregulate the cleavage of C3b to C3i
which is mirrored by the activity of β2GPI, however, β2GPI achieves it
more eﬃciently as it removes the necessity for factor I as a cofactor for
factor H. The complement inhibitory activity of both β2GPI and
thrombomodulin both link with CRP which upregulates the production
of inhibitory factors I and H.
The complex interplay between β2GPI, CRP and thrombomodulin is
shown in Fig. 2. Crucially, β2GPI is the only molecule which can either
upregulate or downregulate either pathway, directly or indirectly.
Thrombomodulin and CRP are less versatile as they only upregulate
either pathway. Thus, agents targeting functions of β2GPI and its interaction with aβ2GPI could present a promising avenue for the treatment of APS or other coagulant or complement based disorders.
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5. β2GPI as an autoantigen – development of new diagnostic tests

recognise DIV-V [151]. These disparate results may simply reﬂect a
change in T cell epitope speciﬁcity after homing into their target tissue,
possibly due to a conformational change in tissue-bound β2GPI exposing the DI epitope.

5.1. Why do aβ2GPI antibodies develop?
The production of autoantibodies requires a loss of peripheral immune tolerance. The high serum concentration (0.2 mg/ml) [133] of
β2GPI would suggest that it should be unusual for immunological tolerance to β2GPI to be broken. There are several theories to explain how
tolerance is broken in APS. There have been suggestions that it may be
due to a higher amount of β2GPI in patients or as a result of a multifactorial process. This suggests that patients have an intrinsic risk of
developing autoimmune antibodies (for example, as a result of genetic
susceptibility) before a second process such as higher levels of β2GPI, or
β2GPI in an alternative structure, exposes excessive cryptic antigen thus
allowing for a loss of tolerance and subsequent autoantibody generation. The potential for increased amounts of β2GPI in patients who
develop antibodies has been studied; however a lower threshold for
production of antibody has yet to be proven [134]. An alternative
suggestion is that antibody development may be via an impaired
clearance of apoptotic material decorated with β2GPI [135], as described in systemic lupus erythematosus (SLE) for other antigens
[136–140]. Alternative views claim that the amount of β2GPI which is
in the open state, thus exposing the antigen, is diﬀerent in APS patients
when compared to individuals who do not have the disease [141]. One
group has gone so far as to show β2GPI is presented in an unusual
fashion on MHC molecules [37], whereby the whole protein rather than
cleaved peptides is bound, whilst others show that the passage of β2GPI
through immune cells is far from straightforward including diﬀerences
in intracellular traﬃcking [142]. Rather than β2GPI being proteolytically digested and presented as normal, β2GPI stagnates in the late
endosome and is transported to the cellular surface for presentation to
autoreactive CD4+ T cells in an MHC II restricted manner potentially
resulting in presentation and antibody generation [37].
One of the most prominent targets for pathogenic aPL is the endothelium, which forms the interface between blood and the surrounding tissue [143]. Importantly, under inﬂammatory conditions,
and particularly in the presence of IFN-γ, endothelial cells (EC) can
upregulate MHC II and act as non-classical antigen presenting cells (3),
a process likely to play a critical role in autoimmunity [144]. Indeed,
β2GPI co-localised with MHC II has been detected in the endothelium of
decidual biopsies from APS patients, while non-APS biopsies stain for
β2GPI but not MHC II, suggesting that class II expression and hence
antigen presentation is induced in APS speciﬁcally (34). Importantly,
the interaction of β2GPI with the endothelium is not dependent on
MHC II, as the protein can bind EC via a number of diﬀerent molecules
including anionic structures such as heparan sulfate, annexin A2 [145],
Toll like receptor 4 [146,147] and ApoER2 [148] (schematic for all
binding partners in the following reference [143]). As mentioned previously, β2GPI is abundantly found in sub-endothelial regions of
atherosclerotic plaques, possibly due to its ability to interact with the
aforementioned molecules, and localises in close proximity to CD4+ T
cells [43]. Benagiano et al eloquently demonstrated that plaques from
both primary [149] and SLE-associated [150] APS patients contain a
large proportion of β2GPI-reactive CD4+ T cells capable of producing
inﬂammatory cytokines and activating autologous B cells to release
immunoglobulin. A major cytokine released by these β2GPI-reactive T
cells is IFN-γ ([149,150] that can drive endothelial MHC II upregulation
[144]. All this evidence points towards an attractive model for antigen
‘presentation’ by EC, facilitating aPL binding to EC but also promoting
autoantigen presentation and autoreactive T cell activation, resulting in
the breakdown of tolerance.
In the study by Benagiano et al, plaque derived β2GPI-reactive T
cells were found to be considerably more abundant than peripheral
β2GPI-reactive T cells [149]. Of interest, > 80% of β2GPI-reactive
plaque derived T cell clones recognised DI [149], while in the periphery, separate reports suggest that most β2GPI-reactive CD4+ T cells

5.2. β2GPI and diagnostic tests in APS
Several groups have studied the prognostic and diagnostic value of
aβ2GPI in patients with APS [152–156]. It has been demonstrated that
these antibodies correlate strongly with thrombotic events
[49,157–162], as do LA assay results [84,163–169]. However, it is
unusual for patients to show sole positivity for aβ2GPI. Equally, there is
a group of patients who have clinical manifestations of APS but test
negative in all of the current criteria assays – sometimes called seronegative APS (SN-APS) [170,171]. There is therefore interest in developing new assays to aid both diagnosis and risk stratiﬁcation in
patients with APS, and the primacy of β2GPI as the key autoantigen has
informed development of these tests – particularly IgA aβ2GPI [172]
and anti-DI antibodies [173–175]. The inclusion of anti-DI antibodies
has particular signiﬁcance when considering the diﬀerences in diagnostic value from antibodies targeting DV which are believed to be nonpathogenic [176,177]. Andreoli et al carried out a study in which serum
from 159 subjects with persistently positive medium or high-titre IgG
anti-β2GPI was tested by ELISA for both IgG anti-DI and anti-DIV/V
antibodies. The subjects were fully characterised clinically into the
following groups: 56 with thrombotic PAPS (primary APS), 39 with
pregnancy morbidity, 31 with purely obstetric PAPS, 42 with autoimmune rheumatic disease but not APS and 30 aPL carriers with no
autoimmune rheumatic disease or APS. This last group of healthy aPLcarriers had higher anti-DIV/V but lower anti-DI than the other groups.
Thus a ratio of anti-DI to anti-DIV/V of > 1.5 was associated with
autoimmune rheumatic disease, but not speciﬁcally with APS or
thrombosis [178].
Pierangeli et al showed the pathogenic potential of IgA in a murine
model [179] and proposed the potential for IgA aβ2GPI positive patients to develop APS even in the absence of IgG and IgM aβ2GPI.
Furthermore, Shen et al showed clinical signiﬁcance for IgA aPL in a
study of 472 patients [180] in predicting thrombotic events. This
ﬁnding was also highlighted in a review by Andreoli et al who outlined
both raised levels of IgA aβ2GPI in SLE patients who develop APS and a
signiﬁcant association with thrombosis [181]. Pericleous et al found
that IgA aβ2GPI associates with thrombosis and also highlighted the
added diagnostic value of testing IgA anti-DI [182]. Furthermore,
Murthy et al [183] found aβ2GPI IgA titres correlated with clinical
features of APS and highlighted the role of IgA aPL directed to the 4th
and 5th domain of β2GPI in patients with APS.
A recent study of 40 SN-APS patients found positivity for either IgA
aβ2GPI or anti-DI in 10% of patients with SN-APS [184]. There is a
growing call for these non-criteria antibody tests to be included in APS
diagnosis, and future research should investigate the added value of
such tests in management of patients with this syndrome.
The issue of validity of diﬀerent diagnostic tests in APS is controversial. Currently there is signiﬁcant diﬃculty in standardization of
the testing for aβ2GPI, sources of β2GPI are non-identical and no international reference material exists for aβ2GPI. This is a problem
which has been discussed at length [185–187] but at the time of writing
has not been resolved despite taskforces and concerted eﬀorts from
groups worldwide [188,189].
5.3. Anti-domain I antibodies
As discussed in section 2.1, it is believed that DI and DV are associated in the closed form of β2GPI, hiding the dominant epitope for aPL
antibodies in the R39-G43 region of DI. It is important to be aware that
antibody binding can also be altered by substitutions elsewhere in the
sequence of DI [190–192]. Given the presence of a dominant epitope in
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PS/PT. The results of all the tests were combined into a numerical score
designated aPL-S. The predictive value of aPL-S was assessed in 411
subjects who were followed prospectively after their aPL-S was measured. Of these, 32 developed thrombosis and these patients had signiﬁcantly higher aPL-S scores at the beginning of follow-up (P=0.012).
Patients with aPL-S > 30 had ﬁvefold higher risk of developing
thrombosis than those with lower aPL-S scores.

DI, several groups have published results looking at anti-DI positivity in
patients with APS.
Numerous groups have examined the potential for anti-DI antibodies diagnostically. It has been shown in some studies that that
adding IgG or IgA anti-DI to the diagnostic criteria increases the sensitivity of the criteria [182,193,194]. Other reports, however, concluded that the IgG anti-DI assay did not add to the value of current
criteria assays in predicting thrombosis [195,196]. In a meta-analysis of
11 studies including 1218 patients with APS, 318 patients with SLE, 49
asymptomatic aPL-positive individuals and 1859 healthy controls,
Radin et al reported that 45.4% of patients with APS were positive for
anti-DI. Studies that looked at association between anti-DI-positivity
and risk of thrombosis found such an association, with odds ratios
ranging between 2.5 and 4 [197].Others have argued the range of
discrepancies between studies due to methodological diﬀerences means
there is little clinical value to including anti-DI in testing until standardized calibrators are available [198]. Recent research has begun to
show that aβ2GPI results do not directly reﬂect associated aDI results
from the same patients, with diﬀerent speciﬁcities of subclass being
detected [125]. Some groups are advocating far more wide-ranging
studies into the utility of aDI diagnostically [193], however, a lack of
cohesive methodology and speciﬁcity is holding back these eﬀorts.

6. Beta-2-glycoprotein I as a therapeutic target
6.1. Indirect targeting of functional eﬀects of aβ2GPI
Various attempts at targeting aβ2GPI either directly or indirectly as
a treatment for APS are currently under development.
In a recent study, four patients with APS unresponsive to conventional anticoagulation therapy, were treated with eculizumab (a C5
inhibitor). Thrombosis was not an outcome of the study, which instead
reported increases in platelet count (initially reduced in all four patients
ranging between 18000 and 85000 per ml). It is possible, however, that
the C5 inhibition may have been acting on co-existent idiopathic
thrombocytopenia rather than on aβ2GPI induced thrombocytopenia
[201]. Nevertheless, it has been suggested by Gropp et al [202] that
eculizumab may act by blocking the pro-complement activity of the
aβ2GPI/β2GPI complex and thus compensating for the dysregulation of
β2GPI-complement interactions in APS.
Heparin and its variants have also been shown to target β2GPI with
Kolyada et al [203] characterising the binding site of fondaparinux on
β2GPI as an amino acid sequence in DV. This study further evaluated
the eﬀects of fondaparinux on the binding of aβ2GPI/β2GPI complexes
to cardiolipin showing that binding was still possible whilst competitive
binding with heparin was inconclusive. A study by Guerin et al showed
that heparin binding to β2GPI prevents binding to cellular surfaces
[74], although interestingly, the same was not true of fondaparinux.
Neither study examined the eﬀect of heparin or fondaparinux on the
ability of β2GPI to form antigen/antibody complexes. Although these
therapies target aβ2GPI, they do so indirectly.

5.4. Other non-criteria APL
Although this review concentrates on the role of β2GPI and antiβ2GPI antibodies in APS, it is important to recognize that other noncriteria aPL have been investigated as possible additions to the diagnostic armamentarium for APS. Antibodies to phosphatidylserine (antiPS), prothrombin (anti-PT) and the phosphatidylserine/prothrombin
complex (anti-PS/PT) have attracted particular interest. The studies
regarding these antibody tests were reviewed thoroughly by a taskforce
of the 14th International Congress on Antiphospholipid Antibodies
[172]. Overall, the evidence did not support any value for testing antiPT but supported further studies of anti-PS and anti-PS/PT.
In a systematic review of 20 studies including 5992 patients, Radin
et al reported that a median of 55% of patients with conﬁrmed APS
were IgG anti-PS-positive (35% IgM anti-PS-positive) and that these
prevalence ﬁgures were signiﬁcantly higher than those seen in patients
with SLE and no APS (IgG anti-PS in 22%, IgM anti-PS in 14%). From
these data, however, it was not possible to establish an independent
association between anti-PS-positivity and either vascular thrombosis
or pregnancy morbidity.
To eliminate variation in results due to diﬀerent anti-PS/PT assays
being used by diﬀerent research groups, a collaborative multi-centre
study looked at samples derived from diﬀerent patient cohorts but all
tested at a central facility using two diﬀerent IgG anti-PS/PT ELISA
[199]. Results from the two ELISA showed strong correlation. In an
initial study of 247 subjects from 8 centres (126 APS, 73 autoimmune
disease controls, 48 healthy controls) the prevalence of IgG anti-PS/PT
positivity in patients with APS was 58%. In 204 patients who gave
concordant results in both ELISA, positivity for IgG anti-PS/PT gave a
sensitivity of 51% and speciﬁcity of 91% for APS. Subjects positive for
IgG anti-PS/PT were signiﬁcantly more likely to have had vascular
thrombosis (odds ratio 11.0, 95% conﬁdence interval 3.8-31.3) or obstetric APS (odds ratio of 10.6, 95% conﬁdence interval 3.5 to 32.1). A
replication study in 214 subjects (96 APS, 67 autoimmune disease
controls, 51 healthy controls) from ﬁve new centres gave very similar
results for thrombosis – sensitivity and speciﬁcity for APS 47% and 88%
respectively, odds ratio for vascular thrombosis 11.3 (95% CI 4.2 to
30.0) but positivity for IgG anti-PS/PT was not associated with obstetric
APS in the replication cohort [199].
Evidence that adding the IgG anti-PS/PT test to the standard criteria
assays may be of value comes from a Japanese study by Otomo et al
[200] in which samples were subjected to ﬁve diﬀerent LA assays and
six diﬀerent ELISAs – IgG and IgM for each of aCL, anti-β2GPI and anti-

6.2. Direct targeting of β2GPI or aβ2GPI
One new potential therapeutic is named A1-A1, a peptide of approximately 40 amino acids [204] that utilises a synthetic dimer of ligand binding domains from ApoER2 [205] to target the ﬁfth domain of
β2GPI and prevent binding to cell surfaces. The two A1 molecules are
bound by a ﬂexible linker allowing binding to β2GPI in the ﬂuid phase.
The stability of the A1-A1 linkage has been shown across 15 days in an
accelerated stability study with good success [205] whilst inhibition of
binding to cardiolipin has been shown with an improved mutant of A1
[206]. Further experiments included inhibiting the thrombotic potential of aβ2GPI in murine models [207] and a reduction of blood pressure in mice [208]. The group developing this potential therapeutic has
since proven dimerization of DV of β2GPI is suﬃcient to generate an
increase in stimulation of a monocyte cell line, presumably to show this
is also inhibited by the administration of A1-A1.
This therapy shows signiﬁcant promise, however, due to the small
size of the peptide dimer (~8kDa) it is likely it will need biochemical
modiﬁcation prior to future use in humans, this suspicion is reﬂected in
the mouse model used showing reduced thrombus generation 10 minutes after infusion of A1-A1 [207].
Another potential therapeutic is a cytomegalovirus capsid peptide
known as TIFI which is approximately 20 amino acids long and which
shows strong homology to a 15-mer from DV of β2GPI. TIFI was shown
to inhibit the thrombogenic properties of IgG antibodies puriﬁed from
APS patients [209] in a mouse model. A further study by the same
group conﬁrmed this action [210] was through the targeting of the 5th
domain of β2GPI. TIFI was successfully tested for its ability to inhibit
murine foetal loss [211] and it was further shown to be protective on
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endothelium-dependent dilatation after three weeks of treatment in an
APS mouse model [221]. In a study of 22 patients with APS treated with
HCQ (200 mg/day for three months) it was shown that it resulted in a
reduction in soluble tissue factor levels, which may in turn convey
beneﬁt in reducing vascular events [222].
Clinically, the beneﬁts of HCQ in high risk APS pregnancies was
demonstrated by Ruﬀatti et al, who found that from a total of 196
pregnant mothers with APS, signiﬁcantly higher live birth rates were
seen in those taking hydroxychloroquine. Furthermore, HCQ conferred
greatest beneﬁt to mothers without a history of previous thrombosis
[223]. The role of HCQ in reducing thrombotic complications of APS
has been widely evaluated [224]. A study by Erkan et al aimed to
evaluate the role of HCQ in primary prevention of thrombosis in aPLpositive patients in the absence of other systemic autoimmune disease.
Unfortunately the study was terminated early due to low recruitment
rates and the authors concluded that the eﬃcacy of HCQ in these cases
could not be fully assessed, thus highlighting the challenges of
achieving reduced thrombosis as a primary outcome in clinical trials in
APS [225].

endometrial endothelial cells [13]. These studies show signiﬁcant potential for TIFI as a therapeutic for APS.
In addition, recombinant Domain I of β2GPI expressed in bacteria
has been a proposed as a novel therapeutic agent [191] with the aim of
generating a soluble form to bind aβ2GPI antibodies and thus prevent
formation of the aβ2GPI/β2GPI complex. Initial research was promising
with both wild-type DI and a mutant form containing two point mutations shown to inhibit binding of antibodies from APS patients to
β2GPI in an ELISA. Both forms were able to block ability of these antibodies to promote vascular thrombosis in a mouse model [212]. In
addition, recombinant DI was also found to reduce caspase 3 production in an aPL-based model of cardiac injury [213]. In order to circumvent the problem of small size of DI, this research group has recently described the production of PEGylated DI and have shown this
molecule retains the ability to inhibit IgG antibodies puriﬁed from
blood of patients with APS in both binding and thrombogenic assays
[214]. Anti-thrombotic activity in vivo was seen in an acute mouse
model at several doses of DI [214] suggesting great therapeutic potential. Further research has been carried out by other groups including
a recent study suggesting Domain I may be eﬀective in vivo in a chronic
model of APS [215].
The group of Agostinis et al. have worked on developing a potential
therapeutic for APS: a non-complement ﬁxing antibody to β2GPI[216].
This molecule has signiﬁcant potential. It is a single chain fragment
variant (scFv) that has shown the ability to decrease the pathological
eﬀects of aβ2GPI in vivo in mouse models through displacing patientderived antibodies [216]. Although this is undoubtedly an interesting
and novel approach to an APS therapeutic, it remains the only current
publication for this agent and as such it is hard to gauge the full clinical
utility of the scFv in APS, however, it has signiﬁcant potential to be
explored in this remit.
Although there are several technologies aimed at speciﬁcally targeting β2GPI in production, these are very far from clinical practice as
yet and still require safety and eﬃcacy studies in humans before we can
know the potential of these agents.

7. Summary and future directions
β2GPI has been recognised as the key antigen targeted by pathogenic antibodies in patients with APS for many years. It is only more
recently that the unique nature of this glycoprotein, both in structure
and function, has been explored in detail. β2GPI can take two main
structural forms, open and closed, which may diﬀer in exposure of the
key antigenic epitope on DI. The conformational dynamic of this protein (i.e. the shift between open and closed forms) is controlled by posttranslational modiﬁcation and changes in pH. Intermediate forms between open and closed may also exist. Functionally, β2GPI is unique in
being able to regulate both complement activation and haemostasis in
either direction. These actions of β2GPI can be inﬂuenced by aβ2GPI
antibodies present in patients with APS and may be potential therapeutic targets. Assays to measure levels of antibodies to β2GPI and to
DI show promise in improving diagnosis and risk stratiﬁcation of patients with APS. A number of proposed therapeutic agents that target
β2GPI/aβ2GPI interactions are in development.

6.3. Hydroxychloroquine in APS
The role of the antimalarial, hydroxychloroquine (HCQ), in the
management of APS has long been extensively debated in the literature
[217] and the drug is commonly used in the management of SLE (which
is frequently associated with secondary APS). Previously, Nuri et al
demonstrated that it plays a role in lowering aPL and preventing recurrent thrombosis in patients with lupus. In addition to observing a
reduction in IgG anti-cardiolipin, a signiﬁcant decrease in both IgG and
IgM aβ2GPI was observed following treatment with HCQ thus suggesting that this treatment may have an immunomodulatory eﬀect
[218]. The exact mechanism through which HCQ conveys this beneﬁt is
still poorly understood, however, it has been suggested that complement plays a key causative role in placental ischaemia and abnormal
foetal brain development in APS. Using radioacitve iridium (111In) labelled aPL antibodies, Bertolaccini et al investigated this interaction in a
murine model of obstetric APS and found that, although HCQ did not
aﬀect aPL binding to the foetal brain, it did prevent activation of
complement. Notably C5a levels from both APS patients and the murine
model were lower after treatment with HCQ, suggesting that it may
demonstrate beneﬁt through inhibiting complement activation [219].
Further studies in murine models have recently been conducted by
Miranda et al, who focused on the way in which aPL antibodies promote
endothelial dysfunction in thrombotic APS. The study centred on
comparing the diﬀerence seen in mice that had been inoculated with
human aPL antibodies that were in turn treated with and without HCQ.
In those treated with HCQ, a reduction in thrombosis formation, reduced thrombin generation time and improved endothelial-dependent
relaxation was observed. HCQ was also found to modulate endothelial
nitric oxide synthase [220]. HCQ has also been shown to improve

8. Conclusions
β2GPI is a unique protein capable of regulating both complement
and coagulation cascades and maintaining or altering haemostasis. It is
present at the site of various disease processes and exists physiologically in at least two structural forms. Little is known relating structure
of β2GPI to its function and the nature of intermediate structures between open and closed β2GPI is poorly understood. β2GPI stands at the
junction between the complement and coagulation cascades and could
play an important role in cross-talk exhibited by these two key physiological systems. The presence of aβ2GPI antibodies in APS could
modify these interactions contributing to the pathogenesis of thrombosis and pregnancy morbidity. It is imperative that further research is
conducted into better understanding this unique protein that is capable
of up and down regulating both the complement and coagulation systems as well as being a key autoantigen in an important autoimmune
disease.
9. Practice points

• The co-regulation of the complement and coagulation cascades both
•
•
9

in disease and haemostasis is an important process to which β2GPI
may be contributory.
In APS the most important pathogenic antibodies target β2GPI rather than binding phospholipids directly.
The presence of IgM and IgG aβ2GPI measured by ELISA is one of
the classiﬁcation criteria for diagnosis of APS.
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• Newer assays such as IgA aβ2GPI and measurement of antibodies to
DI may be used in diagnosis and management of APS in future.
• Current therapies for APS, notably heparin, may work partially
•
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10. Research agenda

• Do intermediate structural forms of β2GPI exist in vivo, how stable
are they, and what are their properties?
• Can β2GPI be targeted in clotting and complement disorders to alter
regulation therapeutically?
• Can anti-complement agents such as eculizumab be used in treatment of APS?
• Are the novel small molecules being developed to target DI and DV
viable therapeutic agents for APS?
• Are the beneﬁts of measuring anti-DI and IgA aβ2GPI levels suﬃcient to add these assays to the classiﬁcation criteria for APS?

Declaration of Competing Interest
TM, CP, IG and AR are inventors on the patent for Domain I.
Acknowledgements
Medical Research Council - DPFS Grant number, Lupus UK
Grant: 549572, ARUK Clinical Fellowship number: 548143, ARUK non
Clinical Fellowship: 21223.
References
[1] Bouma B, de Groot PG, van den Elsen JM, Ravelli RB, Schouten A, Simmelink MJ,
et al. Adhesion mechanism of human beta(2)-glycoprotein I to phospholipids based
on its crystal structure. EMBO J 1999;18:5166–74.
[2] Schwarzenbacher R, Zeth K, Diederichs K, Gries A, Kostner GM, Laggner P, et al.
Crystal structure of human beta2-glycoprotein I: implications for phospholipid
binding and the antiphospholipid syndrome. EMBO J 1999;18:6228–39.
[3] Yasuda S, Atsumi T, Ieko M, Koike T. Beta2-glycoprotein I, anti-beta2-glycoprotein
I, and ﬁbrinolysis. Thromb Res 2004;114:461–5.
[4] Miyakis S, Lockshin MD, Atsumi T, Branch DW, Brey RL, Cervera R, et al.
International consensus statement on an update of the classiﬁcation criteria for
deﬁnite antiphospholipid syndrome (APS). J Thromb Haemost 2006;4:295–306.
[5] Arnout J. The role of beta 2-glycoprotein I-dependent lupus anticoagulants in the
pathogenesis of the antiphospholipid syndrome. Verh K Acad Geneeskd Belg
2000;62:353–72.
[6] de Laat HB, Derksen RHWM, Urbanus RT, Roest M, de Groot PG. β2-glycoprotein
I–dependent lupus anticoagulant highly correlates with thrombosis in the antiphospholipid syndrome. 2004;104:3598–602.
[7] Galli M, Finazzi G, Bevers E, Barbui T. Kaolin clotting time and dilute Russell's
viper venom time distinguish between prothrombin-dependent and beta 2-glycoprotein I-dependent antiphospholipid antibodies. 1995;86:617–23.
[8] Cervera R, Piette JC, Font J, Khamashta MA, Shoenfeld Y, Camps MT, et al.
Antiphospholipid syndrome: clinical and immunologic manifestations and patterns
of disease expression in a cohort of 1,000 patients. Arthritis Rheum
2002;46:1019–27.
[9] Duarte-Garcia A, Pham MM, Crowson CS, Amin S, Moder KG, Pruthi RK, et al. The
epidemiology of antiphospholipid syndrome. A population-based study. Arthritis
Rheum 2019;0(0):1–8.
[10] Andreoli L, Chighizola CB, Banzato A, Pons-Estel GJ, Ramire de Jesus G, Erkan D.
Estimated frequency of antiphospholipid antibodies in patients with pregnancy
morbidity, stroke, myocardial infarction, and deep vein thrombosis: a critical review of the literature. Arthritis Care Res 2013;65:1869–73.
[11] Poulton K, Ripoll VM, Pericleous C, Meroni PL, Gerosa M, Ioannou Y, et al. Puriﬁed
IgG from patients with obstetric but not IgG from non-obstetric antiphospholipid
syndrome inhibit trophoblast invasion. Am J Reprod Immunol 2015;73:390–401.
[12] Ripoll VM, Pregnolato F, Mazza S, Bodio C, Grossi C, McDonnell T, et al. Gene
expression proﬁling identiﬁes distinct molecular signatures in thrombotic and
obstetric antiphospholipid syndrome. J Autoimmun 2018;93:114–23.
[13] Di Simone N, D'Ippolito S, Marana R, Di Nicuolo F, Castellani R, Pierangeli SS,
et al. Antiphospholipid antibodies aﬀect human endometrial angiogenesis: protective eﬀect of a synthetic peptide (TIFI) mimicking the phospholipid binding site
of beta(2) glycoprotein I. Am J Reprod Immunol 2013;70:299–308.

10

Blood Reviews xxx (xxxx) xxxx

T. McDonnell, et al.

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]
[55]

[56]
[57]

[58]

[59]
[60]

[61]
[62]

[63]
[64]
[65]

[66]

[67]
[68]

review. J Autoimmun 2015;57:1–13.
[69] Shental-Bechor D, Levy Y. Eﬀect of glycosylation on protein folding: a close look at
thermodynamic stabilization. Proc Natl Acad Sci U S A 2008;105:8256–61.
[70] Kosloski MP, Miclea RD, Balu-Iyer SV. Role of glycosylation in conformational
stability, activity, macromolecular interaction and immunogenicity of recombinant human factor VIII. AAPS J 2009;11:424–31.
[71] Sakai T, Balasubramanian K, Maiti S, Halder JB, Schroit AJ. Plasmin-cleaved beta2-glycoprotein 1 is an inhibitor of angiogenesis. Am J Pathol 2007;171:1659–69.
[72] Bu C, Gao L, Xie W, Zhang J, He Y, Cai G, et al. beta2-glycoprotein i is a cofactor
for tissue plasminogen activator-mediated plasminogen activation. Arthritis
Rheum 2009;60:559–68.
[73] Lopez-Lira F, Rosales-Leon L, Martinez VM, Ruiz Ordaz BH. The role of beta2glycoprotein I (beta2GPI) in the activation of plasminogen. Biochim Biophys Acta
1764;2006:815–23.
[74] Guerin J, Sheng Y, Reddel S, Iverson GM, Chapman MG, Krilis SA. Heparin inhibits
the binding of beta 2-glycoprotein I to phospholipids and promotes the plasminmediated inactivation of this blood protein. Elucidation of the consequences of the
two biological events in patients with the anti-phospholipid syndrome. J Biol
Chem 2002;277:2644–9.
[75] Matsuura E, Inagaki J, Kasahara H, Yamamoto D, Atsumi T, Kobayashi K, et al.
Proteolytic cleavage of beta(2)-glycoprotein I: reduction of antigenicity and the
structural relationship. Int Immunol 2000;12:1183–92.
[76] Richter A, Cleve H. Genetic variations of human serum beta 2-glycoprotein I demonstrated by isoelectric focusing. Electrophoresis. 1988;9:317–22.
[77] Cleve H, Vogt U, Kamboh MI. Genetic polymorphism of apolipoprotein H (beta 2glycoprotein I) in African blacks from the Ivory Coast. Electrophoresis.
1992;13:849–51.
[78] Sanghera DK, Wagenknecht DR, McIntyre JA, Kamboh MI. Identiﬁcation of
structural mutations in the ﬁfth domain of apolipoprotein H (2-glycoprotein I)
which aﬀect phospholipid binding. Hum Mol Genet 1997;6:311–6.
[79] Kamboh MI, Mehdi H. Genetics of apolipoprotein H (beta2-glycoprotein I) and
anionic phospholipid binding. Lupus. 1998;7(Suppl. 2):S10–3.
[80] Kamboh MI, Sanghera DK, Mehdi H, Nestlerode CS, Chen Q, Khalifa O, et al. Single
nucleotide polymorphisms in the coding region of the apolipoprotein H (beta2glycoprotein I) gene and their correlation with the protein polymorphism, antibeta2glycoprotein I antibodies and cardiolipin binding: description of novel haplotypes and their evolution. Ann Hum Genet 2004;68:285–99.
[81] Mehdi H, Aston CE, Sanghera DK, Hamman RF, Kamboh MI. Genetic variation in
the apolipoprotein H (beta2-glycoprotein I) gene aﬀects plasma apolipoprotein H
concentrations. Hum Genet 1999;105:63–71.
[82] De Jong A, Ziboh V, Robbins D. Antiphospholipid antibodies and platelets. Curr
Rheumatol Rep 2000;2:238–45.
[83] White-Adams TC, Berny MA, Tucker EI, Gertz JM, Gailani D, Urbanus RT, et al.
Identiﬁcation of coagulation factor XI as a ligand for platelet apolipoprotein E
receptor 2 (ApoER2). Arterioscler Thromb Vasc Biol 2009;29:1602–7.
[84] Pengo V, Biasiolo A, Pegoraro C, Iliceto S. A two-step coagulation test to identify
antibeta-glycoprotein I lupus anticoagulants. J Thromb Haemost 2004;2:702–7.
[85] Pengo V, Balestrieri G, Tincani A, Spatola L, Biasiolo A, Brocco T. Utilization of
dilute Russell's viper venom time to detect autoantibodies against beta 2-glycoprotein I which express anticoagulant activity in the presence but not in the absence of exogenous phospholipids. Thromb Haemost 1997;77:123–6.
[86] Pengo V, Brocco T, Biasiolo A, Rampazzo P, Carraro P, Zamarchi R. Procoagulant
eﬀect of anti-beta 2-glycoprotein I antibodies with lupus anticoagulant activity.
Blood. 1999;94:3814–9.
[87] Devreese KM. A functional coagulation test to identify anti-beta2-glycoprotein I
dependent lupus anticoagulants. Thromb Res 2007;119:753–9.
[88] White TC, Berny MA, Tucker EI, Urbanus RT, de Groot PG, Fernandez JA, et al.
Protein C supports platelet binding and activation under ﬂow: role of glycoprotein
Ib and apolipoprotein E receptor 2. J Thromb Haemost 2008;6:995–1002.
[89] Hanly JG, Smith SA. Anti-beta2-glycoprotein I (GPI) autoantibodies, annexin V
binding and the anti-phospholipid syndrome. Clin Exp Immunol 2000;120:537–43.
[90] Ieko M, Sawada KI, Koike T, Notoya A, Mukai M, Kohno M, et al. The putative
mechanism of thrombosis in antiphospholipid syndrome: impairment of the protein C and the ﬁbrinolytic systems by monoclonal anticardiolipin antibodies.
Semin Thromb Hemost 1999;25:503–7.
[91] Keeling DM, Wilson AJ, Mackie IJ, Isenberg DA, Machin SJ. Role of beta 2-glycoprotein I and anti-phospholipid antibodies in activation of protein C in vitro. J
Clin Pathol 1993;46:908–11.
[92] Miyakis S, Robertson SA, Krilis SA. Beta-2 glycoprotein I and its role in antiphospholipid syndrome-lessons from knockout mice. Clin Immunol 2004;112:136–43.
[93] Keeling DM, Wilson AJ, Mackie IJ, Isenberg DA, Machin SJ. Role of beta 2-glycoprotein I and anti-phospholipid antibodies in activation of protein C in vitro. J
Clin Pathol 1993;46:908–11.
[94] Nimpf J, Wurm H, Kostner GM. Beta 2-glycoprotein-I (apo-H) inhibits the release
reaction of human platelets during ADP-induced aggregation. Atherosclerosis.
1987;63:109–14.
[95] Rahgozar S, Giannakopoulos B, Yan X, Wei J, Cheng Qi J, Gemmell R, et al. Beta2glycoprotein I protects thrombin from inhibition by heparin cofactor II: potentiation of this eﬀect in the presence of anti-beta2-glycoprotein I autoantibodies.
Arthritis Rheum 2008;58:1146–55.
[96] Shi T, Iverson GM, Qi JC, Cockerill KA, Linnik MD, Konecny P, et al. β2Glycoprotein I binds factor XI and inhibits its activation by thrombin and factor
XIIa: Loss of inhibition by clipped β2-glycoprotein I. 2004;101:3939–44.
[97] Shi W, Chong BH, Hogg PJ, Chesterman CN. Anticardiolipin antibodies block the
inhibition by beta 2-glycoprotein I of the factor Xa generating activity of platelets.
Thromb Haemost 1993;70:342–5.

glycoprotein I (beta2-GPI) mRNA is expressed by several cell types involved in
anti-phospholipid syndrome-related tissue damage. Clin Exp Immunol
1999;115:214–9.
Conti F, Sorice M, Circella A, Alessandri C, Pittoni V, Caronti B, et al. Beta-2glycoprotein I expression on monocytes is increased in anti-phospholipid antibody
syndrome and correlates with tissue factor expression. Clin Exp Immunol
2003;132:509–16.
Yalavarthi S, Gould TJ, Rao AN, Mazza LF, Morris AE, Nunez-Alvarez C, et al.
Release of neutrophil extracellular traps by neutrophils stimulated with antiphospholipid antibodies: a newly identiﬁed mechanism of thrombosis in the antiphospholipid syndrome. Arthritis Rheum 2015;67:2990–3003.
George J, Harats D, Gilburd B, Afek A, Levy Y, Schneiderman J, et al.
Immunolocalization of beta2-glycoprotein I (apolipoprotein H) to human atherosclerotic plaques: potential implications for lesion progression. Circulation.
1999;99:2227–30.
George J, Afek A, Gilburd B, Blank M, Levy Y, Aron-Maor A, et al. Induction of
early atherosclerosis in LDL-receptor-deﬁcient mice immunized with beta2-glycoprotein I. Circulation. 1998;98:1108–15.
Afek A, George J, Shoenfeld Y, Gilburd B, Levy Y, Shaish A, et al. Enhancement of
atherosclerosis in beta-2-glycoprotein I-immunized apolipoprotein E-deﬁcient
mice. Pathobiology. 1999;67:19–25.
Dong S, Qi M, Wang Y, Chen L, Weaver JC, Krilis SA, et al. beta2GPI exerts an antiobesity eﬀect in female mice by inhibiting lipogenesis and promoting lipolysis.
Oncotarget. 2017;8:92652–66.
El-Assaad F, Qi M, Gordon AK, Qi J, Dong S, Passam F, et al. Betaeta 2-glycoprotein
I protects mice against gram-negative septicaemia in a sexually dimorphic manner.
Sci Rep 2017;7:8201.
Agar C, van Os GM, Morgelin M, Sprenger RR, Marquart JA, Urbanus RT, et al.
Beta2-glycoprotein I can exist in 2 conformations: implications for our understanding of the antiphospholipid syndrome. Blood. 2010;116:1336–43.
Ioannou Y, Pericleous C, Giles I, Latchman DS, Isenberg DA, Rahman A. Binding of
antiphospholipid antibodies to discontinuous epitopes on domain I of human beta
(2)-glycoprotein I: mutation studies including residues R39 to R43. Arthritis
Rheum 2007;56:280–90.
Iverson GM, Victoria EJ, Marquis DM. Anti-beta2 glycoprotein I (beta2GPI) autoantibodies recognize an epitope on the ﬁrst domain of beta2GPI. Proc Natl Acad
Sci U S A 1998;95:15542–6.
Iverson GM, Reddel S, Victoria EJ, Cockerill KA, Wang YX, Marti-Renom MA, et al.
Use of single point mutations in domain I of beta 2-glycoprotein I to determine ﬁne
antigenic speciﬁcity of antiphospholipid autoantibodies. J Immunol
2002;169:7097–103.
Reddel SW, Wang YX, Sheng YH, Krilis SA. Epitope studies with anti-beta 2-glycoprotein I antibodies from autoantibody and immunized sources. J Autoimmun
2000;15:91–6.
van Lummel M, Pennings MT, Derksen RH, Urbanus RT, Lutters BC, Kaldenhoven
N, et al. The binding site in {beta}2-glycoprotein I for ApoER2' on platelets is
located in domain V. J Biol Chem 2005;280:36729–36.
Frank M. Beta2-glycoprotein I and annexin A5 phospholipid interactions: artiﬁcial
and cell membranes. Autoimmun Rev 2009;9.
Kolyada A, Barrios DA, Beglova N. Dimerized domain V of beta2-glycoprotein I is
suﬃcient to upregulate procoagulant activity in PMA-treated U937 monocytes and
require intact residues in two phospholipid-binding loops. Antibodies (Basel,
Switzerland) 2017;6:8.
Nemerson Y, Furie B. Zymogens and cofactors of blood coagulation. CRC Critl Rev
Biochem 1980;9:45–85.
Manukyan D, von Bruehl ML, Massberg S, Engelmann B. Protein disulﬁde isomerase as a trigger for tissue factor-dependent ﬁbrin generation. Thromb Res
2008;122(Suppl. 1):S19–22.
Buchholz I, Nestler P, Koppen S, Delcea M. Lysine residues control the conformational dynamics of beta 2-glycoprotein I. Phys Chem Chem Phys
2018;20:26819–29.
Passam FH. Beta 2 glycoprotein I is a substrate of thiol oxidoreductases. Blood.
2010;116.
Passam FH, Rahgozar S, Qi M, Raftery MJ, Wong JW, Tanaka K, et al. Redox
control of beta2-glycoprotein I-von Willebrand factor interaction by thioredoxin-1.
J Thromb Haemost 2010;8:1754–62.
Schmidt B, Ho L, Hogg PJ. Allosteric disulﬁde bonds. Biochemistry.
2006;45:7429–33.
Weaver JC, Krilis SA, Giannakopoulos B. Oxidative post-translational modiﬁcation
of betaeta 2-glycoprotein I in the pathophysiology of the anti-phospholipid syndrome. Free Radic Biol Med 2018;125:98–103.
de Laat B, de Groot PG. Autoantibodies directed against domain I of beta2-glycoprotein I. Curr Rheumatol Rep 2011;13:70–6.
Pelkmans L, de Laat B. Antibodies against domain I of beta2-glycoprotein I: the one
and only? Lupus. 2012;21:769–72.
Kristensen T, Schousboe I, Boel E, Mulvihill EM, Hansen RR, Moller KB, et al.
Molecular cloning and mammalian expression of human beta 2-glycoprotein I
cDNA. FEBS Lett 1991;289:183–6.
Kondo A, Miyamoto T, Yonekawa O, Giessing AM, Osterlund EC, Jensen ON.
Glycopeptide proﬁling of beta-2-glycoprotein I by mass spectrometry reveals attenuated sialylation in patients with antiphospholipid syndrome. J Proteome
2009;73:123–33.
Lowe JB, Marth JD. A genetic approach to Mammalian glycan function. Annu Rev
Biochem 2003;72:643–91.
Maverakis E, Kim K, Shimoda M, Gershwin ME, Patel F, Wilken R, et al. Glycans in
the immune system and the altered Glycan theory of autoimmunity: a critical

11

Blood Reviews xxx (xxxx) xxxx

T. McDonnell, et al.

I. Front Immunol 2018;9:2244.
[126] Guerin J, Casey E, Feighery C, Jackson J. Anti-beta 2-glycoprotein I antibody
isotype and IgG subclass in antiphospholipid syndrome patients. Autoimmunity.
1999;31:109–16.
[127] Arvieux J, Roussel B, Ponard D, Colomb MG. IgG2 subclass restriction of anti-beta
2 glycoprotein 1 antibodies in autoimmune patients. Clin Exp Immunol
1994;95:310–5.
[128] Samarkos M, Davies KA, Gordon C, Walport MJ, Loizou S. IgG subclass distribution of antibodies against beta(2)-GP1 and cardiolipin in patients with systemic
lupus erythematosus and primary antiphospholipid syndrome, and their clinical
associations. Rheumatology (Oxford) 2001;40:1026–32.
[129] Fiedel BA, Simpson RM, Gewurz H. Activation of platelets by modiﬁed C-reactive
protein. Immunology. 1982;45:439–47.
[130] Xu P-c, Lin S, Yang X-W, Gu D-M, Yan T-K, Wei L, et al. C-reactive protein enhances activation of coagulation system and inﬂammatory response through dissociating into monomeric form in antineutrophil cytoplasmic antibody-associated
vasculitis. BMC Immunol 2015;16. 10-.
[131] Fay WP. Linking inﬂammation and thrombosis: role of C-reactive protein. World J
Cardiol 2010;2:365–9.
[132] Ninivaggi M, Kelchtermans H, Lindhout T, de Laat B. Conformation of beta2glycoprotein I and its eﬀect on coagulation. Thromb Res 2012;130(Suppl. 1):S33–6.
[133] Moestrup SK, Schousboe I, Jacobsen C, Leheste JR, Christensen EI, Willnow TE.
beta2-glycoprotein-I (apolipoprotein H) and beta2-glycoprotein-I-phospholipid
complex harbor a recognition site for the endocytic receptor megalin. J Clin Invest
1998;102:902–9.
[134] Salem D, Subang R, Okazaki Y, Laplante P, Levine JS, Kuwana M, et al. beta2Glycoprotein I-speciﬁc T cells are associated with epitope spread to lupus-related
autoantibodies. J Biol Chem 2015;290:5543–55.
[135] Andreoli L, Fredi M, Nalli C, Franceschini F, Meroni PL, Tincani A.
Antiphospholipid antibodies mediate autoimmunity against dying cells.
Autoimmunity. 2013;46:302–6.
[136] Gropp K, Weber N, Reuter M, Micklisch S, Kopka I, Hallstrom T, et al. beta(2)glycoprotein I, the major target in antiphospholipid syndrome, is a special human
complement regulator. Blood. 2011;118:2774–83.
[137] Skerka C, Gropp K, Weber N, Reuter M, Micklisch S, Kopka I, et al. Beta 2 glycoprotein 1 (beta 2GPI), the major target in anti phospholipid syndrome (APS),
regulates complement activation on the level of C3/C3b. Mol Immunol 2011;48.
1675-.
[138] Manfredi AA, Rovere P, Galati G, Heltai S, Bozzolo E, Soldini L, et al. Apoptotic
cell clearance in systemic lupus erythematosus - I. Opsonization by antiphospholipid antibodies. Arthritis Rheum 1998;41:205–14.
[139] Manfredi AA, Rovere P, Heltai S, Galati G, Nebbia G, Tincani A, et al. Apoptotic
cell clearance in systemic lupus erythematosus - II. Role of beta(2)-glycoprotein I.
Arthritis Rheum 1998;41:215–23.
[140] Rovere P, Zimmermann VS, Vallinoto C, Crosti MC, Fascio U, Rescigno M, et al.
Autoantibody opsonization of apoptotic cells facilitates antigen presentation by
dendritic cells: implications for autoimmunity establishment in systemic lupus
erythematosus. J Leukoc Biol 1999;66:345. 48-.
[141] Raimondo MG, Pericleous C, Radziszewska A, Borghi MO, Pierangeli S, Meroni PL,
et al. Oxidation of β2-glycoprotein I associates with IgG antibodies to domain I in
patients with antiphospholipid syndrome. PLoS One 2017;12. e0186513-e.
[142] Kajiwara T, Yasuda T, Matsuura E. Intracellular traﬃcking of beta2-glycoprotein I
complexes with lipid vesicles in macrophages: implications on the development of
antiphospholipid syndrome. J Autoimmun 2007;29:164–73.
[143] Meroni PL, Borghi MO, Raschi E, Tedesco F. Pathogenesis of antiphospholipid
syndrome: understanding the antibodies. Nat Rev Rheumatol 2011;7:330–9.
[144] Pober JS, Merola J, Liu R, Manes TD. Antigen presentation by vascular cells. Front
Immunol 2017;8:1907.
[145] Zhang JW, McCrae KR. Annexin A2 mediates endothelial cell activation by antiphospholipid/anti-beta(2) glycoprotein I antibodies. Blood. 2005;105:1964–9.
[146] Raschi E, Chighizola CB, Grossi C, Ronda N, Gatti R, Meroni PL, et al. beta2glycoprotein I, lipopolysaccharide and endothelial TLR4: three players in the two
hit theory for anti-phospholipid-mediated thrombosis. J Autoimmun
2014;55:42–50.
[147] Borghi MO, Raschi E, Grossi C, Chighizola CB, Meroni PL. Toll-like receptor 4 and
beta2 glycoprotein I interaction on endothelial cells. Lupus. 2014;23:1302–4.
[148] Sacharidou A, Chambliss KL, Ulrich V, Salmon JE, Shen YM, Herz J, et al.
Antiphospholipid antibodies induce thrombosis by PP2A activation via apoER2Dab2-SHC1 complex formation in endothelium. Blood. 2018;131:2097–110.
[149] Benagiano M, Gerosa M, Romagnoli J, Mahler M, Borghi MO, Grassi A, et al. beta2
glycoprotein i recognition drives Th1 inﬂammation in atherosclerotic plaques of
patients with primary antiphospholipid syndrome. J Immunol 2017;198:2640–8.
[150] Benagiano M, Borghi MO, Romagnoli J, Mahler M, Della Bella C, Grassi A, et al.
Interleukin-17/Interleukin-21 and Interferon-g producing T cells speciﬁc for beta2
Glycoprotein I in atherosclerosis inﬂammation of systemic lupus erythematosus
patients with antiphospholipid syndrome. Haematologica. 2019 Mar 14. https://
doi.org/10.3324/haematol.2018.209536. pii: haematol.2018.209536, Epub
ahead of print.
[151] Arai T, Yoshida K, Kaburaki J, Inoko H, Ikeda Y, Kawakami Y, et al. Autoreactive
CD4(+) T-cell clones to beta2-glycoprotein I in patients with antiphospholipid
syndrome: preferential recognition of the major phospholipid-binding site. Blood.
2001;98:1889–96.
[152] Roggenbuck D, Borghi MO, Somma V, Buttner T, Schierack P, Hanack K, et al.
Antiphospholipid antibodies detected by line immunoassay diﬀerentiate among
patients with antiphospholipid syndrome, with infections and asymptomatic carriers. Arthritis Res Ther 2016;18:111.

[98] Martínez-Flores JA, Serrano M, Pérez D, Cámara AG, Lora D, Morillas L, et al.
Circulating immune complexes of IgA bound to beta 2 glycoprotein are strongly
associated with the occurrence of acute thrombotic events. J Atheroscler Thromb
2016;23:1242–53.
[99] Serrano M, Martinez-Flores JA, Perez D, Garcia F, Cabrera O, Pleguezuelo D, et al.
beta2-glycoprotein I/IgA immune complexes: a marker to predict thrombosis after
renal transplantation in patients with antiphospholipid antibodies. Circulation.
2017;135:1922–34.
[100] Pérez D, Stojanovich L, Naranjo L, Stanisavljevic N, Bogdanovic G, Serrano M,
et al. Presence of immune complexes of IgG/IgM bound to B2-glycoprotein I is
associated with non-criteria clinical manifestations in patients with antiphospholipid syndrome. 2018;9.
[101] Amara U, Rittirsch D, Flierl M, Bruckner U, Klos A, Gebhard F, et al. Interaction
between the coagulation and complement system. Adv Exp Med Biol
2008;632:71–9.
[102] El-Assaad F, Krilis SA, Giannakopoulos B. Posttranslational forms of beta 2-glycoprotein I in the pathogenesis of the antiphospholipid syndrome. Thromb J
2016;14:20.
[103] Gropp K, Weber N, Reuter M, Micklisch S, Kopka I, Hallstrom T, et al. beta-glycoprotein I, the major target in antiphospholipid syndrome, is a special human
complement regulator. Blood. 2011;118:2774–83.
[104] Agar C, de Groot PG, Morgelin M, Monk SD, van Os G, Levels JH, et al. beta(2)glycoprotein I: a novel component of innate immunity. Blood. 2011;117:6939–47.
[105] Tedesco F, Borghi MO, Gerosa M, Chighizola CB, Macor P, Lonati PA, et al.
Pathogenic role of complement in antiphospholipid syndrome and therapeutic
implications. Front Immunol. 2018;9:1388.
[106] Chaturvedi S, Brodsky RA, McCrae KR. Complement in the pathophysiology of the
antiphospholipid syndrome. Front Immunol 2019;10:449.
[107] Girardi G, Redecha P, Salmon JE. Heparin prevents antiphospholipid antibodyinduced fetal loss by inhibiting complement activation. Nat Med 2004;10:1222–6.
[108] Berman J, Girardi G, Salmon JE. TNF-alpha is a critical eﬀector and a target for
therapy in antiphospholipid antibody-induced pregnancy loss. J Immunol
2005;174:485–90.
[109] Holers VM, Girardi G, Mo L, Guthridge JM, Molina H, Pierangeli SS, et al.
Complement C3 activation is required for antiphospholipid antibody-induced fetal
loss. J Exp Med 2002;195:211–20.
[110] Kim MY, Guerra MM, Kaplowitz E, Laskin CA, Petri M, Branch DW, et al.
Complement activation predicts adverse pregnancy outcome in patients with
systemic lupus erythematosus and/or antiphospholipid antibodies. Ann Rheum Dis
2018;77:549–55.
[111] Francis J, Rai R, Sebire NJ, El-Gaddal S, Fernandes MS, Jindal P, et al. Impaired
expression of endometrial diﬀerentiation markers and complement regulatory
proteins in patients with recurrent pregnancy loss associated with antiphospholipid syndrome. Mol Hum Reprod 2006;12:435–42.
[112] Fischetti F, Durigutto P, Pellis V, Debeus A, Macor P, Bulla R, et al. Thrombus
formation induced by antibodies to beta 2-glycoprotein I is complement dependent and requires a priming factor. Blood. 2005;106:2340–6.
[113] Holers VM, Girardi G, Mo L, Guthridge JM, Molina H, Pierangeli SS, et al.
Complement C3 activation is required for antiphospholipid antibody-induced fetal
loss. J Exp Med 2002;195:211–20.
[114] Lonze BE, Singer AL, Montgomery RA. Eculizumab and Renal Transplantation in a
Patient with CAPS. New Engl J Med 2010;362:1744–5.
[115] Ruﬀatti A, Tarzia V, Fedrigo M, Calligaro A, Favaro M, Macor P, et al. Evidence of
complement activation in the thrombotic small vessels of a patient with catastrophic antiphospholipid syndrome treated with eculizumab. Autoimmun Rev
2019;18:561–3.
[116] Kello N, Khoury LE, Marder G, Furie R, Zapantis E, Horowitz DL. Secondary
thrombotic microangiopathy in systemic lupus erythematosus and antiphospholipid syndrome, the role of complement and use of eculizumab: Case series
and review of literature. Semin Arthritis Rheum 2019 Aug;49(1):74–83. https://
doi.org/10.1016/j.semarthrit.2018.11.005. Epub 2018 Dec 4.
[117] Guillot M, Rafat C, Buob D, Coppo P, Jamme M, Rondeau E, et al. Eculizumab for
catastrophic antiphospholipid syndrome-a case report and literature review.
Rheumatology (Oxford) 2018;57:2055–7.
[118] Meroni PL, Macor P, Durigutto P, De Maso L, Gerosa M, Ferraresso M, et al.
Complement activation in antiphospholipid syndrome and its inhibition to prevent
rethrombosis after arterial surgery. Blood. 2016;127:365–7.
[119] Erkan D, Salmon JE. The role of complement inhibition in thrombotic angiopathies and antiphospholipid syndrome. Turk J Haematol 2016;33:1–7.
[120] Rovere-Querini P, Canti V, Erra R, Bianchi E, Slaviero G, D'Angelo A, et al.
Eculizumab in a pregnant patient with laboratory onset of catastrophic antiphospholipid syndrome: a case report. Medicine (Baltimore) 2018;97:e12584.
[121] Legault K, Schunemann H, Hillis C, Yeung C, Akl EA, Carrier M, et al. McMaster
RARE-Bestpractices clinical practice guideline on diagnosis and management of
the catastrophic antiphospholipid syndrome. J Thromb Haemost 2018 Jun 7.
https://doi.org/10.1111/jth.14192. Epub ahead of print.
[122] Kenawy HI, Boral I, Bevington A. Complement-coagulation cross-talk: a potential
mediator of the physiological activation of complement by low pH. Front Immunol
2015;6:215.
[123] Lupu F, Keshari RS, Lambris JD, Coggeshall KM. Crosstalk between the coagulation and complement systems in sepsis. Thromb Res 2014;133(Suppl. 1):S28–31.
[124] Umme-Amara Sonja-Albers, Florian-Gebhard, Bruckner UB, Markus-Huber-Lang.
Crosstalk of the complement and coagulation system. FASEB J 2008;22.
[125] McDonnell T, Artim-Esen B, Wincup C, Ripoll VM, Isenberg D, Giles IP, et al.
Antiphospholipid antibodies to domain I of beta-2-glycoprotein I show diﬀerent
subclass predominance in comparison to antibodies to whole beta-2-glycoprotein

12

Blood Reviews xxx (xxxx) xxxx

T. McDonnell, et al.

syndrome. Arthritis Rheum 2015;67:2196–204.
[179] Pierangeli SS, Liu XW, Barker JH, Anderson G, Harris EN. Induction of thrombosis
in a mouse model by IgG, IgM and IgA immunoglobulins from patients with the
antiphospholipid syndrome. Thromb Haemost 1995;74:1361–7.
[180] Shen Y-M, Dyszkiewicz-Korpanty A, Lee R, Balani J, Frenkel E, Sarode R. The
prevalence and clinical signiﬁcance of IgA antiphospholipid antibodies (aPL).
2005;106. 2647-.
[181] Andreoli L, Fredi M, Nalli C, Piantoni S, Reggia R, Dall'Ara F, et al. Clinical signiﬁcance of IgA anti-cardiolipin and IgA anti-beta2glycoprotein I antibodies. Curr
Rheumatol Rep 2013;15:343.
[182] Pericleous C, Ferreira I, Borghi O, Pregnolato F, McDonnell T, Garza-Garcia A,
et al. Measuring IgA anti-beta2-glycoprotein I and IgG/IgA anti-domain I antibodies adds value to current serological assays for the antiphospholipid syndrome.
PLoS One 2016;11:e0156407.
[183] Murthy V, Willis R, Romay-Penabad Z, Ruiz-Limon P, Martinez-Martinez LA,
Jatwani S, et al. Value of isolated IgA anti-beta2 -glycoprotein I positivity in the
diagnosis of the antiphospholipid syndrome. Arthritis Rheum 2013;65:3186–93.
[184] Cousins L, Pericleous C, Khamashta M, Bertolaccini ML, Ioannou Y, Giles I, et al.
Antibodies to domain I of beta-2-glycoprotein I and IgA antiphospholipid antibodies in patients with 'seronegative' antiphospholipid syndrome. Ann Rheum Dis
2015;74:317–9.
[185] Pierangeli SS, Favaloro EJ, Lakos G, Meroni PL, Tincani A, Wong RC, et al.
Standards and reference materials for the anticardiolipin and anti-beta2glycoprotein I assays: a report of recommendations from the APL Task Force at the 13th
International Congress on Antiphospholipid Antibodies. Clin Chim Acta
2012;413:358–60.
[186] Willis R, Harris EN, Pierangeli SS. Current international initiatives in antiphospholipid antibody testing. Semin Thromb Hemost 2012;38:360–74.
[187] Willis R, Lakos G, Harris EN. Standardization of antiphospholipid antibody
testing–historical perspectives and ongoing initiatives. Semin Thromb Hemost
2014;40:172–7.
[188] Willis R, Grossi C, Orietta Borghi M, Martos-Sevilla G, Zegers I, Sheldon J, et al.
International standards for IgG and IgM anti-beta2glycoprotein antibody measurement. Lupus. 2014;23:1317–9.
[189] Willis R, Pierangeli SS, Jaskowski TD, Malmberg E, Guerra M, Salmon JE, et al.
Performance characteristics of commercial immunoassays for the detection of IgG
and IgM antibodies to beta2 glycoprotein I and an initial assessment of newly
developed reference materials for assay calibration. Am J Clin Pathol
2016;145:796–805.
[190] Ioannou Y. In vivo inhibition of antiphospholipid antibody-induced pathogenicity
utilizing the antigenic target peptide domain I of beta2-glycoprotein I: proof of
concept. J Thromb Haemost 2009;7.
[191] Ioannou Y, Rahman A. Domain I of beta2-glycoprotein I: its role as an epitope and
the potential to be developed as a speciﬁc target for the treatment of the antiphospholipid syndrome. Lupus. 2010;19:400–5.
[192] Ioannou Y, Romay-Penabad Z, Pericleous C, Giles I, Papalardo E, Vargas G, et al. In
vivo inhibition of antiphospholipid antibody-induced pathogenicity utilizing the
antigenic target peptide domain I of beta2-glycoprotein I: proof of concept. J
Thromb Haemost 2009;7:833–42.
[193] Kelchtermans H, Chayoua W, Laat B. The signiﬁcance of antibodies against domain I of beta-2 glycoprotein I in antiphospholipid syndrome. Semin Thromb
Hemost 2018;44:458–65.
[194] Pengo V, Ruﬀatti A, Tonello M, Cuﬀaro S, Banzato A, Bison E, et al.
Antiphospholipid syndrome: antibodies to domain 1 of beta2-glycoprotein 1 correctly classify patients at risk. J Thromb Haemost 2015;13:782–7.
[195] De Craemer AS, Musial J, Devreese KM. Role of anti-domain 1-beta2 glycoprotein I
antibodies in the diagnosis and risk stratiﬁcation of antiphospholipid syndrome. J
Thromb Haemost 2016;14:1779–87.
[196] Iwaniec T, Kaczor MP, Celinska-Lowenhoﬀ M, Polanski S, Musial J. Clinical signiﬁcance of anti-domain 1 beta2-glycoprotein I antibodies in antiphospholipid
syndrome. Thromb Res 2017;153:90–4.
[197] Radin M, Cecchi I, Roccatello D, Meroni PL, Sciascia S. Prevalence and thrombotic
risk assessment of anti-beta2 glycoprotein I domain I antibodies: a systematic
review. Semin Thromb Hemost 2018 Jul;44(5):466–74. https://doi.org/10.1055/
s-0037-1603936. E-pub ahead of print, 2017 Aug 4.
[198] Yin D, de Laat B, Devreese KMJ, Kelchtermans H. The clinical value of assays
detecting antibodies against domain I of β2-glycoprotein I in the antiphospholipid
syndrome. Autoimmun Rev 2018;17:1210–8.
[199] Amengual O, Forastiero R, Sugiura-Ogasawara M, Otomo K, Oku K, Favas C, et al.
Evaluation of phosphatidylserine-dependent antiprothrombin antibody testing for
the diagnosis of antiphospholipid syndrome: results of an international multicentre study. Lupus. 2017;26:266–76.
[200] Otomo K, Atsumi T, Amengual O, Fujieda Y, Kato M, Oku K, et al. Eﬃcacy of the
antiphospholipid score for the diagnosis of antiphospholipid syndrome and its
predictive value for thrombotic events. Arthritis Rheum 2012;64:504–12.
[201] Zapantis E, Furie R, Horowitz D. THU0400 response to eculizumab in the antiphospholipid antibody syndrome. 2015;74. 341-.
[202] Gropp K, Weber N, Reuter M, Micklisch S, Kopka I, Hallström T, et al. β2-glycoprotein I, the major target in antiphospholipid syndrome, is a special human
complement regulator. 2011;118:2774–83.
[203] Kolyada A, De Biasio A, Beglova N. Identiﬁcation of the binding site for fondaparinux on Beta2-glycoprotein I. Biochim Biophys Acta 1834;2013:2080–8.
[204] Kolyada A, Lee C-J, De Biasio A, Beglova N. A novel dimeric inhibitor targeting
beta2GPI in Beta2GPI/antibody complexes implicated in antiphospholipid syndrome. PLoS One 2010;5:e15345.
[205] Lee CJ, De Biasio A, Beglova N. Mode of interaction between beta2GPI and

[153] Lakos G, Favaloro EJ, Harris EN, Meroni PL, Tincani A, Wong RC, et al.
International consensus guidelines on anticardiolipin and anti-beta2-glycoprotein
I testing: report from the 13th International Congress on Antiphospholipid
Antibodies. Arthritis Rheum 2012;64:1–10.
[154] Devreese KMJ, Ortel TL, Pengo V, de Laat B. Antibodies tSoLAA. Lab Criteria
Antiphospholipid Syndr: Commun SSC ISTH 2018;16:809–13.
[155] Nalli C, Somma V, Andreoli L, Buttner T, Schierack P, Mahler M, et al. Antiphospholipid IgG antibodies detected by line immunoassay diﬀerentiate patients
with anti-phospholipid syndrome and other autoimmune diseases. Auto Immun
Highlights 2018;9:6.
[156] Meroni PL. Anti-beta-2 glycoprotein I epitope speciﬁcity: from experimental
models to diagnostic tools. Lupus. 2016;25:905–10.
[157] de Laat B, Derksen RH, Urbanus RT, de Groot PG. IgG antibodies that recognize
epitope Gly40-Arg43 in domain I of beta 2-glycoprotein I cause LAC, and their
presence correlates strongly with thrombosis. Blood. 2005;105:1540–5.
[158] de Laat B, Derksen RH, van Lummel M, Pennings MT, de Groot PG. Pathogenic
anti-beta2-glycoprotein I antibodies recognize domain I of beta2-glycoprotein I
only after a conformational change. Blood. 2006;107:1916–24.
[159] de Laat B, Pengo V, Pabinger I, Musial J, Voskuyl AE, Bultink IE, et al. The association between circulating antibodies against domain I of beta2-glycoprotein I
and thrombosis: an international multicenter study. J Thromb Haemost
2009;7:1767–73.
[160] de Laat B, Wu XX, van Lummel M, Derksen RH, de Groot PG, Rand JH. Correlation
between antiphospholipid antibodies that recognize domain I of beta2-glycoprotein I and a reduction in the anticoagulant activity of annexin A5. Blood.
2007;109:1490–4.
[161] Ioannou Y, Romay-Penabad Z, Pericleous C, Giles I, Papalardo E, Vargas G, et al. In
vivo inhibition of antiphospholipid antibody-induced pathogenicity utilizing the
antigenic target peptide domain I of ß2-glycoprotein I: proof of concept. J Thromb
Haemost 2009;7:833–42.
[162] Pengo V, Denas G, Bison E, Banzato A, Jose SP, Gresele P, et al. Prevalence and
signiﬁcance of anti-prothrombin (aPT) antibodies in patients with Lupus
Anticoagulant (LA). Thromb Res 2010;126:150–3.
[163] Pasoto SG, Chakkour HP, Natalino RR, Viana VS, Bueno C, Lianza AC, et al. Lupus
anticoagulant: a marker for stroke and venous thrombosis in primary Sjogren's
syndrome. Clin Rheumatol 2012;31:1331–8.
[164] Devreese K, Peerlinck K, Hoylaerts MF. Diagnostic test combinations associated
with thrombosis in lupus anticoagulant positive patients. Thromb Haemost
2011;105:736–8.
[165] Le DT, Ho D, Olsen JO, Osterud B. Plasma and IgGs from patients with lupus
anticoagulant induce tissue factor in monocytes: a possible risk factor for thrombosis. J Thromb Haemost 2010;8:1861–3.
[166] Zoghlami-Rintelen C, Vormittag R, Sailer T, Lehr S, Quehenberger P, Rumpold H,
et al. The presence of IgG antibodies against beta2-glycoprotein I predicts the risk
of thrombosis in patients with the lupus anticoagulant. J Thromb Haemost
2005;3:1160–5.
[167] de Laat HB, Derksen RH, Urbanus RT, Roest M, de Groot PG. beta2-glycoprotein Idependent lupus anticoagulant highly correlates with thrombosis in the antiphospholipid syndrome. Blood. 2004;104:3598–602.
[168] Swadzba J, De Clerck LS, Stevens WJ, Bridts CH, van Cotthem KA, Musial J, et al.
Anticardiolipin, anti-beta(2)-glycoprotein I, antiprothrombin antibodies, and
lupus anticoagulant in patients with systemic lupus erythematosus with a history
of thrombosis. J Rheumatol 1997;24:1710–5.
[169] D'Angelo A, Safa O, Crippa L, Garlando A, Sabbadini MG, Vigano' D' Angelo S.
Relationship of lupus anticoagulant, anticardiolipin, anti-beta2-GPI and anti-prothrombin autoantibodies with history of thrombosis in patients with the clinical
suspicion of APA-syndrome. Thromb Haemost 1997;78:967–8.
[170] Hughes GR, Khamashta MA. Seronegative antiphospholipid syndrome. Ann
Rheum Dis 2003;62:1127.
[171] Hughes GRV, Khamashta MA. 'Seronegative antiphospholipid syndrome': an update. Lupus. 2019;28:273–4.
[172] Bertolaccini ML, Amengual O, Andreoli L, Atsumi T, Chighizola CB, Forastiero R,
et al. 14th International Congress on Antiphospholipid Antibodies Task Force.
Report on antiphospholipid syndrome laboratory diagnostics and trends.
Autoimmun Rev 2014;13:917–30.
[173] Mahler M, Albesa R, Zohoury N, Bertolaccini ML, Ateka-Barrutia O, RodriguezGarcia JL, et al. Autoantibodies to domain 1 of beta 2 glycoprotein I determined
using a novel chemiluminescence immunoassay demonstrate association with
thrombosis in patients with antiphospholipid syndrome. Lupus. 2016;25:911–6.
[174] Radin M, Cecchi I, Roccatello D, Meroni PL, Sciascia S. Prevalence and thrombotic
risk assessment of anti-beta2 glycoprotein I domain I antibodies: a systematic
review. Semin Thromb Hemost 2018;44:466–74.
[175] Chighizola CB, Pregnolato F, Andreoli L, Bodio C, Cesana L, Comerio C, et al.
Beyond thrombosis: anti-beta2GPI domain 1 antibodies identify late pregnancy
morbidity in anti-phospholipid syndrome. J Autoimmun 2018;90:76–83.
[176] Durigutto P, Grossi C, Borghi MO, Macor P, Pregnolato F, Raschi E, et al. New
insight into antiphospholipid syndrome: antibodies to beta2glycoprotein I-domain
5 fail to induce thrombi in rats. Haematologica. 2019;104:819–26.
[177] Andreoli L, Nalli C, Motta M, Norman GL, Shums Z, Encabo S, et al. Anti-beta(2)glycoprotein I IgG antibodies from 1-year-old healthy children born to mothers
with systemic autoimmune diseases preferentially target domain 4/5: might it be
the reason for their 'innocent' proﬁle? Ann Rheum Dis 2011;70:380–3.
[178] Andreoli L, Chighizola CB, Nalli C, Gerosa M, Borghi MO, Pregnolato F, et al.
Clinical characterization of antiphospholipid syndrome by detection of IgG antibodies against beta2 -glycoprotein i domain 1 and domain 4/5: ratio of anti-domain 1 to anti-domain 4/5 as a useful new biomarker for antiphospholipid

13

Blood Reviews xxx (xxxx) xxxx

T. McDonnell, et al.

[206]

[207]

[208]

[209]

[210]

[211]

[212]

[213]

[214]

[215]

lipoprotein receptors suggests mutually exclusive binding of beta2GPI to the receptors and anionic phospholipids. Struct (Lond Engl: 1993) 2010;18:366–76.
Kolyada A, Karageorgos I, Mahlawat P, Beglova N. A1-A1 mutant with improved
binding and inhibition of beta2GPI/antibody complexes in antiphospholipid syndrome. FEBS J 2015;282:864–73.
Kolyada A, Porter A, Beglova N. Inhibition of thrombotic properties of persistent
autoimmune anti-β2GPI antibodies in the mouse model of antiphospholipid syndrome. Blood. 2014;123:1090–7.
Kolyada A, Ke Q, Karageorgos I, Mahlawat P, Barrios DA, Kang PM, et al. Soluble
analog of ApoER2 targeting beta2-glycoprotein I in immune complexes counteracts hypertension in lupus-prone mice with spontaneous antiphospholipid syndrome. J Thromb Haemost: JTH 2016;14:1298–307.
Pierangeli SS, Blank M, Liu X, Espinola R, Fridkin M, Ostertag MV, et al. A peptide
that shares similarity with bacterial antigens reverses thrombogenic properties of
antiphospholipid antibodies in vivo. J Autoimmun 2004;22:217–25.
Ostertag MV, Liu X, Henderson V, Pierangeli SS. A peptide that mimics the Vth
region of beta-2-glycoprotein I reverses antiphospholipid-mediated thrombosis in
mice. Lupus. 2006;15:358–65.
de la Torre YM, Pregnolato F, D'Amelio F, Grossi C, Di Simone N, Pasqualini F,
et al. Anti-phospholipid induced murine fetal loss: novel protective eﬀect of a
peptide targeting the beta2 glycoprotein I phospholipid-binding site. Implications
for human fetal loss. J Autoimmun 2012;38:J209–15.
Pericleous C, Ruiz-Limon P, Romay-Penabad Z, Marin AC, Garza-Garcia A, Murﬁtt
L, et al. Proof-of-concept study demonstrating the pathogenicity of aﬃnity-puriﬁed IgG antibodies directed to domain I of beta2-glycoprotein I in a mouse model
of anti-phospholipid antibody-induced thrombosis. Rheumatology (Oxford)
2015;54:722–7.
Bourke LT, McDonnell T, McCormick J, Pericleous C, Ripoll VM, Giles I, et al.
Antiphospholipid antibodies enhance rat neonatal cardiomyocyte apoptosis in an
in vitro hypoxia/reoxygenation injury model via p38 MAPK. Cell Death Dis
2017;8:e2549.
McDonnell TCR, Willis R, Pericleous C, Ripoll VM, Giles IP, Isenberg DA, et al.
PEGylated domain I of beta-2-glycoprotein I inhibits the binding, coagulopathic,
and thrombogenic properties of IgG from patients with the antiphospholipid
syndrome. Front Immunol 2018;9:2413.
Shemer A, Willis R, Gonzalez EB, Romay-Penabad Z, Shovman O, Shoenfeld Y,

[216]

[217]
[218]

[219]

[220]

[221]

[222]

[223]

[224]
[225]

14

et al. Oral administration of domain-I of beta-2glycoprotein-I induces immunological tolerance in experimental murine antiphospholipid syndrome. J
Autoimmun 2019 May;99:98–103. https://doi.org/10.1016/j.jaut.2019.02.002.
Epub 2019 Feb 20.
Agostinis C, Durigutto P, Sblattero D, Borghi MO, Grossi C, Guida F, et al. A noncomplement-ﬁxing antibody to beta2 glycoprotein I as a novel therapy for antiphospholipid syndrome. Blood. 2014;123:3478–87.
Meroni PL. Prevention & treatment of obstetrical complications in APS: Is hydroxychloroquine the Holy Grail we are looking for? J Autoimmun 2016;75:1–5.
Nuri E, Taraborelli M, Andreoli L, Tonello M, Gerosa M, Calligaro A, et al. Longterm use of hydroxychloroquine reduces antiphospholipid antibodies levels in
patients with primary antiphospholipid syndrome. Immunol Res 2017;65:17–24.
Bertolaccini ML, Contento G, Lennen R, Sanna G, Blower PJ, Ma MT, et al.
Complement inhibition by hydroxychloroquine prevents placental and fetal brain
abnormalities in antiphospholipid syndrome. J Autoimmun 2016;75:30–8.
Miranda S, Billoir P, Damian L, Thiebaut PA, Schapman D, Le Besnerais M, et al.
Hydroxychloroquine reverses the prothrombotic state in a mouse model of antiphospholipid syndrome: role of reduced inﬂammation and endothelial dysfunction. PLoS One 2019;14:e0212614.
Urbanski G, Caillon A, Poli C, Kauﬀenstein G, Begorre MA, Loufrani L, et al.
Hydroxychloroquine partially prevents endothelial dysfunction induced by antibeta-2-GPI antibodies in an in vivo mouse model of antiphospholipid syndrome.
PLoS One 2018;13:e0206814.
Schreiber K, Breen K, Parmar K, Rand JH, Wu XX, Hunt BJ. The eﬀect of hydroxychloroquine on haemostasis, complement, inﬂammation and angiogenesis in
patients with antiphospholipid antibodies. Rheumatol (Oxf Engl) 2018;57:120–4.
Ruﬀatti A, Tonello M, Hoxha A, Sciascia S, Cuadrado MJ, Latino JO, et al. Eﬀect of
additional treatments combined with conventional therapies in pregnant patients
with high-risk antiphospholipid syndrome: a multicentre study. Thromb Haemost
2018;118:639–46.
Belizna C. Hydroxychloroquine as an anti-thrombotic in antiphospholipid syndrome. Autoimmun Rev 2015;14:358–62.
Erkan D, Unlu O, Sciascia S, Belmont HM, Branch DW, Cuadrado MJ, et al.
Hydroxychloroquine in the primary thrombosis prophylaxis of antiphospholipid
antibody positive patients without systemic autoimmune disease. Lupus.
2018;27:399–406.

