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ABSTRACT

The antiphospholipid syndrome (APS) is an autoimmune disease characterized by the presence of
pathogenic antiphospholipid antibodies (aPL). Since approximately 30 years ago, lipid-binding aPL,
which do not require a protein cofactor, have been regarded as irrelevant for APS pathogenesis
even though anticardiolipin are a diagnostic criterion of APS. In this review, we will summarize the
available evidence from in vitro studies, animal models, and epidemiologic studies, which suggest
that this concept is no longer tenable. Accordingly, we will only briefly touch on the role of other
aPL in APS. This topic has been amply reviewed in detail elsewhere. We will discuss the
consequences for laboratory diagnostics and future research required to resolve open questions
related to the pathogenic role of different aPL specificities.

Abbreviations: Acl: anticardiolipin; anti-D1: antibodies against domain 1 of B2GPI; anti-PS/PT:
antibodies to phosphatidylserine/prothrombin; anti-32GPI: anti-B2 glycoprotein I, aPL:
antiphospholipid antibody; apoER2: apolipoprotein E-receptor 2; APS: antiphospholipid syndrome;
ASM: acid sphingomyelinase; CAPS: catastrophic antiphospholipid syndrome; EPCR: endothelial
protein C receptor; HCQ: hydroxychloroquine; LA: lupus anticoagulant; LBPA: lysobisphosphatidic
acid; PAR: protease activated receptor; SLE: systemic lupus erythematosus; TF: tissue factor; TFPI:
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1. Introduction

The antiphospholipid syndrome (APS) is an autoim-
mune disease characterized by thrombo-embolic
events and/or pregnancy morbidity combined with the
persistent presence of antiphospholipid antibodies
(@PL) [1,2]. APS is a chronic, moderately rare disease
with an estimated prevalence of 40-50 cases per
100,000 and an annual incidence of 1-2 cases per
100,000 [3,4]. In rare cases, APS can present as an
acute life-threatening disease with wide-spread throm-
bosis in the (micro)circulation and multi-organ failure,
which is known as catastrophic antiphospholipid syn-
drome (CAPS). CAPS is considered an extreme course
of APS, which is preceded by a triggering event such
as an infection, surgical procedure, or malignancy [5].
APS was recognized as a disease entity only approxi-
mately 40years ago, when the first immunoassays for
antibodies against cardiolipin (aCL) were developed
[6,7]. Further research showed that APS patients had
not only aClL but also antibodies against other

phospholipids, antibodies against phospholipid bind-
ing proteins, and in particular antibodies reactive with
the serum protein B2-glycoprotein | (32GPI) [8-11]. In
addition to these autoantibodies there is a group of
aPL which inhibit phospholipid-dependent clotting
tests. Since they were initially observed in patients
with systemic lupus erythematosus (SLE), they were
called lupus anticoagulant (LA) [12]. While the antibod-
ies associated with APS were apparently quite hetero-
geneous the term antiphospholipid antibodies (aPL)
was used for all of them, even though the antigen
might be a protein, e.g. 32GPIl, or even incompletely
characterized as is the case with LA. Historical aspects
of early research leading to the discovery of APS as a
disease entity have been excellently reviewed in an
earlier article by Vlachoyiannopoulos et al. in this jour-
nal [13].

A major milestone in APS research was the observa-
tion in the early 1990s that the two most important
disease manifestations, thrombo-embolism and fetal

CONTACT Karl J. Lackner @ karl.lackner@unimedizin-mainz.de e Institute of Clinical Chemistry and Laboratory Medicine, University Medical Center

Mainz, Langenbeckstrasse 1, D-55131 Mainz, Germany.

© 2024 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/
by-nc-nd/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed,
or built upon in any way. The terms on which this article has been published allow the posting of the Accepted Manuscript in a repository by the author(s) or with their

consent.


http://orcid.org/0000-0002-1985-7931
http://orcid.org/0000-0002-0409-7474
http://orcid.org/0000-0002-6064-2166
mailto:karl.lackner@unimedizin-mainz.de
https://doi.org/10.1080/10408363.2024.2305121
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1080/10408363.2024.2305121&domain=pdf&date_stamp=2024-7-19
http://www.tandfonline.com

loss, were inducible in experimental animals by trans-
fer of sera or immunoglobulins from APS patients [14-
17]. These data were later amply confirmed and
extended. Animal studies became more sophisticated
by the inclusion of genetically modified mice and
pharmacologic means to prevent the effects of aPL
[18-33]. Most animal studies were performed in mice,
but some studies with rats were also performed with
equivalent results [34-37]. Even though the overall
results of animal studies on thrombosis induction by
aPL are very similar, the experimental approaches are
highly heterogeneous. For more details, readers are
referred to a recent comprehensive review [38].
Currently there is consensus that aPL are not only a
diagnostic marker of an underlying autoimmune dis-
ease, but are the major pathogenic cause of the clini-
cal manifestations of APS. This is also reflected in the
consensus criteria for the classification of APS which
were first published by an expert group in 1999 [39]
and updated and extended in 2006 (Table 1) [40].

In 2023, an international working group of experts
supported by the American College of Rheumatology
and the European Alliance of Associations for
Rheumatology (EULAR) published a new classification
system for APS which takes account of scientific prog-
ress since 2006. [41]. Six clinical domains and two lab-
oratory domains are considered. As the classification
criteria are supposed to provide guidance for clinical
studies on APS, their focus is on specificity. This implies
that failure to fulfill the criteria does not necessarily
rule out APS. However, in this case a patient should
not be included in an APS study. The new classification
criteria provide for a two-stage procedure (Table 2).
Only patients who fulfill entry criteria similar to the
2006 classification criteria may be considered for defin-
itive classification. The entry criteria were expanded to

Table 1. Consensus criteria for APS (Sidney 2006) condensed
from [40].
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include cardiac valve disease and thrombocytopenia. In
addition, relevant microvascular pathology was
described in more detail. Persistent aPL positivity is not
required here. In the second step, clinical domains are
analyzed in more detail and assigned a specific weight.
The same applies to the laboratory domains. For more
detail, the reader is referred to [41]. Only patients with
at least 3 weight points each from clinical domains
and laboratory domains should be classified as APS.

The major novel aspects relate to the addition of
new clinical criteria from microvascular disease, cardiac
valve disease, and thrombocytopenia. As in the 2006
criteria, only persistent LA, moderate to high titer aCL
and anti-B2GPI of the IgG isotype are considered suffi-
cient laboratory criteria for APS. However, aPL of the
IgM isotype have been assigned low weight so that
they alone are no longer sufficient for APS classifica-
tion. Further autoantibodies have been detected in
APS patients, but these are currently not considered
diagnostic criteria (Table 3).

Obviously, the question arises if all aPL or only spe-
cific aPL are pathogenic. Over the last three decades a
concept has evolved based on in vitro and in vivo data
stating that pathogenic aPL do not bind to lipids alone
but require the presence of so-called cofactor proteins,
in particular 2GPI, or bind to these cofactor proteins
directly. According to this concept, aPL, which bind to
lipids in the absence of any cofactor proteins are asso-
ciated with infections and considered irrelevant for the
pathogenesis of APS. This concept has been the topic
of several recent reviews on APS which focused on the
pathogenetic role of antibodies to B2GPl and other
lipid-binding proteins [1,2,42-46]. In this review, we
will therefore focus on the emerging role of
lipid-binding aPL in APS, and discuss the implications
for laboratory diagnostics and epidemiologic studies.

Table 2. Classification criteria for APS 2023 condensed from
[41].

Clinical criteria

Step 1 — Entry Criteria

Vascular thrombosis
One or more clinical episodes of arterial, venous, or small vessel
thrombosis in any tissue or organ

Pregnancy morbidity?
One or more unexplained deaths of a morphological normal fetus at
or beyond the 10th week of gestation.
One or more premature births of a morphological normal neonate
before the 34th week of gestation due to (pre)eclampsia or placental
insufficiency.
Three or more unexplained consecutive abortions before the 10th
week of gestation

Laboratory criteria

Lupus anticoagulant®
Anticardiolipin 1gG and/or IgM present in medium or high titer®
Anti-B2GPI 1gG and/or IgM present in medium or high titer®

2Alternative causes for any pregnancy morbidity listed must be ruled out.
bPositive aPL must be shown to persist for at least 12 weeks.

Only patients fulfilling one clinical and one laboratory entry criterion
should be considered for further, definitive classification as APS (step 2)
Clinical entry criteria (Domains 1-6)
« 1. Macrovascular venous thromboembolism
2. Macrovascular arterial thrombosis
3. Microvascular disease
4. Obstetric morbidity
5. Cardiac valve disease
6. Thrombocytopenia
Laboratory criteria (Domains 7-8)
7. Lupus anticoagulans
8. aCL and/or anti-B2GPI moderate or high positive I1gG or IgM

Step 2 — Additive Clinical and Laboratory Criteria

Criteria from all eight domains are specified and assigned a specific
weight between 1 and 7

APS should be classified for research purposes if >3 weight-points each
from clinical domains and laboratory domains are attained.
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Table 3. Autoantibody targets identified in APS patients.

Lipid antigens
Cardiolipin*
Phosphatidylserine
Lysobisphosphatidic acid
Phosphatidylethanolamine
Phosphatidylinositol
Phosphatidylcholine
Sphingomyelin

Protein Antigens
B2 glycoprotein-I*

B2 glycoprotein-I/domain 1
Prothrombin
Phosphatidylserine/Prothrombin
Annexin A2
Annexin A5
Vimentin

Lupus anticoagulant*

*Only antibodies against cardiolipin and B2GPI of the IgG and IgM isotype
and the lupus anticoagulant are considered laboratory criteria of APS
[40,41].

2, Lipid-binding antiphospholipid antibodies
(aPL)

In order to discuss the role of lipid-binding aPL it is
mandatory to define the term. As the term suggests
these aPL bind to (phospho)lipid antigens in the
absence of other proteins which might mediate or
modify binding. It should be kept in mind that when
patient serum is analyzed in routine diagnostics, the
whole spectrum of serum proteins is present in the
assay (see also below). To detect lipid-binding aPL lip-
ids are usually coated to a solid phase but they can
also be present in the form of liposomes in solution.

Obviously, lipid-binding aPL represent only one sub-
group within the heterogeneous group of aPL. Table 3
summarizes autoantibodies commonly included in the
term aPL without claim to completeness. It should be
noted that there is a distinction between criteria and
non-criteria aPL, i.e. aPL which are part of the classifi-
cation criteria and those which are not. In this section,
we will focus on the definition of lipid-binding aPL and
the development and validity of the concept of “cofac-
tor dependency” of aPL.

The earliest description of antibodies against phos-
pholipids dates back to the development of a comple-
ment binding assay to diagnose syphilis by August von
Wassermann in 1906 [47] and the discovery by Mary
Pangborn that the relevant antigen in this assay was a
phospholipid, later called cardiolipin [48]. In the early
1950s, reports had appeared that biologically false posi-
tive syphilis tests were observed in patients with autoim-
mune disease [49,50]. In 1983, a specific radioimmunoassay
was developed which detected antibodies against cardi-
olipin (aCL) [6]. Since aCL were found to be associated
with thrombosis and pregnancy morbidity, the term anti-
cardiolipin syndrome was introduced [7]. It became clear

quite soon that other anionic phospholipids were also
recognized by aPL. The term anticardiolipin syndrome
was replaced by antiphospholipid syndrome. Later, stud-
ies with monoclonal aPL showed that lipid-binding aPL
can cross react with several structurally related mostly
anionic phospholipids [51-53].

2.1. Cofactors for lipid-binding aPL

In 1990 three independent studies were published
reporting that IgG fractions from APS patients only
bound to cardiolipin-coated ELISA plates when a serum
factor was present in the assay which was identified as
[32GPI [8-10]. At this time, the term “cofactor-dependent”
aPL was coined which introduced the concept that
there are lipid-binding aPL, and aPL which bind to lip-
ids only in the presence of a protein cofactor which
mediates binding. This concept had profound conse-
quences for the laboratory diagnosis of APS until now
[54], as it implies that only anticardiolipin, which
require a cofactor, are relevant for APS. Therefore, the
experimental basis of this concept needs to be consid-
ered in more detail.

McNeil [8] purified aPL from two patients by an
affinity procedure, based on a mixture of cardiolipin,
cholesterol, and the surfactant dicetyl phosphate
trapped in an acrylamide matrix. Affinity purified aPL
did not bind in a cardiolipin ELISA that was blocked
with milk powder rather than bovine serum, whereas
the blocking procedure had no effect on the usual
1:50 dilution of patient serum. Thus, it was apparent
that a serum factor which was absent in the affinity
purified aPL was required for binding. The authors suc-
ceeded to identify B2GPI as this serum factor. Galli [9]
also affinity purified aPL from two APS patients. Affinity
purification from patient serum was performed with
cardiolipin liposomes. ELISA plates were blocked with
bovine serum albumin (BSA). Again, affinity purified
aPL did not bind under these conditions. The addition
of human serum restored binding of aPL. These two
studies were the basis of the current view that aPL
detected in APS patients are not lipid-binding aPL, but
bind to phospholipids only in the presence of an
appropriate cofactor. In fact, cofactor dependence is
considered a distinguishing feature of APS associated
aPL versus infection associated aPL.

There are two aspects of these two studies which
are noteworthy: First, both used affinity purified aPL
rather than whole IgG. Accordingly, the purified aPL
may not be representative for the whole spectrum of
aPL of the patients. In fact, McNeil et al. [8] describe
that a relevant proportion of the aCl-activity did not



absorb to the affinity column. Even in the presence of
plasma or 32GPl two thirds or one quarter, respec-
tively, of aCL activity was detected in the fall through
of the column. Notably, the material bound to the
affinity matrix contained large amounts of [2GPI
which co-eluted with the immunoglobulins. This indi-
cates that B2GPI bound to the affinity matrix where it
served as antigen for anti-B2GPl. No attempt was
made to analyze the anticardiolipin which did not
bind to the affinity matrix. It remains unknown if sim-
ilar results would have been obtained with unbiased
IgG-fractions isolated by protein G-affinity. Second,
these two highly cited papers and their far-reaching
conclusions are based on only four patients.

Matsuura [55] later partly confirmed these data.
However, two out of three IgG fractions isolated from
SLE patients bound partially independent of the pres-
ence of cofactor proteins to cardiolipin. This is early
evidence that a considerable percentage of aPL from
APS patients bind to phospholipids in the absence of
cofactors. Pierangeli [56] reported that the addition of
B2GPI only moderately enhanced binding of APS-IgG
to cardiolipin. This study again shows very convinc-
ingly that it is likely that the majority of APS patients
harbor cofactor independent lipid-binding aPL. In
1996, Forastiero [57] presented data from 35 patients
with APS and SLE. aPL-binding was not enhanced by
addition of cofactor in 14 out of 35 aPL-positive
serum samples. In fact, two out of 10 IgG fractions
isolated from these patients were fully cofactor
independent.

Shortly after the observation that some aPL do not
bind to cardiolipin-coated surfaces in the absence of
proteins such as [32GPI, it was shown that sera from
APS patients contain antibodies directed against 32GPI
[11]. Further autoantibodies against protein antigens
have been described since then (see Table 3), but their
potential role in APS is less well established (see sec-
tions below).

2.2. B2GPI as cofactor

The cofactor protein B2GPI is an approximately 50kDa
serum glycoprotein which binds to phospholipid sur-
faces with high affinity [58-60]. The protein consists of
5 domains. The first four domains are of the comple-
ment control protein (CCP) module type, also known
as sushi domains. The fifth domain contains a lysine
rich domain which confers a positive charge to this
part of B2GPlI and mediates binding to negatively
charged lipid surfaces. Due to its lipid binding prop-
erty B2GPI is also found in association with lipoprotein
particles, mainly very low-density lipoproteins and
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high-density lipoproteins [61]. The physiologic func-
tions of B2GPI are still not well defined. Besides poten-
tial roles in lipoprotein metabolism, it has been
implicated in modulation of platelet function, plasmatic
coagulation and fibrinolysis as well as complement
regulation [62]. Surprisingly, genetic deficiency of
2GPI in humans has no obvious clinical consequences
[63]. However, in a lupus-prone mouse strain, defi-
ciency of B2GPI aggravated disease development with
more severe glomerulonephritis, splenomegaly, and
lymphadenopathy [64].

How might B2GPI serve as “cofactor” for aPL? The
term cofactor implies that cofactor proteins and in
particular B2GPl are not the relevant antigen but
somehow enable aPL to bind to cardiolipin or other
lipids. Alternatively, cofactor binding to lipids might
generate an epitope combined of lipid and protein.
To date neither biochemical evidence for a combined
lipid-protein epitope has been found nor a mecha-
nism has been identified by which 2GPI enables aPL
to bind to lipids. Due to its high affinity to phospho-
lipids the most likely explanation of the observation
of the proposed “cofactor activity” is binding of 32GPI
to the lipid coated solid phase where it serves as
antigen for autoantibodies directed against B2GPI
(Figure 1) [13,65].

This concept is also supported by a study using line
blots with phospholipids and phospholipid-binding
proteins spotted to a polyvinylidene difluoride (PVDF)
membrane [66]. In this assay two monoclonal anti-B2GPI
bound only to the B2GPI-line as expected but not to
any phospholipid-line. However, when the blots were
pre- or co-incubated with excess B2GPI this enabled
additional binding of anti-B2GPI to the same lines as a
human monoclonal lipid-binding aPL, i.e. cardiolipin,
phosphatidylserine, phosphatidylinositol, and phospha-
tidylglycerol. This shows that B2GPI binds to immobi-
lized phospholipids where it serves as an antigen for
anti-B2GPI. There is no reason to believe that this is
different between line blots and ELISA formats. To fur-
ther analyze whether APS patient sera contain
lipid-binding aPL we studied purified IgG-fractions
from 20 APS patients [67]. IgG isolated from patients
who tested positive for aCL IgG but negative for
anti-B2GPI 1gG in commercial diagnostic assays always
bound fully independent of other proteins to cardio-
lipin coated ELISA plates. IgG from patients who tested
positive for both aCL and anti-B2GPI bound to cardio-
lipin but showed enhanced binding to cardiolipin
coated plates when B2GPl was added. IgG from two
patients who tested positive for anti-B2GPI only, but
negative for aCL did not bind to cardiolipin in the
absence of added PB2GPI.
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Figure 1. Schematic representation of anticardiolipin assays with the solid phase coated with cardiolipin only (A) and coated with
cardiolipin and B2GPI (B). While addition of B2GPI to the assay format enables binding of anti-B2GPI it does not prevent binding
of anticardiolipin. Note that the situation shown in panel A only occurs, when the sample to be tested does not contain (2GPI.

This is the case with IgG-fractions.

In summary, current evidence indicates that there are
true lipid-binding aPL, defined as antibodies which bind
to phospholipids in the absence of other proteins, and
antibodies which bind to proteins with high affinity to
phospholipids. In addition, we have also identified an
aPL with dual reactivity, i.e. an antibody which reacts
both with cardiolipin in the absence of protein and with
B2GPI in the absence of added phospholipids [53]. While
all these types of aPL are present in APS patients, the
prevalence of dual reactivity aPL remains unknown due
to obvious technical difficulties to identify them unequiv-
ocally from a mixture of aPL. In our opinion, the terms
“cofactor-dependent” or “B2GPI-dependent” aPL are mis-
leading and should be abandoned, because these anti-
bodies are in fact anti-B2GPl or antibodies with
phospholipid cross-reactivity. In this review we will
therefore use these terms only in the context of previ-
ous work in which they were still used.

2.3. Consequences for laboratory assays

Anticardiolipin 1gG and IgM should be routinely tested
in patients with suspected APS, because they belong to
the criteria aPL. The Sidney criteria from 2006 state that
aCL should be measured “by a standardized ELISA” [40].
There is no reference to the topic of cofactor depen-
dence. In addition, the literature on standardization of
aCL assays cited in this consensus paper does not deal
with cofactor dependence. In addition, the 2023 classifi-
cation criteria do not use the term cofactor dependence
when aCL are discussed [41]. In 2018 the Scientific and
Standardization Committee for lupus anticoagulant/anti-
phospholipid antibodies of the International Society on
Thrombosis and Haemostasis published recommenda-
tions on laboratory diagnostics of APS stating that “it is

mandatory to avoid detection of non-cofactor-related
aCL associated with infections or several drugs” [54].
While the statement implies that this goal can be
achieved using appropriate assays, the committee does
not provide any clues which assays would be suitable
for this purpose and acknowledges that current aCL
assays detect “cofactor-dependent and cofactor-
independent” aPL [68]. Attempts to devise assays for
aCL which permit distinction between these different
aPL types in serum have not been successful. The major
difficulty arises from the fact that normal serum con-
tains sufficient B2GPI which binds with high affinity to
phospholipid-coated surfaces and serves as antigen for
anti-B2GP, or may interfere with aPL binding by block-
ing phospholipid. Levy et al. [69] described an assay
designed to differentiate B2GPIl-dependent aCL from
cofactor-independent aCL. The assay principle was based
on ELISA plates coated with cardiolipin which were
blocked with chicken ovalbumin. Accordingly, the solid
phase did not contain any potential cofactor protein.
For testing, serum samples were highly diluted to reduce
endogenous B2GPI. Diluted samples were assayed with
and without the addition of purified B2GPI. If B2GPI
increased optical density-readings by more than 30%, a
sample was classified as B2GPI-dependent. Apparently,
addition of 32GPI only enhanced binding which was
observed in the absence of cofactor. The authors did
not provide any rationale for their definition of cofactor
dependence, which remains arbitrary. In fact, the data
presented are fully compatible with the presence of
lipid-binding aPL, anti-B2GPI, and dual reactivity aPL. In
any case, it is obvious that this assay format is not
suited to differentiate “cofactor-dependent” aCL from
anti-32GPI. An additional drawback of this ELISA which
precluded its widespread use in clinical routine was the



lower sensitivity caused by serum dilution. This limited
its use to samples with at least “moderate” GPL or MPL
units [69]. To date the only reliable method to distin-
guish lipid-binding from protein-binding aPL requires
isolation of immunoglobulins and analysis in an assay
which contains only proteins, which do not bind to
phospholipids e.g. bovine serum albumin and are not
targeted by aPL [9]. As outlined above, affinity purifica-
tion of aPL on [32GPI rather than isolation of the whole
immunoglobulin fractions cannot be regarded as an
unbiased approach and should therefore be avoided.

This widely neglected limitation of current assays for
aCL is a fundamental problem, because all available
clinical and epidemiologic data are based on aCL
assays which are not suitable to distinguish lipid-binding
(i.e. “cofactor independent”) aPL from protein-binding
(i.e. “cofactor dependent”) aPL. The consequences of
this limitation will be discussed below.

2.4. Lupus anticoagulant (LA) and lipid-binding
aPL

The term lupus anticoagulant (LA) describes an activity
in human plasma that prolongs clotting times in phos-
pholipid dependent assays of plasmatic coagulation
[70,71]. This effect can be overcome by addition of sur-
plus phospholipids. The name LA was coined because
it was initially detected in patients with SLE. It was dis-
covered relatively quickly that this activity was found
in the immunoglobulin fraction of plasma. Due to its
phospholipid-dependency and its common coinci-
dence with other aPL, LA is considered to belong to
the group of aPL.

Numerous attempts to identify a unique specific
antigen responsible for LA activity have failed, because
apparently several different immunoglobulins can
interfere with phospholipid dependent clotting reac-
tions. From several clinical studies it is known that a
relevant proportion of LA positive individuals have iso-
lated LA, i.e. no other detectable aPL [72-75]. In the
most detailed analysis of patients with isolated LA, it is
shown that these patients are not only negative for
the criteria aPL (aCL and anti-B2GPl) but they are
also negative for the non-criteria aPL, such as antibod-
ies against domain 1 of [(2GPI (anti-D1), anti-
phosphatidylserine/prothrombin (anti-PS/PT), or IgA
isotypes of aCl/anti-B2GPI [75]. LA activity of lipid-
binding aPL has not been systematically investigated.
One study of seven human monoclonal aPL concluded
that only one of these antibodies had weak LA activity
[76]. This antibody bound also to 32GPl. Nakamura
et al. generated 6 monoclonal antibodies with LA
activity from a patient with SLE [77]. Two IgM

CRITICAL REVIEWS IN CLINICAL LABORATORY SCIENCES . 375

antibodies bound to cardiolipin independent of (32GPI
while binding of three IgG antibodies to cardiolipin
was enhanced by addition of B2GPl. We studied two
lipid-binding monoclonal aPL and found that one of
them prolonged aPTT while the other had no effect
[78]. Overall, data regarding LA-activity of lipid-binding
aPL is scant [79]. The available data suggest that some
lipid-binding aPL have LA activity, but their contribu-
tion to LA positivity in patients appears to be minor
compared to other aPL species, e.g. anti-D1 and
anti-PS/PT [80-85] which have been amply shown to
have LA-activity.

3. Pathogenic mechanisms of lipid-binding
aPL

After the discovery that aPL induce APS manifestations
in experimental animals, in vitro and animal studies
have been the main pillar of research on the patho-
genesis of APS. While in vitro assays provide mechanis-
tic insights into specific humoral and/or cellular aPL
effects, these experiments do not answer the question
if the observed effects are also disease-causing. Their
potential role in the pathogenesis of APS can only be
assessed in appropriate animal models, which integrate
aPL effects on the level of the intact organism. In in
vivo models, thrombus development and pregnancy
failure can be studied. Notably all animal models of
thrombus formation require preconditioning of the
experimental animals to enable or to accelerate throm-
bus formation. This is achieved either by chemical or
physical injury to the vessel wall, severe reduction of
blood flow, or induction of a systemic procoagulant
state by infusion of appropriate mediators, e.g. bacte-
rial lipopolysaccharide [38,86]. This suggests that
aPL-induced thrombophilia is moderate in the absence
of preconditioning. This fits well with the human situa-
tion where aPL increase the risk for thrombosis but do
not lead inevitably to thrombo-embolic events.
Pregnancy models on the other hand do not require
additional injury beyond the exposure to aPL. However,
in mice there is usually only a reduction of live births
and surviving pups have a lower average weight. A
major challenge of animal models is the validation of
specific aPL effects observed in vitro, e.g. activation of
a signaling pathway, in the different in vivo models.
The two most common approaches are genetically
modified animals and/or targeted pharmacologic inter-
vention. Translation of the results into human APS is
even more complex and requires clinical and epidemi-
ologic studies.

As mentioned above, the question whether all aPL
or only certain aPL species are pathogenic and if there
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are differences between types of aPL has never been
decisively answered. The available evidence for the
pathogenic role of anti-B2GPI from in vitro and in vivo
studies has been amply reviewed in recent years [1,2,
42-46]. Therefore, the following section will concen-
trate on in vitro and in vivo data analyzing the patho-
genic role of lipid-binding aPL and apparent differences
to anti-32GPI.

3.1. Lipid-binding aPL

Obviously, the role of lipid-binding aPL can only be
studied when pure lipid-binding aPL without contami-
nating other aPL species are available. In particular,
early studies oftentimes used APS immunoglobulins
which were not well characterized. Pierangeli et al.
developed an in vivo thrombosis model in the femoral
vein subject to pinch injury and showed that IgG
obtained from APS patients increased thrombus size
and persistence [17]. The fine specificity of aPL was not
addressed in this study. These researchers performed
further studies in the same model, but aPL were not
injected but generated by immunization of mice with
human B2GPI or IgG from APS-patients [87]. Mice devel-
oped aPL within two weeks after immunization. This
approach had been shown previously to induce aPL
and APS manifestations in mice [15]. Both immuniza-
tion schemes yielded high titers of aCL, while only
immunization with B2GPl generated anti-B2GPI.
Thrombus formation was indistinguishable between the
two immunization schemes. Thus, this study is already
suggestive of a pathogenic effect of lipid-binding aPL
as mice negative for anti-B2GPI developed thrombi sim-
ilar to mice positive for both anticardiolipin and
anti-B2GPl. However, it cannot provide proof, because
the specificities of aPL induced in the experimental ani-
mals remained poorly characterized.

Firm evidence that lipid-binding aPL are pathogenic
can best be obtained with monoclonal antibodies gen-
erated from APS patients. While such monoclonal anti-
bodies may not represent the full spectrum of aPL of
a given patient, they are a unique tool to corroborate
or refute their role in APS pathogenesis. Using this
approach, lkematsu et al. showed in 1998 that two
lipid-binding human monoclonal aPL (Mab 516 and
Mab 519) induced fetal growth retardation and resorp-
tion in mice [88]. Both antibodies were thoroughly
analyzed to exclude dependence on (2GPI or binding
to B2GPl. These data were later confirmed and
extended [18]. In this study aPL were shown to induce
complement activation. This was observed with IgG
isolated from APS patients as well as with Mab 519.
Complement C5-deficient mice were protected from

the detrimental effects of APS-IgG and the monoclonal
lipid-binding aPL. In further experiments it was shown
that C5a generated in response to aPL attracted neu-
trophils via the C5a-receptor. Prevention of comple-
ment activation as well as blockade of C5a-receptors
again were protective [18]. These data established the
important contribution of neutrophils in pregnancy
failure. The role of complement activation was further
supported by the observation that heparin was protec-
tive in this model including protection against the
monoclonal aPL Mab 519 [31]. Notably, the effect of
heparin was not related to its anticoagulant properties,
but rather to its complement inhibitory properties, as
hirudin or fondaparinux had no effect. These studies
represent perhaps the first undisputable evidence that
lipid-binding aPL are pathogenic in vivo, in this case
pregnancy failure. A follow-up study established that
upon aPL exposure the complex of tissue factor and
factor Vlla induced neutrophil activation by protease
activated receptor (PAR)2 signaling [33]. The complex
role of proteases and receptors of the coagulation sys-
tem in signaling of lipid-binding aPL was later con-
firmed and extended (see below).

We showed that two monoclonal aPL of the IgG iso-
type isolated from two patients with APS bound to
cardiolipin in the absence of any other protein [78].
The monoclonal aPL induced procoagulant activity in
monocytes [89]. Later it was shown that they were
internalized by monocytes and plasmacytoid dendritic
cells into the endosomal route and activated endoso-
mal NADPH-oxidase, followed by translocation of TLR7
and TLR8 to the endosome [90]. As a consequence,
cells were sensitized to ligands for TLR7/8, i.e. single
stranded RNA. Interestingly, the production of several
cytokines like TNFa was induced indirectly by activa-
tion of TLR7/8. On the other hand, tissue factor expres-
sion was induced via NFkB, which was activated by
ROS produced by endosomal NADPH-oxidase [90]. In
further studies the binding site for lipid-binding aPL on
the cell surface was identified as lysobisphosphatidic
acid (LBPA) presented by the endothelial protein
C-receptor (EPCR) unraveling the complete signaling
pathway from the cell surface to endosomal
NADPH-oxidase (Figure 2) [91,92]. These studies also
substantiated the role of thrombin and PAR1/PAR2 het-
erodimer activation in signaling induced by lipid-binding
aPL (Figure 3). This confirmed and extended previous
data suggesting that TF/factor Vlla/PAR2 mediate preg-
nancy failure in experimental APS in mice [33]. In addi-
tion, lipid-binding aPL activate encrypted tissue factor
on the cell surface [93]. This also depends on EPCR/
LBPA and activation of acid sphingomyelinase, but not
on activation of endosomal NADPH-oxidase.
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Figure 2. Schematic representation of endosomal signaling of lipid-binding aPL (adapted from [94]). @ aPL bind to EPCR/LBPA
and are internalized into endosomes; (2) aPL activate endosomal NADPH oxidase (NOX) which generates 0,; ® 0, is released
from the endosome and reacts with water to generate hydrogen peroxide which induces NFkB-dependent genes and @ induces
translocation of TLR7/8 to the endosome; @ this latter effect leads to increased TLR7/8 signaling.

Figure 3. Cell surface events induced by lipid-binding aPL. (1) binding of aPL to EPCR/LBPA induces release of tissue factor path-
way inhibitor (TFPI) from the ternary complex of TF-FVlla-FXa, followed by activation of thrombin by FXa with subsequent PAR1/2
signaling and acid sphingomyelinase (ASM)-translocation and activation by EPCR-LBPA [91,92]. (2) activation of complement with
subsequent decryption of TF. This requires ASM induced phosphatidylserine exchange to the outer membrane leaflet [93]. @
internalization of the complex of EPCR/LBPA-aPL and TF/FVlla into the endosomal route which does not occur when TF decryption

is prevented [91].

It is important to note that lipid-binding aPL recog-
nize cell surface expressed EPCR only when modified
with a stereospecific isomer of LBPA. EPCR has many
similarities to the structurally related non-classical
major histocompatibility complex class-I like CD1 mol-
ecules, which present bacterial lipids to the immune
system [91,95]. Interaction of lipid-binding aPL with
the EPCR-phospholipid complex depends on the
exchange of phosphatidylcholine which typically occu-
pies the lipid-binding groove of EPCR with LBPA typi-
cally present in the endo-lysosome. For this exchange,
endosomal cycling of EPCR is required. Thus,
lipid-binding aPL could not bind to cells with an

EPCR-mutant defective in endosomal cycling [91].
However, when LBPA is added to the cell culture media
it readily binds to the lipid binding groove of cycling
defective EPCR and thereby restores binding of aPL.
Additional specificity of this process is apparently
obtained by the structure of the lipid-binding groove
of EPCR which can only accommodate certain phos-
pholipids. This is illustrated by the fact that only the
(S,R) stereoisomer of LBPA, but not the (S,S) isomer or
hemi-LBPA could rescue aPL-binding [91].

It should be noted that the majority of APS patients
harbor aPL which bind to EPCR/LBPA and activate
endosomal NADPH-oxidase [67]. Other cell types are
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also activated via the EPCR/LBPA pathway. These
include endothelial cells and trophoblast cells. On the
other hand, lipid-binding aPL do not activate platelets
in vitro [89,96]. Anti-B2GPI without CL binding activity
do not bind to EPCR/LBPA and do not induce the cel-
lular responses observed with lipid-binding aPL [67].
There are only few data on humoral effects of lipid
binding aPL. The two monoclonal aPL described above
have lupus anticoagulant activity which is probably
weak [78]. Other reports confirming lupus anticoagu-
lant activity of lipid-binding aPL have been published
[79]. This is important to keep in mind, when discuss-
ing the epitope specificity of lupus anticoagulant
which has been the topic of active research (see above).
The observed in vitro effects described above are
supposedly procoagulant and proinflammatory. The
obvious question is whether these lipid-binding aPL
are pathogenic in vivo. This was shown in a mouse
model of venous thrombosis in 2016 [22]. In this
study mice deficient in NADPH-oxidase 2 were pro-
tected from the prothrombotic effects of aPL. This
indicated that aPL signaling through endosomal
NADPH-oxidase was involved. Furthermore, it was
shown that monocyte tissue factor played a critical
role in mediating the procoagulant effects of
lipid-binding aPL. The observations by lkematsu [88]
and Girardi et al. [18,31-33] that lipid-binding aPL
induce pregnancy failure in mice were confirmed with
another human monoclonal lipid-binding aPL [91].
Further studies with genetically modified mice showed
that the EPCR/LBPA pathway identified in vitro was
responsible for the pathogenic effects observed in
vivo in mice [91-93]. In fact, all interventions blocking
this pathway anywhere from the cell surface down-
stream to NADPH-oxidase protected animals from the
procoagulant effects of lipid-binding aPL.
Interestingly, this also includes hydroxychloroquine
(HCQ), a drug which has been considered for the treat-
ment and prevention of thrombotic and in particular
obstetric APS [97-99]. HCQ inhibits activation of endo-
somal NADPH-oxidase by lipid-binding aPL and pro-
tects mice from thrombosis induction by these aPL
[100]. There are only few other in vivo studies analyz-
ing HCQ in experimental APS. Edwards et al. showed in
the femoral vein pinch model that HCQ reduces throm-
bus size in mice injected with aPL obtained from an
APS patient [101]. Unfortunately, there is no conclusive
information regarding the specificity of aPL injected.
Miranda et al. investigated the effects of HCQ in vivo in
a mouse model of APS and in vitro [102]. aPL-IgG were
obtained by protein G adsorption from patients with
high levels of anti-B2GPI and aCL. In this study niflu-
mic acid, an inhibitor of endosomal NADPH-oxidase

[90,103] prevented several in vitro effects of aPL-IgG.
This is strong evidence that at least part of the
observed effects are mediated by lipid-binding aPL via
EPCR/LBPA, because rapid activation (within 2 to 4h) of
procoagulant and proinflammatory mediators by endo-
somal NADPH-oxidase has only been observed with
lipid-binding aPL. Nevertheless, it cannot be ruled out
that HCQ also affects anti-B2GPI and thereby further
reduces thrombus formation in this in vivo model
which was assessed 7days after injection of aPL-IgG.
Several in vitro effects might include target anti-32GPI,
e.g. inhibition of platelet activation [104], or protection
of the annexin A5 anticoagulant shield [105,106].
Further work on the mechanisms underlying the appar-
ent clinical benefit of HCQ in APS patients is needed.

Another important effect of lipid-binding aPL is the
induction of massive IFNa secretion by plasmacytoid
dendritic cells [90,91]. In vitro this is sufficient to stim-
ulate B1-lymphocytes in coculture to secrete large
amounts of aPL without T-cell help [91]. In vivo immu-
nization with lipid-binding aPL induces aPL production
within 1-2weeks. This phenomenon has been described
already in 1992 and was proposed as an animal model
for APS, because mice immunized with aPL developed
manifestations of APS [16]. At this time, it was errone-
ously interpreted as consequence of the idiotypic net-
work [107,108]. The observation that lipid-binding aPL
are secreted by B1-lymphocytes in vivo and also in vitro
rather suggests that they belong to the repertoire of
natural antibodies even though they are of the
IgG-isotype [91,109]. Thus lipid-binding aPL can induce
their own production in a positive feed-back loop. This
effect depends on secretion of IFNa by plasmacytoid
dendritic cells after activation via EPCR/LBPA and fur-
ther stimulation via TLR7. In lupus prone Mrl/lpr mice
blockade of the EPCR/LBPA pathway reduces the pro-
duction of aPL and also the progression of renal
pathology [91]. Recently, it was shown that viral infec-
tions, e.g. Covid-19 induces production of lipid-binding
aPL and circulating B1-lymphocytes with phospholipid
reactivity were detected in hospitalized patients.
Contrary to common belief, these infections associated
aPL accelerate thrombus formation in an in vivo mouse
model underscoring the pathogenic potential of lipid-
binding aPL [110].

3.2. Differences of lipid-binding aPL to anti-B2GPI

According to the available data lipid-binding aPL tar-
get other cell surface structures than anti-B2GPI, and
induce different signaling, and cellular effects. With
respect to the latter, several molecular targets on the
cell surface for anti-B2GPI have been described. These



are apolipoprotein E-receptor 2 (apoER2, also called
low-density lipoprotein receptor related protein 8-
Irp8) [111,112], toll-like receptors (TLR) 4 [113,114], 2
[115,116], and annexin A2 [117] with sometimes con-
flicting data between different studies. The reasons
for different results are not well established but are
probably related to the more complex nature of inter-
actions. Several lines of evidence suggest that rather
than anti-B2GPI alone, the complex of B2GPIl bound
to the cell surface and anti-B2GPI is the relevant ago-
nist. Cellular responses appear to require the interac-
tion of several proteins. Accordingly, not only the
source of the autoantibodies but also of 2GPI may
affect results. A major conceptual difficulty for studies
analyzing the role of cell membrane TLRs like TLR2
and TLR4 is the high affinity of 32GPI to LPS and per-
haps other bacterial lipid mediators [118].

The best evidence indicates that apoER2 is a cell
surface receptor involved in signal induction by
anti-B2GPI. The first observation that apoER2 may
mediate anti-B2GPI signaling was obtained in platelets.
Lutters et al. showed that platelet adhesion and depo-
sition to collagen under flow conditions was increased
by anti-B2GPI [111]. They showed that dimeric B2GPI
bound to apoER2 and induced platelet adhesion. This
could be prevented by receptor associated protein, an
inhibitor of ligand binding to members of the
LDL-receptor family. The authors hypothesized that
anti-B2GPI promotes dimerization of 32GPI and thereby
platelet activation. The interaction of anti-B2GPI with
apoER2 in platelets was further elucidated in a series
of seminal studies by this group in the following years
[112,119-122]. As mentioned above, currently available
data show that lipid-binding aPL do not activate plate-
lets [96]. This difference is perhaps of clinical relevance
and deserves further attention.

In 2011 it was shown by two groups that apoER2”
mice were protected from the prothrombotic effects of
anti-B2GPI [21,26]. The latter study showed that
anti-B2GPI inhibited endothelial nitric oxide synthase
(eNOS). This effect was not observed in apoER27" cells.
It should be mentioned here that another group found
no effect of apoER2 knock-down on activation of
HUVEC by anti-B2GPI [117] underscoring the complex-
ity of interaction of cell surface proteins with B2GPI
and anti-B2GPI. Further investigation of downstream
signaling from apoER2 showed that activation of pro-
tein phosphatase A2 (PPA2) lead to dephosphorylation
and inactivation of Akt and eNOS which ultimately
lead to increased thrombophilia [123]. In any case, it is
obvious that signal transduction processes induced by
anti-B2GPI and lipid-binding aPL are fundamentally
different.

CRITICAL REVIEWS IN CLINICAL LABORATORY SCIENCES . 379

Involvement of apoER2 in pregnancy failure induced
by anti-B2GPI also appeared to depend on apoER2
mediated signaling [124]. However, this study could
not differentiate between the role of apoER2 in induc-
tion of proinflammatory cytokines, e.g. TNFa in the
dam [32] on the one hand and interference with tro-
phoblast function on the other. In a further study
from this group, it was conclusively shown that selec-
tive deletion of apoER2 from trophoblast cells pre-
vented fetal resorption in mice treated with aPL/
anti-B2GPI [125]. aPL-induced hypertension was also
prevented in these mice. Similar to the thrombosis
model discussed above, PPA2 was activated via
apoER2. This study provided new evidence that the
interaction of anti-B2GPI with 32GPl and apoER2 on
the trophoblast can cause pregnancy failure including
preeclampsia in mice. It does not conclusively answer
the question why apoER2+ embryos are protected in
apoER27" mice. Further work to delineate the role of
maternal and embryonic mechanisms of the pathoge-
nicity of anti-B2GPI is required.

3.3. Summary comments on the pathogenesis of
APS

As described in the previous sections, there are a
plethora of effects of different aPL on cells and the
clotting system. At first glance it may appear as if each
aPL-effect leading to manifestations of APS in experi-
mental animals stands for itself. This oftentimes leads
to the conclusion that targeting a specific pathway
might prevent APS in humans. However, one should
keep in mind that the experimental systems are highly
artificial and designed to lead to much more rapid
thrombus formation than observed clinically. Thus, all
thrombosis models require an additional trigger, e.g.
vascular injury or induction of a systemic procoagulant
state [38]. Depending on the model, thrombus forma-
tion follows significantly different time courses and
thrombi may be transient or permanent. aPL used in
animal models are oftentimes selected, e.g. affinity
purified or monoclonal aPL and do not represent the
whole spectrum of aPL found in APS patients. Under
these conditions, it is impossible to rule out the possi-
bility that pathways other than those investigated in
the respective study may contribute to pathology.

In summary, it is evident that both lipid-binding aPL
and anti-B2GPI mediate a prothrombotic state and
pregnancy complications in mouse models. They do
this by activation of different cellular signaling path-
ways. Since many patients harbor both types of aPL
including most likely dual reactivity aPL, this raises the
question, if the antibodies have additive effects or
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even amplify their respective effects. To our knowledge
there have been no in vivo studies which specifically
addressed this question.

4. Epidemiology and clinical manifestations

As outlined in the section on APS pathogenesis,
lipid-binding aPL induce potentially pathogenic
responses in leukocytes, endothelial cells, and tropho-
blasts. In vivo they cause fetal resorption in mice and
accelerate thrombus formation. These are the generally
accepted criteria for considering an aPL as likely patho-
genic in APS. In other words, experimental data do not
lend support to the concept that lipid-binding aPL are
irrelevant for APS. Thus, the only evidence for this con-
cept could come from human studies, such as clinical
or epidemiological studies.

As discussed above, the current laboratory tests for
aCL cannot distinguish between lipid-binding aPL and
anti-B2GPI simply for methodological reasons (Figure
1) [65,68]. Therefore, it is impossible to interpret epi-
demiologic data on aCL obtained in the past with
regard to the concept of “cofactor-dependence”. We
have shown previously that all IgG fractions isolated
from APS patients positive for aCL IgG but negative
for anti-B2GPI react with cardiolipin in the absence of
any other proteins [67]. This indicates that most if not
all patients which are positive only for aCL IgG have
true lipid-binding aPL. In addition, our data suggest
that the majority of patients positive for both aCL
and anti-B2GPl have lipid-binding aPL besides
anti-B2GPI. While this obviously requires confirmation
in a larger cohort, it proves that the presence of
lipid-binding aPL in APS patients is not a rare event.
In the APS Action clinical database [126] 4.1% of 660
patients with complete aPL data are positive for aCL
only and another 13.8% are positive for aCL and LA.
These patients most likely have lipid-binding aPL.
Another 8.2% have only anti-B2GPI with or without
LA, i.e. they most likely do not have lipid-binding aPL.
Taking our experience described above into account,
the remaining almost three quarters of patients likely
also have lipid-binding aPL. In EUROAPS, a cohort of
patients with obstetric APS, the percentage of patients
with isolated aCL is 22.4% (14.9% IgG and/or IgM)
and with isolated anti-B2GPI is 12.6% (8.1% IgG and/
or IgM) [1271].

It is against this background that epidemiologic
studies on the relationship of specific aPL and APS
manifestations should be evaluated. Epidemiologic
studies regarding the role of aPL for thrombosis and
pregnancy morbidity have been systematically
reviewed in the past [128-131]. A major shortcoming

discussed in all these reviews is the paucity of high
quality prospective studies. The first systematic review
was published in 2003 by Galli et al. [128]. They com-
bined 25 studies from 1988 through 2000 with 4,184
patients and 3,151 controls. There were 9 prospective
studies with 1,976 (range 21-412) patients. Studies
were heterogeneous with three studies analyzing
recurrent VTE in patients after discontinuation of anti-
coagulation (n=586). All three studies showed an
association of recurrence with aCL and/or LA. Another
three studies were performed in SLE patients (n=817)
which showed no association of aCL with thrombosis,
while LA was significantly associated with future
events in one study and prolonged aPTT in another.
Two studies on stroke patients suggested an increased
risk of recurrent stroke with aCL. One study in unse-
lected patients positive for aCL showed an increased
risk for thrombosis but not pregnancy failure. Thus,
the studies suggest that the relevance of aCL may be
higher with respect to recurrent than first events. In
any case it should be kept in mind that selection of
patients and endpoints heavily influence the results. In
addition, these early studies do not provide informa-
tion on the presence of anti-B2GPI. Notably, this early
review points already toward a higher clinical rele-
vance of positive LA compared to aCL.

A second systematic review on the role of anti-B2GPI
and anti-prothrombin published in 2003 did not iden-
tify any prospective study among 28 studies on this
topic [129]. Accordingly, the authors concluded that it
was difficult to establish the value of anti-32GPI and
anti-prothrombin as independent risk factors. As
described above, the available studies were again het-
erogeneous with respect to patient and endpoint
selection.

In 2014, a third systematic review was published
which summarized thrombosis risk in persons without
SLE [130]. The authors identified 28 case-control and
two cohort studies dating from 1990 to 2010.
Twenty-two studies were prospective. The combined
data suggest that there is a substantial risk for venous
thrombosis in persons with LA, and a slightly increased
risk for persons with aCL, which may be overestimated
by inclusion of low quality studies. The presence of
anti-B2GPI led to a higher odds ratio than aCL (1.61 vs.
1.46). However, this was not significant due to a wide
95% confidence interval. Also, other aPL subtypes had
no significant association with venous thrombosis. The
authors could not exclude that this negative result was
related to the smaller number of studies and available
data for these aPL. Interestingly the association with
arterial events is similar for all aPL subtypes tested, i.e.
LA, aCL, anti-B2GPI, aPT, and aPS. The major limitation



of this meta-analysis was again heterogeneity in study
design, and particularly aPL-assays and cutoffs.

Recently, a further systematic review of the role of
anti-B2GPI was published [131]. The authors limited
their meta-analysis to prospective studies devoted to
APS manifestations in patients with anti-B2GPl and
identified only six studies before 2020, four of these
dealt with pregnancy outcomes and two with throm-
bosis. The authors conclude that there was only a weak
association of anti-B2GPI with thrombosis and inconsis-
tent results for pregnancy outcomes with an overall
very low quality of evidence.

The overarching theme of all systematic reviews is
the paucity of large prospective studies of the role of
aPL as risk factors for thrombosis and/or pregnancy fail-
ure. For the subgroup of lipid-binding aPL the data are
even less satisfactory, because the available anticardio-
lipin assays cannot differentiate between lipid-binding
aPL and anti-B2GPI and therefore cannot provide quan-
titative data on lipid-binding aPL.

The two large register studies APS ACTION and
EUROAPS  [126,127] mostly  provided relevant
cross-sectional data but will hopefully generate pro-
spective data in the future. In particular, in APS ACTION
there are approximately 20% of aPL positive patients
without clinical manifestations of APS which will per-
mit an estimate of the risk conferred by different aPL
patterns. The same applies for recurrent events in the
80% patients with APS. An initial analysis of pregnancy
outcomes has already been performed [132]. However,
due to the small number of APS-related pregnancy
morbidity (n=9) no firm conclusions regarding the rel-
evance of different aPL could be drawn, even though
the highest frequency of endpoints was observed in
patients which were positive for LA only.

Regarding the pathogenic potential of lipid-binding
aPL, a case-control study in Tanzania by de Mast et al.
[133] found that besides LA, only anticardiolipin IgG
were significantly more common in the stroke group.
While the odds ratio for LA was calculated with 20.8
(95% confidence interval 7.2-60.5), it was 2.1 (95% Cl
1.0-4.3) for aCL IgG. Intriguingly, the association of aCL
with stroke disappeared when data were adjusted for
treponemal antibodies. As the authors state, it is well
established that anticardiolipin are commonly present
in patients with treponemal antibodies. The authors
argue that these anticardiolipin are not considered
pathogenic aPL and therefore adjusted for the pres-
ence of treponemal antibodies. After adjustment the
residual association of anticardiolipin and stroke was
no longer significant. Strictly speaking, this procedure
is based on a classic circular argument. Rather, this
study indicates that lipid-binding aPL which were long
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considered as infection associated and benign, might
be pathogenically active in APS. Along these lines, it
should be kept in mind that aPL are commonly found
in the context of viral and bacterial infections.
Interestingly, several infections known to be accompa-
nied by aPL have an increased thrombosis risk [134-
140]. Currently, it remains an unanswered question
whether the association of aPL and thrombotic events
in certain infectious diseases is coincidental or causal.
There are only two investigations of the potential
pathogenicity of aPL induced by infections in Covid-19.
These studies show that aPL which occur in the course
of Covid-19 are pathogenic in vitro and in mouse mod-
els [110,141]. Interestingly, in one study lipid-binding
aPL were identified by analysis of IgG-fractions in a
cardiolipin specific ELISA [110], while in the other study
pathogenic anti-PS/PT were found [141].

In summary, current data show that the presence of
aPL is associated with an increased risk of (recurrent)
thrombosis or pregnancy complications. A positive result
in more than one aPL species appears to increase the
relative risk [142-146], even though this has not been
undisputed [147]. The reason for this latter observation
remains speculative. One rather simple explanation
might be that positivity in more than one assay raises
specificity of the laboratory result and thus, increases
the observed relative risk. Another attractive hypothesis
is based on the available in vitro data which show that
lipid-binding aPL and anti-B2GPI induce different cellular
responses which may be additive in vivo. In particular,
the activation of platelets by anti-B2GPI may increase
thrombosis risk considerably, because this cell type is
not affected by lipid-binding aPL. Further work is clearly
required to better understand the combined effects of
different aPL.

5. Conclusions

Based on the observation that some aPL of APS
patients do not bind to cardiolipin in the absence of
B2GPI or other protein cofactors, lipid-binding aPL
were considered to be irrelevant for the pathogenesis
of APS, but rather a corollary of infection. However, to
date there is ample evidence that APS patients harbor
lipid-binding aPL and that these aPL induce prothrom-
botic and proinflammatory pathways in several cell
types. Furthermore, lipid-binding aPL have been shown
to accelerate thrombus formation and induce preg-
nancy failure in mouse models. Genetically modified
mice with defects in the signaling pathway of
lipid-binding aPL were consistently protected from
their detrimental effects. Furthermore, in the case of
Covid-19, lipid-binding aPL have been isolated from
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patients which induce thrombosis in mice, calling into
question the concept that infection associated aPL are
harmless. The interaction and perhaps cooperation of
lipid-binding and protein-binding aPL in the pathogen-
esis of APS should be a topic of APS research in
the future.
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