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Abstract: Antiphospholipid antibodies (aPL) are a hallmark of the antiphospholipid syndrome (APS),
which is the most commonly acquired thrombophilia. To date there is consensus that aPL cause the
clinical manifestations of this potentially devastating disorder. However, there is good evidence
that not all aPL are pathogenic. For instance, aPL associated with syphilis show no association with
the manifestations of APS. While there has been intensive research on the pathogenetic role of aPL,
comparably little is known about the origin and development of aPL. This review will summarize the
current knowledge and understanding of the origin and development of aPL derived from animal
and human studies.
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1. Introduction

Antibodies against phospholipids have been known for many decades as a hallmark of infection
with Treponema pallidum. In 1906, Wassermann introduced a complement binding assay to detect
antibodies in syphilitic patients [1]. Landsteiner soon hypothesized that the antigen might be a
lipid rather than a protein [2], but it took over three decades until it was shown that the antigen in
this assay was a phospholipid. This lipid was later called cardiolipin, because it was purified from
myocardium [3]. With the continued use of cardiolipin based serologic assays for the diagnosis of
syphilis it became apparent that a small group of patients with autoimmune disease, mostly systemic
lupus erythematosus (SLE) had “false positive” tests caused by autoantibodies against cardiolipin.
In the 1980s, researchers recognized that the presence of so called antiphospholipid antibodies (aPL)
in SLE patients was associated with thromboembolic events and recurrent abortions, and the term
anticardiolipin syndrome and later antiphospholipid syndrome (APS) was coined [4,5].

Today, there is broad consensus that aPL cause the clinical manifestations of APS. However,
the underlying mechanisms are still a matter of controversy. This is perhaps related to the broad
heterogeneity of aPL. Some aPL bind to anionic or neutral phospholipids coated to microtiter plates
in the absence of proteins. Others can only bind in the presence of specific protein cofactors,
e.g., B2-glycoprotein I (32GPI) or prothrombin. The latter aPL are called cofactor dependent.
Yet another group of aPL binds to the cofactors. These are also regarded as aPL even though their
antigens in the strict sense are proteins or peptides. Some of the aPL detected by immunoassays also
inhibit phospholipid dependent clotting assays. These are collectively called lupus anticoagulants
(LA) [6]. It should be noted that there are some LA which do not react in the traditional immunoassays.

While there has been tremendous progress in the understanding of the pathogenic potential of
aPL which has been reviewed repeatedly in the recent past [7-12], relatively little is known about
the origin of aPL. As mentioned above patients suffering from syphilis develop antibodies against
cardiolipin during their infection. However, these aPL do not induce the clinical symptoms of APS and
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must be regarded as different from pathogenic aPL. Similarly, it has been shown that other infectious
diseases may cause the transient appearance of aPL. Again it appears that these transient aPL do
not contribute to the development of APS. However, it has never been excluded that these transient
antibodies might be pathogenic, but do not cause relevant damage, because of their transient nature.
And finally, there have been reports of patients with monoclonal gammopathy with a monoclonal
aPL. Interestingly, no such patient has been described with the clinical picture of APS. Until now
there has been no scientifically proven explanation why some patients develop pathogenic aPL and
subsequently APS. We will review the current knowledge about the origin and maturation of aPL and
try to put forward some hypotheses on the development of pathogenic aPL.

2. Are aPL Part of the Natural Antibody Repertoire?

Natural antibodies appear without prior infection or immunization. The majority is of the
immunoglobulin (Ig) M isotype, but IgG or IgA have also been observed [13,14]. They are secreted
mainly by Bl cells, a specific subset of B-lymphocytes. Activation of Bl cells does not depend
on antigenic challenge and T-cell help, but can be elicited by constituents of innate immunity,
e.g., pathogen associated molecular patterns (PAMPs). Natural antibodies are usually of low to
moderate affinity but cross-react with several related antigens including autoantigens. Sequence
analysis shows that natural antibodies are usually very close to germline sequences with few if any
somatic mutations. It is postulated that natural antibodies constitute a rapid, first line response
to infection that bridges the time needed by adaptive immunity to develop specific antibodies.
An example are antibodies to phosphorylcholine, a constituent of Gram positive cell walls. Lack
of B1 cells severely compromises the resistance to bacterial infections. Interestingly, also antibodies
against phosphatidylcholine have been identified which is a component of senescent cell membranes.
This suggests that natural antibodies also play a role in the removal of dying cells. This function in
removal of possibly antigenic debris might also explain the protection against autoimmunity conferred
by B1 cells.

It has been proposed in the past that aPL belong to the natural antibodies [15,16], because they
share many properties with these Bl cell derived antibodies. aPL tend to be polyspecific and there is
overlap with other autoantibodies e.g., anti-DNA. Many aPL are germline encoded or exhibit only
minor deviations from germline sequences (see below). However, final proof of this concept has not
been provided. We will review the current evidence that aPL belong to the natural antibody repertoire
and that even germline encoded aPL may be pathogenic.

2.1. Animal Models

Animal models permit a more detailed analysis of the mechanisms how aPL develop.
Unfortunately, also in the mouse model, data are by no means conclusive. However, there is an
interesting mouse model of APS which strongly supports the notion that aPL are natural antibodies.
This model is based on immunization of animals with an aPL in the presence of an appropriate
adjuvant. Mice immunized in this way develop their own aPL. This model has been described by
the group of Yehuda Shoenfeld in the early 1990s and has been used by other researchers as a model
of APS [17]. It was initially explained by the generation of anti-idiotypic antibodies. Immunization
with an aPL was proposed to generate an antibody against this specific aPL. This was supposedly
followed by generation of an anti-idiotype that would have similar binding specificity as the original
aPL used for immunization [18]. This concept has never been proven experimentally. The time
course of the antibody response makes this sequence of events highly unlikely. Pierangeli and
colleagues [19] showed that immunized animals develop very rapidly, i.e., within one week after the
first immunization, their own aPL reactive against cardiolipin while no anti-B2GPI is induced in this
time frame. Furthermore, most of these aPL are of the IgG and not the IgM isotype. Considering
the antigen used for immunization, the time frame in which aPL occur, and the fact that most aPL
produced in this model are of the IgG isotype, the usual response of the adaptive immune system to an
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antigenic challenge cannot account for this phenomenon. First, the antigen used for immunization has
nothing to do with the immediate antibody response. Second, the adaptive immune system does not
usually generate significant amounts of specific IgG antibodies within 1 week. Thus, it is highly likely
that this immunization scheme somehow induces a natural antibody response. Apparently, most of
the antibody produced is of the IgG-type which is unusual but clearly possible for natural antibodies.
Most importantly, aPL induced by this protocol have been shown to be pathogenic in vivo. Immunized
mice develop thrombophilia as well as pregnancy failure [17,20]. Thus, in summary we propose
that this unique mouse model provides strong evidence that aPL of the IgG isotype belong to the
natural antibody repertoire and that these aPL are pathogenic, at least in mice. Furthermore, the rapid
induction of pathogenic aPL implies that antigen driven maturation is not an absolute requirement
for pathogenicity.

Along these lines it may be relevant that aPL have been shown to sensitize antigen presenting
cells including plasmacytoid dendritic cells (pDC) towards agonists of toll-like receptor (TLR) 7 and /or
TLRS8 [21]. As a consequence exposure to single stranded RNA (ssRNA) or other agonists leads to
a massively increased secretion of type I interferon. Unbalanced activation of TLR7 in particular in
pDC has been shown to induce autoimmunity and autoantibody production in mice [22-24]. Thus, the
effects of aPL on pathways of innate immunity might help to better understand this mouse model
of APS.

It should be noted that other induction schemes have been explored in mice and rabbits that also
lead to pathogenic aPL. For instance, immunization of rabbits with lipid A can also rapidly induce
pathogenic aPL [25].

2.2. Infections and aPL

In humans, many infectious diseases are associated with a transient or permanent rise of aPL
of the IgM and IgG isotype. These include viral infections, e.g., parvovirus B-19, cytomegalovirus
(CMV) and hepatitis C, as well as bacterial and parasitic infections, e.g., syphilis or helicobacter pylori
infection [26]. Even though the production of specific aPL by the adaptive immune system cannot be
ruled out and molecular mimicry is proposed as one possible underlying mechanism [27-31], the high
frequency of a uniform antibody response to extremely different antigens should alert to the possibility
of induction of natural antibodies. Another interesting aspect of the association of viral infections with
aPL is the fact that there is a significant number of patients who develop thrombotic events [26,32-34].
While it is not proven that these events are caused by aPL, the undisputable coincidence raises the
question whether these infection associated aPL may be pathogenic.

2.3. Analysis of Human Monoclonal aPL

Analysis of monoclonal aPL isolated from patients with APS or healthy individuals has provided
important insights into the natural history of aPL. Several monoclonal aPL including aPL of the IgG
isotype show a germline configuration as would be expected if they belong to the natural antibody
repertoire. A thorough review of the available sequence data on human monoclonal aPL has been
published [35]. Overall, the data obtained from sequence analysis of human monoclonal aPL provide a
heterogeneous picture. Some aPL have a germline sequence, but many aPL clearly show all signs of
antigen driven maturation. While this suggests that these antibodies are derived from typical adaptive
immune responses, the presence of somatic mutations does not rule out that the original antibody was
part of the natural repertoire and produced by Blcells. In fact, isotype switches and somatic mutations
in B1 cell derived antibodies occurs and has been discussed as an escape mechanism of autoimmune
disease [36].

Along these lines the group of Jean-Louis Pasquali and co-workers could show in a series of
elegant experiments that B cell clones producing IgG aPL are present in APS patients as well as in
healthy individuals [37,38]. These B cell clones were surprisingly heterogeneous in terms of V-region
usage. Furthermore, this group confirmed the presence of aPL with germline configuration as well as
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aPL with somatic mutations. Their data suggest that low affinity aPL belong to the natural antibody
repertoire and that by so far unknown triggers these aPL can undergo antigen driven maturation [39].

Thus, there is a large body of evidence that many aPL including aPL of the IgG isotype are natural
antibodies. However, it is also clear that antigen driven maturation of aPL and in particular anti-32GPI
does occur. It is not known, if this occurs starting from the natural antibodies or from completely
different B-cell clones.

2.4. What Is the Role of Antigen Driven Maturation?

As outlined above several groups have isolated IgG aPL with significant deviations from known
germline sequences. Thus, antigen driven maturation of aPL has been unequivocally proven. Some
investigators have put forward the hypothesis that antigen driven maturation is required to generate
pathogenic aPL. Lieby and colleagues isolated an aPL with three somatic mutations from an APS patient.
This antibody was pathogenic in an in vivo pregnancy model. When this antibody was modified back
to the germline sequence it still bound to phospholipids but was no longer pathogenic [40]. The authors
interpreted this finding as indicating that pathogenicity of aPL is induced by antigen driven maturation
and that this process is perhaps a prerequisite of pathogenicity.

We have also isolated human monoclonal aPL with germline configuration and somatic
mutations [41-43]. Binding specificity of two of these antibodies, RR7F which has a high homology
to germline and HL5B which carries several somatic mutations, is similar. Both induce potentially
pathogenic responses in monocytes and endothelial cells, but the required concentration of RR7F is
approx. one order of magnitude higher than that of HL5B [21,44,45]. However, both monoclonal
aPL induce thrombus formation in an in vivo model of venous thrombosis [46]. Our data support the
concept that antigen driven maturation does increase the pathogenic potential of aPL but that it is not
an indispensable prerequisite for pathogenicity. With respect to the requirements for pathogenicity
of aPL data of Girardi and co-workers [47] are of relevance. They confirmed previous data that the
human monoclonal aPL Mab519 is pathogenic in mice. It causes foetal resorption in pregnant mice.
Mab519 was cloned from a healthy individual and deviates only non-significantly from germline
sequence [48].

In summary, antigen driven maturation is not required for pathogenicity of aPL but apparently
increases their pathogenic potential. It should be kept in mind though that neither class switch nor
antigen driven mutations exclude a natural i.e., B1 cell origin of aPL.

2.5. Memory B-cells

Few data are available on memory B-cells in APS. Again Lieby and co-workers have provided
some insight into this issue by cloning antiphospholipid specific B-cells. They showed that in
non-APS patients during acute episodes of Epstein-Barr virus (EBV) infection significant numbers
of aPL-producing CD27 positive B-cells were detectable which the authors regarded as memory
B-cells [36]. The origin of these cells in individuals who never had any manifestations of APS remains
unclear. The presence of memory B-cells capable to secrete aPL is also supported by isolated cases of
the development of APS after bone-marrow transplantation from an APS donor [49]. The presence
of CD27 is not restricted to memory B cells but is also found in B1 cells [14]. It should be mentioned
that there is an on-going scientific debate regarding the question if a distinct CD20*CD27*CD43*
positive B cell subset represents Bl cells [50-52]. Furthermore, the ability of Bl cells to mount a T-cell
independent memory response is well established [53-55]. If CD27 identifies a B1 cell subset and B1
cells can confer long-lasting immunity, the data obtained by Lieby could also be interpreted as showing
an increased number of a subset of B1 cells.

3. Genetic Aspects of aPL

Genetic predisposition to the development of aPL or even APS might provide additional clues
regarding the origin of these antibodies. Unfortunately, available data are scarce. There are two genome
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wide associations studies (GWAS) available which address the genetic associations of aPL [56,57].
Both studies explicitly do not apply to APS but focus on the presence of aPL only. While no
significant association of a genetic locus with anticardiolipin antibodies was detected, several potential
loci associated with antibodies against 32GPI were identified. In particular, the apolipoprotien H
(APOH) gene itself is associated with the presence of anti-B2GPI. This confirmed previous data from
candidate gene approaches which had shown that certain polymorphisms of the APOH locus are
associated with the presence of anti-p2GPI. Of particular relevance is rs4581 causing a missense
mutation Val247Leu in domain V of 2GPI [58,59]. In our hands two other missense mutations
were significantly associated with the presence of anti-32GPI. These were rs52797880 (Ile122Val) and
rs8178847 (Argl35His) in domain III of 32GPI [57]. It is not known yet, if one of these polymorphisms
is causally related to the development of anti-R2GPI or if they are in linkage disequilibrium to
the relevant polymorphism. Another locus associated with anti-32GPI in both GWA studies was
MACROD?2. At present, no obvious explanation for this association has been found. And finally,
similar to other autoimmune diseases several possible associations of aPL and APS with the human
leukocyte antigen (HLA)-locus have been reported. This has been recently reviewed in detail [60].
There are two types of studies. The first analyses the association of major histocompatibility complex
(MHC) genes with APS. The second analyses the association of MHC genes with aPL. In the latter
most MHC associations were found with anti-32GPI. This again suggests that anticardiolipin and
anti-B2GPI may develop along different pathways.

The available data raise an intriguing question. Apparently, there is a strong association of
anti-B2GPI with the APOH gene and possibly a few other genes including MHC genes while no
genetic association of anticardiolipin antibodies has been described, in particular not with the APOH
locus. This obvious genetic difference implies that the origin of these two aPL species might be
different. There are two potential explanations: (1) anticardiolipin and anti-32GPI develop completely
independently from each other. This appears to be unlikely considering the high coincidence of both
aPL; (2) Anti-B2GPI develop preferentially in persons who have also anticardiolipin. In this case,
the APOH polymorphisms may affect the structure of 32GPI in a way which favours autoantibody
formation against the protein. The crystal structure of 32GPI revealed that the protein consists of five
domains which are arranged in a J-shaped elongated form much like beads on a string [61]. Later on
it was shown that 32GPI can also attain a S-shaped and a circular form [62,63]. In fact, these are the
conformations that $2GPI attains when it is not bound to phospholipids. In these two conformations
an epitope comprising amino acids 4043 in domain I is hidden within the tertiary structure of the
protein. Transformation to the J-shaped conformation is required in order that specific anti-32GPI
can bind to this supposedly pathogenic epitope in domain I of the protein [64]. It is conceivable that
missense mutations in 32GPI affect the accessibility of this epitope to the immune system or change
the overall immunogenicity of 2GPI and thereby favour the development of anti-32GPL This scenario
requires further scientific validation.

Regarding the relationship of anticardiolipin and anti-32GPI, we made a relevant observation in
a pair of human monoclonal aPL (HL5B and HL7G) isolated from the same patient [41,43]. Both aPL
have a number of identical somatic mutations, but HL7G has some additional mutations indicating
that it is more advanced by antigen driven maturation. While HL5B binds to cardiolipin in the absence
of cofactors and does not bind to 2GPI, HL7G in addition binds to B2GPI. This observation shows
that antigen driven maturation can transform anticardiolipin specific aPL to anti-32GPI. We do not
know if this occurs regularly and can be generalized, but our data show that this is one pathway to
generate anti-32GPL. In any case, it could explain the observation that anti-32GPI is strongly associated
to the APOH locus, while anticardiolipin is definitely not.

4. Conclusions and Outlook

We believe that the available data in the literature very strongly support the hypothesis that aPL
are natural antibodies generated by B1 cells. Figure 1 depicts the basic concept which is at present
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only a working model and clearly needs substantial further experimental validation. There is ample
evidence that aPL with germline sequence can be pathogenic even though it is likely that antigen
driven maturation can increase the pathogenic potential of aPL. In particular, the development of
aPL specific for f2GPI is very probably antigen driven. There is at least one documented case that
an antibody against f2GPI evolved by somatic mutation from an anticardiolipin antibody. Since it
has been shown in the past that B1 cells and the antibodies produced by them can undergo antigen
driven maturation, antigen driven maturation does not argue against B1 cells being a major source
of aPL. If aPL derive from B1 cells it can be expected that activation via innate immune processes
rather than traditional HLA-dependent pathways of adaptive immunity may play a significant role in
their development.
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Figure 1. Proposed sequence of events leading to antiphospholipid antibodies (aPL). A non-specific
stimulus by pathogen associated patterns (PAMP) which can activate pattern recognition receptors,
e.g., toll-like receptors (TLR) stimulates an increase over basal antibody production by Bl cells.
Subsequently, antigen producing B1 cell clones are positively selected by exposure to their (auto)antigen.
This model could explain rapid aPL production induced by immunization of mice with an aPL. It should
be noted that aPL themselves are able to sensitize immune cells to the action of ligands for TLR?,
the receptor for single stranded RNA (ssRNA), by inducing TLR7 transcription and translocation to
the endosome [21]. This could explain the role for aPL in this immunization scheme. Development
of memory and antigen driven maturation have been described for B1 cells. However, there is only
circumstantial evidence that this might occur with aPL producing clones.

Conflicts of Interest: The authors declare no conflict of interest.

Glossary

Germline sequence  Antibodies are encoded in the genome as every other protein. However, for certain
segments (V, D, and ]) of the variable chains of antibodies there are several coding
gene segments. The term germline sequence refers to an antibody sequence encoded
in the genome. Germline sequences can be modified by—antigen driven maturation.
If an antibody has a germline encoded sequence this suggests that no antigen driven
maturation has occurred, yet.
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V,(D), ] (or somatic)

The process of combining the gene segments for the desired V, D, and J-segments of

-recombination the variable chains and of removal of surplus gene segments from the B cell genome

is referred to as somatic recombination or V, (D), J-recombination. It is mediated by
VDJ-recombinase, a multi-enzyme complex. Somatic recombination is the first step in
antibody production that generates a huge potential diversity with more than 10'!
theoretical combinations.

Somatic During B-cell proliferation which occurs after antigen contact, the B-cell receptor
(hyper)mutation locus can undergo an extremely high rate of somatic mutations which is several

orders of magnitude greater than the spontaneous mutation rate. Most of the somatic
mutations are found in specific regions of the antibody molecule, the so called
hypervariable or complementarity determining regions (CDR). Somatic mutation
generates B-cell clones which produce antibodies with different affinity to their
antigen. The clones producing higher affinity antibodies are positively selected.
Thus, somatic hypermutation is key to—antigen driven maturation of B-cell clones.

Antigen driven Also called affinity maturation, antigen driven maturation is the central process of
maturation adaptive immunity. By selecting higher affinity clones and deleting lower affinity

clones, there is continuous improvement of antibody affinity to the relevant target
antigen. A significant deviation of the sequence of an antibody from the known
germline genes indicates antigen driven maturation.

Anti-idiotype An idiotype describes the sum of the variable parts of a specific antibody. By this, it

also includes the antigen binding site of the antibody. An anti-idiotype is an antibody
that binds to a specific idiotype. In theory anti-idiotypes may mimick the
antigen/epitope of the original antibody.

Abbreviations

The following non-standard abbreviations are used in this manuscript:

aPL
APS

antiphospholipid antibody
antiphospholipid syndrome

B2GPI 32 glycoprotein I

SLE systemic lupus erythematosus
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