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Abstract: The pathological features of antiphospholipid syndrome (APS) are related to the activity
of circulating antiphospholipid antibodies (aPLs) associated with vascular thrombosis and obstetric
complications. Indeed, aPLs are not only disease markers, but also play a determining pathogenetic
role in APS and exert their effects through the activation of cells and coagulation factors and in-
flammatory mediators for the materialization of the thromboinflammatory pathogenetic mechanism.
Cellular activation in APS necessarily involves the interaction of aPLs with target receptors on the
cell membrane, capable of triggering the signal transduction pathway(s). This interaction occurs
at specific microdomains of the cell plasma membrane called lipid rafts. In this review, we focus
on the key role of lipid rafts as signaling platforms in the pathogenesis of APS, and propose this
pathogenetic step as a strategic target of new therapies in order to improve classical anti-thrombotic
approaches with “new” immunomodulatory drugs.
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1. Introduction

Antiphospholipid syndrome (APS) is a multisystemic disorder first described in the
1980s as an autoantibody-induced thrombophilia. The pathological features of APS are
related to the activity of circulating antiphospholipid antibodies (aPLs) associated with
vascular thrombosis and obstetric complications [1–3]. APS usually occurs in the fourth
decade of life, and patients can be classified into two groups: primary disease, if it presents
in the absence of another autoimmune disorders, or secondary disease, if it is associated
with a concomitant connective disease, most commonly systemic lupus erythematosus
(SLE) [4]. In patients with APS, thrombosis can affect arterial, venous and microvascular
circuits; however, arterial ones are more severe and more commonly found in male than
female patients. They frequently occur in the cerebral circulation, causing stroke and
transient ischemic attack [5,6].

Recurrent miscarriage is the main obstetric complication of obstetrical APS (OAPS);
however, other events, such as unexplained fetal death or premature birth related to
placental insufficiency, eclampsia or preeclampsia, may also represent adverse events
associated with OAPS [5–7].

Beyond vascular events and pregnancy morbidities, the clinical spectrum of the APS
may include additional extra-criteria manifestations that cannot be explained solely by
the onset of a prothrombotic state. The first description of APS by Hughes and colleagues
already included the involvement of the nervous system [8]. The pathogenesis concerns
not only thrombo-occlusive events, but refers to neurological manifestations, such as
migraine, epilepsy, chorea, and cognitive dysfunctions, probably as a consequence of
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the direct interaction of aPLs with nervous tissues [9–11]. The presence of aPLs is of-
ten associated with hematological manifestations, particularly in patients with idiopathic
thrombocytopenic purpura (ITP), where aPLs may be responsible for the induction of
thrombocytopenia [12,13]. Among the cutaneous manifestations of APS, the most common
is livedo reticularis, but pseudovasculitic lesions, necrotic skin ulcers and digital gangrene
can also be found [5,14,15]. A minority of patients (less than 1%) may develop a severe
variant of the disease, defined catastrophic APS (CAPS) and described as an acute multior-
gan dysfunction, with a rapid onset of microvascular thrombosis in at least three organs; a
mortality rate of more than 50% is reported in cases not promptly treated [16,17].

The antigens recognized by aPLs are phospholipids, phospholipid/protein complexes
and phospholipid-binding proteins, among which β2-glycoprotein I (β2-GPI) is now rec-
ognized as the major autoantigen with the highest antibody-binding activity in APS pa-
tients [18–21].

The association between aPLs and thrombosis is now well documented, just as it is as-
certained that these autoantibodies are not only markers of disease but are even responsible
for the induction of a procoagulant phenotype and therefore for triggering the pathophysi-
ology of APS. However, although several mechanisms have been proposed to describe the
pathogenesis of APS, it is difficult task, due to the heterogeneity of autoantibody profiles
and diversity in the potential effector functions of aPLs [22–24].

In this review, we describe the pathogenic mechanisms of APS through the key role of
lipid rafts as signaling platforms, suggesting this pathogenetic step as a strategic target of
new therapies.

2. Mechanisms in the Pathophysiology of APS

Evidence of the thrombogenic activity of aPLs has been provided by both in vitro
and in vivo studies; however, despite the presence of aPLs in the circulation, thrombotic
manifestation is not always observed in the patients [25,26]. Moreover, several results in
experimental animal models demonstrate that the infusion of aPLs alone does not cause
spontaneous thrombotic complications; on the contrary, the appearance of a thromboin-
flammatory state can be observed after small injuries to the vessel wall or infusion of
lipopolysaccharides and other immunostimulants which lead to a disruption of the vas-
cular system. These considerations suggest the “two-hit hypothesis” concept to better
clarify the pathogenetic role of aPLs in the mechanisms underlying the development of
thrombosis in APS patients. According to the “two-hit hypothesis”, the aPLs provide
the first hit, inducing a thrombophilic state, but a second condition (second hit) such as
trauma, surgery, infection, or other inflammatory stimulus is required for thrombosis to
take place [27–30]. Thrombus formation is the most studied aspect of APS pathophysi-
ology, and the procoagulant phenotype observed in the disease has been described as a
result of the synergistic activation of many elements, where inflammation represents a
central pathogenetic factor that acts as a mediator between the coagulation dysfunction
and thrombotic manifestations. Several studies have shown that aPLs exert their effects
through activation of various cells (endothelial cells, monocytes, platelets, endometrial and
decidual cells) [31], as well as a complement system, coagulation factors and inflammatory
mediators [32]. These pathogenetic mechanisms underlying clinical manifestations of APS
can be exploited as targets of immunomodulatory therapeutic strategies to be used in APS
patients, as summarized in Figure 1.

aPLs activate endothelial cells to release several proinflammatory cytokines and to
express adhesion molecules, involving toll-like receptors (TLRs) and LDL receptor related
protein 8 (LRP8) [33–35]. Moreover, anti-β2-GPI antibodies may activate monocytes via
several signaling pathway kinases and through engagement of various TLRs, leading to a
proinflammatory phenotype [36,37]. Pathogenic aPLs also induce platelet activation and
aggregation, where TLRs, LRP8 and the GPIbα subunit of the GPIb-V-IX play a role as
candidate receptors responsible for signaling pathway activation [38,39].
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Figure 1. Pathogenetic mechanisms contributing to thrombosis in APS and possible molecular 
targets. Molecular mechanisms of aPLs, in particular of anti-β2-GPI antibodies, involve the 
cooperation of endothelial cells, monocytes and platelets with a production of adhesion molecules, 
proinflammatory cytokines and tissue factor, leading to a proinflammatory and procoagulant state. 
Anti-β2-GPI antibodies may also activate neutrophils by inducing the formation of NETs important 
to propagate inflammation and contribute to thrombosis. Inflammation and complement activation 
play a central role in upregulating cell activation in the pathophysiology of APS. These pathogenetic 
pathways underlying clinical manifestations of APS can be exploited as targets of 
immunomodulatory therapeutic strategies to be used in APS patients. Beta2-glycoprotein I (β2-
GPI); Annexin 2 (ANXA2); toll-like receptors (TLRs); C3a receptor (C3a-R); C5a receptor (C5a-R); 
cholesterol (Chol); endothelial protein C receptor (EPCR); lyso-bis-phosphatidic acid (LBPA); 
myeloid differentiation factor 88 (MyD88); mammalian target of rapamycin complex (mTOR); 
nuclear factor-kappa B (NF-κB); neutrophil extracellular traps (NETs); vascular cellular adhesion 
molecule (VCAM-1); intercellular adhesion molecule-1 (ICAM-1); tumor necrosis factor alpha (TNF-
α); tissue factor (TF); interleukin (IL). 
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express adhesion molecules, involving toll-like receptors (TLRs) and LDL receptor related 
protein 8 (LRP8) [33–35]. Moreover, anti-β2-GPI antibodies may activate monocytes via 
several signaling pathway kinases and through engagement of various TLRs, leading to a 
proinflammatory phenotype [36,37]. Pathogenic aPLs also induce platelet activation and 
aggregation, where TLRs, LRP8 and the GPIbα subunit of the GPIb-V-IX play a role as 
candidate receptors responsible for signaling pathway activation [38,39]. 

A central player in the development of antibody-mediated thrombosis in APS is the 
tissue factor (TF), a primary cellular initiator of the extrinsic coagulation cascade. An up-
regulation of TF in endothelial cells, monocytes and platelets following anti-β2-GPI 
antibodies treatment has been demonstrated [40–42]. Furthermore, the results of our 
paper showed that the expression of TF was significantly increased in platelets of patients 
with APS compared to those of healthy donors [43]. 

aPLs may induce the formation of neutrophil extracellular traps (NETs), which are 
mostly known to trap pathogens, but they also play a prothrombotic role activating 
platelets and clotting factors. It was highlighted that monoclonal anti-β2-GPI antibodies 
were able to promote NETs release in vitro [44–46]. In further APS case studies, increased 

Figure 1. Pathogenetic mechanisms contributing to thrombosis in APS and possible molecular targets.
Molecular mechanisms of aPLs, in particular of anti-β2-GPI antibodies, involve the cooperation of
endothelial cells, monocytes and platelets with a production of adhesion molecules, proinflammatory
cytokines and tissue factor, leading to a proinflammatory and procoagulant state. Anti-β2-GPI
antibodies may also activate neutrophils by inducing the formation of NETs important to propagate
inflammation and contribute to thrombosis. Inflammation and complement activation play a central
role in upregulating cell activation in the pathophysiology of APS. These pathogenetic pathways un-
derlying clinical manifestations of APS can be exploited as targets of immunomodulatory therapeutic
strategies to be used in APS patients. Beta2-glycoprotein I (β2-GPI); Annexin 2 (ANXA2); toll-like
receptors (TLRs); C3a receptor (C3a-R); C5a receptor (C5a-R); cholesterol (Chol); endothelial protein
C receptor (EPCR); lyso-bis-phosphatidic acid (LBPA); myeloid differentiation factor 88 (MyD88);
mammalian target of rapamycin complex (mTOR); nuclear factor-kappa B (NF-κB); neutrophil
extracellular traps (NETs); vascular cellular adhesion molecule (VCAM-1); intercellular adhesion
molecule-1 (ICAM-1); tumor necrosis factor alpha (TNF-α); tissue factor (TF); interleukin (IL).

A central player in the development of antibody-mediated thrombosis in APS is the
tissue factor (TF), a primary cellular initiator of the extrinsic coagulation cascade. An
up-regulation of TF in endothelial cells, monocytes and platelets following anti-β2-GPI
antibodies treatment has been demonstrated [40–42]. Furthermore, the results of our paper
showed that the expression of TF was significantly increased in platelets of patients with
APS compared to those of healthy donors [43].

aPLs may induce the formation of neutrophil extracellular traps (NETs), which are
mostly known to trap pathogens, but they also play a prothrombotic role activating platelets
and clotting factors. It was highlighted that monoclonal anti-β2-GPI antibodies were able to
promote NETs release in vitro [44–46]. In further APS case studies, increased release of NETs
in the neutrophils was demonstrated, and serum samples have high levels of circulating
NETs as well as being defective in degrading NETs. Recently, anti-NET antibodies have
been found in sera from patients with primary APS [47,48].

In addition, the thrombogenic effect of aPLs may involve the activation of the com-
plement system, through both the alternative and the classical pathway. Experiments in
mice showed that C3 and C5 activation was necessary for aPL-induced thrombosis [49,50].
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There is evidence that C5a factor binds to endothelial cells, resulting in increased neutrophil
adhesion, TF expression, and release of other procoagulant molecules [51–53].

Many studies have described the direct activity of aPLs in association with pregnancy
complications as part of the pathogenesis of OAPS. In particular, aPLs may interact with
trophoblast cells and consequently apoptosis, abnormal cell differentiation and decreased
secretion of human chorionic gonadotropin may be observed. Inflammation plays a central
role in inducing pregnancy morbidity in OAPS patients; in fact, at the utero-placental
interface, aPLs induce a proinflammatory phenotype in the vasculature. These molecu-
lar mechanisms lead to endothelial injury and activation of monocytes and neutrophils
involving the activation of the complement system [54–57].

The heterogeneity of the mechanisms underlying APS may be explained by the differ-
ent aPL profiles, which also include extra-antibodies beyond those routinely tested [58,59];
thus, the clinical characteristics of the disease in an individual are due to different autoanti-
body specificities, together with genetic comorbidities and acquired risk factors.

At the end, the heterogeneity of the mechanisms underlying APS may be related to
the different signal transduction pathways triggered by aPLs. Recently, increasing evidence
suggests that they are driven by specific microdomains on the cell plasma membrane
termed lipid rafts.

3. Lipid Rafts in the Immune Signaling

Cellular membranes are not homogenous mixtures of lipids and proteins, but some,
such as free cholesterol and glycosphingolipids segregate into lipid rafts [60,61]. Since
several investigations found that glycosphingolipid clusters are resistant to detergent ex-
traction, these specialized subdomains have also designed detergent-resistant membranes
(DRMs). In any case, lipid rafts are now universally defined as small (10–200 nm) hetero-
geneous membrane domains enriched in glycosphingolipid and cholesterol that regulate
cellular polarity and vesicular traffic as well as cell signaling pathways [61,62].

These microdomains are well known for their role in receptor signaling on the plasma
membrane and are essential to cellular functions such as signal transduction and spatial or-
ganization of the cellular membrane. As a result, the structural properties of microdomains
can promote compartmentalization of plasma membrane proteins that have a higher affinity
for the liquid-ordered phase, while they will exclude proteins that have higher affinity
for the liquid-disordered phase. In this scenario, some protein–protein interactions will
be promoted, while others will be prevented. A complex network of lipid–protein, lipid–
lipid, and protein–protein interactions contribute to the activation of a variety of signal
transduction pathways implicated in several processes, including apoptosis, proliferation,
inflammation and autophagy [63–67].

Two common types of lipid rafts have been described: planar lipid rafts, and in-
vaginated rafts which curve inward, called caveolae. Caveolae are specialized lipid rafts
found in very high numbers in adipocytes, which are formed by the polymerization of
caveolin1 (CAV1) to generate concave regions on the cell membrane. Caveolae are involved
in endocytosis of different proteins and can also play a role in signal transduction, although
they may not be essential, since several cell types, such as neurons and lymphocytes, lack
caveolin [67,68].

The formation of lipid rafts is not merely confined to the plasma membrane; indeed,
similar lipid microdomains, more specifically known as lipid “raft-like microdomains”,
are distributed on the membrane of subcellular organelles, which include Golgi apparatus,
nuclei, endoplasmic reticulum (ER) and mitochondria [69–73]. Several studies have shown
that these organelles differ both quantitatively and qualitatively in their lipid content. Raft-
like microdomains are enriched in gangliosides and cholesterol, but with a lower content
compared to plasma membranes. In addition, some components of raft-like microdomains
are present within ER mitochondria-associated membranes [74]. At these sites, key reactions
can be catalyzed, with a significant impact on the regulation of intracellular trafficking,
sorting and cell fate [74–76].
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It is well known that lipid rafts have been associated with several cell functions,
including cell death. In fact, it has been suggested that lipid rafts can play a key role in the
receptor-mediated apoptosis of T cells. Following CD95/Fas triggering, as well as tumor
necrosis factor-family receptors (TNFRs), procaspase-8 oligomerization drives its activation
through self-cleavage, activating downstream effector caspases and leading to apoptosis.
Thus, activation of Fas results in receptor aggregation and formation of the so-called “death-
inducing signaling complex” (DISC) [65,77], containing trimerized Fas, Fas-associated
death domain (FADD) and procaspase-8 in lipid rafts, and also causing the recruitment of
specific proapoptotic Bcl-2 family proteins to mitochondrial “raft like microdomains”. The
importance of lipid rafts in Fas-mediated apoptosis was further supported by the finding
that the expression of membrane sphingomyelin, a major component of lipid rafts, enhances
Fas-mediated apoptosis through increasing DISC formation, the activation of caspases, the
efficient translocation of Fas into lipid rafts, and subsequently Fas clustering [78].

Whether changes in the composition or structure of lipid rafts play a role in autoim-
munity is an important question which has started to be addressed in the last few years.

In particular, a role for lipid rafts in T cells activation was reported. In fact, the
initial events of T-cell activation involve the movement of T-cell receptor (TCR) into lipid
rafts [79,80]. Peripheral blood T cells isolated from SLE patients were found to have
more cholesterol and GM1 content in their plasma membrane compared with healthy
individuals. This suggests an activated state of T cells in SLE, in which aggregated lipid
rafts on the T-cell surface contain TCR as well as other co-stimulatory molecules [81]. Deng
et al. reported that disruption of lipid rafts by methyl-beta-cyclodextrin (MβCD) delayed
disease progression, whereas aggregation of rafts using cholera toxin accelerated disease
progression in mice [82].

In the APS, further studies demonstrated that anti-β2-GPI react with their target
antigen, such as β2-GPI, annexin A2 (ANXA2), TLR2 and TLR4 within lipid rafts lo-
cated in the plasma membrane of monocytes or endothelial cells, thereby producing a
proinflammatory, procoagulant phenotype characterized by the release of TNFα and TF,
respectively [36,83–85]. In Figure 2, the major intracellular signaling pathways triggered
by anti-β2-GPI antibodies through lipid rafts and implicated in the procoagulant cell phe-
notype are depicted. In this regard, the first indication derived from the observation of
Sorice et al. [36] is that the anti-β2-GPI target antigen was found within lipid rafts which are
specialized portions of the cell plasma membrane implied in signal transduction pathways,
as revealed by the sucrose gradient analysis and coimmunoprecipitation experiments.

Interestingly, inappropriate changes in the size and/or structure of lipid rafts could
influence their stability and may result in abnormal signaling.
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activate the TLR4 transduction signaling pathway in human endothelial cells, as revealed 
by transiently co-transfecting microvascular endothelial cells (HMEC-1), with dominant-
negative constructs of different components of the pathway. Furthermore, the activation 
of these cells has been demonstrated by the phosphorylation of the myeloid differentiation 
factor 88 (MyD88), IRAK and NF-κB. Several receptors have been suggested to mediate 
β2-GPI/endothelial cell binding, including mainly ANXA2 and LRP8 [86]. Engagement of 
TLR4 activates both MyD88-dependent and MyD88-independent pathways, which may 
lead to the activation downstream of the MAP kinases. These pioneer studies on the signal 
transduction pathway triggered by anti-β2-GPI antibodies failed to demonstrate the role 
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Figure 2. Signaling pathways induced by anti-β2-GPI antibodies. Scheme depicting the major intra-
cellular signaling pathways triggered by anti-β2-GPI antibodies via TLRs and/or LRP6 through lipid
rafts (dotted circle), implicated in the procoagulant endothelial cell phenotype characterized by the
expression of TF. Lipid raft-targeted drugs act on cholesterol either as cholesterol depletors (MβCDs)
or cholesterol synthesis inhibitors (statins). Annexin A2 (ANXA2); anti-β2-glycoprotein I (anti-β2-GPI
antibodies); beta-catenin (β-catenin); cholesterol (Chol); interleukin-1 receptor–associated kinases
(IRAKs); LDL receptor related protein 6 (LRP6); methyl-β-cyclodextrin (MβCD); myeloid differentia-
tion factor 88 (MyD88); nuclear factor-kappa B (NF-κB); protease activated receptor-2 (PAR-2); tissue
factor (TF); toll-like receptors (TLRs); TNF receptor associated factor 6 (TRAF6).

4. Signal Transduction Pathway through Lipid Rafts in the Pathophysiology of APS

Signal transduction pathway(s) through lipid rafts play a key role in the proinflam-
matory and procoagulant events during APS, involving three cell types: endothelial cells,
monocytes and platelets. Raschi et al. [35] first demonstrated that anti-β2-GPI antibodies
activate the TLR4 transduction signaling pathway in human endothelial cells, as revealed
by transiently co-transfecting microvascular endothelial cells (HMEC-1), with dominant-
negative constructs of different components of the pathway. Furthermore, the activation of
these cells has been demonstrated by the phosphorylation of the myeloid differentiation
factor 88 (MyD88), IRAK and NF-κB. Several receptors have been suggested to mediate
β2-GPI/endothelial cell binding, including mainly ANXA2 and LRP8 [86]. Engagement of
TLR4 activates both MyD88-dependent and MyD88-independent pathways, which may
lead to the activation downstream of the MAP kinases. These pioneer studies on the signal
transduction pathway triggered by anti-β2-GPI antibodies failed to demonstrate the role of
lipid rafts. However, since it is known that plasma membrane TLRs are highly enriched in
lipid rafts [87], the involvement of these domains in this pathway was further clarified in
human monocytes [36]. In this regard, it was noted that anti-β2-GPI antibody binding on
the surface of monocytic cells occurs within lipid rafts [88]. Biochemical analyses showed
that the dimeric form of β2-GPI was present within lipid rafts [36], which may be a con-
sequence of an oxidation process [89]. Thus, β2-GPI interacts with lipid rafts only after
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dimerization, probably as a consequence of conformational changes, suggesting that oxi-
dized β2-GPI is able to trigger signal transduction pathways [89,90] and that β2-GPI dimers
mimic in vitro the effects of β2-GPI-anti-β2-GPI antibody complexes [90]. In addition, it
was found that ANXA2, the main receptor for β2-GPI [91,92], is highly enriched in lipid
raft fractions, wherein it may interact with β2-GPI. It is important to note that, although
cell-surface ANXA2 lacks an intracellular tail and is unable to induce intracellular signal
transduction by itself, it can act as a binding partner for intracellular surface molecules
in lipid rafts [93–95]. The involvement of TLR2, as well as TLR4 and the interaction be-
tween β2-GPI and ANXA2 within lipid rafts supports the view that TLRs act as “adaptor”
proteins with consequent IRAK phosphorylation and activation of NF-κB. These findings
indicated that lipid rafts play a key role in the signal transduction pathway induced by
anti-β2-GPI antibodies, and that raft-dependent anti-β2-GPI antibody triggering resulted in
the release of either TNF-α and TF, which may contribute to the pathogenesis of thrombosis
in APS [40,96].

Over the years, a molecular mimicry has been shown between β2-GPI and bacterial
antigens, or other various infectious agents [97]. Interestingly, an epitope of P gingivalis
RNA polymerase s-70 factor shares a complete identity with a peptide of β2-GPI domain I.

Recent evidence showed the presence of autoantibodies specific to this peptide of
β2-GPI, which shares a high homology with an extracellular epitope of TLR4, in APS sera.
Indeed, TLRs are important components of innate immunity, recognizing specific microbial
products and driving the inflammatory response [98]. Antibodies directed to the epitope
shared by β2-GPI and TLR4 induced IRAK phosphorylation and NF-kB translocation
through the triggering of the TLR4 signaling cascade within lipid rafts, thereby promoting
both VCAM expression on endothelial cells and TNF-a release from monocytes responsible
for a proinflammatory phenotype [99].

Recent evidence showed that anti-β2-GPI antibodies may also trigger a similar signal
transduction pathway in human platelets, which involves IRAK phosphorylation and
NF-κB activation followed by TF expression, indicating that platelets may also play a role
in the pathogenetic mechanism of APS through lipid rafts [43].

Indeed, TF expression may be induced through the simultaneous activation of NF-κB
proteins (via the p38 MAPK pathway) and of the MEK-1/ERK pathway [42]. This may
reflect the presence of more than one synergic activating pathway.

5. “New” Signaling in the Immunopathogenesis of APS

Although numerous aspects of the molecular mechanisms involved in the immuno-
pathogenesis of APS remain still unknown, recent papers have provided new knowledge of
the underlying additional signaling pathways triggered by aPLs, and often these pathways
connect the innate immune system and the coagulation cascade [100–102]. Following some
observations that protease activated receptor 2 (PAR-2) inhibition prevents the expression
of TF induced by aPLs [103,104] and that LRP6 has been identified as a novel co-receptor
of PAR-2 [105], we described an additional signaling in which anti-β2-GPI antibodies
trigger the LRP6 pathway, with consequent phosphorylation of β-catenin [102]. LRP6
belongs to the same family as LRP8, a putative receptor of anti-β2-GPI antibodies [106],
but also appears to bind oxide phospholipids involved in pathological conditions such as
atherosclerosis and inflammation [107]. LRP6, a type I transmembrane receptor of LDL
receptor-related proteins, is a pivotal co-receptor in numerous biological processes. LRP6
binds different Wnt ligands [108], but also several Wnt antagonists, such as Dickkopf 1
(DKK1) [109–111]. β-catenin, which represents the key effector of this signaling pathway,
is constantly degraded; however, in the presence of Wnt, it translocases to the nucleus,
inducing the expression of an array of genes downstream [105,112]. Haack et al. [113]
suggested lipid raft involvement in the Wnt/β-catenin pathway. Our findings indicated
that anti-β2-GPI antibodies interact with their receptor complex within lipid rafts, leading
to the formation of the complex β2-GPI—LRP6—PAR-2 [102]. This hypothesis was strongly
supported by coimmunoprecipitation experiments, which revealed that β2-GPI coupled
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with LRP6 after anti-β2-GPI antibodies treatment. Moreover, the anti-β2-GPI-induced TF
expression was prevented by treatment with MβCD, a raft-affecting drug, as well as by
treatment with DKK1, a selective inhibitor of LRP6. Thus, this additional signaling pathway
seems to be involved in the induction of procoagulant phenotype of endothelial cells.

Thrombosis is the major disease mechanism of APS and vasculopathy, enhanced
mainly by severe intimal hyperplasia; it can also play a role in vascular occlusions and
pregnancy morbidity [114,115]. Recently, another signaling related to vasculopathy of APS
has been described, in which aPLs directly activate the mammalian target of the rapamycin
complex (mTORC) pathway in intrarenal vessels of patients with primary and secondary
APS nephropathy [100]. Moreover, patients with APS nephropathy who required trans-
plantation and were receiving Sirolimus, an inhibitor of mTORC [116], displayed decreased
vascular proliferation. These data have been confirmed by in vitro experiments, where the
intensity of mTORC activation in endothelial cells has been shown to be correlated with
aPL titers. Furthermore, the exposure of endothelial cells to Sirolimus for 1 h completely
inhibited the phosphorylation of S6 ribosomal protein (S6RP) induced by aPLs, but not
the phosphorylation of AKT (Ser473). However, cells treated with aPLs and exposed to
Sirolimus for 48 h showed reduced phosphorylation of both S6RP and AKT (Ser473). These
results are consistent with the activation of both mTORC1 and mTORC2 in endothelial
cells, leading to their proliferation and the proliferation of the surrounding vascular smooth
muscle cells (VSMC). Moreover, to explain both thrombotic and pregnancy complications
of APS, a complex signaling pathway triggered by the interaction between aPLs and the en-
dothelial protein C receptor (EPCR), which is bound to lyso-bis-phosphatidic acid (LBPA),
has been recently described [101]. Under normal physiological conditions, EPCR has an
important anti-thrombotic and anti-inflammatory effect. EPCR belongs to the MHC class
I/CD1 family, and shares with these molecules a feature of lipid exchanging and load-
ing through endosomal recycling [117–119]. After the lipid-reactive aPL binding, EPCR
internalizes itself. This effect implies the exchange of EPCR-bound phosphatidylcholine,
a membrane phospholipid, with LBPA, a late endosomal lipid. aPLs, by binding the
EPCR-LBPA complex, may induce the coagulation cascade and activate monocytes and
endothelial cells into a pro-coagulant phenotype. The interaction of aPLs with EPCR-LBPA
triggers the activation of embryonic trophoblast cells. Moreover, the EPCR-LBPA complex
promotes the production of α-interferon by dendritic cells, which eventually sustains a
TLR7-dependent expansion of B1a cells and enhances production of aPLs. B1 cells are a
rare B lymphocyte subpopulation with unique cell surface antigens that spontaneously
secrete IgM. The expansion of B1a cells may be responsible for producing lipid-reactive
aPLs in a vicious cycle that enhances the damage mechanisms in APS. The subsequent
upregulation of TNF-α and TF plays a key role in the pathogenesis of thrombosis and preg-
nancy complications. In vivo, blocking EPCR-LBPA signaling in Tlr7−/− mice prevents
the development of lipid reactive aPLs and remarkably attenuates thrombosis, fetal loss,
and kidney damage [101].

However, several events are likely to play a role in pathogenesis of APS. Recent studies
have focused on new signaling pathways responsible for complications of APS that could
be useful in understanding the pathogenesis of APS, but also in improving the management
of APS patients.

6. Potential Therapeutic Strategies through Lipid Rafts

The well-known multifactorial nature of the pathogenic mechanisms of APS opens a
broad panorama of potential target molecules. However, at present, therapeutic strategies
are aimed at the symptom, and therefore essentially at the treatment of thromboinflamma-
tion. In fact, today, the long-term management of patients with APS essentially involves
alternative vitamin K antagonists, such as the new oral anticoagulant agents, direct and
indirect thrombin inhibitors, hydroxychloroquine, and TF inhibitors [120–124].

The search for new therapies that can guarantee clinical efficacy and at the same time
avoid too heavy an impact on the patient’s quality of life is very open. For reasons of
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efficacy and safety, also linked to the impact of long-term therapy on the patient’s daily life,
adherence to treatment and possible food interactions, it is necessary to experiment with
new therapeutic strategies. The most recent discoveries on the pathogenetic mechanisms of
APS show us new avenues for targeted therapies.

In this concern, as reported in Figure 1, various signaling pathways involved in the
procoagulant effect of aPLs act through lipid rafts. Moreover, the signal transduction
pathway triggered by anti-β2-GPI antibodies can be strongly influenced by the structure
and function of the lipid raft; in fact, modifications in the size and/or structure of lipid
rafts would lead to impaired stability and function of these structures and, consequently,
could cause signaling abnormalities [125].

Thus, targeting lipid rafts is a rapidly growing therapeutic approach for the treatment
of various diseases, from neurodegeneration and neuropathic pain to cancer, infections
and atherosclerosis. The approach’s aims to affect lipid rafts can be different; they may
be through raising the levels of natural cholesterol acceptors (i.e., HDL) or their mimetic
counterparts, or facilitating the efflux of cholesterol with suitable transporters [126–130].
However, the most direct approach consists of depleting the structural lipids responsible for
the stability of the raft, such as glycosphingolipids cholesterol or sphingomyelin [125]. In
this concern, inhibition of glycosphingolipid biosynthesis in vitro with a clinically approved
inhibitor (N-butyldeoxynojirimycin) corrected CD4+ T cell signaling and functional defects,
and decreased autoantibody production in SLE patients [131].

However, the most common handling approach for affecting lipid rafts includes
molecules that are capable of physically sequestering and subtracting cholesterol from
the cell membrane [132,133]. In particular, cyclodextrins have been used for some time,
both as a food additive (therefore safe for consumption) and as an additive to various
pharmacological preparations to increase the stability, solubility and bioavailability of
many drugs with anti-inflammatory properties [131]. Cholesterol and sphingolipids can
also be depleted from the cell, using inhibitors of their biosynthesis such as statins and
Miglustat, respectively [134]. Statins, competitive inhibitors of HMG-CoA reductase, a rate-
limiting enzyme of the cholesterol biosynthesis pathway, have long been widely used for the
treatment of hypercholesterolemia and represent a concrete possibility of modulating the
activity of lipid rafts. Statins are the ideal example of connection with the classical strategy
based on membrane cholesterol depletion. They are a well-known class of cholesterol
lowering agents and possess several pleiotropic effects (i.e., cholesterol-independent),
including the ability to influence the organization of artificial and biological membranes.

Indeed, they are cholesterol-regulating agents that exert anti-inflammatory, immunoreg-
ulatory, and anti-thrombotic properties [134–137]. In vitro and in vivo studies (animal mod-
els with APS) demonstrated that statins can inhibit the activation of endothelial cells by
aPLs and prevent the overexpression of TF, IL-6 and adhesion molecules [138–141]. Thus,
statins (by inhibition of cholesterol synthesis) or cyclodextrins (by depletion of membrane
cholesterol), through affecting cholesterol levels and disrupting lipid rafts, could effectively
inhibit the aPLs signaling pathway’s activation (Figure 2).

In conclusion, the progress made in recent years in understanding the biological
significance of lipid rafts is indisputable. However, further investigations needed to be
conducted, including on the interplay between lipids and membrane proteins in affect
membrane organization, in order to provide new therapeutic strategies.

However, targeting the pathogenic pathways of APS development would be crucial,
and various studies are underway. A deeper understanding of the immunological mecha-
nisms at the basis of APS is still needed in order to improve the classical anti-thrombotic
approaches with “new” immunomodulatory drugs.

7. Conclusions

Emerging data pointed out the key role of lipid rafts, specific microdomains on the
plasma membrane of endothelial cells, monocytes and platelets, in the signal transduction
pathway(s) implied in the pathogenesis of APS. Knowledge of these pathways and clari-
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fication of the role of lipid rafts might present new perspectives on the deepening of the
immunopathogenesis of the syndrome and on the identification of “new” pharmacological
targets that will allow us to move towards personalized medicine.

Author Contributions: R.M., M.S. and A.C. contributed to the conception and design of the work.
R.M., M.S., A.C., V.M. and G.R. drafted the work. T.G., D.C. and A.L. revised it critically for important
intellectual content. A.C. and V.M. contributed to the acquisition of published literature and to the
original iconography. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing not applicable.

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

References
1. Levine, J.S.; Branch, D.W.; Rauch, J. The antiphospholipid syndrome. N. Engl. J. Med. 2002, 346, 752–763. [CrossRef] [PubMed]
2. Pons-Estel, G.J.; Andreoli, L.; Scanzi, F.; Cervera, R.; Tincani, A. The antiphospholipid syndrome in patients with systemic lupus

erythematosus. J. Autoimmun. 2017, 76, 10–20. [CrossRef] [PubMed]
3. Miyakis, S.; Lockshin, M.D.; Atsumi, T.; Branch, D.W.; Brey, R.L.; Cervera, R.; Derksen, R.H.; PG, D.E.G.; Koike, T.; Meroni, P.L.; et al.

International consensus statement on an update of the classification criteria for definite antiphospholipid syndrome (APS). J. Thromb.
Haemost. 2006, 4, 295–306. [CrossRef] [PubMed]

4. Petri, M. Epidemiology of the antiphospholipid antibody syndrome. J. Autoimmun. 2000, 15, 145–151. [CrossRef]
5. Cervera, R.; Piette, J.C.; Font, J.; Khamashta, M.A.; Shoenfeld, Y.; Camps, M.T.; Jacobsen, S.; Lakos, G.; Tincani, A.;

Kontopoulou-Griva, I.; et al. Antiphospholipid syndrome: Clinical and immunologic manifestations and patterns of disease
expression in a cohort of 1000 patients. Arthritis Rheum. 2002, 46, 1019–1027. [CrossRef]

6. Truglia, S.; Capozzi, A.; Mancuso, S.; Manganelli, V.; Rapino, L.; Riitano, G.; Recalchi, S.; Colafrancesco, S.; Ceccarelli, F.;
Garofalo, T.; et al. Relationship Between Gender Differences and Clinical Outcome in Patients with the Antiphospholipid
Syndrome. Front. Immunol. 2022, 4, 932181. [CrossRef]

7. Schreiber, K.; Hunt, B.J. Pregnancy and antiphospholipid syndrome. Semin. Thromb. Hemost. 2016, 42, 780–788. [CrossRef]
8. Hughes, G.R. Thrombosis, abortion, cerebral disease, and the lupus anticoagulant. Br. Med. J. Clin. Res. Ed. 1983, 287, 1088–1089.

[CrossRef]
9. Rodrigues, C.E.; Carvalho, J.F.; Shoenfeld, Y. Neurological manifestations of antiphospholipid syndrome. Eur. J. Clin. Investig.

2010, 40, 350–359. [CrossRef]
10. Katzav, A.; Chapman, J.; Shoenfeld, Y. CNS dysfunction in the antiphospholipid syndrome. Lupus 2003, 12, 903–907. [CrossRef]
11. Hughes, G.R. Migraine, memory loss, and “multiple sclerosis”. Neurological features of the antiphospholipid (Hughes’) syndrome.

Postgrad. Med. J. 2003, 79, 81–83. [CrossRef]
12. Diz-Kucukkaya, R.; Hacihanefioglu, A.; Yenerel, M.; Turgut, M.; Keskin, H.; Nalçaci, M.; Inanç, M. Antiphospholipid antibodies

and antiphospholipid syndrome in patients presenting with immune thrombocytopenic purpura: A prospective cohort study.
Blood 2001, 98, 1760–1764. [CrossRef]

13. Uthman, I.; Godeau, B.; Taher, A.; Khamashta, M. The hematologic manifestations of the antiphospholipid syndrome. Blood Rev.
2008, 22, 187–194. [CrossRef]

14. Frances, C.; Niang, S.; Laffitte, E.; Pelletier, F.; Costedoat, N.; Piette, J.C. Dermatologic manifestations of the antiphospholipid
syndrome: Two hundred consecutive cases. Arthritis Rheum. 2005, 52, 1785–1793. [CrossRef]

15. Pinto-Almeida, T.; Caetano, M.; Sanches, M.; Selores, M. Cutaneous manifestations of antiphospholipid syndrome: A review of
the clinical features, diagnosis and management. Acta Reumatol. Port. 2013, 38, 10–18.

16. Asherson, R.A.; Cervera, R.; de Groot, P.G.; Erkan, D.; Boffa, M.C.; Piette, J.C.; Khamashta, M.A.; Shoenfeld, Y. Catastrophic
antiphospholipid syndrome: International consensus statement on classification criteria and treatment guidelines. Lupus 2003, 12,
530–534. [CrossRef]

17. Asherson, R.A. The catastrophic antiphospholipid syndrome, 1998. A review of the clinical features, possible pathogenesis and
treatment. Lupus 1998, 7, S55–S62. [CrossRef]

18. Linnemann, B. Antiphospholipid syndrome—An update. Vasa 2018, 47, 451–464. [CrossRef]
19. Bertolaccini, M.L.; Amengual, O.; Andreoli, L.; Atsumi, T.; Chighizola, C.B.; Forastiero, R.; de Groot, P.; Lakos, G.; Lambert,

M.; Meroni, P.L.; et al. 14th International Congress on Antiphospholipid Antibodies Task Force. Report on antiphospholipid
syndrome laboratory diagnostics and trends. Autoimmun. Rev. 2014, 13, 917–930. [CrossRef]

http://doi.org/10.1056/NEJMra002974
http://www.ncbi.nlm.nih.gov/pubmed/11882732
http://doi.org/10.1016/j.jaut.2016.10.004
http://www.ncbi.nlm.nih.gov/pubmed/27776934
http://doi.org/10.1111/j.1538-7836.2006.01753.x
http://www.ncbi.nlm.nih.gov/pubmed/16420554
http://doi.org/10.1006/jaut.2000.0409
http://doi.org/10.1002/art.10187
http://doi.org/10.3389/fimmu.2022.932181
http://doi.org/10.1055/s-0036-1592336
http://doi.org/10.1136/bmj.287.6399.1088
http://doi.org/10.1111/j.1365-2362.2010.02263.x
http://doi.org/10.1191/0961203303lu500oa
http://doi.org/10.1136/pmj.79.928.81
http://doi.org/10.1182/blood.V98.6.1760
http://doi.org/10.1016/j.blre.2008.03.005
http://doi.org/10.1002/art.21041
http://doi.org/10.1191/0961203303lu394oa
http://doi.org/10.1177/096120339800700214
http://doi.org/10.1024/0301-1526/a000723
http://doi.org/10.1016/j.autrev.2014.05.001


J. Clin. Med. 2023, 12, 891 11 of 16

20. McDonnell, T.; Wincup, C.; Buchholz, I.; Pericleous, C.; Giles, I.; Ripoll, V.; Cohen, H.; Delcea, M.; Rahman, A. The role of
beta-2-glycoprotein I in health and disease associating structure with function: More than just APS. Blood Rev. 2020, 39, 100610.
[CrossRef]

21. De Laat, H.B.; Derksen, R.H.; Urbanus, R.T.; Roest, M.; de Groot, P.G. Beta2-glycoprotein I-dependent lupus anticoagulant highly
correlates with thrombosis in the antiphospholipid syndrome. Blood 2004, 104, 3598–3602. [CrossRef] [PubMed]

22. Willis, R.; Pierangeli, S.S. Pathophysiology of the antiphospholipid antibody syndrome. Autoimmun. Highlights 2011, 2, 35–52.
[CrossRef] [PubMed]

23. Sherer, Y.; Blank, M.; Shoenfeld, Y. Antiphospholipid syndrome (APS): Where does it come from? Best Pract. Res. Clin. Rheumatol.
2007, 21, 1071–1078. [CrossRef] [PubMed]

24. De Groot, P.G.; de Laat, B. Mechanisms of thrombosis in systemic lupus erythematosus and antiphospholipid syndrome. Best
Pract. Res. Clin. Rheumatol. 2017, 31, 334–341. [CrossRef] [PubMed]

25. Du, V.X.; Kelchtermans, H.; de Groot, P.G.; de Laat, B. From antibody to clinical phenotype, the black box of the antiphospholipid
syndrome: Pathogenic mechanisms of the antiphospholipid syndrome. Thromb. Res. 2013, 132, 319–326. [CrossRef]

26. De Groot, P.G.; Urbanus, R.T.; Derksen, R.H. Pathophysiology of thrombotic APS: Where do we stand? Lupus 2012, 21, 704–707.
[CrossRef]

27. Agostinis, C.; Biffi, S.; Garrovo, C.; Durigutto, P.; Lorenzon, A.; Bek, A.; Bulla, R.; Grossi, C.; Borghi, M.O.; Meroni, P.L.; et al.
In vivo distribution of β2 glycoprotein I under various pathophysiologic conditions. Blood 2011, 118, 4231–4238. [CrossRef]

28. Meroni, P.L.; Borghi, M.O.; Raschi, E.; Tedesco, F. Pathogenesis of antiphospholipid syndrome: Understanding the antibodies.
Nat. Rev. Rheumatol. 2011, 7, 330–339. [CrossRef]

29. Galli, M.; Luciani, D.; Bertolini, G.; Barbui, T. Anti-β2-glycoprotein I, antiprothrombin antibodies, and the risk of thrombosis in
the antiphospholipid syndrome. Blood 2003, 102, 2717–2723. [CrossRef]

30. Arad, A.; Proulle, V.; Furie, R.A.; Furie, B.C.; Furie, B. β2-Glycoprotein-1 autoantibodies from patients with antiphospholipid
syndrome are sufficient to potentiate arterial thrombus formation in a mouse model. Blood 2011, 117, 3453–3459. [CrossRef]

31. Willis, R.; Gonzalez, E.B.; Brasier, A.R. The Journey of Antiphospholipid Antibodies from Cellular Activation to Antiphospholipid
Syndrome. Curr. Rheumatol. Rep. 2015, 17, 16. [CrossRef]

32. Fischetti, F.; Durigutto, P.; Pellis, V.; Debeus, A.; Macor, P.; Bulla, R.; Bossi, F.; Ziller, F.; Sblattero, D.; Meroni, P.L.; et al. Thrombus
formation induced by antibodies to β2- glycoprotein I is complement dependent and requires a priming factor. Blood 2005, 106,
2340–2346. [CrossRef]

33. Del Papa, N.; Guidali, L.; Sala, A.; Buccellati, C.; Khamashta, M.A.; Ichikawa, K.; Koike, T.; Balestrieri, G.; Tincani, A.;
Hughes, G.R.; et al. Endothelial cells as target for antiphospholipid antibodies. Human polyclonal and monoclonal anti-beta
2-glycoprotein I antibodies react in vitro with endothelial cells through adherent beta 2-glycoprotein I and induce endothelial
activation. Arthritis Rheum. 1997, 40, 551–561. [CrossRef]

34. Meroni, P.L.; Raschi, E.; Camera, M.; Testoni, C.; Nicoletti, F.; Tincani, A.; Khamashta, M.A.; Balestrieri, G.; Tremoli, E.; Hess, D.C.
Endothelial activation by aPL: A potential pathogenetic mechanism for the clinical manifestations of the syndrome. J. Autoimmun.
2000, 15, 237–240. [CrossRef]

35. Raschi, E.; Testoni, C.; Bosisio, D.; Borghi, M.O.; Koike, T.; Mantovani, A.; Meroni, P.L. Role of the MyD88 transduction signaling
pathway in endothelial activation by antiphospholipid antibodies. Blood 2003, 101, 3495–3500. [CrossRef]

36. Sorice, M.; Longo, A.; Capozzi, A.; Garofalo, T.; Misasi, R.; Alessandri, C.; Conti, F.; Buttari, B.; Riganò, R.; Ortona, E.; et al.
Anti-beta2-glycoprotein I antibodies induce monocyte release of tumor necrosis factor alpha and tissue factor by signal transduc-
tion pathways involving lipid rafts. Arthritis Rheum. 2007, 56, 2687–2697. [CrossRef]

37. Xie, H.; Zhou, H.; Wang, H.; Chen, D.; Xia, L.; Wang, T.; Yan, J. Anti-beta(2)GPI/beta(2)GPI induced TF and TNF-alpha expression
in monocytes involving both TLR4/MyD88 and TLR4/TRIF signaling pathways. Mol. Immunol. 2013, 53, 246–254. [CrossRef]

38. Pennings, M.T.; Derksen, R.H.; van Lummel, M.; Adelmeijer, J.; Van-Hoorelbeke, K.; Urbanus, R.T.; Lisman, T.; de Groot, P.G.
Platelet adhesion to dimeric beta-glycoprotein I under conditions of flow is mediated by at least two receptors: Glycoprotein
Ibalpha and apolipoprotein E receptor 2’. J. Thromb. Haemost. 2007, 5, 369–377. [CrossRef]

39. Joseph, J.E.; Harrison, P.; Mackie, I.J.; Isenberg, D.A.; Machin, S.J. Increased circulating platelet-leucocyte complexes and platelet
activation in patients with antiphospholipid syndrome, systemic lupus erythematosus and rheumatoid arthritis. Br. J. Haematol.
2001, 115, 451–459. [CrossRef]

40. Cuadrado, M.J.; Lopez-Pedrera, C.; Khamashta, M.A.; Camps, M.T.; Tinahones, F.; Torres, A.; Hughes, G.R.; Velasco, F. Thrombosis
in primary antiphospholipid syndrome: A pivotal role for monocyte tissue factor expression. Arthritis Rheum. 1997, 40, 834–841.
[CrossRef]

41. Dobado-Berrios, P.M.; Lopez-Pedrera, C.; Velasco, F.; Aguirre, M.A.; Torres, A.; Cuadrado, M.J. Increased levels of tissue factor
mRNA in mononuclear blood cells of patients with primary antiphospholipid syndrome. Thromb. Haemost. 1999, 82, 1578–1582.
[PubMed]

42. Lopez-Pedrera, C.; Buendia, P.; Cuadrado, M.J.; Siendones, E.; Aguirre, M.A.; Barbarroja, N.; Montiel-Duarte, C.; Torres, A.;
Khamashta, M.; Velasco, F. Antiphospholipid antibodies from patients with the antiphospholipid syndrome induce monocyte
tissue factor expression through the simultaneous activation of NF-kappaB/Rel proteins via the p38 mitogen-activated protein
kinase pathway, and of the MEK-1/ERK pathway. Arthritis Rheum. 2006, 54, 301–311. [CrossRef] [PubMed]

http://doi.org/10.1016/j.blre.2019.100610
http://doi.org/10.1182/blood-2004-03-1107
http://www.ncbi.nlm.nih.gov/pubmed/15315975
http://doi.org/10.1007/s13317-011-0017-9
http://www.ncbi.nlm.nih.gov/pubmed/26000118
http://doi.org/10.1016/j.berh.2007.09.005
http://www.ncbi.nlm.nih.gov/pubmed/18068862
http://doi.org/10.1016/j.berh.2017.09.008
http://www.ncbi.nlm.nih.gov/pubmed/29224675
http://doi.org/10.1016/j.thromres.2013.07.023
http://doi.org/10.1177/0961203312438631
http://doi.org/10.1182/blood-2011-01-333617
http://doi.org/10.1038/nrrheum.2011.52
http://doi.org/10.1182/blood-2002-11-3334
http://doi.org/10.1182/blood-2010-08-300715
http://doi.org/10.1007/s11926-014-0485-9
http://doi.org/10.1182/blood-2005-03-1319
http://doi.org/10.1002/art.1780400322
http://doi.org/10.1006/jaut.2000.0412
http://doi.org/10.1182/blood-2002-08-2349
http://doi.org/10.1002/art.22802
http://doi.org/10.1016/j.molimm.2012.08.012
http://doi.org/10.1111/j.1538-7836.2007.02310.x
http://doi.org/10.1046/j.1365-2141.2001.03101.x
http://doi.org/10.1002/art.1780400509
http://www.ncbi.nlm.nih.gov/pubmed/10613637
http://doi.org/10.1002/art.21549
http://www.ncbi.nlm.nih.gov/pubmed/16385547


J. Clin. Med. 2023, 12, 891 12 of 16

43. Capozzi, A.; Manganelli, V.; Riitano, G.; Recalchi, S.; Truglia, S.; Alessandri, C.; Longo, A.; Garofalo, T.; Misasi, R.;
Valesini, G.; et al. Tissue factor over-expression in platelets of patients with anti-phospholipid syndrome: Induction role of
anti-β2-GPI antibodies. Clin. Exp. Immunol. 2019, 196, 59–66. [CrossRef] [PubMed]

44. Knight, J.S.; Kanthi, Y. Mechanisms of immunothrombosis and vasculopathy in antiphospholipid syndrome. Sem. Immunopathol.
2022, 44, 347–362. [CrossRef] [PubMed]

45. Meng, H.; Yalavarthi, S.; Kanthi, Y.; Mazza, L.F.; Elfline, M.A.; Luke, C.E.; Pinsky, D.J.; Henke, P.K.; Knight, J.S. In vivo role of neu-
trophil extracellular traps in antiphospholipid antibody-mediated venous thrombosis. Arthritis Rheumatol. 2017, 69, 655–667.
[CrossRef] [PubMed]

46. Zha, C.; Zhang, W.; Gao, F.; Xu, J.; Jia, R.; Cai, J.; Liu, Y. Anti-β2GPI/β2GPI induces neutrophil extracellular traps formation to
promote thrombogenesis via the TLR4/MyD88/MAPKs axis activation. Neuropharmacology 2018, 138, 140–150. [CrossRef]

47. Leffler, J.; Stojanovich, L.; Shoenfeld, Y.; Bogdanovic, G.; Hesselstrand, R.; Blom, A.M. Degradation of neutrophil extra-cellular
traps is decreased in patients with antiphospholipid syndrome. Clin. Exp. Rheumatol. 2014, 32, 66–70.

48. Zuo, Y.; Yalavarthi, S.; Gockman, K.; Madison, J.A.; Gudjonsson, J.E.; Kahlenberg, J.M.; McCune, W.J.; Bockenstedt, P.L.;
Karp, D.R.; Knight, J.S. Anti-neutrophil extracellular trap anti- bodies and impaired neutrophil extracellular trap degradation in
antiphospholipid syndrome. Arthritis Rheumatol. 2020, 72, 2130–2135. [CrossRef]

49. Breen, K.A.; Seed, P.; Parmar, K.; Moore, G.W.; Stuart-Smith, S.E.; Hunt, B.J. Complement activation in patients with isolated
antiphospholipid antibodies or primary antiphospholipid syndrome. Thromb. Haemost. 2012, 107, 423–429. [CrossRef]

50. Pierangeli, S.S.; Girardi, G.; Vega-Ostertag, M.; Liu, X.; Espinola, R.G.; Salmon, J. Requirement of activation of complement C3
and C5 for anti-phospholipid antibody-mediated thrombophilia. Arthritis Rheum. 2005, 52, 2120–2124. [CrossRef]

51. Holers, V.M.; Girardi, G.; Mo, L.; Guthridge, J.M.; Molina, H.; Pierangeli, S.S.; Espinola, R.; Xiaowei, L.E.; Mao, D.;
Vialpando, C.G.; et al. Complement C3 activation is required for antiphospholipid antibody-induced fetal loss. J. Exp. Med. 2002,
195, 211–220. [CrossRef]

52. Girardi, G.; Berman, J.; Redecha, P.; Spruce, L.; Thurman, J.M.; Kraus, D.; Hollmann, T.J.; Casali, P.; Caroll, M.C.; Wetsel, R.A.; et al.
Complement C5a receptors and neutrophils mediate fetal injury in the antiphospholipid syndrome. J. Clin. Investig. 2003, 112, 1644–1654.
[CrossRef]

53. Meroni, P.L.; Macor, P.; Durigutto, P.; DeMaso, L.; Gerosa, M.; Ferraresso, M.; Borghi, M.O.; Mollnes, T.E.; Tedesco, F. Complement
activation in antiphospholipid syndrome and its inhibition to prevent rethrombosis after arterial surgery. Blood 2016, 127, 365–367.
[CrossRef]

54. Abrahams, V.M.; Chamley, L.W.; Salmon, J.E. Emerging Treatment Models in Rheumatology: Antiphospholipid Syndrome and
Pregnancy: Pathogenesis to Translation. Arthritis Rheumatol. 2017, 69, 1710–1721. [CrossRef]

55. Carroll, T.Y.; Mulla, M.J.; Han, C.S.; Brosens, J.J.; Chamley, L.W.; Giles, I.; Pericleous, C.; Rahman, A.; Sfakianaki, A.K.; Paidas,
M.J.; et al. Modulation of trophoblast angiogenic factor secretion by antiphospholipid antibodies is not reversed by heparin. Am.
J. Reprod. Immunol. 2011, 66, 286–296. [CrossRef]

56. Ulrich, V.; Gelber, S.E.; Vukelic, M.; Sacharidou, A.; Herz, J.; Urbanus, R.T.; De Groot, P.G.; Natale, D.R.; Harihara, A.;
Redecha, P.; et al. ApoE Receptor 2 Mediation of Trophoblast Dysfunction and Pregnancy Complications Induced by An-
tiphospholipid Antibodies in Mice. Arthritis Rheumatol. 2016, 68, 730–739. [CrossRef]

57. Mulla, M.J.; Myrtolli, K.; Brosens, J.J.; Chamley, L.W.; Kwak-Kim, J.Y.; Paidas, M.J.; Abrahams, V.M. Antiphospholipid antibodies
limit trophoblast migration by reducing IL-6 production and STAT3 activity. Am. J. Reprod. Immunol. 2010, 63, 339–348. [CrossRef]

58. Zohoury, N.; Bertolaccini, M.L.; Rodriguez-Garcia, J.L.; Shums, Z.; Ateka-Barrutia, O.; Sorice, M.; Norman, G.L.; Khamashta,
M. Closing the Serological Gap in the Antiphospholipid Syndrome: The Value of “Non-criteria” Antiphospholipid Antibodies.
J. Rheumatol. 2017, 44, 1597–1602. [CrossRef]

59. Truglia, S.; Mancuso, S.; Capozzi, A.; Recalchi, S.; Riitano, G.; Longo, A.; De Carolis, S.; Spinelli, F.R.; Alessandri, A.; Ceccarelli, F.; et al.
“Non-criteria antiphospholipid antibodies”: Bridging the gap between seropositive and seronegative Antiphospholipid Syndrome.
Rheumatology 2022, 61, 826–833. [CrossRef]

60. Simons, K.; Ikonen, E. Functional rafts in cell membranes. Nature 1997, 387, 569–572. [CrossRef]
61. Pralle, A.; Keller, P.; Florin, E.L.; Simons, K.; Hörber, J.K. Sphingolipid-cholesterol rafts diffuse as small entities in the plasma

membrane of mammalian cells. J. Cell. Biol. 2000, 148, 997–1008. [CrossRef] [PubMed]
62. Ouweneel, A.B.; Thomas, M.J.; Sorci-Thomas, M.G. The ins and outs of lipid rafts: Functions in intracellular cholesterol

homeostasis, microparticles, and cell membranes. J. Lipid. Res. 2020, 61, 676–686. [CrossRef] [PubMed]
63. Zaman, S.N.; Resek, M.E.; Robbins, S.M. Dual acylation and lipid raft association of Src-family protein tyrosine kinases are

required for SDF-1/CXCL12-mediated chemotaxis in the Jurkat human T cell lymphoma cell line. J. Leukoc. Biol. 2008, 84,
1082–1091. [CrossRef] [PubMed]

64. Barbat, C.; Trucy, M.; Sorice, M.; Garofalo, T.; Manganelli, V.; Fischer, A.; Mazerolles, F. p56lck, LFA-1 and PI3K but not SHP-2
interact with GM1- or GM3-enriched microdomains in a CD4-p56lck association-dependent manner. Biochem. J. 2007, 402, 471–481.
[CrossRef]

65. Scheel-Toellner, D.; Wang, K.; Singh, R.; Majeed, S.; Raza, K.; Curnow, S.J.; Salmon, M.; Lord, J.M. The death-inducing signalling
complex is recruited to lipid rafts in Fas-induced apoptosis. Biochem. Biophys. Res. Commun. 2002, 297, 876–879. [CrossRef]

http://doi.org/10.1111/cei.13248
http://www.ncbi.nlm.nih.gov/pubmed/30549270
http://doi.org/10.1007/s00281-022-00916-w
http://www.ncbi.nlm.nih.gov/pubmed/35122116
http://doi.org/10.1002/art.39938
http://www.ncbi.nlm.nih.gov/pubmed/27696751
http://doi.org/10.1016/j.neuropharm.2018.06.001
http://doi.org/10.1002/art.41460
http://doi.org/10.1182/blood.V116.21.4216.4216
http://doi.org/10.1002/art.21157
http://doi.org/10.1084/jem.200116116
http://doi.org/10.1172/JCI200318817
http://doi.org/10.1182/blood-2015-09-672139
http://doi.org/10.1002/art.40136
http://doi.org/10.1111/j.1600-0897.2011.01007.x
http://doi.org/10.1002/art.39453
http://doi.org/10.1111/j.1600-0897.2009.00805.x
http://doi.org/10.3899/jrheum.170044
http://doi.org/10.1093/rheumatology/keab414
http://doi.org/10.1038/42408
http://doi.org/10.1083/jcb.148.5.997
http://www.ncbi.nlm.nih.gov/pubmed/10704449
http://doi.org/10.1194/jlr.TR119000383
http://www.ncbi.nlm.nih.gov/pubmed/33715815
http://doi.org/10.1189/jlb.1007698
http://www.ncbi.nlm.nih.gov/pubmed/18632989
http://doi.org/10.1042/BJ20061061
http://doi.org/10.1016/S0006-291X(02)02311-2


J. Clin. Med. 2023, 12, 891 13 of 16

66. Matarrese, P.; Garofalo, T.; Manganelli, V.; Gambardella, L.; Marconi, M.; Grasso, M.; Tinari, A.; Misasi, R.; Malorni, W.; Sorice, M.
Evidence for the involvement of GD3 ganglioside in autophagosome formation and maturation. Autophagy 2014, 10, 750–765.
[CrossRef]

67. Iessi, E.; Marconi, M.; Manganelli, V.; Sorice, M.; Malorni, W.; Garofalo, T.; Matarrese, P. On the role of sphingolipids in cell
survival and death. Int. Rev. Cell. Mol. Biol. 2020, 351, 149–195. [CrossRef]

68. Okamoto, T.; Schlegel, A.; Scherer, P.E.; Lisanti, M.P. Caveolins, a family of scaffolding proteins for organizing "preassembled
signaling complexes" at the plasma membrane. J. Biol. Chem. 1998, 273, 5419–5422. [CrossRef]

69. Heino, S.; Lusa, S.; Somerharju, P.; Ehnholm, C.; Olkkonen, V.M.; Ikonen, E. Dissecting the role of the golgi complex and lipid
rafts in biosynthetic transport of cholesterol to the cell surface. Proc. Natl. Acad. Sci. USA 2000, 97, 8375–8380. [CrossRef]

70. Cascianelli, G.; Villani, M.; Tosti, M.; Marini, F.; Bartoccini, E.; Magni, M.V.; Albi, E. Lipid microdomains in cell nucleus. Mol. Biol.
Cell 2008, 19, 5289–5295. [CrossRef]

71. Matarrese, P.; Manganelli, V.; Garofalo, T.; Tinari, A.; Gambardella, L.; Ndebele, K.; Khosravi-Far, R.; Sorice, M.; Esposti, M.D.;
Malorni, W. Endosomal compartment contributes to the propagation of CD95/Fas-mediated signals in type II cells. Biochem. J.
2008, 413, 467–478. [CrossRef]

72. Boslem, E.; Weir, J.M.; MacIntosh, G.; Sue, N.; Cantley, J.; Meikle, P.J.; Biden, T.J. Alteration of endoplasmic reticulum lipid rafts
contributes to lipotoxicity in pancreatic β-cells. J. Biol. Chem. 2013, 288, 26569–26582. [CrossRef]

73. Garofalo, T.; Giammarioli, A.M.; Misasi, R.; Tinari, A.; Manganelli, V.; Gambardella, L.; Pavan, A.; Malorni, W.; Sorice, M. Lipid
microdomains contribute to apoptosis-associated modifications of mitochondria in T cells. Cell Death Differ. 2005, 12, 1378–1389.
[CrossRef]

74. Annunziata, I.; Sano, R.; d’Azzo, A. Mitochondria-associated ER membranes (MAMs) and lysosomal storage diseases. Cell Death
Dis. 2018, 9, 328. [CrossRef]

75. Garofalo, T.; Matarrese, P.; Manganelli, V.; Marconi, M.; Tinari, A.; Gambardella, L.; Faggioni, A.; Misasi, R.; Sorice, M.; Malorni, W.
Evidence for the involvement of lipid rafts localized at the ER-mitochondria associated membranes in autophagosome formation.
Autophagy 2016, 12, 917–935. [CrossRef]

76. Manganelli, V.; Matarrese, P.; Antonioli, M.; Gambardella, L.; Vescovo, T.; Gretzmeier, C.; Longo, A.; Capozzi, A.; Recalchi, S.;
Riitano, G.; et al. Raft-like lipid microdomains drive autophagy initiation via AMBRA1-ERLIN1 molecular association within
MAMs. Autophagy 2021, 17, 2528–2548. [CrossRef]

77. Hueber, A.O.; Bernard, A.M.; Herincs, Z.; Couzinet, A.; He, H.T. An essential role for membrane rafts in the initiation of
Fas/CD95-triggered cell death in mouse thymocytes. EMBO Rep. 2002, 3, 190–196. [CrossRef]

78. Miyaji, M.; Jin, Z.X.; Yamaoka, S.; Amakawa, R.; Fukuhara, S.; Sato, S.B.; Kobayashi, T.; Domae, N.; Mimori, T.; Bloom, E.T.; et al.
Role of membrane sphingomyelin and ceramide in platform formation for Fas-mediated apoptosis. J. Exp. Med. 2005, 202, 249–259.
[CrossRef]

79. Janes, P.W.; Ley, S.C.; Magee, A.I.; Kabouridis, P.S. The role of lipid rafts in T cell antigen receptor (TCR) signalling. Semin.
Immunol. 2000, 12, 23–34. [CrossRef]

80. Pathan-Chhatbar, S.; Drechsler, C.; Richter, K.; Morath, A.; Wu, W.; OuYang, B.; Xu, C.; Schamel, W.W. Direct Regulation of the T
Cell Antigen Receptor’s Activity by Cholesterol. Front. Cell Dev. Biol. 2021, 8, 615996. [CrossRef]

81. Jury, E.C.; Kabouridis, P.S.; Flores-Borja, F.; Mageed, R.A.; Isenberg, D.A. Altered lipid raft-associated signaling and ganglioside
expression in T lymphocytes from patients with systemic lupus erythematosus. J. Clin. Investig. 2004, 113, 1176–1187. [CrossRef]
[PubMed]

82. Deng, G.M.; Tsokos, G.C. Cholera toxin B accelerates disease progression in lupus-prone mice by promoting lipid raft aggregation.
J. Immunol. 2008, 181, 4019–4026. [CrossRef] [PubMed]

83. Hakomori, S.; Handa, K.; Iwabuchi, K.; Yamamura, S.; Prinetti, A. New insights in glycosphingolipid function: “glycosignaling
domain”, a cell surface assembly of glycosphingolipids with signal transducer molecules, involved in cell adhesion coupled with
signaling. Glycobiology 1998, 8, 11–19. [CrossRef] [PubMed]

84. Meroni, P.L.; Raschi, E.; Testoni, C.; Borghi, M.O. Endothelial cell activation by antiphospholipid antibodies. Clin. Immunol. 2004,
112, 169–174. [CrossRef]

85. Misasi, R.; Longo, A.; Recalchi, S.; Caissutti, D.; Riitano, G.; Manganelli, V.; Garofalo, T.; Sorice, M.; Capozzi, A. Molecular
Mechanisms of “Antiphospholipid Antibodies” and Their Paradoxical Role in the Pathogenesis of “Seronegative APS”. Int. J.
Mol. Sci. 2020, 21, 8411. [CrossRef]

86. Müller-Calleja, N.; Lackner, K.J. Mechanisms of Cellular Activation in the Antiphospholipid Syndrome. Semin. Thromb. Hemost.
2018, 44, 483–492. [CrossRef]

87. Triantafilou, M.; Morath, S.; Mackie, A.; Hartung, T.; Triantafilou, K. Lateral diffusion of Toll-like receptors reveals that they are
transiently confined within lipid rafts on the plasma membrane. J. Cell. Sci. 2004, 117, 4007–4014. [CrossRef]

88. Lingwood, D.; Simons, K. Lipid rafts as a membrane-organizing principle. Science 2010, 327, 46–50. [CrossRef]
89. Buttari, B.; Profumo, E.; Mattei, V.; Siracusano, A.; Ortona, E.; Margutti, P.; Salvati, B.; Sorice, M.; Riganò, R. Oxidized beta2-

glycoprotein I induces human dendritic cell maturation and promotes a T helper type 1 response. Blood 2005, 106, 3880–3887.
[CrossRef]

http://doi.org/10.4161/auto.27959
http://doi.org/10.1016/bs.ircmb.2020.02.004
http://doi.org/10.1074/jbc.273.10.5419
http://doi.org/10.1073/pnas.140218797
http://doi.org/10.1091/mbc.e08-05-0517
http://doi.org/10.1042/BJ20071704
http://doi.org/10.1074/jbc.M113.489310
http://doi.org/10.1038/sj.cdd.4401672
http://doi.org/10.1038/s41419-017-0025-4
http://doi.org/10.1080/15548627.2016.1160971
http://doi.org/10.1080/15548627.2020.1834207
http://doi.org/10.1093/embo-reports/kvf022
http://doi.org/10.1084/jem.20041685
http://doi.org/10.1006/smim.2000.0204
http://doi.org/10.3389/fcell.2020.615996
http://doi.org/10.1172/JCI200420345
http://www.ncbi.nlm.nih.gov/pubmed/15085197
http://doi.org/10.4049/jimmunol.181.6.4019
http://www.ncbi.nlm.nih.gov/pubmed/18768857
http://doi.org/10.1093/oxfordjournals.glycob.a018822
http://www.ncbi.nlm.nih.gov/pubmed/9840984
http://doi.org/10.1016/j.clim.2004.02.015
http://doi.org/10.3390/ijms21218411
http://doi.org/10.1055/s-0036-1597290
http://doi.org/10.1242/jcs.01270
http://doi.org/10.1126/science.1174621
http://doi.org/10.1182/blood-2005-03-1201


J. Clin. Med. 2023, 12, 891 14 of 16

90. Lutters, B.C.; Derksen, R.H.; Tekelenburg, W.L.; Lenting, P.J.; Arnout, J.; De Groot, P. Dimers of β2-glycoprotein I increase
platelet deposition to collagen via interaction with phospholipids and the apolipoprotein E receptor 2. J. Biol. Chem. 2003, 278,
33831–33838. [CrossRef]

91. Weiss, R.; Bitton, A.; Nahary, L.; Arango, M.T.; Benhar, I.; Blank, M.; Shoenfeld, Y.; Chapman, J. Cross-reactivity between annexin
A2 and Beta-2-glycoprotein I in animal models of antiphospholipidsyndrome. Immunol. Res. 2017, 65, 355–362. [CrossRef]

92. Ma, K.; Simantov, R.; Zhang, J.C.; Silverstein, R.; Hajjar, K.A.; McCrae, K.R. High affinity binding of β2-glycoprotein I to human
endothelial cells is mediated by annexin II. J. Biol. Chem. 2000, 275, 15541–15548. [CrossRef]

93. Drücker, P.; Pejic, M.; Grill, D.; Galla, H.J.; Gerke, V. Cooperative binding of annexin A2 to cholesterol- and phosphatidylinositol-
4,5-bisphosphate-containing bilayers. Biophys. J. 2014, 107, 2070–2081. [CrossRef]

94. Valapala, M.; Vishwanatha, J.K. Lipid raft endocytosis and exosomal transport facilitate extracellular trafficking of annexin A2.
J. Biol. Chem. 2011, 286, 30911–30925. [CrossRef]

95. Matos, A.L.L.; Kudruk, S.; Moratz, J.; Heflik, M.; Grill, D.; Ravoo, B.J.; Gerke, V. Membrane Binding Promotes Annexin A2
Oligomerization. Cells 2020, 9, 1169. [CrossRef]

96. Conti, F.; Sorice, M.; Circella, A.; Alessandri, C.; Pittoni, V.; Caronti, B.; Calderaro, C.; Griggi, T.; Misasi, R.; Valesini, G. Beta-2-
glycoprotein I expression on monocytes is increased in anti-phospholipid antibody syndrome and correlates with tissue factor
expression. Clin. Exp. Immunol. 2003, 132, 509–516. [CrossRef]

97. Pierangeli, S.S.; Blank, M.; Liu, X.; Espinola, R.; Fridkin, M.; Ostertag, M.V.; Harris, E.N.; Shoenfeld, Y. A peptide that shares
similarity with bacterial antigens reverses thrombogenic properties of antiphospholipid antibodies in vivo. J. Autoimmun. 2004,
22, 217–225. [CrossRef]

98. Underhill, D.M.; Ozinsky, A. Toll-like receptors: Key mediators of microbe detection. Curr. Opin. Immunol. 2002, 14, 103–110.
[CrossRef]

99. Colasanti, T.; Alessandri, C.; Capozzi, A.; Sorice, M.; Delunardo, F.; Longo, A.; Pierdominici, M.; Conti, F.; Truglia, S.; Siracusano, A.; et al.
Autoantibodies specific to a peptide of β2-glycoprotein I cross-react with TLR4, inducing a proinflammatory phenotype in endothelial
cells and monocytes. Blood 2010, 120, 3360–33670. [CrossRef]

100. Canaud, G.; Bienaimé, F.; Tabarin, F.; Bataillon, G.; Seilhean, D.; Noël, L.H.; Dragon-Durey, M.A.; Snanoudj, R.; Friedlander, G.;
Halbwachs-Mecarelli, L.; et al. Inhibition of the mTORC pathway in the antiphospholipid syndrome. N. Engl. J. Med. 2014, 371,
303–312. [CrossRef]

101. Müller-Calleja, N.; Hollerbach, A.; Royce, J.; Ritter, S.; Pedrosa, D.; Madhusudhan, T.; Teifel, S.; Meineck, M.; Häuser, F.;
Canisius, A.; et al. Lipid presentation by the protein C receptor links coagulation with autoimmunity. Science 2021, 371, eabc0956.
[CrossRef] [PubMed]

102. Riitano, G.; Capozzi, A.; Recalchi, S.; Caissutti, D.; Longo, A.; Mattei, V.; Conti, F.; Misasi, R.; Garofalo, T.; Sorice, M.; et al.
Anti-β2-GPI Antibodies Induce Endothelial Cell Expression of Tissue Factor by LRP6 Signal Transduction Pathway Involving
Lipid Rafts. Cells 2022, 11, 1288. [CrossRef] [PubMed]

103. Müller-Calleja, N.; Hollerbach, A.; Ritter, S.; Pedrosa, D.G.; Strand, D.; Graf, C.; Reinhardt, C.; Strand, S.; Poncelet, P.;
Griffin, J.H.; et al. Tissue factor pathway inhibitor primes monocytes for antiphospholipid antibody-induced thrombosis.
Blood 2019, 134, 1119–1131. [CrossRef] [PubMed]

104. Redecha, P.; Franzke, C.W.; Ruf, W.; Mackman, N.; Girardi, G. Neutrophil activation by the tissue factor/Factor VIIa/PAR2 axis
mediates fetal death in a mouse model of antiphospholipid syndrome. J. Clin. Investig. 2008, 118, 3453–3461. [CrossRef]

105. Nag, J.K.; Kancharla, A.; Maoz, M.; Turm, H.; Agranovich, D.; Gupta, C.L.; Uziely, B.; Bar-Shavit, R. Low-density lipoprotein
receptor-related protein 6 is a novel coreceptor of protease-activated receptor-2 in the dynamics of cancer-associated β-catenin
stabilization. Oncotarget 2017, 8, 38650–38667. [CrossRef]

106. De Groot, P.G.; Derksen, R.H.; Urbanus, R.T. The role of LRP8 (ApoER2’) in the pathophysiology of the antiphospholipid
syndrome. Lupus 2010, 19, 389–393. [CrossRef]

107. Wang, L.; Chai, Y.; Li, C.; Liu, H.; Su, W.; Liu, X.; Yu, B.; Lei, W.; Yu, B.; Crane, J.L.; et al. Oxidized phospholipids are ligands for
LRP6. Bone Res. 2018, 6, 22. [CrossRef]

108. Riitano, G.; Manganelli, V.; Capozzi, A.; Mattei, V.; Recalchi, S.; Martellucci, S.; Longo, A.; Misasi, R.; Garofalo, T.; Sorice, M. LRP6
mediated signal transduction pathway triggered by tissue plasminogen activator acts through lipid rafts in neuroblastoma cells.
J. Cell. Commun. Signal. 2020, 14, 315–323. [CrossRef]

109. Bafico, A.; Liu, G.; Yaniv, A.; Gazit, A.; Aaronson, S.A. Novel mechanism of Wnt signalling inhibition mediated by Dickkopf-1
interaction with LRP6/Arrow. Nat. Cell. Biol. 2001, 3, 683–686. [CrossRef]

110. Mao, B.; Wu, W.; Li, Y.; Hoppe, D.; Stannek, P.; Glinka, A.; Niehrs, C. LDL-receptor-related protein 6 is a receptor for Dickkopf
proteins. Nature 2001, 411, 321–325. [CrossRef]

111. Semënov, M.; Tamai, K.; He, X. SOST is a ligand for LRP5/LRP6 and a Wnt signaling inhibitor. J. Biol. Chem. 2005, 280,
26770–26775. [CrossRef]

112. Ring, L.; Neth, P.; Weber, C.; Steffens, S.; Faussner, A. β-Catenin-dependent pathway activation by both promiscuous “canonical”
WNT3a-, and specific “noncanonical” WNT4- and WNT5a-FZD receptor combinations with strong differences in LRP5 and LRP6
dependency. Cell Signal. 2014, 26, 260–267. [CrossRef]

113. Haack, F.; Köster, T.; Uhrmacher, A.M. Receptor/Raft Ratio Is a Determinant for LRP6 Phosphorylation and WNT/β-Catenin
Signaling. Front. Cell. Dev. Biol. 2021, 9, 706731. [CrossRef]

http://doi.org/10.1074/jbc.M212655200
http://doi.org/10.1007/s12026-016-8840-8
http://doi.org/10.1074/jbc.275.20.15541
http://doi.org/10.1016/j.bpj.2014.08.027
http://doi.org/10.1074/jbc.M111.271155
http://doi.org/10.3390/cells9051169
http://doi.org/10.1046/j.1365-2249.2003.02180.x
http://doi.org/10.1016/j.jaut.2004.01.002
http://doi.org/10.1016/S0952-7915(01)00304-1
http://doi.org/10.1182/blood-2011-09-378851
http://doi.org/10.1056/NEJMoa1312890
http://doi.org/10.1126/science.abc0956
http://www.ncbi.nlm.nih.gov/pubmed/33707237
http://doi.org/10.3390/cells11081288
http://www.ncbi.nlm.nih.gov/pubmed/35455968
http://doi.org/10.1182/blood.2019001530
http://www.ncbi.nlm.nih.gov/pubmed/31434703
http://doi.org/10.1172/JCI36089
http://doi.org/10.18632/oncotarget.16246
http://doi.org/10.1177/0961203309360542
http://doi.org/10.1038/s41413-018-0023-x
http://doi.org/10.1007/s12079-020-00551-w
http://doi.org/10.1038/35083081
http://doi.org/10.1038/35077108
http://doi.org/10.1074/jbc.M504308200
http://doi.org/10.1016/j.cellsig.2013.11.021
http://doi.org/10.3389/fcell.2021.706731


J. Clin. Med. 2023, 12, 891 15 of 16

114. Alarcón-Segovia, D.; Cardiel, M.H.; Reyes, E. Antiphospholipid arterial vasculopathy. J. Rheumatol. 1989, 16, 762–767.
115. Christodoulou, C.; Sangle, S.; D’Cruz, D.P. Vasculopathy and arterial stenotic lesions in the antiphospholipid syndrome.

Rheumatology 2007, 46, 907–910. [CrossRef]
116. Gallo, R.; Padurean, A.; Jayaraman, T.; Marx, S.; Roque, M.; Adelman, S.; Chesebro, J.; Fallon, J.; Fuster, V.; Marks, A.; et al.

Inhibition of intimal thickening after balloon angioplasty in porcine coronary arteries by targeting regulators of the cell cycle.
Circulation 1999, 99, 2164–2170. [CrossRef]

117. Moody, D.B.; Young, D.C.; Cheng, T.Y.; Rosat, J.P.; Roura-Mir, C.; O’Connor, P.B.; Zajonc, D.M.; Walz, A.; Miller, M.J.; Levery, S.B.; et al.
T cell activation by lipopeptide antigens. Science 2004, 303, 527–531. [CrossRef]

118. Zhou, D.; Mattner, J.; Cantu, C.; Schrantz, N.; Yin, N.; Gao, Y.; Sagiv, Y.; Hudspeth, K.; Wu, Y.P.; Yamashita, T.; et al. Lysosomal
glycosphingolipid recognition by NKT cells. Science 2004, 306, 1786–1789. [CrossRef]

119. Mattner, J.; Debord, K.L.; Ismail, N.; Goff, R.D.; Cantu, C.; Zhou, D.; Saint-Mezard, P.; Wang, V.; Gao, Y.; Yin, N.; et al. Exogenous
and endogenous glycolipid antigens activate NKT cells during microbial infections. Nature 2005, 434, 525–529. [CrossRef]

120. Arachchillage, D.J.; Cohen, H. Use of new oral anticoagulants in antiphospholipid syndrome. Curr. Rheumatol. Rep. 2013, 15, 331.
[CrossRef]

121. Edwards, M.H.; Pierangeli, S.; Liu, X.; Barker, J.H.; Anderson, G.; Harris, E.N. Hydroxychloroquine reverses thrombogenic
properties of antiphospholipid antibodies in mice. Circulation 1997, 96, 4380–4384. [CrossRef] [PubMed]

122. Fangtham, M.; Petri, M. 2013 update: Hopkins lupus cohort. Curr. Rheumatol. Rep. 2013, 15, 360. [CrossRef] [PubMed]
123. Zhou, H.; Wolberg, A.S.; Roubey, R.A. Characterization of monocyte tissue factor activity induced by IgG antiphospholipid

antibodies and inhibition by dilazep. Blood 2004, 104, 2353–2358. [CrossRef] [PubMed]
124. Holy, E.W.; Tanner, F.C. Tissue factor in cardiovascular disease pathophysiology and pharmacological intervention. Adv. Pharmacol.

2010, 59, 259–292. [CrossRef]
125. Sviridov, D.; Mukhamedova, N.; Miller, Y.I. Lipid rafts as a therapeutic target. J. Lipid Res. 2020, 61, 687–695. [CrossRef]
126. Arakawa, R.; Hayashi, M.; Remaley, A.T.; Brewer, B.H.; Yamauchi, Y.; Yokoyama, S. Phosphorylation and stabilization of ATP

binding cassette transporter A1 by synthetic amphiphilic helical peptides. J. Biol. Chem. 2004, 279, 6217–6220. [CrossRef]
127. Umemoto, T.; Han, C.Y.; Mitra, P.; Averill, M.M.; Tang, C.; Goodspeed, L.; Omer, M.; Subramanian, S.; Wang, S.; Den Hartigh, L.J.; et al.

Apolipoprotein AI and high-density lipoprotein have anti-inflammatory effects on adipocytes via cholesterol transporters: ATP-binding
cassette A-1, ATP-binding cassette G-1, and scavenger receptor B-1. Circ. Res. 2013, 112, 1345–1354. [CrossRef]

128. Cheng, A.M.; Handa, P.; Tateya, S.; Schwartz, J.; Tang, C.; Mitra, P.; Oram, J.F.; Chait, A.; Kim, F. Apolipoprotein A-I attenuates
palmitate-mediated NF-kappaB activation by reducing toll-like receptor-4 recruitment into lipid rafts. PLoS ONE 2012, 7, e33917.
[CrossRef]

129. Murphy, A.J.; Woollard, K.J.; Suhartoyo, A.; Stirzaker, R.A.; Shaw, J.; Sviridov, D.; Chin-Dusting, J.P.F. Neutrophil activation
is attenuated by high-density lipoprotein and apolipoprotein A-I in in vitro and in vivo models of inflammation. Arterioscler.
Thromb. Vasc. Biol. 2011, 31, 1333–1341. [CrossRef]

130. Zimmer, S.; Grebe, A.; Bakke, S.S.; Bode, N.; Halvorsen, B.; Ulas, T.; Skjelland, M.; De Nardo, D.; Labzin, L.I.; Kerksiek, A.; et al.
Cyclodextrin promotes atherosclerosis regression via macrophage reprogramming. Sci. Transl. Med. 2016, 8, 333–350. [CrossRef]

131. McDonald, G.; Deepak, S.; Miguel, L.; Hall, C.J.; Isenberg, D.A.; Magee, A.I.; Butters, T.; Jury, E.C. Normalizing glycosphingolipids
restores function in CD4+ T cells from lupus patients. J. Clin. Investig. 2014, 124, 712–724. [CrossRef]

132. Ory, D.S.; Ottinger, E.A.; Farhat, N.Y.; King, K.A.; Jiang, X.; Weissfeld, L.; Berry-Kravis, E.; Davidson, C.D.; Bianconi, S.;
Keener, L.A.; et al. Intrathecal 2-hydroxypropyl-beta-cyclodextrin decreases neurological disease progression in Niemann-Pick
disease, type C1: A non-randomised, open-label, phase 1–2 trial. Lancet 2017, 390, 1758–1768. [CrossRef]

133. Lee, S.Y.; Ko, S.H.; Shim, J.S.; Kim, D.D.; Cho, H.J. Tumor targeting and lipid rafts disrupting hyaluronic acid-cyclodextrin- based
nanoassembled structure for cancer therapy. ACS Appl. Mater. Interfaces 2018, 10, 36628–36640. [CrossRef]

134. Mortensen, A.; Aguilar, F.; Crebelli, R.; Di Domenico, A.; Dusemund, B.; Frutos, M.J.; Galtier, P.; Gott, D.; Gundert-Remy, U.;
Leblanc, J.C.; et al. Re-evaluation of b-cyclodextrin (E 459) as a food additive. EFSA J. 2016, 14, e04628. [CrossRef]

135. Ferrara, D.E.; Liu, X.; Espinola, R.G.; Meroni, P.L.; Abukhalaf, I.; Harris, E.N.; Pierangeli, S.S. Inhibition of the thrombogenic and
inflammatory properties of antiphospholipid antibodies by fluvastatin in an in vivo animal model. Arthritis Rheum. 2003, 48,
3272–3279. [CrossRef]

136. Meroni, P.L.; Raschi, E.; Testoni, C.; Tincani, A.; Balestrieri, G.; Molteni, R.; Khamashta, M.A.; Tremoli, E.; Camera, M. Statins
prevent endothelial cell activation induced by antiphospholipid (anti-beta2-glycoprotein I) antibodies: Effect on the proadhesive
and proinflammatory phenotype. Arthritis Rheum. 2001, 44, 2870–2878. [CrossRef]

137. Merwick, A.; Albers, G.W.; Arsava, E.M.; Ay, H.; Calvet, D.; Coutts, S.B.; Cucchiara, B.L.; Demchuk, A.M.; Giles, M.F.;
Mas, J.L.; et al. Reduction in early stroke risk in carotid stenosis with transient ischemic attack associated with statin treatment.
Stroke 2013, 44, 2814–2820. [CrossRef]

138. Glyn, R.J.; Danielson, E.; Fonseca, F.A.H.; Genest, J.; Gotto, A.M., Jr.; Kastelein, J.J.P.; Koenig, W.; Libby, P.; Lorenzatti, A.J.;
MacFadyen, J.G.; et al. A randomized trial of rosuvastatin in the prevention of venous thromboembolism. N. Engl. J. Med. 2009,
360, 1851–1861. [CrossRef]

139. Ferrara, D.E.; Swerlick, R.; Casper, K.; Meroni, P.L.; Vega-Ostertag, M.E.; Harris, E.N.; Pierangeli, S.S. Fluvastatin inhibits
up-regulation of tissue factor expression by antiphospholipid antibodies on endothelial cells. J. Thromb. Haemost. 2004, 2,
1558–1563. [CrossRef]

http://doi.org/10.1093/rheumatology/kem040
http://doi.org/10.1161/01.CIR.99.16.2164
http://doi.org/10.1126/science.1089353
http://doi.org/10.1126/science.1103440
http://doi.org/10.1038/nature03408
http://doi.org/10.1007/s11926-013-0331-5
http://doi.org/10.1161/01.CIR.96.12.4380
http://www.ncbi.nlm.nih.gov/pubmed/9416907
http://doi.org/10.1007/s11926-013-0360-0
http://www.ncbi.nlm.nih.gov/pubmed/23888367
http://doi.org/10.1182/blood-2004-01-0145
http://www.ncbi.nlm.nih.gov/pubmed/15226179
http://doi.org/10.1016/S1054-3589(10)59009-4
http://doi.org/10.1194/jlr.TR120000658
http://doi.org/10.1074/jbc.C300553200
http://doi.org/10.1161/CIRCRESAHA.111.300581
http://doi.org/10.1371/journal.pone.0033917
http://doi.org/10.1161/ATVBAHA.111.226258
http://doi.org/10.1126/scitranslmed.aad6100
http://doi.org/10.1172/JCI69571
http://doi.org/10.1016/S0140-6736(17)31465-4
http://doi.org/10.1021/acsami.8b08243
http://doi.org/10.2903/j.efsa.2016.4628
http://doi.org/10.1002/art.11449
http://doi.org/10.1002/1529-0131(200112)44:12&lt;2870::AID-ART475&gt;3.0.CO;2-Y
http://doi.org/10.1161/STROKEAHA.113.001576
http://doi.org/10.1056/NEJMoa0900241
http://doi.org/10.1111/j.1538-7836.2004.00896.x


J. Clin. Med. 2023, 12, 891 16 of 16

140. Girardi, G. Pravastatin prevents miscarriages in antiphospholipid antibody-treated mice. J. Reprod. Immunol. 2009, 82, 126–131.
[CrossRef]

141. Lopez-Pedrera, C.; Ruiz-Limón, P.; Aguirre, M.A.; Barbarroja, N.; Pérez-Sánchez, C.; Buendía, P.; Rodriguez-García, I.C.;
Rodriguez-Ariza, A.; Collantes-Estevez, E.; Velasco, F.; et al. Global effects of fluvastatin on the prothrombotic status of patients
with antiphospholipid syndrome. Ann. Rheum. Dis. 2011, 70, 675–682. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.jri.2009.03.003
http://doi.org/10.1136/ard.2010.135525
http://www.ncbi.nlm.nih.gov/pubmed/21173016

	Introduction 
	Mechanisms in the Pathophysiology of APS 
	Lipid Rafts in the Immune Signaling 
	Signal Transduction Pathway through Lipid Rafts in the Pathophysiology of APS 
	“New” Signaling in the Immunopathogenesis of APS 
	Potential Therapeutic Strategies through Lipid Rafts 
	Conclusions 
	References

