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Abstract

:

Systemic lupus erythematosus (SLE) is a chronic autoimmune disease characterized by an overproduction of cytokines, such as interleukins and interferons, contributing to systemic inflammation and tissue damage. Antiphospholipid syndrome is a thrombo-inflammatory autoimmune disease affecting a third of SLE patients. We performed an in-depth analysis of the available literature, and we highlighted the complex interplay between immunity, inflammation, and thrombosis, the three major pathogenic pathways that are trapped in a mutually reinforcing destructive loop.
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1. Introduction


Systemic lupus erythematosus (SLE) is a chronic autoimmune condition that develops due to inflammation and immune-induced damage to several body structures, namely, musculoskeletal, hematologic, renal, and mucocutaneous systems. Nearly 90% of individuals with SLE are women, and most are young at diagnosis (15–45 years) [1]. Up to one-third of SLE patients have their disease complicated by antiphospholipid syndrome (APS), a complex thrombo-inflammatory disorder [2].



Antiphospholipid syndrome was first recognized in the 1980s and has been the cornerstone in understanding thrombotic complications in SLE patients ever since [3,4,5,6]. APS classifies into primary or secondary, depending on the absence or presence of an underlying autoimmune condition. APS is characterized by the generation of antibodies that either bind to the phospholipid-binding protein β2 glycoprotein I (β2GPI) or directly target negatively charged membrane phospholipids (PLs) [7]. These antibodies contribute to pathogenesis by forming immune complexes or altering coagulation processes on cell surfaces [7]. Additional pathogenic mechanisms include platelet and endothelial cell activation. Recent research highlights the role of neutrophil extracellular traps (NETs) in disease progression [8,9,10]. Secondary APS complicates a pre-existing autoimmune disease, being, in 40% of cases, the result of SLE progression.



APS and SLE share clinical manifestations and can co-occur in the same individual [7]. The main clinical and biological features of primary and secondary APS are similar. However, differences between the two forms of APS have been identified [11]. While alterations in mitochondria biogenesis and function and oxidative stress characterize primary APS, alterations in IFN signature and various genes mediating atherosclerotic/inflammatory signaling characterize secondary APS. The key differences are primarily related to the genetic profile [12]. The associations between APS and human leukocyte antigen (HLA) genes were studied most. HLA-DRB1 and HLADQB1 profiles were different between the two forms of APS. While HLA-DR7 was a genetic marker for primary APS, the HLA-B8, HLA-DR2, and HLA-DR3 were genetic markers for secondary APS [12]. Furthermore, the haplotypes DQB1*0301/4-DQA1*0301/2-DRB1*04 and DQB1*0604/5/6/7/9-DQA1*0102-DRB1*1302 were associated with primary APS [13]. In SLE patients, the presence of aPL antibodies was mainly related to DR4, DR7, DRw53, and DQB1*0302 [14]. It was hypothesized that dozens of miRNAs contribute to the pathogenesis of APS. They interfere with coagulation, inflammation, and immune response, having an activating effect on all pathways. A specific miRNA profile was identified in APS patients compared to SLE patients without aPL antibodies [14].



The main clinical features of APS are thromboses—arterial, venous or both—and pregnancy-related complications, such as multiple embryonic losses before 10 weeks of gestation, placental insufficiency, fetal death after 10 weeks of gestation, and premature birth due to severe preeclampsia [15]. Rarely, APS can manifest catastrophically. Microvascular and macrovascular thrombotic complications with multiorgan localization make the disease a life-threatening condition [16]. APS worsens the clinical manifestations of SLE. Patients with SLE–APS had significantly higher rates of neuropsychiatric, cardiac, pulmonary, renal, and ophthalmological manifestations compared to those without APS, alongside greater disease severity and increased damage accrual [17,18].



The diagnosis of APS relies on the detection of antiphospholipid (aPL) antibodies, including anti-cardiolipin (aCL), anti-beta-2 glycoprotein I (aβ2GPI) antibodies, and lupus anticoagulant (LA) [7]. The first classification criteria for SLE, developed by the American College of Rheumatology (ACR) in 1982 and revised in 1997, mentioned the serotypes IgG or IgM of aCL antibodies, positivity for LA or a false-positive Treponema pallidum infection test [19,20]. The 2006 Sydney classification criteria of primary APS quantified LA and the IgM and IgG serotypes of aCL and aβ2GPI antibodies [21]. The updated 2012 Systemic Lupus Collaborating Clinics (SLICCs) criteria added the IgA serotype of aCL and aβ2GPI antibodies [22]. The 2019 criteria additionally specified the necessity of a medium or high titer of aCL antibodies [23]. The new criteria from 2023 added more stringent requirements in terms of laboratory definitions using a scoring system, while maintaining the same isotypes of aPL antibodies [24]. However, comparing the parameters for aPL antibodies between SLE and primary APS, it is evident that the criteria for SLE remain more permissive.



Inflammatory, immunological, and thrombotic abnormalities, from which the clinical manifestations of SLE–APS originate, include activation of different cell types, such as endothelial cells (ECs), monocytes, and platelets; activation of the complement system; activation of the coagulation cascade and inhibition of fibrinolysis pathways; increased expression of tissue factor (TF); and impaired function of annexin A5 [12,25]. Furthermore, the interaction between aβ2GPI antibodies and β2GPI may disrupt the normal course of apoptotic cell clearance, promoting the development of specific autoantibodies characteristic of SLE [7].



Our in-depth analysis of the current literature aims to clarify the pathogenesis of APS, focusing on the relationship between aPL antibodies and proinflammatory cytokines, especially interleukins (ILs). The main goal is to identify pathogenic pathways that can be therapeutically intervened, breaking the loop of progressive and mutual aggravation of inflammation between SLE and APL, thus improving the outcome of both diseases. We performed an extensive search in the Web of Science database using combined search terms “systemic lupus erythematosus” and “antiphospholipid syndrome” and successively one of the following: inflammation, immunity, immune response, and thrombosis. Titles and abstracts were screened to identify if the topic of interest is addressed. Only full-text articles available in English were retained for further analysis.




2. Pathogenic Mechanisms in APS


2.1. The Role of the Endothelium in Hemostasis


The endothelium is a key regulator of hemostasis. It keeps the activity of anticoagulant and procoagulant pathways in balance. Under normal conditions, ECs display an antithrombotic phenotype, actively preventing adherence of platelets and clot formation. ECs produce nitric oxide (NO) and prostaglandin I2 (PGI2), with inhibitory effects on platelets. The glycocalyx that covers the endothelial surface contains heparan sulfate proteoglycans, which provide binding sites for antithrombin III (AT III), a protein that inhibits thrombin and counteracts the propagation of coagulation. Thrombomodulin (TM) and the protein C/S system also mitigate the procoagulant properties of thrombin. Tissue factor pathway inhibitor (TFPI) expressed on ECs limits the action of TF. By continuously releasing tissue-type plasminogen activator (tPA), ECs manifest fibrinolytic properties as well [26].



The EC phenotype changes and becomes prothrombotic when the endothelium is dysfunctional or damaged. This shift contributes to clot formation. Platelets adhere to the affected endothelium and activate. The effects of activation are the release of granule content into circulation, followed by the recruitment and activation of other platelets; changes in shape to increase the contact surface; and redistribution of phospholipids to their outer membrane, to provide substrate for assembly of prothrombinase complex. The coagulation cascade is initiated via the TF pathway. The TF–VIIa complex activates factor X. FXa and its activated cofactor (FVa) form the prothrombinase complex, transforming prothrombin into thrombin. The latter transforms fibrinogen into fibrin, which is necessary for the formation of thrombi. Plasminogen-activator inhibitor-1 (PAI-1) level increases, thereby decreasing fibrinolysis [27].




2.2. The Procoagulant and Proinflammatory Endothelial Phenotype


The initial hypothesis was that aPL antibodies bind directly to membrane phospholipids. Currently, a second mechanism is recognized, namely, that antibodies can target proteins that can attach to PL. Thus, aPL antibodies represent a heterogeneous group of autoantibodies directed toward anionic phospholipids, phospholipid-binding plasma proteins, and phospholipid–protein complexes [27,28]. This interaction is possible because they are negatively charged [7]. Early studies showed that a cofactor is mandatory for binding aCL antibodies to cardiolipin (CL). This cofactor was identified as β2GPI or apolipoprotein H. It is a plasma protein that binds to anionic PL and dose-dependently mediates the aCL antibodies–CL interaction [29]. Further studies showed that the effect of LA is sensitive to β2GPI [30].



Two main functions of β2GPI are relevant for the pathogenesis of APS, namely, regulation of coagulation and complement. The involvement of β2GPI in thrombosis is very complex, as this molecule can exert both antithrombotic (anticoagulant and antiplatelet) and procoagulant effects. β2GPI exerts anticoagulant effects by binding thrombin to downregulate its activity (direct mechanism) and downregulating thrombin generation (indirect mechanism). β2GPI exerts procoagulant effects by inhibiting the thrombomodulin complex (direct mechanism), inhibiting the activation of protein C, and disrupting the anticoagulant shield of annexin A5 (indirect mechanisms). β2GPI regulates platelet activation as well [31]. It is still debated whether the thrombosis that occurs following the binding of aPL antibodies to β2GPI is by reducing its anticoagulant effects or increasing the procoagulant ones. In addition, there is also a complex and bidirectional relationship between β2GPI and the plasminogen–plasmin system. β2GPI is a cofactor for plasminogen activation in plasmin, and plasmin cleaves β2GPI in a negative feedback loop [31].



β2GPI has two structural states, open and closed formation. About 90% of its circulating form is closed formation. To function as a ligand between the antibody and the PL surface, open formation is required. Several pathways have been proposed to explain the transition from closed to open formation and the assembly of the antibody–β2GPI–phospholipid complex on the cell surface. Still, it is not yet known which pathway is the most physiologically relevant [31]. However, aβ2GPI antibody–β2GPI complexes were found attached to various receptors, such as Toll-like receptors (TLR) 2 and 4, annexin A2, and glycoprotein-1bα (GPIbα), on different cell types, including EC, monocytes, trophoblasts, and platelets. These interactions can activate intracellular signaling pathways and elicit inflammatory responses [32,33,34,35]. The effect on the complement system is of great interest and intensely debated. The β2GPI structure includes Complement Control Protein (CCP)-like domains, which allows it to function as a cofactor for complement inhibition [36]. Furthermore, β2GPI can bind and neutralize lipopolysaccharide; thus, it is considered a component of the innate immune system [37].




2.3. Binding of aPL Antibodies to Endothelial Cells


The EC membrane receptor for β2GPI is annexin A2. EC activation can occur either through the binding of anti-β2GPI antibodies to β2GPI, or through the binding of anti-annexin A2 antibodies to annexin A2 [38]. However, annexin A2 lacks a transmembrane domain, which does not allow direct transmission of signals to the nucleus. The simple binding of aPL antibodies to the annexin A2 receptor does not induce a procoagulant effect. Instead, a more complex mechanism, known as cross-linking, could elicit this response [28,39,40,41].



The mechanism involves a receptor from the TLR family, specifically TLR4 [40]. TLR4 functions mainly as a receptor for lipopolysaccharide and bacterial endotoxin. The binding of these ligands to the TLR4 receptor facilitates signal transduction to the nucleus, resulting in the nuclear translocation of the nuclear factor kappa B (NF-κB). It was hypothesized that the β2GPI–antibody complex might cross-link with TLR. This signaling cascade enables ECs to synthesize adhesion molecules, TF, and proinflammatory cytokines, thereby contributing to a proinflammatory and procoagulant state [42,43].




2.4. Activation of Endothelial Cells


aPL antibodies interact complexly with ECs. In vitro studies have shown that aβ2GPI antibodies can bind to the surface of ECs and activate them [28,44]. Incubation of ECs with LA and aβ2GPI antibodies led to increased expression of TF and adhesion molecules E-selectin, intercellular adhesion molecule-1 (ICAM-1), and vascular cell adhesion molecule-1 (VCAM-1) [28,45]. Phosphorylation of p38 mitogen-activated protein kinase (MAPK) and subsequent activation of NF-κB were vital links in this process [46]. E-selectin, ICAM-1, and VCAM-1 mediate leukocyte rolling on the endothelium and the recruitment of neutrophils, monocytes, and T lymphocytes. Thus, increasing their expression enhances leukocyte adhesion to the endothelium.



Activated ECs release tumor necrosis factor-alpha (TNF-α) and proinflammatory cytokines such as IL-1, IL-6, and IL-8, all functioning as major mediators of the inflammatory response [46]. Of the multiple effects of TNF-α, we highlight the proinflammatory and prothrombotic ones. TNF-α stimulates monocytes and neutrophils’ adhesion to the endothelium and impairs the anticoagulant properties of the endothelium by inhibiting the thrombomodulin expression and protein C system. IL-1 induces the expression of adhesion molecules on ECs. IL-6 activates both innate and adaptative immune responses. It recruits immune cells and triggers B and T lymphocyte responses. IL-8 is a strong chemoattractant for neutrophils. Therefore, the production of TNF-α and IL leads to the amplification of the inflammatory process.



Another effect of EC activation is triggering the pathogenic cascade towards vasculopathy, through the successive involvement of phosphatidylinositol 3-kinase (PI3K)-AKT and mammalian target of rapamycin (mTOR) pathways [47]. EC proliferation, infiltration of vascular smooth muscle cells, and deposition of proteoglycan-rich extracellular matrix contribute to the progressive expansion of the intima, which represents the histological lesion that characterizes chronic vasculopathy from the antiphospholipid syndrome.




2.5. Activation of Blood Monocytes


The formation of the aβ2GPI antibody–β2GPI complex initiates monocyte activation, resulting in an increased release of TF, proinflammatory cytokines, and other mediators. This activation process requires the contribution of specific membrane receptors, such as annexin A2, TLR4, and apolipoprotein E receptor 2 (apoER2). Monocytes abundantly express annexin A2. Two intracellular signaling pathways are activated simultaneously: the MAPK/extracellular signal-regulated kinase (MEK)-1/extracellular signal-regulated kinase (ERK) pathway and NF-κB/Rel proteins via the p38MAPK pathway. Notably, monocyte activation also occurs through the complement pathway, triggered by the aβ2GPI antibody–β2GPI complex [48].




2.6. Activation of Platelets


In vitro studies have shown that aβ2GPI antibodies do not bind to unstimulated platelets. Under sheer stress conditions or in the presence of thrombin, platelets become activated. Negatively charged PL exposure occurs rapidly upon activation. Only at this moment are the necessary conditions for the binding of aβ2GPI antibodies to specific platelet receptors, GPIbα and apoER2, met. This binding leads to the release of platelet factor 4 (PF4) and thromboxane B2 (TXB2), which further potentiates platelet aggregation. This process is mediated by the increased expression of platelet membrane glycoproteins (GP)IIb-IIIa and GPIIIa, major fibrinogen receptors, contributing to enhanced platelet aggregation and activation [28,40,46,49]. Moreover, lupus anticoagulant enhances platelet activation by activating αIIbβ3 on the platelet surface.



β2GPI prevents platelet aggregation by inhibiting the release of dense granules. These granules contain bioactive amines such as serotonin and histamine, adenine nucleotides, polyphosphates, pyrophosphates, and high concentrations of calcium. All these mediators enhance platelet aggregation. Thus, aβ2GPI antibodies affect the protective effect of β2GPI and allow ADP-induced secondary platelet aggregation to occur [50].



Platelets can express on the membrane surface several members of the TLR family, such as TLR2, TLR4, and TLR8 (Figure 1). β2GPI–αβ2GPI antibody complexes can interact with these TLRs. Platelet–TLR binding elicits both proinflammatory and prothrombotic effects in platelets, such as the release of inflammatory chemokines, platelet–neutrophil aggregate formation, the priming of platelet-induced NETosis, and the triggering of platelet aggregation and granule secretion. All of these interactions underscore the link between thrombosis, inflammation, and innate immunity [51,52].



Some patients have aβ2GPI antibodies and anti-phosphatidylserine/prothrombin (aPS/PT) antibodies, a state called triple positivity. Recent studies found that anti-PT antibodies can activate healthy platelets via the FcγRIIA receptor [53]. However, for this activation to take place, anti-PT antibodies must have LA activity. Furthermore, LA can bind phospholipid/plasma protein complexes on platelets, thus enhancing their activation and aggregation. Patients positive for LA manifest GPIIb/IIIa complex activation and upregulated CD63 expression on platelets. Elevated plasma levels of soluble P-selectin and platelet-derived extracellular vesicles were associated with platelet changes [54].



The formation of platelet–leukocyte complexes is an important link between thrombosis and inflammation. P-selectin is expressed in high amounts on the surface of the activated platelets. The interaction of platelet-derived P-selectin with leukocyte-derived P-selectin glycoprotein ligand 1 leads to the formation of platelet–leukocyte complexes that are capable of inducing not only proinflammatory responses but also facilitating microvascular obstructions.




2.7. Disturbances in Coagulation and Fibrinolysis


The aPL–PL complex is able not only to bind to several types of cells, such as endothelial cells, monocytes, and platelets, leading to their activation, but also to produce disruptions in coagulation and fibrinolysis pathways.



Annexin 5 is a protein with an anticoagulant role that results from its ability to calcium-dependently bind to membranes bearing phosphatidylserine [55]. Activated platelets express on their surface phosphatidylserine, which is required to support the assembly of the prothrombinase complex (FXa–FVa complex), responsible for converting prothrombin into thrombin. Two mechanisms by which annexin 5 prevents the formation of the prothrombinase complex and, consequently, of thrombin, have been proposed. One supports the ability of annexin 5 to compete with FXa, FVa, and prothrombin for binding to phosphatidylserine. The other suggests that annexin 5 forms a two-dimensional lattice on the phosphatidylserine-expressing surface, thus preventing lateral movement of phosphatidylserine-bound FVa, FXa, and prothrombin. The binding of aPL antibodies to PL prevents the interaction of annexin 5 with the coagulation factors and limits their activity, which ends in a prothrombotic state [28,46,56,57].



A major anticoagulant role is played by the thrombomodulin/activated protein C system. The thrombin–thrombomodulin complex activates protein C. Activated protein C (APC), along with protein S—its cofactor—phospholipids, and calcium, inactivate factor Va—part of the prothrombinase complex—and factor VIIIa—part of the tenase complex. Antibodies against protein C make the inactivation of coagulation factors Va and VIIIa ineffective. Thus, an acquired “activated protein C resistance” sets in (Figure 2). To date, there is much evidence that aβ2GPI antibodies inhibit the anticoagulant activity of protein C [2,56,57,58].



In APS patients, the occurrence of antithrombin (FIIa), anti-prothrombin (FII), and anti-FIX antibodies prevents their negative regulation by antithrombin. Furthermore, aPL antibodies hinder antithrombin’s full activation [28,59,60].



Enhanced coagulation is associated with impaired fibrinolysis, which tilts the balance even more towards thrombosis. ECs release tissue plasminogen activator (tPA), a proteolytic enzyme that converts inactive plasminogen into active plasmin. Plasmin is the main fibrinolytic enzyme. PAI-1, also an endothelium-derived enzyme, is a major inhibitor of fibrinolysis. The action of PAI-1 consists of neutralizing the activity of tPA. Elevated PAI-1 levels/increased PAI-1 activity and decreased tPA release were identified in patients with APS and thrombotic events [61]. However, the mechanisms of upregulation of anti-fibrinolytic factors, such as PAI-1, remain incompletely elucidated [2].



β2GPI has a lysine-rich sequence that facilitates its binding to phospholipids. Plasmin can cleave this sequence, thus decreasing the β2GPI affinity for anionic phospholipids. Interestingly, cleaved β2GPI can bind plasminogen and block the tPA-mediated plasmin generation, closing a pathogenic loop. Mediated by tPA, intact β2GPI can bind with low affinity to plasminogen. Surprisingly, a β2GPI-dependent increase in plasmin generation was identified when plasminogen and tPA were concomitantly present. Although intact β2GPI seems able to promote plasmin generation, after plasminogen activation and cleavage of β2GPI, the cleaved molecule inhibits further plasmin generation [26,62,63]. aPL antibodies inhibit plasmin-mediated fibrinolysis not only by inhibiting tPA-mediated plasmin generation by direct binding of aPL antibodies to tPA but also by direct binding of aPL antibodies to plasmin.



Annexin A2 functions as an endothelial cell receptor for plasminogen and tPA, thus enhancing plasmin generation. Beyond its ability to facilitate endothelial cell surface fibrinolysis, annexin A2 functions as a binding site for β2GPI and a target for anti-annexin A2 antibodies. Therefore, β2GPI and/or anti-β2GPI antibodies can impair annexin A2 activity and diminish its fibrinolytic activity [39]. The anti-annexin A2 antibody can inhibit the binding of tPA or plasminogen or block their interaction with each other [63].




2.8. The ”Second Hit” Theory


All these pathological changes contribute to the procoagulant state. However, although necessary, they are insufficient to initiate the formation of a thrombus. It was hypothesized that two stages are required. The initial stage—“first hit”—is triggered by the presence of aPL antibodies. When combined with an additional procoagulant factor, referred to as the “second hit”, clotting occurs [28,46].



The aβ2GPI antibody–β2GPI complex alone is insufficient to induce thrombus formation in vivo; the presence of lipopolysaccharides is required as an additional cofactor. The co-event is triggered by various stimuli, including trauma, smoking, infection, inflammation, immobilization, and ischemic processes, which activate the innate immune response and complement system. This concept explains why thrombotic events occur only intermittently, despite the chronic presence of autoantibodies. Studies confirmed that aPL antibodies can be detected in SLE patients prior to the development of the clinical manifestations of APS [22,23].



In some individuals with medium or high titers of aPL, no thrombotic events occur in the absence of this “second hit”. In clinical practice, infections are the most common triggers, but other factors such as trauma, use of oral contraceptives with estrogen, and inflammatory conditions can also contribute. The significant association between infections (both viral and bacterial) and aPL antibodies should be carefully considered within the appropriate clinical context. TLR4 is a potential initiating factor of these processes [28,35,46,64,65].



On the contrary, in cases of pregnancy morbidity, the presence of aPL antibodies alone is sufficient to cause pregnancy loss, without the need for the “second hit”. Complement activation plays a central role in this process. The aβ2GPI antibody–β2GPI complex specifically binds to the placenta, initiating the classical complement pathway and leading to C3a and C5a generation. This activation results in an influx of neutrophils, monocytes, and platelets associated with the release of proinflammatory cytokines, TF, and proteolytic enzymes. The resulting oxidative stress leads to trophoblast destruction, ultimately causing pregnancy loss [28].




2.9. Immunothrombosis


Activation of the complement system and formation of NETs are the most important elements of the activation of the innate immune system.



Activation of the complement system occurs through three pathways, namely, classical, lectin, and alternative. Antibody–antigen complexes trigger the classical pathway. The interaction between mannose-binding lectins and carbohydrate structures on the surfaces of microorganisms initiates the lectin pathway. The alternative pathway is characterized by a continuous state of low-level activation achieved through spontaneous hydrolysis of C3. This last pathway has two particularities: namely, that it can be amplified on any cell surface and that it serves as an amplification loop for the classical and lectin pathways. The next major steps in activating the complement cascade are the successive activation of C3 and C5. C5a is a potent proinflammatory molecule and C5b-9 represents the membrane attack complex (MAC).



Activated complement components further sustain inflammation and promote thrombosis. Monocytes and ECs release proinflammatory and procoagulant cytokines that trigger TF and adhesion molecule expression on the cell surface [25]. Neutrophils are recruited and neutrophil TF-dependent procoagulant activity is induced. Platelets are activated, platelet prothrombinase activity is enhanced, and procoagulant extracellular vesicles are released [66]. The coagulation cascade depends on PLs, making them a key target for aPL antibodies. Hemostasis regulation involves both ECs and platelets, which are the primary targets of aPL antibodies [28]. The link between complement activation and coagulation is bidirectional, and thrombin generation and fibrinolysis promote complement activation through multiple processes. Kallikrein cleaves C3 and enables complement activation. Thrombin-activated factors IX, X, and XI and plasmin cleave and activate C3 and C5. Activated thrombin activatable fibrinolysis inhibitor (TAFIa) inactivates C3a and C5a [66].



NETs function as a defense mechanism against various pathogens. NETosis—the process of NET formation—includes several steps: granule components are released into the cytosol; histones undergo modification leading to chromatin decondensation; the nuclear envelope undergoes destruction; and pores form in the plasma membrane. NETs participate in immunothrombosis, a presumably protective reaction against pathogens, facilitating their entrapment in the fibrin clot. In small vessels, thrombi create compartments, which facilitate their destruction. NETs can trigger thrombosis through multiple mechanisms, including activation of the endothelium, platelets, coagulation factors, and the complement system.



Three mechanisms of NET release have been proposed in relation to aPL antibodies (Figure 3). Firstly, anti-β2GPI antibodies directly promote NET release. A positive correlation between circulating levels of NETs and both anti-β2GPI IgG antibodies and LA positivity was identified [67]. APS patients also showed an impaired ability to degrade NETs in vitro. Secondly, activation of the TLR4 signaling pathway and production of reactive oxygen species (ROS) via the NADPH oxidase pathway contribute to aPL antibodies-mediated NET release. Thirdly, Mac-1-mediated adhesion is required for efficient NET release. Mac-1 is an adhesion molecule involved in cell–cell interaction. An IgG-mediated upregulation of Mac-1 on neutrophils was identified, explaining the increased adhesion of neutrophils in patients with APS. Moreover, this upregulation required TLR4 and the C5a receptor [68].




2.10. The Role of microRNAs


MicroRNAs (miRNAs) are a class of small, noncoding, single-stranded ribonucleic acid (RNA) molecules of approximately 22 nucleotides, whose primary function is to control gene expression. miRNAs are produced by various cells, such as dendritic cells, monocytes, macrophages, granulocytes, and natural killer cells, which explains the involvement of miRNAs in the function of the innate immune system. Furthermore, miRNAs also have a major impact on the adaptive immune system, as they regulate key processes in the development and function of T and B lymphocytes. Increasing evidence shows that miRNAs significantly influence immune regulation in autoimmune diseases such as SLE and APS [14]. In particular, miRNAs have emerged as a new component in the pathogenesis of APS, strongly involved in the mechanisms of this disease.



Chromatin changes and transcriptional regulation significantly influence the occurrence of autoimmunity, especially in connective tissue diseases. Genetic susceptibility to SLE has been associated with some specific miRNAs, suggesting that these molecules regulate pathways essential for the development of SLE. Of note, a small group of microRNAs, namely, miR-181, miR-186, and miR-590-3p, target more than 50% of SLE-related genes [14,69]. By controlling the expression of aPL antibodies, miRNAs are involved in the occurrence of APS. Dysregulated miRNAs affect several physiological functions, namely, coagulation, immune response, and inflammation. Dysfunction of these pathways is essential in the pathogenesis of APS. There is a bidirectional relationship between miRNAs and aPL antibodies. miRNAs control the development of aPL antibodies and aPL antibodies, in turn, regulate the activity of miRNAs [14]. However, the role of miRNAs in APS is not yet completely defined. The levels of some miRNAs increase and others decrease, which maintains a degree of uncertainty. Analysis of miRNA expression levels showed that APS patients have increased levels of miR-124 and miR-34a and decreased levels of miR-20a, miR-19b, and miR-145a compared to healthy controls [14,70].



Dysregulated miRNA expression has been observed in relation to aPL antibody levels and TF expression. Levels of IgM and IgG anticardiolipin antibodies and aβ2GPI IgG antibodies were higher in APS individuals with low miRNA expression than in those with high miRNA expression [71]. Several studies have confirmed the relationship between high levels of autoantibodies and low miRNA expression, such as miR-19b-3p and miR-20a-5p [71,72].



aPL antibodies can stimulate ECs and monocytes to produce TF, leading to a hypercoagulable state [14]. Specifically, molecules from the miR-17-92 cluster, namely, miR-19b, miR-20a, miR-19b-3p, and miR-20a-5p, appear to control TF expression in monocytes from APS and SLE patients [73,74]. However, it is unknown if miRNA expression is connected to specific APS characteristics.



Small extracellular vesicles (SEVs) contain miRNAs. Increased circulating SEVs containing miR-483-3p and miR-326 were the first observed in APS patients. Endothelial dysfunction and increased proinflammatory and procoagulant activity were related to the upregulation of miR-483-3p in ECs and the downregulation of miR-326 in monocytes [75].



Further evidence supports the role of microRNAs in obstetric complications of APS. Through extracellular vesicles, the trophoblast releases miRNA in response to the presence of aPL antibodies. Among them, miR-146a-3p activates TLR8 and miR-21a and miR-29a activate TLR7/8 [76]. The activation of TLRs leads to the production of IL and the promotion of inflammation, which ends in thrombo-inflammation and fetal loss.





3. Antiphospholipid Antibodies and Mediators of Inflammation


SLE patients have elevated serum levels of interferon-α (IFN-α) and inflammatory cytokines such as IL-6, IL-10, IL-17A, and TNF-α [77,78,79]. Moreover, SLE patients show increased levels of circulating B-cell activating factor (BAFF), termed B lymphocyte stimulator (BLyS) [80]. Elevated levels of these biomarkers have been observed in various systemic autoimmune or inflammatory disorders, suggesting a potential role of cytokines in the pathogenesis of autoimmunity [81]. Given the relationship between cytokines and SLE and the potential role of ILs in the pathogenesis of autoimmune diseases, it was hypothesized that there might be a link between these cytokines and aPL antibodies [82].



The identification of BAFF as a crucial B-cell survival factor and promoter of autoantibody production was a breakthrough in the pathogenesis of SLE. BAFF, together with IL-6 and IFN-α, contributes to disease progression by enhancing autoantibody synthesis and B-cell survival. Following autoantibody synthesis, SLE patients develop immunological markers, including antinuclear (ANA), anti-Ro, anti-La, and aPL antibodies [83]. Thus, increased levels of BAFF in SLE patients promote the survival and proliferation of autoreactive B cells, facilitating the production of aPL antibodies. Furthermore, cytokine expression in SLE not only contributes to systemic inflammation but also to the activation and regulation of B cells. The aPL antibody production may be driven by the inflammatory environment induced by these cytokines.



3.1. Plasma Interferons


Interferons (IFNs) are a group of signaling proteins—cytokines—involved in the upregulation of the immune response. IFNs are grouped into three main categories based on their receptors: type I, which includes IFN-α and IFN-β; type II, which includes IFN-γ; and type III. These categories are subdivided based on their structural and antigenic properties.



Type I IFNs play crucial roles in the immune response. Among the type I IFNs, IFN-α has significant effects on innate and adaptive immune cells. Pathogenesis of various diseases such as SLE, rheumatoid arthritis, primary Sjögren’s syndrome, systemic sclerosis, and myositis was linked to dysregulated type I IFN signaling [79,84,85,86,87,88,89]. Although type I IFNs are undoubtedly important players in SLE, several studies have shown that members of all IFN families are elevated in SLE, implying that type II IFN and type III IFN may also have a role in SLE pathogenesis. However, parallel analysis of IFN levels with transcriptional profiling and clinical manifestations was not performed, leaving room for uncertainties [90]. What is intriguing is that increased levels of type II IFN and type III IFN activity were twice as common as increased levels of type I IFN. This reflects in disease activity features, which appear modulated by the co-elevation of the other IFN types than the type I.



Overexpression of type I IFN-inducible genes was identified in SLE patients. High levels of IFN-α were observed in SLE individuals compared to healthy controls [91,92,93]. Furthermore, elevated levels were detected during pregnancy and postpartum in women with SLE [94]. Of note, increased IFN serum levels correlate with both SLE activity and severity [95]. Less is known about IFN-inducible gene expression in primary APS and secondary SLE–APS. Important type I IFN activation was identified in APS patients. Even aPL-positive individuals without clinical manifestations of APS exhibited IFN activation [96,97]. Higher type I IFN scores were found in primary APS compared to secondary SLE–APS and SLE with no APS, respectively [98]. These scores positively correlate with aβ2GPI antibodies. Laboratory and clinical studies confirmed that aPL antibodies can induce IFN-α production [98,99,100,101,102]. A significant correlation between aβ2GPI antibody positivity and elevated levels of IFN was identified in patients with primary APS [98]. Additionally, patients with secondary SLE–APS showed a positive correlation between interferon-stimulated genes (ISGs) and thrombotic events. Thus, the presence of ISGs in aPL-positive individuals may serve as a biomarker for stratifying thrombotic risk [96,97].



In a cohort of pregnant women with SLE, plasma IFN-α was negatively associated with aPL antibodies. Women with SLE who tested positive for autoantibodies against β2GPI or CL had reduced levels of IFN-α protein [103]. A study assessing the correlation between the concentrations of several inflammatory biomarkers and clinical activity of SLE highlighted that elevated levels of IFN-α are statistically significantly correlated with the presence of aPL antibodies (p = 0.004) and high levels of anti-double-stranded DNA (p = 0.004) [104].



Recent published data showed that patients with SLE–APS had upregulated type I and type II IFN pathways compared to healthy controls. Although SLE–APS patients showed enhanced type I and type II IFN signatures, the changes were less prominent compared with SLE–aPL antibodies-negative counterparts. Using gene set enrichment analysis, a robust downregulation of IFN-α and IFN-γ signatures and key deregulated genes contributing to this signature were identified in SLE–APS patients [105].




3.2. Interleukin-1


Interleukin-1 (IL-1) is a cytokine mainly produced in monocytes and an important mediator in the immune response. It is pivotal in driving autoinflammation through inflammasome activation [14]. Furthermore, it triggers the production of other cytokines, such as IL-6. This event leads to activation of leucocytes, and thrombocytes, and the synthesis of acute-phase proteins mandatory to sustaining the inflammatory response.



aPL antibodies function as ligands for TLR receptors. Endogenous stimulation of TLR7 and TLR8 identified in APS patients results in enhanced secretion of proinflammatory cytokines, including IL-1 [106]. Clinical studies have confirmed the presence of high serum concentrations of IL-1 in patients with APS, thus explaining the persistent and harmful inflammatory state [107].



The IL-1 superfamily and its receptors contribute to the development of atherosclerosis. Both IL-1α and IL-1β are expressed in atherosclerotic plaque. The ligand–receptor binding is followed by recruitment of myeloid differentiation factor 88 (MyD88) and IL-1R-associated kinase (IRAK) and results in the activation of NF-κB and MAPK and transcription of several atherosclerotic proinflammatory genes.



Chronic inflammation is one of the contributors to accelerating atherosclerosis in SLE patients, leading to increased cardiovascular morbidity and mortality compared to the general population. Even the early stages of subclinical atherosclerosis may be influenced by serum IgG aß2GPI antibodies and basal secretion of proinflammatory cytokines such as TNF-α and IL-1 [15].




3.3. Interleukin-2


The major role of interleukin (IL)-2 is to activate and maintain the survival of T cells. IL-2 deficiency was identified in many autoimmune diseases. SLE patients have an acquired deficit of IL-2, which leads to deficient functioning of regulatory T cells (Treg), an essential step in inhibiting autoimmunity. The control of the immune response is compromised by the IL-2 deficit, which exacerbates SLE patients’ autoimmune responses [108]. Of note, the soluble interleukin-2 receptor (sIL-2R), typically linked to immune inflammation, is significantly increased in patients with SLE, but not in those with primary APS [109]. Although it has been hypothesized, it is not yet known if sIL-2R also plays a role in thrombosis.




3.4. Interleukin-6


A correlation between IgG aCL antibodies and IL-6 was identified in SLE patients. Moreover, an association between IL-6 and IgG aPL antibodies was shown in patients with carotid atherosclerosis and SLE [110].



In a population of 200 SLE patients and 50 controls, it was found that IL-6 levels were statistically significantly higher in patients than in controls and that serum IL-6 levels were positively correlated with CRP, fibrinogen, and erythrocyte sedimentation rate and negatively correlated with hemoglobin and lymphocytes [111]. While IL-6 > 1.53 pg/mL was associated with an increased risk of heart and lung involvement, no such relationship was identified with aCL (IgG and IgM) or aβ2GPI antibodies.




3.5. Interleukin-10


While IL-6 is a proinflammatory cytokine, IL-10 has anti-inflammatory action. Available data show that IL-10 levels were statistically significantly higher in SLE patients than in controls. Serum IL-10 levels positively correlated with IL-6, CRP, fibrinogen, and erythrocyte sedimentation rate and negatively correlated with hemoglobin and lymphocytes. While IL-10 levels > 5.11 pg/mL were associated with an increased risk of anti-SS-A/Ro antibodies in SLE patients, no such relationship was identified with aCL (IgG and IgM) or aβ2GPI antibodies [111].




3.6. Interleukin-17


Patients with SLE and APS have an increased risk not only of systemic cardiovascular events due to arterial and venous thrombosis but also of coronary events, due to accelerated formation of atherosclerotic plaques. aPL antibodies have a proinflammatory and prothrombotic effect, and the formation and progression of the atheroma plaque is based, among others, on these two mechanisms. Benagiano et al. showed that IL-17 is secreted by atherosclerotic plaque-infiltrating T cells in response to β2GPI in APS–SLE patients, suggesting that β2GPI promotes a local Th17/Th1 inflammatory response, which could lead to plaque instability and thrombosis [112]. This study hypothesized that the Th17/Th1 pathway, driven by β2GPI, plays a significant role in the inflammation and potential atherothrombotic events in patients with SLE and APS, highlighting a critical interaction between IL-17, Th17 cells, and β2GPI.




3.7. TNF-α


A correlation between IgG aCL antibodies, IgG aβ2GPI antibodies, and TNF-α was identified in SLE patients [110]. The same authors reported an association between TNF-α and IgG aCL in patients with carotid atherosclerosis and SLE. Moreover, levels of circulating tumor necrosis factor receptor (TNFR) p55 and TNFR p75 were significantly higher in aPL antibody-positive SLE patients [113].



A study that assessed TNF-α levels in aPL antibody-positive and aPL antibody-negative individuals found higher levels in cases than controls. This association was evident irrespective of whether the aPL antibody-positive patients presented with clinical manifestations of APS [109]. Interestingly, higher levels of TNF-α were found in patients with LA or aPL antibodies of the IgG class compared to patients with antibodies of the IgM class [109].



TNF-α can activate ECs and promote their transition to a prothrombotic phenotype. Similar to lipopolysaccharides and aβ2GPI, TNF-α activates ECs by inducing NF-κB translocation [114]. Activated ECs lead to the upregulation of TF expression on the cell surface, which is the first step in APS-related thrombosis [109,115]. Upregulation of TF may be further stimulated by the combined action of TNF-α and factor Xa [109,115].



Regardless of the underlying mechanism, the prothrombotic state characteristic for APS is closely linked to both significantly elevated levels of aPL antibodies and high concentrations of TNF-α. It was hypothesized that the prothrombotic effect of pathogenic aPL antibodies may be dependent on TNF-α.




3.8. BLyS


The BLyS factor plays a pivotal role in SLE pathogenesis by promoting the production of autoantibodies and influencing the clinical activity of the disease [80]. Patients exhibiting elevated levels of INF1/IL-10/BLyS demonstrated a significant association with positivity for aPL antibodies [104] (Table 1).





4. Discussion


Systemic lupus erythematosus is an autoimmune disease with multisystem involvement. The presence of autoantibodies towards nuclear antigens, immune complex deposition, and chronic inflammation at classic target organs—skin, joints, and kidneys—are the main characteristics of this disease. The patient with SLE has significant morbidity and low quality of life due to progressive multi-organ and multisystemic impairments, reflected by the association of constitutional, mucocutaneous, musculoskeletal, hematological, neuropsychiatric, renal, pulmonary, cardiovascular, gastrointestinal, and obstetric symptoms.



The presence of aPL antibodies represents a poor prognostic factor in SLE. Since one in three to four patients with SLE has aPL antibodies, the simultaneous presence of the two diseases is common in clinical practice [44]. The hallmark of APS is thrombosis in any vascular territory. Patients with concomitant SLE and APS are at increased risk of developing cardiovascular diseases and pregnancy-related complications [116].



Inflammation, immunity, and thrombosis are distinct pathogenic pathways, but with numerous points of intersection and areas of interdependence (Figure 4 and Figure 5), with the possibility of ending in amplification loops with unfavorable biological effects.



SLE is characterized by the production of autoantibodies, which exert their effects at the tissue level and are responsible for triggering local inflammatory processes. Their effects are mediated by two mechanisms, namely, direct cytotoxicity and the formation and deposition of immune complexes in tissues. Increased levels of circulating cytokines contribute to sustaining these inflammatory responses [28,117].



Innate immunity, as a rapid and nonspecific first line of defense, relies on mucosal barriers, the complement system, and immune cells, which include neutrophils, macrophages, natural killer, and dendritic cells. Upon activation, these cells release cytokines, such as IFN-I, TNF-α, and IL-1, which drive the inflammatory response. Various components of innate immunity contribute to the onset of SLE. Important events that disrupt innate immunity are defective clearance of apoptotic cells, excessive production of IFN-I, and impairment of macrophage and neutrophil function. Impaired clearance of apoptotic cells and inadequate degradation of DNA-containing NETs lead to an accumulation of nuclear debris, which may serve as a possible source of autoantigens (RNP particles) [118].



Excessive activation of myeloid cells, identified as the “type I interferon signature”, is a main feature of SLE. Persistent activation of IFN-I is a central factor in sustaining chronic inflammation. An explanation for the increased levels of IFN in SLE is that immune complexes, consisting of autoantibodies attached to cellular debris, can lead to the activation of plasmacytoid dendritic cells, followed by the production of large amounts of IFN-I [119].



An important component of the innate immune system, neutrophils are a key player in infectious and inflammatory processes. However, their aberrant activation leads to the release of proteases and reactive oxygen species, which contribute to tissue damage in SLE. In addition, activated neutrophils can secrete cytokines and chemokines, maintaining and enhancing autoimmune processes [120].



Autoantibodies, along with T and B cells, are essential elements of adaptive immunity. The distribution of T cell subsets is primarily disrupted due to reduced IL-2 production by SLE T cells [121]. T-cell regulatory dysfunction and increased levels of proinflammatory cytokines such as IL-6, IL-17, and serum BLyS were also present in SLE patients.



The deposition of immune complexes and tissue infiltration by T lymphocytes initiate a cascade of inflammatory reactions, activating the complement system, promoting cytokine production, and further recruiting inflammatory cells. This process leads to the breakdown of the extracellular matrix by matrixmetalloproteinases (MMPs). Over time, tissue repair occurs through fibrosis, also driven by cytokines such as transforming growth factor-ß (TGF-ß) [28,117,122].



The antiphospholipid syndrome is characterized by the production of autoantibodies, which are responsible for triggering thrombotic events. Their effects are mediated by several mechanisms, some classically recognized as contributing to thrombosis, namely, activation of ECs and platelets, increasing coagulation, and reducing fibrinolysis. Activation of monocytes, neutrophils, and the complement system ends by triggering the inflammation pathways. A bidirectional cross-talk is established between thrombosis and inflammation [123]. On the one hand, there is immunothrombosis, characterized by overexpression of the inflammatory response that results in deleterious thrombotic activity. The complement system acts like a hub in the bidirectional interplay between inflammation and thrombosis. Some complement factors activate platelets and, in return, the platelets provide a surface for complement activation. Furthermore, platelet-bound complement enhances the inflammatory functions of innate immune cells [124]. On the other hand, there is thrombo-inflammation, characterized by the activation of platelets and of the coagulation cascade that results in the recruitment and activation of immune cells. The interplay between inflammation and thrombosis ends in a vicious circle of platelets, coagulation, and innate immune cell activation.



The in-depth understanding of all these mechanisms facilitates the optimization of treatment and paves the pathway to the discovery of new therapeutic molecules.



Anticoagulant treatment is a major therapeutic pillar in patients with APS due to the increased frequency of thrombotic complications and their recurrence. Vitamin K antagonists and direct oral anticoagulants (DOAC)—anti-factor Xa or anti-factor IIa—are currently available. Although in the general population DOACs have demonstrated superiority in efficacy and safety over VKAs in the prevention and treatment of arterial and venous thrombosis, in patients with APS, the guidelines recommend anticoagulation with VKA. This recommendation is supported by the higher incidence of arterial thrombosis, but not venous, in patients treated with DOAC compared to those treated with warfarin [125]. Beyond the anticoagulant effect, factor Xa inhibitors can suppress the inflammatory response. They reduce the expression of proinflammatory mediators, such as IL-1, IL-6, TNF-a, and NF-κB, and inflammasome activation [126]. Venous thromboses are mediated through an enhanced neutrophilic and B-cell response, which could explain the efficacy of apixaban and rivaroxaban on venous thromboses in APS patients [105]. However, arterial thromboses are mediated by abnormalities in the DNA damage response in endothelial cells, therefore dabigatran, a factor IIa inhibitor that showed the ability to completely repair the double-stranded DNA breaks, might be more effective in this setting than factor Xa inhibitors. It must be emphasized that no differences in thrombotic events between the dabigatran and VKA groups were detected in patients with thrombophilia, of which 20% had APS [127]. Pregnant women with aPL antibodies and without obstetric or thrombotic manifestations should receive low-dose aspirin. Pregnant women with obstetric or thrombotic APS should receive low-dose aspirin and prophylactic-dose of low-molecular-weight heparin. Prophylactic anticoagulation should be continued up to 6–12 weeks postpartum [128].



Beyond anticoagulants, targeted treatments such as biologics have been proposed to improve disease control. As B lymphocytes produce aPL antibodies, monoclonal antibodies specifically targeting B cells seem to be a good therapeutic option. Rituximab, a monoclonal antibody specifically targeting CD20 on B cells, is used to lower the aPL antibodies titer and indirectly modulate the activation of T helper cells. Rituximab showed a favorable impact on the incidence of thrombotic events, both arterial and venous, as well as on pregnancy outcomes. Patients with SLE and catastrophic antiphospholipid syndrome can also benefit from rituximab administration [129]. Obinutuzumab is a type II anti-CD20 monoclonal antibody, more effective than rituximab at inducing B cell depletion. It can be used as an alternative to rituximab in patients with refractory APS [130]. Belimumab, a monoclonal antibody targeting the soluble circulating BAFF, proved especially useful in APS patients with high thrombotic risk or aPL–antibody-positive patients with microthrombotic complications [131]. Eculizumab targets the complement pathway. It can interrupt the formation of membrane attack complex by preventing the cleavage of complement C5. Inhibition of inflammatory cytokine expression and platelet aggregation is also achieved. Furthermore, successful prevention of potentially fatal APS-related obstetric complications was reported [129]. Daratumumab targets CD38 and is recommended in APS patients unresponsive to anticoagulant therapy and standard immunosuppression. Anti-TNF-α therapy with adalimumab or certolizumab exercises an antithrombotic effect by inhibiting aβ2GPI antibodies-induced TF expression in monocytes. Furthermore, endothelial dysfunction and obstetric outcomes are improved. Targeting the mTOR pathway with sirolimus favorably influenced refractory lupus nephritis in SLE–APS patients [132]. Other molecules such as zanubrutinib—a bruton tyrosine kinase inhibitor—and the complement C5 inhibitor ALXN1007 are still under investigation in phase II trials. There is a clustering between inflammation, oxidative stress, and immune dysregulation [133]. In this setting, the use of antioxidants, with or without associated glucocorticosteroids, is a justified therapeutic option and has been shown to lead to a notable decrease in cytokine and autoantibody levels.




5. Conclusions


SLE is an autoimmune disease characterized by multisystem inflammation. There is a complex overlap between the innate and adaptive immune responses with bidirectional amplification installs. The sustained immune complex formation perpetuates the immune cascade, fueling inflammation that may ultimately evolve into fibrosis and irreversible tissue damage. APS—a thrombo-inflammatory autoimmune disease—adds thrombosis into the equation. The result is a complex illness where immunity, inflammation, and thrombosis become trapped in a mutually reinforcing destructive relationship.
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Figure 1. Platelet receptors that interact with aPL antibodies (β2GPI = β2 glycoprotein I; GPIbα = glycoprotein Ibα; apoER2 = apolipoprotein E receptor 2,TLR = Toll-like receptors). 
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Figure 2. aPL antibodies change the endothelial phenotype from an antithrombotic to a prothrombotic one (NO = nitric oxide; PGI2 = prostaglandin I2; TF = tissue factor; AT III = antithrombin III; T = thrombin; TM = thrombomodulin; TFPI = tissue factor pathway inhibitor; tPA = tissue-type plasminogen activator; PAI-1 = plasminogen-activator inhibitor-1; ICAM-1 = intercellular adhesion molecule-1; VCAM-1 = vascular cell adhesion molecule-1; IL = interleukin; TNF-α tumor necrosis factor-alpha; eNOS = endothelial nitric oxide synthase; TX = thromboxane; IIa, Va, VIIa, VIIIa, IXa, Xa, XIa, XIIa = activated coagulation factors II, V, VII, VIII, IX, X, XI, XII, respectively). 
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Figure 3. Pathways of NET release triggered by aPL antibodies (TLR = Toll-like receptors; ROS = reactive oxygen species). 
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Figure 4. The complex interplay between thrombosis, inflammation, and the immune system (TF = tissue factor; ECs = endothelial cells; MAC = membrane attack complex; PAI-1 = plasminogen-activator inhibitor-1; IL = Interleukin; TNF-α = tumor necrosis factor-alpha; IFN = interferon; NETs = neutrophil extracellular traps). 
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Figure 5. The complex interaction between inflammation, immunity, and thrombosis, key contributors to the pathogenesis of SLE and APS. 
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Table 1. Associations between cytokines and aPL antibodies.
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	Study, Year
	Disease
	Cytokine
	Relationship with aPL Antibodies





	Palli et al., 2019 [98]
	Primary APS
	Type I IFN
	Positive correlation between serum aβ2GPI antibodies and elevated IFN score



	Stockfelt et al., 2024 [103]
	Pregnant women with SLE
	IFN-α
	Negative correlation between aPL antibodies (aβ2GPI and aCL) and IFN-α protein level in plasma



	Fernández Matilla et al., 2018 [104]
	SLE
	INF-α
	Significant correlation between elevated levels of IFN-α and the presence of aPL antibodies



	Bashlakova et al., 2017 [110]
	SLE
	IL-6
	Association between aCL and aβ2GPI antibodies and IL-6 levels



	Winikajtis-Burzyńska et al., 2023 [111]
	SLE
	IL-6
	No relationship between high IL-6 levels and the presence of aCL and aβ2GPI antibodies



	Winikajtis-Burzyńska et al., 2023 [111]
	SLE
	IL-10
	No relationship between high IL-10 levels and the presence of aCL and aβ2GPI antibodies



	Fernández Matilla et al., 2018 [104]
	SLE
	IL-10
	No relationship between IL-10 levels and the production of antibodies



	Benagiano et al., 2019 [112]
	SLE-APS
	IL-17
	IL-17 production is triggered by β2GPI action on T lymphocytes from atherosclerotic plaques of SLE–APS patients



	Bashlakova et al., 2017 [110]
	SLE
	TNF-α
	Association between aCL and aβ2GPI antibodies and TNF-α levels



	Bashlakova et al., 2017 [110]
	SLE patients with carotid atherosclerosis
	TNF-α
	Significant association between aCL antibodies and TNF-α levels



	Farzaneh-Far et al., 2006 [113]
	SLE
	TNF receptor
	Significantly elevated levels of TNFRp55 and TNFRp75 in aPL antibody-positive patients versus aPL antibody-negative patients



	Swadzba et al., 2011 [109]
	APS
	TNF-α
	Elevated TNF-α levels in patients positive for LA, aCL, and aβ2GPI antibodies compared to patients without aPL antibodies



	Fernández Matilla et al., 2018 [104]
	SLE
	BLyS
	No significant correlation between BLyS and aPL antibodies







SLE = systemic lupus erythematosus, APS = antiphospholipid syndrome, IFN = interferon, IL = interleukin, BLyS = B lymphocyte stimulator, aβ2GPI = anti-β2 glycoprotein I (antibodies), aCL = anticardiolipin (antibodies), LA = lupus anticoagulant, aPL = antiphospholipid (antibodies), TNFR = tumor necrosis factor receptor.
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