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Antiphospholipid syndrome (APS) is characterized by arterial and venous thrombosis and/or morbid pregnancy, accompanied by persistent antiphospholipid antibody (aPL) positivity. However, due to the complex pathogenesis of APS and the large individual differences in the expression of aPL profiles of patients, the problem of APS diagnosis, prognosis judgment, and risk assessment may not be solved only from the antibody level. It is necessary to use new technologies and multiple dimensions to explore novel APS biomarkers. The application of next-generation sequencing (NGS) technology in diseases with a high incidence of somatic mutations, such as genetic diseases and tumors, has been very mature. Thus, we try to know the research and application progress of APS by NGS technology from genome, transcriptome, epigenome and other aspects. This review will describe the related research of NGS technology in APS and provide more reference for the deep understanding of APS-related screening markers and disease pathogenesis.
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1 Introduction

Antiphospholipid syndrome (APS), previously termed as Hughes syndrome, is a chronic autoimmune disease characterized with venous or arterial vascular thrombosis and pregnancy morbidity (1). Reliable epidemiological studies on antiphospholipid antibody (aPL) and APS are still largely lacking. Limited statistics just show that the annual incidence of APS is about 2-5 cases per 100,000, the prevalence is about 40-50 cases per 100,000 and the 10-year mortality rate is approximately 10% (2–4). Currently, the key laboratory tests for clinical diagnosis of APS are three standard aPLs: anti-cardiolipin antibodies (aCL), anti-β2 glycoprotein I antibody (aβ2GPI) and lupus anticoagulant (LA). APS patients often have multiple organs-systems injury and develop genetical predisposition, associated with the persistent presence of serum aPL (5). However, there are many problems in the practical application of the above three standard aPLs. APS patients have diverse clinical manifestations, even some atypical clinical manifestations are also frequently seen in APS patients. Numerous scholars have proposed non-standard clinical presentations and called for the refinement of new criteria to classify patients with increasingly recognized non-standard neurological presentations (6, 7). The expression of aPLs is relatively complex, suggesting that there may be non-aPL related clinical manifestations (8). Some reserchers have proposed a new type of APS: seronegative APS (SN-APS) (9). In some cases, patients may present with clinical features of APS but with temporary positive or persistently negative titers of aPL, meaning that these patients with high clinical suspicion of APS but cannot be diagnosed as APS because they do not meet the laboratory test diagnosis criteria, which may cause a certain impact on the treatment and prognosis of patients. Moreover, Gilberto et al. have proposed “non-criteria” APS subgroups, such as aPL carriers and patients with “non-criteria” manifestations and positivity for “non-criteria” aPL (10). Although many studies have explored the clinical value of non-standard antiphospholipid antibodies, which may provide hints on some conditions (11, 12), the new APS classification criteria process is well under way and some initiatives are being proposed (13–15). It is reported the committee recommend the removal of tests for anti-domain-I antibodies (aDI), anti-phosphatidylserine-prothrombin antibodies (aPS/PT), aCL IgA, aβ2GPI IgA, anti-prothrombin antibodies, resulting from their limited commercial availability, additional studies which are required to define feasibility, clinical relevance and standardization. However, the positive rate of the same type of antibody varies greatly among different populations in many studies. In addition, aPL is also positively expressed in other autoimmune diseases, infections, tumors, vaccinations, and even healthy individuals (16). 30-50% of patients with systemic lupus erythematosus (SLE) are reported to be positive for at least one aPL test (17), meaning the specificity and sensitivity of aPLs may not meet the needs of clinical diagnosis and treatment. These problems together lead to the heterogeneity and complexity in the diagnosis and prognosis of APS patients, and bring a double burden to patients mentally and economically. Therefore, early diagnosis, early treatment and intervention, drug action prediction and prognosis of APS are important clinical problems to be solved urgently. Reserches with larger number of samples and longer follow-up time are still needed to judge the application value of non-standard antibodies in future.

In recent years, the continuous development and innovation of NGS (next-generation sequencing) technology has greatly promoted the integration and development of all fields of genome research (18). NGS technology mainly obtains DNA sequence data by library construction, cross-linking amplification between library and vector, synthesis and sequencing on top of vector (19). At present, this technology is gradually moving from the research field to clinical practice, and the main technology categories include: whole genome sequencing (WGS), whole exome sequencing (WES) and target region sequencing (TRS), etc (20). As an “open system” for exploring new information and identifying existing information, this technology have higher sequencing capacity, ability to multiplex samples, and lower sequencing cost if batched. The massive sequencing capacity of NGS permits its broad research and clinical applications in different fields, such as diagnosis of diseases (21), microbiome determanition (22), detection of gene mutations (23) and so on. By using new technologies such as NGS and omics, researchers have explored the pathogenesis, clinical phenotype and biomarkers of APS in different directions. Meanwhile, multiple international multidisciplinary research networks and cooperative projects have been established (24) to further promote the in-depth study of the core mechanism of APS pathogenesis, and promote the mining and verification of novel biomarkers. It provides a new way to improve the existing problems of early diagnosis and prognosis of APS.




2 Application of high-throughput sequencing technology in the pathogenesis of APS

The pathogenesis of APS is multifaceted, and a growing body of evidence supports that the development of APS is caused by aPL mediated, interactions between inflammatory and thrombotic mechanisms centered on disruption of coagulation and fibrinolysis, involving aPL-mediated activation of platelets, monocytes and endothelial cells, altered adhesion molecules and activation of pro-inflammatory cytokines, complement and neutrophil activation, and tissue factor upregulation and many others (3, 25, 26). However, the correlation between antibody titers and different disease phenotypes and disease severity, as well as the progression from asymptomatic patients to catastrophic anti-phospholipid syndrome (CAPS), still leaves a gap in research, so scholars have tried to investigate the nature of APS disease from a new perspective at the genetic level.

A number of studies first analyzed the genomic diversity of APS patients. Barinotti A et al. found two siblings with APS and carried out whole exome sequencing to analyze single nucleotide polymorphisms (SNPS), and found that there were many sites involved in hemostasis, immune response and protein coding of phospholipid metabolism. However, the correlation with APS is weak (27). In Meta-analysis, Islam et al. showed that 16 genes related to thrombolic APS (TAPS), and the proteins encoded by these genes were interrelated, mainly involved in two processes of coagulation cascade and immune response (28).

Some studies have also proposed that the expression of type-I interferons (IFN-1) gene is related to the pathogenesis of APS and other autoimmune diseases (29). In 2008, the results of a genome-wide array study showed that a total of 93 genes were differentially expressed between primary APS patients and healthy controls, with both type I and type II IFN-induced families showing upregulated expression in PAPS subjects (30). Perez-Sanchez et al. analyzed monocyte gene expression and found the similar differences in interferon signature genes in patients with PAPS and APS associated with SLE (31). Further transcriptome sequencing of neutrophils from primary APS patients and healthy controls revealed that IFIT1 (IFN-1 regulatory gene) was the most up-regulated gene, and IFIT3, IFI6, MX1 and HERC5 were also significantly increased in APS (32). These findings also suggest that changes in IFN gene expression may lead to activation of multiple pathogenic signaling pathways in APS.

In addition, complement system activation also plays a key role in aPLs-mediated pregnancy loss (33, 34). In the study of Chaturvedi et al, DNA exome capture sequencing was performed on CAPS patient samples, including 15 exons related to complement activation and regulation. The results showed that CAPS patients had a high rare germline variation rate (60%) in complement regulatory genes. The mutation rate (51.5%) was similar to that of atypical heomlytic uremic syndrome patients (35). However, this is still a controversial issue, as researchers have found high circulating levels of complement fission products in asymptomatic aPLs carriers (36). Samantha L Coss et al. (37) discuss the complex genetic polymorphisms in complement and their association with autoimmune diseases, potential mutations in these genes act as a strongly predisposing factor, leading to uncontrolled complement activation and a more severe thrombotic phenotype. Clearly, hemostasis and complement activation feature in the induction of thrombosis by aPLs. Since these enzymatic cascades are intrinsically linked, coagulation activation may be the cause and subsequent complement activation may be the consequence.

Recently, in a large whole-exome sequencing study of ethnic populations, variants with low allele counts were filtered and analyzed in combination with SNP frequency, amino acid substitution tolerance and mutation-carrying domain function, which revealed rare variants of P2RY8 allele were found in SLE and APS patients. Further investigation of the effect of P2RY8 variants on protein function indicates that the enhancement of P2RY8 signaling pathway may have the potential to prevent or treat systemic autoimmune diseases (38). The current diagnostic criteria for systemic autoimmune diseases are often ambiguous, ununiversal, or difficult to evaluate, which can lead to misdiagnosis or leave patients undiagnosed. However, there are widespread clinical and genetic similarities between rheumatic autoimmune diseases (39). The PRECISESADS project now has begun to reclassify major systemic autoimmune diseases based on underlying molecular mechanisms (40, 41).

These overlapping and complementary findings also prove that the clinical manifestations and disease course of APS are highly heterogeneous with many different pathogenesis. There are still many challenges in the study of its genetic background. However, the sequencing technology can further discover a variety of possible changes in the gene level of this disease, which is expected to integrate and verify various research data, discover new potential diagnostic markers and therapeutic targets in in-depth studies, provide evidence support for the development of detailed and personalized treatment strategies.




3 Mining novel diagnostic biomarkers for APS based on high-throughput sequencing technology



3.1 Differential diagnosis of APS from other autoimmune diseases

Autoimmune diseases are a large category of diseases that may cause tissue damage due to the body’s immune response to autoantigens. The clinical symptoms of patients with all kinds of diseases are relatively similar, and patients suffering from other autoimmune diseases are also likely to have abnormal elevated aPLs. For example, about 30%-40% patients with SLE can be detected as positive standard aPLs. The antibody titer is strongly correlated with the incidence of SLE complications (42). This will cause confusion in clinical differential diagnosis to some extent. If a good distinction can be made in the diagnosis and treatment process, it will provide great benefits for precision medicine. Although there have been studies on the diagnostic value of non-standard aPL in APS (1, 43–47), most of them have a small number of cases and a large difference in the positive rate of aPLs testing, which cannot be truly translated into clinical application.

As early as 2009, Hong Yin et al. (48, 49) found that STAT4 and BLK had strong genetic correlation with primary APS. Also IRF5 is associated with primary APS, but is not a major risk factor. Despite clinical and serological similarities between SLE and primary APS, there is a strong genetic association with a few SLE susceptibility genes and no more complex genetic association, which may result in a lack of full-blown SLE in patients with primary APS. Perez-Sanchez et al. (50) further analyzed the gene expression profiles in peripheral blood of primary APS patients, SLE patients with secondary APS, SLE patients and healthy controls, and found that there were significant differences in gene expression among all the groups, among which 20-30% of the differentially expressed genes were associated with atherosclerosis, inflammation and cardiovascular diseases. There is a complex network of shared genetic loci in immune diseases, in which 69% of the loci associated with each disease in autoimmune diseases are shared with other types of autoimmune diseases. This suggests that there are many shared pathways among autoimmune diseases (39, 51). These researchers combined genomic data with clinical evidence, and transcriptome and protein mapping profiles are added to identify related genes, microRNAs and many signaling pathways of monocyte subsets that may promote APS development (52), which providing directions for deeper research in the next stage. However, genomic analysis does not provide sufficient resolution to explain the complex pathological features of patients with autoimmune diseases, and epigenetic modifications may be closely related to immune responses as additional modulators. In the latest study, researchers (53) analyzed the genome-wide DNA methylation characteristics of neutrophils in APS patients. After multiple rounds of careful verification, it was determined that the single probe hypomethylation of IFI44L promoter (Cg06872964) had the highest accuracy in distinguishing SLE and APS patients, with a sensitivity and specificity of 93.3% and 80.0%, respectively. It has good differential diagnosis ability and is expected to be used in clinical translation after multi-center cohort validation. Interestingly, an association was noted between differential methylation in PAPS and genetic regions that regulate pregnancy, such as ETS1 and EMP2. In the future, with the combination of deep sequencing data mining and multi-omics map changes, more APS biomarkers with higher specificity can be screened out. Combined with the antibody titer information, it will provide corresponding reference for the auxiliary differential diagnosis of APS and other self-immune diseases.




3.2 Differential diagnosis of primary APS and secondary APS

Primary APS refers to those that meet the diagnostic criteria of APS and have no other autoimmune diseases or other diseases induced by aPL, such as infection, malignant tumors, and hemodialysis drugs. Secondary APS refers to APS secondary to other diseases resulting in related clinical symptoms or manifestations. For patients with secondary APS, most of them are secondary to SLE, primary immunologic thrombocytopenic purpura (ITP) and other autoimmune diseases (54). In the actual clinical diagnosis and treatment of APS patients, primary and secondary disease cannot be distinguished based on the results of other biomarkers such as aPL. At present, it can only be determined by the patient’s detailed history of concomitant other autoimmune diseases and the relationship between them. Although the Sydney Standard does not mention a strict distinction between primary and secondary APS, EULAR makes relevant recommendations for the management of APS patients (55). It is also crucial to determine which is the initiator of clinical adverse events in clinical intervention. In the pediatric population, the distribution of PAPS and SAPS tends to be similar (56). It has also been suggested that children may progress from primary APS to secondary APS more often (57). Some studies have shown that there are differences between the two (58). After comparing the HLA-DRB1 and HLA-DQB1 profiles of primary APS and secondary APS patients, it was found that the frequency of DRB1*13, DQB1*06 and DQB1*0302 alleles was high in primary APS patients, while the DQB1*0301 allele was rare (59). In addition, primary APS patients and secondary APS patients show different characteristics in mitochondrial function, oxidative stress, interferon signaling, and various genes mediating atherosclerosis and inflammatory signaling, suggesting that they may have different pathways in the development of the disease (60). However, repeated studies with large samples and different ethnic groups are needed to further explore the underlying differences.




3.3 Differential diagnosis of APS subtypes

According to the different clinical manifestations of APS patients, APS can be divided into several subtypes. The subgroup of APS, obstetric antiphospholipid syndrome (OAPS), is defined as persistent positivity for aPL and early recurrent pregnancy loss, early fetal death, stillbirth, or preterm delivery in the first 34 weeks of gestation due to preeclampsia, eclampsia, and placental insufficiency (61). Thus, OAPS is considered as the most common acquired risk factor for treatable causes of recurrent pregnancy loss and represents a significant health burden for women of childbearing age. Thrombosis is the most common manifestation of APS and is usually the first symptom in thrombotic antiphospholipid syndrome (TAPS) patients, including venous thromboembolism, arterial thrombosis and microvascular thrombosis, which impairs the peripheral vasculature, cerebral vasculature and the vasculature of the heart, lungs, kidneys and other organs (62, 63). CAPS refers to the widespread thrombosis of small blood vessels or large blood vessels in the whole body in a few patients within a short period of time, usually within a few days to a few weeks, causing ischemia and necrosis of multiple organs, also known as severe antiphospholipid syndrome (64). Current diagnostic criteria for OAPS include unexplained recurrent abortion (at least 3 consecutive times and more than 10 weeks), at least 1 fetal death (more than 10 weeks) or premature (less than 34 weeks). This standard has remained unchanged since its formulation in 2006 (54). In practical clinical application, patients with other types of clinical pregnancy adverse events and suspected APS cannot be diagnosed. Vascular and obstetric APS share some similarities, but can also be different, making APS still a complex clinical disorder. Although thrombosis is the primary clinical manifestation of vascular APS, non-thrombotic mechanisms are considered more important than placental infarction in the pathogenesis of obstetric APS (65). Therefore, the OAPS Working group emphasized the need for new OAPS standards at the 16th International Antiphospholipid Antibody Congress (66) and the work has made some progress (13).

A genome-wide asociation study in a Japanese population with OAPS showed that the specific genotype of thyroid stimulating hormone receptor (TSHR) gene and C1D nuclear receptor corepressor gene (C1D) may be a risk factor for OAPS (67). If the new research results can be included in the new standards in the future, it is expected to supplement the application of NGS in prenatal diagnosis, which may improve the accessibility of prenatal diagnosis to a certain extent and alleviate the current clinical pressure.

For the diagnosis of TAPS, Yomna K et al. found that protein Z-79 G/A gene polymorphism could prevent APS thrombosis (68). Plasin Rodriguez et al. also tested PROCR, the gene encoding endothelial cell protein C receptor. This indicates that PROCR H1 haploid type may have a protective effect on APS thrombosis (69). Also in a Chinese study, the C677T mutation of MTHFR was found to be a risk factor for arterial thrombosis in Chinese Han patients with APS (70). In addition, aβ2GPI-β2GPI complex is closely related to the pathogenesis of APS. Some studies have proposed that increased nitrated β2GPI may affect platelet function in APS patients, and elevated nitrated β2GPI level is a potential indicator of increased risk of thrombosis (71), which has the opportunity to be used to characterize TAPS disease status in the future.

For the discrimination between different APS subtypes, Perez-Sanchez (72) analyzed the characteristics of miRNAs expression profiles in blood samples of 90 APS patients, among which 39 differentially expressed miRNAs sets could be used as disease biomarkers. Not only was this collection able to accurately identify patients with APS in the study population, different subsets were also associated with adverse pregnancy events and thrombosis. If the relevant diagnostic model is established using artificial intelligence algorithm, TAPS and OAPS can be crearly distinguished. Some scholars have developed a new way to study other sample types of APS patients. The clinical collection of urine samples is more convenient and less painful for patients than blood samples. Zhou Z et al. tried to start with the urine samples of APS patients, conducted genomics and proteomics tests at the same time. They found that TAPS and OAPS are distributed with different urinary protein patterns. The level of C-X-C Motif Chemokine Ligand 12 (CXCL12) in the urine of TAPS patients was higher than that of OAPS patients. On the contrary, the level of platelet derived growth factor-β (PDGF-β) was lower than that of OAPS patients, suggesting that CXCL12 and PDGF-β in urine may be used as potential noninvasive markers for the identification of TAPS and OAPS (73). The current evidence is insufficient to recommend routine clinical testing of these novel markers, but the evaluation and confirmation of these markers are still under development. It is believed that such new markers with potential for rapid and automated detection will become the point of clinical transformation in the future through multi-dimensional verification by scholars.





4 Research exploration on prevention, prognosis and management of APS

The etiology of APS is not well understood, and there are no effective measures to prevent APS. For patients without thrombotic events, especially women of childbearing age, the guidelines recommend thst lifestyle changes to prevent adverse events (74).

For the prognosis and management of APS patients, Amigo et al. (75) have developed a system to assess aPL-related organ damage in patients with APS. Experts in this field have developed several tools to assess the risk of recurrent thrombosis or pregnancy morbidity in APS based on the diverse characteristics of the disease population (76–82). Recent studies have shown that JAK2V617F mutation can lead to an increased risk of thrombolism. For APS patients with JAK2V617F mutation, thrombotic adverse events may occur at an earlier stage, and more aggressive antithrombotic therapy strategies are needed to treat and prevent recurrence (83). Moreover, genetic prethrombotic risk factors are well established in children with APS, with 45% of patients enrolled in the Ped-APS registry having more than one genetic prethrombotic risk factors. Pediatric APS patients often present with “non-classical” APL-related clinical findings that cannot be directly attributed to the thrombotic process, implying a clear distinction between SLE related and APL-related manifestations (56). Through a large range of long-term follow-up observation data, the prediction accuracy can be improved if related indexes such as genetics and genes can be added to the relevant prediction algorithm, but more verification is still needed.




5 Discussion

In the past few years, many studies (Table 1) have been conducted on genetic polymorphisms in APS patients, which provide references for the future use of molecular mapping to characterize patients. The application of NGS technology will obtain relatively complete characteristics and information of APS patients, including specific immune cell populations, molecular cloning and gene expression differences, etc. The data system is huge and complex. Clarifying effective parameter information closely related to the diagnosis of APS, thrombosis and pathological pregnancy is an important step in screening potential biomarkers specific for APS. Compared with clinical antibody detection, NGS method can greatly improve the sensitivity and specificity of detection. By increasing the sequencing depth, a large volume of differential information can be obtained, but at the same time, the detection cost is correspondingly increased. Therefore, for the application of NGS in the current post-clinical practice, relevant examination at the gene level should be mainly evaluated and validated in the APS population with certain thrombotic and obstetric manifestations, maybe gradually conducted for patients with no or low expression of aPLs antibody during the preliminary screening, but highly suspected of APS, to assist in early diagnosis and supplement the problem that APS diagnostic system dominated by standard aPLs cannot meet the needs of clinical diagnosis and treatment in the future.


Table 1 | Recent studies on genetic polymorphism in patients with APS.



It is expected that in the future, through clinical studies with a relatively large sample size, strict patient inclusion criteria will be set up. APS patients will be stratified according to clinical outcomes and aPLs expression profiles of patients, so as to obtain experimental data clearly related to APS clinical manifestations and aPLs expression while reducing the occurrence of analysis bias. We need to ensure the independence of the derived data as biomarkers, analyze the causes of various differences, enrich the pathogenesis of APS, and further confirm its value in the diagnosis and prognosis of APS. Further work should be focused on building on existing work to evaluate genetic risk factors that significantly contribute to thrombosis and adverse pregnancy events through multilevel and multi-dimensional bioinformatics analysis, and to better identify standard and non-standard clinical phenotypes, antiphospholipid antibody profiles, and their relevance to clinical outcomes, prognostic tools, and treatment strategies. Sequencing information can be combined with multiomics techniques, opening the door to the possibility of developing novel diagnostic criteria for APS and providing more options for targeted therapies to prevent clinical adverse events in APS.
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