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Introduction

While the type I interferon (IFN-I) pathway is crucial in autoimmunity, its role in antiphospholipid antibody (aPL)-positive subjects, including aPL carriers and antiphospholipid syndrome (APS) patients, is poorly understood. This study aims at characterizing IFN-I pathway activation within the spectrum of aPL-positive subsets.





Methods

A total of 112 patients [29 aPL carriers, 31 primary APS (PAPS), 25 secondary APS (SAPS), 27 systemic lupus erythematosus (SLE) patients without aPL, and 44 healthy controls (HCs)] were recruited. IFI6, IFI44, IFI44L, MX1, IFI27, OAS1, and RSAD2 gene expression was evaluated in whole blood, and a composite index (IFN score) was calculated.





Results

An overall activation of the IFN-I pathway was observed across the entire APS spectrum, with differences among genes based on the specific disease subset. The composite score revealed quantitative differences across subsets, being elevated in aPL carriers and PAPS patients compared to HCs (both p < 0.050) and increasing in SAPS (p < 0.010) and SLE patients (p < 0.001). An unsupervised cluster analysis identified three clusters, and correspondence analyses revealed differences in clusters usage across APS subsets (p < 0.001). A network analysis revealed different patterns characterizing different subsets. The associations between IFN-I pathway activation and clinical outcomes differed across APS subsets. Although no differences in gene expression were observed in systemic APS, the network analyses revealed specific gene–gene patterns, and a distinct distribution of the clusters previously identified was noted (p = 0.002).





Conclusion

IFN-I pathway activation is a common hallmark among aPL-positive individuals. Qualitative and quantitative differences across the APS spectrum can be identified, leading to the identification of distinct IFN-I signatures with different clinical values beyond traditional categorization.
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1 Introduction

The clinical definition of antiphospholipid syndrome (APS) relies on the finding that individuals persistently positive for antiphospholipid antibodies (aPL), including lupus anticoagulant (LA), anti-β2 glycoprotein I (aβ2GPI), and anti-cardiolipin (aCL) antibodies. APS patients are at a higher risk than the general population to develop arterial and venous thrombotic events, especially at a young age (1, 2). Moreover, women with APS can experience recurrent pregnancy losses along with several fetal and maternal complications, such as preterm delivery, intrauterine growth restriction, and preeclampsia (1). Indeed thrombotic and obstetric phenotypes, which can coexist within the same subject, constitute a distinct clinical entity known as “primary APS” (PAPS). The association between APS and other autoimmune conditions, such as systemic lupus erythematosus (SLE), which further complicates the management of these patients, is commonly called “secondary APS” (SAPS). Although this nosological approach is useful to categorize individuals into discrete disease subgroups based on a number of shared clinical and serological features, compelling evidence suggest that it does not encompass the entire clinical spectrum of the disease, thus leaving a non-negligible part of patients uncovered and/or underdiagnosed. In fact, over the years, a deeper understanding of the syndrome has led to the identification of a wide range of overlapping additional clinical manifestations as well as novel potential biomarkers, mirroring the complexity of APS pathophysiology, which seems far from being fully elucidated (3).

Several attempts have been made to overcome the conventional classification of the syndrome, both from a clinical and biological standpoint, with the aim of profiling rather than categorizing patients. Among them, two recent publications (4, 5) have described the existence of a bridging condition, often encountered in clinical practice, between pure thrombotic APS and SLE, which was termed “systemic APS”. This subgroup of patients is mainly characterized by a persistent aPL positivity, with or without APS, and additional non-aPL-related clinical and laboratory manifestations such as cytopenia and anti-nuclear antibodies (ANA) positivity. Further research is needed to precisely define this condition, which, however, highlights a continuum into the APS spectrum and confirms the heterogeneous phenotype among aPL-positive patients beyond thrombosis and pregnancy complications. The correct identification of these aPL-positive individuals, with or without previous thrombotic events, who do not fulfil the diagnostic criteria for a defined connective tissue disorder despite presenting a tendency toward a more systemic involvement might lead to alternative therapeutic strategies, such as the use of immunomodulant agents, monitoring, and prognosis.pt?>

From a molecular perspective, type I interferons (IFN-I) have been associated with the breakdown of tolerance and perpetuation of autoimmune responses (6). Although extensive data has supported their involvement in a number of systemic autoimmune conditions, a recent systematic review has revealed that APS has received limited attention (7, 8). Emerging data have suggested the importance of IFN-I in the pathogenesis of APS (9), especially in the established stage. However, whether IFN-I pathway activation underlies the earliest stages of the disease and its clinical significance have not been explored yet. Evidences from other conditions, such as SLE (10–12), have confirmed IFN-I pathway’s promise to improve disease monitoring and patient stratification as well as to drive disease profiling approaches. Nevertheless, methodological challenges and the low number of studies available pose additional challenges to understand the potential use of IFN-I pathway activation in APS (7).

Taken together, we hypothesize that IFN-I pathway activation may help in the profiling of the APS spectrum and gain insight into their clinical classification. The overarching aim of this study was to provide new insights into IFN-I pathway activation in APS in relation to its clinical relevance. The specific aims were (i) to assess the IFN-I pathway activation in a cohort of aPL-positive individuals, including patients affected by well-described nosological entities such as PAPS and SAPS, as well as SLE patients, (ii) to evaluate the associations between the degree of activation and the structure of the IFN-I pathway activation with clinical outcomes across the APS spectrum, and (iii) to characterize the IFN-I pathway activation in the systemic APS subset.




2 Materials and methods



2.1 Ethical approval

The study protocol was performed in compliance with the Declaration of Helsinki and approved by the Institutional Review Boards from the University of Turin and the University of Oviedo (reference CEImPA 2021.126). All participants gave written informed consent prior to enrollment.




2.2 Study participants

This cross-sectional study included consecutive patients attending the San Giovanni Bosco Hospital in Turin (Italy) from January 2019 to December 2022. We enrolled patients who met one of the following inclusion criteria:

	1) tested persistently positive for at least one criteria aPL (1), in the absence of clinical manifestations of APS (“aPL carriers”);

	2) diagnosis of PAPS defined as per Sydney criteria (1);

	3) diagnosis of SAPS defined as per Sydney criteria (1);

	4) diagnosis of SLE following the 2019 EULAR/ACR classification criteria (13) upon testing persistently negative for criteria aPL as well as for anti-phosphatidylserine/prothrombin (aPS/PT) antibodies (IgG and/or IgM isotypes).



For the purpose of the study, we also included age- and sex-matched subjects as healthy controls (HCs). A systemic APS subset was defined according to the literature as follows (5): 1) persistent aPL positivity with or without clinical manifestations of APS (1), 2) ANA positivity, confirmed over time, tested with immunofluorescence on Hep-2 cells at a titer ≥1:80, 3) at least one additional clinical manifestation (including cytopenia as a whole, hemolytic anemia, leukopenia and thrombocytopenia, hypocomplementemia, arthritis, serositis, Raynaud’s phenomenon, photosensitivity, livedo reticularis, and neuropsychiatric and mucocutaneous manifestations related to the presence of an autoimmune condition), and 4) not fulfilling the classification criteria for a defined connective tissue disorder.

Demographic, clinical, and laboratory characteristics were collected at the time of enrollment. The patients and controls were tested for complete aPL profile, including criteria aPL (LA, aCL IgG/IgM, aβ2GPI IgG/IgM), and aPS/PT IgG/IgM antibodies according to validated practice. The aCL, aβ2GPI, and aPS/PT were semi-quantitatively assayed using a validated commercial ELISA kit by Inova Diagnostics, Inc. (San Diego, CA, USA). Cut-off values of positivity were defined following the manufacturer’s instructions. Plasma samples were tested for the presence of LA according to the recommended criteria from the International Society on Thrombosis and Haemostasis Subcommittee on Lupus Anticoagulant/Phospholipid-Dependent Antibodies (14).

The cumulative Global Antiphospholipid Syndrome Score (GAPSS) was calculated for each patient as previously reported by adding together all points corresponding to the score risk factors (15): specifically, five points for aCL (IgG/IgM), four points for LA and aβ2GPI (IgG/IgM), three points for aPS/PT (IgG/IgM) and hyperlipidemia, and one point for arterial hypertension.




2.3 RNA isolation and PCR assays

Whole-blood samples were processed immediately after extraction by using RNA Stabilization Reagent for Blood/Bone Marrow (Roche, Germany) for stabilization, according to the protocol provided by the manufacturer and stored at -20°C. The samples were then thawed at room temperature in batches and mRNA was isolated by using the mRNA Isolation Kit for Blood/Bone Marrow (Roche), following the manufacturer’s instructions. Reverse transcription was performed using the Transcriptor First Strand cDNA Synthesis Kit (Roche).

IFN-stimulated genes (ISGs) expression was evaluated as previously described (16). In brief, gene expression was assessed with TaqMan pre-designed assays for the following genes: IFI6 (interferon alpha-inducible protein 6, ref. Hs00242571_m1), IFI44 (interferon-induced protein 44, ref. Hs00197427_m1), IFI44L (interferon-induced protein 44 like, ref. Hs00915292_m1), MX1 (MX dynamin like GTPase 1, ref. Hs00895608_m1), IFI27 (interferon alpha-inducible protein 27, ref. Hs01086373_g1), OAS1 (2′–5′-oligoadenylate synthetase 1, ref. Hs00973635_m1), and RSAD2 (radical S-adenosyl methionine domain containing 2, ref. Hs00369813_m1). These candidate genes were selected based on previous evidence supporting their IFN-I dependency and being reported in APS and SLE studies (8). Real-time quantitative PCR reactions were carried out in an ABI Prism HT7900 (Applied Biosystems, Germany). All samples were assayed in triplicate. Ct values were evaluated with the software SDS 2.3®, and expression levels were evaluated by using the 2-ΔΔCt method, using the GAPDH gene expression as a housekeeping (16).




2.4 Statistical analysis

Variables were summarized as median (interquartile range) or n (%) as appropriate. Z-scores were calculated for each ISG. Differences among groups were assessed by using Mann–Whitney U, Kruskal–Wallis (with Dunn–Bonferroni correction for multiple comparisons), or chi-square tests. Correlations were analyzed by using Spearman ranks test. Principal component analysis (correlation method) was used to evaluate collinearity among individual ISGs. A composite index for IFN-I pathway activation (ISG expression score, IFN score) was calculated by averaging all ISGs per individual. Network analyses were generated to analyze the correlations among ISGs across different subsets. Centrality measures (betweenness, closeness, strength, and expected influence) were computed. Unsupervised cluster analysis was performed based on squared euclidean distances and Ward’s minimum variance method. Correspondence analyses were used to explore the simultaneous associations among categorical variables (clusters vs. subsets). A p-value <0.050 was considered as statistically significant. Statistical analyses were performed in SPSS 27.0, R 4.1.3, and GraphPad Prism 8.4 for Windows.





3 Results



3.1 Patients’ characteristics

A total of 112 patients, including 29 aPL carriers, 31 PAPS, 25 SAPS, and 27 SLE patients without aPL positivity, were recruited. The mean age at inclusion was 48.5 years (SD ± 13.5 years), with an expected female predominance (75%). In addition, a total of 44 HCs were included in the analysis. The complete demographic, clinical, and laboratory characteristics at the time of inclusion in the study and at sample collection are displayed in Table 1.


Table 1 | Description of the study participants.






3.2 IFN-I pathway activation across the APS spectrum

The analysis of ISGs expression, either individually (Figure 1A) or as a composite score (IFN score) (Figure 1B), revealed a significant IFN-I pathway activation across the APS spectrum, although differences were noted among genes and subsets. Interestingly, the expression of some ISGs, such as IFI44, IFI44L, MX1, OAS1, and RSAD2, was increased already in the aPL carriers’ subset compared to HCs (Figure 1A). It should be noted that this group exhibited a significant heterogeneity. On the contrary, other ISGs were found to be increased only in SLE or SAPS subsets, such as IFI6 or IFI27. Although no changes were observed between aPL carriers and PAPS subsets in any of the genes analyzed, IFI44 and OAS1 were found to be elevated in aPL carriers compared to HCs, whereas the same cannot be applied to their PAPS counterparts. Similarly, certain ISGs (IFI44, IFI44L, IFI27, and RSAD2) showed differences between PAPS and SAPS subsets. Finally, a significant number of ISGs (IFI6, IFI44L, MX1, OAS1, and RSAD2) exhibited differences between SAPS and SLE patients. As expected, SLE patients exhibited the highest and more consistent IFN-I pathway activation.




Figure 1 | Interferon (IFN) pathway activation across the antiphospholipid syndrome (APS) spectrum. The IFN pathway activation measured as individual IRG (A) or as a composite score (B) was compared among APS subsets. Results are shown as scatter plots, where lines represent the 25th, 50th (median), and 75th percentiles, and each dot represents one individual. Differences were evaluated by using Kruskal–Wallis test with Dunn–Bonferroni test for multiple comparisons. The p-values correspond to those obtained in the multiple-comparisons tests and are indicated as follows: *p < 0.050, **p < 0.010, ***p < 0.001, and ****p < 0.0001. (C) A group-averaged (columns) heat map based on the expression of the IRG (rows). The top bar indicates the APS subsets, as per the group legend (right). Tile colors are based on gene expression levels, with red and blue indicating low or high levels, respectively, as per the column legend. The vertical and horizontal dendrograms show the clustering patterns among disease subsets and IRG, respectively. (D) Correspondence analysis showing the associations between disease subsets (colored squares) and the three clusters identified (black dots). The axes represent the dimensions derived from the analysis.



As expected, all ISGs showed a high degree of correlation. This was confirmed by means of a PCA (matrix determinant: p = 2.16·10-6 and KMO = 0.915, p < 10-10). All ISGs showed communalities higher than 0.9, with the exception of IFI27 (0.536). However, only one component was extracted, accounting for 85.9% of the total variance and with all ISGs having loadings >0.9 except for IFI27 (0.756). Then, after confirming the high collinearity of all ISGs analyzed, the IFN score was computed. The composite score revealed quantitative differences across APS subsets, being elevated in aPL carriers and PAPS subsets compared to HCs (both p < 0.050) and increasing in SAPS (p < 0.010) and SLE (p < 0.001) (Figure 1B).

An unsupervised cluster analysis built with the individual ISGs revealed the identification of three clusters (referred to as clusters I to III) (Figure 1C). Interestingly, the aPL carriers group clustered closer to SAPS, whereas PAPS did with HCs. SLE patients showed the highest differences with the rest of the groups entered in the analysis. Importantly, the correspondence analyses demonstrated that cluster usage differed across APS subsets (p < 0.001), thus correlating with different clinical status (Figure 1D). aPL carriers localized closer again to cluster II, although in a less divergent position (closer to the graph center) compared to both PAPS and SAPS.

Finally, network graphs were generated to evaluate the gene–gene interactions (Figure 2A). These analyses revealed that different pictures hallmarked the different subsets. HCs exhibited a uniform network, also showing negative correlations. On the contrary, APS subsets exhibited more heterogeneous networks, mostly composed of positive correlations. Interestingly, certain associations were observed to be differentially enriched across subsets (IFI44L and RSAD2 in PAPS, IFI44 and OAS1 in SAPS, or RSAD2 and OAS1 in SLE). The sparsity and degree of the networks increased from aPL carriers (fuzzy pattern) to SLE (strong and high degree network), as the number, strength, and edge locations did. These findings were supported by centrality measures, with higher differences across groups being found for IFI44, IFI44L, MX1, and OAS1 (Figure 2B). Centrality measures confirmed similar patterns for SAPS and SLE, especially for closeness and strength, whereas a highly heterogenous profile was observed for aPL carriers. PAPS lie in between these groups.




Figure 2 | Network analyses of interferon pathway activation patterns across the antiphospholipid syndrome (APS) spectrum. (A) Network analyses depicted based on the gene–gene correlations among APS subsets. Each node corresponds to a single gene, and the lines between nodes illustrate the strength (width) and type (blue: positive, red: negative) of the correlations between each pair of genes. (B) Centrality measures (betweenness, closeness, strength, and expected influence) of the IRG network analyses. IFN-stimulated genes are indicated in the vertical axes, and centrality measures are represented in the horizontal axes for each study group [lines colored as per plot legend (top)].



Taken together, all these results support an early and progressive IFN-I pathway activation across the APS spectrum, where quantitative and qualitative differences were observed. The expression of ISGs delineated certain clinically relevant clusters which paralleled nosological status.




3.3 IFN-I pathway activation and clinical features across APS subsets

Next, the associations between ISGs and IFN score with several clinical features were evaluated across APS subsets.

Thrombosis occurrence (arterial or venous) was unrelated to IFN-I pathway activation, either measured by individual ISGs expression or as a composite score (Supplementary Table S1). However, the presence and extent of recurrence of thrombosis were positively associated with the expression of IFI44, OAS1, and RSAD2 as well as with the IFN score in patients with SAPS (Supplementary Table S1). No effect was noted in the rest of the groups. Moreover, the IFN score was unrelated to GAPSS across the APS spectrum (aPL: r = 0.224, p = 0.261; PAPS: r = 0.028, p = 0.880; SAPS: r = -0.026, p = 0.907; and SLE: r = -0.276, p = 0.214). Similarly, no associations with total white blood cell count were found (aPL: r = 0.052, p = 0.839; PAPS: r = 0.048, p = 0.818; SAPS: r = -0.299, p = 0.229; and SLE: r = 0.008, p = 0.974). Equivalent findings were observed when ISGs were analyzed individually (data now shown).

The presence of criteria aPL (LA, aCL, and aβ2GPI) was not found to be associated with the IFN-I pathway activation in any of the APS subsets (Supplementary Table S2), but when computed in terms of the aPL profile, triple aPL positivity was associated with enhanced IFN-I pathway activation only in aPL carriers (IFN score: p = 0.050), although differences were found among ISGs (Supplementary Table S3). However, no associations were observed in the rest of the subsets (Supplementary Table S3). No effect was observed for double positivity across disease subsets (Supplementary Table S3). The correlation analyses between the number of criteria aPL and IFN-I pathway activation revealed no dose-dependent effect on the latter (Supplementary Table S3). Furthermore, ANA positivity was found to be associated with IFN-I pathway activation in aPL carriers but showed no impact on the rest of the subsets (Supplementary Table S2). Additionally, the levels of aPS/PT IgG antibodies strongly correlated with IFN-I pathway activation in aPL carriers and, to a lesser extent, in PAPS patients (Supplementary Table S2), with no effect in SAPS and SLE groups. Similar findings were retrieved with the IgM isotype.

Finally, the effect of medications on IFN-I pathway activation was assessed. It is worth noting that no effects of treatments were registered across the APS spectrum (Supplementary Table S4).

In conclusion, these findings suggest that although certain associations between IFN-I pathway activation and clinical features may be found, these are restricted to specific APS subsets, thereby pointing to a certain heterogeneity in IFN-I pathway activation that may influence clinical value.




3.4 Characterizing systemic APS through IFN-I pathway activation

Next, IFN-I pathway activation was evaluated in systemic APS. A total of nine patients from our cohort were considered as having systemic APS and were compared with those not having systemic APS (Table 2).


Table 2 | Characteristics of systemic antiphospholipid syndrome (APS) cohort.



No differences in ISGs expression levels or IFN score in association with systemic APS status were retrieved (Supplementary Table S5). However, the network analyses revealed noticeable differences in gene–gene interactions, as systemic APS patients showed a stronger and higher-degree network (Figure 3A). Nodes presenting with the higher correlations differed depending on systemic APS status (patients with and without systemic APS). The centrality measures supported these findings (Figure 3B), with IFI44, IFI44L, and MX1 showing the largest differences between groups, followed by OAS1 and RSAD2.




Figure 3 | Analysis of the interferon (IFN) pathway activation in the systemic antiphospholipid syndrome (APS) subset. The IFN pathway activation according to systemic APS status (no vs. yes) was evaluated by network analysis (A), centrality measures (B), and correspondence analysis (C).



Finally, systemic APS related to a differential distribution of the clusters previously identified, being more likely to use clusters I and II, compared to those without systemic APS (p = 0.003) (Figure 3C). Importantly, the usage of these clusters was different from that of conventional APS. It is worth noting that when systemic APS diagnosis was added to the nosological/clinical groups, it segregated from PAPS and SAPS (Supplementary Figure S1), thereby confirming their differential status. Finally, it must be noted that these findings were obtained using a stringent definition of systemic APS. However, with a less strict definition (excluding ANA positivity), a slightly higher number of patients were classified as having systemic APS (n = 12), but equivalent findings for IFN-I pathway activation were obtained (data not shown).

These findings suggest that the systemic APS subset is hallmarked by a distinct IFN-I pathway activation profile, which can be attributed to a distinct coordinated expression of certain ISGs rather than their absolute expression values.





4 Discussion

The findings herein presented revealed overall a strong IFN-I pathway activation across the whole APS spectrum, even in individuals not fulfilling the classification criteria or clinical manifestations of APS but tested persistently positive for aPL. Moreover, a progressive activation increases from those individuals toward patients in whom a more complex clinical phenotype such as SAPS or SLE was observed, where the highest activation was registered. Although similar findings have been reported in isolated monocytes (17), these were not confirmed at the whole blood level. Importantly, monocytes represent only a fraction (and by no means the majority) of IFN-I-responding cells, so the actual relevance of these findings at the patient level is unknown, especially considering the effects of cytopenia or leukopenia in these patients. Furthermore, although some studies have addressed the analysis of IFN signatures or scores in PAPS and SAPS (18–20), evidence in aPL carriers is scarce and represents a major unmet need. The observation of an enhanced IFN-I pathway activation in those subjects only characterized by the presence of aPL without clinical manifestations represents an interesting tool for patients profiling and monitoring. Prospective studies are needed to demonstrate the usefulness of IFN-I pathway in predicting disease evolution and stratifying patients according to the risk of developing clinical manifestations, as reported in other scenarios (21–23). It is worth noting that a significant heterogeneity was observed within the aPL carriers subset in terms of genes and extent of activation, which may reflect its clinical within-group heterogeneity as it may be associated with different clinical trajectories. The findings from the cluster and correspondence analyses supported this idea.

Regarding individual ISGs trends, whereas some genes were increased in all subsets compared to HCs (such as IFI44L, MX1, and RSAD2), other genes were found to be increased only in SAPS and SLE patients (such as IFI6 or IFI27). These findings were paralleled, at least in part, by differences in influence in network analyses. Importantly, selected groups of ISGs (such as IFI44-OAS1) showed differential associations across subsets, hence suggesting preferential pathway trajectories. Taken together, these results may inform different expression programs specific for each disease subset. Although this notion had been hypothesized in previous studies (18), suboptimal reporting practices and little evidence have limited its appraisal. Our findings align with the idea that differential APS-specific components can be found within IFN-I fingerprints, probably in relation to distinct pathogenic substrates among related conditions (24, 25). Gaining understanding toward these trends will not only shed light into disease taxonomy but also provide a better understanding of the connections between clinically relevant signatures and nosological entities in APS and between APS and other systemic and rheumatic conditions hallmarked by IFN-I involvement.

A remarkable breakthrough from our study was the assessment of gene–gene correlations. The network analyses reinforced that different gene expression programs could be distinguished across the APS spectrum, which cannot be captured solely by analyzing the expression levels. Overall, our results unveil a significant heterogeneity among IFN-I pathway activation patterns within APS. This heterogeneity may be linked with different clinical values, hence explaining the diverging associations with clinical and serologic features, such as thrombotic events or autoantibody profiles, among APS subsets. A similar scenario has been reported in rheumatoid arthritis and SLE populations by our group (16, 26) and others (21, 27, 28), whereas this phenomenon had not been explored in APS to this date. This notion may explain the controversy observed in previous studies about the association between IFN-I pathway activation and clinical outcomes, such as the association with aβ2GPI antibodies (9, 29). We found no associations between IFN-I pathway activation and criteria aPL, either individually, as combined profiles (double or triple positivity), or as the number of antibodies. However, our study unveiled an association between IFN-I pathway activation and aPS/PT antibodies in both aPL carriers and PAPS patients. Taken together, these findings strengthen the connections between IFN-I signaling and humoral responses in APS and suggest that this association may be restricted to certain specificities rather than an overall unspecific effect. Previous evidence suggested that aPL can trigger IFNα production (30, 31). Whether this applies to aPS/PT antibodies requires further mechanistic research. On the other hand, these findings add to the emerging clinical relevance of the aPS/PT antibodies, as these may help to identify groups of patients with specific characteristics, including an elevated IFN-I pathway activation. While criteria aPL are still considered the mainstay for risk stratification, data supporting the additional role of scoring systems, such as the GAPSS and “extra-criteria” aPL, in specific subgroups of subjects, like those at high suspicion for APS diagnosis but tested negative for criteria aPL or when LA testing is not available, are rapidly growing (32–34). Finally, despite the lack of associations between IFN-I pathway activation and thrombotic events in our cohort, an increased expression of several ISGs (IFI44, OAS1, and RSAD2) and the IFN score was found in the SAPS subgroup in relation to recurrent thrombotic events. A more pronounced pro-coagulant and pro-inflammatory profile, derived from the association between SLE and APS, might at least partially explain the ability of the IFN-I pathway to capture the higher risk for thrombotic recurrences in this subset. However, further studies are warranted to clarify this observation.

Interestingly, our study also focused on the recently described systemic APS subset. Although proof-of-concept, our analyses revealed that patients considered as having systemic APS are hallmarked by specific gene–gene correlations and a differential usage of ISGs clusters, which segregate from those in APS (either aPL carriers, PAPS, or SAPS) and SLE populations, the involvement of IFN-I in this scenario aligns with the solid association of this mediator with the occurrence of autoantibodies and cytopenia in systemic conditions (35). Therefore, these data suggest that the IFN-I pathway may represent an innovative tool for identifying those patients who present with an intermediate clinical and serological phenotype between PAPS and SLE and who might benefit from other clinical management strategies. Although anti-aggregation and anticoagulation still represent the first therapeutic approaches in aPL-positive patients, our data could support the use of therapeutic and preventive approaches targeting the immune dysregulation, especially when systemic (clinical or laboratory) features are present. The employment of new treatment strategies directly or indirectly targeting the IFN-I pathway, including the use of anti-IFN-I antibodies (discussed below) or drugs with the ability to modulate the IFN-I activation, can be conceived based on our findings. Further prospective studies should be performed to translate this into clinical practice.

We must acknowledge that suggesting the use of IFN-I as a profiling tool while identifying an additional discrete subset, called systemic APS, might sound contradictory. Nevertheless, since the use of IFN-I pathway activation assays and molecular characterization for profiling purposes needs further investigation before overcoming the traditional categorization approach, classification criteria still represent a fundamental tool for practical clinical guidance and patients’ management. Taken together, our results further confirm the usefulness of IFN-I pathway activation in aPL-positive patient profiling, mirroring the role of this pathway in APS pathogenesis, and further demonstrate the existence of clinical phenotypes beyond traditional classification criteria.

Contemporary IFN research has been characterized by a large heterogeneity in terms of preclinical standardization, assay methodology, and clinical validation, which may account for its lack of translation into the clinical setting. Recently, EULAR recommendations to guide future steps on measurement, reporting, and application of IFN-I assays in clinical research and practice have been published (36). This study represents the first work uptaking these recommendations in APS, including a separate description of the IFN score, empirical support for composite score calculation, and uptake of consensus terminology. Moreover, the analysis of a less explored disease, such as APS, is compliant with the research agenda (7, 36).

Our study has certain limitations that should be acknowledged. First, the prevalence of obstetric manifestations in our cohort was low, thus limiting our ability to capture possible associations with pregnancy complications. In addition, the cross-sectional design of the study does not allow for the observation of variations and fluctuations in IFN-I pathway activation over time, therefore preventing a correlation with disease activity, clinical manifestations, and disease evolution. Finally, our cohort included a relatively low number of SLE patients under corticosteroid treatment, which may influence IFN-I pathway activation according to the literature. However, our results found no effect across groups in any of the ISGs analyzed, hence ruling out a major confounding effect in this context.

In conclusion, IFN-I pathway activation is a common hallmark across the APS spectrum, being found elevated even in those aPL-positive subjects who did not fulfil the classification criteria for the syndrome. Far from being a uniform expression program, different expression patterns could be distinguished, which may underlie the distinct clinical correlates among APS subsets. Finally, aPL-positive patients who present with a higher rate of systemic features, named systemic APS, exhibited a characteristic IFN-I pathway activation profile. To the best of our knowledge, this is the first study characterizing IFN-I pathway activation across the APS spectrum. These findings pave the ground for the translational use of IFN-I pathway activation in monitoring and risk profiling. Further larger and prospective studies are needed to evaluate the potential role of IFN-I pathway activation to predict thrombotic outcomes as well as disease evolution in aPL-positive patients. Furthermore, preclinical research has demonstrated beneficial effects of the abrogation of IFN-I signaling in APS (37), which adds to the successful results from phase III trials in SLE (38). Although anticoagulation stays as the therapeutic mainstay in APS, in the era of IFN-targeted therapies, it may be conceivable to evaluate the effects of IFN-I blockade in aPL-positive patients presenting with IFN-I pathway activation.





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors without undue reservation.





Ethics statement

The studies involving humans were approved by Institutional Review Boards from the University of Oviedo (reference CEImPA 2021.126). The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.





Author contributions

IC: Writing – original draft, Investigation, Conceptualization. MR: Writing – review & editing, Investigation. AB: Writing – review & editing, Investigation. SF: Writing – review & editing, Resources. EM: Writing – review & editing. DR: Writing – review & editing, Supervision. AS: Writing – review & editing, Supervision. SS: Writing – review & editing, Conceptualization. JR-C: Writing – original draft, Supervision, Methodology, Formal Analysis.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by European Union FEDER funds and Acción Estratégica en Salud 2021 from “Instituto de Salud Carlos III (ISCIII)” (reference PI21/00054). Funders had no role in study conception, design, analysis, interpretation or decision to publish. 





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2024.1351446/full#supplementary-material




References

1. Miyakis, S, Lockshin, MD, Atsumi, T, Branch, DW, Brey, RL, Cervera, R, et al. International consensus statement on an update of the classification criteria for definite antiphospholipid syndrome (APS). J Thromb Haemostasis. (2006) 4:295–306. doi: 10.1111/j.1538-7836.2006.01753.x

2. Radin, M, Schreiber, K, Cecchi, I, Roccatello, D, Cuadrado, MJ, and Sciascia, S. The risk of ischaemic stroke in primary antiphospholipid syndrome patients: a prospective study. Eur J Neurol. (2018) 25:320–5. doi: 10.1111/ene.13499

3. Knight, JS, Branch, DW, and Ortel, TL. Antiphospholipid syndrome: advances in diagnosis, pathogenesis, and management. BMJ. (2023) e069717. doi: 10.1136/bmj-2021-069717

4. Zuily, S, Clerc-Urmès, I, Bauman, C, Andrade, D, Sciascia, S, Pengo, V, et al. Cluster analysis for the identification of clinical phenotypes among antiphospholipid antibody-positive patients from the APS ACTION Registry. Lupus. (2020) 29:1353–63. doi: 10.1177/0961203320940776

5. Sciascia, S, Radin, M, Cecchi, I, Bertolaccini, ML, Bertero, MT, Rubini, E, et al. Identifying phenotypes of patients with antiphospholipid antibodies: results from a cluster analysis in a large cohort of patients. Rheumatology. (2021) 60:1106–13. doi: 10.1093/rheumatology/kez596

6. Muskardin, TLW, and Niewold, TB. Type I interferon in rheumatic diseases. Nat Rev Rheumatol. (2018) 14:214–28. doi: 10.1038/nrrheum.2018.31

7. Rodríguez-Carrio, J, Burska, A, Conaghan, PG, Dik, WA, Biesen, R, Eloranta, M-L, et al. Association between type I interferon pathway activation and clinical outcomes in rheumatic and musculoskeletal diseases: a systematic literature review informing EULAR points to consider. RMD Open. (2023) 9:e002864. doi: 10.1136/rmdopen-2022-002864

8. Burska, A, Rodríguez-Carrio, J, Biesen, R, Dik, WA, Eloranta, M-L, Cavalli, G, et al. Type I interferon pathway assays in studies of rheumatic and musculoskeletal diseases: a systematic literature review informing EULAR points to consider. RMD Open. (2023) 9:e002876. doi: 10.1136/rmdopen-2022-002876

9. Cecchi, I, Radin, M, Rodríguez-Carrio, J, Tambralli, A, Knight, JS, and Sciascia, S. Utilizing type I interferon expression in the identification of antiphospholipid syndrome subsets. Expert Rev Clin Immunol. (2021) 17:395–406. doi: 10.1080/1744666X.2021.1901581

10. Rodriguez-Carrio, J, Lopez, P, and Suarez, A. Type I IFNs as biomarkers in rheumatoid arthritis: towards disease profiling and personalized medicine. Clin Sci (Lond). (2015) 128:449–64. doi: 10.1042/CS20140554

11. Psarras, A, Emery, P, and Vital, EM. Type I interferon–mediated autoimmune diseases: pathogenesis, diagnosis and targeted therapy. Rheumatology. (2017) 56(10):1662-1675. doi: 10.1093/rheumatology/kew431

12. Psarras, A, Wittmann, M, and Vital, EM. Emerging concepts of type I interferons in SLE pathogenesis and therapy. Nat Rev Rheumatol. (2022) 18(10):575–90. doi: 10.1038/s41584-022-00826-z

13. Aringer, M, Costenbader, K, Daikh, D, Brinks, R, Mosca, M, Ramsey-Goldman, R, et al. 2019 european league against rheumatism/american college of rheumatology classification criteria for systemic lupus erythematosus. Arthritis Rheumatol. (2019) 71(9):1400–12. doi: 10.1002/art.40930

14. Devreese, KMJ, de Groot, PG, de Laat, B, Erkan, D, Favaloro, EJ, Mackie, I, et al. Guidance from the Scientific and Standardization Committee for lupus anticoagulant/antiphospholipid antibodies of the International Society on Thrombosis and Haemostasis. J Thromb Haemostasis. (2020) 18:2828–39. doi: 10.1111/jth.15047

15. Sciascia, S, Sanna, G, Murru, V, Roccatello, D, Khamashta, MA, and Bertolaccini, ML. GAPSS: the global anti-phospholipid syndrome score. Rheumatology. (2013) 52:1397–403. doi: 10.1093/rheumatology/kes388

16. Rodríguez-Carrio, J, Alperi-López, M, López, P, Ballina-García, FJ, and Suárez, A. Heterogeneity of the type I interferon signature in rheumatoid arthritis: A potential limitation for its use as a clinical biomarker. Front Immunol. (2018) 8:2007. doi: 10.3389/fimmu.2017.02007

17. van den Hoogen, LL, van Roon, JAG, Mertens, JS, Wienke, J, Lopes, AP, de Jager, W, et al. Galectin-9 is an easy to measure biomarker for the interferon signature in systemic lupus erythematosus and antiphospholipid syndrome. Ann Rheum Dis. (2018) 77:1810–4. doi: 10.1136/annrheumdis-2018-213497

18. Verrou, K-M, Sfikakis, PP, and Tektonidou, MG. Whole blood transcriptome identifies interferon-regulated genes as key drivers in thrombotic primary antiphospholipid syndrome. J Autoimmun. (2023) 134:102978. doi: 10.1016/j.jaut.2022.102978

19. de Groot, PG, and de Laat, B. Mechanisms of thrombosis in systemic lupus erythematosus and antiphospholipid syndrome. Best Pract Res Clin Rheumatol. (2017) 31:334–41. doi: 10.1016/j.berh.2017.09.008

20. Palli, E, Kravvariti, E, and Tektonidou, MG. Type I interferon signature in primary antiphospholipid syndrome: clinical and laboratory associations. Front Immunol. (2019) 10:487. doi: 10.3389/fimmu.2019.00487

21. El-Sherbiny, YM, Psarras, A, Yusof, MYM, Hensor, EMA, Tooze, R, Doody, G, et al. A novel two-score system for interferon status segregates autoimmune diseases and correlates with clinical features. Sci Rep. (2018) 8:5793. doi: 10.1038/s41598-018-24198-1

22. Yusof, MYM, Psarras, A, El-Sherbiny, YM, Hensor, EMA, Dutton, K, Ul-Hassan, S, et al. Prediction of autoimmune connective tissue disease in an at-risk cohort: prognostic value of a novel two-score system for interferon status. Ann Rheum Dis. (2018) 77:1432–9. doi: 10.1136/annrheumdis-2018-213386

23. Van Baarsen, LGM, Bos, WH, Rustenburg, F, Kraan, TCTMVDP, Wolbink, GJJ, Dijkmans, BAC, et al. Gene expression profiling in autoantibody-positive patients with arthralgia predicts development of arthritis. Arthritis Rheum. (2010) 62:694–704. doi: 10.1002/art.27294

24. Bernales, I, Fullaondo, A, Marín-Vidalled, MJ, Ucar, E, Martínez-Taboada, V, López-Hoyos, M, et al. Innate immune response gene expression profiles characterize primary antiphospholipid syndrome. Genes Immun. (2008) 9:38–46. doi: 10.1038/sj.gene.6364443

25. Perez-Sanchez, C, Barbarroja, N, Messineo, S, Ruiz-Limon, P, Rodriguez-Ariza, A, Jimenez-Gomez, Y, et al. Gene profiling reveals specific molecular pathways in the pathogenesis of atherosclerosis and cardiovascular disease in antiphospholipid syndrome, systemic lupus erythematosus and antiphospholipid syndrome with lupus. Ann Rheum Dis. (2015) 74:1441–9. doi: 10.1136/annrheumdis-2013-204600

26. Rodríguez-Carrio, J, López, P, Alperi-López, M, Caminal-Montero, L, Ballina-García, FJ, and Suárez, A. IRF4 and IRGS delineate clinically relevant gene expression signatures in systemic lupus erythematosus and rheumatoid arthritis. Front Immunol. (2019) 10:3085. doi: 10.3389/fimmu.2018.03085

27. Psarras, A, Yusof, MYM, El-Sherbiny, YM, Hensor, EM, Wittmann, M, Emery, P, et al. Distinct subsets of interferon-stimulated genes are associated with incomplete and established systemic lupus erythematosus. Ann Rheum Dis. (2016) 1):A72. doi: 10.1136/annrheumdis-2016-209124.171

28. Cooles, FAH, Anderson, AE, Lendrem, DW, Norris, J, Pratt, AG, Hilkens, CMU, et al. The interferon gene signature is increased in patients with early treatment-naive rheumatoid arthritis and predicts a poorer response to initial therapy. J Allergy Clin Immunol. (2018) 141:445–448.e4. doi: 10.1016/j.jaci.2017.08.026

29. Xourgia, E, and Tektonidou, MG. Type I interferon gene expression in antiphospholipid syndrome: Pathogenetic, clinical and therapeutic implications. J Autoimmun. (2019) 104:102311. doi: 10.1016/j.jaut.2019.102311

30. Giannakopoulos, B, Mirarabshahi, P, Qi, M, Weatherall, C, Qi, JC, Tanaka, K, et al. Deletion of the antiphospholipid syndrome autoantigen β 2 -glycoprotein I potentiates the lupus autoimmune phenotype in a toll-like receptor 7-mediated murine model. Arthritis Rheumatol. (2014) 66:2270–80. doi: 10.1002/art.38646

31. Prinz, N, Clemens, N, Strand, D, Pütz, I, Lorenz, M, Daiber, A, et al. Antiphospholipid antibodies induce translocation of TLR7 and TLR8 to the endosome in human monocytes and plasmacytoid dendritic cells. Blood. (2011) 118:2322–32. doi: 10.1182/blood-2011-01-330639

32. Sciascia, S, Radin, M, Cecchi, I, Rubini, E, Scotta, A, Rolla, R, et al. Reliability of lupus anticoagulant and anti-phosphatidylserine/prothrombin autoantibodies in antiphospholipid syndrome: A multicenter study. Front Immunol. (2019) 10:376. doi: 10.3389/fimmu.2019.00376

33. Radin, M, Foddai, S, Cecchi, I, Rubini, E, Barinotti, A, Mahler, M, et al. Improving the clinical accuracy in patients with antiphospholipid antibodies using anti-phosphatidylserine/prothrombin and anti-beta2 glycoprotein I domain and particle-based multi-analyte technology. Thromb Res. (2021) 202:100–3. doi: 10.1016/j.thromres.2021.03.019

34. Sciascia, S, Sanna, G, Murru, V, Roccatello, D, Khamashta, MA, and Bertolaccini, ML. Anti-prothrombin (aPT) and anti-phosphatidylserine/prothrombin (aPS/PT) antibodies and the risk of thrombosis in the antiphospholipid syndrome. Thromb Haemost. (2014) 111:354–64. doi: 10.1160/TH13-06-0509

35. Weckerle, CE, Franek, BS, Kelly, JA, Kumabe, M, Mikolaitis, RA, Green, SL, et al. Network analysis of associations between serum interferon-α activity, autoantibodies, and clinical features in systemic lupus erythematosus. Arthritis Rheum. (2011) 63:1044–53. doi: 10.1002/art.30187

36. Rodríguez-Carrio, J, Burska, A, Conaghan, PG, Dik, WA, Biesen, R, Eloranta, M-L, et al. 2022 EULAR points to consider for the measurement, reporting and application of IFN-I pathway activation assays in clinical research and practice. Ann Rheum Dis. (2023) 82:754–62. doi: 10.1136/ard-2022-223628

37. Grenn, RC, Yalavarthi, S, Gandhi, AA, Kazzaz, NM, Núñez-Álvarez, C, Hernández-Ramírez, D, et al. Endothelial progenitor dysfunction associates with a type I interferon signature in primary antiphospholipid syndrome. Ann Rheum Dis. (2017) 76:450–7. doi: 10.1136/annrheumdis-2016-209442

38. Kalunian, KC, Furie, R, Morand, EF, Bruce, IN, Manzi, S, Tanaka, Y, et al. A randomized, placebo-controlled phase III extension trial of the long-term safety and tolerability of anifrolumab in active systemic lupus erythematosus. Arthritis Rheumatol. (2023) 75:253–65. doi: 10.1002/art.42392




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2024 Cecchi, Radin, Barinotti, Foddai, Menegatti, Roccatello, Suárez, Sciascia and Rodríguez-Carrio. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu.2024.1351446_cover.jpg
& frontiers | Frontiers in Immunology

Type | interferon pathway activation across
the antiphospholipid syndrome spectrum:
associations with disease subsets and
systemic antiphospholipid syndrome
presentation





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Type I interferon pathway activation across the antiphospholipid syndrome spectrum: associations with disease subsets and systemic antiphospholipid syndrome presentation

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Ethical approval

          



          		

            2.2 Study participants

          



          		

            2.3 RNA isolation and PCR assays

          



          		

            2.4 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Patients’ characteristics

          



          		

            3.2 IFN-I pathway activation across the APS spectrum

          



          		

            3.3 IFN-I pathway activation and clinical features across APS subsets

          



          		

            3.4 Characterizing systemic APS through IFN-I pathway activation

          



        



        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-15-1351446-g002.jpg
AAAAAA

:::::

nnnnn






OEBPS/Images/table2.jpg
= vive
Oemesapic fesres
Jr——— wle] w
G evres
O oo AP 4 100 | e
[e—) o
Servogitfues
et 1) 2 om | w
g0 00 o ron | aon
[ s e | w
T et 1) pen |
[ ——— o]
[Ty o Do -
[ DR
[—— w0 | ron | e
ot 0 e
Trtons cadiorscua sk oo and GAPSS
pr——— oy | w
ortpiman oo own | o
] oo -

Tratmen ot the e of samplecotecton)
P e oo Sl A0 300 ae

P o ogtmn )| 0 10
oa . g n ) o e w
[OT——r— o ron | ame
[ r— e ron | ao

AP b s, . i e A5G
et o L s g T,
T L B T
e S O e LB e e BN G 4
e e ol

A o o e o e s e
et Loy,

Eoee ey

o et i g B e A s .
oty bt e e
e R L L





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-15-1351446-g003.jpg
Systemic APS, no Systemic APS, yes

iF16

IFies

gL

W

[

oast

RsAD2






OEBPS/Images/table1.jpg
HCs PAPS SAPS S
“Total number o ptints “ » B x5 7
Demographic features
Age, yers, mean (D) soay 16303 s1a3) 00
Sex females, n (%) 99 209 361 1405 369
By, Caucasians,n (%) 4000) 2 000) 006 B 27 a00)
Clinical features.
Discase duration, years, mean (+ 5D) - - 0© 13O
“Thvombosis (artrial and/or venous) (%) o o 200 250100 san
Thromboric recurrences, (%) o o sa9) seo )
Obsttric complications (APS i), (%) o o 506 1@ o
Serologic features
SPLpasiive,n (%) o 2000 31.000) 25000 o
SCLposiive (1gG/IgMD. 1 (%) o 1 361 1059 o
SB2GPLposiive (IgG/IgM). 1 (%) o 1064) 26 1269 o
L postive (%) o 2 361 19.6) o
SPSPT.posiive (1gG/AgMD. 1 (%) o 1305 159 16660 o
g e e S s o - e sae) 2y 5@
ANA-posive 1 (%) - 1665) 7o) 25 000) 2 a00)
AniSDNA-posiive, () - 1o o 16660 26
ENA-posive 1 (%) - 7@n 10 5o )
‘Traditional cardiovascular risk factors and GAPSS®
Arcria hypertenson, (%) 90 s6) 70 06 500
Dyslpidemia,n (%) sa9) 109 ey 062 20
Diabetes mellus, () @ o 549 20 o
Smaking ongoing) n (%) san 300, 7@ 960 109
GAPSS,vlue, mean (+ 5D) - 96 96 ) -
Treatment (at the time of sample collection)
Prednisoneor quivlent 55 mgday. n (6) o S0 sa9) 2y 7 ()
Prednisoneor cquivalent 55 miday, (%) o o o 260 109
HQ (200-400 mgfday). n (%) o 96 809 16660 200
LDA 100 miday) n %) o ) 2060 14(s6) 409
Vitamin K antagonsts, n (%) o 300 060 e 1@
DOACs 1 (%) o o 109 106 o
Other immunosuppressive trestment n (%) o 20 20 062 1067

HC, el conrols aPL aniphospholpid andbodics: PAPS priary aniphosphalipid syndome; SAPS,scondary antphosphliph syndome SLE. syt lopus erthematosus: 3CL
antcandilipin antbodics: 332G, i B2 ghvoprotin | anibodics; L. lups anicoagulans: 3PP, antphosphtiysrinelproombin ancbois ANA, ani-nolar antbodics: i
DNA, st ouble srnded DNA sathodies ENA,extrcbe nolesr sntigens: GAPS, Glbal Anighospholpd Syndrorme Scor; HCQ, hydrosyehlorosing: LDA.low.dose aspin:
'DOACS it oral anougians

“Miyakis .t . Throm Hacmos 2006,

i, 2L Rheumstclogy (Onford), 2013

Dentogpaphitiufod it kgl ebtare of s sy pocipaats






OEBPS/Images/fimmu-15-1351446-g001.jpg
. — .
o 2

i i i :
i, i . 2 i B
H BN & i

o . 1ded o 4L it

3

. .
5 3
i i
g e
g H

¥ 0- 3

3

.
£
2 .
g2 N
H ;

L (P T S

W v oes wes S






