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Editorial on the Research Topic 


Recent Advances in Potential Biomarkers for Rheumatic Diseases and in Cell-based Therapies in the Management of Inflammatory Rheumatic Diseases


Inflammatory rheumatic diseases (IRD) constitute a wide spectrum of disorders encompassing inflammatory arthropathies, such as rheumatoid arthritis (RA), axial spondyloarthritis (ax-SpA) and psoriatic arthritis (PsA). It also includes connective tissue disorders, like systemic lupus erythematosus (SLE), Sjögren’s syndrome (SS) or systemic sclerosis (SSc). This highly heterogeneous group of conditions has multifactorial and not fully understood etiology. It is characterized by the presence of persistent inflammation affecting primarily the musculoskeletal system and connective tissue. Disease progression ultimately leads to organ damage, functional disability, premature mortality, as well as economic and social burdens. Rheumatoid arthritis and SpA represent the most common IRD. The management of RA, and other forms of IRD, has dramatically changed in the last 20 years with the development of targeted therapeutic agents, namely biological disease-modifying anti-rheumatic drugs (bDMARD) and targeted synthetic disease-modifying anti-rheumatic drugs (tsDMARD). However, a substantial proportion of patients still exhibits an inadequate response, does not achieve remission, or develop undesirable side effects (1). This is well illustrated for TNF inhibitors (TNFi) in RA or SpA (2) with a well-known risk of infections.

Biomarkers constitute a powerful approach to the diagnosis and management of IRD. Rheumatoid factor (RF) and anti-citrullinated peptide antibodies (ACPA) are the most well-established markers for RA diagnosis and prognosis. The presence of antinuclear antibodies (ANA) – that are directed against intracellular antigens – is the hallmark of SLE and is found in other connective tissue disorders. Moreover, one of the most significant genetic markers for IRD is human leukocyte antigen (HLA) HLA-B27 allele, which is strongly associated with ax-SpA. In recent years, a novel multi-biomarker disease activity (MBDA) test for disease activity assessment in RA patients has been developed and implemented into clinical practice. This blood-based test measures the levels of 12 serum proteins and a composite MBDA score is calculated from a combination of these measures. This MBDA score correlates with Disease Activity Score (DAS), DAS28 and C reactive protein (CRP) (3). It is also a predictor for radiographic progression (4).

Rapid progress in molecular biology during the last two decades has resulted in developments in the field of biomarker research. These advances can lead to the improvement of disease prevention and early detection, as well as significant progress in the assessment of disease activity or prognosis for individual patients. Furthermore, biomarkers can be used as powerful tools to predict the response to therapy, establish the optimal therapeutic dose, and monitor the treatment efficacy. This progress can also be applied to develop new therapeutic approaches, such as cell-based therapies.

Cell therapy is one therapeutic approach of IRD, based on the administration of cells that can control the immune deregulation, inflammatory cytokine production and overall systemic inflammation. This can ultimately prevent joint damage. A large body of clinical researches has helped to describe the potential immune-modulating properties and regenerative potential of cell-based therapies.

The initial objective of this current Research Topic was to collect original research and review manuscripts dealing with biomarkers and cell-based therapies in IRD. Among the 27 manuscripts composing this Research Topic, 20 deal with biomarkers and three with cell-based therapies. As handling editors, we decided to accept one manuscript reporting a new animal model for RA, another one consisting in the description of a fully automated method for routine diagnosis, and two manuscripts on new therapeutic strategies. Indeed, RA animal models have been shown to be precious for the development of new therapies that are now used routinely in RA, such as TNFi (5). The advantage of the new animal model proposed by Zhao et al. is to use C57BL/6 mice for which numerous genetically modified strains exist. For this purpose, the authors immunized C57BL/6NJ mice with human cartilage oligomeric matrix protein. This induced a severe arthritis with a high incidence, associated with strong autoantibody (auto-Ab) responses. Thus, this model will be useful to test new therapeutic strategies for RA patients. Trained immunity, defined as immunological memory of innate cells including dendritic cells (DC), macrophages or NK cells, is associated with changes in cell metabolism and epigenetic reprogramming. Municio and Criado discuss drugs that target glycolysis, lipid metabolism or epigenetic reprogramming to treat IRD, like RA or SLE. Among these drugs, we want to highlight new biologics targeting GM-CSF or its receptor - a critical signaling pathway responsible for trained immunity - that are currently tested in clinical trials enrolling RA or PsA patients. Yan Q. et al. reported that Tofacitinib - an oral, small-molecule Janus kinase (JAK) inhibitor used in RA and ulcerative colitis - can be a potential new tsDMARD in SLE, since it ameliorates experimental SLE by suppressing T cell activation through interactions with TGF-beta type I receptor. Besides these new potential treatments, three reviews discuss cell-based therapies mainly in RA. Two deal with mesenchymal stroma/stem cells (MSC). Hwang et al. summarized nicely recent advances in clinical studies using MSC for the treatment of RA and the degenerative joint disease, osteoarthritis (OA). These authors recalled that MSC have led to a significant number of clinical trials in a wide range of diseases; it is estimated around more than thousand trials involving around fifty thousand patients between 2011 and 2018. Ten MSC treatments are approved by regulatory authorities in different indications in the world. Among these treatments, one using human umbilical cord blood (UCB)-derived MSC has been approved in South Korea for knee articular cartilage defects in OA. These authors discussed the seven phase I/II trials performed in the world on OA and the three on RA. They evoked also the four different sources of MSC and their specific features, namely bone marrow, adipose tissue, UCB and synovium. The second manuscript on MSC by El-Jawhari et al. is not only focused on the results of 16 phase I/II clinical trials performed in RA. The authors discussed also the functions of MSC in healthy joints and how these functions are altered in RA and SLE. They mentioned also the interactions of MSC with immune cells involved in these two conditions. In addition, they evoked the future for MSC treatment, i.e., non-cellular extracellular vesicles derived from MSC (a current intense field of research) and apoptotic MSC. This makes a link with the last review on cell-based therapies. Before presenting this review, we want to highlight two recent works showing that the therapeutic effects of MSC may be related to their apoptosis in the lungs after intravenous administration and subsequent efferocytosis (i.e., the non-inflammatory removal of apoptotic cells by professional phagocytes) (6, 7). Toussirot et al. summarized experimental studies suggesting the potential therapeutic properties of apoptotic leukocytes in RA. This approach involves also in vivo efferocytosis. Whether a common mechanism exists between these two cell-based therapies is still provocative and remains to be determined.

Concerning the manuscripts dealing with biomarkers received in the setting of this Research Topic, we propose to consider them depending on their aims; that is, those evaluating disease activity or severity (n=16), those predicting disease complications (n=1) and those appreciating the response to treatment (here, exclusively TNFi, n=3). As mentioned before one of the manuscripts is on routine diagnosis: Choi et al. evaluated an analyzer called Helios to fully automate ANA indirect immunofluorescence assay in a real-life laboratory setting. While this analyzer allows labor, time, and cost savings, it requires additional validation of the results by biologists. Biomarkers used to evaluate disease activity or severity can be classified into three groups: (i) plasma proteins including auto-antigens (auto-Ag) and Auto-Ab, (ii) biomarkers assessed by molecular biology including single nucleotide polymorphisms (SNP) and circular RNA (circRNA), and finally (iii) approaches to analyze pathogenic cells. These three biomarker groups will be evoked below in different paragraphs.

Among the six manuscripts concerning proteins as biomarkers of disease activity or severity, the first one by Hosman et al. is an extensive review on a well-known inflammatory marker, serum amyloid A (SAA), in several IRD. Several tables summarize the clinical utility of SAA in RA, ax-SpA, PsA, SLE or SSc. We can then gather three manuscripts dealing with RA and one of its associated neo-auto-Ag generated by the post-translational modification of protein arginine residues by PeptidylArginine Deiminases (PAD), namely citrullinated proteins. Won et al. reported that a monoclonal antibody (mAb) specific to citrullinated peptide, called 12G1, is able to detect citrullinated type II collagen, and filaggrin. This mAb may be useful for diagnosis of RA including RA patients who are negative for both RF and ACPA. Bezuidenhout et al. and Larid et al. focused on citrullinated fibrin. The first work illustrated the tight relationship between activation of the immune system and the procoagulatory status of patients with IRD, and in particular RA (8). Indeed, Bezuidenhout et al. showed the citrullination of fibrin in plasma clots of RA patients and its relationship with prothrombotic tendency in these patients. Thus, citrullinated fibrin(ogen) may play a role in the thrombotic risk of RA patients. Larid et al. identify a citrullinated fibrin(ogen) peptide (α501-515cit) and high levels of circulating auto-Ab directed against this α501–515cit epitope that could be involved in the development of rheumatoid nodules in RA patients expressing the HLA-DRB1*04:01 allele. Now moving from RA to other IRD, Martin et al. reported that circulating C4d correlates with C4d deposition in the kidneys of lupus nephritis patients and the usefulness of this circulating biomarker to evaluate treatment response in this disease. After targeted analysis of auto-Ag, auto-Ab and complement system proteins, Padern et al. used a non-targeted approach, namely proteomic to identify potential biomarkers in primary SS patients compared to RA and SLE patients. Two biomarker combinations allowed the authors to discriminate primary SS patients from RA and SLE patients, namely the low concentrations of BDNF and Fractalkine/CX3CL1 and high concentrations of I-TAC/CXCL11 associated with low concentrations of sCD163. Whether all these biomarkers will be useful in large patient cohorts and in routine patient follow-up remains to be determined.

We mentioned previously the huge progress made in molecular biology and its contribution in the fields of biomarkers. Two original papers identified SNP in IRD. Braga et al. reported that IL10 (rs1800896) polymorphism influences TNF-α, IL-10, IL-17A and IL-17F serum levels in Caucasian patients with ax-SpA. Huang et al. found the association of different CD40 gene polymorphisms (rs3765456, rs1569723, rs73115010, rs13040307, rs1883832 and rs4810485) with SLE and RA in a Chinese Han population. A review by Liu et al. introduced circRNA. This corresponds to a novel class of endogenous non-coding RNA that regulate gene expression and transcription. Expression patterns of circRNA are tissue- and disease-specific. Cai et al. report that a particular circRNA, named Circ_0088194, promotes the invasion and migration of RA fibroblast-like synoviocytes via the miR-766-3p/MMP2 axis. The last manuscript by Hong et al. used single cell RNA sequencing and a confirmation by flow cytometry to identify two CD4+ T cell subsets that expand in primary SS patients. This consists in cytotoxic granzyme B+ CD4+ T cells and CD4+ T cells expressing a specific TCR alpha chain, TRAV13-2+. This may constitute potential new therapeutic targets of primary SS.

Analysis of pathogenic cells or the factors released by these cells may also allow the identification of new biomarkers or of potential new treatment targets. Among the five manuscripts analyzing pathogenic cells or factors, one concerns adaptive immune cells and more specifically CD4+ T cell subsets, while the other four studies consider both resident and circulating innate immune cells (i.e., synovial fibroblasts and macrophages versus myeloid-derived suppressor cells [MDSC]). Paradowska-Gorycka et al. analyzed transcription factors, Th17/FoxP3+ CD4+ regulatory T cells (Treg) and circulating cytokines in RA and OA patients. They identified SMAD3 and STAT3 as potential diagnostic biomarkers of RA. Nakano et al. studied the role of canonical NF-κB signaling in synovial fibroblasts, and more particularly in IL-1β-induced COX-2 expression. The work of Fuentelsaz-Romero et al. focused on macrophages and synovial fibroblasts present in the synovial tissues of patients with RA, PsA and undifferentiated arthritis (UA). They concluded that GM-CSF is highly expressed by sublining CD90+ FAP+ synovial fibroblasts, and CD163+ macrophages and that this cytokine may be a potential therapeutic target in RA, PsA and UA. This makes a link with the review of Municio and Criado. that we previously quoted. Yan L et al. summarized in a review the pro- and anti-inflammatory properties of MDSC - initially identified in cancer - in the setting of RA and in experimental RA models. They evoked the two main subsets, monocytic MDSC and granulocytic MDSC (also termed polymorphonuclear [PMN]-MDSC). Zhong et al. illustrated this ambivalent role of MDSC in the inflammatory joint disease, the gout. A higher frequency of circulating PMN-MDC was found in patients with gout in comparison with healthy controls (HC). These circulating PMN-MDC levels correlated with pathological indicators, namely uric acid and CRP. These cells exert stronger immune suppressive functions illustrating the anti-inflammatory properties of MDSC, but they produced high levels of IL-1β in response to monosodium urate. Thus, MDSC may be a potential new target for gout treatment. Secondary hemophagocytic lymphohistiocytosis/macrophage activation syndrome (sHLH/MAS) may occur as a complication of IRD (9). Pascarella et al. studied monocytes from sHLH/MAS. They observed higher basal levels of phosphorylated STAT1, as well as a higher response of these cells to IFN-γ stimulation. However, since glucocorticoids - one of the standard treatment of sHLH/MAS - affect the phosphorylation STAT1 levels, phosphorylated STAT1 levels could not be considered as a useful biomarker.

In this paragraph, we will summarize the works on biomarkers predicting the response to TNFi mainly in RA. Despite significant improvements in RA treatment brought by bDMARD and in particular TNFi, a substantial proportion of patients does not respond adequately to these drugs and, some of them do not achieve remission or low disease activity (10, 11), which is the therapeutic goals in RA. Thus, the identification of biomarkers that may predict the response to bDMARD including TNFi is of high interest. Three manuscripts in this Research Topic proposed to identify predictive biomarkers for response to TNFi with three different approaches. In a study analyzing IL-33 gene SNP in a Caucasian population, Iwaszko et al. identified IL-33 rs16924159 SNP as associated with TNFi efficacy and clinical parameters in RA and ax-SpA patients and rs10975519 with RA risk in females. The authors conclude that additional studies with larger sample sizes and different populations are needed to validate these findings. The approaches used by the other two studies are more complex and analyze a huge number of clinical and/or biological parameters. Sánchez-Maldonado et al. performed a genome-wide association study (GWAS) in two large cohorts of RA patients, a discovery and a verification cohort (including 1361 and 706 RA patients, respectively). These authors confirmed the association of the LINC02549rs7767069 SNP with a poor response to TNFi, appreciated by the DAS28. LINC02549 (Long Intergenic Protein Coding RNA 2549) is an RNA gene affiliated with the long non-codding RNA. A RF-stratified analysis also showed a RF-specific association for the LRRC55rs717117 SNP (encoding the leucine-rich repeat-containing protein 55) with response to TNFi. Luque-Tévar et al.  performed the integrative analysis of clinical and molecular parameters using machine-learning algorithms. This prospective multicenter and longitudinal study enrolled 104 patients from two independent cohorts and 29 HC. Serum inflammatory parameters, oxidative stress markers, and NETosis-derived bioproducts as well as regulating microRNA were analyzed. Based on these parameters, the authors identified three clusters: cluster 1 with patients exhibiting a medium DAS and low radiologic involvement, cluster 3 comprised patients with highest DAS, and cluster 2 representing patients with an intermediate clinical phenotype. Six months after TNFi therapy, all patients in cluster 1 demonstrated a clinical response and few or no changes in the analyzed parameters. However, these patients exhibited a less prominent inflammatory status at baseline. Non-responders to TNFi were found in cluster 2 and 3. Patients from these clusters responding to TNFi exhibited a significant reduction in levels of inflammatory parameters, oxidative stress markers, and products of NETosis associated with the restoration in the levels of microRNA. On the opposite, TNFi resistant patients did not demonstrate these changes. Validation in routine follow-up is required to appreciate the usefulness of these biomarkers.

Overall, this Research Topic has been very stimulating for us as handling editors and we hope that it will be useful for researchers and physicians working in the fields of IRD, and in particular biomarker identification and development of cell-based therapies. We would like to finish by thanking the authors and the reviewers.
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Myeloid-derived suppressor cells (MDSCs) are a group of cells that regulate the immune response and exert immunosuppressive effects on various immune cells. Current studies indicate that MDSCs have both anti-inflammatory effects and proinflammatory effects on rheumatoid arthritis (RA) and RA animal models. MDSCs inhibit CD4+ T cells, which secrete proinflammatory factors such as IFN-γ, IL-2, IL-6, IL-17, and TNF-α, by inhibiting iNOS, ROS, and IFN-γ and promoting the production of the anti-inflammatory factor IL-10. MDSCs can suppress dendritic cells by reducing MHC-II and CD86 expression, expand Treg cells in vitro through the action of IL-10, inhibit B cells through NO and PGE2, and promote Th17 cell responses by secreting IL-1β. As a type of osteoclast precursor cell, MDSCs can differentiate into osteoclasts through activation of the NF-κB pathway via IL-1α. Overall, our study reviews the research progress related to MDSCs in RA, focusing on the effects of MDSCs on various types of cells and aiming to provide ideas to help reveal the important role of MDSCs in RA.
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Rheumatoid arthritis (RA) is a chronic inflammatory autoimmune disease mediated by a variety of immune cells that is mainly defined by the erosive destruction of the joints in the extremities. The basic pathological changes are the infiltration of inflammatory cells, the destruction of cartilage, and the erosion of bone (1). The pathogenesis involves the T cell activation pathway (2), B cells (3), macrophages, osteoclasts (OCs) (4), dendritic cells (DCs) (5), and so on. Since the body's immune system is a complex network-regulation system, it is composed of innate immunity and adaptive immunity and involves interactions and regulation among innate immune cells, antigen-presenting cells, adaptive immune cells, etc. Myeloid-derived suppressor cells (MDSCs), inhibitory cells expressing the markers CD11b and Gr-1, have been found to be abundant in infection (6), tumors (7), inflammation (8), and other diseases and negatively regulate the body's immune function. MDSCs are a special group of cells that regulate the immune response. They can exert their immunosuppressive effects on a variety of immune cells through different mechanisms, resulting in declines in the body's innate and adaptive immune functions and promoting the development and progression of diseases. There have been many reports showing that MDSCs have a strong immunosuppressive effect under abnormal conditions, but the roles of MDSCs and their subgroups in autoimmune arthritis are still controversial. Therefore, this article aims to review the role of MDSCs in the pathogenesis of RA and provide a theoretical basis for future research.


ORIGIN OF MDSCs

MDSCs, which are composed of bone marrow progenitor cells and immature myeloid cells (IMCs), are a heterogeneous cell group composed of morphologically, phenotypically, and functionally diverse but also highly immunosuppressive myeloid cells (8). Under normal conditions, IMCs develop into mature DCs, macrophages, and granulocytes after being generated in the bone marrow and then participate in immune responses in specific target organs. However, under the pathological conditions of a tumor, inflammation, infection, trauma, autoimmune disease, etc., various factors can contribute to the formation of MDSCs; vascular endothelial growth factor (VEGF), granulocyte-macrophage colony-stimulating factor (GM-CSF), interleukin (IL)-4, and other cytokines can block IMC differentiation (9). IMCs inhibit their own differentiation by releasing immunosuppressive factors, such as arginase-1 (Arg-1), inducible nitric oxide synthase (iNOS), nitric oxide (NO), and reactive oxygen species (ROS), ensuring that myeloid precursor cells cannot mature. IMCs expand in vivo, migrate out of the bone marrow, and accumulate in the peripheral blood and spleen or lesions, where they form MDSCs (10–12). Initially, in the field of tumor biology, MDSCs were considered to be immunosuppressive cells related to tumor expansion that accumulated near tumors and in the peripheral blood, promoted immune escape by tumor cells, and accelerated disease progression (13, 14). Recent research has found that MDSCs play an important immunosuppressive role in various immune diseases, so research on MDSCs in autoimmune diseases has expanded (15, 16). Under pathological conditions, dilated MDSCs can be identified in the blood, surrounding lymphoid tissues, the spleen, cancerous tissues, and inflamed sites in the corresponding target organs. They can inhibit other immune cells through direct contact or cytokine secretion, which usually inhibits the immune response (17).



PHENOTYPES OF MDSCs

The phenotypes of MDSCs are very different in mice and humans. MDSCs lack the most basic surface recognition features due to blocked differentiation, so MDSCs are morphologically indistinguishable from granulocytes and monocytes (18).

In mice, MDSCs have specific surface markers and are defined as cells that coexpress the myeloid antigens CD11b and Gr-1. According to the morphology of this cell population and the difference in the expression levels of the two Gr-1 epitopes, Ly6G and Ly6C, they can be divided into two subsets: monocytic MDSCs (M-MDSCs) and granulocytic MDSCs (G-MDSCs), which have the phenotypes CD11b+Ly6G−Ly6Chigh and CD11b+Ly6G+Ly6Clow, respectively (19, 20). The subgroups of M-MDSCs and G-MDSCs can also be divided by CD49d and CD11b expression patterns, and their phenotypes are CD11b+Ly6G+/−Ly6ChighCD49d+ and CD11b+Ly6G+Ly6Clow/−CD49d−. Additionally, some surface molecules, such as IL-4Rα, F4/80, CD80, CD31, and CD115, can be used to recognize the inhibitory functions of MDSC subgroups (21).

In patients, MDSCs can also be divided into M-MDSCs and G-MDSCs. Because CD33 and CD11b are coexpressed in human subsets, which also express CD14 and CD15, respectively, the phenotypes of human M-MDSCs and G-MDSCs can be expressed as CD33+CD11b+CD14+ and CD33+CD11b+CD15+CD14−, respectively (22, 23). In addition, because MDSCs lack surface markers expressed by mature myeloid cells or lymphoid cells and express the MHC-II molecule HLA-DR, they can also be defined as CD33+CD11b+HLA-DR−/low. Due to their lack of lineage-specific antigens (Lin), such as CD3, CD19, and CD56, MDSCs are often described as Lin−CD11b+CD33+HLA-DR− (24, 25). MDSCs express various surface markers and are divided into different subsets, probably because of different transcription factors and immunomodulatory molecules, such as cytokines, growth factors, and inflammatory mediators, which are presented in different disease microenvironments, blocking the normal differentiation of IMCs and thereby causing these cells to arrest in various stages of development. Therefore, MDSCs have different surface marker expression patterns at different stages. The complexity of these surface marker patterns leads to the heterogeneity of MDSCs. Thus, according to the actual pathological condition, MDSCs show different inhibitory capabilities and functional mechanisms (Tables 1, 2).


Table 1. Subpopulations and phenotypes of MDSCs in RA patients.
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Table 2. Subpopulations and phenotypes of MDSCs in animal models.
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REGULATION BETWEEN MDSCs AND IMMUNE CELLS


MDSCs and CD4+ T Cells, Including Their Subpopulations

CD4+ T cells are a subset of lymphocytes that play an important role in specific immune responses. Antigen-presenting cells can activate self-reactive CD4+ T cells by presenting cognate antigens, which results in the T cells differentiating into various types of CD4+ helper T cells subpopulations, including Th1 cells, Th2 cells, and Th17 cells; these T cells can also differentiate into regulatory T cells (Treg cells) (36). T cells play an important role in the immune response involved in RA.


Regulatory Effect of MDSCs on CD4+ T Cells

Kurko et al. found that MDSCs exist in the synovial tissue of RA patients. Most of these MDSCs exhibit a neutrophil phenotype and morphology and can inhibit T cell infiltration in RA. This suggests that the increase in MDSC numbers observed in the synovial fluid (SF) of RA patients may be beneficial (26). Fujii et al. found that when the severity of arthritis in collagen-induced arthritis (CIA) mice peaked, MDSCs accumulated in the spleen; adoptive transfer of MDSCs into CIA mice could reduce the severity of disease and the numbers of CD4+ T cells and Th17 cells in the lymph nodes. MDSCs could also inhibit the proliferation of CD4+ T cells, their differentiation into Th17 cells in vitro and the production of proinflammatory factors secreted by CD4+ T cells such as IFN-γ, IL-2, IL-6, and TNF-α and promote the production of the anti-inflammatory factor IL-10 secreted by CD4+ T cells, which suggests that MDSCs play an important role in the regulation of CIA by inhibiting the proinflammatory response of CD4+ T cells (37). Crook et al. (33) found that in autoimmune arthritis, M-MDSCs inhibit the proliferation of autologous CD4+ T cells in the CIA model in a manner dependent on iNOS and IFN-γ. Egelston et al. (35) found that the synovial fluid of proteoglycan-induced arthritis (PGIA) mice contains a large number of MDSCs, which can inhibit T cell proliferation effectively through iNOS and ROS. Park et al. (34) found that MDSCs derived from CIA mice reduced IL-17 production and increased FOXP3 expression in CD4+ T cells in vitro. In RA-associated interstitial lung disease (RA-ILD), Sendo et al. (38) found that CD11b+Ly6Chigh cells (M-MDSCs) isolated from the lungs could develop the CD11b+Gr-1dim phenotype when cultured with GM-CSF and IL-4-producing cells and the CD11b+Gr-1dim cells could inhibit T cell proliferation. In addition, lung MDSCs inhibit the proliferation of CD4+ T cells in an MDSC density-dependent manner and inhibit the differentiation of CD4+ T cells into Th17 cells (39).

Obviously, in RA patients, MDSCs can inhibit infiltrating T cells in the joints. In autoimmune arthritis mice, MDSCs mainly inhibit CD4+ T cells through iNOS, ROS, and IFN-γ. MDSCs can inhibit CD4+ T cell proliferation, differentiation into Th17 cells, and secretion of proinflammatory factors such as IFN-γ, IL-2, IL-6, IL-17, and TNF-α and promote the production of the anti-inflammatory factor IL-10. The production of IL-10 increases FOXP3 expression in vitro. These results suggest that MDSCs play a crucial role in the immune regulation occurring during RA.



Regulatory Effect of MDSCs on Th1 Cells

Th1 cells play an important role in the development of RA (40). Th1 cells and the signature cytokine IFN-γ play important roles in RA inflammation, and one of the methods to treat RA is to inhibit the Th1 response (41).

Studies have found that peripheral blood MDSCs in RA patients are positively correlated with disease activity and that the proportion of MDSCs is negatively correlated with the proportion of Th1 cells, which suggests that in the peripheral blood of RA patients, MDSCs and Th1 cells may be mutually antagonistic and participate in the development of RA together (27, 28). Park et al. (34) injected MDSCs into CIA mice in vivo and found that the number of Th1 cells in the spleen of the mice decreased, suggesting that MDSCs have an inhibitory effect on Th1 cells. Wang et al. (25) found that adoptive transfer of G-MDSCs into CIA mice reduces joint inflammation and the frequency of Th1 cells in the draining lymph node, suggesting that G-MDSCs have an inhibitory effect on Th1 cells in CIA that reduces joint inflammation.

All these studies have shown that MDSCs are negatively associated with Th1 cells in the peripheral blood of RA patients and the spleen of CIA mice. Further studies are required to fully understand the role of MDSCs in the regulation of Th1 cells during the pathological development of RA.



Regulatory Effect of MDSCs on Th17 Cells

Th17 cells are a subset of inflammatory CD4+ T cells that mainly secrete IL-17. Studies have found that Th17 cells are associated with many autoimmune diseases, including RA, psoriasis, and multiple sclerosis (42). Studies have also found that blocking the function of Th17 cells may inhibit the development of RA. As a class of immunosuppressive cells, MDSCs play an essential role in the development of RA, and recent studies have found that in RA, MDSCs have a regulatory effect on Th17 cells.

Guo et al. found that the frequency of MDSCs in the synovial tissue of RA patients was positively associated with the level of IL-17A. Additionally, the MDSCs of RA patients and CIA mice could both promote the differentiation of human Th17 cells in vitro, and MDSCs could promote Th17/IL-17 responses. The increase in Th17 cells infiltration that occurs during the progression of CIA affected the accumulation of MDSCs, and the removal of MDSCs reduced the frequency of Th17 cells in the spleen of CIA mice, which suggests that MDSCs are positively correlated with Th17 cells and that MDSCs have certain proinflammatory effects. In addition, M-MDSCs were more effective than G-MDSCs in promoting Th17 cell differentiation (29). Zhang et al. found that the numbers of CD14+HLA-DR−/low cells in the peripheral blood of RA patients were significantly higher than those in healthy controls and that the expansion of CD14+HLA-DR−/low cells was closely associated with Th17 cells and Disease Activity Score-28 (DAS28) results. In CIA mice, the depletion of MDSCs in vivo led to the inhibition of T cell proliferation and reductions in IL-17A and IL-1β production, while adoptive transfer of MDSCs could lead to increased disease severity in mice, including joint swelling, cell infiltration, bone erosion, and cartilage destruction, and significantly increased serum IL-17A and IL-1β levels, which suggests that MDSCs play important roles in the development of RA and CIA (30). Studies have found that MDSCs are the main source of IL-1β, that MDSCs in CIA mice can express high levels of IL-1β and that MDSCs promote the differentiation of Th17 cells and CD4+ T cells via the IL-1β signaling pathway, which suggests that MDSCs in CIA mice can promote the Th17 cell response through high expression of IL-1β (29, 30, 43). Cheng et al. found that the proportion of CD11b+Gr1+ MDSCs in their CIA group was positively correlated with the proportion of Th17 cells. After coculturing MDSCs and CD4+ T cells, the proinflammatory factor IL-1β was highly expressed, while after blocking IL-1β, Th17 cell numbers, and IL-17A, STAT3, and RORγt mRNA expression levels were significantly reduced, which suggests that MDSCs, as a potential source of IL-1β, have a proinflammatory effect, mediating CD4+ T cell differentiation into Th17 cells (44). Jiao et al. (31) found that in the peripheral blood of RA patients, Th17 cells were negatively correlated with MDSCs. Li et al. (45) noted that G-MDSCs could suppress the production of Th17 cells by secreting exosomes to ameliorate the pathology of CIA mice. Studies have found that adoptive transfer of MDSCs is beneficial in autoimmune arthritis and can reduce the number of Th17 cells in the draining lymph nodes and joint tissues, thereby reducing joint inflammation (25, 37, 46).

The above research shows that MDSC numbers are increased in the peripheral blood of RA patients, which promotes increases in the levels Th17 cells, IL-17A, and IL-1β. MDSCs can enhance the response of Th17 cells by secreting IL-1β, which suggests that MDSCs are mainly responsible for promoting the inflammatory effect. However, another study found that MDSCs were negatively correlated with Th17 cells in the peripheral blood of RA patients, suggesting that MDSCs can reduce the number of Th17 cells to relieve joint inflammation. MDSCs can promote Th17 cell responses in RA, mainly by secreting IL-1β, but MDSCs can also have an inhibitory effect on Th17 cells; the specific mechanism is not clear. Therefore, further research on the regulatory effect of MDSCs on Th17 cells in RA could clarify the role of MDSCs in RA.



Regulatory Effect of MDSCs on Treg Cells

In RA, Treg cells can be recruited to inflamed joints to exert a local inhibitory effect, which leads to increased levels of Treg cells in the joint synovial fluid and decreased levels in the peripheral blood (47). Some studies have found that MDSCs can participate in the development of RA by regulating Treg cells.

Park et al. showed that the number of Tregs in the spleen of mice treated with MDSCs increased and that the injection of G-MDSCs into CIA mice could promote Treg cell proliferation and weaken the joint inflammation in the mice. Treg cells were expanded in vitro in the presence of an anti-IL-10 antibody, and this antibody blocked the expansion effect of MDSCs on Treg cells, suggesting that without IL-10, MDSCs cannot inhibit joint inflammation. This may suggest that IL-10 plays an important role in the enhancement of Treg responses by MDSCs (34).

The above research suggests that G-MDSCs can promote the proliferation of Treg cells in CIA mice and that via IL-10, MDSCs can promote the proliferation of Treg cells in vitro. Further studies on the interaction among MDSCs, IL-10, and Treg cells in RA may help better clarify the role of MDSCs in RA.




Regulatory Effect of MDSCs on B Cells

B cells play a major role in the pathogenesis of RA, which not only promotes the production of autoantibodies but also regulates the function of T cells and DCs and promotes the development of ectopic lymphoid neoplasia and release of inflammatory mediators (48). At present, B cell-targeted therapy is effective in early and late established RA (49). Some studies have found that MDSCs have a regulatory effect on B cells in RA.

Crook et al. (33) showed that M-MDSCs in CIA mouse bone marrow could inhibit the proliferation and activation of B cells and produce specific antibodies through nitric oxide (NO) and prostaglandin E2 (PGE2) to suppress the immune response. Another analysis of the peripheral blood of RA patients found that MDSC numbers were significantly increased in RA patients with high disease activity and these MDSCs promoted B cells proliferation in vitro (32).

MDSCs can inhibit B cells via NO and PGE2 in the CIA model and promote B cell expansion in the peripheral blood of RA patients. The difference in effect may be due to the different sources of MDSCs, but further research is still needed. Overall, MDSCs may participate in the development of RA through B cell regulation, but the specific regulation of B cells by MDSCs still needs to be further explored.



Regulatory Effect of MDSCs on Macrophages

One of the typical symptoms of RA is inflammation caused by the accumulation of fibroblasts, lymphocytes, neutrophils, and monocytes/macrophages. Among these cells, activated macrophages are the main source of proinflammatory cytokines and chemokines, including TNF-α, IL-6, CXCL4, and CXCL7. Activated macrophages can activate endothelial cells and induce inflammation in the synovium and the production of OCs, eventually leading to joint damage (50, 51). In the pathogenesis of RA, macrophages play an important role. The increase in the number of macrophages in the synovium is considered an early biomarker of RA, and numerical changes can be used to distinguish effective treatment, ineffective treatment, and placebo treatment (52). Some studies have found that in the process of RA, MDSCs can regulate macrophages.

To evaluate the effect of MDSCs on macrophages in vivo, Zhang et al. (46) examined the frequency of macrophages in the draining lymph nodes and joint tissues of CIA mice treated with a phosphate-buffered saline (PBS) solution and MDSCs and found that the numbers of CD11b+CD68+ macrophages in the CIA mice treated with MDSCs were significantly reduced in the draining lymph nodes and joint tissues, suggesting that adoptive transfer of MDSCs can reduce the degrees of arthritis and histological damage in the CIA model by suppressing macrophages.

Macrophages play a key role in the pathological development of RA, and the regulatory mechanism by which MDSCs affect macrophages is currently uncertain. Therefore, further research on the MDSC-mediated regulatory mechanism modulating macrophages in RA may provide new ideas to clarify the specific roles of MDSCs in RA and the treatment of RA.



Regulatory Effect of MDSCs on DCs

DCs are important innate immune cells and professional antigen-presenting cells. They play a vital role in the initiation of immunity. Some studies have found that DCs play an important role in the pathological process of RA (53). Studies have found that MDSCs have a regulatory effect on DCs.

To study the possible effects of synovial fluid (SF) cells on DC maturation, Egelston et al. observed MHC-II and CD86 expression by DCs cultured alone or in the presence of SF cells (90% Gr-1+CD11b+ myeloid cells with a neutrophil morphology). The levels of MHC-II and CD86 in the DCs were significantly reduced by coculture with SF cells compared to culturing without SF cells after 24 h. This may suggest that Gr-1+CD11b+ SF cells significantly reduce the expression levels of MHC-II and CD86, both of which play key roles in antigen presentation by DCs, while the results for Gr-1+CD11b+ cells also indicate that the SF cells of PGIA mice have characteristics of MDSCs, suggesting that MDSCs inhibit the maturation and activation of DCs in vitro (35).

The SF cells of arthritic joints in PGIA mice appear to have characteristics of MDSCs and can inhibit DCs by reducing the expression of MHC-II and CD86. Further investigations on the immunomodulatory effects of MDSCs on DCs may provide new ideas related to the immunomodulatory functions of MDSCs in RA.



Regulatory Effect of MDSCs on OCs

Bone erosion is a sign of severe RA. Studies have found that OCs play a major role in bone resorption. Increased OC numbers or activity often leads to cartilage and bone destruction (54), and cytokines such as IL-1α, IL-1β, IL-6, IL-11, TNF-α, and M-CSF can provide signals for OC differentiation and bone resorption (55). Some studies have found that MDSCs are one of the types of OC precursor cells.

Sawant et al. cocultured MDSCs isolated from the bone marrow of breast cancer bone metastatic tumor-bearing mice with M-CSF and RANKL and stained the cells with TRAP to observe the expression of F4-80 during OC differentiation. They found that MDSCs are a new group of true OC progenitor cells and that MDSCs differentiate into OCs in a manner dependent on NO and have bone destruction function both in vivo and in vitro, suggesting that targeting MDSCs in breast cancer patients may reduce primary tumor growth and bone metastasis growth (56). Su et al. (57) found that in periodontitis, Porphyromonas gingivalis can induce the expansion of three subpopulations of MDSCs (Ly6G++Ly6C+, Ly6G+Ly6C++, and Ly6G+Ly6C+), and the CD11b+Ly6G+Ly6C++ subpopulation can differentiate into OCs and exert inhibitory effects on T cells, which suggests that MDSCs not only have an immunosuppressive effect but also promote OC development.

Recent studies have found that MDSCs, as precursor cells of OCs, play an important role in the development of autoimmune arthritis. Zhang et al. found that compared with that in the bone marrow of normal mice, the number of MDSCs in the bone marrow of CIA mice was significantly increased and that the CIA MDSCs were more likely to differentiate into OCs and contribute to bone resorption, thereby causing bone destruction. When MDSCs were cocultured with M-CSF and RANKL, they differentiated into OCs, while differentiation was inhibited when they were cocultured with an inhibitor of NF-κB. These results suggest that NF-κB plays an important role in the differentiation of MDSCs into OCs and that IL-1α activates the NF-κB pathway. Furthermore, when OC differentiation medium is supplemented with IL-1α (10 ng/ml), the differentiation of MDSCs into OCs is enhanced, suggesting that IL-1α can activate the NF-κB pathway to promote OC differentiation (58).

It is clear that MDSCs can differentiate into OCs in tumors and inflammatory diseases and have bone destruction functions in vivo. In CIA mice, MDSCs are one of the types of OC precursor cells. In the context of culture with M-CSF and RANKL, IL-1α can activate the NF-κB pathway to promote MDSC differentiation into OCs, resulting in an increased degree of bone destruction. Whether bone destruction is related to the number of circulating MDSCs and whether MDSCs can be used as a biomarker to evaluate the aggressiveness of RA still need further study.




CONCLUSION

Similar reviews have also studied the roles of MDSCs in autoimmune arthritis. Li et al. (45) reviewed the effects and actions of MDSC subpopulations during the development of autoimmune arthritis and reported that both MDSC subpopulations play important roles in regulating the proliferation, response, and differentiation of CD4+ T cells during the progression of autoimmune arthritis. Rajabinejad et al. (59) described the functions of MDSCs and the relationship between MDSCs and inflammation in RA, concluding that there are two different hypotheses related to MDSC function in RA: MDSCs can exert a proinflammatory effect by increasing the number of Th17 cells, but MDSCs can also increase the population of Tregs to produce an anti-inflammatory effect. In our review, we have integrated the literature on the regulatory effects of MDSCs on immune cells in the field of RA, describing the functions of MDSCs in arthritis model mice and RA patients and focusing on the effects of MDSCs on various types of cells. We report that the proinflammatory and anti-inflammatory functions of MDSCs are not only mediated by increasing the number of Th17 cells and the number of Tregs, respectively.

MDSCs have both proinflammatory and anti-inflammatory functions in RA and RA animal models. The proinflammatory function is mainly supported by the following observations: MDSCs can increase Th17 cell, B cell, and OC activity. MDSCs can promote Th17 cell responses by secreting IL-1β. As precursors of OCs, MDSCs can differentiate into OCs via NF-κB pathway signaling activated by IL-1α. The anti-inflammatory effect is mainly supported by the following observations: MDSCs can inhibit CD4+ T cells, Th1 cells, Th17 cells, B cells, macrophages, and DCs and promote Treg cell expansion. MDSCs inhibit CD4+ T cells, which secrete proinflammatory factors such as IFN-γ, IL-2, IL-6, IL-17, and TNF-α, by inhibiting iNOS, ROS, and IFN-γ and promote the production of the anti-inflammatory factor IL-10. MDSCs can suppress DCs by reducing MHC-II and CD86 expression. MDSCs can expand Treg cells in vitro through the action of IL-10. MDSCs can inhibit B cells through NO and PGE2 (Figure 1).


[image: Figure 1]
FIGURE 1. Immuregulatory effect of MDSCs on immune cells. IL-1α, interleukin-1α; NF-κB, nuclear transcription factor kappa B; iNOS, inducible nitric oxide synthase; IFN-γ, interferon-γ; ROS, reactive oxygen species; NO, nitric oxide; PGE2, Prostaglandin E2; IL-1β, Interleukin-1β; IL-10, Interleukin-10; IL-2, Interleukin-2; IL-6, Interleukin-6; IL-17, Interleukin-17; TNF-α, Tumor Necrosis Factor-α.


However, there are no reports on the relationship between MDSCs and NK cells in RA, and Nausch et al. (60) found that in RMA-S tumor mice, M-MDSCs could express retinoic acid early inducible-1 (RAE-1) ligand to interact with NKG2D ligands on NK cells and activate NK cells to produce large amounts of IFN-γ. This suggests that MDSCs have a regulatory effect on NK cells and that studying the interaction between MDSCs and NK cells may provide new ideas related to the mechanism involving MDSCs in the pathological process of RA.

MDSCs are IMCs and have an inhibitory effect on the antitumor immune response. MDSCs play a key role in maintaining immunosuppression under chronic inflammatory conditions, so inhibition of MDSC expansion and activation by MDSC-targeted agents may increase the efficiency of the immune system. At present, many drugs targeting MDSCs have been applied for tumor treatment, and the immunosuppressive effects of these drugs have also been shown to affect autoimmune diseases (61). Nishimura et al. (62) found that the JAK inhibitor tofacitinib could significantly promote the proliferation of MDSCs in the bone marrow of SKG mice and improve the arthritic process. In other autoimmune diseases, MDSCs have been found to have a regulatory effect on immune cells. Iwata et al. (63) found that in the MRL-Faslpr lupus mouse model, CD11b+Gr-1low cells inhibited the proliferation of CD4+ T cells through Arg-1, and the percentage of CD11b+Gr-1low cells was increased in the spleen, kidneys, and blood of 10-week-old lupus mice, suggesting that these cells contribute to immune regulation. Knier et al. (64) found that in experimental autoimmune encephalomyelitis, Ly6G+ neutrophils differentiated into MDSCs in the central nervous system of wild-type mice in a STAT3-dependent manner, controlling the accumulation and activation of B cells in this compartment, and therapeutic interventions that modulate the interaction of MDSCs with B cells might prevent the continuation of the inflammatory response in the central nervous system compartment in chronic autoimmune diseases (where local aggregates of B cells are drivers of immunopathology) (64).

In conclusion, existing studies have suggested that MDSCs play an important role in RA. The heterogeneity, plasticity, and multiple phenotypes of MDSCs regulate T cells, B cells, DCs, OCs, macrophages, and other cells through various mechanisms to influence the immune response. However, given the existing mechanisms, it is difficult to provide a comprehensive hypothesis to explain the specific role of MDSCs. The differentiation, expansion, and migration of MDSCs are also constrained by many factors, so cell therapy also faces many obstacles (17). Understanding the inherent multifunctional nature of MDSCs and the ability to influence organ-specific targets will help elucidate the mechanisms of autoimmune diseases and possible new treatments (65). Therefore, further study of the mechanism of action of MDSCs in RA may provide new ideas for the diagnosis, treatment, and prognosis of RA.
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Objective: To examine whether C4d plasma levels correlate with treatment response and C4d kidney deposition in systemic lupus erythematosus (SLE) with lupus nephritis (LN).

Methods: C4d plasma levels were analyzed by a unique assay specifically detecting C4d arising from complement activation and C4 plasma levels were quantified with competitive ELISA. SLE patients with LN (71) and active SLE patients without LN (22) plus 145 controls were included. For 52 LN patients samples were available both at baseline and after immunosuppressive treatment. C4d kidney deposition was detected using immunohistochemistry in two matching kidney biopsies of 12 LN patients.

Results: In comparison to population-based controls, plasma C4d levels were significantly increased in SLE patients (0.33 mg/L versus 0.94 mg/ml, p < 0.0001) with significantly higher levels in LN patients (1.02 mg/L) than in non-renal SLE patients (0.57 mg/L, p = 0.004). The C4d/C4 ratio was also significantly higher in LN (11.2) than in non-renal SLE patients (2.5, p = 0.0002). According to ROC curve analysis, C4d was found to be an accurate marker to discriminate LN from non-renal SLE patients (p = 0.004). The C4d/C4 ratio displayed even higher specificity, sensitivity and overall accuracy as marker for LN than C4d and C4 alone. At baseline, C4d levels correlated significantly with urine-albumin to creatinine ratio (rs = 0.43, p = 0.011) and with renal activity index (rs = 0.37, p = 0.002). Immunohistochemical staining showed glomerular deposits of C4d in kidney biopsies, which strikingly correlated with plasma C4d levels (rs = 0.7, p = 0.0002). Plasma C4d declined significantly after treatment in patients that experienced favorable clinical and histopathological response (p < 0.0001), while levels remained mainly unchanged in non-responders.

Conclusion: Plasma C4d discriminates LN from active non-renal SLE, correlates with C4d kidney deposits and appears valuable in monitoring responsiveness to various treatments. The C4d/C4 ratio might be superior to C4d alone.

Keywords: systemic lupus erythematosus, complement, C4d, lupus nephritis, treatment response, kidney deposition


INTRODUCTION

Systemic lupus erythematosus (SLE) is a chronic autoimmune disorder with heterogeneous manifestations. Despite advanced treatment strategies, lupus nephritis (LN) remains one of the most common organ-threatening manifestations with significant morbidity and mortality (1). Early diagnosis and initiation of treatment is of uttermost importance for the prognosis. Renal biopsy is the gold standard to diagnose and classify LN as well as to guide therapy (2–4). The overarching treatment goal is to prevent renal failure and optimally to achieve complete clinical remission and maintain it long-term (5). To monitor responsiveness to immunosuppressive treatment, different scoring systems mainly based on the reduction of proteinuria can be applied (2, 6).

Repeated renal biopsies have been suggested to improve the evaluation of treatment response in LN (7). The downside is that renal biopsies are invasive and bear the risk of complications. Thus, less invasive biomarkers for renal disease activity are desirable. We previously showed that C4d, which is the final cleavage fragment of C4 arising from complement activation, is a superior marker to C4 in identifying LN flares and that C4d, but not C3 and C4, can forecast recurrence of LN (8). Levels of C3 and C4 are the net result of complement activation and rate of synthesis, whereas C4d is exclusively generated upon complement activation, which strengthens its suitability as biomarker. Further, it has a favorable half-life compared to other complement activation products such as C3a or C5a. C4d measurement is robust, easy and highly specific with our assay (9).

In the current study, we confirmed the value of C4d as a biomarker for LN in an independent SLE cohort. We revealed that plasma C4d levels correlate with C4d deposited in kidney biopsies of LN patients and that plasma C4d levels associate with both histopathological and clinical treatment response at follow-up. Thus, the simple measurement of C4d plasma levels might be used to improve the evaluation of treatment outcome.



MATERIALS AND METHODS


SLE Patients and Control Populations

In total, 93 patients with diagnosed SLE and classified according to the American College of Rheumatology classification criteria and/or the Systemic Lupus International Collaboration Clinics (SLICC) classification criteria were included in the study (10, 11). In 71 patients, samples were obtained at the time-point of renal biopsy. The renal biopsies were classified according to the International Society of Nephrology/Renal Pathology Society (ISN/RPS) classification (see Table 1) (12). Activity and chronicity index were evaluated in the renal biopsies (13). There were two patients with ISN/RPS class II (mesangial LN), 51 patients with a proliferative pattern (class III and IV+V) and 18 patients with a pure membranous LN (class V). In 52 of the patients with LN, repeated biopsies were collected after three to fourteen (median eight) months to evaluate the histopathological response.


TABLE 1. Classification of renal biopsies according to the International Society of Nephrology/Renal Pathology Society (ISN/RPS) classification.

[image: Table 1]Twenty-two of the SLE patients had active SLE with no signs of renal involvement and were used as non-renal SLE controls. Disease activity in the non-renal SLE patients was estimated using the SLE Disease Activity Index 2000 (SLEDAI-2K) (14). The median score was 8 (range 2–18).

As disease controls, fourteen patients with biopsy-proven IgA nephropathy were included. Blood samples from 145 population-based controls were also included. Demographics of all participants are shown in Table 2.


TABLE 2. Demographics of patients and controls.

[image: Table 2]Collection of samples and healthy control subjects was performed according to the Declaration of Helsinki and approved by the Regional Ethical Review Boards in Stockholm (Dnr. 2012/1550, 2014/1337) with all participants providing written consent to participate in the study.



Enzyme Immunoassay for Assessment of Complement C4d

Plasma C4d levels were measured with Complement C4d assay (#COMPL C4d RUO, SVAR Life Science) according to the manufacturer’s instruction. The normal reference range is defined as 0.03–0.15 mg/L. Absorbance was measured in Cytation-5 multi-mode reader (BioTek).



Competitive Immunoassay for Assessment of Complement C4

Plasma C4 levels were determined with Human Complement C4 ELISA Kit (#ab108824, Abcam) according to the manufacturer’s instruction. The normal reference range is defined as 160–480 mg/L. Absorbance was measured as above. Values below the detection limit were set to 3.15 mg/L for statistical calculations.



Immunohistochemical Staining of C4d in Kidney Biopsies

In order to test the specificity of the antibody, Daudi cells coated with C4b and C4d were prepared. The cells were incubated in DGVB++ (2.5 mM veronal buffer pH 7.3, 72 mM NaCl, 140 mM glucose, 0.1% gelatin, 1 mM MgCl2, and 0.15 mM CaCl2) with 1 μM recombinantly expressed OmCI (to prevent lysis of cells), 50 μg/ml ofatumumab recognizing CD20 expressed on cells (GlaxoSmithKline) and 5% normal human serum, 5% heat-inactivated human serum or 5% factor I depleted human serum (Complement Tech). The cells were then formalin-fixed and paraffin-embedded. Normal human serum was prepared as previously described (15) with approval of the Regional Ethical Review Boards in Lund (Dnr. 2013/846). Heat-inactivated was achieved by incubation at 56°C for 30 min. Paraffin-embedded kidney biopsies and controls were cut in 4 μm sections and pre-treated using the PT-link system (Dako) with antigen retrieval at pH 9 (Envision Flex high pH kit, Dako). C4d deposition was detected with the same anti-C4d-neo monoclonal Ab (dilution 1:5000, SVAR Life Science) as used in the C4d assay. Biopsies were stained for 30 min using Envision Flex (Dako) reagents in an Autostainer Plus system according to the manufacturer’s protocol (Dako). Intensity of the staining in glomeruli was scored from zero (negative) to three (high) by two researchers and one pathologist in a blinded manner. Kidney biopsies were only scored if at least two glomeruli were present. Kidney C4d scores for individual patients are presented in Table 3.


TABLE 3. Comparison of plasma C4d levels, kidney C4d score and LN classes.
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Standard Laboratory Tests and Reference Values

Plasma creatinine was analyzed according to clinical routine at the Karolinska University Hospital and expressed as micromole/liter. Renal function was estimated using the Modification of Diet in Renal Disease (MDRD) study equation for estimating glomerular filtration rate (16).

For analysis of albuminuria, either 24-h urinary collections (grams/24 h) or urine-albumin to creatinine ratios (u-ACR) (mg/mmol) were performed. Being a retrospective study, methods for estimation of albuminuria have changed over time and some data regarding u-ACR for the entire cohort is thereby missing. In order to analyze response to therapy, we have thus estimated the grade of proteinuria (<0.2 g/day or < 0.5 g/day) by the method available at the biopsy time-point.

Anti-dsDNA antibodies were analyzed according to CLIFT, ELISA or multiplex methods used as routine at the Department of Clinical Immunology at the Karolinska University Hospital, method depending on the analysis available at the inclusion time-point. As different methods were used, we chose to define anti-dsDNA as positive or negative.



Definitions of Response to Treatment

We defined complete clinical response (CR) as having an inactive urinary sediment, proteinuria ≤0.2 g/day and normal glomerular filtration rate >90 mL/min or stable (within 10% of normal if previously abnormal) renal function. Partial response (PR) was defined by having an inactive sediment, proteinuria ≤0.5 g/day and normal or stable (<10% deterioration from baseline if previously abnormal) renal function. Patients not reaching the above criteria were regarded as clinical non-responders (NR) (2).

Using repeated renal biopsies for evaluation of response, we defined histopathological response (HR) as transformation into class I, II or III/IV-C whereas persistent class III/IV-A or III/IV-A/C and persistent, or transformation into, class V was considered as histopathological non-response (HNR) (17).



Statistical Analyses

The control and patient data did not pass the normality test, thus nonparametric statistics were applied. Mann-Whitney U and Kruskal-Wallis rank-sum tests were used to calculate statistical significance of nonparametric continuous data, which are displayed as median with 25–75% quantiles plus whisker and listed as median (range). Wilcoxon matched-pairs signed rank test was applied for comparison of baseline and post-treatment measurements. Spearman’s rank-order correlation test was used to analyze correlations of nonparametric data. ROC curve analysis was used to categorize C4d and C4 levels. To evaluate accuracy, the AUC of ROC curves as well as sensitivity, specificity, positive predictive values (PPVs) and negative predictive values (NPVs) were determined. McNemar’s test was used for comparison of two markers in terms of accuracy. To estimate the relative risk, odds ratios (ORs) and 95% confidence intervals (CIs) were calculated by logistic regression. A statistical significance level (p value) < 0.05 was defined as statistically significant. Analyses were carried out using JMP Pro 12 (SAS Institute) and IBM SPSS Statistics 25 (IBM) software.



RESULTS


Plasma C4d Levels Are Higher in Lupus Nephritis Patients Than in Non-renal SLE Patients

Plasma C4d levels were determined by a commercial complement C4d assay, which is a further development of our in-house ELISA (9). The median C4d level of population-based controls was 0.33 mg/L (0–1.55 mg/L) (Figure 1A). Fourteen IgA nephropathy patients were included as disease controls and showed C4d levels in the same range (0.30 mg/L, 0.05–1.39 mg/L). In comparison to the population-based controls, C4d levels were significantly increased in SLE patients (p < 0.0001), with significantly higher C4d levels in LN patients (1.02 mg/L, 0.15–3.03 mg/L) than in non-renal SLE patients (0.57 mg/L, 0–1.71 mg/L, p = 0.004). As expected, LN patients had significantly lower C4 levels (86 mg/L, 3.15–554 mg/L) than non-renal SLE patients (231 mg/L, 3.15–441 mg/L, p = 0.003) (Figure 1B). The C4d/C4 ratio was additionally calculated and displayed significant difference between LN (11.2, 0.47–930) and non-renal SLE patients (2.49, 0–527, p = 0.0002) (Figure 1C).
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FIGURE 1. Plasma C4d levels are increased in patients with systemic lupus erythematosus (SLE) and discriminate lupus nephritis (LN) from non-renal SLE patients. (A) C4d levels in control subjects, IgA nephropathy patients (IgAN) and SLE patients without and with lupus nephritis. (B,C) C4 levels and C4d/C4 ratio in non-renal SLE patients and LN patients. Data are presented as medians with 25–75% quantiles plus whiskers, and significance was calculated using Kruskal-Wallis rank-sum and Mann–Whitney U tests. The C4d/C4 ratio for one of the non-renal SLE patients is zero and can thus not be displayed on a logarithmic scale. Dotted lines indicate the upper normal reference range for C4d (0.15 mg/L) and the lower normal reference range for C4 (160 mg/L). (D) Area under the ROC curve analysis showing accuracy of C4d, C3, C4, and C4d/C4 ratio as markers for LN. (E) Sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV) and overall accuracy for C4d, C3, C4, and C4d/C4 ratio as markers for LN. The disease prevalence was set to 50%. Data are presented with 95% CIs. (F) Association of high C4d (>0.67 mg/L), low C3 (<0.77 g/L), low C4 (<154 mg/L) and high C4d/C4 ratios (>4.19) with LN. Significance was calculated using binary logistics, and ORs are indicated with a dot connected to the 95% CI.




C4d Levels Correlate With LN

ROC curve analysis showed that C4d likewise C3 and C4 exhibited statistically significant accuracy as markers for LN. The AUC of the C4d/C4 ratio was higher than for C4d or C4 alone, but slightly lower than for C3 (Figure 1D). C4d, C4 and the C4d/C4 ratio were categorized according to the ROC curve analyses. Routine clinical reference values were applied to categorize C3. C4d levels above 0.67 mg/L were defined as high. Applying this cut-off, 79% of LN patients, 32% of non-renal SLE patients and less than 18% of the controls had high C4d levels, confirming the validity of this cut-off. C4 levels below 154 mg/L were defined as low and C4d/C4 ratios above 4.19 were defined as high.

Validating the suitability as biomarker for LN further, we found that high C4d levels exhibited higher sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV) and overall accuracy than low C3 and C4 levels (Figure 1E). However, according to McNemar’s test, high C4d levels alone were not statistically superior to low C4 levels (p = 0.31), but high C4d/C4 ratios, which were even more sensitive and specific than high C4d levels alone, exhibited statistically superior accuracy as a marker for LN than low C4 (p = 0.012) and similar to high C4d (p = 0.58). McNemar’s test could not be performed for comparisons to low C3 levels, since C3 levels were not determined for nine LN patients. OR analysis revealed that high C4d (OR 8.0, p = 0.0001), low C3 (OR 5.03, p = 0.002) and low C4 (OR 5.1, p = 0.002) levels as well as high C4d/C4 ratios (OR 13.1, p < 0.0001) all associated significantly with LN and that high C4d/C4 ratios exhibited the highest relative odds to occur if the patient has LN (Figure 1F).



Correlation of Plasma C4d Levels With Other Clinical Variables

At baseline, C4d correlated negatively with C3 (rs = –0.37, p = 0.0005, values for nine LN patients were not determined) and C4 (rs = –0.38, p = 0.0002) in all 93 SLE patients (Figures 2A,B). Interestingly, C4d did not correlate significantly with C3 (rs = –0.07, p = 0.76) and C4 (rs = –0.41, p = 0.057) in the 22 non-renal SLE patients, but only in the 71 LN patients [C3 (rs = –0.31, p = 0.014), C4 (rs = –0.26, p = 0.031)] (Figures 2A,B).
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FIGURE 2. Correlations of plasma C4d levels with clinical variables. (A,B) Correlations of plasma C4d with C3 (A) and C4 (B) in all 93 SLE patients as well as split up in the 22 non-LN and 71 LN patients at baseline. (C,D) Correlation of plasma C4d with u-ACR, activity and chronicity index as well as creatinine at baseline (C) and post-treatment (D). (A–D) Not all variables were determined for all patients; therefore n is shown in each correlation graph separately. Significant correlation coefficients and p values are bold. Significance was calculated using Spearman’s rank-order correlation test. u-ACR, urine-albumin to creatinine ratio.


Data regarding urine-albumin to creatinine ratio (u-ACR) was available in 34 of the LN patients, either at baseline in patients with repeated biopsies (n = 25) or among LN patients with single renal biopsy samples only (n = 9). In these, C4d correlated strongly with u-ACR (rs = 0.433, p = 0.011). Additionally, C4d correlated significantly with the renal activity index (rs = 0.37, p = 0.002), but not with chronicity index or creatinine level (Figure 2C).

In all SLE patients as well as in the LN patients at baseline, neither prednisolone, antimalarial or disease-modifying anti-rheumatic drugs influenced C4d levels. However, in the non-renal SLE patients, patients on disease-modifying anti-rheumatic drugs had significantly lower C4d levels than patients not receiving this medication (0.39 mg/L versus 0.66 mg/L, p = 0.042). C4d levels were slightly, but insignificantly higher in LN patients with occurrence of anti-dsDNA-Abs than in LN patients without (1.05 mg/L versus 0.86 mg/L, p = 0.175).

Post-treatment, data on u-ACR was available in 26 of the 52 patients. In these, C4d levels did not correlate with the u-ACR. Furthermore, there was no association with activity and chronicity index, or with the creatinine levels (Figure 2D).

Correlations of the C4d/C4 ratio with clinical variables of the 52 re-biopsied LN patients at baseline and post-treatment are listed in Table 4.


TABLE 4. Correlation of plasma C4d/C4 ratio with clinical variables at first and second biopsy of the 52 re-biopsied LN patients.
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C4d Levels Vary Between the Types of LN

In order to investigate C4d in regard to the responsiveness to various treatments, C4d levels were determined at baseline and post-treatment in 52 LN patients. At baseline, all patients had an active LN and according to biopsies, 41 cases were classified as proliferative LN (class III/IV ± V) and 11 cases as pure membranous LN (class V) (for detailed information see Table 1). At baseline, C4d levels did not differ significantly between the proliferative (1.1 mg/L, 0.36–3.03 mg/L) and membranous (1 mg/L, 0.23–1.95 mg/L, p = 0.244) LN patient subgroups (Figure 3A).
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FIGURE 3. In lupus nephritis (LN) patients, C4d levels associate with histopathological responsiveness to treatment and plasma C4d levels correlate with C4d deposited in kidney biopsies. (A) C4d levels and (B) C4d/C4 ratio at baseline and post-treatment of LN subgroups. Inactive patients represent ISN class I, II and III C. (C) C4d levels and C4d/C4 ratio at baseline and post-treatment in histopathological responders and non-responders. Each patient sample plus the medians and interquartile ranges are shown. (D) Specificity of C4d staining with anti-C4d-neo monoclonal Ab was determined by immunohistochemistry of Daudi cell pellets incubated with OmCI, ofatumumab and 5% human serum. Heat-inactivated human serum (5%) and 5% factor I depleted sera were applied as negative controls not able to generate C4d. (E) Scoring of C4d levels in kidney biopsies of LN patients. Representative images for each score at 40× magnification are presented. (F) Correlation of C4d plasma levels with C4d deposition in kidney biopsies. PLN samples are shown in black, MLN samples in orange and inactive samples in gray. Significance was calculated using Kruskal-Wallis rank-sum and Mann–Whitney U tests (A,B), Wilcoxon matched-pairs signed rank test (C) and Spearman’s rank-order correlation test (F). PLN, proliferative LN; MLN, membranous LN.


Post-treatment, a significant reduction in C4d levels was observed in the total group (p < 0.0001, Table 5) and repeated biopsies were classified into three groups. Inactive biopsy findings (n = 19) consisted of patients with either class I, II or III (C). There were 11 patients still showing a proliferative pattern (class III and IV+V) and 22 patients with membranous LN (class V). In three of these, a concomitant class II was seen. C4d levels in the proliferative LN patients (0.78 mg/L, 0.28–1.88 mg/L) were higher than in the membranous LN patients (0.57 mg/L, 0.07–1.44 mg/L, p = 0.064) and than in the inactive patients (0.59 mg/L, 0.18–1.28 mg/L, p = 0.085). However, the differences did not reach statistical significance (Figure 3A).


TABLE 5. Clinical, laboratory and histopathological characteristics at first and second biopsy of the 52 re-biopsied LN patients.

[image: Table 5]The C4d levels of the 11 patients with remaining PLN findings post-treatment were not significantly lower than for the 41 patients with PLN at baseline (Table 5). The same was observed for the MLN patients.

At baseline, the median C4d/C4 ratio was also higher in proliferative (14.5, 1.5–929) than in membranous (9.8, 0.5–251) LN patients. However, likewise for C4d levels, the difference did not reach significance (p = 0.426) (Figure 3B). Post-treatment, the C4d/C4 ratio was significantly higher in proliferative LN than in inactive patients (p = 0.039) and than in membranous LN patients (p = 0.025), where differences in C4d levels alone did not reach significance.

The C4d/C4 ratio of the 11 patients with remaining PLN post-treatment was not significantly lower than for the 41 patients with PLN at baseline. However, the C4d/C4 ratio was significantly lower post-treatment in the MLN patients compared to baseline levels (Table 5).



C4d Levels Associate With Histopathological Responsiveness

Following treatment, 34 patients (65%) met the criteria of histopathological response and 17 patients (33%) were defined as histopathological non-responders. One patient could not be classified due to insufficient quality of the biopsy. Strikingly, C4d levels as well as the C4d/C4 ratio (Figure 3C) decreased significantly (p < 0.0001) in the histopathological responders, but did not change in the non-responders (C4d, p = 0.0714; C4d/C4 ratio, p = 0.2842).



Plasma C4d Levels Correlate With C4d Deposition in Kidneys

Specificity of anti-C4d-neo monoclonal Ab was verified by immunohistochemistry using paraffin-embedded Daudi cells incubated with OmCI, ofatumumab and human serum. Heat-inactivated human serum lacking active complement, and factor I depleted human serum, which cannot generate C4d from C4b, were used as negative controls (Figure 3D). C4d expression was investigated in matched renal biopsies at baseline and post-treatment of 12 LN patients. The staining intensity of C4d in the glomeruli was scored from zero to three (Figure 3E). The C4d staining pattern was segmental glomerular. Strikingly, plasma C4d levels correlated strongly with C4d deposited in LN kidneys (rs = 0.696, p = 0.0002) (Figure 3F). The C4d/C4 ratio likewise correlates significantly with C4d deposited in LN kidneys (rs = 0.637, p = 0.0011). Table 3 summarizes plasma C4d levels, kidney C4d scores as well as LN classes of the 12 re-biopsied patients.



Plasma C4d Levels Associate With Clinical Responsiveness

Twenty-five patients (48%) met the definition of complete clinical response, 10 patients (19%) of partial clinical response and 17 patients (33%) were categorized as clinical non-responders. C4d levels decreased most significantly in the clinical complete responders (p < 0.0001) and strongly in the clinical partial responders (p = 0.002), whereas the decrease in the clinical non-responders just reached significance (p = 0.045) (Figure 4A). Also, the C4d/C4 ratio associated most strongly with clinical complete responsiveness (p = 0.0013) and strongly with clinical partial responsiveness (p = 0.0078) (Figure 4B). However, no association with clinical non-responsiveness was observed (p = 0.051).
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FIGURE 4. In lupus nephritis patients, C4d levels associate with clinical responsiveness to treatment. (A) C4d levels as well as (B) C4d/C4 ratios at baseline and post-treatment in clinical complete, partial and non-responders. Each patient sample plus the medians and interquartile ranges are shown. Significance was calculated using Wilcoxon matched-pairs signed rank test.




DISCUSSION

In the current study, we confirm our previous observation that plasma C4d is a valuable marker for LN (8). Furthermore, we revealed that plasma C4d levels correlate with the intensity of C4d deposition in kidney biopsies and that they associate with histopathological and clinical responsiveness to immunosuppressive treatment. Additionally, we show that the ratio of C4d over C4 might be even more valuable than either C4d or C4 alone as a marker for LN.

Despite significant advances in treatment options, LN is still one of the most severe manifestations in SLE and it accounts for an increased morbidity. LN patients have a worse prognosis and end stage renal failure is suggested to be an important cause of mortality in SLE (1). Various biomarkers have been suggested to monitor disease activity, to forecast general flares and/or exacerbations of specific manifestations including LN and to verify treatment response. However, no biomarker covers all of these aspects, which might be due to the extraordinary clinical complexity of SLE and the fact that each individual patient exhibits a distinct course of the disease (18). Neither albuminuria, levels of anti-DNA antibodies nor complement levels, which are commonly used for evaluation of renal response, proved to be reliable biomarkers in LN (7). Among biomarkers, serum levels of soluble Axl were recently proposed as useful marker to reflect the grade of inflammation and tissue damage in the kidneys as well as to assess histological response to immunosuppression in LN (19). Among urinary biomarkers, the activated leucocyte cell adhesion molecule (ALCAM) could distinguish between renal and non-renal SLE and high baseline urinary ALCAM levels seemed to increase the risk for deterioration of renal function (20).

The pathogenesis of LN involves immune complex deposition (21), which strongly activate complement and thus incite inflammatory mechanisms contributing to the severity of the disease. Importantly, low levels of C3 and C4 are included in the SLE disease activity index 2000 (SLEDAI-2K), which is commonly used to monitor SLE (14). However, C3 and C4 exhibit wide reference ranges in healthy individuals (22), have low sensitivity in follow-up of SLE patients and were unable to predict the recurrence of LN as stand-alone markers (23). In addition, low C3 and C4 levels do not accurately mirror complement activation, since their levels are also affected by the rate of synthesis, which further increases during inflammation. We have previously introduced a unique assay to quantify plasma levels of C4d, which is the final cleavage fragment of C4 exclusively arising from complement activation (9). This specificity is achieved by a neoepitope-specific antibody that is directed against a very short linear epitope in the cleavage site of C4d that becomes exposed solely after complement-mediated cleavage of C4b, and that cannot be mimicked by non-proteolytic events (9). By the use of this assay, we could confirm that C4d levels are increased in LN patients and that C4d is a valuable marker to discriminate LN from non-renal SLE. Previously, we showed that C4d levels were negligible in healthy individuals that were sampled under optimal conditions (8). In the current study, population-based controls were used for comparison and the C4d levels were as expected higher than in previously determined healthy controls, but still significantly lower than in SLE patients. Considering that these control individuals could have other diseases than SLE, and thus represent a more representative control cohort, the results show that C4d associates with SLE and especially with LN in relevant settings.

Previously, we discovered that C4d, but not C3 or C4, was an accurate marker to distinguish between remission and flare, as well as to predict future LN flares in relapsing patients in a cross-sectional SLE cohort (8). C4d levels were significantly higher in LN patients than in patients without renal involvement (8). This observation was confirmed in the current study. However, high C4d levels alone, even though exhibiting higher sensitivity, specificity, PPV, NPV and overall accuracy than low C4, were not statistically superior to low C4 levels, as it was the case in the previous study.

A clear strength of the current study is that all LN cases were biopsy verified and repeated biopsies allowed us to determine both histopathological and clinical outcome. Clinical responsiveness was defined using established outcome measures (2), although no general definition of histopathological outcome has been generally introduced. Applying similar histopathological response criteria from studies on repeat renal biopsies (7), we have previously identified high interferon lambda levels as a marker of poor treatment response (17) and now C4d levels associate even more strongly with treatment outcome.

According to the current treatment guidelines, LN patients should be treated with corticosteroids in combination with aggressive immunosuppressive drugs (4). Furthermore, angiotensin converting enzyme inhibitors (ACEi) or angiotensin receptor blockers (ARB) are generally recommended. Apart from being anti-hypertensive, ACEi/ARB reduce the amount of proteinuria, which in turn may influence the evaluation of renal response, proteinuria being one of the main clinical measures in the established response criteria (2). Thus, firm evaluation of response may be hampered by therapy itself, further stressing the need for a reliable biomarker that may reflect ongoing inflammation. At baseline biopsies, we found a clear correlation between C4d and the grade of albuminuria, most probably reflecting the renal activity. The lack of association at repeated biopsy could be explained by the use of ACEi/ARB, which lower the albuminuria to various degrees and thereby interfere with the evaluation of clinical response.

Here, we report that plasma C4d levels, as well as the C4d/C4 ratio, declined in LN patients with favorable clinical and histopathological response, but remained mostly unchanged in non-responders. This strongly suggests that C4d and the C4d/C4 ratio might be useful markers to study the responsiveness to immunosuppressive treatments. Although renal biopsies are the gold standard to diagnose and classify LN (24), follow-up biopsies after induction of immunosuppressive therapy are not and carry potential risks for bleeding complications (25). Since C4d levels as well as C4d/C4 ratios were shown to associate strongly with both clinical and histopathological responsiveness, our findings strongly suggest that the simple determination of plasma C4d might at least partially replace invasive biopsies. C4d levels correlated with the activity index at baseline but not post-treatment. Interestingly, despite effective immunosuppressive treatment, the chronicity index increased post-treatment. The findings indicate that C4d plasma levels may be a better measure for active LN than for chronic presentation and point to the fact that the inflammatory and thus scarring process persists despite intense immunosuppressive treatment.

The diverse manifestations and sample size in the non-renal SLE controls did not allow us to analyze associations between specific non-renal manifestations and C4d findings. However, despite having active disease, this patient group displayed clear difference in C4d compared to LN patients, further pointing to the role C4d in renal lupus.

C4 exists in two polymorphic forms, C4A and C4B, which exhibit distinct chemical reactivities. Partial C4 deficiency can arise due to copy number variations (C4 null alleles) as well as mutations (26). Notably, this does not only occur in SLE patients, but also in approximately 35% of the general population. However, deficiencies or low copy numbers of either total C4 or C4A are a risk factor for SLE development (27). In the case of partial C4 deficiency, low C4 levels are a consequence of decreased synthesis rather than increased complement activation. Accordingly, quantifying the C4d/C4 ratio might correct for this phenomenon. In a recent study of severe LN patients, that included patients on combination therapy of rituximab and belimumab, the C4d/C4 ratio correlated better with levels of anti-dsDNA and anti-C1q antibodies than stand-alone measurement of C4d or C4 (28). None of these markers correlated with the renal outcome criteria of proteinuria. However, the change in C4d/C4 ratio from baseline to post-treatment correlated to the change in proteinuria and outperformed sole quantification of C4d or C4. Importantly, no repeated biopsies were performed and thus no data on histopathological response are available.

The limitation of our study is the retrospective nature and that methods for detection of anti-dsDNA antibody levels were determined with various methods and missing data in a proportion of patients. Thus it is reasonable that we only detected a weak association of C4d levels with anti-dsDNA antibody occurrence in this study, whereas we previously found a strong association (8). Another limitation of the current study is that proteinuria was also quantified with different methods.

C4d is frequently used as a biomarker for antibody-mediated renal graft rejection (29). Besides the presence of donor-specific antibodies and histopathological evidence of tissue injury, C4d deposition in peritubular capillaries has become the cornerstone diagnostic parameter in graft rejection (30). In contrast to the peritubular deposition, we now found expected distinct glomerular C4d expression in LN patients. Although complement activation is an underlying pathogenetic mechanism in the two renal conditions, the localization of C4d differs and thus targets separate renal compartments.

Increasing numbers of complement inhibitors are in clinical trials and reliable assays for the determination of treatment response are a prerequisite for conclusive studies (31). Determination of the soluble terminal complement complex (sTCC) is a good measure for general complement activation, but not specific for the classical pathway. Other complement biomarkers, such as C3a and C5a are very short lived. Measurement of cell-bound C4d and C3d was previously suggested (32) but these assays are difficult to perform in clinical practice (flow cytometry using fresh patient blood). Thus, our cleavage neoepitope specific C4d antibody used in a fast and practical C4d assay might be a valuable tool not only in SLE, but also in other complement-mediated diseases.

By analyzing an independent SLE cohort, we here confirm previous findings regarding the role of C4d as a biomarker in LN. We demonstrate a correlation between C4d levels in plasma and C4d levels in kidney biopsies, as well as showing C4d as being a marker of treatment response, both at a clinical and histopathological level. If confirmed in larger studies, measurement of circulating C4d could contribute to assessment of LN activity and may lessen the need of renal biopsies in the future.
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The pro-inflammatory cytokine interleukin 1β (IL-1β) induces the synthesis of prostaglandin E2 by upregulating cyclooxygenase-2 (COX-2) in the synovial tissue of individuals with autoimmune diseases, such as rheumatoid arthritis (RA). IL-1β-mediated stimulation of NF-κB and MAPK signaling is important for the pathogenesis of RA; however, crosstalk(s) between NF-κB and MAPK signaling remains to be understood. In this study, we established a model for IL-1β-induced synovitis and investigated the role of NF-κB and MAPK signaling in synovitis. We observed an increase in the mRNA and protein levels of COX-2 and prostaglandin E2 release in cells treated with IL-1β. NF-κB and ERK1/2 inhibitors significantly reduced IL-1β-induced COX-2 expression. IL-1β induced the phosphorylation of canonical NF-κB complex (p65 and p105) and degradation of IκBα. IL-1β also induced ERK1/2 phosphorylation but did not affect the phosphorylation levels of p38 MAPK and JNK. IL-1β failed to induce COX-2 expression in cells transfected with siRNA for p65, p105, ERK1, or ERK2. Notably, NF-κB inhibitors reduced IL-1β-induced ERK1/2 phosphorylation; however, the ERK1/2 inhibitor had no effect on the phosphorylation of the canonical NF-κB complex. Although transcription and translation inhibitors had no effect on IL-1β-induced ERK1/2 phosphorylation, the silencing of canonical NF-κB complex in siRNA-transfected fibroblasts prevented IL-1β-induced phosphorylation of ERK1/2. Taken together, our data indicate the importance of the non-transcriptional/translational activity of canonical NF-κB in the activation of ERK1/2 signaling involved in the IL-1β-induced development of autoimmune diseases affecting the synovial tissue, such as RA.
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Introduction

Rheumatoid arthritis (RA) is a chronic and progressive inflammatory autoimmune disease characterized by a dysregulated immune system in the synovial joint membrane, thereby causing severe damage and destruction of the cartilage and bone. Synovitis (inflammation of the synovial membrane) is a hallmark of RA. Pro-inflammatory cytokines, such as interleukin 1β (IL-1β) and tumor necrosis factor α (TNF-α), play a crucial role in the development of synovitis and progressive joint destruction (1, 2). The use of antibodies against IL-1 to treat patients with RA improves symptoms associated with RA and reduces joint erosions (3, 4). IL-1β induces the expression of prostaglandin E2 by upregulating cyclooxygenase-2 (COX-2) in pro-inflammatory conditions. IL-1β activates numerous cellular signaling pathways, including nuclear factor-κB (NF-κB) and mitogen-activated protein kinase (MAPK) signaling.

NF-κB is a transcription factor that is important in regulating immune response and inflammation (5, 6). NF-κB consists of homo- and heterodimers of the Rel family of proteins, such as RelA (p65), RelB, c-Rel, p105/p50, and p100/p52 (6). The activity of NF-κB is primarily regulated by its interaction with inhibitory proteins, such as IκB, thereby enabling the cytoplasmic retention of these inactive complexes. NF-κB is activated upon the degradation of IκB that disrupts the interaction between IκB and NF-κB. Subsequently, the released NF-κB translocates into the nucleus where it induces the expression of immune and inflammatory genes by binding to their promoters (6). In response to the pro-inflammatory cytokine IL-1β, the heterotrimeric complex of NF-κB comprising p50, RelA (p65), and IκBα gets activated and results in canonical NF-κB signaling (5, 6).

MAPK signaling pathways are involved in the regulation of various cellular functions, including inflammation. MAPKs are serine-threonine kinases, such as c-Jun NH2-terminal kinase (JNK), p38 MAPK, and extracellular signal-regulated kinase (ERK); all these kinases exist as isoforms in mammals. Depending on the stimulus and cell type, MAPKs are activated via multiple pathways, thereby phosphorylating a wide range of substrates, such as transcription factors and cytoskeletal proteins, and resulting in specific cellular responses (7–13). The MAPK signaling cascades consist of at least three sequential kinase components: MAPK kinase kinase, MAPK kinase, and MAPK. MAPK kinase kinases phosphorylate the serine/threonine residues of and activate MAPK kinases that phosphorylate the threonine/tyrosine residues in the activation loop of MAPKs, thereby stimulating MAPKs (14, 15). MAPK signaling activates NF-κB in synovial fibroblasts in other cellular models (16–21). Pro-inflammatory cytokines (e.g. IL-1β and TNF-α) stimulate the activation of NF-κB and MAPK signaling in synovial fibroblasts; however, the correlation between NF-κB and MAPK signaling remains to be elucidated (8, 9).

In this study, we have investigated IL-1β-induced expression of COX-2 and its role in the synthesis of prostaglandin E2 in canine synovial fibroblasts. We observed crosstalk between NF-κB and ERK1/2 MAPK signaling. Canonical NF-κB signaling induced the activation of ERK1/2 in the presence of transcription and translation inhibitors. Taken together, our findings indicate that the non-transcriptional/translational function of canonical NF-κB signaling regulates the activation of ERK1/2 signaling in synovial fibroblasts.



Materials and Methods


Materials

TRIzol and Lipofectamine 2000 were obtained from Life Technologies Co. (Carlsbad, CA). The Thermal Cycler Dice Real Time System II, TP900 DiceRealTime v4.02B, SYBR Premix Ex Taq II, PrimeScript RT Master Mix, and CELLBANKER 1 plus medium were purchased from TaKaRa Bio Inc. (Shiga, Japan). Rabbit monoclonal antibodies against human total JNK (t-JNK, EPR140 (2), Cat# ab110724, RRID : AB_10866293) and COX-1 (EPR5867, Cat# ab133319, RRID : AB_11157915), and rabbit polyclonal antibody against COX-2 (Cat# ab102005, RRID : AB_10972360) were procured from Abcam (Cambridge, UK). Anti-human phosphorylated p65 (Ser536) (p-p65, 93H1, Cat# 3033, RRID : AB_331284), anti-human total p65 (t-p65, D14E12, Cat# 8242, RRID : AB_10859369), anti-human total-IκBα (t-IκBα, I44D4, Cat# 4812, RRID : AB_10694416), anti-human phosphorylated p105 (Ser 933) (p-p105, 18E6, Cat# 4806, RRID : AB_2282911), anti-human total p105 (t-p105, D7H5M, Cat# 12540, RRID : AB_2687614), anti-rat total-ERK1/2 (t-ERK1/2, 137F5, Cat# 4695, RRID : AB_390779), anti-human phospho-ERK1/2 (Thr202/Tyr204) (p-ERK1/2, D13.14.4E, Cat# 4370, RRID : AB_2315112), anti-human total-p38 (t-p38, D13E1, Cat# 8690, RRID : AB_10999090), and anti-human phospho-p38 (Thr180/Tyr182) (p-p38, 3D7, Cat# 9215, RRID : AB_331762) rabbit monoclonal or polyclonal antibodies, horseradish peroxidase-conjugated anti-mouse (Cat# 7076, RRID : AB_330924) and anti-rabbit IgG antibodies (Cat# 7074, RRID : AB_2099233) were obtained from Cell Signaling Technology Japan, K.K. (Tokyo, Japan). Rabbit polyclonal antibody against phospho-JNK (Thr183/Tyr185) (p-JNK, Cat# V7931, RRID : AB_430864) was purchased from Promega, Co. (Madison, WI). BAY11-7082, TPCA-1, SKF86002, U0126, FR180204, SP600125, actinomycin D, cycloheximide, and mouse monoclonal anti-β-actin antibody (AC74, Cat# A5441, RRID : AB_476744) were procured from Sigma-Aldrich Inc. (St Louis, MO). ImageQuant LAS 4000 mini, protein A plus G Sepharose, and ECL Western blotting Analysis System were obtained from GE Healthcare (Piscataway, NJ). Mini-PROTEAN TGX gel and polyvinylidene difluoride membranes were purchased from Bio-Rad (Hercules, CA). Block Ace and Complete mini EDTA-free protease inhibitor mixture were purchased from Roche (Mannheim, Germany). Dulbecco’s modified Eagle’s medium supplemented with 1 g/L glucose (DMEM-LG) was obtained from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). An enzyme-linked immunosorbent assay kit for prostaglandin E2 was procured from Cayman Chemical Co. (Ann Arbor, MI). Canine recombinant IL-1β was purchased from Kingfisher Biotech, Inc. (Saint Paul, MN). StatMate IV was obtained from ATMS (Tokyo, Japan). A freezing vessel (BICELL) was procured from Nihon Freezer Co., Ltd. (Tokyo, Japan).



Cell Culture

Canine synovial fibroblasts isolated from the synovium of the stifle joint were a kind gift from Ms. Aki Ohmori, Teikyo University School of Medicine. We used flow cytometry to characterize cells by their surface markers: positive for fibroblast markers CD29 (97.86 ± 1.23%), CD44 (97.40 ± 1.30%), and CD90 (97.50 ± 1.42%), and negative for hematopoietic cell markers CD14 (1.60 ± 0.50%), CD34 (1.12 ± 0.10%), CD45 (0.97 ± 0.13%), and HLA-DR (2.73 ± 1.45%) (9). Dissociated cells were maintained in static culture in DMEM-LG supplemented with 10% fetal bovine serum (FBS) in a 5% CO2 incubator at 37°C. The medium was replaced once a week. Cells were cryopreserved and thawed as previously described (7–13, 22–26). Briefly, cells were harvested using 0.25% trypsin-EDTA once they were 90–95% confluent and resuspended in CELLBANKER 1 plus medium at a density of 2 × 106 cells/500 μl. The cell suspension (500 μl) was placed into sterilized serum tubes that were placed in a freezing vessel (BICELL) and cryopreserved at −80°C. Before performing the experiment, tubes were removed from the BICELL vessel and immersed in a water bath at 37°C. The thawed cell suspension was transferred into a centrifuge tube containing DMEM-LG with 10% FBS and centrifuged at 300×g for 3 min. The pellet was resuspended in DMEM-LG containing 10% FBS and transferred to a 75 cm2 culture flask. Static cultures were maintained under the same conditions as prior to cryopreservation. Cells were harvested using 0.25% trypsin-EDTA once they were ~90% confluent; the collected cells were seeded at a density of 1 × 106 cells per 75 cm2 culture flask. Experiments were performed with canine synovial fibroblasts from the fourth passage. Each experiment was performed with cells derived from a single donor.



Quantitative Reverse Transcription-Polymerase Chain Reaction

RT-qPCR was performed as previously described (7–13, 22–26). Total RNA was extracted from canine synovial fibroblasts using TRIzol. First-strand cDNA synthesis was performed using 500 ng of total RNA with the PrimeScript RT Master Mix. Real-time PCR was performed using 2 µl of the first-strand cDNA, SYBR Premix Ex Taq II, and primers specific for COX-1, COX-2, and TBP (TATA-binding protein; housekeeping internal control) in a total reaction volume of 25 μl (Table 1). Real-time PCR for no-template control was performed using 2 µl of RNase- and DNA-free water. Additionally, real-time PCR for the control for reverse transcription was performed using 2 µl of the RNAs. PCR was performed using the Thermal Cycler Dice Real Time System II with the following protocol: one cycle of denaturation at 95°C for 30 s, 40 cycles of denaturation at 95°C for 5 s, and annealing/extension at 60°C for 30 s. Data were analyzed using the second derivative maximum and comparative cycle threshold (ΔΔCt) methods using the real-time PCR analysis software. TBP amplification from the same amount of cDNA was used as the endogenous control, while amplification from feline synovial fibroblasts at 0 h was used as the calibration standard.


Table 1 | Primer sequences for RT-qPCR.





Western Blotting

Western blotting was performed as previously described (7–13, 22–26). Proteins were isolated by lysing cells with a lysis buffer containing 20 mM HEPES, 1 mM phenylmethanesulfonyl fluoride, 10 mM sodium fluoride, and a complete mini EDTA-free protease inhibitor cocktail at pH 7.4. Protein concentrations were measured using the Bradford method (27). Extracted proteins were boiled at 95°C for 5 min in sodium dodecyl sulfate buffer, loaded into separate lanes of 7.5 or 12% Mini-PROTEAN TGX gels, and electrophoretically separated. Separated proteins were transferred to polyvinylidene difluoride membranes. The membranes were treated with Block Ace for 50 min at room temperature and incubated with primary antibodies [COX-2 (1:1,000), COX-1 (1:100), p-p65 (1:1,000), t-p65 (1:1,000), p-p105 (1:1,000), t-p105 (1:1,000), t-IκBα (1:1,000), p-ERK1/2 (1:1,000), t-ERK1/2 (1:1,000), p-p38 (1:1,000), t-p38 (1:1,000), p-JNK (1:1,000), t-JNK (1:1,000), and β-actin (1:10,000)] for 2 h at room temperature. After washing, the membranes were incubated with horseradish peroxidase-conjugated anti-rabbit or anti-mouse IgG antibody (1:10,000) for 90 min at room temperature. The ECL Western Blotting Analysis System was used to detect immunoreactivity between the antibodies and blots. Chemiluminescent signals from the membranes were detected using the ImageQuant LAS 4000 mini system.


Immunocytochemistry

Immunocytochemistry was performed as previously described (10). Synovial fibroblasts were seeded at a density of 3 × 105 cells/ml culture medium into a 35-mm glass bottom dish (Iwaki, Tokyo, Japan) treated with IL-1β. The cells were fixed with 4% paraformaldehyde (Nacalai Tesque Inc., Kyoto, Japan) for 15 min and processed for immunocytochemistry to examine the intracellular localization of t-p65. The fixed cells were permeabilized by incubation with 0.2% Triton X-100 (Sigma-Aldrich Inc.) for 15 min at room temperature. Non-specific antibody reactions were blocked for 30 min with Block Ace (DS Pharma Biomedical, Osaka, Japan). The cells were then incubated for 90 min at room temperature with anti-t-p65 rabbit antibody [1:200]. After the cells were washed with PBS containing 0.2% polyoxyethylene (20) sorbitan monolaurate, they were incubated and visualized with Alexa Fluor 594-conjugated F(ab′)2 fragments of goat anti-rabbit IgG (H + L) [1:1,000] and TO-PRO-3-iodide [1:1,000] for 60 min in the dark at 25°C. These samples were washed thrice with PBS containing 0.2% polyoxyethylene (20) sorbitan monolaurate, dried, mounted with ProLong Gold Antifade Reagent, and visualized using a confocal laser scanning microscope (LSM-510; Carl Zeiss AG, Oberkochen, Germany). Co-localization analysis was performed using ZEN software (Carl Zeiss AG).



Immunoprecipitation

Total cell lysates (50 µg) were precleared with protein A/G plus Sepharose before incubation with specific antibodies, followed by addition of protein A/G plus Sepharose (10). The total cell lysate was incubated with 20 µg anti-p-p65 or p-pERK1/2 antibody at 4°C for 18 h. The precipitated proteins were dissolved and boiled at 95°C for 5 min in SDS buffer before electrophoresis. Finally, the precipitated proteins were analyzed by western blotting.




Prostaglandin E2 Assay

Synovial fibroblasts were seeded at a density of 3 × 105 cells/well in 6-well culture plates. The cells were stimulated with canine recombinant IL-1β after starvation for 24 h and culture supernatants were collected. To measure culture supernatant prostaglandin E2 concentrations, we used an enzyme-linked immunosorbent assay kit according to the kit instructions.



siRNA Transfection

Canine synovial fibroblasts, seeded at a density of 1 × 105 cells per 35 mm dish or 5 × 105 cells per 90 mm dish, were transfected using Opti-MEM containing 5 μl per ml of Lipofectamine 2000 and 400 nM of p65, p105, ERK1, ERK2, or scramble siRNAs for 6 h (9, 26). Table 2 lists siRNA sequences. siRNA efficiency was tested using western blotting with antibodies against t-p65 (1:1,000), t-p105 antibody (1:1,000), and t-ERK1/2 (1:1000).


Table 2 | Sequences for siRNA transfection.





Statistical Analysis

The data from all experiments have been presented as mean ± standard error of measurement. Statistical analyses were performed using StatMate IV. Data from immunoprecipitation and time-course studies were analyzed using the two-tailed Student’s t-test and two-way analysis of variance, respectively. Data from other experiments were analyzed using one-way analysis of variance. Tukey’s test was used during post-hoc analysis. P-values less than 0.05 were considered statistically significant.




Results


IL-1β-Induced Secretion of Prostaglandin E2 via Upregulation of COX-2 in Synovial Fibroblasts

We investigated the effect of IL-1β on the release of prostaglandin E2 and expression of COX in canine synovial fibroblasts. IL-1β (100 pM) induced the time-dependent release of prostaglandin E2 in synovial fibroblasts (Figure 1A). Secretion of prostaglandin E2 increased with increasing concentrations of IL-1β (Figure 1B). Constitutive and inducible isoforms of COX (COX-1 and COX-2, respectively) are rate-limiting enzymes that are involved in the synthesis of prostaglandin E2 from arachidonic acid (28, 29). IL-1β induced COX-2 mRNA expression in a time- (Figure 1C) and dose-dependent manner (Figure 1D), but had no effect on the expression of COX-1 (Figure 1E). The protein levels of COX-2 increased in IL-1β-treated synovial fibroblasts (Figures 1F, G), but those of COX-1 remained unchanged (Figures 1F, H). Taken together, IL-1β stimulated the secretion of prostaglandin E2 via upregulated COX-2 expression in canine synovial fibroblasts.




Figure 1 | IL-1β-induced prostaglandin E2 release and COX-2 mRNA and protein levels in canine synovial fibroblasts. Cells treated with (closed circle) or without (open circle) canine recombinant IL-1β (100 pM) showed an increase in prostaglandin E2 (PGE2) release (A) and COX-2 mRNA levels (C) in a time-dependent manner, but did not affect COX-1 mRNA levels (E). Cells were treated with the indicated concentrations of IL-1β for 48 h (B) or 6 h (D) and assayed for PGE2 release (B) and COX-2 mRNA levels (D) in a dose-dependent manner. Cells treated with IL-1β (100 pM) for 0–48 h showed increased protein levels of COX-2 in a time-dependent manner (F; first row), but did not affect the protein levels of COX-1 (F; second row). The expression of COX-2 (G) and COX-1 (H) in IL-1β-stimulated cells were compared with the expression at 0 h. Results have been represented as mean ± standard error (SE) from biological triplicates. *P < 0.05. Cell lysates (10 μg protein) were used for immunoblotting. β-actin was used as the internal standard (F; third row).





Role of Canonical NF-κB Signaling in IL-1β-Induced Expression of COX-2

Next, we used NF-κB inhibitors to determine the function of canonical NF-κB signaling in IL-1β-mediated prostaglandin E2 release and COX-2 mRNA levels in canine synovial fibroblasts. Cells were pretreated with NF-κB inhibitors (10 µM BAY11-7082 or 10 µM TPCA-1) for 1 h and subsequently stimulated with IL-1β (100 pM) for 48 h. The NF-κB inhibitors significantly reduced the mRNA levels of COX-2 (Figure 2A) and IL-1β-mediated release of prostaglandin E2 (Figure 2B). These results suggest that NF-κB signaling is involved in the expression of COX-2 and subsequent IL-1β-mediated release of prostaglandin E2.




Figure 2 | Effect of NF-κB inhibitors on IL-1β-induced COX-2 expression. Synovial fibroblasts were pretreated with or without the NF-κB inhibitors BAY11-7082 (10 μM) and TPCA-1 (10 µM), for 1 h and subsequently stimulated with IL-1β (100 pM). After stimulation for 6 or 48 h, we analyzed COX-2 mRNA levels (A) and prostaglandin E2 release (B). The inhibitors decreased IL-1β-induced COX-2 expression and prostaglandin E2 release. Results have been represented as mean ± SE from biological triplicates. *P < 0.05.



Pro-inflammatory cytokines, such as IL-1β, stimulate the phosphorylation of p65 and p105 subunits, which activate the transcriptional function of NF-κB (30–35). Thus, cells treated with IL-1β showed transient phosphorylation of p65 and p105 that reached peak levels at 15 min (Figure 3A). IκBα was found to degrade in IL-1β-treated cells in a time-dependent manner (Figure 3A). These observations strongly suggest that IL-1β activates NF-κB signaling.




Figure 3 | IL-1β-induced activation of NF-κB signaling. (A) Western blotting for, the levels of phosphorylated p65 (p-p65), total p65 (t-p65), phosphorylated p105 (p-p105), total p105 (t-p105), and total IκBα (t-IκBα) in cells treated with IL-1β (100 pM). Relative expression of p-p65, p-p105, and t-IκBα as compared to the levels at 0 h (right panel). (B, C) Cells were pretreated with or without the NF-κB inhibitors BAY11-7082 (10 μM; B) and TPCA-1 (10 µM; C) for 1 h followed by stimulation with IL-1β for 15 min. The inhibitors reduced IL-1β-induced phosphorylation of p65 and p105. Relative levels of p-p65 and p-p105 compared with those in the absence of IL-1β (right panel). Results have been represented as mean ± SE from biological triplicates. *P < 0.05. For the immunoblotting, cell lysates (10 μg protein) were used for immunoblotting. β-actin was used as the internal standard (A).



Cells pretreated with NF-κB inhibitors BAY11-7082 or TPCA-1 for 1 h were stimulated using IL-1β for 15 min. Subsequently, we found a significant decrease in the IL-1β-mediated phosphorylation of p65 and p105 (Figures 3B, C). Then, we determined the role of p65 and p105 in IL-1β-mediated expression of COX-2. The protein levels of total p65 (t-p65) or p105 (t-p105) decreased significantly in cells transfected with siRNAs targeting p65 or p105 as compared to those in cells transfected with scramble siRNA (Figures 4A, B). We also observed that transfection of p65 or p105 siRNA had no effect of the expression of t-p105 or t-p65, respectively (Figures 4A, B). Cells depleted of p65 or p105 showed a reduction in IL-1β-induced COX-2 mRNA levels (Figure 4C); COX-2 mRNA levels did not significantly differ between cells depleted of p65 and p105. Thus, p65 and p105 play a role in IL-1β-induced expression of COX-2 in synovial fibroblasts.




Figure 4 | Inhibition of IL-1β-induced COX-2 expression in synovial fibroblasts depleted of p65 and p105. (A) Protein levels of total p65 (t-p65), total p105 (t-p105), and β-actin (internal standard) were detected by immunoblotting in cells transfected with p65, p105, or scramble siRNAs (control). (B) The relative levels of t-p65 and t-p105 as compared to the levels in the control samples. (C) Cells transfected with p65, p105, or scramble siRNAs were stimulated with IL-1β for 6 h. Depleting cells of p65 and p105 inhibited IL-1β-induced COX-2 expression. Results have been represented as mean ± SE from biological triplicates. *P < 0.05. Cell lysates (10 μg protein) were used for immunoblotting.





Role of ERK1/2 Signaling in IL-1β-Induced Expression of COX-2

In mammalian cells, MAPK signaling is important in inflammation. Three MAPK signaling pathways have been characterized: ERK1/2, JNK, and p38 MAPK (36, 37). We investigated the contribution of MAPK signaling in the IL-1β-induced expression of COX-2 in canine synovial fibroblasts. Inhibitors of ERK1/2 and its upstream regulator MEK, FR180204 (50 μM) and U0126 (20 μM), respectively, decreased the IL-1β-induced expression of COX-2 (Figure 5A). However, inhibitors of JNK and p38, SP600125 (10 μM) and SKF86002 (10 μM), respectively did not significantly alter COX-2 mRNA levels. Inhibition of MEK or ERK reduced the IL-1β-induced release of prostaglandin E2 (Figure 5B).




Figure 5 | Effect of MAPK inhibitors on IL-1β-induced COX-2 expression. Synovial fibroblasts were pretreated with or without the MEK inhibitor U0126 (20 µM), ERK1/2 inhibitor FR180204 (50 µM), JNK inhibitor SP600125 (10 µM), and p38 inhibitor SKF86002 (10 µM) for 1 h and subsequently stimulated with IL-1β. After stimulation for 6 h or 48 h, we determined COX-2 expression (A) and prostaglandin E2 release (B). IL-1β-induced COX-2 expression and prostaglandin E2 release were significantly reduced by the inhibitors. Results have been represented as mean ± SE from biological triplicates. *P < 0.05.



IL-1β stimulated the phosphorylation of ERK1/2 in a time-dependent manner. However, the phosphorylation levels of p38 MAPK and JNK remained unchanged. Phosphorylation reached a peak 15 min after IL-1β stimulation (Figure 6A). Cells pretreated with MEK and ERK inhibitors showed a reduction in IL-1β-induced phosphorylation of ERK1/2 (Figures 6B, C). These results suggest that MEK/ERK1/2 signaling axes are dominantly involved in the IL-1β-induced expression of COX-2 in canine synovial fibroblasts. To confirm the role of ERK1/2 in IL-1β-induced COX-2 expression, we used siRNAs against ERK1 or ERK2 in the fibroblasts. We observed significant decreases in the ERK1 or ERK2 protein levels as compared to cells transfected with scramble siRNA (Figures 7A, B). We also observed that transfection of ERK1 or ERK2 siRNA had no effect of the expression of t-ERK2 or t-ERK1, respectively (Figures 7A, B). IL-1β-induced expression of COX-2 was attenuated in cells transfected with siRNAs for ERK1 or ERK2 as compared to mRNA levels of COX-2 in scramble siRNA-transfected cells (Figure 7C). The extent of reduction in the mRNA levels of IL-1β-induced COX-2 was similar in cells transfected with siRNAs targeting either ERK1 or ERK2 (Figure 7C). Taken together, our data indicate that ERK1/2 signaling is involved in the IL-1β-induced expression of COX-2 in canine synovial fibroblasts.




Figure 6 | IL-1β-induced activation of ERK1/2 signaling. (A) Western blotting for the levels of phosphorylated ERK1/2 (p-ERK1/2), total ERK1/2 (t-ERK1/2), phosphorylated JNK (p-JNK), total JNK (t-JNK), phosphorylated p38 MAPK (p-p38), and total p38 MAPK (t-p38) in cells treated with IL-1β (100 pM). Relative levels of p-ERK1/2, p-JNK, and p-p38 compared to the levels at 0 h (right panel). (B, C) Cell were pretreated with the ERK1/2 inhibitor FR180204 (50 µM; B) and MEK inhibitor U0126 (20 µM; C) for 1 h and stimulated with IL-1β for 15 min. MEK and ERK1/2 inhibitors significant reduced IL-1β-induced phosphorylation of ERK1/2. Relative levels of p-ERK1/2 as compared to those without IL-1β (right panel). Results have been represented as mean ± SE from biological triplicates. *P < 0.05. Cell lysates (10 μg protein) were used for immunoblotting. β-actin was used as an internal standard (A).






Figure 7 | Inhibition of IL-1β-induced COX-2 expression in synovial fibroblasts transfected with ERK1 and ERK2 siRNAs. (A) Protein levels of total ERK1 (t-ERK1), total ERK2 (t-ERK2), and β-actin (an internal standard) were detected by immunoblotting in cells transfected with ERK1, ERK2, or scramble siRNAs (control). Cell lysates (10 μg protein) were used for immunoblotting. (B) The relative levels of t-ERK1 and t-ERK2 as compared to the levels in the control cells. (C) ERK1 and ERK2 depletion decreased IL-1β-induced COX-2 expression. Results have been represented as mean ± SE from biological triplicates. *P < 0.05.





Inhibition of IL-1β-Induced ERK1/2 Activation Using NF-κB Inhibitors

Next, we determined the relationship between NF-κB and MEK/ERK signaling. In cells pretreated with NF-κB inhibitors, BAY 11-7082 and TPCA-1, IL-1β failed to induce the phosphorylation of ERK1/2, but had no effect on the total protein levels of ERK1/2 (Figure 8A). However, the use of MEK and ERK1/2 inhibitors, U0126 and FR180204, respectively, had no effect on IL-1β-induced phosphorylation of p65 and p105 (Figure 8B). These results suggest that the activation of NF-κB is pivotal for ERK1/2 signaling.




Figure 8 | Effect of NF-κB inhibitors on IL-1β-induced phosphorylation of ERK1/2. (A) Cells were pretreated with the NF-κB inhibitors BAY11-7082 (10 μM) and TPCA-1 (10 µM) for 1 h and stimulated with IL-1β for 15 min. NF-κB inhibitors significantly reduced IL-1β-induced phosphorylation of ERK1/2 as compared to phosphorylation in the absence of IL-1β. Representative blots and relative levels of p- and t-ERK1/2 have been illustrated in the left and right panels, respectively. (B, C) Cells were pretreated with the ERK1/2 inhibitor FR180204 (50 µM; B) and MEK inhibitor U0126 (20 µM; C) for 1 h followed by stimulation with IL-1β for 15 min. ERK1/2 and MEK inhibitors had no effect on IL-1β-induced phosphorylation of p65 and p105. Cell lysates (10 μg protein) were used for immunoblotting. Representative blots and relative levels of p- and t-p65 and p105 have been shown in the left and right panels, respectively. (Right) Results have been represented as mean ± SE from biological triplicates. *P < 0.05.





The Non-Transcriptional and Translational Function of Canonical NF-κB Regulates IL-1β-Induced Activation of ERK1/2

NF-κB plays a crucial role in transcriptionally and translationally regulating immune and inflammatory responses (5, 6). We determined the contribution of the transcriptional or translational function of NF-κB in IL-1β-induced phosphorylation of ERK1/2. The transcription inhibitor actinomycin D (1 μM) and translation inhibitor cycloheximide (100 μM) had no effect on IL-1β-induced activation of p65 and p105 (Figure 9A). Actinomycin D and cycloheximide also failed to attenuate IL-1β-induced phosphorylation of ERK1/2 (Figure 9A), suggesting that ERK1/2 phosphorylation by IL-1β is independent of transcriptional and translational regulation. It has been reported that the function of NF-κB was regulated by the nuclear localization. Then, we examined the cellular localization of NF-κB in IL-1β-treated cells by immunocytochemistry and co-localization analysis with a nucleic acid staining dye TO-PRO-3. The nuclear localization of p65 was observed in the cells treated with IL-1β, whereas p65 showed cytoplasmic localization in control cells (Figure 9B). IL-1β induced the nuclear localization of p65 in the presence of actinomycin D and cycloheximide (Figure 9B), suggesting that NF-κB acts as a transcription factor even in the presence of the inhibitors for transcription and translation.




Figure 9 | Canonical NF-κB signaling non-transcriptionally and non-translationally regulates IL-1β-induced ERK1/2 activation. (A) Cells were pretreated with the transcription inhibitor actinomycin D (Act D; 1 μM) and translation inhibitor cycloheximide (CHX; 100 μM) for 6 h and stimulated with IL-1β for 15 min. ActD and CHX had no effect on IL-1β-induced phosphorylation of ERK1/2, p65 and p105. Representative blots and relative levels of p- and t-ERK1/2, p65 and p105 have been illustrated in the left and right panels, respectively. (B) Cells were pretreated with the transcription inhibitor actinomycin D (Act D; 1 μM) and translation inhibitor cycloheximide (CHX; 100 μM) for 6 h and stimulated with IL-1β for 15 min. Subsequently, immunocytochemistry and co-localization analysis with nuclear staining dye TO-PRO-3 were performed. The nuclear localization of t-p65 was detected in the cells treated with IL-1β, whereas t-p65 showed cytoplasmic localization in control cells. IL-1β induced the nuclear localization of t-p65 in the presence of actinomycin D and cycloheximide. (C) Western blotting for the levels of p-ERK1/2, t-ERK1/2, t-p65 and t-p105 in cells transfected p65, p105, or scramble siRNAs. Decreased IL-1β-induced phosphorylation of ERK1/2 was observed in p65 or p105 siRNA-transfected cells. Representative blots for the levels of p-ERK1/2, t-ERK1/2, t-p65, and t-p105 and relative expression of p-ERK1/2 have been compared with the levels in cells transfected with scramble siRNA in the left and right panels, respectively. Results have been represented as mean ± SE from biological triplicates. *P < 0.05. Cell lysates (10 μg protein) were used for immunoblotting. β-actin was used as an internal standard (C). (D) Western blotting for the levels of p-MEK, p-ERK1/2 and p-p65 in the fraction precipitated with p-p65 and p-ERK1/2. Results have been represented as mean ± SE from biological triplicates. *P < 0.05. Cell lysates (50 μg protein) were used for co-immunoprecipitation experiments. IgG-heavy chain (IgG-HC) was used as an internal standard (D).



To confirm the importance of NF-κB in the activation of ERK1/2, we depleted cells of p65 or p105 to observe a reduction in IL-1β-induced phosphorylation of ERK1/2 (Figure 9C). Then, we investigated the mechanism of the interaction between activated NF-κB and phosphorylated ERK1/2. As shown in Figure 9D, we detected that the levels of phosphorylated p65 or ERK1/2 in the fraction precipitated with anti-phosphorylated p65 or anti-phosphorylated ERK1/2, respectively, were increased. We observed that the levels of phosphorylated ERK1/2 in the fraction precipitated with anti-phosphorylated p65 increased in the cells treated with IL-1β. The increase in phosphorylated p65 in the fraction precipitated with anti-phosphorylated ERK1/2 was also detected (Figure 9D). Regarding the density of the IgG heavy chain (HC) band, there is no significant difference between control and the IL-1β-treated cells. These results suggest that the complex formation of activated NF-κB and phosphorylated ERK1/2 is induced by IL-1β. We further investigated whether phosphorylated p65 and phosphorylated ERK1/2 form a complex with phosphorylated MEK as an upstream regulator of ERK1/2. As shown in Figure 9D, we observed that the levels of phosphorylated MEK increased in the fraction precipitated with anti-phosphorylated p65 and ERK1/2, suggesting that phosphorylated MEK also forms a complex with NF-κB and ERK1/2 in the cells treated with IL-1β.

Based on these results, we propose a model of atypical role of NF-κB signaling in the ERK1/2 regulation via the complex formation of NF-κB/MEK/ERK (Figure 10).




Figure 10 | The proposed model highlighting atypical role of NF-κB signaling in the ERK1/2 regulation via the complex formation of NF-κB/MEK/ERK in IL-1β-treated synovial fibroblasts. When the cells were stimulated with IL-1β, the complex formation of NF-κB/MEK/ERK was induced, which promoted the activation of ERK1/2, the expression of COX-2 and prostaglandin E2 synthesis.






Discussion

In this study, we have demonstrated that pro-inflammatory cytokine IL-1β-induced expression of COX-2 mediated the release of prostaglandin E2 in canine synovial fibroblasts. COX-2 expression is induced by stimuli, such as IL-1β and TNF-α, in the synovium of patients with RA, thereby enhancing the production of prostanoids, including prostaglandin E2, that are involved in inflammation. Synovial prostaglandin E2 results in the manifestation of various pathological symptoms, including bone/cartilage degradation, inhibition of matrix synthesis, general discomfort, and body weight loss (38, 39). These studies suggest that the expression of COX-2 in the synovium plays a crucial role in the pathogenesis of RA via the synthesis of prostaglandins.

The NF-κB/p65/p105 axis was involved in IL-1β-mediated expression of COX-2 in synovial fibroblasts. NF-κB is a transcription factor important for the regulation of a wide range of target genes involved in physiological and pathological processes. The NF-κB family of proteins comprises five members: p65 (RelA), RelB, c-Rel, p50, and p52, that interact with each other to form homo- or heterodimers with distinct functions. Furthermore, NF-κB signaling can be classified into canonical and noncanonical signaling (40). In the canonical pathway, formation of the p50/p65 heterodimer is a key step in the activation of NF-κB (41, 42). In resting cells, p50 and p65 form an inactive complex with the inhibitory protein IκBα. IκB kinase is activated by exogenous signals, such as IL-1β, that phosphorylates IκBα, thereby inducing its ubiquitination and proteasomal degradation. The p50/p65 complex that dissociates from IκBα is transcriptionally active and induces the expression of the target genes of NF-κB (40). In this study, selective inhibitors of NF-κB, BAY11-7082, and TPCA-1 reduced IL-1β-mediated COX-2 expression. The expression of COX-2 decreased significantly in cells depleted of p65 and p105 (the precursor of p50). Thus, the activation of canonical NF-κB signaling is important for IL-1β-induced expression of COX-2 in canine synovial fibroblasts.

Multiple MAPK signaling pathways coordinate and integrate cellular response to diverse stimuli, such as cytokines like IL-1β. However, the activation of MAPK signaling is highly dependent on cellular context. In this study, we have demonstrated that pharmacological inhibition of MEK and ERK1/2 drastically reduced IL-1β-induced COX-2 expression and prostaglandin E2 release; IL-1β induced the activation of MEK/ERK1/2. Taken together, these results suggest that the activation of MEK/ERK1/2 signaling plays a crucial role in COX-2 expression and prostaglandin E2 release in synovial fibroblasts that is important in the pathogenesis of synovitis in patients with RA.

Activation of MAPK signaling stimulates NF-κB that induces transcriptional regulation (43). ERK1/2 activates canonical NF-κB signaling in rat vascular smooth muscle cells that regulates IL-1β-induced gene expression (18). Canonical NF-κB signaling is controlled by ERK1/2 in other cells, e.g., the human monocyte THP-1 cell line (20). Therefore, we investigated the interaction between canonical NF-κB signaling and ERK1/2 activation. Surprisingly, we found that U0126 and FR180204, inhibitors of MEK and ERK1/2, respectively, had no effect on the activation of canonical NF-κB signaling induced by IL-1β. In contrast, NF-κB inhibitors BAY 11-7082 and TPCA-1 inhibited IL-1β-induced ERK1/2 phosphorylation. IL-1β-induced ERK1/2 phosphorylation was inhibited in cells depleted of p65 and p105. Furthermore, the pharmacological inhibitors for transcription and translation, actinomycin D and cycloheximide, respectively, failed to inhibit IL-1β-induced ERK1/2 phosphorylation. These observations collectively suggest that the non-transcriptional/translational function of canonical NF-κB regulates the activation of ERK1/2 signaling in canine synovial fibroblasts.

The activation of ERK1/2 signaling by canonical NF-κB in canine synovial fibroblasts remains to be understood. In this study, we observed that p65 and p105 phosphorylation was an indicator of NF-κB activation. These changes are attributed to the dissociation of NF-κB from inhibitory IκBα and are necessary for nuclear localization, transcriptional activity, and other functions of NF-κB (38). Furthermore, NF-κB interacts with a variety of proteins (44, 45). Tieri et al. constructed the map of the interactome of NF-κB based on protein–protein interaction data from multiple databases and reported the crosstalk between NF-κB and MAPK signaling, supporting an atypical role of canonical NF-κB signaling in ERK1/2 activation (45). In this study, the level of phosphorylated ERK1/2 in the fraction precipitated with anti-phosphorylated p65 increased in the cells treated with IL-1β. The increase in phosphorylated p65 in the fraction precipitated with anti-phosphorylated ERK1/2 was also detected. These observations suggest that the complex formation of activated NF-κB and phosphorylated ERK1/2 is induced by IL-1β. Since we observed that the MEK inhibitor U0126 attenuated IL-1β-induced COX-2 mRNA expression and ERK1/2 phosphorylation, we further examined the interaction of phosphorylated MEK with phosphorylated p65 and phosphorylated ERK1/2. Our co-immunoprecipitation data showed that the increase in phosphorylated MEK in the fraction precipitated with anti-phosphorylated p65 and ERK1/2. These observations collectively suggest that NF-κB signaling regulates the activation of MEK/ERK signaling via the complex formation of NF-κB/MEK/ERK. Since the molecular feature of the NF-κB/MEK/ERK complex has been unclear, the detection of other components of NF-κB/MEK/ERK complex is currently underway in our laboratory. In addition, to confirm whether our proposed model is ubiquitously existed, studies targeting the atypical role of NF-κB signaling in the ERK1/2 regulation in several types of cells is indeed our next research subject.

In conclusion, we demonstrated that 1) canonical NF-κB signaling contributes to IL-1β-induced COX-2 expression and subsequent prostaglandin E2 release in canine synovial fibroblasts, and 2) the activation of canonical NF-κB signaling non-transcriptionally and non-translationally activates ERK1/2 signaling. Based on our study findings, we propose a model highlighting the importance of IL-1β-induced NF-κB/ERK1/2/COX-2 signaling in canine synovial fibroblasts (Figure 9C). The atypical role of canonical NF-κB signaling in IL-1β-induced ERK1/2 activation may serve as promising molecular targets for the development of therapeutics in treating patients with RA and synovitis.
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Gout is an inflammatory joint disease caused by monosodium urate (MSU) crystals; however, the mechanism underlying MSU-induced inflammation is unclear. Previous research has suggested that inflammation or cancer can drive the expansion of myeloid-derived suppressor cells (MDSCs). In this study, the role of MDSCs in MSU-induced gout inflammation was evaluated. A total of 28 patients with gout, and 20 healthy controls were recruited for the study. MDSCs, and their functions, were analyzed by flow cytometry and a T cell co-culture assay, respectively. We observed a higher frequency of PMN-MDSCs, and a stronger immunosuppressive function, in patients with gout compared to the controls. Moreover, circulating PMN-MDSCs were positively correlated with pathological indicators, including uric acid and C-reactive protein levels. We also demonstrated that MSU can induce significant PMN-MDSC expansion, using in vivo and in vitro experiments. Finally, MSU-induced PMN-MDSCs produced higher levels of IL-1β, which mediated gout inflammatory progression. Our results demonstrate that MSU modulates the expansion and suppressive function of PMN-MDSCs, providing insights into a novel mechanism underlying the pathogenesis of MSU-induced gout. Thus, MDSCs may be useful for the development of novel therapeutic strategies for the prevention and treatment of gout.

Keywords: gout, immunosuppressive, T cell function, monosodium urate crystals, Polymorphonuclear myeloid-derived suppressor cell


INTRODUCTION

Gout is defined as acute aseptic inflammation caused by the inflammatory response of joint tissues to monosodium urate crystals (MSU) (1). As an increasingly serious arthritic disease, particularly in China, gout has become an important health issue (2). However, the mechanisms underlying the development of gout are complex. Multiple innate immune cells are involved in the pathogenesis of acute gout inflammation, such as monocytes, macrophages, mast cells, neutrophils, and NK cells (3–5). Meanwhile, MSU crystals are considered the “culprits” behind the immune response, rather than simply waste products of purine catabolism (6, 7). Similar to microorganisms, MSU crystals serve as dangerous signals, causing a proinflammatory response after they are taken up by macrophages leading to activation of NALP3 (also known as NLRP3) inflammatory bodies, and subsequent secretion of the proinflammatory cytokines interleukin (IL)-1β and IL-18, and recruitment of neutrophils (8, 9). Neutrophils also take up MSU crystals and initially respond by releasing inflammatory mediators, including tumor necrosis factor (TNF), IL-6, and IL-8 (10). Although MSU is a well-established cause of gout, the detailed mechanisms underlying the inflammatory process are not fully understood. Furthermore, the mechanism for rapidly controlling and terminating MSU-induced inflammation is unclear.

Myeloid-derived suppressor cells (MDSCs) are a heterogeneous cell population with important regulatory functions, primarily based on the inhibition of T cell proliferation (11–13). Human MDSCs are CD11b+CD33+HLA-DR− and can be further classified into two major subsets, CD11b+CD33++ monocytic MDSCs (M-MDSCs), and CD11b+CD33+ polymorphonuclear MDSCs (PMN-MDSCs) (14, 15). Murine MDSCs are characterized by the co-expression of Gr-1 and CD11b and can be further subdivided into CD11b+Gr1+Ly6C+ M-MDSCs and CD11b+Gr1+Ly6G+ PMN-MDSCs (16, 17). MDSC accumulation and activation increase the production of reactive oxygen species (ROS), arginase 1 (Arg-1), and nitric oxide (NO) in secondary lymphoid tissues, and inhibit the immune responses of CD4 T cells, CD8 T, cells and NK cells (18). Note, the heterogeneity of MDSCs indicates that there may not be a unique phenotypic marker that can accurately represent MDSCs, and thus, their specific inhibitory activity may serve as their ultimate defining characteristic (19).

Currently, the role of MDSCs in various inflammatory diseases remains controversial. For instance, some studies suggest that MDSCs can break the vicious cycle of inflammation and autoimmunity, delay the process of autoimmune arthritis, and improve rheumatoid arthritis (RA) (20, 21). While another study reported that MDSCs become significantly expanded in an arthritic mouse model, and in RA patients, and produce high levels of inflammatory cytokines. Alternatively, MDSCs from a collagen-induced arthritis mouse model, as well as RA patients, have been shown to promote the polarization of Th17 cells in vitro, while significantly inhibiting the ability of T cells (22). Hence, MDSCs have been identified as therapeutic targets for many rheumatic diseases, such as RA and systemic lupus erythematosus (23, 24). However, it remains unclear whether MDSCs and their subgroups, were abnormally expressed in patients with gout.

In this study, we observed that the frequency of PMN-MDSCs was significantly higher in the peripheral blood of patients with gout compared to controls. We also defined the correlation between PMN-MDSCs and disease activity. Moreover, MSU was found to induce PMN-MDSC expansion and confer its T cell suppression function in vivo and in vitro. Finally, mechanistic studies showed that MSU induces MDSCs to secrete IL-1β, which contributes to the gout inflammatory response. The mechanisms established in our study provide a basis for effectively interfering with the inflammatory pathway in gout, and for the development of an effective MDSC-targeted cellular immunotherapy.



MATERIALS AND METHODS


Patients

Patients with gout [determined by the 1977 ARA preliminary criteria (25)] and healthy donors were recruited from Guangdong Second Provincial General Hospital between September 2018 and October 2019. Detailed patient characteristics are listed in Table 1. The study was approved by the Clinical Ethics Review Board of the Guangdong Second Provincial General Hospital. Written informed consent was obtained from all patients at the time of admission.


Table 1. Characteristics of the patients and controls included in the study.

[image: Table 1]



Mice

C57BL/6 and BALB/c mice were purchased from the experimental animal center of Guangdong Province. All animal experiments were approved by the Animal Care and Ethics Committee of Guangzhou University of Chinese Medicine. Mice were maintained under specific pathogen-free conditions and fed a standard diet. The experimental procedures were performed in accordance with the Guidelines for Animal Experimentation of Guangzhou University of Chinese Medicine (Guangzhou, China).



T Cell Proliferation Assay

For human samples, MDSCs (including PMN-MDSCs and M-MDSCs) from peripheral blood mononuclear cells (PBMCs) were plated on U-bottomed 96-well plates, co-cultured with autologous CD3+ T cells at different ratios (MDSC:T cell, 1:2/4/8), which were labeled with carboxyfluorescein succinimidyl amino ester (CFSE) (3 μM; Invitrogen, Carlsbad, CA, USA), and stimulated with CD3/CD28 antibodies (eBioscience, San Diego, CA, USA). After 72 h, cells were stained with anti-CD4 and anti-CD8a, and T cell proliferation was measured by flow cytometry.

For mouse samples, MDSCs (including PMN-MDSs and M-MDSCs) from MSU-treated bone marrow (BM) cells were plated on U-bottomed 96-well plates, co-cultured with Balb/c mice spleen-derived CD3+ T cells at different ratios (MDSC:T cells, 1:2/4/8), which were labeled with CFSE (3 μM), and stimulated with mouse CD3/CD28 antibodies. After 72 h, cells were stained with anti-CD4 and anti-CD8, and T cell proliferation was measured by flow cytometry.

For the inhibitor test, 0.5 mM N-hydroxyl-nor-l-arginine (nor-NOHA) (Cayman Chemicals, Chemicals, Ann Arbor, MI, USA), an arginase I-specific inhibitor; 1 mM N-acetylcysteine (Sigma, Darmstadt, Germany), a ROS inhibitor; and L-NMMA, an iNOS inhibitor, were added to the culture on day 0.



MSU Crystal Preparation

Urate acid sodium salt (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in 1 M NaOH (25 mg/mL), heated to 70°C, and the pH was adjusted to 7.2–7.4. The solution was left to cool at room temperature and filtered through a 0.22 mM filter.



Flow Cytometric Analysis

Blood samples were analyzed within 4 h after sampling, and PBMCs were isolated by Ficoll density gradient centrifugation. Antibodies for flow cytometry are listed in Supplementary Table 1; Samples were quantified and analyzed by flow cytometry (BD LSRFortessa; Franklin Lakes, NJ, USA), and data were analyzed using FlowJo, version 10.



Flow Cytometric Sorting

For flow cytometric sorting, a fluorescence activated cell sorter (FACS) Aria II (BD, Mountain View, CA, USA) was used. The strategy for PMN-MDSC, and M-MDSC sorting was HLA-DR−/lowCD11b+CD33+/high cells from live PBMCs expressing the following markers: PMNs, CD11b+HLA-DR−/lowCD15+CD14−; MONs: CD11b+HLA-DR−/lowCD14+CD15−. The gating strategy for mouse MDSCs was: CD11b+Ly6ChiLy6G− for M-MDSCs and CD11b+Ly6C−Ly6Ghi for PMN-MDSCs.



In vitro MDSC Induction

MDSC induction was performed as described previously (26). PBMCs were isolated from healthy volunteers by density gradient centrifugation. PBMCs were cultured in complete 1640 medium (supplemented with 10% fetal bovine serum, 1 mM penicillin-streptomycin, and 50 mM 2-mercaptoethanol) for 5 days and supplemented with cytokines, as indicated, including granulocyte-macrophage colony stimulating factor (GM-CSF; 10 ng/mL) and IL-6 (10 ng/mL), and MSU (50 μg/mL, Sigma). Cultures were run in duplicate, and the media and cytokines were refreshed every 2–3 days. For mouse culture, WT mouse (C57BL/6 background) BM cells were isolated, cultured with complete 1640 medium, and supplemented with cytokines, as indicated, including GM-CSF (10 ng/mL), and IL-6 (10 ng/mL), with or without MSU (50 μg/mL).



Quantitative Polymerase Chain Reaction (PCR)

RNA was extracted using a multisource total RNA miniprep kit (AXYGEN Biosciences, Hangzhou, China) according to manufacturer's instructions. qRT-PCR was performed as described previously. Primers are listed in Supplementary Table 2.



ROS Measurement

Oxidation-sensitive dye dichlorodihydrofluorescein diacetate (DCFDA, Molecular Probes/Invitrogen) was used to measure ROS production by MDSCs. Cells were incubated at 37°C in Rosewell Park Memorial Institute (RPMI)1640 medium in the presence of 2.5 μM DCFDA for 30 min. Cells were washed with phosphate-buffered saline and analysis was then conducted by flow cytometry.



Gout Mouse Model

WT mice were anesthetized with 2.5% isoflurane, and MSU (100 μg/10 μL) or vehicle was injected into the right tibiotarsal joint (ankle) of each mouse for 3 d as described previously (27). The proportion of MDSCs in the BM and peripheral blood was analyzed by flow cytometry, and a T cell proliferation assay was used to evaluate the inhibitory function of gout mouse-derived MDSCs.



T Cell Polarization

Purified CD4+CD45RA+ naïve T cells were cultured for 6 or 7 d according to specific differentiation conditions for Th1/2/17 and Tregs (28). PMN-MDSCs (at a 1:1 ratio to the naïve CD4 T cells) were added to determine the role of MDSCs in regulating T cell polarization.



Statistical Analyses

All data are presented as means ± standard deviation (SD). Statistical analyses were performed using unpaired or paired t-tests. The Spearman rank test was used to analyze the correlations between parameters. Statistical tests were performed using GraphPad Prism version 8.0 (GraphPad Software, San Diego, CA, USA), and P-values < 0.05, 0.01 or 0.001 were considered significant.




RESULTS


Clinical Characteristics of Patients With Gout

In total, 28 patients with gout, and 20 age- and sex-matched healthy controls (HCs) were recruited. The urate and C-reactive protein (CRP) levels in patients with gout were significantly higher than those in HCs (P < 0.05), as summarized in Table 1.



Expansion of PMN-MDSC in Disease of Gout

The frequency of MDSCs and their subsets from PBMCs of gout patients was determined via flow cytometry. Figure 1A shows the gating strategy and analysis of the two major MDSC subsets based on staining for HLA-DR, CD11b, and CD33. Whole MDSCs (defined as HLA-DR−/CD33+/CD11b+ cells) were measured and quantified in freshly drawn blood from all study subjects. First, HLA-DR-positive cells were excluded and CD33 and CD11b-positive cells were further gated. Two distinct populations were observed: a CD33++/CD11b+ population, characterized as M-MDSCs and a CD33+/CD11b+ population, characterized as PMN-MDSCs (Figure 1A). Next, we observed that the frequency of PMN-MDSCs was significantly higher in the peripheral blood of patients with gout (P < 0.01) than in controls (Figure 1A). However, the proportion of M-MDSCs did not differ significantly between patients with gout and controls (Figure 1A). In addition, we used CD14 and CD15 to define the population of two subsets of MDSCs and results also showed that CD15 positive PMN-MDSCs were significant expanded in patients with gout compared to the controls (Figure 1B). Lectin-type oxidized low-density lipoprotein receptor-1 (LOX-1) is a unique surface marker of human MDSCs and is the first established surface marker of PMN-MDSCs (29). We also observed that LOX-1+CD15+ PMN-MDSCs were significantly more frequent in PBMCs of patients with gout than in HCs (Figure 1C). However, there was no difference in the PMN-MDSC population between patients with and without a gout flare (Supplementary Figure 1A). Furthermore, we found that PMN-MDSCs were significantly expanded in the peripheral blood, and BM of mice in the gout model (Figures 1D,E). These results indicated that there is a significant increase in PMN-MDSCs in patients and mice with gout.


[image: Figure 1]
FIGURE 1. Expansion of PMN-MDSCs in gout disease. (A) Representative flow plots and statistical analysis for the proportion of HLA-DR−CD33++CD11b+ cells (M-MDSCs), and HLA-DR−CD33+CD11b+ cells (PMN-MDSCs) in patients with gout (HCs, n = 20; gout, n = 28); (B) Representative flow plots and statistical analysis showing the proportion of HLA-DR−CD33+CD11b+CD14+CD15− cells (M-MDSCs), and HLA-DR−CD33+CD11b+ CD14−CD15+ cells (PMN-MDSCs) in patients with gout (HCs, n = 7; gout, n = 8); (C) Representative flow plots and statistical analysis for the proportion of LOX1+CD15+-PMN-MDSCs in patients with gout (HCs, n = 20; gout, n = 28); (D,E) Representative flow plots and statistical analysis for the proportion of M-MDSCs (CD11b+Gr1+Ly6C+Ly6G−), and PMN-MDSCs (CD11b+Gr1+Ly6C−Ly6G+) in PBMCs (D) and BMs (E) from a gout mouse model (n = 6). Error bars represent the mean ± SD; *P < 0.05, **P < 0.01.




Elevated PMN-MDSCs Correlate With Gout Disease Activity

To elucidate the clinical relevance of the increase in circulating PMN-MDSCs, we analyzed whether the frequency of PMN-MDSCs is correlated with physiological parameters related to disease status, including uric acid and CRP levels. We observed that peripheral blood PMN-MDSCs were positively correlated with uric acid levels (P < 0.013, r = 0.4634) in gout (Figure 2A). However, there was no significant correlation between the frequencies of circulating M-MDSCs and LOX-1+CD15+ PMN-MDSCs (Figure 2A). Furthermore, increased levels of PMN-MDSCs (P < 0.0493, r = 0.3750) and LOX-1+CD15+ PMN-MDSCs (P < 0.047, r = 0.3786) were correlated with higher levels of CRP (Figure 2B). These results suggest that PMN-MDSCs are closely related to the disease activity of gout.


[image: Figure 2]
FIGURE 2. Elevated PMN-MDSCs correlate with gout disease activity. (A) Correlations between levels of uric acid and the proportions of circulating PMN-MDSCs, M-MDSCs, and LOX1+CD15+-PMN-MDSCs in patients with gout; (B) Correlations between levels of CRP and the proportions of circulating PMN-MDSCs, M-MDSCs, and LOX1+CD15+-PMN-MDSCs in patients with gout.




Gout-Derived PMN-MDSCs Suppress T Cell Proliferation via ROS

To confirm the suppression of T cell proliferation by PMN-MDSCs in gout, we isolated and co-cultured CD3/CD28-stimulated T cells with autologous PMN-MDSCs in vitro. CFSE-labeled CD3+ T cells were cultured with or without PMN-MDSCs over a period of 3 days. CD4+ and CD8+ T cells showed baseline proliferation rates of 78.2 and 78.1%, respectively, when cultured alone in stimulation media. When autologous PMN-MDSCs were added to these cultures at different ratios of (MDSCs:T cells, 1:2/4/8), CD4+ and CD8+ T cell proliferation decreased significantly, confirming the suppressive function of MDSCs (Figure 3A). Meanwhile, gout-derived M-MDSCs did not display T cell suppressive function (Supplementary Figure 2A).


[image: Figure 3]
FIGURE 3. Gout-derived PMN-MDSCs suppress T cell proliferation via ROS. (A) Representative histograms for the T cell proliferation assay. PMN-MDSCs sorted from patients with gout and co-cultured with T cells at different ratios (1:2/4/8) (n = 6). (B) PMN-MDSCs sorted from HCs and patients with gout, qRT-PCR analysis the T cells proliferation suppressed molecules (n = 5). (C) Representative flow plots and statistical analysis for the levels of ROS in patients with gout or HCs (n = 6); (D) Effect of different inhibitors on the function of gout-derived PMN-MDSCs was evaluated by T cell proliferation assay as described in (A) at a 2:1 ratio for 3 days with treatments as indicated. Unstimulated T cells were used as a negative control. nor-NOHA (100 μM): arginase inhibitor; L-NMMA (100 μM): iNOS inhibitor; NAC (1 mM): ROS inhibitor. Data are representative of two independent experiments. Error bars show mean ± SD; *P < 0.05, **P < 0.01, ***P < 0.001.


Based on the observation that gout-derived PMN-MDSCs suppressed T cell responses, we further explored the underlying mechanisms controlling this suppression. We, therefore, compared the levels of the L-arginine metabolic products: arginase, nitric oxide (NO), and ROS between gout-PMN-MDSCs and control-MDSCs. Results showed that P47phox was significantly increased in gout-PMN-MDSCs compared to control-PMN-MDSCs, whereas the mRNA levels of arg-1 and NOS2 were not significantly affected (Figure 3B). Increased ROS levels were also observed in PMN-MDSCs from patients with gout compared to control-PMN-MDSCs (Figure 3C), these results suggest that ROS plays an essential role in gout-derived PMN-MDSC-mediated immune suppression. Meanwhile, the addition of NAC (ROS inhibitor) to the MDSC-T cell co-culture system caused a near complete abrogation of the suppressive effect on CD4+ and CD8+ T cells, whereas the inhibitors for arginase and iNOS had no such effect (Figure 3D). Therefore, we concluded that gout-MDSCs suppress T cells in an ROS-dependent manner.

In addition, proliferation of T cells is an important parameter, thus, necessary to examine the polarization of T cells (Th1/2/17 and Treg). To this end, PBMCs were prepared by density gradient centrifugation using Ficoll. Purified CD4+CD45RA+ naïve T cells were cultured for 6 or 7 d according to specific differentiation conditions for Th1/2/17 and Tregs. PMN-MDSCs were isolated from HCs or gout-derived-PBMCs by cell sorting and PMN-MDSCs (at a 1:1 ratio to the naïve CD4 T cells) were added to determine the role of MDSCs in regulating the polarization of T cells. Results showed that there was no difference in T cell polarization induced by PMN-MDSCs from patients with gout compared to HCs (Supplementary Figure 3A).



Direct MSU Co-culture Promotes MDSC Expansion

The clinical significance of PMN-MDSCs in the pathogenesis of gout disease prompted us to investigate the mechanisms of MDSC expansion in MSU treatment. First, we explored whether direct MSU co-culture could lead to the accumulation of PMN-MDSCs in vitro. GM-CSF has been shown to efficiently induce suppressive MDSCs in vitro from the PBMCs of healthy donors or BM from mice. Therefore, we utilized the system to study the effect of MSU on MDSC generation. Healthy donor-derived PBMCs were stimulated with or without MSU and cultured for 5 days in the presence of GM-CSF. Our results show that MSU significantly increased the expansion of PMN-MDSCs in vitro; however, the proportion of M-MDSCs significantly decreased (Figure 4A). To further evaluate the effect of MSU on mouse MDSCs, mouse BM cells were cultured in medium containing GM-CSF with or without MSU to generate MDSCs in vitro; We found that MSU consistently expanded the population of PMN-MDSCs, but not of M-MDSCs (Figure 4B). The effect on MSU on the induction of PMN-MDSCs expansion, we found that functional studies further verified that PMN-MDSCs generated in vitro were immunosuppressive to T cells (Figure 4C).


[image: Figure 4]
FIGURE 4. MSU induces high levels of MDSCs in vitro. (A) Representative flow plots and statistical analysis for the proportion of HLA-DR−CD33++CD11b+ cells (M-MDSCs), and HLA-DR−CD33+CD11b+ cells (PMN-MDSCs) in vehicle- or MSU crystal-treated PBMCs from healthy controls. (B) Representative flow plots and statistical analysis for proportions of (CD11b+Gr1+Ly6C+Ly6G−) M-MDSCs, and (CD11b+Gr1+Ly6C−Ly6G+) PMN-MDSCs in vehicle- or MSU crystal-treated BMs from WT mice. (C) Allogeneic mixed lymphocyte reaction. CD3+ T cells (from BALB/c mice) were stimulated with CD3/CD28 and co-cultured with allogeneic PMN-MDSCs from MSU crystal-treated BMs for 3 days. T cell proliferation was evaluated by CFSE dilution. Unstimulated T cells were used as a negative control. Three independent experiments with similar results were performed and mean + SD of six samples pooled from three experiments is shown. **P < 0.01, ***P < 0.001.


Finally, to determine whether transfer of MSU-induced PMN-MDSCs can aggravate mouse gout symptoms, we performed in vivo transfer of MSU-induced PMN-MDSCs (Supplementary Figure 4A). Compared to vehicle-induced PMN-MDSCs, transfer of MSU-induced PMN-MDSCs significantly increased serum uric acid content (Supplementary Figure 4B). These results suggest that MSU can induce substantial PMN-MDSC amplification and activation.



Increased Production of IL-1β in Gout-Derived PMN-MDSCs

To clarify the mechanism of PMN-MDSCs in regulating gout inflammation, PMN-MDSCs from healthy donors or patients with gout were sorted, and qRT-PCR was performed to quantify the levels of various inflammatory cytokines. Results showed that IL6 and IL-1β were significantly increased in patients with gout-derived-PMN-MDSCs compared to the control derived-PMN-MDSCs (Figure 5A). In addition, MSU induced a significant increase in the levels of inflammatory factors in WT mouse-derived-PMN-MDSCs, such as IL-6, IL-1β, TNF-a, and transforming growth factor (TGF)-β (Figure 5B). Among these, the levels of IL-1β were found to be the most significantly increased. Previous studies have demonstrated that IL-1β is an important cytokine that mediates the inflammatory response to gout (4). Considering that MDSCs were primarily responsible for the production of IL-1β, these results show that MSU can induce MDSCs to enhance the IL-1β-mediated inflammatory response (Figure 5C).


[image: Figure 5]
FIGURE 5. Increased production of IL-1β in gout-derived-PMN-MDSCs. (A) PMN-MDSCs sorted from HCs and patients with gout. qRT-PCR analysis for expression of inflammatory cytokines (n = 5). (B) qRT-PCR analysis for expression of inflammatory cytokines from MSU induced PMN-MDSCs (n = 5). (C) Study schematic diagram. Data are representative of two independent experiments. Error bars represent mean ± SD; *P < 0.05.





DISCUSSION

MDSCs are key regulators of various of inflammatory and autoimmune diseases and have prospective clinical applications, as well as implications for basic research (30, 31). Previous studies have shown that the frequency of MDSCs is elevated in mouse models of various autoimmune diseases, including multiple sclerosis, autoimmune hepatitis, inflammatory bowel disease, systemic lupus erythematosus, and RA, meanwhile the activity of MDSCs is associated with disease activity and progression (12). Specifically, an increasing in MDSCs is associated with the severity of joint damage in mouse models of experimental autoimmune arthritis, and in patients with RA (32, 33). Moreover, previous reports have shown that G-MDSCs (equivalent to our PMN-MDSCs) were increased in the peripheral blood of patients with gout, which is consistent with our study results (34). However, the mechanism by which PMN-MDSC regulates gout progression has not yet been characterized. Our study confirmed that PMN-MDSCs from patients with gout possess significant T cell inhibitory functions, while also demonstrated that MSU directly induces the expansion of PMN-MDSCs, and promotes their immunosuppressive functions. Furthermore, a potential mechanism for how PMN-MDSCs regulate the inflammatory response associated with gout was also elucidated, providing insights into potential cellular immunotherapeutic targets for gout.

Herein, the proportion of PMN-MDSCs in PBMCs was higher in patients with gout than in HCs, and the expansion of PMN-MDSCs, not M-MDSCs, was positively correlated with levels of uric acid and CRP. Previous studies have determined that CRP can directly induce MDSC expansion (35). For instance, during acute kidney injury in mice, CRP promotes MDSC generation, expansion, and renal infiltration, thereby driving the injury response (36). Meanwhile, MSU crystals induce inflammation by activating myeloid cells leading to inflammatory cytokine production and neutrophil activation (37). Hence, gout flares in patients may resemble septic arthritis (fever, high CRP) (38). A recent study reported the identification of CRP as a genuine MSU crystal recognition molecule, and speculated that CRP binding to MSU crystals modulates gout associated inflammation (39). Therefore, we suggest that CRP and MSU may exhibit synergistic activity in stimulating MDSC amplification.

We also confirmed that MSU can directly induce the expansion of PMN-MDSCs in humans and mice in vitro. These results confirm that the effect of urate deposition on inflammation may be mediated by MDSC expansion and activity. In addition, the levels of PMN-MDSCs in patients with gout were positively correlated with CRP levels, suggesting that PMN-MDSCs are related to acute inflammation in gout.

Numerous studies have shown that an increase in MDSCs promotes the differentiation of helper Th-17 cells and the progression of systemic lupus erythematosus and RA (23, 40). However, the precise mechanism underlying arthritis varies among different rheumatisms. A number of cytokines, such as TNF-α, IL-1, IL-6, IL-17, and matrix metalloproteinase 3 (MMP3), mediate the process of joint damage (33). Recent studies have also consistently identified a significant increase in MDSCs in the synovial fluid of patients with RA, as well as positive correlations between MDSCs and IL-17A levels. This previous research, as well as the results of the present study, support the important role of MDSCs in the development of inflammation via the induction of various cytokines or activation of immune cells. However, the precise mechanisms, and pathophysiological functions, of PMN-MDSCs in gout remain to be explored.

In summary, we provide evidence for the expansion of PMN-MDSCs in patients with gout and further show that these cells are related to disease activity and inflammation. Taken together, this data suggests that MDSCs are aberrantly produced in patients with gout and that PMN-MDSCs enhance the IL-1β-mediated gout inflammatory response. Further studies are required to clarify the precise functions and regulatory mechanisms of PMN-MDSCs in gout.
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Aims

The risk of cardiovascular events in patients with Rheumatoid Arthritis (RA) is disproportionately heightened as a result of systemic inflammation. The relative effect of autoimmune-associated citrullination on the structure and thrombotic potential of fibrin(ogen) remains unknown. We therefore compared indices of vascular function, inflammation, coagulation and fibrin clot composition in RA patients with healthy controls and evaluated parameter association with disease presence.



Methods

Blood samples were collected from 30 RA patients and 30 age- and gender-matched healthy volunteers. Levels of serum amyloid A (SAA), c-reactive protein (CRP), soluble intercellular adhesion molecule 1 (sICAM-1) and soluble vascular cell adhesion molecule 1 (sVCAM-1) was measured using a sandwich immunoassay. Whole blood coagulation was assessed using Thromboelastography (TEG®). Fibrin clot networks and fiber structure was investigated using Scanning Electron Microscopy. The detection and quantification of citrullination in formed fibrin clots was performed using a fluorescently labeled Citrulline monoclonal antibody with Fluorescence Wide Field Microscopy.



Results

Concentrations of SAA, CRP and ICAM-1 were significantly elevated in RA patients compared to controls. TEG parameters relating to coagulation initiation, rate of fibrin cross-linking, and time to reach maximum thrombus generation were attenuated in RA patients. Microscopic analysis revealed denser networks of thicker fibrin fibers in RA patients compared to controls and multiple citrullinated regions within fibrin clot structures in RA patients were present.



Conclusion

Our findings provide novel evidence for the citrullination of fibrin within vasculature is more prominent in RA plasma compared to control plasma and plasma is more accessible than synovial fluid. Citrullinated fibrinogen could play a role as a determinant of thrombotic risk in RA patients.





Keywords: rheumatoid arthritis, fibrinogen, coagulation, citrullination, cardiovascular risk



Introduction

Rheumatoid Arthritis (RA) is a chronic, systemic autoimmune disease characterized by both peripheral joint and extra-articular site inflammation, with an increased predisposition to a higher incidence of cardiovascular disease (CVD) (1). CVD is almost 50% more common in RA patients than the general population and is the most frequent cause of early mortality (2). Traditional risk factors for CVD (age, hypertension, obesity, etc.), do not fully account for the elevated occurrence of CVD events, and thus RA (genetics and disease characteristics) has been identified as a strong independent risk factor (3). The interdependence of inflammatory and hemostatic pathways is well established and observable in multiple types of tissue, organs and pathologies (4). Disruption of the tightly regulated homeostatic control of immune and hemostatic systems could result in a rapid progression towards a prothrombotic tendency, a central cause of ischemic stroke and myocardial infarction (5). This circumstance holds true for RA, with elevated levels of both pro-inflammatory and prothrombotic markers (e.g. D-dimer Fibrinogen Tissue Factor (TF) and von Willebrand factor (vWF)), which is associated with one another and with the risk of future cardiovascular complications (6).

Key intermediaries of this manifestation are the structural components of formed thrombi. Soluble fibrinogen is cleaved by thrombin in order to form dense matrices of thin fibrous protein known as fibrin (7). Polymerized fibrin networks are essential for wound healing and other occlusive physiological processes (7). However, exposure to inflammatory biomarker stimuli (such as CRP (8), SAA (9), and pro-inflammatory cytokines) can result in the alteration of mechanical and viscoelastic properties of fibrin clots into a prothrombotic phenotype. This phenomenon has previously been observed in RA plasma clots (10, 11). Various immunopathogenic processes related to RA development can exert upstream amplification of the coagulation cascade as well as impairing fibrin clot dissolution (12).

Fibrin(ogen) is also a potent pro-inflammatory signaling entity itself, mainly through ligand-receptor interactions with immune cells that further propagates pro-inflammatory effects (13). The deimination of arginine residues in fibrin(ogen) to yield non-charged citrulline residues is a distinctive RA posttranslational modification. Citrullination alters normal protein structure and function that confers antigenicity to modified proteins in RA (14). The functional relationship between citrullination and the presence of a prothrombotic fibrin clot phenotype is still poorly understood. Some studies have shown that citrullination of fibrinogen prevents thrombin digestion and subsequent fibrinogenesis (15, 16). However, the experimental conditions upon which these findings are based do not reflect physiological coagulation and is inconsistent with a predominantly hypercoagulable state seen in RA (17). Inflammation-induced fibrin formation is equally present in RA synovial spaces as it is in circulation (refer to overview of processes in Figure 1).




Figure 1 | Overview of the overlapping processes of inflammation and coagulation in both synovial and vascular compartments. 1. The chronic and systemic nature of the inflammatory response in RA characterizes the disease as an independent risk factor for CVD. 2. The movement of leukocytes, inflammatory cytokines, procoagulant factors and immune complexes are aided by vascular endothelial dysfunction and neovascularization of hyperproliferative joint tissues. 3. The role of fibrin(ogen) is integral to the formation of hyperplastic and destructive synovial tissue (pannus) and vascular thrombosis, while being a prominent self-protein target of aberrant citrullination and autoimmunogenicity in RA (Created with BioRender.com).



Endothelial tissue dysfunction is a key process that facilitates this ubiquitous distribution of aberrant fibrin deposition in both synovia and vasculature. This pathophysiological state is characterized by the expression of cell adhesion molecules [intercellular cell adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1)], pro-inflammatory cytokines and pro-thrombotic markers (18, 19). This allows for the recruitment, translocation and propagation of inflammatory and thrombotic mediators across the synovial barrier (20).

There is significant overlap in inflammatory pathways responsible for joint damage in RA and hypercoagulation, coupled with the fact that disease severity has been correlated to more adverse cardiovascular complications (21). It is therefore important that these processes be examined systemically in RA, and not isolated to either vascular or synovial compartment. The aim of this study was to examine the extent to which the coagulation profiles and fibrin network architecture of RA patients are influenced by acute phase inflammation, endothelial dysfunction an autoimmune-related protein modification.



Materials and Methods


Ethical Considerations

Ethical approval for this study was given by the Health Research Ethics Committee (HREC) of Stellenbosch University (reference number: 6983). This study was carried out in strict adherence to the International Declaration of Helsinki, South African Guidelines for Good Clinical Practice and the South African Medical Research Council (SAMRC) Ethical Guidelines for research. Written consent was obtained from all participants (RA patients and healthy participants) prior to any sample collection.



Study Population

The RA sample group consisted of 30 patients (24 female and 6 male) that visited the Winelands Rheumatology Clinic (Stellenbosch, South Africa) for routine check-ups. All patients fulfilled the 2010 American College of Rheumatism/European League against Rheumatism (ACR/EULAR) classification criteria for RA diagnosis (22). The median age of RA group was 53.5 years (range 22–75 years) with a mean disease duration of 10.5 years (range 1–39 years). RA participants were excluded from the study if they presented with other severe comorbidities (such as cancer or diabetes), existing cardiovascular disease or taking anticoagulant medication. RA participants were not excluded on the basis of any antirheumatic drug treatment or the use of glucocorticosteroids. The majority of RA patients (87%) were on a schedule of non-biologic disease modifying antirheumatic drugs (DMARDS, such as methotrexate, hydroxychloroquine, sulfasalazine, or leflunomide), while a lower proportion of patients were on biologic DMARDs (60%) and cortisone (14%, 5–10 mg dosage). The control group consisted of 30 age- (median 50 years, range 28–79 years) and gender- (22 female and 8 male) matched volunteer blood donors. The inclusion criteria for healthy controls were: (i) no history of thrombotic disease or inflammatory conditions (ii) no use of any chronic medication (ii) no use of anticoagulant therapy (iii) non-smokers (iv) females not taking contraceptive medication or hormone replacement therapy (v) females that are not pregnant or lactating. All demographic information is summarized in Table 1.


Table 1 | Demographic and clinical characteristics of study participants.





Blood Sampling

Whole blood (WB) samples were collected in BD Vacutainer®blood collection tubes using 3.8% sodium citrate as anticoagulant (369714, Becton, Dickinson and Company Franklin Lakes, NJ, USA). Blood drawing on all participants was performed by a qualified nurse, or phlebotomist by sterile puncture of the antecubital vein. Blood tubes were incubated at room temperature for a minimum duration of 30 min prior to the commencement of any whole blood analysis. In order to obtain platelet poor plasma (PPP), sodium citrated blood tubes were centrifuged at 3000 × g for 15 min, aliquoted and stored at −80°C until further analysis.



Thromboelastography®

Analysis of dynamic coagulation kinetics were performed on RA and control WB by means of Thromboelastograph® (TEG®) 5000 Haemostasis Analyzer System (07-033, Haemonetics®, Niles, IL, USA). In brief, coagulation is initiated by recalcification of 340 µl WB with 20 µl of 0.2 mM Calcium chloride (CaCl2) (Haemonetics®, 7003) in a disposable TEG® cup (Haemonetics®, 6211). Various kinetic clotting parameters are determined by assessing the resistance that the forming thrombus provides against the oscillating pin of the instrument (measuring at 37°C). Parameters derived from the thromboelastograph tracing consist of: reaction time (R, time from test start to initial fibrin formation in minutes), kinetics [K, time required to reach an amplitude (clot thickness) of 20 mm, in minutes], alpha angle (α, rate of fibrin accumulation indicated by degrees), maximal amplitude (MA, maximum strength of formed clot in millimeters) (24). Additionally, parameters of clot formation determined by the changes in the elastic modulus (G, in dynes.cm−2) were also included: maximum rate of thrombus generation (MRTG, in dynes.cm−2.s−1), time to maximum rate of thrombus generation (TMRTG, in minutes) and total thrombus generation (TTG, in dynes.cm−2) (25).



Scanning Electron Microscopy

The ultrastructure of fibrin networks and individual fibrin fibers were examined using scanning electron microscopy (SEM). In summary, clots were prepared from thawed PPP samples of RA patients (n=10) and controls (n=10) by addition of 5 µl human thrombin (provided by South African National Blood Service, final concentration 7 IU/ml) to 10 µl PPP on a glass coverslip and transferred to a 24-well plate. Preparation consisted of washing with 1× Gibco® phosphate-buffered saline (PBS, pH 7.4) (10010015, ThermoFisher Scientific, Waltham, MA, USA), chemical fixation with 4% formaldehyde (FA) (P6418, Sigma-Aldrich, St. Louis, MO, USA) and then 1% Osmium Tetrahydroxide (OsO4) (Sigma-Aldrich, 75632), followed by dehydration with increasing grades of ethanol and 99.9% Hexamethyldisilizane (HMDS) (Sigma-Aldrich, 37921) [for detailed protocols please refer to (24)]. Samples were carbon coated using a Quorom Q150T E carbon coater (Quorom Technologies, Lewes, UK). Plasma fibrinogen concentrations of samples used to conduct SEM analysis were determined by an independent pathology laboratory. Images were captured at an electron high tension (EHT) of 1 kV using a high resolution InLens detector of the Zeiss Merlin™ (Gemini II) FE SEM (Carl Zeiss Microscopy, Munich, Germany). Fibrin fiber diameters representative of each respective sample group (RA and control) was determined by means of image analysis software ImageJ (Version 1.52p). Three representative micrographs (78,98 µm2 image size, 10,000× magnification) were calibrated to scale and overlaid with a non-destructive grid (2 µm2 tile size). Single representative fibrin fibers were measured in 28 tiles per image, producing 84 fiber diameter measurements per sample.



Vascular Injury Panel Analysis

Plasma concentrations of soluble ICAM-1, VCAM-1, CRP, and SAA were measured by sandwich immunoassay (K15198D, Meso Scale Diagnostics, Rockville, MD, USA). RA (n=30) and control (n=30) PPP samples and reagents were prepared as per manufacturer’s protocol. Samples were run in duplicate and measurements read on an MSD Discovery Workbench 4. Analyte concentrations were calculated from the calibration curve generated by absorbance measurements of manufacturer supplied calibrator standards.



Immunofluorescence Microscopy

In order to determine the extent of protein deamination in fibrin networks, PPP aliquots of RA samples (n=10) and control samples (n=10) were thawed and fibrin clots prepared (refer to SEM method) on glass microscope slides in a dark room. Samples were fixed with 4% FA, washed 3× with PBS, and blocked with 5% Goat serum solution (ab7481, Abcam, Cambridge, UK) for 30 min. Clots were then stained with a 1:50 dilution Citrulline Monoclonal Antibody (2D3.1) (MA5-27573, ThermoFisher Scientific) and incubated for 1 h. Following another 3× PBS wash to remove unbound antibodies, samples were then stained with 1:500 dilution Goat Anti-Mouse IgG Secondary antibody conjugated to AlexaFluor 488 (A327273, ThermoFisher Scientific) and incubated for 1 h. Slides were washed 3× with PBS to remove unbound antibody, allowed to dry, and mounted with a glass coverslip. Samples were viewed with a Zeiss Axio Observer 7 Microscope with a Plan-Apochromat 63x/1.4 oil DIC M27 objective (Carl Zeiss Microscopy, Munich, Germany). The excitation wavelength for AlexaFluor488 was set at 450 to 480 nm and the emission wavelength at 499 to 529 nm. Three representative micrographs per sample were analyzed for relative mean fluorescent intensity (MFI) using ImageJ (Version 1.52p). Images were calibrated to scale, and a global threshold (20 pixel cut-off) applied to all analyzed micrographs.



Statistical Analysis

Statistical analysis was performed using R version 4.0. Specifically, univariate logistic regression was performed to determine odds ratios (OR) for experimental variables using the logistic model in the rstanarm package (with default priors). ORs and 95% confidence intervals were extracted in the corresponding unit system (i.e. not z-scaled) for all variables except Fibrin fiber diameter and citrulline MFI shown in Figure 2 which are z-scaled to aid interpretation. Table 2 shows the ORs after adjustment for age and gender with unadjusted analysis identifying the same significance and effect sizes. In addition, results for classical statistical tests are reported as follows. The distribution of sample datasets for each variable experimental was determined using the Shapiro-Wilk test. Accordingly, p-values for each variable comparing RA to healthy controls were calculated using either a Mann-Whitney U test for nonparametric data or a Student t-test for parametric data. Statistical significance was set at p<0.05. One can see close alignment between all these and the OR results.




Figure 2 | Box-and-whisker plots comparing sample distributions for each significantly altered study variable compared between RA patients and healthy controls. The level of statistical significance is indicated by the bars above each plot (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). Viscoelastic coagulation analysis by TEG® indicated that RA patients had shortened phases of clot formation initiation (R: p = 0.0005; K: p = 0.01), overall clot formation (TMRTG: p < 0.0001) and rate of fibrin deposition (α-Angle: p = 0.0003). Microscopic analysis of fibrin networks revealed that fibrin fiber diameter (p < 0.0001) and fibrin citrullination (p < 0.0001) were drastically elevated in plasma clots RA patients. Plasma levels of CRP (p = 0.001), SAA (p < 0.0001) and sICAM-1 (p = 0.01) were also significantly increased in RA patients.




Table 2 | Descriptive statistics and logistic regression for study parameters.






Results


Subjects

Demographic information of all study participants is listed in Table 1. The RA sample group closely resembles the general population distribution for age (median: 54 years) and sex (80% female) of the disease (26). The control group of healthy volunteers was closely matched to the RA group with regards to age (median: 50 years) and sex (73% female). The RA sample group was heterogeneous with respect to clinical presentation, with most patients on an anti-rheumatic drug therapy regime. The majority of RA patients also presented with positive titers for anti-cyclic citrullinated peptide (CCP) (77%) and rheumatoid factor (97%) autoantibodies.



Confirmation of Altered Inflammatory and Vascular Function Profile in RA

Circulating concentrations of endothelial function and acute phase markers are shown in Table 2, with significantly altered markers graphically presented in Figure 2. As expected, all markers were elevated in RA compared to controls [CRP (median 4.25 µg/ml vs 1.26, p=0.001), SAA (4.98 µg/ml vs 1.52, p<0.0001), sICAM-1 (378 ng/ml vs 290, p=0.01), sVCAM-1 (360 ng/ml vs 326, p=0.9)]. Univariate logistic regression also indicated that levels of CRP, SAA and ICAM-1 were significantly predictive of disease status (the nominal variable defined as the presence of absence of RA, represented by healthy controls), as shown by both the ORs listed in Table 2.



Functional Coagulation Assessment Indicates a Prothrombotic Tendency in RA

Whole blood coagulation parameters as measured by TEG® are listed in Table 2, with significantly altered parameters illustrated as box-and-whisker plots in Figure 2. RA patients showed significantly altered rates of clot formation compared to healthy controls. This included shortened clot initiation (R; OR=0.675, p=0.0005 and K; OR=0.539, p=0.01), augmented fibrin cross-linking (α; OR=1.15, p=0.0003) and shortened time to maximal thrombus formation (TMRTG; OR=0.737, p<0.0001). Measures of overall clot strength (MA) and growth (TTG) were attenuated in RA but did not statistically differ from those of controls.



Scanning Electron Microscopy Analysis Exposes Anomalous Fibrin Network Architecture in Formed RA Clots

Further investigation into the apparent modification of the clot structure in RA was carried out by means of SEM. Results (refer to Figure 2) indicate that fibrin fiber diameters in representative areas were significantly increased in RA versus controls (median diameter 214 nm vs 120 nm, p<0.0001). Examining the networks qualitatively, it is evident that ex vivo formed clots from RA samples have denser, less porous fibrin networks. Figures 3B to D, representative of the RA sample group, illustrates the amalgamation of fibrin monomers that contribute to increased fibrin fiber diameter and overall network density. This contrasts sharply with the ultrastructural attributes of Figure 3A (Healthy control sample), which demonstrates thinner protein strands and a more permeable fibrin network. Mean levels of fibrinogen did not significantly differ between RA patients and healthy controls used for SEM imaging (median 3.15 vs 2.95 g/L, p=0.547). This may suggest that differences observed in the fibrin network structure and thromboelastic profiles of RA patients could be attributed to factors independent from direct influences of clot formation such as fibrinogen and thrombin concentration.




Figure 3 | Scanning electron micrographs of the fibrin network ultrastructure. Representative micrographs of the fibrin network in healthy controls (A) and RA patients (B–D). The altered clot ultrastructure in RA, consisting of less permeable networks of thicker fibrin fibers, represents a prothrombotic phenotype.





Fluorescence Microscopy Analysis of Plasma Clots Reveals a Higher Number of Citrullinated Sites in RA Fibrin Networks Compared to Controls

To investigate the presence and extent of potential citrullination in RA (n=10) and Control (n=10) PPP thrombi, fluorescence analysis using a Citrulline-identifying monoclonal antibody with immunofluorescence microscopy was performed (Figure 4). Acquired image data (Figure 2) suggests a higher degree of citrullinated fibrin fluorescence in RA fibrin networks versus controls (median MFI 3.88 vs 2.02, p<0.0001), with logistic regression analysis (Table 2) showing that fibrinogen citrullination is associated with RA to a substantial degree (Adjusted OR=46.1, 95% CI: 7.81–419).




Figure 4 | Fluorescence microscopy of PPP clots stained with a Citrulline monoclonal antibody (green). Micrographs of representative control (A) and RA samples (B–D). Analysis confirmed the observable presence of enhanced fluorescent signal in RA samples (n=10) versus healthy controls (n=10).






Discussion

There is a need to bridge translational gaps between RA immunopathogenesis and systemic vascular and hemostatic irregularities. The link between RA autoimmune patterns and its possible role in exacerbating thrombosis is still poorly understood.

Crosstalk between immune and hemostatic systems with the endothelium represents a critical interface in which both arthritic and cardiovascular pathologies are initiated and propagated. We therefore analyzed a panel of biomarkers that are representative of this dynamic milieu and is associated with RA disease severity and CVD. Levels of both acute phase reactants (CRP and SAA) were significantly elevated in RA patients (Figure 2) and showed a strong association with the disease (Table 2). This was expected as acute phase reactant concentrations rise dramatically under acute inflammatory states, with both CRP and SAA shown to reliably predict disease severity and CVD risk in RA (27). Both molecules also have demonstratable prothrombotic cellular effects by influencing endothelial and peripheral blood mononuclear cell expression of coagulation factors. Increased levels of soluble cell adhesion molecules (sICAM-1 and sVCAM-1) indicate endothelial dysfunction that facilitates pro-inflammatory and prothrombotic conditions (28). sICAM-1 and sVCAM-1 concentrations were elevated in RA (Table 2) but were not as strongly associated with disease presence as CRP and SAA.

We also investigated the coagulation profiles of study participants. Türk et al (29). is the only recent study that has assessed thrombotic tendency in RA patient with thromboelastographic assessment (29), using the rotational thromboelastometry (ROTEM). Our findings show that coagulation initiation was amplified in RA patients with shortened velocity parameters of clot formation (R, K, α, TMRTG) (Figure 2, Table 2). Parameters relating to clot strength (MA, TTG) were attenuated in the RA sample group, but did not statistically differ from healthy controls (Table 2, Figure 2). Thus, although the blood clots form rapidly it leads to a weak clot.

Excessive hepatic production of fibrinogen is highly prevalent in RA (30), and increased plasma fibrinogen concentration is a strong contributing factor to hypercoagulation. Fibrin(ogen) is susceptible to structural and functional modifications by certain inflammatory molecules, including CRP and SAA (9). Fibrin(ogen) is also prone to post-translational modification that relates to the generation of auto-immunogenicity in RA – the relevance of this process was investigated and is discussed below.

Evaluating fibrin gel matrices visually can reveal much about thrombotic potential under inflammatory conditions. Denser fibrin fiber networks are accompanied with increased resistance to fibrinolysis and is associated with the risk for thrombotic events[reviewed in ref (31)]. Our analysis revealed denser fibrin networks in RA prepared ex vivo PPP clots compared to controls (Figure 3). This is consistent with a prothrombotic phenotype observed in previous studies that have inspected the fibrin network in RA (10, 11). The average diameter of fibrin fibers was also larger in RA clots compared to controls. Some studies have indicated that thin fibrin fibers have higher tensile strength than thicker fibers, concluding that dense networks consisting of predominantly thin fibers are more resistant to degradation (32). Fibrin networks of this nature in RA were observed by Vrancic et al. (33). However, study by Buclay et al. (34) concluded that thicker fibers are more resistant to plasmin degradation than thinner fibers, owing to their ability to elongate during lysis. It is apparent that our investigation into the structural properties of fibrin networks in RA and its relation to hemostatic function has a rather deceptive appearance.

Distinct protein modifications related to the generation of autoimmunity in RA could present an additional complication when attempting to expound underlying mechanisms responsible for excessive thrombotic risk. Citrullination is a post-translational modification in which positively charged arginine are deiminated by peptidylarginine deiminase (PAD) enzymes to form neutrally charged citrulline (35). Fibrinogen and fibrin are prominent substrates for PAD enzymes and autoantibodies targeting citrullinated fibrin(ogen) have been identified (36–41). The pathogenicity of citrullinated fibrin(ogen) immune complexes have been demonstrated both in vitro (13) and in vivo (42, 43). Citrullinated fibrin deposits are also common manifestations within synovial cavities, where it contributes to self-perpetuating inflammatory processes (44, 45). Our findings provide novel evidence for the citrullination of fibrin within vasculature which is more prominent in RA plasma compared to control plasma (Figure 4). Previously the presence of citrullinated fibrinogen could only be detected in RA synovial fluid (46). Later research by Zhao et al. (39) confirmed the presence of citrullinated fibrinogen containing immune complexes in RA plasma. The insolubility of fibrin may increase the likelihood of it being citrullinated in circulation. The binding of ACPAs to fibrin could then render it less degradable, by decreasing available binding surface to plasmin (47). There remains conjecture as to the effect of citrullination on hemostatic outcome. Citrullination of proteins results in structural unfolding (48) and loss of function (49), which increases its antigenic shelf-life. It has been demonstrated that citrullinated fibrinogen is resistant to thrombin digestion, as preferential epitopes for PADs overlap with thrombin binding sites (15, 16, 50). Despite this, fibrinogenesis in RA is by no means impaired, as evidenced by this study and others. It is plausible that high levels of fibrinogen (30) and thrombin activity (51, 52) in RA has much stronger influence on the fate of fibrinogen than PAD enzymes. There is also evidence that upstream coagulation factors and fibrinolytic components are susceptible to citrullination (53, 54). It is therefore difficult to predict a hemostatic endpoint based on overall citrullination and the effect of citrullination on thrombosis cannot be postulated on singular reactions. The implications that citrullination could have on fibrin, being the end-product of coagulation and a major determinant of thrombotic risk, remains intriguing and should be further investigated.

This study did present some limitations and challenges. The demographic and clinical presentation of the RA patient group was diverse with regards to age and gender distribution, treatment, disease duration and disease severity at the date of sample collection (Table 1). The possible confounding effect of antirheumatic drug use on the investigated parameters can be considered less pronounced with a relatively small study sample size as presented here. The strong immunosuppressant effect of both conventional and biologic DMARDs may carry the additional benefit of having cardioprotective properties. However the risk of adverse cardiovascular events have also been related to all currently available RA therapeutics (55). Corticosteroid administration in RA treatment have also been associated with a dose-dependent increase in risk for cardiovascular mortality (56).



Concluding Remarks

Inflammatory and thrombotic processes are highly pertinent to the development of joint disease and cardiovascular complications. There is a need to study changes that occur within synovial environments in unison with simultaneously occurring changes within circulatory tracts. Further investigation into overlapping processes that are crucially involved in the concurrent development of both RA and CVD could reveal improved global disease markers and novel targets for therapeutic intervention. The formation and structure of fibrin clots in RA shows an atypical pattern compared to conventional observations of hypercoagulation under inflammatory conditions. We propose determining if citrullination causes a structural and functional shift in the nature of fibrin to represent an amyloid-like state. This protein modification could potentially contribute to the formation of aberrant fibrin clots in RA patients that confer a higher degree of thrombotic risk.
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Indirect immunofluorescence assay (IFA) using HEp-2 cells as a substrate is the gold standard for detecting antinuclear antibodies (ANA) in patient serum. However, the ANA IFA has labor-intensive nature of the procedure and lacks adequate standardization. To overcome these drawbacks, the automation has been developed and implemented to the clinical laboratory. The purposes of this study were to evaluate the analytical performance of a fully automated Helios ANA IFA analyzer in a real-life laboratory setting, and to compare the time and the cost of ANA IFA testing before and after adopting the Helios system. A total of 3,276 consecutive serum samples were analyzed for ANA using the Helios system from May to August 2019. The positive/negative results, staining patterns, and endpoint titers were compared between Helios and visual readings. Furthermore, the turnaround time and the number of wells used were compared before and after the introduction of Helios system. Of the 3,276 samples tested, 748 were positive and 2,528 were negative based on visual readings. Using visual reading as the reference standard, the overall relative sensitivity, relative specificity, and concordance of Helios reading were 73.3, 99.4, and 93.4% (κ = 0.80), respectively. For pattern recognition, the overall agreement was 70.1% (298/425) for single patterns, and 72.4% (89/123) for mixed patterns. For titration, there was an agreement of 75.9% (211/278) between automated and classical endpoint titers by regarding within ± one titer difference as acceptable. Helios significantly shortened the median turnaround time from 100.6 to 55.7 h (P < 0.0001). Furthermore, routine use of the system reduced the average number of wells used per test from 4 to 1.5. Helios shows good agreement in distinguishing between positive and negative results. However, it still has limitations in positive/negative discrimination, pattern recognition, and endpoint titer prediction, requiring additional validation of results by human observers. Helios provides significant advantages in routine laboratory ANA IFA work in terms of labor, time, and cost savings. We hope that upgrading and developing softwares with more reliable capabilities will allow automated ANA IFA analyzers to be fully integrated into the routine operations of the clinical laboratory.
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Introduction

Antinuclear antibodies (ANA) are one of the most important serological markers used for the diagnosis of systemic autoimmune rheumatic diseases (SARD) such as systemic lupus erythematosus (SLE), systemic sclerosis (SSc), Sjögren’s syndrome (SjS), mixed connective tissue disease (MCTD), and idiopathic inflammatory myopathy (IIM). Steady increases in the prevalence of SARD have been reported in recent years, which has been attributed to a variety of causes, including exposure to environmental chemicals and toxins, an aging population and its associated chronic diseases, and use of particular drug regimens (1). With this increase in disease prevalence, the ANA test requests are increased by non-rheumatological clinicians to exclude SARD in patients due to the high negative predictive value of ANA measurement (2, 3).

Indirect immunofluorescence assay (IFA) using human epithelial cell tumor (HEp-2) cells is the most established method for ANA screening (4). The main benefits of the ANA IFA are the detection of wide-ranging autoantibodies, high sensitivity, and the possibility of concurrently determining staining patterns and titers (5). Nevertheless, the ANA IFA has several drawbacks, including the labor-intensive nature of the procedure and a lack of adequate standardization (5–7). Notably, pattern recognition, which depends on the individual abilities of investigators, can result in significant inter and intra-laboratory variabilities (8, 9). To overcome those challenges, several alternative techniques have been developed as potential replacements for IFA (i.e., single and multiplex immunometric assays, such as enzyme-linked immunosorbent assays, line immunoassays, and multiplex bead assays), promising improvements in standardization, throughput, and objectivity in results (10, 11). However, contrary to expectations, these alternative methods can vary significantly in sensitivity and diagnostic accuracy due to the difference in source, purity, concentration, binding capacity, and the limited number of antigens (10–13). Based on concerns regarding the newer assays and their associated limitations, the American College of Rheumatology (ACR) recommended IFA as the gold standard for ANA testing (14). In the context of standardization in ANA IFA testing and reporting, the International Consensus on ANA Patterns (ICAP) has been established, aiming to reach the consensus on nomenclature and definition of Hep-2 cell IFA patterns. The ICAP provides standardized categorization and nomenclature distinguishing different fluorescence patterns from AC (anti-cellular)-1 to AC-29, including AC-0 (negative), as well as interpretation guidelines of the 29 distinct patterns (15–18). In addition to such increased demand for ANA testing and standardization efforts, the automation of slide preparation, image acquisition, titration, and interpretation were developed and evaluated for implementation to the clinical laboratory (8, 19–29).

Among the commercial automated systems, Helios (Aesku Diagnostics, Wendelsheim, Germany) is the only fully automated IFA processor in which the automated digital image acquisition and ANA reading systems are integrated with slide processing in one instrument (2, 8). During the full process, no intervention is needed, offering users a true hands-off time. The system employs barcode readers for complete traceability, a unique three needle system for fast pipetting operations enabling non-stop performance, a motorized and autofocus fluorescence microscope, and specially designed software using mathematical algorithms for discrimination of positive and negative results, identification of ANA patterns and titers.

By integrating the fully automatic ANA IFA analyzer in our laboratory, we aimed to establish a fast and efficient workflow for ANA testing. Here, we evaluated the performance of the Helios system in our real-life laboratory setting, where patient groups are less clearly defined, and test orders are not based on pre-defined criteria. Additionally, we compared the time and the cost of ANA IFA testing before and after adopting the Helios system.



Materials and Methods


Sample Collection

Between May and August 2019, a total of 3,276 consecutive serum samples obtained from 3,164 patients were referred for routine ANA testing to the Diagnostic Immunology Laboratory at Chonnam National University Hospital, Gwangju, South Korea. The study design and sample flowchart are described in Figure 1. This study was approved by the Institutional Review Board of Chonnam National University Hospital (IRB CNUH-2019-304). Due to the nature of this study, the Institutional Review Board of Chonnam National University Hospital waived the requirement for informed consent.




Figure 1 | Study design and sample flowchart for evaluation of Helios automated ANA IFA analyzer. ANA, antinuclear antibody; IFA, indirect immunofluorescence assay; n, number.





Automated ANA IFA

ANA tests were performed on a Helios automated analyzer using the ANA HEp-2 standard kit and Helios software version 3.1 (Aesku Diagnostics) according to the manufacturer’s instructions. Briefly, serum samples were loaded in the Helios system, and the tests were automatically conducted at 1:80 dilution. Digital images are taken by a camera and stored on the computer system. The positive/negative classification module leverages the image features such as the structure of the objects, the fluorescence signal intensity (FI), and the background/cell ratio (8). The cut-off value of FI was 70. Three images were taken for each sample, and samples with two or more images classified as positive were defined as ‘positive’. For positive pre-classified samples, the software tool of the Helios system recognizes the pattern of the captured image by using SVM (Support Vector Machine) algorithm. The system also provides automatically predicted endpoint titers based on the measured FI. Since the Helios software has not accommodated the ICAP classification yet, it reports staining patterns as following: homogeneous, speckled, centromere, nuclear dots, nucleolar, nuclear envelope, and cytoplasmic (22, 23).

After all automated procedures, two experienced observers initially interpreted the stored digital images independently without knowledge of the suggested interpretation of Helios, and if the two experts disagreed, a consensus was reached by discussion. As recommended by ICAP, we endeavor to report all 29 HEp-2 cell IFA patterns in standardized nomenclature. To compare the patterns by visual reading with Helios reading, we assigned AC-1 as homogeneous; AC-2, AC-4, AC-5, AC-29 as speckled; AC-3 as centromere; AC-6, AC-7 as nuclear dots; AC-8, AC-9, AC-10 as nucleolar; AC-11, AC-12 as nuclear envelope; AC-15 to AC-23 as cytoplasmic; and AC-13, AC-14, AC-24 to AC-28 as others. In case of the samples referred for screening tests only, positive samples were not proceeded with any further dilution and reported as positive with patterns. In case of the samples referred for titration tests, positive samples identified using the standard 1:80 dilution in the screening mode were further diluted. The classical endpoint titers based on the visual reading of the images from serial dilution were reported with patterns. For quality control, two standards (one positive and one negative) provided in the test kit, and two patient serum samples [one positive having a homogeneous (AC-1) pattern with a titer of 1:320 and one negative (AC-0)] were tested in parallel.



Statistical Analysis

By using visual expert reading as a standard, true positive (TP) was defined as visual-positive and Helios-positive; false positive (FP) as visual-negative and Helios-positive; false negative (FN) as visual-positive and Helios-negative; and true negative (TN) as visual-negative and Helios-negative. Relative sensitivity was calculated as TP/(TP + FN) × 100, and relative specificity was calculated as TN/(TN + FP) × 100. The degree of concordance between Helios and visual readings was assessed by overall agreement (oa) percentage or by Cohen’s κ. The oa percentage was calculated as (TP + TN)/(TP + FP + FN + TN) × 100. Cohen’s κ values is defined as (oa - ca)/(1 - ca), where ca is hypothetical probability of chance agreement calculated as [(TP + FP)(TP + FN) + (FN + TN)(FP + TN)]/(TP + FP + FN + TN)2. Cohen’s κ values were interpreted as follows: ≤ 0.20 as poor, 0.21–0.40 as fair, 0.41–0.60 as moderate, 0.61–0.80 as good, and 0.81–1.00 as very good agreement (30). Fisher’s exact test was used for comparison of proportions. The turnaround times (TATs) were defined as follows: TAT[1], the time from blood sampling to sample receipt; TAT[2], the time from sample receipt to results reporting; and TAT[Total], the time from blood sampling to results reporting. Normality test for distribution of age and TATs was performed by D’Agostino-Pearson test. Mann-Whitney U test was used to compare TATs before and after the use of the Helios system. All statistical analyses were performed using R software version 3.6.1, and graphics were prepared using GraphPad Prism software version 6.0. P values < 0.05 were considered statistically significant.




Results


Study Population

The clinical and demographic characteristics of patients subjected to ANA testing are summarized in Table 1. A total of 3,276 consecutive serum samples were obtained from 3,164 patients [60.4% female; median age (interquartile range), 53.7 (37.9–64.1) years]. Single, two, and three samples per patient were collected from 3,057 (96.6%), 102 (3.2%), and 5 (0.2%) patients, respectively. The ANA tests were requested by the Departments of Rheumatology (44.9%), Internal Medicine other than Rheumatology (25.5%), Dermatology (11.6%), Neurology (6.6%), Pediatrics (5.7%), and others (5.7%).


Table 1 | Clinical and demographic characteristics of consecutive patients referred for ANA IFA tests.





Positive/Negative Discrimination

The analytical performance of Helios automated reading for discriminating between positive and negative ANA results is summarized in Table 2. Among a total of 3,276 samples, visual reading yielded 748 (22.8%) positive and 2,528 (77.2%) negative results. Of the 748 positive samples by visual reading, 548 (73.3%) were positive and 200 (26.7%) negative by Helios reading. Of the 2,528 negative samples by visual reading, 16 (0.6%) were positive and 2,512 (99.4%) negative by Helios reading. Using visual reading as the reference standard, the overall relative sensitivity, relative specificity, and concordance of Helios reading were 73.3, 99.4, and 93.4% (κ = 0.80), respectively.


Table 2 | Analytical performance of Helios automated ANA IFA analyzer for positive/negative discrimination.



Of the total samples requested for ANA testing, 1,575 were assigned for screening and 1,701 for titration (Figure 1). The relative sensitivity of Helios reading was found to be significantly higher in samples requested for titration compared with screening (77.3 vs. 66.6%, P < 0.005; Table 2). To investigate the impact of the inclusion of weakly positive samples on analytical performance of Helios reading, we compared the analytical performance between inclusion and exclusion of weakly positive samples in samples requested for titration. The relative sensitivity, relative specificity, and concordance of Helios reading were found to be significantly higher in samples with titers ≥ 1:160 compared with titers ≥ 1:80 (95.8 vs. 77.3%, P < 0.0001; 99.9 vs. 99.4%, P < 0.05; 99.2% (κ = 0.97) vs. 93.3% (κ = 0.82), P < 0.0001, respectively; Table 2).



Discrepancy Analysis

Discrepancies between Helios and visual readings for positive/negative discrimination are summarized in Table 3. Among a total of 200 false negative samples, only 106 were referred for titration tests. The titration data revealed that 105 (99.1%) had a titer of ≤ 1:160, and the remaining one (0.9%) had a titer of 1:320 with an intercellular bridge pattern (AC-27). These samples were derived from patients with SLE (n = 8), SjS (n = 4), rheumatoid arthritis (RA; n = 13), autoimmune hepatitis (n = 1), infection (n = 12), and other conditions (n = 68). Of the 16 false positive samples, all samples had a automated endpoint titer of ≤ 1:160, and were derived from patients with SjS (n = 1), infection (n = 3), malignancy (n = 2), RA (n = 2), neuropathy (n = 1), skin disease (n = 5), proteinuria (n = 1), and cerebral infarction (n = 1).


Table 3 | Discrepancy analysis of positive/negative discrimination between Helios and visual readings according to ANA pattern and titer.





Pattern Recognition

For samples showing single patterns by both Helios and visual readings, the overall agreement between Helios and visual readings was 70.1% (298/425)(Table 4). The agreement rates for individual patterns were as follows: 77.5% (79/102) for homogeneous, 73.7% (151/205) for speckled, 69.7% (23/33) for centromere, 100% (2/2) for nuclear dots, 91.3% (21/23) for nucleolar, 0% (0/1) for nuclear envelope, and 40.7% (22/54) for cytoplasmic. Helios system incorrectly identified 18.6% (19/102) of homogeneous as speckled; 22.9% (47/205) of speckled as homogeneous; and 30.3% (10/33) of centromere as speckled. Cytoplasmic patterns were incorrectly identified as various patterns.


Table 4 | Agreement between Helios and visual readings for pattern recognition in samples with single pattern.



For samples showing mixed patterns, the overall agreement between Helios and visual readings was 72.4% (89/123)(Table 5). As the Helios software can suggest only one pattern, if the suggested pattern was one of the mixed patterns by visual reading, it was considered concordant.


Table 5 | Agreement between Helios and visual readings for pattern recognition in samples with mixed pattern.





Endpoint Titer Estimation

For samples showing single patterns by both Helios and visual readings, by regarding within ± one titer difference as acceptable, the overall agreement between automated and classical endpoint titers was 75.9% (211/278) (Table 6 and Figure 2A). The agreement rates between automated and classical endpoint titers, categorized as 1:80, 1:160, 1:320, 1:640, 1:1,280, 1:2,560, and 1:5,120 were as follows: 100% (57/57), 100% (44/44), 81.8% (45/55), 40.0% (16/40), 32.4% (11/34), 83.3% (20/24), and 75.0% (18/24), respectively.


Table 6 | Agreement between automated and classical endpoint titers in 278 samples showing single pattern by both Helios and visual readings.






Figure 2 | Error grid analysis of concordance between automated and classical endpoint titers. Differences between automated endpoint titer by Helios reading and classical endpoint titer by serial dilution among true positive samples with single pattern referred for ANA titration test only are shown in error grid and scatter plots. (A) A total of 278 true positive samples with single pattern. (B) 51 samples with the same homogeneous pattern by Helios and visual reading. (C) 106 samples with the same speckled pattern by Helios and visual reading. (D) 17 samples with the same centromere pattern by Helios and visual reading. (E) 12 samples with the same nucleolar pattern by Helios and visual reading. (F) 12 samples with the same cytoplasmic pattern by Helios and visual reading. Each circle represents an individual sample. Circles in the green zone indicate samples with the same titer between automated and classical endpoint titers. Circles in the blue zone indicate samples with ± one titer difference between automated and classical endpoint titers. Circles outside the two zones indicate error results with > ± one titer difference. ANA, antinuclear antibody.



Concordance and error rates of automated endpoint titer were analyzed according to ANA pattern and the degree of titer difference in a total of 200 samples showing the same pattern by both Helios and visual readings (Table 7 and Figures 2B–F). Of these samples, 60 (30.0%) had the same titer, 148 (74.0%) were within ± one titer difference, and 52 (26.0%) had more than ± one titer difference. In error results with more than ± one titer difference, automated endpoint titers of homogeneous patterns were significantly higher than classical endpoint titers (P < 0.0001), whereas those of speckled patterns were significantly lower (P < 0.01). The titer agreement for individual patterns, presented in descending order, were as follows: cytoplasmic (91.7%) > homogeneous (86.3%) > nucleolar (75.0%) > speckled (71.7%) > centromere (47.1%). Cross-tabulated data about automated and classical endpoint titers for individual patterns are presented in Supplementary Tables 1–5.


Table 7 | Concordance and error rates of automated endpoint titer according to ANA pattern and the degree of titer difference.





Time and Cost Analysis

TAT and reagent consumption before and after the adoption of the Helios system in routine clinical practice were compared (Table 8). Our data showed that the median total TAT was significantly shortened from 100.6 h to 55.7 h after the introduction of Helios (P < 0.0001). Moreover, routine use of the Helios system also reduced the consumption of slide wells per test from 4 to 1.5.


Table 8 | TAT and reagent consumption for ANA tests before and after the routine use of Helios system.






Discussion

To the best of our knowledge, this is the most extensive single-center investigation assessing the performance, titration capability, TAT, and cost-effectiveness of Helios, a fully automated analyzer used for daily ANA IFA testing in a large set of consecutive patients with suspected SARD in a real-life setting. In this study, the overall relative sensitivity, relative specificity, and concordance of Helios reading was 73.3, 99.4, and 93.4% (κ = 0.80), respectively, which varied considerably from values obtained in several previous studies using various automated analyzers (23–26). The analytical performance of automated systems is significantly affected by factors such as sample selection bias, prevalence, inclusion rate of weakly positive samples, and the individual device being tested (8, 22, 31). Our subgroup analysis showed that the relative sensitivity and concordance with visual assessments were superior in titration samples compared with screening samples (Table 2). This observation is consistent with a previous study comparing samples processed at university and private laboratories (27). In screening samples, a low prevalence of SARD is usually expected (32). Our observation supported this expectation that the proportion of samples requested by the department of rheumatology showed a significantly higher percentage of titration samples compared with screening samples (64.7 versus 23.5%, P < 0.0001; Table 1). Additional analysis regarding weakly positive samples demonstrated that the analytical performance was better in cohorts with a low proportion of weakly positive samples than with a high proportion of weakly positive samples, consistent with previous results (28). This is supported by our observation that excluding weakly positive samples improves the concordance (Cohen’s κ) from 0.82 to 0.97.

In the present study, among a total of 3,276 samples, Helios mistakenly identified 200 (6.1%) as false negatives and 16 (0.5%) as false positives, suggesting that Helios missed a considerable number of visually positive cases. The main reason for this higher proportion of false negatives may be due to the inclusion of more samples with borderline FI from consecutive patients with suspected SARD than from well-defined patient groups. Previous studies also reported that automated ANA IFA systems have difficulties in differentiating negative and weakly positive samples (8, 20, 22, 33). This notion is consistent with our data showing that almost all false negatives had low titers (1:80 or 1:160). Recently, the ACR and the European League Against Rheumatism (EULAR) released new SLE criteria based on a scoring system including a positive ANA at a titer ≥ 1:80 by IFA occurring at least once as an entry criterion to ensure high sensitivity (34, 35). Our data showed that 8 of 106 false negative samples referred for titration missed by Helios were derived from SLE patients (Supplementary Table 6). This implies that the performances observed during routine laboratory use of the automated systems are not yet satisfactory. We further investigated the system’s positive/negative discrimination parameters regarding such false negative samples. Interestingly, 34% (68/200) had at least one image over the FI cut-off of 70, including 5 of 8 SLE samples. To avoid missing such cases, it would be helpful to check each image’s FI on the user interpretation module. Besides, adjusting the cut-off values could further increase the sensitivity of automated systems (26).

Our study showed that the overall concordance rates of pattern recognition between Helios and visual readings were 70.1% for single patterns and 72.4% for mixed patterns, which were similar to Daves et al.’s data (23). However, these values were lower than those in other previous studies (83.7–92.3%) (24, 26, 29). Such variation among studies may be due to the difference in the automated systems and reagents being used. Furthermore, our data showed that concordance rates varied from 0 to 100% according to individual patterns. The Helios system correctly recognized over 70% of homogeneous, speckled, centromere, nucleolar, and nuclear dots patterns, but less than 50% of nuclear envelope and cytoplasmic patterns, which, except for cytoplasmic patterns, is in line with previous studies (23–25, 29). Our data revealed that Helios incorrectly identified 22.9% (47/205) of speckled pattern as homogeneous. By further investigation, of these 47 cases, 35 (74.5%) were nuclear dense fine speckled (AC-2) pattern. Data from an international internet-based survey reported that AC-2 pattern was recognized with significantly lower accuracy and most often confused with homogeneous or other speckled patterns (36). Therefore, it is necessary to make a careful review of homogeneous patterns suggested by the Helios system. Collectively, these findings indicate that the analytical performance of Helios for pattern recognition is not fully satisfactory from a perspective of routine laboratory practice, still requiring expert intervention for a considerable number of assigned patterns.

Considering results within ± one titer difference as acceptable, the overall agreement between automated and classical endpoint titer was 75.9% (Table 6), consistent with previous studies (23, 24, 29). For samples with the same single patterns by both Helios and visual readings (Table 7), the overall error rate was 26.0%, similar to previous reports (25, 29, 37, 38). The high error rates may be due to the single-well titration method that most automated systems currently use. Won suggested the multi-well (2 or 3 wells) based line slope titration method to improve the accuracy (37). Moreover, our analysis on pattern dependency of automated endpoint titer prediction demonstrated that Helios predicted higher titers for homogeneous patterns but lower titers for speckled patterns, consistent with a previous study (37). The centromere pattern (AC-3), which possesses a lower overall fluorescence than the other common patterns, had a lower concordance rate of 47.1%, and most of the error results had lower titers (41.2%), in line with Zeng et al (25). We speculate that these phenomena are due to the different total amounts of fluorescent signals measured according to patterns. Taken together, these findings suggested the use of pattern-specific cut-off values or multi-well titration method to increase the accuracy of automated endpoint titer results.

In addition to the analytical performance of the automated system, hands-on time and material cost are essential concerns in a routine clinical laboratory. Helios shortened the TAT to nearly half of that seen using manual methods and decreased the number of slide wells used by two-thirds by adopting automated endpoint titer predictions as a guide before performing titer evaluation. Before implementing the Helios system in our laboratory, the workflow from sample preparation to results required approximately two working days, limiting our ability to perform ANA testing to two or three times per week. After the introduction of the Helios system, the ANA IFA test could be performed every working day. For well count saving, before the introduction of the fully automated system, all titration samples were serially diluted from 1:40 to 1:320, screened, and reported with intensity. After introducing the Helios system, the titration samples were screened at 1:80 dilution, and if positive, further dilution was done based on the automatically predicted endpoint titer, enabling us to reduce the number of wells used.

There were some limitations to our research. First, our study included a small number of specific patterns, such as nuclear dots and nuclear envelope patterns, limiting our ability to accurately assess the accuracy of the Helios system for these patterns. Second, we did not include the ENA or the patients’ disease status when confirming patterns by visual reading, as the goal of this study was to assess the level of concordance between automated results and human assessments under real-life working conditions. Evaluation of the Helios system in the context of these additional factors will be investigated in a future study. Finally, the possibility of inter-observer reading bias cannot be ruled out in a single-center study. This is supported by our analysis of the two expert reading results showing overall inter-observer agreements of 86.7% (κ = 0.69) for positive/negative discrimination and 85.4% for pattern classification. Therefore, a multicenter study will be required to overcome the readers’ subjectivity in a single-center study (9).

In conclusion, Helios, the fully automated ANA IFA analyzer showed good agreement in distinguishing between positive and negative results. However, it still has limitations in positive/negative discrimination, pattern recognition, and endpoint titer prediction, requiring additional validation of results by human observers. Helios provides significant advantages in routine laboratory ANA IFA work in terms of labor, time, and cost savings. We hope that upgrading and developing softwares with more reliable capabilities will allow automated ANA IFA analyzers to be fully integrated into the routine operations of the clinical laboratory.
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Objectives

The aim of our study was to determine whether there is a correlation between transcription factors expression and Th17/Treg ratio, cytokine profile in the RA phenotype as well as to identify transcription factors that could be a potential biomarker for RA.



Methods

The study was conducted on 45 patients with RA, 27 patients with OA and 46 healthy controls (HCs). Th17 and Treg frequency was determined by flow cytometry (15 patients with RA/OA and 15 subjects of HC). Gene expression was estimated by qPCR, and the serum cytokine levels were determined by ELISA.



Results

The percentage of Treg (CD4+CD25highCD127-) cells in RA patients was lower than in OA patients or HCs. Proportions of Th17 (CD4+CCR6+CXCR3-) cells were higher in RA and OA in comparison to HCs. STAT5 showed a very high expression in the blood of RA patients compared to healthy subjects. The expression of STAT5 and HELIOS was not detected in Th17 cells. A positive correlation between SMAD3 and STAT3 in RA patients was observed. Negative correlations between HIF-1A and SMAD2 in RA Treg cells and DAS-28 score were observed. The range of serum of IL-17 and IL-21 were higher in RA patients than in OA patients. Concentrations of serum IL-2 and IFN-γ were higher in RA and OA patients than in healthy subjects. Based on the ROC analysis, the diagnostic potential of the combination of HIF1A, SMAD3 and STAT3, was determined at AUC 0.95 for distinguishing RA patients from HCs. For distinguishing RA patients from OA patients the diagnostic potential of the combination of SMAD2, SMAD3, SMAD4 and STAT3, was determined at AUC 0.95.



Conclusion

Based on our study, we conclude that SMAD3 and STAT3 could be potential diagnostic biomarkers for RA.
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Introduction

Rheumatoid arthritis (RA) is a chronic autoimmune disease of multifactorial origin (1). Although the pathogenesis of RA is incompletely understood, today we know that induction and progression of the disease is characterized by an abnormal regulatory T cell (Treg) response with a shift towards a Th17 cell response (2, 3). However, the mechanism behind this phenomenon remains unclear. Moreover, the connection of the Th17/Treg cells imbalance with pro-/anti-inflammatory cytokines production is relevant for the development and/or progression of the disease, which is in turn associated with the autoimmunity, chronic inflammation and articular destruction in the joints of RA patients (4, 5).

Th17 cells and Treg cells, each with specific functions and gene expression, develop from the same naive CD4+ T cells, but under different cytokine environment (3). Typical pro-inflammatory Th17 cells, through the induction of proinflammatory cytokines, lead to autoimmune-derived tissue inflammation and joint damage. Furthermore, the activity of Th17 cells, as well as other effector T cells, is suppressed by Treg cells. Treg cells through the production of anti-inflammatory cytokines, are immunosuppressive, maintenance self-tolerance and inhibit autoimmunity. Th17 and Treg cells are characterized by the selective expression of distinct transcriptional factors. RORc (retinoic acid receptor-related orphan receptor variant 2) is characteristic for Th17 cells, whereas FOXP3 (forkhead transcription factor) for Treg cells (6–8). IL-6, IL-21, and IL-23 activate signal transducers and activators of transcription (STAT3), which is critical for Th17 cell differentiation. In contrast, IL-2–STAT5 pathway has been demonstrated to block Th17 differentiation (7, 9, 10). TGF-β alone leads to the activation of the SMAD2 (Sma- and Mad-related protein2) and SMAD3 (Sma- and Mad-related protein 3), which are essential for the activity of the FOXP3 gene and FOXP3 histone acetylation (11, 12). Moreover, activation of the IL-2–STAT5 pathway by transcriptional factor HELIOS (Ikaros family zinc-finger protein 2; IKZF2) ensures Treg survival and stability (13, 14). Th17/Treg balance is also modulated by hypoxia-inducible factor 1α (HIF-1A) and suppressor of cytokine signaling (SOCS) proteins. HIF-1A promotes Th17 differentiation by induction of RORc2 and in consequence, activates Th17 signature genes, but on the other hand, it inhibits Treg differentiation by FOXP3 protein degradation. SOCS1 by regulating the IL-2–mediated STAT5 signaling pathway negatively regulates the Treg number, but on the other hand, SOCS1 inhibits loss of FOXP3 and conversion of Tregs to Th1 cells or Th17 cells.

Since a decrease in Treg cells and an increase in the Th17 cells drives the expansion of autoimmunity in patients with RA, establishing the molecular mechanism of Th17/Treg-related transcriptional factors as well as cytokines regulation is essential for understanding RA development and progression. Our study aimed to determine whether there is a correlation between expression of transcription factors and Th17/Treg ratio, cytokine profile in the RA phenotype as well as to identify transcription factors that could be potential diagnostic biomarkers for RA.



Patients and Methods


Study Population

The study was conducted on a group of 45 RA patients, 27 osteoarthritis (OA) patients and 46 healthy controls (HCs). Gene expression in blood and cytokine profile was estimated for 45 RA patients, 27 OA patients and 46 healthy controls. Furthermore, the gene expression in Th17/Treg cells was estimated for 15 RA patients, 15 OA patients and 15 healthy subjects. This study meets all criteria contained in the Declaration of Helsinki and was approved by the Ethics Committee of the National Institute of Geriatrics, Rheumatology, and Rehabilitation, Warsaw, Poland (approval protocol number 29 June 2016). All participants gave their written informed consent before enrolment. Patients with RA and OA were recruited from the National Institute of Geriatrics, Rheumatology and Rehabilitation in Warsaw, Poland. All RA patients fulfilled the American College of Rheumatology (ACR 2010) criteria for RA. Patients with OA were diagnosed based on characteristic x-ray findings and the absence of features suggestive of inflammatory arthritis and must meet the ACR criteria for OA of the knee. RA and OA patients with an active infection, cancer or other rheumatological diseases were excluded from the study. The control groups consisted of healthy volunteers who do not show any clinical or laboratory signs of autoimmune diseases. They were randomly selected from blood bank donors to match the patients in age, gender, and ethnicity. Patients and control subjects had the same socioeconomic status and were from the same geographical area.

Patients eligible for the study were evaluated based on physical examination and laboratory tests. Age, gender, disease duration, tender and swollen joints number, C-reactive protein (CRP), erythrocyte sedimentation ratio (ESR), platelets (PLT) and creatinine, presence of rheumatoid factor (RF ≥34 IU/ml), presence of anti-CCP antibodies (anti-cyclic citrullinated peptide autoantibodies, aCCP ≥17 U/ml), disease activity score in 28 joints (DAS-28), visual analog scale (VAS, range 0–100), Larsen score, and the information about the treatment were collected at the time of the clinical materials sampling. Demographic and clinical characteristic of patients is summarized in Table 1.


Table 1 | Demographic and clinical characteristic of the study population.





Detection of Th17 and Treg Cells by Flow Cytometry

Peripheral blood mononuclear cells (PBMCs) were isolated by density gradient centrifugation using Ficoll-Paque (GE Healthcare Bio-Sciences, Uppsala, Sweden). Cells were cultured in RPMI 1640 medium (Invitrogen, Paisley, UK), 10% heat-inactivated fetal bovine serum (FBS) (Gibco, Thermofisher, USA), 100 U/ml penicillin and100 μg/ml streptomycin (Sigma-Aldrich) for 12 h. The cells were then harvested and stained for respective membrane antigens using anti-CD4 APC-Cy7, anti-CD25 PE, anti-CD127 FITC, anti-CCR6 APC, and anti-CXCR3 PE-Cy7 murine Abs. After the washing step, cells were acquired, analyzed and sorted using a FACSAria cell sorter/cytometer and Diva software. Dead cells were excluded from analysis by 7AAD staining. All reagents used in flow cytometry analysis were purchased from Becton Dickinson (San Jose, CA, USA). Gating strategy is presented in Figure 1S in Supplementary Files.



RNA Isolation from Whole Blood

Total RNA was extracted from the whole blood using AA Biotech MicroRNA Concentrator (A&A Biotechnology, Poland) with Trizol Reagent (Invitrogen). The quantity and quality of isolated RNA were evaluated by Quawell Q5000 spectrophotometer. cDNA was prepared using High Capacity cDNA Reverse Transcription with RNase Inhibitor Kit (Applied Biosystems, Foster City, CA), according to the manufacturer’s instruction.



RNA Isolation from Th17 and Treg Cells

Total RNA was extracted from the Th17 and Treg cells using miRNeasy Micro Kit (Qiagen, Germany). The quantity and quality of isolated RNA were evaluated by Quawell Q5000 spectrophotometer. Total RNA obtained during isolation was used to perform the reverse transcription reaction. A commercially available High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Carlsbad, CA, USA) was used for this purpose according to the manufacturer’s instructions. The synthesized cDNA was stored at −30°C. To increase the sensitivity of further analysis, pre-amplification of cDNA originating from reverse transcription reaction was done using TaqMan® PreAmp Master Mix Kit (Applied Biosystem) according to the manufacturer’s instructions.



Gene Expression

For analysis of the transcription factors expression following TaqMan primer and probes (Assay; Applied Biosystems, Foster City, CA, USA): FOXP3 (Hs01085834_m1), RORc2 (Hs01076112_m1), SMAD2 (Hs00998187_m1), SMAD3 (Hs00969210_m1), SMAD4 (Hs00929647_m1), STAT3 (Hs00374280_m1), STAT5a (Hs00559647_m1), HIF-1A (Hs00153153_m1), SOCS1 (Hs00705164_m1), HELIOS (Hs00212361_m1), GAPDH (Hs02786624_g1), and RPLO (Hs99999902_m1) were used. All assays were guaranteed for their PCR efficiency of 100 ± 2%. For one probe we used: 5ul of the TaqMan Gene Expression Mix (Applied Biosystems, Foster City, CA, USA), 0,5ul Assay, 2ul cDNA and 2,5ul H2O. The real-time PCR condition was Hold Stage: 50°C for 2 min and 95°C for 10 min, and PCR Stage: 40 cycles at 95°C for 15 s and 60°C for 1 min. Each sample was analyzed in duplicates and mean Ct value was taken for further analysis. Ct value higher than 35 was taken as below quantification. The most relevant housekeeping gene has been selected and the relative expression was calculated by ΔΔ Ct method or ΔCt method (normalized to GAPDH and RPLO as reference gene in the case of analysis in whole blood, in the case of sorted Th17 and Treg cells- RPLO) using Quant Studio 5 real-time PCR System (Applied Biosystems, Foster City, CA, USA).



Detection of Protein Levels

For quantitative determination of cytokine serum levels, the samples from RA and OA patients and healthy subjects were separated from peripheral venous blood at room temperature and stored at −86°C until analysis. Levels of Il-17A (pg/ml), IL-17F (pg/ml), IL-10 (pg/ml), TGF-β (pg/ml), IL-23 (pg/ml), IL-21 (pg/ml), IL-22 (pg/ml), IFN-γ (pg/ml), IL-35 (pg/ml), IL-6 (pg/ml) were determined using commercially available enzyme-linked immunosorbent assay (ELISA) kits according to the manufacturer’s instructions (Fine Test, Wuhan, China). The optical density was measured at 450 nm with an automatic ELISA reader (LT-4000 Microplate Reader, Labtech).



Statistical Analysis

Data were analyzed using GraphPad Prism software version 8.4.2. The Shapiro–Wilk test was used as a normality test. Statistical significance between relative gene expression adjusted by age in RA patients or OA patients in comparison to healthy blood donor was determined using the logistic regression. Patients classification was considered as a general binary classification and a predictor vector (gene expression and age) and response variable y (corresponding group HC or RA/OA). Differences in basal gene expression from sorted cells and protein levels between study groups were determined using non-parametric Kruskal-Wallis test and Dunn’s multiple comparison test or Mann-Whitney U test. Differences between cell populations in groups of patients (HC vs OA vs RA) were analyzed by the ordinary one-way ANOVA with multiple comparisons (when data were normally distributed) or Kruskal-Wallis test with multiple comparisons (when data were not normally distributed). For all tests, a value of p < 0.05 was considered significant. Correlation analysis has been conducted using Spearman or Pearson test. The receiver operating characteristic (ROC) curves analysis, the area under curves, the likelihood ratio chi-square, and p-value obtained by multivariable logistic regression analysis were calculated.




Results


Frequencies of Th17 and Treg Cells in Peripheral Blood in Rheumatoid Arthritis Patients, Osteoarthritis Patients, and Healthy Subjects

At first, the Th17 and Treg cells frequencies were determined in PBMCs using flow cytometry (Figure 1S in Supplementary Files). For this part of our study, we used blood from 15 RA patients, 15 OA patients and 15 healthy subjects. The percentage of Treg (CD4+CD25highCD127-) cells in RA patients (5, 9%; 4–12, 10%) were lower than in OA patients (11, 40%; 5, 10–18, 20%) or blood of HCs (8, 9%; 4,60–17, 50%). However, the difference was statistically significant only for RA vs OA comparison (Figure 1A). We observed that the expression of CD25 on Treg obtained from both RA and OA patients were statistically significantly higher than in HC persons (Figure 1B). Proportions of Th17 (CD4+CCR6+CXCR3-) cells were significantly higher in RA (19, 1%; 11, 4–24%) and OA (17, 9%; 10; 2–25, 7%) in comparison to HCs (10, 3%; 3, 9–20, 5%) (Figure 1C). On the other hand, Th17 RA was characterized by lower expression of CCR6 than Th17 HC (Figure 1D). We created also the Treg/Th17 ratio index to assess balance between anti-inflammatory and proinflammatory subsets of CD4 cells in blood. We found that Treg/Th17 ratio index in RA patients was lower than in HC clearly indicating disturbance in Th response (Figure 1E). In RA patients, Th17 cells were five to six times more frequent than Treg cells, while in OA patients and healthy subjects Th17 cells were 1.5 to 2 times more frequent than Treg cells.




Figure 1 | Flow cytometry analysis of Treg and Th17 lymphocyte subpopulations in HC (n = 15), RA (n = 15), and OA (n = 15) blood. Percentage of Tregs cells among CD4 cells (A). Expression of CD25 on Tregs (B). Percentage of Th17 cells among CD4 cells (C). Expression of CCR6 on Th17 (D). Treg/Th17 ratio (E). *p < 0.05, **p < 0.005, ***p < 0.0005.





Transcriptional Factors Expression in Whole Blood and Th17/Treg Cells

As the Th17/Treg balance is regulated by different transcriptional factors, in this study we determined the transcriptional factor mRNA level in whole blood and both FACS-sorted Th17 and Treg cells using qPCR.

First, we investigated the mRNA levels of FOXP3, RORc, SMAD2/3/4, SOCS1, HIF-1A, STAT3, and STAT5 in whole blood of patients with RA, OA as well as in healthy controls (HCs). Presented results are adjusted by age, because analyzed groups were significantly different in the aspect of this parameter. We observed that RA patients were characterized by significantly higher level of HIF-1A (p = 0.0468), SOCS1 (p = 0.0065) when compared with healthy subjects. Difference between SMAD3 in RA and HC was at the border of statistical significance (p = 0.051). STAT3 (p = 0.38) and STAT5 (p = 0.069) did not differ when compared expression in RA patients with healthy subjects (Figure 2). In the case of STAT5, very high range of expression was noted. Furthermore, OA patients were characterized by higher level of SMAD2 (p = 0.013), STAT5 (p = 0.0505), FOXP3 (p = 0.0018) when compared with healthy donors. In the present study all of the analyzed genes, excluding FOXP3 and RORc, revealed higher mRNA expression levels in RA patients in comparison to OA patients. The expression of HIF-1A, SMAD3, SMAD4, and STAT5 in whole blood was higher in RA patients than in OA patients. The results of FOXP3 and RORc mRNA expression have shown an inverse trend; patients with RA revealed lower FOXP3 and RORc mRNA expression in comparison with OA patients (p = 0.001 and p= 0.02, respectively). Because in our analyzed groups, age was significantly different, we have checked the difference between gene expression in 1) RA patients in age < 60 vs ≥60; 2) HC vs RA in age <60 and 3) RA vs OA in age >60. Between RA patients (< 60 vs ≥60), we did not observe significant changes. Comparison HC and RA aged to 60 years old (data not shown) revealed significantly higher mRNA HIF-1A level (p = 0.02) and SOCS1 level (p = 0.001) in healthy subjects, whereas STAT3 expression was higher in RA patients (p = 0.0031). When compared patients over 60 years old who suffered from RA and OA, we did not detect any significant difference in genes expression.




Figure 2 | Basal expression of analyzed genes in whole blood in RA, OA and HC (HC relative expression is taken as 100%). Data are presented as mean ± SEM. Significance at p < 0.05 (comparison RA and OA to HC, adjusted by age). *p < 0.05; **p < 0.01.



Next, we investigated the mRNA levels of all genes in Th17 and Treg cells in patients with RA, OA as well as in healthy controls (Figure 3). We demonstrated that in all study groups (RA, OA, HCs) the expression of STAT5 and HELIOS was not detected in Th17 cells and that STAT5 mRNA expression in Treg cells was at a very low level. HIF-1A expression was significantly higher in Th17 cells from HC than in Th17 cells from OA patients (p = 0.04). Although SMAD2 expression was at a low level in Th17 cells, we noticed that SMAD2 expression was significantly higher in the healthy subjects compared to RA or OA patients (p = 0.04 and p = 0.006, respectively). In comparison between Th17 and Treg cells, the level of SMAD2 expression was significantly higher in Treg cells from HC (p = 0.0011) and from RA patients (p = 0.017) than in Th17 cells. In RA patients SMAD4 mRNA level was elevated in Treg cells compared with Th17 cells (p = 0.0011). In comparison between Th17 and Treg cells, the level of FOXP3 expression was significantly higher in Treg cells in all analyzed groups (in HC p<0.0001, in RA p = 0.0002, in OA p = 0.0006) than in Th17 cells. We also observed that HELIOS mRNA level was significantly higher in Treg cells from RA patients compared to Treg cells from OA patients (p = 0.017).




Figure 3 | (A) FOXP3, STAT3, SOCS1; (B) HIF-1A, RORC, HELIOS; (C) SMAD2, SMAD3, SMAD4 expression in FACS-sorted Th17 and Treg cells in RA, OA and HC normalized to housekeeping gene (RPLO). Data were presented as individual points with median. Significance at p < 0.05 (multiple comparison Kruskal-Wallis test with Dunn’s post hoc between HC, RA and OA; Mann-Whitney test between Th17 and Treg cells).





Correlation Between Transcriptional Factors Expression in Whole Blood As Well As in Th17/Treg Cells

In the next step, we investigated a correlation analysis to indicate a potential direction for further functional research on the mechanisms of the regulation and cell differentiation.

Data showed that in healthy subjects, in whole blood, very strong correlations between FOXP3 and SMAD3 (r = 0.7, p<0.0001) and between SMAD3 and STAT5a (r = 0.6; p = 0.001; Figure 2S in Supplementary Files) were observed. The expression of SMAD3 was positively correlated with STAT3 (r = 0.99, p < 0.0001, Figure 3S in Supplementary Files) in Treg cells from healthy subjects. In Th17 cells from healthy subjects, we revealed a very high positive correlation between the expression of STAT3 and SMAD3/RORc (r = 0.94, p < 0.001, r = 0.91, p = 0.0001, respectively; Figure 3S in Supplementary Files).

In whole blood of RA patients but not OA patients (Figure 2S in Supplementary Files), we noted a very high correlation between SMAD2 and SMAD4 (r = 0.7, p < 0.0001).

In RA Treg cells (Figure 4S in Supplementary Files A–D) we observed a positive correlation between SMAD3 and STAT3 (r = 0.89, p = 0.001) as well as between HELIOS and SMAD4 (r = 0.86, p = 0.001). Whereas, in OA Treg cells, correlation between HELIOS and SMAD4 did not occur.

Furthermore, in RA Th17 cells (Figure 4S in Supplementary Files E–G) the significant correlation has been observed between expression of SMAD3 and STAT3/RORc/FOXP3 (r = 0.92, p < 0.0001, r = 0.92, p < 0.0001, r = 0.90, p < 0.0001, respectively), expression of FOXP3 and STAT3 (r = 0.91, p < 0.0001), expression of SOCS1 and STAT3 r = 0.94, p < 0.0001). In OA Th17 cells (Figure 4S in Supplementary Files M–P), the highest correlation has been revealed between expression of SOCS1 and STAT3 (r = 0.90, p < 0.0001), expression of SMAD3 and RORc (r = 0.89, p < 0.0001), and expression of SMAD4 and SMAD3 (r = 0.95, p < 0.0001).



SOCS1 and STAT3 Downregulation in Treg Cells and Upregulation in Th17 Cells in Rheumatoid Arthritis Patients With DAS28 > 5.1

Considering the importance of the Th17/Treg-related transcriptional factors in the pathogenesis of autoimmune diseases, we also analyzed whether examined Th17/Treg-related transcriptional factors mRNA expression may have an impact on the RA phenotype. Both, transcriptional factors expression in whole blood as well as in Th17/Treg cells was examined concerning clinical parameters of RA patients.

The expression of all examined genes in whole blood and anti-CCP presence in RA also was investigated, but no significant correlation was found (Figure 5S A in Supplementary Files). We also observed that the expression of STAT5a in whole blood was higher in RA patients with rheumatoid factor (RF) compared with RA patients without RF, but the difference was not significant. SOCS1 mRNA expression in whole blood was comparable between these two groups of RA patients (RF positive and RF negative). Furthermore, the other genes (FOXP3, RORc, SMAD2-4, STAT3) did not reveal statistically significant differences in RA patients with RF comparing to RA patients without RF (Figure 5S B in Supplementary Files). Interestingly, a significantly high correlation between expression of FOXP3 and RORc was detected in RA patients without RF (r = 0.9, p = 0.001, Figure 4). This correlation was not detected in RA patients with RF. In contrast, in RA patients with RF, we showed a high correlation between expression of STAT5a and SMAD2 and SMAD4 (both r = 0.65, p = 0.0003, Figure 6S in Supplementary Files), whereas in RA patients without RF these correlations were not observed.




Figure 4 | Correlation between RF presence and mRNA levels of FOXP3 and RORc in whole blood of RA patients.



In Th17 and Treg cells, we did not note statistically significant differences in genes expression when compared RA patients with anti-CCP or RF and RA patients without anti-CCP or RF (Figure 5S C–F in Supplementary Files).

Next, we analyzed the correlation between the expression of the examined transcriptional factors in whole blood and the DAS28 score in RA patients, however, these results are not significant (Table 1S in Supplementary Files). The correlation between the expression of examined transcriptional factors in RA Th17/Treg cells and the DAS-28 score was also examined (Table 1S in Supplementary Files). We found significant, negative correlations between expression of HIF-1A and SMAD2 in RA Treg cells and DAS-28 score (r = −0.67, p = 0.037 and r = −0.7, p = 0.016, respectively, Figure 5). The expression of other transcriptional factors in Th17 or Treg cells were not associated with DAS-28 score. In RA patients with DAS-28 >5.1, SOCS1, and STAT3 mRNA levels were lower in Treg cells and higher in Th17 cells, however, these differences were not significant (Figure 6). Excluding FOXP3, we observed a tendency for a lower expression of all analyzed genes in Treg cells from RA patients with DAS-28 >5.1. The expression of FOXP3 was 3-times higher in RA patients with DAS-28 >5.1 when compared to RA patients with DAS-28 ≤5.1.




Figure 5 | Correlation between DAS28 score and mRNA levels of HIF-1A (A) and SMAD2 (B) in RA Treg cells, in RA Th17 cells and whole blood of RA patients correlation with DAS28 score.






Figure 6 | (A) Transcriptional factors mRNA level in whole blood in RA patients with DAS-28 >5.1 vs RA with DAS-28 ≤5.1 (relative expression in DAS-28 ≤5.1 was taken as 1), results are shown as mean ± SEM (B, C). Th17/Treg-related transcriptional factors mRNA level in Th17/Treg cells from RA patients with DAS-28 >5.1 vs RA with DAS-28 ≤5.1. Data presented as mean ± SEM (relative expression in DAS-28 ≤5.1 was taken as 1).





Increased Serum Th17-Related Cytokines Levels in Patients With Rheumatoid Arthritis

To characterize the inflammatory environment contribution to the RA pathogenesis, we estimated the concentrations of different, Th17 or Treg-related cytokines (IL-17, IL-21, IL-22, IL-6, IL-10, IL-35, IL-2, IL-23, TGF-β, IFN-γ) in serum samples. The range of serum level of IL-17 and IL-21 was higher in RA patients than in OA patients (p = 0.024 and p = 0.006, respectively; Figure 7). The serum concentration of IL-2 and IFN-γ were significantly higher in RA and OA patients than in healthy subjects (in the case of IL-2 p = 0.0001 and p < 0.0001, respectively and both p = 0.007 in the case of IFN-γ; Figure 7). We also observed that serum levels of IL-21 were significantly higher in healthy subjects than in OA and RA patients (p < 0.0001 and p = 0.006, respectively; Figure 7). Serum concentration of IL-22, IL-6, IL-10, IL-35, and TGF-β were similar in all analyzed groups including healthy controls (Figure 7S in Supplementary Files).




Figure 7 | The serum IL-17, IL-21, IL-2, IL-23, IFN-γ levels detected by ELISA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.



In RA patients we revealed a significant correlation between analyzed serum cytokines levels. A positive correlation was demonstrated between IL-2 and IFN-γ (r = 0.9, p < 0.0001), IL-23 and IFN-γ (r = 0.92, p < 0.0001), IL-10 and IL-17F (r = 0.93, p < 0.0001), IL-17A and IL-17F (r = 0.8, p < 0.0001) as well as between IL-21 and IL-17F (r = 0.69, p < 0.0001) (Figure 8S in Supplementary Files). There were also weak but significant positive correlations between TGF-β and IL-2 (r = 0.59, p = 0.003), IL-22 and IL-17A (r = 0.59, p = 0.004), TGF-β and IFN-γ (r = 0.58, p = 0.003), and TGF-β and IL-23 (r = 0.47, p = 0.021).

In the present study, we also analyzed the correlation between transcriptional factors, mRNA expression and cytokine levels in serum. We observed a weak, but significant positive correlation between STAT3 expression and serum IL-6 levels in RA patients (r = 0.4, p = 0.05, Figure 9S in Supplementary Files), and between SMAD2 expression and serum IL-35 levels in OA patients (r = 0.47, p = 0.05, Figure 9S in Supplementary Files). Meanwhile, we did not find a significant correlation between the expression of other transcriptional factors and serum cytokines levels in both groups of patients as well as in healthy subjects.



Correlation of Th17/Treg Ratio With Transcriptional Factors Expression, Cytokine Profiles, and Rheumatoid Arthritis Disease Activity

The relation between Th17 cells to Treg cells was estimated in RA patients, OA patients and healthy subjects by calculating the Th17/Treg ratio. In healthy subjects, a significant positive correlation between SOCS1 expression and the Th17/Treg ratio was noted (r = 0.8, p = 0.002) (Figure 10S in Supplementary Files). In the case of OA patients, no significant correlation was found between the expression of the examined genes and the Th17/Treg ratio. On the other hand, in OA patients we found a weak, but significant positive correlation between serum IL-10 levels and Th17/Treg ratio (r = 59, p = 0.02). No significant correlation was found with OA patients clinical parameters such as patient age or mean value of CRP/ESR.

In RA patients, we did not find the correlation between the Th17/Treg ratio and the examined genes expression or the levels of cytokines in serum. We only observed that STAT5a expression increased with the increasing Th17/Treg ratio, however, this results were not significant. In the present study, we found no correlation between the Th17/Treg ratio and RA patients clinical parameters such as DAS-28 score, CRP/ESR, VAS score, Larsen score or disease duration.



SMAD3 and STAT3 as Possible Diagnostic Biomarkers for Rheumatoid Arthritis

Based on the receiver operating characteristics (ROC) curve analysis, the diagnostic usefulness of the relative level of mRNA of the analyzed genes in whole blood in the diagnosis of RA, OA as well as “differentiating” RA from OA was determined. Comparison between RA patients and healthy subjects has shown that the area under curve (AUC Figure 8A) was significant for SOCS1 (AUC 0.75, p<0.0001), STAT3 (AUC 0.69, p = 0.002), SMAD3 (AUC 0.66, p = 0.007). Additionally, STAT5a (AUC 0.66, p = 0.017), HIF-1A (AUC 0.66, p = 0.01) and RORc (AUC 0.63, p = 0.03) revealed significant AUC (Table 2S in Supplementary Files). Comparison between OA patients and healthy subjects has shown that the AUC was significant for FOXP3 (AUC 0.81, p<0.0001), RORc (AUC 0.73, p = 0.002) (Table 3S in Supplementary Files), SMAD2 (AUC 0.73, p = 0.003) and STAT5 (AUC 0.68, p = 0.02) (Figure 8B, Table 3S in Supplementary Files). Furthermore, the comparison between RA patients and OA patients has shown that the AUC was significant for FOXP3 (AUC 0.75, p<0.0001), SOCS1 (AUC 0.74, p = 0.001; Figure 8C), SMAD3 (AUC 0.66, p = 0.03) and RORc (AUC 0.65, p = 0.05) (Table 4S in Supplementary Files).




Figure 8 | Schematic illustration of ROC curve to evaluate the diagnostic potential of AUC in whole blood (A). in RA patients and healthy subjects (B), in OA patients and healthy subjects (C), in RA patients and OA patients.



In the next step, analyzed transcriptional factors were tested in a logistic model to found their diagnostic potential. Based on the Likelihood Ratio Test, we selected genes that were key in the logistic regression model in distinguishing RA patients from healthy subjects, RA patients from OA patients and OA patients from healthy subjects. Then the diagnostic value of the biomarker constituting the combination of the selected genes was estimated using ROC analysis. Based on the ROC analysis, the diagnostic potential of the combination of the genes, HIF1α, SMAD3 and STAT3, was determined at AUC 0.95 for distinguishing RA patients from healthy subjects (Figures 9A, B). For distinguishing RA patients from OA patients the diagnostic potential of the combination of SMAD2, SMAD3, SMAD4 and STAT3, was determined at AUC 0.95 (Figures 9C, D). For distinguishing OA patients from healthy subjects the diagnostic potential of the combination of the HIF1α, SMAD2, SMAD3, SMAD4, SOCS1, STAT3, and FOXP3, was determined at AUC 0.98 (Figures 9E, F).




Figure 9 | (A) Likelihood ratio test result in RA and healthy subjects (B) ROC curve and AUC value schematic representation of the logistic regression models for the combination of HIF1A, SMAD3 and STAT3-key in RA patients and healthy subjects differentiation (C). Likelihood ratio test result in RA patients and OA patients (D). Logistic regression models for the combination of in RA patients and OA patients differentiation (E). Likelihood ratio test result in OA and healthy subjects (F) logistic regression models for the combination of HIF-1A, SMAD2, SMAD3, SMAD4, SOCS1, STAT3 and FOXP3 in OA patients and healthy subjects. AIC, Akaike’s Information Criteria; LRT, Likelihood ratio test; Pr(>Chi), p-value corresponding to the Chi-square test compared to α = 0.05 level as significant.






Discussion

Numerous transcriptional factors may regulate the interplay between immune suppression (Treg) and autoimmunity (Th17) in RA patients. The current state of our knowledge in this area is far from being complete and further investigations are needed to reveal a better understanding of the transcriptional factors expression role in the regulation of the Th17/Treg balance and RA susceptibility and severity. Our earlier studies (15) have shown that in the same group of RA patients, as presented in the current manuscript, some relationships exist between miRNA and transcriptional factors mRNA expression in the Th17 and Treg cells. We observed that the expression of miR-26 was positively correlated with SMAD3, STAT3 and SOCS1 expression as well as expression of miR-155 was positively correlated with STAT3 expression in RA Th17 cells. In RA Treg cells a positive correlations were observed between miR-26 and SOCS1, miR-31 and SMAD3 and miR-155 and SMAD3/SMAD4. In contrast, in RA Treg cells a negative correlation was observed between miR-26 and STAT5A (15).

To our knowledge, the current study, which is a continuation of our earlier research (15), for the first time has compared the Th17/Treg-related transcriptional factors mRNA expression profile in the whole blood with the expression profile in Th17 and Treg cells. The main findings of the present study were that 1) SMAD3 and STAT3 may have the highest diagnostic potential in RA patients classification, 2) positive correlation between SMAD3 and STAT3 in RA patients was observed, 3) STAT5a expression was not detected in Th17 cells, 4) Treg/Th17 ratio index in RA patients’ blood was lower than in HC blood, clearly indicating a disturbance in Th response, 5) the range of IL-17 and IL-21 serum levels were higher in RA patients than in OA patients as well as higher serum IL-2 and IFN-γ levels in RA and OA patients than in healthy subjects.

In the present study, we have confirmed results of some previous studies showing INCREASED Th17 cells frequency, as well as Th17/Treg ratio in RA patients (16–22). In contrast to our study, Penatti A et al. (23) have shown that RA patients had lower frequencies of circulating CCR6+CXCR3−Th17 cells and higher frequencies of conventional CD25+ Tregs comparing to the OA patients. These differences could be due to the higher disease activity and corresponding higher doses of the disease-modifying anti-rheumatic drugs (DMARDs) (methotrexate (15–25 mg/week) or leflunomide (20 mg/day) and glucocorticoids (GCs) in our RA patients. Tada Y et al. (24) postulated that FOXP3 expression may be also modulated by the used therapy. They found that FOXP3 expression and the FOXP3/ROR-γt expression ratios were increased after tocilizumab therapy. Furthermore, Cribbs AP et al. (25) found that MTX therapy acts specifically at the FOXP3 upstream enhancer region to increase FOXP3 expression. Both, Tada Y et al., and Cribbs AP et al. did not compare DMARDs therapy with biological therapy. Earlier studies (26) have also shown that GCs treatment diminished IL-17 levels, which is in agreement with our observations. We observed that the serum level of IL-17 was higher in RA patients than in healthy subjects, nevertheless, the difference was not significant. But on the other hand, a pathogenic inflammatory Th17 phenotype may cause resistance to GCs leading to high disease activity in our RA patients. In line with previous studies, we also observed that the range of serum of IL-17 and IL-21 levels were higher in patients with RA compared to OA patients as well as serum IL-2 and IFN-γ levels were higher in RA patients than in healthy subjects (3, 12, 27–30)). The role and biological functions of IL-17 and IL-23 in the RA pathogenesis were very carefully described in our earlier papers (31, 32). Interestingly, IL-21 and IL-23 activate STAT3, which is essential for the differentiation of the Th17 cells (33). Whereas, the production of IL-23 is inhibited by IFN-γ, at the same time it is stimulated by IL-6, STAT3 and RORc (34). Therefore, our data suggest that the reduced expression of some transcriptional factors, as well as lower serum cytokine levels observed in RA patients, might be the result of using therapy, which is a crucial factor that should be taken into account in further studies. We and other authors have confirmed that SOCS1 is highly expressed in Treg cells (35) as well as that SOCS1 may be involved in the Th17 cell differentiation and function (36). On the one hand, overexpression of SOCS1 in whole blood observed in the present study may reflect the ongoing inflammatory process. On the other, it may show that the immune system is trying to overcome the ongoing inflammatory process (37, 38), as upregulated SOCS1 expression may have inhibitory effects on arthritis development. In RA patients with active disease, increased SOCS1 mRNA expression can inhibit the cytokine signaling pathways and potentially prevents the harmful effects of proinflammatory cytokines. However, high serum SOCS1 levels can also suppress the beneficial actions of anti-inflammatory cytokines leading to the breakage of immunoregulatory mechanisms in RA.

In the present report, we also demonstrated that RA Treg cells revealed very high HELIOS and FOXP3 expression levels, which indicates that there is an enrichment for Tregs. Interestingly, P. Zafari et al. (39) suggested that increased FOXP3 gene methylation and increased HELIOS gene expression in whole blood may play an important role in the RA pathogenesis through their effects on promoting Treg’s stability. Moreover, Yang et al. (14) postulated that HELIOS may play an essential role in Treg immunosuppressive function in RA patients, especially in RA patients with high disease activity, as it suppresses Treg’s ability to express effector cytokines. Although we observed higher Treg cells frequency in OA patients than in RA patients, HELIOS gene expression was higher in RA patients than in OA. The reason might be explained by different OA and RA etiopathology. While OA is a predominantly degenerative disease, RA is an autoimmune disease mainly driven by a significant inflammatory response involving both innate and adaptive immune systems (23). The presence of Treg cells in both RA and OA patients may be explained as an attempt by the immune system to control the inflammatory responses (23). However, the much more active disease in RA patients could be due to the complicated inflammatory environment, which might drive to inappropriate Treg cells function.

In our study, except in the case of STAT5A and SMAD2, we did not observe differences in the expression of the analyzed genes between RA patients treated with MTX and RA patients treated with biological therapy. mRNA levels of STAT5A and SMAD2 were higher in RA patients treated with the biological therapy (Figure 11S in Supplementary Files). To the best of our knowledge, the present study is the first showing analysis of SMAD2 expression in RA patients in relation to used therapy. Moreover, we also observed downregulated SMAD2 mRNA levels in RA/OA Th17 cells in comparison to Treg cells. It is an interesting finding in relation to the earlier studies showing that SMAD2 acts as a positive regulator of Th17 differentiation (33, 40). In Th17 cells, phosphorylated SMAD2 acts as a STAT3 co-activator leading to the Th17 cell differentiation, and probably that SMAD2 induces an active chromatin state for Th17 regulation. Our results indicated that Tregs may be possibly skewed toward IL-17–producing Treg cells or this may be an effect of immunosuppressive therapy which is used in most of our RA patients. However, further studies are required to elucidate the detailed molecular role of SMADs in Th17 differentiation. In addition, in Treg cells, STAT5, a key positive regulator of FOXP3 (6, 41), revealed a very low expression level in all examined groups. In contrast, in the whole blood, we observed a very high STAT5 mRNA level in RA patients, but in OA patients STAT5 expression level was comparable with this noted in the healthy subjects. It may be the result of neutrophils and eosinophils presence in the whole blood, which express both STAT5A and STAT5B isoforms (42).

Considering that all examined genes are important transcriptional factors in Th17/Treg balance, we also compared genes expression and their correlation with RA activity. However, we do not observe a significant correlation between examined transcriptional factors and RA activity. We only noticed a tendency that SOCS1 and STAT3 expressions were lower in Treg cells and at the same time higher in Th17 cells in RA patients with DAS-28 >5.1, but the differences were not significant. The lack of correlations between examined transcriptional factors expression and RA activity may be explained by relatively long disease duration and medication, which may overshadow existing interactions. Both MTX and biological therapy may have an impact on the gene expression as well as the proportion and absolute numbers of Th17 and Treg cells. Interestingly, we also observed a negative, although not significant, the correlation between the expression of HIF-1A in RA Treg cells and DAS-28 score. Although HIF-1A was originally discovered as a hypoxia sensor, today it is estimated that HIF-1A gene expression, as well as HIF-1A protein levels, maybe also affected by other relevant factors including reactive oxygen species, leading to HIF-1A proteasomal degradation (43).

One of the objectives of the study was to find a biomarker to distinguish RA and OA. The detection of novel blood biomarkers that could serve for the classification and/or monitoring of the disease progression would be of great importance for RA patients. Peripheral blood is an available and informative source of markers for several diseases. The analysis of gene expression in whole blood may be an informative method used to investigate disease states, examine immune responses as well as identifying biomarkers. The data selected based on the results, which were obtained from the likelihood ratio test, revealed that SMAD3 and STAT3 may be possible diagnostic biomarkers for rheumatoid arthritis. Alikhah A et al. (44) evaluated the expression level of STAT3 as the most important transcription factor in Th17 cell development because it is engaged in the control of the inflammatory processes. High STAT3 expression level may stimulate RORc as well as inhibit STAT5-FOXP3 binding which leads to the destabilization of Treg cells and promotes Th17 differentiation and their function (45). It was reported that STAT3 through the regulation of the proinflammatory pathway, which is important in the RA pathogenesis, is required for the receptor activator of NF-κB (RANK) ligand induction, osteoclast formation, chemokines production and synovitis (46, 47). In addition, previous reports indicated that STAT3 may regulate the HIF1α gene transcription and promotes HIF1α protein stability (47, 48). Single nucleotide polymorphisms (SNPs) located in the STAT3-binding motif could result in either gain or loss of STAT3 binding. SNPs at position rs3024505, rs947474, rs6580224, and rs2293607 (mutant allele) alter STAT3 binding to target genes and suggest that polymorphisms may regulate STAT3-mediated transcription by affecting the expression of factors that are significant for early Th17 cell differentiation. Besides, patients with mutations classified as “gain-of-function” in STAT3 gene had an increased Th17 frequency and a diminished number of Tregs, and this dysregulation of the immune system could explain their autoimmune diseases (49, 50). Moreover, hyperactivation of STAT3 and at the same time lack of STAT5 expression in Treg cells, what was also observed in our study, may simplify the conversion of Treg cells to Th17-like cells, causing an uncontrolled inflammatory response (51, 52). Furthermore, SMAD3, which plays a critical role in the joint homeostasis and repair of cartilage, is one of the key downstream mediators of the transforming growth factor-β (TGF-β) signaling pathway. However, SMAD3 gene expression may be also affected by mutations/SNPs, which lead to the dysregulation of the TGF-β pathway. Arg287Trp mutation creates a protein that is unable to form SMAD3 protein homomers or heteromers with SMAD4, attenuate TGF-β signaling and this may lead to an even greater reduction in functional SMAD3, and therefore a more severe disease phenotype (53). The crosstalk between SMAD3 and STAT3 may regulate SMAD3 functions, suggesting that one or more unknown factors determine the outcomes of their cooperation. Some studies suggested that the peripheral T regulatory 17 (Tr17) cells are more regulatory than classical Tregs (54, 55). Tr17 cells are the activated Treg cells that regulate Th17 cell-dependent autoimmunity in a STAT3-dependent manner. Inhibition of STAT3 activity may probably be sufficient to block inflammation and osteoclast activities in joints. Longitudinal studies would be valuable to determine a diagnostic value of these factors. A better understanding of the SMAD3–STAT3 interaction would help us to find the molecular background of RA and improve therapeutic strategies against inflammatory diseases. Moreover, gene expression analyzed in whole blood may also be influenced by different blood parameters, which varies in individuals or in disease states.

Our study has some limitations. The first is that cells were not sorted immediately after isolation from blood, but after overnight culture. It should be taken into account that the dying cells during the overnight culture secrete various substances that may affect the activation status of other cells. In our experiments, the viability was high (around 95%), but the influence of this mechanism on the results obtained by us cannot be ruled out. Due to the gating strategy we have used, the small Th17 contamination in the Treg population cannot be excluded. Second, in case of age, we have noted significant differences between groups. First of all, blood donors are limited to their age, and second, our OA group was aged than 60 years old patients. Therefore, we adjusted gene expression in whole blood by age. Thirdly, most of our RA patients were on high doses of immunosuppressive therapy, which have a very strong immunomodulatory effect, reduces inflammation, and which may influence gene expression that lead to a lack of correlation between examined genes and RA activity.

In conclusion, our data indicated that SMAD3 and STAT3 may have the highest diagnostic potential in RA patients classification. Moreover, we believe that the presented gene expression profile is another stage in understanding the basic biology/pathogenesis of rheumatoid arthritis and it may lead to more rational treatment strategies. Therefore, the anti-rheumatic drugs and the background of the treatment can affect the results of our study. We suggest that the background of therapy may be a critical factor disturbing the Th17/Treg balance that should be taken into account when planning future clinical studies. Therefore, untreated RA patients should be compared with MTX and/or biologics treated RA patients in further/future study. Identification of specific biomarkers/factors involved in regulation of Th17/Treg balance is important not only in the case of RA but also other various inflammatory and autoimmune diseases. Additionally, the specific biomarkers may also be useful for the diagnosis, classification, prognosis of diseases and prediction of the therapeutic response. Moreover, the expected results will provide knowledge to be used in the future for clinical trials.
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The concept of trained immunity has recently emerged as a mechanism contributing to several immune mediated inflammatory conditions. Trained immunity is defined by the immunological memory developed in innate immune cells after a primary non-specific stimulus that, in turn, promotes a heightened inflammatory response upon a secondary challenge. The most characteristic changes associated to this process involve the rewiring of cell metabolism and epigenetic reprogramming. Under physiological conditions, the role of trained immune cells ensures a prompt response. This action is limited by effective resolution of inflammation and tissue repair in order to restore homeostasis. However, unrestrained activation of innate immune cells contributes to the development of chronic inflammation and tissue destruction through the secretion of inflammatory cytokines, proteases and growth factors. Therefore, interventions aimed at reversing the changes induced by trained immunity provide potential therapeutic approaches to treat inflammatory and autoimmune diseases like rheumatoid arthritis (RA). We review cellular approaches that target metabolism and the epigenetic reprogramming of dendritic cells, macrophages, natural killer cells, and other trained cells in the context of autoimmune inflammatory diseases.
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Introduction

Vertebrate immunity is coordinated by a complex interplay of physical and chemical barriers (epithelia and antimicrobial substances), humoral factors and different cell types that reacts to the continuous exposure to diverse internal and external stimuli. Traditionally, the responses to these challenges have been classified as two independent systems, innate and adaptive immunity.

Innate immunity has been classically defined as a rapid and nonspecific response that comprises biochemical and cellular mechanisms that are present before infection and are considered the first line of defense. It is triggered within minutes after infection but does not generate immune memory because their effectors are germline-encoded. Its main components are the complement system, myeloid cells (neutrophils, monocytes, dendritic cells, and macrophages), natural killer (NK) cells or innate lymphoid cells (ILCs), responsible for molecular recognition and antigen presentation, phagocytosis and elimination of pathogens. In contrast, adaptive immunity is carried out by B and T lymphocytes and has been described as slow and specific. It takes days or weeks to generate an adequate humoral and cellular response, mediated by genetic rearrangement and clonal selection. This results in antigen-specific responses that can induce lasting immune memory.

This dichotomy has changed in recent years and both immune arms are currently considered highly intertwined and collaborative. The dogma establishing the innate system as nonspecific and incapable of adaption or develop immunological memory has been replaced by a model where phagocytosis, microorganism removal or lysis of infected cells are considered as one more specific response. This has been due, at least in part, to the discovery of Pathogen Associated Molecular Patterns (PAMPs), essential microbial components, and the endogenous signs of damage (Damage-Associated Molecular Patterns, DAMPs), which are recognized through the constitutive expression of different families of Pattern-Recognition Receptors (PRRs) (e.g., Toll-like receptors, NOD-like receptors, C-type lectin receptors, RIG-I-like receptors) thus allowing the implementation of an adequate response depending on the type of molecules that are recognized (1–4).



The Concept of Trained Immunity

Mackaness, G.B (5). described in mice that, in addition to generating specific B and T cell memory upon exposure to one pathogen, there is an increase in the innate response that can generate cross-protection against a second pathogen, regardless of its phylogenetic origin. This finding was then attributed solely to CD8 memory lymphocytes. Recently, the issue has sparked renewed interest and multiple works have focused on the activation state of innate immunity against a stimulus and the cross-protection that is generated against a second challenge. This type of “memory” against past inflammatory events is well established in plants and is known as Systemic Acquired Resistance (SAR) (6, 7). In that case, plants that are inoculated with attenuated microorganisms develop lasting protection against a wide spectrum of plant pathogens (8). Therefore, SAR is considered a form of innate memory in plants equivalent to immunization in vertebrates. It is also been described in a variety of invertebrates, ideal animal models to study innate immunity as they do not present adaptive immunity: insects such as Anopheles, Drosophila, and the mealworm beetle T. molitor (9, 10), nematodes such as C. elegans (11); or corals (12). This situation allows us to be prepared for future challenges and supposes an ancestral form of “immune memory”.

Similarly, “a heightened response to a secondary infection that can be exerted both toward the same microorganism and a different one (cross-protection)” has been termed “innate immune memory” or “trained innate immunity” in vertebrates (13).

Exposure of innate immune cells to a stimulus through PRRs, promotes a series of long-term modifications that involve rewiring of cell metabolism and epigenetic reprogramming. Since several metabolites function as signalling molecules or cofactors for the enzymes responsible of epigenetic changes, these two processes are closely related (14). Depending on the type and concentration of PAMPs, this immunological imprint can lead to two opposite outcomes: trained innate immunity or innate immune tolerance. In the case of trained immunity, the “training” generates a greater response to a second challenge, while innate immune tolerance is aimed at attenuating or reducing this response (14). Thus, strategies aimed at potentiating the latter can be very useful in regulating physiological processes to avoid harmful reactions to allergens, the microbiota or autoimmune inflammation. However, there must be a balance between the pro- and anti-inflammatory responses to avoid situations of chronic inflammation or immunoparalysis and increased sensitivity to secondary infections.

Most cells use aerobic respiration as their main source of ATP under homeostatic conditions. In the case of the cells of the immune system, there are important metabolic differences depending on the cell type or its activation state (14). Whereas neutrophils have a high basal glycolytic metabolism, other cell types, such as pro-inflammatory macrophages or T cells, need a rapid increase in their glucose consumption and ATP generation when stimulated. This demands cause a metabolic shift from oxidative phosphorylation to aerobic glycolysis, allowing cells to quickly obtain energy and metabolites. Among the processes necessary for the induction of trained immunity, the following can be considered: the increase of the metabolic capacity of the cells, through the Akt/mTOR/HIF1α/pathway; the accumulation of certain metabolic intermediates of the tricarboxylic acid cycle (TCA) with immunomodulatory functions such as fumarate or succinate (15). Some of these metabolites control histone methylation and acetylation, and others are cofactors for histone and DNA methyltransferases and demethylases, as well as histone acetyltransferases and deacetylases (16).

Recent studies suggest that other metabolic pathways also play an important role in cell reprogramming, such as the fatty acid synthesis pathway, which produces cellular stress and activates innate immunity responses. For example, cellular accumulation of unsaturated fatty acids (oleic acid, linoleic acid) induces a pro-inflammatory phenotype in macrophages due to uncoupling of mitochondrial respiration and production of inflammasome components such as IL1-α (17). Likewise, accumulation of mevalonate derived from the pathway of cholesterol synthesis is related to epigenetic changes that promote trained immunity (18). A role for oxLDL in the induction of trained immunity through the activation of the NLPR3 in monocytes has also been shown by studies analysing the effect of western diet in systemic inflammatory diseases (19). This triggers an inflammatory response and the reprogramming of granulocyte monocyte precursor cells (GMPs) (18–20).

MiRNAs provide an additional layer of regulation in the maintenance of innate immune memory. Due to their stability and long half-life, once induced by a stimulus they are capable of maintaining gene expression programs that enhance the resistance of cells to subsequent insults (21). Some miRNAs, such as miR-146, decrease the activation of NF-κB by blocking TRAF6 and IRAK1 thus limiting the immune response (22). In contrast, miR-155, when activated via inflammatory cytokines or TLR ligands, rapidly increases its expression and acts as an activator of inflammation through the down regulation of phosphatases of various signalling pathways (23).

One of the main objections to substantiate the existence of innate immune memory has come from the short half-live of myeloid cells, between 5–7 days, that make difficult to explain how trained immunity is maintained for months or years. However, it has been recently documented that metabolic changes and epigenetic modifications also induce long-term phenotypic and functional reprogramming in the hematopoietic precursors of myeloid cells (HSPC) (24–26). This allows epigenetic reprogramming carried out in innate memory to be transferred through the hematopoietic pathway and its cellular progenitors. Likewise, acquisition of immune functions by fibroblasts and other resident cells can play a role in sustaining organ-specific trained immunity (27, 28).



Targeting Trained Immunity in Inflammatory and Autoimmune Diseases

The origin and development of autoimmune diseases is mainly attributed to an excessive and sustained response to autoantigens mediated by B and T cells. On the other hand, they are also characterized by excessive inflammation and there is strong evidence that innate immunity reprogramming is one contributing factor.

Under physiological conditions, the action of the innate immune response is curtailed by an effective resolution of inflammation and the induction of tissue repair but when the system is dysregulated and the cellular response gets uncontrolled chronic inflammation and tissue destruction, mediated by inflammatory mediators (cytokines, proteases, growth factors), ensue (29). In this context, it is relevant that, in addition to microbial products, trained immunity can be induced by endogenous stimuli and environmental agents, like tobacco smoke, microbiota, and diet, that contribute to the development of inflammatory and autoimmune diseases (19, 30, 31). Consequently, it has been suggested that strategies aimed at controlling the hallmarks of trained immunity, i.e., altered metabolism and epigenetic reprogramming, can provide potential treatments for the chronic inflammation associated to autoimmunity (Figure 1) (29).




Figure 1 | Modulation of trained immunity at epigenetic, cellular and system levels. Trained immunity can be modified at different levels: blockade of receptor recognition with biological therapies, drug modulation of metabolic pathways and epigenetic remodeling.




Manipulation of Metabolic Pathways

The shift from oxidative phosphorylation to aerobic glycolysis is a critical component of reprogramming trained immunity and there are several pharmacological modulators that target glucose metabolism. 2-DG (2-deoxy-D-glucose) and 3-BP (3-bromopyruvate), that block glycolysis by inhibiting pathway-limiting enzymes, have shown protection in animal models of arthritis and Systemic lupus erythematosus (SLE) (32, 33). Their effects are mainly attributed to the action on T cells and stromal cells, but they can also regulate the numbers and activity of myeloid cells in model of inflammatory arthritis (34, 35). In line with this observation, oxamate, an alternative inhibitor of glycolysis, reduced the proinflammatory polarization of human macrophages in vitro (36). Lack of tissue specificity and concerns about their toxicity limit the application of these glycolytic inhibitors.

Conversely, the fact that mTOR inhibitors, such as metformin and rapamycin, are already used in the clinic for the treatment of transplant rejection and glycemic control make them more attractive candidates to target trained immunity. Metformin synergizes with 2-DG in the treatment of lupus mice (33) and has shown protective effects in some models of arthritis and Sjöegren syndrome (37–39), but these studies are focussed on acquired immunity. In humans, clinical trials have shown that metformin ameliorates SLE activity, at least in part by reducing neutrophil activation and plasmacytoid dendritic cell function (40, 41).

As in the case of glycolytic inhibitors, the lack of cell specificity makes difficult to evaluate an intrinsic effect on trained immunity. To circumvent this limitation, the application of HDL-based nanobiologics has been used successfully to target mTOR inhibitors to macrophages in the context of transplantation (42).

The lipid metabolism that is involved in trained immunity can be regulated at different levels: treatment with cytochalasin D to block the internalization of CD36, receptor for oxLDL (which induces trained immunity) (20); treatment with methyl-β-cyclodextrin to prevent the formation of cholesterol crystals; inhibition of the enzyme HMG-CoA reductase with fluvastatin to block cholesterol synthesis (18). The inflammasome pathway and the production of IL-1β can be targeted by suppressing NLRP3 activation with Z-VAD-FMK (19), the inhibitor MCC950o, and the ketone metabolite β-hydroxybutyrate (43). To prevent epigenetic changes orchestrated by mevalonate, the enzyme 3-hydroxy-3-methyl-glutaryl-coenzyme A (HMG-CoA) reductase can be inhibited with statins. Several studies have proposed the use of eicosanoid precursors such as omega-3 polyunsaturated fatty acids (PUFAs) as candidates for the treatment of type 1 diabetes, SLE or RA. These molecules have anti-inflammatory properties (44, 45). Also modulation of lipoxins, resolvins and protectins with aspirin is used in the treatment of SLE (46). In vitro and in vivo studies show how the administration of products of arachidonic acid metabolism (EET, epoxyeicosatrienoic acids) can serve as a therapeutic strategy in those diseases where osteoclastogenesis is deregulated, such as rheumatoid arthritis (RA) (47).



Epigenetic Therapy

Reverting the epigenetic modifications that occurred during the immunity training to normal values ​​using different inhibitors can potentially be used for the treatment of inflammatory and autoimmune diseases (48). Inhibitors of DNMTs (DNA methyltransferases) such as azacytidine and decitabine have been used in the field of oncology for 50 years as cytostatics, and recently, as inhibitors of DNMTs, but little is known about their effect outside this field. A wide variety of proteins capable of lysine methylation, a mark associated with transcriptionally silenced chromatin, are potential pharmacological targets of small inhibitory molecules (49). There is also a large number of compounds used as HDACs (histone deacetylase) inhibitors: from molecules pan-HDAC inhibitors, such as trichostatin A (TSA) or vorinostat (SAHA), to other family-specific, such as valproic acid (VPA), givinostat (ITF2357), or etinostat. Regardless of the mechanism, HDAC inhibitors modify the immune response by increasing and decreasing gene expression (48). The effect of multiple HDAC inhibitors in reducing systemic inflammation and pro-inflammatory cytokines has been investigated in various animal models such as arthritis, diabetes, sepsis, asthma. Most of the studies in humans have focused on the context of the RA. The production of proinflammatory cytokines derived from the macrophages of the inflamed synovium can be inhibited by TSA, vorinostat and “sodium phenylbutyrate” (50). Both TSA and MI192 inhibit IL-6 production in LPS-stimulated PBMCs (51). Furthermore, TSA and givinostat (ITF2357) interfere with the stability of IL-6 mRNA, reducing its production in synovial fibroblasts and macrophages (52) and inducing RA synovial fibroblasts to a TRAIL-induced apoptosis (53). Other molecules such as romidepsin (FK228) or MPT0G009 inhibit the proliferation of synovial fibroblasts (54, 55) and FK228 inhibits angiogenesis in synovial tissue (56). Preliminary studies in human monocytes and macrophages show that the small inhibitory molecules of BET bormodomain-containig proteins have great therapeutic potential in the treatment of immune-mediated diseases (48).



Biological Therapies

Biologics currently used in the clinic for the treatment of autoimmune diseases can also have an impact on trained immunity. For example, Lin and colleagues have described that TNF inhibitors etanercept and adalimumab suppress the expression of CC-chemokine ligand 2 (CCL2) in monocytes by regulating histone acetylation and trimethylation, changes that correlate with RA activity (57).

IL-1β associated with increased inflammasome activity may also serve as a target to actively suppress trained immunity. The observation that monocytes from patients with autoimmune and autoinflammatory diseases showed increased released of IL-1β than healthy individuals (58, 59) promoted IL-1β neutralization as a potential therapy for some chronic diseases. Although the IL-1Ra anakinra is a marginal treatment in RA (60), both anakinra and the IL-1 blocking antibody canakinumab are effective in suppressing symptoms and keeping the disease under control in systemic autoinflammatory syndromes (61, 62). In the case of the “cryopyrin-associated periodic syndrome” (CASP) where there is a mutation in an amino acid that codes for the cryopyrin protein (currently known as NLRP3), early diagnosis along with treatment with an IL-1 blocker is essential to prevent future disabilities or complications (59, 63). It is also approved for use in the treatment of Hyper-IgD syndrome (HIDS). This disease presents a defect in the enzyme mevalonate kinase that favors the AKT/mTOR pathway and the consequent change to glycolytic metabolism. This, together with attacks of sterile inflammation, is a clear example of uncontrolled trained immunity (18, 64, 65) and IL-1 blockers can reduce the frequency and severity of flares (66, 67).

Granulocyte-macrophage colony-stimulating factor (GM-CSF) is a major cytokine in the development of trained immunity (26). Several studies in patients with inflammatory diseases show elevated levels of GM-CSF in blood and synovial fluid, as well as expression of GM-CSFR in inflamed synovial tissues (68, 69). GM-CSF has a main effect in promoting inflammation and therapies aimed at inhibiting its activity are expected to impact trained immunity. Currently, clinical trials addressing the effect of monoclonal antibodies against GM-CSF (namilumab, MOR10) and against GM-CSFR (Mavrilimumab) are underway in patients with RA (NCT02393378; NCT01023256) or psoriatic arthritis (NCT02129777).




Trained Immunity and COVID-19

It has been proposed that trained immunity can be beneficial against SARS-CoV2 infection (70). In this context, trained immunity induced by BCG vaccination protects from several viral infections (71, 72). However, attempts to find an association between BCG vaccination status and COVID-19 severity have yielded inconclusive results (73, 74).

Conversely, the presence of previous inflammatory diseases and the excessive inflammatory response triggered by SARS-CoV2 infection are poor prognostic factors in COVID-19 progression (75) and, given the role of trained immunity in the development of both processes, its responses can contribute to greater COVID-19 severity (70).



Concluding Remarks

The reprogramming of the innate immune memory can provide an excellent therapeutic target in autoimmune inflammatory diseases, allowing to restore the balance between hyperinflammation and immunodepression and to achieve therapeutic benefits. However, there are limitations to the in vivo use of molecules that target myeloid cells and their progenitors. The compounds used to regulate trained immunity show toxicity, low bioavailability and some adverse effects related to immunity. More suitable approaches are needed to reduce side effects and increase specific targeting.
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Objective

Primary Sjögren’s syndrome (pSS) is a systemic autoimmune disease, and its pathogenetic mechanism is far from being understood. In this study, we aimed to explore the cellular and molecular mechanisms that lead to pathogenesis of this disease.



Methods

We applied single-cell RNA sequencing (scRNA-seq) to 57,288 peripheral blood mononuclear cells (PBMCs) from five patients with pSS and five healthy controls. The immune cell subsets and susceptibility genes involved in the pathogenesis of pSS were analyzed. Flow cytometry was preformed to verify the result of scRNA-seq.



Results

We identified two subpopulations significantly expand in pSS patients. The one highly expressing cytotoxicity genes is named as CD4+ CTLs cytotoxic T lymphocyte, and another highly expressing T cell receptor (TCR) variable gene is named as CD4+ TRAV13-2+ T cell. Flow cytometry results showed the percentages of CD4+ CTLs, which were profiled with CD4+ and GZMB+ staining; the total T cells of 10 patients with pSS were significantly higher than those of 10 healthy controls (P= 0.008). The expression level of IL-1β in macrophages, TCL1A in B cells, as well as interferon (IFN) response genes in most cell subsets was upregulated in the patients with pSS. Susceptibility genes including HLA-DRB5, CTLA4, and AQP3 were highly expressed in patients with pSS.



Conclusions

Our data revealed disease-specific immune cell subsets and provided some potential new targets of pSS. Specific expansion of CD4+ CTLs may be involved in the pathogenesis of pSS, which might give valuable insights for therapeutic interventions of pSS.
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Introduction

Primary Sjögren’s syndrome (pSS) is one of the most common autoimmune diseases that mainly affect middle-aged and older women. Patients with pSS are characterized by extensive lymphocytic infiltration of the exocrine glands, especially the salivary glands and lacrimal glands, leading to oral and ocular dryness (1). Approximately 30–40% of patients will develop systemic complications involving the kidneys, lungs, nervous system, and other systems (2–4). Although current advances have increased the understanding of the disease complexity, including the recognition of disease heterogeneity, selection of candidate genes, and the elucidation of disease-related pathways (5, 6), the pathogenetic mechanism of pSS is far from being understood.

B cell hyperactivation plays a central role in the pathogenesis of pSS. At present, B cell activation mechanisms have made some progress, but the specific molecular mechanisms remain unclear (7, 8). The key role of B cells is inseparable from the involvement of T cells. The cellular characteristics have indicated that the infiltrating cells of salivary glands and lacrimal glands are dominated by CD4 T cells and B cells. In the early stages of the disease, the infiltrating cells are mainly CD4+ T cells (9). Activated T cells induce the activation of B cells by producing pro-inflammatory cytokines, establishing a positive feedback loop and contributing to the disease pathogenesis. Previous studies have evaluated the role of identified CD4 T cell subsets in pSS. For example, T follicular helper cells (TFH) contributed to the maturation of B cells by secreting IL-21 (Interleukin 21), TH17 cells may be expanded in patients with pSS and assisted autoreactive B cell response, promoting the disease progression (10, 11). Thus, defining the major cell subsets and their states is critical to explore new approaches to pSS therapy. Some specific cell subsets associated with pSS have been studied using flow cytometry or immunohistochemistry (IHC) analysis in salivary glands and PBMCs (12, 13). However, these studies were based on preselected cell types, and recent advances in high-resolution single-cell RNA sequencing (scRNA-seq) have provided the opportunity to identify disease-related cell subsets and state in tissue and blood samples, which is different from traditional RNA-seq. Through scRNA-seq, the gene expression of single cell can be measured, and the specific cellular subsets and cell-type-specific pathways involved in the pathogenesis of disease could be detected.

In recent years, scRNA-seq has been used to analyze some autoimmune diseases, including rheumatoid arthritis (RA) and systemic lupus erythematosus (SLE) (14, 15). However, scRNA-seq was rarely applied in pSS. In this study, we collected PBMCs from five patients with pSS and five healthy controls to perform scRNA-seq. We sought to map the cellular landscapes and match the circulating blood cells of patients with pSS to help dissect disease heterogeneity among patients and to identify the underlying cellular and molecular events related to disease outcomes and responses to treatment.



Material and Methods


Acquisition of the Study Sample

This study was approved by the Ethics Committee of the Shenzhen People’s Hospital, China (LL-KY 2019514), and all donors signed a written informed consent. Five patients with pSS and five healthy controls were recruited in this study; all patients with pSS were from the Department of Rheumatology and Immunology, Shenzhen People’s Hospital, China and diagnosed with pSS according to the 2016 American College of Rheumatology(ACR)/European League Against Rheumatism (Eular) classification criteria for pSS (16) (Supplementary Table 1). 8 ml of peripheral blood was collected from each sample, and PBMCs were isolated using density gradient centrifugation with Ficoll-Hypaque. We washed them with chilled PBS, counted the PBMCs, and stored them on ice for subsequent experiments.



Single-Cell Capture, Library Construction, and Sequencing

The brief introduction of each step are as follows: (1) Based on the latest chromium™ Single Cell 3′ Solution system of 10× Genomics, Gel bead with barcode and primer and a single cell were wrapped in oil drops to form GEM (Gel bead in emulsion). GEM refers to the mixture of gel beads containing barcode, cells, and reagents wrapped in oil droplets. The GEM was recovered and purified for subsequent experiments. (2) cDNA formation and amplification: the gel beads in the GEM were dissolved, and the cells were lysed to release the mRNA, and the barcoded cDNA used for sequencing was generated by reverse transcription; after the liquid oil layer was destroyed, the cDNA amplification reaction was performed, and the library was constructed after the quality inspection was qualified. (3) Library construction: firstly, the cDNA was digested into fragments of about 200–300 bp, and then the library construction process of traditional second-generation sequencing such as sequencing adapter P5 and sequencing primer R1, and finally the DNA library was obtained by PCR amplification. (4) Sequencing: High-throughput sequencing of the library was performed using the paired-end sequencing model of Illumina sequencing platform.



Clustering Cells

Using the 10× Genomics official analysis software Cell Ranger (https://support.10xgenomics.com/single-cell-geneexpression/software/overview/welcome), the original data was filtered, compared, quantified, identified, and recovered cells, and finally, the gene expression matrix of each cell was obtained. The process of clustering cells was as follows: Seurat is a popular R package, which was developed as a clustering tool for scRNA-seq data, and it can perform quality control, analysis, and exploration of scRNA-seq data. After removing low-quality cells, we first normalize the expression of the data, a global-scaling normalization method “LogNormalize” of Seurat software was performed. Then the PCA (principal component analysis) analysis was performed using the normalized expression value. Using Jackstraw substitution test algorithm, we select the most significant (P < 1e-5) principal component (PC) from the PCA analysis results for subsequent clustering and cluster analysis. Seurat implements a graph-based clustering method. This method has been used in recent manuscripts, such as graph-based clustering approaches to scRNA-seq data—SNN-Cliq (17) and CyTOF data—PhenoGraph (18). In order to cluster the cells, the modularity optimization techniques —SLM was applied (19). Seurat continues to use t-SNE (t-distributed Stochastic Neighbor Embedding) (20) as a powerful tool to visualize and explore these datasets.



Antibodies and Flow Cytometric Analysis

10 patients with pSS and 10 healthy controls were recruited (Supplementary Table 2), and the whole blood were incubated with antibody and then treated with Red blood cell lysis buffer. Monoclonal antibodies specific for human CD3 (UCHT1), CD4 (RPA-T4), and GZMB (GB11) were purchased from BD Pharmingen. For intracellular staining, cells were fixed and permeabilized with IntraPrep Permeabilization Reagent (Beckman Coulter) according to the manufacturer’s protocols. Cells were analyzed using FACS Cano II. The percentage of CD4+ GZMB+ T cells was calculated by t tests, and the differences were considered significant if the P value was less than 0.05 (Figure 2H).




RNA Extraction and RT-qPCR

Six patients with pSS and four healthy controls were recruited (Supplementary Table 3); 8 ml of peripheral blood was collected from each sample, and PBMCs were isolated using density gradient centrifugation with Ficoll-Hypaque. Then B cells were isolated from PBMCs by CD19 positive selection using MACS magnetic beads (Miltenyi). The RNA was extracted from B cells using RNA extraction kit (RNeasy Micro Kit), and total RNA was reversed transcribed into cDNA. The cDNA then was used for Quantitative real-time PCR (RT-qPCR) analysis in a StepOne plus machine (Life Technology). The expression of TCL1A in B cells was calculated by t tests, and the differences were considered significant if the P value was less than 0.05 (Figure 3E).


The primer sequences for TCL1A were as follows: forward, AGTTACGGGTGCTCTTGC; Reverse, TCGGTATCGTCCATCAGG.



Differentially Expressed Gene Analysis

Differentially expressed gene analysis for each cluster: we used the likelihood-ratio test (21) to find the differential expression for a single cluster, compared to all other cells. Differentially expressed genes are as the following criteria: (1) P-value ≤ 0.01. (2) log2 FC ≥ 0.36. log2 FC means log fold-change of the average expression between the two groups. (3) The percentage of cells where the gene is detected in specific cluster >25%. Using this method, we analyzed differentially expressed genes for 19 clusters of PBMCs between HCs and pSS.



Gene Ontololgy and Kyoto Encyclopedia of Genes and Genomes Pathway Enrichment Analysis for Different Cell Types

We analyzed differentially expressed genes of multiple cell types including T cells, NKs, B cells, CD14+ monocytes, macrophages, and DCs between patients with pSS and healthy controls by likelihood-ratio test, then the selected upregulated expressed genes were mapped to each term in the GO database (http://www.geneontology.org/); differently enriched GO term was calculated by hypergeometric test. The calculated P-value was corrected by FDR, and P-value ≤0.05 was considered to be statistically significant. KEGG pathway was calculated in the same way as GO.




Results


Generation of Transcriptomic Data From Peripheral Blood Mononuclear Cells

Using the 10× Genomics platform, we performed scRNA-seq on PBMCs from five patients with pSS and five healthy controls (Figure 1A). After quality control, poor-quality cells were filtered out, and a whole-transcriptome database of 57,288 cells from five healthy controls and five patients with pSS were analyzed. Major immune cell types, including T cells, natural killer (NK) cells, B cells, and monocytes were classified and identified using PhenoGraph clustering (18) (Figures 1B, C, Supplementary Figure 1). Differentially expressed genes between cell types, which were identified based on mean expression and covariance patterns, were analyzed, and the selected top genes that were unique to each cluster based on the average log fold-change showed a high degree of heterogeneity among the clusters. T cells showed specific expression of CD3D and CD3E that distinguished them from other clusters (22). NK cells were identified by the lack of CD3D and CD3E and high expression of NKG7 and CD247 (23), and B cells were characterized by high expression of MS4A1 (CD20), CD79A, and CD79B (22). We also identified three major subsets of monocytes, CD14+ monocytes, macrophages, and DCs. The enrichment of CD14, SL00A8, and SL00A9 is known in CD14+ monocytes (24); in addition, macrophages expressed high level of CD68 and MS4A7 (25), and DCs are defined by CD1C (Figures 1D, E) (26). We found some degree of difference in the immune composition of each individual sample; for example, the DC fractions constituted less than 1%, and T cells constituted 47–73% (Figure 1F).




Figure 1 | Single-cell RNA-seq design and initial analysis. (A) Schematic representation of experimental strategy. (B) Two-dimensional t-SNE visualization of 57,288 cells from healthy controls (HCs) (n = 5) and patients with pSS (n = 5). (C) Annotating condition of HCs (n = 5) and patients with pSS (n = 5). (D) Heat map of major cell types. Columns represent selected differentially expressed signature genes in each cluster, and different clusters are exhibited in the rows. (E) Expression of selective marker genes for six major cell types, and the cell positions are in the tSNE plot of Figure B. (F) cellular composition of each sample, the colors represent different cell types.





Analysis of CD4+ and CD8+ T Cells

T cells can coordinate adaptive immunity by producing cytokines and effector molecules. To reveal the internal structure and functional subtypes in all T cell populations, unsupervised clustering of all T cells was performed (27). We merged the transcriptomic data of 10 donors (five healthy controls and five patients with pSS), and eight different clusters emerged, including five CD4+ T cell (T1–T5) and three CD8+ T cell (T6–T8) clusters based on distinct signature genes (Figures 2A, B, Supplementary Figure 2). The markers associated with the naive T cell, such as CCR7, LTB, and SELL (28), were highly expressed in the T1 cluster. Cluster T2 was defined as effector memory CD4+ T cells (TEM) with the high expression of CXCR4, TNFRSF4, and CCR6, and this cluster was associated with the effector functions of T cells, while cluster T3 expressed RORA, IL6ST, and IL17RA, suggesting a TH17 cell identity (29). Clusters T4 and T5 were specifically expanded in the CD4+ T cell composition of each pSS patient (Figure 2E); cytotoxicity associated genes (GZMH, GZMA, and GZMB) were expressed in cluster T4 (Figure 2F), which we defined as CD4+ CTLs. To validate this finding, we then choose one of these cytotoxic genes to perform the experiment by using flow cytometry. Consistently, a marked expansion of CD4+ GZMB+ T cells were confirmed in patients with pSS (Figure 2G), and the percentages of CD4+ GZMB+ T cells in the CD4+ T cell populations were significantly higher in the pSS than in the healthy controls (P<0.001) (Figure 2H). T cell receptor alpha and beta chain variable genes with TRAV13-2 and TRBV7-9 were enriched in cluster T5 (Figure 2C), and this polymorphism in T cell receptor (TCR) genes could determine the occurrence of a pathogenic response. Cluster T6 was characterized as naive CD8+ T cells with the high expression of CCR7, LEF1, and CD27. Cluster T7 exhibited high levels of cytotoxic genes, including GZMH, GZMB, and ZNF683, suggesting the identity of activated CD8+ CTLs. The third cluster of CD8+ T cells was marked by differentially expressed genes, including SLC4A10, KLRB1, and ZBTB16, a mucosal-associated invariant T cells (MAIT)-like identity (Figure 2D) (30).




Figure 2 | Identifying T cell subpopulations. (A) t-SNE visualization of 33,081 T cells from healthy controls (HCs) (n = 5) and patients with pSS (n = 5), including five CD4+ T cell clusters, three CD8+ T cell clusters. (B) Annotating condition of HCs (n = 5) and patients with pSS (n = 5). (C) Heat map of the five CD4+ T cell clusters (T1–T5). (D) Heat map of the three CD8 T cell clusters (T6–T8), rows represent selected differentially expressed signature genes in each cluster, and different clusters are exhibited in the rows. (E) Fractions of T cell subpopulations in HCs (n = 5) and patients with pSS (n = 5), the results calculated by multiple t tests, the differences were considered significant if the p value was less than 0.05. (F) Expression of selective marker genes for CD4+ CTLs (T4), and the cell positions are in the t-SNE plot of panels (A, G) The profiles of patients with pSS (pSS1-5) and healthy controls (HC1-5). Cells gated on CD3+ were profiled using CD4 (x axis) and GZMB (y axis), CD4+ CTLs are on top right corners. (H) Percentages of CD4+ GZMB+ T cells among the CD4+ T cells of the 10 patients with pSS and 10 healthy controls in (G); the results were calculated by t tests, and the differences were considered significant if the p value was less than 0.05.





Analysis of B Cell Subsets

Previous studies have assessed B cell subpopulations in the salivary glands and peripheral blood of patients with pSS, and one study found increased number of plasmablasts and memory B cells in patients with SS who had lymphoma (31). In our study, we analyzed a subpopulation of B cells and differentially expressed genes by scRNA-seq; B cells were defined (Figure 1B), and then we further analyzed 3,912 cells located in B cells from five patients with pSS and five healthy controls. Seven different B cell clusters were found in the PBMC samples, and four B cell clusters including naive B cells (B1), memory B cells (B2), plasmacytoid DCs (B5) and plasma cells (B6) were identified (Figures 3A, B, Supplementary Figure 3). Cluster B1 expressed naive B cells related genes (CXCR4, CD83, and IGHD) (15), and CD27 was expressed in clusters B2 and B6. Cluster B2 was similar to memory B cell (32), and cluster B6 expressed high levels of immunoglobulin genes (IGHA1, IGHG1, and IGLC2), which defined them as plasma cells. Cluster B5 exhibited the expression of CLEC4C, GZMB, PTPRS, and IL3RA, which is similar to the phenotype of pDC-like cells (14). Clusters B3, B4, and B7 mainly expressed immunoglobulin (Ig) encoded by the Ig light/heavy-chain-variable-region genes (IGLV/IGHV) (Figure 3C), and these immunoglobulin genes serve as B cell receptors (BCRs) that bind to specific antigens, contributing to the clonal expansion and differentiation of B lymphocytes, which is associated with disease activity and autoantibodies production.





Figure 3 | Identifying B cell subpopulations. (A) Two-dimensional t-SNE visualization of 3,912 B cells from HCs (n = 5) and patients with pSS (n = 5). (B) Annotating condition of HCs (n = 5) and patients with pSS (n = 5). (C) Heat map of seven B cell clusters. Columns represent selected differentially expressed signature genes in each cluster, and different clusters are exhibited in the rows. (D) The results were calculated by the likelihood-ratio test, and the differences were considered significant if the p value was less than 0.05; violin plots showing the differential expression of TCL1A in each cluster of B cells for the HCs (n = 5) and patients with pSS (n = 5); the P value < 0.01 in cluster B1, B2, B3, and B4. (E) The expression of TCL1A in B cells of the six patients with pSS and four healthy controls were validated by RT-qPCR.




T-Cell Lymphoma1A (TCL1A) is an oncogene that has an important role in lymphomagenesis and acts as a coactivator of AKT kinases. The expression of TCL1A is deregulated in lymphocytic leukemia (B-CLL) and most lymphomas, which involve several signaling pathways, such as the phosphatidylinositol 3 kinase (PI3K) and nuclear factor-kB (NF-kB) pathways (33). In our study, TCLIA was broadly expressed in most B cells (Figure 3B); compared with HCs, we found that TCLIA expression was significantly upregulated in multiple B cell subpopulations from the patients with pSS (Figure 3D).To ascertain the expression of TCL1A in B cells, we performed RT-qPCR, and the result indicated that the expression level of TCL1A is higher in patients with pSS than that in healthy controls (P = 0.0095, Figure 3E).



Differentially Expressed Gene (Upregulation) Analysis in Each Cell Subtype From the Patients With Primary Sjögren’s Syndrome

Using the likelihood-ratio test (21), we analyzed differentially expressed genes for each cell cluster and chose upregulated genes (log2 FC ≥ 0.36 and P-value ≤ 0.01) in pSS (Figure 4). Several foregone and expected genes were found. First, a series of interferon response genes were upregulated in most cell subsets, including interferon inducible protein (IFI) IFI6, IFI16, and IFI44L; the interferon-induced transmembrane proteins (IFITMs) IFITM1, IFITM2, and IFITM3; and the IFN-stimulated genes (ISGs) ISG15, and ISG20. The levels of cytokines (IL-32 and IL-16) and chemokines (CCL4, CCL5, and CX3CR1) also increased. Chromosome X Open Reading Frame 21 (CXorf21) has been observed to be a susceptibility gene in SLE (34), and here, Chromosome 11 Open Reading Frame 31 (C11orf31) and Chromosome 1 Open Reading Frame 162 (C1orf162) were broadly expressed in subtypes of T and B cells and monocytes. TMEM176A and TMEM176B, which were suggested to inhibit DC maturation in chronic spinal cord injury (35), were expressed in three subtypes of monocytes. Genome-wide association studies (GWASs) reported that the genetic locus of most MHC regions, such as HLA-DQB1, HLA-DRA1, HLA-DQA1, were associated with pSS (36). Our study also identified HLA-DQB1 (T cells and monocytes). In addition, HLA-DPA1, HLA-DPB1 (T cells), and HLA-DRB1 (T cells and NK cells) were expressed in T cells, and HLA-DRB5 was the most significantly expressed gene in each cell type of pSS. Cytotoxic T-lymphocyte-associated protein 4 (CTLA4) (TH17), PDCD6, and AQP3 were also identified. In summary, our study not only confirmed genes previously reported to be associated with pSS, but also found additional signature markers for different cell types.




Figure 4 | Expression of upregulated genes in patients with pSS. Based on comparison with the HC samples, the heat map shows the upregulated genes (log2 FC ≥ 0.36 and P-value ≤ 0.01) in each pSS cluster. Rows represent each cluster over all cells, and columns represent each gene in each cluster. The rows and columns are clustered based on Euclidean distance.





Disease-Associated Pathways Revealed in Patients With Primary Sjögren’s Syndrome

To analyze whether there are cell subset-specific pathways in patients, we performed Gene Ontology (GO) pathway analysis for upregulated genes in the patients. The IFN signature is the typical characteristic of several autoimmune diseases, such as SLE, pSS, and RA, which positively participates in inflammatory reaction. In this study, we also confirmed this association (37). Increased type I IFN (mainly IFNα and IFNβ) and type II IFN (IFNγ) signaling was activated in most cells, and IFN-associated genes, including IFITM3, IFITM2, IFITM1, and XAF1, had a significant overlap between types I and II. Tumor necrosis factor (TNF) family signaling and antigen processing and presentation pathways were upregulated. Cell subset-specific pathways, such as negative regulation of DC differentiation by TMEM176A and TMEM176B, were observed in monocytes (Figure 5A). We also performed Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis, and several immune-associated pathways, such as apoptosis, phagocytosis and oxidative phosphorylation, were activated. TH1, TH2, and TH17 cell differentiation signaling pathways were enriched in T cells (Figure 5B) and regulated by IL2RG, IL4R, and HLA-DRB5, indicating the involvement of TH1, TH2, and TH17 cells in pSS. This analysis identified several upregulated immune-related pathways, contributing to the understanding of disease pathogenesis. Therefore, targeting pathways may be an efficient therapeutic strategy for treating pSS.




Figure 5 | GO and KEGG pathway enrichment analysis of the upregulated genes in patients with pSS. (A) GO pathway enrichment analysis of upregulated genes was performed for each cell type in the pSS samples, and selected pSS-associated pathways in each cell type are shown. (B) KEGG pathway enrichment analysis of upregulated genes was performed for each cell type in the pSS samples, and selected pSS-associated pathways in each cell type are shown. The calculated p-value was determined through FDR correction, and we used FDR ≤0.05 as the threshold. The length of −log10 (P-value) determined the degree of enrichment from the least significant to the most significant.






Discussion

Using scRNA-Seq to study PBMC samples from patients with pSS and healthy controls, we revealed the complexity of immune cell populations and recognized the considerable variation in patients with pSS. Our analysis focused on T cells and B cells. Here, we found major cell groups and disease-specific subsets and then identified several signatures and essential inflammatory pathways associated with the disease.

Our transcriptomic analysis created a detailed overview of the T cell populations, and five CD4+ and three CD8+ T cell clusters were identified. Two CD4+ T cell subpopulations, CD4+ CTLs and TCR variable genes CD4+ T cells, were found to specifically expand in the patients with pSS. For the CD4+ CTL subpopulation, there was specific amplification of several transcripts linked to the cytotoxic function of CD8+ T lymphocytes such as GNLY, GZMB, and NKG7. Traditionally, the effect of CD8 CTLs is to eliminate target cells using cytotoxic molecules, and the function of CD4 T cells, generally called helper T cell, is to regulate the immune responses via various cytokines. However, in recent years, the presence of CD4+ CTLs has been reported in various diseases. CD4+ CTLs were not only observed when infected with viruses, including human immunodeficiency virus (HIV) and cytomegalovirus (CMV) (38), but also were found at the site of inflammation of several autoimmune diseases, such as RA (39), IgG4-related disease (40), and systemic sclerosis (41). Moreover, in some autoimmune diseases, such as RA (42), and Granulomatosis with Polyangiitis (43), research revealed the correlation of CD4+ CTLs expansion and CMV infection, indicating that CMV infection may play a role in CD4+ CTL-mediated damage. Besides, we also need take into consideration that patients with autoimmune diseases have increased susceptibility to infection.

In our study, the occupancy of CD4+ CTLs in pSS measured by scRNA-Seq was significantly higher than that in healthy controls. However, patients in the pSS group presented herein were older than healthy controls. To address this problem, we performed validation experiment with an age-matched control group, and the FACS results are consistent with the scRNA-seq results (Figure 2H, Supplementary Table 2). In healthy controls, the fractions of CD4+ CTLs are rare, consistent with previous studies (44, 45).We also studied the correlation between the percentage of CD4+ CTLs and clinical characteristics such as ESR (erythrocyte sedimentation rate), anti-SSA positive, and ESSDAI (the European League Against Rheumatism Sjögren’s syndrome disease activity index), but no significant correlation was found.

Further analyses of scRNA-Seq indicated that the expression of chemokines, such as CCL5, CCL4, and CX3CR1, is upregulated in CD4+ CTLs (Figure 2C). A previous study in RA showed that the CD4+ CTL existed in peripheral blood and synovium; upregulated chemokine receptor CX3CR1 could drive CD4+ CTLs to synovium due to the expression of CX3CR1 ligand, fractalkine (CX3CL1) in synoviocytes (46). In pSS, two studies also revealed that the CX3CR1 ligand, fractalkine (CX3CL1), was upregulated in the salivary glands (47, 48). Therefore, we speculated that CD4+ CTLs may migrate to the salivary glands driven by chemokines. Collectively, all the information suggests that the subpopulation of CD4+ CTLs may play an important role in inflammation of autoimmune disease.

B cells play a central role in the pathogenesis of pSS through B cells’ overactivation, and therapeutic strategies, by deleting B cells or inhibiting B cells’ signal to impair B cell activation and differentiation, have achieved certain progress (49). A 2016 study performing immunophenotyping by time-of-flight (CyTOF) provided new insights into the involved B cell subpopulations, such as plasmablasts and CD27+ memory B cells, in patients with pSS (50). Another study indicated the importance of plasma cell infiltration in patients with pSS with interstitial nephritis (51). Our findings offered a detailed map of B cells created by single-cell transcriptomic analysis, revealing different subpopulations of B cells defined by uniquely expressed markers, including naive B cells, memory B cells, and plasma cells, which may be helpful for targeted therapy of B cell subsets. IGLV/IGHV genes associated with B cell subsets were also found, and these immunoglobulins participate in the identification of antigens and commonly determine the antigen specificity of BCR, which requires additional BCR repertoire analysis. In patients with pSS, B-cell hyperactivity is also associated with an increased risk of developing B-cell lymphoma, which is 15 to 20 times higher than that of healthy people, and pSS-associated lymphomas are mostly low-grade B-cell non-Hodgkin’s lymphoma (NHL) (52, 53). In China, the risk of NHL in patients with pSS is 48.1 times higher than that in healthy people (54). A study has confirmed increased expression of TCL1A in NHL (55). Our scRNA-seq and RT-qPCR results also showed significant upregulation of TCL1A in B cells, implying a potential risk of NHL in patients with pSS studied herein. However, studies on TCL1A in pSS are rare, requiring further studies to explore the mechanism of TCL1A in the disease.

Several genome-wide association studies (GWASs) have established associations between pSS and susceptibility genes. Our study observed upregulation of IFN, cytokine, and chemokine expression. We also identified several potential signatures, although with poor annotation for pSS, such as CTLA4, which exerts an inhibitory effect on T cells by competitively inhibiting binding of the common ligand B7 (CD80/CD86) to CD28. The therapeutic approach of using antibodies to block CTLA4 has been used in many cancer types and demonstrated unprecedented efficacy (56). Abatacept (a CTLA4 agonist) has received approval for the treatment of RA, and it is proved to be effective (57). A previous study demonstrated a substantial increase in the expression of the negative regulatory molecules PD-1 and CTLA-4 in Pss (58). In our study, CTLA4 was uniquely expressed in the TH17 cells of patients with pSS, and its potential mechanism deserves further exploration. Water movement was previously reported to be involved in exocrine secretion, and aquaporins (AQPs) may lead to fluid secretion in the exocrine glands (59). AQP5 has been shown to play an important role in the salivary secretion process (60). In our study, the upregulation of AQP3 is identified and may play a potential role in pSS. The exploration of susceptibility genes is urgently needed to develop novel therapeutic targets for disease state-specific treatment.

It has been reported that innate immune cells producing type I IFNs play a vital role in systemic autoimmunity, and type I IFNs are produced primarily by pDCs. Activated pDCs have been detected in minor salivary gland biopsies of patients with pSS (61, 62). Consistent with previous reports, we also identified activated type I IFN signaling pathways in multiple types of PBMCs. In addition, the type II IFN signaling pathway was also activated, and our study can offer a reference for targeted therapy focused on IFN. We also detected TH1, TH2, and TH17 cell differentiation signaling in pSS, which can lead to the activation of adaptive immunity. A previous study showed that TH1 and TH17 cells play a role in the initial stage of SS, but TH2 and TFH cells take a dominant role in disease progression (63), suggesting TH cells affect the pathogenesis of pSS. Our data provide an opportunity to target these immune-associated signaling pathways.

Although limited sample size and lack of diversity in disease presentation impede subsetting of patients in our research, our data confirms that scRNA-seq is feasible and provides a large amount of data, which exhibited marked complexity. The application of single-cell sequencing technologies helps us not only define major cell populations and novel cell subpopulations, but also reveal molecular signatures relevant to disease, thereby offering new insights into therapeutic strategies.
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Background and Aims

GM-CSF-dependent macrophage polarization has been demonstrated in rheumatoid arthritis (RA). Our aim was to seek diagnostic/prognostic biomarkers for undifferentiated arthritis (UA) by analyzing GM-CSF expression and source, macrophage polarization and density in joints of patients with UA evolving to RA or PsA compared with established RA or PsA, respectively.



Methods

Synovial tissue (ST) from patients with UA evolving to RA (UA>RA, n=8), PsA (UA>PsA, n=9), persistent UA (UA, n=16), established RA (n=12) and PsA (n=10), and healthy controls (n=6), were analyzed. Cell source and quantitative expression of GM-CSF and proteins associated with pro-inflammatory (GM-CSF-driven) and anti-inflammatory (M-CSF-driven) macrophage polarization (activin A, TNFα, MMP12, and CD209, respectively) were assessed in ST CD163+ macrophages by multicolor immunofluorescence. GM-CSF and activin A levels were also quantified in paired synovial fluid samples. CD163+ macrophage density was determined in all groups by immunofluorescence.



Results

Synovial stromal cells (FAP+ CD90+ fibroblast, CD90+ endothelial cells) and CD163+ sublining macrophages were the sources of GM-CSF. ST CD163+ macrophages from all groups expressed pro-inflammatory polarization markers (activin A, TNFα, and MMP12). Expression of the M-CSF-dependent anti-inflammatory marker CD209 identified two macrophage subsets (CD163+ CD209high and CD163+ CD209low/-). CD209+ macrophages were more abundant in ST from healthy controls and PsA patients, although both macrophage subtypes showed similar levels of pro-inflammatory markers in all groups. In paired synovial fluid samples, activin A was detected in all patients, with higher levels in UA>RA and RA, while GM-CSF was infrequently detected. ST CD163+ macrophage density was comparable between UA>RA and UA>PsA patients, but significantly higher than in persistent UA.



Conclusions

GM-CSF is highly expressed by sublining CD90+ FAP+ synovial fibroblasts, CD90+ activated endothelium and CD163+ macrophages in different types of arthritis. The polarization state of ST macrophages was similar in all UA and established arthritis groups, with a predominance of pro-inflammatory GM-CSF-associated markers. CD163+ macrophage density was significantly higher in the UA phases of RA and PsA compared with persistent UA. Taken together, our findings support the idea that GM-CSF is a strong driver of macrophage polarization and a potential therapeutic target not only in RA but also in PsA and all types of UA.





Keywords: GM-CSF, macrophages, synovial tissue, undifferentiated arthritis, psoriatic arthritis, rheumatoid arthritis



Introduction

Undifferentiated arthritis (UA) is frequent in early arthritis clinics, with a prevalence of 30%–50% (1–3). After 1 year of follow up, approximately 30% of patients progress to rheumatoid arthritis (RA) and 7%–15% to peripheral spondyloarthritis (pSpA), mainly to psoriatic arthritis (PsA) (4). SpA is a concept encompassing a group of musculoskeletal inflammatory diseases (axial spondyloarthritis, peripheral SpA, PsA, reactive arthritis, arthritis associated with inflammatory bowel disease) sharing immunogenetic, clinical, and radiographic characteristics. PsA is the most prevalent peripheral SpA and is characterized by skin and musculoskeletal inflammation (arthritis, enthesitis, dactylitis, and spondylitis) (5, 6).

RA and peripheral PsA are chronic inflammatory diseases mediated by the immune system and, although joint damage may be early and frequent in both diseases if not treated, their pathogenesis may be different regarding the relative implication of the adaptive and innate immune systems in each of them. This is illustrated by therapies that are useful in treating RA (anti-CD20, rituximab; CTL4-IgG, abatacept; anti- IL6 R, tocilizumab) but not PsA. Inversely, therapies inhibiting the IL-17/IL-23 pathway are successful in treating PsA, but do not work in RA patients (7).

The search for biomarkers enabling early classification of UA patients, earlier treatment and better outcomes has recently increased interest in the study of inflamed synovial tissue (ST) or synovitis, the primary target of inflammatory joint diseases (8). Synovitis in RA and PsA, the two most-frequent definite diagnoses in UA, share multiple similarities in the composition and structural distribution of their cellular infiltrates (9). CD68+ macrophages accumulate in the synovium of RA and PsA joints, where they show destructive and remodeling potential and contribute considerably to joint inflammation and damage (10, 11). In fact, RA and PsA macrophage density correlates with disease activity (12, 13). Sublining CD68+ macrophage density has been shown to be similar in PsA and RA synovitis (14) although, in a small study we found that CD68+ macrophage density was associated with erosive disease only in RA, suggesting that the destructive potential of ST CD68+ macrophages may differ between RA and PsA (15).

Studies have analyzed macrophage subsets in chronic arthritis with differing results, probably due to the markers used. Hemoglobin/haptoglobin scavenger receptor CD163-positivity was proposed as a biomarker of anti-inflammatory macrophages and was overexpressed in peripheral SpA, including PsA synovitis, whereas overexpression of pro-inflammatory macrophage markers was found in RA (16). By using surface markers (CD14, CD163, CD68, CD32, CD64, CD200R, CD80) on ST macrophages from RA and PsA patients, that study found a mixed M1-proinflammatory/M2-anti-inflammatory macrophage phenotype, with M1 predominance in RA and IL-10-expressing macrophages in SpA, including PsA (16). More recently, by using single cell technologies, Zhang et al. identified the profile of cell populations that drive joint inflammation in RA and found transcriptional heterogeneity in the synovial myeloid population (17). The function of synovial macrophages during joint homeostasis and inflammation has been also studied. Murine Trem2+ lining macrophages constantly repopulate from proliferating tissue resident interstitial macrophages and form a protective epithelial-like barrier that disintegrates during experimental arthritis (18). These macrophages are comparable with human TREM2+ lining macrophages, that exhibit anti-inflammatory and repair responses during remission in RA (19). Finally, Kuo et al. showed that sublining HBEGF+ inflammatory macrophages promoted fibroblast invasiveness in an epidermal growth factor receptor-dependent manner and contributes to fibroblast-mediated joint destruction (20).

The molecular characterization of GM-CSF-dependent (pro-inflammatory) and M-CSF-driven (anti-inflammatory) monocyte-derived macrophages (21–23) has allowed the definition of the polarization state of macrophages in RA. Specifically, CD163+ RA ST macrophages have a high expression of GM-CSF-associated markers (MMP12, EGLN3, INHBA, TNFα, and CCR2) but low levels of the M-CSF-associated marker CD209 (21–23). Given the putative pathological role of GM-CSF and M-CSF in synovitis (24–26), our aims were to seek diagnostic/prognostic biomarkers by analyzing potential differences in GM-CSF expression and its cellular source, and CD163+ macrophage polarization and density in joints of patients with UA evolving to RA or PsA compared with persistent UA and established RA or PsA, respectively.



Methods


Patients

Patients with UA and synovial biopsies were retrospectively selected when they met the classification criteria for RA or PsA during follow up. Synovial biopsies obtained by rheumatologic arthroscopy (9) from inflamed knee joints of patients with active persistent UA synovitis (UA, n=16), UA evolving to RA (UA>RA, n=8), and UA evolving to PsA (UA>PsA, n=9), together with synovial biopsies from patients fulfilling the American College of Rheumatology (ACR) criteria for RA (27) (n=12) or the CASPAR criteria for PsA (28) (n=10) as positive controls, were included. ST from six healthy controls (four men, two women, aged 36± 5 years) undergoing arthroscopic meniscectomy, were included. No patient had received biological therapy at biopsy. Arthroscopy was performed under diagnostic and/or therapeutic (lavage) indications with a 2.7 mm arthroscope (Storz, Tullingen, Germany). Eight samples were obtained from the suprapatellar pouch and the medial and lateral gutters in each patient (9). The study was approved by the Ethics Research Committee of the Hospital Clinic of Barcelona, Spain (HCB/2014/0579) and signed informed consent was obtained from each patient.



Immunofluorescence and Multicolor Confocal Microscopy

Multicolor confocal microscopy was performed as previously described (21, 29, 30). Briefly, the following antibodies were used: FITC-labelled anti-CD163 (Ber-Mac3, MBL International Corp., MA, USA), anti-M-CSFR/CD115 (AF329, R&D Systems), anti-TNFα (ab6671, Abcam), anti-MMP12 (ab66157, Abcam), anti-INHBA (ab97705, Abcam), anti-CD209 (MR1; kindly provided by Angel L. Corbí, Centro de Investigaciones Biológicas, Madrid, Spain), anti-CD90 (E510, BD Pharmingen), anti-FAP (ab65398, Abcam), anti-GM-CSF (sc-13101, Santa Cruz Biotechnology), anti-CD3 (SK7), and anti-CD4 (SK3), from BD Biosciences, isotype-matched control antibodies, and fluorochrome-conjugated secondary antibodies (Jackson ImmunoResearch). Tissues samples were snap-frozen in OCT, and 4 μm cryosections were blocked for 10 min with 1% human immunoglobulins and incubated with primary (1-5 μg/ml) and appropriate secondary antibodies. Imaging was performed using an inverted confocal microscope (SPE, Leica Microsystems) and an ACS-APO 20x/NA 0.60 glycerol immersion objective. Similar acquisition settings were used for all samples. Considering that fluorescence intensity correlated with molecules on the surface of the cell, the mean number of molecules of every single cell (Mean Fluorescence Intensity, MFI) was calculated using ImageJ/FIJI software (National Institutes of Health, Bethesda, MD, USA). All quantifications were blinded and at least three random fields 50 µm from the lining layer were evaluated for each type of tissue, quantifying the expression of activin A, TNF-α, MMP12, and CD209 in all segmented CD163+ macrophages. CD115 and/or CD163 macrophage pan-markers were used to segment these cells in tissues and estimate the mean intensity of the proteins of interest. Pan-markers were intentionally acquired in saturated conditions to better depict macrophages areas. Macrophage density was normalized based on the selected tissue area (mm2). After background subtraction, data were plotted using GraphPad software (GraphPad Software, La Jolla, CA, USA).



Immunohistochemistry for Pathotype Definition of Synovial Tissue

The synovial biopsies were embedded in paraffin, sectioned, and subjected to antigen retrieval by cooking when required. The slides were subsequently stained with an automated immunostainer (TechMate 500 Plus; Dako, Cambridge, UK) using the following monoclonal antibodies: anti-CD3 (clone PS1; Novocastra, Newcastle, UK), anti-CD20 (clone L26; Dako), anti-CD68 (clone KP-1; Dako), and anti-CD138 (clone B-B4; Santa Cruz Biotechnology, Inc., San Diego, CA, USA. As a negative control, the primary antibodies were substituted by isotype- and concentration-matched control antibodies. The primary antibodies were subsequently detected by an avidin-biotin-peroxidase-based method (Envision System; Dako) and an aminoethylcarbazole color reaction (Sigma-Aldrich, St. Louis, MO, USA) as described previously in detail (9). Finally, the slides were counterstained with hematoxylin. The stained slides were scored by digital image analysis by an independent observer (RC) who was blinded to diagnosis and clinical data. Each stained slide in its entirety was scored by dividing it in different regions. Within each region, the number of stained cells per area as well as the percentage of stained cells were measured in at least 20 high-power fields using the AnalySIS® Imaging processing program (Olympus®) as described previously in detail (9).



Macrophage Culture

Human peripheral blood mononuclear cells (PBMC) were isolated from buffy coats from normal donors over a Lymphoprep (Nycomed Pharma) gradient. Monocytes were purified from PBMC by magnetic cell sorting using CD14 microbeads (Miltenyi Biotech). Monocytes were cultured at 0.5 x 106 cells/ml for 7 days in RPMI 1640 supplemented with 10% fetal calf serum, at 37°C in a humidified atmosphere with 5% CO2, and containing GM-CSF (1000 U/ml) to generate GM-CSF-polarized macrophages (termed GM-MØ), or M-CSF (10 ng/ml) for M-CSF-polarized macrophages (termed M-MØ). Cytokines were added every 2 days.



Flow Cytometry

Phenotypic analysis was carried out by immunofluorescence using standard procedures. Mouse monoclonal antibodies used for cell-surface staining included FITC-labeled anti-CD14 (Miltenyi), anti-CD115 (R&D Systems) and FITC-labeled anti-CD163 (MBL International Corp., MA). Alexa Fluor-647-labeled isotype-matched secondary antibody (Jackson ImmunoResearch) was used to stain anti-CD115. Control γ1 FITC/γ2a PE (BD) was included as a negative control.



Quantitative Real Time RT-PCR and GSEA

Total RNA was retrotranscribed and cDNA was quantified using the Universal Human Probe Roche library (Roche Diagnostics). Quantitative real-time PCR (qRT-PCR) was performed on a LightCycler® 480 (Roche Diagnostics). Assays were made in triplicate and results normalized according to the expression levels of TBP. The results were obtained using the ΔΔCT method for quantitation. The oligonucleotides used to quantify mRNA transcripts were (5´-3´): CD209s cagagtggggtgacatgagtgac; CD209as gtgaagttctgctacgcaggag; INHBAs ctcggagatcatcacgtttg; INHBAas ccttggaaatctcgaagtgc; MMP12s tgtcactaccgtgggaaataag; MMP12as aacactggtctttggtctctcag; TBPs cggctgtttaacttcgcttc; TBPas cacacgccaagaaacagtga; TNFαs cagcctcttctccttcctgat; TNFαas gccagagggctgattagaga. For Gene Set Enrichment Analysis (GSEA) (http://software.broadinstitute.org/gsea/index.jsp) (31), the gene signature from RA synovial macrophages versus monocyte-derived macrophages limma analysis of the microarray data in GSE10500 was used (31). The previously defined GM-MØ-specific markers data set (from GSE68061) was used for GSEA (32).



ELISA

GM-CSF (Human GM-CSF ELISA MAX Deluxe, BioLegend) and activin A (Human Activin A DuoSet ELISA, R&D Systems) were quantified using commercially-available ELISA.



Statistical Analysis

The Mann Whitney test and Student’s t test were used and Spearman’s correlation was determined. A value of p<0.05 was considered statistically significant (*, p<0.05; **, p<0.01; ***, p<0.001). The analysis was made using GraphPad Prism software.




Results


Clinical and Demographic Features

Clinical, demographic and serologic data of the patients included are detailed in Table 1. UA>RA patients had significantly fewer swollen and tender joints, and a lower DAS28, than established RA patients. UA>PsA patients were significantly younger than those with established PsA. No significant between-group differences were found regarding systemic inflammation biomarkers. Some patients were taking csDMARDs, mostly methotrexate, at arthroscopy. A high percentage of patients did not receive csDMARDs, due to knee involvement or because they had few inflamed joints, which were treated with NSAIDs or local infiltration with glucocorticoids before 3 months before arthroscopy. No patient was treated with biological therapy before arthroscopy.


Table 1 | Clinical, demographic and serologic data.





Synovial Tissue Stromal Cells and CD163+ Macrophages Are the Main Source of GM-CSF in Undifferentiated and Established Arthritis

To assess GM-CSF levels in the undifferentiated phases of human arthritis, we first determined GM-CSF expression in the ST sublining of persistent UA, UA>RA, UA>PsA, established RA and PsA patients, and healthy controls (Figures 1A, B). Except in healthy ST, GM-CSF was readily detectable in all groups (Figure 1B). Immunofluorescence analysis revealed GM-CSF in CD90+ activated endothelium, CD90+ FAP+ fibroblasts from the sublining layer around the endothelium, and in sublining CD163+ macrophages (Figure 1B). However, GM-CSF was not found in CD3+ or CD4+ T cells (data not shown). These results indicate that GM-CSF is detected similarly in the earlier and established stages of RA and PsA, and in persistent UA, and that GM-CSF-producing cells are pathogenic CD90+ FAP+ synovial fibroblasts (28), CD90+ activated endothelium (33) and sublining CD163+ macrophages.




Figure 1 | GM-CSF expression in stromal cells from synovial tissue of undifferentiated arthritis patients. (A) Representative immunofluorescence image of persistent undifferentiated arthritis (UA) synovial tissue (ST) determined by confocal microscopy using anti-CD90, anti-FAP (white), and anti-CD163 (red)-specific antibodies; nuclei were counterstained with DAPI. Lining and sublining layers are shown. The region of interest in the sublining layer (yellow square) is located 50 µm from the lining layer. (B) Immunofluorescence analysis of normal synovium (NS), persistent undifferentiated arthritis (UA), undifferentiated arthritis evolving to RA (UA>RA), rheumatoid arthritis (RA), undifferentiated arthritis evolving to psoriatic arthritis (UA>PsA) and psoriatic arthritis (PsA) ST determined by confocal microscopy using anti-GM-CSF (green), anti-CD90, anti-FAP or anti-CD163 (red)-specific antibodies; nuclei were counterstained with DAPI. Arrowheads indicate CD90+FAP+ fibroblast and white arrows indicate CD163+ macrophages. Samples were devoid of staining when incubated with isotype-matched irrelevant antibodies as negative controls. The experiment was carried out in independent samples from each type (NS, n=6; UA, n=16; UA>RA, n=8; RA, n=12; UA>PsA, n=9; and PsA, n=10) and representative experiments are shown. CD163+ macrophages are indicated by white arrows. Scale bars, 50 µm. Determination of levels of GM-CSF (C) and activin A (D) in the synovial fluid of patients with UA (n=12), UA>RA (n=9), RA (n=9), UA-PsA (n=7), and PsA (n=9), as determined by ELISA.





Activin A, but Not GM-CSF, Is Increased in Synovial Fluid From All Arthritis Groups

Analysis of paired synovial fluid (SF) samples from patients with persistent UA (n=12), UA>RA (n=9), UA>PsA (n=7), RA (n=9) and PsA (n=9) indicated that GM-CSF levels were below detection levels in most SF samples, except for 4 out of 9 (44%) persistent UA patients who were csDMARD naïve, and one UA>PsA patient out of 7 analyzed (14%), who had increased GM-CSF levels (Figure 1C). We also measured the level of activin A, which plays an important role in the early phases of the inflammatory process (34). By contrast to GM-CSF, high levels of activin A were detected in all SF samples, with concentrations ranging from 0.2 to 72 ng/ml, with UA>RA and RA samples expressing higher levels than all other groups (Figure 1D). Taken together, our results suggest that ST GM-CSF and SF activin A are detected in both the undifferentiated and established phases of arthritis, but with significantly higher levels of activin A in the undifferentiated and established phases of RA.



Synovial Tissue CD163+ Macrophages From Patients With Undifferentiated and Established Arthritis Exhibit a Predominantly GM-CSF-Dependent Pro-Inflammatory Polarization State

Gene ontology analysis using GSEA to compare RA macrophages and monocyte-derived macrophage transcriptome (31) revealed a very significant positive enrichment of pro-inflammatory GM-CSF-conditioned monocyte-derived macrophages (GM-MØ)-specific genes in RA macrophages (Figure 2A). In fact, the leading edge of the GSEA revealed the genes encoding activin A (INHBA), the metalloproteinase MMP12 and the chemokine CCL17 (35) (Figure 2A). Since our results indicated that ST in UA show enriched expression of GM-CSF in the stromal cells and activin A in the SF, we next determined the expression of proteins associated with GM-CSF-driven polarization (activin A, MMP12, and TNFα) and M-CSF-driven polarization (CD209) (21) (Figure 2B) in ST CD163+ macrophages of persistent UA, UA>RA, UA>PsA, and in established RA and PsA (Figure 3A). Similar to active established RA (21), activin A, TNFα, and MMP12 were readily found in CD163+ macrophages within the synovial sublining of UA, either evolving or not (Figure 3A), and essentially the same results were obtained in PsA, where ST CD163+ macrophages expressed GM-CSF-dependent polarization markers (Figure 3A). By contrast, CD163+ macrophages from healthy synovium did not express TNFα, MMP12, or activin A (Figure 3A). Quantification of the above indicated markers revealed that CD163+ macrophages from UA>RA and UA>PsA exhibited similar expression levels of activin A, TNFα and MMP12 as CD163+ macrophages from established RA and PsA, and higher levels than CD163+ macrophages from healthy synovium (Supplementary Figure 1, Figure 3B). MMP12 expression was significantly higher in persistent UA than in UA>RA, although no significant differences in markers of systemic inflammation or in the percentage of patients receiving csDMARDs were found between the two UA groups (Table 1). Therefore, the expression of activin A, MMP12 and TNFα designates the GM-CSF-dependent pro-inflammatory state of CD163+ ST macrophages in undifferentiated and established arthritis (Figures 3A, B).




Figure 2 | Expression of polarization markers by RA macrophages and in-vitro generated monocyte-derived macrophages. (A) Gene set enrichment analysis (GSEA) on the ranked list of genes obtained from the comparison of the transcriptome of RA macrophages (RA mac) versus monocyte-derived macrophages (M-MØ) (GSE10500) using the set of genes with the highest GM-CSF-induced upregulation in monocyte-derived macrophages differentiated with GM-CSF (GSE68061). (B) INHBA, MMP12, CD209, and TNFA mRNA expression levels determined by qRT-PCR on monocytes differentiated with GM-CSF (GM-MØ) and M-CSF (M-MØ). Mean ± SEM of four independent donors are shown (*p < 0.05, **p < 0.01, Student t test).






Figure 3 | Expression of macrophage-pro-inflammatory polarization markers by CD163+ macrophages from undifferentiated arthritis patients. (A) Immunofluorescence analysis of synovial tissues as determined by confocal microscopy using anti-activin A, TNFα-, MMP12-specific antibodies; nuclei were counterstained with DAPI. Samples were devoid of staining when incubated with isotype-matched irrelevant antibodies as negative controls. The experiment was carried out in independent samples from each type (NS, n=6; UA, n=16; UA>RA, n=8; RA, n=12; UA>PsA, n=9; and PsA, n=10) and representative experiments are shown. Scale bars, 50 µm. (B) Summary dot plot showing mean MFI values of activin A, TNF-α and MMP12 expression in CD163+ macrophages from NS, UA, UA>RA, RA, UA>PsA, and PsA synovial tissues samples. Mean ± SEM are shown (*p < 0.05, **p < 0.01, ***p < 0.001, Mann-Whitney test).





Two Subsets of CD163+ CD209 Macrophages Are Found in the Synovial Tissue From Patients With Undifferentiated and Established Arthritis

With respect to the M-CSF-associated marker CD209, two subsets of CD163+ macrophages were found in the synovial sublining of UA and established arthritis patients (CD163+ CD209+ and CD163+ CD209low/-), which differed in their respective MFI for CD209 fluorescence (MFI >34 a.u. for the CD163+ CD209+ subset, and MFI< 34 a.u. for the CD163+ CD209low/- subset) (Figures 4A, B). Synovial tissue from healthy controls also showed these two macrophage subsets, with a higher percentage of CD163+ CD209+ cells (80%) than that found in UA (Figure 4C). Furthermore, the percentage of the CD163+ CD209+ macrophage subset in PsA ST was significantly higher than in that from persistent UA (Figures 4B, C, Supplementary Figure 2). Taken together, these findings suggest that CD163+ CD209+ are resident macrophages with a potential anti-inflammatory function (18, 19). However, both macrophage subsets (CD209+ and CD209low/-) expressed the proinflammatory markers activin A, TNFα and MMP12 in all patients from the UA and established disease groups (Supplementary Figure 2).




Figure 4 | CD163+ CD209 macrophage subsets in synovial tissue. (A) CD163 (green) and CD209 (red) staining of NS, UA, UA-RA, RA, UA-PsA, and PsA synovial tissues. Scale bar, as shown. (B) Summary dot plot showing mean MFI values of CD209 expression in CD163+ macrophages from synovial tissue samples. The experiment was carried out in independent samples from each type (NS, n=6; UA, n=16; UA>RA, n=8; RA, n=12; UA>PsA, n=9; and PsA, n=10) and representative experiments are shown. Mean ± SEM are shown (*p < 0.05, Mann-Whitney test). (C) Percentage of CD209-expressing macrophages in NS, UA, UA>RA, RA, UA>PsA, and PsA synovial tissues. The MFI values of eight to 12 tissues samples of each group were used for classification as “low/neg” (white) or “high” (> 34 a.u., black) CD209 expression.





Macrophage Density Discriminates Undifferentiated From Established Arthritis

We determined macrophage density in ST from patients with persistent UA, UA>RA, UA>PsA, established RA and PsA, and healthy controls. CD163 and CD115 were used to gate ST macrophages as they are expressed by most macrophages (Supplementary Figure 3) (36). Macrophage density was significantly higher in synovium from patients with inflammatory joint disease compared with healthy controls (203 macrophages/mm2) (Figures 5A, B) and was comparable between both UA evolving groups, with 630 macrophages/mm2 in UA>RA and 622 macrophages/mm2 in UA>PsA (Figure 5A). Synovial tissue from persistent UA (318 macrophages/mm2) showed significantly lower macrophage density than UA>RA and UA>PsA (Figure 5A). These results suggest that the initial phases of RA and PsA are characterized by a significantly higher density of CD163+ macrophages compared with persistent UA. Since all groups had a similar proportion of patients on csDMARD therapy, differences in macrophage density could not be attributed to differences in treatment. In support of this rationale, more UA>PsA patients had received csDMARDs compared with PsA patients. However, 56% of patients with persistent UA were csDMARD-naïve, and had significantly lower CD163+ macrophage density than UA>RA or UA>PsA (Table 1).




Figure 5 | Macrophage density in normal, undifferentiated arthritis, rheumatoid arthritis and psoriatic arthritis synovial tissue. (A) Quantification of CD163+ macrophages from normal (NS, n=6), undifferentiated arthritis (UA, n=16), undifferentiated arthritis evolving to RA (UA>RA, n=8), undifferentiated arthritis becoming psoriatic arthritis (UA>PsA, n=9), rheumatoid arthritis (RA, n=12), and psoriatic arthritis (PsA, n=10) synovial tissues. The total number of macrophages was normalized based on selected tissue area (mm2). Mean ± SEM is shown. Significant differences are indicated (**p < 0.01, ***p < 0.001, Mann-Whitney test). (B) Immunofluorescence analysis of NS, UA, UA>RA, RA, UA>PsA, and PsA synovial tissues as determined by confocal microscopy using anti-CD163 specific antibody (green); nuclei were counterstained with DAPI (blue). The experiment was carried out in independent samples from each type (six normal synovial tissue controls and eight to 16 remaining synovial tissues) and representative experiments are shown. Scale bars, 100 µm.





Synovial Tissue Categorization According to Defined Pathotypes

Based on H&E and immunohistochemistry staining for CD3 (T cells), CD20 (B cells), CD138 (plasma cells), and CD68 (macrophages), synovial tissue from each UA and definite arthritis group was categorized into three distinct synovial pathotypes: lympho-myeloid, diffuse-myeloid, and pauci-immune (37). Results show that, in all the groups studied, the most frequent pathotypes were lympho-myeloid and diffuse-myeloid, ranging from 40-50% each, with the pauci-imune found in around 8% of the patients (Supplementary Table 1) These results are in line with those from previous studies (9, 37–40). The relative prevalence of the lympho-myeloid pathotypes in our established RA cohort, with more longstanding disease, was higher than in its undifferentiated phase (75% vs. 50%) (Supplementary Table 1), but the low number of cases preclude to extract further conclusion.




Discussion

Synovial tissue macrophages are key producers of cytokines relevant to the physiopathology of chronic arthritis and their changes correlate with disease activity, radiographic progression, and response to therapy (10–13). However, macrophages are composed of a heterogeneous population with different functional profiles: pro-inflammatory, anti-inflammatory or reparative (17–20). Macrophage polarization has been demonstrated in experimental models of immune-mediated inflammatory diseases and in human cancer (41).

The characterization of ex-vivo CD14+ macrophages isolated from synovial fluid of patients with active RA indicate that they exhibit a transcriptomic and protein profile compatible with GM-CSF-skewed macrophage polarization (21). Activin A and other proteins encoded by several GM-CSF-associated gene markers, including MMP12 and CCR2, have been also detected in macrophages from active RA joints (21–23). GM-CSF induces macrophage differentiation and survival from hematopoietic progenitor cells (35, 42). In contrast to M-CSF, GM-CSF is undetectable in the systemic circulation during homeostasis but is produced and active at sites of tissue inflammation, and is a key driver of tissue inflammation and arthritic pain (43, 44). GM-CSF was also pathogenic in experimental models of SpA (45) and is emerging as a central player in chronic inflammatory diseases, including mouse models of multiple sclerosis (46), bowel inflammation (47), and RA (48). GM-CSF signals through GM-CSFR, priming myeloid cells to produce inflammatory mediators that promote the activation of synovial fibroblasts, activation of the vasculature and differentiation of effector T cells. Activated synovial fibroblasts secrete GM-CSF in response to inflammatory mediators, thus implying that GM-CSF is a communication conduit between the innate and adaptive immunity critically-involved in chronic inflammation (43).

The GM-CSF receptor was reported to be overexpressed in CD68+ and CD163+ macrophages from the ST of RA and PsA patients compared with osteoarthritis patients and healthy controls (49). Clinical trials targeting GM-CSF or GM-CSF receptor-α in RA have shown sustained clinical responses without major safety concerns (50, 51).

To our knowledge, this is the first study assessing GM-CSF expression and cellular source, macrophage polarization state and density in the ST of the most prevalent immune-mediated inflammatory joint diseases, RA and PsA, and their undifferentiated phases. We found that the main cellular sources of GM-CSF in the synovium of all chronic arthritis groups studied are stromal cells and CD163+ macrophages. Sublining CD90+ FAP+ synovial fibroblasts, the only subtype reported as pathogenic, which is specifically increased in RA compared with osteoarthritis (33) and CD90+ activated endothelium (52) show high GM-CSF expression. Although intracellular GM-CSF expression by ST polyfunctional lymphocytes (Th1, Th17, and ex-Th17 subtypes) have been reported using flow cytometry in PsA and the number of these cells correlated with the disease activity of psoriatic arthritis score (DAPSA) (53), we could not confirm GM-CSF expression by CD3+ or CD4+ T cells in our samples. No expression of GM-CSF on healthy synovium was found.

Among the GM-CSF-derived macrophage markers, we detected activin A both in the synovial stroma and synovial fluid of all UA and established arthritis patients, although higher levels of SF activin A were found in RA and its undifferentiated phase. Activin A is a member of the TGFβ factor family encoded by the INHBA gene and mediates, in part, the macrophage-polarizing ability of RA synovial fluid (21, 54). Activin A contributes to the proinflammatory macrophage polarization triggered by GM-CSF and limits acquisition of the anti-inflammatory phenotype (22). Activin A is elevated in the early stages of other inflammatory diseases and exerts pro- or anti-inflammatory activities depending on its concentration and cellular context (55). In the particular case of the undifferentiated and established arthritis in our study, activin A levels fell within the pro-inflammatory side (55), stressing its contribution to the polarization of macrophages within the inflamed synovium.

Despite the high and generalized expression of GM-CSF in the synovium of all arthritis groups analyzed, only a few csDMARD naïve patients with persistent UA had detectable levels in synovial fluid. This finding was expected, as it is known that GM-CSF is mainly expressed in inflamed tissue.

Our results confirm our previous findings in RA (21) and extend them to PsA synovitis and their respective UA phases, including persistent UA, suggesting that the pattern of polarization of ST macrophages, mainly proinflammatory, is similar and is already present in all phases of these chronic inflammatory joint diseases. A previous study analyzing macrophage subsets in human arthritis found M1 polarization predominating in RA and IL-10-expressing macrophages in SpA, including PsA (56).

Despite the pathogenic differences between RA and PsA, we found similar patterns of expression of proteins induced by GM-CSF and M-CSF in CD163+ macrophages of PsA, RA, and their undifferentiated phases. Although PsA ST had significantly more CD163+ macrophages expressing the anti-inflammatory CD209 marker, which suggests CD163+ CD209+ could represent reparative and anti-inflammatory tissue-resident macrophages (18), no differences were found in the expression of proinflammatory markers (activin A, TNF, MMP-12) between CD163+ macrophages CD209+ and CD209low/-.

Our results show that the density of CD163+ macrophages is significantly higher in UA evolving to RA or PsA compared with persistent UA. This is an unexpected finding as more UA>PsA patients had received csDMARDs therapy than PsA patients. However, 56% of patients with persistent UA were csDMARD-naïve and had significantly lower CD163+ macrophage density than UA>RA, UA>PsA, or established RA or PsA patients. Although cautiously, these findings suggest that a significant increase in ST CD163+ macrophage density could be a marker of transition from undifferentiated to definite disease, both in RA and PsA. In fact, a study searching for ST predictors of clinical differentiation in patients with seronegative undifferentiated peripheral arthritis reported that 6 out of 42 patients with a definite diagnosis after 1 year of follow up (2 RA, 2 SpA, 2 PsA) had higher histological CD68+ macrophage scores than patients persisting with undifferentiated arthritis (57).

Several articles using single cell technologies (17–20) have recently reported new biomarkers to clearly discriminate pro-inflammatory from anti-inflammatory, reparative macrophages. Specifically, Alivernini et al. showed that not all synovial tissue macrophages (STM) are inflammatory (MerTKneg) and that sustained disease remission in RA is actively maintained by MerTKpos macrophages, which are also predominant in healthy synovium. If validated with additional cohorts of patients with RA in remission, the ratio of MerTKpos to MerTKneg STMs could be useful as a predictor of disease flare versus sustained remission to help with treatment decisions in clinical practice (19).

Our study has some limitations, including the retrospective design and the relatively small sample size. Although some patients were receiving csDMARDs (mainly methotrexate), which could modify our findings, this factor was comparable in all groups. The study has the strength of the follow-up of UA patients until they met RA or PsA classification criteria, the group of persistent UA patients (treated or not with csDMARDs) as positive controls and the ST from healthy controls. Likewise, the results were consistent for all types of arthritis.



Conclusion

Our results show a high, generalized expression of GM-CSF in stromal cells and sublining CD163+ macrophages from synovial tissue of UA patients evolving or not to RA or PsA compared with healthy controls. CD163+ macrophages expressed a pro-inflammatory profile of biomarkers (activin A, TNFα, and MMP-12) in synovial tissue from all arthritis subtypes studied, while in paired samples of synovial fluid only activin A levels were widely detected. CD163+ macrophages were significantly higher in the UA phases of RA and PsA compared with persistent UA. Taken together, our findings support the concept that GM-CSF is a strong driver of macrophage polarization and a potential therapeutic target, not only in RA but also in PsA and in UA. We also found that the ST sublining of undifferentiated and established arthritis patients showed a high percentage of CD163+ CD209low/- whereas healthy controls exhibited a high percentage of CD163+ CD209+, suggesting they may be resident macrophages with a potential anti-inflammatory function. Further studies using single cell technologies will definitively characterize phenotypes and function of synovial macrophages in undifferentiated arthritis.
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Serum amyloid A (SAA) is an acute phase protein with a significant importance for patients with inflammatory rheumatic diseases (IRD). The central role of SAA in pathogenesis of IRD has been confirmed by recent discoveries, including its involvement in the activation of the inflammasome cascade and recruitment of interleukin 17 producing T helper cells. Clinical utility of SAA in IRD was originally evaluated nearly half a century ago. From the first findings, it was clear that SAA could be used for evaluating disease severity and monitoring disease activity in patients with rheumatoid arthritis and secondary amyloidosis. However, cost-effective and more easily applicable markers, such as C-reactive protein (CRP) and erythrocyte sedimentation rate (ESR), overwhelmed its use in clinical practice. In the light of emerging evidences, SAA has been discerned as a more sensitive biomarker in a wide spectrum of IRD, especially in case of subclinical inflammation. Furthermore, a growing number of studies are confirming the advantages of SAA over many other biomarkers in predicting and monitoring response to biological immunotherapy in IRD patients. Arising scientific discoveries regarding the role of SAA, as well as delineating SAA and its isoforms as the most sensitive biomarkers in various IRD by recently developing proteomic techniques are encouraging the revival of its clinical use. Finally, the most recent findings have shown that SAA is a biomarker of severe Coronavirus disease 2019 (COVID-19). The aim of this review is to discuss the SAA-involving immune system network with emphasis on mechanisms relevant for IRD, as well as usefulness of SAA as a biomarker in various IRD. Therefore, over a hundred original papers were collected through an extensive PubMed and Scopus databases search. These recently arising insights will hopefully lead to a better management of IRD patients and might even inspire the development of new therapeutic strategies with SAA as a target.
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Introduction

Serum amyloid A (SAA) is the most prominent acute phase reactant as its serum levels in acute phase response demonstrate the most notable increase. In healthy individuals, SAA is present at the blood concentration below 3 mg/L. During the acute phase of the inflammatory response, SAA increases up to 1,000-fold in 24 h by stimulation of the pro-inflammatory cytokines. This effect is followed by a rapid decline which implies a remarkable feedback regulation (1). SAA shares many similarities with the C-reactive protein (CRP), the most commonly used serum biomarker for assessing disease severity in inflammatory rheumatic diseases (IRD). Both SAA and CRP concentration increases rapidly following an inflammatory stimuli, mostly as a result of the increased synthesis in hepatocytes (1, 2). Moreover, they share some intracellular signaling pathways. In fact, both are induced by interleukin (IL)-6 and addition of IL-1 to IL-6 has a synergistic effect on their synthesis (3). Serum levels of SAA and CRP show a close relationship and are usually significantly positively correlated with each other in a wide range of clinical conditions (4). SAA is significantly elevated in patients with IRD and is commonly used for evaluating disease severity and monitoring disease activity (5). However, the non-superiority of SAA to the other commercially available inflammatory markers, such as CRP and the erythrocyte sedimentation rate (ESR), as well as technical difficulties in measuring the SAA levels have led to neglection of SAA in everyday clinical practice of not IRD specialized centres.

Lately, arising scientific discoveries regarding the role of SAA in IRD as well as the development of proteomic techniques for serum biomarker analysis encouraged a revival of clinical use of SAA. There are more than few arguments in favor of using SAA over CRP in several clinical scenarios associated with inflammation. Firstly, increased concentrations of SAA despite normal levels of CRP and ESR are frequently observed in IRD patients with mild disease activity, while increased CRP or ESR levels with normal SAA concentration are extremely rarely observed. Moreover, the low-grade inflammation with persistent elevated SAA values is associated with the development of life-threatening complications – secondary amyloidosis and coronary heart disease (6, 7). Furthermore, unlike CRP, SAA is locally expressed in inflamed synovial tissue and is directly involved in the pathogenesis of IRD by multiple immunomodulatory and cytokine-like properties, making SAA a potential therapeutic target. Therefore, it is not surprising that accumulating evidences suggests SAA as a more reliable biomarker than CRP or ESR for monitoring disease activity in various rheumatic and autoinflammatory diseases, including rheumatoid arthritis (RA), ankylosing spondylitis (AS), juvenile idiopathic arthritis (JIA), systemic lupus erythematosus (SLE), different types of vasculitis, sarcoidosis, familial Mediterranean fever (FMF), secondary amyloidosis, etc., especially in the era of biologic immunosuppressive therapy.

The aim of this review is to give a brief insight into the complex network of the multiple SAA roles in the pathogenesis of inflammation, as well as to summarize and discuss the current evidences of its clinical utility in assessing an early diagnosis and monitoring the disease activity and response to therapy in a wide range of IRD.



Literature Review

A comprehensive literature review was conducted using PubMed and Scopus databases to identify articles exploring the role and utility of SAA in IRD, according to the published guidance on narrative reviews (8). We used search terms of “serum amyloid A”, “serum biomarkers”, “markers of inflammation”, “rheumatic disease”, “autoinflammatory disease” and “COVID-19” in different combinations. The latter term was added since we are currently experiencing a pandemic of Coronavirus disease 2019 (COVID-19). Search terms were used as key words and as MeSH terms to maximize the output from the literature. Only available full-text articles in English published until September 2020 were included. Additional exclusion criteria were studies on non-human species, case reports, reviews, commentaries and studies not concerning rheumatic diseases or not discussing SAA. The reference lists of the selected articles were reviewed to identify additional articles meeting the eligibility criteria. The database search resulted in 2675 articles of which 300 remained after the removal of duplicates and title/abstract screening. Finally, after assessing the full-text articles for eligibility and screening of the reference lists, a total of 180 full-text articles were included in the present review. The included articles were divided in two groups: articles reporting on the role of the SAA-related genes and proteins in the pathogenesis of IRD (n=72) and articles reporting on correlations between SAA and clinical features of various IRD (n=102) or COVID-19 (n=6) (Figure 1). Results from the first group are summarized in the “SAA-related genes and proteins” and “SAA in rheumatic diseases” sections, while results from the latter group are summarized in a narrative manner in each relevant section of this review. Summary tables with characteristics of each article included in each section are provided (Tables 1–9).




Figure 1 | Flow chart illustrating the literature search and study selection process.




Table 1 | Characteristics and results of articles investigating clinical utility of SAA in patients with rheumatoid arthritis.






Table 2 | Characteristics and results of articles investigating clinical utility of SAA in patients with juvenile idiopathic arthritis.




Table 3 | Characteristics and results of articles investigating clinical utility of SAA in patients with ankylosing spondylitis.




Table 4 | Characteristics and results of articles investigating clinical utility of SAA in patients with different types of vasculitis.




Table 5 | Characteristics and results of articles investigating clinical utility of SAA in patients with sarcoidosis.




Table 6 | Characteristics and results of articles investigating clinical utility of SAA in patients with systemic sclerosis, systemic lupus erythematosus or psoriatic arthritis.




Table 7 | Characteristics and results of articles investigating clinical utility of SAA in patients with systemic autoinflammatory diseases.





Table 8 | Characteristics and results of articles investigating clinical utility of SAA in patients with AA amyloidosis.




Table 9 | Characteristics and results of articles investigating clinical utility of SAA in patients with COVID-19.





SAA-Related Genes and Proteins

The SAA gene family is located on the short arm of chromosome 11 (11p15.1). It contains four genes, namely SAA1, SAA2, SAA3 and SAA4 (115). All the genes consist of 4 exons and 3 introns, and their initial transcripts have 18 aa signal sequence that is removed in the serum proteins. Within the SAA gene cluster, only the SAA1 and SAA2 genes encode an acute phase serum proteins (SAA1 and SAA2 isotypes) with approximately 95% sequence identity, which are coordinately induced in response to inflammation (116). SAA3 contains an early stop codon suggesting it is a non-translated pseudogene (117). The corresponding protein of the SAA4 gene is constitutively synthesized, meaning it is not induced in the acute phase response (118). The inducible SAA isoforms, SAA1 and SAA2, are termed acute-phase SAA.

SAA has several allelic variants (α, β, γ in SAA1 and α, β in SAA2). Two single nucleotide polymorphisms (SNPs) within the exon 3 of the SAA1 gene generate three common isoformes: SAA1α (52Valine/57 Alanine), SAA1β (52Alanine/57 Alanine) and SAA1γ (52Alanine/57 Valine). Some of these variants contribute to the susceptibility to AA amyloidosis. In particular, SAA1α allele is a risk factor for developing AA amyloidosis in Caucasian (119–121). Contrarily, in the Japanese population this allelic variant has protective properties, while SAA1γ allele carries a higher risk of developing AA amyloidosis (122–124). Blank et al. (119) reported a 100% incidence of SAA1α/α genotype among patients with idiopathic AA amyloidsosis. Moreover, another SNP in the SAA1 gene at position -13 in the 5’ regulatory region (promoter region), is associated with the AA amyloidosis occurrence in both Japanese and Caucasian rheumatoid arthritisnbsp;patients, which might explain the discrepancy between previous reports (125, 126). The latter SNP also affects the SAA transcription with the -13T allele having greater activity (127).

SAA transcription can be up-regulated by several cytokines including the tumor necrosis factor alpha (TNFα), IL-1β and IL-6 (128). TNFα and IL-1β activate the nuclear factor-kappa B (NF-κB) site. IL-6 binds to a transmembrane G-coupled protein 130 (gp130) leading to the activation of Janus kinase 2 (JAK-2), which results in the recruitment of the signal transducer and activator of transcription 3 (STAT3), finally resulting in an impressive SAA gene transcription (129, 130). However, a weak expression of SAA messenger RNA (mRNA) is induced by the stimulation with IL-6 alone, whereas almost no expression is induced by the stimulation with TNFα or IL-1β alone. On the other hand, the synergistic induction of SAA mRNA has been observed by a co-stimulation with IL-6 and TNFα or IL-1β (131). It seems that the activation of STAT3 by an IL-6 stimulated JAK is essential for the production of SAA and the supplementation of NF-κB activity stimulated by TNFα or IL-1β strengthens the SAA expression (132). This evidence is important for the therapeutic effects of monoclonal antibodies: JAK inhibitors (tofacitinib) and anti-IL-6 receptor antibodies (tocilizumab and sarilumab) almost completely inhibit the expression of the SAA mRNA, whereas the IL-1 antagonists (anakinra) and TNFα antibodies (infliximab, adalimumab, etanercept) achieve only a partial inhibition (108, 130). However, SAA mRNA translation is 10-fold lower than the rate of mRNA synthesis due to post-transcriptional regulation. SAA mRNA undergoes poly(A) tail shortening over time, a posttranscriptional event that has been functionally coupled to gene expression and translation. These post-transcriptional mechanisms are only partially explained, suggesting possible epigenetic modifications (133, 134). The half-life time of SAA (~35h) is significantly shorter than that of CRP (~47h) (4). Interestingly, half-life time of their mRNAs (SAA mRNA~8.5h, CRP mRNA~2.5h) indicate that SAA mRNA stability is substantially greater than the CRP mRNA. Taken all together, it seems that CRP expression is regulated mainly at the transcriptional level, while post-transcriptional mechanisms are involved in the regulation of SAA (133, 135). This is somewhat in line with the notion that SAAcan be readily produced locally by synovial cells in joints of RA patients (20, 136). Moreover, Thorn et al. (128, 137) detected a putative glucocorticoid response element (GRE) functionally active in the SAA1 gene, whereas it was disrupted in the SAA2 gene. A paradox of an anti-inflammatory drug inducing the pro-inflammatory mediator was confirmed by De Seny et al. (20) who demonstrated glucocorticoid-induced SAA secretion in human primary joint cells.



SAA in Rheumatic Diseases

The role of SAA in pathogenesis of rheumatic diseases has been most extensively investigated in RA, a IRD prototype, characterized by synovial inflammation leading to a cartilage destruction. The finding that the SAA concentration might be even higher in synovial fluid than plasma, led to discovery of local SAA production by rheumatoid synovial cells (20, 29, 138). Connolly et al. demonstrated a SAA-induced leukocyte migration and tissue infiltration, angiogenesis and inflammation in synovial cells in rheumatoid arthritis (98, 139). Moreover, SAA exhibits cytokine-like properties and can induce synthesis and secretion of several proinflammatory cytokines, including TNFα, IL-6 and IL-1ß (140, 141). SAA plays a pathogenic role in joint leading to the cartilage destruction by activating multiple receptors, including N-formyl peptide receptor-like 1 (FPRL1, also called lipoxin A4 receptor) (142, 143), scavenger receptor class B type 1 (SR-B1) (144, 145), Toll-like receptor 4 (TLR4) (146, 147), Toll-like receptor 2 (TLR2) (148–151) and receptors of advanced glycation end products (RAGE) (147, 152). The expression of these receptors is increased in RA synovial tissue and mediates SAA-induced proinflammatory and angiogenic effects by the activation of MAPKs and NF-κB (153). Moreover, SAA stimulates the production of matrix metalloproteinases (MMPs) by chondrocytes and synovial fibroblasts (154–156). Stimulation of these cartilage-degrading proteinases contributes to the chronic tissue injury in arthritis. Matrix metalloproteinase-3 (MMP-3) is found highly concentrated in the synovial fluid as well as in the serum of RA patients and correlates with progression of erosion in RA (21, 157). MMP-3 production is simultaneously up-regulated by the proinflammatory cytokines IL-1β, TNFα and IL-17. Cytokine- and SAA-driven production of MMP-3 in the rheumatoid joint appears to be a key mediator of the cartilage destruction. Furthermore, SAA induces pentraxin 3 (PTX3) in rheumatoid synoviocytes. PTX3 is also an acute-phase reactant involved in amplification of the inflammatory response. This loop seems to involve N-formyl peptide receptor ligand-1 (FRLP-1) (158).

A new subset of interleukin 17 (IL-17) producing T helper cells (Th17 cells) has been recently reported to play a critical role in inflammatory joint diseases including RA, AS and psoriatic arthritis (PsA) (159–165). In contrast to the other effector T-cell subsets, Th17 cells express the IL-23 receptor (IL-23R) on their membrane and are dependent on IL-23 for their survival, expansion and cytokine production (159). In addition, Th17 cells express the chemokine receptor 6 (CCR6) on their membrane which can be activated by the chemokine ligand 20 (CLC20) (160). CLC20 acts as a chemo-attractant on Th17 cells and stimulates IL-17 production. SAA is a potent inducer of both IL-23 and CCL20 in synovium and, consequently, induces Th17 polarization from CD4 + T cells and IL-17 production (161, 162). Furthermore, IL-17 also up-regulates the expression of CCL20 (166). Taken together, SAA sustains the chronic inflammation by contributing to the recruitment of Th17 cells to the inflamed synovium. Although serum and synovial fluid IL-17 levels in RA patients are significantly elevated (163, 164), results of clinical trials with anti-IL-17 antibodies have been discouraging. On the other hand, IL17 blockade is highly effective in AS and PsA (166, 167). This may be due to a non-IL-23 dependent IL-17 production in innate immune cells, which can contribute to the pathogenesis of these diseases (166). Figure 2 summarizes the described SAA signal transduction and feedback pathways.




Figure 2 | SAA signal transduction pathways and feedback loops with relevance for rheumatic diseases. SAA activates several cell receptors including Toll-like receptors 2 and 4 (TLR2, TLR4), formyl peptide receptor -like 1 (FPRL1), scavenger receptor class B type 1 (SRB1) and receptors of advanced glycation end products (RAGE). SAA receptors share common properties in activating protein kinases (MAPKs) and transcription factors such as nuclear factor kappa B (NF-kB), signal transducer and activator of transcription 3 (STAT-3) and activator protein 1 (AP-1). These factors promote transcription of interleukin 6 (IL-6), interleukin 1ß (IL-1ß), tumor necrosis factor α (TNFα), matrix metalloproteinases (MMPs), chemokine ligand 20 (CLC20), pentraxin 3 (PTX3), etc. IL-6, IL-1ß and TNFα stimulate SAA production, while PTX3 promotes inflammation by activating FPRL-1. CLC20 recruits Th17 cells which stimulate transcription of cartilage-degrading MMPs and CLC20 chemokine by producing IL-17.



Recent studies (168–170) have shown that SAA also induces the synthesis of pro-IL-1β and activation of the NOD-like receptor family, pyrin domain containing 3 (NLRP3) inflammasome and subsequent activation of caspase-1 which converts pro-IL-1β to its active form IL-1β, suggesting a further link between SAA and systemic autoinflammatory disease. Activation of the inflammasome cascade has one of the key roles in initiation of the whole immune system. This recently discovered connection, in addition to the above mentioned SAA immunomodulatory pathways, emphasizes the importance of SAA in the pathogenesis of rheumatic diseases. Proteins that are mutated in autoinflammatory diseases mediate the regulation of NF-κB activation, cell apoptosis, and IL-1β secretion through cross-regulated signaling pathways. Since almost all clinical manifestations associated with inflammasome dysregulation are due to an inappropriate and/or excessive release of IL-1β, targeted IL-1β blockade is the mainstay of treatment, and its remarkable efficacy is well established. Biological therapies such as anakinra (recombinant IL-1 receptor antagonist) and canakinumab (monoclonal anti-IL-1β antibody) are both licensed for several autoinflammatory diseases.

In 1974, Husby et al. identified amyloid protein A as a proteolytic derivate of SAA by a sequence analysis of the protein purified from amyloid deposits. Amyloid protein A is a 76 amino acids N-terminal derivate of SAA (171). The aberrant processing of SAA in macrophage lysosomes leads to accumulation of newly formed AA amyloid fibrils and development of AA amyloidosis (172, 173). The generation of SAA N-terminal fragments has been related to the activity of MMPs (174). MMP1 has a putative cleavage site next to the site of SAA1 amino acid substitutions at positions 52 and 57 (175). SAA1α has a higher affinity for cleavage by MMP1 than SAA1β or SAA1γ consequently leading to a larger amounts of amyloidogenic truncated SAA forms (175). These data indicate that susceptibility to N-terminal cleavage at residue 57 might be related to a higher risk of developing amyloidosis.

In blood circulation SAA associates with high density lipoproteins (HDL), where it replaces apolipoprotein A1. During the acute phase response, SAA constitutes up to 87% of the apolipoprotein content of HDL particles. Incorporation of SAA into the HDL particle leads to a structural modification with a consequent functional deficiency. These so-called proinflammatory HDLs (piHDLs) are characterized by reduced capacity for reverse cholesterol transport, increased oxidation of low density lipoproteins (LDLs) and reduced inhibition of monocyte chemoattractant protein 1 (MCP-1) production in vascular smooth muscle cells. These changes result in an increased atherogenic potential (176, 177). Recent studies (178, 179) have proposed piHDLs as biomarkers of disease activity in IRD. Additionally, high expression of SAA mRNA by several cell types in atherosclerotic lesions suggests a role in the pathogenesis of atherosclerotic plaques (180). The earliest phase of atherogenesis involves vascular endothelial cell (EC) dysfunction. The SAA-induced pro-inflammatory cytokine TNFα stimulates the expression of adhesion molecules on ECs and stimulates the production of tissue factor (TF) which promotes the formation of atherosclerotic plaque (181, 182). SAA-treated ECs show a significantly increased expression of TNFα, TF and vascular endothelial growth factor (VEGF) (183). Pharmacological blockade of SAA receptors, including FPRL1, TLR2/4 and RAGE, inhibits SAA-mediated pro-atherogenic effects in ECs. However, the pharmacological inhibition is only partial in contrast to adding isolated human HDL which almost completely abrogates SAA-induced pro-atherogenic activity (183, 184). HDL reduces SAA’s bioavailability, but other mechanisms for modulating SAA pro-atherogenic activities in EC are also possible. For instance, circulating HDL may indirectly inactivate membrane SAA receptors by membrane cholesterol level modulation (185). Therefore, SAA:HDL blood ratio may be of a critical importance for HDL’s ability to protect ECs from SAA pro-atherogenic activities. Furthermore, SAA up-regulates the expression of TLR2 in EC, suggesting a positive feedback loop (186). On top of all that, SAA significantly decreases endothelial nitric oxide (NO) synthase levels, NO bioavailability and the activity of internal antioxidant enzymes catalase and superoxide dismutase in ECs, leading to an increased superoxide radical anion production, impaired NO activity and, consequently, endothelial dysfunction and atherosclerotic plaque formation (187). Intriguingly, atherosclerotic cardiovascular diseases are the primary cause of premature death in patients with rheumatic diseases.



SAA in Rheumatoid Arthritis

SAA can be used as a diagnostic marker for RA since its serum levels are significantly elevated in RA patients compared to healthy controls and patients with osteoarthritis (OA) (5, 9–11). SAA levels are increased in RA compared to OA patients not only in the serum, but also in synovial fluid, as a result of a local production (12, 20, 29). A number of researches demonstrated a significant correlation between SAA serum concentration and RA disease activity (9, 10, 13). SAA is a more sensitive marker of disease activity in RA than CRP or ESR (11, 14–16, 21), even during pregnancy (17). Chambers et al. were the first to report an increased SAA level in RA patients with normal CRP levels in 40% of the patients included in their study (14). Authors considered sex, age, disease duration as well as therapy differences between groups in consideration, but did not find a significant divergence that could influence results. Subsequent studies confirmed the usefulness of SAA for detecting subclinical inflammation, even in patients with CRP within the reference values (18, 19, 22, 29). Hwang et al. (18) and Connolly et al. (23) proposed SAA for monitoring RA disease activity in patients receiving anti-TNFα therapy, since anti-TNFα therapy reduced CRP even without reduction in disease activity, while SAA was less affected. This may be a result of synthesis under the influence of different cytokine combinations.

Furthermore, considerably increased SAA levels (>520 mg/L) in patients with recent onset arthritis can distinguish patients with a final diagnosis of RA from those with persistent undifferentiated arthritis (15). In addition, baseline SAA levels, contrarily to CRP or ESR, are independently correlated with RA radiographic progression at 1-year (23). Wild et al. (19) performed a multivariate analysis of 32 biomarkers (including SAA and CRP), out of 131 initially considered, which were subjected to three inclusion criteria: discrimination between RA patients and healthy controls, ability to identify anti-cyclic citrullinated peptide antibody (anti-CCP) negative RA patients and specificity for RA. Among the tested biomarkers, only the combination of SAA and anti-CCP increased the sensitivity of anti-CCP alone (80.1% vs. 75.8%, respectively), although this was followed by a drop in specificity (94% for anti-CCP alone vs. 86.6% for SAA+ anti-CCP). Moreover, SAA is incorporated in the widely used multi-biomarker disease activity (MBDA) test developed by Centola et al. (24) for RA activity assessment and discrimination of patients with a low disease activity from those with a moderate or high disease activity. The group tested 130 biomarkers for estimating RA activity in samples obtained from 702 patients and finally included only 12 biomarkers in MBDA score. While most of the MBDA score biomarkers can predict either Swollen Joint Count (SJC28), Tender Joint Count (TJC28) or Patient Global Assessment (PGA), SAA predicts all of them. Recently, Ma et al. (25) investigated the utility of the MBDA score and its individual components for predicting outcomes in patients who are in a stable low disease activity. They found that the baseline SAA level can be used for predicting remission over 12 months. The average of 3 measurements obtained over the first 6 months had an even better predictive value. Moreover, baseline SAA concentrations were significantly higher in patients with low disease activity than patients in total remission. Therefore, SAA may be used for detecting subclinical inflammation and for predicting remission at 1 year in patients with RA.

SAA has also been correlated with cardiovascular disease in RA patients. Wong et al. (26) found that the decreased arterial elasticity in RA patients, which may precede atherosclerosis, is significantly inversely correlated with SAA concentration. Another study reported a trend of association between SAA levels and severity of coronary atherosclerosis in patients with RA (27). Along with a significant correlation between SAA and cardiovascular involvement, Targonska-Stepniak et al. found a significant correlation with renal involvement (assessed by serum levels of cystatin C—an early marker of chronic kidney disease) (13).

Numerous researches verified SAA as an indicator of response to therapy in RA patients. Kullich et al. investigated the effects of leflunomide, a conventional disease-modifying antirheumatic drug (DMARD) therapy in RA (28). Their in vivo results with significant reduction of SAA and MMP levels after 6 months of leflunomide therapy confirmed a previously reported suppressive effects of leflunomide in vitro (188). Targonska-Stepniak et al. (22) also investigated the influence of leflunomide and found that, in spite of a reduction in disease activity and other laboratory inflammatory markers including CRP and ESR, the mean SAA concentration at 12 months of leflunomide treatment did not significantly differ from the SAA level at the start of treatment, revealing an ongoing subclinical inflammation. More recently, Boeters et al. (30) revealed a significant association between higher SAA levels (>3 ug/ml) at disease onset and achievement of sustained-DMARD-free remission (defined as the absence of synovitis that sustained after discontinuation of all DMARD therapy to at least 1 year) suggesting a predictive value of SAA. Migita et al. (130) demonstrated that Janus kinase inhibition down-regulates IL-6 induced SAA expression in rheumatoid synovium. In the subsequent study (31) they validated SAA as a sensitive biomarker of response to tofacitinib (Janus kinase inhibitor) in patients with active RA. Tofacitinib reduced both IL-6 and SAA serum levels. In patients who experienced a post-treatment SAA normalization, the decrease of disease activity was greater compared to those with persistently high levels. This finding suggests that SAA may be used for monitoring response to tofacitinib in RA patients, although the caution is needed when interpreting the results, since only 14 patients were included in the study, and only 4 received tofacitinib as monotherapy. Finally, many researchers investigated response to anti-TNFα antibodies in RA patients by monitoring SAA levels. Visvanathan et al. (32) reported that the reduction in serum level of SAA at week 4 after initiation of golimumab therapy in RA patients correlates significantly with clinical improvement at week 16, suggesting the use of SAA for predicting the clinical response. Doyle et al. (33) validated SAA as a potential biomarker for evaluating response to golimumab in RA patients but did not found clinically relevant correlation between baseline SAA levels and clinical improvement at week 24 of golimumab therapy. Furthermore, the clinical utility of SAA for assessing response to adalimumab in RA patients has been validated by Kobayashi et al., Berner Hammer et al. and Gabay et al. (34–36), while Nissinen et al. (37) reported SAA levels to be significantly correlated with clinical improvement in RA patients treated with infliximab. In addition, Gabay et al. (36) compared effects of adalimumab and sarilumabon serum biomarkers in a large cohort (n=307) of RA patients. They found a significant greater decrease of SAA at week 24 in responders than non-responders in adalimumab group. Although total SAA reduction was greater in sarilumab group, the association between clinical efficacy and SAA reduction was not found in this group, suggesting that a direct effect of IL-6 blockade on SAA production is independent of its effect on disease activity. In addition, this research reported a significant predictive value of high baseline SAA levels for a better clinical response to sarilumab than adalimumab. Further studies with a longer follow-up are needed for validating and expanding these results.

Lately, quantitative methods for measuring different SAA isoforms and proteomic techniques for exploring clinical relevance of these isoforms are being developed. Xu et al. (38) developed ELISA for SAA1 and investigated levels and ratios of SAA1 in total SAA in healthy subjects and RA patients. They found that both SAA1 and total SAA are significantly elevated in RA patients compared to healthy subjects, although the SAA1/SAA ratio did not differ between the two groups. De Seny et al. (39) used SELDI-TOF MS (surface-enhanced laser desorption/ionization time-of-flight mass spectrometry) for finding proteins that are significantly elevated in RA patients. Interestingly, along with SAA of 11,682 Da, two truncated and probably post-translationally modified SAA proteins were also identified: SAA without its first N-terminal Arg residue of 11,526 Da (SAA des-Arg) and SAA truncated at the N-terminal end by 2 residues, Arg and Ser, of 11,439 Da (SAA des-Arg/des-Ser). Li et al. (40) confirmed the differential expression of SAA in the serum of RA patients compared to healthy controls by proteomics. Seok et al. (41) used a nanoliquid chromatography-tandem mass spectrometry (LC-MS/MS) to identify candidate biomarkers for RA pre-screening. They found the concentration of SAA4 in the serum of clinically healthy individuals with high rheumatoid factor (RF) values significantly higher compared to sera with normal RF values. Furthermore, by using ELISA, they validated a significantly up-regulated SAA4 in RA patients. Therefore, SAA4 may represent a novel prescreening marker for early RA detection. Remarkably, SAA4 was found to be superior to CRP as RA biomarker, and the combination of SAA4 and CRP had even higher pre-screening efficacy. Nys et al. (42) investigated SAA1 and SAA2 isoforms and their allelic variants in patients with early-onset, weak/moderate and severe RA, AS, SLE, OA and healthy controls. They found SAA2 levels significantly higher in all the RA patients compared to controls and other pathologies (SLE; OA), while SAA1β levels were increased only in early-onset RA and SAA1α in severe RA. The weights of SAA1α and SAA1β levels in the total SAA response were different according to the studied pathologies and RA severity. In particular, SAA1α made up to 80% of total SAA in RA while SAA1β made up to 69% in SLE. This leads to the conclusion that SAA2 and SAA1β isoforms can serve as RA biomarkers before the symptoms onset (along with RF and anti-CCP), while the SAA1α/SAA1β ratio is useful for evaluating disease severity and response to treatment. Furthermore, this study demonstrated that SAA is not only quantitatively different among various inflammatory pathologies, but also qualitatively by different representation of isoforms.

In conclusion, described observations (as summarized in Table 1) indicate that assessment of the commonly used markers of disease activity (CRP or ESR) is insufficient for evaluation of the disease activity in RA. Moreover, persistent elevated SAA levels represent subclinical inflammation and a risk for developing amyloidosis. Subsequent determinations of SAA serum levels could therefore be useful for recognizing patients in a need of a more intensive treatment with biologic immunotherapy. Additionally, the identification of various SAA truncated isoforms by proteomics, which is not possible by ELISA, may be of importance because of their possibly different pathophysiological roles. For the time being, only SAA forms with a role for diagnosis have been investigated, while further studies should explore the specificity of these SAA forms for different rheumatic diseases and their value in monitoring disease activity and predicting disease course.



SAA in Juvenile Idiopathic Arthritis

Filipowicz-Sosnowska et al. (43) and Scheinberg et al. (44) were the first to report a significant correlation between SAA concentration and disease activity in JIA patients. Moreover, both groups noticed significantly higher levels of SAA in systemic and polyarticular forms of JIA than in the oligoarticular type. Intriguingly, the first two forms have higher incidence of amyloidosis. However, in both studies, SAA levels were not different between JIA patients with secondary amyloidosis and those without, indicating that SAA levels cannot be used for detecting amyloid deposits in JIA patients. Kutulculer et al., Cantarini et al. and Dev et al. (45–47) discerned SAA as a more sensitive marker than CRP or ESR for assessing JIA disease activity defied by the presence and number of active joints assessed by clinical and ultrasonographic examination. In addition, SAA was elevated in 18% of patients with normal ESR and 28% of patients with normal CRP (47). This suggests that SAA should be used as a marker of disease activity in JIA patients, especially in terms of low disease activity.

Miyamae et al. (48) explored differentially expressed proteins in systemic JIA patients. Paired sera from each patient were analyzed prior to and after the treatment with conventional or biologicDMARDs, using the SELDI-TOF MS proteomic analysis. Despite the small number of patients (n=23), highly significant and consistent changes were observed, with SAA (11.6 kDa) showing the biggest decrease in expression upon the treatment. In addition, responders and non-responders to conventional therapy had significant differences in baseline SAA expression, suggesting clinical utility of SAA for both predicting and monitoring response to therapy in JIA patients. Articles concerning utility of SAA in JIA patients are summarized in Table 2.



SAA in Ankylosing Spondylitis

Many studies have shown that SAA can be used as a marker of disease activity and response to therapy in AS patients (Table 3). Lange et al. (49) evaluated SAA as a marker of disease activity in AS and found a significant correlation with Bath Ankylosing Spondylitis Disease Activity Index (BASDAI), the established disease activity score. Moreover, Jung et al. (50) reported that SAA is superior to CRP and ESR in the detection of AS inflammatory activity. SAA and BASDAI score were elevated and positively correlated even in AS patients with normal ESR (42% of all patients) and CRP levels (24% of all patients included in the study).

De Vries et al. investigated the usefulness of SAA for predicting and monitoring response to anti-TNFα therapy (infliximab or etanercept) in AS patients (51). They found that normal baseline levels of both CRP and SAA were significantly associated with nonresponse to therapy, while elevated baselines of each of these acute phase proteins had a high predictive value for response. The combination of elevated baseline CRP and SAA levels was the strongest predictor of response to anti-TNFα therapy, suggesting these baseline values should be added to anti-TNFα response criteria in order to facilitate selection of AS patients who are likely to respond to this kind of treatment. Interestingly, a secondary increase of SAA levels after initial normalization was associated with developing antibodies against infliximab. Therefore, monitoring SAA levels might be used for detecting anti-drug antibodies even before the loss of response to adalimumab and clinical deterioration. This intriguing finding was recently verified in a large cohort of IBD patients (n=805) receiving adalimumab by Rubin et al. (189). SAA concentrations were significantly decreased after introducing adalimumab to therapy. After initial normalization, SAA levels significantly increased in patients who developed anti-adalimumab antibodies. High titter of these antibodies were associated with 4.8-fold increase in the SAA expression.

Li et al. (52) confirmed SAA as a diagnostic indicator of AS by a proteomic approach (MALDI-TOF MS). Rademacher et al. (53) validated increased SAA levels in AS patients but did not found a significant correlation between baseline SAA levels and radiographic spinal progression after two years. However, baseline SAA was measured in a cohort of patients with advanced AS (mean disease duration was 15 years). Therefore, before reaching the final conclusion, the further studies evaluating SAA as a predictor of the radiographic progression in early-stage AS patients is needed.

Recently, Wu et al. (54) discovered 7 over-expressed proteins in the sera from AS patients compared to healthy controls by using an human antibody array. In this study, a protein with the highest differential expression was SAA1, even in patients receiving adalimumab. Moreover, SAA1 was significantly higher in patients with peripheral joint involvement and significantly decreased after 24-weaks of adalimumab therapy. Liu et al. (55) also performed a proteomic analysis of AS patient’s sera and found that the combination of CRP and SAA1 has the highest sensitivity and specificity for AS diagnosis and disease activity. They confirmed that SAA1 is more sensitive than total SAA in differentiating active from stable AS as well as AS from healthy controls. All participants in this study were treatment naïve and without comorbidities, making the results highly reliable and worth of further exploration.



SAA in Different Types of Vasculitis

As in other IRD, studies have shown that SAA is a potentially good biomarker of diseases activity and response to therapy in patients with Takayasu arteritis (TA) and other types of vasculitis (Table 4). Ma et al. (56) and Nair et al. (57) found circulating SAA levels significantly higher in TA patients with active disease compared to those with inactive disease. Nevertheless, SAA levels in the inactive group were still higher than in healthy controls, suggesting an ongoing subclinical inflammation, which was occasionally confirmed by a FDG PET-CT (fluorodeoxiglucose positron-emission computed tomography) and led to therapy adjustment. In the same manner, no significant differences were found for CRP. Furthermore, Nair et al. (57) analyzed changes in biomarker levels and disease activity as a response to therapy (mycophenolate mofetil, azathioprine or methotrexate). SAA levels significantly decreased during the follow-up of mean duration of 7.5 months in treatment responders, while there were no significant changes in non-responders. The relative changes in SAA values during follow-up reflected the response to treatment more accurately than the same changes in CRP or ESR values. These results are limited by a small cohort size, hence further studies with a longer follow-up and in a larger cohort should ascertain the utility of monitoring SAA levels in the management of TA patients.

Lately, an important role of SAA in the pathogenesis of giant cell arteritis (GCA) has been recognized. Along with proangiogenic properties and the induction of cell growth and angiogenesis mediated by TLR2, O’Neil et al. (190) proved that SAA is directly secreted in inflammatory temporal arteries. Hocevar et al. (58) reported a predictive value of high baseline SAA levels (measured at diagnosis) for an early relapse in patients with GCA receiving corticosteroids, indicating a clinical utility of SAA in an early identification of non-responders to corticosteroid therapy. The correlation of baseline SAA with relapse was more significant than that of CRP or ESR. The reported correlations are limited by a small cohort size and potential selection bias since the study was performed at one department in a single centre. Burja et al. (59) identified SAA as the most differentially expressed serum biomarker between patients with GCA and HC (83-fold increase in patients) out of 48 tested laboratory parameters (including CRP and ESR). All patients included in the study were in early disease stage, treatment naïve and were followed up for at least 1 year. Changes in SAA levels were better correlated with disease activity than changes in CRP or ESR levels. Considering the large proportion of smokers (38%), type II diabetes (14%) and hypertensive patients (53%) in the study cohort, as well as the fact that healthy controls significantly differed in age (median age of 74.1 in patients vs. 50.8 in healthy controls), future research should corroborate the observed correlations. Dartevel et al. (60) confirmed clinical utility of SAA in distinguishing GCA patients with active from those with inactive disease. Despite tendency to higher SAA concentrations in microbial infections, they observed no statistically significant difference between active disease and infection, similarly to Van Sleen et al. (61). Intriguingly, SAA was significantly correlated with serum IL-6 levels only in GCA but not in infection group, suggesting pathophysiological differences. The latter group also confirmed SAA expression at the tissue level (temporal artery biopsy), emphasizing its important role in GCA.

The clinical applicability of SAA has also been investigated in Kawasaki disease (KD). Mitani et al. (62) revealed a significant association of elevated SAA concentration and persistence of coronary artery lesions (aneurysms, stenosis or occlusion) late after KD (mean time after onset was 10 years). This association was supported by logistic regression analysis (adjusting for age, smoking, BMI, blood pressure, total cholesterol/HDL ratio) and was stronger for SAA than for CRP. When interpreting the results, a caution is needed since the study was cross-sectional and the number of patients was relatively small, so large cohort corroboration is required. Whitin et al. (63) published an intriguing report on a novel truncated SAA form in patients in Kawasaki disease. By using a proteomic approach (SELDI-TOF MS), the group investigated differences in serum protein expression between children with KD and febrile children with at least 3 day-long fever and at least one of the clinical criteria for KD. One mass spectrometry peak (7,860 Da) had significantly higher intensity in children with KD than controls, along with a significant difference among acute and subacute KD patients. Noteworthy, the peak, which was identified as truncated form of SAA with N-terminal at Lys-34, disappeared when the symptoms resolved. Moreover, the possibility of ex vivo SAA proteolysis was excluded by the presence of the truncated form even when the blood samples were collected in tubes containing protease inhibitors. Nevertheless, the relevance of this SAA form as a diagnostic biomarker in KD and possibly in other types of vasculitis as well as its place in pathogenesis is yet to be discovered. Moreover, it is important to underline that for the peptide identity confirmation the hybrid mass spectrometry immunoassay technique was used, since a conventional ELISA would not have detected the truncated SAA peptide because its signal would have been a minor contributor to the overall plasma SAA content.

Finally, Purevdorj et al. (64) identified SAA as the most sensitive biomarker for diagnosis of Henoch-Schonlein purpura (HSP) among 12 tested biomarkers (including CRP), however no significant difference was found between SAA levels in HSP and sepsis. In a cross-sectional study by Kuret et al. (65). SAA levels were significantly increased (12-fold) in the sera of adult patients with IgA vasculitis compared to healthy controls. Based on these reports, the potential clinical utility of SAA in IgA vasculitis in both children and adults is worth of further studies.



SAA in Sarcoidosis

SAA has been evaluated as a marker of sarcoidosis in many reports (summarized in Table 5). Chen et al. (191) demonstrated a more intense SAA expression in the sarcoidosis granuloma compared to other granulomatous diseases, suggesting it as a diagnostic biomarker for sarcoidosis. SAA also emerged as a key protein regulating granulomatous inflammation through TLR-2. Serum levels of SAA are increased in all sarcoidosis patients but reports regarding SAA correlation with sarcoidosis severity are non-consistent. Rothenkrantz-Kos et al. (66) defined disease severity by chest radiographs and lung function test results and found no correlation with SAA levels. They characterized SAA as a sensitive (96%), but not specific (37%) diagnostic marker for sarcoidosis (cut-off level of 2.5 mg/L). However, the control samples in this cross-sectional study came from a cohort of a not well-defined ostensibly healthy donors and the treatment administered to patients was not reported. In a study by Miyoshi et al. (67) baseline SAA levels were not predictive for an increased lung infiltration in patients with sarcoidosis, although SAA was not influenced by immunosuppressive therapy unlike the commonly used ACE (angiotensine-coverting enzyme). On the other hand, Salazar et al., Bargagli et al. and Gungor et al. (68–70) reported significantly higher SAA levels in patients with active sarcodiosis than in patients with inactive disease. Moreover, Bargagli et al. (69) found a predictive value of SAA for prolonged steroid requirement. Interestingly, proteomic analysis revealed two highly expressed SAA1 isoforms in all of the sarcoidosis sera and in none of the sera from healthy controls. These SAA1 isoforms could match the unidentified biomarker of sarcoidosis previously reported in a proteomic study by Bons et al. (192). The latter group used SELDI-TOF MS and reported two unidentified serum proteins that were up-regulated in the sarcoidosis sera. The molecular weights of those proteins (11,995 and 11,734 Da) correspond to those of the two SAA1 isoforms in the study by Bargagli et al. (69). and Bons et al. reported the high sensitivity and specificity of these proteins for sarcoidosis (192). Zhang et al. (71) confirmed that SAA was significantly higher in the sera from sarcoidosis patients compared to patients with other pulmonary diseases including tuberculosis (the sensitivity of 96.3% and specificity of 52.3% at the cutoff value of 101.98 mg/L). Furthermore, by a proteomic analysis, a unique protein peak of 3210 Da with the highest expression in sarcoidosis sera was revealed. The peak was identified as the N-terminal peptide of 29 amino acids of SAA. Additionally, immunohistochemical staining showed more intense SAA depositions in lung tissue in sarcoidosis than in other groups, suggesting SAA to be used in differential diagnosis of sarcoidosis from other pulmonary diseases. Contrarily, Enyedi et al. (72) reported no differences in SAA or CRP levels between patients with biopsy-proven sarcoidosis and biopsy negative patients. Nevertheless, it must be noticed that the latter group had histological diagnoses of lymphoma, carcinoma, histiocytosis, anthracosis, etc, all of which are associated with increased markers of inflammation.

In light of these findings, the utilization of SAA1 as well as truncated SAA forms as markers for diagnosis, assessing disease activity and response to therapy in patients with sarcoidosis requires additional research.



SAA in Other Inflammatory Rheumatic Diseases

SAA has been investigated in other rheumatic diseases as well, as shown in Table 6.

In patients with systemic sclerosis (SSc), SAA levels are elevated and correlate with disease severity. Brandwein et al. (73) were first to investigate SAA as a marker of disease activity in SSc. The group reported elevated SAA concentrations in 98% of their patients and a significant correlation with disease severity (determined by extension of skin thickening). Lakota et al. (74) included patients with limited and diffuse SSc in the study and found elevated SAA levels in 25% of patients, while Lis Swiety et al. (75) included only patients with diffuse SSc and detected increased SAA levels in 66%. The discrepancy between these results may be explained by inclusion or exclusion of limited SSc patients and different SAA cut-off values between the studies. Furthermore, both of these studies found a significant correlation between SAA levels and deterioration of lung function (assessed by forced vital capacity, diffusion capacity for carbon monoxide or reticulation pattern on chest CT). According to these studies, SAA is superior to CRP as a marker of pulmonary involvement in SSc. Still, longitudinal studies are needed to validate SAA as a marker of disease activity, predictor of disease progression and response to therapy in SSc.

The only article reporting on SAA in SLE patients that was found through comprehensive literature search is the study by Wang et al. (76). The group revealed a significant correlation between SAA levels and SLE disease activity (determined by SLE disease activity score—SLEDAI). Although SAA was significantly correlated with serum levels of hs-CRP (high sensitivity CRP) and ESR, a binary logistic regression analysis showed that SAA values are independently associated with active SLE. Since this research was retrospective and cross-sectional, a prospective, longitudinal, large cohort study is necessary to confirm the clinical utility of SAA for monitoring SLE patients.

Boyd et al. (77) reported that among 15 biomarkers (including CRP), SAA levels were most significantly correlated with disease activity in patients with psoriatic arthritis (PsA). However, the study was cross sectional in a small cohort (45 patients) and included patients receiving different therapies (including conventional and biological DMARDs). Moreover, disease activity assessment did not include ankle and feet involvement that are frequently seen in PsA. Future studies should therefore validate the utility of SAA in monitoring PsA patients.



SAA in Systemic Autoinflammatory Diseases

Amongst the systemic autoinflammatory diseases (SAID), the clinical utility of SAA has been most extensively investigated in patients with FMF. SAA levels are elevated in FMF patients not only during attacks, but also in the attack-free period revealing a sustained subclinical inflammation. Furthermore, asymptomatic MEFV mutation carriers also have an increased SAA concentration potentially leading to the development of amyloidosis.

Duzova et al. (78) found SAA levels above the reference range in more than 95% of the FMF children in between the attacks, even though 50% of them had not experienced attacks within the last 12 months. SAA was shown to be the best biomarker of subclinical inflammation in FMF (compared to CRP, ESR, ferritin and fibrinogen). An increase in the colchicine dose resulted in a dramatic decrease of SAA concentration advocating the use of SAA for therapy guidance. Lachmann et al. (79) reported significantly elevated SAA levels (>3 mg/L) in MEFV mutation carriers and in the attack-free period in more than 70% of their patients, even though all patients were under colchicine therapy. Moreover, a remarkable degree of acute-phase activity (measured monthly by SAA and CRP levels) led the authors to question about the participants compliance. This suspicion was eventually confirmed in a considerable number of the patients. Therefore, they suggested to measure frequently SAA in patients with FMF for reinforcing their therapy compliance. Berkun et al. (80) confirmed elevated SAA levels in the attack-free period and in MEFV mutation carriers. However, in this report SAA was increased (>6 mg/L) in only 25% of FMF patients between attacks compared to 70% reported by Lachmann et al. (79). The discrepancy between the results may be due to the different definition of elevated SAA levels as well as the difference in therapy doses and perhaps compliance to colchicine therapy. In 30% of patients SAA measurement led to a change in colchicine dose and, consequently, SAA level normalization. Another interesting finding was significantly higher SAA in noncompliant patients than in nonresponders to therapy, therefore supporting suggestion of Lachmann et al. for frequent SAA measuring for distinguishing these two groups and reinforcing compliance.

Yalcinkaya et al. (81) validated SAA level above reference range in FMF patients during the attack and the attack-free period in the same patients. Similarly, increased SAA levels were observed in clinically healthy FMF heterozygotes. In patients that suffered from chronic inflammatory diseases or chronic infections with a high potential for developing secondary amyloidosis, SAA concentrations were not higher than in those with acute infections with an almost zero chance for developing amyloidosis, implying SAA has no predictive value for amyloid formation. Another important observation was lack of significant difference between SAA levels in children with FMF exacerbation and those with acute infections, although in both groups SAA was significantly increased. Nevertheless, it must be noticed that all FMF patients were receiving colchicine at the time of the study, which is known for reducing SAA levels. Kallinich et al. (82) validated elevated SAA levels in FMF patients at diagnosis, during attacks, in between the attacks and in MEFV mutation carriers. Lofty et al. (83) found increased SAA (>30 mg/L) in 79% of FMF patients two weeks after the last attack. Only 31% had elevated CRP concentration, indicating that SAA can persist elevated after FMF attacks more than CRP. More recently, Cakan et al. (84) reported that SAA is significantly higher in children with acute FMF attacks than in children with acute febrile respiratory infection and therefore can be used for differentiating those two clinical entities. Again, of note is that all FMF patients were treated with colchicine. At the cut-off value of 111.5 mg/L, the SAA sensitivity for discriminating FMF attack from acute infection was 100%, and the specificity was 65.1%. Since these results are opposite to those of Yalcinkaya et al. (81), further research with a larger sample size and before introducing colchicine to therapy are necessary to determine whether SAA provides additional value compared to CRP in suspected acute FMF attacks.

Since SAA is considered to be involved in the pathogenesis of atherosclerosis, some of the research investigated a potential value of SAA for predicting atherosclerosis in patients with FMF. Bilinger et al. (85) and Mohamed et al. (86) found a significant correlation between SAA levels and intima media thickness of the common carotid artery (CIMT)—an early marker of atherosclerosis. The patients studied were receiving NSAIDS and colchicine, so SAA levels were suppressed, but still higher than normal. Possibly an even stronger correlation would have been found if the patients were untreated. Sargsyan (87) found SAA significantly higher in FMF patients with any kind of vascular involvement than in those without. The role of SAA in atherosclerosis needs to be further explored, on both molecular and clinical level.

Taken all together, measurement of SAA in FMF patients should be used in evaluating disease activity, risk of amyloidosis and atherosclerosis, as well as response to therapy. Moreover, determination of SAA level may serve as a screening test for asymptomatic family members to determine the need for genotyping. However, further studies are required to determine the clinical benefits of SAA normalization by increasing colchicine dose in the asymptomatic patients. Furthermore, the target SAA level for colchicine dose modification should be defined as well as the needed frequency and time of longitudinal monitoring of SAA levels in the asymptomatic FMF individuals before making adjustments.

Except in FMF, benefits of SAA level monitoring have been explored in other SAIDs. In Behçet's disease (BD), a multifactorial SAID, SAA might not be useful for assessing disease activity, but is positively correlated with major organ involvement and can be used for identifying patients at higher risk of life-threatening complications. Aygunduz et al. (88) reported SAA as a more sensitive and specific marker for BD than CRP, advocating the use of SAA as diagnostic marker and indicator of subclinical inflammation in BD. Contrarily, Cantarini et al. (89) and Vitale et al. (90) reported no significant difference of SAA levels between patients with active and inactive BD (assessed by Behcets disease current activity form—BDCAF), but they found SAA levels associated with skin involvement. Vitale et al. (90) suggested SAA as an indicator of oral aphthosis, neurological and ocular involvement in BD because of the strong correlation between these factors (SAA serum levels higher than 30, 50, and 150 mg/L, respectively). Interestingly, SAA was found to be significantly correlated with homocysteine serum levels (indicator of vascular involvement). This possible use of SAA for indicating vascular involvement and predicting thrombotic risk in BD patients should be of interest for future studies. Recently, Sota et al. (91) confirmed no association between SAA levels and BD activity (BDCAF) but found a significant association between SAA levels above 200 mg /L and a major organ involvement as well as between SAA levels above 150 mg/L and ocular, skin or mucosal manifestations. They suggested SAA as a predictor of major organ involvement and ocular disease relapse in BD. Lee et al. (92) validated a non-significant correlation between SAA and disease activity in BD patients by proteomic analysis. However, this study included BD patients with only intestinal involvement, so future studies should explore biomarkers of BD patients with multisystemic involvement by a proteomic approach. All of the abovementioned studies included a small number of patients, so large cohort studies are needed to confirm these potential advantages of monitoring SAA in patients with BD.

Monitoring SAA levels has also been incorporated in evaluating patients with Muckle-Wells syndrome (MWS). Hawkins et al. (93) and Scarpioni et al. (94) reported that SAA serum levels and clinical symptoms are concomitantly significantly increased after introducing biologic therapy in MWS patients (anakinra and canakinumab, respectively). Hoffman and co-workers (95) used SAA together with hs-CRP as serum biomarkers of efficacy of rilonacept in CAPS patients, as well as previously reported study by Goldbach-Mansky et al. (96). The latter study found that the change in SAA level as a response to rilonacept therapy is better correlated with improvement in clinical symptoms than CRP or ESR levels. In cases of reoccurrence of disease flare, SAA levels significantly increased despite the rilonacept treatment. Wiken and co-workers (97) confirmed utility of SAA as a marker of response to anakinra in MWS and neonatal onset multisystem inflammatory disease (NOMID) patients, as well as a high incidence of anti-drug antibodies development, but with no influence on efficacy of anakinra or SAA levels. These findings highlight the potential utility of SAA in assessing response to biologic therapy in MWS and NOMID patients. The articles discussed in this section are summarized in Table 7.



SAA in Secondary (AA) Amyloidosis

The association between SAA and secondary (AA) amyloidosis was one of the first investigated roles of SAA, with many new studies still emerging (Table 8). Amyloidosis is a single- or multiorgan disease characterized by extracellular tissue deposition of low-molecular weight, insoluble and amorphous proteinaceous material, causing progressive organ dysfunction. Rheumatic and autoinflammatory diseases are associated with a high rate of secondary (AA) amyloidosis. As already mentioned, SAA gene polymorphisms have an influence on developing amyloidosis. The strong correlation between amyloid deposition and SAA1γ allele in Japanese RA patients was confirmed by Ishii et al. (99). Furthermore, the group reported significantly higher SAA levels in RA patients with amyloidosis than in those without. SAA showed a stronger correlation with the presence of amyloid deposits than CRP. However, according to the most of published reports, SAA serum levels are not correlated with the presence of amyloid deposits (43, 44, 100, 101). Therefore, contrary to expectations, high SAA levels are a prerequisite, but not a sufficient condition for developing amyloidosis and cannot be used as a diagnostic marker for amyloidosis. It is possible that increased proteolytic cleavage of SAA contributes to the development of amyloidosis. Indeed, Migita et al. (100) detected, in addition to the full-length SAA protein, 6 kDA and 4.5 kDa SAA-derived fragments in the sera of RA patients. The ratio of these fragments to total SAA was significantly higher in patients with than in those without amyloidosis, confirming the increased proteolysis hypothesis. The potential use of these truncated SAA forms as diagnostic markers for amyloidosis should be further investigated.

Subsequent studies in amyloidosis patients revealed some clinically important properties of SAA. Although SAA may not be a diagnostic or predictive marker of amyoidosis, once amyloidosis has developed, the SAA levels over the course of the disease represent the main factor affecting amyloidosis progression and survival. The kidney is one of the most frequent sites of amyloid deposition and, without treatment, amyloidosis-associated kidney disease usually progresses to end-stage renal disease (ESRD). Prognosis of renal amyloidosis significantly correlates with the SAA concentration. Falck et al. (6) and Lachmann et al. (102) reported a strong correlation between the mean SAA value and changes in renal function in patients with renal amyloidosis, suggesting SAA for predicting renal deterioration. Reportedly, renal improvement is expected when SAA median is less than 6 mg/ml and deterioration when SAA median is above 28 mg/L.

Furthermore, SAA levels are significantly connected to changes in amyloid load and long-term survival in amyloidosis. In a study by Gilmore et al. (103), SAA values were significantly higher among patients with further amyloid accumulation than in those with stable amyloid load in whom SAA levels were still higher than in patients with deposit regression. According to a large cohort prospective study of amyloidosis by Lachmann et al. (102), patients with SAA concentrations in the low-normal range (<4 mg/L) have relatively favorable outcome, while persistent elevation of SAA is a powerful risk factor for progression to ESRD and death. The risk of death is 17.7 times higher among patients with uppermost SAA concentrations (>155 mg/L) than in those with SAA concentrations below 4 mg/L. Even in the patients with slightly elevated SAA concentrations during follow-up (4–9 mg/L), the risk of death is 4 times increased. Interestingly, decrease in median SAA level below 10 mg/L is associated with the regression of amyloid deposits. Therefore, therapy that decreases SAA production to within the reference range prevents further accumulation of amyloid deposits and can stabilize or even reverse existing amyloid deposits leading to a better long-term survival. Based on these findings, frequent SAA measurements in patients with secondary amyloidosis should be used for therapy guidance. However, median SAA concentration and status of amyloid deposits varied substantially between individuals in these studies, possibly due to the differences in underlying diseases and anti-inflammatory treatment or comorbidities (obesity, diabetes, hypertension, tobacco consumption) that may influence SAA levels.

Finally, SAA can be used in monitoring response to biologic therapy in rheumatic patients with AA amyloidosis. A number of recent studies have verified that therapeutic strategies involving IL-6 inhibitors and TNFα inhibitors result in a decrease of serum SAA level and consequently represent an excellent therapeutic strategy for AA amyloidosis. Perry et al. (104) and Nakamura et al. (105) verified concomitant decrease in SAA concentration, disease activity and proteinuria in RA patients with AA amyloidosis receiving etanercept (anti-TNFα antibody). Miyagawa et al. (106) and Lane et al. (107) studied the efficacy of tocilizumab (TCZ, anti-IL-6 receptor antibody) in patients with AA amyloidosis. In all patients, SAA levels significantly decreased together with a remarkable decrease in proteinuria, regression of amyloid deposits and significant improvement in clinical symptoms. Okuda et al. (108) compared the effects of anti-TNFα (etanercept, infliximab and adalimumab) and anti-IL-6 (TCZ) therapy against AA amyloidosis by measuring SAA levels. Along with a more imposing improvement in eGFR and amyloid regression, SAA concentration decreased more significantly in the anti-IL-6 group than anti-TNFα group. Taken all together, SAA seems to be a reliable marker of response to biologic therapy in rheumatic patients with secondary amyloidosis.



SAA in COVID-19

Since we are currently experiencing a pandemic of COVID-19, we summarized 6 articles reporting on SAA as a biomarker in patients with COVID-19 found in our research through PubMed and Scopus databases (Table 9). All of the articles were published in 2020.

In critically ill COVID-19 patients a cytokine storm with highly elevated IL-6 has been described (193). Since SAA is correlated with IL-6 and involved in the pathogenesis of the risk conditions for severe COVID-19 (obesity, diabetes and atherogenesis), it might also play a role in the pathogenesis of COVID-19 and therefore present a potential biomarker and therapeutic target.

SAA is increased in all COVID-19 patients with the mean SAA value 4 times higher in critically ill than in mild-ill patients (109). Moreover, Shi et al. (110) reported SAA levels were increased whereas CRP levels were normal in more than 20% of patients. While in patients with both SAA and CRP within the reference range no severe pneumonia occurred, in some of the patients with normal CRP but elevated SAA severe pneumonia was found, suggesting higher sensitivity of SAA for assessing COVID-19 severity. Wang and co-workers (111) validated more significant correlation between disease severity and SAA level than CRP or ESR. In addition, they found SAA value above 100 mg/L as an indicator of disease progress to the critical stage. Huan Li et al. (112) reported SAA and SAA to lymphocyte count ratio as sensitive indicators of COVID-19 severity and prognosis (more sensitive than CRP or PCT). The initial SAA level was correlated with future dynamic changes of CT scans meaning that patients with higher initial SAA levels are more likely to have worsening of CT scans. Interestingly, initial SAA was found to have a higher predictive value for disease progression than the initial CT scan. A retrospective study of COVID-19 death cases revealed that, among included serum biomarkers, only SAA was significantly elevated in all of the patients with fatal outcome (113). Mo et al. (114) showed by logistic regression analysis that SAA, but not CRP, can serve as an independent predictive factor of COVID-19 course. At the cut-off value of 122.9 mg/L, SAA can predict acute exacerbation with an accuracy of 89.1%.

To conclude, SAA might give additional information about COVID-19 severity and prognosis to more commonly used biomarkers. Therefore, SAA measurement should be included in managing COVID-19 patients. At the present moment, to our knowledge, there are no published data on SAA as a biomarker of COVID-19 severity in patients with IRD, so future studies should explore the clinical relevance of SAA as a biomarker in the new era of coexistence of IRD patients and SARS-CoV-2.



Limitations of SAA as a Biomarker of Inflammatory Rheumatic Diseases 

Despite many discussed advantages provided by the use of SAA as a biomarker in various rheumatic and autoinflammatory diseases, as with many other biomarkers, there are several limitations arising mostly from the different protein isoforms, genotype and measurement methods.

Firstly, most of the studies that investigated the role of SAA in disease pathogenesis used recombinant human SAA (rhSAA) that differs from the native SAA1 and SAA2 isoforms by 2 amino acids, resulting in a hybrid of SAA1 and SAA2. Some researchers reported differences between rhSAA and endogenous SAA proinflammatory functions (194, 195), thus further experiments should use isolated endogenous SAA from synovial fluid or explants models to identify the effects of SAA in the in vivo environment.

Although SAA has been described as the most suitable inflammatory marker for certain rheumatic diseases more than five decades ago, it is still not used as a common biomarker of disease activity in clinical practice. CRP has been widely used as a routine clinical test, while SAA is less popular mostly due to technical difficulties in large scale purification of SAA, stable production of antibodies with high titer, development of an assay system, and standardization of the assay. Various assay methods for SAA quantification have been used. Radioimmunoassay (RIA), radial immunodiffusion and enzyme-linked immunosorbent assay (ELISA) are highly sensitive (detection limit 0.2 μg/L) but time-consuming and therefore inconvenient for clinical use. On the other hand, immunonephelometric and immunoturbidimetric assay are rapid and fully automatic, but have relatively low sensitivity (detection limit >3mg/L). In addition, the commercially available kits for SAA are based on polyclonal antibodies which lack isotype specificity.

Furthermore, SAA genotype may also influence baseline SAA levels (99, 196–198), indicating the need for an individual approach when using SAA plasma levels for assessing disease activity. Unsurprisingly, there are significant variations in the absolute values of SAA among research groups. Even physiological SAA concentrations vary substantially among studies (0.1–10 mg/L) what might have led to critical errors because in some cases even 100-fold increase could not be detected. Additionally, comorbidities such as epilepsy, diabetes and other chronic inflammatory diseases, as well as drugs such as statins and dietary supplements including vitamins A and E and polyunsaturated fatty acids can influence SAA plasma levels along with alcohol use, smoking and obesity (199–203). Obese but otherwise healthy patients have elevated SAA plasma levels and diet-induced weight loss is associated with significant decrease in plasma SAA level. This effect is proportional to the amount of weight lost but independent of dietary macronutrient composition (199). Ethanol induces the SAA production in a dose-dependent manner (202). Tobacco smoking significantly increases serum SAA level and the increase is correlated to the degree of smoking (203). Therefore, all of these variables should be taken in consideration when analysing research results.

As a consequence of these limitations, reliable testing and laboratories that measure SAA levels are not widely available, and data about levels expected in diseases are limited. In time, the availability of assay methods and their wider use should corroborate variables that have a significant impact on SAA levels and provide a clearer picture when interpreting results.



Conclusion

Although SAA was sporadically used as a biomarker in many chronic diseases for the past five decades, the use of other inflammatory biomarkers, such as CRP and ESR, has overwhelmed its use in clinical practice. Advantages of these commonly used biomarkers for being cost-effective and easily applicable are also associated with limitations of sensitivity and specificity especially in settings of low-activity rheumatic disorders. In the era of biological therapy, the need for a new biomarker for predicting disease activity and monitoring remission and relapse for various rheumatic diseases has been emphasized. With the discovery of new disease mechanisms and development of proteomic techniques as the most effective methods for identifying molecular markers of disease activity and treatment response, SAA started to regain its importance. In such circumstances, we aimed to collect and summarize all the relevant articles on the clinical utility of SAA in a number of rheumatic and systemic autoinflammatory diseases.

Although articles included in this review are very heterogeneous in design, subjects, parameters measured and results, the general conclusion is that SAA plays an important role in the pathogenesis and clinical course of rheumatic diseases. SAA is involved in many processes important for initiation, perpetuation and resolution of chronic inflammation in IRD. Furthermore, SAA is a sensitive biomarker of disease activity and indicator of the disease prognosis and therapeutic response in a wide range of immune mediated IRD (Table 10). In plenty of studies SAA has been demonstrated to provide more information and higher sensitivity than CRP, especially in a state of subclinical inflammation, as well as in patients receiving glucocorticoids or conventional or biologic immunosuppressive therapy. According to the results of proteomic analyses, specific SAA forms have even higher sensitivity and specificity for certain diseases than the total serum SAA value.


Table 10 | Summary of possible uses of SAA concentration monitoring in different chronic inflammatory diseases and relevant studies.



In conclusion, we strongly advocate the use of SAA as a cheap and reliable biomarker for use in everyday clinical practice of a wide range of physicians dealing with rheumatic and other immune mediated inflammatory diseases in both children and adults, and propose exploration of clinical utility of specific SAA isoforms in future studies.
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Dysregulation of circular RNAs (circRNAs) is involved in various human diseases. Fibroblast-like synoviocytes (FLSs), which form the lining of the joint, are epigenetically imprinted with an aggressive phenotype and contribute to joint destruction in rheumatoid arthritis (RA). In the present study, we identified a novel circRNA, Circ_0088194, which was upregulated in RA fibroblast-like synoviocytes (RA-FLSs) and correlated with the disease activity score in 28 joints. Overexpression of Circ_0088194 promoted RA-FLS migration and invasion, while inhibition of Circ_0088194 had the opposite effect. Mechanistically, Circ_0088194 acted as a miR-766-3p sponge to relieve the repressive effect of miR-766-3p on its target, MMP2 (encoding matrix metalloproteinase 2), thereby promoting migration and invasion. The expression level of Circ_0088194 was inversely correlated with that of miR-766-3p in RA-FLSs. Importantly, overexpression of miR-766-3p partially blocked the migration and invasion induced by Circ_0088194 overexpression. Collectively, this study identified a novel circRNA Circ_0088194 that promotes RA-FLS invasion and migration via the miR-766-3p/MMP2 axis. Circ_0088194 might represent a novel therapeutic target to prevent and treat RA.
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Introduction

Rheumatoid arthritis (RA) is one of the most prevalent chronic inflammatory diseases, and is characterized by progressive destruction of cartilage and bone, with concomitant disability (1). This disease carries a substantial burden for both the affected individuals and for society (2). Recently, the treatment of RA has improved, such as the use of combination anti-rheumatic drug strategies that modify the disease and the development of biological therapies; however, overall remission rates are still unsatisfactory (3). Therefore, it is imperative to determine the molecular mechanisms responsible for the development and progression of RA, and to identify new target molecules for early treatment.

In the formation of invasive synovial tissue, the key cells are RA fibroblast-like synoviocytes (RA-FLSs), which play a major role in the RA pathological processes (4). In RA pathogenesis, activated RA-FLSs exhibit similar characteristics to tumor cells, such as enhanced migration and invasion abilities, which promote RA progression, ultimately leading to joint destruction (5). Thus, investigating the mechanisms responsible for RA-FLs invasion and migration might identify potential therapeutic strategies to treat RA.

RNA transcripts forming covalently closed loops produced by direct non-canonical back-splicing are known as circular RNAs (circRNAs) (6, 7). CircRNAs are very stable and are highly abundant in various tissues because of their circular structure (8). CircRNA sequences are highly conserved and circRNAs are expressed in a tissue or cell-specific manner (9, 10). Recent studies indicated that circRNAs have diverse biological functions and are associated with the pathogenesis of various diseases, including cancer (11), cardiovascular disease (12), neurological disorders (13), and osteoarthritis (OA) (14). Importantly, the regulation of human cancer cell migration and invasion involves several circRNAs. For example, in non-small cell lung cancer, migration and invasion are promoted by the circRNA F-circEA-2a, which is expressed from the EML4-ALK fusion gene (15); and circRNA circNHSL1 promotes gastric cancer cell migration and invasion through the miR-1306-3p/SIX1/Vimentin axis (16). These reports suggested that circRNAs play an important role in the regulation of migration and invasion. However, the roles of circRNAs in RA-FLSs are largely unknown.

The most abundant internal modification of mRNAs and long non-coding RNAs is N6-methyladenosine (m6A) (17, 18), which plays vital roles in stabilizing circRNAs and mRNAs (19, 20), in alternative splicing (21), and in miRNA (microRNA) biogenesis (22). Furthermore, m6A methylation is found in various physiological and pathological processes, such as neurogenesis (23) and cancer (24). However, whether the N6-methyladenosine modification affects the stability of circRNAs in RA-FLSs remains unknown.

In the present study, a novel circRNA, Circ_0088194, was identified in human RA-FLSs that was associated positively with RA disease activity and was responsible for RA-FLS migration and invasion by binding to miR-766-3p, thus promoting matrix metalloproteinase 2 (MMP2) expression.



Materials and Methods


Patients and Specimens

Osteoarthritis (OA), a degenerative disease with generally less severe clinical symptoms and pathology, has been utilized as a control in studies of RA pathology. From January 2017 to December 2017, nine RA synovial tissues and seven OA synovial tissues were acquired from patients with end-stage symptomatic hip RA or OA at the time of total hip replacement surgery, as performed at the Department of Orthopedic Surgery, Nanfang Hospital, Southern Medical University, Guangzhou, China. The Ethics Committee of the Southern Medical University approved the study and its associated protocols (Guangzhou, China, NFEC-20120201). All participants satisfied the criteria from the American College of Rheumatology to classify RA (25) or OA (26). Prior to enrollment, each participant provided written informed consent. The participants’ clinical parameters are shown in Table 1.


Table 1 | Clinical characters and laboratory measures of the participants.





Fibroblast-Like Synoviocytes (FLSs) Culture

FLSs were isolated from human synovial tissue specimens and cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Thermo Fisher Scientific, Inc., Waltham, MA, USA) with 10% added fetal bovine serum (FBS) (Gibco BRL, Grand Island, NY, USA). FLSs were passaged three to five times before being used and the RA-FLSs were confirmed using vimentin immunofluorescent staining as a homogenous population with purity >98% (Supplementary Figure 1).



CircRNA Microarray Analysis

Three different samples of RA-FLSs and OA-FLSs were used for microarray analysis, which was performed by Kangcheng Bio-tech Inc. (Shanghai, China). Briefly, RNase R (Epicentre Inc., Madison, WI, USA) was used to digest the total RNA, which removed linear RNAs, thus enriching circRNAs. An Arraystar Super RNA Labeling Kit (Arraystar Inc., Rockville, MD, USA), together with the random-priming method, was used to amplify and transcribe the enriched circRNAs into fluorescent circRNAs. Complementary DNA (cDNA) was synthesized and labeled before array hybridization. Then, the fluorescent circRNAs were hybridized to the Arraystar Human circRNA Microarray V2.0 (8 × 15K, Arraystar Inc.). Thereafter, the slides were washed and an Agilent Scanner G2505C (Agilent Technologies, Santa Clara, CA, USA) was used to scan the arrays. Analysis of the acquired array images was carried out using Agilent Feature Extraction software (version 11.0.1.1). The R software package (R version 3.1.2) was used for quantile normalization and subsequent data processing.



Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

Total RNA was obtained from cultured cells using the TRIzol reagent (Takara, Shiga, Japan), according to the manufacturer’s instructions, and reverse transcribed into cDNA. The qPCR step was carried out using the cDNA as the template and SYBR Premix DimerEraser (Takara) with the ABI7500 system (Applied Biosystems, Foster City, CA, USA). Relative expression was calculated using the relative quantification (2−ΔΔCt) method (27). GAPDH (encoding glyceraldehyde-3-phosphate dehydrogenase) was used as an internal control for circRNAs and mRNAs, and U6 was employed as an endogenous control for the miRNAs. Supplementary Table S1  shows the details of the primers used for qRT-PCR.



Electrophoresis of Nucleic Acids

Agarose gel electrophoresis (4%) with Tris acetate-ethylenediaminetetraacetic acid running buffer (Thermo Fisher Scientific) was used to analyze genomic DNA (gDNA), PCR products, and cDNAs. Electrophoresis was performed at 110 V for 50 min to isolate DNA. A 20 bp DNA marker (Takara) was used and bands were examined by ultraviolet irradiation.



Fluorescence In Situ Hybridization (FISH)

FISH analysis of RA-FLSs used biotin-labeled probes specific to Circ_0088194 (GenePharma Co. Ltd., Shanghai, China). FISH (GenePharma) was used to detect the signals of these probes according to the manufacturer’s instructions. 4, 6-diamidino-2-phenylindole (DAPI) was used to counterstain the nuclei. A Leica TCS SP2 AOBS confocal microscope (Leica Microsystems, Mannheim, Germany) was used to acquire images. The probe sequences are listed in Supplementary Table S1.



Western Blotting Analysis

Cultured RA-FLSs were lysed in ice-cold radioimmunoprecipitation assay buffer (BestBio, Shanghai, China) containing phosphatase inhibitors and a protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA). The proteins in the cell lysates were separated using 10% SDS-PAGE, followed by electroblotting onto a polyvinylidene difluoride membrane (Millipore, Billerica, MA, USA). Incubation for 1 h at room temperature in Tris-buffered saline with Tween-20 and 5% skim milk was used to block the membrane. The membrane was then probed using primary antibodies recognizing rabbit matrix metalloproteinase 2 (MMP2) (1:5,000; Bioworld, Bloomington, MN, USA) and GAPDH (1:10,000; Bioworld) overnight at 4°C. Next day, the blot was incubated with horseradish peroxidase-conjugated secondary antibodies (1:10,000; Fdbio science, Hangzhou, China). The signals from the immunoreactive proteins were quantified using the Quantity One Software (Bio-Rad, Hercules, CA, USA).



Adenoviral Construction and Transduction

The adenoviral expression vectors for Circ_0088194 were constructed by Genepharma (Shanghai, China). To overexpress Circ_0088194, RA-FLSs were transduced with an adenoviral expression vector expressing Circ_0088194 or an empty adenoviral vector control following the manufacturer’s protocol. QRT-PCR was used to determine the Circ_0088194 expression levels.



Oligonucleotides and siRNA Transfection

Small interfering RNAs (siRNAs), miRNA mimics, and miRNA inhibitors were obtained from the RiboBio (Guangzhou, China). Cells were transfected with 50 nM of Circ_0088194 siRNAs, MMP2 siRNAs, miR-766-3p mimics, miR-766-3p inhibitors, or the corresponding controls using RNAiMAX (RiboBio) according to the manufacturer’s instructions. All relevant sequences are listed in Supplementary Table S1.



Assays for Cell Migration and Invasion

For the migration assay, cells [1×104 in 200 μl of DMEM (serum free)] were seeded onto the top chamber of a Transwell insert, then DMEM with 10% FBS (600 μl) was added to the bottom chamber. The invasion assay started the same, except that in addition to the above, 50 µl of Matrigel (BD Biosciences, Franklin Lakes, NJ, USA) was layered onto the top chamber. The chambers were then incubated for 48 h. Thereafter, a cotton swab was used to remove the cells remaining on the on the surface of the upper membrane surface. Crystal violet was used to stain the cells that had crossed the membrane. Under a microscope, cells in six random fields were counted. These assays were carried out three times independently.



RNA Immunoprecipitation (RIP)

RIP experiments were conducted following the manufacturer’s instructions of the Magna RIP RNA-Binding Protein Immunoprecipitation Kit (Millipore, Bedford, MA, USA). Briefly, MiR-766-3p mimics or the negative control were transfected into RA-FLSs. After 48 h, the RA-FLSs were lysed using RIPA buffer (Cell Signaling Technology, Danvers, MA, USA). Magnetic beads (Invitrogen, Waltham, MA, USA) were pre-incubated with anti-AGO2 antibodies or anti-rabbit IgG (Cell Signaling Technology) for 30 min, and then the lysates were immunoprecipitated using the beads, with rotation overnight at 4°C. Next day, the RNA was purified from the RNA–protein complexes bound to the beads, and then the levels of Circ_0088194 and miR-766-3p were determined using qRT-PCR followed by agarose gel electrophoresis.



Protein Array Analysis

RA-FLS cell lysate protein samples were assayed using a Human Cytokine Array GS440 (Cat#GSH-CAA-440, RayBiotech, Inc., Norcross, GA, USA) and processed according to the manufacturer’s instructions. Briefly, the array slide was incubated with 65 µl of RA-FLS cell lysate overnight at 4°C. The glass array slide was equilibrated to room temperature on the following day, and washed extensively before incubating with an array-specific biotinylated antibody cocktail for 2 h. Unbound antibody was washed away, and the slide was developed for 1 h with Cy3-equivalent dye-conjugated streptavidin. Images were captured using an InnoScan 300 Microarray Scanner (Innopsys, Chicago, IL, USA), and positive clones were identified using the ScanArray Express analysis software (PerkinElmer, Boston, MA, USA). To minimize false positive hits, each sample was screened twice and only the hits that appeared in both screens were analyzed. In this manner, a unique antibody profile was generated for each sample. Experiments were carried out in duplicate.



Bioinformatic Analysis

Potential miRNA targets were predicted using three publicly available databases: TargetScan, miRanda (http://www.microrna.org/microrna/home.do), and circular RNA interactome (https://circinteractome.nia.nih.gov). Targets were accepted only when they appeared in all three databases.



Dual-Luciferase Reporter Assay

The Circ_0088194 segment and a fragment of MMP2 mRNA were synthesized from either mutant (MUT) or wild-type (WT) seed regions and cloned into the psiCHECK-2 vector (Promega, Madison, WI, USA). To generate mutant Circ_0088194 sequences, 11 nucleotides of the seed region were changed (WT seed sequence: 5′-CTGT … GCTGGAG-3′, MUT seed sequence: 5′-GACA … CGACCTC-3′). To generate the mutant MMP2 mRNA sequence, we mutated five nucleotides of the seed region (WT seed sequence: 5′-CTGGA-3′; MUT seed sequences: 5′-GACCT-3′). RA-FLSs (1 × 105) were transfected with either WT or MUT Circ_0088194, miR-766-3p mimics or mimics control, and WT or MUT MMP2 mRNA, using Lipofectamine 2000 (Thermo Fisher Scientific). After induction for 48 h, luciferase activity was assessed using a dual-luciferase reporter kit (Promega).



Measurement of m6A-modified Circ_0088194

Quantification of m6A-modified Circ_0088194 was achieved using methylated RNA immunoprecipitation. An aliquot (1.5 μg) of anti-m6A antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) or anti-IgG antibody (Santa Cruz Biotechnology) was incubated with protein A/G magnetic beads overnight at 4°C. An aliquot (100 ng) of total RNA and m6A spike-in control mixture were added to 300 μl of an IP buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.1% NP40, 40 U/μl RNase Inhibitor) containing 2 μg of anti-m6A rabbit polyclonal antibody. RNA was eluted using elution buffer, purified using phenol-chloroform extraction, and subjected to qRT-PCR analysis.



Immunofluorescent Staining

RA-FLSs were fixed for 20 min using 4% paraformaldehyde, and then permeabilized for 5 min at room temperature using 0.2% Triton X-100. The cells were then washed and blocked for 1 h at room temperature using 10% normal goat serum (BioSS, Beijing, China), followed by incubation at 4°C overnight with antibodies recognizing vimentin (1:100). Next day, the cells were washed with phosphate buffered saline three times, followed by incubation for 1 h at room temperature with goat anti-rabbit IgG/Alexa Fluor 647 antibodies (1:200). Nuclei were counterstained with DAPI and images were acquired on a Leica TCS SP2 AOBS confocal microscope (Leica Microsystems).



Statistical Analysis

All experiments were carried out three times. Data are shown as the mean ± the standard deviation (SD). For comparisons between two groups or among multiple groups, we used Student’s t-test and one-way analysis of variance (ANOVA), respectively. Spearman rank correlation was used to analyze the association of Circ_0088194 expression with disease activity. All statistical analyses were performed using the SPSS 20.0 software (IBM Corp. Armonk, NY, USA). P <0.05 was considered statistically significant.




Results


Expression Profile of Circular RNAs in OA-FLSs and RA-FLSs

FLSs samples from three patients with RA and samples from three age- and sex-matched patients with OA were subjected to microarray analysis of circRNAs to assess their expression (Supplementary Figure S2). Hierarchical clustering showed variations in circRNA expression between RA-FLSs and OA-FLSs (Figure 1A). Seven circRNAs were identified as being differentially expressed (fold change > 2.5 and p < 0.05) between RA-FLSs and OA-FLSs (Table 2). Next, we selected exonic circRNAs that exhibited >3-fold change (p < 0.05) and detected their expression levels in nine RA-FLSs and seven OA-FLSs to verify the microarray results. The results showed that the expression levels of Circ_0088194 and Circ_0088200 were elevated in RA-FLSs compared with those in OA-FLSs, while the expression levels of Circ_0012103 and Circ_0034953 did not differ between the two cell populations (Figure 1B). These differentially expressed circRNAs between RA-FLSs and OA-FLSs may have potential functions in RA progression.




Figure 1 | Circ_0088194 is upregulated in RA-FLSs. (A) Hierarchical clustering analysis of differentially expressed CircRNAs between RA-FLSs and OA-FLSs. (B) QRT-PCR was used to detect the circRNA expression levels in nine RA-FLSs and seven OA-FLSs. (RA-FLSs = 9, OA-FLSs = 7). (C) Schematic illustration of how the Circ_0088194 is back-spliced from tenascin C (TNC) exons 17 to 21. The existence of Circ_0088194 was validated using qRT-PCR, followed by Sanger sequencing. (D) The TNC mRNA expression level, as detected using qRT-PCR in nine RA-FLSs and seven OA-FLSs. (RA-FLSs = 9, OA-FLSs = 7). (E) Divergent primers could amplify Circ_0088194 from cDNA but not from gDNA. (F) Circ_0088194 expression in RA-FLSs correlated positively with the RA disease activity score in 28 joints (DAS28 score). (n = 9; r = 0.683, P = 0.043). (G) Circ_0088194 showed a predominantly cytoplasmic localization upon RNA FISH. Scale bar, 500 µm. Data are shown as mean ± SD. NS, not significant. **indicates p < 0.01, and ****indicates p < 0.0001.




Table 2 | Microarray analysis of dysregulated circRNAs in three RA patients compared with three OA patients.





Circ_0088194 Is Highly Expressed in the Cytoplasm of RA-FLSs and Correlated With the Disease Activity Score in 28 Joints

The expression levels of Circ_0088194 were the highest among the differentially expressed circRNAs in RA-FLSs compared with that in OA-FLSs (Figure 1B). Therefore, Circ_0088194 was chosen for further investigation. The gene encoding this circRNA is located at chr9:117798376–117808961 and this circRNA is formed by the reverse splicing of exons 17 to 21 of the tenascin C (TNC) gene (Figure 1C). We found that the expression levels of TNC were downregulated significantly in RA-FLSs compared with those in OA-FLSs (Figure 1D). The existence of Circ_0088194 was confirmed in numerous circRNA databases. According to the circBase database (http://circrna.org/cgi-bin/singlerecord.cgi?id=hsa_circ_0088194), Circ_0088194 exists in many tissue and cell types, such as normal human epidermal keratinocytes. We then used Sanger sequencing to confirm the head-to-tail splicing (formed from a 5′-end splice site and the corresponding 3′-end site of exons) using the Circ_0088194 qRT-PCR product, which was identified by its expected size (Figure 1C).

To rule out the possibility that genomic rearrangements or trans-splicing caused the head-to-tail splicing, two groups of primers were designed: Divergent primers were used to amplify Circ_0088194, and convergent primers were used to amplify the TNC mRNA. The cDNA and gDNA samples were used as templates for qRT-PCR. Using the divergent primers, we could amplify Circ_0088194 using the cDNA as a template, but not using the gDNA (Figure 1E). To assess the correlation between Circ_0088194 expression levels and RA disease activity in nine RA-FLS samples, Spearman’s rank correlation was used. We found that the Circ_0088194 levels correlated positively with the disease activity score in 28 joints (DAS28) (r = 0.683, p = 0.043) (Figure 1F). Moreover, a FISH assay revealed that Circ_0088194 was localized mostly in the cytoplasm of RA-FLSs, but not in the nucleus (Figure 1G). Thus, Circ_0088194 is associated with RA disease severity and is highly expressed in the cytoplasm of RA-FLSs.



Circ_0088194 Promotes RA-FLS Migration and Invasion

To evaluate the functions of Circ_0088194 in human RA-FLSs, an adenoviral vector encoding Circ_0088194 was constructed and three siRNAs targeting the junction sites of Circ_0088194 were designed. Circ_0088194 expression in RA-FLSs increased significantly after transduction with adenoviral vector expressing Circ_008819 (Figure 2A). The expression levels of Circ_0088194 decreased significantly after transfection with siRNAs targeting Circ_0088194 (Figure 2B). Interestingly, overexpression or knockdown of Circ_0088194 did not affect TNC mRNA levels (Figure 2C). However, overexpression of Circ_0088194 significantly promoted the migration and invasion of RA-FLSs (Figures 2D, E). Conversely, knockdown of Circ_0088194 significantly inhibited RA-FLS migration and invasion (Figures 2F, G). Taken together, these results indicated that Circ_0088194 promotes the migration and invasion of RA-FLSs.




Figure 2 | Circ_0088194 promotes RA-FLS migration and invasion. (A) RA-FLSs were infected with adenovirus expressing Circ_0088194 or with the empty vector (EV). The expression levels of Circ_0088194 were detected using qRT-PCR. (B) RA-FLSs were transfected with three Circ_0088194 siRNAs or the negative control (NC). The Circ_0088194 expression level was measured using qRT-PCR (C) RA-FLSs were infected with adenovirus expressing Circ_0088194 or Circ_0088194#1 siRNA, respectively. The Tenascin C (TNC) expression level was measured using qRT-PCR. (D, E) Transwell migration and Matrigel invasion assays were used to evaluate the migratory and invasive activity of RA-FLSs. RA-FLSs were infected with adenovirus expressing Circ_0088194 or the EV. Scale bar, 500 µm. (F, G) RA-FLSs transfected with Circ_0088194#1 siRNA, or NC. Transwell migration and Matrigel invasion assays were used to evaluate the migratory and invasive activity of RA-FLSs. Scale bar, 500 µm. Data are shown as mean ± SD. NS, not significant. *indicates p < 0.05, **indicates p < 0.01, ***indicates p < 0.001, and ****indicates p < 0.0001.





Circ_0088194 Regulates MMP2 Expression in RA-FLSs

To investigate how Circ_0088194 promotes RA-FLS invasion, we performed a protein array analysis in RA-FLSs that overexpressed Circ_0088194. The protein array analysis revealed that the levels of nine proteins were downregulated, while four proteins were upregulated in cells overexpressing Circ_0088194 (fold change > 3, p < 0.05) (Table 3). Furthermore, qRT-PCR was used to analyze the mRNA expression of three upregulated proteins (fold change > 4 and p < 0.05): Tumor necrosis factor-α (TNF-α) converting enzyme (TACE), matrix metalloproteinase 2 (MMP2), and platelet derived growth factor subunit AA (PDGF-AA), all of which might promote RA-FLS invasion. The results showed that only MMP2 levels, and not TACE or PDGF-AA, levels, increased in RA-FLSs after Circ_0088194 overexpression (Figure 3A). Moreover, western blotting analysis confirmed the elevated MMP2 levels in Circ_0088194-overexpressing RA-FLSs (Figure 3B). In addition, western blotting and qRT-PCR showed that knockdown of Circ_0088194 reduced the expression of MMP2 (Figures 3C, D). MMP2 is one of the most important proteases that mediate fibrillar collagen degradation. Several studies have indicated that MMP2 promotes the migration and invasion of glioma cells (28), lung cancer cells (29), and RA-FLSs (30, 31). Thus, we sought to determine whether Circ_0088194 promotes RA-FLSs migration and invasion by increasing MMP2 expression. Downregulation of MMP2 decreased the expression level of MMP2 induced by overexpression of Circ_0088194 (Figures 3E, F). Consistently, we found that inhibition of MMP2 in RA-FLSs blocked Circ_0088194 overexpression-induced migration and invasion (Figures 3G, H). Taken together, these results showed that Circ_0088194 promotes the migration and invasion of RA-FLSs at least partly dependent on MMP2.


Table 3 | Protein array analysis of dysregulated proteins in three overexpressing Circ_0088194 RA-FLSs compared with three control RA-FLSs.






Figure 3 | MMP2 expression in RA-FLSs is regulated by Circ_0088194. (A) Adenovirus expressing Circ_0088194 or empty vector (EV) were transfected into RA-FLSs. QRT-PCR determined tumor necrosis factor-α converting enzyme (TACE), platelet derived growth factor subunit AA (PDGF-AA), and matrix metalloproteinase 2 (MMP2) mRNA levels. (B) Adenovirus expressing Circ_0088194 or EV were transfected into RA-FLSs. Western blotting was used to detect MMP2 expression. (C, D) The MMP2 mRNA and protein expression levels were examined in RA-FLSs transfected with Circ_0088194#1 siRNAs or the negative control (NC). (E, F) Western blotting and qRT-PCR detection of MMP2 expression. RA-FLSs were co-transfected with the adenovirus expressing Circ_0088194 or MMP2 siRNA. (G, H) Transwell migration and Matrigel invasion assays were used to evaluate the migratory and invasive activity of RA-FLSs. Adenovirus expressing Circ_0088194 or MMP2 siRNA were co-transfected into RA-FLSs. Scale bar, 500 µm. Data are shown as mean ± SD. NS, not significant. *indicates p < 0.05, **indicates p < 0.01, and ***indicates p < 0.001.





Circ_0088194 Sponges miR-766-3p in RA-FLSs

It has been reported that CircRNAs can regulate gene expression via their miRNA responsive elements (MREs), which function as miRNA sponges in the cytoplasm (32). Circ_0088194 is localized mostly in the cytoplasm of RA-FLSs and bioinformatic analysis using three publicly available databases (TargetScan, miRanda, and circular RNA interactome) indicated that miR-766-3p and miR-635 might bind to Circ_0088194 and the 3′-untranslated region (UTR) of MMP2 mRNA (Figure 4A). This led us to hypothesize that Circ_0088194 functions as a miRNA sponge to promote MMP2 expression in RA-FLSs. Firstly, we found that miR-766-3p expression increased in RA-FLSs after Circ_0088194 knockdown, while miR-766-3p expression decreased when Circ_0088194 was overexpressed (Figure 4B). However, the expression of miR-635 did not change after Circ_0088194 overexpression or knockdown (Figure 4C). Furthermore, we performed dual-luciferase assays to confirm the binding between Circ_0088194 and miR-766-3p (Figures 4D, E). The results showed that miR-766-3p mimics decreased the luciferase activity of the wild-type Circ_0088194 vector, but not that of the mutant Circ_0088194 vector (Figure 4F). A previous study indicated that miRNAs bind to MREs in an Argonaute 2 (AGO2)-dependent manner (33). Thus, we performed an RNA immunoprecipitation (RIP) experiment using anti-AGO2 antibodies to confirm the direct binding between miR-766-3p and Circ_0088194. Indeed, Circ_0088194 and miR-766-3p were enriched in the AGO2 immunoprecipitates relative to the IgG immunoprecipitates (Figures 4G, I). Importantly, we observed that overexpression of Circ_0088194 with mutated miR-766-3p binding sites had no significant effect on the migration and invasion of RA-FLSs (Figures 4J, K). Collectively, our findings suggested that Circ_0088194 acts as a sponge for miR-766-3p.




Figure 4 | Circ_0088194 act as sponge of miR-766-3p in RA-FLSs. (A) Schematic illustration showing the identification of two miRNAs, hsa-miR-766-3p and hsa-miR-635, predicted from three available databases (miRanda, circular RNA interactome, and Targetscan). (B, C) QRT-PCR determination of the expression of miR-766-3p (B) and miR-635 (C) in RA-FLSs. The cells were transfected with adenovirus expressing Circ_0088194 or Circ_0088194#1 siRNA. (D) The miR-766-3p MREs in the sequences of Circ_0088194 and MMP2 as identified using bioinformatic analysis. (E) Wild-type (WT) or mutant (MUT) miR-766-3p target sequences of Circ_0088194. (F) The miR-766-3p mimics reduced the luciferase activities of WT not MUT Circ_0088194 reporter genes, as assessed using dual-luciferase reporter assays. (G) RA-FLSs were transfected with the miR-766-3p mimics or the negative control. Anti-AGO2 RIP was used to investigate AGO2 binding to Circ_0088194 and miR-766-3p; IgG was used as a negative control. (H, I) The expression levels of Circ_0088194 and miR-766-3p, as detected using qRT-PCR. (J, K) The migratory and invasive activities of RA-FLSs were evaluated by Transwell migration and Matrigel invasion assays. RA-FLSs were transfected with the adenovirus encoding Circ_0088194 or the adenovirus encoding Circ_0088194 with mutated miR-766-3p binding sites. Scale bar, 500 µm. Data are shown as mean ± SD. NS, not significant. *indicates p < 0.05, **indicates p < 0.01, ***indicates p < 0.001, and ****indicates p < 0.0001.





MiR-766-3p Inhibits the Invasion and Migration of RA-FLSs

The impact of miR-766-3p mimics on MMP2 expression and RA-FLS migration and invasion was studied by transfecting RA-FLSs cells with miR-766-3p mimics or inhibitors, respectively. Transfection of miR-766-3p mimics (Figure 5A) reduced the expression of MMP2 mRNA and protein in RA-FLSs (Figure 5B). Conversely, transfection of miR-766-3p inhibitors increased the expression of MMP2 mRNA and protein (Figure 5C). Next, we constructed luciferase reporter plasmids containing the WT 3′-UTR of the MMP2 mRNA and a version of the 3′-UTR of the MMP2 mRNA in which the miR-766-3p binding sites were mutated (Figure 5D). The results demonstrated that in the presence of the miR-766-3p mimics, the luciferase activity from the WT construct decreased. However, the mimics had any effect on the luciferase activity from the MUT construct (Figure 5E). These results indicated that MMP2 is a target of miR-766-3p. Importantly, Transwell assays revealed that overexpression of miR-766-3p reduced RA-FLS migration and invasion (Figure 5F); while the miR-766-3p inhibitors increased RA-FLS migration and invasion (Figure 5G). Thus miR-766-3p was confirmed to reduce MMP2 expression and inhibit the migration and invasion of RA-FLSs.




Figure 5 | MiR-766-3p inhibits RA-FLS migration and invasion. (A) RA-FLSs were transfected with the miR-766-3p mimics or the negative control (NC) at a final concentration of 50 nM. The expression level of miR-766-3p was determined using qRT-PCR. (B) QRT-PCR and Western blotting determination of MMP2 expression in RA-FLSs. RA-FLSs were transfected with miR-766-3p mimics. (C) QRT-PCR and Western blotting detection of MMP2 expression in RA-FLSs. RA-FLSs were transfected with miR-766-3p inhibitors. (D) Wild-type (WT) or mutant (MUT) miR-766-3p target sequences in the MMP2 3′ UTR. (E) The miR-766-3p mimics reduced the luciferase activities of WT but not MUT MMP2 reporter gene, as detected using dual-luciferase reporter assays. (F) Assays of RA-FLSs migration and invasion in cells transfected with miR-766-3p mimics. Scale bar, 500 µm. (G) Assays of RA-FLSs migration and invasion in cells transfected with miR-766-3p inhibitors. Scale bar, 500 µm. Data are shown as mean ± SD. *indicates p < 0.05, **indicates p < 0.01, ***indicates p < 0.001, and ****indicates p < 0.0001.





Circ_0088194 Promotes RA-FLSs Migration and Invasion via the miR-766-3p/MMP2 Axis

To test whether Circ_0088194 promotes MMP2 expression by sponging miR-766-3p, we performed dual-luciferase reporter assays. The result showed that the miR-766-3p mimics reduced the luciferase activities from the reporter plasmid containing the potential binding sequence of Circ_0088194-WT or MMP2-WT (Figure 4F, 5E). However, luciferase activities were not affected when mutant Circ_0088194-MUT and MMP2-MUT were used. Circ_0088194 overexpression increased the luciferase activity of MMP2-WT relative to the corresponding MMP2-MUT. Interestingly, when the miR-766-3p mimics were co-transfected, the increased luciferase activity from MMP2-WT in response to Circ_0088194 overexpression was abrogated (Figure 6A). MiR-766-3p mimic co-transfection blocked the upregulation of the MMP2 mRNA and protein levels induced by Circ_0088194 overexpression in RA-FLSs (Figures 6B, C). Consistently, transfection of Circ_0088194 promoted RA-FLSs migration and invasion, which could be blocked by co-transfection with miR-766-3p mimics (Figures 6D, E). Taken together, these results indicated that Circ_0088194 regulates the expression of MMP2 by sponging miR-766-3p, thereby promoting migration and invasion.




Figure 6 | Circ_0088194 promotes RA-FLSs migration and invasion via miR-766-3p/MMP2 axis. (A) The increased luciferase activity of WT-MMP2 treated with Circ_0088194 adenovirus was blocked by co-transfection with miR-766-3p mimics. (B) In RA-FLSs, the MMP2 mRNA levels were determined using qRT-PCR. MiR-766-3p mimics and Circ_0088194 adenovirus were co-transfected into RA-FLSs. (C) Western blotting analysis of MMP2 protein levels in RA-FLSs. RA-FLSs were co-transfected with miR-766-3p mimics and Circ_0088194 adenovirus. (D, E) The migratory and invasive ability of RA-FLSs. RA-FLSs were co-transfected with miR-766-3p mimics and Circ_0088194 adenovirus. Scale bar, 500 µm. Data are shown as mean ± SD. NS, not significant. *indicates p < 0.05, **indicates p < 0.01, and ***indicates p < 0.001.





The m6A Modification of Circ_0088194 Exists in RA-FLSs

The m6A modification occurs in circRNAs as a mechanism to drive translation initiation (34, 35). Using the SRAMP website (http://www.cuilab.cn/sramp), we predicted the m6A modification sites on Circ_0088194. Next, we verified the mRNA levels of four essential components of the m6A methylase complex: alkB homolog 5 (ALKBH5), methyltransferase-like 14 (METTL14), fat mass and obesity associated protein (FTO), and methyltransferase-like 3 (METTL3), in RA-FLSs and OA-FLSs using qRT-PCR. The mRNA levels of METTL3 and ALKBH5 in RA-FLSs were markedly higher than those in OA-FLSs (Figure 7A). However, the METTL14 and FTO expression levels did not differ between OA-FLSs and RA-FLSs. To test whether the m6A modification of Circ_0088194 differed in RA-FLSs compared with that in OA-FLSs control cells, we performed methylated RNA immunoprecipitation using the rabbit anti-m6A polyclonal antibody to enrich m6A-modified total RNA, followed by qRT-PCR of Circ_0088194. We found that the relative contents of m6A-modified Circ_0088194 did not differ between RA-FLSs and OA-FLSs (Figure 7B). These results suggested a negligible effect of this modification on Circ_0088194’s activity in miR-766-3p binding and MMP2 expression.




Figure 7 | Circ_0088194 m6A modification in RA-FLSs. (A) QRT-PCR determined the mRNA level of four components of the m6A methylase complex methyltransferase-like 3 (METTL3), alkB homolog 5 (ALKBH5), methyltransferase-like 14 (METTL14), and fat mass and obesity associated genes (FTO) in RA-FLSs and OA-FLSs. (B) Anti-m6A antibody-enriched m6A-modified total RNA immunoprecipitation followed by qRT-PCR determined the m6A-modified Circ_0088194 levels in RA-FLSs and OA-FLSs. The negative control for immunoprecipitation comprised rabbit IgG. The percentages of input are shown. (C) A working model of the Circ_0088194/miR-766-3p/MMP2 signaling axis in the promotion of the migration and invasion of RA-FLSs and RA pathogenesis. Data are shown as mean ± SD. NS: not significant. **indicates p < 0.01.






Discussion

Recently, thousands of circRNAs have been identified from mammalian transcriptomes, and dysregulation of circRNAs is involved in the pathogenesis of various diseases, including RA (36–38). However, the roles of circRNAs in RA-FLSs are largely unknown. In this study, we identified a novel circRNA, Circ_0088194, which was upregulated in RA-FLSs and correlated positively with the RA disease activity score in 28 joints. Overexpression of Circ_0088194 promoted the migration and invasion of RA-FLSs. Mechanistically, Circ_0088194 acted as a miRNA sponge to reduce the level of miR-766-3p, thereby relieving miR-766-3p’s repressive effect on its target, MMP2, ultimately promoting migration and invasion. These results indicated that the Circ_0088194/miR-766-3p/MMP2 axis has an important function in regulating RA-FLS migration and invasion (Figure 7C).

Invasion and migration of RA-FLSs leads to cartilage degradation and subsequent bone destruction, which cause a high level of disability in patients with RA. Therefore, it is imperative to identify invasion-related factors and determine the molecular mechanisms of RA-FLS invasion and migration. Herein, molecular experiments showed that overexpression of Circ_0088194 promoted migration and invasion of RA-FLSs, while downregulation of Circ_0088194 had the reverse effect. Importantly, in RA, Circ_0088194 levels correlated with the disease activity score in 28 joints. These data implied that in RA-FLSs, Circ_0088194 might contribute to increased rheumatoid synovial aggression and hyperplasia, ultimately leading to joint destruction.

CircRNAs may play specific roles in cellular physiology, and several possible functions have been proposed, including miRNA sponges (33), protein binding (39), and regulation of translation and translation into proteins (40). When acting as miRNA sponges, MREs in circRNAs reduce the levels of endogenous miRNAs capable of binding to their target mRNAs, thereby increasing mRNA translation, which is the most important and frequently reported function of circRNAs. For example, circRNA ciRS-7, which contains 74 binding sites for miR-7, was the first circRNA to be established as a miRNA sponge and has been reported to participate in the development of many cancers (41). In this study, we found that Circ_0088194 promoted RA-FLSs migration and invasion by increasing the expression of invasion-related gene, MMP2. Bioinformatic analyses demonstrated that MMP2 and Circ_0088194 share an MRE for miR-766-3p. Therefore, we hypothesized that Circ_0088194 promotes RA-FLS migration and invasion via the miR-766-3p/MMP2 axis. To verify our hypothesis, luciferase reporter assays confirmed the direct interaction between Circ_0088194 and miR-766-3p, and between miR-766-3p and MMP2. Importantly, miR-766-3p reverses the ability of Circ_0088194 to upregulate MMP2 expression and promote RA-FLS migration and invasion. Thus, we demonstrated that Circ_0088194 acts as a sponge toward miR-766-3p to promote RA-FLSs migration and invasion by upregulating MMP2 expression at the post-transcription level. This consists with previous studies which showed knockdown of MMP2 reduced the invasion and migration of RA-FLSs (30, 42, 43).Moreover, MMP (including MMP-2) is considered as the primary therapy for RA (44, 45). However, the other study indicated that MMP-2 suppresses RA synovial fibroblast-mediated cartilage degradation; MMP-2 KO mice developed arthritis of greater clinical and histological severity than wild-type mice (46). Therefore, the role of MMP2 in the progression of RA-FLS is still controversial. We speculate that the varied roles of MMP2 in the progression of RA may be associated with the inconsistency of microenvironment and experimental conditions. Additionally, we cannot exclude the possibility that other pathways might also be involved Circ_0088194’s effects in addition to the miR-766-3p/MMP2 axis, which might also play important roles in RA-FLSs progression. These the other potential functions of Circ_0088194 beyond acting as a miRNAs sponge in RA-FLSs merit further exploration.

A recent study showed that the m6A modification on circRNAs mediate their stability by increasing circRNA association with YTH N6-methyladenosine RNA binding protein 2 (YTHDF2) in a heat-responsive protein 12 (HRSP12)-dependent manner (20). We found that upregulation of Circ_0088194 correlated with elevated RA-FLSs invasion and migration. Therefore, we suspected that the m6A modification might affect the stability of Circ_0088194 and account for Cir_0088194 differences between RA-FLSs and OA-FLSs. The prediction website showed there are three methylation sites with high confidence on Circ_0088194. As expected, our study showed that the mRNA levels of two components from the m6A methylase complex, METTL3 and ALKBH5, were significantly higher in RA-FLSs than in OA-FLSs. To our surprise, such differences did not affect the total amount of m6A-modified Circ_0088194. These observations suggested that the elevated levels of Circ_0088194 in RA-FLSs compared with those in OA-FLSs might have resulted from different mechanisms to control Circ_0088194 production, such as Circ_0088194 alternative splicing, a hypothesis that requires further exploration.

To the best of our knowledge, this is the first report that Circ_0088194 acts as a pathogenic element in the progression of human RA by regulating the expression of collagenase MMP2 and promoting RA-FLS migration and invasion. However, we did not test this hypothesis in experimental RA models, and additional studies with large sample size and patients of different ethnicities and regions might be required. Our findings identified the Circ_0088194/miR-766-3p/MMP2 pathway as a novel therapeutic target to prevent and treat human RA. The significant positive correlation between the RA disease score and the RA-FLS Circ_0088194 contents supported our hypothesis.
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The most commonly used strains in experimental research, including genetically modified strains, are C57BL/6 mice. However, so far, no reliable model for rheumatoid arthritis is available, mainly due to the restriction by the MHC class II haplotype H-2b. Collagen-induced arthritis (CIA) is the most widely used animal model of rheumatoid arthritis, but C57BL/6 strain is resistant to CIA because there is no collagen II peptide associated with H-2b. To establish a rheumatoid arthritis model in C57BL/6 mice, we immunized C57BL/6NJ (B6N) mice with human cartilage oligomeric matrix protein (COMP), which induced severe arthritis with high incidence, accompanied by a strong auto-antibody response. Native COMP was required, as denatured COMP lost its ability to induce arthritis in B6N mice. An immunodominant COMP peptide was identified as the key T cell epitope, with a perfect fit into the Ab class II peptide binding pocket. A critical amino acid in this peptide was found to be phenylalanine at position 95. Recombinant COMP mutated at position 95 (COMP_F95S) lost its ability to induce arthritis or a strong immune response in the B6N mice. In conclusion, A new model for RA has been established using C57BL/6 mice through immunization with COMP, which is dependent on a COMP specific peptide binding Ab, thus in similarity with CIA in Aq expressing strains.
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Highlights

	A new model of rheumatoid arthritis in C57BL/6 mice, the COMP induced arthritis (COMPIA), was established.

	The major T and B cell epitopes on COMP critically involved in the arthritis development were defined.





Introduction

Rheumatoid arthritis (RA) is a chronic inflammatory disease, which is characterized by leucocyte infiltration into synovial tissue and leads to cartilage and bone damage (1). It is a disease induced by not yet defined environmental factors but it also has a genetic component. The major histocompatibility complex (MHC) region class II shows the by far strongest association, strongly implicating peptide binding to an MHC class II molecule to be a critical bottleneck for the development of RA (2–5). Disease-associated risk alleles in DRB1 may share common amino acid sequences in the peptide-binding groove, suggesting peptide presentation to T cells in disease susceptibility (6, 7). To study the pathogenesis of RA, it is important to use animal models which mimic RA genetically, through an induced autoimmune response associated with the MHC class II locus.

Collagen-induced arthritis (CIA) is the most widely used animal model of RA. The susceptibility to arthritis after immunization with heterologous type II collagen (CII) is strongly associated with MHC class II genes, more precisely the Aq beta gene (8) due to binding of the immunodominant CII-derived glycosylated peptide 260-271 (9). In a screen of different MHC congenic strains only mice expressing Aq and Ar developed arthritis whereas mice with the Ab (H-2b) haplotype, as in commonly used C57BL/6 strains, were resistant to CIA (10–12). However, the most commonly used mouse strains in research are based on C57BL/6 (H-2b) (13–15), in particular in genetic research as it is often the reference standard. The discovery that immunization with various collagen preparations together with high content of mycobacteria adjuvant could induce arthritis also in B6 mice (13), has therefore been very popular and is today the most commonly used model for RA. However, despite its name, it does not represent collagen induced arthritis, as the disease develops in response to contaminants in the CII preparations (13). One contaminant is pepsin used for the cleavage of CII during the preparation and others are non-self-matrix proteins when derived from cows or chicken. It means that the T cell response binds to non-collagen proteins forming complexes with CII, enabling interaction with CII specific B cells, and thereby a specific pathogenic antibody response to CII could be elicited (16).

To establish a model for RA in C57BL/6 mice we turned our interest to other proteins that have earlier been shown to induce arthritis in mice, i.e. glucose-6-phosphoisomerase (GPI) (17) and cartilage oligomeric matrix protein (COMP) (18). We found that immunization with COMP led to severe arthritis in C57BL/6 mice.

COMP, also known as thrombospondin 5, is a pentameric glycoprotein of 524 kD (19) with five identical subunits (19). It is primarily found in cartilage, tendon, synovium and meniscus. COMP stabilizes the matrix and acts as a catalyst in the fibril formation of collagens I and II (20). It is also considered to be involved in pathological changes of cartilage during the pathogenesis of osteoarthritis (21). Immunization with COMP induces severe arthritis mimicking RA in both rats and mice (COMPIA) (18, 22). In similarity with CIA, the induction of COMPIA requires break of self-tolerance, and recognition of peptides on non–self-COMP by T cells, although the immunogenic epitopes have not been defined. Previously, the COMP induced arthritis was shown to be associated with MHC class II haplotypes, H-2q, H-2p, and also with transgenic human DR*0401 (18). However, in these studies the responsiveness of B6 mice with H-2b was not included and there are no other studies describing COMPIA in C57BL/6 mice.

In the present study, we describe arthritis induced in C57BL/6 mice and identify the key COMP peptide recognized by T cells.



Materials and Methods


Mice

Male C57BL/6NJ (denoted B6N) mice, which carry the H-2b haplotype, originally obtained from Jackson Laboratory, were used in the experiments. Animals were bred and maintained in the animal facility of Medical Inflammation Research, Karolinska Institute, with specific pathogen-free (SPF) conditions and individually ventilated cages contained wood shavings and folded paper strips. The cages were kept in the same room with a climate-controlled environment in a 12-h light-dark cycle. All of the experiments were carried out when the mice were 9–12 weeks old. Experimental mice were divided randomly, blinded and age-matched. Clinical evaluation of arthritis was performed blindly and double-checked for each experiment. All experiments were approved by Stockholm regional ethics committee for animal research, Sweden (N35/16).



Antigens


Native Recombinant Human COMP

The COMP sequence was obtained from UniProtKB with accession number P49747. The construct contains the native leader sequence and the full-length COMP sequence and the C-terminal his-tag. The gene was synthesized at Eurofins with KpnI and XhoI restriction sites at the 5’ and 3’ ends. The synthesized gene was restriction enzyme digested using FastDigestTM enzymes (ThermoFisher Scientific). The digested DNA fragment was cloned into a mammalian expression vector pCEP4 (Life technologies) that was digested using the same restriction enzymes. After sequence verification, the recombinant plasmid was transfected into Expi393FTM cells (Life technologies) using the FectoPROTM DNA transfection reagent (Polyplus transfection). The supernatants were harvested 6 days post transfection. The recombinant protein was first captured using a 5 ml HisTrap Excel (GE Healthcare Life Sciences) affinity column followed by size exclusion chromatography on a HiLoad Superdex 200 pg column (GE Healthcare life Sciences) equilibrated in PBS. The purified recombinant protein (Supplement Figure 1) was obtained as a single peak and was concentrated using an Amicon centrifuge device with MWCO of 30 kD. The protein concentration was determined using absorbance at 280 nm.



Denatured COMP

Denatured COMP was prepared by incubating native human COMP in a high concentration of guanidinium chloride as previously described (23).



Synthetic Peptide Library of Human COMP

Overlapping peptide libraries consisting of 18-aa-long peptides (totally 76 peptides) were generated using the sequence of human COMP. Synthetic peptides containing interest sequences were synthesized by Biomatik Corporation (Ontario, CA).



Synthetic Peptides (P9, P9-1, P9-2, P9-3, P9-4, mP9)

Synthetic peptides (P9, P9-1, P9-2, P9-3, P9-4, mP9) were synthesized by Hangzhou Taijia Biotech Co., Ltd (Hangzhou, China). Further details are given in Table 1.


Table 1 | Amino acid sequence of mutated COMP P9 peptides.





Synthetic Cyclic Peptides

Synthetic cyclic peptides were synthesized as previously described (24).



Mutated COMP_F95S

For the expression of a single amino acid mutated COMP_F95S, two primers were designed with forward primer: 5’- AGGTTCCTGCTTTCCCGGAGTAGCG-3’ and reverse primer: 5’-GGTGCACAGTGCAGCAGAGGCC-3’. A Q5 site-directed mutagenesis kit (E0554S, New England BioLabs) was used according to the manufacturer’s instruction. After transformation, several colonies were selected and the sequences verified. The plasmid with the right sequence was transfected into the Expi393FTM cells as described above.




Induction of Experimental Arthritis

Mice were immunized intradermally (i.d.) at the base of the tail with 100 ug of native COMP emulsified 1:1 in Freund,s complete adjuvant (CFA, #263810, Difco, BD) or in Freund,s incomplete adjuvant (IFA, #263910, Difco, BD) containing Mycobacterium Tuberculosis H37Ra (M.T., #231141, Difco, 0.5 mg/ml) in a total volume of 100 ul on day 0. All the mice were boosted on day 35 with 50 ug of native COMP in IFA in a total volume of 50 ul. Mice were double blind scored 3 times per week for the peripheral joint inflammation, starting 2 weeks after the first immunization. The evaluation of arthritis was conducted in a blinded manner according to an extended scoring protocol (25), using 0–15 scale for each paw (0 = normal joint; 1 = each swollen toe or joint; 5= one swollen ankle). The total maximum score per mouse was 60 points.

To evaluate the requirement of the native structure of COMP for the arthritis induction, mice were immunized with 100 ug of native COMP (group 1), denatured COMP (group 2) emulsified 1:1 in Freund’s complete adjuvant (CFA, #263810, Difco, BD) or CFA only (group 3) separately on day 0. On day 35, all the mice were boosted with or without COMP in IFA (#263910, Difco, BD) in a total volume of 50ul (group 1 = 50 ug of native COMP in IFA; group 2=50ug of denatured COMP in IFA; group 3 = IFA only). The evaluation of arthritis was conducted as described above.

To prove the importance of phenylalanine at position 95 for the T cell epitope recognition and arthritis development, mice were immunized i.d. at the base of the tail with 100ug of COMP_F95S or native COMP emulsified 1:1 in Freund’s complete adjuvant (CFA, #263810, Difco, BD) on day 0. On day 35, the mice were boosted with 50ug of COMP_F95S or native COMP in IFA (#263910, Difco, BD) in a total volume of 50ul. The evaluation of arthritis was conducted as described above.



Detection of Autoantibodies

Detection of serum levels of antibodies against COMP and CII: Serum antibody levels against COMP were analyzed in 96-well plate (Nunc, Thermo Fisher Scientific, Denmark) by ELISA using recombinant human COMP. Recombinant human COMP (50uL/well; 10ug/ml in phosphate buffer saline (PBS), PH 7.4) was precoated overnight at 4. Then the plates were blocked with 3% milk in PBS to decrease background disturbance. The plates were washed for 5 times with ELISA buffer (PBS with 0.1% Tween 20). The serum was diluted (*500) in PBS (5*time titration, 5 wells for each sample), and incubated for 2 h. Serum from COMP- induced arthritis mice were used as positive control. 50ul of secondary antibody was added and incubated for 1 h. The secondary antibodies were as following: Rat Anti-Mouse Kappa- Horseradish peroxidase (HRP) (Southern Biotech, #117-05), Goat Anti-Mouse IgG(H+L) (Southern Biotech, #1031-05), Goat Anti-Mouse IgG1 (Southern Biotech, #1070-05) and Goat Anti-Mouse IgG2b-HRP (Southern Biotech, #1091-05). After washing for 5 times, ExtrAvidin® -Peroxidase (1:5000 dilution, Sigma E-2886) was added and incubated for 45 mins. 5mg ABTS substrate (ABTS tablets, Boehringer Mannheim) was diluted in 5 ml of freshly prepared buffer (ABTS buffer, Boehringer Mannheim). After 20 min-incubation in the dark at 20, absorbance was measured at 405nm (OD405). Serum antibody against CII were analyzed by sandwich ELISA, as previously described (26).



Immune Assays


Peptide-Based ELISA

In the first experiment, we performed epitope mapping of whole human COMP by ELISA to identify linear B cell epitopes with serum from COMPIA B6N model. Maxisorb plates were coated with COMP peptides or native COMP at a concentration of 5 ug/ml in PBS overnight at 4. The second day the plates were washed with PBST for 3 times and then blocked with 1% bovine serum albumin (BSA) in PBS. Different dilutions (1:100 to 1:2500) of mice serum (B6N mice immunized with COMP+CFA) were added to the wells and incubated for 1 h at room temperature. Then the plates were washed with PBST for 3 times. HRP-conjugated anti-mouse second antibody was added for further incubation of 1 h followed by the detection using ABTS-HRP system as previous description. Absorbance was measured at 405nm (OD405).



ELISpot Assay

The 96-well ELISpot plates (MSIPS4W10, Millipore) were prewetted with 70% EtOH and then precoated with anti-mouse IFN-γ capture antibody R46A2 (15 ug/ml, 50 ul/well) overnight at 4. The second day the plates were washed with PBS for twice and then blocked with 1% BSA in PBS. Splenocytes or cells from draining lymph nodes were obtained from the immunized B6N mice and added to the plates (1x106 cells per well for splenocytes, 0.5x106 cells per well for lymph node cells). The cells were stimulated with 50 ug/ml different peptides (peptides from human COMP library; P9; P9-1, P9-2, P9-3, P9-4) in triplicates at 37for 24 h. Concanavalin A (Con A, 1 ug/ml) used as a positive control. The plates were washed with PBS twice and a washing buffer (PBS containing 0.01% Tween 20) for 4 times followed by incubation with 50ul/well of biotinylated anti-IFN-γ (clone An18, 4 ug/ml in PBS/BSA 0.5%) at room temperature for 2 h. After washing the plates with the washing buffer for 5 times, streptavidin-alkaline phosphatase (50 ul/well, 1:2500 in PBS) was added to each well and incubated for 45 min at room temperature. After washing with the washing buffer for 3 times and PBS for 3 times, cytokine spots were visualized using Sigma Fast BCIP/nitroblue tetrazolium (100 ul/well) and enumerated using an ImmunoScan ELISpot Analyzer (CTL Europe).




Histological Analyses

Mice were sacrificed at the end time point, and the hind paws were dissected and subsequently fixed in 10% buffer formalin solution. Fixed tissues were decalcified for 30 days in EDTA-solution (100g EDTA, 75 g polyvinylpyrrolidone, Tris 0.1M in 1L H2O, add KOH to PH = 6.95) for decalcification, followed by dehydration and paraffin embedding. Tissue sections (7 μm) were then stained with hematoxylin and eosin (HE). HE-stained sections were blindly assessed in naive B6N mice or B6N mice immunized with native COMP.



Molecular Modeling

The homology model of the MHC class II molecule Ab in complex with COMP (92–109) was constructed using the SWISS-MODEL (27), and the crystal structure of Ab with an PADI4 peptide (PDB code: 6MNM) was selected as a template due to high sequence similarity (28). The potential core binding residues (FCFPGVACI) of COMP (92–109) was predicted using Consensus algorithm (29). For modeling the COMP (92–109) peptide in the binding groove of Ab, the PADI4 peptide from crystal structure of Ab in complex with PADI4 peptide (PDB code: 6MNM) was used as a basis, then several residues were modeled by FoldX program (30), then the side chains were optimized by Swrl4 program (31).



Statistical Analyses

All data are expressed as the mean ± SEM. Mann-Whitney test and Kruskal-Wallis test were used for statistical analyses (GraphPad Prism version 8.0.2). p<0.05 was considered as significant *p<0.05, ** p<0.01.




Results


Immunization With COMP Induces Severe Arthritis With High Incidence in B6N Mice

To test the potential of COMP for the induction of arthritis, we immunized B6N mice with COMP emulsified in complete Freund, adjuvant (CFA, #263810, Difco, BD) or in incomplete Freund’s adjuvant (IFA, #263910, Difco, BD) containing Mycobacterium Tuberculosis strain H37Ra (M.T., #231141, Difco, 0.5 mg/ml). Both groups immunized with COMP developed severe arthritis with high incidence (Figures 1A, B).




Figure 1 | Native COMP induces arthritis in B6N mice with high incidence and severe arthritis. (A) The arthritis joint phenotype of B6N mice. (B) B6N mice were immunized with native COMP emulsified in CFA (n=7) or IFA+0.5 mg/ml M.T. (n=6), and monitored for prevalence and clinical score of arthritis. (C) Histological analysis of ankle joint of B6N mice with COMP-induced arthritis at the end of the experiment. Sections were stained with H&E staining. Prominent synovial hyperplasia, inflammatory cells infiltration and cartilage and bone destruction in mice immunized with native COMP+CFA. All images were taken at ×100 magnification.



The arthritic joints from arthritic B6N mice revealed prominent synovial hyperplasia, inflammatory cells infiltration and cartilage and bone destruction in both group of mice immunized with native COMP+CFA or native COMP + IFA + 0.5 mg/ml M.T. at the end time point of the experiment, similarly to human RA (Figure 1C).



Native COMP Induces Antibody Responses and Specific B Cell Epitopes Are Recognized in B6N Mice

Next, we compared anti-COMP autoantibody responses between three groups. Mice in both immunized groups (immunized with native COMP+CFA or native COMP + 0.5 mg/ml M.T.+IFA) developed a prominent IgG anti-COMP autoantibody response, compared with naïve B6N mice (*p<0.05). There was no difference between mice immunized with native COMP+CFA and mice immunized with native COMP + 0.5 mg/ml M.T.+IFA (p>0.05) (Figure 2A). Similar trends were observed in values of IgG1 and IgG2b between three groups (Figure 2A).




Figure 2 | Native COMP induces antibody responses and specific B cell epitopes are characterized in B6N mice. (A, B) Native COMP induced anti-COMP antibodies but no anti-CII antibodies in B6N mice. (A) Both native COMP+CFA group (n=7) and native COMP+IFA+0.5 mg/ml M.T. group (n=6) have anti-COMP IgG, gG1 and IgG2b production throughout the experiment (*p < 0.05). There are no differences of anti-COMP IgG, IgG1, and IgG2b levels between the two groups (p>0.05). (B) No response to rat CII could be detected in COMP immunized mice (p>0.05) (A B6N mouse immunized with rat CII was chosen as positive control). (C) Mapping of human COMP linear B-cell epitopes using overlapping peptide library of COMP protein (n=6) (D) According to the results of experiment A (C), We choose six cyclic COMP peptides (C14, C15, C16, C22, C23 and C24) in a cyclic COMP library, which are similar to the sequences of the candidate peptides (peptide 7, 29, 30, 37, 39). We precoated the plate with these cyclic peptides and added two dilutions of serum of B6N mice immunized with COMP with 2 dilute (diluted 100 times and 1000 times) to test the OD value by ELISA. Positive binding was defined as 3SD from the mean of naïve mice (n=4). Antibody binding was measured by ELISA. The results presented as absorbance at nm 405.



To test whether an immune response to CII was triggered, we analyzed anti-CII Ig levels. Anti-CII Ig levels, as detected with antibodies to kappa, showed no significant difference between immunized and naïve B6N mice (Figure 2B).

To confirm that the B cell response is specific for COMP and to identify peptide B cell epitopes, we first screened an overlapping peptide library of COMP with serum from COMP-immunized B6N mice by ELISA. Serum samples were taken at the end point. Results indicated five potential B cell epitopes (peptide 7, 29, 30, 37, 39). We selected 15 peptides (including the five potential epitopes) to repeat the experiment at different serum dilution (n=4), which confirmed the result (Figure 2C). We subsequently selected six cyclic COMP peptides with the same sequences as the candidate peptides and used them for testing the serum response. It confirmed that these peptides had positive reaction with immunized mice serum (Figure 2D), showing that these are peptide sequential epitopes. In conclusion, a peptide specific antibody response to COMP is induced after immunization of COMP in the B6 mouse.



Induction of Arthritis Is Dependent on the Native Structure of COMP

To investigate if the conformational structure of COMP has an effect on arthritogenicity, we immunized B6N mice with native COMP + CFA, denatured COMP + CFA or CFA separately. All B6N mice immunized with native COMP developed severe arthritis whereas mice immunized with denatured COMP developed only very mild arthritis with low incidence (14%). As expected, B6N mice immunized with CFA did not develop arthritis (Figure 3A).




Figure 3 | Induction of arthritis requires COMP to be in its native conformation. (A) B6N mice were immunized with native COMP + CFA (n=7), denatured COMP + CFA (n=7) or CFA only (n=7) and monitored for prevalence and clinical score of arthritis. Left panel shows immunization with native COMP can induce arthritis in B6N mice with high incident rate (100%); however, immunization with denatured COMP can induce arthritis in B6N mice with very low incident rate (14.3%); immunization with CFA only do not induce arthritis. Right panel shows the clinic score of the three groups. (B) Immunization with native COMP induces a stronger specific IgG response than immunization with denatured COMP (*p < 0.05, **p < 0.01). Blood were collected 35 days (boost) after the immunization and the end point from B6N mice. Filled circles indicate mice immunized with native COMP + CFA; filled squares indicate mice immunized with denatured COMP + CFA; filled triangles indicate mice immunized with CFA only; inverted filled triangles indicate naïve mice.



To test whether the native conformational of COMP is recognized by antibodies developed after the immunization with both COMP preparations, we analyzed the sera at different time points during COMPIA (at days 35 and 88 post-immunization). Both native COMP immunized group and denatured COMP group developed an anti-COMP antibody response at both time points (*p<0.05) (Figure 3B). However, the immunization with native COMP induced stronger IgG, IgG1, and IgG2b anti-COMP responses than immunization with denatured COMP (*p<0.05). We conclude that antibodies to conformational epitopes are pathogenic and need for the induction of arthritis and that these antibodies are likely triggered by help from COMP specific T cell.



Identification of a Major T Cell Epitope, of Critical Importance for Development of Arthritis

A library of overlapping human COMP peptides (Fig 4A) were tested for their ability to activate T cells after immunization with human COMP. IFN-γ secretion by CD4+ T cells was used as a read-out and ConA was used as a positive control. Spleen cells from mice immunized with COMP showed strong IFN-γ T cell recognition of peptide P9 (APGFCFPGVACIQTESGA) (Figure 4A). Out of 76 pairs of peptides tested, only P9 was able to significantly active CD4+T cells from H-2b mice (Figures 4B–D). Additionally, splenocytes from naïve B6N mice were tested, which shows negative reaction to P9 (Figures 4B–D).




Figure 4 | P9 (human COMP peptide 92-109) is identified as the key T cell epitope, which induces arthritis in COMP-immunized B6N mice. We build an overlapping peptides library of human COMP, which includes 76 peptides. (A) shows the human COMP sequence and the red sequence is the candidate T cell epitope. (B) shows that P9 of human COMP shows positive T-cell reaction in COMP-immunized B6N mice. (C) peptides screening: B6N mice were immunized with native COMP + CFA (n=3), and naïve B6N mice (n=3) were chosen as control. 14 days later, splenocytes were harvested, 2x105 cells were added to each well (50 ug/ml for peptide, 76 peptides for each well separately) for 24 h in an IFN-γ ELISpot assay to screen the COMP library. P9 shows positive T-cell reaction in COMP-immunized B6N mice, which suggests it should be the candidate T cell epitope. (D) P9 identification: B6N mice were immunized with native COMP + CFA (n=3), and naïve B6N mice (n=3) were chosen as control. 14 days later, splenocytes were harvested, 1x106 cells were incubated with P9 (50 ug/ml) for 24 h in an IFN-γ ELISpot assay. The peptide with spots >10 with PP/control ratio ≥ 3 is considered as the positive peptides. Graph shows the mean number of spots ± SEM from 3 individual B6N mice. (E) Top view of COMP- P9 - H-2b shown in cartoon presentation with the peptide (P9) shown in stick representation. α, β of H-2b and COMP-P9 are colored with pink, blue and green, respectively. (F) Proposed model of overall crystal structure of H-2b/P9 peptide complex: P9 peptide recognition by the H-2b loop. α, β of H-2b and COMP-P9 are colored with pink, blue and green, respectively. (G) The P9 peptide structure modeled based on PADI4 structure.



To determine how the P9 peptide is located in the Ab MHC class II molecule we compared with earlier published structural data (32). The topological structure of the binding of the P9 peptide fitted will molecular modeling and docking onto the Ab molecule (Figure 4E). On the Ab structure, COMP-P9 fits into the most regions of the Ab groove (Figures 4F, G). We conclude that the Ab can accommodate the P9 peptide which adopts an MHC class II-binding conformation.



Identification of Critical Amino Acids Within the Immunodominant COMP Epitope

To make a strong T cell recall response to human COMP the targeted peptide must differ from the endogenous peptide, to avoid tolerance. To identify the critical amino acids, we compared the sequence of mouse COMP with human COMP and found differences at several positions. New peptides varying at these positions were synthesized (Table 1) and tested in the IFN-γ ELISpot assay using splenocytes of human COMP immunized B6N mice (Supplement Figure 2). We observed that P9-2, P9-3, P9-4 and P9 induced IFN-γ secretion, but not P9-1 (Figures 5A–C). This suggest that the phenylalanine at position 95 is critical for the immunogenicity of human COMP. Imaging analysis of the peptide interaction with MHC class II showed that this amino acid is most likely filling the P1 position on the Ab molecule (Figure 4E).




Figure 5 | Identification of the critical amino acids of the P9 peptide. (A, B) T cell response against different mutated peptides or control as detected in IFN-γ ELISpot assay after 14-day recall stimulation. Splenocytes of COMP immunized B6N mice (n=3) were stimulated with P9 or different mutated peptides (P9-1, P9-2, P9-3, P9-4), followed by ELISpot assay to determine the number of IFN-γ spot. Naïve B6N mice (n=3) were used as control group. Con A were included as positive control. (C) Lymph node cells of COMP immunized H-2b mice were stimulated with P9 or different mutated peptides (P9-1, P9-2, P9-3, P9-4), followed by ELISpot assay to determine the number of IFN-γ spot. Histogram plots present data of 3 B6N mice immunized with native COMP. The control conditions are lymph node cells from naïve B6N mice stimulated with the peptides above. Positive T cell responses were defined as SPU/0.5×106 cells ≥ 10 with PP/control ratio ≥ 3. *p < 0.05 compared with P9-1, #p < 0.05 compared with cell only (no peptide).





Phenylalanine at Position 95 of COMP Is Critical for Induction of Arthritis

To determine whether phenylalanine at position 95 is critical for the development of arthritis we made a new recombinant COMP protein replacing phenylalanine with serine at position 95 (COMP_F95S). B6N mice were immunized with COMP or COMP_F95S in CFA. As expected all mice immunized with COMP developed severe arthritis. Only 1 out of 8 B6N mice immunized with COMP_F95S developed arthritis, with very low scores (Figure 6A).




Figure 6 | Only COMP, and not COMP_F95S, induces severe arthritis. (A) B6N mice were immunized with native COMP (n=7) or COMP_F95S (n=8) emulsified in CFA and monitored for development of arthritis. Left panel shows the prevalence of arthritis; Right panel shows clinical scores of arthritis. The figures show that immunization with native COMP induce severe arthritis in 7 out of 7 B6N mice whereas only 1 out of 8 mice immunized with COMP_F95S developed arthritis. (B) B6N mice were immunized with native COMP + CFA (n=7) or COMP_F95S + CFA (n=8). Blood were collected 35 days after the immunization and at the end point. Filled circles indicate mice immunized with native COMP + CFA; filled squares indicate mice immunized with COMP_F95S + CFA; filled triangles indicate naïve mice. The antibody levels (IgG, IgG1 and IgG2b) are higher in native COMP + CFA group than COMP_F95S + CFA mice (*P < 0.05, **P < 0.01). (C) Mice immunized with COMP_F95S have no reaction with P9 of COMP in T cell recall assay. Left panel: 14 days later, splenocytes of COMP_F95S (n=3) or native COMP (n=3) immunized mice were stimulated with peptide (P9-human, P9-1 and P9-mouse) or protein (COMP_F95S and native COMP), followed by ELISpot assay to determine the number of IFN-γ spot. It shows that splenocytes of mice immunized with native COMP has strong T cell reaction with P9 of human COMP, however, splenocytes of mice immunized with COMP_F95S has no reaction with P9 of human COMP. Right panel: 14 days later, cells from draining lymph nodes of COMP_F95S (n=3) or native COMP (n=3) immunized mice were stimulated with peptide (P9-human, P9-1 and P9-mouse) or protein (COMP_F95S and native COMP), followed by ELISpot assay to determine the number of IFN-γ spot. It shows that cells from draining lymph nodes of mice immunized with native COMP has strong T cell reaction with P9 of human COMP, however, cells from draining lymph nodes of mice immunized with COMP_F95S show no reaction with P9 of human COMP. Positive T cell responses were defined as SPU/0.5 × 106 cells ≥ 10 with PP/control ratio ≥ 3.



To test whether COMP_F95S immunization induces anti-COMP antibodies, we determined the production of anti-COMP antibodies during the disease progression. The antibody levels (IgG, IgG1, and IgG2b) were clearly higher in mice immunized with native COMP group compared with those immunized with COMP_F95S group at both day 35 and at the endpoint (Figure 6B).

We tested the T cell response specificity in a recall IFN-γ ELISpot assay (Supplement Figure 3). As expected the COMP immunized mice showed a response to the P9 peptide but not the COMP_F95S immunized mice. Interestingly, mice immunized with COMP_F95S could still make a detectable T cell response to COMP protein indicating that the F95S mutation did not abolish all T cell responses, only the T cell response of importance for arthritis development (Figure 6C).




Discussion

In this study, we show that human COMP, a non-collagen glycoprotein primarily produced by cartilage, can induce arthritis in C57BL/6 mice that carry the H-2b haplotype, which is useful as a model for human RA. It requires the T cell recognition of a COMP derived peptide bound to the Ab molecule.

The new COMPIA model in B6N mice has many similarities with the well-known CIA model. It induces a severe polyarthritis in diarthrodial joints. It is MHC class II associated and the COMP-derived peptide recognized by T cells is defined. In similarity with CIA the induction of arthritis is facilitated by a T cell response to non-self -COMP, due to that the immunodominant peptide is not binding well to the MHC class II molecule and is thus likely to be ignored for development of tolerance (33). The COMP immunization also induces a strong antibody response, which likely contributes to the development of arthritis (34). Importantly, the COMPIA model has a major advantage as compared with the CIA model, it is inducible in C57BL/6 mice, carrying the H-2b haplotype. This is important as C57BL/6 mice is regarded as a standard background in immunology research and is a background commonly used for genetically modified mouse strains. Thus, to use the novel COMPIA model in B6 mice does not require the time and resources needed for backcrossing of mice to introgress a proper MHC class II haplotype, as the MHC class II molecule Aq is needed to make a proper CIA experiment (8, 13). Immunization with CII in the B6 mice may lead to arthritis, but the triggering of an immune response is due to T cell recognition of a contaminant, most likely complexed with CII. COMPIA can be induced with recombinant COMP and is dependent on a specific T cell response to COMP. Interestingly, in similarity with CII, COMP induces arthritis in mice expressing the murine Aq and the human DR*0401 MHC class II molecules (18). Thus, the COMPIA model is useful in many strains developed for arthritis research and the immune response is directly comparable with human RA.

Systemic delivery of nanoparticles coated with antigens (autoimmune-relative peptides) bound to MHC class II molecules trigger autoimmune reaction in different mouse models (35), which confirms the core role of peptide recognition by MHC class II in the pathogenesis of autoimmune diseases. Recognition of peptide by an H-2b derived MHC class II molecule has not earlier been reported to be of relevance in a RA model. To understand the detailed molecular basis of the interaction of COMP-P9 with H-2b, we mutated the amino acids of COMP-P9 and produced the mutated protein by refolding Escherichia coli, we demonstrated a direct interaction between COMP-P9 with the Ab molecule. The mutational experiment resulted in a different profile of arthritis susceptibility, as the mutants COMP (COMP-F95S) resulted in eight-time reduction of incidence of arthritis. Our experiments provide a conclusive biochemical evidence that the Ab molecule binds COMP-P9 leading to COMP-specific T cell response in B6N mice, that is a key step for induction of arthritis.

In summary, a new model for RA has been established using C57BL/6 (H-2b) mice through immunization with COMP, which is dependent on a COMP specific peptide, thus in similarity with collagen induced arthritis in H-2q (Aq) expressing strains.
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Context

Primary Sjögren’s syndrome (pSS) is a complex heterogeneous autoimmune disease (AID) which can mimic rheumatoid arthritis (RA) or systemic lupus erythematosus (SLE). Our exploratory study investigated serum biomarkers that may discriminate pSS from RA and SLE.



Methods

Serum concentrations of 63 biomarkers involved in immune cell trafficking, inflammatory response, cellular movement, and cell-to-cell signaling were measured in AID patients, included prospectively into the study at the Montpellier University Hospital. A multivariate analysis by multiple logistic regression was performed, and discriminative power assessed using logistic regression adjusted on significant demographic factors.



Results

Among the 95 patients enrolled, 42 suffered from pSS, 28 from RA, and 25 from SLE. Statistical analysis showed that concentrations of BDNF (OR = 0.493 with 95% CI [0.273–0.891]; p = 0.0193) and I-TAC/CXCL11 (OR = 1.344 with 95% CI [1.027–1.76]; p = 0.0314) can significantly discriminate pSS from RA. Similarly, greater concentrations of sCD163 (OR = 0.803 with 95% CI [0.649–0.994]; p = 0.0436), Fractalkine/CX3CL1 (OR = 0.534 with 95% CI [0.287–0. 991]; p = 0.0466), MCP-1/CCL2 (OR = 0.839 with 95% CI [0.732–0.962]; p = 0.0121), and TNFa (OR = 0.479 with 95% CI [0.247–0.928]; p = 0.0292) were associated with SLE diagnosis compared to pSS. In addition, the combination of low concentrations of BDNF and Fractalkine/CX3CL1 was highly specific for pSS (specificity 96.2%; positive predictive value 80%) compared to RA and SLE, as well as the combination of high concentrations of I-TAC/CXCL11 and low concentrations of sCD163 (specificity 98.1%; positive predictive value 75%).



Conclusion

Our study highlights biomarkers potentially involved in pSS, RA, and SLE pathophysiology that could be useful for developing a pSS-specific diagnostic tool.
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Introduction

Primary Sjögren’s syndrome (pSS) is a complex heterogeneous autoimmune disease (AID) characterized by salivary and/or ocular dryness (sicca syndrome) related to lymphoid infiltration of exocrine glands. pSS is distinguished from secondary Sjögren’s syndrome (sSS), which often coexists with systemic lupus erythematosus (SLE) and rheumatoid arthritis (RA) (1). While pSS, RA, and SLE have distinct clinical and pathophysiological features (2–4), patients may initially present with sicca symptoms, and over the course of the disease, the specific underlying condition will then manifest (5, 6). Accurate diagnosis is often challenging in patients with overlapping disease entities. In addition, the lack of specificity of lymphocytic sialadenitis and anti-SSa/b antibodies (7, 8) can complicate pSS diagnosis. Glandular epithelial cells play a central pathophysiological role in the development of autoimmune epithelitis, especially concerning antigen presentation of Ro/SSA- and La/SSB-protein complexes. Both the innate and the adaptive immune system are involved in the disease initiation and maintenance of the immune response. An “interferon signature” is observed in the salivary glands and T-cell derived cytokines (Th1/Th2 polarization, Th17, and regulatory T cells) play a central role in the pathophysiology of pSS. Moreover, through activation of various CD4+ T-helper cell subsets, B cells are involved in auto-antibody production and the formation of ectopic germinal center-like structures associated with malignant transformation to Non-Hodgkin lymphoma (9).

Identifying new biomarkers involved in these AIDs and developing pSS diagnosis or prognosis methods is urgently needed (10). Single biomarker approaches are overwhelmed by their limitations and the complexity of AID physiopathology. Proteomic techniques consider the multifactorial processes involved, and their more global approach may provide a more complete picture of the disease (11). Multiplex immunoassays are promising and have allowed for the identification of interesting biomarkers in AIDs (12–15). Such an approach may soon be available in clinical practice despite limitations such as interference by highly concentrated proteins and cross-reactivity (16).

Several recently launched research initiatives are attempting to identify clinical and immunological signatures in pSS patients (17). Furthermore, many potential biomarkers of pSS have emerged for several years (18–22), but none of them have been validated yet (23). In comparisons with RA and SLE, a better characterization of the pathophysiological mechanisms involved in pSS seems useful to better discriminate these AIDs. Therefore, we conducted a proteomic study investigating the concentration of several serum biomarkers in pSS, RA, and SLE patients.



Patients and Methods


Study Population

This transversal study was conducted in the Rheumatology and Internal Medicine departments of Montpellier University Hospital. Patients were recruited consecutively and prospectively during 5 months between October 2016 and February 2017. They all met the international classification criteria for pSS (2), RA (3), or SLE (24). RA and SLE patients with sSS were excluded. Written informed consent was obtained from all patients, after which a blood sample was collected. The local ethics committee approved all procedures in accordance with international Helsinki regulations (Comité de Protection des Personnes Sud Méditerranée IV: DC-2015-2584).



Data Collection

On the day of inclusion, the following data were obtained from each patient’s computerized medical record: age, gender, smoking status, date of diagnosis, articular and extra-articular autoimmune symptoms, disease severity, accessory salivary gland biopsy results (pSS only), autoantibody presence and specificity, cardiovascular risk factors (diabetes, hypertension, smoking, dyslipidemia, and chronic renal failure with a glomerular filtration rate below 30ml/min), bone erosions, C-reactive protein (CRP) levels, and ongoing specific AID therapy. At the time of inclusion, measurement of disease activity was performed using ESSDAI score (25) for pSS, DAS28-CRP score (26) for RA and SLEDAI score (27) for SLE. Low disease activity was defined by an ESSDAI score 5, a DAS28-CRP score 3.2, or a SLEDAI score ≤5. Moderate disease activity was defined by an ESSDAI score between 5 and 13 inclusive, a DAS28-CRP score 3.2 and 5.1, or a SLEDAI score between 6 and 10 inclusive. High disease activity was defined by an ESSDAI score 13, a DAS28-CRP score 5.1, or a SLEDAI score >10.



Determination of Biomarkers Serum Concentration

Blood samples were stored for 30 min at room temperature (RT) before being centrifuged (2,000g, 10min, RT), frozen at −80°C, and stored in the biological resource center of Montpellier University Hospital (Pr Sylvain LEHMANN, NFS 96-900 and ISO 9001 standards, BB-0033-00031) until their use in the biomarkers assay.

Serum protein concentrations of 63 biomarkers were measured using Bio-Plex Pro™ Human Chemokine 40-plex Panel (Bio-Rad) for CCL1, CCL2 (Monocyte Chemoattractant Protein 1 or MCP-1), CCL3, CXCL5, CCL7, CCL8, CCL11 (Eotaxin), CCL13, CCL15, CCL17 (Thymus- and Activation-Regulated Chemokine or TARC), CCL19, CCL20, CCL21, CCL22, CCL23, CCL24, CCL25 (Eotaxin-2), CCL26 (Eotaxin-3), CCL27, CXCL1, CXCL2, CXCL6, CXCL9, CXCL10, CXCL11 (Inducible T-cell Alpha Chemoattractant or I-TAC), CXCL12, CXCL13, CXCL16, CX3CL1, Granulocyte-macrophage colony-stimulating factor (GM-CSF), IL1-beta, IL-2, IL-4, IL-6, IL-8, IL-10, IL-16, Macrophage migration Inhibitory Factor (MIF), Tumor Necrosis Factor Alpha (TNFa), and Interferon gamma (IFNg). Quality control was validated for 34 biomarkers, and data for the six non-validated biomarkers were rejected (CCL-26, IL1-beta, IL-2, IL-6, IL-10, and IFNg). The Bio-Plex Pro™ Human Inflammation Panel 1, 37-Plex (Bio-Rad) was validated for the dosage of A Proliferation-Inducing Ligand (APRIL), B Cell Activating Factor (BAFF), sCD30, sCD163, Chitinase 3-like 1, soluble IL-6 Receptor alpha (sIL-6Ra), soluble IL-6 Receptor beta (sIL-6Rb or gp130), Matrix Metalloproteinase-2 (MMP-2), Matrix Metalloproteinase-3 (MMP-3), Osteocalcin, Osteopontin (SPP1), Pentraxin-3, soluble TNF Receptor 1 (sTNF-R1), soluble TNF Receptor 2 (sTNF-R2), and TNF-related Weak inducer of apoptosis (TWEAK). Enzyme-linked immunosorbent assay (ELISA) kits were used for the remaining biomarkers: galectin binding protein 3 (LGalS3P) form Abnova, Fatty Acid-Binding Protein 4 (FABP4) from Biovendor, Hydroxyproline (HDP) from Cusabio, pre-Haptoglobin 2 (preHp2), from Bio-Rad (28), Oxidized low-density lipoprotein (OxLDL) from Mercodia, Secreted Phosphoprotein 1 (SPP1), Thrombospondin 2 (TPS2), adiponectin, hyaluronic acid (HA), Cathepsin S (CTSS), Brain Derived Neurotrophic Factor (BDNF), Secreted Protein Acidic Rich Cysteine (SPARC), haptoglobin, sCD14, and Mannose Binding Lectin 2 (MBL2) from R&D Systems. The osteopontin assay (SPP1) was performed using two different kits: an ELISA kit (R&D systems) whose result is reported under “SPP1”, and the Bio-Plex kit Pro™ Human Inflammation Panel 1, 37-Plex (BioRad) whose result is reported under “osteopontin” (Table S1, Supplemental Data). Reproducibility and sensitivity of all ELISA kits were first validated before performing serum biomarker assays with patient samples. Biomarker assays were performed in duplicate for each sample according to the recommendations of manufacturers.

The top canonical pathways and the gene ontology analysis of the 63 biomarkers were functionally categorized using the ingenuity pathway analysis (IPA) software (QIAGEN Inc., https://www.qiagenbioinformatics.com/products/ingenuitypathway-analysis) (29). A large portion of this list is involved in hematological system development and function, immune cell trafficking, inflammatory response, cellular movement, and cell-to-cell signaling (Figure 1).




Figure 1 | Heatmap representing the classification of diseases and functions by ingenuity pathway analysis (IPA). The visualization is a hierarchical heat map of functional categories generated by IPA software in which the major boxes represent a family (or category) of related functions. Within each box, each individual rectangle is a sub-function linked to the biological function of a group of proteins. The size of a rectangle is correlated with increasing overlap significance among the proteins members of the related function and the query proteins. The color scheme shown is based on z-scores, with activation in orange, inhibition in blue and undetermined functions in gray. Darker shades indicate higher absolute z-score heat map. For instance, most ‘Inflammatory response’, ‘Cellular movement’, ‘Immune cell trafficking’, ‘Cell-to-cell signaling and interaction’, ‘Hematological system development and function’ proteins were over-represented.





Statistical Analysis

A simple descriptive analysis was performed on the entire study population and then by group. Groups were initially compared using univariate tests. Age and sex were considered clinically pertinent confounding factors and were included in our principal analysis if they were statistically significant in the univariate analysis.

The association between biomarkers and the risk of presenting with pSS rather than RA was assessed using separate logistic regressions for each biomarker. When the log-linearity hypothesis was met, to provide readable odds ratios (OR), biomarkers were specified in the model using the most convenient unit of concentration, ranging from 10 to 10,000 original units, depending on the biomarker. When the log-linearity hypothesis was not met, biomarkers were specified in the model as categorical variables. Thresholds were the quantiles determining six balanced groups. Finally, classes with comparable OR were grouped together.

The association between biomarkers and the risk of presenting with pSS rather than SLE was assessed using the same method. In addition, since the SLE patients were clinically and statistically younger than pSS patients, the logistic regressions were adjusted on age.

Samples were removed from the analysis if the concentration of a biomarker varied by more than 20% between technical duplicates (coefficient of variation > 20%) or if the concentration was outside the test detection range (Table S2, Supplemental Data). All statistical tests were two-tailed with a Type I error of 0.05. Analyses were performed using SAS® Version 7.12 HF4 software.




Results


Study Population

Ninety-five patients were prospectively enrolled in the study between October 2016 and February 2017: 42 pSS patients, 28 RA patients, and 25 SLE patients. Population characteristics are summarized in Table 1, and biological diagnostic criteria in Supplemental Table S3. The median age of pSS patients (62.5 years) did not differ from those in the RA group (60.5 years), while both pSS and RA patients were significantly older than those in the SLE group (40 years, Q25: 31.5 – Q75: 50.5; p<0.001). Mean disease duration was significantly shorter in pSS patients (9.2 ± 8.6 years) compared to RA patients (15.8 ± 9.3 years; p<0.01) but did not differ in comparison with the SLE patients (12.1 ± 9.7 years; p = 0.53). Low disease activity was common in all three groups: 76.2% in pSS patients, 58.3% in RA patients, and 76% in SLE patients. As expected, more patients were treated by biologic drugs in the RA group compared to the pSS and SLE groups (p<0.001). Corticosteroid treatment did not differ among groups (p = 0.62). SLE patients were more often treated by synthetic Drug Modifying Anti-Rheumatic Diseases (DMARDs) than the others (p = 0.04). Likewise, SLE patients were treated by mycophenolate mofetil (MMF) or azathioprine (AZA) more than pSS and RA patients (for MMF p<0.001; for AZA p = 0.02). In contrast, the RA group included significantly more patients treated with methotrexate (p = 0.01) and fewer patients treated with hydroxychloroquine (p = 0.02) compared to the pSS and SLE groups.


Table 1 | Characteristics of patients included in the study.





Biomarkers Associated With pSS Versus RA

Identification of markers distinguishing pSS versus RA or SLE was determined by logistic regression analysis. The analysis was age-adjusted for the comparison with SLE patient samples. Results are presented as a function of the increase in each biomarker concentration. All results are available in Table 2.


Table 2 | Likelihood of primary Sjogren syndrome (pSS) diagnosis versus rheumatoid arthritis (RA) or Systemic Lupus Erythematosus (SLE) as a function of an increase in biomarker concentration.




The serum concentration of four of the 63 tested biomarkers could statistically discriminate pSS patients from RA patients. A 10,000 pg/ml greater concentration of BDNF was significantly associated with a decreased likelihood of pSS diagnosis compared to RA (OR = 0.493 and 95% CI [0.273–0.891]; p = 0.0193). While greater concentrations of haptoglobin (10,000 ng/ml) and I-TAC/CXCL11 (10 pg/ml) were significantly associated with moderate increases in the likelihood of pSS diagnosis over RA (haptoglobin: OR = 1.015 and 95% CI [1.002–1,029]; p = 0.0262; I-TAC/CXCL11: OR = 1.344 and 95% CI [1.027–1.76]; p = 0.0314). TARC/CCL17 concentration in the second tertile, compared to the third tertile, was associated with a decreased likelihood of pSS diagnosis compared to RA (OR = 0.227 and 95% CI [0.065–0.793]; p = 0.0202). However, a lower concentration of this biomarker (first tertile) did not significantly alter the likelihood of pSS diagnosis, suggesting a potentially spurious association.



Biomarkers Associated With pSS Versus SLE

Serum concentrations of eight biomarkers could statistically discriminate samples from pSS versus SLE patients (Table 2). A 100 ng/ml greater concentration of HDP was associated with a moderate decrease in the likelihood of pSS compared to SLE (OR = 0.9 and 95% CI [0.817–0.991]; p = 0.0318). CTSS concentration in classes 3 and 4, rather than in class 5, was strongly associated with an increased likelihood of pSS compared to SLE (OR = 14.064 and 95% CI [1.56–126.806]; p = 0.0185). However, lower concentrations of this marker (in classes 0, 1, or 2) could not significantly distinguish pSS from SLE. Similarly, SPARC concentration in class 4, rather than class 5, was associated with an increased likelihood of pSS compared to SLE (OR = 0.035 and 95% CI [0.002–0.66]; p = 0.0253), while at lower concentrations (in classes 0, 1, 2, or 3) there were no significant differences between the two AIDs. A 10,000 pg/ml greater concentration of sCD163 was significantly associated with a moderate decrease in the likelihood of pSS compared to SLE diagnosis (OR = 0.803 and 95% CI [0.649–0.994]; p = 0.0436). A 100 pg/ml greater concentration of Eotaxin-2/CCL24 was associated with a moderate decrease in the likelihood of pSS compared to SLE (OR = 0.889 and 95% CI [0.811–0.974]; p = 0.0117). A 100 pg/ml greater concentration of Fractalkine/CX3CL1 almost halved the likelihood of pSS compared to SLE (OR = 0.534 and 95% CI [0.287–0.991]; p = 0.0466). Lastly, a 10 pg/ml greater concentration of MCP-1/CCL2 was associated with a moderate decrease in the likelihood of pSS compared to SLE (OR = 0.839 and 95% CI [0.732–0.962]; p = 0.0121), while a 10 pg/ml greater concentration of TNFa was strongly associated with a decreased likelihood of pSS compared to SLE diagnosis (OR = 0.479 and 95% CI [0.247–0.928]; p = 0.0292).



Specific Proteomic Signature in pSS

None of the studied biomarkers could simultaneously discriminate pSS from RA and SLE. We therefore determined the positive predictive value (PPV), sensitivity, and specificity of different combinations of BDNF, I-TAC/CXCL11, sCD163 and Fractalkine/CX3CL1 concentrations. These biomarkers were chosen because they were those most strongly associated with distinguishing pSS from the other AIDs (OR < 0.8 or OR > 1.2, and p<0.05), thus constituting a specific proteomic signature of pSS compared to RA and SLE (Table 3). Concentrations of these biomarkers were considered low or high based on their median concentration in the whole cohort. We observed that a combination of low BDNF and high Fractalkine concentrations was very specific for pSS (96.2%) with a PPV of 80% but weakly sensitive (19%). Conversely, a combination of high I-TAC concentration and low sCD163 concentration was strongly specific for pSS (98.1%), with a PPV of 75%, but with very low sensitivity (7.1%). Other biomarkers associations had significantly lower statistical performance (Table 3).


Table 3 | Statistical performance of biomarker combinations to discriminate primary Sjögren’s syndrome (pSS) from rheumatoid arthritis (RA) and systemic lupus erythematosus (SLE).



In addition, we investigated the association between expression of the four main biomarkers (BDNF, I-TAC/CXCL11, sCD163 and Fractalkine/CX3CL1) and disease activity (Table S4, Supplemental Data). A significant negative correlation was observed between pSS activity according to the ESSDAI score and serum sCD163 concentrations (r = −0.33859; p = 0.0283). In the SLE group, SLEDAI disease activity was significantly and positively correlated with serum BDNF concentrations (r = 0.49541; p = 0.0138). For the other biomarkers, there was no statistically significant correlation between their serum concentration and pSS, RA or SLE disease activity.



Regulatory Roles of the Identified Biomarkers and Pathways Involved

Using IPA, we identified the top canonical pathways among the list of the 63 biomarkers that were enriched including BDNF, I-TAC/CXCL11, sCD163, and Fractalkine/CX3CL1. Figure 2 displays the top networks found to be enriched in this list. Each network shows interactions via major signaling pathway proteins, including Extracellular signal-Regulated Kinases 1/2 (ERK1/2), Nuclear Factor-kappa B (NF-kB), IL-17, and interferon. Functions associated with the top networks include cellular movement, cell interaction, and inflammatory response. The I-TAC/CXCL11-centered network displayed a functional interaction with several cytokines and forming a tightly connected network with ERK1/2 (Figure 2A). Fractalkine/CX3CL1 was also related to ERK1/2 and displayed direct interaction with this pathway. Moreover, the network (Figure 2B) shows interactions between sCD163 and the TNF family, suggesting an operative role of TNF signaling pathways. In addition, BDNF displayed a tightly connected network with functional interaction with immunoglobulins, histones, and 26s proteasomes (Figure 2C). Finally, the upstream regulator analysis in IPA identified NF-kB and IL17A as key regulators of I-TAC/CXCL11, Fractalkine/CX3CL1, BDNF, and multiple cytokines that are implicated in the attraction of cells and recruitment of leukocytes (Figures 2D, E).




Figure 2 | Functional and upstream regulatory networks. The most significant networks included proteins related to: (A) Cell-to-cell signaling and interaction, and cellular movement, (B) immune cell trafficking and inflammatory response, (C) organismal functions, hematological disease, and metabolic disease, (D, E) top-scoring network of regulator effects activated in the list of 63 biomarkers. Protein interaction networks were constructed using the ingenuity pathway analysis (IPA) software. Nodes shaded in pink represent proteins present in the list of 63 biomarkers; red nodes are proteins that are CXCL11 (I-TAC), CX3CL1 (Fractalkine), Brain Derived Neurotrophic Factor (BDNF), and sCD163; and proteins that are not found in the list of 63 biomarkers are in white. Dotted lines indicate indirect molecular interactions between proteins and continuous lines between nodes indicate direct functional interactions between connected proteins. Orange lines lead to activation.






Discussion

Our study compared the serum concentration of 63 biomarkers in patients with an established diagnosis of pSS to patients with established RA or SLE without secondary SS. We observed that differences in the concentration of BDNF, haptoglobin, and I-TAC/CXCL11 may allow discrimination of pSS from RA patients. Similarly, differences in the concentration of HDP, sCD163, Eotaxin-2/CCL24, Fractalkine/CX3CL1, MCP-1/CCL2, and TNFa may discriminate pSS from SLE. In addition, we observed that combinations of low BDNF and high Fractalkine/CX3CL1 concentrations, as well as high I-TAC and low sCD163 concentrations, were associated with high PPV and specificity for pSS. These four biomarkers may constitute a new and potentially useful specific signature for distinguishing pSS compared to RA and SLE. Indeed, our approach of screening a large number of biomarkers was also intended to highlight new lines of research, which could improve knowledge of pSS physiopathology, may differentiate pSS patients from patients with SLE or RA, and may provide future therapeutic targets.

Pathway analysis in which BDNF, Fractalkine/CX3CL1, and I-TAC/CXCL11 are linked strongly implies a potential functional role of NF-kB and IL-17 signaling pathways (Figure 2). Our results are consistent with previous reports of NF-kB pathway involvement in pSS pathophysiology. Indeed, its expression is increased in human salivary glands cells from pSS patients compared to controls (30). Polymorphisms of NF-kB target or regulatory genes are also associated with increased susceptibility to pSS (31) and pSS-related lymphoma (32–34). In addition, activation of the NF-kB pathway in Peripheral Mononuclear Blood Cells (PMBCs) from pSS patients may lead to IL-17 production through Toll-Like Receptor 2 (TLR2) activation (35), and NF-kB activation by TLR9 signaling appears to be facilitated in B lymphocytes of pSS patients (36). Therefore, the NF-kB pathway might be crucial in pSS pathophysiology through its activation in innate or acquired immunity cells, or even in epithelial cells, leading to an inflammatory response and activation of other inflammatory pathways such as IL-17, which is also involved in pSS development and progression (37).

To the best of our knowledge, our study is the first to compare serum BDNF levels in patients with pSS to those in patients with RA and SLE. Changes in BDNF concentration may depend on age or platelet levels (38). However, these two parameters were similar between the pSS and RA groups. Our study, therefore, suggests a different involvement of BDNF in pSS and RA physiopathology, either by its role in the nervous system (39), where BDNF is involved in proliferation and survival of nervous tissue (40) or by its action on the immune system (41) where BDNF affects the proliferation of T- and B-lymphocytes (42, 43).

I-TAC/CXCL11 is an IFNg-inducible chemokine, as are CXCL9 and CXCL10 (44), whose main function is to attract CXCR3-expressing cells (mainly activated T-lymphocytes, Natural Killer lymphocytes, and monocytes/macrophages) to the inflammatory site. Although CXCL11 seems to be involved in pSS salivary gland lesions (45–47), we did not find previous data regarding circulating CXCL11 in pSS patients. Furthermore, while serum concentrations of CXCL9 and CXCL10, two IFNg-induced chemokines able to bind CXCR3, were correlated with CXCL11 exclusively in the pSS group (p<0.0001), they could not discriminate pSS from RA or SLE (see Table 2). Therefore, it is possible that among the three ligands of CXCR3, only CXCL11 is differentially regulated in both RA and pSS, highlighting the role of IFNg in pSS.

sCD163 is derived from proteolytic cleavage of the extracellular portion of CD163 (48, 49), which is a membrane receptor found on anti-inflammatory M2 macrophages. Although sCD163 possesses anti-inflammatory activity (50), it is also considered a macrophage activation marker (51–54). Here, an increase in serum sCD163 concentration was significantly associated with a decreased likelihood of pSS compared to SLE. Corticosteroid could increase CD163+ cell counts and impact sCD163 circulating levels, although this has not yet been demonstrated (55). Here, the number of patients receiving corticosteroid was comparable between groups. However, the action of synthetic DMARDs or biologic drugs on sCD163 concentrations remains to be studied (55). Furthermore, sCD163 concentration may be associated with cardiovascular disease risk (56, 57). However, we did not find differences between SLE and pSS groups concerning the number of cardiovascular comorbidities. Thus, from a pathophysiological perspective, our results suggest either a different role of CD163+ macrophage lineage or a divergent regulation of sCD163 production in pSS and SLE.

Another molecule differentiating pSS from SLE is Fractalkine/CX3CL1, the latter being a membrane form chemokine released by proteolytic cleavage (58). In addition to Fractalkine’s chemotactic activity on monocytes and T-lymphocytes, it can facilitate the extravasation of leukocytes toward the inflammatory site (59). Fractalkine seems particularly involved in the pathophysiology of Sjogren sialadenitis (60–62) and lupus nephritis (63–65). Here, we observed an increase in serum Fractalkine concentration approximately halved the probability of pSS compared to SLE. We found only one study that analyzed serum Fractalkine concentration in SLE, RA, and pSS patients, with results consistent with ours (66). Fractalkine could therefore be involved in pSS and SLE pathophysiology, but with different regulation patterns and degrees of importance. As with I-TAC/CXCL11, Fractalkine is a chemokine induced by IFNg, which further emphasizes the primordial role of IFNg in pSS physiopathology. In addition, Lee et al. (61) found a significant correlation between serum concentrations of Fractalkine and TNFa in pSS patients. Here, serum concentrations of Fractalkine and TNFa were highly correlated in all groups (pSS: r = 0.689 and p<0.0001; RA: r = 0.608 and p = 0.0005; SLE: r = 0.563 and p = 0.003; data not shown), suggesting a strong pathophysiological relationship between these two biomarkers. TNFa is a pro-inflammatory cytokine involved in many autoimmune or auto-inflammatory diseases such as RA (67). While TNFa may be involved in the development of pSS in murine models (68), TNF inhibitors did not show efficacy in the treatment of pSS symptoms in humans (69–71). Thus, this cytokine may not be a key player in pSS pathophysiology. However, TNFa could be involved in SLE physiopathology, although its specific role remains to be specified (72, 73); our results are consistent with such a role of TNFa as we observed that greater serum concentrations of TNFa decreased the likelihood of pSS compared to SLE. Based on our data and those available in the literature, integration of serum TNFa concentration into a strategy to discriminate pSS from SLE appears premature.

Finally, we found that variation in serum concentrations of haptoglobin, HDP, MCP-1/CCL2, and Eotaxin-2/CCL24, were weakly associated with the likelihood of pSS compared to RA or SLE (0.8 < OR < 1.2). Despite statistically significant results, it is unlikely that these biomarkers could provide any clinical benefit. Similarly, we observed that at least one of the TARC/CCL17, CTSS, and SPARC concentration classes statistically discriminated pSS from one of the other AIDs. However, since pSS probability does not vary linearly across concentration classes, and given the small number of patients in SLE and RA groups, it is difficult to reach strong conclusions on these biomarkers’ discriminative abilities.

Our study has several limitations. First, heterogeneity in patient characteristics between each group could potentially influence the serum concentrations of the different biomarkers. For example, SLE patients were significantly younger than pSS and RA patients, disease duration was shorter in pSS group (and also in the chronic phase), and treatments differed among groups, particularly for biologic drugs. The potential confounding bias of age was corrected in logistic regression when necessary. Furthermore, the effect of immunomodulatory therapies on serum biomarker concentrations remains to be identified. We performed additional statistical analysis and the concomitant use of biologic drugs was not associated with significant changes in the expression of the four main biomarkers (BDNF, Fractalkine/CX3CL1, I-TAC/CXCL11 and sCD163). In addition, we did not find significant variations between patients with and without steroids except for the sCD163 biomarker where we observed lower levels in steroid-treated patients (Table S5, Supplemental Data). Another potential limitation is a lack of statistical power arising from the relatively small number of patients in RA and SLE groups, with sample sizes further reduced in some analyses by the exclusion of patients with no exploitable biological data (biomarker concentration outside the kit detection capabilities or variation of more than 20% between technical duplicates, Table S2 Supplemental Data). However, the number of patients does not seem so low when compared to previous studies recently published in the field (<100 patients) (21–23). Indeed, our results need to be reproduced and validated in a larger and independent cohort as suggested by Chau et al. (74), since only few of our candidate biomarkers may prove relevant, and we did not correct the alpha risk for multiple analyses. Finally, approximately 70% of our patients had a low disease activity, while a small minority of patients had a high disease activity (none in the SLE group). This restricted disease activity spectrum ensured a good comparison between groups. However, having a larger number of patients with a higher level of disease activity would probably improve biomarker identification and discriminatory ability.

In conclusion, serum concentrations of 63 immunological biomarkers in pSS, RA, and SLE patients showed that four biomarkers were relevant to discriminate pSS from RA (BDNF and I-TAC/CXCL11), and pSS from SLE (sCD163, Fractalkine/CX3CL1). The next steps are to validate the markers with a larger and more homogeneous population and then investigate how these four molecules contribute to the physiopathology of pSS. The NF-kB, IL-17, and interferon pathways seem to be implicated, consistent with the mechanisms already known in pSS.
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The pathogenesis of the autoimmune rheumatological diseases including rheumatoid arthritis (RA) and systemic lupus erythematosus (SLE) is complex with the involvement of several immune cell populations spanning both innate and adaptive immunity including different T-lymphocyte subsets and monocyte/macrophage lineage cells. Despite therapeutic advances in RA and SLE, some patients have persistent and stubbornly refractory disease. Herein, we discuss stromal cells' dual role, including multipotent mesenchymal stromal cells (MSCs) also used to be known as mesenchymal stem cells as potential protagonists in RA and SLE pathology and as potential therapeutic vehicles. Joint MSCs from different niches may exhibit prominent pro-inflammatory effects in experimental RA models directly contributing to cartilage damage. These stromal cells may also be key regulators of the immune system in SLE. Despite these pro-inflammatory roles, MSCs may be immunomodulatory and have potential therapeutic value to modulate immune responses favorably in these autoimmune conditions. In this review, the complex role and interactions between MSCs and the haematopoietically derived immune cells in RA and SLE are discussed. The harnessing of MSC immunomodulatory effects by contact-dependent and independent mechanisms, including MSC secretome and extracellular vesicles, is discussed in relation to RA and SLE considering the stromal immune microenvironment in the diseased joints. Data from translational studies employing MSC infusion therapy against inflammation in other settings are contextualized relative to the rheumatological setting. Although safety and proof of concept studies exist in RA and SLE supporting experimental and laboratory data, robust phase 3 clinical trial data in therapy-resistant RA and SLE is still lacking.
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INTRODUCTION

The original description of multipotent mesenchymal stromal cells, previously known as mesenchymal stem cells (MSCs) that represented tissue-resident clonogenic stromal cells with multilineage osteogenic, chondrogenic, adipogenic and potentially other stromal lineage differentiation capacities emphasized their role in skeletal structure and integrity (1, 2). However, MSCs were later found to be capable of crosstalk with the immune system and have multifaceted additional immunomodulatory functions (3). Strong evidence of research over several years have shown that there are two-way interactions between MSCs and immune cells/factors (4, 5). The best characterized and popular MSCs for immunomodulatory therapies include bone marrow (BM)-MSCs, umbilical cord (UC)-MSCs and adipose-derived (AD)-MSCs. Whilst there is great interest in the use of MSCs for tissue regeneration and repair, the focus herein is in their less well-understood role in tissue homeostasis and immune regulation and on the attempts to translate this into novel immunomodulatory therapy strategies.

Major two-way communication exists between MSCs and immune cells. Cytokines exclusively derived from immune cells such as IL-22 can affect the survival, proliferation, and differentiation function of MSCs (6). Conversely, MSCs can initiate powerful contact-dependent and independent anti-inflammatory cascades that terminate immune responses in healthy condition (5). In contrast to this, MSCs can produce pro-inflammatory effects in pathological tissue environments and drive pathology (4, 7). In the context of RA, the cross-talk between MSCs and immune cells resident in the synovium presents a particular interest.

While MSCs were defined in 2006 as tripotential, plastic adherent cells with a characteristic surface phenotype according to International Society for Cell & Gene Therapy (ISCT) position statement (1), synovium-derived MSCs were first described in 2001 as clonogenic cells with the same ability to proliferate in culture and to have trilineage differentiation potential at the single-cell level (8). Subsequently, the typical surface phenotype of synovium-derived MSCs has been confirmed by flow cytometry (9). In contrast to synovium-derived MSCs, fibroblast-like synoviocytes terminology refers to a culture-expanded fibroblast population from synovium that has not been confirmed to have all MSC characteristics according to the strict ISCT criteria (9). A recent analysis of the literature revealed that both synovium-derived MSCs and fibroblast-like synoviocytes have similar fibroblastic morphology and no distinctive features clearly discriminating between both populations in terms of cell surface markers, differentiation potential or immunomodulatory functions (10, 11). Using the terminology of synovium-derived MSCs and fibroblast-like synoviocytes is likely to refer to the same cell population however, there is no complete agreement (12, 13) and further investigation is needed to clarify the relationship between these cells. Here, we refer to synovial multipotent mesenchymal stromal cells as “MSCs,” but we use “fibroblast-like synoviocytes” for describing specific studies that used this terminology.

This review will focus on the interesting crosstalk between MSCs and immune cells and how this crosstalk impacts inflammatory mediators in two autoimmune/inflammatory joint diseases that both exhibit joint predilections; rheumatoid arthritis (RA) and systemic lupus erythematosus (SLE). We focus on these diseases in the experimental model settings and on preliminary clinical trials data emerging in humans where proof of concept preclinical studies showing systemic MSC infusion may be associated with beneficial impacts. Consolidating this knowledge is essential to understand further the emerging field of MSC use for immune homeostasis restoration and to facilitate the development and optimization of therapeutic methods, particularly for resistant rheumatologic autoimmune disease that is refractory to all existing therapies.



PATHOGENESIS OF RA AND SLE

The autoimmune diseases are self-directed inflammatory disorders characterized by progressive tissue destruction and a loss of tissue function if not adequately treated (14). Both RA and SLE are more common in females than males, but the ratio is exaggerated in SLE, where it is up to 10-fold more common in females (15). Autoantibody positive RA is typically progressive whereas SLE course is usually characterized by remission and relapse phases (16). SLE and RA have several shared genetic associations such as MHC-Class II genes and numerous genetic polymorphisms in genes linked to innate and adaptive immune cell function (17, 18).

Both RA and SLE are characterized by the presence of autoantibodies that predate clinical disease. The pathogenesis of SLE is particularly highlighted by over-activation of B-lymphocytes with excess production of autoantibodies and typically leads to multi-organ inflammation including skin, joint causing lupus arthritis (LA) and internal organs including the kidneys (18). In RA, the production of autoantibodies against citrullinated proteins in the joints and elsewhere is associated with the immune complex formation and pro-inflammatory cytokine production including TNF-α and IL-6 and this orchestrates extensive tissue damage. Although RA is much more joint centric than SLE, it is also viewed as a systemic disease and heterogeneous innate and adaptive mechanism may contribute to resistant disease where therapy remains suboptimal (19).

Despite differences in some molecular mechanisms, both RA and SLE are commonly characterized by the loss of peripheral immune tolerance that encompasses reduced T-reg cells in both settings (20, 21). Additionally, increased immune cell numbers and activation, especially in target end organs and excess production of cytokines and other immune mediators that culminates in chronic inflammation are common for both diseases (18). Given that a subgroup of RA and SLE cases are both refractory to all available conventional therapies, a need for experimental new therapy exists. Application of MSCs is one putative cell therapy strategy and has clinical data in the public domain for both the therapy of resistant RA and resistant SLE.



MSC FUNCTION IN HEALTHY JOINTS

When initially studied in the laboratory, MSCs were described as colony-forming fibroblasts with the capability to undergo massive clonal expansion (22). As mentioned, in vitro expanded MSCs have been characterized according to the ISCT criteria. These criteria include plastic adherence, lack of expression of hematopoietic lineage markers CD45, CD34, CD14 or CD11b, CD79 alpha, CD19, and HLA-DR, but the expression of surface molecules CD90, CD73, CD105 (1). The surface molecule CD271 is also considered as a distinctive marker for uncultured bone marrow (BM) and bone MSCs (23), which are most common and best-characterized MSCs within musculoskeletal tissues (24). Although not the focus of this article, MSCs are a reservoir of cells for the maintenance of subchondral bone, adipose tissue, ligaments, menisci, the synovial membrane and the synovial fluid homeostasis (4, 25). Interestingly, these MSCs are capable of migration toward the damaged areas e.g., MSCs can migrate from subchondral BM into the joint cavity as detected in underlining layers of proliferating synovial tissue (26), also MSCs were shown to be involved in the synovial hyperplasia in a mouse model of joint surface injury (27). Migratory chondroprogenitors have been found in damaged osteoarthritic cartilage (28), which could, in principle, originate from MSCs migrating upwards from the subchondral bone (29). At the synovio-entheseal complexes, populations of BM cells may theoretically have access to joint cavity via channels wide enough to facilitate MSCs passage from the subchondral bone plate (30). So, under normal condition, there may be potential for loco-regional migration of MSCs from different joint and bone MSC niches toward repair responses and possibly for immunomodulatory responses, but the latter is not well-studied.

A lesser appreciated role for MSCs comes from their immunomodulatory capabilities which have been well-reviewed elsewhere (5, 31, 32). Of note, most of the work pertaining to MSC immunomodulation in RA and SLE was conducted using culture expanded MSCs, but we have recently shown a potential immunosuppression capacity of uncultured MSCs in cancellous bones (33). Pro-inflammatory cytokines, IFN-γ TNF-α and IL-1 can induce or enhance the immunosuppressive capabilities by MSCs, a process that is termed “licensing” whereby pro-inflammatory cytokine treatment of MSCs increases their immunomodulatory capacity (4). Licensed MSCs can inhibit immune cells via soluble mediators; TGF-β, indoleamine 2,3-dioxygenase (IDO), inducible Nitric oxide synthases (iNOS), prostaglandin E2 (PGE2), IL-1 receptor antagonist (IL-1Ra) and tumor necrosis factor-inducible gene 6 (TSG6) (34–36). It must be pointed out that although the immunomodulatory function of MSCs was first reported in relationship to bone marrow MSCs (37), this property likely extends to other fibroblastic cells including synovial fibroblasts (38). It has also been reported that both synovium-derived MSCs and fibroblast-like synoviocytes possess similar immunomodulatory capacity by suppressing T cell proliferation via IDO and TGF-β -dependent mechanisms (39). Therefore, considering the immunomodulatory function of fibroblast-like synoviocytes alongside that of synovium-derived MSCs appears relevant, particularly as more data have emerged in this field recently (40).

Cell to cell contact is another important mechanism of MSC-mediated immunosuppression. Co-culture experiments between MSCs and NK cell lines have shown a change in the NK granule polarization (41). Additionally, MSCs can support neutrophil survival via a surface intercellular adhesion molecule 1 (ICAM-1)-dependent mechanism (42). Cellular interactions between MSCs and adaptive immune cells have also been reported. MSCs can suppress naïve T cell and memory T cell via ICAM-1 and vascular cell adhesion molecule 1 (VCAM-1) interactions (43). Similarly, MSCs can induce the Notch1/Forkhead box P3 (FOXP3) pathway in CD4+T cells and increase the percentage of CD4+CD25 FOXP3+cells (44). One of the surface proteins expressed on MSCs galectin-1 was linked to MSC-mediated immunosuppression of T lymphocytes (45). In addition to T cells, MSCs have been shown to increase the survival of quiescent B cells in cell-cell contact context (46) by activating p38 mitogen-activated protein kinase (MAPK) pathways (47). Therefore, it seems likely that the synovial MSCs not only contribute to normal joint tissue integrity and structure, but also have immunomodulatory characteristics qualifying their potential role in healthy joint homeostasis as well as RA or LA pathogenesis.

Outside the joint, MSCs and non-MSC stromal cells also exhibit similar immunomodulatory capabilities. For example, skin fibroblasts exert virtually the same immunomodulatory effects as BM-MSCs (48). An interesting aspect of the use of culture-expanded MSCs as effector cells for immunomodulation in RA is that these cells are given intravenously. However, there is little evidence for the physiological circulation of MSCs in humans, including patients with RA (49), which will be discussed further in this review.



ALTERED MSC FUNCTIONS IN RA AND SLE JOINTS

The intrinsic immunosuppressive role of MSCs within the joint may contribute to maintaining immune homeostasis within a healthy joint, while the opposite scenario could happen in the pathological microenvironment. As mentioned above, various stromal cell populations derived from synovial tissues have been assigned different terminologies. Fibroblast-like synoviocytes and Type B synoviocytes represent essentially the same cell type with the ability to produce proteoglycans, cytokines, arachidonic acid metabolites, and metalloproteinases (10). However, the term “fibroblast-like synoviocytes” is more commonly used to describe the pathogenic role of RA intimal fibroblasts in destructive joint inflammation unlike “synovial fibroblasts” that broadly defines all synovial-derived cells (50). All synovial fibroblasts and synovium-derived MSCs have similar morphology of spindle-shaped cells (51), but it has been proposed that these fibroblasts can be the aged form of MSCs probably with altered immune and repair related functions (12). Another suggestion was that MSCs and synovial fibroblasts could represent dissimilar functional stages of the same stromal cell lineage (13). Importantly, a recent study has identified and described two anatomically different subsets of fibroblasts accountable for mediating either inflammation or tissue damage in arthritis murine models (40). The synovial sub-lining cells, FAPα+ THY1+ fibroblasts were found to mediate inflammation in murine arthritis. In contrast, FAPα+ THY1− located in synovial lining layer were linked to destructive bone changes and cartilage damage (40).

Although immune cells are key orchestrators of RA and SLE, there is evidence that fibroblast-like synoviocytes are also contributing to joint disease pathogenesis (50). When MSCs were harvested from RA patients, in vitro immunosuppression was evident, however, it seems that the microenvironment of RA joint reduced efficacy of MSCs to control the exaggerated immune response in this disease (4, 52). Citrullinated fibrinogen (a prominent auto-antigen in RA) can affect BM-MSC function by promoting IL-6, IL-8, CCL2 expression and reducing IDO via the involvement of toll-like receptor 4 (TLR-4) and NFκB pathway (53). Interestingly, while stimulation of TLR4 expressed on MSCs causes the production of pro-inflammatory cytokines IL-6 and IL-8, TLR3 engagement induced immunosuppressive MSCs to produce IDO (54, 55). Another defect reported in RA BM-MSCs is A20 downregulation leading to higher IL-6 expression levels, further contributing to RA progression (56). A20 is an anti-inflammatory protein that prevents NF-kB hyperactivation following excess exposure of cells to TNF-α (57). In summary, variable mechanisms could induce pro-inflammatory function of MSCs contributing to RA pathogenesis.

There are reports of MSC immunosuppressive functions alterations in SLE. It has been reported that BM-MSCs from SLE patients had less IDO production than healthy MSCs when both MSCs were licensed by IFN-γ (58). Thus, the modulation of IDO activity could be potentially useful to reinstate the functions of SLE BM-MSCs. Other studies showed lower expression of immunosuppressive cytokines such as TGF-β and IL-10 by SLE BM-MSCs because of abnormal activation of several JAK-STAT, p53/p21, PTEN/Akt, PI3K/Akt, and Wnt/beta-catenin signaling pathways (59–61). Despite evidence of less immunosuppression, the pro-inflammatory effect of SLE MSCs and mechanisms causing these changes are not fully clear.

Besides immunomodulatory alterations, several in vitro studies showed that SLE MSCs have a tendency toward senescence. Increased ROS indicating endoplasmic reticulum stress was linked to the senescence of SLE MSCs as detected by electron microscopy (62). Also, induced levels of senescence-related genes that block the cell cycle in MSCs from SLE patients were associated with limited proliferation and cell morphology showing deeply stained nucleus, and disordered cytoskeletal organization (63). These biological characters seemed to be linked to mitochondrial antiviral signaling protein (MAVS) that induces an IFN-β and ROS expression in SLE MSCs (64, 65). IFN-β is involved in cell senescence via p53 transcriptional and functional alterations of P53 (66). Senescence-associated cytokines, including IL-6, IL-8, and granulocyte–macrophage colony-stimulating factor (GM-CSF), significantly increased at the gene expression levels in SLE MSCs (64). Furthermore, increased susceptibility to death was suggested for SLE MSCs due to significantly low levels of an anti-apoptotic marker, Bcl-2 (67) and where SLE BM-MSCs were reported to have a normal karyotype (68).

In summary, the functions and proliferative capacity of MSCs are changed in RA and SLE either due to intrinsic or extrinsic reasons but all associated with chronic inflammation. Multiple subsets of immune cells are present in the autoimmune arthritis milieu, and their interactions with MSCs are discussed below.



MSCs INTERACTION WITH KEY IMMUNE CELL PLAYERS IN RA AND SLE


DCs and MSCs

In normal condition, MSCs have inhibitory effects on dendritic cells (DCs). MSCs can suppress the monocyte differentiation into DCs or switch monocyte differentiation into macrophages rather than antigen-presenting DCs via several mechanisms including IL-6, TSG-6, and COX-2/PGE2 (69–71). Furthermore, MSCs can inhibit the maturation, migration and antigen presentation of DCs as murine DCs co-cultured with murine MSCs also found to induce more T-reg cells (72). Additionally, the production of IL-1Ra via MSCs can inhibit the production of IL-1β, IL-6, and IL-23 by DCs in co-cultures (73).

Monocyte-derived DCs can acquire the phenotype of myeloid-derived suppressor cells (MDSC) via the growth-regulated oncogene (GRO) chemokines produced by human MSCs. These DCs were found to have high secretion of IL-10 and IL-4 but low expression of IL-12 and IFN-γ (74). Additionally, human MSCs were reported to promote the expansion of MDSCs expressing arginase-1 (ARG-1) and iNOS through hepatocyte growth factor bractice HGF-related mechanism (75). Another mechanism by which MSCs can support the survival of MDSCs is exosomes produced by MSCs that induce the anti-apoptotic proteins Bcl-xL and Mcl-1 as seen in tumor cells (76). The variety of mechanisms by which MSCs inhibit DC function indicate that MSCs might have an underestimated role of keeping immune hemostasis (mainly suppression). Interestingly, RA DCs highly express pro-inflammatory transcription factor NF-κB in correlation with the disease activity, and in response to local inflammatory mediators such as damage-associated molecular patterns (DAMPs) and TNF-α (77). The abnormally active DCs suggest the failure of immune control mechanisms, possibly including joint MSCs.

In RA, fibroblast-like synoviocytes or MSCs have been shown to function as antigen-presenting cells leading to T-lymphocyte activation and proliferation (78) when thrombospondin-1 expressed by these synoviocytes are engaged with CD47 on T-lymphocyte surface (79). Another mechanism that could explain how MSCs could act as DC-like cells is TLR activation directly involved in RA pathogenesis (80). TLR2 and 4 are highly expressed in the synovium (81) with the most abundant types of ligands for TLR2 and TLR4 including HSP22 and Biglycan (82, 83). A study has shown that RA-induced cytokines IL-12 and IL-18 together with IFN-γ cause an upregulation of TLR4 on synovial MSCs and consequently trigger the expression of pro-inflammatory cytokines IL-6 and TNF-α (81). The TLR-related pro-inflammatory functions of MSCs demonstrate MSC changes in RA, but it would be still valuable to investigate how DCs display their functions when co-cultured with synovial MSCs in RA milieu.

Plasmacytoid dendritic cells (pDCs) are the primary producers of IFN-α (84). In SLE, pDCs induce the differentiation of immature B-lymphocytes to plasma cells but not B-reg cells with induction of IFN-α secretion (85). In parallel, high IFN-α in SLE marked by increased plasmablasts and CD314 (86, 87) has been linked to defective T-reg cell function that promotes differentiation of CD4+ T effector cells (88). In contrast to hematopoietic cells, IFN-α seems to have less effect on MSCs. The gene expression levels of differentiation markers of native MSCs were found unaffected by IFN-α (89). However, when MSCs were treated with IFN-α within an in vitro culture condition, inhibition of cell proliferation was reported (89, 90). Additionally, the osteogenic differentiation potential of culture expanded MSCs was found to be suppressed by exposure to IFN-α (91). Considering IFN-α is one of the major players in SLE milieu, it remains to be established if this cytokine could affect immunomodulatory functions of MSCs at a functional level. Altogether, MSCs and DCs can behave differentially in normal condition, however these cells share some mechanisms related to pro-inflammatory cytokine release and TLR activation in autoimmune diseases such as RA and SLE.



Macrophages and MSCs

Macrophages are a source of bone morphogenetic proteins (BMPs) and Oncostatin M, which induce the proliferation and osteogenic differentiation of MSCs (92) and conversely, MSCs regulate macrophage function. Bone marrow MSCs can suppress monocyte differentiation into osteoclast via osteoprotegerin production (OPG) (93). Also, MSCs can drive macrophage polarization from their pro-inflammatory to anti-inflammatory types through the production of IDO, COX-2/PGE2, and TSG-6 (94). By a PGE2-dependent mechanism and IDO involvement, human MSCs attenuate pro-inflammatory function and enhance the anti-inflammatory role of macrophages that have increased phagocytic capacity and high production of IL-10 and TGF-β (95). Human MSCs also affect macrophages' functions to overproduce IL-10 and reduce IL-12 and TNF-α expression levels (96). Collectively, MSCs can induce the anti-inflammatory effect of macrophages.

Inflammatory joint resident macrophages in RA are stimulated by Th1 cells via IFN-γ to produce IL-1β and TNF-α acquiring pro-inflammatory phenotype and inducing a hyperimmune response in RA inflamed joint synovium (97). In parallel, MSCs within such an inflammatory microenvironment could also induce macrophage pro-inflammatory phenotype via TLR2 and TLR4 induction (4). Furthermore, RA-MSCs could have innate immune abilities with a production of GM-CSF that is a major macrophage activating factor (98). These data indicate the cumulative effect of MSCs and macrophages in the progression of arthritis.

In addition to their role in chronic inflammation, macrophages are involved in bone and cartilage repair. Macrophages can induce the expression of RANKL by MSCs promoting the osteoclast formation (99). Similarly, MSCs were shown to induce the osteoclastogenesis from BM hematopoietic stem cells although in a different mechanism via involvement of IL-6 (100). Furthermore, macrophages produce matrix metalloproteinases (MMPs) that aid to degrade the cartilage matrix (101). Additionally, macrophages produce TNF-α within inflammatory milieu reduce osteoblasts and promote osteoclasts (102, 103). TNF-α stimulates the production of M-CSF by MSCs, which, in turn, induces the differentiation of osteoclast progenitors (104). With regards to cartilage, TNF-α induces the death of mature chondrocytes and the growth of bone cells assisting the conversion from cartilage into bone (105). TNF-α also increases MMPs that could mediate cartilage degradation and angiopoietin production helping osteochondral angiogenesis (106). The bone and cartilage changes mediated by inflammatory cytokines could explain how MSCs within the inflammatory arthritis milieu cannot repair or overcome joint tissue damage. All these data demonstrate how chronic inflammation can affect immune cells and MSCs leading to joint tissue damage. While macrophages have a pro-inflammation effect and destructive role in RA joints' bone and cartilage, MSCs may be promoting these altered functions.



T-Lymphocytes and MSCs

T-lymphocytes are central players in orchestrating inflammation in RA and SLE. Joint resident lymphocytes in health or disease are in contact with joint resident MSCs and thus exhibit complex interactions. The effect of T-lymphocytes on MSCs pervasively impacts on all MSC functions. In addition to licensing effect, T-lymphocyte-derived cytokines IFN-γ and TNF-α can upregulate MSC migration (107), but block the MSC differentiation capacity (108).

Compared to Th1 cytokines, Th17 cells were reported as an osteoclastogenic helper T-lymphocyte subset also contributing to bone damage in arthritis (109). Furthermore, IL-17 can suppress the chondrogenic differentiation of MSCs via suppression of a key chondrogenesis transcriptional factor, SRY-box 9 (SOX9) and its activator cAMP-dependent protein kinase (PKA) (110). Innate lymphocytes cells (ILC3s) and Th17 cells commonly produce IL-17, but ILC3s also produce IL-22 and M-CSF cytokines (111). We have demonstrated that IL-22 could stimulate the proliferation and osteogenic differentiation of IFN-γ/TNF-α-licensed MSCs (6) indicating the complexity of how inflammatory milieu can affect the regenerative capacity of MSCs.

While T-lymphocytes affect MSC function, MSCs can in turn, affect T lymphocytes. The culture expanded synovial MSCs extracted from healthy subjects can inhibit T lymphocyte proliferation (112). Also, these MSCs can maintain the percentage of T-reg cells when in co-culture with T-reg enriched lymphocytes (113) further supporting the role of MSCs in maintaining immune tolerance. Some studies indicated that MSCs from RA patients could preserve T lymphocytes immunosuppression capacity in vitro. The co-culture of PBMCs with BM-MSCs, both from RA patients or healthy controls, resulted in decrease the production of TNF-α, IL-17, IL-6, IL-2, IFN-γ, and IL-9 by all T-lymphocyte subsets (naive, effector, and memory T-lymphocytes). Also, these MSCs induced the gene expression levels of anti-inflammatory cytokines IL-10 and TGF-β by CD4+ and CD8+ T-lymphocytes (114). Another in vitro study showed that human RA synovial MSCs, in a fashion comparable with donor-matched BM-MSCs, suppressed T-cell response in a mixed lymphocyte reaction with a similar expression level of IDO (112). In contrast, another study showed that RA MSCs had an impaired function in inhibiting Th17 cells (115). Instead, RA fibroblast-like synoviocytes stimulated T-cells following interaction between CXCR4 on T-lymphocytes and SDF-1 on synoviocytes (116). The variability in the capacity of RA MSCs to suppress T-lymphocytes suggests that the altered immunosuppressive mechanism of these MSCs could probably be correlated to disease severity or donor variability.

Human MSCs produce HLA-G5 a non-classical MHC class I molecule, which has been linked to inhibition of the reactivity and cytolytic function of alloreactive T-lymphocytes (117). HLA-G5 was also found to be involved in the suppression of T-lymphocyte proliferation as well as promoting the differentiation shift toward T-reg cells (117). In SLE, the link between high levels of IL-10 and HLA-G and chronic pro-inflammatory status is not clear. The overall MSC and T-lymphocyte interactions seem to be complicated to explain how both cell types collaboratively promote chronic inflammation in autoimmune joint diseases. However, these interactions explain clearly how the regenerative capacity of MSCs could be limited in this inflammatory milieu.



B-Lymphocytes and MSCs

A supportive role for joint stromal and B-cell function in RA is a long-recognized phenomenon (86). Normal human MSCs can inhibit the proliferation and functions of B-lymphocytes (4). In contrast, RA fibroblast-like synoviocytes could promote B-lymphocyte migration, via SDF-1 and vascular cell adhesion molecule-1 (VCAM-1) dependent mechanisms (118, 119). Additionally, RA synovial stromal cell line could promote the survival and functions of B-lymphocytes via an increase in the expression of BCL-XL via a CD49/CD29-CD106-dependent mechanism (120). Also, RA synovial fibroblasts could promote B-lymphocyte survival by upregulation of IL-15 receptor on the surface of B-lymphocytes (121). Furthermore, RA fibroblast-like synoviocytes induced immunoglobulin class switching in B-lymphocytes (122). These data together indicate the changed function of MSCs toward B-lymphocytes in RA favoring inflammation.

BM-MSCs from SLE patients showed less immunosuppressive effects on B-lymphocytes compared to control MSCs. The effect of these SLE-MSCs on the proliferation and production of autoimmune antibodies was mediated via CCL2 (123). While BM-MSCs in SLE have defective immunosuppressive potential, these MSCs stimulated the growth and maturation of B lymphocytes (124). Furthermore, high expression of olfactory 1/early B-lymphocyte factor-associated zinc-finger (OAZ) gene that is linked to cell cycle control was detected for BM-MSCs from SLE patients. Interestingly, the down expression of this gene was associated with increased ability of MSCs to inhibit B-lymphocyte functions of autoantibody production (125). Although less characterized, MSCs seem to promote B-lymphocyte response in SLE in common with RA.

Collectively, MSCs seemed to be reprogrammed to support the pro-inflammatory functions of B-lymphocytes rather than immune response regulation in both RA and SLE. At the present, we would summarize the literature as suggesting that the multiple impacts of MSCs on the immune system outweigh any potential detrimental impacts on autoantibody production. Further investigations into the mechanisms underlying these changes would help to understand autoimmune pathogenicity and to optimize MSC-based therapies as discussed in the next sections.




THERAPEUTIC USE OF MSCs IN RA AND SLE


Animal Models of Using MSCs for Experimental RA and SLE

Several experimental models confirmed the potential effectiveness of MSCs for RA and SLE treatment via multiple anti-inflammatory mechanisms. Murine bone marrow MSCs have been shown to impair TLR-4 induced activation of DCs, thus reducing the DC migration to lymph nodes and excretion of antigen presentation (74). Additionally, UC-MSCs were effective for the treatment of RA, as shown in collagen-induced arthritis (CIA) mouse model. These MSCs reduced synovitis and articular destruction with declined levels of TNF-α and IL-1β in the serum and joints (126). Human AD-MSCs have been also effective in increasing T-reg cells and IL-10 levels and reducing the serum levels of TNF-α and anti-collagen type II in CIA model (127).

Similar to RA, murine SLE studies showed that the application of therapeutic human BM-MSCs showed a decrease in serum levels of anti-dsDNA antibodies and renal complement C3 expression (128, 129). Furthermore, allogeneic murine MSCs were effective in SLE mice compared with cyclophosphamide treatment (130). In another SLE experimental model, allogeneic MSCs enhanced the anti-inflammatory effects of immunosuppressant drugs with less adverse effects of these medications (131). In another study, allogeneic MSCs have reduced renal immunoglobulin G (IgG) deposition in SLE mice (132). Recently, a novel mechanism of how therapeutic MSCs can suppress chronic inflammation in SLE was described whereby transplantation of allogeneic UC-MSCs has been shown to increase the expression of CD1c+DCs by promoting their proliferation and anti-apoptosis effect (133). Although, MSCs were found effective in controlling immune responses in RA and SLE experimental models by effects on DCs and both T and B lymphocytes, the outcomes on disease severity and markers were variable, and the potential reasons are discussed below.

The source of MSCs is one of the common variables used in preclinical RA and SLE studies. In vitro studies showed that UC-MSCs, AD-MSCs and BM-MSCs similarly inhibit the maturation of DCs, T cell proliferation and activate T-reg cell induction (134–138). In contrast, the superiority of UC-MSCs was reported in hampering the cytokine release from LPS-stimulated macrophages and in the induction of T-reg cells compared to BM-MSCs (139, 140). Other studies showed that AD-MSCs are more potent in inhibiting T cell activation and proliferation than UC-MSCs and BM-MSCs (141, 142). In contrast to in vitro studies, fewer studies directly compared the efficacy of different MSC sources in RA models. Synovial fluid-MSCs effectively improved the severity of collagen-induced arthritis more than BM-MSCs (143). In the second study, BM-MSCs, AD-MSCs, and UC-MSCs treated arthritis with no significant difference between the three groups (144). The meta analysis data of RA experimental models showed that AD-MSCs and UC-MSCs had better therapeutic effects on experimental RA than BM-MSCs. Interestingly, clinical scores were similar between UC-MSCs and AD-MSCs, but UC-MSCs demonstrated better outcomes using histological tissue scores (bone erosion, cartilage damage, and inflammation) (145). Reviewing SLE experimental models, different BM, AD or UC-MSCs were comparably effective as shown by the reduction of T effector cell number, increased T-reg cell number in the spleen and decreased antibody production and inflammatory cytokines in kidneys (146). Overall, the in vitro and preclinical data suggested a similarity of AD-MSC and UC-MSC potency probably followed by BM-MSCs to induce immunosuppression for RA and SLE experimental models.

While some studies showed no difference in immune compatibility of MSCs (147–149), other groups reported that allogeneic and syngeneic transplantation had no different effect on arthritis (150, 151). In contrast, using xenogeneic MSCs e.g., human-derived MSCs in RA experimental studies was more effective than the use of allogeneic or syngeneic murine MSCs (145). These data suggest that an appropriate level of immune incompatibility between donor MSCs and the host may benefit cell therapy.

The quantity of MSCs is another factor that could affect the therapeutic outcome. UC-MSCs was effective in improving mouse CIA in a dose-dependent manner in another study (152). Other two studies showed that the higher doses (2.5, 5 × 106) of either BM-, UC-, or AD-MSCs were more effective than a lower dose (1 × 106) for treating arthritis mice models (144, 153) indicating that adequate quantities of MSCs are essential for satisfactory therapeutic effect. In terms of the frequency of the doses, two doses were shown to be more effective than a single dose, and the therapy timing was more important than the number of BM-MSC doses (149). Other two studies reported that there was no difference between single or double doses of 1 × 106 BM-MSCs (150), or between two and five injections of AD- or BM-MSCs (144).

Interestingly, the administration time of the required quantity of therapeutic MSCs was investigated. Injection of MSCs during the early phase of disease was associated with favorable outcomes in RA animal models, and the earlier the MSC treatment, the more efficient treatment (153–155). However, in severe arthritis model, early MSC dose was not adequate to reduce the disease severity over the long term (149, 156). Overall, it is possible that variability in disease severity or the inherent immunomodulatory ability of injected MSCs could influence the outcomes using adequate doses of MSCs.

Route of administration was another factor to be assessed in preclinical models, and the data showed that injection of MSCs prior to the onset of arthritis via either IV or intra-peritoneal (IP) routes was similarly effective and better than administration after the onset of the disease (153). Furthermore, local implantation of MSCs, particularly when loaded on scaffolds were more effective in improvement of arthritis scores compared to intra-articular (IA) or IP (157). Finally, the passage number of culture-expanded MSCs and culture conditions are other factors that might impact the immunomodulatory potential of MSCs and necessitate further investigation.



Clinical Studies of Using MSCs for RA

The value of MSCs in autoimmune diseases or transplantation is mainly related to their basic immunosuppressive capacity and the bonus of a good safety profile (158). As mentioned, the immune system may activate inflammatory responses in MSCs; therefore, MSCs from non-inflamed environments may conversely modulate aberrant immune responses. Thus, the use of healthy MSCs is a promising tool for RA therapy particularly in the therapy of refractory disease (159).

There is a relative paucity of randomized controlled trials (RCT) of MSCs in RA and SLE and beyond that also a general lack of trials in other immune diseases settings (37, 160). Nevertheless, RCTs in the transplantation setting have suggested efficacy and safety of MSCs (158, 161). A systematic literature review and meta-analysis of MSC trials showed that only a minority were undertaken for an inflammatory disease where numbers were generally small, but safety was good (158, 161). It can be surmised that the promising laboratory mechanistic data on MSC immunomodulation and the supportive preclinical data, but there is a paucity of high-quality RCTs in RA and SLE.

The MSC-based therapy usually involves culture expansion of either autologous or allogeneic MSCs, and these cells are infused intravenously at an average of 1–2 million MSCs per kg of body weight (162). Several studies have investigated the use of (UC-MSCs in RA clinical trials (Table 1). Clinical studies using MSCs for treating refractory RA have considerably increased since 2011 with UC-MSCs used in nearly half of these studies. Therefore, it is not surprising that the therapeutic MSCs are 78% allogenic and 22% autologous. Additionally, both one dose and multiple doses are popular. Two early pilot studies have proved safety for MSCs in RA therapy. Ra et al. used autologous AD-MSC therapy for four RA patients, among other autoimmune diseases. These MSCs were infused intravenously in a single, double, or quadruple dose. The patients were monitored for 13 months, with all of them showing no adverse effect and improvement of Visual Analog Scale (VAS) and Korean Western Ontario McMaster (KWOMAC) scores (176). In another small pilot study, four refractory RA patients were treated with allogeneic BM-MSCs or UC-MSCs. These patients were given a single IV infusion of one million MSCs/kg of body weight. MSC-based therapy proved no adverse effects, and the therapy seemed less effective. After 24 months, three out of four patients had a moderate response measured using European league against rheumatism (EULAR) parameters, erythrocyte sedimentation rate (ESR), C reactive protein (CRP), disease activity score (DAS) 28, and VAS score (165).


Table 1. Clinical trials for RA therapy using MSCs.
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Wang et al. have conducted two studies; one phase I/II clinical trial treating 172 RA patients with up to 8-month follow-up (164) and another study with 64 patients were followed up to 3 years for long term results (163). In both studies, patients were treated with a single dose of systematically injected allogeneic UC-MSCs (4 × 107 cells/patient) combined with low-dose DMARD treatments (leflunomide, hydroxychloroquine sulfate, or methotrexate). The outcomes were no serious adverse effects and a remission measured by the American College of Rheumatology improvement criteria (ACR), the DAS-28, ESR, and the Health Assessment Questionnaire (HAQ). Additionally, low levels of CRP, rheumatoid factor (RF), and anti-cyclic citrullinated peptide (anti-CCP) antibodies, TNF-α and IL-6 cytokines were reported. These clinical results, in addition to the increase in the percentage of blood T-reg cells were reported in both studies (163, 164).

A small study was conducted on nine RA patients who were not treated with any biologic compound but received IV allogeneic UC-MSCs. In this phase I clinical trial, the MSC doses were 2.5 × 107, 5 × 107, or 1 × 108 UC-MSCs per subject (167). The safety, the decline in the DAS28, HAQ, and VAS scores, as well as blood levels of ESR, CRP, IL-1β, IL-6, IL-8, and TNF-α, particularly with the higher dose of MSCs were noted.

Despite the promising effects of UC-MSCs in the above clinical studies, other reports indicated less effectiveness of using allogenic UC-MSCs even with a higher dose. A phase I clinical study treated 53 refractory RA patients with a single IV dose of 1 × 106 allogeneic UC-MSCs/kg of body weight. The results of up to 12 months follow-up confirmed the clinical safety of this MSC therapy (166). However, the clinical outcomes were variable with 54% of the patients achieved a good or moderate response, but 46% of the patients had no clinical response as measured by CRP, ESR, HAQ and DAS28 scores. Also, 8% of responders experienced a relapse by 24 weeks. With regards to laboratory findings, responders had increased blood levels of albumin, hemoglobin, T-reg cells and IL-10, but a decrease in anti-inflammatory mediators anti-CCP, IL-6, TNF-α, and Th17 cells. Interestingly, there was a positive association between high serum IFN-γ levels and reduced DAS28 score. In agreement, a recently published clinical study for 63 refractory RA patients showed that 1 × 106 IU of recombinant IFN-γ that injected intramuscularly increased the effectiveness of simultaneous delivered UC-MSCs (intravenous 1 × 106 MSCs/kg of body weight) by nearly 2-fold (168). Together these data further confirmed the perception that MSC immunosuppressive capacity is not constitutive, but dependent on a process of cytokine-related licensing that is acquired within inflammatory milieu and could be different between patients.

Another source of therapeutic MSCs is bone marrow with several studies that have been completed or ongoing (Table 1). In a multicenter randomized double-blind placebo-controlled sequential dose-escalation phase II study, allogeneic BM MSCs with high differentiation capacity expressing STRO-1 or STRO-3 markers were used (173). An infusion of 1 × 106 or 2 × 106 MPCs/kg of body weight were used in 48 patients in combination with DMARDs. There were positive clinical outcomes as observed using ACR, patient global assessment (PGA), and HAQ particularly with the higher dose. Furthermore, a pilot study involved nine refractory RA patients who were IV-infused with one dose of autologous BM-MSCs (1 to 2 × 106 cells/kg of body weight) combined with conventional therapy. Twelve-month follow-up showed no adverse effect, a significant decrease in DAS28-ESR, VAS scores and ESR, but no changes in blood inflammatory markers (169). Systemic injection of autologous BM-MSCs into refractory RA patients with 12 month-follow up demonstrated that the gene expression of forkhead box P3 (FOXP3) in peripheral blood mononuclear cells (PBMCs) was significantly induced (170). Furthermore, high levels of IL-10 and transforming growth factor-beta 1 (TGF-β1) were noted in the culture supernatant of PBMCs over the time course of treatment (170). Autologous BM-MSCs were also used in another study with promising effects, but up to 12 months follow up (171).

The first randomized multicenter clinical study using allogeneic AD-MSCs for RA was a double-blind placebo-controlled dose-escalation phase Ib/IIa trial (172). Fifty-three refractory RA patients were divided into three groups, having intravenous infused MSC doses of 1, 2, or 4 × 106 cells/kg of body weight. After a 6-month follow-up, a transient fever was noted, but a satisfactory response was observed using the EULAR criteria, DAS28-ESR, and CRP. No MSC dose-response was noted, probably because of the small number of RA patients in each group. With regards to inflammation markers, no significant changes in circulating T cell populations were observed. Interestingly, there was an indication of MSC immunogenicity in 19% of RA patients, but without apparent clinical significance (172).

A recent clinical study for 13 RA patients suggested that multiple doses of BM-MSCs or a higher dose of MSCs may be required to maintain immunosuppressive status (174). Also, this study has reported for the first time a decrease in the blood levels of CD19+ B cells with a decreased expression of BLyS receptor 3 (BR3), transmembrane activator and CAML interactor (TACI), and B-cell maturation antigen (BCMA) receptors and blood BAFF and APRIL levels 12 months after the MSC infusion. These results indicate that MSC therapy may decrease B cell proliferation. The same research group showed that blood levels of CXCL8, CXCL12, and CXCL13 were significantly decreased 6 months after BM-MSCs transplantation but returned to pre-treatment levels after 12 months (175).

Altogether, several clinical trials have offered support for the safety of MSCs particularly for resistant RA (165, 166, 168, 170–172). The variable outcomes regarding remission could be due to MSC type, dose, and frequency as well as donor factors such as age, health condition and immune status. Higher and multiples doses and availability of inflammatory licensing milieu for MSCs seem to favor better outcomes. Nevertheless, more randomized controlled trials are needed to establish efficacy. The source of therapeutic MSCs is an important point to consider for treating autoimmune arthritis particularly with tissue damages/lesions. Considering research findings that are indicating that autologous RA MSCs might not act efficiently as immunosuppressive cells, it is not surprising that allogenic MSCs are frequently used in RA patient studies. Most of the clinical trials have involved the systematic infusion of allogeneic MSCs from BM, AD, and UC (177). Furthermore, the therapeutic effect of injected allogeneic MSCs could be diminished probably due to activated immune mechanisms (178). More research is needed to compare how activated immune response and inflammatory milieu can affect the activities of infused allogeneic and autologous MSCs.



Clinical Studies of Using MSCs for SLE

The therapeutic management of SLE has historically focused on the use of intensive immunosuppressive agents such as steroids, methylprednisolone, cyclophosphamide and mycophenolate mofetil and latterly drugs that target B-cell and autoantibody axis (179). However, potentially serious side effects related to immune suppression e.g., infection and myelosuppression, as well as organ toxicity can arise (180, 181). Furthermore, some patients are resistant to these standard therapies (182). Consequently, there is a need to develop new approaches for SLE treatment.

Several clinical trials of MSCs in SLE are either completed or ongoing (Table 2). Application of therapeutic MSCs is a fairly new tool for SLE patients, but reported as safe with claims of effectiveness in refractory disease patients (184–186, 188, 190). One study tested the effect of intravenous infusion of UC-MSCs at 1 × 106/kg body weight to treat nine refractory SLE patients. No adverse events such as headache, nausea or vomiting were observed. There was no change in the blood picture, organ functions or tumorigenic marker levels (188). In another study, UC-MSCs were used for several autoimmune diseases, including SLE. The data showed 5-year and 8-year survival rates were 90.4 and 88.9%, respectively. The incidence rate of infections was 29.5, and 1.2% of patients experienced malignancies. Deaths rate was 0.2% mainly due to disease relapse and complications associated with the underlying disease (185). In another study, three patients were given 90 × 106 allogenic BM-MSCs and were followed up for 9 months. The results showed improvement as monitored by the SLE disease activity index (SLEDAI) and other markers such as proteinuria, lymphocyte and monocyte antigens antibodies (184). In contrast, 13 SLE patients were also treated with allogenic BM-MSCs with no adverse effect, but 2 out of 13 patients had disease replace (186). In a randomized study, 2 out of 12 patients treated with UC-MSCs had pneumonia while one patient in the control group (6 patients) had a stroke, and another had ascites (190).


Table 2. Clinical trials for SLE therapy using MSCs.
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Several studies demonstrated laboratory signs of SLE disease activity improvements. Using MSC therapy in either case studies or RCTs showed a reduction in SLE laboratory disease activity markers such as proteinuria (187, 190, 193). With regards to clinical remission, the results were variable. When 2 × 108 UC-MSCs were infused intravenously in 12 SLE patients, remission occurred in 75% of these patients compared to 83% remission in who had placebo (190). In a multi-center clinical study, two doses of intravenously infused UC-MSCs were well-tolerated with no adverse effects (192). Additionally, SLEDAI and BILAG scores for renal, hematopoietic and cutaneous systems were significantly improved. Blood levels of antinuclear antibody and anti-double-stranded DNA antibodies also decreased significantly at 3-month follow-up. There was 12% disease relapse detected after 6 months of follow-up (192). A 4-year study showed that half of 87 treatment-resistant SLE patients entered clinical remission at 4-year follow-up after allogenic BM- or UC-MSCs were infused intravenously (189). In this study, the popular dose (1 × 106 MSCs/kg of body weight) was used, but the overall rate of relapse was relatively high (189). In another study, UC-MSC infusion induced 100% disease remission for 16 resistant SLE patients after 28 months (191). Significant remission was reported according to the SLEDAI score, blood levels of anti-dsDNA antibody, albumin, Complement-3, and renal function. Additionally, an increase in T-reg cells and normalized Th1- and Th2-related cytokines were observed (191).

In a case study, autologous BM-MSC transplantation had no effect on SLE disease activity in 14 weeks of follow-up despite increasing T-reg cell counts (183). The transplantation of autologous MSCs could probably fail to inhibit the pathogenic immune reactions in SLE patients due to defective immunomodulatory functions (194). Both intrinsic and microenvironmental mechanisms seemed to be related to the defective functions of SLE MSCs. Therefore, improving the functions of autologous MSCs can be an alternative therapeutic approach. Collectively, most clinical studies up to date showed that MSC therapy for SLE had good but variable efficacy with 50–100% remission rate. Like RA clinical trials, the variation in the effectiveness of these MSC therapies could be related to the dose and type of MSCs, the clinical status of patients prior to therapy and the concurrent use of other immunosuppressive regimes. Most of the SLE clinical studies included a single dose of MSCS and showing variable outcomes. Therefore, larger studies are needed to validate the efficient dose and need for biological/inflammatory mediators.



Non-cellular and Apoptotic MSC-Based Therapy for RA and SLE

Extracellular vesicles (EVs), a part of MSC secretome, have recently attracted considerable attention as new therapeutic vehicles for treating RA and other immune-related diseases (195). The EVs are small vesicles excreted by parent cells, which carry nucleic acids, mitochondria and proteins within a lipid-bilayer membrane, and they can fuse with recipient cells, thus enabling direct cell-to-cell communication. MSC-derived EVs contain a large repertoire of miRNAs that can effectively regulate recipient's cell transcription toward inflammation reduction; furthermore, this MSC-EV cargo can be modified by MSC pre-conditioning. For example, the anti-inflammatory properties of MSC-EVs can be enhanced by MSC stimulation with TNF-α combined with IFN-γ (196). EVs derived from human MSCs containing miRNA-124a could help to reduce RA synovial hyperplasia as shown to inhibit the proliferation and migration of fibroblast-like synoviocyte cell line (197). In a porcine model of synovitis, BM MSC-EVs delivered intra-articularly, significantly reduced leukocyte counts and TNF levels in the synovial fluid (198). Thus, MSC-derived exosomes could be a new strategy for the treatment of RA.

The potential use of MSC-EVs for the treatment of SLE is also being explored. In contrast to MSCs themselves, EVs are easier to characterize and store, and being acellular entities, they carry no concerns associated with MSC tumorigenicity or the risks of immune responses (in case of allogeneic cells). The success of preclinical testing of MSC-EVs for graft-vs.-host-disease or a mouse model of acute kidney injury indicates that the use of MSC-EVs for SLE treatment may hold future promise. However, there are currently only a few preclinical studies describing the use of MSC-EVs in SLE animal models (199, 200) and none so far in human patients.

Altogether it is safe to use MSCs or their EVs in RA treatment with some encouraging response noted, more work is needed to determine optimal MSC sources, concentrations and routes of administration. Future work should also consider the choice of the intervention therapy time in relation to inflammation status and it is a challenge that needs to be addressed by having more molecular biology studies. Similarly, there is a perception that allogeneic MSCs are a potential therapeutic tool for SLE unlike autologous MSCs, which have a defective immunomodulatory function and poorly proliferative. Even with possible immunological rejection, allogeneic MSCs are the usual vehicle for putative MSC based immunomodulatory therapies. Targeting autologous MSCs for improving their function could be another option. Future studies should aim to investigate the mechanism of the functional defect of SLE MSCs. Such data will improve our understanding of the pathogenesis of SLE and could introduce new methods modifying cell therapy using autologous MSCs for SLE and other autoimmune diseases.

In addition to secretory products from viable MSCs, the apoptotic MSCs have been shown to induce immunosuppression effects. Galleu et al. showed that MSCs used to treat graft-vs.-host disease (GvHD) undergo apoptosis in a perforin-dependent mechanism by recipient cytotoxic cells, and this process is required for MSC-mediated immunosuppression (201). Interestingly, the group reported that the response of patients with GvHD to therapeutic MSCs is positively correlated with high cytotoxic activity against infused MSCs. Furthermore, it has been shown that apoptotic MSCs, which are engulfed by recipient macrophages could induce the production of IDO, thus mediating immunosuppression (201). Therefore, the infusion of apoptotic MSCs generated ex vivo could be an alternative concept for new MSC-based therapies of autoimmune diseases such as RA and SLE.




DISCUSSION

The use of MSCs as cell therapy for an autoimmune disorder such as RA or SLE is promising, still some aspects of treatment need consideration and further clinical testing and optimization is required (Figure 1). Typically, the immunosuppressive effect of licensed-MSCs is the rationale behind using them as a potential tool for treating autoimmune diseases. Uniquely, several mechanisms have been proposed for how MSCs can display immunosuppression (Figure 2). These mechanisms include the production of soluble factors, cell-cell interactions, extracellular vesicles, and recently described apoptosis-mediated immunosuppression. The best characteristic mechanism is secretory products followed by cell to cell mechanisms. Newly emerged EV and apoptotic MSCs are more recent though interesting mode of MSC immunosuppressive functions (36, 202). Nevertheless, combined actions of MSCs is likely but need further verification. Furthermore, the simultaneous effect of MSCs on multiple immune cells makes them suitable for use in refractory autoimmune arthritis. The safety of MSCs in human therapies has been well-demonstrated with no major toxicity. The possibility of excess immunosuppression and tumor transformation was noted in experimental models of arthritis treated with MSCs, although none was recorded in human studies (203). A milieu of chronic inflammation is associated with autoimmune diseases, and such a milieu could affect the functions of MSCs (7). Synovial MSCs in RA and SLE might directly participate in the disease progression. In active disease, these MSCs seem to have pro-inflammatory phenotype and they are not effective in controlling the exaggerated immune response. The functions of MSCs in SLE and RA could be changed due to multiple mechanisms that are known, however more studies are also needed to investigate the causes. It is important to assess the immunomodulatory functions of native MSCs to verify if the alterations of these functions are related to cellular changes, microenvironment or both. Interestingly, we have assessed by in vitro assay of T-cell proliferation how uncultured non-hematopoietic cells of cancellous bone can display immunosuppressive effects (33).
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FIGURE 1. Pros and Cons of using MSCs for RA and SLE therapies. Therapy of RA and SLE using MSCs have some advantages including the immunosuppression capacity. These cells are safe to use and having simultaneous effects on multiple immune cells and exhibition of both contact and non-contact activities. In contrast, autologous MSCs might not be effective or only effective for short term due to inflammatory milieu. Also, intravenously injected MSCs could be trapped in lungs. Additionally, this therapy usually necessitates GMP lab for expansion of MSCs in culture.
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FIGURE 2. Potential mechanisms of immunosuppression by therapeutic MSCs. Therapeutic MSCs could display immunosuppression via production of extracellular soluble factors. Cell to cell interactions between MSCs and immune cells can be mediated via surface molecules such as ICAM-1, VCAM-1, and Gelactin-1. Additionally, extracellular vesicles containing immunosuppressive factors and other proteins and miRNAs constitute another mechanism that could be used therapeutic for autoimmune diseases. Finally, apoptotic MSCs that can be engulfed by macrophages, and this could probably help to mediate immunosuppression via soluble factors or extracellular vesicles or exosomes.


Different factors could affect the outcomes of MSC-based clinical trials for RA and SLE. As discussed above, the high doses, early timing and more frequency of MSCs seem to correlate positively with the therapeutic outcomes. Additionally, licensing by inflammatory milieu, particularly IFN-γ, is an important factor to consider, but this may increase regulatory issues substantially and delay or deter translational research in this area. The extraction method, accessibility and processing could be other factors affecting the choice of one type of MSCs rather than others (204). While several sources for MSCs have been utilized for clinical trials, UC-MSCs are the most frequent, followed by BM-MSCs and AD-MSCs. BM-MSCs are the best characterized MSCs and proven safe for use in the different regenerative and inflammatory application. With regards to accessibility, UC is a non-invasive source of MSCs, while harvesting BM-MSCs or AD-MSCs would require a surgical procedure, could sometimes be hard to access and cause complications (204). Additionally, MSC yield and functional potential are dependent on donor factors (e.g., age and co-morbidity) (89, 205). Several in vitro, preclinical and clinical studies remain inconclusive but suggest that the immunosuppressive function of UC-MSCs and AD-MSCs could be more potent than that of BM-MSCs (137, 139, 145, 206). However, the source/type of MSCs is not currently considered a factor affecting the clinical therapeutic outcomes, particularly with no clinical studies comparing the outcomes side-by-side between the different types of MSCs.

All clinical trials of using MSCs in RA or SLE employed culture-expanded MSCs as these expanded cells provide adequate quantity for multiple and high doses. However, these ex vivo manipulated cells would require the FDA's regulations for testing and approval of culture, expansion and treatment, which are essential to avoid any complication, e.g., infection (207). Although the processing of MSCs is a costly process with complicated steps for safety and quality control (208), this therapy still has great potential, particularly for patients with refractory diseases. The alternatives could be native or minimally manipulated MSCs. The main problem of these native uncultured MSCs is the limited numbers and variability due to donor age and health conditions (23, 209, 210). Therefore, some additional procedures were suggested to enrich the native sources of MSCs, such as BM concentration (187).

In addition to the quantity, several studies have aimed to improve the quality of therapeutic MSCs, particularly autologous cells using genetic modifications or biological stimulation. Genetically modified BM-MSCs to overexpress IL-37 showed in vitro suppression of splenocyte proliferation, decreasing cytokines IL-1β, TNF-α, IL-17, and IL-6 and autoantibodies leading to an improvement of SLE signs in a mouse model (211). BM-MSCs in SLE have higher expression of miR-663, which is correlated with SLE disease activity, and miR-663 inhibition was found to reduce the disease progression in SLE mouse model (194). Other examples include overexpression of miR-146a in MSCs that was associated with increased T-reg cells, FoxP3, TGFβ and IL-10 gene expression in CIA mice (212). Additionally, miR-320a inhibits the progression of RA and its induction in MSC exosomes or its target, CXCL9 helped to attenuate arthritis and bone destruction in CIA mouse model (213). It has also been shown that the transfection of IL-Ra gene in MSCs with long-term delivery via encapsulation in alginate-poly-L-lysine microcapsules can attenuate the inflammatory markers in CIA rat model (214). Other biological methods were proposed to augment autologous functions of MSCs. Endoplasmic Reticulum (ER)-stressed UC-MSCs further down-regulated peripheral CD4+CXCR5+ICOS+ T-lymphocytes associated with PGE2 and IL-6 increase in co-culture supernatant, suggesting that the immunosuppressive effect of MSCs could be enhanced by induction of ER stress (215). IL-4 has been shown as a potential therapeutic tool for autoimmune arthritis as its use in CIA mouse models was associated with an elevation of IL-13 levels and decreased IL-6 plasma concentrations (216). The mechanism of IL-4-linked immunosuppression is the ability to promote macrophage polarization into immunosuppressive cells via the suppression of Th1-mediated immune response as shown in proteoglycan-induced arthritis mice model (217). Similarly, IL-4 could increase MSC immunosuppressive effects by induction of T-reg cells as tested in a rat model of autoimmune colitis (218). While appear promising, genetic or other biological manipulations of RA and SLE MSCs can still carry considerable regulatory, ethical or safety concerns which may overweigh their therapeutic value.

The fate of infused MSCs is an interesting topic of cell-based therapeutic research. A model was proposed for a multistage process when MSCs enter the bloodstream as tethering and rolling, activation, arrest, diapedesis, and migration (219). Furthermore, preclinical studies demonstrated the presence of MSCs in inflamed tissues, and these MSCs able to induce different immunosuppressive, angiogenic, and anti-apoptotic effects (220, 221). Still, some challenges have been reported for intravenous infusion of MSCs. The systemic infusion of MSCs induces the expression of procoagulants like tissue factor (TF) on the surface of MSCs inducing instant blood-mediated inflammatory reaction (IBMIR) and complement activation. These reactions could induce cytotoxicity of infused MSCs (222, 223). Additionally, strong evidence showed that systematically injected MSCs are mostly trapped in the lungs, and few of these cells could circulate and reach the target site (224). Several methods have been suggested to overcome this issue by enhancing the migration of MSCs, modulating MSC surface markers or use of 3D cultures (225), but the secretory functions of MSCs might still be adequate. Interestingly, the death or trapping of therapeutic MSCs might still be advantageous as dead and apoptotic MSCs have been shown to have a potential immunomodulatory function (202). These apoptotic MSCs could induce IDO production by phagocytes helping immunosuppression (201), but it would be interesting to investigate further how apoptotic MSCs could control immune responses and how to exploit these cells for optimum therapies.

Overall, the legitimacy of MSC therapies for RA and SLE is currently increasing with various options for using different MSC types and administration approaches. However, future studies should focus on understanding why intrinsic/in vivo MSCs fail to function properly in autoimmune joint diseases, and how MSCs are being affected by chronic inflammatory milieu (226). These investigations would potentially help to introduce new therapeutic targets helping to correct the autoimmune reactions. MSC-based therapy in autoimmune joint disease could be further validated by having phase 3 clinical trials with large patient cohorts. More clinical studies are needed to directly compare the source and type of MSCs. While donor age appeared not affecting MSC functions (205), other factors such as the donor's disease, MSC culture conditions and mode of application should be also investigated for effect on autoimmune arthritis therapy.
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Rheumatoid arthritis (RA) is a chronic immune-mediated disease managed by conventional synthetic drugs, such as methotrexate (MTX), and targeted drugs including biological agents. Cell-based therapeutic approaches are currently developed in RA, mainly mesenchymal stroma cell-based approaches. Early-stage apoptotic cells possess direct and indirect anti-inflammatory properties. During the elimination of dying cells (a process called efferocytosis), specific mechanisms operate to control immune responses. There are compelling evidences in experimental models of arthritis indicating that apoptotic cell administration may benefit joint inflammation, and may even have therapeutic effects on arthritis. Additionally, it has been demonstrated that apoptotic cells could be administered with standard treatments of RA, such as MTX or TNF inhibitors (TNFi), given even a synergistic response with TNFi. Interestingly, apoptotic cell infusion has been successfully experienced to prevent acute graft-vs.-host disease after hematopoietic cell transplantation in patients with hematologic malignancies, with a good safety profile. In this mini-review, the apoptotic cell-based therapy development in arthritis is discussed, as well as its transfer in the short-term to an innovative treatment for patients with RA. The use of apoptotic cell-derived factors, including secretome or phosphatidylserine-containing liposomes, in RA are also discussed.
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INTRODUCTION

Rheumatoid arthritis (RA) is a chronic immune-mediated disease that primarily affects the peripheral joints. This inflammatory rheumatic disease is responsible for joint inflammation, cartilage, and bone destruction that progressively lead to joint deformations, structural damage, and disability (1). Rheumatoid arthritis is associated with specific comorbidities, such as an enhanced cardiovascular risk (2), but also systemic complications and premature death (1). Dramatic improvements have been done these past 20 years in the diagnosis and management of RA. Indeed, new classification criteria have been proposed, and new treatment paradigms together with the development of novel therapeutics have considerably improved the prognosis of the disease (3, 4). Currently, the treatment of RA is based on conventional synthetic drugs [conventional synthetic disease modifying antirheumatic drugs (csDMARDs)] or targeted drugs, including targeted synthetic and biological drugs (tsDMARDs and bDMARDs, respectively) (5). The treatment strategy of RA has been now clarified, and specific international recommendations help the physician in the drug choice and the therapeutic management, taking into account disease activity and severity (6). However, a substantial proportion of patients does not respond adequately to these drugs and, some of them do not achieve remission or low disease activity (7), the therapeutic goals in RA. In addition, the long-term use of these drugs could lead to severe adverse events (8).

Cell-based therapies have been developed in the treatment of RA (9). Administration of cells that can modulate or even dampen the inflammatory process of RA is an exciting therapeutic challenge. Preliminary data with the administration of hematopoietic or mesenchymal stem cells in phase 1/2 clinical trials are currently available in patients with RA (9). In these approaches, the mode of action of hematopoietic or mesenchymal stem cells is still under debate. Administration of apoptotic cells could represent another relevant cell-based therapy for the treatment of RA (10). This cell therapy—developed in different experimental indications, such as transplantation or immune-mediated diseases—has been shown to modulate the immune response and to control, at least partially, the inflammatory process in experimental models of arthritis (10, 11). Thus, in this review, we will comment the current knowledge of apoptotic cell-based treatment in arthritis, and discuss the potential use of this cellular therapy in patients with RA.



RHEUMATOID ARTHRITIS: A BRIEF OVERVIEW OF ITS PATHOPHYSIOLOGY

The exact cause of RA remains currently unknown. Its development results from the complex interplay between genetic, environmental, hormonal, and psychological factors (12). Rheumatoid arthritis is characterized by inflammation and hyperplasia of the synovium, leading to the so-called rheumatoid “pannus.” Joint inflammation in RA is related to an immune activation with the participation of both innate immune cells [i.e., neutrophils, monocytes and macrophages, NK cells, dendritic cells (DC), mast cells, and innate lymphoid cells], and adaptive immune cells (Th1 and Th17 cells, B cells, and plasma cells). A strong cellular response has been initiated within the synovium with the activation of local synovial cells, including fibroblast- and macrophage-like synoviocytes (13). These resident synovial cells exhibit an aggressive phenotype with the production, together with immune cells, of a complex network of soluble factors, i.e., cytokines and chemokines, perpetuating the cellular activation and inflammatory reaction (14). Resident synoviocytes also produce metalloproteases that degrade the extra-cellular matrix components, i.e., cartilage and subchondral bone, ultimately promoting joint destruction (15). Rheumatoid arthritis is characterized by the production of well-described autoantibodies, of which rheumatoid factors (RF) and anti-citrullinated protein antibodies (ACPA) are the most common (16). ACPA can bind citrullinated motifs expressed by several self-proteins, including vimentin, fibrinogen, fibronectin, α-enolase, or type II collagen. The presence of RF and/or ACPA is associated with a more severe disease. Post-translational protein modifications explain the reaction of citrullination under the influence of the peptidyl-arginine deiminase enzymatic activity, with subsequent immunization and the production of ACPA (17). Other post-translational reactions have been described in RA, such as the formation of carbamylated residues promoting the synthesis of anti-carbamylated antibodies (18).

The treatment of RA is now well-defined, and has profoundly changed over the past 20 years (4). Methotrexate (MTX) is used as first line csDMARDs, and is considered as the reference treatment in RA (19). Targeted drugs (such as tsDMARDs or bDMARDs) are proposed as second line therapy in the case of inadequate response to csDMARDs (20). Among bDMARDs, TNFi have been available on the market for more than 20 years, and are widely used in clinical practice. Other bDMARDs include IL-6 blocking agents, a T cell costimulation blocker (abatacept) and a B cell depleting agent (rituximab) (21). Janus kinase inhibitors (tofacitinib, baricitinib, upadacitinib and filgotinib) correspond to tsDMARDs. These agents interfere with signal transduction involved in T cell activation (22).



CELL-BASED THERAPIES IN RHEUMATOID ARTHRITIS

Cell-based therapeutic approaches have been recently developed in RA. The rationale is based on the administration of cells exhibiting direct or indirect anti-inflammatory properties targeting inflammatory cells involved in the RA pathophysiology (9). The cells used in RA are mainly stem cells from the hematopoietic or the mesenchymal lineage. Hematopoietic stem cells (HSC) possess the property of multilineage differentiation, resulting in all blood cell types. They are isolated from bone marrow, peripheral blood after G-CSF mobilization, or umbilical cord. The curative effect of hematopoietic cell transplantation (HCT) is based on the conditioning regimen that eliminates pathogenic immune cells and the re-establishment of the host immune system. This procedure has been performed in a limited number of RA patients [reviewed in (9)]. In this setting, allogeneic HCT is tolerated and can improve disease activity and/or maintain remission for the short term. However, these patients received a cytotoxic regimen before transplantation with potential immunologic or infectious complications, and are at risk of developing severe acute graft-vs.-host disease (GvHD). Another approach is the administration of mesenchymal stem/stroma cells (MSC). These cells are multipotent stromal cells that can differentiate into different cellular lineages. They derive from bone marrow, adipose tissue, umbilical cord, or other organs including the synovium. They exhibit several immunomodulatory effects, including: inhibition of T cell activation/proliferation, suppression of B cell activation and antibody production, reduction of NK cell activity, generation of regulatory T (Treg) cells, and polarization of macrophages toward an anti-inflammatory phenotype (9). In a large cohort of patients who had inadequate response to csDMARDs, MSCs were administrated intravenously together with csDMARDs and compared to patients who received only csDMARDs. A significant improvement of RA was observed in the MSC group, with a remission sustained up to 3–6 months (23). Another phase 1/2 clinical trial evaluated the safety and efficacy of allogeneic expanded adipose tissue-derived MSCs administered intravenously. That dose escalation, placebo controlled study consisted of 3 infusions over 2 weeks. The treatment was well-tolerated and yielded clinical improvement after 1 month. However, the efficacy was not sustained and the clinical response was mitigated at month 3 (24). Other cellular therapies have been tried in patients with RA, including the intra-articular (IA) administration of autologous tolerogenic DC, leading to promising results (25).



THE IMMUNOMODULARY PROPERTIES OF APOPTOTIC CELLS

Apoptosis is a physiological cell death process that occurs during the development, and throughout the life in all tissues. Every day, a billion of cells die and are eliminated without deleterious consequences as inflammation or inadequate immune response (26). Apoptosis is followed by the efficient clearance of dead cells by professional phagocytes, a mechanism called efferocytosis. Efferocytosis is a key mechanism for tissue homeostasis (26). The appropriate efferocytosis of apoptotic neutrophils is a major event in the resolution of inflammation (27). Conversely, a defective efferocytosis may contribute to impaired tissue homeostasis, delayed tissue repair, and non-resolving inflammation. In this context, inadequate clearance of apoptotic cells may promote auto-inflammatory and/or autoimmune diseases (28). Altered efferocytosis has been reported in RA (28, 29).

Apoptotic cells display immunomodulatory properties that can be harnessed for therapeutic use (10, 11). Indeed, both apoptotic cells themselves and the interaction of apoptotic cells with professional phagocytes are associated with immune regulation mechanisms (Figures 1A–C). Before being removed, apoptotic cells create a local transient suppressive microenvironment (30–34) (Figure 1A). In response to specific signals released by apoptotic cells, called “find me” signals, professional phagocytes move toward the sites where cells are dying (37–39). Professional phagocytes correspond mainly to tissue-resident and monocyte-derived macrophages, as well as specific DC subsets (10). Apoptotic cell engulfment is then driven by specific signals expressed on apoptotic cells or fragments of apoptotic cells [collectively called “don't eat me” and “eat me” (i.e., phosphatidylserine; Ptdser) signals] (40). While “don't eat me” signals prevent the uptake of viable cells, “eat me” signals stimulates the engulfment and modulate the immune responses. Thus, liposomes expressing Ptdser have been shown to mimic some immunomodulatory effects of apoptotic cells (41). Apoptotic cells may cooperate with macrophages to induce an immunosuppressive environment (Figure 1B) (35). After efferocytosis, an anti-inflammatory reprogramming of macrophages is initiated (26, 27), leading to a sustained immunosuppressive environment (Figure 1C) through the release of several anti-inflammatory cytokines [e.g., TGF-β, IL-10 (42, 43)], and other regulatory factors (44, 45), such as pro-resolving mediators (10, 11, 46). Reprogramming of macrophages also includes a decreased capacity to produce pro-inflammatory cytokines (e.g., TNF-α, IL-1β, IL-12, or IL-23) (10). Phagocyting dendritic cells are also maintained in an immature stage and/or developed a tolerogenic profile, contributing to the generation of regulatory immune cells, including IL-10-producing T cells, CD4+ Treg, CD8+ Treg or regulatory B (Breg) cells (Figure 1C). This tolerogenic microenvironment participates in the inhibition of Th1 and Th17 responses (10, 11). Overall, the administration of apoptotic cells may control an ongoing pro-inflammatory process by different regulatory mechanisms and by inhibiting pathogenic cells. All these mechanisms support the rationale to use apoptotic cell administration in chronic systemic inflammation, like in arthritis (46). We thus reviewed the effects of apoptotic cells, apoptotic cell-derived factors, approaches mimicking apoptotic cell injection, or factors released during efferocytosis in animal models of arthritis. A systematic literature search was performed in PUBMED Medline database until November 2020, using the following keywords: [apoptotic cells] OR [apoptotic cell factors] OR [efferocytosis factors] AND [arthritis] AND [animal models]. After title and abstracts selection, duplicate elimination and manual search, 10 articles were finally selected for analysis (34, 47–55) (Table 1).
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FIGURE 1. The immunomodulatory effects of apoptotic cells. (A) Apoptotic cells exert direct anti-inflammatory effects by: (i) neutralizing inflammatory chemokines, via CCR5 expression (30), and (ii) releasing different factors, including: anti-inflammatory cytokines [e.g., TGF-β (31)], mediators [i.e., annexin-A1 (32) or thrombospondin-1 (33)], as well as cellular metabolites [e.g., spermidine, guanosine monophosphate, inosine monophosphate (34)]. (B) Cooperation between apoptotic cells and their phagocytes may mediate immunosuppression. Apoptotic cells release adenosine monophosphate (AMP) which is then converted into adenosine by phagocyting macrophages. This factor interacts with macrophage adenosine A2A receptors and stimulates anti-inflammatory gene expression (35). (C) Different phagocytes propagate the immunomodulatory effects of apoptotic cells after efferocytosis. Professional phagocytes (immature cDC and macrophages), as well as amateur phagocytes (e.g., fibroblasts, epithelial cells) may participate to efferocytosis (10). The consequences for phagocytes differ depending on the considered phagocytes. Efferocytosis by cDC blocks them in an immature stage or induces a tolerogenic profile that generates regulatory adaptive immune cells: IL-10-secreting cells, CD4+ Treg, CD8+ Treg, and/or IL-10-producing Breg cells. After efferocytosis, macrophages secrete anti-inflammatory factors (e.g., TGF-β, IL-10, IL-1RA, and HGF) and reduce their production of inflammatory cytokines (e.g., TNF-α, IL-1β, IL-12, and IL-23). Efferocytosis triggers macrophage reprogramming toward a pro-resolving profile (26, 27). Moreover, macrophages may stimulate via extracellular vesicles factors and IGF-1 the efferocytic capacity of amateur phagocytes (36). Finally, these amateur phagocytes may secrete immunosuppressive cytokines, such as TGF-β or IL-10. A2A, Adenosine 2A receptor; AMP, adenosine-monophosphate; Breg, regulatory B cells; cDC, conventional dendritic cell; DHAP, dihydroxyacetone phosphate; FBP, fructose-1,6-biphosphate; GMP, guanosine-5′ -monophosphate; HGF, hepatocyte growth factor; IGF-1, insulin-like growth factor; IL-, interleukin; IMP, Inosine-5′-monophosphate; Mϕ, macrophage; Ptdser, phosphatidylserine; TGF-β, transforming growth factor-beta; Treg, regulatory T cells. This figure was depicted, in part, by using Servier Medical Art, https://smart.servier.com/.



Table 1. Experimental studies evaluating the effects of apoptotic cell administration or apoptotic cell-derived factors in animal models of arthritis.
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THE EFFECTS OF APOPTOTIC CELLS IN PRECLINICAL MODEL OF ARTHRITIS

Six articles were selected (47–52). Apoptotic cell-based therapies have been evaluated through intravenous (IV), intraperitoneal (IP), or IA administration of early stage apoptotic cells in the main arthritis models. The main results are summarized in Table 1. According to the experimental model used and to the time of apoptotic cell injection (i.e., at the time of arthritis induction, before clinical symptom occurrence, or during ongoing arthritis), one may distinguish preventive vs. curative effects. A preventive effect of apoptotic cell administration on clinical scores has been observed in all the arthritis models tested (47–50), except in the serum transfer-induced arthritis (STIA) model (47). This negative result may be explained by the experimental model used, lacking the adaptive immune response (46). Indeed, implication of IL-10-producing T cells [T regulatory 1 (Tr1) cells], Treg and/or IL-10-secreting Breg cells has been shown to be triggered by apoptotic cell infusion in arthritis models and associated with the reduction of joint inflammation (47–49) (Table 1). In streptococcal cell wall (SCW)-induced arthritis, IP injection of apoptotic cells along with arthritis induction induced a significant improvement of joint inflammation and limited joint destruction (48). In this rat model, the results are more impressive on the chronic stage of the disease (48). A therapeutic effect of IV apoptotic cell administration has been reported in ongoing arthritis using the collagen-induced arthritis (CIA) model (51). In this model, co-administration of MTX with apoptotic cells induces arthritis reduction that was similar to apoptotic cell injection alone, thus demonstrating that MTX does not interfere with apoptotic cell infusion (51). The concomitant administration of a TNFi together with apoptotic cells induces better arthritis reduction (51), indicating a synergistic effect between the mode of action of both therapies. Finally, IA apoptotic cell injection has exerted also a therapeutic effect in a mouse Lyme arthritis model (52). Altogether, these different experimental results well illustrate the beneficial consequences of apoptotic cell administration in acute and chronic arthritis, with both preventive and curative effects. Apoptotic cell-based therapy may thus be potentially able to control ongoing clinical arthritis, to dampen inflammation and attenuate destructive articular changes. This strongly supports the therapeutic use of apoptotic cells in patients with RA.



THE EFFECTS OF APOPTOTIC CELL-DERIVED FACTORS IN PRECLINICAL MODEL OF ARTHRITIS

Four articles were selected for this review (34, 53–55) (Table 1). It has been shown that the intramuscular (IM) administration of Ptdser-containing liposomes in adjuvant arthritis (AA) is able to inhibit AA-induced trabecular bone loss (53). The same group demonstrated that this approach induced macrophage reprogramming with the reduction of IL-1β release and an increase in IL-10 production (54). This confirms that Ptdser-containing liposomes can mimic some effects of apoptotic cells (41). Recently, the administration of a mixture of 3 or 6 metabolites identified in apoptotic cell secretome has been shown to diminish paw swelling in the STIA model (34) (Table 1). These apoptotic cell-derived metabolites are able to control macrophage reprogramming toward a pro-resolving profile (34). Thus, selective apoptotic cell-derived factors may also be considered as innovative therapeutic approaches in arthritis. Furthermore, the secretome of macrophages eliminating apoptotic leukocytes has been shown to exert a therapeutic effect on arthritic clinical score in CIA by inducing collagen-specific CD4+ Treg cells and reprogramming plasmacytoid dendritic cells (pDC) and macrophages toward a tolerogenic state (55). This treatment of arthritis has been associated with a restored functional resolution of inflammation (47). This confirms the main role of efferocytosis in the control of inflammation (27), as well as the importance of the macrophage/pDC/Treg cell crosstalk in apoptotic cell-induced tolerance (56). Overall, apoptotic cell “derivatives” can be an alternative to apoptotic cell-based therapy.



APOPTOTIC CELLS IN THE TREATMENT OF ARTHRITIS: TOWARD A CLINICAL USE

Results from experimental studies detailed above support the rational for a clinical perspective in RA. This is based on the preclinical data, but also on an extensive research in the fields of cancer and transplantation (10, 11, 46). However, there are several concerns before translating these results to a clinical trial in humans. First, in most of the experimental models used to evaluate the apoptotic cell-based approach, arthritis is induced by a known and specific auto-antigen, which is not the case in patients. Second, certain models are self-resolving, without a chronic phase after the acute peak of the disease. This does not mimic the clinical situation. Third, most of the data have been obtained with a therapy given at the initiation of the disease, even before the onset of arthritic clinical symptoms. This is not feasible in clinic. Despite the fact that a mouse is not human and that regulatory mechanisms may differ between these two species (57), the feasibility must be discussed. What type of cell has to be used as apoptotic cells? Indeed, peripheral blood leukocytes are the easiest cell source to consider in human, contrary to apoptotic cells used in experimental models that are from the thymus, the spleen, DCs, and even leukemic cells (Table 1). As observed in experimental settings, apoptotic leukocytes would need to be at an early apoptotic stage, i.e., annexin-V+, 7-aminoactinomycin D or propidium iodide negative. These cells may be collected using cytapheresis. Different procedures may render the cells apoptotic and the different stimuli include γ-, X-ray, or UV-irradiation, Fas-mediated cell death, as well as corticosteroid treatment. The appropriate route of administration for the patients is the IV route, since this approach seems appropriate for a systemic disease, such as RA. This allows a quick diffusion of apoptotic cells through the body. To summarize, one may propose the following procedure for the apoptotic cell preparation in a clinical trial: a cytapheresis collecting peripheral blood leukocytes that are then exposed to a 35-Gy dose of γ- or X-ray irradiation to induce apoptosis. In these irradiation settings, one may obtain around 40–50% of cells in an early apoptotic stage, with a limited number of cells (<10%) in a necrotic stage. The concomitant use of csDMARDs (such as MTX) and of bDMARDs (TNFi) is not a limit, since MTX does not alter the therapeutic effects of apoptotic cells (51), whereas TNFi displays a synergistic effect (51). Glucocorticoids (GCs) are still used in clinical practice for the treatment of RA, and this medication may be administered with apoptotic cells. Indeed, GCs enhance apoptotic cell removal during the different phases of apoptotic cell clearance (40). The safety of apoptotic cell infusion is another concern. This cell-based therapy has been previously used in a clinical trial in the setting of HCT (58). In this phase 1/2a trial, donor early apoptotic cells have been administered intravenously the day before allogeneic HCT in order to prevent acute GvHD in 13 patients with hematological malignancies. The administered cells have been obtained from hematopoietic cell donors after cytapheresis. This cell-based therapy has been well-tolerated without related serious adverse events. The overall incidence of stage II to IV GvHD was 25% while in the group of patients who received the highest dose of apoptotic cells, this rate was 0% (58). The conclusion of this trial was that apoptotic cell infusion during HCT is a safe procedure and potentially effective in the prevention of GvHD. This illustrates the feasibility of this cell therapy approach. Considering these results, we plan to start a clinical trial on apoptotic cell infusion in RA patients who do not respond adequately to at least one bDMARD. The APO-RA project is a phase 1/2 trial that proposes one infusion of peripheral blood leukocytes rendered apoptotic cells by X-ray irradiation (ClinicalTrials.gov identifier: NCT02903212).



CONCLUSION AND PERSPECTIVES

The use of dying cell or their byproducts as a therapeutic approach in the treatment of RA, or other forms of arthritis, still represents an exciting and innovative therapeutic opportunity. Besides cell-targeted therapies that are currently used in RA (e.g., abatacept or rituximab), and besides MSC or tolerogenic DC administration, apoptotic cells represent another cellular approach with an attractive mode of action. There are compelling evidences demonstrating that apoptotic cell administration may dampen the inflammatory process of RA. Preliminary data in the setting of HCT indicate the feasibility of this approach with a good safety profile. It is, thus, now time to translate all these preclinical data in clinical settings. Some questions persist such as the exact therapeutic protocol to use (number of cells to administer, stimulus to generate early apoptotic cells without high a rate of necrotic cells), and whether a single infusion of apoptotic cells will give a sustained response.
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Systemic lupus erythematosus (SLE) is a common and potentially fatal autoimmune disease that affects multiple organs. To date, its etiology and pathogenesis remains elusive. Circular RNAs (circRNAs) are a novel class of endogenous non-coding RNAs with covalently closed loop structure. Growing evidence has demonstrated that circRNAs may play an essential role in regulation of gene expression and transcription by acting as microRNA (miRNA) sponges, impacting cell survival and proliferation by interacting with RNA binding proteins (RBPs), and strengthening mRNA stability by forming RNA-protein complexes duplex structures. The expression patterns of circRNAs exhibit tissue-specific and pathogenesis-related manner. CircRNAs have implicated in the development of multiple autoimmune diseases, including SLE. In this review, we summarize the characteristics, biogenesis, and potential functions of circRNAs, its impact on immune responses and highlight current understanding of circRNAs in the pathogenesis of SLE.
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Introduction

Systemic lupus erythematosus (SLE) is a chronic systemic autoimmune disease characterized by production of multiple autoantibodies and involvement of multi-systemic organ damage (1). Although genetic and environmental factors have been implicated in the development of SLE, its exact etiology and pathogenesis remain unclear (2). Furthermore, the early diagnosis and effective therapies for SLE have been a challenge, which maybe partly attributed to the poor understanding of the disease pathogenesis. Therefore, dissecting the molecular mechanisms underlying SLE pathogenesis will provide clues for identifying novel diagnostic markers and therapeutics for SLE patients. Recent evidence indicates that the non-coding RNAs (ncRNAs), such as the microRNAs (miRNAs), long non-coding RNAs (lncRNAs), and circular RNAs (circRNAs), can function as epigenetic factors and play important roles in the development and progression of SLE (3, 4). Among these non-coding RNAs, the circRNAs are the novel class of ncRNAs with covalently closed RNA circles by non-canonical backsplicing events (5). These circular RNAs are highly conserved, stable, and resistant to RNase (6, 7). Thus, the circRNAs could be considered as better biomarkers than the linear ncRNAs for diagnosis and management of diseases. In this review, we summarize circRNA biogenesis, classification, biological functions and its implication in immune responses and diseases, with a particular emphasis on the emerging roles of circRNAs in SLE.



CircRNA Discovery

CircRNAs were first discovered in pathogens in 1976 (8). In the study, Sanger and colleagues characterized the structure for viroids, which are single-stranded and covalently closed circular RNA molecules. A few years later, a second study observed that circRNAs were existed in the cytoplasm of eukaryotic cell lines with an electron microscopy (9). Thereafter, a handful of circRNAs were reported in the early 1990 (10–12). However, these findings were not followed up, as at the time circRNAs were mainly considered to be byproducts generated by splicing error of pre-mRNA processing without significant biological effect (13). Until recent years, with the advance of high-throughput sequencing and bioinformatics algorithms, researchers have identified thousands of circRNAs in eukaryotes and found some circRNAs expressed in a tissue-specific manner with potential functions (14–16).

Since the landmark finding of CDR1as and circSry in 2013, which could function as microRNA sponge (17, 18), the circRNAs have become a novel hotspot in non-coding RNAs (19). Accumulating evidence has demonstrated that circRNAs are an abundant and conserved subclass of RNAs and are widely expressed in a cell-/tissue-specific, and development-dependent manner (15, 16, 20–22). As stated before, the circRNAs are distinguished from the linear RNAs by the structure of covalently closed loop lacking 5’ cap and 3’ poly-adenylated tails. This unique feature makes the circRNAs much more stable than their linear counterparts and resistant to degradation by exonuclease and RNases (6). Therefore, the circRNAs are proposed as novel and promising diagnostic biomarkers and potential therapeutic targets for diseases. So far, circRNAs have been reported to be involved in the pathogenesis of multiple diseases, such as neurological disorders, cardiovascular diseases, cancer, and chronic inflammatory and autoimmune diseases (23–26).



CircRNA Biogenesis and Classification

Alternative splicing of RNA is a key event for gene expression in eukaryotes. Precursor mRNA (pre-mRNAs) is processed by the spliceosome to remove introns and thereby exons are rapidly linked to form a functional mature mRNA (Figure 1A). It was widely accepted that circRNAs are derived from canonical splice sites (15, 18, 27). When pre-mRNA catalyzing events are slowed down, the nascent RNAs may be directed to alternative paths that accelerate back-splicing (5, 28). CircRNAs are generated by back-splicing that joins a 5’ splice donor to an upstream 3’ splice acceptor site, thus forming a single-strand covalently closed loop (15, 18, 29, 30). However, the exact mechanisms by which the spliceosome selects certain exons to circularize are not completely elucidated. Jeck and colleagues proposed two models for exon-derived circRNA formation: “lariat-driven circularization” and “intron-pairing-driven circularization” (15, 29). In the lariat-driven circulating model (Figure 1B), exon-skipping is required and leads to an exon-containing lariat, which will then itself be internally processed to form exon-derived circRNAs (15, 29). In intro-pairing-driven circularization (Figure 1C), cyclization is prompted presumably by intronic motifs such ALU complementarity bordering the circularized exon(s), which may bring the two exons (or the ends of the same exon) into close proximity to form the loop (15, 29). Meanwhile, Zhang et al. reported a novel subclass of circRNAs originating from introns (31). Such intronic circRNA generated from the intronic lariat contains a 7-nucleotide GU-rich element at the 5’ splice site and an 11-nucleotide C-rich element near the branchpoint site, which makes them resistant to the debranching enzyme and leads to the formation of an intro-derived circRNA (31) (Figure 1D). In some cases, if the intron between exons is retained, the cyclizing transcript tends to form exon-intron circRNAs (31, 32). In addition, some RNA binding proteins (RBPs) such as Quaking 1 (QKI) (33), muscleblind (MBL) (34), adenosine deaminase acting on RNA (ADAR) (35) and FUS (36) were reported to regulate the circRNA biogenesis (Figure 1E).




Figure 1 | Biogenesis of three major types of circRNAs. (A) A linear mRNA is formed by canonical splicing from pre-messenger RNA (pre-mRNA). (B–E) CircRNAs are generated by backsplicing from pre-mRNA. (B) Lariat-driven circularization, exon-skipping leads to an exon-containing lariat whose restricted structure facilitates circularization. (C) Intro-pairing-driven circularization is mediated by base-pairing between inverted repeat elements such as ALU complementarity. (D) CiRNA biogenesis is mainly dependent on GU-rich motif and C-rich sequence. (E) RNA-binding proteins (RBP) serving as trans-acting factors can bring two splicing sites close together to promote circularization.



CircRNAs can be categorized into three major types based on their structural sequence: exonic circRNAs (EcRNAs), exon-intro circRNAs (ElciRNAs), and circular intronic RNAs (ciRNAs) (18, 31, 32). It has been observed that EcRNAs are predominantly localized in the cytoplasm, while ElciRNAs and ciRNAs are mainly restricted in the nucleus (18, 31, 32). EcRNAs are thought to be the most abundant circRNAs, which account for ~80% among currently discovered circRNAs (5, 37). In addition to the aforementioned types, it was reported that circRNAs can also be generated from intergenic genomic DNA (known as intergenic circRNAs) (18), the splicing of pre-tRNA [termed tRNA intronic circRNAs (tricRNAs)] (38), and from long ncRNAs (for example, circPINTexon2) (39).



CircRNA Functions

In recent years, growing evidence indicates that circRNAs may play important roles in regulation of gene expression and participate in a series of pathophysiological processes (Figure 2).




Figure 2 | Functions of circRNAs. (A) CircRNAs can act as miRNA sponges to diminish the effects of miRNAs on target mRNAs. (B) CircRNAs can serve as scaffolds or decoys for RBPs to modulate their functions, thus affecting the related biological processes. (C) CircRNAs may be translated if they contain an internal ribosome entry site (IRES) or extensive N6-methyladenosines (m6A) modification. (D) CircRNAs can promote transcription by interacting with U1 small nuclear ribonucleoprotein (U1 snRNP) and the RNA polymerase II (Pol II) in the nucleus. (E) The processing of circRNAs could affect host gene expression by competing with their linear mRNA splicing.




CircRNAs Act as Competing Endogenous RNA or miRNA Sponges

MicroRNAs (miRNAs) are a class of endogenous, noncoding RNAs of approximately 22 nucleotides in length, and can play crucial regulatory roles in post-transcription by targeting mRNAs for cleavage or translational repression (40). It has been proposed that the competing endogenous RNAs (ceRNAs) including pseudogenes and long-chain non-coding RNA (lncRNA) can act as sponges for miRNAs through their binding sites of miRNA recognition elements (MREs) (41–43). Subsequently, Hansen et al. reported that several abundant circRNAs can function as ceRNAs (17) (Figure 2A). CiRS-7 (also termed CDR1as) was first demonstrated to harbor more than 70 conserved binding sites for miR-7 (17, 18). Overexpression of ciRS7 can efficiently recruit miR-7 to promote the specific AGO2 interaction, thus resulting in decreased miR-7 function and up-regulation of its target mRNAs. Moreover, ciRS7 was highly expressed in brains and its function was conserved, overexpression of ciRS7 or knockdown of miR-7 could impair the development of midbrain and nerve in mice and zebrafish (17, 18). In esophageal squamous cell carcinoma, ciRS-7 accelerated tumor growth and metastasis by regulation of miR-7/HOXB13 (44).

Besides ciRS-7, many other circRNAs in eukaryotes have been suggested as potential miRNA sponges. For instance, circSRY, the testis-specific circRNA derived from sex-determining region Y (SRY), contained 16 MREs of miR-138 and acted as miR-138 sponge in mouse testis (12, 17). Also, circHIPK2 could work as a sponge for miR124-2HG to regulate the activation of astrocytes via the synergistic effect of autophagy and endoplasmic reticulum stress (45). In addition, circHIPK3, circCCDC66 and circPVT1 have been reported to have tumor-suppressive or oncogenic functions by serving as miRNA sponges (46–48). However, many circRNAs in mammals are expressed at relatively low levels and harbor few binding sites for miRNA (7, 49), suggesting them highly unlikely to act as ceRNAs or by working as miRNA sponges. Therefore, whether the miRNA sponge is a universal biological function of circRNAs needs to be further confirmed by more investigation.



CircRNAs Interact With Proteins

In addition to miRNAs, circRNAs can also interact with proteins to form specific circRNA–protein complexes which affect the activity of related proteins (Figure 2B). The first example of circRNA acting as a protein sponge was a RNA transcript encoding the splicing factor protein–muscleblind (MBL) (34). The circular Mbl (circMbl) derived from its own gene contains multiple binding sites for MBL. This circRNA was found to regulate the linear splicing of the gene by functioning as a decoy for MBL. When MBL protein levels are high, MBL binds to the pre-mRNA and causes it to splice into circMbl. Subsequently, circMbl could sponge out the excess MBL by binding to it (34). Other circRNAs, such as circANRIL and circPABPN1, have also been reported to function as protein sponge by interacting with target proteins (50, 51). CircANRIL can bind to Pescadillo homologue 1 (PES1), a vital 60S pre-ribosomal assembly factor, and then dampens ribosome biogenesis and exonuclease-mediated pre-rRNA processing in human macrophages and vascular smooth muscle cells (50). CircPABPN1 represses the translation of nuclear poly (A) binding protein 1 mRNA in human cervical cancer (HeLa) cells through binding to the RNA binding protein Hu-antigen R (HUR) (51).

In some cases, circRNAs may function as protein scaffolds or alter modes of action of the proteins. For instance, circ-Foxo3 and circAmotl1 can function as scaffolds of protein to potentiate the colocalization of enzymes and their substrates (52, 53). In mouse cancer cells, circ-Foxo3 suppresses cell cycle progression by interacting with cyclin-dependent kinase 2 (CDK2) and cyclin-dependent kinase inhibitor 1 (p21) to form a circFoxo3-p21-CDK2 ternary complex, thereby arresting the functions of p21 and CDK2 in cell cycle regulation (52). In addition, circ-Foxo3 also has high binding affinity to senescence-related proteins ID-1 and E2F1 as well as anti-stress proteins FAK and HIF1a, and accelerates the location of these proteins in the cytoplasm and accordingly leads to increased cellular senescence (54). In a mouse model, circAmotl1 simultaneously binds to phosphoinositide- dependent kinase 1 (PDK1) and protein kinase AKT1 via its spatial structure, leading to PDK1-dependent AKT1 phosphorylation and nuclear translocation, thus enhancing the cardio-protective role of pAKT1 (53).

Although a growing number of circRNAs have been shown to interact with proteins, the exact mechanisms underlying these interactions remain obscure (55). Additionally, one general question is to what extent lowly expressed circRNAs can confer measurable regulation on their binding proteins.



CircRNAs Can be Translatable

CircRNAs were initially believed to be non-coding RNA due to the absence of 5’ cap and 3’ ploy A tail that were normally required for linear mRNA translation. Given that most circRNAs were produced from protein-coding exons and mainly located in the cytoplasm. An intriguing question raises whether they are translatable. Recently, increasing evidence has shown that some circRNAs can be translatable molecules if they harbor an internal ribosome entry site (IRES) (56–58) (Figure 2C). In some cases, the presence of N6-methyladenosine (m6A) modification in the circRNAs can help to recruit the ribosome and promote the translation of circRNAs in cap-independent manner, but the underlying mechanisms remain largely unknown (59–61) (Figure 2C).

As early as the 1990s, Chen and Sarnow have proposed that synthetic engineered circRNAs may recruit ribosomal subunits and initiate peptide translation in vitro (62). However, this study did not support that circRNAs could also be translatable in vivo. In 2015, Abe and colleagues provided strong evidence that endogenous circRNAs can act as a template for translation in an IRES-dependent manner (56). Thereafter, several other groups have utilized mass spectrometry, ribosome profiling, and/or expression plasmids to demonstrate that a subset of circRNAs may indeed produce proteins (61, 63, 64). Nevertheless, to date only a few endogenous circRNAs, such as Mbl, circ-ZNF609, circFBXW7, cir-SHPRH, circPINTexon2, and circ-AKT3, have been reported to serve as protein templates (39, 63–67). Although thousands of circRNAs were predicted to have putative open reading frame (ORF) and IRES elements, not all of these circRNAs can perform translatingfunctions (68). The translational ability and mechanism of circRNAs are not fully understood and need to be further investigated. Furthermore, the functions of peptides/proteins encoded by circRNAs are still unknown. Since most circRNA-derived peptides are usually short peptides which lack important functional domains, they may function as decoys or dominant-negative protein variants (63). For example, several peptides, including FBXW-185aa, SHPRH-146aa, and PINT87aa, were reported to serve as tumor suppressors in glioblastoma (39, 65, 66). Although translation seems not to be a universal function for circRNAs, it is important to identify the physiological and pathological roles for the proteins translated by circRNAs.



CircRNAs Regulate Transcription and Alternative Splicing

The CiRNAs and EIciRNAs, which consist of either introns or both intron and exon, are dominantly restricted in the nucleus. These circRNAs can regulate transcription through interaction with U1 small nuclear ribonucleoprotein (U1 snRNA) and the RNA polymerase II (Pol II) (31, 32) (Figure 2D). For instance, ci-ankrd52 can accumulate to its transcription sites and positively regulate the transcriptional activity of parental coding gene through association with elongation Pol II machinery (31). In addition, two ElcircRNAs, circEIF3J, and circPAIP2, were identified to interact with host U1 snRNP to form circRNA-U1 snRNP complexes. The complexes further interact with the Pol II to increase gene expression in the promoter region of parental genes (32).

CircRNA biosynthesis naturally affects host gene expression. From this point of view, two studies have shown that the circRNAs processing strongly competes with linear mRNA splicing (28, 34) (Figure 2E). Ashwal-Fluss et al. observed that circMbl derived from the second exon of Mbl can compete with conventional pre-mRNA to keep the balance between linear alternative splicing and circRNAs production (34). Another study has demonstrated that depletion or inhibition of canonical pre-mRNA processing events resulted in increased levels of circRNAs, suggesting that the negative association between circRNA and their linear mRNAs (28). Additionally, a nuclear-retained circSEP3 derived from SEPALLATA3 (SEP3) gene was reported to regulate its cognate mRNA splicing by forming an R-loop or RNA : DNA hybrid (69). Taken together, some nuclear retained circRNAs can participate in gene regulation in both transcription and splicing mechanisms. However, how these circRNAs are accumulated or localized in the nucleus and how exactly they modulate gene expression remains elusive.




CircRNAs in Innate and Adaptive Immune Response

The immune system is classically divided into two categories, i.e. innate and adaptive immunity. Innate immune response is the first line of host defense against pathogens, such as antibacterial and antiviral immune responses. Adaptive immune response is the second line of defense against specific antigens. It creates immunological memories to the encountered antigens and initiates a highly efficient response to specific antigens in the future. Notably, recent studies have suggested that circRNAs are involved in the regulation of both innate and adaptive immune responses.


CircRNAs in Innate Immunity

Innate immune response is mainly mediated by phagocytic cells and other cell types, such as macrophages, neutrophils, dendritic cells (DCs), and natural killer cells (NKs). In which, macrophages are one of the most important cell types in innate immune response. Through recognition of evolutionarily conserved structures on pathogens, macrophages become activated, and can engulf and destroy the invaders. Furthermore, macrophages can serve as antigen-presenting cells (APCs) to process and present foreign antigens during the adaptive immune response. According to the activation states and functions, macrophages can be divided into two subsets, i.e. classically activated macrophage (M1) and alternatively activated macrophage (M2). By performing a circRNA microarray analysis, Zhang et al. showed a total of 189 circRNAs were differentially expressed between M1 and M2 macrophages, indicating a role of circRNAs in macrophage polarization (70). Ng et al. reported that circ-RasGEF1B may play a regulatory role in macrophage activation by lipopolysaccharide (LPS) and protection against microbial infections (71). By comparing expression patterns of circRNAs in non-treated and RANKL/CSF1-treated bone marrow macrophage (BMM) cells, Chen et al. found that circRNA_28313 was significantly upregulated in RANK + CSF1-induced osteoclast differentiation by forming a ceRNA network of circRNA_28313/miR-195a/CSF1 (72). Circ-ASAP1 was reported to facilitate tumor-related macrophage infiltration by regulating miR-326/miR-532-5p-CSF-1 signaling pathway and may serve as a prognostic predict marker for hepatocellular carcinoma (73). By microarray analysis of circRNA expression profile in neutrophils derived from patients with asymptomatic moyamoya disease (MMD) and healthy individuals, 123 differentially expressed circRNAs were identified between the two groups. These differentially expressed circRNAs were mainly involved in immune responses, angiogenesis and metabolism in MMD (74). CircUHRF1 expression was elevated in human HCC tissues compared to adjacent non-tumor tissues. CircARSP91 may increase the susceptibility of HCC cells to NK cell cytotoxicity by upregulating UL16 binding protein 1 expression in HCC cells (75). More recently, Zhang et al. reported that tumor cell-derived exosomal circUHRF1 can induce NK cell exhaustion by inhibiting NK cell-derived IFN-γ and TNF-α secretion and may induce resistance to anti-PD1 therapy in human HCC (76). Expression of circRNA_001937 was significantly increased in PBMCs from patients with active tuberculosis and was positively correlated with disease severity (77). CircRNA-chr19 may function as a ceRNA by targeting miR-30b-3p/claudin-18 (CLDN18) axis in Ebola virus infection (78). Overexpression of a dsRNA-forming circRNA inhibited PKR activation and increased viral replication in encephalomyocarditis virus (EMCV) infection (79).



CircRNAs in Adaptive Immunity

Adaptive immunity is characterized by T cells specific for antigens derived from the invading pathogens, and by B cells producing antibodies that bind to these antigens. T cells and B cells, once primed, initiate a highly efficient response to the pathogens and develop immunologic memories to the encountered antigens. The adaptive immune response is meant to defense foreign pathogens but sometimes it can mistakenly turn against our own body, leading to the autoimmune diseases.

Wang et al. reported that circRNA_100783 was involved in the regulation of CD8+ T cell ageing process by targeting a large number of miRNA-mRNA networks (80). Exosome-derived circRNA_002178 could be transferred into CD8+ T cells and promoted PD1 expression by sponging miR-28-5p, leading to CD8+ T cell exhaustion in lung adenocarcinoma (81). Huang et al. observed that circ_0005519 increased IL-13 and IL-6 expression via negatively regulating let-7a-5p in CD4+ T cells from patients with asthma (82). The same group also reported an increased expression of circ_0002594 in CD4+ T cells and might be a potential diagnostic marker for Th2-mediated allergic asthma (83). Gaffo et al. found that circRNAs displayed a cell type-specific expression pattern in healthy individuals, such as circRNAs specific for B-cells (circPAX5, circAFF3, circIL4R, and circSETBP1) and T-ceslls (circIKZF1, circTNIK, circTXK, and circFBXW7). The B cell-specific circRNAs circPAX5 and circAFF3 were highly overexpressed in pediatric B-precursor acute lymphoblastic leukemia (84). CircANKRD36 was significantly upregulated in peripheral blood and was correlated with chronic inflammation from patients with type 2 diabetes mellitus (T2DM) (85). Circ_402458 was significantly elevated in patients with primary biliary cholangitis (PBC). Circ_402458 may function as sponge for miR-522 and miR-943 and involved in the regulation of PBC (86).




CircRNAs in SLE

In the past three years, increasing evidence has linked circRNAs to SLE, with main focus on identification and characterization of circRNAs in blood samples, renal biopsies and skin tissues. These data suggest that circRNAs may be involved in the pathogenesis of SLE and could be potential diagnostic markers or therapeutic targets for SLE (Figure 3 and Table 1).




Figure 3 | Possible roles of circRNAs in SLE. CircRANs may be involved in the pathogenesis of SLE by regulating various biological processes, such as DNA methylation, activation of AKT signaling pathway, and aberrant PKR activation. Furthermore, circRNAs may serve as biomarkers for the diagnosis and severity of SLE.




Table 1 | Summary of circRNAs implicated in SLE.




Peripheral Blood circRNAs in SLE

To date, the majority studies of circRNA in SLE were performed in blood samples, including plasma, whole blood, peripheral blood mononuclear cells (PBMCs), and T cells.


Plasma Derived circRNAs in SLE

As the high structural stability, the circRNAs are proposed to be promising biomarkers for diagnosis of diseases. By using circRNA microarray, Li et al. analyzed the circRNA expression profiling in plasma samples from patients with SLE and identified a number of circRNAs which were differentially expressed between SLE patients and healthy controls (87). By qPCR validation, four significantly dysregulated circRNAs, i.e., hsa_circ_400011, hsa_circ_102584, hsa_circ_101471, and hsa_circ_100226, were validated and predicted to be potential biomarkers for SLE diagnosis (87). Subsequently, Ouyang et al. reported that circRNA_002453 was markedly increased in plasma from patients with lupus nephritis (LN) compared with non-LN SLE patients, RA patients and healthy individuals (88). Although the expression level of circRNA_002453 had no significant association with C3, C4, and SLEDAI score, it was positively correlated with 24-hour proteinuria and renal SLEDAI score, which suggesting that this circRNA might severe as a novel biomarker for diagnosis of LN. Another research group has shown that hsa_circRNA_407176 and hsa_circRNA_001308 were underexpressed in both plasma and PBMCs of SLE patients (89). Furthermore, by the receiver operating characteristic (ROC) curve analysis, these two circRNAs could distinguish SLE patients from healthy controls, indicating their potential diagnostic value for SLE.



Whole Blood or PBMC Derived circRNAs in SLE

In a recent study, Li et al. analyzed the circRNA expression profile in whole blood from children with SLE (90). A total of 348 differentially and markedly expressed circRNAs were discovered, with 184 up-regulated and 164 down-regulated. They demonstrated that the levels of the hsa_circ_0057762 and hsa_circ_0003090 could distinguish the SLE patients from healthy individuals by ROC curve analysis. In the study, these authors constructed a comprehensive circRNA-miRNA-mRNA network, providing new insights into the molecular mechanisms of SLE pathogenesis in children (90). Zhang et al. initially focused on 2 circRNAs (hsa_circ_0049224 and hsa_circ_0049220), which have been demonstrated to be correlated with DNA methylation and the pathological processes of rheumatoid arthritis (RA) (100). Subsequently, they found that expression levels of hsa_circ_0049224 and hsa_circ_0049220 were significantly decreased in PBMCs of SLE patients and were negatively correlated with SLE disease activity index (SLEDAI) score (91). Moreover, the expression levels of these two circRNAs were positively correlated with the expression of DNMT1, a key factor of DNA methylation, which suggests their possible roles in the pathogenesis of SLE. In addition, the same group also performed circRNA sequencing to screen the circRNA expression profiles in PBMCs of patients with SLE (92). In this study, they observed a downregulation of circIBTK and upregulation of miR-29b in SLE patients, both were associated with SLEDAI score, titers of anti-dsDNA antibodies and levels of complement C3. Importantly, circIBTK could regulate DNA demethylation and the AKT signaling pathway by binding to miR-29b in SLE (92). Of note, numerous studies have demonstrated that aberrant DNA methylation and abnormal activation of AKT signaling pathway were involved in the pathogenesis of SLE (101–103). Furthermore, by RNA sequencing, Miao et al. identified 128 circRNAs that were aberrantly expressed in the PBMCs of SLE patients and discovered a novel circRNA, circPTPN22, might act as a potential biomarker for the diagnosis and disease severity of SLE (93). The decreased expression of circPTPN22 was negatively correlated with the SLEDAI scores in patients with SLE. The patients who received long-term corticosteroid therapy had significant increased expression levels circPTPN22. By using circRNAs microarray, Luo et al. also identified a number of differentially expressed circRNAs in PBMCs from patients with SLE (94). This study observed that the expression levels of hsa_circ_0044235 and hsa_circ_0068367 were markedly decreased in patients with SLE and these two circRNAs could be novel biomarkers for SLE diagnosis. The same group also reported that hsa_circ_0044235 was significantly downregulated in peripheral blood from RA patients and may serve as a potential biomarker for diagnosis of RA (104). In another study, Guo and colleagues reported that the hsa_circ_0000479 in PBMCs has a great potential as a diagnostic biomarker for SLE (95). However, the results from different circRNA profiling studies were inconsistent. Based on previous studies, Luo et al. selected 11 circRNAs which were upregulated in patients with SLE and validated the expression patterns and clinical significance of these circRNAs (96). Interestingly, the study replicated the elevated expression of hsa_circ_0000479 in PBMCs from SLE patients and its significant value in distinguishing SLE from other autoimmune diseases (96). A recent study has reported that a number of circRNAs were downregulated in PBMCs from patients with SLE. Meanwhile, the author also observed a spontaneous RNase L activation in PBMCs derived from SLE patients (79). The RNase L activation led to circRNA degradation and this RNase L-mediated circRNA degradation was required for protein kinase (PKR) activation. The aberrant PKR activation further augmented type I IFN signature through eIF2α phosphorylation and therefore involved in the pathogenesis of SLE (79).



T-Cell Derived circRNAs in SLE

T cells play a key role in lupus pathogenesis, especially the CD4 T helper (Th) cells (105). Li et al. recently reported 127 differentially expressed circRNAs in T cells from SLE patients, and further validated a downregulated circRNA, hsa_circ_0045272 (97). Further functional data indicated that knockdown of hsa_circ_0045272 resulted in an enhanced early apoptosis and increased IL-2 production in activated Jurkat cells (97). In another report, 12 up-regulated and two down-regulated circRNAs were discovered in CD4+ T cells of patients with SLE. Of which, three aberrantly up-regulated circRNAs, including hsa_circ_0012919, hsa_circ_0006239 and hsa_circ_0002227, were validated by qPCR (98). Of note, the hsa_circ_0012919 could be considered as a diagnostic potential for SLE. Downregulation of hsa_circ_0012919 led to an enhanced expression of DNA methyltransferase 1 and decreased expression of CD11a and CD70 on CD4+ T cells from both inactive and active SLE patients (98). Notably, the overexpression of CD11a and CD70 in CD4+ T cells in SLE may promote the production of autoantibodies (106). More recently, Zhang and colleagues analyzed 29 differentially expressed circRNAs obtained from the GSE84655 of GEO database (107). By statistical analysis and bioinformatic interpretation, the author predicted the circRNA-miRNA-mRNA regulatory networks for these circRNAs. These regulatory networks might be involved in the pathological process of SLE (107).




Renal circRNAs in SLE

Lupus nephritis (LN) is one of the most serious complications of SLE. Patients with lupus nephritis are at risk for kidney failure and premature death. Through RNA deep sequencing, a total of 171 circRNAs with 2-fold differential expression, including 142 upregulated and 29 downregulated circRNAs, were discovered in renal biopsies from LN patients compared with normal kidney specimens (99). The correlations between seven validated circRNAs and clinical features were analyzed, and the circHLA-C was found to be positively associated with proteinuria, serum creatinine, renal activity index and crescentic glomeruli. Bioinformatic analysis predicted that circHLA-C plays important roles in the pathogenesis of lupus nephritis by serving as sponges for miR-150 and regulating its expression. The renal-derived miR-150 showed a tendency of negative correlation with circHLA-C in LN patients (99).



Cutaneous circRNAs in SLE

Skin involvement is a common clinical manifestation in SLE patients. Of which, the discoid lupus erythematosus (DLE) is the most common form (108). By using RNA sequencing, Xuan and colleagues recently identified a number of differently expressed lncRNAs and circRNAs in the lesional lower lips from patients with DLE (109). In this study, a total of 161 circRNAs, including 57 up-regulated and 104 down-regulated circRNAs, showed remarkable differential expression in lesional skin compared with matched adjacent tissues. The principal roles of these markedly deregulated circRNAs were predicted using bioinformatics methods. These results suggested that certain circRNAs may have potential value in diagnosis and therapy of DLE.




Conclusions and Perspectives

Recent advances in the circRNA research field have not only revealed a previously unexpected structure of eukaryotic transcriptomes but have also uncovered multiple aspects of circRNA biological function. CircRNAs generated by the non-canonical backsplicing can play important roles in biology and pathobiology by regulating gene expression at multiple molecular levels and interacting with proteins. These findings have been surprising and exciting, but there are still unrevealed answers concerning the biogenesis of these molecules. First, the complete set of elements that control the expression and localization of circRNAs remains unknown. For example, are there any factors that are indispensable for backsplicing but not for canonical splicing reactions? Second, the mechanisms involved in metabolic processing or degradation of circRNAs, particular in normal or unstressed cells, remain unclear. In addition, given the relatively low expression level of most circRNAs, how many circRNAs could truly act as miRNA sponges or competitors for protein binding?

The role of circRNAs in SLE has been in the spotlight in recent years. Several studies have shown that some aberrantly expressed circRNAs in SLE patients were implicated in DNA demethylation by acting as miRNA sponges (92, 98). However, the results were inconsistent from circRNA expression profiling studies of SLE PBMCs. These inconsistent results may be due to the disease heterogeneity and heterogeneous cell subsets in PBMCs such as monocytes, T cells and B cells. Therefore, it is important to stratify SLE patients by their clinical features and focus on certain cell subtypes. SLE is characterized by the production of a range of autoantibodies, indicating a critical role of B cells in the pathogenesis of SLE (2, 110). Therefore, it is worthy to functionally characterize the B cell-derived circRNAs involved in SLE pathogenesis. Additionally, a number of studies have shown that several circRNAs may serve as potential biomarkers for SLE. Nonetheless, the sample sizes in these studies were relatively small (95, 96). The results need to be further validated in larger sample sizes. More recently, an important study showed that overexpression of circPOLR2A, a double-stranded RNA (dsRNA)-containing circRNA, could remarkably attenuate the aberrant dsRNA-activated protein kinase activation cascade in PBMCs or T cells derived from SLE patients, suggesting that this type of circRNAs may serve as potential therapeutic modalities for SLE (79).

In conclusion, emerging evidence indicates that circRNAs are involved in the pathogenesis of SLE and may serve as novel biomarkers or therapeutics for SLE in the future. However, although the existing data support the potential value of circRNAs in diagnosis and treatment of SLE, the feasibility of circRNAs in clinical utility needs to be further studied.
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Mesenchymal stem cell (MSC) therapies have been used as cell-based treatments for decades, owing to their anti-inflammatory, immunomodulatory, and regenerative properties. With high expectations, many ongoing clinical trials are investigating the safety and efficacy of MSC therapies to treat arthritic diseases. Studies on osteoarthritis (OA) have shown positive clinical outcomes, with improved joint function, pain level, and quality of life. In addition, few clinical MSC trials conducted on rheumatoid arthritis (RA) patients have also displayed some optimistic outlook. The largely positive outcomes in clinical trials without severe side effects establish MSCs as promising tools for arthritis treatment. However, further research is required to investigate its applicability in clinical settings. This review discusses the most recent advances in clinical studies on MSC therapies for OA and RA.
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INTRODUCTION

The first study on mesenchymal stem cells (MSCs) was published in 1966 by Fridenshtein et al., who cultured bone-forming cells from guinea-pig bone marrow and spleen cells (1, 2). Subsequent studies have characterized MSCs as clonogenic progenitor cells capable of differentiating into mesoderm-derived cells such as osteoblasts, chondrocytes, and adipocytes (1, 3–5). The term “mesenchymal stem cell” was first used in 1991 to represent cells originating from embryonic mesodermal tissues (5, 6). While, MSCs imply mesenchymal “stem” or “stromal” cells at the same time, it is suggested only to refer progenitor cells with self-renewal and differentiation ability as “mesenchymal stem cells.” Mesenchymal stromal cells, on the other hand, refer to a bulk population of cells with immunomodulatory and homing properties. Some researchers, however, have recently argued that MSCs should be renamed “medicinal signaling cells” because these cells secrete therapeutic regenerative bioactive factors to stimulate the site- and tissue-specific resident stem cells of patients rather than differentiating into tissue-producing cells (7). Nevertheless, the wide clinical potential of MSCs, which ranges from repairing simple tissue tears to regulating immunological diseases, remains to be fully elucidated (2). Hence, researchers worldwide continue to explore the applications of MSCs. Notably, there were 1,043 trials involving 47,548 patients conducted between 2011 and 2018 (2).

Although the criteria for defining human MSCs are not concrete and subject to changes, most researchers agree on the three defining characteristics of human MSCs established by the International Society of Cellular Therapy (ISCT) (8, 9). The first general characteristic of MSCs is plastic adherence where cells with clonal expansion ability can be maintained for several passages in plastic culture dishes while excluding the subpopulation of cells with hematopoietic functions (9, 10). This characteristic is generally believed to encompass all types of MSCs without any exceptions. The second feature of human MSCs is the unique set of positive and negative surface markers expressed on these cells; the ICST has proposed CD105 (endoglin), CD73 (ecto-5′-nucleotidase), and CD90 (Thy-1) as the surface markers of MSCs. In contrast, MSCs lack the expression of hematopoietic and endothelial markers, such as CD45, CD34, CD14, CD11b, CD79α, CD19, and human leukocyte antigen (HLA)-DR (8, 9). Although the list proposed by the ICST is generally agreed upon by researchers, this criterion is the most disputed; some researchers regard CD34, CD45, and CD14 as negative markers, while STRO-1, CD29, CD73, CD90, CD105, CD106, CD166, CD146, and CD44 are considered positive markers (11). Multiple studies have also discovered variations from this criterion. For instance, fractions of adipose tissue derived-MSCs (AT-MSCs) were observed to express CD34 when insulin-like growth factor 1 (IGF-1) was added to the culture media (12). Moreover, the expression of the negative marker HLA-DR was upregulated in murine and human MSCs after exposure to interferon-γ (IFN-γ) (13, 14). Hence, positive and negative surface markers are not widely used to classify in vitro-expanded MSCs, and further research is needed to clarify this criterion. The final and most defining characteristic of MSCs is the ability to differentiate into osteoblasts, adipocytes, and chondroblasts in vitro (8). As mentioned earlier, the differentiation potential of MSCs into various cell lineages was a factor in their early classification as a type of stem cell and remains one of their key traits (6).

The first clinical studies involving MSCs assessed their therapeutic potential in hematopoiesis, osteogenesis imperfecta, Hurler syndrome, and metachromatic leukodystrophy (15–19). These studies provided initial safety assessments for MSCs and encouraged further research to thoroughly examine their clinical efficacy (15). Recent decades have seen clinical trials conducted on these cells, especially for autoimmune, neurodegenerative, cardiovascular, and bone and cartilage diseases (20). However, the number of approved MSC treatments worldwide remains limited. Asian countries have approved more MSC treatments than other countries; South Korea has approved four MSC therapies, whereas Japan and India have each approved one (Table 1).


Table 1. A list of approved cell therapy products around the world and a graphical image of countries where MSC therapies are approved and clinically used.
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HUMAN TISSUES CONTAINING MSCs AND THE VARIOUS POTENTIALS OF THESE CELLS

The ISCT MSC committee recommends not to use the term mesenchymal “stem” cells unless there is rigorous in vitro and in vivo functional evidence that can provide the self-renewal and differentiation ability (9). While MSCs are found in various parts of the human body, MSCs isolated from the bone marrow (BM), umbilical cord blood, periosteum, dental pulp, adipose tissue, and growth plate were confirmed to have stem cell-like properties [Figure 1; (21–23)]. In this section, we will discuss four sites where MSCs are frequently found and used for treatment of arthritic diseases: the bone marrow, umbilical cord, adipose tissue, and synovial membrane (24). To select a suitable MSC source for treatment, both advantages and disadvantages of MSC acquisition including the potential side effects and limitations (e.g., cell quality, number, and the difficulty and invasiveness of the isolation process) must be considered (25).


[image: Figure 1]
FIGURE 1. Various isolation sites and differentiation potentials of MSCs. Bone marrow, adipose tissue, umbilical cord, and synovium are common sites for MSC extraction. The isolated MSCs can be differentiated into adipocytes, chondrocytes, myocytes, and osteoblasts.


Bone marrow was the initial extraction site used by Fridenshtein et al. (1). After years of animal studies, the isolation and expansion of human bone marrow-derived MSCs (BM-MSCs) in culture were first conducted in 1992 (2, 26). With the safety and effectiveness of BM-MSCs confirmed through multiple clinical trials, they have become the most widely-used source of MSCs characterized by remarkable differentiation potential (27). However, there are several limitations of BM-MSCs. Most importantly, the yields, along with the differentiation and repair potential, are heavily dependent on the donor characteristics, such as disease condition and age (25). Furthermore, BM-MSC harvesting is challenging and inefficient, as only 0.001–0.01% of bone marrow cells are MSCs (27, 28). The risk of infection during the isolation of cells from the bone marrow also cannot be ignored. Consequently, a more effective and less invasive procedure is required, and scientists have attempted to identify new extraction sites (27, 28).

In 2000, human umbilical cord blood was recognized as an alternative source of MSCs (29). Umbilical cord blood-derived MSCs (UCB-MSCs) show rapid self-renewal and differentiation capabilities, thereby promoting tissue repair and modulation of immune responses; moreover, these cells are easy to access with painless extraction procedures (30). UCB-MSCs have rapid proliferation rates that are approximately three- to four-fold greater than that of adipose tissue (AT)-MSCs (31, 32). Furthermore, UCB-MSCs are known to secrete multiple growth factors associated with skin rejuvenation, such as epithelial growth factor (EGF), collagen type 1, hepatocyte growth factor (HGF), and growth differentiation factor-11 (GDF-11) (33). Indeed, UCB-MSCs have been reported to possess anti-wrinkling effects and the ability to increase dermal density. Because of these benefits, researchers claim that the clinical applications of UCB-MSCs extend beyond the limits of those of BM-MSCs (34). However, previous studies have also reported undesirable characteristics of UCB-MSCs, such as earlier morphological changes and faster loss of amplification ability, along with lower attachment efficiency (31, 35, 36).

Human AT-MSCs were identified as another promising source of MSCs in 2001, because of its accessibility and abundancy as well as its stronger immunosuppressive effects. Unlike BM-MSCs, AT-MSCs can be extracted in large, concentrated quantities (about 500 times more than BM-MSCs) using relatively simple procedures and local anesthesia (37). Another benefit of AT-MSCs is that they can be extracted from various human body sites; however, AT-MSCs extracted from different sites have shown varied traits (38). For instance, Nepali et al. concluded that orbital AT-MSCs have higher expressions of CD73, CD90, CD105, and CD146, but lower expressions of CD31, CD45, and HLA-DR, than abdominal AT-MSCs (38). Moreover, Kim et al. reported increased expression of HLA-ABC and HLA-DR in AT-MSCs after IFN-γ treatment, raising concerns about the application of allogenic AT-MSCs (32). Hence, more research investigating donor-matched AT-MSCs from different isolation sites and their respective traits is required to fully understand the defining phenotypes and increase the clinical efficiency of these MSCs (28, 38).

While the previously mentioned sites represent the most common tissues for MSC extraction, the synovial membrane also contains MSCs. Synovial membrane-derived MSCs (SM-MSCs) were first isolated in 2001 by De Bari et al. (39). Like AT-MSCs, SM-MSCs can be extracted from various sites, including the cotyloid fossa or paralabral synovium, with site-specific traits (40). Interestingly, SM-MSCs have extensive proliferative ability, multilineage differentiation potential, and low immunogenicity relative to other MSCs (39, 41). Due to higher expression of type II collagen, aggrecan, and SRY-box transcription factor 9 in SM-MSCs, they have demonstrated higher chondrogenic potential than MSCs from other sources and are expected to be more widely used for cartilage repair and joint homeostasis treatments (42–44). Moreover, a study by Sakaguchi et al. concluded that SM-MSCs and BM-MSCs have greater osteogenic and adipogenic potentials than other MSCs; however, SM-MSCs foster relatively low-density expansions in vitro compared to BM-MSCs (41, 45).



APPLICATIONS OF MSC THERAPIES FOR CARTILAGE INJURIES

The safety and efficacy of MSCs in the treatment of joint-related diseases and cartilage injuries have been continuously examined over the recent decades. Concurrently, the prevalence of cartilage lesions have also significantly increased during this period, as the early incidence rates of this condition have roughly tripled from 1996 to 2011 (46, 47). Despite the high prevalence rate, a universally efficient method for articular cartilage repair is yet to be developed (48). Current surgical options include arthroplasty, microfracture, and autologous chondrocyte implantation (49). The promising qualities of MSC-based therapies could potentially provide effective, less invasive procedures to repair articular cartilage defects. In an experimental trial, BM-MSCs were transplanted into the patellae of two patients with full-thickness articular cartilage defects (50). Two years after transplantation, the arthroscopic results showed significant improvements in the walking abilities of both patients (50). Similarly, another case study involving a judo athlete diagnosed with a full-thickness cartilage defect in the medial femoral condyle exhibited recovery within months after the implantation of MSC-embedded collagen gel with reduced pain (51). Furthermore, a 2010 study compared the clinical outcomes of cartilage lesion repair between implantations of first-generation autologous chondrocytes and BM-MSCs in groups of 36 patients each; all patients showed improvements in quality of life with no significant differences between the groups (52). Therefore, it was concluded that BM-MSC treatment is a cost-efficient option for cartilage lesion repair with minimal donor-site morbidity and fewer surgical procedures than autologous chondrocyte implantation (52). Thus, multiple clinical trials have revealed the promising potential of MSC therapy in cartilage repair.

Variations in the general characteristics of rheumatoid arthritis (RA) and osteoarthritis (OA) largely depend on their etiologies and initial symptoms. RA is a chronic systemic autoimmune disease characterized by joint inflammation and bone erosion (53, 54), whereas OA is a degenerative joint disease that triggers the gradual loss of articular cartilage (55, 56). While increased bone spur growth is observed in osteoarthritic joints during the early stages, RA joints initially experience synovial inflammation (Figure 2). Ultimately, patients diagnosed with either joint condition suffer from severe cartilage inflammation and loss of mobility (56, 57). In this review, we will further discuss the use of MSCs in these two respective joint diseases.
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FIGURE 2. Progression of rheumatoid arthritis (RA) and osteoarthritis (OA). In contrast to the healthy joint, the osteoarthritic joint has thinned cartilage and the bone ends rub together. Joints diagnosed with RA have swollen, inflamed synovial membranes and undergo bone erosion. The cartilage erosion seen in the later stages of arthritis ultimately leads to the loss of mobility.




APPLICATIONS OF MSC THERAPIES IN OA


General Characteristics of OA

OA is the most common degenerative joint disease (55). Its initial symptoms include loss of articular cartilage followed by progressive to joint stiffness, swelling, pain, and loss of mobility (56). The prevalence rate of OA is extremely high, affecting more than 250 million people worldwide (58–60). With increases in the aging and obese populations, the prevalence of OA is predicted to increase to 67 million by 2030 (61). Hence, an effective and safe OA treatment is urgently required.

Like RA, OA is also divided into two groups based on its etiology: primary and secondary (59). Primary OA is idiopathic and gene-dependent, whereas secondary OA mainly originates from traumatic events (58, 62, 63). Despite different etiologies, the two types of OA progress in similar directions, ultimately resulting in the loss and destruction of articular cartilage (55).

Although aging is one of the biggest risk factors for OA, the underlying mechanisms and related factors are yet to be definitively established (55, 56, 64). An imbalance in the production and activities of catabolic mediators in aging cells is a cause of the destruction and loss of articular cartilage (65). A disturbed ratio of the transforming growth factor β (TGF-β) receptors activin receptor-like kinase 1 (ALK1) and ALK5 triggers the downregulation of the TGF-β pathway and induces matrix metalloproteinase (MMP) expression, which degrades structural proteins in the cartilage (55, 66). The exact reason for this imbalance in signaling is assumed to be the senescent phenotype of OA chondrocytes, but a clear explanation is still required (65). Age-related mitochondrial dysfunction has also been suggested to promote the development of OA (66, 67). Aged articular chondrocytes and other cells display increased secretion of reactive oxygen species (ROS), and thereby elevated oxidative stress (67–69). The production of ROS ultimately alters mitochondrial function, leaving them unable to synthesize proteoglycans, the primary building blocks of the cartilage extracellular matrix (ECM) (70).

Genetic predisposition is another major risk factor of primary OA, with almost 30–65% of OA risk being genetically determined (56, 64, 71, 72). Recent genome-wide association studies (GWAS) have drastically expanded our understanding of the genetic risk factors of OA (71, 73). Currently, 90 loci are known to pose significant OA genetic risks, and 80 possible gene mutations or single nucleotide polymorphisms (SNPs) have been identified to be involved in OA pathogenesis (74). These include genes encoding other structural factors (Col2a1, Col9a1, and Col11a1) and bone morphogenetic proteins (Gdf5) (75–81). There are various ongoing studies focused on fully uncovering the genetic risk factors of OA. Most notably, a 2019 study analyzed ~77,000 patients with OA and 378,000 undiagnosed individuals from the UK Biobank cohort to identify 52 novel OA-associated signals (74). While most studies have specifically investigated OA susceptibility loci in Europeans or those of European descent, there have also been studies targeting other populations (82–85). A 2020 study by Zhao et al. showed a significant correlation between the SNP rs10896015 in the LTBP3 gene and hip OA among the Chinese population (86). Furthermore, another study revealed that the SNP rs4238326 in the ALDH1A2 gene, which was previously reported to trigger hand OA in European populations, is also linked to knee OA risk (86, 87).

Obesity has become a highly prevalent disease in contemporary society and it is estimated to spread to almost 20% of the global population by 2030 (88). Obese patients with unhealthy diets are exposed to multiple risk factors of OA, as one study reports a 24% increase in the likelihood of developing OA in obese individuals compared to those of healthy weight (89). First and foremost, mechanical overload in joints promotes ROS production by OA chondrocytes, which further aggravates cartilage degradation (90). A recent study concluded that there is a 2.5-times higher likelihood of patients with diabetic knee OA experiencing knee pain compared to patients with non-diabetic knee OA due to accelerated cartilage damage (91). Furthermore, obesity has also been associated with the secretion of adipokines, thus contributing to low-grade systemic inflammation (92–95). The expression levels of pro-inflammatory cytokines, such as interleukin (IL)-1β, IL-6, IL-8, and tumor necrosis factor-α (TNF-α), are increased in obese individuals (96–101). Inflammatory factors activate the nuclear factor-κB (NF-κB) signaling pathway and ultimately result in the upregulation of MMPs, subsequently targeting the ECM (102–104). Lastly, meta-analysis studies have shown a significant relationship between obesity and dose-response. Patients with higher body mass indices are less likely to be dose-responsive and show continual clinical consequences (89, 105, 106).

Although moderate physical activity is encouraged to improve one's general health, repetition or incorrect execution of movements is the prevailing cause of OA in both young and older adults (56, 64, 107). From a comprehensive review of recent studies, common occupational activities such as sitting (hip and knee OA), lifting (knee OA), driving (knee OA), and squat (lower limb OA) have been associated with increased risk of OA (108, 109). These activities, if repeated, could be detrimental to the joint, as a study calculated the risk of developing localized OA to be twice as likely in individuals with occupations demanding repetitive physical activities compared to the average population (110). Moreover, although recreational sports activities are known to lower the occurrence of OA, elite athletes participating in competitive sports are extremely prone to OA, as incorrect execution of movements may disturb joint stabilization (111–114). In a systematic review including over 8,400 subjects, it was concluded that soccer, weightlifting, and wrestling were the sports with the highest prevalence of knee OA (112). Furthermore, it has been reported that OA prevalence rates in contact sports, such as rugby, are twice as high as those in non-contact sports (113).



Clinical Trials Using MSCs in OA

We also reviewed recent clinical trials that used MSC-based treatments in patients with OA (Table 2). A clinical trial by Kim et al. involved 49 patients (55 knees) with isolated full-thickness cartilage lesions and Kellgren-Lawrence (K-L) grade 1 or 2 OA with symptoms of knee joint pain and/or functional limitations despite non-surgical treatments for a minimum of 3 months (115). AT-MSCs were harvested from each patient's buttocks via tumescent liposuction. Upon isolation, AT-MSCs were loaded into a fibrin glue product and surgically implanted into the lesion site. Implanted knees were immobilized with a knee brace for 2 weeks post-surgery, followed by passive joint exercises. During the follow-ups, it was reported that the mean International Knee Documentation Committee (IKDC) score increased from 37.7 to 67.3, and the Tegner Activity Scale from 2.2 to 3.8. Both scores showed significant improvements in patients, with 74.5% of them expressing better satisfaction. In addition, age and lesion size were identified as independent factors affecting clinical outcomes. Patients over 60 years of age with lesion sizes >6.0 cm2 showed less favorable results. Although there were some variations in the results due to these factors, the overall clinical outcomes of MSC implantation in OA patients were encouraging, with successful results.


Table 2. Clinical trials using MSCs in OA.
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In 2016, Shapiro et al. conducted a randomized, single-blinded, placebo-controlled trial in 25 patients with mild to moderate bilateral knee OA who had previously received conventional treatments, such as activity modification or physical therapy (116). Each patient had ~52 mL of bone marrow harvested from their respective superior iliac crests. The marrow cells were then analyzed for the positive and negative co-expression of surface markers to fulfill the minimal criteria for defining MSCs. Upon confirmation, 5 mL of cells were mixed with 10 mL of previously separated platelet-poor bone marrow plasma to be injected into a randomly assigned knee of each patient (13 patients received MSCs in their right knee, and 12 patients in their left knee). The contralateral knees subsequently underwent an intra-articular injection of 15 mL of sterile saline, and served as controls. After 1 week, 3 months, and 6 months, the Measure of Intermittent and Constant Osteoarthritis Pain (ICOAP) questionnaire and visual analog scale (VAS) pain scores of the two groups were recorded. The VAS pain scores and answers to the ICOAP questionnaires indicated significant improvements throughout the follow-up periods in both the bone marrow aspirate concentration group and the placebo group. Furthermore, both groups showed increased activity levels and decreases in self-reported pain medication usage, with no difference in the degree of improvement from baseline. The efficacy of MSC injection was questioned, as there was no difference in pain-mediating capabilities between the knees treated with the BM-MSC injection vs. saline.

In 2016, Pers et al. published a phase I, prospective, bicentric, single-arm, open-label, dose-escalating clinical trial report of AT-MSC injection in patients with knee OA (117). The 18 patients selected for the trial were 50–75 years of age with K-L grade 3–4 knee OA. The subjects were first divided into three consecutive cohorts with increasing dosages: 2 × 106 (low dose), 10 × 106 (medium dose), and 50 × 106 (high dose) cells. The primary outcome assessed the safety of the trial, while the secondary outcome measured clinical efficacy. The AT-MSCs were extracted from the respective patients through liposuction and the prepared AT-MSC dosages were administered via intra-articular injections to the knee joints. In the primary outcome assessment, no adverse events from either liposuction or intra-articular injection were observed. However, one patient who had hypertension and hyperlipidemia suffered from unstable angina pectoris without increased levels of cardiac markers 3 months after treatment. In addition, four other patients reported minor knee pain/joint effusion that resolved spontaneously or after treatment with non-steroidal anti-inflammatory drugs. Thus, the safety of AT-MSC treatment was further demonstrated. The secondary outcome was initially assessed using magnetic resonance imaging (MRI), which showed no correlation between MRI and clinical results, in addition to histologic analysis that showed no indication of tumor proliferation. In contrast to other studies, only the low dosage group presented statistically significant results in all categories of the Western Ontario and McMaster Universities Osteoarthritis (WOMAC) index, VAS pain score, and Knee Injury and Osteoarthritis Outcome Score (KOOS). This inverse dose effect could possibly be due to increased inflammation in the low-dose group. Despite limited resources and unclear explanations, Pers et al. further demonstrated the safety and promising potential of MSC treatment.

Matas et al. led a randomized, double-blinded, controlled clinical trial including 29 patients aged 40–65 years with K-L grade 1–3 knee OA (118). Patients were divided into three groups and received two injections 6-months apart. The hyaluronic acid (HA) group (control) received two HA injections (3 mL of Durolane). The MSC-1 group received UCB-MSC (2 × 107 UCB-MSCs and 5% AB plasma in 3 mL of saline) at baseline and was later injection with placebo (5% of AB plasma in 3 mL of saline), while the MSC-2 group received two UCB-MSC injections (2 × 107 UCB-MSCs and 5% AB plasma in 3 mL of saline). Although acute synovitis was common after UCB-MSC injections, no serious adverse events were observed during the trial. Clinical assessment revealed that the MSC-2 group had significantly lower total WOMAC indices than the HA control group at 12 months (4.2 vs. 15.2). In parallel with this result, the VAS score of the MSC-2 group was 2.4, while the VAS score of the HA group was 22.1. In contrast to the MSC-2 group, the MSC-1 group did show improvements through the first 9 months, but later became ineffective after receiving an HA injection. Overall, no patients in any group showed evidence of chondral damage or intra-articular calcifications upon MRI follow-up. The clinically significant results indicated that repeated administration of UC-MSCs dosage is a favorable and safe means of improving the clinical outcomes of patients with knee OA.

Freitag et al. conducted a randomized trial involving 30 patients aged 18 years or older with K-L grade 2–3 knee OA who had previously undergone primary conservative management of OA, such as weight management programs and bracing (119). The participants were first randomly divided into three groups: two treatment groups and one control group. The first group was injected once with 1 × 108 MSCs, while the second group received two injections of 1 × 108 MSCs 6 months apart. The third group served as the control with continued conservative treatments. MSCs were harvested from the adipose tissues of the patients and cultured until passage 2 prior to injection. AT-MSCs were then injected under ultrasound guidance into the intra-articular knee space. The primary outcomes measured the pain and functional changes after the procedure; the secondary outcome involved an MRI analysis after 12 months. Relative to the control, the two treated groups showed significant improvements in pain according to the numeric pain rating scale (NPRS) (6.7 and 6.5 to 2.6 and 2.3) and WOMAC scores (59.6 and 54.4 to 84 and 87.3). MRI analysis showed that 37% of the participants in the first treatment group exhibited further cartilage loss compared to the control. However, ~89% of the patients in the second treatment group showed marked improvement or no progression in cartilage loss. Furthermore, no serious adverse events were observed in the two treated groups during follow-up. Thus, it was concluded that AT-MSC therapy is a safe and effective treatment for knee OA and that frequent injections are preferable.

In 2019, Chahal et al. published a non-randomized, open-label, dose-escalation clinical study (120). This study included patients aged 40–65 years, who were diagnosed with K-L grade 3–4 knee OA and had failed to derive benefits from non-operative treatment regimens for at least 6 months. A total of 12 patients were divided into four cohorts. The first three cohorts were injected with 1 × 106, 2 × 107, and 5 × 107 BM-MSCs (extracted from the posterior superior spine, respectively). In the fourth cohort, three patients each received different BM-MSCs dosages consistent with the increasing dosage levels injected into the three previous cohorts. The primary outcome ensured the safety of the trial, and the secondary outcomes involved clinical, radiological, and biomarker assessments. Without any adverse events, patients saw significant improvements in KOOS and WOMAC stiffness scores, quality of life, and symptoms 12 months post-BM-MSC treatment. Moreover, patients treated with higher dosages demonstrated better chances of significant improvements compared to those treated with lower dosages. Hence, it was concluded from this study that BM-MSC treatment is safe with positive clinical outcomes, specifically at higher dosages.

In 2019, Lee et al. conducted a randomized, double-blinded, placebo-controlled study in 24 patients with knee OA aged 18–75 years, who had a mean pain intensity (VAS score) of 4 or higher for a minimum of 12 weeks with at least one grade 3–4 lesion (121). Patients were randomly divided into MSC and control groups. MSCs were then isolated from the abdominal subcutaneous adipose tissue via lipoaspiration. After the isolated AT-MSCs were cultured to passage 3, the MSC group was treated with an intra-articular injection of 1 × 106 AT-MSCs in 3 mL of saline, while the control group was injected with 3 mL of saline alone. The primary clinical outcome was evaluated 6 months after injection using the WOMAC index. In addition, the secondary outcomes comprised clinical scores, physical examination, radiological evaluation, and safety assessment. In the follow-up, the control group showed no drastic changes in any of the outcomes. On the contrary, the MSC group showed significant reductions in WOMAC and VAS scores for knee pain, from 60.0 to 26.7 and 6.8 to 3.4, respectively. Moreover, the physical and radiological examination data showed that the MSC-injected patients demonstrated a wider range of knee motion (127.9°-134.6°) and unchanged cartilage defects, in contrast to the enlargement seen in the control group. Finally, with all adverse events below grade 3 of the National Cancer Institute-Common Terminology Criteria for Adverse Events scale, the use of intermittent acetaminophen could remediate all treatment-related adverse events without any treatment discontinuations. Although some evaluations (K-L grade, HKA angle, quadriceps power, and the presence of joint effusion) did not show any difference or improvement between the MSC and control groups, it was concluded that the intra-articular injection of AT-MSCs resulted in satisfactory clinical and functional outcomes without serious short-term safety concerns.




APPLICATIONS OF MSC THERAPY IN RA


General Characteristics of RA

RA is a chronic systemic autoimmune disease that causes progressive disability and premature death (53). This disease initially affects the synovial joints and later progresses to the skin, eyes, heart, kidneys, and lungs (53, 57). Ultimately, the patient suffers from joint failure characterized by cartilage damage and severely weakened tendons and ligaments (57, 122). The prevalence rate of RA was reported to be ~0.5–1.0% across the global population in 2002, with females being twice as more likely to be affected due to unknown factors (123, 124).

Based on the presence or absence of anti-citrullinated protein antibodies, RA is divided into two major subtypes (53), which show significant differences in their respective genomes and have completely different pathophysiologies (125). The primary genetic risk factors of RA include alleles encoding the HLA-DR region (53, 126–130). Other critical components are environmental risk factors, such as exposure to tobacco smoke, and lifestyle factors, such as dietary habits (53, 128). As the mechanisms of RA development and its specific targeting of the joints remain unclear, further research is required to fully understand this process (53). The fulminant stage of RA involves hyperplastic synovium, cartilage damage, and bone erosion (53). Along with bone loss, both inflammation and autoimmune responses are potential causes of RA progression (53). This cascade of reactions is activated when fibroblast-like synoviocytes (FLSs) interact with immune cells of the innate and adaptive immune systems (53). Some of the immune cells responsible for inflammation are monocytes, macrophages, T lymphocytes, and B cells (53, 131, 132). The synovial membrane and cartilage undergo significant inflammation, causing hyperplastic synovium and cartilage destruction that eventually lead to bone erosion (54). Hyperplastic synovium is a critical characteristic of RA, and there are two hypotheses regarding its cause. The first is that the abnormal proliferation of FLSs ultimately leads to the production of inflammatory cytokines and mediators that continue joint destruction (53, 133). The second is that the resistance to apoptosis due to defects in tumor protein p53 triggers the hyperplastic synovium (53, 134). Here, the shortage of chondrocytes caused by apoptosis would result in cartilage degeneration and joint-space narrowing via directed adhesion and invasion (53, 135, 136).



Clinical Trials Using MSCs in RA

Compared to OA, relatively few trials have been performed in RA with MSCs. In some cases, it is said that MSC therapy is not suitable for RA given the growing armamentarium of other efficient therapeutic agents available in contrast to OA. Systemic administration of autologous MSCs seemed to cause an exacerbation of RA in a collagen-induced arthritis (CIA) RA animal model, whereas the results of administration of allogeneic MSCs were more successful. These results suggest that allogeneic MSCs are more effective in treatment for autoimmune disorders (137, 138). Although there have been a limited number of clinical trials of MSC treatment in RA patients, the safety and efficacy of therapy have been confirmed in several studies (139). Here, we have briefly reviewed recent clinical trials that used MSC-based treatments in patients with RA (Table 3).


Table 3. Clinical trials using MSCs in RA.
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Wang et al. conducted a randomized controlled clinical trial with 172 patients with RA who previously underwent unsuccessful chemotherapy treatments and were currently prescribed disease-modifying anti-rheumatic drugs (DMARDs) (140). The MSC-treated group (n = 136) received 4.0 × 107 UC-MSCs in 40 mL of stem cell solvent, while the control group (n = 36) received only 40 mL of stem cell solvent via intravenous infusion. The MSC-treated group was then further divided into three groups based on the intervals after the first treatment: Group 1 had a 3-month interval, Group 2 had a 6-month interval, and Group 3 had an 8-month interval between injections. The safety of the trial was assessed through radiographic and physical examinations, while disease activity was monitored via disease activity score 28 (DAS28) and the Health Assessment Questionnaire (HAQ). This study did not find serious side effects other than minor fevers and chills. Two weeks after the intravenous injection, the MSC-treated groups showed higher quality of life with reduced joint pain/swelling compared to that of the control group. Moreover, decreased DAS28 and HAQ scores were recorded in the MSC-treated group with repeated treatments, indicating a steady reduction in disease activity. Thus, treatment with a combination of DMARDs and UCB-MSC via injection was concluded to be safe and effective in reducing the long-term disease activity of refractory RA compared to that of conventional DMARDs treatment alone.

Park et al. conducted a clinical trial to test the safety of short-term application of UCB-MSCs in patients with RA (141). The nine participating patients, all aged 18 years or older, had baseline DAS28 assessments and were on a stable dose of methotrexate for a minimum of 12 weeks. Patients received different concentrations of UCB-MSCs via intravenous infusion. Follow-ups for the assessment of clinical and safety parameters were conducted 24 h, 3 days, 1 week, and 4 weeks after infusion. At 4 weeks post-infusion, no abnormalities were detected in the hematologic and chemical profiles; only minor elevations in serum uric acid levels were observed among patients. Hence, it was reported that there were no serious adverse events or dose-limiting toxicities due to the application of UCB-MSCs. UCB-MSC treatment reduced the disease activity of RA and dose-dependently reduced the DAS28 score and VAS pain scale.

Ghoryani et al. conducted a clinical trial to test the immunoregulatory effects of MSCs on 13 female patients with refractory RA, who had previously received maximum dosages of DMARDs (142). The patients had their respective BM-MSCs transplanted via a single dose (1 × 106 per kg of body weight) and were followed up at 1, 6, and 12 months post-transplantation. Patients showed a significant reduction in DAS28 score (from 5.56 to 4.72) after 12 months of MSC treatment. Increased forkhead box P3 (FOXP3), IL-10, and TGF-β1 gene expressions were observed in patients treated with MSCs. Based on the increases in IL-10 and TGF-β, MSC therapy was concluded to have significant immunomodulatory effects in patients with refractory RA. Nevertheless, further research is required to investigate the possible effects of increasing/replicating the MSC dosages in patients for improved results.




STRATEGIES FOR FUTURE USE OF MSCs

The terminology debate over “stem” versus “stromal” has been argued in the past and is still ongoing (9). In 2005, the ISCT committee issued a paper that clarifies that the term MSC is not equivalent (or interchangeable) with mesenchymal stromal cell (143). While the MSCs previously discussed in our study refers to cells with self-renewal and differentiation, mesenchymal stromal cells refers to a bulk population of cells with secretory, immunomodulatory effects with additional homing ability (144–146). This is a critical point in studies using MSCs, as the ISCT MSC committee recommends to clarify whether MSC stands for “mesenchymal stromal cells” or “mesenchymal stem cells.” However, currently, there is no surface marker that can be used to distinguish these two cell types. The ISCT MSC committee endorses the functional distinction between stromal and stem cells and suggests further analysis focused on their functionalities along with their secretomes. With advanced analysis at the single cells levels and mass cytometry using next-generation sequencing tools, it is important to distinguish the epigenomic, transcriptomic, and proteomic differences between the mesenchymal stromal cells and stem cells. Future studies that target treatment and regeneration of the defected joint tissue should consider thoroughly characterizing the attributes along with the stemness of the MSCs that are used in each study. Such detailed characterization of the investigated MSCs may suggest a unique subtype of MSCs for more direct targeting for the treatment of arthritic diseases.



CONCLUSION

In this review, we have summarized the current status of MSC therapies for OA and RA. While, OA had more promising studies and results compared to that of RA, MSC therapy has shown potential in both OA and RA treatments with reduced pain, improved joint function, and enhanced overall life satisfaction in patients. Clinical trials on OA and RA discussed in this review demonstrate that MSCs are a safe treatment option without serious adverse events. However, more studies are required to examine the long-term safety of MSC injections and their respective clinical applications. Future research studies employing the latest in technology can be the key to increasing scientific evidence concerning their efficacy and safety of MSC therapies. In addition, thorough examination and characterization of the studies already using MSCs are critical for the better understanding of MSCs and will allow them to become a leading candidate for the treatment of various diseases, including arthritic diseases.
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ACPA, anti-citrullinated protein antibodies; AI, arthritis index; AIA, antigen-induced arthritis; ALK, activin receptor-like kinase; AT-MSC, adipose tissue-derived mesenchymal stem cell; BMAC, bone marrow aspirate concentration; BM-MSC, bone marrow-derived mesenchymal stem cell; CD, cluster of differentiation; DAS28, disease activity score; DMARD, disease-modifying anti-rheumatic drug; ECM, extracellular matrix; FLS, fibroblast-like synoviocytes; GFP-MSC, green fluorescent protein-positive mesenchymal stem cells; HA, hyaluronic acid; HAQ, health assessment questionnaire; HKA angle, hip-knee-ankle angle; HLA, human leukocyte antigen; ICOAP pain questionnaire, measure of Intermittent and Constant Osteoarthritis Pain questionnaire; ICST, International Society of Cellular Therapy; IFN- γ, interferon gamma; IGF-1, insulin-like growth factor 1; IKDC, International Knee Documentation Committee; IL, interleukin; K-L grade, Kellgren-Lawrence grade; KOOS, Knee Injury and Osteoarthritis Outcome Score; MMP, matrix metalloproteinases; MRI, magnetic resonance imaging; MSC, mesenchymal stem cell; NPRS, Numeric Pain Rating Scale; NF-κB, nuclear factor-kappa B; OA, osteoarthritis; OP-1, osteogenic protein 1; PGA, patient global assessment; RA, rheumatoid arthritis; ROS, reactive oxygen species; GWAS, genome-wide association studies; SF-36 Questionnaire, 36-Item Short Form Survey; SM-MSC, synovium-derived mesenchymal stem cell; SNP, single nucleotide polymorphism; TNF, tumor necrosis factor; UCB-MSC, umbilical cord blood-derived mesenchymal stem cell; VAS, visual analog scale; WOMAC index, Western Ontario and McMaster Universities Osteoarthritis index; WORMS, whole-organ MRI scoring.
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Objective

To investigate the activation of the IFNγ signaling pathway in monocytes of patients with secondary hemophagocytic lymphohistiocytosis (sHLH)/macrophage activation syndrome (MAS) and to evaluate whether levels of phosphorylated STAT1 represent a biomarker for the identification of patients at early stages of the disease.



Methods

Fresh whole blood samples from pediatric patients with active sHLH/MAS, not receiving (n=10) and receiving glucocorticoids (n=14) at time of sampling, were prospectively collected. As disease control groups, patients with active systemic juvenile idiopathic arthritis (sJIA) without MAS, patients with sHLH/MAS in remission and patients with other rheumatic diseases were also sampled. Whole blood cells were left unstimulated or stimulated with increasing concentrations of IFNγ for 10 minutes and the intracellular Tyrosine (701)-phosphorylated STAT1 (pSTAT1) levels were evaluated in monocytes by flow cytometry.



Results

Monocytes from untreated sHLH/MAS patients showed significantly higher basal levels of pSTAT1 compared to those observed in monocytes from glucocorticoid-treated sHLH/MAS patients and from all the other disease controls. In addition, a significant increase in responsiveness to IFNγ, as assessed by increased levels of pSTAT1 following ex vivo stimulation, was observed in monocytes from untreated sHLH/MAS patients. pSTAT1 levels in monocytes distinguished patients with sHLH/MAS not treated with glucocorticoids from patients with active sJIA or with other rheumatic diseases [AUC, 0.93; 95% confidence interval 0.85-1.00, p<0.001]. Statistically significant correlations between IFNG mRNA levels in whole blood cells, circulating IFNγ levels and pSTAT1 levels in sHLH/MAS monocytes were found.



Conclusion

Our data demonstrating higher basal levels of pSTAT1 as well as a hyperreactivity to IFNγ stimulation in monocytes from patients with sHLH/MAS point to perturbations in the activation of downstream IFNγ signaling pathway as a contributor to the hyperinflammation occurring in these patients. Finally, the observation that glucocorticoids affect pSTAT1 levels in vivo, makes it difficult to consider the measurement of pSTAT1 levels as a biomarker to identify patients at early stages of sHLH/MAS in clinical practice.
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Introduction

Hemophagocytic lymphohistiocytosis (HLH) is a life-threatening syndrome characterized by hyperinflammation caused by uncontrolled activation of immune cells, particularly monocytes/macrophages and CD8+ T cells. It is classified into primary and secondary forms, depending on whether they are inherited or acquired (1). Indeed, while primary HLH (pHLH) is caused by loss-of-function mutations in genes encoding proteins involved in the cytolytic secretory functions of natural killer (NK) cells and cytotoxic T lymphocytes, secondary HLH forms (sHLH)/macrophage activation syndrome (MAS) often occur as complication of malignancies, infections and rheumatic diseases (2).

A growing body of evidence demonstrated the involvement of IFNγ in the pathogenesis of primary and secondary HLH as a major regulator of macrophage hyperactivation and hemophagocytosis (3–6). Further pointing to the role of IFNγ in the development of sHLH, elevated levels of IFNγ and IFNγ-regulated chemokines CXCL9 and CXCL10 have been found in the blood and in target tissues of patients and animal models (5, 7–10). Therapeutic neutralization of IFNγ has been shown to be efficacious in the treatment of primary and secondary HLH forms (11–13).

IFNγ is a pleiotropic cytokine with a key role in the regulation of innate and adaptive immune responses. It is mainly produced by activated NK and T cells and is involved in the activation of macrophages and NK cells, as well as in the differentiation and proliferation of T cells (14). IFNγ exerts its biological effects by activation of the Janus kinase (JAK)/signal transducer and activator of transcription (STAT) signal transduction pathway (15). Upon binding of IFNγ to its receptor, JAK1 and JAK2 are recruited and phosphorylated at the intracellular domain of the receptor. This event allows the recruitment of STAT1 and its activation via the JAKs-mediated phosphorylation of the tyrosine 701 residue (Y701). Finally, activated STAT1 translocates into the nucleus and initiates the transcription of IFNγ inducible genes (16).

In this study, we evaluated the activation of the IFNγ signaling pathway in monocytes of patients with sHLH/MAS, by assessing the intracellular levels of STAT1-Y701 phosphorylation (pSTAT1), under both basal conditions and following ex vivo stimulation with IFNγ. We aimed to investigate the activation of the IFNγ signaling pathway in monocytes of patients with sHLH/MAS and to evaluate whether levels of pSTAT1 could be used in a clinical setting to identify patients at early stages of HLH/MAS.



Methods and Patients


Patients

Patients were classified as follows. sJIA patients were diagnosed according to the ILAR criteria (17, 18). The 2016 classification criteria for MAS in sJIA were used to define patients with MAS in the context of sJIA (19). The 2004-HLH diagnostic guidelines were used to define those with sHLH (20). Patients who experienced an episode of MAS or sHLH, but were in clinical and laboratory remission at the time of whole blood collection, were also enrolled in the study. Since there are no criteria available to define disease remission of sHLH and MAS, we used those applied in the context of the clinical trial with the anti- IFNγ monoclonal antibody (emapalumab) in primary HLH and in MAS in the context of sJIA, respectively (11, 21).

The study was reviewed and approved by the local Institutional Ethical Committee of Bambino Gesù Children’s Hospital (number 1649/2018). Written informed consent to participate in this study was provided by the participants’ legal guardian/next of kin.



Flow Cytometry

Fresh peripheral whole blood cells were left unstimulated or stimulated with different concentrations of human recombinant IFNγ (0.01, 0.1, 1, 10 ng/ml) (R&D Systems) for 10 minutes at 37°C. Anti-CD3, anti-CD14 and anti-CD16 (all from Becton Dickinson) staining was performed for 20 minutes at 4°C, in order to discriminate the monocyte, neutrophil, natural killer and T cell subpopulations. Whole blood cells where then fixed with Lyse/Fix Buffer 10 min at 37°C and further incubated 10 min at RT with FcBlock 1:200 in Stain Buffer (all from Becton Dickinson). After permeabilization with Perm Buffer II (BD PhosFlow) 20 min at 4°C, samples were stained with antibodies against phosphorylated Tyrosine (701) STAT1 (pSTAT1) and total STAT1 (all from Becton Dickinson) for 20 min at 4°C. Isotype-matched control mAbs were used to determine non-specific background staining. Samples were run on a BD LSRFortessa X‐20 instrument (BD Biosciences) and data were analyzed with FlowJo software, version 8.3 (Tree Star). Results were expressed as Delta mean fluorescence intensity (ΔMFI, calculated by subtracting MFI values of isotype controls from sample MFI values).



Real-Time PCR

Whole blood samples were collected in Tempus Tube (Applied Biosystems). RNA was extracted with Tempus Spin RNA isolation kit (Applied Biosystems). Total RNA was reverse-transcribed with Superscript VILO cDNA synthesis Kit (Invitrogen). Gene expression levels were evaluated by quantitative polymerase chain reaction (qPCR) (ABI Prism 7900 HT sequence detection platform, Applied Biosystems), with Taqman Universal PCR Mastermix and Gene-expression Assays (Applied Biosystems; IFNG, Hs00989291_m1). The results, determined using the 2−ΔCt method, were normalized using GAPDH (Hs99999905_m1; Applied Biosystems) as endogenous control.



IFNγ Measurements

Plasma levels of IFNγ were measured using the IFNγ quantikine Elisa Kit (R&D Systems Inc.). The detection limit of the assays was 15.6 pg/ml.



Statistical Analysis

Normality was tested using the Kolmogorov-Smirnov test. For normally distributed data, differences between groups were analyzed by one-way or two-way analysis of variance (ANOVA) test with Bonferroni’s correction. Data are expressed as mean ± standard error of the mean (SEM). For non-normally distributed data, differences between groups were analyzed by the nonparametric Mann–Whitney U test and data are expressed as median and interquartile range (IQR). Correlations were tested using Spearman’s rank order test. Significance level for all statistical tests was at *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 values. Graphpad Prism 9 software was used for statistical analysis and graphs.




Results


Patients

Sixty-one patients were enrolled from 2017 to 2019 at Ospedale Pediatrico Bambino Gesù: patients with active sJIA (n=12; age 10.3 years, IQR 5.7-14.2; 4/12 treated with glucocorticoids), patients with sHLH/MAS not treated with glucocorticoids (n=10; age 7.1 years, IQR 5.1-14.04/12; 0/10 treated with glucocorticoids), patients with sHLH/MAS treated with glucocorticoids (n=14; age 6.3 years, IQR 2.5-14.9; 14/14 treated with glucocorticoids), patients with sHLH/MAS in remission phase (n=12; age 11.8 years, IQR 5.7-17.8; 2/12 treated with glucocorticoids), patients with other rheumatic diseases (n=13; age 6.2 years, IQR 4.3-12.7; 0/13 treated with glucocorticoids). Between 26 patients with sHLH/MAS enrolled, 13 patients experienced MAS in sJIA and 13 patients experienced sHLH, of which 5 secondary to infections, 4 secondary to inflammatory disorders, 2 secondary to malignancy, 2 of unknown origin. Between 13 patients with other rheumatic diseases enrolled, 2 patients with polyarticular juvenile idiopathic arthritis (JIA) antinuclear antibodies (ANA) positive, 5 patients with oligoarticular JIA (3 of whom with ANA positive and 2 with ANA negative), 1 with chronic non-bacterial osteomyelitis, 3 with undefined autoinflammatory diseases, 1 with undefined orbital granulomatous lesions and 1 with Kikuchi-Fujimoto disease. Patients’ laboratory parameters are shown in Table 1.


Table 1 | Patient laboratory parameters.





Increased Levels of Phosphorylated STAT1 in Monocytes From Untreated sHLH/MAS Patients

To evaluate the in vivo activation of the IFNγ pathway in patients with sHLH/MAS and to investigate whether levels of activated STAT1 represent a biomarker for the identification of patients at early stages of the disease, we measured basal activated Tyrosine (701) phosphorylated STAT1 (pSTAT1) levels in monocytes of patients with sHLH/MAS at time of blood sampling. These levels were compared with those of patients with active sJIA without MAS, with sHLH/MAS in remission phase, and with other inflammatory rheumatic diseases. sHLH/MAS patients showed significantly increased pSTAT1 levels compared to sHLH/MAS patients in remission and a trend to higher levels of pSTAT1 compared to active sJIA patients (Figure 1A). This was true for both sHLH and MAS patients.




Figure 1 | Increased phosphorylated STAT1 (pSTAT1) levels in monocytes of untreated sHLH/MAS patients. (A) pSTAT1 levels were evaluated in unstimulated monocytes from sHLH/MAS patients and compared to levels observed in monocytes from patients with other rheumatic diseases, patients with active sJIA, patients with sHLH/MAS in a remission phase. (B) pSTAT1 levels were evaluated in sHLH/MAS patients not treated (untreated sHLH/MAS) and treated (treated sHLH/MAS) with glucocorticoids at sampling and compared with the other patient groups. Full diamonds indicate samples from MAS patients. (A, B) pSTAT1 levels were measured by flow cytometry and reported as Delta mean fluorescence intensity (ΔMFI, calculated by subtracting MFI values of isotype controls from sample MFI values). Differences between groups were analyzed using the one-way ANOVA test and the post hoc Bonferroni’s for multiple comparisons test. The data shown represent mean ( ± SEM) values. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.



Based on several data demonstrating that, in vivo and ex vivo, glucocorticoids inhibits IFNγ-mediated phosphorylation of STAT1 (9, 22), we divided sHLH/MAS patients into two groups: patients without any treatment at time of blood sampling (untreated patients, n=10) and patients who were already receiving glucocorticoids (treated patients, n=14). We found that untreated sHLH/MAS patients showed significantly higher basal pSTAT1 levels in monocytes compared to treated sHLH/MAS patients, as well as to all the other disease control groups (Figure 1B).



Monocytes From Untreated MAS/sHLH Patients Show Increased Responsiveness to IFNγ

To investigate potential perturbations in IFNγ signaling pathway activation in sHLH/MAS, we analyzed pSTAT1 levels in monocytes following ex vivo stimulation with increasing concentrations of IFNγ. As shown in Figure 2, we found that monocytes of untreated sHLH/MAS patients showed a significant increase in responsiveness to IFNγ stimulation (at 1 and 10 ng/ml of IFNγ), compared to all the other disease control groups. Notably, following IFNγ stimulation, monocytes from glucocorticoid-treated sHLH/MAS patients showed pSTAT1 levels superimposable to those of the other patient/control groups. In monocytes of untreated sHLH/MAS patients, levels of pSTAT1 following IFNγ stimulation were significantly correlated with basal pSTAT1 levels (IFNγ 10 ng/ml: p=0.01, r=0.77). This correlation was not observed in disease control groups. We also found a correlation of pSTAT1 levels in unstimulated (n=10, p=0.01, r=0,75) and IFNγ (10 ng/ml) stimulated monocytes (n=10, p=0.03, r=0.68) with IFNG mRNA expression in whole blood paired samples. Consistently, plasma levels of IFNγ were high in patients with sHLH/MAS (mean± SEM, 51 pg/ml ± 14.7, n=24) and were correlated with pSTAT1 levels in monocytes not stimulated (n=24, p=0.004, r=0.56) or stimulated with IFNγ (n=23, p<0.0001, r=0.72). These data suggest a relation between overexpression of IFNγ in vivo and enhanced pSTAT1 levels ex vivo. In contrast, in patients with active sJIA, circulating levels of IFNγ were undetectable and no statistically significant correlations between IFNG mRNA, circulating levels of IFNγ  and pSTAT1 levels were observed.




Figure 2 | Monocytes from untreated MAS/sHLH patients show increased responsiveness to IFNγ. (A) pSTAT1 levels were evaluated in monocytes from patients following ex vivo stimulation with increasing concentration of human recombinant IFNγ. Differences between groups were analyzed using the two-way ANOVA test and the post hoc Bonferroni’s for multiple comparisons test. The data shown represent mean ( ± SEM) values; ***p ≤ 0.001. In untreated sHLH/MAS patients, pSTAT1 levels following stimulation with 1 and 10 ng/ml of IFNγ were significantly higher than those observed in all the other patient groups (p < 0.0001). (B) pSTAT1 levels in monocytes stimulated with 10 ng/ml of IFNγ are reported in detail. Full diamonds indicate samples from MAS patients. (A, B) pSTAT1 levels were measured by flow cytometry and reported as Delta mean fluorescence intensity (ΔMFI, calculated by subtracting MFI values of isotype controls from sample MFI values). Untreated sHLH/MAS patients were 9 instead of 10, because for one patient there were not enough cells for IFNγ-stimulation experiments.



We also measured by flow cytometry total STAT1 expression in unstimulated monocytes from a smaller number of patients. Due to the small number of samples analyzed, we found a trend for higher levels of STAT1 in untreated sHLH/MAS patients (Supplementary Figure 1). However, we found that total STAT1 levels significantly correlated with pSTAT1 levels in both unstimulated (p=0.04, r=0.5) (Figure 3A) and IFNγ-stimulated sHLH/MAS monocytes (p<0.0001, r=0.85) (Figure 3B). In contrast, no significant correlations were observed between total STAT1 levels and pSTAT1 levels in patients with active sJIA (Figures 3C, D).




Figure 3 | Total STAT1 levels are significantly correlated with pSTAT1 levels in monocytes of sHLH/MAS patients, but not in those of active sJIA patients. (A, B) Total STAT1 levels were correlated with pSTAT1 levels in monocytes unstimulated (n=17) or stimulated (n=16) with IFNγ (10 ng/Mml) from sHLH/MAS patients. Full diamonds and circles indicate samples from untreated sHLH/MAS patients. (C, D) Total STAT1 levels were correlated with pSTAT1 levels in monocytes unstimulated (n=12) or stimulated (n=12) with IFNγ (10ng/ml) from active sJIA patients. Correlations were tested using Spearman’s rank order test. A base-10 log scale is used for the y and x axes of graphs (A–D).



Altogether, these results showed significantly higher levels of pSTAT1 both in unstimulated and ex vivo IFNγ-stimulated monocytes from patients with sHLH/MAS who were not receiving glucocorticoids. These levels correlated with mRNA expression and circulating levels of IFNγ. In addition, a correlation between total STAT1 levels and pSTAT1 levels in unstimulated and IFNγ–stimulated monocytes from sHLH/MAS not receiving glucocorticoids was also found. These results are consistent with the upregulation of IFNγ and the activation of IFNγ-mediated signaling pathway in patients with sHLH/MAS.



Clinical Relevance of pSTAT1 Levels in sHLH/MAS

In order to evaluate whether pSTAT1 levels could be used to identify HLH/MAS patients in a clinical setting, we performed receiver operating characteristic (ROC) curve analysis, by using as controls patients with active sJIA without MAS and patients with other rheumatic diseases. When untreated sHLH/MAS patients were analyzed, we found an area under the curve (AUC) of 0.93 [95% confidence interval (CI), 0.85-1.00, p<0.001] for pSTAT1 levels in unstimulated monocytes (Figure 4A) and an AUC of 0.92 (95% CI, 0.83-1.00, p<0.001) for pSTAT1 levels in monocytes stimulated with IFNγ (10 ng/ml) (Figure 4B). However, when all sHLH/MAS patients (untreated and treated with glucocorticoids at sampling) were analyzed, we found an AUC of 0.73 (95% CI, 0.58-0.87, p=0.006) for pSTAT1 levels in unstimulated monocytes (Figure 4C) and an AUC of 0.66 (95% CI, 0.50-0.81, p=0.06) for pSTAT1 levels in monocytes stimulated with IFNγ (10 ng/ml) (Figure 4D).




Figure 4 | pSTAT1 levels in monocytes distinguish patients with sHLH/MAS not treated with glucocorticoids at sampling from patients with active sJIA or with other rheumatic diseases. (A, B) receiver operating characteristic (ROC) curve of pSTAT1 levels in unstimulated (A) and IFNγ (10 ng/ml)–stimulated (B) monocytes distinguishing patients with sHLH/MAS not treated with glucocorticoids at sampling from patients with active sJIA or with other rheumatic diseases. (C, D) ROC curve of pSTAT1 levels in unstimulated (C) and IFNγ (10 ng/ml)–stimulated (D) monocytes distinguishing all patients with sHLH/MAS (not treated and treated with glucocorticoids at sampling) from patients with active sJIA or with other rheumatic diseases.



When we evaluated in untreated MAS/sHLH patients and in all MAS/sHLH patients (treated and untreated) the correlations of pSTAT1 and total STAT1 with clinical and laboratory parameters, including white blood cell count, platelet count, hemoglobin, ferritin, fibrinogen, we did not find any statistically significant correlation (data not shown).




Discussion

A growing number of studies point to a pivotal role of IFNγ in the pathogenesis of primary and secondary HLH forms, including MAS (4, 7).

Consistently with the observations of high levels of IFNγ and IFNγ-inducible inflammatory mediators in blood of patients and in animal models with sHLH (5–7), we found that freshly isolated blood monocytes from patients with sHLH/MAS show increased levels of pSTAT1, further confirming the activation of the IFNγ signaling pathway in these patients. In particular, we found that blood monocytes of patients with sHLH/MAS not treated with glucocorticoids express significantly higher levels of pSTAT1 compared to patients with active sJIA, as well as compared to patients with sHLH/MAS treated with glucocorticoids or to sHLH/MAS patients during remission. In addition, we found a statistically significant correlation of total STAT1 levels with pSTAT1 levels in sHLH/MAS patients. These data are consistent with previous findings demonstrating that STAT1 and pSTAT1 levels are strongly increased in target tissues, such as liver and lung, of patients and animals with sHLH/MAS (5, 8, 9).

Our data showing significant differences in pSTAT1 levels between untreated patients and glucocorticoid-treated patients are consistent with the known inhibitory effects, both in vitro and in vivo, of glucocorticoids on the IFNγ-mediated signaling pathway. Indeed, addition of dexamethasone to PBMC cultures has been demonstrated to result in the suppression of STAT1 expression and, therefore, in a dramatic inhibition of IFNγ signaling pathway activation, as revealed by suppression of IFNγ-inducible gene expression (22). Our observation also confirms our previous findings in PBMCs collected from one patient with sHLH: total STAT1 and pSTAT1 levels were significantly increased during the acute phase of the disease, but they underwent a marked decrease following initiation of treatment with glucocorticoids (9). Glucocorticoids are often used in the early phase of the disease to stabilize patients with rapidly progressive worsening disease. Indeed, we found that pSTAT1 levels in unstimulated and IFNγ-stimulated monocytes are sensitive and specific in discriminating sHLH/MAS patients not treated with glucocorticoids at sampling from patients with active sJIA and other rheumatic diseases. In contrast, they do not distinguish sHLH/MAS patients treated with glucocorticoids at sampling from disease controls. Altogether, these observations make it difficult to consider the measurement of pSTAT1 levels as a good biomarker for the identification of patients at early stages of sHLH/MAS in clinical practice.

To investigate potential perturbations in downstream IFNγ signaling pathway activation in monocytes of patients with sHLH/MAS, we also evaluated the activation of STAT1 following ex vivo stimulation of peripheral whole blood cells with increasing concentrations of recombinant IFNγ. We found that IFNγ stimulation was much more effective in inducing STAT1 phosphorylation in monocytes of sHLH/MAS patients not treated with glucocorticoids compared to all the other patient groups analyzed. These results are consistent with in vitro findings, demonstrating that in macrophages exposition to subthreshold concentrations of IFNγ increased their sensitivity to subsequent IFNγ stimulation, resulting in increased pSTAT1 and increased IFNγ–dependent gene expression (23). It is therefore conceivable that in patients with sHLH/MAS in vivo pre-exposure of monocytes to IFNγ  (7) led to hyper-response to subsequent ex vivo IFNγ stimulation. Accordingly, we observed a correlation between IFNG mRNA expression levels in whole blood cells, circulating IFNγ levels and pSTAT1 levels in unstimulated and IFNγ-stimulated monocytes of sHLH/MAS patients. The exact mechanism involved in the hyper-responsiveness to IFNγ of monocytes from sHLH/MAS patients remains to be elucidated. Other cytokines or a particular inflammatory milieu may affect total STAT1 levels in patients with sHLH/MAS. For example, TNF has been demonstrated to induce sustained expression of STAT1 and IFN-response genes in monocytes and macrophages (24). Recently, a role for increased TRIM8 expression in enhancing macrophage responsiveness to IFNγ in patients with active sJIA and MAS has also been reported (25).

Our results demonstrating that the activation of the IFNγ−mediated signaling pathway in patients with active sJIA without MAS and in patients with sHLH/MAS in remission is comparable to that observed in patients with other rheumatologic diseases provide evidence of a normal response of monocytes to IFNγ in these conditions. These data are in agreement with previous results obtained by Sikora et al., demonstrating that monocytes of patients with active sJIA do not show a hyperresponsiveness to IFNγ stimulation (26). In this study, we showed that, during the active phase of sHLH/MAS, monocytes are more responsive to IFNγ stimulation. These results add new insights to the pathogenesis of sHLH, demonstrating that sHLH/MAS is not only characterized by increased production of IFNγ (7), but also by increased reactivity of monocytes to IFNγ stimulation.

The major limitation of this study is the small sample size, as the study was conducted at one hospital center only. This is mainly due to the need to use freshly isolated cells for the cytofluorimetric assay, as we found that cell cryopreservation affected pSTAT1 staining.

In summary, consistently with the activation of the IFNγ pathway, we report that pSTAT1 levels are increased in monocytes of patients with HLH/MAS. Given the major effect of glucocorticoid treatment, often required to stabilize patients, on in vivo pSTAT1 levels and the need for freshly isolated cells and the relatively sophisticated technique, pSTAT1 levels cannot be used in routine practice as a test to identify patients at early stages of HLH/MAS. The observed hyper-response to ex vivo IFNγ stimulation suggests that both increased production of, and increased response to, IFNγ contribute to the amplification of hyperinflammation. Our results provide additional mechanistic support for the use of neutralizing IFNγ antibodies in the treatment of sHLH/MAS and, therefore, may have an impact on the justification of the dose of neutralizing antibody to be used.



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 local Institutional Ethical Committee of Bambino Gesù Children’s Hospital approved the study (number 1649/2018). Written informed consent to participate in this study was provided by the participants’ legal guardian/next of kin.



Author Contributions

GP, CB, and FDB conceived and designed the work. AP, IC, MNR, GMM, and VM performed the experiments. CB, AA, and MP enrolled patients and collected clinical data. GP and FDB wrote the manuscript. All authors contributed to the article and approved the submitted version.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.663329/full#supplementary-material

Supplementary Figure 1 | Total STAT1 levels in monocytes of sHLH/MAS patients. (A) Total STAT1 levels were evaluated in unstimulated monocytes from untreated or treated sHLH/MAS patients and compared to levels observed in monocytes from patients with other rheumatic diseases, patients with active sJIA and patients with sHLH/MAS in a remission phase. STAT1 levels were measured by flow cytometry and reported as Delta mean fluorescence intensity (ΔMFI, calculated by subtracting MFI values of isotype controls from sample MFI values). Differences between groups were analyzed using the one-way ANOVA test and the post hoc Bonferroni’s for multiple comparisons test. The data shown represent mean (± SEM) values.
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Integrative Clinical, Molecular, and Computational Analysis Identify Novel Biomarkers and Differential Profiles of Anti-TNF Response in Rheumatoid Arthritis
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Background: This prospective multicenter study developed an integrative clinical and molecular longitudinal study in Rheumatoid Arthritis (RA) patients to explore changes in serologic parameters following anti-TNF therapy (TNF inhibitors, TNFi) and built on machine-learning algorithms aimed at the prediction of TNFi response, based on clinical and molecular profiles of RA patients.

Methods: A total of 104 RA patients from two independent cohorts undergoing TNFi and 29 healthy donors (HD) were enrolled for the discovery and validation of prediction biomarkers. Serum samples were obtained at baseline and 6 months after treatment, and therapeutic efficacy was evaluated. Serum inflammatory profile, oxidative stress markers and NETosis-derived bioproducts were quantified and miRNomes were recognized by next-generation sequencing. Then, clinical and molecular changes induced by TNFi were delineated. Clinical and molecular signatures predictors of clinical response were assessed with supervised machine learning methods, using regularized logistic regressions.

Results: Altered inflammatory, oxidative and NETosis-derived biomolecules were found in RA patients vs. HD, closely interconnected and associated with specific miRNA profiles. This altered molecular profile allowed the unsupervised division of three clusters of RA patients, showing distinctive clinical phenotypes, further linked to the TNFi effectiveness. Moreover, TNFi treatment reversed the molecular alterations in parallel to the clinical outcome. Machine-learning algorithms in the discovery cohort identified both, clinical and molecular signatures as potential predictors of response to TNFi treatment with high accuracy, which was further increased when both features were integrated in a mixed model (AUC: 0.91). These results were confirmed in the validation cohort.

Conclusions: Our overall data suggest that: 1. RA patients undergoing anti-TNF-therapy conform distinctive clusters based on altered molecular profiles, which are directly linked to their clinical status at baseline. 2. Clinical effectiveness of anti-TNF therapy was divergent among these molecular clusters and associated with a specific modulation of the inflammatory response, the reestablishment of the altered oxidative status, the reduction of NETosis, and the reversion of related altered miRNAs. 3. The integrative analysis of the clinical and molecular profiles using machine learning allows the identification of novel signatures as potential predictors of therapeutic response to TNFi therapy.

Keywords: rheumatoid arthritis, anti-TNF agents, inflammation, NEtosis, microRNAs, machine learning, predictors, efficacy


INTRODUCTION

Rheumatoid arthritis (RA) is a systemic inflammatory autoimmune disease identified by continuous joint inflammation promoting cartilage and bone damage, incapacity and eventually systemic complications. Prompt treatment can preclude severe disability and bring significant benefits to patients, although the lack of therapeutic efficacy in a substantial number of patients is still challenging (1).

In the last years, advances in the understanding of RA pathogenesis by identifying key cells and cytokines have allowed the development of new targeted disease-modifying antirheumatic drugs (2). In the late 1990s, the introduction of anti-tumor necrosis factor alpha drugs (TNF inhibitors, TNFi) greatly improved the medical management of RA patients, although some of them were reported to be ineffective.

A recent observational study has found that nowadays anti-TNF drugs are the first-line treatment in 96% of patients who fail methotrexate therapy. Besides, patients who do not reach their treatment targets (3) are forced to cycle through multiple anti-TNF drugs while their disease has time to progress. As all anti-TNF drugs target similar molecular and inflammatory pathways, it is not surprising that most patients who are primary non-responders to their initial anti-TNF therapy fail to achieve their treatment targets when cycled through alternative anti-TNFs. This suggests that primary non-responders should be switched to an alternative therapy rather than enduring anti-TNF cycling. Thus, the development of a personalized medicine approach to identify primary non-responders to anti-TNFs prior to treatment would allow significantly more patients to reach their treatment target by treating them with alternative therapies as first-line therapies.

Nowadays, the number of robust treatment response predictors in RA is very limited, so that it has been demonstrated that pathophysiological biomarkers have insufficient discriminating power. Hence, several studies have identified a number of potential clinical biomarkers of RA response to biological therapies, including age, sex, disease duration and activity, smoking status, presence of comorbidities, tender joint counts (TJC), concomitant methotrexate therapy, etc. (4–7). Yet, those studies were inconsistent and contradictory results have been published.

Besides, none of these studies have evaluated the molecular mechanisms underlying the distinctive response to TNF-inhibitors (TNFi) among RA patients and their potential as predictors of treatment response.

In the last years, relevant findings in the field of RA pathogenesis have been described, among which new insights come from studies on synovial fibroblasts and cells belonging to the innate and adaptive immune system, which have documented the aberrant production of inflammatory mediators, oxidative stress and NETosis, along with relevant alterations of the genome and on the regulatory epigenetic and posttranslational mechanisms. Moreover, emerging studies by several groups, including ours, have demonstrated that the pharmacological therapy with biological disease modifying anti-rheumatic drugs (bDMARDs) such as TNF or IL-6 receptor inhibitors, or anti-CD20 antibodies promotes, in parallel to their clinical efficacy, a specific and significant alteration in several of these altered molecular mechanisms (8–12).

The complexity of the treatment response in a given patient and the significant differences between patients suggest that the combination of biomarkers may be more helpful than studying them separately. Therefore, the development of matrices containing clinical and laboratory parameters related to diagnosis or prognosis might help to select the best treatment for each patient.

Integrative biology by advanced computational analysis is a fast-expanding field that can be expected to identify combinations of parameters capable of predicting the response to various drugs (13).

In this study, we developed an integrative clinical and molecular longitudinal study in RA patients to explore changes in serologic parameters related to inflammation, NETosis, oxidative stress and regulating microRNAs (miRNAs) following TNFi treatment. Besides, by using machine-learning algorithms, we aimed at the prediction of TNFi response based on the combination of clinical and molecular profiles of RA patients.



PATIENTS AND METHODS


Study Design and Patients

In a prospective multicenter study, a total of 104 RA patients and 29 healthy donors (HD), from two independent cohorts, were recruited (during a 48-months period). These cohorts attended the Reina Sofia University Hospital of Córdoba, the Virgen Macarena Hospital of Sevilla, The Virgen del Valme Hospital of Sevilla, the Virgen de la Victoria University hospital of Malaga, Jerez de la Frontera University Hospital, and the University Hospital of Jaen. All patients fulfilled the American College of Rheumatology revised criteria for RA (14).

Approval from the ethics committees was obtained, and subjects provided written informed consent.

Clinical/laboratory parameters of RA patients and HD from the discovery cohort are displayed in Table 1 while clinical data of RA patients belonging to the independent validation cohort are displayed in Supplementary Table 1.


Table 1. Clinical and molecular profiles of rheumatoid arthritis patients and healthy donors recruited to the study.
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All patients had an inadequate response to at least two disease-modifying antirheumatic drugs (DMARDs) and received TNFi in combination therapy with DMARDs. All patients were naïve to TNFi treatment.

Within the discovery cohort, 22 patients were given infliximab (3 mg/kg/day intravenous infusion at times 0, 2, and 6 weeks, and every 8 weeks thereafter), 39 patients received etanercept (50 mg subcutaneously every week), 12 patients were treated with adalimumab (40 mg subcutaneously every 2 weeks), 4 with golimumab (50 mg subcutaneously every month) and 2 with certolizumab (400 mg at times 0, 2, and 4 weeks, and 200 mg every 2 weeks thereafter).

Within the validation cohort, 5 patients were given infliximab, 10 patients received etanercept, 8 patients were treated with adalimumab, 1 with golimumab and 1 with certolizumab.

Clinical assessment, before and after 3 and 6 months of TNFi therapy, included swollen joint count (SJC), tender joint count (TJC), 28-joint disease activity score (DAS28), clinical disease activity index (CDAI), simple disease activity index (SDAI), and health assessment questionnaire (HAQ). Serological evaluation, performed by clinical laboratory routine analysis, included analysis of rheumatoid factor (RF, U/mL), anti-cyclic citrullinated peptide antibodies (ACPAs, U/mL), C-reactive protein (CRP, mg/L) and erythrocyte sedimentation rate (ESR, mm/h).

Response to TNFi treatment was assessed by the European League Against Rheumatism (EULAR) criteria, based on the changes in DAS28 score, and the patients were categorized into responders and non-responders to TNFi. An improvement in DAS28 over ≥1.2 and a DAS28 value ≤ 3.2 after 6 months of treatment was considered a good response; a DAS28 value after 6 months between 3.2 and 5.1 and a reduction between 0.6 and 1.2 was considered a moderate response. Both of them were categorized as responders to the therapy. Patients who exhibited a DAS28 score at T6 > 5.1 or a reduction in DAS28 under 0.6 were considered a non-responders.



Blood Collection

Whole blood from HD and RA patients was collected by direct venous puncture either, into tubes with ethylenediaminetetraacetic acid (EDTA) as an anticoagulant, or into specific tubes for obtaining serum.

Blood samples were obtained before and after 6 months of TNFi treatment. To avoid blood composition changes promoted by diet and circadian rhythms, samples were always collected in the early hours in the morning and after a fasting period of 8 h. The blood was processed by spinning at 2,000 × g for 10 min at room temperature. Then, serum was transferred to a fresh RNase-free tube and stored at −80°C.

To avoid differences related to the origin of samples and their processing all the blood samples were collected and processed following the same protocol. In this multicenter study, our lab was the reference center. Thus, tubes for obtaining blood were sent to all the hospitals that collaborated on recruitment, and serum purification and storage were developed under the same conditions. Hence, all the samples coming from external centers were processes in our lab following the same procedures, which ensured the homogeneity of the downstream analysis.



Assessment of Circulating Inflammatory Profile and Oxidative Stress Markers

The inflammatory profile was analyzed in the serum of HD and RA patients both, before and after 6 months of TNFi therapy, by using a multiplex-type immunoassay—Bioplex (Bio-Rad, CA, USA)—in which a panel of 27 cytokines was evaluated.

Oxidative stress parameters were determined through the evaluation of oxidation of both lipids and proteins, along with the analysis of the total antioxidant capacity. Assays of lipid peroxidation levels were carried out using the Thiobarbituric acid reactive substances (TBARS) assay kit (Canvax Biotech, Córdoba, Spain), following the manufacturer's recommendations.

Protein nitrosylation was measured by using the Nitrotyrosine ELISA kit (Abcam, Cambridge, UK), following the manufacturer's recommendations. Serum total antioxidant capacity (TAC) was measured by quantitative colorimetric determination, using TAC Assay kit (Biovision, Mountain View, CA, USA) following the instructions provided by the manufacturer.



NETosis-Derived Products Assessment

To analyze NETosis-derived products, circulating levels of both elastase and nucleosomes were evaluated. Cell-free elastase levels were measured in RA patients' and HDs' serum using the Human PMN Elastase ELISA Kit (Abcam, Cambridge, UK) following the manufacturer's recommendations.

Likewise, cell-free nucleosomes were measured using the human cell death detection ELISAPLUS kit (Roche, Sigma-Aldrich, St Louis, MO, USA) following the manufacturer's recommendations. In this assay, monoclonal antibodies against DNA (double and single strand) and histones (H1, H2A, H2B, H3, and H4) were used to detect mono- and oligo nucleosomes in serum from RA patients. Quantification of nucleosomes was performed by photometrical determination of the absorbance at 405 nm, using as reference wavelength 492 nm.



MicroRNA Isolation, Profiling, and Quantitative Real-Time PCR

Total serum RNA—including the miRNA fraction—was extracted using the QIAzol miRNeasy kit (Qiagen, Valencia, CA, USA) with some modifications. A total of 200 μl of serum were thawed on ice and lysed in 1 mL QIAzol Lysis Reagent (Qiagen). Samples in QIAzol were incubated at room temperature for 5 min to inactivate RNases. To adjust for variations in RNA extraction and/or copurification of inhibitors, 5 fmol of spike-in non-human synthetic miRNA (C. elegans miR-39 miRNA mimic: 5′-UCACCGGGUGUAAAUCAGCUUG-3′) were added to the samples after the initial denaturation. The remaining extraction protocol was performed according to the manufacturer's instruction. Total RNA was eluted in 14 μl of RNase-free water.

To identify the profiles of miRNAs in the serum of HDs and RA patients, an array was performed in an exploratory cohort -including 6 samples from clinically representative RA patients and 3 from HDs- using the HTG EdgeSeq miRNA whole transcriptome assay (miRNA WTA), which enabled to measure the expression of 2,083 human miRNA transcripts using next generation sequencing (NGS) (HTG Molecular technologies, Tucson, AZ, USA).

All differentially regulated miRNAs and fold changes were imported into the web-based bioinformatics tool QIAGEN's Ingenuity Pathway Analysis (IPA) (Ingenuity Systems, http://www.INGENUITY.com) to perform a functional classification and identify potential mRNA targets. The right-tailed Fisher's exact test was used to calculate the p-value determining the statistical probability that the association between a set of molecules and a pathway or function might be due to chance alone. IPA analysis also allowed the selection of altered miRNAs that exhibited an enrichment in mRNA targets involved in the pathogenesis of RA for their validation in the whole cohort by real time PCR (RT-PCR) using a LightCycler® Thermal Cycler System (Roche Diagnostics, Indianapolis, Indiana, USA). Specifically, 3 μl of RNA eluate were reverse transcribed in 10 μl reactions using the miRCURY LNATM Universal RT mi-RNA PCR, Polyadenylation and cDNA synthesis kit (Exiqon, Vedbaek, Denmark). RT-PCR was carried out with 4 μL cDNA diluted 20x and 6 μL of reaction mixture [5 μL of SYBR Green master mix (Exiqon) and 1 μL of the corresponding PCR primer mix (microRNAs LNATM PCR primer set, Exiqon)]. After an initial hold of 10 min at 94°C, samples were cycled 40 times at 95°C for 10 s and at 60°C for 1 min. The expression levels of miRNAs were normalized to the mean of spiked-in miRNA Cel-miR-39. The expression levels of miRNA were calculated using the 2-ΔΔCt method. All measurements were performed in duplicate. Controls consisting of reaction mixture without cDNA were negative in all runs. List of miRNA sequences is displayed in Supplementary Table 2.



Machine Learning Analysis

Three different logistic models (15) were made to study clinical and molecular variables groups before starting therapy, looking for patients' best classification as responders or non-responders, using Python library Scikit-Learn (16). A logistic regression model with L2 penalty (all variables used) was made for clinical variables group. Training set (75%) and test set (25%) were settled for model validation. Identical approach was developed for molecular variables group. To study combined effect of both variables' groups, the same approach was used changing only to L1 penalty (variables selection) (Supplementary Figure 1).



Statistical Analyses

Statistical analysis and graphical representation of results were performed using GraphPad Prism 8 software (San Diego CA, USA). The normal distribution of the variables to characterize the differences in the analyzed parameters was assessed using the Kolmogorov-Smirnov test.

Based on this test, comparisons between quantitative and qualitative variables were made using the Student's t-test, or alternatively, using a non-parametric test (Mann-Whitney U).

Paired samples within the same subjects were compared by Wilcoxon signed-rank test. Differences among groups of treatment were analyzed by repeated measures ANOVA. Correlations were assessed by Spearman's rank correlation. Differences were considered significant at P < 0.05.

When considering clinical and analytical measures, missing data values were <1% either, at baseline and after 3 and 6 months of therapy.

Regarding molecular measures, missing data values at baseline were around 5%.

Because of a number of patients were not willing to donate blood samples after 6 months of therapy, and/or bleeding was not recommended by clinicians at this time, we achieved molecular data from approximately 75% of patients included in the study.




RESULTS


MicroRNA Profile, Inflammatory, Oxidative Stress and NETosis-Derived Serum Parameters, Are Deregulated, Interrelated and Associated With the Clinical Profile of RA Patients

Whole miRNome profiling in serum samples identified altered levels of 223 miRNAs in RA patients before TNFi, when compared to HDs (cut-off: 2-fold change), of which 137 resulted to be upregulated and 86 downregulated (Figure 1A left panel).
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FIGURE 1. Molecular characterization of rheumatoid arthritis patients. (A) Whole circulating microRNA (miRNA) expression profile in plasma of Rheumatoid Arthritis (RA) patients (n = 6) and healthy donors (HDs) (n = 3) by HTG EdgeSeq Assay showing miRNAs up-regulated in red and miRNAs downregulated in green (Fold Change >2 or <-2) (Left panel). Functional classification of altered miRNAs according biological functions and diseases following Ingenuity Pathway Analysis (central panel). RT-PCR validation of selected miRNAs associated with the pathogenesis of RA (right panel). (B) Interleukin profile of RA patients and HDs in serum by Luminex Assay (Bio-Plex). (C) Cytokine, chemokine and growth factor profile of RA patients and HDs in serum by Luminex Assay (Bio-Plex). (D) Oxidative stress markers in serum of RA patients and HDs including Nitrotyrosine (N-Tyr), Lipoperoxides and Total Antioxidant Capacity (TAC). (E) NETosis-derived products in serum of RA patients and HDs including neutrophil elastase and nucleosome levels. Analyses were performed on the whole cohort of RA patients (n = 79) and HD (n = 29). *p < 0.05.


By using the IPA software, the functional classification of these miRNAs revealed their association with clinical features of the RA physiopathology. Thus, the altered miRNAs signature in RA was enriched for biological processes such as connective tissue disorders, inflammatory response, infection, immunological, hematological, metabolic, respiratory and skeletal and muscular disorders, among others (Figure 1A central panel).

In order to validate the results in the whole cohort of RA patients and HDs, we performed an in-silico analysis that allowed the identification of a set of microRNAs as potential modulators of the expression of key targets involved in the pathology of RA. We identified a panel of 5 microRNAs including miR- 106a-5p, 143-5p, 148b-3p, 199a-5p, and 346 that showed potential targets molecules related to pro-inflammatory cytokines, chemokines, metalloproteinases, adhesion factors and critical immune receptors (BMP3, CCL-4, CCL-5, CCL-20, CXCL6, CXCL8, ITGA5, IL-6, IL6ST, IL-1RL1, MMP3, MMP13, TLR7, TNF, VCAM1, VEGFA, etc), along with a high number of molecules that regulate intracellular pathways associated with inflammatory and autoimmune processes (DKK-1,−2,−3, IKBKB, JAK1, MAPK14, MAP2K1, MAP3K5, NFKB1, NFßKBIA, PI3K3C2A, SOCS3, STAT3, WNT7, WNT2, WNT9B, etc.) (Supplementary Figure 2).

The expression of the 5 selected miRNAs was further analyzed by RT-PCR in the entire cohort, thus showing that the relative expression of all the selected circulating miRNAs was significantly altered in serum from RA patients when compared to HDs (p < 0.05) (Figure 1A right panel).

An inflammatory profile was also demonstrated in the serum of RA patients, including over-expression of a number of interleukins (IL-1β,−1RA,−2,−4,−5,−6,−8,−12,−13,−15 and−17) (Figure 1B), cytokines, chemokines and growth factors (Eotaxin, FGFbasic, GCSF, GM-CSF, IFNγ, MCP-1, MIP-1α, PDGF-BB, TNFα, and VEGF) (Figure 1C).

In addition, direct predicted miRNA-target interactions were identified between those deregulated miRNAs and several altered pro-inflammatory molecules (Supplementary Figure 3).

Increased NETs extrusion and enhanced oxidative status were also demonstrated by enlarged neutrophil cell-free elastase and Nucleosomes serum levels in RA patients (Figure 1E), along with increased levels of LPO and reduced N-Tyr and TAC (Figure 1D).

Correlation studies demonstrated a strong relationship among the levels of all the parameters evaluated, including inflammatory and oxidative stress markers, as well as with NETosis-derived products and microRNAs (Supplementary Figure 4).



Unsupervised Cluster Analysis of the Integrated Serum Molecular Signatures Stratified RA Patients According to Their Disease Status

By using self-organizing map (SOM) clustering analysis in the RA cohort, 3 clusters were distinguished, representing different serum molecular profile groups with respect to the circulating levels of inflammatory, oxidative and netotic mediators along with those of validated microRNAs (Figures 2A,C). Principal component analyses (PCA) confirmed a well-defined separation between these molecular clusters (Figure 2B). The clinical and laboratory profiles of each cluster were then evaluated (Figures 2C,E).
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FIGURE 2. Cluster analysis of molecular features in rheumatoid arthritis patients. (A) Overview plot of the differential molecular profiles of Rheumatoid Arthritis (RA) patients (n = 74) using Self Organization Map (SOM) clustering analysis from MetaboAnalyst 4.0. The darker lines represent the median intensities of each cluster. (B) Principal component analysis (PCA) summarizing the differences in the molecular profile of each cluster. (C) Table of demographic and laboratory parameters of RA patients characterizing each cluster (Cluster 1 = 16; Cluster 2 = 41; Cluster 3 = 17). (D) Heatmap of the molecular profile of each cluster showing the normalized levels of all the biomolecules analyzed in RA patients. (E) Clinical features associated with each cluster including Disease Activity Score (DAS28), Simple Disease Activity index (SDAI), Clinical Disease Activity Index (CDAI), Tender and Swollen Joints, Health Assessment Questionnaire (HAQ), C-reactive protein (CRP), Erythrocyte Sedimentation Rate (ESR), and Bone Erosion. *p < 0.05.


Briefly, cluster 1 (22% of the clustered cohort) was described on average by medium disease activity scores and low radiologic involvement, low prevalence of smokers and reduced prevalence of cardiovascular risk factors such as hypercholesterolemia.

On the contrary, cluster 3 (23% of the clustered cohort) comprised the patients with highest disease activity scores, along with a higher percentage of smokers and an enlarged prevalence of hypercholesterolemia.

Cluster 2 (55% of the clustered cohort) represented an intermediate clinical phenotype, though closer to cluster 3 in relation to disease activity scores, radiologic involvement, percentage of smokers and incidence of hypercholesterolemia.

No differences among clusters were found in relation to age, sex, positivity for autoantibodies, and disease duration.

Molecular analyses further recognized differential inflammatory, netotic, oxidative and miRNA profiles in RA patients' serum among clusters, on which patients belonging to clusters 1 and 3 displayed the most specific and distinctive expression patterns of interleukins, chemokines and growth factors, along with distinctive levels of oxidative stress markers such as lipoperoxides and N-Tyr, products of NETosis, including Elastase and Nucleosomes, and microRNAs (Figure 2D).



Clinical Profile of RA Patients and Response to TNFi Therapy

At the start of the TNFi therapy all subjects showed medium-high disease activity, reflected by a mean DAS28 of 4.75 (2.05–7.5). A 74% of patients took non-steroidal anti-inflammatory drugs (NSAIDS) daily, and 92% received steroid treatment (range 2.5–30 mg/d prednisone). Methotrexate alone or in combination with other DMARD was further administered in 61% of subjects.

According to DAS28 response criteria, at 3 months of treatment, 28 (35%), 25 (32%), and 26 (33%) RA patients showed good, moderate, and no response to TNFi therapy, respectively (Figure 3A). All the clinical parameters evaluated, including DAS28, SDAI and CDAI scores, along with HAQ, number of swollen and tender joints improved significantly. In addition, acute phase reactants were also reduced (Figure 3B). Interestingly, most of good responders at 3 months remained responsive to therapy at 6 months. Besides, a significant number of moderate responders shifted to good responders in relation to those that remained as moderate or changed to non-responders (Figure 3A).


[image: Figure 3]
FIGURE 3. Clinical response to anti-TNF therapy in rheumatoid arthritis patients. (A) Flow diagram representing the clinical response at 3 and 6 months of anti-TNF therapy following EULAR criteria. (B) RA patients' (n = 79) changes in clinical features at 3 and 6 months of anti-TNF therapy including Disease Activity Score (DAS28), Simple Disease Activity index (SDAI), Clinical Disease Activity Index (CDAI), Tender and Swollen Joints, Health Assesment Questionnaire (HAQ), C-reactive protein (CRP), erythrocyte Sedimentation Rate (ESR), Rheumatoid Factor (RF) and Anticitrullinated protein antibodies (ACPAS). *p < 0.05.


All five biological agents had a favorable influence on the evolution of those parameters, so that changes were not influenced by treatment with monoclonal antibodies nor with soluble receptor (Supplementary Figure 5A). Considering the clinical response more consolidated at 6 months of treatment, we selected this time after starting therapy to assess serum molecular changes and to search for potential biomarkers as predictors of response.



TNFi Changes on Serum Molecular Profile of RA Patients Were Specific of the Cluster Evaluated and Associated With the Clinical Response

According to EULAR response criteria, all patients belonging to cluster 1 showed clinical response after 6 months of therapy. In clusters 2 and 3, 67% of patients were responders and a 33% of them were non-responders (Figure 4A). Thus, considering the similarity of these clusters concerning both, the clinical and molecular profiles and the response to treatment, and in order to identify molecular mechanisms of non-response, we decided to evaluate jointly the molecular changes occurred in these clusters after TNFi therapy.


[image: Figure 4]
FIGURE 4. Molecular response to anti-TNF therapy in rheumatoid arthritis patients. (A) Diagram showing the distribution of EULAR responder and non-responder patients among the different molecular clusters that characterized Rheumatoid Arthritis (RA) patient at baseline. Cluster 1 was characterized by responder patients while non-responder patients were identified only in cluster 2 and 3. (B–E) Individual changes in the level of biomolecules related to inflammation (B), NETosis (C), oxidative stress (D), and microRNAs (E) before and after 6 months of Anti-TNF-therapy between responders and non-responder patients. *p < 0.05. R (C1), Responder patients of Cluster 1 (n = 16); R (C2-3), Responder patients of Cluster 2 and 3 (n = 25); NR (C2-3), Non-Responder patients of Cluster 2 and 3 (n = 17).


As a general feature, we identified two main distinctive molecular profiles among RA patients responders to TNFi, involving, on one hand, low-medium baseline levels of inflammatory, oxidative and netotic mediators in those belonging to cluster 1, and on the other hand, high baseline levels of these parameters in responders belonging to the other two clusters.

Accordingly, in cluster 1 we observed few or no changes in the levels of these parameters after 6 months of therapy. On the contrary, the clinical response to TNFi in clusters 2 and 3 was found linked to a significant reduction in levels of a number of inflammatory mediators, oxidative stress markers, and products of NETosis, along with the restoration in the levels of microRNAs. These changes were not observed in patients that did not display clinical response to therapy (Figure 4).

Moreover, we observed that in responders patients to TNFi therapy, the levels of most of these parameters reached the ranks found in healthy donors after 6 months of therapy, while in non-responders, these parameters remained significantly elevated (Figure 5).


[image: Figure 5]
FIGURE 5. Increased levels of altered biomolecules in non-responder patients to anti-TNF therapy after 6 months of treatment. Level of Interleukins (A), Cytokines, Chemokines and Growth Factors (B), NETosis-derived products (C), oxidative stress markers (D), and circulating microRNAs (E) in the plasma of Healthy donors (HDs) and responder and non-responder patients after 6 months of Anti-TNF therapy. *p< 0.05. R (C1), Responder patients of Cluster 1 (n = 16); R (C2-3), Responder patients of Cluster 2 and 3 (n = 25); NR (C2-3), Non-Responder patients of Cluster 2 and 3 (n = 17).


It must be noted that changes observed in molecular parameters were similar among patients treated with either, monoclonal anti-TNF antibodies or soluble receptor, independently of both, the cluster on which patients were included and the clinical response to therapy (Supplementary Figure 5B).

In support for these results, we further observed a significant positive correlation among the changes arisen in the levels of these molecules and the improvement of the disease activity, identified by DAS28 score (Figure 6).


[image: Figure 6]
FIGURE 6. Correlations among changes in the levels of altered biomolecules and the clinical response induced by anti-TNF therapy in rheumatoid arthritis patients. Correlation analysis among changes in the levels of inflammatory mediators (A), NETosis markers (B) and microRNAs (C) in the serum of Rheumatoid Arthritis patients after 6 months of anti-TNF Therapy and changes in the disease activity score (DAS28).




Machine Learning Algorithms Allowed the Identification of Potential Predictors of TNFi Response

By using machine-learning algorithms such as logistic regression models, we searched for potential predictors of TNFi response based on clinical and molecular profiles of RA patients before starting therapy.

Firstly, we identified the clinical and molecular parameters that significantly distinguished among responder and non-responder patients, based on EULAR criteria (Figures 7A,B). Then, the identified parameters were split in clinical and molecular groups and logistic models were performed.


[image: Figure 7]
FIGURE 7. Biomarkers predictors of anti-TNF response in rheumatoid arthritis by using machine learning. (A) Baseline clinical variables associated with the EULAR clinical response to Anti-TNF in Rheumatoid Arthritis (RA) patients after 6 months (n = 74, including 52 R and 22 NR). (B) Baseline molecular variables associated with the EULAR clinical response in RA patients after 6 months. (C) ROC curve of the machine learning model predictor of clinical response (left panel) using only clinical variables and their individual contribution represented by the odd ratio coefficients (right panel). (D) ROC curve of the machine learning model predictor of clinical response (left panel) using only molecular variables and their individual contribution represented by the odd ratio coefficients (right panel). (E) ROC curve of the machine learning model predictor of clinical response (left panel) using the best combination of clinical and molecular variables and their individual contribution represented by the odd ratio coefficients (right panel). (F) ROC curve of the machine learning model predictor of clinical response in an independent validation cohort. (G) ROC curve of the machine learning model predictor of molecular response in an independent validation cohort. (H) ROC curve of the machine learning model predictor using both clinical and molecular variables. (validation cohort: n = 25, including 14 R and 11 NR). *p < 0.05. R, responders; NR, non responders; AUC, area under the curve.


Among clinical groups, logistic model identified as good response factors, higher levels of creatinine, complement C4, total IgM, number of swollen joints, longer disease duration and complementary therapy with vitamin D, showed by odd ratio (OR) coefficients > 1. ROC curve analyses demonstrated that the combined model of these parameters identified responder patients with high accuracy (AUC = 0.81) (Figure 7C).

Among molecular parameters, logistic model identified as good response factors, high levels of nucleosomes, IL-10, miR106a-5p and IL-13, (OR > 1). Yet, high levels of lipoperoxides, IL-15 and IL-12p70 were predictors of non response (OR < 1). Likewise, ROC curve analysis with the combined model of molecular variables identified responder patients with similar accuracy (AUC = 0.807) (Figure 7D).

Interestingly, in the mixed model, combining clinical and molecular features, ROC curve showed better discriminative capacity than each single model (AUC = 0.909), thus supporting the relevance of combining both, clinical and molecular features to allow an accurate prediction of TNFi response (Figure 7E).

Moreover, similar prediction patterns were found when compared the treatments with soluble receptor vs. monoclonal antibodies. In fact, predictive models that mixed clinical and molecular features fit well for both types of TNFi, displaying areas under the curve close to 0.9 (Supplementary Figure 6). This data reinforces the potential clinical utility of this mixed model.

Likewise, when we evaluated the performance of these models in an independent cohort of 25 patients (invonving 14 responders and 11 non-responder patients to TNFi), we could validate their capacity to predict the response to TNFi before therapy. Thus, the mixed model integrating clinical and molecular features predicted the response with an AUC of 0.83, which was significantly higher compared to separated clinical and molecular models as in the case of the discovery cohort (Figures 7F–H).




DISCUSSION

Continuous updating of the knowledge on molecular processes associated to the pathogenesis of RA, and on the specific effects of bDMARDs in the correction of their dysregulation, are essential in the early and correct approach to the treatment of this complex autoimmune disorder. RA is a dissimilar disease, involving multiple clinical manifestations and pathogenic mechanisms among individuals with the same diagnosis and/or throughout different disease stages. These traits support the complexity of the disease and the involvement of numerous factors in the trigger and the evolution of RA (17).

The present longitudinal study has elucidated the effects of TNFi treatment at the molecular level. In addition, a comprehensive analysis that combines data from different molecular categories and detailed clinical parameters has allowed a better understanding of molecular systems linked to disease severity effects of drugs treatment. Therefore, we demonstrated that, in parallel to the clinical response, TNFi promoted the re-establishment in the levels of circulating inflammatory and oxidative stress mediators, a significant reduction of NETosis-derived bioproducts and a substantial reversal of altered miRNAs.

It has been suggested that the diversity of biological processes underlying the pathogenesis of RA implies that their clinical phenotypes represent jointly altered pathways rather than exemplify the outcomes of single altered entities. Accordingly, different biological therapies have demonstrated numerous beneficial molecular effects that modulate pathological processes of the disease in RA (18). In the present study we identified a number of molecular alterations that develops jointly in these patients and are intimately associated to distinctive clinical phenotypes.

Firstly, clustering analysis based on molecular profiles before TNFi therapy, allowed the unsupervised division of three groups of RA patients, showing distinctive clinical phenotypes, further linked to the effectiveness of TNFi treatment. Thus, cluster 1 comprised patients 100% responders to therapy, who displayed a less prominent inflammatory status at baseline. On the contrary, on clusters 2 and 3, RA responders' patients to TNFi therapy were characterized by a high inflammatory status that paralleled a high disease activity. Patients from cluster 1 did not show changes in the molecular panel evaluated. However, the fact that all of them achieved a clinical response suggests that changes in other inflammatory mediators might be responsible for the therapy effectiveness. In these patients from cluster 2 and 3, therapy promoted a clear inflammatory response, involving the downregulation of cytokines, chemokines, growth factors, NETosis bioproducts and oxidative stress molecules. Quite the reverse, in non-responder patients belonging to these two clusters, the high levels found of inflammatory mediators and other altered metabolites were not reduced by TNFi, remaining increased after 6 months of therapy. Similar results have been published in previous works, including ours (19). Although core mechanisms remain to be clarified, this is the first study that identifies two sets of patients with distinctive molecular profiles at baseline that share a good response to TNFi therapy, underlying a heterogeneity in these patients that most probably derives of numerous clinical, genetic and environmental factors awaiting to be clarified.

In addition, our data strengths the relevance of integrating molecular and clinical studies in these patients, in order to identify potential predictors of treatment response. Hence, by using machine-learning algorithms (i.e., logistic regression models) we searched for potential predictors of TNFi response based on clinical and molecular profiles of RA patients. Our results identified signatures involving both clinical and molecular parameters that might predict the response to TNFi, which was further independent of the TNF inhibitor used, either monoclonal antibody or soluble receptor. Thus, several inflammatory cytokines, along with bioproducts of NETosis, oxidative stress and microRNAs, whose altered levels have been previously demonstrated to be altered in RA patients and modified by bDMARDs, were predictors of response to TNFi. Consistently, among clinical parameters, longer disease evolution, high number of swollen joints, and increased serum levels of creatinine, triglycerides, complement C4 and IgM, along with the concomitant treatment with vitamin D, were associated to the response to TNFi after 6 months of treatment.

Preceding studies demonstrated that these parameters were linked to the altered autoimmune and inflammatory status of RA patients (i.e., inflamed joints, elevated IgM and complement C4) (20, 21), and/or were indicative of an active metabolic status (i.e., high creatinine) (22). Moreover, available evidence indicates that high inflammation interferes with lipid metabolism, so that hyperlipidemia is frequently associated to the adverse clinical outcome of the disease, and good control of the chronic inflammatory state may positively influence the lipid profile (23).

Additionally, several studies have shown that supplementary vitamin D can effectively control the DAS28, TJC and ESR levels in RA patients, mainly due to its anti-inflammatory properties (24). Correspondingly, in our hands, patients having a supplemental vitamin D treatment showed a better response to TNFi. Similar results have been also shown in other inflammatory diseases such Inflammatory Bowel Disease where higher levels of Vitamin D are associated with greater odds of remission with TNFi (25).

Hence, in our cohort, signatures involving clinical and molecular parameters associated to a more significantly altered inflammatory and metabolic status at baseline, and a concomitant therapy with a compound with anti-inflammatory properties -such as vitamin D-, seems to identify those patients who could benefit more from TNFi treatment.

Machine learning is a new field gaining attention in Rheumatology (26). Thus, two recent studies have shown their potential to predict TNFi response using clinical or molecular data. Guan et al., showed that large collection of clinical data at baseline along with a Gaussian process regression model correctly classified 78% of responder patients (27). In line with this, Tao et al. showed the capacity of gene expression and DNA methylation to predict TNFi response in RA using random forest algorithms with an accuracy of 85% (28).

In our study, we demonstrated for the first time that the combination of molecular and clinical data using machine learning exhibited a greater capacity to predict the clinical response to TNFi therapy in RA patients than each one separately. This finding could pave the way for the development of larger and independent validation studies aimed to achieve a precision medicine model to predict TNFi in RA and related diseases. Likewise, future analysis of predictors of therapy response using other biological drugs with different mechanism of action (Anti-CD20, Anti-IL6, JAK-inhibitors etc.) will be also required for the development of a wide approach of personalized medicine in RA patients in which all the available drugs are included.

Limitations of the study: Firstly, since we did not perform a complete serum profile involving inflammatory mediators, oxidative stress markers, NETotic bioproducts and miRNAs, we cannot exclude the complementary role of other circulating biomolecules, -including non-evaluated inflammatory molecules or miRNAs, among others- in the response to treatment. In addition, due to the clinical heterogeneity of RA patients and the relatively small number of patients analyzed in this study, data must be confirmed in larger cohorts. Moreover, specific analyses on the mechanisms underlying the altered expression of these molecules after TNFi therapy, as well as the identification of cellular sources of these circulating biomolecules are still required.

Taken together, our overall data suggest that:

1. RA patients undergoing anti-TNF-therapy conform distinctive clusters based on altered molecular profiles, which are directly linked to their clinical status at baseline.

2. Clinical effectiveness of anti-TNF therapy was divergent among these molecular clusters and associated with a specific modulation of the inflammatory response, the reestablishment of the altered oxidative status, the reduction of NETosis, and the reversion of related altered miRNAs.

3. Through a systematic and comprehensive study design including discovery and validation phases, we have developed an integrative analysis of the clinical and molecular profiles of RA patients using machine learning, which allowed the identification of novel signatures as potential predictors of therapeutic response to TNFi therapy.

Our overall data pave the way for the development of large prospective and validation studies, needed to achieve a personalized medicine approach for RA patients.
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Systemic lupus erythematosus (SLE) and rheumatoid arthritis (RA) are complex autoimmune diseases. CD40 participates in inflammatory response, and promotes fibroblast proliferation, leading to occurrence and progression of SLE, RA. This study explores CD40 gene polymorphisms in SLE and RA patients from a Chinese Han population. Two hundred SLE patients, 340 RA patients, and 900 healthy controls were enrolled. Genomic DNA was extracted from peripheral blood, and six polymorphisms of CD40 gene (rs3765456, rs1569723, rs73115010, rs13040307, rs1883832, and rs4810485) were detected by KASP method. Frequencies of rs1569723 genotypes AA, AC, AA+AC were significantly higher in RA patients as compared to those in healthy controls (P = 0.049, P = 0.024, P = 0.022). Frequencies of genotypes CT, CC+CT of rs1883832, and GT, GG+GT of rs4810485 were significantly higher in RA patients as compared to those in healthy controls (P = 0.012, P = 0.018, P = 0.009, P = 0.015). RA patients carrying rs13040307 C allele and rs73115010 T allele showed increased number of swollen joints. Moreover, frequency of allele T of rs13040307 was lower in SLE patients with positive anti-dsDNA and hematuria as compared to that in patients without these parameters (P = 0.038, P = 0.045). There were increased frequencies of genotype TT, allele T for rs13040307 and lower frequencies of genotype TT, allele T for rs73115010 in lupus patients with myositis (all P<0.05). Interestingly, frequencies of rs1569723 A allele, rs4810485 T allele were higher in SLE patients with myositis, and frequencies of rs3765456 A allele, rs1883832 T allele were lower in SLE patients with myositis (All P<0.05). In conclusion, CD40 gene polymorphisms may associate with susceptibility to SLE and RA.




Keywords: CD40, polymorphism, systemic lupus erythematosus, rheumatoid arthritis, susceptibility, clinical features, disease activity parameters



Introduction

Systemic lupus erythematosus (SLE) and rheumatoid arthritis (RA) are inflammatory autoimmune diseases, with features of chronic inflammation. The main characteristics of RA are progressive joints lesion, synovial hyperplasia, and production of auto-antibodies. SLE relates to various tissues and organs damage, such as skin, blood vessels, kidney (1, 2). Etiology of these two diseases remains unclear. It is recognized that gene polymorphisms have been involved in these disorders pathogenesis (3, 4). To date, at least 88 genomic regions have been identified associated with SLE susceptibility, such as TNFSF4, STAT4, and TNIP1, and about 106 susceptible genes were reported to associate with RA, such as CD28, IL3-CSF2, NFKBIE (5, 6). However, finding out more risk polymorphisms for RA and SLE will be helpful to better elucidate the pathogenesis of these diseases.

CD40 is a glycoprotein with molecular weight 45 to 50 kDa, consisting of 277 amino acids. It is a member of the tumor necrosis factor family of transmembrane glycoproteins and is expressed in different cells, such as B cells, monocytes, dendritic cells, endothelial and epithelial cells, smooth muscle cells, fibroblasts (7). CD40 is a potent T-cell costimulatory factor. It interacts with ligand CD40L, and plays an important role in adaptive immune response, for example, induction of Th1 cell response (8). Human CD40 gene is composed of eight introns and nine exons, located on chromosome 20q11.2 to 13.2. To date, association of CD40 gene and autoimmune disorders has been discussed widely. Chen et al. analyzed three polymorphisms (rs1883832, rs4810485, and rs1569723) of CD40 gene and risk of SLE in a Chinese population. They found that rs1883832 related to development of SLE (9). Nie et al. found relation between rs4810485 and SLE risk in a Chinese population (10). In European origins, studies showed that rs4810485 polymorphism was a risk factor for SLE, RA, and rs3765456 polymorphism was related to RA susceptibility in Korea population (11–13). However, association of rs73115010, rs13040307, and rs1569723 polymorphisms with SLE and RA were discussed in different ethnicities, and showed inconsistent conclusions. Therefore, to better clarify the relationship between CD40 gene polymorphisms and SLE, RA susceptibility, we conducted the present study in a Chinese Han population to evaluate six polymorphisms (rs3765456, rs1569723, rs73115010, rs13040307, rs1883832, and rs4810485) with relation to SLE and RA patients by co-dominant, dominant, and recessive genetic models.



Materials and Methods


Study Sample

This case-control study recruited 200 SLE patients (age, 38.0 [27.0–48.0] years), 340 RA patients (age, 56.0 [48.5–65.0] years) and 900 healthy controls (age, 38.0 [31.0–48.0] years) in Southern Chinese Han origin. All patients came from Department of Rheumatology and Immunology, Affiliated Hospital of Southwest Medical University. Healthy controls were from Physical Examination Center of Jiangyang District Center for Disease Control and Prevention in Luzhou city. RA and SLE patients were diagnosed according to the American College of Rheumatology and European League Against Rheumatism (ACR/EULAR) classification criteria (14, 15). RA patients disease activity was evaluated according to disease activity score 28 (DAS28) (16), and SLE patients disease activity was evaluated according to SLE disease activity index (SLEDAI) (17) (Table 1). This study was admitted by Ethic Research Committee of Southwest Medical University, and informed consent was collected from individual participant. Demographic and clinical characteristics of patients and controls were obtained as well. For instance, clinical characteristics myositis was diagnosed according to participants who had at least three of four items including clinical symptoms, serum creatine kinase level, electromyography, and muscle biopsy results (18).


Table 1 | Characteristics of patients and controls.





Single Nucleotide Polymorphism Selection

A systemic exploration for previous studies about CD40 gene polymorphism was carried out. According to the online tools: 1000 genomes project (https://www.ncbi.nlm.nih.gov/variation/tools/1000genomes/), all candidate single nucleotide polymorphisms (SNPs) must conform to three standard: pairwise tagging of HapMap population with r2≥0.8; a minor allele frequency (MAF)≥5%; Chinese Han Beijing (CHB) ethnicity. Finally, a total of six SNPs including rs3765456, rs1569723, rs73115010, rs13040307, rs1883832, and rs4810485 were selected.



DNA Extraction and Genotyping

TIANamp Blood DNA kits (Tiangen, Beijing, China) were utilized for extracting genomic DNA. Genotyping of CD40 gene polymorphisms of these samples with qualified DNA concentration and purity was tested by Gene Company using KASP (Gene Company, Shanghai, China). KASP primers were summarized in Supplementary Table 1.



Statistics

Statistical Package for the Social Science (SPSS) version 17.0 (SPSS Inc., Chicago) was used for statistical analysis. Categorical data were presented as frequency, percentage and analyzed by chi-square test. If continuous data was normally distributed, mean ± standard deviation (SD) was displayed, and independent samples t test was adopted. Otherwise, we chose median (interquartile range) and Wilcoxon ranks sum test for comparison. Odds ratio (OR) and 95% confidence interval (CI) were analyzed by logistic regression model. To evaluate deviation of each polymorphism, Hardy-Weinberg equilibrium test was used for SLE patients, RA patients, and healthy controls. There are three inheritance models, including co-dominant model, dominant model, and recessive model. For rs1883832, the co-dominant model includes CC versus TT, CT versus TT, the dominant model is CC+CT versus TT, and the recessive model is CC versus CT+TT. For rs1569723, the co-dominant model includes AA versus CC, AC versus CC, the dominant model is AA+AC versus CC, and the recessive model is AA versus AC+CC. For rs4810485, the co-dominant model includes GG versus TT, GT versus TT, the dominant model is GG+GT versus TT, and the recessive model is GG versus GT+TT. For rs13040307, the co-dominant model includes CC versus TT, CT versus TT, the dominant model is CC+CT versus TT, and the recessive model is CC versus CT+TT. For rs3765456, the co-dominant model includes GG versus AA, GA versus AA, the dominant model is GG+GA versus AA, and the recessive model is GG versus GA+AA. For rs73115010, the co-dominant model includes TT versus CC, TC versus CC, the dominant model is TT+TC versus CC, and the recessive model is TT versus TC+CC. Linkage disequilibrium (LD) and haplotype analysis were calculated by software: HaploView 4.2. A two-sided P value less than 0.05 was recognized as statistical significance.




Results


Characteristics of All Participants

There was no significant difference in gender (P = 0.950) and age (P = 0.059) between SLE patients and healthy controls. Compared RA patients with healthy controls, the age and gender was significantly different (both P<0.05), therefore, when we discussed differences between RA patients and healthy controls for the polymorphism, age and gender were adjusted. Other clinical characteristics were summarized in Table 1. All six polymorphisms were in accordance with Hardy-Weinberg equilibrium (Supplementary Table 2).



Association Between CD40 Gene Polymorphisms and SLE

No differences for alleles and genotypes comparison of six SNPs between SLE patients and healthy controls were identified (Table 2). Subgroup analysis for association of CD40 gene polymorphisms and lupus patients by clinical features and laboratory parameters was carried out. Patients with positive anti-dsDNA had a lower frequency of rs13040307 allele T when compared to those with negative anti-dsDNA (P = 0.038). Patients with hematuria also showed a lower frequency of rs13040307 allele T as compared to that in patients without hematuria (P = 0.045). On the contrary, there was an increased frequency of genotype TT and allele T in lupus patients with myositis when compared to patients without the characteristic (P = 0.020, P = 0.002). A lower frequency of TT genotype and allele T for rs73115010 in lupus patients with myositis was obtained (P = 0.024, P = 0.004). Interestingly, higher frequencies of rs1569723 allele A, rs4810485 allele T and lower frequencies of rs3765456 allele A, rs1883832 allele T were noted in patients with myositis as compared to those in patients without the feature (P = 0.020, P = 0.030, P = 0.021, P = 0.032, respectively) (Table 3 and Supplementary Table 3). SLEDAI was used to analyze disease activity for SLE patients, and association of genotypes for different polymorphisms and SLEDAI was evaluated. We found that none of the genotypes for the six polymorphisms associated with SLEDAI (Supplementary Table 4).


Table 2 | Allele and genotype frequencies of six polymorphisms in the CD40 gene in SLE patients, RA patients and healthy controls.





Table 3 | Analysis of CD40 gene polymorphisms (rs13040307, rs3765456, rs73115010) in SLE patients by clinical features.





Association Between CD40 Gene Polymorphisms and RA

Differences of alleles and genotypes of CD40 gene polymorphisms between RA patients and healthy controls were shown in Table 2. Frequencies of genotypes AA, AC, and AA+AC of rs1569723 were different between RA patients and healthy controls after age and gender adjustment (AA vs CC, OR, 1.683; 95% CI, 1.002–2.571, P = 0.049; AC vs CC, OR, 1.683; 95% CI, 1.072–2.642, P = 0.024; AA+AC vs CC, OR, 1.650; 95% CI, 1.074–2.534; P = 0.022). Frequencies of genotypes CT, CT+CC of rs1883832 were different between RA patients and healthy controls after age and gender adjustment (CT vs TT; OR, 1.788; 95% CI, 1.135–2.817; P=0.012; CT+CC vs TT: OR, 1.681; 95% CI, 1.091–2.591; P = 0.018). For rs4810485, statistical significance was obtained for comparison of GT with TT, and GT+GG with TT after adjustment by age and gender (GT vs TT: OR, 1.829; 95% CI, 1.160–2.884; P = 0.009; GT+GG vs TT: OR, 1.715; 95% CI, 1.112–2.646; P=0.015). The other three polymorphisms were not related to RA risk.

Association of disease activity in RA patients with CD40 gene polymorphisms was displayed in Table 4. For rs13040307, number of the swollen joints between patients with CC+CT genotype and CC genotype was different (P = 0.010). RA patients carrying rs73115010 TT+TC genotype had higher number of swollen joints as compared to the patients carrying CC genotype (P = 0.038). Other polymorphisms were not related to RA clinical parameters (Supplementary Table 5, Supplementary Table 6).


Table 4 | Association of disease activity parameters in RA patients with CD40 gene polymorphisms (rs1569723, rs13040307).





CD40 Haplotype Analysis for RA and SLE

Considering linkage disequilibrium of genes, we performed haplotype analysis for CD40 gene polymorphisms. Two blocks were defined by 95% CI (19). The first one consists of four polymorphisms including rs1569723, rs13040307, rs1883832, and rs4810485, and the other one consists of rs3765456 and rs73115010 both for RA and SLE (Figures 1A, B). Results showed that there was no significant difference between patients and controls regarding different haplotypes (Supplementary Table 7).




Figure 1 | Linkage disequilibrium(LD) of six single nucleotide polymorphisms. The intensity of linkage disequilibrium (LD) is reflected in the color and numeric value (D′) of each box. Bright red means D′ ≥0.95, LOD ≥2. Shade of red means D′<0.95, LOD≥2. (A) LD of RA patients and controls. (B) LD of SLE patients and controls. Both of them show that block 1 consists of four polymorphisms including rs1569723 A/C, rs13040307 T/C, rs1883832 T/C, and rs4810485 T/G, block 2 consists of rs3765456 A/G and rs73115010 T/C.






Discussion

This study explored association of CD40 gene polymorphisms with susceptibility to SLE and RA in a Southern Chinese Han population. A total of six polymorphisms, rs3765456, rs1569723, rs73115010, rs13040307, rs1883832, and rs4810485 were recruited. For RA, the co-dominant model and dominant model of rs1569723, rs1883832, and rs4810485 polymorphisms associated with increased susceptibility to RA. Number of swollen joints were increased in RA patients with genotypes CC+TC of rs13040307 and TT+TC of rs373115010. For SLE, rs13040307 of CD40 gene was related to clinic features, including hematuria and anti-dsDNA. Interestingly, the six polymorphisms may be related to SLE patients with myositis.

SLE and RA are autoimmune disorders with genetic pathogenesis. For rs3765456, this polymorphism may be a risk factor for SLE susceptibility and associated with disease activity in Korea population (12), whereas this polymorphism was not significantly related to SLE in Northern Chinese population (10). In our study, there was no significant difference regarding this polymorphism and SLE risk in Southern Chinese Han population. Interestingly, SLE patients with myositis associated with a lower frequency of rs3765456 allele A, suggesting that rs3765456 allele A may affect the patients complicated with this feature. To date, no study has discussed association of rs3765456 polymorphism with RA risk. In this study, we found that this polymorphism was not related to RA risk. For rs1569723, a previous genome-wide association study reported that there was relation between RA and rs1569732 in European population (20). In our study, we confirmed that this polymorphism related to Chinese RA patients. With respect to relationship between rs1569732 and SLE, a study in Chinese population showed that there was significant difference between rs1569723 and SLE (9). The present study did not find significant association of this polymorphism and SLE risk in our Southern Chinese Han population. However, higher frequency of rs1569723 allele A was related to SLE patients with myositis in this study. Regarding rs13040307 and rs73115010, there were limited studies evaluating association of the two polymorphisms with disease susceptibility, including lupus or arthritis. Wu et al. reported that these two polymorphisms may not associate with SLE in Chinese population by a relatively small sample size (21). By contrast, a study in Korea population indicated that rs73115010 may increase the risk of SLE (12). In this study, there was no significant association of these polymorphisms and SLE, RA risk in our Southern Chinese Han population. Interestingly, rs13040307 polymorphism was related to disease activity parameters of SLE, including anti-dsDNA, hematuria, and myositis. In addition, RA patients carrying genotype CC+CT of rs13040307 and genotype TT+TC of rs73115010 had higher number of swollen joints. However, further studies with larger sample size and different ethnicities are needed to illustrate the relationship of these two polymorphisms (rs13040307 and rs73115010) in SLE and RA.

For another two polymorphisms (rs1883832 and rs4810485), several studies have discussed the association with SLE, RA risk. Rs1883832 was significantly associated with SLE in a Tunisian population (22). However, a study in Egypt population and a study in Korea population did not find significant results (12, 23). For RA, there was no association of rs1883832 in Eastern Chinese and Iran population (24, 25) and the study published by Liu et al. showed that genotype TT versus CC+CT was significant in men (24). On the contrary, rs1883832 was related to RA risk in a Tunisian population (22). According to rs4810485, this polymorphism was confirmed related to SLE and RA risk in European population (11), but not in Korea and Tunisian population (12, 22). In the present study for Southern Chinese Han population, rs1883832 and rs4810485 was related to RA risk, whereas these two polymorphisms were not related to SLE by analyzing genetic models. However, these two polymorphisms were related to SLE patients complicated with myositis. Compared our findings with Liu et al., the differences may correlate with several reasons. First, Liu et al. genotyped the polymorphism by MALDI-TOF MS using the MassARRAY Nanodispenser, and we used KASP method. Second, we have larger sample size not only in RA patients but in healthy controls. Third, the author found a significant result regarding genotype TT versus CC+CT in men, while in our study, we did not find a significant result regarding genotype TT versus CC+CT in men (OR, 1.650; 95% CI, 0.651–4.180;P = 0.288), suggesting that whether this polymorphism may relate to RA risk either in all RA patients or male patients needs to be further discussed with larger sample size especially with larger men patients, the same genotyping method. Collectively, all these differences for SLE, RA risk as compared to our findings may relate to several possibilities. First, RA, SLE are complex diseases, and they have different pathogenesis, therefore, different polymorphisms may have distinct relation to SLE, RA risk, and it is possible that the same polymorphism may have different relation to SLE, RA. Second, different studies selected different methods to detect the polymorphisms may have distinct results. Third, different ethnicities may associate with different results.

Since CD40 gene polymorphisms may correlate with RA, SLE susceptibility, it is convinced that clarification of how polymorphism or what polymorphism of CD40 gene has affected mRNA expression and protein expression, and how does the protein perform in the pathogenesis of these diseases is meaningful and helpful. It is widely accepted that mRNA may be regulated by SNPs (26). Therefore, dysregulated expression of CD40 may be caused by upregulation of transcription and translation owing to mutated polymorphism. Studies showed that genotype TT, TC of rs1883832 associated with increased CD40 expression in Chinese and Egypt SLE patients (9, 23). Genotype GG of rs4810485 was related to increased CD40 expression in Greek and Turkish SLE patients (27, 28). CD40 is expressed on smooth muscle fibroblasts and synovial cells, which can be upregulated by pro-inflammatory cytokines, such as IFN-γ and TNFα. In turn, elevated expression of CD40 may further involve in the inflammatory response, leading to fibroblast proliferation, adhesion molecule upregulation, and generation of pro-inflammatory cytokines and chemokines, and finally causing diseases development and progression (7, 29). To date, several studies have showed that expression of CD40 was elevated in SLE, RA patients and associated with diseases activity (30–32). Therefore, mutation in CD40 gene may have affected CD40 expression, and promoted SLE, RA development. In our study, we did not discuss association of these polymorphism and CD40 expression in RA patients or SLE patients. Functional study in the future is necessary to elucidate how polymorphism regulates CD40 expression, especially the role in RA, SLE pathogenesis.

There are some limitations in the present study. First, selection bias cannot be avoided because patients were selected from a hospital. Second, this study focuses on association of SNPs with susceptibility to SLE, RA, however, exploring the process of transcription and translation of CD40 gene by the polymorphisms is of importance. Third, more SNPs of CD40 gene are needed to discuss association with SLE, RA risk, and discussion of gene-environment interaction should be investigated in the future. Fourth, we found association of myositis with the six polymorphisms, however, the conclusion is to take with caution because of the very low number of patients. Finally, replication of the results on other ethnics is lacking.

In conclusion, our study showed that CD40 gene polymorphisms may relate to SLE and RA susceptibility.
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Objective

Rheumatoid arthritis (RA), ankylosing spondylitis (AS), and psoriatic arthritis (PsA) belong to inflammatory rheumatic diseases, the group of conditions of unknown etiology. However, a strong genetic component in their pathogenesis has been well established. A dysregulation of cytokine networks plays an important role in the development of inflammatory arthritis. Interleukin 33 (IL-33) is a recently identified member of the IL-1 family. To date, the significance of IL-33 in inflammatory arthritis has been poorly studied. This research aimed to investigate the potential of IL-33 gene polymorphisms to serve as biomarkers for disease susceptibility and TNF inhibitor response in RA, AS, and PsA patients.



Materials and Methods

In total, 735 patients diagnosed with RA, AS, and PsA and 229 healthy individuals were enrolled in the study. Genotyping for three single nucleotide polymorphisms (SNPs) within the IL-33 gene, namely, rs16924159 (A/G), rs10975519 (T/C), and rs7044343 (C/T), was performed using polymerase chain reaction amplification employing LightSNiP assays.



Results

In the present study, the IL-33 rs10975519 CC genotype was associated with a decreased risk of developing RA in females, while the IL-33 rs16924159 polymorphism was associated with the efficacy of anti-TNF therapy and clinical parameters for RA and AS patients. The IL-33 rs16924159 AA genotype correlated with higher disease activity and worse clinical outcomes in RA patients treated with TNF inhibitors, and AS patients carrying the IL-33 rs16924159 AA genotype had higher disease activity and a worse response to anti-TNF therapy. That indicates a deleterious role of the IL-33 rs16924159 AA genotype in the context of RA, as well as AS.



Conclusions

The obtained results suggest that IL-33 gene polymorphisms might be potential candidate biomarkers of disease susceptibility and anti-TNF treatment response in patients with inflammatory rheumatic diseases.
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Introduction

Inflammatory arthritis comprises a diverse group of rheumatic diseases characterized by inflammation of synovial joints and systemic manifestations. Rheumatoid arthritis (RA), psoriatic arthritis (PsA), and ankylosing spondylitis (AS) constitute the most common subtypes of inflammatory arthritis. The worldwide prevalence of inflammatory arthritis amounts to approximately 3%. The exact etiology of RA, PsA, and AS has not been elucidated; however, there is evidence that genetic factors may contribute to their development.

An imbalanced cytokine network plays a crucial role in the pathogenesis of inflammatory arthritis (1, 2). Interleukin-33 (IL-33) constitutes a recently identified member of the IL-1 family that includes IL-1α, IL-1β, IL-1Ra, and IL-18. IL-33 is a dual-function protein, acting both as an endogenous danger signal and a nuclear factor (3, 4). This cytokine is constitutively expressed in the nuclei of endothelial and epithelial cells, acts as a nuclear repressor factor, and is involved in gene transcription regulation (5–7). In response to cellular damage, full-length IL-33 is rapidly released into the extracellular matrix, initiating an inflammatory response (8, 9). This cytokine functions as an alarmin, alerting the immune system and triggering the inflammatory process (8, 10).

IL-33 is predominantly expressed in epithelial, endothelial, and immune cells, including dendritic cells, macrophages, mast cells, and activated Th2 cells. IL-33 interacts with a receptor complex formed by orphan receptor ST2 (also known as IL-1RL1) and IL-1 receptor (IL-1RAcP) (11, 12). Two major ST2 isoforms result from the alternative splicing of gene transcripts: a full-length transmembrane form (ST2L) and a soluble form (sST2) (9). sST2 does not possess transmembrane and cytoplasmic domains and functions as a decoy receptor. IL-33 binding by sST2 inhibits the IL-33/ST2L interaction and, subsequently, IL-33–mediated signaling (13). ST2L expression has been detected for various types of immune cells: natural killer (NK) and NKT cells, innate lymphoid cell type II (ILC2), Th2 lymphocytes, dendritic cells, macrophages, regulatory T cells (Treg), B cells, eosinophils, basophils, and mast cells.

Following IL-33/ST2L binding, co-receptor recruitment of IL-1R accessory protein (IL-1RAP) is indispensable for signal transduction (14). The IL-33/ST2/IL-1RAcP complex induces recruitment of an adaptor protein, myeloid differentiation factor 88 (MyD88), that results in the activation of interleukin-1 receptor-associated kinases 1 and 4 (IRAK1/4) and tumor necrosis factor (TNF) receptor-associated factor 6 (TRAF6). These proteins trigger a downstream activation of the nuclear factor-κB (NF-κB) and the mitogen-activated protein kinase (MAPK) pathways (involving p38, JNKs c-Jun N-terminal kinases, and ERK extracellular signal-regulated kinase), leading to a proliferation of pro-inflammatory cytokine synthesis (9, 15).

IL-33 is predominantly involved in the Th2-mediated immune response by inducing IL-4, IL-5, and IL-13 cytokine production (16) and is crucial for the activation of Th2 cells, mast cells, eosinophils, basophils, dendritic cells (DC), and ILC2 cells (17). IL-33 was initially regarded as a mediator of the Th2-mediated immune response; however, it has also been implicated in Th1-associated immunity (3, 18). IL-33–mediated signaling is involved in the activation of Th1 cells, CD8+ T cells, NK and NKT cells, neutrophils, macrophages, and B cells (19–23). Moreover, IL-33 enhances the Th17 immune response, promotes an expansion of regulatory T (Treg) cells and DCs differentiation (24–27). The IL-33/ST2L axis is also involved in the generation of cytokines with pro-inflammatory potential, including IL−1β, IL-6, and tumor necrosis factor-α (TNF-α) (24, 28, 29).

IL-33 constitutes an essential component of both innate and adaptive immunity (6). This pleiotropic cytokine can target a broad range of immune cells and exerts multiple effects on immune system functions. The pleiotropic character of IL-33 indicates its potential as an essential player in the pathogenesis of autoimmune diseases. It has been revealed that dysregulation within the IL-33/ST2L axis contributes to the development of various diseases, including cardiovascular disorders, cancer, and infectious diseases (9, 15, 19). An increasing body of evidence also implies a crucial role of IL-33 in the pathogenesis of autoimmune disorders, such as inflammatory bowel disease, multiple sclerosis, psoriasis, and diabetes (9, 15).

This research aimed to investigate the potential of IL-33 gene polymorphisms as predictors of disease susceptibility and biomarkers of anti-TNF therapy response in major autoimmune rheumatic diseases, including RA, AS, and PsA.



Materials and Methods


Study Group

In total, 964 cases and controls were enrolled, including 466 RA, 143 AS, and 126 PsA patients. The control group consisted of 229 healthy individuals. The patients were recruited from the Department of Rheumatology and Internal Medicine at Wrocław Medical University, Poland, and the Department of Rheumatology and Connective Tissue Diseases at Collegium Medicum, Bydgoszcz, Poland. RA was diagnosed according to the 2010 American College of Rheumatology/European League Against Rheumatism (ACR/EULAR) Classification Criteria for Rheumatoid Arthritis; all patients diagnosed with AS fulfilled the 1984 modified New York Criteria; PsA diagnoses were established according to the Classification Criteria for Psoriatic Arthritis (CASPAR).

The following demographic and clinical data were collected from all studied patients: gender, body mass index (BMI), disease onset, disease duration, medications received, C-reactive protein (CRP) levels, erythrocyte sedimentation rate (ESR), tender joint count (TJC), swollen joint count (STC), rheumatoid factor (RF) levels, anti-cyclic citrullinated peptide antibody (anti-CCP) levels (for RA patients), HLA-B27 status (for AS patients), Disease Activity Score-28 (DAS28), the Bath Ankylosing Spondylitis Disease Activity Index (BASDAI) (for AS and PsA patients), and the visual analog scale (VAS, ranging from 0 to 100 mm) of pain, and health assessment questionnaires (HAQs) and global health assessments (self-reported and from a physician) were used. The detailed demographic and clinical characteristics of the RA, AS, and PsA patients are depicted in Table 1.


Table 1 | Patients’ and controls’ characteristics.



The eligibility criteria were: age over 18 years; Caucasian ethnicity; confirmed diagnosis of RA, AS, or PsA; resistance to treatment with at least two disease-modifying anti-rheumatic drugs (DMARDs) for RA and PsA patients; resistance to treatment with at least two non-steroidal anti-rheumatic drugs for AS and PsA patients; the presence of active disease before the initiation of anti-TNF therapy; and the commencement of treatment with one of the four anti-TNF biological agents (adalimumab, etanercept, infliximab, certolizumab, or golimumab) at the time of the study. A complete medical history and a physical examination were also required.

The exclusion criteria adopted in the research were as follows: age below 18 years, the coexistence of other autoimmune disorders, infections with hepatotropic viruses or human immunodeficiency virus, infections resistant to therapy, a history of malignancy, the coexistence of other severe acute or chronic medical condition, pregnancy or breastfeeding, alcohol or drug abuse, poor clinical records, and an unwillingness or inability to cooperate.

Patients were examined before commencing the TNF blocking therapy and after 12 and 24 weeks of the treatment. Age- and sex-matched controls (without any family history of rheumatic diseases) from the Blood Bank of Wroclaw served as the control group. All participants were of Caucasian ancestry, and written informed consent was obtained. The study protocol was approved by the Wroclaw Medical University Ethics Committee.



Anti-TNF Treatment Regimen

The patients were administered the following anti-TNF agents: infliximab, adalimumab, etanercept, and certolizumab pegol. The patients received recommended doses of TNF blockers: 3 mg/kg body weight of infliximab given as intravenous infusions at weeks 0, 2, and 6 and every 8 weeks thereafter, subcutaneous injections of 40 mg adalimumab every other week, 50 mg etanercept every week, and 400 mg certolizumab pegol at weeks 0, 2, and 4 and 200 mg every 2 weeks thereafter, and 50 mg of golimumab once a month. Stable doses of methotrexate (MTX), glucocorticoids, and non-steroidal anti-inflammatory drugs were allowed. Therapeutic responses were assessed at weeks 12 and 24 after anti-TNF therapy initiation.



Assessment of the Disease Activity and Therapeutic Response

Disease activity in the RA patients was calculated with DAS28. DAS28 is a composite index incorporating four variables: Number of swollen and tender joints, CRP level, and a self-reported global health assessment (VAS, mm). High disease activity was defined by DAS28 > 5.1, moderate by 3.2 < DAS28 ≤ 5.1, and DAS28 ≤ 3.2 referred to low disease activity. EULAR response criteria were used to measure anti-TNF treatment efficacy, which combines the improvement in DAS28 scores between the initial and final score with the DAS28 score at the time of evaluation (30).

Bath Ankylosing Spondylitis Disease Activity Index (BASDAI) was employed to assess AS patient disease activity. BASDAI is a composite index comprising an evaluation using a VAS scale (range, 0–10 cm, where 0 = none and 100 = very severe) of the following components: Fatigue, spinal pain, enthesitis, peripheral joint pain/swelling, morning stiffness duration, and morning stiffness severity. A BASDAI of 50 (at least 50% improvement from baseline BASDAI or absolute score change of 2; scale 0–10) indicates a good response to therapy (31).

In the PsA cohort, DAS28 and BASDAI were used to assess disease activity status. As the anti-TNF therapy outcome measure, the psoriatic arthritis response criteria (PsARC) were employed. These criteria included TJC, SJC (assessing 68 and 66 joints, respectively, including the distal interphalangeal joints in the hands and feet), patient (PtGA) and provider (PrGA) global assessment of disease activity. An improvement of at least 30% in at least one joint count and one other measure and no decrease in the other measurements was defined as a positive therapeutic outcome (32, 33).



SNP Selection and Genotyping

The selection of genetic variants within the IL-33 gene was based on an analysis of the available literature and search results from the HapMap and NCBI dbSNP databases. Information of the predicted functional consequences of SNPs was obtained using the SNPinfo Web Server (34). The studied SNPs were characterized with minor allele frequencies above 10% (1000 Genomes Project) (35).

Peripheral venous blood from each subject was collected in ethylenediaminetetraacetic acid (EDTA) anticoagulant tubes. DNA isolation was carried out using a Maxwell 16 Blood DNA Purification Kit (Promega Corp., Madison, WI, USA). The IL-33 SNPs were detected by real-time PCR using LightCycler Technology with SimpleProbe probes (LightSNiP assays) designed by TIB MolBiol (Berlin, Germany). Genotyping was performed on a LightCycler 480 Real-Time PCR system (Roche Diagnostics, Rotkreuz, Switzerland) according to the manufacturer’s instructions.



Statistical Analysis

The Population Genetics R package (cran:genetics, version 1.3.8.1) was used for testing the Hardy–Weinberg equilibrium (HWE) of the genotype distributions of the examined IL-33 polymorphisms. For the presentation of categorical variables, frequencies and percentages were used, while means and standard deviations were calculated for continuous variables. A Fisher’s exact test was used to detect differences in the genotype and allele frequencies between patients and controls. Fisher’s exact or Wilcoxon’s tests were applied to assess the relationships between the IL−33 genetic variants and clinical parameters. RA patients’ relative changes of DAS28 scores between baseline and weeks 12 as well as 24 were calculated for each patient by dividing a latter value by a baseline one. Analyses of the distributions of the IL-33 genotypes and alleles within patient groups for their associations with therapeutic effect were performed using Fisher’s exact test. RA patients with a good and moderate EULAR response were grouped together and compared to patients with no response. Stratification analyses employed the Cochran–Mantel–Haenszel χ2 test for count data, followed by a post-hoc groupwise association test of genotypes (cran:rcompanion, version 2.3.26). Bonferroni corrected pc values were calculated by multiplying the observed p value by 27 (3 diseases × 3 outcomes × 3 models). Level of statistical significance was set at 5 % (pc < 0.05), uncorrected p < 0.05 was considered suggestive. Assuming the aforementioned significance level, the additive model, the minor allele frequency of 0.2, and effect size of 1.50, our study had 55 % power in the AS patients, 53% in the PsA patients, and 82 % in case of the RA patients. All statistical calculations, except power, were performed using R software environment (version 3.6.3; x86_64-pc-linux-gnu) (36). Statistical power calculations were performed with the Genetic Association Study Power Calculator (https://csg.sph.umich.edu/abecasis/cats/gas_power_calculator).




Results


Genotype and Allele Distributions of IL-33 Polymorphisms in the RA, AS, PsA Patients and Healthy Controls

The genotype distributions of the examined IL-33 polymorphisms in control group were in Hardy–Weinberg equilibrium (p = 0.88 for rs10975519, p = 0.57 for rs16924159, and p = 0.67 for rs7044343). The frequency of the genotypes and alleles of the IL-33 rs10975519, rs16924159, or rs7044343 did not differ between the RA patients and controls, and no significant differences were found between the controls and AS or PsA patients (Table 2).


Table 2 | Gender-stratified analysis of the IL-33 genotypes frequencies in rheumatoid arthritis, ankylosing spondylitis, and psoriatic arthritis patients.



However, gender-stratified analysis of the genotype and allele distributions revealed differences between female RA patients and female controls regarding the IL-33 rs10975519 polymorphism (Figure 1). The IL-33 rs10975519 CC genotype was less frequent among female patients than female controls (p = 0.008, pc = NS, OR = 0.54, CI95% = 0.33–0.86). On the contrary, female patients more frequently possessed the IL-33 rs10975519 CG genotype than female controls (p = 0.004, pc = NS, OR = 1.97, CI95% = 1.22–3.25). No association remained significant after Bonferroni correction, however. No gender-dependent associations were detected between IL-33 rs16924159 or rs7044343 and disease risk in the RA cohort.




Figure 1 | Association of the IL-33 rs10975519 polymorphism with rheumatoid arthritis susceptibility in females. Differences are indicated as αCC vs CT+TT, p=0.008, pc=NS, OR=0.54, CI95%=(0.33; 0.86); βCT vs CC+TT, p=0.004, pc=NS, OR=1.97, CI95%=(1.22; 3.25); NS, non-significant; pc, value with Bonferroni correction.





Gender-Stratified Analysis of the IL-33 Genotype and Allele Frequencies in the RA, AS, and PsA Patients

A significant difference in the genotype and allele distribution was found for the IL-33 rs10975519 genetic variant in the AS patients (Table 2). The frequency of the IL-33 rs10975519 CC genotype was increased in male AS patients compared to females (p=0.001, pc=0.032, OR = 0.47, CI95% = 0.30–0.74). The comparison between females and males diagnosed with AS in accordance with the IL-33 rs7044343 polymorphism also revealed significant relationships. A frequency of the IL-33 rs7044343 CC genotype was increased in the females with AS, as compared to the males (p=0.001, pc = 0.027, OR = 0.46, CI95% = 0.29–0.72). The analysis involving the IL-33 rs16924159 SNP polymorphism in relation to the patients’ gender showed no significant associations.

The gender stratification analysis did not show any associations with any of the studied IL-33 genetic variants in the RA and PsA patients (Table 3).


Table 3 | Comparison of the IL-33 genotypes and alleles frequencies between patients diagnosed with rheumatoid arthritis, ankylosing spondylitis, psoriatic arthritis, and healthy subjects.





Effect of IL-33 Polymorphisms on the Effectiveness of Anti-TNF Therapy in Patients Diagnosed With RA, AS, and PsA

The anti-TNF therapy clinical outcome was associated with the IL-33 rs16924159 variant in the RA patients (Table 4). The IL-33 rs16924159 AA genotype was more frequently observed among the RA patients with worse response to anti-TNF agents after 24 weeks than the other genotypes (p = 0.030, pc = NS, OR = 1.97, CI95% = 1.05–3.72). Moreover, the presence of the IL-33 rs16924159 GG genotype was associated with a good response to anti-TNF treatment at the 24th week (p = 0.046, pc = NS, OR = 1.98, CI95% = 0.99–3.98). However, with Bonferroni adjustment no effect reached significance. There were no differences between the other two studied IL-33 polymorphisms and the clinical outcomes of the anti-TNF treatment among the RA patients.


Table 4 | Analysis of the IL-33 genotypes distributions with regard to therapeutic response to anti-TNF agents in rheumatoid arthritis, ankylosing spondylitis and psoriatic arthritis patients.



Differences were also detected between the IL-33 rs16924159 polymorphism and anti-TNF therapy efficacy in the AS patients (Table 4). After 24 weeks of treatment, a lack of response was more frequently observed in patients carrying the AA genotype than the other genotypes (p = 0.015, pc = NS, OR = 7.15, CI95% = 1.20–42.87). Additionally, an elevated frequency of the IL-33 rs16924159 A allele was detected among patients with no response to anti-TNF agents after 24 weeks (p = 0.032, pc = NS, OR = 3.51, CI95% = 1.08–13.31). On the contrary, IL-33 rs16924159 GG genotype frequencies were increased in patients who responded to anti-TNF treatment after 24 weeks compared to the AA genotype (p = 0.024, pc = NS, OR = 11.22, CI95% = 1.01–588.34).

There were no differences between the other two studied IL-33 polymorphisms and the anti-TNF therapy outcomes among the RA and AS patients. No significant relationships in the genotype or allele distribution of the studied IL-33 polymorphism and anti-TNF agent efficacy were found for the PsA patients (Table 4).



Clinical Parameters of the RA, AS, and PsA Patients and IL-33 Genotype and Allele Distributions

Comparisons of the IL-33 genotypes and alleles among the RA, AS, and PsA patients were performed using clinical laboratory parameters. Association between DAS28 and the distribution of the IL-33 rs16924159 genotype was observed in the RA patients at week 24 of treatment (Figure 2). The IL-33 rs16924159 AA genotype was more common among RA patients with higher DAS28 after 24 weeks of therapy than the other genotypes (p = 0.023, pc = NS, OR = 1.97, CI95% = 1.06–3.67). On the contrary, RA patients bearing the IL-33 rs16924159 GG genotype had lower values of DAS28 at week 24 of anti-TNF treatment than patients carrying the other genotypes (p = 0.049, pc = NS, OR = 1.97, CI95% = 1.00–3.93). After Bonferroni correction, the associations were no longer significant.




Figure 2 | Association of the IL-33 rs16924159 polymorphism with disease activity in rheumatoid arthritis patients. (A) Comparison of IL-33 rs16924159 genotype frequencies with DAS28 score at baseline as well as at 12th and 24th weeks after commencing of anti-TNF therapy; (B) Comparison of IL-33 rs16924159 genotype frequencies with relative change in DAS28 between baseline and 12th week, as well as 24th week after commencing of anti-TNF therapy; Differences are indicated as; αAA vs AG+GG, p=0.023, pc=NS, OR= 1.97, CI95%=(1.06; 3.67); βGG vs AA, p=0.049, pc=NS, OR=0.51, CI95%=(0.25; 1.00); γAA vs GG, p=0.036, pc=NS, W=2396.5; δAA vs AG+GG, p=0.030, pc=NS, W=5265.5; ϵGG vs AA, p=0.016, pc=NS, W=2301.0; DAS28, disease activity score 28; NS, non-significant; pc, value with Bonferroni correction.



Differences were detected in the RA patients between the IL-33 rs16924159 genotype and relative changes in DAS28 values during treatment (Figure 2). Patients bearing the IL-33 rs16924159 GG genotype had larger DAS28 reductions at week 12 of anti-TNF treatment than carriers of the AA genotype (p = 0.036, pc = NS, W = 2396.5). This trend was also observed after 24 weeks of treatment. Lesser relative changes in DAS28 values were observed in patients with the IL-33 rs16924159 AA genotype than the other genotypes (p=0.030, pc=NS, W=5265.5). Patients homozygous for the IL-33 rs16924159 GG genotype demonstrated a greater decrease in DAS28 values between baseline and week 24 than patients possessing the AA genotype (p = 0.016, pc = NS, W = 2301.0). No other studied IL-33 polymorphism was associated with any clinical parameters in the gender-stratified or whole RA cohort.

A significant association in the IL-33 rs16924159 genotype distribution with regard to disease activity was found in the AS patients (Table 5). AS patients carrying the IL-33 rs16924159 AA genotype displayed higher baseline BASDAI scores than patients possessing the other genotypes (p = 0.001, pc = 0.027, W = 1821.0). On the contrary, lower baseline BASDAI scores were observed in AS patients bearing the IL-33 rs16924159 GG genotype than AA homozygous patients (p = 0.003, pc = 0.081, W = 718.0).


Table 5 | Analysis of the IL-33 genotypes distributions with regard to baseline clinical parameters of rheumatoid arthritis, ankylosing spondylitis and psoriatic arthritis patients.



A comparison of clinical parameters with genotype frequencies and alleles of the IL-33 variants did not show any associations in the PsA patients (Table 5).




Discussion

A growing body of evidence highlights the role of the IL-33 signaling pathway in inflammatory arthritis. Significantly increased IL-33 levels have been detected in RA patients’ serum and synovial fluid, and IL-33 levels have been shown to positively correlate with disease severity, rheumatoid factor, and anticitrullinated protein antibodies (37–39). Furthermore, a reduction in serum IL-33 concentration in RA patients after anti-TNF therapy has been reported (38, 40). In addition, decreased levels of IL-33 have not been observed in patients unresponsive to TNF inhibitors (37). It has also been reported that TNF stimulates the IL-33 expression on both mRNA and protein levels in cultured synovial fibroblasts derived from RA patients (41–43). On the contrary, it has been shown that IL-33 affects TNF-dependent effects, enhancing the production of pro-inflammatory mediators, including IL-6, IL-8, and monocyte chemotactic protein-1 (MCP-1) and the pro-destructive molecules matrix metalloproteinase-1 (MMP−1), MMP-3, and TIMP-1 (41).

In the present study, the IL-33 rs16924159 polymorphism was associated with anti-TNF therapy efficacy and clinical parameters in RA and AS patients. The IL-33 rs16924159 AA genotype was correlated with higher disease activity and worse clinical outcomes in RA patients treated with TNF inhibitors. AS patients carrying the IL-33 rs16924159 AA genotype had higher disease activity and a worse response to anti-TNF therapy; these results indicate a deleterious role of the IL-33 rs16924159 AA genotype in RA and AS. A significant association was also found for the IL-33 rs10975519 genetic variant. The IL-33 rs10975519 CC genotype was associated with a decreased risk of developing RA among females. We did not find in the literature any gene candidate study investigating these SNPs in RA or PsA patients. One other study by Fan et al. addressed the relationships between the IL-33 rs16924159 and rs10975519 polymorphisms and AS development; however, all subjects in this study were of Chinese ethnicity (44). The study reported a correlation between the rs10975519 CC genotype and a diminished predisposition to AS, but no association between IL-33 rs16924159 and AS susceptibility was found (44). The IL-33 rs10975519 C allele was previously associated with higher susceptibility to ischemic stroke in a Chinese cohort by Guo et al. (45). The IL-33 rs10975519 variant was also studied in Chinese patients diagnosed with autoimmune thyroid diseases, systemic lupus, and coronary artery disease, although no significant relationships were revealed (46–48). The IL-33 rs16924159 AA polymorphism was found to be associated with an increased risk of recurrent miscarriage (49). On the other hand, the rs16924159 A allele has been identified as a protective allele in asthma development (50). No association has been found between the IL-33 rs16924159 and coronary artery disease or coronary heart disease in Mexican or Chinese populations, respectively (51, 52). There is also no significant relationship between this polymorphism and the risk of ischemic stroke (45). IL-33 loci did not reach genome-wide level of statistical significance in previous GWAS studies in RA patients (53). No associations were also found with respect to disease susceptibility in previous GWAS studies involving AS and PsA patients (54–56). These results are in line with the results from the present study. None of the studied IL-33 genetic variants was associated with RA, AS, or PsA risk in the whole cohort of patients. However, in the present study, significant association was observed between the IL-33 rs10975519 genetic variant and predisposition to RA in females. Alas, in the aforementioned GWAS studies sex-stratified analyses were not applied, so no conclusions can be drawn. In the present study, significant relationships were also observed between the IL-33 genetic variants and anti-TNF efficacy in RA as well as AS patients. However, GWAS studies investigating outcome of anti-TNF therapy in RA patients didn’t identify genome-wide significant association for IL-33 loci (57, 58). Interestingly, in a study investigating transcriptomic profile, IL-33 genome-level expression was found significantly upregulated in RA patients that responded to anti-TNF therapy (59). The inconsistency between the studies might be attributed to differences in inclusion and outcome criteria between studies or false-positive associations obtained. Also, anti-TNF response is considered to be polygenic with many small-effect variants, which might be missed in GWAS analysis. Therefore, results derived from this study require validation in larger patient cohorts from Caucasian population.

Herein, no association was found between the IL-33 rs7044343 polymorphism and RA susceptibility or anti-TNF treatment efficacy. Interestingly, a previous study using a Chinese cohort reported a significant association of the IL-33 rs7044343 CC genotype with a decreased predisposition to RA (60). The IL-33 rs7044343 C allele has also been shown to be strongly associated with a diminished risk of Alzheimer’s disease in a study encompassing various populations (61). A meta-analysis performed by Zhong et al. also noted the IL-33 rs7044343 C allele as a protective factor for Alzheimer disease (AD) development (62). However, no significant association was found in another study regarding Chinese patients diagnosed with AD (63). On the contrary, the rs7044343 C allele was identified as a risk factor for susceptibility to Behçet’s disease and systemic sclerosis (64, 65). In line with these findings, the IL-33 rs7044343 T allele has been associated with a decreased risk of coronary artery disease (51). The IL-33 rs7044343 genetic variant was also examined for associations with asthma development in a Tunisian cohort; however, no significant relationships were found (66). Although, several other polymorphisms within the IL-33 gene have been shown to be significantly associated with asthma susceptibility in various populations (50). A significant relationship was also found between the IL-33 rs7044343 polymorphism and ischemic stroke in a Chinese cohort (67). On the contrary, there were no associations between the IL-33 rs7044343 polymorphism and inflammatory bowel disease or idiopathic achalasia in an Italian cohort (68, 69). The IL-33 rs7044343 polymorphism was also investigated in patients diagnosed with giant cell arteritis and chronic obstructive pulmonary disease; however, no significant correlations were detected (70, 71).

The discord between our studies’ results and the aforementioned studies using Chinese cohorts most likely comes from genetic differences between the studied populations or inadequate sample sizes, particularly for AS and PsA cohorts. Indeed, the present study’s main limitation was the limited sample size, possibly resulting in insufficient power for detecting associations.

Among the AS patient cohort, gender-specific associations in genotype distributions were found for all two studied genetic variants of IL-33. The IL-33 rs1097559 CC genotype was less frequently observed among female AS patients than males, and the frequency of the IL-33 rs7044343 TT genotype was significantly decreased in female patients. AS affects men more frequently than women, with male to female ratio of 3:1 (72, 73). Gender-related differences have been also detected with regard to clinical manifestation, radiographic damage and efficacy of biologic treatment. Female patients have higher disease activity defined as BASDAI and worse response to biologic treatment as compared to males (73–76). On the other hand, men are more likely to experience severe radiographic damage (77, 78). However, molecular mechanisms underlying these differences are currently unknown. No GWAS study performed to date on AS patients included sex-specific analyses. Some gene candidate studies reported gender-specific associations between studied genetic variants and AS. Polymorphisms within ANKH gene were found to be associated with AS susceptibility in a gender-dependent manner (79). Also, sex-related differences were observed in a haplotype distribution of specific tissue non-specific alkaline phosphatase (TNAP) gene (80). In addition, in the study conducted by Gracey et al., authors observed that gene expression profiles in AS patients differed between males and females (81).

The current study constitutes the first report of associations between IL-33 gene polymorphisms and rheumatic diseases in a Caucasian population. The results indicated that IL-33 polymorphisms might be associated with rheumatic disease risk and anti-TNF treatment outcomes in Caucasians. Nevertheless, additional studies with larger sample sizes and different populations are needed to validate these findings and to establish the exact role of IL-33 polymorphisms in rheumatic diseases.
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Objectives

Rheumatoid arthritis (RA) is associated with HLA-DRB1 genes encoding the shared epitope (SE), a 5-amino acid motive. RA is usually preceded by the emergence of anti-citrullinated protein/peptide antibodies (ACPAs). Citrulline is a neutral amino acid resulting from post-translational modification of arginine involved in peptidic bounds (arginyl residue) by PeptidylArginine Deiminases (PADs). ACPAs recognize epitopes from citrullinated human fibrin(ogen) (hFib) and can be specifically detected by the AhFibA assay. Five citrullinated peptides derived from hFib together represent almost all of the epitopes recognized by patients with ACPA-positive RA, namely: α36–50cit, α171–185cit, α501–515cit, α621–635cit, and β60–74cit. The use of antibody fine specificities as markers of clinical phenotypes has become a major challenge. Our objective was to study whether RA clinical characteristics and HLA-DRB1 genetic background were associated with a specific reactivity against the epitopes borne by the five peptides.



Methods

184 ACPA-positive RA patients fulfilling the 2010 ACR/EULAR criteria were studied. Patient characteristics including HLA-DRB1 genotype, were collected from their medical files. Anti-CCP2 antibodies, AhFibA, and antibodies against the five citrullinated hFib (hFib-cit) peptides were analyzed by ELISA.



Results

Anti-α505-515cit antibodies were associated with HLA-DRB1*04:01 (OR = 5.52 [2.00 – 13.64]; p = 0.0003). High level anti-α505-515cit antibodies were associated with rheumatoid nodules (OR = 2.71 [1.00 – 7.16], p= 0.044).



Conclusion

Immune complexes containing anti-α501-515cit antibodies and rheumatoid factors might be involved in the development of rheumatoid nodules on the HLA-DRB1*04:01 background. Apheresis of these epitope-specific antibodies might be a new therapeutic opportunity for patients with rheumatoid nodules.





Keywords: ACPA, rheumatoid arthritis, HLA-DRB1, AhFibA, citrullinated peptides 2



Introduction

Rheumatoid arthritis (RA) is the most severe type of chronic autoimmune arthritis. Its prevalence ranges from 0.5% to 1.1% in North America and northern Europe, and between 0.3 and 0.7% in southern Europe (1).

RA features symmetrical bilateral polyarthritis of the small joints. Extra-articular manifestations such as rheumatoid nodules, lung damage, or vasculitis can also be present (2).

RA is usually preceded by the emergence of anti-citrullinated protein/peptide antibodies (ACPAs) and rheumatoid factors of various isotypes. Citrullyl is a neutral residue resulting from post-translational modification of an arginyl residue in the peptidic sequence by PeptidylArginine Deiminases (PADs). The deiminated protein/peptide is said citrullinated.

In ACPA-positive RA, the genetic risk is mostly carried by shared epitope (SE)-positive HLA-DR molecules. The SE (a five-amino acid motif encompassing positions 70 to 74 of the HLA-DRB1 chain) encoded in the major histocompatibility complex (MHC) is present in approximately 70% of patients with ACPA-positive RA (3). Different combinations of HLA-DR alleles (genotypes) confer different relative risks of developing ACPA-positive RA, with highest risks for genotypes encoding two copies of the SE (4).

ACPA present in patients with RA recognize citrullinated epitopes on various proteins (5). A major citrullinated autoantigen expressed in the rheumatoid joint is fibrin, both its alpha and beta chain being recognized by ACPA (6). ACPA are likely to play a role in the pathophysiology of the disease. Indeed, ACPAs have been shown to predict progression of undifferentiated arthritis to RA and are associated with severe disease (7). However, given the heterogeneity of the disease’s clinical features, more reliable prognostic and phenotypic markers are missing.

The discovery of ACPA led to the development of diagnostic tests based on a first synthetic cyclic citrullinated peptides (CCP) (8). Since then, several generations of anti-CCP tests have been commercialized (9). ACPAs have become one of the 2010 American College of Rheumatology (ACR)/EULAR RA classification criteria (10).

Besides anti-CCP tests, a test for autoantibodies to human citrullinated fibrinogen (AhFibA) can be used for the serological diagnosis of early RA (11).

Five peptides from human citrullinated fibrinogen (hFib-cit) together contain almost all of the epitopes recognized by patient’s sera with ACPA-positive RA. These immunodominant epitopes are borne by the peptides α36–50cit38,42, α171–185cit178,181, α501–515cit510,512, α621–635cit621,627,630 and β60–74cit60,72,74 (6, 12, 13). Whether reactivity of sera toward these five peptides might allow definition of subgroups among RA patients that might have different disease phenotypes, is an important question.

Previous studies analyzed the recognition by various samples of patients of only 3 (α36–50cit, β60–74cit and FibCit α621-635) out of the 5 major peptides, and only studied early RA defined by the 1987 ACR criteria (14) and not the 2010 ACR/EULAR criteria.

The primary objective of this work was to study whether, in a cohort of 184 patients with ACPA-positive RA fulfilling the 2010 ACR/EULAR criteria, a particular HLA-DR background or original clinical patterns, were associated with antibodies to the epitopes from the 5 major hFib-cit peptides α36–50cit, α171–185cit, α501–515cit, α621–635cit, and β60–74cit.



Material and Methods


Patients

We undertook a prospective study on 184 patients followed at the rheumatology department of Sainte Marguerite Hospital in Marseille. Patients included were considered ACPA-positive RA based on previous results of anti-CCP2 antibodies obtained with various commercial assays, and fulfilled the 2010 ACR/EULAR criteria. Patients treated with Rituximab were excluded due to its potential effect on ACPA levels.

Patient characteristics were collected from their medical files: presence of rheumatoid nodules, smoking habits, age at diagnosis, HLA-DR genotype, IgM rheumatoid factor (RF), activity and erosive characteristics of the disease, treatment response, dry eye syndrome, cardiovascular event, osteoporosis.

	-In order to state the presence or absence of rheumatoid nodules, patients medical files and all available chest CT scans were analyzed.

	-Disease activity was measured using the Disease Activity Score calculated with the level of C-reactive protein (DAS28-CRP) on the day of the sample.

	-Treatment response was evaluated according to the EULAR response criteria. Patients were considered to have shown a good response if their DAS28 was ≤3.2 or has decreased by >1.2 (15) according to the 2019 update of EULAR recommendations for the management of RA, the time needed to achieve treatment target has been set at 6 months before concluding to treatment failure (16).

	-Patient personal history of a cerebrovascular accident, myocardial infarction or heart failure was defined as a major cardiovascular event.

	-Patients were categorized as smokers (active or previous smokers) or non-smokers.

	-Erosive RA was defined according to the EULAR definition of erosive RA (17).

	-Dry eye syndrome was defined as a Schirmer's test value ≤ 5 mm/5 min, or an Ocular Staining Score ≥ 5. Dry mouth was defined as an unstimulated salivary flow rate of ≤ 0,1 mL/min.

	-Osteoporosis was defined either by personal history of osteoporosis fracture, or by bone mineral density with a T-score below – 2,5 for at least one of the testing sites.





Samples

Patients gave a single blood sample from which plasma was isolated. Samples were stored at -80°C. AhFibA and ACPA fine specificities were assayed and anti-CCP2 were re-assayed with a same test in all patients.



Ethics

All patients gave informed written consent for this study. Patient data was pseudo-anonymized. Sample collection was approved by the ethics committee under the number DC-2008-327. This study was declared to the Assistance Publique – Hôpitaux de Marseille (AP-HM) under the number PADS19-332.



ACPA Testing

For all the ACPA tests, we used the positivity threshold (N) corresponding to 95% diagnostic specificity.

Plasma anti-CCP2 assays were performed using the ELISA CCPlus® IMMUNOSCAN kit (Euro Diagnostica, Arnhem, The Netherlands) according to the manufacturer’s recommendations. Antibody titers expressed in arbitrary units (AU/mL) were considered positive above 25 AU/mL.

Anti-human citrullinated fibrinogen IgG autoantibodies were detected with a previously described ELISA (AhFibA). Antibody “titers” (ELISA optical density) above 0.056 were considered positive (6, 18).



Rheumatoid Factor Testing

IgM Rheumatoid Factor (RF) was assayed with the RF ELISA from Orgentec and considered positive if >20 UI/mL.



Antibodies to Human Fibrin(ogen) Citrullinated Peptides

Peptides with the following sequences were synthetized with either arginines (R) in control peptides or citrullines (R) in target peptides, and used as immunosorbents:

	-α36-50: GPRVVERHQSACKDS

	-α171-185: biotin-ahx*-VDIDIKIRSCRGSCS

	-α501-515: biotin-ahx*-SGIGTLDGFRHRHPD

	-α621-635: RGHAKSRPVRGIHTS

	-β60-74: RPAPPPISGGGYRAR



*: ahx: aminohexanoic acid

IgG autoantibodies to the fibrinogen-derived citrullinated peptides α36-50cit, α621-635cit and β60-74cit were tested by ELISA according to a previously described method in which peptides are passively adsorbed on polystyrene microtitration plates (6, 18). IgG autoantibodies to the peptides α171-185cit and α501-515cit were tested by ELISA with biotinylated peptides linked to previously adsorbed Avidin. Briefly, plates (Maxisorp; NUNC, VWR International, Fontenay-sous-Bois, France) were incubated overnight with Avidin at 5 µg/mL. After washing with PBS 0.1% Tween-20 (PBS-T) biotinylated peptides were incubated for 1 hour at 1µg/mL in PBS 2% BSA (PBS-BSA). After 3 washings the plates were incubated for 1 hour with patient plasma diluted to 1/100 in PBS-BSA then washed 3 times in PBS-T. A peroxidase-conjugated goat anti-human IgG antibody (Southern Biotechnology) diluted to 1/2500 in PBS-BSA was incubated for 1h and, after 3 washings, reactivity was revealed by ortho-phenylenediamine dihydrochloride and hydrogen peroxide in a pH5 citrate buffer. The reaction was stopped after 5 min with H2SO4 and optical density (OD) read at 492 nm. All the steps were performed at room temperature around 20°C (6). The specific antibody reactivity was defined as the OD difference between the citrullinated and the non-citrullinated related control peptide. Interassay variations were corrected by linear regression analysis using reference peptide and plasma, tested on each plate. ΔOD below the cut-off value of 0.25 were considered negative. Patients with ΔOD over the cut-off were divided into 3 equal groups (tertiles) with weak (T1), medium (T2) or high titers (T3). Patients from the medium and high-titer groups (T2-T3 combined) were considered together to have a “high level” reactivity.



Statistical Analysis

Association studies were carried out with contingency tables using the Chi2 test and Fisher’s exact test when Chi2 was not applicable.

The Baptista-Pike method was used to obtain the 95% confidence interval for Odds Ratio (OR).

Spearman’s rank correlation coefficient rho was used to measure the correlations between anti-CCP2 antibodies, AhFibA, and antibodies to the 5 peptides and tested against the null hypothesis of rho =0.

Statistical analysis was carried out using PRISM software for Windows (GraphPad Software, 169 San Diego, California, USA) and IBM®SPSS® Statistics version 20. The significance threshold was set at p < 0.05.




Results


Clinical Description of the Population

The clinical characteristics of the 184 patients with ACPA-positive RA are shown in Table 1 (see details in Supplementary Data File 1). Half of patients were treated with methotrexate, 24% in monotherapy, and 76% in association with a bDMARD. Among 30 patients with rheumatoid nodules, 15/93 had methotrexate, 15/97 had not (p = 0.841, OR = 0.923 [0.44 – 1.941]).


Table 1 | Clinical characteristics of patients.





Serological Profile of the 184 Patients With ACPA-Positive RA

The biological characteristics of the 184 patients recruited as ACPA-positive RA based on their anti-CCP2 status are shown in Table 2 (see details in Supplementary Data File 1). When re-assayed with the same reference assay, 98.51% of patients had anti-CCP2 antibodies. On the other hand, 83.23% had AhFibA, and 69.98% had IgM RF.


Table 2 | AhFibA and five major citrullinated Fibrin peptides antibodies.




Among the Citrullinated Peptides

Among the citrullinated peptides, 76.13% of patients recognized biotin-α171-185cit, 67.10% recognized biotin-α501-515cit, 58.06% recognized β60-74cit, 45.16% recognized α621-635cit, and 14.84% recognized α36-50cit.



Epitopic Profiles of ACPA

Analysis of the profiles of epitope recognition in the 184 patients showed that 19% of patients recognized the 4 peptides α171-185cit, α501-515cit, α621-635cit, and β60-74cit, 15% of patients recognized the 3 peptides α171-185cit, α501-515cit, and β60-74cit, and 6% of patients recognized a single peptide (4%: α171-185cit, 1%: α501–515cit, and 1%: β60–74cit) (see Figure 1).




Figure 1 | Different profiles of epitopic reactivity in the cohort of 184 patients.






Correlations of the Titers of Anti-CCP2 and Anti-Citrullinated Fibrin Peptide Antibodies

The titers of anti-CCP2 and AhFibA were strongly correlated (Spearman’s rank correlation coefficient rho (rs): 0.706; p= 4.06x10-29).

The titers of anti-CCP2 and anti-citrullinated fibrin peptides antibodies were also significantly correlated for 4 of the 5 peptides: α171-185cit (rs: 0.647; p = 3.2x10-23), α501-515cit (rs: 0.299; p = 3.7x10-5), α621-635cit (rs: 0.271; p= 0.0002), β60-74cit (rs: 0.517; p = 5.5x10-14).

By contrast there was no correlation of anti-CCP2 antibodies titers with those of anti-α36-50cit antibodies (rs: -0.010; p = 0.894) (see Figure 2).




Figure 2 | Correlations of anti-CCP2 titers and anti-citrullinated fibrin peptides antibodies (Spearman’s rank correlation coefficient rho (rs). OD , optical density; AhFibA , anti-citrullinated human fibrinogen antibodies; anti-CCP2, anti-cyclic citrullinated peptides. There was a positive correlation between anti-CCP2 and AhFibA (rs : 0.706; p = 4.06x10-29), between anti-CCP2 and anti-α171-185cit (rs: 0.647; p = 3.2x10-23), anti-α501-515cit (rs: 0.299; p = 3.7x10-5),anti-α621-635cit (rs: 0.271; p= 0.0002), and anti-β60-74cit antibodies (rs: 0.517; p = 5.5x10-14). There was no correlation between anti-CCP2 and anti α36–50 (rs: -0.010; p = 0.894) antibodies.





HLA-DRB1 Background

Among the 184 patients with ACPA-positive RA, 155 were genotyped for HLA-DRB1: 67.1% of patients were SE-positive (49% of patients expressed one copy of the SE, 18.1% expressed two copies). Their clinical characteristics were not different from those in the total 184 patients (see Supplementary Tables 1, 2, Supplementary Data File 1).


HLA-DR Status Association With Clinical Characteristics

HLA-DRB1*04:01 was weakly associated with rheumatoid nodules. Indeed, 44/155 patients expressed HLA-DRB1*04:01 of whom 11 (25%) had rheumatoid nodules, 111/155 patients did not express HLA-DRB1*04:01 of whom 19 (17%) had rheumatoid nodules (Chi2, OR = 2.15 [0.91 – 5.25]; p = 0.081). Other clinical characteristics were not associated with any HLA-DRB1 allele.



HLA-DRB1 Status Association With the Recognition of Citrullinated Peptides


SE Dose Effect on the Number of Peptides Recognized

Patients with two copies of the SE were more likely to recognize more than 3 peptides (OR = 3.02 [1.12 – 8.74]; p = 0.034) (see Table 3).


Table 3 | Association between epitopic specificity of ACPAs and HLA-DRB1 alleles.





HLA-DRB1 Alleles and Epitopic Specificity

HLA-DRB1*04:01 was associated with antibodies to α501-515 (OR = 5.52 [2.00 – 13.64]; p = 3x10-4). Conversely, HLA-DRB1*04:01 was associated with absence of antibody to α621-625 (OR=0.46 [0.23 – 0.95]; p=0.036) (see Table 3).





Epitopic Specificity of Anti-Citrullinated Fibrin Peptide Antibodies and Clinical Characteristics


Multiple Peptide Recognition

42 of 184 patients recognized more than 3 citrullinated peptides. The 142 remaining patients recognized 3 peptides or less. Patients who recognized more than 3 peptides showed better responses to TNF-alpha inhibitors (OR = 2.93 [1.16 – 7.48]; p = 0.025) and had less often erosive RA (OR = 0.45 [0.19 – 1.04]; p = 0.051) (see Supplementary Table 3).



Recognition of the α501-515 Citrullinated Peptide Was Associated With Rheumatoid Nodules and With RF

Rheumatoid nodules were present in 30/180 patients, absent in 130 patients, data being unknown for 20 patients. On the whole group of patients, reactivity against α501-515cit tended to be associated with rheumatoid nodules (OR= 2.32 [0.95 -5.80], p = 0.08) but high level reactivity against the peptide was significantly associated with rheumatoid nodules (see Table 4). Indeed, 79/184 (43%) patients had high level reactivity against α501-515cit and among them 18/184 (10%) patients had rheumatoid nodules whereas 61/184 (33%) patients had low level reactivity against α501-515cit of whom only 6/184 (3%) patients had rheumatoid nodules (OR=2.71 [1.00 – 7.16], p=0.044).


Table 4 | Rheumatoid nodules and Rheumatoid factor association with peptide reactivity.



Anti-α501-515cit antibodies were also associated with RF (OR=2.31 [1.10 – 4.78], p= 0.026).





Discussion

We studied the associations between HLA-DR background, specificity of ACPAs to epitopes borne by citrullinated fibrin peptides and clinical characteristics in 184 patients with ACPA-positive RA fulfilling the ACR/EULAR 2010 criteria.


The Clinical and Biological Characteristics

The clinical and biological characteristics of the RA population studied here were classical. In our population of patients with ACPA-positive RA, 17% of patients had rheumatoid nodules which is in accordance with other European populations prevalence of 18%-22.4% and less than in northern European population (30-40%) (19). It was previously reported that cvDMARDs or bDMARDs could accelerate rheumatoid nodulosis, particularly methotrexate (20) and TNF-alpha inhibitors (21). In our cohort we could not find any over-representation of rheumatoid nodules in patients treated with DMARDs, specially with methotrexate.



Prevalence of ACPAs to the Citrullinated Fibrin Peptides

The prevalence of antibodies to the peptides α36-50cit (15%), α621-635cit (45%), and β60-74cit (58%), were in close agreement with those previously described with the same ELISAs (11, 13, 22–26) and also those recently described in very large cohorts of patients with a multiplex peptide chip (27–32). The pilot study (6) which identified the peptides bearing the immunodominant epitopes, only used sera selected for highest titers of ACPA, therefore leading to prevalences which are not representative of patient population.

The prevalence of antibodies to the peptides α171-185cit (76%) and α501-515cit (67%) had been previously studied by ELISA only in the pilot study (6) and were 45% for the 2 peptides. However in the present study, the peptides were used biotinylated and linked to Avidin versus immunoadsorbed on solid phase in the pilot study. Such an increased reactivity when using biotinylated peptides, depending on a different presentation of the peptides, was clearly demonstrated with the peptide β60-74cit in a recently published study (33).



Association Between Multiple Peptide Recognition and Clinical Characteristics

Multiple peptide recognition (>3) was not associated with erosive arthritis, in accordance with previous studies that showed that the diversity of recognized epitopes was not associated with the severity of the disease (34, 35). Multiple peptide recognition (>3) was associated with a better response to TNF-alpha inhibitors in our cohort. In the literature, ACPA have been associated either with a reduced response (36), no effect (37) or a better response (38). A better response to TNF-alpha inhibitors may explain the less erosive pattern observed in our patients with multiple peptide recognition. Indeed, TNF-alpha inhibitors limit radiographic progression in patients with RA as already demonstrated (39).

A study of van Beers et al. (40) failed to find association between ACPA fine-specificity profiles in early rheumatoid arthritis patients and clinical features at baseline or with disease progression, however, the citrullinated peptides used in our study were not analyzed, neither rheumatoid nodules.

Recently, Manca et al. studied the clinico-serological association of ACPA detected using VCP1 and VCP2 (EBV-derived citrullinated peptides) and HCP1 and HCP2 (histone-H4-derived citrullinated peptides) in 413 established RA. Higher number/levels of ACPA subtypes were associated with lung involvement but not with erosive disease (41).

In Joshua and al. association between ACPA fine specificities and lung abnormalities were studied. Three out of our 5 antibodies (FibCit α36-50, FibCit β60-74, and FibCit α621-635) were used in the study. There was no association between reactivity to any of them and lung abnormalities studied by HR-CT scan but in contrast a significant correlation when reactivity to the various fibrin peptides was considered as a whole (42).

Here, CT scanners were not available for the whole population studied, so we could not confirm any association between number of specificities and lung involvement.



Association Between Particular Anti-Citrullinated Fibrin Peptide Antibodies, HLA Background, and Clinical Characteristics

We found that: 1/HLA-DRB1*04:01 was associated with anti-α501-515cit antibodies, 2/Rheumatoid nodules were associated with HLA-DRB1*04:01, 3/”High level” anti-α501–515cit antibodies were associated with rheumatoid nodules and with IgM rheumatoid factor.


HLA-DRB1*04:01 Was Associated With Anti-α501–515cit Antibodies

Associations between fine-specificity antibodies and the presence of the SE have been already analyzed.

Pratesi et al. studied viral citrullinated peptides (VCP) derived from Epstein-Barr virus nuclear proteins EBNA-1 and EBNA-2. Analyzing the contribution of individual SE alleles, the *0401 allele conferred an increased risk to produce anti-VCP2 (p = 0.007) and anti-CCP2 (p = 0.02) antibodies whereas *0404 was associated with the production of anti-VCP1 (p = 0.05) and anti-VCP2 (p = 0.04) antibodies (43).

The C. Terao et al. study (29) investigated whether subtle differences in ACPA serological profiles might be connected to different driving HLA alleles, by analyzing 18 ACPA fine-specificities in RA-affected individuals. A clustering of the peptide reactivities led to divide the patients as having “non-canonical” (including CCP2-negative) or “canonical” serologies (including CCP2-positive). When associations with HLA-A, B, and DR alleles were analyzed, a significant association with aspartic acid residue at Bpos-9 was found between patients with non canonical serologies and an inverse correlation with the canonical ones. In the multiplex peptide array used in that study, 7 peptides from Fibrinogen were present among the 18 tested but only 3 of our 5 peptides, namely α36–50cit, α621–635cit, and β60–74cit. Thus, our study appears as the first correlation analysis of HLA-DR and reactivities to α171–185cit and α501–515cit.

Here, HLA-DRB1*04:01 was associated with anti-α501–515cit antibodies.

In the development of IgG antibody responses, HLA-DR molecules intervene by presenting antigenic peptides to T follicular helper (Tfh) lymphocytes that provide help to B lymphocytes with surface IgM of a given specificity. Specificity of the antibody response relies on the IgM molecule on the B lymphocyte, not on the antigenic peptide presented by-HLA-DR. Thus, association of HLA-DRB1*04:01 with anti-α501-515cit antibodies does not indicate that this RA-associated allele is capable to choose between different B cell epitopes. Rather it suggests that HLA-DRB1*04:01 can provide help to B lymphocytes specific for the α501-515cit peptide and that others HLA-DR alleles can’t. This suggests special efficacy of HLA-DRB1*04:01 as a peptide processor and presentator which in turn allows the development of a more efficient Tfh response. HLA-DR molecules encoded by HLA-DRB1*04:01 have been shown to undergo a shortcut from endoplasmic reticulum to lysosomes which allows association with better processed antigenic peptide (44, 45).



HLA-DRB1*04:01 Was Associated With Rheumatoid Nodules

Association of HLA-DRB1*04:01 with rheumatoid nodules is classical. More, in a studied population, rheumatoid nodule frequency correlates directly with the prevalence of HLA-DRB1*04:01 of this population (19).



“High Level” Anti-α501-515cit Antibodies Were Associated With Rheumatoid Nodules and With IgM Rheumatoid Factor

Association between high level anti-α501-515cit antibodies, RF and rheumatoid nodules refers to rheumatoid nodules nature. As previously described, they contain fibrin and IgG but nothing is known about the specificity of those IgG. Necrotic centers were shown to contain citrullinated proteins and RF (46, 47). Our data suggests that at least some of the IgG are anti-α501-515cit antibodies. They might form immune complexes with citrullinated fibrin secondarily transformed in macroimmune complexes by rheumatoid factors (48, 49) and be at the origin of rheumatoid nodules.

That link of reactivity to a particular fibrinogen peptide and the presence of rheumatoid nodules needs to be further examined and replication studies must be performed. Moreover, while these findings raise new hypothesis about the pathogenesis of rheumatoid nodules, no study of antigen specificity of the IgG present in the nodules has been performed to date. It could be the purpose of further investigations.

In this cohort we analyzed the epitopic specificity of ACPAs using five major citrullinated fibrin peptides which bear the immunodominant ACPA epitopes and checked whether the specificity was associated with particular clinical, biological, or genetic patterns. Our main finding is the association of antibodies to the epitope borne by the citrullinated peptide α501–515 on the alpha chain of fibrin, with HLA-DRB1*04:01 and with rheumatoid nodules. This unexpected epitope specificity of ACPAs in HLA-DRB1*04:01 patients may relate to the original intracellular route of HLA-DRB1*04:01. The association of anti-α501-515cit antibodies with rheumatoid nodules may suggest that the antibodies to the epitope borne by the α501-515cit peptide particularly contribute to the immune complexes in rheumatoid nodules. This finding pave the way of a potential treatment of rheumatoid nodules by purifying patient’s serum from this particular ACPA subtype.
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We examined whether it is possible to directly detect citrullinated antigens in the serum of rheumatoid arthritis (RA) patients using a monoclonal antibody (mAb) designed to be specific for citrullinated peptides. In order to confirm the potential of the mAb as a direct arthritis-inducing substance through experimental model of RA, a monoclonal antibody (mAb) 12G1 was generated using by immunization of mice with a challenging cyclic citrullinated peptide. Immunohistochemical analysis of RA-affected synovial tissue showed that our mAb 12G1 could indeed detect citrullinated proteins in target tissues. Subsequently, serum levels of citrullinated type II collagen and filaggrin were measured in healthy volunteers, patients with RA, ankylosing spondylitis (AS), and systemic lupus erythematosus (SLE) using a 12G1-based sandwich ELISA. This showed that citrullinated filaggrin showed 78.9% sensitivity and 85.9% specificity for RA diagnosis with a cutoff optical density (OD) value of 1.013, comparable with the results from a second-generation anti-citrullinated protein antibody (ACPA) test. Circulating citrullinated collagen and filaggrin were detected even in sera of RA patients who were negative for both rheumatoid factor (RF) and ACPA. ELISA results also showed that RF and ACPA titers showed significantly positive correlation with both citrullinated collagen and filaggrin OD values in sera of RA patients. 12G1 challenging aggravated the severity of murine arthritis. In summary, mAb 12G1 can directly detect citrullinated proteins in RA target tissue and in sera of RA patients and 12G1 showed direct arthritogenic potential in vivo. This, 12G1 might be useful for diagnosis of RA including seronegative RA and may help to elucidate the pathophysiological role of citrullination in RA.
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Introduction

Rheumatoid arthritis (RA) is a chronic, systemic inflammatory disease characterized by inflammation of the synovial membrane lining the joints and progressive joint damage. Although the pathogenesis of RA remains uncertain, it is increasingly clear that altered cellular immune responses play a role (1). The presence of autoreactive T cells and autoantibodies are the main characteristics of RA, and both are detectable in the earliest stages of the disease. Autoantibodies, including rheumatoid factor (RF), can be detected in serum and synovial fluid (SF) samples from RA patients.

Citrullination is a post-translational modification performed by the enzyme peptidyl-arginine deiminase (PAD), which converts the amino acid arginine into the noncoded amino acid citrulline. This modification can be detected in the inflamed joints of mice and in RA-affected synovial tissue in humans (2–6). Proteins harboring citrullinated epitopes are the dominant antigens recognized by autoantibodies in serum from RA patients (7, 8). For example, filaggrin contains many arginine residues, and citrullinated anti-filaggrin antibodies purified from RA sera can recognize (pro)filaggrins only when the filaggrins are citrullinated.

The presence of anti-citrullinated protein antibodies (ACPAs) is a hallmark of RA (9). After the presence in the blood of RA patients and its clinical significance of ACPA was revealed, the pathophysiological significance of ACPA or citrullination has been shown through numerous studies (10, 11). As the generation of citrullinated antigens and resulting ACPA is directly involved in RA pathogenesis regarding the development or progression of the disease, studies have been conducted on the expression of ACPA-producing B cells and its immunological characters (12, 13). Recent studies showed a mechanism of epitope spreading of ACPA response against citrullinated antigens through ACPA plasmablast repertoires (14, 15). Indeed, ACPA derived from RA patients can specifically recognize citrulline residue largely independent of the peptide epitope sequence (16). One recent paper by Tilvawala et al. showed that RA-associated citrullinated proteins in sera, synovial fluids, and synovial tissues samples by proteomic analysis (17). They identified more than 150 novel citrullinated proteins and validated the role of citrullination on target proteins identified in their study (17).

Based on the previous reports that citrullinated antigens are present in joints, synovial fluid and synovial tissues of RA patients, it is possible that soluble citrullinated autoantigens can be detected in the serum or SF of RA patients using a sandwich enzyme-linked immunosorbent assay (ELISA). Some previous studies have verified a method for detecting citrullination. Senshu et al. developed a method for detecting citrullinated proteins using polyvinylidene difluoride membranes (18). A decade after that report, an IgM monoclonal antibody (mAb), designated F95, was developed using hybridoma technology (19). F95 staining revealed the increased presence of intracellular citrullinated proteins in RA-affected synovial tissue (53%) compared with control tissue (5%), but the extracellular staining pattern from F95 was not RA-specific. F95 was generated against a deca-citrullinated peptide comprising 10 citrulline residues and a carrier protein, and it was inconclusive whether F95 could distinguish citrulline residues from arginine residues in the target proteins. No study has reported the detection of intact citrullinated peptides with an artificially designed antibody specific for circular citrullinated peptides (CCPs).

The goal of the present study was to generate a mAb that recognizes diverse citrullinated proteins and to confirm its ability to detect citrullinated autoantigens directly in RA samples. We generated mAb, named 12G1, to detect citrullinated proteins directly in RA-affected synovial tissue. A sandwich ELISA was developed based on 12G1-detected citrullinated autoantigens in sera from RA patients. The levels of citrullinated collagen, and filaggrin were significantly higher in RA sera than in sera of healthy control, ankylosing spondylitis (AS), or systemic lupus erythematosus (SLE) patients. Interestingly, higher citrullinated filaggrin levels were detected in RA patients who had neither RF nor ACPA (seronegative) compared with controls. The optical density (OD) values of citrullinated collagens and filaggrin in RA patients correlated positively with both the rheumatoid factor (RF) and ACPA titers. 12G1 showed arthritogenic potential in a murine model of inflammatory arthritis in our present study.



Materials and Methods


Mice

Female BALB/c mice (6 weeks of age) and female DBA1/J mice (5 weeks of age) were purchased from OrientBio (Seongnam, Korea) and housed in specific pathogen–free conditions. All procedures involving animals were in accordance with the Laboratory Animals Welfare Act, the Guide for the Care and Use of Laboratory Animals, and the Guidelines and Policies for Rodent Experimentation provided by the Institutional Animal Care and Use Committee of the School of Medicine at the Catholic University of Korea. This study protocol was approved by the Institutional Review Board of the Catholic University of Korea (CUMC-2011-0062-03 and CUMC-2018-0338-01).



Immunization of Mice and Preparation of the mAb

A CCP (HQCHQESTXGRSRGRCGRSGS; X = citrulline) and a non-citrullinated peptide (NCP: HQCHQESTRGRSRGRCGRSGS) were synthesized. The synthetic CCP was mixed with complete Freund’s adjuvant and used to immunize four 6-week-old female BALB/c mice via injection into the abdominal cavity. For boosting, the mice were injected with CCPs diluted in phosphate-buffered saline (PBS) 4 and 8 weeks after the first immunization. Three days later, B cells were isolated from the mouse with the highest binding reactivity against the CCPs in serum, as measured by ELISA (details are provided in the method described below) and fused with myeloma cells (Sp2/0-Ag14) using polyethylene glycol (Roche, Basel, Switzerland).

The fused cells were then cultured in hypoxanthine–aminopterin–thymidine culture medium (Sigma, St. Louis, MO, USA). Cells showing a positive signal in the ELISA were transferred to a 24-well plate. After individual cells were placed into separate wells in 96-well plates, the cells were cultured for 7–10 days in hypoxanthine and thymidine culture medium (Gibco/Thermo Fisher Scientific, Waltham, MA, USA) in a 5% CO2 incubator at 37°C. Hybridoma cells were screened by ELISA, and the cloning process was repeated until the final antibody-secreting clone was selected.



ELISA for Antibody Screening

CCPs and NCPs (negative control) were diluted to 5μg/ml in coating buffer, and 50μl were coated in separate wells of an ELISA plate either overnight at 4°C or for 2 hours at 37°C. The plates were blocked with 2% skimmed milk in Tris-buffered saline with Tween 20 at 37°C for 1 hour. Serum from immunized mice or the supernatant from the hybridoma cells was added to the wells, and the plates were incubated for 2 hours at RT. The plates were washed, and 50μl of horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG was added to each well for 1 hour at RT. Finally, 50 μl of chromogenic substrate (SurModics, Eden Prairie, MN, USA) was added to each well, and the plates were incubated for 30 minutes, after which 50μl of stop solution (1N H2SO4) was added. The absorbance was read at 450 nm in a VERSAmax ELISA reader. Serum samples were collected from mice 4 weeks after their primary immunization and tested as just described.



Total RNA Extraction and Synthesize cDNA of Antibody Variable Regions

The monoclonal antibody-producing hybridoma cells were generated as described above (2.2), and total RNA was extracted using the Easy-Blue total RNA extraction kit (Intron Biotechnology, Sungnam, Korea) according to the manufacturer’s instructions. In addition, oligo dT primer with reverse transcriptase (Promega, Madison, WI, USA) was used to reverse transcribe the extracted RNA into cDNA, and heavy and light chain genes of our synthetic monoclonal antibody were amplified from cDNA using Ex-Taq DNA polymerase (Takara Bio, Shiga, Japan) with specific primers described (20) and cloned whole amino acids and nucleotides for the antibody using as described (20).



In Vitro Citrullination

Human type II collagen (Creative Biomart, Shirley, NY, USA), fibronectin (Sigma-Aldrich/Thermo Fisher Scientific), and filaggrin (Biomatik, Cambridge, Ontario, Canada) were subjected to in vitro citrullination with PAD derived from rabbit skeletal muscle (Sigma-Aldrich) at 5 units/mg of protein for 3 hours at 48°C in citrullination buffer containing 100 mM Tris-HCl (pH 7.4), 10 mM CaCl2, and 5 mM dithioerythritol.



Detection of In Vitro Citrullinated Proteins by Artificial Anti-Citrullinated Protein Antibody

In the ELISA, 96-well plates were coated with 10 μg/ml of in vitro citrullinated and non-citrullinated proteins overnight at 4°C. Plates were washed and blocked with 1% BSA for 1 hour at RT, washed again, and incubated with 20 μg/ml of the mAb 12G1 for 2 hours at RT followed by incubation with HRP-conjugated anti-mouse IgG for 1 hour at RT. The OD at 450 nm was measured after treatment with 3,3’,5,5’-Tetramethylbenzidine (TMB substrates; ebioscience/Thermo Fisher Scientific) and stop solution (1N H2SO4).



Western Blotting and Isotyping

The synthetic peptides, CCPs and NCPs, are too small to be detected by Western blotting, so we conjugated them to BSA. Citrullinated and non-citrullinated proteins were loaded onto SDS-PAGE gels. After electrophoresis, the proteins were transferred to nitrocellulose membranes, which were then incubated with the antibody of interest in blocking buffer (5% skimmed milk in PBS containing 0.05% Tween 20 (PBS-T)) for 1 hour at RT or 12–14 hours at 4°C. After washing with blocking buffer, the bound antibodies were detected by incubation with HRP-conjugated secondary antibodies and visualized by chemiluminescence. The subtype of mAb 12G1 was analyzed using the mouse monoclonal antibody isotyping kit (Invitrogen/Thermo Fisher Scientific, Waltham, MA, USA) following the manufacturer’s instruction.



Immunohistochemistry

Synovial tissues from RA patients, OA patients, and healthy donors were embedded in paraffin, sectioned, mounted on slides, and baked at 60°C for 60 minutes. The sections were then deparaffinized and rehydrated through a series of graded alcohols, ending with a rinse in tap water. The slides were incubated with 3% hydrogen peroxide for 15 minutes to block endogenous peroxidase. Next, the slides were washed with tap water and blocked with 10% normal horse serum plus 1% BSA in PBS. After washing with PBS-T, the slides were incubated with the mAb 12G1 (1:50) overnight at 4°C. A biotinylated horse anti-mouse IgG secondary antibody (1:200) was applied for 40 minutes at RT, followed by the R.T.U. VECTASTAIN® Elite ABC reagent for 10 minutes. Tissue staining was visualized after incubation with the DAB substrate chromogen solution (Vector Laboratories, Burlingame, CA, USA) for 1 minute 30 seconds. Slides were counterstained with hematoxylin for 1 minute, dehydrated, and mounted.

For mouse tissue, joints were embedded in paraffin, sectioned, deparaffinized in xylene, and hydrated using serially diluted ethanol ending with a rinse in tap water. To block endogenous peroxidase, the sections were incubated in 3% H2O2 diluted in PBS for 15 min and washed with tap water. The slides were incubated with Mouse on Mouse (M.O.M.) IgG blocking agent from a M.O.M. Basic Kit for 30 min to block nonspecific antibody binding. The 12G1 mAb (1:100) was diluted in M.O.M. diluent buffer and incubated overnight at 4°C. A biotinylated anti-mouse Ig reagent was applied for 10 mins at RT followed by R.T.U. VECTASTAIN® Elite ABC reagent for 10 mins. The sections were then incubated with DAB solution for 1 min. Slides were counterstained with hematoxylin for 30 secs, dehydrated, and mounted.

For all cases, the isotype (negative) control was a mouse IgG2 mAb (Cell Signaling Technology, Danvers, MA, USA) and the slides were visualized using Leica DM500B imaging system (Leica Microsystems Ltd., Wetzlar, German).



Sandwich ELISA for the Detection of Citrullinated Proteins in Human Serum

Briefly, 96-well microtiter plates were coated with polyclonal anti-collagen (Abcam, Cambridge, UK), anti-filaggrin (Santa Cruz Biotechnology, Dallas, Texas, USA), or anti-fibronectin (Abcam) antibodies (1:100 dilution) in 100μl of coating buffer (eBioscience) and incubated overnight at 4°C. The plates were washed seven times with PBS-T and incubated with assay buffer (eBioscience) for 1 h at room temperature (RT). The plates were again washed seven times with PBS-T. Serum samples (1:10 diluted in PBS) were added to each well in triplicate, and the plates were incubated for 2 h at RT. The plates were washed seven times with PBS-T, and then the 12G1 mAb (1:100 diluted in assay buffer) was added, and the plates were incubated for 2 h at RT. After incubation, the plates were washed seven times in PBS-T, 50µl of HRP-conjugated anti-mouse IgG antibody (1:3000, Amersham Pharmacia Biotech, Amersham, Buckinghamshire, UK) was added, and the plates were incubated for a further 1 hour at 37 °C. Finally, the plates were washed nine times, and the bound antibodies were visualized by adding substrate solution (eBioscience). Reactions were stopped after 15 mins by adding 50µl of stop solution (eBioscience). The colorimetric reaction was measured at 450 nm on a VersaMax ELISA reader.



Human Subjects

Synovial tissue samples were obtained from RA patients and OA patients at the time of total knee replacement surgery. Serum samples were obtained from 148 RA patients (106 women and 42 men), 57 AS patients (18 women, and 39 men), and 60 SLE patients (1 man, and 59 women) who visited the Outpatient Department of the Division of Rheumatology at Seoul St. Mary’s Hospital at the Catholic University of Korea between May 2015 and August 2018. All RA patients who met both the American College of Rheumatology (ACR) criteria for RA (21) and the 2010 ACR/European League Against Rheumatism criteria (22) were included in the study. AS and SLE patients who met ASAS classification criteria (23) and 2012 SLICC SLE criteria (24), respectively. Seventy-one healthy volunteers (62 women and 9 men) were included as controls. Elderly onset RA (EORA) was defined as RA onset age at ≥60 years, and young onset RA (YORA) was defined as RA symptoms developing between the ages of 18 and 59 years. Early RA (ERA) was defined as a disease duration of <6 months.

Serum samples were stored at –80°C until analysis. This study was approved by the Institutional Review Board of Seoul St. Mary’s Hospital and was performed in accordance with the Declaration of Helsinki. All patients provided written informed consent.



Clinical Data and Measurement of Inflammatory Markers

Data about the age, sex, disease duration, Erythrocyte sedimentation rate (ESR), C-reactive protein (CRP) level, ACPA level, and Rheumatoid factor (RF) titer were obtained for each patient. The RF titer was measured using a particle-enhanced immunoturbidimetric assay, and a level >15 U/ml was considered positive. The ACPA titer was measured in a chemiluminescent microparticle immunoassay (ARCHITECT anti-cyclic citrullinated peptide assay), which is a second-generation test for ACPAs; a level higher than the cutoff value of 5 U/ml was considered positive (as suggested by the manufacturer). ESR was measured using the Westergren method. CRP was measured using an immunonephelometric method, and values >5 mg/l were considered positive.



Induction of Mouse Models

The mice were organized into 4 groups of 5 mice each: CIA (collagen induced arthritis) as the normal control; vehicle as the negative control; 12G1; and 12G1 with lipopolysaccharide (LPS). To induce CIA, 2mg/ml of bovine type II collagen (CII; Chondrex, Redmond, WA, USA) emulsified with 2mg/ml of complete Freund’s adjuvant (Chondrex) was given intradermally to 6-week-old DBA1/J mice. After 21 days, the same concentration of CII emulsified with incomplete Freund’s adjuvant (IFA; Chondrex) was injected into the CIA mice. To induce arthritis using the 12G1 mAb, 12G1 mAb diluted with PBS (1.5mg per mouse) was injected instead of the CII and IFA mixture. After 7 days, either the same concentration of 12G1 mAb was injected again or LPS was given at 50µg/µl. The same concentration of 12G1 mAb was combined with CCP chelating beads (Santa Cruz Biotechnology) for 4 h at 4°C, which was followed by centrifugation (250 g, 30 s); the resulting supernatants were collected and injected into the mice as vehicle.

The development of arthritis was monitored and scored in a blinded manner. Disease severity was scored three times a week. The severity of arthritis in each front and hind paw was scored from 0 to 4 (0, normal; 1, mild swelling confined to the tarsals; 2, swelling of two or more toes or joints, or increased swelling; 3, moderate swelling extending from the ankle to the metatarsal joints; and 4, severe swelling encompassing the ankle, foot, and digits). A representative arthritis score was determined by summing the scores of all four paws (25).



Histological Analysis

Joint tissues from hind paws were fixed in 4% paraformaldehyde, decalcified in 10% EDTA bone decalcifying solution, and embedded in paraffin. Paraffin sections of 4μm thickness were prepared and stained with H&E, safranin O, and toluidine blue.

The inflammation and joint destruction scores were measured microscopically using the procedure of Huckel et al. by three individual researchers in a blinded manner (26). The inflammation score was measured using the severity of infiltration and pannus formation. The destruction score was measured based on cartilage and bone destruction (27, 28).



Flow Cytometry Analysis

The spleen samples were dissociated into single-cell suspensions, and 2×106 cells were transferred to round-bottom polystyrene tubes (BD Biosciences, CA, USA). After washing with PBS supplemented with 2% FBS, mouse spleen cells were stained with a rat anti-mouse CD4 (2μg/mL) antibody conjugated with allophycocyanin (APC) (eBioscience, CA, USA). The cells were then permeabilized using Flow Cytometry Fixation and Permeabilization buffer (eBioscience) and stained with an anti-human/mouse RORγt (2μg/mL) antibody conjugated with phycoerythrin (eBioscience). The flow cytometry analysis was performed using a BD LSR Fortessa cell analyzer (BD Biosciences). To analyze the data, FlowJo V10 Single Cell Analysis Software was used (TreeStar Inc., OR, USA).



Statistical Analysis

Data were analyzed using SPSS software version 18.0 (SPSS Inc., Chicago, IL, USA) and are expressed as the mean ± SEM or number (%). The mean values were compared between multiple groups using one-way analysis of variance followed by Tukey’s test. The Shapiro–Wilk test and the Levene test were used to assess Gaussian distributions and the equality of variance, respectively. Qualitative data were compared using the chi-squared test. ROC curves were constructed by calculating the specificity and sensitivity of each OD value at different cutoff points, and the area under the curve was computed. Sensitivity was defined as the percentage of subjects with disease (RA or seronegative RA) who showed a positive result for citrullinated antigens in the ELISA. Specificity was defined as the percentage of subjects without RA who had a negative ELISA result. The PPV was calculated as the number of true positives (positive ELISA result plus confirmed RA) divided by the number of subjects with a positive ELISA result. The NPV was calculated as the number of true negatives (negative ELISA result and no RA) divided by the number of subjects with a negative ELISA result. All P values were two-tailed. P values <0.05 were considered significant.




Results


Generation of a mAb Against CCPs

To identify the presence of circulating autoantigens that could induce the production of ACPAs, we generated a mAb specific for citrullinated antigens. First, we synthesized a CCP and an NCP control peptide (cyclic arginine peptide) in which citrulline was replaced with arginine (Figure 1A). This synthetic peptide included citrulline in a particular region of the filaggrin subunit that is cyclized via a disulfide bond and forms a structure that favors recognition by RA autoantibodies (29). We then used hybridoma technology to generate high-quality mAbs with reactivity for the CCP but not the NCP (Figure 1B). Four mice were immunized with the CCP, and we examined the reactivity of their serum antibodies to the CCP and NCP (Figure 1C). We selected mouse number 2 because its serum samples showed strong binding reactivity to the CCP and weak binding to the control NCP (Figure 1C). Hybridoma clones were generated by fusing a myeloma cell line with B cells derived from the selected CCP-immunized mouse. We then performed an ELISA to identify antibody-secreting clones that produced anti-CCP antibodies (Figure 1D and Supplementary Figure 1). This process was repeated until we isolated a single clone (designated 12G1) that secreted a mAb with high reactivity to the CCP but not to the control peptide (asterisk in Figure 1D, final selection). The binding affinity of 12G1 was confirmed (Supplementary Figure 2A). The isotype of the artificial anti-citrullinated protein antibody (12G1) was IgG1, and the V regions of the light and heavy chains of 12G1 were sequenced (Supplementary Figure 2B).




Figure 1 | Generation of a cyclic citrullinated peptide (CCP)–specific monoclonal antibody (mAb). (A) Sequences of the two synthetic peptides used as antigens. Both peptides shared the same sequence, except that the CCP was generated by replacing an arginine residue with a citrulline residue (X = citrulline). The bar indicates a disulfide bond between the two cysteines, which generates a circular peptide. (B) Schematic diagram showing the strategy for selecting hybridoma clones. Hybridoma clones that secreted antibodies specific to CCP were obtained by repeated selection. (C) Selection of mice showing seroreactivity against the CCP. After the first injection of the CCP, the binding reactivity to the CCP and the cyclic arginine peptide (NCP) was examined using ELISA (serum samples diluted 1:100 to 1:100000). (D) ELISA of fused hybridoma clones that secreted mAbs to the CCP. After fusion, hybridoma clones secreting anti-CCP antibodies specific for the CCP but not the NCP were selected. Clones reactive to the CCP were isolated and evaluated repeatedly until a single clone secreting high-reactivity anti-CCP antibodies was selected. (E) The 12G1 mAb was purified from the hybridoma culture supernatant using a Protein G agarose column. After the supernatant (input) was loaded onto the column, bound 12G1 mAb was eluted in the elution buffer (elution). The purified antibody was confirmed by SDS-PAGE and Coomassie brilliant blue staining. (F) The specificity of the 12G1 mAb for the CCP was examined by Western blotting. CCP–BSA and NCP–BSA conjugates were run in an SDS-PAGE gel and then immunoblotted with the 12G1 mAb. (G) mAb 12G1 immunoglobulin isotyping assay (absorbance of positive response ≥ 0.2). (H–J) The 12G1 mAb-based ELISA system effectively detected citrullinated collagen (H), citrullinated filaggrin (I), and citrullinated fibronectin (J). *P < 0.05; **P < 0.01; ***P < 0.001.





12G1 mAb Is Specific for Citrulline

To confirm that the selected hybridoma cell line could secrete intact 12G1, we purified the antibody from the culture supernatant using antibody-binding beads (Figure 1E). Subsequent electrophoresis in SDS-PAGE gels confirmed that the purified 12G1 had a normal antibody structure; i.e., a heavy chain and a light chain (Figure 1E, lanes 4, 5). In addition, to ensure that the 12G1 recognized citrulline, we performed an immunoblot assay using the CCP and NCP as target antigens (Figure 1F). Because the CCP and NCP were too small to detect using SDS-PAGE gels, we conjugated them to bovine serum albumin (BSA). The 12G1 mAb detected the CCP specifically and in a dose-dependent manner (Figure 1F, lanes 1-4). As expected, the 12G1 mAb did not react with the NCP (Figure 1F, lanes 5-8). These data clearly demonstrate that the 12G1 mAb was specific for the citrullinated peptide. Immunoglobulin isotyping assay showed that the heavy chain and light chain of 12G1 were identified as IgG1 and kappa chain, respectively (Figure 1G). Next, we examined whether the 12G1 mAb could be available in the sandwich ELISA system. If so, we reasoned that our aACPA would have clinical use in the diagnosis of diverse autoimmune and autoinflammatory diseases involving citrullination. In vitro citrullination experiments were performed using PAD. Six naïve target antigens (human type II collagen, filaggrin, enolase, BiP, vimentin, and fibronectin) and their corresponding citrullinated antigens were tested to determine whether the aACPA could detect the citrullinated forms of the target antigens. Among them, citrullinated-collagen, -filaggrin and -fibronectin could be detected by the 12G1 in the sandwich ELISA system (Figures 1H–J). These results confirm both that our mAb 12G1 is specific for citrullinated antigens and that it can be used in a sandwich ELISA system.



12G1 Detects Citrullinated Autoantigens in Synovial Tissues From RA Patients

Because citrullinated proteins can be detected in inflamed RA synovial tissue, we next examined whether 12G1 could specifically detect such proteins in synovial tissues isolated from RA patients. Immunohistochemical staining of synovial tissue showed that 12G1 could detect citrullinated proteins in RA tissues, as we expected (Figure 2A). Control staining of the same tissues with an irrelevant isotype-matched primary antibody gave negative results (Figure 2A, upper panels). 12G1 recognized citrullinated proteins in synovial tissue from three different RA patients. To confirm that 12G1 was specific for citrullination, we also examined synovial tissues isolated from three patients with OA (Figure 2B). No positive staining was detected in the OA tissues. These findings suggest that the citrullinated autoantigens detected by 12G1 exist in RA-affected synovial tissue but not in OA-affected tissues. Taken together, the data obtained thus far suggest that the 12G1 could detect citrullinated proteins in RA synovial tissue and that it has potential for RA diagnosis. Next, 12G1 was used for tissue staining to determine whether the joints of CIA mice had citrullinated proteins. The results showed that CIA-affected joints contained citrullinated proteins in synovium, but wild-type mice did not (Figure 2C).




Figure 2 | The 12G1 mAb is specific for citrullinated proteins in RA synovial tissue. Representative images showing immunohistochemical (IHC) staining of citrullinated proteins in RA and OA. (A) The IHC analysis was performed using the 12G1 mAb in joint synovium tissue specimens from three RA patients (RA patients 1-3). To ascertain whether any antigens could be detected by the 12G1 mAb in noninflammatory synovial tissues, synovial tissues from three OA patients (B) were stained with 12G1 mAb at the same time. An isotype control antibody was used as a negative control. (C) A joint with collagen-induced arthritis (CIA) was stained with the 12G1 mAb. The black box shows the stained synovial tissue at a higher magnification. The magnification is indicated for each image in this figure. All scale bars represent 100 µm.





Circulating Citrullinated Antigens Are Detected by 12G1 in Serum From RA Patients

Citrullination of target epitopes occurs in rheumatoid joints (6). Previous studies have shown that citrullinated proteins such as collagen, filaggrin, and fibronectin are implicated in the pathogenesis of RA (7, 30, 31). We developed a sandwich ELISA based on 12G1 to detect only the citrullinated proteins in sera from RA patients (Materials and Methods and Figure 3A). Serum samples were obtained from 148 RA patients and 71 age- and sex-matched healthy controls. To determine whether the presence of circulating citrullinated antigens in blood was RA-specific observation, ELISA was performed simultaneously in the sera of AS and SLE patients (Figure 3B).




Figure 3 | Receiver operating characteristic (ROC) curve analysis comparing the sensitivity and specificity of the ELISA for measuring the levels of citrullinated collagen, and citrullinated filaggrin in patient serum. Anti-collagen, and anti-filaggrin were coated onto plates to capture the candidate antigens. Citrullination was detected by the 12G1. (A) Schematic diagram showing the method for the sandwich ELISA using an anti-target protein antibody and 12G1. (B) Circulating citrullinated antigens in serum samples from RA (n = 148), SLE (n = 60), AS (n = 57) patients and control subjects (n = 71) (upper row) and the ROC curve for each target antigen (lower row). (C) Circulating citrullinated antigens in the sera of seronegative RA (n = 20) and control subjects (n = 71) (upper row) and the ROC curve for each target antigen (lower row). Specificity (true negative rate [the percentage of RA patients correctly predicted]) is plotted on the x-axis, and sensitivity (the percentage of RA patients correctly predicted) is plotted on the y-axis. Calculations were based on the predicted probability of each subject being above the cutoff OD values. P values were calculated using the Mann-Whitney U test. *P < 0.05. (D) OD values of three circulating citrullinated autoantigens for the control, ACPA-negative RA, and ACPA-positive RA subjects. (E) Correlations between circulating citrullinated collagen and filaggrin OD values and RF titers (n =146, r =0.644 for collagen, r = 0.535 for filaggrin, P < 0.0001), and ACPA titers (n = 143, r = 0.228 for collagen, r = 0.251 for filaggrin, P < 0.01) in RA patients (Pearson’s correlation coefficient). **P < 0.01.



The baseline clinical and laboratory characteristics of the patients and controls are presented in Table 1. Most of the RA patients were seropositive for either RF (71%) or ACPA (79%). Fifty-two of the RA patients (35.1%) had ERA (disease duration <6 months) and 43 (26.1%) had EORA (age of RA onset ≥60 years). Among RA patients taking medications (n = 106), sixty-six (62%) RA patients had received prednisolone (mean dose <5 mg/day).


Table 1 | Clinical and laboratory findings in healthy controls and RA patients.



The OD values from the ELISA were analyzed for all the subjects enrolled in our study. The mean OD values for citrullinated collagen, and filaggrin were significantly higher in RA patients than in controls, SLE and AS patients (Figure 3B, upper panel). On the contrary, OD values of fibronectin in sera of RA patients did not increase compared to HC, SLE and AS patients (data not shown). We completed a receiver-operating characteristic (ROC) curve analysis and used the areas under the curve to calculate the diagnostic accuracy of these two target antigens (Figure 3B, lower panel). The mean OD values of citrullinated collagen and filaggrin in healthy controls and RA sera are shown in Supplementary Table 1. ROC curve analysis and the AUCs were used to calculate the diagnostic accuracy of target antigens (Figures 3B, C and Supplementary Table 2). The sensitivity, specificity, likelihood ratio, positive predictive value (PPV), negative predictive value (NPV), and accuracy of RA diagnosis according to the presence of citrullinated filaggrin were 78.9%, 85.9%, 5.6, 92%, 66.3%, and 80.8%, respectively, when using an OD cut-off value of 1.013. Changing the OD cut-off value changed the sensitivity, specificity, PPV, NPV, and accuracy (Table 2). Interference by RF that might have caused additional false-positive activity was not present in our 12G1-based ELISA system (data not shown). Taken together, these results suggest that citrullinated collagen and filaggrin levels in serum could be a useful biomarker for the diagnosis of RA.


Table 2 | Receiver-operating characteristic curve analysis of the sensitivity, specificity, positive predictive value, negative predictive value, and accuracy for differentiating between healthy controls and rheumatoid arthritis patients according to circulating citrullinated filggrin level.





Circulating Citrullinated Antigens Are Also Detected in Seronegative RA Patients

Because the 1987 ACR criteria for RA diagnosis have low sensitivity and specificity, especially for patients with ERA (32), a new classification system for RA has been developed (22). Although the new criteria coupled with ACPA testing have improved the early diagnosis of RA, a negative result for autoantibodies (negativity for both RF and ACPA) does not rule out a diagnosis of RA. About 20% of RA patients are seronegative, meaning that no serological markers can be easily detected in the serum of these patients. Nonetheless, early diagnosis of seronegative RA is clinically important to prevent the progression of joint damage. Thus, novel diagnostic methods are needed to detect seronegative RA. In this study, the circulating level of citrullinated collagen and filaggrin was significantly higher in the sera from seronegative RA patients (n = 20) than in the controls, even though the number of samples from seronegative RA patients was small (Figure 3C and Supplementary Table 1).

Citrullinated collagen and filaggrin levels in sera of ACPA-positive RA patients were significantly higher than those of ACPA-negative RA patients or healthy controls. Interestingly, the mean OD values of both citrullinated collagen and fibronectin in the sera from ACPA-negative RA patients showed a statistically significant higher level than from healthy controls (Figure 3D).

These results suggest that some RA patients could have circulating citrullinated antigens but not ACPAs. Therefore, using 12G1 in an ELISA system could detect circulating citrullinated antigens and thereby aid the diagnosis of RA. Confirmation of these results in a large cohort of patients with seronegative RA is needed to determine whether this is a new method for diagnosing RF-negative, ACPA-negative RA.



Serum Citrullinated Collagen Levels Correlate With Autoantibody Titers

We next examined the relationships between clinical characteristics and the levels of citrullinated autoantigens in RA patients to determine whether the presence of citrullinated antigens has clinical significance. The levels of none of the citrullinated antigens examined correlated with RA disease activity measured using a disease activity score of 28, erythrocyte sedimentation rate (ESR), and C-reactive protein (CRP) (data not shown). Citrullinated collagen and citrullinated filaggrin levels in sera did not differ between established RA (> 6 months duration) and ERA or young-age onset RA (onset age < 60 years) and EORA. Interestingly, the OD values for citrullinated collagen and filaggrin correlated significantly with autoantibody titers for both RF and ACPA (Figure 3E).



Another Application for the 12G1 mAb: As a Mouse Model for RA

We organized a new animal model using the aACPA (Materials and Methods and Figure 4A). We expected the 12G1 mAb to be as effective as the CIA model because previous research reported that citrullination could increase the potency of an endogenous innate immune ligand (33). CCP chelating bead was used to create a negative control in our 12G1 mAb-induced arthritis model. After binding CCP chelating beads to protein A and G of mAb 12G1’s IgG binding site, only the supernatant was inoculated into mice. We measured the arthritis score once every 3 days for 55 days after the first immunization. The score on the 55th day was the highest in the CIA group, the most commonly used standard animal model of RA, followed by the 12G1 mAb with LPS group and the 12G1 mAb only group. The vehicle-treated group showed only a minor inflammatory response in the joints (Figure 4B).




Figure 4 | A new animal model using 12G1 mAb was constructed, and its function was confirmed by comparison with the collagen induced arthritis (CIA) model. (A) Schematic diagram of the CIA animal model (a standard model of rheumatoid arthritis) and the animal model using the aACPA. (B) Average arthritis scores for the animal models. This score is expressed on a scale of 0–4 as the sum of the arthritis severity scores for the four paws of each animal. (C) Histological analysis of the tarsals in the hind paws of each group stained with hematoxylin and eosin (H&E), safranin O, and toluidine blue. H&E-stained sections were magnified 50x and 100x; safranin O and toluidine blue samples are shown at 200x magnification. Histological scores were calculated as joint destruction scores (D) and inflammation scores (E) by three observers in a blind manner. (F) Immunohistochemical (IHC) staining of citrullinated proteins in the tarsals, magnified 100x. (G) Measurement of the 12G1 mAb positive cell area per whole tarsal joint area by the Slide scanner program (3D Histech Ltd, Budapest, Hungary). (H) Flow cytometry analysis of the CD4 and RORγt expression in the spleens of each group. The percentages of CD4+ RORγt+ divided by total CD4+ indicate the frequency of Th17 cells. All scale bars are 200µm, and all graphs are expressed using the mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001.



To analyze the infiltration of inflammatory cells, we measured the shape of cartilage and joint destruction in the tarsals using a histological analysis. In the CIA and 12G1 mAb with LPS groups, we observed more infiltration of immune cells and joint destruction than in the 12G1 mAb only group, though the 12G1 mAb with LPS group had slightly higher cartilage erosion than the other groups with the same arthritis score (Figure 4C). Both the inflammation score and joint destruction score were higher in the CIA and 12G1 with LPS groups than in the other groups, with small differences between them (Figures 4D, E).

In immunohistochemical staining and immunofluorescence assays, we used the 12G1 mAb to check the amount of citrullinated protein in the joints. The 12G1 mAb with LPS group had more citrullinated protein than the CIA group (Figure 4F). This result was consistent when we cross-checked it with the Slide scanner viewer program (Figure 4G).

To compare the Th17 response, the Th17 population determined by CD4+RORγt+ expression was analyzed by flow cytometry. The results showed that Th17 cell populations were higher in the CIA and 12G1-treated groups than in the vehicle group (Figure 4H).




Discussion

The artificial mAb 12G1 described herein showed high reactivity for citrullinated peptides and proteins. 12G1 detected citrullinated proteins in RA synovial tissues and was used in an ELISA to detect circulating citrullinated autoantigens in RA serum. Among the potential citrullinated autoantigen targets examined, citrullinated filaggrin showed the highest sensitivity, specificity, PPV, NPV, and diagnostic accuracy for RA, suggesting its potential as a diagnostic serological marker for RA.

Although it is not easy to detect citrullinated proteins (either whole or fragmented), previous studies have identified the presence of citrullinated autoantigens in serum, synovium, and SF from RA patients (5, 30, 34–37). Interestingly, there were two other similar attempts to detect citrulline residue of autoantigens. The first study was not designed to identify citrullinated proteins directly and chemical modification induced by incubating samples with diacetyl monoxime and antipyrine in a strong acid mixture was used to recognize citrulline (18). About 20 years ago, Nicholas and Whitaker generated a mAb, which they designated F95, that recognized citrullinated epitopes on a deca-citrulline peptide (19). By contrast, we here generated the mAb 12G1 to detect naïve citrullinated proteins directly. The ability of the 12G1 mAb to detect three potential citrullinated autoantigens (collagen, filaggrin, and fibronectin) was verified in our sandwich ELISA system.

Our mAb was generated against a synthetic peptide comprising a cyclic peptide harboring a single citrulline residue, that should allow the generation of a high-reactivity mAb. Our present study showed that the 12G1 mAb has the potential to directly detect citrullinated antigens in target tissues using immunohistochemistry. Generating a mAb by changing only a single citrulline residue (CCP versus the arginine-substituted NCP) could provide a better method for detecting naturally occurring citrullinated proteins than using the deca-citrullinated peptide. The major advantage of our mAb 12G1 is that it can detect citrullination in the sera and synovia of RA patients without prior modification of the test samples.

To investigate the concordance between the presence of circulating citrullinated autoantigens and ACPAs, we used a commercially available second-generation ACPA test to examine the sera from 115 ACPA-positive RA patients. Most of the patients whose samples exhibited mAb 12G1-reaching citrullinated proteins were also positive for ACPA (data not shown).

Interestingly, the mAb 12G1-based ELISA revealed that some ACPA-negative RA patients also had circulating citrullinated proteins. We used the 12G1 mAb-based ELISA to measure the levels of candidate proteins, including collagen, filaggrin, and fibronectin. We believe that the sensitivity and specificity of the 12G1 mAb as an RA diagnostic tool could be increased by broadening the range of target proteins and choosing different optimal cutoff values for each serological assay.

Our finding, that circulating citrullinated antigens can be detected by the 12G1-based ELISA system in RA patients at concentrations higher than those detected in healthy subjects, is consistent with a recent report implicating in vivo citrullination and subsequent production of ACPAs in the pathogenesis of RA (38, 39). Immunohistochemical staining detected reactivity in RA-affected synovia, whereas no positive signal was found in OA-affected or healthy synovial tissues. Our preliminary study also shows that the concentration of circulating citrullinated collagen in RA patients correlated positively with autoantibody titers (RF and ACPAs). These results suggest that the mAb 12G1 could be a useful tool in the diagnosis of RA.
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Ankylosing spondylitis (AS) is a chronic autoimmune inflammatory disease that mainly affects the axial and sacroiliac joints. Single-nucleotide polymorphisms (SNPs) in genes encoding cytokines have been associated with AS, which can interfere with the production of these cytokines and contribute to the development of AS. In order to contribute to a better understanding of the pathology of AS, our objective was to investigate a possible association of the IL10 −1082 A>G SNP (rs1800896) with AS and to evaluate the serum levels of TNF-α, IL-10, IL-17A, and IL-17F in AS patients and controls comparing them with their respective genotypes (TNF rs1800629, IL10 rs1800896, IL17A rs2275913, and IL17F rs763780). Patients and controls were selected from the Maringá University Hospital and the Maringá Rheumatism Clinic, in Paraná State, Southern Brazil, and they were diagnosed by the ASAS Criteria. In total, 149 patients and 169 controls were genotyped for the IL10 −1082 A>G polymorphism using a polymerase chain reaction with sequence specific primers (PCR-SSP); the measurement of TNF-α serum levels was performed through the immunofluorimetric test and IL-10, IL-17A, and IL-17F using an ELISA test. There was a high frequency of the IL10 −1082 G allele in AS patients compared with controls with an odds ratio of 1.83 and 95% confidence interval of 1.32 to 2.54, and a significant difference in the genotype frequencies of the IL10 −1082 A/G+G/G between patients and healthy controls, with an odds ratio of 3.01 and 95% confidence interval of 1.75 to 5.17. In addition, increased serum levels of IL-10 were observed in AS patients: 2.38 (IQR, 0.91) pg/ml compared with controls 1.72 (IQR 0.93) pg/ml (P = 0.01). Our results also showed an association between IL17F rs763780 C/T+T/T genotypes and increased serum levels of IL-17F in patients with AS and also in controls. We can conclude that patients with the A/G and G/G genotypes for −1082 A>G (rs1800896) in the IL10 gene are three times more likely to develop AS, that the serum level of IL-10 was higher in AS patients and that the IL17F rs763780 polymorphism can affect the levels of IL-17F in the serum of patients and controls in the same way.
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Introduction

Ankylosing spondylitis (AS) is a chronic autoimmune inflammatory disease that mainly affects the axial and sacroiliac joints, causing severe pain. In more advanced cases, this inflammation can lead to fibrosis and calcification, spinal fusion, and consequently, a loss of flexibility (1, 2). Although the major histocompatibility complex (MHC) class I allele HLA-B*27 is strongly associated with AS, genome-wide association studies have revealed a number of other risk factors for the disease, including several innate immune-related pathways and cytokines (3).

IL-10 is an immunomodulatory cytokine encoded by the IL10 gene on chromosome 1q31–32, containing five exons separated by four introns (4). Polymorphisms located in the 5′-flanking region of the IL10 gene, at positions −1082 A>G, −819 T>C, and −592 A>C, are known to be involved in regulating the production of IL-10, with the first being the best characterised of them (5).

Three single nucleotide polymorphisms (SNPs) in genes that encode inflammatory cytokines have been associated with AS, in a previous study by our research group (TNF rs1800629, IL17A rs2275913, and IL17F rs763780) (6). These polymorphisms can interfere with the level of production of these cytokines and contribute to the development of AS (7–10).

Inflammatory cytokines, such as tumour necrosis factor alpha (TNF-α) and interleukin 17 (IL-17), are known to be involved in AS (11, 12). TNF-α is a key component of the immune system and a potent pro-inflammatory cytokine that is highly produced after infection or tissue damage (13) and is present in high concentrations in patients with AS (12). IL-17 is a pro-inflammatory cytokine that contributes to the pathogenesis of several inflammatory diseases. The IL-17 family consists of six structurally related cytokines (IL-17A, IL-17B, IL-17C, IL-17D, IL-17E, and IL-17F) (14). In rheumatological diseases, this interleukin causes cartilage damage in an experimental animal model (15).

The pathogenesis of AS has not been fully elucidated, and some cytokines may play a key role in the disease. In order to elucidate the pathology of AS and identify new genetic markers, we investigated a possible association of the IL10 SNP −1082 A>G (rs1800896) with AS, and evaluated the serum levels of TNF-α, IL-10, IL-17A, and IL-17F in AS patients and controls compared with their respective genotypes (TNF rs1800629, IL17A rs2275913, IL17F rs763780, and IL10 rs1800896).



Methodology


Study Population

Unrelated patients were diagnosed by the ASAS Criteria 2009 (16) for axial spondyloarthritis (SpA) and the ASAS Criteria 2011 (17) for peripheral SpA. Patients were selected from the Maringá University Hospital-Maringá State University and the Maringá Rheumatism Clinic, in Paraná State, Southern Brazil. All patients had magnetic resonance imaging of the sacroiliac joints and were evaluated for the presence of HLA-B*27. In addition, individuals were selected to form the control group, following the criteria for inclusion: no autoimmune and/or rheumatic diseases, unrelated to the patient group, and belonging to the same ethnic group as the patients, and from the same region. This research was approved by the Standing Committee of Ethics of the State University of Maringá (CAAE 687.222/2014), and all participants signed an informed consent form.



Sample Collection and DNA Extraction

Peripheral blood was collected from case and control groups using tubes without anticoagulants for the determination of serum levels of cytokines and using EDTA-anticoagulant for DNA extraction. Genomic DNA was extracted from blood samples using the extraction kit Biopur® (BIOMETRIX Diagnostic, Curitiba, Paraná, Brazil), according to the manufacturer’s recommendations.



Determination of IL10 Gene Polymorphism

One hundred and forty-nine patients and 169 controls were genotyped for the IL10 −1082 A>G polymorphism using a polymerase chain reaction with sequence specific primers (PCR-SSP), and a methodology adapted from (18). The primer sequences used are shown in Table 1.


Table 1 | Primer sequences.



The protocol was adapted to a final volume of 10 µL of the reaction mixture containing 50 ng of DNA template, 1.8 ng/μM of each IL10 primer, 0.75 ng/µM of each Human growth hormone (HGH) for internal control, 0.19 mM of dNTP mixture, 1.5 mM of MgCl2 for allele G reaction and 2.0 mM for allele A reaction, 0.47× Reaction Buffer, and 0.55 U of Taq DNA polymerase.

PCR conditions for amplification included an initial melting step of 5 min at 94°C, followed by 32 cycles of 40 s at 95°C, 50 s at 65°C, 40 s at 72°C, and a final elongation at 72°C for 7 min. After amplification, PCR products were visualised in a 2% agarose gel stained with SYBR™ Safe DNA Gel Stain dye (Invitrogen, Carlsbad, CA, USA) using the Quantum ultraviolet gel documentation system.

For methodology validation, samples previously genotyped in our laboratory using a commercial kit (One Lambda Cytokine Genotyping Primer Pack, One Lambda) were used as positive controls for each of the three genotypes obtained (A/A, G/A, and G/G) (Figure 1).




Figure 1 | Amplified products of the PCR-SSP assay for analysing the −1082 A>G polymorphism of IL10 visualised in 2% agarose gel. Bands of 550 bp correspond to the IL10 fragment and bands of 431 bp correspond to the HGH fragment, which was used as an internal control for the reaction.





Determination of Serum Levels of Cytokines

The samples selected for cytokine measurement were randomly chosen, paired by age, gender, and genotype. For IL-10, 28 AS patients and 20 controls genotyped for IL10 rs1800896 were selected, with 12 being A/A, and 16 being A/G+G/G for AS and 10 being A/A, and 10 being A/G+A/A for controls. TNF, IL17A, and IL17F gene polymorphisms were previously determined by our group for the same samples and the polymorphisms analysed were TNF rs1800629, IL17A rs2275913, and IL17F rs763780 (6). 35 patients were selected for the analysis of TNF-α levels, with 17 being G/G, and 20 being G/A+A/A for AS, and 15 controls were also included, of which 8 were G/G and 7 were G/A+A/A. For the IL-17A analysis, 45 AS patients, including 21 G/G and 24 G/A+A/A, and 15 controls, including 5 G/G and 10 G/A+A/A, were selected. For the IL-17F analysis, 40 patients were selected, with 24 being T/T, and 16 being C/T+C/C; for the 14 controls, there were seven T/T and seven C/T+C/C. The characteristics of AS patients and controls selected for measurement of cytokines are shown in Table 2. There were no significant differences between the patients with AS and controls for gender and age distribution for any group of cytokines (P > 0.05).


Table 2 | Characteristics of AS patients and controls selected for cytokines measurement.



The determination of serum levels of TNF-α was performed using the Kit Luminex Technology with the ProcartaPlex™ Immunoassay (Invitrogen, ThermoFisher Scientific, Inc., Burlington, Ontario, Canada). The determination of IL-10 serum levels was performed using the human IL-10 uncoated ELISA kit (Affymetrix eBioscience, North America, USA). The determination of serum levels of IL-17A was performed using the Human IL-17A platinum ELISA Kit (Affymetrix eBioscience, North America, USA), while the determination of serum levels of IL-17F cytokine was performed using the Human IL-17F ELISA Kit (Affymetrix eBioscience, North America, USA). The minimum detection limit for each kit was 0.5 picograms per ml (pg/ml) for TNF-α, 1.6 pg/ml for IL-10, 0.5 pg/ml for IL-17A, and 3.3 pg/ml for IL-17F.



Statistical Analysis

The QUANTO 1.2.4 software (http://biostats.usc.edu/software) was used to calculate the sample size using the following values: prevalence of the less frequent allele 0.30%, population risk 0.01%, power 0.80, and OR >3.0. For genetic statistical analyses and to estimate the distribution of genotype frequencies according to the Hardy-Weinberg equilibrium (HWE), we applied the software SNPStats (available at: https://www.snpstats.net/start.htm) (20), which was also used for detecting the odds ratio balance, with a 95% confidence interval (CI) after adjustment for age and HLA*B27 marker. The Akaike information criterion (AIC) was used to choose the inheritance model that best fits the data. The OpenEpi program was used to calculate the allele association using the two-by-two tables test (https://www.openepi.com/Menu/OE_Menu.htm) (21).

To compare the serum levels of cytokines with their respective genotypes, the BioEstat 5.0 program was used. The Shapiro-Wilk test was used to calculate the normality of the samples and the Mann-Whitney test to compare the samples. All values of serum concentration cytokines were expressed as median and Interquartile range (IQR); differences were considered statistically significant if P<0.05.




Results

The characteristics and clinical data of individuals genotyped for the IL10 −1082 A>G polymorphism are shown in Table 3. There were no significant differences between AS patients and controls for gender distribution (P>0.05). HLA-B*27 was previously analysed using PCR-SSP according to the method published by our research group (22) and it was more frequent in patients with AS than in controls (P<0.0001).


Table 3 | Characteristics of AS patients and healthy controls.



Determination of the IL10 gene polymorphism by PCR-SSP demonstrated an increased frequency of the −1082 G allele in AS patients compared to controls (Table 4). In addition, there was significant difference in the genotype frequency of the IL10 −1082 A>G polymorphism between patients and controls. To estimate the association between the genotype and AS occurrence, the disease odds ratio (OR) and 95% confidence interval (CI) were assessed and adjusted for age and HLA*B27 marker. The results suggest that the −1082 A/G and G/G genotypes were associated with disease in a dominant model with an increased risk for AS (OR, 3.01; 95% CI, 1.75–5.17). The IL10 genotype frequency distributions were in Hardy-Weinberg equilibrium in patients and controls (P>0.05).


Table 4 | Allele and genotype frequency distribution for IL10 −1082 A>G and the association with the risk for ankylosing spondylitis, regardless of HLA-B*27 marker and age in different genetic models.



Results of the analysis of the association between IL10 −1082 A>G (rs1800896) polymorphism with different clinical data of AS are shown in Table 5. There was no statistical difference between IL10 genotypes or alleles in relation to clinical data of AS. The smaller number of patients in each subgroup could be related to these results.


Table 5 | Analysis of IL10 gene polymorphisms (rs1800896) in AS patients separated according to clinical data.



The analyses of serum cytokine levels in AS patients and controls are shown in Figure 2. Higher serum levels of IL-10 were observed in patients, as the levels of IL-10 was 2.38 (IQR 0.91) pg/mL in patients and 1.72 (IQR, 0.93) pg/ml in controls (P=0.01) (Figure 2B). There were no statistically significant differences in the serum levels of the other cytokines when patients were compared to controls. The serum levels of the cytokines in patients were as follows: TNF-α 2.14 (IQR, 3.65) pg/ml, IL-17A 22.12 (IQR, 51.97) pg/ml, and IL-17F 100.13 (IQR, 1273.65) pg/ml. For controls, the serum levels were as follows: TNF-α 1.39 (IQR, 3.14) pg/ml; IL-17A 33.50 (IQR, 339) pg/ml, and IL-17F 251.04 (IQR, 765.45) pg/ml.




Figure 2 | Comparison between patients and controls for cytokine levels. (A) Comparison of TNF-α levels between patients and controls; (B) Comparison of IL-10 levels between patients and controls; (C) Comparison of IL-17A levels between patients and controls; (D) Comparison of IL-17F levels between patients and controls. AS, ankylosing spondylitis; ns, not significant.



The analyses of TNF-α, IL-10, IL-17A, and IL-17F serum cytokine levels with genotypes in AS patients and controls are shown in Figure 3. Higher serum levels of IL-17F were observed in patients with the IL17F rs763780 T/C+C/C genotypes [796.04 (IQR, 1496.23) pg/ml compared to patients with the T/T genotype 43.77 (IQR, 384.1) pg/ml] (p=0.03) (Figure 3H). The same association was found for controls: T/C+C/C 570.10 (IQR, 1325.23) pg/ml compared with T/T 25.36 (IQR, 142.73) pg/ml (P=0.02) (Figure 3I).




Figure 3 | Relation between serum cytokine levels and genotypes in AS patients and controls. (A) Comparison of TNF-α levels in patients with TNF rs1800629 G/G vs. G/A+AA genotypes. (B) Comparison of TNF-α levels in controls with TNF rs1800629 G/G vs. G/A+A/A genotypes. (C) Comparison of IL-10 levels in patients with IL10 rs1800896 A/A vs. A/G+G/G genotypes. (D) Comparison of IL-10 levels in controls with IL10 rs1800896 A/A vs. A/G+G/G genotypes. (E) Comparison of IL-17A levels in patients with IL17A rs2275913 G/A+A/A vs. G/G genotypes. (F) Comparison of IL-17A levels in controls with IL17A rs2275913 G/A+A/A vs. G/G genotypes. (G) Comparison of IL-17F levels in patients with IL17F rs763780 T/C+C/C vs. T/T genotypes. (H) Comparison of IL-17F levels in controls with IL17F rs763780 T/C+C/C vs. T/T genotypes; ns, not significant.



No statistically significant difference was found for the other cytokines. TNF-α serum level in AS patients carrying TNF rs1800629 G/A+A/A was 1.70 pg/ml (IQR, 4.71) and 2.51 (IQR, 2.21) pg/ml for those carrying G/G (Figure 3A). For controls, it was 2.00 (IQR, 4.73) pg/ml for those carrying G/A+A/A and 1.39 (IQR, 1.37) pg/ml for G/G (Figure 3B). Serum levels of IL-10 in AS patients carrying IL10 rs1800896 A/G +A/A were 2.38 (IQR, 0.45) pg/ml and 2.77 (IQR 0.91) pg/mL in those carrying A/A (Figure 3C); for controls carrying A/G +A/A, it was 1.58 (IQR, 0.68) pg/ml and for A/A 2.12 (IQR 1.19) pg/ml (Figure 3D). Serum levels of IL-17A were 26.00 (IQR, 51.6) pg/ml in AS patients carrying the IL17A rs2275913 G/A+A/A genotypes and 15.63 (IQR, 49.6) pg/ml for those carrying the G/G genotype (Figure 3E); for controls, it was 94.63 (IQR, 129.23) pg/ml for individuals carrying G/A+A/A and 24.37 (IQR, 30.43) pg/ml for those carrying G/G (Figure 3F).



Discussion

In this study, we found that the IL10 −1082 G allele and the A/G+G/G genotypes (in a dominant inheritance model) were associated with the risk of AS. It is worth mentioning that our analyses of the IL10 -1082 polymorphism were adjusted for age and presence of HLA-B*27, and that we found this association to be independent of these factors, which makes the evidence of an association between the IL10  gene and AS more powerful.

Despite the population difference, another study conducted with a Chinese population also found an association with the same polymorphism and AS (23). The Paraná population mainly consists of people of European origin (80.6%), with a small contribution from African (12.5%), and Indigenous (7.0%) populations (24, 25). Hence, patients and healthy controls in our study were classified as mixed ethnic groups, according to phenotypic characteristics.

Our study also showed higher serum levels of IL-10 in AS patients compared to controls, similarly to the Chinese study (23). Increased levels of IL-10 and IL-10–positive T cells were detected in synovial fluid from AS patients in other studies (26, 27). Although these results seem controversial because of IL-10 being an anti-inflammatory cytokine, a way to better understand the role of IL-10 in the pathogenesis of disease can be through the M2 macrophages. Some studies have shown an increase in M2 CD163+ in synovial biopsies and inflamed colon of the patients with AS, and CD163 synovial over-expression has been shown to be correlated with disease (28, 29); in this context, IL-10 can alter the phenotype of macrophages from M1 to M2 (30). Furthermore, it has been proposed that the M2 macrophages express less IFN-γ, leading to an increased Th17 response since IFN-γ can suppress IL-17 expression (31), and it has been reported that the IL-17 is one of the main cytokines involved in the pathogenesis of AS (28, 29).

In this study, we found no statistical differences between the levels of TNF-α, IL-17A, and IL-17F among patients and controls, despite some studies having shown an increase in inflammatory cytokines, such as IL-17 and TNF-α in AS (32, 33). We must take into account that our patients were being treated with non-steroidal anti-inflammatory drugs (NSAIDs), and anti-TNF therapy for longer than 6 months.

In order to better understand the influence of SNPs associated with AS, IL10 rs1800896 in the present study, as well as TNF rs1800629, IL17A rs2275913, IL17F rs763780 that were associated with the risk of developing AS in a previous study by our group (6), we compared the serum levels of the cytokines between the risk genotypes and non-risk genotypes in patients and controls.

With regard to TNF-α, we found no differences in the serum levels of this cytokine between the TNF rs1800629 genotype G/G compared to the risk genotypes G/A+A/A. The G/A+A/A genotypes have also been reported to be major producers of TNF-α in congenital heart disease (34). The A allele was found to be the higher producer of TNF-α in an in vitro study (35). Although we did not observe this association, we should also consider the use of anti-TNF in the treatment.

Many studies show that the IL10 −1082 genotypes A/G+G/G were the largest producers of IL-10 (23, 36–38). Despite the association of A/G+G/G genotypes with AS and increased levels of IL-10 in patients, we did not find any association between these genotypes and the levels of IL-10, suggesting that other SNPs could influence the production of the cytokine.

We also found no differences in the serum levels of IL-17A cytokine between G/G and G/A+A/A genotypes. The genotypes G/A and A/A have been reported to be associated with the increased production of IL-17A in a recent study on coronary disease (39). However, this relationship is controversial, as other studies have shown an increase in IL-17A in patients with the A/A genotype (40), a lack of association with this SNP and production (41), and high levels in individuals carrying the genotypes GG+GA (42). These differences could suggest that the polymorphism (rs2275913) does not influence IL-17A levels.

The assessment of the association between IL-17F levels and the IL17F T>C (rs763780) polymorphism showed an association between increased IL-17F production and the T/C+C/C genotypes in patients and controls. These results suggest that variations in the sequence of the specific nucleotides of IL17F can have a direct effect on the production of the encoded protein, IL-17F. Another study with psoriasis also reported a higher level of IL-17F in patients with the T/C+C/C genotypes (43).

However, we must take into account some limitations of our study. It is a cross-sectional study, although the association between the polymorphism (rs763780) and IL-17F levels has been confirmed. It was not possible to establish a causal relationship, requiring experimental studies and analysis of cytokines in tissue and synovial fluid samples. Another weakness of our study was the impossibility of using patients who had not yet used any type of medication.

We can conclude that the IL10 −1082 G allele and the A/G+G/G genotypes (in a dominant inheritance model) were risk factors for AS, regardless of HLA-B*27 and age, and that serum IL-10 levels were increased in patients with AS compared to controls.
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Autoreactive T cells play a crucial role in the pathogenesis of systemic lupus erythematosus (SLE). TGF-β type I receptor (TGFβRI) is pivotal in determining T cell activation. Here, we showed that TGFβRI expression in naïve CD4+ T cells was decreased in SLE patients, especially in those with high disease activity. Moreover, IL-6 was found to downregulate TGFβRI expression through JAK/STAT3 pathway in SLE patients. In vitro, the JAK inhibitor tofacitinib inhibited SLE T cell activating by upregulating TGFβRI expression in a dose-dependent manner. In MRL/lpr mice, tofacitinib treatment ameliorated the clinical indicators and lupus nephritis, as evidenced by reduced plasma anti-dsDNA antibody levels, decreased proteinuria, and lower renal histopathological score. Consistently, tofacitinib enhanced TGFβRI expression and inhibited T cell activation in vivo. TGFβRI inhibitor SB431542 reversed the effects of tofacitinib on T cell activation. Thus, our results have indicated that tofacitinib can suppress T cell activation by upregulating TGFβRI expression, which provides a possible molecular mechanism underlying clinical efficacy of tofacitinib in treating SLE patients.
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Introduction

Systemic lupus erythematosus (SLE) is a multifactorial autoimmune disease and characterized by excessive activation of T and B cells, as well as the production of various autoantibodies, which affects many organs, especially the kidneys (1, 2). Abnormally activated T cells enhance the autoimmune response in the case of impaired immune tolerance (3). In lupus patients, T cells produce proinflammatory cytokines with aberrant cell signaling properties (4). As conventional immunosuppressive agents, cyclosporine A and tacrolimus have good therapeutic effects by suppressing T cell activation in lupus patients. However, their obvious side effects such as nephrotoxicity limit the clinical use (5). In the last decade, many biological agents that aim to control T cell activation with fewer side effects have been developed for clinical trials, but some of them have failed in the end (5, 6). Thus, there is an urgent need to identify potential targets and develop novel therapeutic strategies against SLE (7).

During the development of autoimmune diseases, the Janus kinase family (JAKs) plays an important role in cytokine signaling, which indicates that targeting JAKs has therapeutic potential in systemic autoimmune diseases (8). Tofacitinib is a pan-JAK inhibitor that preferentially inhibits JAK1 and JAK3 (9), which has shown the efficacy and safety in the treatment of rheumatoid arthritis (10), psoriatic arthritis (11), or ulcerative colitis (12) in many clinical trials. Since the signaling pathways such as the type-I interferon (IFN) signaling involved in the lupus pathogenesis requires JAK/STAT, tofacitinib may also be effective in the treatment of SLE. However, few studies have focused on the therapeutic effects and immunomodulatory mechanisms of tofacitinib in treating SLE.

Transforming growth factor-β1 (TGF-β1) is important for maintaining immune homeostasis and inhibiting the proliferation and differentiation of lymphocytes, especially CD4+ T cells. TGF-β1 exerts its biological effects through TGF-β type I receptor (TGFβRI)/TGFβRII/Smad signaling pathway. Our previous studies have demonstrated that TGFβRI acted as a pivotal role in determining T cell activation. When T cell receptor (TCR) was strongly stimulated, the expression of TGFβRI in T cells decreased while TGF-β signaling pathway was inhibited, which led to T cell activation. Our previous studies also found that TGFβRI expression was reduced in the naïve CD4+ T cells of untreated and newly diagnosed SLE patients, which suggested that the abnormal expression of TGFβRI might participate in SLE pathogenesis (13).

In this study, we found that TGFβRI expression exhibited an inverse correlation with disease activity in SLE patients and that IL-6 triggered JAK/STAT3 pathway was involved in the downregulation of TGFβRI. Importantly, we found that tofacitinib treatment upregulated the expression of TGFβRI and suppressed the activation of CD4+ T cells both in vitro and in vivo. Moreover, tofacitinib significantly ameliorated lupus nephritis (LN) in MRL/lpr mice. Together, our results identified a novel potential molecular target of tofacitinib for SLE treatment.



Methods


Study Population

In total, 77 SLE patients and 41 healthy volunteers from the Department of Rheumatology and Immunology of the Affiliated Drum Tower Hospital of Nanjing University Medical School from October 2018 to August 2020 were enrolled. All SLE patients were diagnosed based on the American College of Rheumatology criteria (revised in 1982). The detailed exclusion criteria were fully described in our previous study (14). The study was approved by the Ethics Committee of our institute, and written informed consent for the collection of venous blood samples was obtained from all subjects.



Mice and Treatments

Female MRL/lpr mice and C57BL/6 mice (6-week-old) were obtained from Shanghai SLAC Laboratory Animal Co., Ltd. (Shanghai, China) and maintained under specific pathogen-free conditions. The MRL/lpr mice were randomly divided into three groups and treated with vehicle (0.5% methylcellulose/0.025% Tween 20 in ddH2O), tofacitinib (CP-690550; Abmole Bioscience, Houston, TX, 15mg/kg/d), or tofacitinib combined with TGFβRI inhibitor SB431542 (ApexBio, Houston, TX, USA, 10mg/kg). Vehicle and tofacitinib were administered daily by oral gavage for 10 weeks starting at the 10th week, and SB431542 were injected intraperitoneally every day for 2 weeks starting at the 18th week.



Cell Isolation and T Cell Stimulation

Peripheral blood mononuclear cells (PBMCs) were isolated from the blood samples of SLE patients and healthy controls by Ficoll density gradient centrifugation (STEMCELL Technologies, Vancouver, CA). Human CD4+ or naïve CD4+ T cells were purified from fresh PBMCs by using the EasySep Human CD4+ or Naïve CD4+ T Cell Isolation kits (STEMCELL Technologies), stimulated with anti-CD3/CD28 beads (Miltenyi Biotec, Bergisch Gladbach, Germany). Then, CD3/CD28 beads-stimulated naïve CD4+ T cells were treated with tofacitinib, STAT3 inhibitor (NSC74859), AKT inhibitor (GSK690693), or p38 MAPK inhibitor (SB203580) for 24 h. NSC74859, GSK690693, and SB203580 were purchased from ApexBio (Houston, TX, USA). Tofacitinib was added at the determined concentrations (0.1 µM, 1 µM, and 10 µM) for 24 h. In some experiments, CD4+ T cells were stimulated with anti-CD3/CD28 beads in the presence of recombinant cytokines, such as TGF-β (5 ng/ml; PeproTech, Rocky Hill, NJ) and IL-6 (100 ng/ml; PeproTech).

Spleens were isolated, and the erythrocytes in splenocyte suspensions were lysed with red cell lysate. Mouse CD4+ T cells were purified from splenocytes by using the EasySep Mouse CD4+ T Cell Isolation kit (STEMCELL Technologies) and processed for real-time PCR or Western blotting analysis.



Quantitative Real-Time PCR

Total RNA was extracted from naïve CD4+ T cells or CD4+ T cells using TRIzol reagent (Invitrogen, Carlsbad, CA), and cDNA was synthesized using the HiScript II Q RT SuperMix II (Vazyme Biotech, Nanjing, China). For PCR experiments, reactions containing cDNA, gene primers, and SYBR Green Master Mix (High ROX Premixed, Vazyme Biotech) were run on the StepOnePlus real-time PCR Systems (Applied Biosystems, Foster City, CA). The primer sequences used were as follows: hGAPDH: 5′-ATGGGGAAGGTGAAGGTCG-3′ (forward), 5′-GGGGTCATTGATGGCAACAATA-3′ (reverse); hTGFβRI: 5′-TGCTCGACGATGTTCCATTG-3′ (forward), 5′-CTCTCAAGGCTTCACAGCTC-3′ (reverse); hTGFβRII: 5′- AGGGGTCCGGGAAGGC-3′ (forward), 5′- CTGGGCCTCCATTTCCACAT-3′ (reverse); mGAPDH: 5′-AAGGTCATCCCAGAGCTGAA-3′ (forward), 5′-CTGCTTCACCACCTTCTTGA-3′ (reverse); mTGFβRI: 5′-CAGAGGGCACCACCTTAAAA-3′ (forward), 5′-AATGGTCCTGGCAATTGTTC-3′ (reverse). The relative gene quantification was calculated with the 2-ΔΔCt method.



Flow Cytometry

The purified CD4+ T cells were incubated with the following anti-human antibodies: CD4-PerCP-Cy5.5, CD69-FITC, and CD25-APC. Mouse splenocytes were stained with Fixable Viability Dye eFluor™ 780 (eBioscience) and the following anti-mouse antibodies: CD4-FITC, CD69-BV650, and CD25-APC. All antibodies were purchased from eBioscience. Flow cytometric data were analyzed on a FACS Calibur or Fortessa (BD Biosciences).



ELISA Analysis

Human IL-6 levels in plasma were measured by ELISA kits from FCMACS (Nanjing, China), and mouse IL-6 and TGF-β1 levels in plasma were measured by ELISA kits from Multiscience Biotech Co., Ltd (Hangzhou, China) according to the manufacturer’s instructions. The murine proteinuria levels were measured by a Bradford protein assay kit (KeyGen Biotech, Nanjing, China). Anti-dsDNA-specific antibody levels in mouse plasma were measured using a Mouse anti-dsDNA ELISA Kit (Shibayagi, Japan).



Histological and Immunofluorescence Analysis

The kidney tissues were embedded in paraffin for hematoxylin-eosin (H&E), periodic acid-Schiff (PAS), and Masson’s trichrome staining. The kidney pathology was evaluated as previously described (15).

The kidney tissues were snap frozen in liquid nitrogen and embedded in optimal cutting temperature compound. The frozen sections were stained with Alexa Fluor 488-conjugated goat anti-mouse IgG (1:100, Abcam, Cambridge, UK). Next, the sections were stained with DAPI (Sigma). Finally, the sections were photographed by confocal laser scanning microscopy using the Olympus FV3000 Microscope. Mean fluorescence intensity was determined using ImageJ software (NIH). The glomerular IgG staining intensities were graded on a scale of 0–4 (0=absent; 1=faint; 2=moderate; 3=intense; and 4=very intense).



Western Blotting

Total protein samples were extracted in RIPA buffer with a 1% protease/phosphatase inhibitor cocktail (Cell Signaling Technology, Beverly, MA). Protein samples were separated on a 10% gradient gel (BioRad) and transferred to polyvinylidene fluoride membranes (Millipore). The primary antibodies used were as follows: TGFβRI (1:1000, Santa Cruz Biotechnology), p-STAT3, STAT3, and GAPDH (all are diluted to 1 : 2000 and purchased from Cell Signaling Technology). The protein bands were visualized by a Tanon-5200 chemiluminescent imaging system. Analysis was performed with ImageJ Software.



Statistical Analysis

Quantitative data are shown as the mean ± SEM. Student’s t-tests were applied between two groups. One-way ANOVA was used for comparison among more than two groups. The Pearson r test was used for correlation analysis. All experiments were repeated three times. Statistical analysis was performed with GraphPad Prism version 8 software. A P value < 0.05 was considered a significant difference.




Results


TGFβRI mRNA Level in Naïve CD4+ T Cells Negatively Correlates With Disease Activity Score in SLE Patients

We analyzed the TGFβRI mRNA level in naïve CD4+ T cells in the SLE patients and healthy controls. The main clinical characteristics of the 39 patients with SLE were summarized in Table 1. Significantly reduced TGFβRI expression was found in SLE patients (Figure 1A). Based on the SLE disease activity index (SLEDAI) score, SLE patients were divided into two subgroups (0-10, stable and mild disease activity; >10, moderate to severe disease activity). TGFβRI mRNA level in patients with moderate to severe disease activity was lower than that in controls. However, TGFβRI mRNA level in patients with stable and mild disease activity was comparable with controls (Figure 1B). We also analyzed the TGFβRII mRNA level, but no significant difference was found between SLE patients and controls (Supplementary Figure 1A). Besides, TGFβRII mRNA level in different disease activity subgroups in SLE patients showed no significant difference compared with controls (Supplementary Figure 1B).


Table 1 | Demographic and clinical features of the enrolled SLE patients.






Figure 1 | The TGFβRI expression in naïve CD4+ T cells is lower in SLE patients and correlates with disease-related variables. (A) The level of TGFβRI (TβRI) mRNA in naïve CD4+ T cells was compared among SLE patients (n = 39) and healthy controls (HC) (n = 10). (B) The relative TGFβRI mRNA level of two lupus subgroups was determined, which included moderate to severe disease activity subgroup (SLE disease activity index, SLEDAI>10) (n = 17) and stable and mild disease activity subgroup (SLEDAI 0-10) (n = 22). (C–E) The correlations between TGFβRI mRNA level and SLEDAI, erythrocyte sedimentation rate (ESR), and C3. (F, G) The association between TGFβRI mRNA level and 24-h proteinuria and serum creatinine (Scr). (H) Lower level of TGFβRI mRNA was found in patients with lupus nephritis (LN) (n = 22) than patients without LN (n = 17). Error bars indicate SEM. *P < 0.05. ns, no significant difference.



To determine the functional implication of lower TGFβRI expression in SLE patients, we assessed the correlations of the TGFβRI mRNA level with disease-related variables, including SLEDAI score, disease duration, erythrocyte sedimentation rate (ESR), C-reactive protein (CRP), complement C3 and C4, 24-h urine protein, and serum creatinine (Scr). Negative correlations were observed between TGFβRI mRNA level and SLEDAI (Figure 1C), ESR (Figure 1D), 24-h urinary protein (Figure 1F), and Scr (Figure 1G). However, C3 level was positively related to TGFβRI mRNA level (Figure 1E). Additionally, TGFβRI mRNA level was not associated with disease duration, CRP, and C4 level (Supplementary Figures 2A–C). Further analysis showed that SLE patients with LN had lower mRNA expression of TGFβRI than those without LN (Figure 1H). In addition, SLE patients with positive anti-dsDNA antibodies had lower mRNA expression of TGFβRI than those without (Supplementary Figure 2D). These data indicate that TGFβRI level in naïve CD4+ T cells is correlated with disease activities in SLE.



IL-6 Suppresses TGFβRI Expression Through Activation of JAK/STAT3 Pathway in SLE Patients

To examine the effects of cytokines on TGFβRI expression, naïve CD4+ T cells were stimulated with anti-CD3/CD28 beads and cotreated with TGF-β and pro-inflammatory cytokines, such as IL-2, IL-6, IFN-γ, and TNF-α. Only IL-6 was found to suppress the TGF-β-induced upregulation of TGFβRI (13). Moreover, we showed that plasma IL-6 protein levels in SLE patients were significantly higher than those in controls (Figure 2A) and negatively correlated with the TGFβRI mRNA level in naïve CD4+ T cells (Figure 2B). Furthermore, the effects of IL-6 on regulating TGFβRI expression were also observed in naïve CD4+ T cells from SLE patients in vitro (Figure 2C). These data suggest a potential role of IL-6 in suppressing the expression of TGFβRI in SLE patients.




Figure 2 | IL-6 downregulates TGFβRI expression via JAK/STAT3 pathway. (A) Plasma IL-6 levels in SLE patients (n = 39) and HC (n = 20) were measured. (B) Correlation between IL-6 and TGFβRI (TβRI) mRNA level was evaluated (n = 39). (C) The TGFβRI mRNA level in naïve CD4+ T cells from SLE PBMCs was assessed after stimulation with anti-CD3/CD28 beads and TGF-β (5 ng/ml) in the absence or presence of IL-6 (100 ng/ml) for 24 h (n = 4). (D) The level of TGFβRI mRNA (n = 3) in anti-CD3/CD28-treated naïve CD4+ T cells from SLE PBMCs was assessed after treatment with JAK inhibitor (tofacitinib, TOF), STAT3 inhibitor (NSC74859), AKT inhibitor (GSK690693), or p38 MAPK inhibitor (SB203580) (10 µM). (E) The phosphorylated STAT3 (p-STAT3) level in CD4+ T cells from HC PBMCs was determined by Western blotting after stimulation with anti-CD3/CD28 beads and TGF-β in the absence or presence of IL-6 for 24 h. p-STAT3 expression was normalized to that of STAT3 (n = 3). (F) The protein levels of p-STAT3 and STAT3 in anti-CD3/CD28-treated CD4+ T cells from HC PBMCs were assessed after treatment with or without TOF (n = 4). Error bars indicate SEM. *P < 0.05, **P < 0.01, ****P < 0.0001.



To investigate the molecular mechanism, we further analyzed the downstream signaling pathways activated by IL-6, including the JAK/STAT3, PI3K/AKT, and p38 MAPK pathways. Interestingly, we found that the JAK inhibitor tofacitinib and the STAT3 inhibitor NSC74859, but not AKT inhibitor GSK690693 or p38 MAPK inhibitor SB203580, upregulated TGFβRI expression in anti-CD3/CD28-stimulated naïve CD4+ T cells (Figure 2D). As shown in Figure 2E, TGF-β attenuated STAT3 phosphorylation during CD4+ T cell activation, while IL-6 reversed the effect of TGF-β. Upon stimulation, CD4+ T cells activated the JAK/STAT3 signaling pathway, which was abrogated by the JAK inhibitor tofacitinib (Figure 2F). Collectively, our findings suggested that IL-6 triggered JAK/STAT3 pathway was involved in the downregulation of TGFβRI in naïve CD4+ T cells.



The JAK Inhibitor Tofacitinib Inhibits Activation of CD4+ T Cells From SLE Patients by Enhancing TGFβRI Expression

To examine the effect of tofacitinib on the expression of TGFβRI during CD4+ T cell activation, naïve CD4+ T cells from patients with active SLE were treated with different concentrations of tofacitinib (0.1-10 µM) and anti-CD3/CD28 beads in culture. The decrease of TGFβRI expression in purified naïve CD4+ T cells induced by anti-CD3/CD28 beads was reversed in a dose-dependent manner by tofacitinib (Figure 3A). However, TGFβRII mRNA expression showed an increasing trend after tofacitinib intervention but did not reach statistical difference (Supplementary Figure 3A). Besides, anti-CD3/CD28 beads showed no significant effects on the expression of TGFβRI in PBMCs, and there was no change in TGFβRI mRNA level in the presence of tofacitinib (Supplementary Figure 3B). Meanwhile, we stained the activated CD4+ T cells with CD4 and the activation markers CD25 and CD69 antibodies and examined them after treatment with tofacitinib by flow cytometry. Tofacitinib markedly reduced the percentages of CD4+CD69+ T and CD4+CD25+ T cells dose-dependently (Figures 3B–E).




Figure 3 | Tofacitinib inhibits the activation of CD4+ T cells by increasing TGFβRI expression in vitro. Naïve CD4+ T cells from PBMCs of SLE patients (n = 4) were stimulated with anti-CD3/CD28 beads in the absence or presence of TOF (0.1-10 µM) for 24 h. (A) TGFβRI (TβRI) mRNA level (n = 4) in naïve CD4+ cells was analyzed. (B, D) The percentages of active CD4+ T cells (CD4+CD69+ T cells) (n = 4) were determined. (C, E) The percentages of active CD4+ T cells (CD4+CD25+ T cells) (n = 4) were determined. Purified naïve CD4+ T cells from SLE patients (n = 5) were stimulated with anti-CD3/CD28 beads in the absence or presence of TOF (0.1µM) with or without 10µM TGFβRI inhibitor SB431542. (F) The percentages of active CD4+ T cells (CD4+CD69+ T cells) (n = 5) were determined. (G) The percentages of active CD4+ T cells (CD4+CD25+ T cells) (n = 5) were determined. Error bars indicate SEM. *P < 0.05, **P < 0.01, ***P < 0.001. TOF, tofacitinib; SB, SB431542.



To verify the role of TGFβRI in the inhibition of T cell activation by tofacitinib, the ability of TGFβRI inhibitor SB431542 to block the effect of tofacitinib was studied. SB431542 is a small molecule that suppresses TGF-β pathway by inhibiting TGFβRI activity (16). Purified naïve CD4+ T cells from SLE patients were stimulated with anti-CD3/CD28 beads and tofacitinib (0.1 µM) with or without SB431542 (10 µM). Compared with the tofacitinib group, the proportion of activated CD4+ T cells increased significantly in the tofacitinib plus SB431542 group (Figures 3F, G), suggesting that TGFβRI blockade can reverse the effects of tofacitinib on T cell activation. Taken together, these results suggest that tofacitinib could enhance TGFβRI expression to inhibit T cell activation.



Tofacitinib Treatment Ameliorates the Clinical Symptoms and Indicators in MRL/lpr Mice

To determine the efficacy of tofacitinib in treating SLE, we used the widely accepted animal lupus model MRL/lpr mice. MRL/lpr mice developed splenomegaly and various serum autoantibodies compared with mice in the control group (Figures 4B, C). As shown in Figure 4A, the onset of severe proteinuria was delayed in the tofacitinib-treated group. Proteinuria was significantly reduced in the tofacitinib-treated group at 20 weeks of age (Figure 4A). Significant decreases in spleen/body weight ratio were observed in MRL/lpr mice after tofacitinib treatment (Figure 4B). Additionally, tofacitinib treatment reduced plasma anti-dsDNA antibody levels compared with those of vehicle treatment (Figure 4C).




Figure 4 | Tofacitinib ameliorates the clinical symptoms and lupus nephritis in MRL/lpr mice. MRL/lpr mice were administered vehicle, tofacitinib alone or combined with SB431542. C57BL/6 mice were the control mice. (A) The levels of proteinuria were measured every two weeks. The spleen/body weight ratio (B) and plasma anti-dsDNA antibody level (C) were determined at the end of the study. (D) Representative photomicrograph of renal histology stained with hematoxylin and eosin (H&E), periodic acid-Schiff (PAS), and Masson. Scale bar, 30 µm. (E) Histological scores for glomerular, interstitial, and perivascular lesions, according to the above three stains. The control mice did not present any histopathological alteration and the histological score was zero. (F, G) Representative images of IgG deposition and fluorescence intensity assessment. Scale bar, 50 µm. n=8 for each group. Error bars indicate SEM. *P<0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001. TOF, tofacitinib; SB, SB431542.



Since SB431542 could abrogate the suppressive effects of tofacitinib in vitro, we investigated whether this effect can be recapitulated in vivo. Compared to the tofacitinib treatment group, the spleen/body weight ratio and plasma anti-dsDNA antibody levels were elevated in the tofacitinib plus SB431542 treatment group (Figures 4B, C). These results indicated that SB431542 could weaken the therapeutic effects of tofacitinib in MRL/lpr mice.



Tofacitinib Alleviates LN in MRL/lpr Mice

We evaluated the therapeutic effect of tofacitinib on LN in MRL/lpr mice. Kidney pathology was improved by tofacitinib treatment, as shown by significant reductions in mesangial cell proliferation in glomeruli as detected by PAS staining (Figures 4D, E). Additionally, the renal fibrosis expression levels were reduced in the tofacitinib-treated group, as detected by Masson’s trichrome staining (Figures 4D, E). After tofacitinib treatment, immunofluorescence staining showed reduced IgG deposition in glomeruli (Figures 4F, G). Notably, SB431542 co-treatment reversed these changes (Figures 4F, G). Thus, these results from kidney histopathological assessment confirmed that tofacitinib alleviated LN in MRL/lpr mice.

Moreover, we detected the TGFβRI expression in renal tissue by real-time PCR and Western blotting analysis. In contrast to naïve CD4+ T cells, renal tissues of MRL/lpr mice showed higher expression of TGFβRI compared to normal controls. After tofacitinib intervention, the expression of TGFβRI was reduced in kidney tissue of MRL/lpr mice (Supplementary Figure 4). Therefore, we speculated that tofacitinib treatment might ameliorate renal fibrosis by repressing TGF-β signaling in the kidney.



Tofacitinib Suppresses CD4+ T Cell Activation by Upregulating TGFβRI Expression in MRL/lpr Mice

To investigate whether TGFβRI is involved in tofacitinib-induced disease remission in MRL/lpr mice, splenocytes were obtained at the end of the study. As shown in Figures 5A–D, the populations of both CD4+CD69+ and CD4+CD25+ T cells were significantly decreased in tofacitinib-treated mice compared with vehicle-treated mice. The percentage of CD4+CD69+ T cells reduced by tofacitinib was partly reversed by SB431542. The absolute number of CD4+CD69+ T cells decreased significantly after tofacitinib treatment, which was reversed by SB431542 (Figures 5A, B). Compared to the tofacitinib treatment group, the absolute number of CD4+CD25+ T cells in tofacitinib plus SB431542 treatment group also showed an upward trend although the difference was insignificant (Figure 5C).




Figure 5 | Tofacitinib increases TGFβRI expression and suppresses CD4+ T cell activation in vivo. (A) Percentages of CD4+CD69+ T cells were determined by flow cytometric analysis. (B) The percentages and numbers of CD4+CD69+ T cells were shown. (D) Percentages of CD4+CD25+ T cells were determined by flow cytometric analysis. (C) The percentages and numbers of CD4+CD25+ T cells were shown. (E) The expression of TGFβRI (TβRI) in CD4+ T cells from MRL/lpr mice was determined by real-time PCR. n = 8 for each group. (F) The protein levels of TGFβRI in CD4+ T cells from MRL/lpr mice, as determined by Western blotting (n = 3). Error bars indicate SEM. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001. TOF, tofacitinib; SB, SB431542.



Notably, the TGFβRI mRNA level in the vehicle-treated group was lower than that in the normal controls in CD4+ T cells (Figure 5E). As expected, TGFβRI expression in CD4+ T cells was significantly upregulated in MRL/lpr mice at mRNA (Figure 5E) and protein levels (Figure 5F) after tofacitinib treatment. We further measured plasma levels of some TGFβRI-related cytokines, such as IL-6 and TGF-β1. As shown in Supplementary Figure 5, lupus induced an increase in the levels of pro-inflammatory cytokine IL-6 while decreasing the anti-inflammatory cytokine TGF-β1 levels compared with healthy mice. Tofacitinib intervention reduced IL-6 level but had no effect on TGF-β1 level (Supplementary Figure 5).




Discussion

Autoreactive T cells play a major role in driving and maintaining autoimmune diseases, including SLE (2). Abnormal T cell activation may reduce the TCR activation threshold and impair peripheral tolerance in SLE patients (17). Since TGF-β has suppressive effects on T cell activation (18, 19), TGF-β signaling is involved in the occurrence and development of SLE. In the NZB/WF1 murine model of SLE, the reduction of TGF-β production in T cells is likely to cause immune imbalance and autoantibody production, leading to tissue inflammation (20). Several studies showed that TGFβRI heterodimers or the TGF-β signaling pathway may be defective in SLE patients (21, 22). Our study indicated that the expression of TGFβRI but not TGFβRII in naïve CD4+ T cells was related to the disease activity and laboratory indicators such as ESR and C3. Therefore, the low level of TGFβRI but not TGFβRII may be an indicator in identifying patients with severe SLE. A study of female patients with SLE showed a close correlation of serum TGF-β1 levels with severity of renal damage (23). Consistently, we also found that the levels of 24-h urinary protein and serum creatinine were inversely associated with TGFβRI expression. The TGFβRI expression in patients with LN was lower than that in patients without LN. Thus, TGFβRI may play a role in the pathogenesis of SLE.

Previous studies have suggested that IL-6 partially inhibits the upregulation of TGFβRI and TGFβRII in TGF-β-induced trabecular meshwork cells (24). In SLE patients, serum IL-6 was elevated and correlated with disease activity (25). IL-6-deficient mice exhibit resistance to lymphocyte-derived DNA-induced lupus, which causes CD4+ T cell activation, anti-dsDNA autoantibody titers, proteinuria, and glomerulonephritis (26). Here, we found that IL-6 could inhibit the upregulation of TGFβRI mediated by TGF-β in vitro, and the plasma IL-6 levels in SLE patients were significantly elevated but negatively correlated with TGFβRI mRNA level. This finding may indicate that IL-6 was responsible for the low expression of TGFβRI in SLE patients.

To elucidate the molecular mechanisms by which IL-6 inhibits TGF-β signaling, we investigated the downstream cellular signaling pathways that IL-6 may activate, including the PI3K/AKT, p38 MAPK, and JAK/STAT3 pathways. Our study showed that the addition of JAK or STAT3 but not AKT or p38 MAPK inhibitors significantly upregulated the expression of TGFβRI during CD4+ T cell activation. Furthermore, we found that IL-6 reduced the expression of TGFβRI by activating the JAK/STAT3 pathway in CD4+ T cells. Consistently, previous studies have reported that IL-6-mediated STAT3 activation can modulate TGF-β signaling, providing a link for cross-talk between the JAK/STAT3 and TGF-β/Smad pathways. For example, the JAK/STAT3 signaling pathway inhibits the TGF-β signaling pathway through the direct interplay of Smad3-STAT3 (27). Hyperactivation of STAT3 desensitizes TGF-β signaling through the inhibition of Smad7 (28). The inhibitory effect of IL-6 on the TGF-β signaling pathway was reduced by siRNA-mediated STAT3 gene knockout (24). Thus, IL-6 might downregulate TGFβRI expression through the JAK/STAT3 signaling pathway in SLE patients. Although the importance of IL-6 in the pathogenesis of lupus has been well documented, pharmacological targeting of IL-6 has not been successful. The human IL-6 receptor inhibitor tocilizumab has achieved clinical benefits, but the concurrent development of severe infections and neutropenia limits its clinical application in SLE (29). Therefore, new targeted therapy with fewer side effects needs to be explored.

The JAK/STAT signaling pathway plays a major role in maintaining immune homeostasis. Mutations in STAT3 can cause lymphoproliferative and autoimmune diseases (30). The potential application of JAK inhibitors in the treatment of SLE is based on the following premises: firstly, JAK/STAT signaling may regulate the expression levels of IFN-regulated factor (IRF)-related genes, which were upregulated in CD3+ T cells in active SLE patients (31); secondly, tofacitinib treatment decreased the expression of IFN-signaling genes such as type I IFN genes and STAT1 in MRL/lpr mice (32); and thirdly, tofacitinib could impair the survival rate of renal CD69+CD103+ tissue-resident memory T cells, which were expanded in the kidney tissues of SLE patients or MRL/lpr mice (33). A previous study has reported that tofacitinib could inhibit the proliferation of CD4+ T cells in rheumatoid arthritis (RA) patients, which may be the main mechanism by which tofacitinib treats RA (34). Here, we showed that tofacitinib inhibited T cell activation both in vitro and in vivo, which was abrogated by SB431542 administration, suggesting TGFβRI was involved in the inhibitory effects of tofacitinib on T cell activation. Our results supported the potential therapeutic application of tofacitinib in SLE.

Consistent with those of previous studies (35, 36), our results showed that tofacitinib significantly ameliorated LN in MRL/lpr mice. Tofacitinib-treated MRL/lpr mice exhibited ameliorated renal function, as evidenced by proteinuria and renal histopathological assessments, compared to those of vehicle-treated animals. Tofacitinib treatment significantly reduced plasma anti-dsDNA antibody levels and IgG deposition in the kidneys, which was reversed by SB431542. In addition, we also found that tofacitinib could alleviate renal fibrosis as detected by Masson staining. The possible mechanism is as follows, it has been shown that TGF-β signaling was suppressed in immune cells but activated in target organs and induced local fibrogenesis in SLE (20). Our research demonstrated the TGFβRI expression was increased remarkably in the kidney tissue of MRL/lpr mice, which is consistent with the previous study (37), and inhibited by tofacitinib treatment.

To date, there have been few clinical studies on the potential application of tofacitinib in patients with SLE. A single-center clinical trial of 10 SLE patients showed that tofacitinib could improve skin and joint symptoms (38). Although several animal studies including ours, have shown that tofacitinib has a beneficial effect on LN (35, 36), more clinical data are needed to clarify the efficacy of tofacitinib treatment in LN.

In summary, we find that reduced TGFβRI expression in naïve CD4+ T cells negatively correlates with disease activities in SLE patients. Importantly, we show that the JAK inhibitor tofacitinib alleviates lupus through the upregulation of TGFβRI expression to inhibit CD4+ T cell activation. Our findings provide preclinical evidence for the potential therapeutic application of tofacitinib in the treatment of SLE.
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We aimed to validate the association of 28 GWAS-identified genetic variants for response to TNF inhibitors (TNFi) in a discovery cohort of 1361 rheumatoid arthritis (RA) patients monitored in routine care and ascertained through the REPAIR consortium and DANBIO registry. We genotyped selected markers and evaluated their association with response to TNFi after 6 months of treatment according to the change in disease activity score 28 (ΔDAS28). Next, we confirmed the most interesting results through meta-analysis of our data with those from the DREAM cohort that included 706 RA patients treated with TNFi. The meta-analysis of the discovery cohort and DREAM registry including 2067 RA patients revealed an overall association of the LINC02549rs7767069 SNP with a lower improvement in DAS28 that remained significant after correction for multiple testing (per-allele ORMeta=0.83, PMeta=0.000077; PHet=0.61). In addition, we found that each copy of the LRRC55rs717117G allele was significantly associated with lower improvement in DAS28 in rheumatoid factor (RF)-positive patients (per-allele ORMeta=0.67, P=0.00058; PHet=0.06) whereas an opposite but not significant effect was detected in RF-negative subjects (per-allele ORMeta=1.38, P=0.10; PHet=0.45; PInteraction=0.00028). Interestingly, although the identified associations did not survive multiple testing correction, the meta-analysis also showed overall and RF-specific associations for the MAFBrs6071980 and CNTN5rs1813443 SNPs with decreased changes in DAS28 (per-allele ORMeta_rs6071980 = 0.85, P=0.0059; PHet=0.63 and ORMeta_rs1813443_RF+=0.81, P=0.0059; PHet=0.69 and ORMeta_rs1813443_RF-=1.00, P=0.99; PHet=0.12; PInteraction=0.032). Mechanistically, we found that subjects carrying the LINC02549rs7767069T allele had significantly increased numbers of CD45RO+CD45RA+ T cells (P=0.000025) whereas carriers of the LINC02549rs7767069T/T genotype showed significantly increased levels of soluble scavengers CD5 and CD6 in serum (P=0.00037 and P=0.00041). In addition, carriers of the LRRC55rs717117G allele showed decreased production of IL6 after stimulation of PBMCs with B burgdorferi and E coli bacteria (P=0.00046 and P=0.00044), which suggested a reduced IL6-mediated anti-inflammatory effect of this marker to worsen the response to TNFi. In conclusion, this study confirmed the influence of the LINC02549 and LRRC55 loci to determine the response to TNFi in RA patients and suggested a weak effect of the MAFB and CNTN5 loci that need to be further investigated.
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Introduction

Rheumatoid Arthritis (RA) is a complex and chronic disease marked by symptoms of inflammation and pain in the joints that eventually lead to joint destruction, loss of function and disability. These symptoms of inflammation are mostly driven by certain central cytokines that modulate both cellular and humoral immune responses in the synovial fluid and synovium of patients (1). Although RA remains as a chronic and incurable autoimmune disease that occurs in as much as 0.5-1% of the general population (2), the introduction of biological agents to target deregulated cytokines has substantially improved the signs and symptoms of the disease (3). Among these cytokines, tumor necrosis factor alpha (TNFα) has attracted most attention as it has been found to be deregulated in patients with autoimmune diseases including RA (4). It has been reported, for instance, that TNFα activates macrophages, synoviocytes, chondrocytes, and osteoclasts in a dose-dependent manner (5) and that high levels of circulating TNFα correlate with disease activity and disease progression (6).

The increasing number of biological agents approved by the FDA and the increased prevalence of the disease all around the world (7) have placed a substantial economic burden for health care systems. Although the introduction of biosimilars in clinical practice reduced the cost of these treatments in many countries (8), there is still an unmet need to optimize biologic therapies, avoiding unnecessary adverse effects risks and reducing costs (9).

The interplay between genetics and drug response has been the subject of intense investigations during last decades. Response to biologics has been shown to vary between individuals and that a large proportion of patients show no clinical improvement (10). Given the high cost of these drugs and the potential impairment of non-responding patients, the identification of genetic biomarkers associated with drug response to specific biological agents would help to know which patients might benefit from a particular treatment. However, to date, only a few genome-wide association studies (GWAS) (11–17) or well powered candidate gene association studies have been conducted (18–26). We are far from being able to optimize drug dosing or prioritize drug combinations based on genetic findings. In fact, attempts to validate the association of most of the genetic markers identified in these association studies have failed (27), which confirms the limited application of genetic findings in a clinical setting. Considering that the validation of previous GWAS findings is an essential step to tailor treatments for RA and to approach personalized medicine, we aimed to validate the association of GWAS-identified variants for response to TNF inhibitors (TNFi) in a two-stage nested case-control association study including a cohort of 1361 anti-TNF naïve RA patients ascertained through the REPAIR consortium and DANBIO registry and an independent replication cohort of 706 RA patients treated with TNFi from the DREAM registry. We also investigated whether the effect of selected markers on the response to TNFi could be modified by rheumatoid factor (RF) status, and whether genetic variants could influence immune responses and affect the serological concentration of 108 plasmatic inflammatory proteins, 7 serum steroid hormones or counts of 91 blood-derived immune cell populations.



Material and Methods


Study Populations and Response to TNFi

The discovery population consisted of 1361 RA patients ascertained through the REPAIR consortium and the DANBIO registry (Table 1) (28, 29). RA patients fulfilled the 1987 revised American College of Rheumatology (ACR) (30) and/or the ACR/EULAR 2010 classification criteria (31). In order to further replicate the most interesting results, we validated the association with response to anti-TNF drugs of those SNPs showing a P<0.05 in the discovery cohort in 706 Dutch RA patients treated with TNFi from the DREAM (Dutch RhEumatoid Arthritis Monitoring) registry (Supplementary Table 1). The study followed the Declaration of Helsinki. Study participants were of European origin and gave their written informed consent to participate in the study, which was approved by the ethical review committee of participant institutions: Virgen de las Nieves University Hospital (2012/89); Santa Maria Hospital-CHLN (CE 877/121.2012); University Clinical Hospital of Santiago de Compostela (2013/156); Wroclaw Medical University (KB-625/2016); Radboud university medical center (2011/299) and by the Regional Ethics Committee of Central Denmark Region (S-20120113). A detailed description of the discovery population has been reported elsewhere (19, 20, 22, 24). All RA patients were naïve for TNFi and response to TNFi for each patient in all study populations was calculated using the change in disease activity score (DAS28CRP) between baseline and 6 months after treatment. Overall and RF-stratified linear regression analyses adjusted for age, sex and country of origin were used to determine the association between GWAS-identified SNPs and changes in DAS28. RA patients with missing values either for DAS28 (in at the time points of interest) or RF were not included in the analysis.


Table 1 | Demographic and clinical characteristics of anti-TNF patients.





DNA Extraction, SNP Selection, Genotyping, and Quality Control

Genomic DNA from RA patients was extracted from blood samples using the QIAamp DNA Blood Mini kit (Valencia, CA, EEUU) according to manufacturer’s instructions. The single-nucleotide polymorphisms (SNPs) were selected through an extensive literature search of relevant GWAS and meta-analyses published by February 2019 using publicly available online databases. Additional criteria were potential functionality and linkage disequilibrium between the reported SNPs. Biological function was predicted according to the data publicly available in the integrated Regulome database (www.regulomedb.org), and eQTL data browsers (www.gtexportal.org/home/ and https://genenetwork.nl/bloodeqtlbrowser/). A total of 28 SNPs in 25 genes were selected for genotyping in the discovery cohort (Table 2). Genotyping of selected SNPs was performed using KASP® probes according to manufacturer’s instructions (LGC Genomics, Hoddesdon, UK). For quality control, ~5% of DNA samples were randomly included as duplicates and concordance between duplicate samples was ≥99.0%. Replication of the most interesting association was conducted in the DREAM registry (n=706) following a similar quality control genotyping strategy.


Table 2 | Selection of GWAS-identified SNPs for response to anti-TNF drugs.





Hardy-Weinberg Equilibrium, Genetic Association Analysis, and Meta-Analysis

Deviation from Hardy-Weinberg Equilibrium (HWE) was tested in the control group (responders and moderate responders according to the EULAR response criteria) by chi-square (χ2), and linear regression analysis adjusted for age, sex and country of origin was used to assess the associations of the GWAS-identified polymorphisms with absolute changes in DAS28 assuming log-additive, dominant and recessive models of inheritance. Those SNPs with the lowest P-value in the discovery population according to each genetic model were advanced for replication in the DREAM cohort and meta-analysis of the discovery and replication populations using a fixed effect model was performed to validate the association observed. I2 statistic was used to assess heterogeneity between studies. Correction for multiple testing was performed using the Bonferroni method but also considering the two inheritance models tested. Given that log-additive and dominant models showed a high degree of collinearity, the significant threshold for the meta-analysis was set to 0.00089 considering log-additive/dominant and recessive inheritance models (0.05/28SNPs/2models). Overall statistical power was calculated using Quanto (v.12.4) assuming a log-additive model and a baseline risk of 30% for response to TNFi (32, 33).



Cell Isolation, Differentiation and Cytokine Quantitative Trait Loci, and Hormone Analysis in Relation to the GWAS-Identified Variants for Response To TNFi

With the aim of determining whether those SNPs associated with response to TNFi had a role in modulating immune responses, we performed in vitro stimulation experiments and measured cytokine production (IFNγ, IL1Ra, IL1β, IL6, IL8, IL10, TNFα, IL17, and IL22) after stimulation of peripheral blood mononuclear cells (PBMCs), whole blood or monocyte-derived macrophages (MDMs) from 408 healthy subjects of the 500FG cohort from the Human Functional Genomics Project (HFGP) with LPS (1 or 100 ng/ml), PHA (10μg/ml), Pam3Cys (10μg/ml), CpG (ODN M362; 10μg/ml) and B. burgdorferi and E. coli, as experimental model for cytokine production capacity. Given the sex disparities in the prevalence and course of RA and the impact of steroid hormones in modulating immune responses, we also evaluated the correlation of SNPs with serum levels of 7 steroid hormones (androstenedione, cortisol, 11-deoxy-cortisol, 17-hydroxy progesterone, progesterone, testosterone and 25 hydroxy vitamin D3) in a subset of the 500FG cohort without hormonal replacement therapy or oral contraceptives (n=280). After log transformation, cytokine or serum steroid hormone levels were correlated with the SNPs of interest using a linear regression model with age and sex as co-factors in R (http://www.r-project.org/). This analysis led to cytokine quantitative trait loci (cQTL) and hormone quantitative trait loci (hQTL). Significance thresholds were set to be 0.000463 and 0.00357 (0.05/6stimulants/9cytokines or 0.05/7hormones and 2 inheritance models) for cQTL and hQTL, respectively.



Correlation Between GWAS-Identified Polymorphisms and Cell Counts of 91 Blood-Derived Immune Cell Populations and Serum/Plasmatic Proteomic Profile

We also investigated whether selected polymorphisms had an impact on blood cell counts by analyzing a set of 91 manually annotated immune cell populations and genotype data from the 500FG cohort that consisted of 408 healthy subjects (Supplementary Table 2). Cell populations were measured by 10-color flow cytometry (Navios flow cytometer, Beckman Coulter) after blood sampling (2-3 hours) and cell count analysis was performed using the Kaluza software (Beckman Coulter, v.1.3). In order to reduce inter-experimental noise and increase statistical power, cell count analysis was performed by calculating parental and grandparental percentages, which were defined as the percentage of a certain cell type within the cell-populations one or two levels higher in the hierarchical definitions of cell sub-populations (34). Detailed laboratory protocols for cell isolation, reagents, gating and flow cytometry analysis have been reported elsewhere (35) and the accession number for the raw flow cytometry data and analyzed data files are available upon request to the authors (http://hfgp.bbmri.nl). A proteomic analysis was also performed in serum and plasma samples from the 500FG cohort. Circulating proteins were measured using the commercially Olink® Inflammation panel (Olink, Sweden) that resulted in the measurement of 103 different biomarkers (Supplementary Table 3). Proteins levels were expressed on a log2-scale as normalized protein expression values, and normalized using bridging samples to correct for batch variation. Considering the number of proteins (n=103) and cell populations (n=91) tested, P-values of 0.00049 and 0.00055 were set as significant thresholds for the proteomic and cell-level variation analysis, respectively.




Results

A total of 1361 anti-TNF patients were included in the discovery population. The mean age of the RA patients was 52±14 and they showed a female/male ratio of 3.4 (1050/310). Sixty-seven percent of the RA patients were positive for RF and 64% had anti-citrullinated protein antibodies (ACPA). The median disease duration was of 12.92 years and the disease activity score 28 (DAS28CRP) calculated at patient recruitment was of 5.91 (Table 1).


Association of GWAS-Identified SNPs With Response to Anti-TNF Drugs

All SNPs were in Hardy-Weinberg equilibrium in the control group (responders according to EULAR response criteria; P>0.001) and showed a high genotyping call rate (>90%) with the exception of the LINC01387rs4411591 SNP that was excluded from the statistical analysis. The overall linear regression analysis of the discovery cohort including 1361 RA patients treated with TNFi showed that the MAFBrs6028945, MAFBrs6071980, LINC02549rs7767069, and LRRC55rs717117 SNPs had an overall significant effect on the response to TNFi at P<0.05 level (ORDominant=0.81, 95%CI 0.68-0.97, P=0.020; per-allele OR=0.83, 95%CI 0.72-0.97, P=0.020; per-allele OR=0.85, 95%CI 0.76-0.96, P=0.008; per-allele OR=0.76, 95%CI 0.60-0.97, P=0.026; Table 3). Importantly, the meta-analysis of the discovery and replication cohorts confirmed the overall association of the LINC02549rs7767069 SNP with lower DAS28 improvement that remained significant after multiple testing correction (per-allele ORMeta=0.83, 95%CI 0.76-0.91, PMeta=0.000077; PHet=0.61; Table 4). Although it did not survive multiple testing correction, the meta-analysis also showed a potentially interesting overall associations for the MAFBrs6071980 SNP with less DAS28 improvement (per-allele ORMeta_rs6071980 = 0.85, 95%CI 0.76-0.95, P=0.0059; PHet=0.63; Table 4).


Table 3 | Overall and RF-specific associations of selected polymorphisms and response to anti-TNF drugs (ΔDAS28) in the REPAIR consortium.




Table 4 | Overall and RF-specific meta-analysis of the CNTN5rs1813443, MAFBrs607198, LINCO2549rs7767069 and LRRC55rs717117 polymorphisms and response to anti-TNF drugs.



A RF-stratified analysis showed a RF-specific association for the LRRC55rs717117 SNP with response to TNFi that remained statistically significant after correction for multiple testing in the discovery population. Thus, RF-positive RA patients carrying the LRRC55rs717117G allele additively decreased the drop in DAS28 (per-allele OR=0.54, 95%CI 0.39–0.74, P=0.00012) whereas RF-negative RA patients showed an opposite but not statistically significant effect (per-allele OR=1.52, 95%CI 0.96–2.42, P=0.07; PInteraction=0.00028; Table 3). Interestingly, the meta-analysis of our data with those from the DREAM registry including 2067 RA patients confirmed the RF-specific effect of this SNP to modulate the response to anti-TNF drugs (per-allele ORMeta_RF+=0.67, 95%CI 0.54-0.84, PMeta=0.00058; PHet=0.06 and per-allele ORMeta_RF-=1.38, 95%CI 0.94-2.02, P=0.10; PHet=0.45; PInteraction=0.00028; Table 4). Although it did not survive multiple testing, the meta-analysis also showed potentially interesting RF-specific association for the CNTN5rs1813443 SNP with a decreased drop in DAS28 (ORMeta_rs1813443_RF+=0.81, 95%CI 0.70-0.94, P=0.0059; PHet=0.69 and ORMeta_rs1813443_RF-=1.00, 95%CI 0.79-1.27, P=0.99; PHet=0.12; PInteraction=0.032; Table 4).



Functional Characterization of the Most Interesting Findings

Considering these results, we attempted to shed some light into the functional consequences of the overall or RF-specific effects of the LINC02549rs7767069, LRRC55rs717117, MAFBrs6071980 and CNTN5rs1813443 SNPs to modulate the response to TNFi. Interestingly, our functional experiments showed that, when considering the total number of leukocytes as reference, the LINC02549rs7767069 polymorphism significantly correlated with increased numbers of CD45RO+CD45RA+ T cells in blood (P=0.00047; Figure 1A). Subjects carrying the LINC02549rs7767069T allele (associated with poor response to TNFi in RA patients) had significantly increased numbers of CD45RO+CD45RA+ T cells (P=0.000025), which suggested that this genetic marker might influence the response to TNFi by mediating the number of this specific T cell subset in blood and, thereby contribute to inflammation. In addition, we observed that those subjects carrying two copies of the LINC02549rs7767069T allele showed significantly increased serum levels of soluble scavenger receptors CD5 and CD6 when compared with those carrying the A/T or A/A genotypes (P=0.00037 and P=0.00041; Figures 1B, C). These results also suggested a functional role of the LINC02549rs7767069 SNP in RA likely through the CD5/CD6-mediated modulation of T cells and certain subsets of B cells that control multiple processes including cellular adhesion and migration across endothelial and epithelial cells, antigen presentation by B cells and the subsequent proliferation of T cells.




Figure 1 | Correlation of the LINC02549rs7767069 polymorphism with absolute numbers of CD45RO+CD45RA+ T cells in blood (A) and serum levels of soluble scavenger receptors CD5 (B) and CD6 (C).



Furthermore, although we could not stratify our functional analyses by RF status because of the healthy nature of the blood donors, we found that carriers of the LRRC55rs717117G allele showed significantly decreased levels of IL6 production after stimulation of PBMCs with either B. burgdorferi (P=0.00046; Figure 2A) or E. coli (P=0.00044; Figure 2B), which suggested an implication of the LRRC55 locus in the modulation of the response to TNFi by regulating IL6 production and likely IL6-mediated T cell differentiation into effector Th2 cells. Functional data from Haploreg also showed that the LRRC55rs717117 variant correlates with mRNA P2RX3 expression levels, a well-known gene involved in controlling T cell proliferation. Finally, our functional experiments revealed that carriers of the MAFBrs6071980C allele showed decreased levels of Chemokine (C-C motif) ligand 23 (CCL23; P=0.0060; Figure 3A) and increased levels of serum Fibroblast growth factor 19 (FGF-19; P=0.0034; Figure 3B). Whereas FGF-19 protein modulates inflammation by mediating IL6 production, CCL23 has been implicated in monocyte recruitment during inflammation and it has been previously shown to positively correlate with drop in DAS28 after treatment with TNFi. Although the effect of the MAFB SNP to modulate either serum FGF-19 or CCL23 levels did not remain significant after correction for multiple testing, these results might indicate a weak, but still functional, effect of the MAFB locus in modulating response to anti-TNF drugs.




Figure 2 | Correlation of the LRRC55rs717117G allele and levels of IL6 after stimulation of PBMCs either with B. burgdorferi (A) or E. coli (B).






Figure 3 | orrelation of the MAFBrs6071980C allele with serum levels of CCL23 (A) and FGF-19 proteins (B).






Discussion

Although treatment of RA patients using monoclonal anti-TNF drugs has been a particularly successful approach to control inflammation and to prevent joint destruction and the appearance of bone erosions, non-responsiveness is prevalent and no effective biomarkers for drug response prediction have been consistently identified (36). This comprehensive validation study aimed at confirming the association of GWAS-identified variants with response to TNFi and to shed some light into the biological mechanisms underlying the most interesting associations. For that purpose, we conducted a two-stage case control study including 2067 RA patients treated with anti-TNF drugs ascertained through the REPAIR consortium but also DANBIO and DREAM registries. The most significant result was the overall association of the LINC02549rs7767069 SNP with a poor response to anti-TNF drugs. The meta-analysis of the discovery and replication cohorts showed that each copy of the LINC02549rs7767069T allele significantly decreased the improvement in DAS28 by 17% after the treatment with a TNFi. Importantly, the association of the LINC02549rs7767069 variant with poor response to TNFi was significant in the two populations analyzed and remained significant after correction for multiple testing, which confirmed a role of the LINC02549 locus in the modulation of response to anti-TNF drugs.

LINC02549 (Long Intergenic Protein Coding RNA 2549) is an RNA gene that is affiliated with the lncRNA class, which represents a large proportion of the human transcriptome. LINC02549 maps to chromosome 6 and it is expressed in resting T cells and CD4 activated T cells. Although its function is still largely unknown, our data suggest that it might exert a role in determining the number of circulating CD45RO+CD45RA+ T cells, which are a subset of cells frequently found in the synovial fluid of both chronic arthritis (37) and RA patients (38). According to the results of Koch et al. (1990), CD45RA+ CD45RO+ T lymphocytes are mostly detected in perivascular regions, which suggest that these lymphocytes might access the RA synovial tissue via the synovial vasculature (38) and that, once there, they could play a role in promoting synovial tissue inflammation mainly by the induction of memory immune responses. Therefore, it seems to be plausible to suggest that the negative impact of the LINC02549rs7767069 SNP on the response to TNFi might be mediated by its role in modulating numbers of CD45RA+CD45RO+ T lymphocytes that could migrate to the synovial tissue and promote inflammatory responses and, thereby hamper the control of inflammation during treatment with anti-TNF drugs. In support of this hypothesis, we found that carriers of two copies of the LINC02549rs7767069T allele also showed significantly increased levels of soluble scavenger receptors CD5 and CD6 (sCD5 and sCD6) in serum that are proteins highly expressed in regulatory T cells and a specific subset of B cells (CD5+ or B1a) (39). Although the origin of these soluble scavenger receptors in RA is poorly understood, it has been suggested that they are shed in the serum by proteases from the surface of activated lymphocytes that subsequently infiltrate synovium structures (40). In fact, increased serum levels of sCD5 and sCD6 has been found in subjects diagnosed with RA (41–44) but also other autoimmune diseases such as primary Sjögren’s syndrome (42, 45, 46), systemic inflammatory response syndrome (47), multiple sclerosis (44) or dermatitis (48). Although the functional role of both soluble scavengers in autoimmune diseases is still under investigation, it is well established that sCD5 and sCD6 are regulators of T cell functions and induce autoreactivity. It is known that they are required for the initiation, differentiation and maintenance of T cell immune responses (49, 50) but also T cell migration and extravasation to the synovial tissue (51). Furthermore, it has been reported that both sCD5 and sCD6 are involved in the modulation of TCR and BCR signaling and determinate T- and B-cell survival (52) and Th17 differentiation (53, 54). Furthermore, clinical trials using humanized anti-CD6 mAbs have provided valuable information regarding the potential targeting of CD6 for the treatment of RA but also psoriasis and potentially other T cell–driven autoimmune diseases (55–57). Recent investigations have also suggested that genetic alterations within the CD6 gene associated with clinical outcome of several autoimmune diseases (44, 58) and correlated with the response to TNFi (59), which pointed to a role of these soluble scavenger receptors in modulating response to anti-TNF drugs. Considering these findings, we hypothesize that, besides its effect on modulating number of the CD45RA+CD45RO+ T lymphocytes, the LINC02549rs7767069 SNP might negatively influence the response to anti-TNF drugs by stimulating directly or indirectly the production of sCD5 and sCD6 and thereby inducing long-term T cell-mediated immune responses.

Another interesting result that remained significant after correction for multiple testing was the RF-specific association of the LRRC55rs717117 SNP with lower changes in DAS28 after the treatment with TNFi. The meta-analysis of the discovery and replication cohorts showed that RF-positive patients carrying the LRRC55rs717117G allele have a significantly decreased drop in DAS28 after treatment with a TNFi, whereas an opposite but not statistically significant effect was observed in RF-negative RA patients. Noticeably, functional experiments showed that, after stimulation of PBMCs from healthy subjects with B. burgdorferi and E. coli bacteria, carriers of the LRRC55rs717117G allele showed significantly decreased production of IL6 when compared to those carrying the most common genotype. Although functional experiments could not be stratified by RF because of the healthy nature of blood donors, these results suggested a role of the LRRC55 locus in modulating IL6-mediated immune responses. On the other hand, functional data from Haploreg also suggested an implication of the LRRC55rs717117 variant in controlling P2RX3-mediated T cell proliferation.

LRRC55 gene maps on chromosome 11 and it encodes for the leucine-rich repeat-containing protein 55, a protein that belongs to the LRRC superfamily that include hundreds of proteins mainly expressed in brain. Several LRRC proteins have been linked to the regulation of ion channels (60) but it has been also demonstrated that LRRC proteins are also implicated in modulating immune responses against bacterial pathogens (61) and modulate cell trafficking of membrane receptors such as toll-like receptors (62). Although the interplay between LRRC55 and IL6 has not been demonstrated, our experimental data suggest that the LRRC55rs717117 SNP modulates IL6 production in response to bacteria and, therefore, might be involved in other IL6-dependent immune processes that could worsen the response to TNFi.

It is widely known that IL6 can induce both anti-inflammatory and pro-inflammatory immune responses, which depend entirely on the signalling pathway triggered. Whereas anti-inflammatory responses are mostly mediated by the classic signalling cascade (through binding to the transmembrane IL6 receptor), pro-inflammatory responses and chronic inflammation are mediated by trans-signalling (through binding to the soluble IL6 receptor) or by the interaction of IL6R with gp130 (63, 64). Considering our functional data, it is conceivable to suggest that the LRRC55rs717117 SNP might affect the response to TNFi by decreasing IL6 production and thus inhibiting the classical IL6-dependent anti-inflammatory pathway and dysregulating pro-inflammatory responses. In support of this hypothesis, several mouse models have shown that the activation of the IL6 classic signaling pathway is essential for the activation of STAT3-mediated signaling pathways which reduce inflammation and induce the regeneration of the affected tissues (65). In addition, it has been reported that IL6 is one of the earliest factors that trigger the differentiation of naive T cells into effector Th2 cells in vitro and that, when absent, aggravates the development of the inflammatory processes (64).

Finally, although the genetic association of the MAFBrs6071980 SNP with lower response to TNFi did not remain significant after correction for multiple testing, we found that the MAFBrs6071980 SNP correlated with higher levels of serum FGF-19 and decreased levels of CCL23. Given that FGF-19 is a master protein involved in the inhibition of intestinal inflammation (66, 67) and CCL23 has been positively correlated with the DAS28 score in RA patients (68), we think that it would worth to investigate more in detail the impact of this SNP on drug response in future studies. In addition, it might be interesting to further analyze the weak association of the CNTN5rs1813443 SNP with poor response to TNFi. However, given that we could not find any significant impact of this marker on immune responses, blood cell counts or serum inflammatory proteins or steroid hormones, we are prone to think that this SNP might not have a relevant role in modulating response to TNFi.

This study has both strengths and weaknesses. Among the strengths we can highlight the use of large and well-characterized RA patient populations that allowed the development of a well-powered overall association analysis but also to investigate the effect modification by RF status. Overall, we had 80% of power to detect an OR of 1.18 (α=0.00089) for a SNP with a frequency of 0.25. On the other hand, it is worth mentioning the comprehensive analysis of the functional effect of the most interesting genetic variants on modulating immune responses, which was performed using a large sample size for this kind of studies. We analysed cQTL and hQTL data but also counts of 91 blood-derived cell populations and serum levels of 103 immunological proteins. An important limitation of this study was the impossibility to adjust linear regression analyses for potential confounding factors including concomitant treatments that might influence the response to TNFi. In addition, given the healthy nature of the subjects included in the HFGP cohort, we could not control our functional experiments by RF status.

In conclusion, this study validates the overall or RF-specific association of LINC02549 and LRRC55 loci with the response to TNFi and provides new insights into the functional role of these polymorphisms in modulating immune responses and response to anti-TNF drugs.
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265 Radoimmuno-
assay
65 RA@=a8 Ragoimmuno-
SWE@et  assay
265 EuUsAand
westem bot
anayss
5 EusA
10 Eusa
36 RAM=189  Radommuno-
HOMe200)  assay
140 RAM=6 EusA
PeA(n-19)
UA(1=57)
B RA@WN  EUSA
active disemso +
30 it nactive
disease)
82 RA@e1Y Ragoimmuno-
AS (0=13) assay
HC (n=28)
sot  RA Inmunonepnelo:
matrc assay
o5 RAMBY  EUSA
OAn=281)
o Eusa
2 R Immunonephelo
matrc assay
50 RA(ZwH  EUSA
SARGSOmgRL +
37 with SR>
somgn)

Diagnosis  Method used

Results / Comments

> SAAis signfcanty devated in AA, JA and SLE
patients compared o HC and patints with dogoneratie
jon disease

> SAAis sigifcanty omelaed with ESR and with
disease actiy in RA

> SAis sgricanty Sevated 1 RA, JA and SLE
patients compared toHC.

> SAAis @ marker of diseaso actiy in RA and JA,
bt s ot sgrfcanty consated with dsoase acthiy
SLE patints

> SAAs signficanty conelated vith disease aciiy n
RA pationts,but not n SLE patnts

> SAR level e srongly conlated with CRP evels
A and SLE patients

> SAA can b used s & markes or Giagnoss of RA
(among patnts with oiher autoimmuno diseases or
osteoarivts)

> SAA sinificanty conolates with RA disoaso actiiy
(meastsed a5 DAS2B.ESR)

> SARlevels e signiicanty hgher in both serm and
‘Synoval fuid n RA patients compared to OA patnts.
and therefoe can b used as a marker for RA dagnosss
> SAAis a sensiive marke of RA and s sgniicanty
conelatd ith disease achity

> SAAis anindicalor of cardiovascular and rena
invovement in RA patents

> SAAis @ more sensitve marke of dsoase acty n
RA than CRP.

> Compared with CRP and ESR, SAR condatos bast
vith diseaso acty

> SAA, nbko CAP or ESR, can bo used for
istinguising patients ith a fnal dagnosis of RAIn
eary iammatory athits

> both serum and exosomal A may be used as.a RA
diseaso activty bomarker

> SAAisa retable markerof Gsease acty i RA and
AS even during pregnancy.

> SAA conelates better than GRP with RA diseaso.
actty. especily during reament wih TNFa
antagonists

> SAAis the ony biomarkes (among 131 iiay
onsiderd i th stucy) that increases sensity of ant-
CCP for RA dagnosis

> sensiity and spefiy of SA are higher han
thoso of CRP for dagnosing A

> SAA lovets o signficanty higher n both sorum and
‘symoval fuid n RA patients compared to OA patens.
anc heatny controls nd thereore can be used a5 a
marker for RA dagnosis

> SAis sigrificanty conelated with diseass aciiy
"OMARD-naive patints with eary RA

> Baseing SAA can be used for predictng response
1o lefunomide (ou of vake 50 moL)

> 1 5pte o a sgniican reducton i ESR and CRP
RA patints receiving leunomide, Nigh SAA levels may
ersit and can bo used for etocting subcincal
arnalion and scheino Vesiment
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betwoon SAA and Gscaso
progression i RA and PSA
patients undergoing bidogc
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disease acivity MBDA)tet for FA
To explore the uiy of serum.
biomarkers ncorporaied in MEDA
for preccting remission i RA
patents

To reate serum bomarkers to
vascuar elasticty in RA patints

To evaate SAR s a markor of
atheroscieross severty in RA
patents

To evakate eect ofefunomide
on serum biomarkerlvels

To evaate SA as a marker of
cisease aciviy 1 RA

“To eniy bomarkers for
preciting sustaned DMARD: 00
remission i RA patients

To explore efcts of toaciint on
infammatory bomarkess in RA
patints

To evakate the efct of
‘goimumal on SAA lovdls 1 RA
patents

To imestate efcts of
‘goimumab on ifammatory
biomarkers 1 RA patients

To anayzo efects of adalmumab
‘on infammatory bomarkers in RA|
patents

To examios efects of adaimumals
‘on fammatory bomarkers n RA
patents

To evakate stects of adaimumab
an sarimab on nfammatory
biomarkers 1 RA patients

02

148

106

"

157

'

07

i
PeA(n=17)

L3 usa

Imumonephelo-
metrc assay
Eusa

A usa

R Eusa

A Eusa

A Imeueonepholo-
metdc assay

A usa

A N

A 2DE4MS

A Imnonephelo
matrc assay

A N

(Y Eusa

RA(n=85) EusA

HO (ne84)

SO SOOI SUTSRROT I Fif o Tor provnoe
aciviy

> SAAs independenty associted wih 1-year
radiographic progresson in RA

> SAAis a moro accurate predetor of adiographic
progresson and a more senstie biomarkerof Gisease
actvity i patients receting bidogi therapy compared
wih CRP or ESR

> SAAis a masker of disease actity ncorporated
MEDA tost

> baselno SAA leves aro signficanty conglated with
remission at 1 yoar n RA patints

> SAAlevels e sgnifcanty higher in RA paiets wi
ow diseass aciwiy cormpared 1 1hose nreisson and
therore can be used for etectng miimal nfarmmation
> SAAlavels o sgnicanty inverssy condlated vth
anerial iastioty in RA patien, indcatng cardovasoutar
dosase

> SAA shows a vend o association with the severty
of coronary aiheroscierosis n RA patents

> SAAis asensitve marke of response o funomice
(DMARD) therapy n RA patints

> SAAis a moro sensitve marker of RA disease
acivity than CAP or ESR.

> SAAis highy expressed n chandrocytes fiom RA
patints

> SAAlevel a isease onset may be used 35 @
precictor o achiving DVARD-fes femssion i ACPA
pogatie RA paties

> SAAis a sensitve ndcatorofrasponse o toaciid
A patients

> SAAmay be used for monitorng response 10
goimumabin RA patints

> Measuring SAR love at wook 4 aftr intiion of
qoimumab therapy can be used to predict ciical
response at woek 16

> SAAis a sensitve biomarker o response 0
imumabin RA patients

> SAAis a sensiive biomarker for 105ponse 10
adamumab in RA paients

> SAAis a sensiive biomarker for monforng response
o adaimumab in RA patons

> SAAis a marker of disease actiy i1 RA
> SAAis a sensilve bomarker of response o both
L6 and ant-TNFa therapy i A

> High baseine SAA lovels may bo used for
disinguisting non-responders to - TNFa therapy.

> SAAis a marker of response to nflxnab teaiment
i RA patients

> Boih SAAT and total SAA ar siiicanty dlevated
1 RA compared 0 HC.

> SAAI/SAArato s not sgfcanty dferent betweon
A pallents and HC:
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Clinical data

BASDAI (>4/<4)

>4

<4
Sacroiliitis

Positive

Negative
Good response to NSAID

Positive

Negative
Elevated CRP

Positive

Negative
Arthritis

Positive

Negative
Enthesitis

Positive

Negative
Uveitis

Positive

Negative
Inflammatory bowel

Positive

Negative

P1: Patients positive versus patients negative using 3x2 contingency table.
P2: Patients positive versus patients negative using 2x2 contingency table.

28
12

35
5

1
39

1
39

7
33

15
25

0
40

3
37

62
21

72
i

8
75

3
80

15
68

33
49

4
79

3
80

20
6

Genotypes (n)

AA AG GG P1

0.70

0.14

0.30

0.93

0.98

0.60

0.37

0.30

A

118
45

142
21

10

153

158

29
134

63

99

159

9
154

Alleles

G

102
33

124
1

14

121

130

25
110

49

85

129

3
132

P2

0.53

0.18

0.18

0.76

0.87

0.68

0.34

0.14

AS, ankylosing spondyltis; BASDA, bath ankylosing spondylitis disease activity index;
NSAID, non-steroidal anti-inflammatory drugs; SpA, spondyloarthritis; CPR, c-reactive

protein.
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IL10 -1082 AS Controls OR (95% CI) Pvalue AIC
N =149 N =169

Codominant n (f) n (f) 0.0002  358.1
AA 40(0.27)  85(0.5)
AG 83(0.56) 63(0.37) 3.05(1.72-5.41)*
G/G 26(0.17) 21(0.12 2.87 (1.31-6.298

Dominant n (f) n (f) <0.0001 356.1*
AA 40(0.27)  85(0.5)
AG-G/G 109 (0.73) 84 (0.50) 3.01(1.75-5.17)

Recessive n (f) n (f) 0.23 3715
ANA- NG 124 (0.83) 147 (0.87)
G/G 25(0.17) 22(0.13)

Alleles n (f) n (f) 0.0002
A 163 (0.55) 233 (0.69)
G 135 (0.45) 105 (0.31) 1.83 (1.32-2.54)°

*Best inheritance model defined according to 20.

AStatistical analysis was performed by SNPStats software.
b Statistical analysis was performed by OpenEpi Two by Twotables. f: genotype oraliele frequency.
AS, ankylosing spondyitis; OR, odds ratio; Cl, confidence interval: AIC, criterion Akaike information.
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Characteristics AS =149 Controls = 169 P value

Gender (M/F) 72177 69/100 0.17°
Age (years) 466 + 15.4° 40.6 £ 12.12 0.002°
HLA-B*27 64 (43%) 11 (6%) <0.0001°
BASDAI (>4/<4) 110/39

Sacroiliitis 133 (89%)

Good response to NSAID 12 (8%)

Family history of SpA 29 (19%)

Elevated CRP 5 (3%)

Arthritis 27 (18%)

Enthesitis 56 (38%)

Uveitis 5 (3%)

Inflammatory bowel disease 6 (4%)

Mean + standard deviation (all such values).

®Statistical analysis was performed by OpenEpi Two by Two tables f test.

“Statistical analysis was performed by two-sample t test.

AS, ankylosing spondyliis; BASDA, bath ankylosing sponadyltis disease activity index; NSAID,
non-steroidal anti-inflammatory drugs; SpA, spondyloarthritis; CPR, c-reactive protein.
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1R antbody) n MWS patients
o ovauate SARIn moritoing
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WS patients

To evauate SR n moritoing
response to oracept in
patents with CAPS

To ovauate SA n morstorng
response to onacep (anL-
1R thorapy) i patents wih
caes

To ovauate SAA I moritoing
tesponse to anakivain
patnts with CAPS

Intestna B0 (0=64: 9
mid + 35 modorate +
20 sovere)
HO (n=56)
WS (0=3)

WS (0=2)

FCAS (=95)
MWS (0=3)
FCASMWS (0=3)
FOAS (0=5)

NOMD (58)
WS ()

206 + MALDITOF/
TOF S,
Eusa

Immxmonephelometric
assay

Imuonsphelometrc
assay

N>

Imaueonepholometric

0 SAAER S NI B BUETrorom WL Doven, s
and mucosal nvoement i BD.

> SAAis sgnfcanty eleated, but s not conelated with
cisease severty n patints wih esinal B

> SAis sgfcanty reduced afer itaton of anakia
reatment n MWS a5 il a5 the cirical sympioms, herlore
‘can be used for moritrig response to bicoge herapy

> SAAs sgnfcanty reduced after tition of
‘candkinumab treatmont in WS as wel s the ciical
Symptoms, herefore can bo used or monforng response (o
therapy

> SAAlevels aro sqpificanty reduced alter iation of
ionacopt therapy and remain ow during ong-tam flow-4p

> SARsignicanty conelates with diseaso actiy and
re5ponso 1o L1 therapy n FCAS patiets

> SAIs sgfcanty reduced afer itaton of anakiva
reatment in CAPS as v as the incal symploms andithe.
development of an-drug antbocbes does not efect efher
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Migta et a. (100)

Gortor ot a. (101)

Lachmann et al (102)

Gimore et al. (10%)

Pony e al (104)

Nakamura o al. (105)

Miagawa e al. (106)

(ano et a. (107)

Ofawda et al. (106)

“The i of the study
rogarding the clinical utity
of San

o nvestiate the oo of
montorng SA kel in RA
patints with secondary
amyotosss
Toinvestiate SAA serum
fevels and SAR gonotype i RA
patints with amyidosis

Toimestigato coretaton
betwoen SAA concentatons
andithe presence of
amjioioss n RA patnts
To'ind a dagnostc marker for
AR amycidoss n FMF
patints

To valuato potental benwfis
from montorg SAA leves n
Ak amyiodosss

To assess amyoid ioad in
relaton to SAA evels i
amyodosss

o nvestigate theefect of
etanercept on SAA evls n
patints with amylicosis
Toinvestiate ctanercept
ofocts on SAA lovdls 2%
is0aso actwiy n amylidosis
o assess efects of
tockzemab on SAA loves
A amyoidoss

Tostudy eficacy of
tockzemab in AR amyloidosis

o compare the efcts of ant-
1L and ant TNFa thorapy on
SAR lvels n AA amylidosis:

Diagnosis (number of  Method used
patients) forsan
measuring

RAvith A amyiidosis  Racioimmuno-
=20, amsay

RA(1=217: 200 wihout + N
17 with amyicos’s)

RA(1=56: 18 with immuno-
amylidosis + 38 withou)  ephaometic:

Anamyiodosis (=14, Immunonephelo-

iferon underyng motric assay
disaases)

Ahamyioidoss (n=d2,  ND

et underyng

diseases)

Resuits/ Comments

> Moan SAR levols aro siifcanty correltod with the
‘change nrenal funcion (creathine cearanco) therelore can
o used for predicing renal deterioation  amyoidoss

> SARlevets are sigifcanty higher in RA patients with
amyiidoss than i those without

> SARI.3 alel s sk factor for developing amylodosis in
Japanase popuiation

> SA concentraton s not condated with he prescnco of
armylodiosis in A patnts

> The rato of SAA-derived ragments 1o toal SAA &
Sgnicanty highe in paients wih amyidosis

> Mean SARs o signficanty corclated with the
prosence of AA amyxloss, hrelor s ot ciicaly vsehl
fordetectng amyloidosis i FMF-

> Median SAR lovel isan indicato of changes n enal
functon, progrostc factor and indicator of death sk n AA
amyidosis

> SAR montorng shouid be used fo therapy uidance in
patients wih AA amyoidosis

> Modian SAA kool s sigcanty corrlated wih changes.
in amyoid load and long-ten sunvl i patients with
secondary amyodoss

> A serum lvels may be used for moriorng response.
1o etanercept in patients with AA amyoos’s

> Blanorcept induced SAA docrease s folowed by
‘docrease i dsease acihy n amyoidoss patnts, hrcfore
‘SAA may bo used or montorng response (o clanercept

> Tocizumab nduced SA decrease s associaled with
clical improvement i amylodosi, therekore SAR may be.
sed for montoring response to tocizumel

> Docrease in SAA eve's n amyoss paients fecehing
tockzumab i assocated with docreased protonuria and
2y regression, thereforo SAA can bo used as a masker of
rosponso o tocizumab

> Decrease in SAA leves and disease actiy is sgifcanty
grodter i pations rocening antHIL' than n hoso recening
‘ant TNFa therapy
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sevriy in COVD-19
Wang et al(11)  To evakate biomarkers i assessing 148 > SAis sgcanty assocated wih COVID-19 severty
COVID-19 saverty > SAAloves above 100 Mg/ are nccative of disease proggess 1o the crial stage
UMetdl (112 Toevaato SAA as a masker of 182 > SAAisa sensiive maker of COVID-19 severty
COVID-19 severty and prognosis > Dynamic changes n SAR lovel are sigrfanty coneated with circal outoome of
covip-19
UXetal(119)  Toroweala predicior of fata outcome. 25 > SAAmgH boa predicioroffata ouicome i patients wih COVID-19
inCOVID-19
Mootal(114) o fda sorum biomarker wiha 118 > SARleues consalo ith COVID-10 soveriy
precictive vaue for COMID-19 > SAAis an indopendont procclo of severe COVID-19 with accuracy of 89:1% at the

prognoss cutof vabe of 1229 gL
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Resuts / Comments
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{assessod by oxension of sk thickering)
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to1the disease acthity n PsA patients compared fo
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of pationts) ‘$AA moasuring
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wihoutattack, 19 assay.
uingatack, 5

mutation carers)

FMF (071) Eusa

FUF (0:28) Inmunonephelometic
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Resuits / Comments.
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andin MEFY mutation carters
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> SAis sgnicanty dlovated in FMF patints compared
oHo

> SAIs sgfcanty consated with atack severity and
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> SAAs sgnfcanty higher 1 FMF pations wih vascuar
nvoivemont than i thoso wibout

> SARIs sgnfany oovated i patients with BD and
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&0
> SARis an ndcatorof sk inolvement i BD
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> SARlevels do ot corslate with Gsease aciviy n 8D
> SAlevels >200 Mgl are signiantly associated wih
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Parameter RA,n=45 OAn=27 HC,n=40

Age, years (median, range) 61@1-77)  67(28-85) 51 (41-63)
Femaleimale a8 1078 0
ESR, mvh (mean + SD) 43235 18211

ORP, mg/d (mean = SD) 23+5 8:6

Disease dusation, years (median, 10(05-30)

range)

DAS-28 (mean = SD) 5161138

VAS (mm) 61682266

Larsen 2752128

DAS-28>5.1: 1 (%) 23(58%)

R posiivty, n (%) 28(68%)

anti-CCP posiiviy,n (%) 33 (60%)

Medication

Metholrexate (MTX), n (%) 24(53%)

Lefinomid, n (%) 3(6%)

Gucocorticoids, (%) 18 (40%)

Antimalarials Grug, n (%) 10 (85%)

Ant-TNF therapy, (%) 7(16%)

Other biokogic drug. n (%) 2(4%)
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Disease duration unti 0e13n 13651 6620 10403202 12045269 0260 0002 0003
synovial biopsy (months)
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Disoase duration (monthe) 60 (597) @S 6135 281082 250280 077 067 0060
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dbSNP rs# Chr. Position (GRCh38.p7) Nearest gene Nucleotide substitution Effect allele SNP location Reference
rs885813 1 21550581 ALPL C/T T Intronic (14)
rs885814 1 21549423 ALPL C/T T Intronic (14)
rs1813443 11 100140279 CNTN5S G/C (¢} Intronic (16)
rs8046065 16 3788297 CREBBP C/T e Intronic (14)
6138150 20 23866372 CST2||CSTS cm c Intergenic (15)
rs6028945 20 40192165 HSPEP1|IMAFB G/T T Intergenic (15)
rs6071980 20 40239936 HSPEP1|IMAFB CT C Intergenic (15)
rs3849942 9 27543283 IFNK||C9orf72 T/C T ncRNA (15)
rs13393173 2 168532581 LASS6 ANG A Intronic (15)
rs4411591 18 6550118 LINC01387 C/T A Intronic (16)
rs983332 1 87666697 LMO4||PKN2 A/C A Intergenic (15)
rs1875620 9 88925144 C90rf47(|LOC100128660||LOC100128911 AG A Intergenic (14)
rs1539909 18 71581359 CBLN2||LOC100132647 ANG A Intronic (14)
rs7767069 6 68060671 LOC102723883||LINCO2549 AT ifi Downstream (16)
rs1568885 i 13597906 LOC107986770|[ETV1 AT T Intronic (16)
rs10520789 15 95598638 LINC00924 ANG A Downstream (14)
rs11870477 17 69806211 MAP2KB|IKCNJ16 AC (¢} Intronic (14)
rs2378945 14 31831584 NUBPL G/A A Intronic (16)
rs717117 " 57127131 OR5BP1P||LRRC55 AG G Intronic (14)
rs1532269 5 32018735 PDZD2 C/G G Intronic (17)
rs4651370 1 187269960 PLA2G4A||FDPSL1 AT A Intronic (16)
rs854547 T 95294544 PPP1R9A AG G 3'UTR (15)
rs854548 7 95296508 PPP1R9A||PON1 AG A Downstream (15)
rs10945919 6 163765645 QKI|ILOC728275 ANG G Intronic (15)
rs437943 4 35370476 CENTD1 AG G Upstream (15)
rs3794271 12 20707159 SLCO1C1 C/T C Intronic (14)
rs4694890 4 48224250 TEC AC C Intronic (17)
rs1447722 3 139835611 TRMT112P5 C/G C Intergenic (16)

SNP, single nucleotide polymorphism; MAF, minor allele frequency; UTR, untranslated region.
References: (14-17).
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Anti-TNF patients (n=1361)

Demographic characteristics

REPAIR consortium + DANBIO

registry
Age (vears) 52+ 14
Sex ratio (female/male) 3.4 (1050/310)
Clinical assessment
Percentage of patients with RF positivity T 721 (67.45)
Percentage of ACPA-positive patients ® 728 (64.03)
DAS28 at baseline 591 +1.28
Disease duration (years) 12.92 +12.90
Treatments
First biologic agent
Infliximab (%) 386 (28.36)
Etanercept (%) 466 (34.24)
Adalimumab (%) 413 (30.35)
Golimumab (%) 48 (03.53)
Certolizumab (%) 67 (04.04)
Biosimilars (%) 16 (01.76)

Number of patients (%).
TRF status was available for 1069 patients.

YACPA status was available for 1137 patients.
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Characteristics SLE Healthy control
Age, mean (SD), years 37.41 (14.70) 33.85 (9.10)
Sex, female, n (%) 33 (84.62%) 8 (80%)
Disease duration, mean (SD), months 75.71 (78.70)
Clinical manifestation, n (%)

Skin rash 19 (48.72%)

Arthritis 15 (38.40%)

Serositis 7 (17.95%)

Nephritis 22 (56.41%)

Lung involvement 15 (38.46%)

Hematologic disorder
Immunological parameters, n (%)

ANA positive

Anti-Smith positive

Anti-dsDNA positive

Low complement C3 or C4
SLEDAI score, mean (SD)

24 (61.54%)

39 (100%)
19 (48.72%)
19 (48.72%)
14 (35.90%)
10.76 (4.77)
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Gene

CNTNS

HSPEP1|MAFB
LOC102723883||LINC02549
OR5BP1P|LRRC55

Gene

CNTN5

HSPEP1||MAFB
LOC102723883||LINC02549
OR5BP1P||LRRC55

Gene

CNTN5

HSPEP1||MAFB
LOC102723883||LINC02549
OR5BP1P||LRRC55

SNP ID

rs1813443
rs6071980
rs7767069
rs717117

SNP ID
rs1813443
rs6071980
rs7767069
rs717117

SNP ID
rs1813443
rs6071980
rs7767069
rs717117

Effect allele

® =400

Effect allele

® =400

Effect allele

=400

Overall

REPAIR+DANBIO (n=1361)

Overall

DREAM (n=706)

Meta-analysis (n=2067)

OR (95% CI)°® P
0.97 (0.84-1.13)"  0.72
0.83 (0.72-0.97)  0.020
0.85 (0.76-0.96)  0.008
0.76 (0.60-0.97)  0.026

RF-positive patients
REPAIR+DANBIO (n=721)
OR (95% CI)° P

0.79 (0.65-0.97)"  0.023
0.85 (0.70-1.03) 0.10
0.91 (0.78-1.08) 0.28
0.54 (0.39-0.74)  0.00012

RF-negative patients
REPAIR+DANBIO (n=347)
OR (95% CI)° P

114 (0.86-153)" 034
0.81(058-1.14) 023
081(0.65-1.01)  0.058
152(096-242) 007

SNP, single nucleotide polymorphism; OR, odds ratio; Cl, confidence interval.
Response to anti-TNF defined as ADAS28. Data on RF was available in 1068 and RA patients in the discovery (REPAIR+DANBIO) and replication cohorts (DREAM).
Association estimates were adjusted for age, sex and country of origin in the discovery cohort and age and sex in the replication cohort (all Dutch patients). P < 0.05 in bold.
SEstimates calculated according to a log-additive model of inheritance.
'Estimates calculated according to a dominant model of inheritance.

OR (95% CI)® P

0.82 (0.68-1.00)"
0.88 (0.73-1.06)
0.80 (0.70-0.93)  0.004
0.89 (0.67-1.20)  0.46
RF-positive patients
DREAM (n=532)
OR (95% CI)® P

0.046
0.18

0.84 (0.67-1.04)"  0.12
0.85 (0.69-1.04)  0.11
0.82 (0.69-0.97)  0.022
0.83(0.60-1.15)  0.28
RF-negative patients
DREAM (n=154)

OR (95% CI)® P

0.76 (0.50-1.16)'  0.20
110 (0.71-1.71) 067
0.76 (0.55-1.04)  0.08
1.10 (0.55-2.19)  0.80

OR (95% CI)® P
0.91(0.81-1.03)"  0.12
0.85 (0.76-0.95)  0.0059
0.83 (0.76-0.91)  0.00007

0.81 (0.67-0.98)  0.026
RF-positive patients
Meta-analysis (n=1253)
OR(95% CI)’ P

0.81 (0.70-0.94)"  0.0059
0.85 (0.73-0.98)  0.023
0.87 (0.77-0.97)  0.016
0.67 (0.54-0.84)  0.00058

RF-positive patients
Meta-analysis (n=501)
OR(95% CI)’ P

1.00 (0.79-1.27)" 0.9
0.91(069-1.19)  0.48
0.79 (0.66-0.95)  0.012
1.38(0.94-202)  0.10

Pheterogeneity

0.18
0.63
0.61
0.41

Pheterogeneity
0.69
1.00
0.39
0.06

Pheterogeneity
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Overall

RF-positive patients

RF-negative patients

REPAIR+DANBIO (n=1361)

OR (95% CI)® P
0.96 (0.86-1.07) 0.48
0.96 (0.85-1.07) 0.45
0.97 (0.84-1.13)" 0.72
1.01 (0.87-1.19) 0.85
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SNP, single nucleotide polymorphism; OR, odds ratio; Cl, confidence interval.
Data on RF was available in 1069 RA patients. Estimates were adjusted for age, sex and country of origin. P < 0.05 in bold.
*Estimates calculated according to a log-additive model of inheritance.

*Estimates calculated according to a dominant model of inheritance.
SEstimates calculated according to a recessive model of inheritance.

REPAIR+DANBIO (n=721)

OR (95% CI)® P
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Case study
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MSC source

BM autologous

BM allogenic
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Offactory mucosa
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Patients

2 patients

3 patients, high activity

15 refractory patients

404 SLE and other autoimmune patients

81 refractory patients.

81 refractory patients

87 refractory patients

18 patients

16 patients, refractory or had
life-threatening visceral involvement

40 patients, active SLE

81 patients
7 patients.
6 patients
10 patients
10 patients
16 patients

AClinicalTrials.gov. Available online at: http://clinicaltrials.gov/.
BM, Bone marrow; UC, Umbilical: BILAG, British Isles Lupus Assessment Group; SLEDAI, The Systemic Lupus Erythematosus Disease Activity Index 2000.

Outcomes

MSCs induced T-reg cslls. No effect on disease at
14-week follow-up.

One patient had a renal flare.

'SLEDAI scores: substantial remissions for 2 patients and
partial for the third.

Decrease in Anti-dsDNA levels & the SLEDAI score at
12-month follow-up.

2 patients had a renal relapse. No serious adverse
events were reported.

The 5- and 8-year survival; 90.4 and 88.9%, respectively.

Rate of infections was 29.5% and serious infections was
12.9%

1.29 patients experienced malignancies.

MSC transplantation-related mortality was 0.2%.
60.5% remission rate. Improvement of GFR, BILAG and
SLEDAI scores during 12-month visit by MSCT.

22.4% had experienced renal flare by 12-month
follow-up

Total disease activity evaluated by Systemic Lupus
Good safety profile of MSCs in SLE patients. Normal
Liver and heart function. No change in peripheral blood
cell counts. No rise of serum tumor markers.

Half of the patients entered clinical remission at 4 years.
No adverse event was observed.

MSCs had no apparent addtional effect. One patient
had leukopenia, pneumonia and another died of severe
pneumonia.

Increase in peripheral T-reg cels, balance between Thi
and Th2 cytokines. Significant redluction in disease
activity in all patients (SLEDAI score, levels of serum
ANA, anti-dsDNA antibody, serum albumin, and
complement C3, and renal function.

No recurrence, no treatment-related deaths

SLEDAI and BILAG scores were significantly improved.
Decrease of serum antinuclear and anti-double-stranded
DNA antibodies 0.12% disease relapse after 6 months.
Ongoing, NCT02633163°

Not reported yet, NCT03174587%

Not reported yet, NCT03171194®

Ongoing, NCT04184258°

Ongoing, NCT032198012

Not reported yet, NCT04318600%

References

(183)

(184)

(185)

(186)

(187)

(188)

(189)

(190)

(to1)

(192)
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Phase MSC source Patients Outcome References

Phase VI UG allogeneic 64 patients Three years follow-up: no serious adverse effects. (163)
Remission measured by ACR, DAS-28, ESR, and HAQ.
Low levels of CRP, RF, anti-CCP antibodies, TNF-a and
IL6.
Increase of blood T-reg cells.

Phase VI UG allogeneic 172 patients The 8-month follow-up; no serious adverse effects (164)
Low levels of CRP, RF, anti-CCP antibodies, TNF-a and
L6,
Increase of blood Treg cells.

Phase | UG allogeneic 4 patients 3 patients had lower ESR, DAS-28, pain VAS score at 1 (165)

and 6 months.
2 patients had a EULAR moderate response at 6 months
but a relapse at 7 and 23 months, respectively. No one
had achieved the DAS-28-defined remission. No serious
adverse events were reported.

Phase Vll randomized UG allogeneic 105 patients refractory  Safety and good response indicated by iniial IFN-y (166)
induction then increase of IL-10 and T-reg cells/TH17
ratio.

Phase | UG allogeneic 9 patients refractory No major toxicity up to 4 weeks after the infusion. (167)
Reduction in serum erythrocyte sedimentation rate and
DAS28 score.
Reduced levels of IL-18, IL-6, IL-8, and TNF-c.

Phase VI UC allogeneic 63 patients refractory Efficacy and ACR20 response rates in 53.3% patients (168)
with MSC and in 93.3% patients with MSC combined
with IFN-y at 3-month follow-up. No new or unexpected
safety issues were encountered in 1-year follow-up.

Phase 1 UC allogeneic 9 patients refractory Safety, a decline in the DAS28-ESR, HAQ, and VAS (167)
scores as well as blood levels of ESR and CRP, IL-1B,
IL-6, IL-8, and TNF-a.

Phase Vll non-randomized UG allogensic 64 patients refractory Safe after 1 and 3 years. (163)
The ESR, CRP, RF were lower than that of pre-treatment.

Decrease in HAQ and DAS28 scores.

Phase | BM autologous 9 patients refractory Increase T-reg cells. Decreasing trend in Th17. (169)
Decrease DAS28 and VAS scores.

Phase | BM autologous 13 patients refractory Increase gene expression of FOXP3 at month 12. (170)
Increasing in PBMC culture supernatant leves of IL-10
and TGF-p1.

Phase VIl randomized BM autologous 30 patients No adverse effects. (171)
Improvement in WOMAG, VAS score, but not beyond
12 months.

Phase VI BM autologous 20 patients Early RA Ongoing
NCTO3186417°

Phase VIl randomized Adipose allogenic 53 patients Well-tolerated therapy. (172)
ACR20 was 20-45% at 1-month and 0-25% at
3-month follow-up.

Phase Il BM-MSCs autologous 48 patients There were positive clinical outcomes as observed using  (173)
ACR, PGA, and HAQ.
Phase | BM-MSCs autologous 13 refractory patients A decrease in the blood levels of CD19+ B cells with a (174)

decreased expression of BRS, TACI, and BOMA
receptors and blood BAFF and APRIL levels 12 months.
after the MSC infusion.

Phase | BM-MSCs autologous 13 refractory patients The blood levels of CXCL8, CXCL12, and CXCL13 were (175)
significantly decreased 6 months after MSCs
transplantation but returned to pre-treatment levels after
12 months.

“ClinicalTrials.gov. Available online at: http://clinicaltrials.gov/.
BM, Bone marrow; UC, Umbilcal; DAS28, 28-joint disease activity score; HAQ, Health index; EULAR, European League Against Rheumatism; FOXPS, forkhead box P3; WOMAC,
Western Ontario and McMaster Universities Arthritis Index; VAS, visual analog scale; ACR20, American College of Rheumatology 20 responses; PGA, Patient global assessment.
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Baseline Post-treatment

Patient # C4d (mg/L) Kidney score ISN/RPS class C4d (mg/L) Kidney score ISN/RPS class
P1 0.686 2 Y 1.208 3 Vv

P2 3.033 2 IV-S (A) 0.385 0 I

P3 1.154 2 V-G (A)+V 0.551 3 Vv

P4 1.002 3 V 1.881 3 I (A)+V
P5 2.104 2 V-G (A) 0.279 0 Il

P6 2.928 3 V-G (A)+V 0.746 3 V-G (A)+V
P7 0.807 2 I(A) 0.225 0 Il

P8 0.706 1 I(A) 0.315 1 Il

P9 1173 0 Il (A/C) 0.293 0 \Y%

P10 1.386 2 V-G (A) 0.590 1 \Y%

P11 0.789 1 IV-S (A/C) 0.272 1 Il

P12 1.100 1 I(A) 0.354 0 Il

LN, lupus nephritis; ISN/RPS, International Society of Nephrology/Renal Pathology Society.
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C4d/CA4 ratio correlation with

Baseline

C3

u-ACR

Activity index
Chronicity index
Creatinine
Post-treatment
C3

u-ACR

Activity index
Chronicity index
Creatinine

—0.475
0.415
0.261
—0.330
0.044

—0.632
0.062
0.191
0.003

—0.078

P Value

0.0007
0.0389
0.0674
0.0192
0.7595

0.0002
0.7630
0.1798
0.9841
0.5868

47
25
50
50
51

44
26
51
51
51

All statistical p-values (p < 0.05) are bold.
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Characteristics Baseline

Age 31.5 (18-62)
Females, n (%) 45 (87%)
Ethnicity, n
Caucasian 40
African il
Asian 5
Hispanic 3
Middle East 3
C4d (mg/L)

LN all (n = 52, paired) 1.1 (0.23-3.03)
Inactive (n = 0/19) -

Proliferative LN (n = 41/11) 1.1 (0.36-3.03)
Membranous LN (n = 11/22) 1(0.23-1.95)

C4d (mg/L)
Histopathological 1.15(0.24-3.03)
responders (n = 35)
Histopathological 1.04 (0.23-2.93)

non-responders (n = 16)

C4d (mg/L) — Clinical response
Complete responders (n =25) 1.1 (0.33-3.03)
Partial responders (n = 10) 1.12 (0.67-1.82)

Non-responders (n = 17) 1.07 (0.23-2.93)
C3 (g/L) 0.54 (0.12-1.38)
5 missing
C4 (mg/L) 85 (3.15-554)
C4d/C4 ratio
LN all (h = 52, paired) 14.5 (0.5-929)

Inactive (n = 0/19) —
Proliferative LN (n = 41/11) 14.5 (1.5-929)

Membranous LN (n = 11/22) 9.8 (0.5-251)
Creatinine (wmol/L) 75 (32-173)
Urine-albumin to creatinine ratio 126 (0.8-556)
(mg/mmol) 27 missing
Anti-dsDNA Ab positive, n (%) 36 (84%)

9 missing
Renal histology (ISN/RPS), n

Inactive [class I, Il or Il (C)] 0

Proliferative [class IV £+ V] 41

Membranous [class V] 11
Activity index 5(0-12)
Chronicity index 0 (0-6)
Prednisolone, n (%) 36 (69%)
(mg/day) 7.5 (0-60)
Antimalarials, n (%) 17 (33%)
DMARD at biopsy, n (%) Any 14 (27%)

AZA T

MMF 4

CYCH1

MTX 2

Treatment after first biopsy MMF 17
CYC 19
MMF/CYC
switched 4 RTX 7
RTX combined with
other DMARD 4
AZAA

Post-treatment

0.61 (0.07-1.89)
0.59 (0.18-1.28)
0.78 (0.28-1.88)
0.57 (0.07-1.44)

0.59 (0.07-1.44)

0.66 (0.21-1.88)

0.54 (0.23-1.44)
0.6 (0.18-1.09)
0.66 (0.07-1.88)
0.77 (0.34-1.31)
8 missing
281 (3.15-744)

2.2(0.2-597)
2.1 (0.6-67.3)
3.8 (0.8-597)
1.565(0.2-217)
71 (33-159)
5.6 (0-503)
26 missing
22 (73%)
17 missing

19
11
22

1(0-10)
1(0-9)
51 (1%)
10 (0-40)

P Value

<0.0001

0.059
0.123

<0.0001

0.071

<0.0001
0.002
0.045

<0.0001

<0.0001

<0.0001

0.219
0.023

0.089
0.064

<0.0001
0.017

All statistical significant p-values (p < 0.05) are bold. Values are presented as
median (range) unless otherwise stated. LN, lupus nephritis; AZA, azathioprine;
CYC, cyclophosphamide; DMARD, disease-modifying anti-rheumatic drugs;, MF,
mycophenolate mofetil: MTX, methotrexate; RTX, rituximab; n.d., not determined.
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ISN/RPS class Baseline Post-treatment

LI 0 14
1 () 9 0
Il (A/C) 5 5
1M (A)+V 5 1
Il (A/C)+V 1 0
m(©) 0 5
IV-S (A) 4 1
IV-S (A/C) 3 0
IV-S (A/C)+V 1 0
V-G (A) 7 1
IV-G (A/C) 4 1
V-G (A)+V 2 1
IV-G (A/C)+V 0 1
v 11 19
YA 0 3

ISN/RPS, International Society of Nephrology/Renal Pathology Society.
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Characteristics

Age

Females, n (%)
C4d (mg/L)

C3 (g

C4 (mg/L)

C4d/C4 ratio
Creatinine (wmol/L)
Activity index
Chronicity index
Urine-albumin to
creatinine ratio
(mg/mmol)
Urine-albumin
>0.5 g/day, n (%)
Anti-dsDNA-Ab
positive, n (%)
Prednisolone, n (%)
(mg/day)

DMARD, n (%)

Antimalarials, n (%)

Controls n = 145

41 (16-79)
114 (79%)
0.33 (0-1.55)
n. d.

n. d.

n. d.

n. d.

n. d.

n. d.
n.d.

n.d.

IgAN n = 14

48 (20-72)

7 (50%)
0.30 (0.05-1.39)
n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n.d.

n.d.

n. d.

8 (57.1%)
5 (0-30)
Any 3 (21.4%), AZA 1,
CYC 1, INF 1
0

LN (SLE) n = 71

33 (18-79)
62 (86%)
1.02 (0.15-3.09)
0.57 (0.12-1.38) 9 missing
86 (3.15-554)
11.2 (0.47-930)
75 (32-188)
5(0-12)
0 (0-7)
124 (0-556) 37 missing

56 (79%)

49 (78%) 8 missing

45 (63%)
7.5 (0-60)
Any 14 (20%), AZA 6, MMF 4,
CYC 2, MTX 2

19 (27%)

Non-renal (SLE) n = 22

46 (18-65)
22 (100%)
0.57 (0-1.71)
0.82 (0.41-1.24)
231 (3.15-441)
2.49 (0-527)
64 (65-161)
n.d.

n.d.

n.d.

n.d.

17 (77%)

11 (50%)
2.5 (0-30)

Any 9 (41%), AZA 3, MMF 2,

CYC 3, MTX 1
12 (55%)

Values are presented as median (range) unless otherwise stated. AZA, azathioprine; CYC, cyclophosphamide; DMARD, disease-modifying anti-rheumatic drugs;, MMF,

mycophenolate mofetil: MTX, methotrexate; IFN, infliximab; n.d., not determined.
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injection
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Treatment group

136 patients were divided into three
groups based on the interval after
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Group 2 (n month-interval
Group 3 (n = 15): 8-month interval
(4 x 10° cells per injection)

Nine patients were divided into
three groups depending on their
injection dosage: 2.5 x 107, 5 x
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13 patients each received a single
intravenous injection of autologous
BM-MSCs (1 x 10° per kg)

Result

MSC injections with DMARDs treatment
lowered the HAQ and DAS28 scores in
3-6 months follow-up compared to the
control group who had only received
DMARDs

No adverse events were recorded.
Lower VAS and DAS28 scores were
reported in patients who received higher
dosages

During the 12-month follow-up period,
increased FOXPS, IL-10, and TGF-B1
expression were observed leading to a
conclusion that BM-MSC treatment has
immunoregulatory effects on regulatory
T cells of RA patients
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swelling after injection, no other serious
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The MSC treated group showed
significant improvements in WOMAC and
VAS scores. Furthermore, the size of the
cartilage defect was increased in the
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was observed in the MSC group. No
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G-MDSCs

G-MDSCs

MDSCs

MDSCs

Phenotypes

CD11b*CD33*HLA-DR®/~CD14-CD16*
CD11b*CD33*HLA-DR/~CD14*CD15~
OD14~HLA-DR~CD33*CD11b*

CD14~HLA-DR-CD33*CD11b*

CD11b*CD33*

CD11b*CD33+

CD14~HLA-DR~CD33*CD11b*

CD11b*CD33*

Function

Inhibit T cells proliferation

/

The proportion of MDSCs s negatively
correlated with the proportion of Th1 cells
The proportion of MDSCs s negatively
correlated with the proportion of Th1 cells
Promote the differentiation of human Th17 cells
invitro

Positive correlated with Th17 cells and RA
activity

Thi7 cells were negatively correlated with
MDSCs

MDSCs increased significantly in RA patients
with high disease activity and promoted B cell
proliferation in vitro

Reference
(26)
(26)
@7
(28)
(29)
(30)

()]

©)
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Source Sample
DBA/lJmice  Spleen
GCIA model Spleen
Spleen
Spleen
Bone martow
Spleen
Spleen
C57BUGmice  Spleen, Paw
GIA model
BALB/cmice  Synovial fluid
PGIA model

RA, Rheumatoid Arthritis; CIA, Collagen-induced arthritis

Subset

G-MDSCs

M-MDSCs

G-MDSCs

M-MDSCs

M-MDSCs
M-MDSCs

G-MDSCs

M-MDSCs

G-MDSCs

G-MDSCs

Phenotypes
CD11b+Gr1ish
CD11b*Gr{medm
CD11b+Ly6C*LyeG*
CD11b+Ly6C*Ly6G™

CD11b*LyBCHoLy6G~
CD11c-CD11b*Ly6G-LysCHe"

CD11c-CD11b*Ly8G*LysC™
CD11b*LyBCT9"Ly6G~
CD11b+Ly6CMLy6G*

LysGHonLyCHow

monocytic myeloid-derived suppressor cells; DC, dendritic cells.

Function

Reduction at an early stage, related to the expansion of
Th17 cells

Increased at a late stage, promotes Th17 cells
differentiation in vivo

Inhibit T cells proliferation and Th1, Th17 cells
differentiation

Moderately inhibits T cells prolferation, but its adoptive
transfer does not affect Th1 and Th17 responses in vivo
Inhibit the proliferation of T cells, B cells
IL-10-mediated reduction of joint inflammation after
adoptive transfer

Inhibit Th17 diferentiation and promote Treg cells
expansion

Inhibit T cells proliferation and IFN-y secretion, promote
Th17 cells differentiation in vitro

No effect of inhibiting T cells proliferation and IFN-y
secretion in vitro

Inhibits DC maturation and specific T cels proliferation

Reference

(30

(30)

(25)

(28)

(33)
34

(34

©9)

(29)

(35)

PGIA, Proteoglycan-induced mouse arthritis model; G-MDSCs, granulocytic myeloid-derived suppressor cells; M-MDSCs,
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Name Country Product description Date of market Current status.
approval
Prochymal Canada Allogeneic ex vivo-cultured adult human May 2, 2015 The product was never
(MESOBLAST mesenchymal stromal cells for the management of marketed in Canada
INTERNATIONAL SARL) acute graft-vs.-host disease (aGVHD) in pediatric
patients
Stempeucel® India Ex vivo-cultured adult allogeneic mesenchymal May 2016 On the market, limited
(Stempeutics Research) stromal calls for the treatment of critical imb. release (200 patients on a
ischemia due to thromboangitis obliterans (Buerger cost recovery basis),
disease) post-market surveillance
study required
Temeell HS Japan Alogeneic mesenchymal stromal cells for the September 2015 On the market
(JCR Pharmaceuticals Co. treatment of aGVHD
Ltd)
Prochymal New Zealand Allogeneic ex vivo-cultured adult human June 14, 2012 Approval lapsed
(Osiris Therapeutics. mesenchymal stromal cells indicated for the rescue
Incorporated) of patients with NLT 6 month to 17 year of age with
aGVHD, refractory to treatment with systemic
corticosteroid therapy o other immunosuppressive
agents.
NEURONATA-R® South Korea Autologous bone marrow mesenchymal stromal cell July 30, 2014 Orphan product
(Corestem, Inc.) therapy for amyotrophic lateral sclerosis
Cupistem® South Korea Autologous adipose tissue-derived mesenchymal January 18, 2012 Covered by insurance as of
(Anterogen) stromal cell therapy for Crohn's fistula 2014, orphan product
CARTISTEM® South Korea Human umbilical cord blood-derived mesenchyrmal January 18, 2012 On the Market
(Medipost Co., Ltd) stromal calls for the treatment of knes articular
cartiage defects in patients with ostecarthrits (CRS
grade IV)
Celigram®-AMI South Korea Autologous bone barrow-derived mesenchymal July 1,201 Name at time of approval
(Pharmicell Co., Ltd) stromal cells for patients with acute myocardial was Hearticellgram®-AMI,
infarction (ieft ventricular ejection fraction on the market
improvement)
Ixmyelocel-T USsA Autologous expanded mulicellular (mesenchymal May 10,2017 Orphan product
(Verice)) cells, monocytes, and altematively activated
macrophages) product for patients with advanced
heart failure due to ischemic dilated cardiomyopathy
Alofisel® European Union  Allogenic adipose tissue-derived mesenchymal cells  March 23, 2018 Orphan product
(Takeda Pharma A/S) used for complex anal fistulas in adults with Crohn’s
disease
e
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Asian countries have approved more MSC treatments than other countries. South Korea has approved four MSC therapies, while Japan and India have each approved one.
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Invotved i the pathogenass of kipus nephvits by sponging mR-150  (59)

152.00.0012010  CroANA micoarray Not menionsd  CDA+
Toos
HOHAC ANAseq Exonc Kidney.

GircRNAs Source/Detection GircANA types Tissues Dysreguiation Potential Functions/Applications Refs
Methods.
rsa_GOANA 40011 CHANA microaay  Intonic: Plsma Up Possily invoved i the development of SLE by acing as MANA (57)
1sa_GroRNA_102584 Exonic U sponges, may serve as potentil bomarkers
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Reference

A7)

61)

(65)

(49)

(50)

@7)

34

(62)

(53)

649

(48)

APC, antigen presenting cells; BSA, bovine serum albumin; 1A, intra-articular ankle injection; IM, intramuscular (in the hind limbs); IP, intraperitoneal;

Experimental model of
arthritis

Collagen-induced arthritis
(DBA/1 mice)

Collagen-induced arthritis
(DBA/1 mice)

Collagen-induced arthritis
(DBA/1 mice)

Methylated BSA-induced arthiitis
(C57BU/6 mice)

Methylated BSA-induced arthitis
(C57BL/6 mice)

Serum transfer-induced arthritis.
(C57BL/6 mice)

Serum transfer-induced arthritis
(C57BU/6 mice)

Lyme arthritis (C3H/HeJ mice
infected with Borrelia burgdorferi)

Adjuvant arthritis (Lewis rat)

Adjuvant arthitis (Lewis rat)

Streptococeal wall-induced
anthitis (Lewis rat)

Apoptotic cell source or
apoptotic cell mimetic

Syngeneic early apoptotic
thymocytes

Syngeneic early apoptotic
thymocytes

Secretome of macrophages
eliminating apoptotic cells

Syngeneic early apoptotic
thymocytes

Syngeneic apoptotic
dendritic cells

Syngeneic early apoptotic
thymocytes

Apoptotic cell-derived
metabolites®

Xenogeneic Jurkat leukemic
cells

Phosphatidylserine-
containing
liposomes

Phosphatidylserine-
containing
liposomes

Xenogeneic early apoptotic
thymooytes

Route of
administration

WorlP

WorlP

WorlP

P

1A

denditic cell; PGE2, prostaglandin-E2; TNFi, TNF inhibitors; Treg, CD4* FoxP* regulatory T cells.
*Two cocktails were tested: one with six metabolites [dihydroxyacetone phosphate (DHAP), fructose-1,6-biphosphate (FBF), guanosine-5'-monophosphate (GMF), Inosine-5'-
monophosphate (IMP), spermidine, UDG-glucose] and the other with 3 metabolites (GMP, IMP, and spermidine).

Main effects

Reduction of collagen auto-antibodies;
induction of IL-10-producing CD4* T cels;
reduction of IFN-y secreting CD4* T cells;
IL-10-producing marginal zone B cells
Redluction of collagen auto-antibodies;
induction of collagen-specific Treg cells;
resistance of APC to TLR ligand activation,
indicating APC reprogramming; effects
dependent on TGF-B; synergic results with
TNFi

Generation of collagen-specific Treg cells;
pro-tolerogenic reprogramming of pDC
and macrophages; mediated at least in
part by TGF-p

Suppression of Th17 response in the.
draining lymph nodes; increase of
IL-10-producing T cells; IL-10-producing
marginal zone B cell; effects dependent
on natural IgM

The use of activated apoptotic cells
induces IL-6 and prevents TGF-p
mediated prevention of arthritis

No prophylactic effect
Diminution of paw sweling

Atrend toward higher IL-10 levels in the
joints.

Reduction of RANK and RANKL mRNA;
inhibitory effect on osteoclast formation;
increased production of TGF- and PGE2

Reduction of RANK and RANKL mRNA;
Increased IL-10 and decreased IL-1p and
IL-17 in the ankle joint; shift from IL-1B- to
IL-10-producing infitrated macrophages
Decrease in the pro-inflammatory
response of peritoneal macrophages;
induction of Treg cels in the draining
lymph node; effects dependent on TGF-p

Final result and
duration of the effect

Prophylactic effect on
arthritis

Transient therapeutic
effect on arthritis

Therapeutic effect on
arthritis up to 60 days
following secretorme
administration
Prophylactic effect on
arthritis

Prophylactic effect on
arthritis

No improvement of
arthritis

Prophylactic effect on
arthritis

Therapeutic effect on
arthritis (accelerated
disease resolution)
Therapeutic effect on
arthritis (reciuction of
paw volume at day 28,
then rat sacrifice)
Therapeutic effect on
arthritis (reciuction of
paw volume at day 28,
then rat sacrifice)
Prophylactic effect on
arthritis

I, intravenous; pDC, plasmacytoid
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Controls

rs10975519
C 308 (67.2%)
T 150 (32.8%)
CcC 104 (45.4%)
cT 100 (43.7%)
T 25 (10.9%)
rs16924159
A 169 (36.9%)
G 289 (63.1%)
AA 29 (12.7%)
AG 111 (48.5%)
GG 89 (38.9%)
rs7044343
0} 174 (38.0%)
T 284 (62.0%)
cc 31 (13.5%)
CcT 112 (48.9%)
T 86 (37.6%)

RA

611 (65.5%)
321 (34.4%)
186 (39.9%)
239 (51.3%)
41 (8.8%)

358 (38.4%)
574 (61.6%)
65 (13.9%)
208 (48.9%)
173 (37.1%)

362 (38.8%)
570 (61.2%)
55 (11.8%)
252 (54.1%)
159 (34.1%)

AS

179 (62.6%)
54 (37.4%)
54 (37.8%)
71 (49.7%)
18 (12.6%)

116 (40.6%)
170 (59.4%)
21 (14.7%)
74.(51.7%)
48 (33.6%)

122 (42.7%)
164 (57.3%)
27 (18.9%)
68 (47.6%)
48 (33.6%)

PsA

163 (64.7%)
89 (35.3%)
55 (43.7%)
53 (42.1%)
18 (14.3%)

96 (38.1%)
156 (61.9%)
20 (15.9%)
56 (44.4%)
50 (39.7%)

101 (40.4%)
149 (59.6%)
21 (16.8%)
59 (47.2%)
45 (36.0%)

RA, rheumatoid arthritis; AS, ankylosing sponadylitis; PsA, psoriatic arthritis.
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rs10975519 rs16924159 rs7044343
cc CcT T AA AG GG cc CcT T
RA
Female patients 142 (38.7%) 188 (51.2%) 37 (101%) 52 (14.2%) 182 (49.6%) 133 (36.2%) 48 (33.2%) 197 (63.7%) 122 (33.2%)
Male patients 43 (43.9%) 51 (52.0%) 4 (4.1%) 13 (13.3%) 46 (46.9%) 39 (39.8%) 7(7.1%) 55 (56.1%) 36 (36.7%)
Female controls 53 (54.1%) 34 (34.7%) 11(11.2%) 16 (16.3%) 45 (45.9%) 13 (13.3%) 13 (13.3%) 44 (44.9%) 41 (41.8%)
Male controls 51 (38.9%) 66 (50.4%) 14 (10.7%) 13 (9.9%) 66 (50.4%) 52 (39.7%)  18(13.7%) 68 (51.9%) 45 (34.4%)
AS
Female patients 7 (19.4%)° 23 (63.9%) 6(16.7%) 10 (27.8%) 16 (44.4%)  10(27.8%) 8 (22.2%)° 22 (61.1%) 6 (16.7%)
Male patients 47 (44.3%) 48 (45.3%) 1(104%) 11(10.4%) 57 (63.8%) 38 (35.8%) 18 (17.0%) 46 (43.4%) 42 (39.6%)
Female controls 53 (54.1%) 34 (34.7%) 11(11.2%) 16 (16.3%)  45(45.9%) 37 (37.8%) 13 (13.3%) 44 (44.9%) 41 (41.8%)
Male controls 51 (38.9%) 66 (50.4%) 14 (10.7%) 13 (9.9%) 66 (50.4%) 52 (39.7%) 18 (13.7%) 68 (51.9%) 45 (34.4%)
PsA
Female patients 26 (41.9%) 27 (43.5%) 9 (14.5%) 8 (12.9%) 29 (46.8%) 25 (40.3%) 10 (16.4%) 30 (49.2%) 21 (34.4%)
Male patients 29 (45.3%) 26 (40.6%) 9 (14.1%) 12 (18.8%) 27 (42.2%) 25 (39.1%) 1(17.2%) 29 (45.3%) 24 (37.5%)
Female controls 53 (54.1%) 34 (34.7%) 11(11.2%) 16 (16.3%) 45 (45.9%) 37 (37.8%) 13 (13.3%) 44 (44.9%) 41 (41.8%)
Male controls 51 (38.9%) 66 (50.4%) 14 (10.7%) 12 (18.8%) 66 (50.4%) 52 (39.7%) 18 (13.7%) 68 (51.9%) 45 (34.4%)

"CMH: p=0.001, p,=0.032, OR=0.47, Closy=(0.30-0.74); groupwise (females): p,=0.002; "CMH: p = 0.001, p = 0.027, OR = 0.46, Clgsy; = (0.29-0.72); groupwise (females): p=0.038.

RA, rheumatoid arth

AS, ankylosing spondylitis; PsA, psoriatic arthritis; CMH, Cochran-Mantel-Haenszel f test; p., value with Bonferroni correction.
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DAS28 at baseline [mean (+ SD)]
CRP at baseline [mean (+ SD)]
BASDAI at baseline [mean (+ SD)]
VAS at baseline [mean (+ SD)]
HLA-B27 positive [%]
RF positive [%]
Anti-CCP positive [%]

Anti-TNF drugs
Etanercept [%]
Adalimumab [%]
Infliximab [%]
Certolizumab pegol [%)]
Golimumab [%)]

Concomitant treatment
Glucocorticosteroids [%]
Methotrexate [%]

RA patients N = 466

368/98 (79.0)
516 (+ 12.3)

12.7 (+ 8.1)
39.1 (+ 12.6)
6.4 (£0.7)
23.4 (+ 34.0)

776 ( 11.9)

68.3
90.0

26.6
18.9
1.7
32

91.0
92.0

AS patients N = 143

36/107 (25.2)
44.4 (+13.0)

12.0 (= 9.8)
31.9 (= 96)

30.0 (+ 56.7)
7.5 (1.4)
80.5 (+ 10.8)
87.2

30.8
43.4
14
11.9
8.4

20.5
31.1

PsA patients N = 126

62/64 (49.2)
47.9 (= 12.1)

10.7 (£ 10.3)
383(1126)
5(1.3)
126(:173)
7 (1.0
722(+160)

32.5
33.3
1.6
16
10.3

21.4
61.1

Controls N = 229

98/131 (42.8)
455 (+ 11.9)

RA, rheumatoid arthritis; AS, ankylosing spondylitis; PsA, psoriatic arthritis; DAS28, disease activity score 28; CRP, C-reactive protein; BASDAI, Bath Ankylosing Spondylitis Disease
Activity Index; VAS, visual analog scale; HLA-B27, human leukocyte antigen B27: RF, rheumatoid factor; anti-CCP, anti cyclic citrullinated peptide antibodies; SD, standard deviation.
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Risk Factor RA(n=30)  Control (n=30)

Age (years) 5352275 50(28-79)
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Smokers [ (%) 3(10%) =
Disease duraton (years) 65 (1-39) =
Hypertension [ (6)] 5(16.7%) -
Hypercholesterolena [n (6] 3(10%) =
Disease actity (DAS-28) Classifcation [0 (%) 1(33%) -
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-~ Low 4(13:3%)
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Autoantioody seropositty [0 ()] 163%
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Conventional DMARD use [n (%) 2685.7%) =
Biologic DMARD uss [n (%)) 18(60%) =
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supplementary mteil.
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Clinical parameters

Gender (female/male)
Age, years (mean + SD)

Disease evolution, years (mean
£8D)

TJC (mean = SD)
SJC (mean & SD)

DAS28 (mean + SD)

SDAI (mean = SD)

CDAI (mean = SD)

HAQ (mean  SD)

Smoking (. %)

Arterial hypertension (n, %)
Diabetes (1, %)
Hypercholesterolermia (1, %)
Extra-articular marifestations
(n, %)

Radiological involvement (n, %)
Eroded joints (mean + SD)
Laboratory parameters
CRP, mg/mL (mean + SD)
ESR, mvh (mean + SD)
ACPAs, IU/mL (mean + SD)
RF, IU/mL (mean + SD)
Treatments

NSAIDS (n, %)
Corticosteroids (1, %)

Statins (1, %)

Vit D (n, %)

Osteoporosis treatment (n, %)
Antiplatelet (1, %)
Anticoagulants (n, %)
Methotrexate (n, %)
Leflunomide (n, %)

Dolquine (1, %)

Salazopyrine (n, %)

HD (n = 29)

19/10
47 £17

5/29 (17%)
0729 (%)
0/29 (%)
16/29 (%)

16£22
81x58

RA patients (n = 79)

64/15
51.2+£ 105
1156+9.1

8160
59+49
4712

296+ 133

279+ 119
14£07

19/79 (24%)

17/79 21%)
7/79 8%)

35/79 (44%)

13/79 (16%)

29/79 (37%)
13+£23

158 £26.2
237179
3433+ 762.6
112.9 £ 2058

5079 (74%)
73/79 (92%)
8/79 (10%)
24/79 (30%)
18/79 (22%)
2/79 (2%)
2/79 (2%)
48/79 (61%)
50179 (63%)
46/79 (58%)
16/79 (20%)

P

0.12
0.056

0.328
0.0058
0.186
0.197

0.000
0.000
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Median (1QR)
TATS, h
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Screening, n
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‘Side wels/test

Routine use of Holios system
Before. After

3054 3276
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0602-10) 060209
16181238 537 (30.7-990)

1006(64.7-1245) 557 (31.7-09.4)
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1547 1675
1 1
1507 1701
6028 2620
a 15

00001

<00001

<0001

*P valves for comparson of mectans of two TATS wero cakubted using Mase-Whtrney U
fest. Nomaltytest fo cstroution of TATS was performed by DiAgostino-Pearson test
showing non-Gaussian dstrbutions of TATS (P < 0.0001).
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Control vs. RA? Control vs. Seronegative RA

Threshold  Sensitivity Specificity Likelihood PPV® NPV® accuracy Sensitivity Specificity Likelihood PPV® NPV®  accuracy

oD (%) (%) ratio (%) (%) (%) (%) ratio (%) (%)

>0.527 91.1 54.9 2.023 80.7 75 79.4 65 54.9 1.442 28.9 84.8 571
>1.013 78.9 85.9 5.603 92.0 66.3 80.8 40 85.9 284 474 84.7 76.9
>1.709 65.9 95.7 15.62 97.0 576 75.7 25 97.5 5917 53.3 84.2 7941

ARA, rheumatoid arthrit

- PPV, positive predictive value; SNPV, negative predictive value.
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Gene Name

65

105
ERK1
ERK2

Gene bank ID

XM_014121307.2
A8183419.1

NM_001252035.1
NM_001110800.1

SIRNA sequences.

GCAUCUCCCUGGUCACCAA
CUGCAAAGGUUAUUGUUCA
CCAATGTGCTCCACCGGGA
(CCCAAATGCTGACTOGAAA
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Healthy controls RA? P value

n=71 n =148

Age (years) 555+7.4 572122 NS
Women 62 (83.7%) 106 (71.6%) NS
Disease duration (years) 35+45
RA onset age (years) 54.2 £ 13.1
ESR® (mm/h) 37.7+£279
CRP® (mg/d)) 0.93+1.82
RF9-positivity 0(0) 105 (71%)
ACPA® positivity 0(0) 118 (79%)
Seropositive RA 128 (86%)
ERA' (<6 months) 52 (35.1%)
EORA? (onset age >60 years) 43 (29.1%)
X" naive 42 (28.4%)
Current medication

Methotrexate 87 (82%)

Leflunomide 31 (29%)

Tacrolimus 11 (10%)

Sulfasalazine 13 (12%)

Hydroxychloroquine 29 (27%)

Biologics use 5 (4.7%)
Prednisolone use (%) 66 (65%)
Mean prednisolone dose (mg/day) for the past month 27x27

Data are expressed as the mean + SD or number (percentage).
aRA, rheumatoid arthritis; PESR, erythrocyte sedimentation rate; °CRP, C-reactive protein; °RF, rheumatoid factor; *ACPA, anti-cyclic citrulinated peptide antibody; 'ERA, early rheumatoid
arthritis; 9EORA, elderly onset rheumatoid arthritis; "Tx, treatment. NS means No significant.
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Cytokine Age P value
Patients Controls
TNF-o 44.32° + 14.39 43.33% £ 11.02 0.33°
IL-10 46.03% + 14.70 44.45% £ 11.74 0.30°
IL-17A 45% £ 14.96 42.87% + 13.60 0.79°
IL-17F 43.73% + 15.44 41.64% +9.20 0.05°
Gender (M/F)
Patients Controls
TNF-o 22/15 8/7 0.68°
IL-10 19/15 15/5 0.99°
IL-17A 24/21 6/9 0.37°
IL-17F 2119 8/6 0.76°

Average age; + standard deviation.
bStatistical analysis was performed by two-sample t test.

°Statistical analysis was performed by OpenEpi two-by-two tables )52 test.
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Primers Sequence Bp Ref

L10 550bp  (18)
Common  &-CAGCCCTTCCATTTTACTTTC-3'

G allele 5'-TACTAAGGCTTCTTTGGGAG-3"

A dllele 5"-CTACTAAGGCTTCTTTGGGAA-3'

HGH 431bp  (19)
HGH F 5'-TGCCTTCCCAACCATTCCCTTA-8'

HGH R 5'-CAACTCACGGATTTCTGTTGTGTTTC-3'

Bp, base pairs; Ref, reference; HGH, human growth hormone.
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Gene Name  Gene bank ID Primer sequences

cox2 NM_001003354.1 F: 5"-TGTGTCTCATTAACCTGCATGTACC-3
R: 5'-CAGTGATATTTGCACCTGTGTCCTC-3
cox-1 NM_001003028.2 F: 5"ACGTGGCTGTGGAAACCATC-3'
R: 5-GGCATCAATGTCTCCATACAGCTC 3
8P X_863452 F: 5-ACTGTTGGTGGGTCAGCACAAG 3

R: 5-ATGGTGTGTACGGGAGCCAAG-3"
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Rheumatoid Factor

(n=122/161)

B60-74cit

0:36-50cit

0621-635cit

a501-515cit™

o171-185cit

Number of specificity

YES

(W]
<8
>3

NO
(n)

35
97
63
87
130
20
81
69
55
95
37
13

19
31

YES
)
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0.026
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N, number of patients; NS, not significant.

*“High level anti-o501-515cit (T2-T3 tertiles combined) was significantly associated with rheumatoid nodules, OR =2.71 [1.00 - 7.16], p= 0.044. 79/184 patients had high level anti-

a501-515¢it, among them 18 patients had rheumatoid nodules, 61/184 patients did not have high level anti- a501-515cit, of whom 6 patients had rheumatoid nodules.

Bold values are the one which are important regarding the text of the article.
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AhFibA 27/184 (14.67%) 157/184 (85.33%)
B60-74cit 76/184 (41.30%) 108/184 (58.70%)
a36-50cit 157/184 (85.33%) 27/184 (14.67%)
0621-635¢it 103/184 (55.98%) 81/184 (44.02%)
a501-515cit 62/184 (33.70%) 122/184 (66.3%)
0171-185¢it 45/184 (24.46%) 139/184 (75.54%)
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Age (years, mean)

Women (%)

Symptoms duration (mean, years)
Age at diagnosis (mean, years)
Rheumatoid nodules

Smoker (active or previous)
DAS28 at inclusion

Major cardiovascular event
Erosive rheumatoid arthritis
Dry eye syndrome

Rheumatoid Factor
Methotrexate treated
Monotherapy

Associated with other DMARDs
Treatment

TNF-alpha inhibitors
Tocilizumab

Abatacept

184
62

75.5

16.5

46.4
30/180 (16.6%)
90/180 (50%)

244
16/180 (8.3%)
64/180 (35.5%)
11/167 (6.6%)
121/161 (75%)
96/184 (52.2%)
23/96 (24.0%)
73/96 (76.0%)

Good responders/number treated

90/137 (65.6%)
37/53 (69.8%)
24/46 (52.1%)
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rs10975519 rs16924159 rs7044343

cc cr T AA AG GG cc cr ™
RA
RF+ 85(65.4%)  126(712%) 20 (64.5%) 33 (702%) 107 (652%) 91 (71.7%)  25(625%) 136 (73.1%) 70 (62.5%)
ant-CCP+ 104 (89.7%) 148 (89.7%)  28(93.3%)  43(93.5%)  139(914%)  98(86.7%)  36(94.7%)  156(90.2%) 88 (88.0%)
CRP 24.4(£345) 221 (£305) 267 (£47.5) 227 (£27.5) 226(+334) 24.8(:368) 255 (x435) 230 (310 234 (+349)
VAS 79 4(£10.3) 761 (x125) 77.6(+134) 748(x 129 77 4(£121) 788 110) 764 (129 77 0(126) 788 (= 10.0)
DAS28 4(£0.7) 6.4 (+0.7) 65 (x0.7) 6.4 (0.7) 4 (£ 0.7) 65 (+0.7) 6.4 (0.7) 4(£0.7) 6.4 (+ 0.6)
AS
CRP 276(£285) 848(x77.0) 224(x287) 203(x17.7) 335(x752 305(:283) 235(:276) 326(:751) 299 (+29.8
VAS 807 (:98) 81.0(x115 785(x10.9 841(x7.1)  803(x108) 795(x11.1) 802(x10.6) 80.6(100) 80.8 (x 11.4)
BASDAI 76 (1.4) 7.8 1.3 7212  82(12°  75(x14) 75(x1.4°  75(1.1) 7712 7713
PsA
CRP 120(£17.6)  181(£17.1) 104 (£162) 102(x125) 114 (£17.8) 140(x186) 99152 141 (£17.7) 11.1(x17.2
VAS 726(£148) 729(x159) 689 (+190) 655(x 186) 722 (+144) 751 (x156) 712(x183 726(:154) 718 (x 154)
BASDAI 7.2 (£ 14) 7.7 (£ 1.4) 72(£12) 84 (+ 1.1) 73(14) 73 (£ 1.4) 75 (1.4) 7.6 (= 1.6) 7.3 (13

“AA vs AG+GG, p=0.001, pe=0.027, W=1821.0; °GG vs AA, p = 0.003, pc = NS, W = 718.0.

RA, rheumatoid arthritis; SJC, swollen joints count; TJC, tender joints count; RF, rheumatoid factor; anti-CCP, anti cyclic citrulinated peptide antibody; CRP, C-reactive protein; VAS, visual
analog scale; DAS28, disease activity score 28; AS, ankylosing spondylitis; BASDAI, Bath Ankylosing Spondyiitis Disease Activity Index; PsA, psoriatic arthritis; NS, non-significant;
De, value with Bonferroni correction.
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cc CcT T AA AG GG cc CcT T

RA

12" week

Responders 26 (37.1%) 39 (65.7%) 5(7.1%) 10 (14.3%) 33 (47.1%) 27 (38.6%) 7 (10.0%) 39 (65.7%) 24 (34.3%)

Non-responders 145 (40.7%) 181 (50.8%) 30 (8.4%) 46 (12.9%) 178 (50.0%) 132 (37.1%) 42 (11.8%) 193 (54.2%) 121 (34.0%)
24" week

Responders 98 (40.7%) 125 (51.9%) 18 (7.5%) 25 (10.4%)* 124 (561.5%) 92 (38.2%)° 27 (11.2%) 129 (53.5%) 85 (35.3%)

Non-responders 56 (38.6%) 76 (52.4%) 13 (9.0%) 27 (18.6%) 68 (46.9%) 50(34.5%)  16(11.0%)  81(55.9%)  48(33.1%)
AS
12" week

Responders 34(324%) 56 (53.3%) 5(14.3%) 18 (17.1%) 50 (47.6%) 37(352%)  23(21.9%)  51(48.6%) 81 (29.5%)

Non-responders 18 (52.9%) 5 (44.1%) 1(2.9%) 3 (8.8%) 22 (64.7%) 9(26.5%) 2 (5.9%) 7 (50.0%) 5 (44.1%)
24" week

Responders 46 (36.8%) 64 (51.2%) 15 (12.0%) 15 (12.0%)° 66 (52.8%) 44 (35.2%)¢ 24 (19.2%) 60 (48.0%) 41 (32.8%)

Non-responders 3 (37.5%) 4 (50.0%) 1(12.5%) 4 (36.4%) 3 (27.3%) 4 (36.4%) 1(12.5%) 5 (62.5%) 2 (25.0%)
PsA
12" week

Responders 32 (41.6%) 35 (45.5%) 10 (13.0%) 13 (16.9% 35 (45.5%) 29 (37.7%) 15 (19.5%) 37 (48.1% 25 (32.5%)

P! ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )

Non-responders 12 (40.0%) 4 (46.7%) 4 (13.3%) 5 (16.7%) 14 (46.7%) 1(36.7%) 6 (20.0%) 4 (46.7%) 10 (33.3%)
24" week

Responders 38(47.5%) 33 (41.3%) 9(11.3%) 13 (16.3%) 36 (45.0%) 31(388%)  13(16.5%) 37 (46.8%) 29 (36.7%)

Non-responders 2 (46.2%) 1(42.3%) 3 (11.5%) 4 (15.4%) 12 (46.2%) 10 (38.5%) 4 (15.4%) 12 (46.2%) 10 (38.5%)

"AA vs AG+GG, p =0.030, pe =NS, OR=0.51, Clyss = 0.27-0.95; GG vs AA, p = 0.046, pe =NS, OR = 1.98, Cls3=(0.99-3.98); “AA vs AG+GG, p =0.015, p. =NS, OR = 0.14, Clgsy =

(0.02-0.83); “GG vs AA, p=0.024, p,=NS, OR=11.22, Closy, = 1.01-588.34.

RA, rheumatoid arthritis; EULAR, European League Against Rheumatism; AS, ankylosing spondylitis; BASDAI, Bath Ankylosing Spondyiitis Disease Activity Index; PsA, psoriatic arthritis;
PsARC, Psoriatic Arthritis Response Criteria; NS, non-significant; p., value with Bonferroni correction.
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Variable Gout patients HCs

N=28 N=20
Age,y 439+ 55 H9+6.1
Gender (Male) 13 (46.4%) 11(55%)
Disease duration, y 21095 Not available
Tophi 7 (25%) Not available
Deformity 3(10.7%) Not available:
CRP, mg/L. 10,6+ 19.74 56+£22
Urate, mmol/L 439.5 + 105.943 205+ 95.68
Medication

NSAIDs (7) 10 Not available
Colchicine () 1 Not available
Predhisone (1) 2 Not available
Allopurinol (n) 7 Not available:
Benzbromarone () 5 Not available

CRR C-reactive protein; HC, healthy controls; NSAIDs,  nonsteroidal
anti-inflammatory drugs.





OPS/images/fimmu.2021.692242/fimmu-12-692242-g001.jpg
"

A

N,






OPS/images/fimmu.2020.577523/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2020.577523/fimmu-11-577523-g001.jpg





OPS/images/fimmu.2020.577523/fimmu-11-577523-g002.jpg
TEG-R TEG-K TEG - Angle

wex s vex

T . Jal
£e t. 1T
l | B 8
TEG - TMRTG CRP SAA
[l
SICAM-1 Fibrin Fibre diameter  Fibrin Citrullination
- 1000- L
Ll T £
| T 1 47
)

P . P





OPS/images/fimmu-11-567783/fimmu-11-567783-g002.gif
5 02 04 o6 a8 1o

e
e o
o o P2

R o)

ioee





OPS/images/fimmu-11-567783/fimmu-11-567783-g003.gif
'm
:_
T _z.A;r—A

e

i \MWE*






OPS/images/fimmu-11-567783/fimmu-11-567783-g004.gif
Hiabr =

OB =

T
»

I . |
ran






OPS/images/fimmu-11-567783/fimmu-11-567783-g005.gif





OPS/images/fimmu-11-567783/fimmu-11-567783-g001.gif





